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The Precambrian geology of eastern Zambia and Malawi is highly complex due to multiple episodes of rifting and
collision, particularly during the formation of Greater Gondwana as a product of the Neoproterozoic Pan-African
Orogeny. The lithospheric structure and extent of known Precambrian tectonic entities of the region are poorly
known as there have been to date few detailed geophysical studies to probe them. Herein, we present results
from electromagnetic lithospheric imaging across Zambia into southern Malawi using the magnetotelluric meth-
od complemented by high-resolution aeromagnetic data of the upper crust in order to explore the extent and ge-
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ometry of Precambrian structures in the region. We focus particularly on determining the extent of

Keywords: subcontinental lithospheric mantle (SCLM) beneath the Archean-Paleoproterozoic cratonic Bangweulu Block
Geology and the Mesoproterozoic-Neoproterozoic I[rumide and Southern Irumide Orogenic Belts. We also focus on imag-
Lithosphere ing the boundaries between these tectonic entities, particularly the boundary between the Irumide and Southern

Aeromagnetics
Magnetotellurics
Zambia

Irumide Belts. The thickest and most resistive lithosphere is found beneath the Bangweulu Block, as anticipated
for stable cratonic lithosphere. Whereas the lithospheric thickness estimates beneath the Irumide Belt match
those determined for other orogenic belts, the Southern Irumide Belt lithosphere is substantially thicker similar
to that of the Bangweulu Block to the north. We interpret the thicker lithosphere beneath the Southern Irumide
Belt as due to preservation of a cratonic nucleus (the pre-Mesoproterozoic Niassa Craton). A conductive mantle
discontinuity is observed between the Irumide and Southern Irumide Belts directly beneath the Mwembeshi
Shear Zone. We interpret this discontinuity as modified SCLM relating to a major suture zone. The lithospheric
geometries determined from our study reveal tectonic features inferred from surficial studies and provide impor-
tant details for the tectonothermal history of the region.

© 2017 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The assembly of the Greater Gondwana supercontinent at ~600 Ma,
following the breakup of Rodinia at ~830 Ma, marks an important tec-
tonic event in Earth history (Stern, 2008). It is estimated that
Neoproterozoic volcanism formed ~20% of the continental crust that is
currently preserved in the form of orogenic belts circling older cratonic
fragments that collided to create Greater Gondwana (Maruyama and
Lioy, 1998). Collision between different cratonic fragments at the end
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of the Neoproterozoic was accompanied by widespread remobilization
(metacratonization) of either entire cratonic blocks or the cratonic mar-
gins (Abdelsalam et al., 2002; Liégeois et al., 2013).

There are substantial uncertainties in detailing the tectonic elements
of the super-continent, especially the spatial distribution of cratonic
fragments, the orogenic belts surrounding them, and the portions of
the cratonic fragments that have been metacratonized. This is largely
because many of the present-day fragments of Greater Gondwana are
covered with Phanerozoic sedimentary rocks formed in large intra-con-
tinental sag basins (Artemieva and Mooney, 2001). Sub-continental
lithospheric mantle (SCLM) thickness varies between tectonic ele-
ments, with typical estimates of a few tens of kilometers beneath active
rifts to >250 km under certain cratons, though refertilization of old cra-
tonic SCLM or cooling of young SCLM can cause delamination and thin-
ning of the lithosphere (Begg et al., 2009; Khoza et al., 2013; Miensopust
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et al., 2011). These lithospheric heterogeneities facilitated strain locali-
zation during Phanerozoic rifting (McConnell, 1972; Nyblade and
Brazier, 2002), which further complicates the surface expression of
the different Precambrian tectonic structures.

In Africa, which in many reconstructions is put as the heart of Great-
er Gondwana (Irving and Irving, 1982; Smith and Hallam, 1970), surface
geological mapping, geochemical and geochronological studies together
with low resolution seismic tomography (Abdelsalam et al., 2011; Begg
et al.,, 2009; Deen et al., 2006; Lebedev et al., 2009; Pasyanos, 2010;
Pasyanos and Nyblade, 2007; Ritsema and van Heijst, 2000; Shapiro
and Ritzwoller, 2002) have resulted in establishing the extent of major
cratons and orogenic belts of Greater Gondwana (Fig. 1A). However,
identifying the geologic framework is particularly difficult in the region
between the Bangweulu Block in northern Zambia and the Zimbabwe
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Fig. 1. (A) A reconstruction of Gondwana with the major tectonic elements of Africa
identified from geological mapping, geochemical and geochronological studies, and
seismic tomography. WAC: West African Craton; SMC: Saharan Metacraton; CC: Congo
Craton; KC: Kalahari Craton. LR: Luangwa Rift. MR: Malawi Rift. The black box indicates
the region of interest in this study as shown in panel B. (B) A simplified geological map
showing the tectonic framework of Zambia and the surrounding region. Modified after
Westerhof et al. (2008). Yellow stars show MT station locations. Dark pink traces show
the Western Luangwa (WLUA) and Eastern Luangwa (ELUA) profiles, and their
orientations, used during inverse modeling of MT data. Red lines show political
boundaries. The black box highlights the area where high resolution aeromagnetic data
was collected as shown in Fig. 3. MSZ: Mwembeshi Shear Zone; ZOB: Zambezi Orogenic
Belt. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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craton to the south (Fig. 1B) because few detailed studies of lithospheric
structures exist in this area.

In this paper, we present results from two-dimensional (2D) isotro-
pic inversion of a NW-SE magnetotelluric (MT) regional profile collect-
ed across Zambia and southern Malawi (Figs. 1B and 2A). Stations in
Zambia are labeled “W” and “E” in Fig. 2B whereas stations in Malawi
are labeled “M” in the same figure. This regional profile crosses major
Precambrian entities including the Bangweulu Block, the Irumide and
Southern Irumide Orogenic Belts (separated by the Mwembeshi Shear
Zone), and the foreland sedimentary rocks portion of the Lufilian Oro-
genic Belt (referred to here as the Lufilian Foreland Basin) (Fig. 1B).
Our MT profile crosses the NE-trending Paleozoic - Mesozoic (Permian
to Triassic) Karoo-age Luangwa Rift, the southwestern part of which fol-
lows the Mwembeshi Shear Zone whereas its northeastern part extends
within the Irumide Belt. The profile extends to the Malawi Rift at the
eastern margin of the Southern Irumide Belt (Figs. 1B and 2A).

