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The volcano–tectonic architecture of the Rungwe Volcanic Province in SW Tanzania, part of the East African
Rift System, was studied with integrated remote sensing imagery. A Shuttle Radar Topography Mission
Digital Elevation Model was draped with geo-referenced geological and topographical maps and air photos.
The entire RVP region was inspected systematically for tectonic lineaments and volcanic vents. Tectonic
lineaments show two distinct directions, NW–SE and NNE–SSW, consistent with the idea of a current stress
regime of local NE–SW compression. We find that there is tectonic control on the regional location for at
least two of the three major volcanoes as well as for local distribution of eruptive vents on each of these
three volcanoes. Field data show that major volcano instability events occurred in the Holocene for Ngozi
caldera and Rungwe. These instability events are possibly associated with the faults controlling the loca-
tion of both volcanoes. This study highlights the need for monitoring RVP tectonic and volcanic activity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction documented in detail for several intracontinental rift zones (e.g.
The Rungwe Volcanic Province (RVP) in SW Tanzania is part of
the East African Rift System (EARS, Fig. 1a). It has received little
attention despite signs of recent volcanic activity which include:
(1) three young volcanic edifices (one of which has a collapse cal-
dera structure), (2) extensive pyroclastic deposits suggesting in-
tense explosive eruptions or major volcano instability events, and
(3) the most recent eruptive event, the Sarabwe lava flow eruption
from Kyejo volcano, ca. 200 years ago (Harkin, 1960). The main vol-
canological work was carried out in colonial times by Harkin
(1960). Since then, the main research focus in the area has been
the investigation of the tectonic setting (e.g. Ebinger et al., 1989,
1993; Ring et al., 1992; Delvaux et al., 1992, 1998; Delvaux and
Hanon, 1993; Camelbeeck and Iranga, 1996; Delvaux, 2001),
palaeoclimatology (e.g. Barker et al., 2000, 2003; Gibert et al.,
2002; Vincens et al., 2003; Garcin et al., 2006, 2007) and hydrology
(e.g. Williamson et al., 1999; Delalande et al., 2005). Only few
geochemical (Furman, 1995; Ivanov et al., 1998; Rasskazov et al.,
1999) and geochronological (Ebinger et al., 1989, 1993; Ivanov
et al., 1999) studies were performed on RVP lavas.

The spatial relationship between tectonic and volcanic activity
is generally accepted (e.g. Tibaldi and Lagmay, 2006) and has been
All rights reserved.
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Abebe et al., 2007; Kurz et al., 2007; Wang et al., 2007). For the
RVP, it was previously documented by Harkin (1960) and Ebinger
et al. (1989). Here, the volcano–tectonic architecture of the RVP
is investigated systematically using a Shuttle Radar Topography
Mission (SRTM; USGS, 2006) Digital Elevation Model (DEM),
draped with geo-referenced geological and topographical maps
and air photos, providing a pixel resolution of �3 m. This inte-
grated remote sensing (RS) imagery dataset was supplemented
with local new field observations. Tectonic lineaments and volca-
nic centres were mapped and their spatial distribution compared.
Complemented with field data, the results are discussed in terms
of hazard implications, especially volcano instability events (flank
collapse, debris avalanches, caldera lake breaching). The need for
tectonic fault and volcano monitoring is highlighted. In this study
we focus exclusively on the relatively recent volcanic and tectonic
activity, i.e. as currently apparent in the field in the form of volca-
nic centres and fault lineaments.
2. Regional setting

2.1. Rift segments and rift basins

The EARS in Tanzania consists of several branches that surround
the Tanzanian craton, namely the W and E branches (Fig. 1a). The
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Fig. 1. (a) RVP localization (rectangle) in the EARS in Tanzania (indicated by its main faults and lakes), at the junction between the W and E branch. (b) RVP geological map,
based on existing geological maps (Grantham et al., 1958; Teale et al., 1962; MacFarlane, 1963; Harkin and Harpum, 1978), published maps of Ebinger et al. (1989), Delvaux
et al. (1992), and new observations (lineaments) on RS imagery.
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Fig. 1 (continued)
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W branch is composed in the area of interest by the succession of
the Tanganyika, Rukwa and Malawi rift basins that are arranged in
a sigmoidal way and whose central and straight NW-trending part
is often described as the TRM zone (south Tanganyika–Rukwa–
north Malawi rift segment; e.g. Delvaux, 2001). The E branch is
well expressed from Ethiopia to Kenya (the so-called Gregory rift)
and splays into several branches in Central Tanzania (Ebinger et al.,
1997; Foster et al., 1997), one of which continues in N–S direction
to the latitude of at least Dodoma (Macheyeki et al., 2008). S of the
E branch the rift morphology becomes less clear and discontinuous
(Le Gall et al., 2004), but probably turns towards the SW in the
direction of Mbeya where it rejoins the NW-trending TRM segment
of the W branch S of the Tanzanian craton. This poorly defined NE-
trending segment between Dodoma and Mbeya is punctuated by
the Mtera, Ruaha and Usangu depressions. The RVP lies precisely
between the NW-trending S Rukwa and N Malawi rift basins of
the TRM segment and the NE-trending Usangu basin of the
Mtera–Ruaha–Usangu segment (Fig. 1a).

