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We present a detailed kinematic study of the boundary between the Monapo Klippe and the underlying
Nampula Block in northern Mozambique. The Monapo Klippe is an allochthonous klippe of granulite-
facies metamorphic rocks with subsidiary granitic and mafic intrusive rocks. The klippe overlies the
Nampula Block which is made up of ortho- and paragneisses that are lower metamorphic grade and con-
siderably older than the rocks of the Monapo Klippe. The boundary between the klippe and the underlying
Nampula Block is a distinct mylonitic shear zone of variable width. The mylonite composition varies with
the local footwall lithology but the dominant composition is quartz-rich with minor feldspar augen and
biotite. The mylonite is interpreted to have formed as an early broad ductile shear zone that evolved
during multiple phases of shearing to a narrow high-strain, lower temperature mylonite horizon. Kine-
matic indicators observed in outcrop, thin section, and image slices from X-ray computed tomography of
three-dimensional mylonitic fabrics record top-to-east motion. The granulite-facies Cabo Delgado Nappe
Complex, which lies to the north of the Monapo Klippe, has been hypothesized as the root terrane for the
klippe. The Cabo Delgado Nappe Complex records top to the north-west motion at around 630-610 Ma.
However, granitic and pegmatitic rocks that intrude the Monapo Klippe, and which also cross-cut the
mylonite fabric as well as being deformed by it, are considered to be part of the Cambrian Murrupula
Suite dated at between 530 and 470 Ma. This suggests that the emplacement of the Monapo Klippe
over the Nampula Block is part of a later extensional phase post 530 Ma associated with east-directed
post-orogenic collapse following Gondwana assembly.
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2010; Tucker et al., 2011; Collins et al., 2013). The ongoing debate
is driven by three main problems: (1) the paucity of outcrop in
key areas where orogens are thought to cross or intersect, (2) res-
olution the timing of orogeny and its duration in different parts

1. Introduction

During the amalgamation of Gondwana, between ~630 and
480Ma, numerous crustal blocks collided to form a number of

major orogenic belts along the eastern edge of Africa (Meert, 2003;
Stern, 2004; Collins and Pisarevsky, 2005). The timing and orien-
tation of collision of these different crustal blocks have been the
subject of ongoing debate within this part of Gondwana (Pinna,
1995; Sacchi et al., 2000; Viola et al., 2008; Jacobs et al., 2008;
Grantham et al., 2008, 2013; Ueda et al., 2012a; Macey et al.,
2013) and elsewhere within the supercontinent (Kriegsman, 1995;
Shackelton, 1996; Jacobs et al., 1998; Fitzsimons, 2000; Collins
et al., 2007; Kelsey et al., 2008; Grantham et al., 2008; Baba et al.,
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of the Gondwana supercontinent; and (3) determination of the
transport direction of what are in most cases reworked high-grade
metamorphic rocks. Work to address problems (1) and (2) is ongo-
ing and continuous. For example, recently there has been a major
research focus on resolving the geological history of the Sgr Ron-
dane Mountains in Antarctica, considered to be one of several
keystones for understanding assembly of central Gondwana. Out-
crop is very scarce and hard to access but the recent work has
made significant inroads into understanding the timing relation-
ships of major geological events in this region (Satish-Kumar et al.,
2013 and references therein). Nevertheless, attempts to address
problem (3) remain problematic principally because of the lack of
reliable and widespread kinematic indicators that can be linked to
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specific parts of an orogenic cycle. Although there has recently been
amore concerted effort to clarify the transport vectors for different
components of the African Gondwana components (e.g. Viola et al.,
2008; Thomas et al., 2012; Ueda et al., 2012a), such studies are still
generally rare.

The Monapo Klippe in northern Mozambique, another key-
stone for understanding assembly of central Gondwana, illustrates
how the identification of transport kinematics is critical to under-
standing terrane amalgamation. The klippe is an exotic block of
granulite-facies ortho- and paragneisses that has been intruded by
granitic and ultramafic rocks. It currently sits on top of Mesopro-
terozoicrocks of the Nampula Block and is separated from them by a
distinct mylonite zone, called the marginal mylonite (Macey et al.,
2013). Dating of the granulite-facies metamorphism and granitic
intrusions within the klippe has shown that intrusion and meta-
morphism were synchronous at ~635 Ma (Macey et al.,2013). Since
the lower grade Nampula gneisses do not record this metamor-
phic event (Macey et al., 2010; Grantham et al., 2013), the klippe
must have been emplaced over the Nampula Block after 635 Ma.
However, juxtaposition of the Monapo Klippe over the Nampula
Block probably occurred before ~525-480 Ma when both the klippe
and the Nampula gneisses were metamorphosed at high temper-
ature and low pressure conditions associated with emplacement
of Cambrian to Ordovician granites of the Murrupula Suite (Macey
et al.,, 2010, 2013; Ueda et al., 2012b). The sense of shear in the
marginal mylonite and the exact timing of transport are thus piv-
otal to resolving the transportation history of the Monapo Klippe
and the nature of its emplacement over the Nampula block.

The marginal mylonite has a strong foliation consistent with
very high shear strain and/or considerable syn-shear flattening,
but static recrystallization has overprinted the fine groundmass
which now has an equigranular texture. Kinematic indicators such
as clast asymmetry are difficult to conclusively interpret in out-
crop and thin-section due to the high degree of flattening. In this
contribution, we attempt to clarify the transport history of the
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Monapo Klippe by using a combination of traditional field geology,
microstructural studies and X-ray computed tomography (XCT) of
the mylonite samples. This multi-faceted and multi-scale approach
provides the best available constraints on the direction of klippe
transport and places the geological history of the Monapo Klippe
more accurately within the context of central Gondwana assembly.
Finally we hypothesize on what the likely direction of regional col-
lision was during exhumation at the end of the Neoproterozoic to
Ordovician assembly of the Gondwana supercontinent.

2. Regional geology

In northeast Mozambique, the Lirio Belt is a major WSW-ENE
trending, NNW-dipping tectonic zone separating two major
continental blocks (Fig. 1). To the south of the Lario Belt are pre-
dominantly amphibolite-facies felsic orthogneisses and subsidiary
paragneisses with Mesoproterozoic (~1150-1075Ma) protolith
ages. The five main rock suites (Mocuba Complex, Rapale Gneiss,
Mamala Gneiss, Moloqué Complex and Culicui Suite) are col-
lectively referred to as the Nampula Block (Macey et al., 2010;
Ueda et al., 2012a) and record an early metamorphism between
1110 and 1080 Ma overprinted by amphibolite-facies metamor-
phism between 540 and 490Ma (Bingen et al., 2009; Macey
et al., 2010; Ueda et al., 2012a). To the north of the Lurio Belt
are amphibolite-facies felsic orthogneisses (Unango and Marrupa
Complexes) with slightly younger Mesoproterozoic to Neoprotero-
zoic (~1060-945 Ma) protolith ages. These complexes, along with
other granulitic rocks further east, are collectively referred to as the
Namuno Block (Grantham et al., 2008). This block also records an
early metamorphism, albeit younger (~900Ma) than that in the
Nampula Block. However, the dominant metamorphic overprint
occurred at 555Ma in the Marrupa Complex and between ~570
and ~530Ma in the Unango Complex (Bingen et al., 2009; Ueda
et al.,, 2012b), slightly older than that recorded in the Nampula
Block (Macey et al., 2010). These differences in age, along with the

T
20°0'0"E
DRC

0 100 200 300 400km

l\,
Tanzania

)