MT is a natural-source electromagnetic imaging method, and maps
the lateral and vertical subsurface resistivity structure, and is sensitive
to variations in temperature, composition, and interconnected conduc-
tors, such as fluid, melt, or metals. As a result, MT is a powerful tool to
investigate lithospheric-scale structures (Evans et al., 2011; Jones,
1999; Khoza et al., 2013; Miensopust et al., 2011; Muller et al., 2009).
In addition to the mantle-probing MT data, we also use high-resolution
aeromagnetic data over the Mwembeshi Shear Zone and surrounding
Irumide and Southern Irumide Belts, provided by the Geological Survey
Department of Zambia, to unveil the upper crustal structure (Fig. 3). The
combination of electrical models derived from our MT data and high-
resolution aeromagnetic data allows us to reveal the extent of the
SCLM and improve our understanding of the Precambrian structures
in the region - those obvious in surface geology, and those oblivious
to surface geology as they are buried at depth. In particular, our work fa-
cilitates delineation between stable cratonic blocks with thick SCLM
from those with thinned SCLM, possibly due to partial delamination
and regional metacratonization, and provides detailed images of the
lithospheric boundaries (suture zones) between different Precambrian
entities. Our work also touches upon the possible influence of the Pre-
cambrian structures on the evolution of the Karoo rifts represented by
the Luangwa Rift, although it is not our primary focus. Before discussing
the data, results, and geological implications of our study, we first define
the key terms of craton and metacratons, and then briefly discuss the
geological background and previous geophysical studies of the region
of study.

2. Cratons and metacratons

Cratons primarily occupy the interior of continental plates. They are
Archean to Paleoproterozoic in age, and have been tectonically stable for
long periods of time, possibly since the time of their formation, albeit
with frequent modification in many cases due to influx of
metasomatizing fluids. Such long-lasting stability is attributed to the
presence of a thick, cold and mostly anhydrous SCLM beneath the cra-
tonic continental crust (Black and Liégeois, 1993; Peslier et al., 2010).
The thick, depleted nature of the SCLM makes it sufficiently buoyant
to be isolated from the convecting mantle surrounding the cratonic
keel (Arndt et al., 2009; Hirth et al.,, 2000; Pollack, 1986). In Africa, ex-
amples of stable cratons (at least their interior portions) include the
composite West African Craton, the composite Congo Craton, and the
composite Kalahari Craton (Fig. 1A).

To explain the nature of the lithosphere in northern Africa,
Abdelsalam et al. (2002) introduced the term Saharan ‘metacraton’ as
‘a craton that has been remobilized during an orogenic event, but that
is still recognizable predominantly through its rheological, geochrono-
logical, and isotopic characteristics’. In this definition, the prefix ‘meta’
abbreviates the word ‘metamorphosis’ in the general sense of the
term and is not in the restricted geological meaning of ‘metamorphism’.
Abdelsalam et al. (2011) proposed that partial SCLM delamination or
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Fig. 2. (A) Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) courtesy NASA/JPL-Caltech of the region of Fig. 1B. Yellow stars indicate MT station locations. Stations
traverse from eastern Zambia into southern Malawi. Red traces show the Western Luangwa (WLUA) and Eastern Luangwa (ELUA) profiles, and their orientations, used during inverse
modeling of MT data. The black box highlights the area where high resolution aeromagnetic data was collected as shown in Fig. 3. White lines show political boundaries. (B) The MT
phase tensor for each station determined at a period of 89 s. Stations labeled with a “W” lie on the WLUA profile. Stations labeled with an “E” lie on the ELUA profile within Zambia.
Stations labeled with a “M” lie on the ELUA profile within Malawi. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

convective removal of the cratonic root is the responsible mechanism
for metacratonization. It has been suggested that metacratonization
can also occur locally due to plate collision along the margins of cratons
or the development of lithospheric-scale shear zones in the interior of
cratons (De Waele et al., 2006b; Liégeois et al., 2013; Liégeois et al.,
2003). For example, De Waele et al. (2006b) and Liégeois et al. (2013)
used the presence of Paleoproterozoic-Neoproterozoic high-K granit-
oids that intrude the Irumide Orogenic Belt in Zambia as evidence of
multiple stages of metacratonization of the southern margin of the Ar-
chean-Paleoproterozoic cratonic Bangweulu Block. They determined
that the Irumide represented the southern continuation of the
Bangweulu Block before being metacratonized.

Liégeois et al. (2003) proposed that the development of major N-
trending lithospheric-scale shear zones in the once intact cratonic
block of the Hoggar in Algeria led to planar delamination of the SCLM
resulting in zonal metacratonization leading to the present

configuration of the Hoggar as interleaving N-trending slivers of cratons
and metacratons. This notion is further supported by MT imaging of part
of the Tuareg Shield in southern Algeria, where sub-vertical crustal-
scale conductors were observed coincident with the surface exposure
of major shear zones (Bouzid et al., 2015).

Metacratonization is not the only process resulting in modification
of the SCLM beneath cratons. Studies focusing on mantle xenoliths
and xenocrystals, as well as MT studies, have shown that metasomatic
processes can significantly modify the SCLM of cratons (Griffin et al.,
2009; Begg et al., 2009; Selway, 2015). For example, Selway (2015)
found from a MT study that the SCLM of the Tanzanian Craton is signif-
icantly more conductive than the Mozambique Orogenic Belt, despite
the low geotherm and the faster S-wave velocity that characterize the
craton. Selway (2015) explained the high conductivity of the SCLM of
the Tanzanian Craton as due to high water content from metasomatic
fluids.
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Fig. 3. Aeromagnetic images showing the shallow crustal structures of portions of the Lufilian Foreland Basin (LFB), [rumide Orogenic Belt (I0B), Southern Irumide Orogenic Belt (SIOB),
Niassa Craton (NC), Mwembeshi Shear Zone (MSZ), and Luangwa Rift Valley (LRV). (A) Vertical derivative map from the total magnetic field data. (B) Tilt derivative image derived from
the ratio of the vertical and horizontal derivatives of the total magnetic field. (C) Positive tilt image. (D) Negative tilt image.

3. Geological setting

The lithospheric structure beneath eastern Zambia and southern
Malawi is poorly constrained, but surface geology indicates that the tec-
tonic elements traversed by our MT profile include the Archean-
Paleoproterozoic Bangweulu Block (De Waele et al., 2006b), the
Mesoproterozoic-Neoproterozoic Irumide and Southern Irumide Oro-
genic Belts (separated by the Mwembeshi Shear Zone), and the
Neoproterozoic Lufilian Foreland Basin (De Waele et al., 2009; Johnson
et al., 2006; Johnson et al., 2005; Westerhof et al., 2008). In some publi-
cations, the central part of the Southern Irumide Orogenic Belt is shown
to be occupied by a cratonic nucleus, referred to as the Niassa Craton
(Fig. 1B) (Andreoli, 1984). The Precambrian geology of our study area
is overprinted by two separate Phanerozoic rifting events: the Paleozoic
- Mesozoic Karoo rift (represented by the Luangwa Rift) and the Ceno-
zoic East African Rift System (represented by the Malawi Rift) (Figs. 1B
and 2A). These Phanerozoic structures are not our primary focus, but
will later briefly discuss their possible modification of the Precambrian
lithospheric structures that we imaged.