In the past, research focused on the tectonics of these EARS
basins around the RVP area, especially on the Rukwa and Malawi
rifts (e.g. Ebinger et al., 1993; Delvaux et al., 1998; Delvaux,
2001). Tectonics was investigated by field kinematic fault-slip
analyses (Delvaux et al., 1992; Ring et al., 1992) and by a tempo-
rary network of seismic stations (Delvaux and Hanon, 1993;
Camelbeeck and Iranga, 1996) and focal mechanism solutions
(Brazier et al., 2005; Delvaux and Barth, 2009). A recent view is
that the tectonic context of the RVP area evolved from a triple
junction between the Malawi, Rukwa and Usangu rift segments
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characterized by normal faulting under a semi-radial extensive
stress field, to a kind of diffuse incipient transform fault zone relay-
ing the normal rift-type extension of the Tanganyika rift basin to
the Malawi rift basin (Delvaux et al., 2006; Delvaux, 2007).

Based on field data, Ring et al. (1992) interpret the current
stress regime in the N Malawi rift as NE–SW compression along
NNW–SSE to N–S trending strike-slip faults. Under this regime,
pre-existing NW–SE trending normal faults are reactivated with a
slight dextral oblique-slip component. Brazier et al. (2005) report
a focal mechanism solution for a 1994 M 4.5 earthquake in the
RVP area that is interpreted as strike-slip motion, either dextral
along NE–SW trending faults associated with the Usangu Basin,
or sinistral along NW–SE trending faults. Stress inversion model-
ling of focal mechanism solutions by Delvaux and Barth (2009) also
indicates strike-slip faulting in the RVP region (Mbeya triple junc-
tion) under a NE–SW oriented compression, whereas both the Ruk-
wa and Malawi rifts are characterized by normal faulting.

In summary, both the geological fault-slip data in late Quater-
nary deposits (Delvaux et al., 1992; Ring et al., 1992) and focal
mechanism solutions (Brazier et al., 2005; Delvaux and Barth,
2009) are consistent with the idea of a current stress regime being
marked by a strike-slip regime with ENE–WSW horizontal princi-
pal compression (SHmax). If strike-slip faulting is present inside
the basins and volcanoes of the RVP, normal faulting still occurs
along the major long-lived normal fault systems that separate
the basins from the basement shoulders. This is indeed shown by
focal mechanism solutions (Brazier et al., 2005; Delvaux and Barth,
2009). Local variations in both fault kinematics and tectonic stress
orientation are also affected by the reworking of existing faults
that are associated with older reactivated tectonic structures.

The above model, mainly based on field and seismological data,
is consistent with a recent geodetic study by Stamps et al. (2008) in
which the EARS structure is accounted for by the presence of two
microplates, Victoria and Rovuma, in between the Nubian plate
(the portion of the African continent W of the EARS) and the Soma-
lian plate (E of the EARS). This configuration would induce local
NE–SW compression and strike-slip faulting in the RVP region, in
contrast to the outside RVP portions of the Rukwa and Malawi rift
segments, where E–W to NE–SW extension occurs along N–S to
NW–SE normal faults.

2.2. Geochronology of the Rungwe Volcanic Province

RVP volcanism is thought to have initiated �9 Ma ago. Late
Cenozoic RVP volcanic activity has been subdivided into three
stages, based on radiometric ages from volcanic rocks spread in
the area (Ebinger et al., 1989, 1993; Delvaux et al., 1992; Ivanov
et al., 1999): (1) Late Miocene:�8.6–5.4 Ma, (2) Late Pliocene–Early
Pleistocene: �3–1.6 Ma, together corresponding to the Older Extru-
sives of Harkin (1960), and (3) Mid-Pleistocene–Recent: �0.6 Ma to
present, corresponding to the Younger Extrusives of Harkin (1960).
In the present study, the focus is on the Younger Extrusives stage
(Fig. 1b). The onset of this stage corresponds approximately to the
inferred stress inversion associated with the evolution from triple
junction to some form of transform fault zone. This stress inversion
is constrained by dated lava flows to the Middle Pleistocene, be-
tween 0.55 and 0.42 Ma (Delvaux et al., 1992).