10°0'0"S

Angola Post-Carboniferous cover
and coastal plain
Pan-African Granites

(575-545Ma + 535-470Ma)

Zambia

|
|
|
|
|
5 o |
Zimbabwe { 3 -
Neoproterozoic exotic granulite terranes

l Ocua Complex (OC)

Namibia

o

IS
Botswana é,"
S

Monapo and Mugeba Klippe

Cabo Delgado Nappe Complex
Muaquia Complex (Mu)

South Africa O

30°0'0"S

M’Sawize Complex (Ms)

—

Q)

]

ANS: Arabian-Nubian Shiel
CDML: Central Dronning
Maud Land
Dam: Damara Belt
Lf: Lufilian Arc
Lh: Litzow-Holm Complex
Ib: Irumide Belt
MAL: Malagasy Orogen

40°0'0"E
1

Lalamo Complex (LC)

Mad: Madagascar

Mz: Mozambique Belt

PB: Prydz Bay Belt

S@: Sgr-Rondane

Sr: Sri-Lanka

Zam: Zambezi Belt
Intersection

. zone of multiple|

orogens

1
Neoproterozoic metasedimentary rocks

I:‘ Alto Benfica (AB) and Mecuburi Grou

Xixano Complex (XC)

Dharwar (India)

Ci "
faton Mesoproterozoic Crust

East Antarctic
Craton

Kalahari
Craton

[b]

|
Montepuez Complex (Mo) _||__ \

Meluco Complex (Me) (1090-930 Ma)
Narioto Complex (NC) ( 1090-930 Ma)

£3)
%, \
ps (M) ——

Indian
Ocean

Fig. 1. Simplified geological map of north east Mozambique after Norconsult Consortium (2007a,b), Macey et al. (2007) and Grantham et al. (2007) showing the main
lithostratigraphic units. Top inset [a] shows location of study area within southern Africa. Bottom inset [b] shows reconstruction of Gondwana during the Cambrian after

Meert (2003), with the locations of the East African Orogen, Kuunga Orogen and Malagas

y Orogen shown.



J.A. Miller et al. / Precambrian Research 237 (2013) 101-115 103

intensely tectonized character and strong linear aeromagnetic sig-
nature of the Lirio Belt have led numerous authors to propose that
the Lirio Belt represents a major Gondwana suture zone (Grantham
et al., 2008, 2013; Bingen et al., 2009; Macey et al., 2010).

Tectonically overlying the Nampula Block, Marrupa and Unango
Complexes are a series of granulitic terranes that are interpreted to
be remnants of a continental-scale Neoproterozoic upper nappe
sheet (Viola et al., 2008; Grantham et al., 2008; Macey et al., 2013).
To the north of the Lirio Belt, this nappe sheet is represented
by the Cabo Delgado Nappe Complex (Viola et al., 2008), a series
of granulite-facies thrust slices imbricated over the Marrupa and
Unango complexes prior to 555 Ma (Bingen et al., 2009). Viola et al.
(2008) interpreted these thrust slices to be northwest vergent. To
the south of the Lirio Belt, the Monapo Klippe is an allochthon of
similar material overlying the Nampula Block and separated from it
by a mylonite zone (Macey et al., 2013). The klippe is dominated by
strongly deformed granulite-facies rocks of variable composition
belonging to the Metachéria Metamorphic Complex. Granulite-
facies metamorphism has been dated at 635Ma (Macey et al.,
2013). Two intrusive suites are present in the klippe, the quartz-
bearing Ramiane Suite granites, which are variably deformed to
undeformed, and the foid-bearing ultramafic Mazerapane Suite
gabbros and nepheline-syenites which are relatively undeformed.
The Ramiane Suite appears to have intruded synchronously with
granulite-facies metamorphism at 637 Ma, but underwent a later
metamorphicevent at 596 Ma (Macey et al.,2013). The Mazerapane
Suite is currently undated. On the basis of the above information,
the Monapo Klippe is demonstrably different in geological charac-
ter to the underlying Nampula Block gneisses and this has formed
the basis for its interpretation as a klippe. Similar conclusions have
been made regarding the Mugeba Klippe which also lies to the south
of the Lirio Belt (Fig. 1) (Pinna et al., 1993; Kréner et al., 1997).

In addition to the allochtonous Monapo and Mugeba klippen,
the Nampula Block is unconformably overlain by Neoproterozoic
meta-sedimentary rocks (conglomerates, arenites and pelites) of
the Mecubdri and Alto Benfica Groups (Thomas et al., 2010; Fig. 1).
Dating of detrital zircons from the Mecubtri Group indicates that
the source rocks are derived from the Namuno Block and not the
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Nampula Block and that the maximum depositional age is 530 Ma
implying that the Namuno and Nampula terranes were adjoined by
this time. Subsequent to the deposition of these meta-sedimentary
rocks, the Nampula Block was intruded by weakly to undeformed
post-orogenic Cambrian granites of the Murrupula Suite between
~530and 480 Ma (Bingen et al.,2009; Grantham et al., 2007; Macey
et al.,, 2007; Ueda et al., 2012a). However, these granites do not
appear to have intruded into the Monapo Klippe, although peg-
matites that may be related to the Murrupula Suite intrude into the
marginal mylonite. Ueda et al. (2012a) interpret these granites as
the result of post-orogenic collapse of the East African Orogen and
high heat flow associated with lithospheric delamination, whereas
Grantham et al. (2013) interpret them as a result of crustal over-
thickening during continental collision associated with the slightly
younger E-W trending Kuunga Orogeny of Meert (2003) (Fig. 1).

3. The marginal mylonite zone

The Monapo Klippe is everywhere underlain by a zone of
mylonite called the marginal mylonite (Macey et al, 2013).
Although this zone is inferred to be continuous on the basis of geo-
physical and Landsat imagery, outcrop exposure of the mylonite
is extremely poor. The topographic relief of the klippe is low with
respect to the surrounding Nampula gneisses and the soil cover is
extensive. Macey et al. (2013) delineated the marginal mylonite on
the basis of principal component analysis performed on Landsat
7 ETM+ imagery as well as known field relationships. The extent
of the mylonite zone determined in this way is shown in Fig. 2.
The prominent bulge present on the south west margin of the
klippe in Grantham et al. (2008, 2013) and BULGARGEOMIN (1984)
was interpreted by Macey et al. (2013) to represent thrust slices
within the footwall that are being emphasized by topography and
therefore not actually part of the Monapo Klippe or the marginal
mylonite. This was confirmed by field observations along a tran-
sect of the Monapo River from the town of Monapo into the Monapo
Klippe, where an extensive footwall damage zone was encountered
(see below Location D).

Fig. 2. Simplified geological map of the Monapo Klippe after Macey et al. (2013) showing the main lithostratigraphic units and the position of the marginal mylonite. Footwall

geology is not indicated but is broadly TTG gneisses of the Nampula Block.
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The exact thickness of the marginal mylonite has been difficult
to determine because in only one location has the full thickness of
the mylonite been observed. In all other locations, the boundaries
of the mylonite are obscured by soil cover. Where the mylonite has
been observed it is only a few meters thick with a pervasive planar
shear fabric. Upper bounds on the thickness of the mylonite can be
estimated from the remote sensing and suggest that the mylonite
rarely exceeds 70 m. Compositionally, the marginal mylonite is
very heterogeneous as a result of different rock types being incor-
porated into the mylonite zone. The dominant composition is a
quartz-rich mylonite (Fig. 3a), derived from the abundant interme-
diate quartzo-feldspathic gneisses in the Metacheria Metamorphic
Complex and/or the granitic to tonalitic footwall gneisses. Other
compositions encountered included amphibole + quartz, probably
derived from the more mafic lithologies (Fig. 3b), as well as granitic
mylonites, probably derived from rocks of the Ramiane Suite.
The mylonite has undergone extensive static recrystallization and
annealing such that the quartz-feldspar matrix is uniformly fine-
grained (1-3 mm) and equigranular and no shear microstructures
remain. However, at a mesoscopic scale scarce rotated augen and
clastic grains within the mylonitic fabric, and rare planar fabrics
have the potential to indicate shear sense. Grains with extended
tails are often highly symmetrical (¢-clasts), suggesting a high
degree of shear strain and flattening, with asymmetrical o- and
d-clasts being considerably rarer.