3.1. The Bangweulu Cratonic Block

The Bangweulu Block is a cratonic block to the SW of the Tanzania
Craton that underlies most of northern Zambia (Fig. 1B). Early studies
of the Bangweulu Block identified a crystalline basement of schist,
metavolcanics, granitoids, and gneisses overlain by Neoproterozoic sed-
imentary cover. The metavolcanics and gneisses were dated to be
Paleoproterozoic in age (1.84-1.72 Ga). However, the presence of
2.73 Ga granites suggests that at least a portion of the Bangweulu
Block is Neoarchean in age (Andersen and Unrug, 1984; Begg et al.,
2009; Boniface and Schenk, 2012; De Waele et al., 2006b).

The Bangweulu Block is thus thought to be a Neoarchean
microcontinent that was strongly affected by Paleoproterozoic tectonic
events (Begg et al, 2009; De Waele et al., 2006b). Prior to the
Neoproteozoic Pan-African Orogeny, an ocean basin and magmatic arc
separated the Tanzania Craton from the Bangweulu Block. Collision of
the Bangweulu Block and Tanzania Craton at ca. 1.95 Ga formed the
Ubendian Orogenic Belt (Fig. 1B) (Begg et al., 2009; Boniface and
Schenk, 2012; Lenoir et al., 1994). Subsequently, at ca. 1.8 Ga, the Tanza-
nia-Bangweulu Craton collided with the Congo Craton forming the com-
posite Congo-Tanzania-Bangweulu Craton (CC in Fig. 1A). Towards the
end of the formation of Greater Gondwana, the ocean basin separating
the Congo-Tanzania-Bangweulu Craton and Kalahari Craton (the north-
ern part of which is referred to as the Zimbabwe Craton; Fig. 1A and B)
was subducted and the two cratons collided along the Damara-Lufilian-
Zambezi Orogenic Belt (Fig. 1A) in the late Neoproterozoic - early Cam-
brian Damara-Lufilian-Zambezi Orogeny (Johnson et al., 2005).

3.2. The Irumide and Southern Irumide Belt

The Irumide and Southern Irumide Belts are thick-skinned fold and
thrust belts (folding and thrusting involve both basement and cover)
that lie to the SE of the Bangweulu Block and Lufilian Foreland Basin
(Fig. 1) (Ackermann, 1950; Ackermann, 1960; Daly, 1986). Detailed
geochronological studies by De Waele et al. (2003, 2006a, 2006b,
2009) and Johnson et al. (2005, 2006) established four lithotectonic
units for the Irumide Belt. (1) Paleoproterozoic (2.05-1.96 Ga) with
minor Archean (2.7 Ga) crystalline granitic gneissic basement complex.
(2) Paleoproterozoic (1.94-1.66 Ga) metasedimentary rocks (quartzites
and meta-pelites. (3) Early Mesoproterozoic (1.66-1.52 Ga) granitoids.
(4) Late Mesoproterozoic to early Neoproterozoic (1.05-0.95 Ga) gran-
itoids. Similar geochemical and isotopic signatures of different granitoid
pulses in the southern edge of the Bangweulu Block and the Irumide
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Belt (2.05-1.95; 1.88-1.85; 1.65-1.55; and 1.05-0.95 Ga) and lack of ju-
venile subduction-related rocks in the Irumide Belt may indicate that
the Irumide Belt is the southern margin of the Bangweulu Block that
was metacratonized at 2.0, 1.85; 1.6 and 1.0 Ga (De Waele et al., 2006a).

Johnson et al. (2005, 2006) determined that the Irumide Belt and
Southern Irumide Belt experienced different magmatic histories
reflected by the lack of early Mesoproterozoic granitoids in the Southern
Irumide Belt. They concluded that the crust underlying the Southern
Irumide Belt is not the southward continuation of the crust of the
Irumide Belt. Rather, it represents allochthonous continental arc ter-
ranes that collided with the Irumide Belt during the Mesoproterozoic
Irumide Orogeny and was later reworked during the late
Neoproterozoic - early Cambrian Damara-Lufilian-Zambezi Orogeny
(Fig. 1A and B). Johnson et al. (2006) suggested that the Irumide Belt
and the Southern Irumide Belt are separated by a suture zone, possibly
represented by the ENE-trending Mwembeshi Shear Zone (also referred
to as the Mwembeshi dislocation, MSZ, Fig. 1B) that has segments bur-
ied beneath the Paleozoic-Mesozoic Luangwa Rift Zone. Johnson et al.
(2007) go further and suggest that this suture zone formed as a result
of a young, hot oceanic slab subducting beneath the Irumide Belt during
the Irumide Orogeny. Additionally, the Southern Irumide Belt is thought
to contain an elusive cratonic nucleus known as the Niassa Craton (Fig.
1B) (Andreoli, 1984; Daly, 1986). Based on U/Pb geochronological data
from zircons, this cratonic nucleus is believed to be a coherent litho-
spheric unit approximately Archean in age and covered by
Paleoproterozoic sedimentary rocks and is therefore considered “lost”
(De Waele et al., 2006a, 2009). In this regard, De Waele et al. (2009)
considered the region to the south of the Irumide Belt to be the Niassa
Craton.

3.3. The Lufilian Foreland Basin

The Lufilian Foreland Basin, as defined in this text, is associated with
the Neoproterozoic Lufilian Orogenic Belt (Zientek et al., 2014). The
Lufilian Belt is a NE-pointing triangular-shaped outcrop of variably-de-
formed sedimentary and volcanic rocks that lies between the
Bangweulu Block in the northeast, the Kibaran orogenic belt in the
northwest, and the Irumide Belt in the southeast. It is suggested to be
part of a network of orogenic belts in central Africa that includes the
Zambezi and Damara Belts (Fig. 1B) (Begg et al., 2009; Katongo et al.,
2004; Porada and Berhorst, 2000). The origin of the belt is thought to
be a Neoproterozoic rift basin, referred to as the Katanga basin that ex-
tended in the present location of southeastern Congo and northern
Zambia around the margin of the Congo Craton during the fragmenta-
tion of Rodinia ca. 880 Ma (Batumike et al., 2006; Cailteux et al., 2005;
Master et al., 2005). This was followed by subsequent collision of the
Congo-Tanzania-Bangweulu Craton and Kalahari Craton at ca. 550 Ma
during the Lufilian Orogeny, which is considered part of the Pan African
Orogeny (Porada and Berhorst, 2000). This Neoproterozoic Pan-African
Orogeny resulted in the deformation of the Katanga basin and the for-
mation of the Lufilian Arc to the southwest as a top-to-the-northeast
fold and thrust belt (Kampunzu and Cailteux, 1999; Porada and
Berhorst, 2000; Selley et al., 2005; Zientek et al., 2014). It is also possible
that this resulted in the formation of relatively undeformed foreland ba-
sins including the Kundelungu tough northeast of the Bangweulu Block
and another trough to the southeast of it that is traversed by our MT
profile (Fig. 1B; Zientek et al., 2014).