Ivanov et al. (1999) and Rasskazov et al. (2003) suggested that
an initial episode of RVP volcanic activity took place as early as
the Early Miocene, between 19 and 17 Ma (whole rock Ar–Ar dat-
ing), forming phonolite domes in the NNE part of the area (in the
Usangu Basin). Based on their relatively fresh appearance however,
these domes were attributed by Harkin (1960) to the Younger
Extrusives. Initially we will consider the domes as volcanic centres
in this study because of their well-preserved morphology, bearing
in mind their controversial age.
Fig. 1b shows a schematic geological map for the RVP area,
modified after existing geological maps (Grantham et al., 1958;
Teale et al., 1962; MacFarlane, 1963; Harkin and Harpum, 1978)
and published maps by Harkin (1960), Ebinger et al. (1989) and
Delvaux et al. (1992). Some geological boundaries are redrawn in
the present study based on observations from newly available
topographic data. Radiometric ages by Ebinger et al. (1989) also re-
vealed that some units originally defined as Younger Extrusives by
Harkin (1960) are in fact older than 0.6 Ma and so belong to the
Older Extrusives, and vice versa.
3. Methodology

To interpret tectonic lineaments and volcanic centres, a Shuttle
Radar Topography Mission (SRTM; USGS, 2006) shaded relief Dig-
ital Elevation Model (DEM) at 3 arcsecond (90 m) resolution was
used as base map. Using a Geographic Information System (GIS,
MapInfo software) and a common reference system (UTM,
Arc1960 datum), this image was combined with the geological
and topographic maps, respectively surveyed in the 1950s and
1980s (Grantham et al., 1958; Teale et al., 1962; MacFarlane,
1963; Harkin and Harpum, 1978; 1:50,000 topographic sheets of
Tanzania). The full coverage of air photos was obtained, scanned
at a resolution of 300 dpi (corresponding to �3 m per pixel) and
geo-referenced to topographic maps using ca. 100 control points
for each air photo. As the air photos were also used for constructing
the topographic maps, most features on the maps could be recog-
nized on the air photos, allowing an average referencing accuracy
of 10–15 pixels or 30–45 m (i.e. one third to half of a pixel in the
SRTM DEM; Fig. 2a). Only one air photo in each pair of adjacent
photos was referenced as each pair involved over 50% overlap. A
�3 m pixel resolution for the air photos provides a practical reso-
lution of �15 m as ca. 5 pixels are typically needed to distinguish
features from one another. The use of geo-referenced air photos al-
lows recognition of features in the order of 10 s of meters which
are not visible on other remote sensing imagery, e.g. SRTM (this
study) or Landsat TM (Ebinger et al., 1989).

In a first step the entire SRTM image was inspected for linea-
ments with a presumed tectonic origin, regardless of published
maps, based on one or more of the following criteria: straightness,
offset and significant length of the lineament. Bearing in mind the
90 m resolution of the SRTM image, any recognizable feature is at
least �450 m long. Recognition was thus based mostly on topo-
graphic relief. In a second step, the air photos were examined in
detail under a stereoscope and the interpretation transferred to
the referenced air photos in the GIS (Fig. 2a and b). The air photos
revealed new, mainly small-scale, lineaments that had not initially
been recognized on the SRTM image. Aligned volcanic centres or
vent elongation directions were not regarded as faults/lineaments
in the analysis. Interrupted lineaments that potentially formed
long lineaments (and are possibly the expression of major faults
that are locally buried by recent deposition, at least in some cases)
were also drawn as separate features and not connected to each
other. The geological maps and the studies of Harkin (1960), Ebin-
ger et al. (1989) and Marobhe (1989) were then finally used for dis-
criminating between known faults and new lineaments, and also
excluding e.g. Precambrian dyke orientations to be interpreted as
new lineaments (Marobhe, 1989). In this way several lineaments
that could potentially be recognized on SRTM were excluded from
analysis (Fig. 3a). Only unambiguous lineaments were kept for
analysis.

Lineament and fault direction analysis was performed with the
Shape Preferred Orientation (SPO) software (Launeau and Robin,
2003). SPO allows constructing a rose diagram of lineament direc-
tions with wedge sizes proportional to the number of lineaments



Fig. 2. (a) Illustration of methodology: SRTM shaded relief DEM draped with topographic and geological maps, and geo-referenced air photos. All faults (full lines with offset
direction shown), lineaments (dashed lines) and volcanic centres (triangles) were checked on air photos with traditional stereoscopy. White rectangle indicates area shown in
(b). (b) Example of air photo of Mbaka Fault area. The area is characterized by the occurrence of several explosion craters (maars, indicated with their names) and small-scale
volcanic cones. One cone (inset, white rectangle) is cut by the Mbaka Fault and shows a dextral displacement of�30 m. Volcanic features are indicated by triangles, the Mbaka
Fault by a black line showing offset direction.
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in every direction class (Fig. 3b). In this diagram, lineament length
is not considered. To reduce the dominant influence of the largely
inherited dominant NW–SE rift trend, lineament orientation was
analyzed in a restricted part of the SRTM, centred on the RVP only
(Figs. 1b and 3a).