A ductile shear fabric in the footwall generally increases in
intensity toward the marginal mylonite. This sheared damage zone

Fig. 3. (a) Quartz-rich mylonite containing feldspar clasts with subtly asymmet-
ric tails. Rock face is parallel to mylonite zone and foliation is dipping in the view
direction. (b) Intermediate amphibole-bearing marginal mylonite from Location B
showing oblique stretching lineation on foliation surface.

cross cuts the granitic gneisses of the Culicui Suite and interleaved
supracrustal gneisses of the Mamala and Mol6cué Groups which
collectively form the immediate footwall to the Monapo Klippe.
Fabric intensity observed along a 7.5-km transect from the foot-
wall damage zone across the mylonite along the Monapo River
(westward from the village of Monapo, Fig. 2; Location D) indicates
that the fabric is an L-S tectonite with intensity of the stretch-
ing lineations progressively increasing toward the mylonite. In the
hanging wall, the shear fabric associated with the mylonite dam-
age zone is obscured by the more complex earlier structural fabrics
within the Metacheria Metamorphic Complex. Therefore, the shear
fabric is only observed in isolation where rocks of the weakly
deformed intrusive suites (Mazerapane and Ramiane) comprise the
local hanging wall.

4. Structural characterization

The Monapo Klippe and its footwall rocks have been divided into
three structural domains based on their structural relationship to
the klippe. These are the basement and footwall damage zone to the
klippe, the klippe itself and the marginal mylonite that separates
them. Fig. 4 shows a structural map of the Monapo Klippe, including
measurements from these three structural domains.

4.1. Footwall damage zone

Footwall rocks outcrop prominently outside the Monapo Klippe
on the northwest and southeast corners. There is little outcrop
around the rest of the circumference and no observations could
be made anywhere near the northeast margin of the klippe. Both
areas show a strong pervasive foliation with an associated poorly
developed, predominantly northeast plunging stretching lineation
(Fig. 4a and b). The foliation data define two predominant orien-
tations, one dipping steeply to the southeast and striking NE-SW
(associated with outcrop in the northwest) and one dipping mod-
erately to the west and striking N-S (associated with outcrop in
the southeast). This is consistent with a broad asymmetric struc-
tural basin with its major axis trending approximately N-S, and also
with the orientation of the overlying marginal mylonite, confirming
the field relations reported by Macey et al. (2013).

4.2. Marginal mylonite

The orientation of the marginal mylonite was measured at only
four locations (Fig. 2; Locations A, B, C,and D) around the klippe due
to poor outcrop. It is important to note that since most of the foli-
ation orientations were measured in the two outcrops on the west
side of the klippe there is a strong bias in the contouring of the
stereonet shown in Fig. 4c. Nevertheless, the moderately dipping
foliation at the four locations of the marginal mylonite measured,
which span a reasonable distribution about the klippe, indicate that
the marginal mylonite everywhere dips into the klippe, consistent
with an overall basinal structure. A strongly developed stretching
lineation (Fig. 4d) observed as elongate ridges on the foliation sur-
face is generally oriented down-dip, but in one location was oblique
to the foliation. The orientations of lineations (Fig. 4d) are broadly
similar to those measured in the footwall rocks (Fig. 4b).

4.3. Monapo Klippe

Structural measurements from within the Monapo Klippe are
shown in Fig. 4e and f. The lineated planar fabric is termed S, after
Macey et al. (2013). Lineation orientation is highly variable, and
plunges predominantly either shallowly to steeply westward, or
shallowly to steeply eastwards. S, is consistent within individual
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outcrops (G-L; Fig. 4) but varies spatially around the klippe. The ori-
entations are locally similar to S, in the footwall (dipping towards
the east or northwest; Fig. 4a) but more broadly distributed, locally
dipping also toward the southwest. Overall, this distribution is
consistent with folds with wavelengths on the 100s-1000s meters-
scale previously inferred from lithologic patterns by Macey et al.
(2013). The similarity with footwall fabrics and the broad basin in
the marginal mylonite is consistent with the idea that these smaller
structures have been rotated in a common deformation event that
formed the larger (10s km-scale) basinal shape of the klippe.

5. Shear sense

The rarity and deep weathering of the mylonite field outcrops
made shear sense determination in the field difficult. Recrystalliza-
tion of the mylonite has obscured grain-scale shear sense indicators
in the matrix. The predominant scale of preserved shear sense indi-
cators (mainly mm-scale clasts), favours shear sense determination
in the marginal mylonite at hand-sample scale. However, extreme
flattening, symmetry and rarity of clasts makes recognizing clast
orientation and tail asymmetry to interpret shear direction prob-
lematic (Fig. 5a). Therefore, a combination of field observations and

XCT imaging has been used to determine as accurately as possible
the shear sense in samples from each of the studied outcrops.

5.1. Field based shear sense determination

At each of the four locations (A-D, Fig. 2), the orientations of the
mylonitic foliation and stretching lineation were determined. Shear
sense determination depended on the particular fabric at each out-
crop. Where possible, the ductily sheared damage zone kinematic
indicators were compared to those measured within the mylonite
at each outcrop location.

5.1.1. Location A

At Location A on the northern margin of the klippe (Fig. 2)
the outcrop is comprised of two different mylonitic rock types.
The characteristic quartz-rich mylonite containing <1 cm almond-
shaped tailed clasts of feldspar (Fig. 3a), and a structurally higher
penetratively lineated amphibole-rich mylonite lacking clasts.
The lineated amphibole-mylonite is very weakly foliated and
the stretching lineation, defined by elongation of amphibole and
feldspar grains, is parallel to the lineation as measured in the
quartz-rich mylonites (plunge/trend =36/133). In the quartz-rich
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Fig. 5. Meso-scale shear sense determination in the marginal mylonite. (a) Slabbed
slice through Sample J]MO6MC10 from Location A (Fig. 2) showing numerous clasts
within a strong penetrative foliation. Shear sense indicators are shown with (o) or
(8) indicating the type of tailed clast. Clasts with ambiguous or symmetric tails are
indicated with (¢). (b) Field photo of Location D showing single occurrence of C-C'
fabric in foliated clast-free mylonite on Monapo River transect. Annotations show
apparent shear on C and C fabric surfaces, respectively.

member, the lineation is expressed as sub-millimetre corrugations
on the foliation surface. The rock cleaves readily along the folia-
tion (strike/dip=074/42 S) and the lineation is easily recognized
throughout the outcrop.