Building on the studies by Kampunzu and Cailteux (1999), Porada
and Berhorst (2000) and Selley et al. (2005), Zientek et al. (2014) divid-
ed the Lufilian Belt into a number of tectono-stratigraphic units resting
on the Paleoproterozoic (2.05 Ga-1.80 Ga) basement of the Bangweulu
Block and the Mesoproterozoic (1.3 Ga-1.0 Ga) basement of the [rumide
and Kibaran belts. Zientek et al. (2014) identified the oldest unit within
the Lufilian Belt to a Neoproterozoic (0.76 Ga-0.73 Ga) mafic volcanic
rock province, which is overlain by felsic province constituting granites
and rhyolites, that were intruded and extruded during the late

Neoproterozoic and early Cambrian (0.56 Ga and 0.53 Ga). Further,
Zientek et al. (2014) divided the top-to-the-northeast fold and thrust
belt of the Lufilian Belt, that is dominated by clastic and carbonate sed-
imentary rock into, from southwest to northeast, the Katanga High
(where the basement was thrust northeast-ward atop the sedimentary
rock), followed by the Synclinorial Belt, followed by the Domes Region,
followed by the External Fold and Thrust Belt, and then the flat-lying
sedimentary rocks of the foreland basin. Our MT profile traverses the
Lufilian Foreland Basin flat-lying sedimentary rocks in the southeast
margin of the Bangweulu Block (Fig. 1B).

4. Previous geophysical studies

Few geophysical studies have focused directly on our study region
resulting in poor resolution imaging of the lithospheric structures and
uncertainties in the delineation of tectonic elements. In recent seismic
work, O'Donnell et al. (2013) resolved the lithospheric shear-velocity
structure in the region around the Tanzania Craton, including Zambia
and Malawi, using a large teleseismic dataset from the AfricaArray
East African stations. They found a high-velocity region in eastern Zam-
bia coincident with the known Bangweulu Block, as well as low velocity
regions in the northern and southern areas of the Malawi Rift thought to
be related to active rifting along the Western Branch of the East African
Rift System (EARS). At depths < 100 km, the Bangweulu Block is the
dominant high-velocity feature in Zambia. At greater depths, the domi-
nant seismically fast feature migrates to the southeast into the Southern
[rumide Belt. The deep, high velocity region in the Southern Irumide
Belt is interpreted to be a subsurface extension of the Archean
Bangweulu Block, with upwards of 200 km thick lithosphere
(O'Donnell et al., 2013), which may be the expression of the inferred
Niassa Craton. However, the lateral and particularly vertical resolution
of this model is low within Zambia and decreases with depth limiting
the interpretation of lithospheric structures in the region and calling
into question the true extent of the high velocity anomaly within the
Southern Irumide Belt.

5. Data and analysis
5.1. Aeromagnetic data and analysis

The aeromagnetic data used in this study were acquired by Geomet-
rics Inc. for the Geological Survey Department of Zambia between 1973
and 1976 with a mean terrain clearance of 150 m and mean line spacing
of 800 m-1000 m in the N-S direction. The International Geomagnetic
Reference Field (IGRF) (Thébault et al., 2015) was removed from the
data. We applied the vertical derivative (vertical gradient) filter to the
total magnetic field data to highlight the trends of the Precambrian re-
gional structures in the Irumide and Southern Irumide Orogenic Belts,
the Mwembeshi Shear Zone, and the southeastern Lufilian Foreland
Basin (Figs. 3A-5A). Vertical derivative maps accentuate short-wave-
length anomalies while attenuating the long-wavelengths such that
breaks, discontinuities, and rock fabric are highlighted.

Additionally, to enhance the ability to interpret the Precambrian
structures, we also applied the tilt derivative filter developed by Miller
and Singh (1994), Thurston and Smith (1997), Verduzco et al. (2004),
Smith and Salem (2005), and Salem et al. (2007). We derived the tilt de-
rivative images by computing the ratio between the vertical derivative
and horizontal derivative of the total field magnetic data (Figs. 3B-
5B). In these images, the tilt angle defines the contacts between geolog-
ical materials that have alternating high and low magnetic susceptibili-
ties (Salem et al., 2007). The calculated tilt angles range between + 90°
and —90° with the angle values with (+) sign the steeper features (in
this case the high frequency features in Precambrian fabric) (Figs. 3C-
5C). The angle values with (—) sign indicate the shallower structural
features (Figs. 3D-5D). The tilt derivative has its zero values close to
the edges of the body and is positive over the source and can resolve



E. Sarafian et al. | Gondwana Research 54 (2018) 38-49 43

subtle deeper structures (Miller and Singh, 1994). Therefore, the spatial
images of the tilt map can be used to determine the approximate hori-
zontal and lateral extent of features such as faults, geologic contacts,
and edges of basins and uplifts.

5.2. Magnetotelluric data and analysis

MT data were collected in a profile of 36 broadband MT sites from
northern Zambia into southern Malawi in 2012, with usable data pro-
vided from 32 stations (Figs. 1B and 2A). Stations were spaced ~20 km
apart in a roughly NW-SE trending profile, but were limited to existing
roads and tracks, causing minor variability in station spacing. The MT
traverse extends from the Bangweulu Flats in northwestern Zambia
(underlain by the Bangweulu Block and the Lufilian Foreland Basin)
across the Muchinga Mountains (where the I[rumide Orogenic Belt is ex-
posed on the northwestern footwall of the Luangwa Rift Valley), the
Luangwa Rift Valley, and the flexural zone of the Luangwa Rift Valley
(where the Mwembeshi Shear Zone and the Southern Irumide Orogenic
Belt are exposed) to the Malawi Rift (Fig. 6A). Five component time se-
ries magnetotelluric data were recorded by Phoenix Geophysics V5 Sys-
tems for 2-3 days over a period range of ~0.003 s (384 Hz) up to several
thousand seconds, yielding high quality responses that facilitate good
resolution of lithospheric structures (Fig. S1). At each site were mea-
sured the naturally occurring time-varying two horizontal electric and
three magnetic field variations in orthogonal components: Hx, Hy, Hz,
and Ex and Ey.