In a third stage, the spatial distribution of eruptive centres was
documented (Figs. 3a and 4a), irrespective of their shape or type
(e.g. dome, cone, maar, monogenetic vs. polygenetic, etc.). The
main reason for this non-specific approach is that we only in-
tended to evaluate a possible link between tectonic trends and
magma pathways, irrespective of the resulting type of volcanic
activity. There are no pure phreatic vents described in the RVP,
so all analysed volcanic centres are considered rooted vents. For
most volcanic constructs the RS data is at present the only avail-
able information, not allowing in a number of cases the discrimina-
tion of the different types of volcanic activity that form the various
constructs. Eruptive centres were also inspected for elongation in
their morphology (cone base, crater) to infer underlying magma
feeding plane directions, i.e. dyke strikes (Fig. 4b; Tibaldi, 1995).
These elongation directions were not used in the analysis of linea-
ment/fault directions.

Because the study focuses on the link between the recent tec-
tonic and volcanic activity, only ‘‘geomorphologically fresh” volca-
nic constructs that could easily be defined as such on the RS
imagery were considered. Volcanic centres defined by Harkin
(1960) in the field as belonging to the Older Extrusives, e.g. the Kat-
ete stratovolcano and the Tukuyu shield, are older strongly eroded
volcanoes, currently hardly recognized as volcanoes on RS imagery,
and were not included in the study. Therefore the main difference
with the maps of Harkin (1960) and Ebinger et al. (1989) is the lack
of Older Extrusives centres. All Younger Extrusives eruptive centres
described by Harkin (1960) were found on RS imagery. Also few
new vents not explicitly described by Harkin (1960) were inter-
preted and included in this study. About 15% of the considered vol-
canic constructs appear in the outcrop field of the Older Extrusives,
but most are restricted to the Younger Extrusives’ field (Fig. 1b).



Fig. 2 (continued)
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4. Observations

Fig. 3a shows the shaded relief map of the SRTM DEM for the
entire study area (width 310 km) interpreted for lineaments and
faults and with indication of the main structural units and rift
faults. Only one major fault, the Mbaka Fault, is clearly cutting
the RVP volcanics; other major faults are restricted to rift basin
shoulders. Other structures cutting the volcanic outcrops are only
interpreted as lineaments, and not known faults.

Detailed analysis was restricted to an area enclosed in a diam-
eter of about 90 km centred on the RVP area itself (with Rungwe
in the centre, Fig. 3a). As this area is largely covered by recent vol-
canic rocks, we expect lineaments that could be present in the
basement to be hidden. Fig. 3b shows the analysis results of all
identified faults and lineaments. Two distinct lineament/fault ori-
entations are identified. This is highlighted by the rose diagram
in which the wedge length is proportional to the number of linea-
ments in that direction (Fig. 3b, subset). 70% of the lineaments/
faults strikes between N115E and N160E (on average N135E), so
NW–SE is clearly the dominant trend. One other trend is also clear,
though less pronounced: NNE–SSW (N22E). The range N10E to
N35E is covered by 14% of lineaments/faults. A third, ENE–WSW,
trend can be speculated. The same analysis of the entire study area
(Fig. 3a) gave similar results, but with an even more pronounced
dominance of the NW–SE trend.

When only known faults are considered, the NW–SE trend is
also more pronounced. 89% of the faults strike between N115E
and N160E; all others strike between N10E and N30E. Considering
new lineaments only, 67% trends between N115E and N160E, so
the dominance of NW–SE is reduced. Instead, the NNE–SSW trend
is more pronounced: 20% of the lineaments strike between N05E
and N35E.

Fig. 3a shows that the three large volcanoes of the area, Ngozi,
Rungwe and Kyejo, are more or less aligned along the dominating
NW–SE trend. With the SPO program (Launeau and Robin, 2003)
the spatial distribution of the volcanic vents in the RVP region,
excluding the phonolite dome field, was studied for its covariance,
resulting in the average direction between the closest neighbour-
ing vents, i.e. the overall alignment of the vents. This direction
gives a value of N141E, turned 6� clockwise with respect to the
average NW–SE trend of faults and lineaments in Fig. 3b. This con-
firms the NW–SE alignment of the volcanic centres on a regional
scale. The phonolite domes were excluded because of their contro-
versial age (see Section 2) and their offset location with respect to
other RVP centres (see further). A covariance analysis including the
phonolite domes resulted in an overall alignment of volcanic cen-
tres along a N159E direction, turned 18� clockwise to the value
excluding the domes. This confirms that the domes are offset from
the general NW–SE volcanic centre alignment displayed within the
main portion of the RVP.