Shear sense at Location A was established by careful examina-
tion of tailed clasts in outcrop exposure and analysis of oriented
slabs in both the quartz-rich and amphibole-rich mylonites (n =146
clasts). 40% of grains had identifiable asymmetric tails, of which
86% indicated normal motion (Fig. 5a). Locally the lineation in the
footwall damage zone rocks roughly correlates to that measured at
Location A where shear sense is established. In their current orien-
tation, these kinematic indicators suggest normal motion, noting
that the stretching lineation is oblique to the dip of the foliation.
At this outcrop in the current geometry this indicates top to the SE
transport.

5.1.2. Location B

On the western side of the Monapo Klippe, the mylonite is
exposed at Location B (Fig. 2) where a tributary of the Monapo
River passes under an old derelict road bridge. The outcrop is mostly
below water during the wet season but is accessible on the edges
of the riverbed during the dry season. Strike length of the outcrop

is about 12 m along the riverbank. The mylonite at this location is
compositionally heterogeneous and appears to be derived from the
intermediate to mafic granulites of the Metacheria Metamorphic
Complex. Sections perpendicular to the foliation indicate a pro-
nounced banding defined by alternating layers of mafic and felsic
material. A localized oblique foliation is developed that defines a
S—C structure within the planar foliation (325/27 E). The stretching
lineation (25/026) is oblique to the dip of the foliation. The rock
contains both & and o clasts, principally of quartz and/or feldspar
with & clasts dominant. Overall, asymmetrical clasts are rare, how-
ever normal shear sense suggested by o- and 8-clast orientations
in slabbed samples is consistent with observed S-C fabrics at this
location indicating top to the northeast transport.

5.1.3. Location C

South of Location B, the marginal mylonite is exposed at Loca-
tion C where the Namialo-Netia road crosses a tributary just north
of the Monapo River (Fig. 2). Like Location B, this outcrop is mostly
below the water during the wet season and is only accessible dur-
ing the dry season. Strike-length of the outcrop is ~20m along
the riverbank. The mylonite consists of a coarse-grained sugary
matrix with a flaky planar foliation (349/49 E) containing tabular to
boudin-shaped blocks of less intensely sheared rock. These blocks
form elongated clasts <1 cm to 40 cm long whose asymmetry can
be used to determine shear sense in the mylonite. The clasts (n=37)
occur in both o- and 8-clast morphologies. Although the majority of
clasts are symmetrical as at Location A, the asymmetric clasts are
in excellent agreement with 94% of asymmetrical clasts suggest-
ing normal motion. As at the other outcrops, a strong stretching
lineation (34/033) is manifested as a corrugation of the foliation
surface as well as stretching of rigid pegmatitic injections along
fabric but again, the lineation is oblique to the planar shear fabric.
The clasts of less-deformed rock are dominated by mafic granulite
which is locally abundant in the Monapo Klippe hanging wall. The
present of R-shears, that attenuate clast tails and contribute to clast
asymmetry, suggests that clasts have been shaped by a combination
of brittle and ductile processes. All indicators show approximately
normal shear sense at this location with top to the northeast trans-
port in the current orientation and geometry.

5.1.4. Location D

At Location D, the outcrop is in a side channel of the Monapo
River (accessible only during the dry season) on the eastern side of
the klippe (Fig. 2) where the mylonite is extremely fine-grained and
apparently clast-free. The S, foliation is planar and parallel (202/21
W) throughout the outcrop except for a 40-cm thick band of C-C’'
structure. The C’-surfaces are asymptotic to the dominant shear
fabric. The estimated motion vector (lying within the C-surface 90°
away from C-C’ intersection) correlates to the measured stretch-
ing lineation (08/240) on the pegmatites which lies in the planar
foliation and suggests reverse motion in the current orientation.
The stretching lineations are at a moderate angle to the dip of the
C-plane.

Observations along the Monapo River transect through Outcrop
D display a correlation between the footwall damage zone fabrics
and those within the mylonite. From the bridge where the major
E-W highway crosses the Monapo River, a 5.5km transect was
examined of the footwall damage zone to the mylonite, and then
a further ~2 km into the Monapo Klippe into the sheared damage
zone in hanging wall rocks of the Ramiane Suite. Ductile shear fab-
rics across the transect dip at ~40° so this transect represents ~3 km
structural thickness across the sheared footwall damage zone. The
base of the damage zone was not identified, so 3 km is taken as a
minimum local thickness. At the down-section end of the transect,
the mylonite-parallel shear fabric is gently wavy and anastomosing
and corrugations of the foliation surfaces form a weak lineation. The
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Fig. 6. Sectioning of mylonite samples via XCT. (a) 3D XCT image of whole sample with plane [a-b] parallel to the lineation; (b) 3D XCT image of same sample showing a
sliced face in the [a-b] direction exposing a large 8-clast; (c) 3D XCT image of the same 8-clast as in (b) but along the face [i-ii] which is normal to that shown in (b). (d) 3D XCT
image of symmetrical and assymetrical clasts within the mylonitic foliation with the low density fraction (quartz and feldspars) removed to highlight the 3D structure of the
fabric. (e) 3D XCT image as shown in (d) but rotated to show the same clasts from a different orientation and with the black background replaced with a white background
to illustrate the power of this technique for optimizing imaging of structural and mineralogical characteristics of rocks in 3D.

footwall gneisses along the transect belong to the Mamala Group of
the Nampula Block and contain both biotite-rich and biotite-poor
quartzo-feldspathic gneisses. This variation is observed through-
out the transect and affects the local manifestation of folial and
stretching fabrics which increase in intensity toward the mylonite.

5.1.5. Conditions of shearing

Locally in the uppermost footwall, trace amounts of syn-
kinematic garnet have been identified in biotite-rich gneisses of the
Molécué Group. Garnet is rarely observed elsewhere in any litholo-
gies of the Nampula Block and is therefore interpreted to have
grown in response to deformation associated with the emplace-
ment of the Monapo Klippe. In contrast, the shear fabrics in the
highly localized mylonite, including the deformation of pegmatitic
intrusions, include fractured feldspars. At Location C, in addition to
syn-shearing pegmatitic intrusions as seen at other outcrops, thick
tabular blocky quartz veins are found along foliation. The ends of
the veins are pinched off along microfaults, suggesting minor atten-
uation of the veins. Aqueous fluid inclusions are prevalent although
primary fluid inclusion assemblages could not be established. The
veins are evidence for a late-stage fluid and microstructures in
the quartz are consistent with deformation at greenschist-facies
conditions.

5.2. XCT shear sense determination

A high proportion of clasts observed in outcrop showed no clast
asymmetry (e.g. Fig. 5a), resulting in poor counting statistics. There-
fore, outcrop-based shear sense determinations were confirmed
with microstructural studies using XCT. XCT is a non-destructive
method that produces a radial series of X-ray images through an
object and computes a 3D tomographic image volume, which can
then be sliced in any direction. The number of images taken can
be determined by the operator based on the desired resolution
of the final 3D reconstruction of the object. The 3D reconstruc-
tion displays differences in X-ray transparency (CT-number) with
grayscale values (Fig. 6a), where the CT-number is a function of den-
sity, atomic number, and X-ray energy. Compositional differences

between minerals are visible as different grayscale values. This
technique has been shown to be extremely effective at highlight-
ing anisotropies in rocks (Ketcham and Carlson, 2001; Ketcham,
2005), and has been predominantly used to examine, for exam-
ple, porosity and permeability in petroleum host rocks (Akin and
Kovscek, 2003), soil structure and the ability of soils to transport
fluids (Heijs et al., 1995; Elliot et al., 2010), and to a lesser extent
porphyroblast grain shape in metamorphic rocks (Ketcham et al.,
2005; Huddleston-Holmes and Ketcham, 2010), and igneous rock
textures (Baker et al., 2012). The ability of this technique to identify
these types of anisotropies should also allow it to identify 3D fabric
elements in structurally complex rocks.