The MT time series were first processed by applying the robust tech-
niques of Jones and Jodicke (1984) (Method 6 in Jones et al., 1989) in
the Phoenix Geophysics SSMT2000 processing software, and converted
to apparent resistivities and phases. The code employs the Least
Trimmed Squares robust approach independently developed by
Rousseeuw (1984). Sites deployed simultaneously served as remote ref-
erences during processing to reduce bias in the calculated response. The
dimensionality of the data with depth was qualitatively determined
using phase tensor analysis (Caldwell et al., 2004) at all period bands
and at four different period bands (Figs. 2B and S2). The shortest periods
sampling shallow depths indicate a 3D structure, and longer periods
(deeper depths) suggest a less complex 2D mantle structure. Periods
that indicated 3D structure were not included in our 2D inversions.
The dominant geo-electric strike direction for each profile segment
was determined using Groom-Bailey galvanic distortion decomposition
(Groom and Bailey, 1989) using the multi-site, multi-frequency STRIKE
software package (McNeice and Jones, 2001). MT responses from sites
along the western end of the profile were decomposed to a dominant
geo-electric azimuth of 30 E of N. Sites along the eastern end of the pro-
file had a dominant strike perpendicular to the acquisition geometry
(Fig. 2B).

Based on the strike and dimensionality analysis, the array was split
into two profile segments in order to perform 2D inverse modeling of
the electrical structure: the western Luangwa profile (WLUA) and the
eastern Luangwa profile (ELUA) (Fig. 2A). Prior to inversion, scattered
data points with high error bars in apparent resistivity, phase, and tip-
per were removed in order to ensure that unreliable points were not
influencing the inversions. In some cases at some sites, this resulted in
the complete removal of one of the modes of response. Both profile seg-
ments were inverted for 2D isotropic electrical structure along profiles
perpendicular to the geo-electric strike roughly following the acquisi-
tion profiles (30 W of N for WLUA and E-W for ELUA). Electrical models
were generated by simultaneously inverting transverse electric (TE)
and transverse magnetic (TM) apparent resistivities and phases, as
well as vertical magnetic components (tipper), using a 2D regularized
inversion scheme (Rodi and Mackie, 2001), as implemented in the
WinGLink software package. Static shifts in the apparent resistivities
of both modes were inverted for during modeling. Topography was
not considered in inversions. Assigned error floors were 10% and 15%
on TM and TE apparent resistivity, respectively, 5% on phases, and an

absolute error floor of 0.1 for tipper. Smoothing parameters in the inver-
sion algorithm controlled overall model smoothness (tau, the Tikhonov
trade-off parameter), and smoothness of horizontal and vertical fea-
tures (alpha and beta) to obtain the smoothest model that minimized
data misfit and produce continuous horizontal features without unnec-
essary structure. Tau values were varied between 100 and 0.01 to pro-
duce an L-curve in order to assess overfitting and over smoothing of
the data (Fig. S3). Based on our variations of the smoothing parameters,
the final tau, alpha, and beta values used for these data were 1.0, 1.5, and
1.7 respectively. The preferred 2D isotropic resistivity models for the
WLUA and ELUA profiles were derived from an initial 100 Q m half-
space starting model. Features produced during inversions were tested
for sensitivity to ensure that the data required all features present in the
final models. After hundreds of iterations with many restarts, the final
normalized root-mean-squared (nRMS) misfit for the WLUA and ELUA
2D electrical models (Fig. 6C) were 1.81 and 1.73, respectively. Total
nRMS misfit for each station, as well as the misfit of the two modes
and tipper, is plotted above the resistivity models. Misfit is greatest in
the easternmost sites along both the WLUA and ELUA profile, with the
highest misfits concentrated in the stations close to the Malawi Rift
(Fig. 6B).

6. Results
6.1. Aeromagnetic results

Interpretation of the aeromagnetic maps yields the following fea-
tures: The Luangwa Rift Valley is represented by broad magnetic anom-
alies indicative of sedimentary fill of the rift. The Precambrian fabric is
represented by short wavelength magnetic anomalies defined by alter-
nation of low and high amplitudes in the vertical derivative image (Fig.
3A), and alternation of low and high degrees in the tilt (Fig. 3B), positive
tilt (Fig. 3C) and negative tilt images (Fig. 3D). The Irumide Orogenic
Belt is dominated by roughly NE-trending magnetic fabric (Fig. 3A-D)
that is obvious in the positive and negative tilt images (Fig. 3C and D).
The Lufilian Foreland Basin, away from its contact with the Irumide Oro-
genic Belt, is characterized by the presence of long wavelength magnetic
signature similar to that found in the Luangwa Rift Zone (Fig. 3A-D).
This might be due to the presence of the flat-lying foreland sedimentary
rocks that overlay the Bangweulu Block. The boundary between the
Lufilian Foreland Basin and the Irumide Orogenic Belts is marked by a
sharp contrast in the amplitudes of the vertical derivative aeromagnetic
image (Fig. 4A). This suggests that this boundary separates domains of
different composition. To the southwest, the Mwembeshi Shear Zone
is represented by a sharp magnetic lineament obvious in all aeromag-
netic images (Fig. 3A-D). This lineament juxtaposes a western domain
dominated by a more northerly magnetic fabric with a domain in the
east dominated by NE-trending fabric. It is possible that the difference
in the orientation of the magnetic fabric is due to the presence of the
Irumide Orogenic Belt west of the shear zone and the Southern Irumide
Orogenic Belt to the east of it. To the east of the Mwembeshi Shear Zone,
the magnetic fabric changes into E-W trending (Fig. 3A-D), and this is
where the northern edge of the Niassa Craton is mapped (Fig. 1B). In
the northeast, the magnetic fabric suggests the presence of terrains of
complex folding on both sides of the Mwembeshi Shear Zone (Fig.
5A-D).

6.2. Magnetotelluric results

6.2.1. Western Luangwa (WLUA) profile
The electrical model of the WLUA profile (Fig. 6C, left) shows the fol-
lowing features:

(1) Ahighly resistive feature (>10> Q m) throughout the Bangweulu
Block and Lufilian Foreland Basin. In the central portion of the
profile the resistive feature extends to depths of ~250 km.
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Fig. 4. (A) The vertical derivative map generated from the total magnetic field data, (B) tilt
derivative image derived from the ratio of the vertical and horizontal derivatives of the
total magnetic field, (C) positive tilt image, and (D) negative tilt image of portions of the
Lufilian Foreland Basin (LFB), Irumide Orogenic Belt (IOB), and Luangwa Rift Velley
(LRV). See Fig. 3 for location.

(2) Deep asthenospheric resistivities beneath the region have values
of <300 O m.

In order to test the resolution and robustness of the observed resis-
tive feature in the WLUA model, we manually edited the model and
then ran a forward model (Fig. S1A), as well as additional inversion se-
quences. Due to static shifts affecting the apparent resistivity responses,
we compare the phase responses of the forward model to the observed
phases, and critique the misfit at individual sites. Differences in phase
between the forward model and the observed data, as well as the final
model and observed data, were calculated in pseudosections (Figs. S4
and S5).