An analysis of the vent density distribution using a 3000 m
search radius (i.e. the distance to search for points from each loca-
tion/cell) reveals: (1) the presence of three separate vent clusters:
the phonolite dome field in the N, the Ngozi–Rungwe Line in the
centre and the Kyejo cluster in the S and (2) a smaller-scale
alignment of eruptive centres (Fig. 4a). No clear alignment can be



Fig. 3. (a) Interpretation of lineaments (black dashed lines), known faults (black full lines, offset direction indicated by barbs) and recent volcanic centres (triangles) in entire
studied SRTM DEM. Grey dashed lines show borders of Lakes Rukwa and Malawi (Nyasa). Dashed rectangle shows area shown in (b), centred on RVP; (b) lineament/fault
analysis of part of studied SRTM DEM restricted to the RVP region (cf. dashed rectangle in (a); image width 90 km) with SPO software. Lineaments/faults are assigned to a
certain class according to their overall direction, i.e. with a colour specific to each direction class of 5�. No distinction is made between lineaments and faults for analysis.
Subset: Rose diagram constructed from lineament directions with wedge length proportional to number of lineaments in corresponding direction class. 5� interval classes are
grouped together.
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identified within the phonolite dome cluster. In the Kongolo hill
quarry (Fig. 5), fracture spacing along NNE–SSW striking faults in-
creases from a cm- to (pluri)dm-scale on the margins of the hill, to
a pluri-m-scale in the hill centre. This observation highlights more
severe fracturing at the dome’s margins than in its centre. On air
photos, it can indeed be seen that some faults pass around the do-
mes, which formed rigid blocks during the last tectonic episode
(Fig. 5a). Faults are thus interpreted as posterior to the extrusion
of the domes. Not all existing faults were recognized on air photos
(Fig. 5b), due to flat morphology and to the limited vertical dis-
placement on these faults. Because the phonolite dome field ap-
pears anomalous with respect to other volcanic centres (due to
their location and controversial age, cf. Section 2), they are no long-
er considered in following discussions.

In the NW–SE elongated Ngozi–Rungwe cluster volcanic centres
are aligned with limited transversal scatter (Fig. 4a). In detail, vents
occur from the SE flank of Rungwe, passing over its summit to the
NW, connecting to vents on the SE and NW flanks of Ngozi.

Although Ngozi, Rungwe and Kyejo are more or less aligned in a
NW–SE direction on a regional scale (Fig. 3a), the vent distribution
associated with Kyejo volcano appears more complex than vent
distribution at Rungwe or Ngozi. The observed vent pattern around
Kyejo displays three overlapping trends, (1) a major NNW–SSE
alignment of vents (indicated by a dashed line (1) in Fig. 4a) in
the N part of the cluster, (2) an elongated cluster of maars distrib-
uted along the hanging wall of the Mbaka Fault (trend (2) in
Fig. 4a; cf. also Fig. 2b: alignment of Masoko, Chambagunguru
and Ikapo maars parallel with Mbaka Fault) and (3) clusters dis-
tributed obliquely to the Mbaka Fault (dashed lines (3) in Fig. 4a).

Cone base and crater elongations provide an indication of under-
lying dyke (serving as magma pathway) directions (Tibaldi, 1995).
From these dyke orientations the local orientation of principal
stresses can be inferred. An analysis of vent elongations confirms
trends (1) and (3) of Fig. 4a, and suggests a curvature of trend (1)
transferring in trend (3) towards the Mbaka Fault (Fig. 4b).

The Ngozi–Rungwe and the Kyejo clusters (Fig. 4a) are confined
to a narrow NW–SE corridor in between the Mbaka Fault, the N ter-
mination of the Livingstone Fault and the S part of the Lupa Block
(Figs. 3a and 4a). Few exceptions include the maars/explosion cra-
ters aligned along the hanging wall of the Mbaka Fault (alignment
(2) on hanging wall of Mbaka Fault in Kyejo cluster, Fig. 4a). Based
on aeromagnetic data Marobhe (1989) suggested that the Mbaka
Fault (his Tukuyu lineament) extends further NW into the Songwe
Basin, between the Mbozi Block and the Mbeya Range (Fig. 3a). If
the Mbaka Fault can indeed be prolonged, the majority of the
RVP volcanic centres lies on the footwall of this fault. To the N of
Ngozi and Rungwe there are some short lineaments that suggest
a prolongation of the NW end of the Livingstone Fault towards
the Lupa Block (Fig. 3a). All volcanic centres considered in this
study appear on the hanging wall of this Livingstone Fault.

The RVP zone of recent volcanism (<�0.6 Ma) is thus confined
to one fault block bounded by the Mbaka–Mbeya Range and
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Livingstone Faults (Fig. 3a). The width of this block is only
19 ± 2.5 km (measured perpendicularly to the elongation direc-
tion) and vents are distributed over a 60–70 km stretch in the
NW–SE elongation direction. The large volcanic centres of Ngozi,
Rungwe and Kyejo are all located in the central part of this block,
and are aligned along the same NW–SE direction as the elongation
of the fault block. Another observation is that the spacing between
the volcanoes is of the same order as the width of the block:
17.5 km for Ngozi–Rungwe and 19.5 km for Rungwe–Kyejo.