One advantage provided by XCT imaging over serial section-
ing is that once a 3D reconstruction of a sample is made, it is
possible to extract both 2D and 3D images of any section of the
object in any orientation or spacing, and interpolate across slices
of any thickness (Fig. 6b and c). Different CT-number regions (cor-
responding to grains of a particular mineral phase) can be made
transparent to reveal the shape of individual grains (Fig. 6d and
e). This process allows for the identification and characterization
of many fabrics or objects within a sample that are not easily
detected by other imaging methods, and minimizes effects of sam-
ple inhomogeneity usually encountered with traditional methods
such as serial sectioning. In cases like the marginal mylonite, where
textural overprinting is a risk, this technique allows easy identifi-
cation of the true long axes of clasts and tails in three dimensions
to determine asymmetry within the shear fabric (Fig. 6d and e).
For this study three samples of mylonite (Location C — J]MO9MCO02,
and Location D - JMO8MC(C35, JMO8MC(C21) were imaged using XCT
(Fig. 7).

5.2.1. Methodology

Samples were imaged using a General Electric Phoenix
V|Tome|X L240 X-ray micro-CT scanner in the Central Analyti-
cal Facility at the University of Stellenbosch, South Africa. Sample
JMO09MCO2 was processed separately as an initial exploratory sam-
ple. For this sample two thousand individual X-ray images were
acquired with an image acquisition time of 500 ms per image,
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Fig. 7. Determination of XCT shear sense. Column 1 shows photographs of a polished external face on each sample cut parallel to the lineation and perpendicular to the
shear foliation. Column 2 shows an XCT image for each sample taken from the stack of images. These images are X-ray images of a surface within each sample parallel to
the surfaces photographed in column 1. Column 3 shows sketches of each XCT image, emphasizing foliation (dashed lines), porphyroclasts, and features that display shear
sense. Sample a (JM09MCO02): a-1 shows a layered rock with alternating dark and light bands and several feldspar porphyroclasts. In figure a-2 the porphyroclasts appear as
a medium grey with light layers appearing as the darkest grey, and darker layers appearing as lighter-grey speckled layers. a-3 shows a sketch of a-2. Black grains represent
distinctive grains within the matrix. Some show an opposite sense of shear to the larger grains, shown with arrows in red. Sample b (JM08MC35): b-1 shows an orange-brown
rock with layers of black biotite. Occasional red-brown, round garnets are surrounded by biotite. In figure b-2 the biotite appears light grey, garnets very dark grey. b-3 shows
a sketch of b-2 with a porphyroclast of undetermined mineralogy at the top of the sample showing a strong top-to-the east shear sense. Most smaller grains agree with this
shear sense. Sample ¢ (JMO8MC21): c-1 shows a rock with asymmetric quartz clasts and a biotite fabric. c-2 shows biotite as light grey and quartz as dark grey. c-3 sketch

shows biotite fabric, quartz porphyroclasts and biotite strain shadows.

averaging set to 2 (for every projection image, two images are taken
and averaged to reduce noise), and with no skipping. Images were
taken with a nanofocus NF180 tube with an accelerating voltage of
180KkV and a current of 140 pA. The total scan time was approx-
imately 35min and the voxel size for the 3D image produced is
85 wm. Samples JMO8MC35, JMO8MC21 were processed under the
same conditions. For these samples 3000 images were acquired
for each sample with an acquisition time of 1 s per image, without
averaging or skipping of images. The nanofocus NF180 tube was
again used with an accelerating voltage of 160kV and a current
of 160 pA. The total scan time for each sample was approximately
50 min. Typical voxel sizes for the 3D images produced were from
47 to 69 wm, depending on the samples physical size.

Volume reconstruction for all samples was done using the
system-supplied Datos reconstruction software. The obtained 3D
data set was analysed using Volume Graphics VGStudioMax 2.1. In
this case only contrast enhancement was used to image features
of interest. For optimal shear sense observation, each 3D volume
was sliced into a series of 2D images spaced 85 wm apart in an

orientation parallel to the sample’s linear fabric (estimated from
field observations and confirmed from long axis of clasts observed
in the 3D volume) and normal to foliation. Shear sense was deter-
mined from these image stacks for each sample, using Image] 1.42q
freeware. Image sequences were processed as a stack so that each
sample could be viewed in its entirety as a video moving through
the rock orthogonal to the image orientation. Porphyroclasts, here
defined as clasts larger than the average grain size of each samples’
matrix, were counted and, where distinguishable, shear sense was
determined.

Sheared porphyroclasts were classified using the system
described by Passchier and Trouw (2005, Chapter 5.6) for classi-
fication of porphyroclasts in mylonite. In the three samples most
shear sense indicators occurred as: (1) mantled porphyroclasts
with asymmetric tails (winged clasts); (2) mantled porphyroclasts
with recrystallized minerals in the strain shadow; (3) sigmoid
clasts; or (4) mineral fish. All porphyroclasts were classified as hav-
ing either 8, o, or ¢ morphologies, or as mineral fish for ease of
classification, and because porphyroclast mantles and cores often
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Table 1
Shear sense counting statistics determined from computer tomography images.

Sample Total grains Clast type Shear sense (vergence) inferred from clast tail asymmetry
counted (N) of § and o clasts and mineral fish
§ o [ Mineral fish NE E w SwW Symmetric

JMO09MCO2 (Fig. 7a) 51 22(43%) 16(31%) 13(25%) 0 33(65%) 0(0%) 0(0%) 5(10%) 13(25%)
Average grain size 4.7 mm 4.8 mm 4.8 mm 4.4 mm - 4.8 mm - - 4.64 mm 4.4 mm
JM08MC35 (Fig. 7b) 94 11(12%) 46(49%) 21(22%) 16(17%) 0(0%) 61(65%) 12(13%) 0(0%) 21(22%)
Average grain size 3.6 mm 2.5mm 3.5mm 2.7mm 4.7 mm - 3.7mm 29mm - 2.7mm
JM08MC21 (Fig. 7¢) 95 10(11%) 77 (81%) 7(7%) 1(1%) 56(59%) 0(0%) 0(0%) 32(34%) 7(7%)
Average grain size 24mm 2.7mm 2.3 mm 2.3mm 2.1mm 24mm - - 2.2mm 2.3 mm

had the same composition (and thus the same grayscale in XCT), and
were therefore difficult to distinguish. The grain types and domi-
nant shear sense is shown in Table 1 and Fig. 7. Total grains counted
(N) refers to the total number of observable porphyroclasts in the
sample. All grain sizes described were measured parallel to the long
axis of the grain.

5.2.2. Sample JMOSMCO02

This sample of mylonite from Location B (Fig. 2) is composed
of fine-grained, banded felsic and mafic material (Fig. 7a). Within
this sample, most clasts are located within the felsic bands. The
clasts are 2-12mm in size with an average grain size of 4.7 mm
(Table 1). A total of 51 individual clasts could be identified. The
majority of clasts are composed of round to oval-shaped feldspar
porphyroclasts with tails of fine-grained feldspar and quartz. Forty-
three percent of the counted clasts show & geometry, 31% show o
geometry, and 25% show ¢ geometry (Table 1). The average grain
size for & and o is slightly greater than for other porphyroclasts,
however the difference is not large enough to be significant. Of the
51 clasts, 65% indicate overall top-to-the northeast shear sense and
25% exhibit no rotation (¢ geometries) (Table 1). Clasts with top-
to-the northeast shear sense also have a larger average grain size
than clasts showing top-to the southwest shear sense. Because of
this grain size difference, and since only 10% of the clasts indicate
top-to-the-southwest shear sense, we conclude that at this location
top-to-the northeast shear sense, is dominant.