Our tests of the observed resistive feature involved:

(1) Decreasing the resistivity at depth below the Bangweulu Block
and Lufilian Foreland Basin.

Thinning the resistive root beneath the Bangweulu Block and
Lufilian Foreland Basin to 180 km resulted in poor fit to the TE (6° to
10°) and TM (3° to >10°) phases at the longest periods in all sites (Fig.
S5). The preferred model TE and TM fit phases at all periods generally
to within 2° in the region of the Bangweulu Flats (Fig. S4). The system-
atic misfit, particularly in the TM phases, indicates that a feature is
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Fig. 5. (A) The vertical derivative map generated from the total magnetic field data, (B) tilt
derivative image derived from the ratio of the vertical and horizontal derivatives of the
total magnetic field, (C) positive tilt image, and (D) negative tilt image of portions of the
Luangwa Rift Valley (LRV), Mwembeshi Shear Zone (MBZ), and Southern Irumide
Orogenic Belt (SIOB). See Fig. 3 for location.

required by data but is not being modeled if the resistivity below the
Bangweulu Flats is decreased. Thus, the resistive root is a robust feature.

6.2.2. Eastern Luangwa (ELUA) profile
The electrical model of the ELUA profile (Fig. 6C, right) shows the fol-
lowing features:

(1) Resistive mantle (>10% Q m) that is ~150 km thick below the
Irumide Belt on the western end of the profile.

(2) A highly conductive crust and broad conductive feature (<100
Q m) present throughout the mantle beneath sites E6-E8 within
the Mwembeshi Shear Zone and dipping to the west beneath
sites E10-E14.

(3) A resistive anomaly (~10% Q m) beneath the conductive crust of
the Southern Irumide Belt that persists to depths of 250 km.

(4) Ahighly conductive crust (~1 Q m) in the eastern end of the pro-
file in Malawi.

(5) Crustal resistivities are much lower throughout the ELUA profile
than the WLUA profile.

(6) Deep asthenospheric resistivities beneath the region that have
values of <300 Q m.

Similar tests were conducted to investigate the extent of observed
features in the ELUA model (Figs. S1B; S6-S10). Our tests of each feature
involved:
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Fig. 6. (A) Topographic profile extracted from Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) courtesy NASA/JPL-Caltech along the same trace of MT stations.
(B) The TE and TM mode, tipper, and total root-mean-squared (RMS) misfit for each station. (C) The preferred 2D isotropic resistivity models for the West Luangwa (WLUA) and East
Luangwa (ELUA) profiles with station locations. Warm colors indicate less resistive (more conductive) regions and cool colors indicate more resistive regions. Shaded regions indicate
areas of lower resolution in our model. (D) Our interpretation of the upper mantle structure beneath the WLUA and ELUA profiles based on MT and aeromagnetic observations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(1) Manually editing the depth of high resistivity in the [rumide Belt
mantle.

Increasing the depth of the SCLM of the Irumide Belt to 200 km re-
sulted in poor fit to the observed TM phases (>6°) at the longest periods
for sites E14 to E10. The TE phases were not sensitive to the change in
resistivity (Fig. S7). The preferred model TE and TM fit phases at all pe-
riods generally within 3° (Fig. S6). The systematic misfit in the TM
phases, particularly for site E10, shows that a dipping conductive feature
beneath the Irumide Belt is required by data.

(2) Increasing crust and upper mantle resistivities between the
Irumide and Southern Irumide Belts.

The high conductivities found in the crust beneath sites E5-E8 pro-
vide an electromagnetic shielding effect resulting in poor resolution
for the underlying mantle structure. Therefore, it is difficult to test if
the broad conducting feature beneath sites E6-E8 is a required structur-
al feature or simply a result of spatial smoothing of crustal

conductivities during inversion. In order to test data sensitivity to such
feature, we increased the lower crust and upper mantle resistivities to
smooth the resistivities between sites E4 and E10 (shown by the shaded
blockin Fig. 6C, right). The TE and TM phase misfit for site E10 increased
over all periods (>6°) as a consequence of the higher resistivities. The
phases for sites E6-E8 are less sensitive to the change, with only a slight
increase in TM phase misfit for the longest periods (Fig. S8). The pre-
ferred model TE and TM fit phases at all periods generally within 5°
(Fig. S6). These observations might suggest that the upper mantle be-
neath sites E6-E8 could be more resistive than modeled. However, the
high phase difference between the forward response and the observed
data at site E10, in addition to the high misfit associated with increasing
the mantle resistivity from test (1), show that the manually edited
model lacks a dipping conductive feature required by the data. There-
fore, the sites directly above the highly conductive crust are not the
only constraints for the dipping conductive feature observed. It should
be remembered that MT data are approximately as sensitive laterally
as they are in depth, i.e., for a uniform Earth the sensitivity would be a
hemisphere of radius equal to the depth of penetration. This prompted
further sensitivity tests of this feature, including extensive inverse
modeling with high tau smoothness values to produce the smoothest



46 E. Sarafian et al. /| Gondwana Research 54 (2018) 38-49

acceptable model possible, and inversions with high horizontal smooth-
ing (alpha) to ensure that vertical smearing of the crustal conductor (to
minimize vertical roughness) is not a contributor to the observed struc-
ture. We also conducted inversions that solved for the model closest to
the starting model after manually increasing the lithospheric resistivi-
ties beneath sites E4-10, i.e., the objective function comprised two
parts, a part describing the fit of the model responses to the data and
a part describing the distance between the new model and the defined
prior start model. This contrasts with all our other inversions where the
second part of the objective function is a measure of model roughness.
The dipping conductive feature was present in the final models of all ad-
ditional sensitivity tests. We therefore conclude that a region of dipping
moderate conductivity most likely extends throughout the entire man-
tle between the Irumide and Southern Irumide Belts.

(3) Decreasing the depth of high resistivities beneath the Southern
Irumide Belt.

Thinning the resistive root beneath the Southern Irumide Belt at
sites M2-E5 to 150 km resulted in poor fit to the TM phases (>7°) at
the longest periods in sites E2-E4 (Fig. S9). The preferred model TE
and TM fit phases at all periods generally within 5° in the region (Fig.
S6). The systematic misfit, particularly in the TM phases, indicates that
the imaged resistive root is required by the MT data.

(4) Increasing crustal resistivities within Malawi.