Although the large volcanoes are confined to one fault block, the
exact locations of both Ngozi and Rungwe appear controlled by the
intersection of the Ngozi–Rungwe Line with major faults located
outside the block, especially faults associated with the Usangu Ba-
sin. The Ngozi–Rungwe Line itself lies in the prolongation of the
Lupa Fault and the Livingstone Fault S of the Elton Plateau
(Fig. 3a). The Usangu Basin faults are morphologically not well de-
fined, but the prolongations of both the Usangu Fault and the lin-
eaments bounding the NE of the Elton Plateau do intersect
exactly at the location of Ngozi. The location of Rungwe is also con-
strained by another major fault besides the Ngozi–Rungwe Line.
Rungwe lies at the intersection between this Line and the NNE
trending fault bounding the W of the Elton Plateau (Fig. 3a). The
location of Kyejo within the RVP, based on the present data, does
not seem controlled by the intersection of different lineament/fault
directions.

Rungwe is characterized by a 4 � 5 km2 summit depression
bounded on its N and E side by a prominent scar up to 300 m high.
To the W and SW the scar is open (Fig. 6a and b). The summit
depression was originally interpreted by Harkin (1960) as a
collapse caldera, but is now considered as a typical flank/sector



Fig. 4. (a) Density map (search radius 3000 m) of RVP volcanic centres recognized on RS imagery. Density values are in vents/km2. Three separate clusters of volcanic vents
are distinguished: Kyejo cluster, Ngozi–Rungwe Line and phonolite dome field; suggested vent alignments are indicated with black dashed lines. (b) Vent distribution in
Kyejo cluster. Faults and lineaments indicated with full lines showing offset directions and dashed lines respectively; volcanic centres with grey triangles; vent elongation
directions with dark grey full lines. Dotted grey lines suggest magma feeding directions based on vent alignments, cf. (a), and elongations. See text for details.

Fig. 5. (a) Overview of phonolite dome field with indication of eruptive centres (white triangles), faults (full lines with offset direction shown) and lineaments (dashed lines)
recognized on air photos. (b) Pluri-dm-scale fracturing (dotted lines) towards the margin of Kongolo Hill Quarry. This fault was not recognized on RS imagery. Hammer for
scale (indicated with white ellipse).
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collapse scar from a major debris avalanche (Siebert, 1984). The
deposits of this debris avalanche, making up a hummocky terrain,
have been traced up to 20 km SW of the summit (Fig. 6b). Deposits
of a second, older, debris avalanche have also been found in the
same area. On the N side there is a breach in the collapse scar, pos-
sibly corresponding to smaller avalanching events. Field work has
indeed shown outcrops of debris flow deposits on the N flanks of
Rungwe (Fig. 6b). The summit depression is filled with cones and
domes which are easily traceable on air photographs. The relative
stratigraphy of the post-collapse effusive activity was described by



Fig. 6. (a) Air photo overview of Rungwe Volcano. (b) Schematic structural interpretation of Rungwe showing summit collapse scar, post-collapse cones and domes, NW part
of Mbaka Fault (NW–SE) and new lineaments interpreted from RS imagery. Diamonds indicate locations where debris avalanche deposit (DAD) was found. Ellipse indicates
hummocky DAD terrain. Circles indicate locations of lahar/debris flow deposits. Dotted lines indicate some lava flows from summit cones. Hatched block SW of Rungwe is a
basement block (cf. Fig 1b).

Fig. 7. (a) Air photo view of Ngozi caldera. Arrow indicates breach in S caldera wall. (b) Schematic structural interpretation of Ngozi caldera with major lineament possibly
corresponding to a fault cross-cutting the caldera floor. Stars indicate locations of pyroclastic flow deposits. Contour lines based on SRTM DEM; 50 m interval.
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Harkin (1960). The three largest cones experienced a breaching
event with lava flowing downhill to the SW (Fig. 6b). NW of Run-
gwe some eruptive centres occur in the prolongation of the NW
summit scar termination. These eruptive centres are also aligned
with some cones in the summit depression. This alignment could
be the expression of a NW–SE fault undercutting Rungwe.
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The Ngozi summit is characterized by a collapse caldera of ca.
3.3 � 3.3 km2 (Fig. 7a and b). The N half of the caldera is occupied
by a forested plateau reaching a height of 100–150 m above the
lake that occupies the S half of the caldera. This plateau is made
out of two terraces probably formed by differential collapse of
the NW and NE sector of the caldera. In the N part of the lake
two small islands are seen. The E part of the plateau connects
two NW–SE lineaments, one deep straight valley and one align-
ment of eruptive centres, respectively on the NW and SE side of
the caldera (Fig. 7b). The plateau is likely to hide an important fault
cutting through the NE caldera floor. Caldera rims are ca. 200 m
above the lake on the W, S and E walls, and reach 500 m above
the lake in the N. Field observations showed that the S caldera
walls are made up by loose poorly sorted pumice-and-ash tuff
deposits. The oval shape of the caldera is interrupted on its S side.
There, the roughly E–W striking wall is characterized by a breach
in the centre. At this location the caldera wall is only ca. 60 m high
and it is associated with a �100 m deep U- to V-shaped valley in
the forested S flanks of the volcano. A first field exploration of
the area S of the Ngozi caldera revealed it is, at least up to a dis-
tance of 10 km from the S caldera rim, largely made up of loose
pyroclastic flow deposits (Fig. 7b).
5. Discussion