5.2.3. Sample JMO8M(C35

This sample is mylonitized Ramiane Suite granite from Location
D on the opposite side of the klippe to the previous sample (Fig. 2). It
is composed of a banded fine-grained felsic matrix with 0.1-3 mm,
round garnets surrounded by biotite mantles (Fig. 7b). A total of 94
1.5-11.5-mm-sized porphyroclasts were counted, with 12% of the
clasts showing 8 morphology, 49% showing o morphology and 22%
showing ¢ geometry (Table 1). The o-clasts show a significantly
larger average grain size than the & and ¢. In addition, there are a
number of biotite sigmoid clasts (identified in hand specimen) and
rare mineral fish. Since the XCT images only show compositional
variation, individual mineral grains within sigmoids are not dis-
tinguishable, and therefore these clasts are difficult to distinguish
from the mineral fish. Due to this, and for ease of comparison, we
classified them as mineral fish. The biotite fish made up 17% of the
total clasts counted, and show a significantly larger grain size than
the other porphyroclasts. All the biotite fish, and the majority of the
9, and o clasts (65% of total clasts counted) indicated top-to-the-
east shear sense (Table 1). Clasts with top-to-the-east shear sense
also have a significantly larger grain size than those with top-to-
the-west shear sense. Since 22% of clasts showed no rotation, we
conclude that this location has also been affected mainly by non-
coaxial deformation with top-to-the-east sense of shear, and with
a small component of coaxial deformation.

5.2.4. Sample JMO8MC21

This sample is from the same location as JMO8MC35 but has a
stronger mylonite fabric. The sample is composed of fine-grained
felsic material, with 1-5 mm quartz porphyroclasts, and exhibits
less banding than other samples, with minor mafic layers (Fig. 7c). A
total of 95 porphyroclasts were counted within the sample. The por-
phyroclasts occur as rounded 8- or o-clasts with cores of quartz and
mantles of fine-grained felsic material, quartz clasts with biotite
strain shadows (here classified as o-clasts), or biotite mineral fish.
o-Clasts are strongly dominant within the sample composing 81%
of all porphyroclasts counted, with 8-clasts making up 11%, ¢-clasts
composing 7%, and mineral fish only 1% (Table 1). There is very little
difference in the average grain size of the different porphyroclast
morphologies, with the dominant top-to-the-northeast shear sense
indicators showing a slightly larger average grain size than the less
numerous top-to-the-southwest clasts. We therefore conclude that
deformation at this location was predominantly non-coaxial with a
top-to-the-northeast shear sense. However in comparison to other
mylonite samples, the higher relative proportion of clasts with an
opposite shear sense suggests that this sample may preserve evi-
dence of more complex strain history than the other samples.

5.2.5. Summary

The microstructural shear sense indicators observed in XCT
images are generally similar, indicating top-to-the-east to north-
east shearing, consistent with the field observations. The
orientation of the shear planes in which the shear sense was mea-
sured varies from place to place consistent with the overall basinal
shape of the marginal mylonite.

6. Discussion

The shear sense, relative timing indicators, and constraints on
conditions of activity allow us to compare the evidence for shear-
ing on the Monapo mylonite with regional models proposed by
other workers based on geochemistry (Granthametal.,2008,2013),
geochronology (Bingen et al., 2009; Ueda et al., 2012a,b; Emmel
etal, 2011) and regional kinematics (Viola et al., 2008).

6.1. Geometry of the klippe and transport direction

The klippe is today characterized by a bowl shaped geometry
(Fig. 4) with concentric curvilinear lithologic boundaries within
the klippe (as seen in the northeast and southeast of the klippe,
Fig. 2). Steeper foliation dips within the klippe in comparison to
those seen on the marginal mylonite also indicate smaller map
scale folds within the Monapo Klippe. The folding within the klippe
is associated with higher temperature deformation and contained
by the smooth contact of the marginal mylonite (Macey et al.,
2013; this study). They are therefore interpreted to pre-date the
development of the mylonite and the emplacement of the Mon-
apo Klippe. Macey et al. (2013) suggested that the steeply dipping



110 J.A. Miller et al. / Precambrian Research 237 (2013) 101-115

40°00°

Fig. 8. Map of the Monapo Klippe with stereonets showing the spatial geometry (foliation planes) and linear fabrics of the mylonite (A-D) and footwall rocks (Y).

fabrics on the east and west side of the klippe indicate a regional
synclinorium with a doubly plunging N-S trending axis. This is
consistent with north-south trending folds of the same scale iden-
tified by Grantham et al. (2007, 2008) in the Nampula Block. The
presence of shear sense indicators which show a down-dip, east-
ward sense of shear on the west side of the complex, and up-dip,
eastward sense of shear on the eastern side of the complex indi-
cates that the mylonite was folded subsequent to shearing. The
moderate dips of the mylonite around the klippe reflect this post-
emplacement folding event. Similar doubly plunging interference
folds were described on regional to outcrop scales by Viola et al.
(2008) in the Cabo Delgado Nappe Complex to the north as well as
by Ueda et al. (2012a) for the northern Nampula Block.

The post-emplacement folding of the klippe has a bearing on
the original transport direction of the klippe. The shape and scale
of the basinal fold in which the klippe is currently preserved, is
poorly constrained because of a lack of outcrop. Contouring of the
combined foliation data shows four preferred orientations, which
may reflect folding of the foliation, and show symmetry around
N-S and E-W horizontal axes. Grantham et al. (2008, 2013) inter-
preted these as interference folds, formed during simultaneous N-S
and E-W shortening. If this model is correct, shortening might be
estimated from the fold scale and geometry. However, Ueda et al.
(2012a,b) and Jacobs et al. (2008) favour megamullion-type defor-
mation in an extensional environment as the mechanism of fold
formation and in this case, interpreting foliation rotation around
inferred fold hinges would not give a valid shortening estimate.
The transport vectors in the mylonite (Fig. 8) all indicate north-
easterly transport in the southern part of the klippe, and one vector
measured in the north indicates southeasterly transport. Unfolding
the klippe architecture might allow resolution of this scatter but,
there is not sufficient information available to constrain the mode
of formation of the long-wavelength folds. However, to rotate any
of the transport vectors to a direction other than generally east,
irrespective of the mechanism of post-emplacement folding, unre-
alistically large amounts of rotation on one or other set of vectors

are required. Therefore, whilst we cannot precisely constrain the
post-emplacement rotation, our data are only consistent with an
easterly (northeast to southeast) transport direction during the last
phase of motion on the Monapo mylonite.