Forcing higher crustal resistivities at the eastern end of the profile
worsened the misfit to the TE and TM phases at all periods (>10°) for
sites M5-M9 (Fig. S10). The preferred model TE and TM fit phases at
all periods generally within 3° in the region (Fig. S6). Therefore, the
high conductivity upper crust is a robust feature in the model. Resistiv-
ities of the mantle beneath sites M5-M9 are poorly constrained due to
electromagnetic shielding of the conductive crust (Jones, 1999) and
poor data quality due to cultural noise. This area is indicated on the
model of Fig. 6C (right) by a shaded block.

Subsequent inversions of each test for WLUA and ELUA removed the
manual edits to each feature. Our sensitivity testing shows that all fea-
tures in the WLUA and ELUA electrical conductivity models are support-
ed by the data.

7. Discussion
7.1. Western Luangwa (WLUA) profile Precambrian lithospheric structure

Based on geological maps of the region, the WLUA profile traverses
southeast from the border between Zambia and the Democratic Repub-
lic of Congo towards the Luangwa Rift Valley, with most of the profile
crossing the Bangweulu Block and the remainder over the southeastern
portion of the block that is overlain by the sedimentary rocks of the
Lufilian Foreland Basin (Fig. 1B). O'Donnell et al. (2013) found that at
a depth of 68 km, the Bangweulu Block is seismically fast (Vs
> 4.6 km s~ ') with slower shear velocities (Vs ~ 4.4-4.5 km s~ ') be-
neath the Lufilian Foreland Basin. In the O'Donnell et al. (2013) model,
the fast shear velocity anomaly migrates SE with increasing depth
until 140 km where shear wave speeds start to decrease to
~45 km s~ . Based on these observations, 0'Donnell et al. (2013) con-
cluded that the lithosphere of the Bangweulu Block extends to a depth
of 100 km in this region.

Our electrical model agrees well with the observed seismic struc-
ture, but provides a more detailed view of the Precambrian lithospheric
structures (Fig. 6C and D). The majority of the profile shows a thick
highly resistive block that reaches a maximum thickness of ~250 km
in the geographical extent of the Bangweulu Block. The resistivities of

this feature range from 100 Q m to well over 10,000 Q m requiring an
anhydrous, cold mantle. The only possible interpretation of our results
is that the Bangweulu Block SCLM is significantly thicker than 100 km
in this region and reaches lithospheric thicknesses rivaling that of the
Tanzania Craton (Adams et al., 2012; O'Donnell et al., 2013, 140-
200 km), the Kaapvaal Craton (Muller et al., 2009, ~200 km; Evans et
al., 2011, ~230 km), and the Zimbabwe Craton (Miensopust et al.,
2011, ~220 km).

Such thick SCLM supports the interpretation that the Bangweulu
Block is a cratonic fragment. The fact that the lithosphere remains
thick throughout the WLUA profile, even within the Lufilian Foreland
Basin, indicates that the Lufilian is a sedimentary cover over the south-
eastern edge of the Bangweulu Block.

7.2. Eastern Luangwa (ELUA) profile Precambrian lithospheric structure

The ELUA profile extends from the Irumide Belt in the NW, over the
Luangwa Rift Valley and Mwembeshi Shear Zone, and into the Southern
[rumide Belt ending at the western edge of the Malawi Rift (Fig. 1B). The
shear wave velocity at 68 km depth in the O'Donnell et al. (2013) model
for this region is slow (Vs ~ 4.4-4.5 km s~ ) relative to the Bangweulu
Block to the NW. Velocity increases at greater depths within Zambia
until ~200 km, but remains relatively slow near the southern end of
the Malawi Rift. This structure is interpreted to be a subsurface exten-
sion of the Bangweulu Block into eastern Zambia between 100 and
200 km depth (O'Donnell et al., 2013).

The ~150 km thick resistive feature in the western end of the ELUA
profile (Fig. 6C, right) lies within the Irumide Belt. Resistivities of this
feature range from ~80 Q) m to over 10,000 Q) m, but are generally
>5000 O m indicative of cold, anhydrous SCLM. This lithospheric thick-
ness is typical for orogenic belts (Khoza et al.,, 2013; Miensopust et al.,
2011; Muller et al., 2009), which, taken by itself, supports the notion
that the Irumide Belt formed entirely during the Irumide Orogeny of
the late Mesoproterozoic - Neoproterozoic age. However, U-Pb geo-
chronology on detrital zircons from the Irumide Belt shows that it is pri-
marily Paleoproterozoic in age with signatures of Neoarchean crust
components, similar to the Bangweulu Block (De Waele et al., 2009).
In fact, geochronological evidence suggests that the Bangweulu Block
was once a larger craton, but multiple metacratonization events along
its southern margin diminished its size and formed the Irumide Belt
(De Waele et al., 2009; De Waele et al., 2006a; De Waele et al.,
2006b). With this in mind, the Irumide Belt may have had thicker cra-
tonic lithosphere at one time, but partially lost its lithosphere potential-
ly through delamination (Liégeois et al., 2013) resulting in the
lithospheric structure observed in our resistivity model. Based on this
interpretation, we identify the resistive feature in the western part of
ELUA to be the Irumide Metacraton (Fig. 6D), as suggested in previous
studies (De Waele et al., 2006b).

Just east of the Irumide Metacraton is a broad, moderately conduc-
tive feature of ~80 Q0 m dipping to the west beneath the Irumide Belt
that persists throughout the lithosphere and into the asthenosphere.
The near surface crust above the feature is highly conductive (~1
Q m). Similar crustal conductors have been observed along shear and
suture zones. This feature coincides with the Mwembeshi Shear Zone
and Luangwa Rift Valley that separates the Irumide and Southern
Irumide Belts (Westerhof et al., 2008). The Mwembeshi Shear Zone
has a distinct magnetic fabric (ductile NE-trending fabric) that is easily
recognized on the vertical and tilt derivative maps and underlies sta-
tions E5-E7. These near surface conductive anomalies are generally
interpreted as graphite and sulfides that experienced shear and meta-
morphism, such as during subduction (Bouzid et al., 2015; Jones et al.,
2005; Wannamaker, 2005; Yang et al., 2015). The extent of the
Mwembeshi Shear Zone into the mantle (Fig. 6C and D) has never be-
fore been imaged, but similar mantle features have been observed in re-
gions of ancient subduction zones (Yang et al.,, 2015) and ancient fault
zones (Jones and Garcia, 2006). Our electrical conductivity model
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testing shows that the resistivity of the upper mantle directly beneath
the near surface conductivity anomaly is less well-resolved (indicated
by the hatched box on Fig. 6C, right). However, the longer periods of
sites to the west (E10 to E14) require the dipping conductive feature
at greater depths beneath the Irumide Metacraton. Therefore, based
on our electrical conductivity model testing, the shear zone extends
throughout the mantle and separates the lithosphere of the Irumide
Metacraton from the lithosphere of the Southern Irumide Belt and
most likely represents a suture zone. This interpretation is further sup-
ported by the variations in magnetic fabric observed in the aeromagnet-
ic data over the Mwembeshi Shear Zone (Fig. 3). The suture zone most
likely formed during the Irumide Orogeny in the Mesoproterozoic
when the two lithospheric fragments collided as the oceanic slab
subducted beneath the Irumide Belt (Johnson et al., 2006; Johnson et
al., 2007). The higher conductivity of the mantle in this feature may be
due to conductive phases, such as carbon or sulfides, being carried to
great depths during subduction (Yang et al., 2015), or as a result of min-
eral shearing (Pommier et al., 2015) during subduction in the Irumide
Orogeny or during reworking in the Damara-Lufilian-Zambezi Orogeny.
The presence of such a strong lithospheric discontinuity may have facil-
itated the percolation of fluids into the lithosphere resulting in
metasomatization and assisting the delamination of the SCLM beneath
the Irumide Belt, forming the [rumide Metacraton (Liégeois et al., 2013).