The two main lineament directions measured in the present
study (Fig. 3b) are consistent with tectonic models for the region
that acknowledge a current NE–SW compressive regime (Ring
et al., 1992; Delvaux et al., 1992, 1998; Delvaux and Hanon,
1993; Delvaux, 2001, 2007). The dominance of NW–SE trending
faults is readily explained by the local rift trend of the S Rukwa Rift
and the N Malawi rift, as they are accommodated by the RVP re-
gion. The other sets of faults/lineaments, NNE–SSW and to a minor
extent ENE–WSW (Fig. 3b) could form a conjugate system under
local NE–SW compression. Yet caution with this interpretation is
needed as the NNE–SSW and ENE–WSW trends are mostly ex-
pressed by lineaments instead of known faults. As the NE–SW
compression is believed to have started after a stress inversion
only �0.6 Ma ago (Delvaux et al., 1992), this could explain why
associated lineaments/faults are not well expressed. Most active
faults under the neotectonic stress regime are believed to be
reactivated faults because the area was already tectonically active
during Permo-Triassic and Mesozoic rifting periods, i.e. well before
the Cenozoic rifting episode. The restricted appearance of faults/
lineaments in the RVP region, with the Mbaka Fault as the most
notable exception (Fig. 3a), can readily be explained by burial of
fault lineaments by recent volcanics.

On air photos, the Mbaka Fault is in one place seen to dextrally
displace a cut volcanic cone by �30 m in plan view (Fig. 2b, inset),
which is consistent with field data of Ring et al. (1992). As the
Mbaka Fault strikes on average N132E, a dextral strike- or obli-
que-slip movement of the Mbaka Fault could be explained by cur-
rent NE–SW compression depending on the exact orientation of
SHmax. This orientation should be rather NNE–SSW than NE–SW
and would also induce dextral movement along the observed
NNE–SSW faults/lineaments. Stress inversion carried out by Delv-
aux and Barth (2009) suggests a N72E compression, which would
actually displace the Mbaka Fault sinistrally. As nearly all focal
mechanism solutions used by Delvaux and Barth (2009) are located
near the Mbeya Range, and not in the RVP itself, their results might
not be entirely representative for this study. It seems likely that the
Mbaka Fault, given its long history of normal faulting under an
extensive regime, is still largely influenced by current extension
in the Malawi and Rukwa rift segments (Brazier et al., 2005; Delv-
aux and Barth, 2009). More field and focal mechanism data (e.g.
from RVP earthquakes that happened in 2000–2001, see Section
6) are required to constrain the current stress regime of the RVP
better.

Most indicated volcanic structures occurring in the Older
Extrusives field (Fig. 1b) result from explosions believed to have
happened in the Late Quaternary (e.g. Ngozi caldera-forming erup-
tion, Fig. 1b, 7, Harkin, 1960; explosion craters/maars S of Mbaka
Fault, cf. examples in Fig. 2b, e.g. Barker et al., 2000) through Older
Extrusives units. The geological map needs to be further refined by
field work. It cannot be excluded that some of these volcanic struc-
tures do not belong to the youngest magmatic episode, as only
morphological criteria could be used at this stage to define the vol-
canic centres. Unfortunately radiometrically dated volcanic rocks
from the studies of Ebinger et al. (1989, 1993) and Ivanov et al.
(1999) were not always linked to specific volcanic structures as
they appear today in the field and as they are used in this study.

The preferential marginal fracturing of the phonolite domes in
the N of the RVP area suggests that dome emplacement took place
before the last fracturing episodes. The domes then functioned as
rigid blocks during the last tectonic episode. The fact that dome
emplacement took place before the last episode of fracturing
around them is consistent with the absence of unambiguous vent
alignments in the dome field cluster (Fig. 4a). With the domes
pre-dating neotectonic activity, it can be expected that their age
is older than 0.6 Ma and that they do belong to the Older Extrusives
period, or that they are even older than all the other RVP volcanics,
as was suggested by Ivanov et al. (1999) and Rasskazov et al.
(2003). This supports our decision not to consider the domes as
being part of the (recent) RVP activity.