6.2. Timing of transport of the Monapo Klippe

The geochronology of northern Mozambique is summarized in
Fig. 9 and shown in comparison to the main orogenies that are
thought to affect this region, specifically the East African Orogeny
and the Kuunga/Malagasy Orogenies. The timing of transport of the
Monapo Klippe must fit within the geochronological framework
for northern Mozambique. However, tying the development of the
Monapo mylonite to a specific period of time has been difficult
because of the lack of datable material within the mylonite. Peg-
matitic granite dykes are found both cross-cutting, and deformed
by, the Monapo mylonite. At Locations B and C, intra-folial peg-
matitic dykes occur within the mylonite and footwall damage zone
and are sheared and stretched within the L-S fabric. These dykes are
disaggregated in elongate boudins parallel to local stretching lin-
eation with larger (2-5 cm) feldspar crystals forming rigid augen
(Fig. 10a). At Location B, highly attenuated pegmatitic dykes lie in
the foliation plane, whilst undeformed tabular pegmatitic dykes
also crosscut the mylonitic foliation at a high angle. Structurally
upsection from the mylonite, a large pegmatitic granite intru-
sion contains xenoliths of mylonite up to 30 m long by 3 m wide
(Fig. 10b). These mutual crosscutting relationships require that
these intrusions were contemporaneous with deformation of the
Monapo mylonite. Unfortunately efforts to date these pegmatites
have been unsuccessful with zircons from both rock types being
undatable because of their extremely metamict state.

Granitic intrusions of Late Neoproterozoic to Ordovician age are
common in the Nampula Block and less common in the Namuno
Block (Viola et al., 2008; Bingen et al., 2009; Thomas et al., 2010;
Macey et al., 2010, 2013). Two main groups are distinguished: (1)
Late Neoproterozoic granites of the Monte Maco and Miruei Suites
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Fig. 9. Summary of geochronology from the Monapo Klippe, Nampula Block, Cabo Delgado Nappe Complex (CDNC) and Marrupa and Unango complexes and comparison
to the timing of major events as outlined by Meert (2003), Collins and Pisarevsky (2005) and Ueda et al. (2012b): [1] Macey et al. (2013); [2] Jamal (2005); [3] Ueda et al.
(2012b); [4] Macey et al. (2010); [5] Bingen et al. (2009), Macey et al. (2010); [6] Boyd et al. (2010).

with ages of ~575-545Ma and which occur to the north of the
Lirio Belt; and (2) voluminous Cambrian to Ordovician granites
which include the Murrupula, Niassa and Malema suites, with ages
between ~535 and 470 Ma which occur both north and south of the
Lario Belt (Figs. 1 and 9) (Grantham et al., 2007). All the granites
south of the Lario Belt are attributed to the Murrupula Suite, which
encompasses pegmatitic to aplitic granites that are generally unde-
formed (Macey et al., 2007; Grantham et al., 2007). Jamal (2005)
and Ueda et al. (2012a) documented both deformed and unde-
formed granites in the Lirio Belt and Nampula Block with magmatic
ages of ~515-500 Ma. Undeformed Murrupula porphyritic granit-
oids dated by Macey et al. (2007) and Grantham et al. (2007) give
crystallization ages from 533 to 497 Ma. It has been suggested that
these granites are either post-collisional intrusions associated with
orogenic collapse of a hypothesized East African Antarctic Orogen
(Jacobs et al., 2008; Thomas et al., 2010; Ueda et al., 2012a,b) or
that they have formed from melting as a result of crustal thickening
during continental convergence (Grantham et al., 2013).

The key to the timing of emplacement of the klippe based on
the cross-cutting pegmatites therefore comes down to whether the
pegmatites are part of the Ramiane Suite, in which case they are
likely to be Neoproterozoic in age, or whether they are part of the
Murrupula Suite, in which case they are likely to be Cambrian to
Ordovician in age. Resolving this issue is key to linking emplace-
ment with an older orogenic event (the East African Orogeny) or a
younger orogenic event (possibly the postulated Kuunga or Mala-
gasy orogenies: Meert, 2003; Collins and Pisarevsky, 2005; Fritz
et al.,, 2013). True Murrupula Granites are found in close proximity
to the Monapo Klippe. The Monts de Nampaco pluton is approxi-
mately 10 km to the south of the klippe whilst the Ceia pluton is
approximately 10 km to the south west of the klippe. These two
plutons have been dated at 521 +4 Ma and 514 4+ 4 Ma respectively
by SHRIMP U-Pb dating (Fig. 9) (Grantham et al., 2007). In addition,
both of these plutons are porphyritic with medium to large feldspar

phenocrysts similar to the pegmatites cross-cutting the marginal
mylonite. Moreover, the Ramiane Suite granites preserve evidence
for a younger, relatively high-grade metamorphic overprint at
~596 Ma (Macey et al., 2013). This indicates their emplacement
must have significantly predated the emplacement of the klippe
as the undeformed pegmatites are cross-cutting a mylonite that
continued to develop and evolve into upper greenschist-facies con-
ditions. Finally, there do not appear to be any Murrupula Suite
granites intruding into the klippe itself, which suggests that it
was not emplaced into its current location until after the gran-
ites had been emplaced, or that the marginal mylonite represented
a rheologic barrier to intrusion. In combination, all these points
strongly indicate that the pegmatites cross-cutting the marginal
mylonite are related to Murrupula Suite granites and therefore the
emplacement of the klippe occurred during Cambrian to Ordovi-
cian times in the interval ~530-490 Ma. This is consistent with
the regional extension and exhumation beginning at ~530 Ma and
high-temperature low-pressure metamorphism at ~515-460 Ma
associated with migmatization and granite magmatism south of
the Lirio Belt (Fig. 9) (Ueda et al., 2012b).

6.3. Implications for regional models

The discrete mylonites which underlie the Monapo Klippe con-
sistently record dominantly east-west stretching lineations and
kinematic indicators show eastward transport. If this granulite
klippe is an equivalent of the extensive granulite terranes to
the north, specifically the Cabo Delgado Nappe Complex as pre-
vious work suggests, it would need to have been emplaced by
southwestward thrusting at high temperatures during the late Neo-
proterozoic. As no south-vergent kinematics were observed in this
study, there is no evidence to support the interpretation that the
klippe was originally rooted in the north and transported to the
south. This model has been presented by Grantham et al. (2013)
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Fig. 10. Mutual crosscutting between Monapo mylonite and pegmatitic granite
intrusions. (a) Potassium-feldspar augen formed by deformation of pegmatitic gran-
ites due to shearing of ductile foowall damage zone a few metres downsection from
Location B. (b) Xenoliths of Monapo mylonite within large pegmatitic granite body
a few metres upsection from Location B.

and Macey et al. (2013), where they have suggested that the Mon-
apo Klippe was part of a mega-nappe sheet that was thrust south
over a large part of central Gondwana, extending to Dronning Maud
Land in Antarctica. The Viola et al. (2008) and Ueda et al. (2012a,b)
model for assembly of northern Mozambique requires that the
Monapo Klippe, as part of the Cabo Delgado Nappe Complex, was
originally emplaced by north westward thrusting of a large nappe
sheet over both the Namuno and Nampula blocks. The east-vergent
kinematic indicators observed in this study could therefore reflect
reactivation of the emplacement surface during regional east-west
directed extension between ~520 and 440 Ma. However, it should
also be noted that west-vergent kinematics were also not observed
in this study and so we can also not provide any concrete evidence in
support of original westward thrusting of the Cabo Delgado Nappe
Complex over both the Namuno and Nampula blocks. Indeed, from
the timing evidence presented above it seems unlikely that the
emplacement of the Monapo Klippe was related to west-vergent
kinematics in the Namuno Block identified by Viola et al. (2008)
as these seem to part of an earlier history (Fig. 11) and probably
related to the development of the East African Orogen.