It has been suggested that the development of the Luangwa Rift dur-
ing the Paleozoic - Mesozoic was largely controlled by the Mwembeshi
Shear Zone (Daly et al,, 1989; Orpen et al., 1989; Banks et al., 1995). Re-
cent seismic surveys observe seismic activity and slower seismic veloc-
ities at depth within the Luangwa Rift Valley, but seismic resolution is
limited in our study region (e.g., Craig et al., 2011; O'Donnell et al.,
2013 and references therein). It is possible that this rifting event has fur-
ther enhanced the electrical conductivity anomaly that we observed be-
neath the Mwembeshi Shear Zone. However, we are uncertain about
the level of contribution of the Luangwa Rift to this anomaly since it is
an amagmatic rift.

The Southern Irumide Belt is covered by the central portion of the
ELUA profile (Fig. 1B). The electrical conductivity model shows a more
conductive crust (resistivities as low as 1 Q m) of ~40 km thickness
than found within the [rumide Metacraton. Beneath the crust is a highly
resistive anomaly ranging from 100 ) m to several 1000 2 m that per-
sists to depths of 250 km (Fig. 6C and D). As previously discussed, the
Southern Irumide Belt is thought to have a cratonic nucleus that is
“lost” beneath the surface sedimentary cover and episodes of rifting
(Andreoli, 1984). The resistive anomaly observed in our electrical con-
ductivity model is similar in thickness to the Bangweulu Block in the
northwest. The observed resistivity and thickness most likely represents
a cold, anhydrous cratonic SCLM. A seismically fast shear wave feature
was identified at approximately the same depths in southeastern Zam-
bia as our resistive anomaly, and was interpreted to be a southern sub-
surface continuation of the Bangweulu Block (O'Donnell et al., 2013).
However, our conductivity model clearly shows a suture zone between
the Irumide Metacraton and Southern Irumide Belt. We therefore be-
lieve that this resistive anomaly is a cratonic block separate from the
Bangweulu Block and identify it to be the Niassa Craton. Arcuate shaped
magnetic fabrics beneath stations E4-E1 on the vertical and tilt deriva-
tive maps are coincident with the edges of this craton at depth (Fig. 3).
This interpretation does not match seismic results as well as for the
WLUA profile, which may be a resolution issue. O'Donnell et al. (2013)
greatly refined the Zambian lithospheric structures, but still focused
on a broad area around the Tanzania Craton. Resolution tests of their
data showed that, at the depths of interest, features in eastern Zambia
are significantly smeared. Therefore, as a result of the extent of their
study region the seismic model may have smoothed the Niassa Craton
such that it remained indistinguishable from the lithosphere of the
Irumide and Bangweulu Block to the northwest.

In Malawi, the electrical model shows a very conductive shallow
crust with resistivities around 1 Q m (Fig. 6C and D). Resistivities of

the mantle below this feature cannot be resolved due to electromagnet-
ic shielding and are instead defined by vertical smoothing during inver-
sion (Jones, 1999). The lower resistivities near the Malawi Rift are in
agreement with the slower shear wave velocity observed in seismic re-
sults (Accardo et al., 2017; O'Donnell et al., 2013; O'Donnell et al., 2016),
and may be related to rifting in the Western Branch of the EARS produc-
ing a much warmer lithosphere. However, our model misfit to particu-
larly the TE mode responses is highest in this region suggesting that
resolution is limited.

The crustal layer continues throughout much of the ELUA model, but
particularly the Mwembeshi Suture Zone, Southern Irumide Belt (Niassa
Craton), and Malawi Rift are characterized by sub-horizontal layers of
conductive anomalies. It is possible that these represent fluids
exploiting crustal scale detachment faults. This is in good agreement
with Johnson et al. (2006, 2007) who suggested that the Southern
Irumide is composed of allochthonous continental margin terranes as-
sembled during the [rumide Orogeny.

8. Conclusions

We have employed analysis and modeling of deep-probing
magnetotelluric (MT) data and aeromagnetic data to gain insight into
the lithospheric structure of the Precambrian entities of eastern Zambia
and southern Malawi, which include the Archean-Paleoproterozoic cra-
tonic Bangweulu Block, the Mesoproterozoic-Neoproterozoic Irumide
and Southern Irumide Orogenic Belts, and the Lufilian Foreland Basin.
We find that the lithosphere beneath the Bangweulu Block is highly re-
sistive to a depth of order 250 km, consistent with lithospheric thick-
nesses of other cratonic blocks in southern Africa and worldwide. In
contrast, the Irumide Belt lithosphere reaches a depth of 150-180 km,
typical of orogenic belts throughout southern Africa. The [rumide Belt
is not as resistive as the Bangweulu Block, suggesting partial SCLM mod-
ification. Using published geochronological data as constraints, we in-
terpret the observed MT structure beneath the Irumide Belt as
thinning of a cratonic SCLM, possibly through partial delamination by
the Mwembeshi Shear Zone that is clearly identifiable by its distinct
magnetic fabric. We propose to rename the Irumide Orogenic Belt the
[rumide Metacraton following the suggestion of De Waele et al.
(2006b) that the Irumide Belt is the metacratonic boundary of the
Bangweulu Block. We find moderately resistive lithosphere beneath
the Southern Irumide Belt extending to a depth of 250 km. This corrob-
orates the inferred presence of the Niassa Craton - a cratonic nucleus in-
ferred from early surface geology studies. We find sub-horizontal layers
of conductive anomalies in the crust of the Southern Irumide Belt and
we interpret these as crustal-scale detachments, possibly due to the
thrust of the Southern Irumide Belt on top of Niassa Craton. In addition,
our models reveal a broad mantle discontinuity at the boundaries be-
tween the Irumide Metacraton and the Niassa Craton. We interpret
this as SCLM modification along a lithospheric suture zone as a result
of ancient subduction.
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