Ueda et al. (2012b) show significant differences in the timing
and rate of exhumation between the terranes north and south
of the Lirio Belt. The protracted high-temperature, low pressure
metamorphism and anatexis in the Nampula Province is dated
at 515-460Ma (Fig. 9), but Ueda et al. (2012b) do not report

structural observations supporting regional extension. The mutu-
ally cross-cutting relationships between the Monapo mylonite and
the undated pegmatites (Fig. 10) are consistent with the infer-
ence that the final eastward transport of the Monapo Klippe may
be related to this event. Ueda et al. (2012b) and Emmel et al.
(2011) report a long cooling period with temperatures (of rocks
currently exposed at the surface) held above 600°C until at least
470 Ma. Emmel et al. (2011) suggest that the difference in crustal
level exposed north and south of the Lurio Belt might be as much
as 10km or more, with low and homogenous exhumation rates
related toisostasy and erosion dominated uplift since the Mesozoic.

Our results would support the tectonic models from geochronol-
ogy which infer post-orogenic delamination of the lower plate
south of the Lirio Belt (e.g. Ueda et al., 2012a,b). Although the
origins of the Lirio Belt are still being debated, it does appear to
mark a clear division between areas to the north which are exposed
at a higher structural level, preserving the granulite nappe com-
plexes, and areas to the south which are exposed at or below the
base of the granulite nappes, and are thought to have experienced
delamination-associated heating starting at ~520 Ma (Fig. 9). The
wide zone of ductile fabrics in the hanging wall and footwall of the
Monapo mylonite may date from the original emplacement of the
nappes, and is crosscut and overprinted by eastward reactivation
along a discrete mylonite zone during exhumation. The inferred
prolonged period of high temperatures in the region (Emmel et al.,
2011; Ueda et al., 2012b) could therefore explain the annealing of
the quartzo-feldspathic matrix of the Monapo mylonite.

The transport direction determined in this study adds to a very
limited data set of kinematics indicators associated with Gondwana
assembly. Fig. 11 shows this diagrammatically in the context of
Cambrian Gondwana. Eastward transport vectors have been estab-
lished in Madagascar by Collins et al. (2003), and in Sri Lanka by
Kriegsman (1995) whereas northwest transport has been estab-
lished in northern Mozambique by Viola et al. (2008). However,
these vectors indicate transport at different times. Eastward trans-
port in Madagascar is considered to have occurred between 530
and 515 Ma (Collins et al., 2003), that in Sri Lanka is constrained
to ~580Ma (Kriegsman, 1995), whilst westward transport north of
the Lurio Belt is thought to occur between 630 Ma and 590 Ma. This
older phase of westward thrusting is consistent with observations
in Tanzania to the north (e.g. Thomas et al., 2012).

Although there has been a considerable amount of debate within
the literature regarding Neoproterozoic to early Palaeozoic oro-
genic events such as the Kuunga Orogeny, the East African Orogeny
or the East African-Antarctic Orogeny, and the ubiquitous Pan-
African Orogeny, there continues to be a lack of clarity over what
each orogen represents, which metamorphic belts were affected
and the relationship spatially separated orogenic belts of the same
age. This is perhaps most clearly evident in use of the term Pan-
African Orogeny, which a scan of current literature would suggest
occurs over such an immense area of Gondwana and over such
a protracted period of time that it cannot in reality be a single
orogenic event. In the context of the Monapo Klippe in northern
Mozambique, recent studies have suggested that the emplacement
of the Monapo Klippe is the result of the post-orogenic collapse
(Macey et al., 2013). Viola et al. (2008) and Ueda et al. (2012a,b)
imply that this would be collapse of an East-African-Antarctic Oro-
gen as opposed to an East-African Orogen. However, this would link
the Monapo Klippe into an immensely long orogenic belt, stretch-
ing over 7500 km from southern Israel, Jordan and Sinai in the north
to central Antarctica in the south. From the results of this study and
from the compilation of geochronological data presented in Fig. 9
we think that this is unlikely. The East African Orogeny can best be
ascribed to the mid-Neoproterozoic and is mostly associated with
orogenic belts further north in Africa, apparently not extending fur-
ther south than northern Mozambique and Madagascar (Fritz et al.,
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Pisarevsky (2005), Singh et al. (2010) and Collins et al. (2013). Transport directions from Collins et al. (2003), Viola et al. (2008), Collins et al. (2013), Kriegsman (1995) and

this study.

2013). This orogeny appears to be characterized by west-directed
vergence (e.g. Kriegsman, 1995; Thomas et al., 2012) and thus the
north-west directed thrusting, probably linked to high-grade meta-
morphism in the Cabo Delgado Nappe Complex described by Viola
et al. (2008) appears to be consistent with this event in both timing
and kinematics (Fig. 9).

We agree that the current position of the Monapo Klippe is
related to tectonic collapse of an orogen but suggest that this
must be the result of a later and separate collisional phase that
occurred after ~550Ma (Figs. 9 and 11). The Monapo Klippe can-
not have been emplaced over the Nampula Block until after ~570
at the earliest because the absence of the 590-570 Ma metamor-
phic event in the Nampula basement (Fig. 9). However, Bingen
etal.(2009) have proposed that amalgamation of the Cabo Delgado
Nappe Complex, which also experienced high-grade metamor-
phism in the time period ~630-610 Ma, must have been more or
less completed by this time. We therefore suggest that the stack-
ing of the Cabo Delgado Nappe Complex (of which the Monapo
Klippe is a part) and the high grade metamorphism of this unit
is a separate event to the stacking of the Monapo Klippe over
the Nampula Block. The position of the Monapo Klippe south of
its lithological- and metamorphic correlatives in the Cabo Del-
gado Nappe Complex has led previous workers to suggest that
the Monapo and Mugeba klippen were emplaced by southward
transport. This scenario has been postulated by Grantham et al.
(2008, 2013) and Macey et al. (2013), who suggested that the
metamorphism and deformation of the Mecubuiri and Alto Ben-
fica molasses sediments was in response to the over-riding of this
large thrust sheet (Fig. 9). This study found no evidence for south-
directed transport, but this does not exclude the possibility of an
early phase south-directed transport. The Cambrian evolution of
the Monapo Klippe appears to be consistent with wide-spread
granite magmatism throughout central Gondwana. We therefore
conclude that the eastward emplacement of the Monapo Klippe
was part of a wide-spread post-orogenic collapse event during
the terminal stages of Gondwana assembly resulting in crustal
exhumation.

7. Conclusions

Kinematic indicators are extremely hard to find in the remnants
of the crustal blocks that assembled into the supercontinent Gond-
wana. As such our understanding of Gondwana assembly is based
for the most part on extensive geochronology databases and litho-
logic correlations. In many places this has given rise to conflicting
interpretations of Gondwana assembly (e.g. Tucker et al., 2011 vs
Collins et al., 2013). The Monapo Klippe represents a granulite-
facies klippe thrust over the amphibolite-facies Nampula Block
during the Neoproterozoic assembly of Gondwana. During trans-
port from its original lower crustal position at peak metamorphism
at ~635 Ma to emplacement in the middle or upper crust, the shear
zone evolved from a diffuse ductile zone toward a narrow, lower-
temperature high strain mylonite. This may have occurred during
the northwest directed stacking of the Cabo Delgado Nappe Com-
plex during the East African Orogeny at around 630-610 Ma. The
Nampula Block developed a footwall damage zone of gradational
L-S tectonite with local garnet possibly recording the metamorphic
effect of over-thrusting by a hot nappe. Final motion was eastward
along the thin marginal mylonite at mid-upper crustal conditions
and is mutually cross-cutting with Cambrian to Ordovician granite
intrusion and is therefore likely related to final late extension and
collapse stages of Gondwana assembly.
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