It is not immediately clear why the Kyejo volcano and its satel-
lites appear so well separated from the Ngozi–Rungwe Line. Kyejo
is the youngest of the three volcanoes, and has no recorded major
explosive eruption, in contrast to Rungwe or Ngozi which both
underwent prehistoric plinian eruptions as evidenced from field
data (Fig. 8; Harkin, 1960; Fontijn et al., 2009). The youngest erup-
tives from Kyejo are mostly nephelinitic lavas, and clearly chemi-
cally different from the youngest eruptives from Ngozi and
Rungwe, which are more silica-saturated and evolved (phonolites,
trachytes; Harkin, 1960; Furman, 1995). Given this difference in
the recent eruptives and given the scale of the region, it is expected
that there are at least two different deep magma sources, one feed-
ing the Ngozi–Rungwe Line and one feeding Kyejo and its complex
vent cluster (Tanya Furman, pers. comm., 2008). The formation of
parent melts to RVP lavas took place at pressures >20 kbar (Fur-
man, 1995), corresponding to �70 km depth (Brown et al., 1992),
but unfortunately no data are available on the depth or extent of
existing magma chambers underneath the large RVP volcanoes.

The recent RVP volcanics are confined to the block bounded by
the Mbaka–Mbeya Range Fault and the Livingstone Fault (Fig. 3a).
The large volcanic centres occur in the centre of this block, and not
along its margins, i.e. along the visible faults. This suggests that the
volcanic centres likely correspond to the location of major buried
faults. Because the large volcanic centres appear aligned parallel
to the block elongation (NW–SE) the main direction of fracturing
inside the block is also expected to be NW–SE. The observed con-
finement of the volcanics to the Mbaka–Livingstone Block is con-
sistent with the narrowing of the active rift basin and with
volcanic activity migration to the basin centre as proposed by Ebin-
ger et al. (1989). They suggest that the volcanic centres propagated
mostly along transfer faults linking the rift systems (i.e. Usangu Ba-
sin, Rukwa Rift and Malawi rift) setting up the boundary conditions
for tectonic control in the RVP.

This is consistent with our observation that Ngozi and Rungwe
occur at the intersection of several (inferred) major fault systems:
the NNE–SSW striking ones associated with the Usangu Basin, and
the NW–SE Ngozi–Rungwe Line possibly linking the Livingstone



Fig. 8. Representative outcrop pictures and corresponding lithologs, showing deposits of plinian-style eruptions originating from Rungwe Volcano. Diagonal line pattern
indicates palaeosol; pumice and ash indicated in cream colour; lithics in black. Outcrops KF069, KF176 and KF235 are located SE, S and NE of Rungwe respectively. The deposit
correlated over all three outcrops is the so-called Rungwe Pumice deposit which was traced over more than 1000 km2.
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and Lupa Faults. If the orientation of SHmax compression is indeed
NNE–SSW rather than NE–SW, as explained above, it can be
expected that this induces some transtensional movement at the
intersection of the largest faults, as both directions (NW–SE and
NNE–SSW) would move dextrally. This transtensional movement
might explain why large volcanic centres, i.e. Ngozi and Rungwe,
are able to build up over time at these intersections and why the
smaller centres are confined to a narrow corridor between Ngozi
and Rungwe.

Clearly the Mbaka Fault has enabled some magma to rise to the
surface in the Kyejo cluster, but its potential intersection with
Usangu Basin related faults has apparently not led to the build-
up of volcanic centres, in contrast to the Ngozi–Rungwe Line. Once
a magma pathway to the surface is established, e.g. along the
Ngozi–Rungwe Line, it can be expected that this pathway will be
sustained for a long period of time as it weakens surrounding
rocks, making it a preferential location for later intrusions.

Migration of volcanic activity to the centre of the rift basin as
rifting progresses, has also been observed for e.g. the Main
Ethiopian Rift (MER) and the Kenya Rift (Ebinger and Casey,
2001; Ebinger, 2005; Casey et al., 2006). The main difference is that
magmatism in the RVP is limited to the accommodation zone be-
tween the Rukwa, Malawi and Usangu Rift Basins. These Rift basins
themselves are essentially amagmatic, in contrast to the magmatic
MER and Kenya Rift.

The location of the Kyejo volcano within the RVP as a whole is
less demonstrably fracture-controlled. The Kyejo vent cluster
spans the entire width of the active rift basin from the Living-
stone to the Mbaka Fault, even extending outside it (S of the
Mbaka Fault). Half of the Kyejo centres are located in the central
part of the active basin. In detail, the Kyejo cluster vent distribu-
tion is more complex than for the Ngozi–Rungwe system. When
considering both the vent distribution and vent elongations
(Fig. 4), the observed patterns could be interpreted as the result
of stress reorientation of a NNW–SSE alignment (trend (1) in
Fig. 4a) on approaching the Mbaka Fault (trend (3) in Fig. 4a
and b). One may expect that the active Mbaka Fault can lead to
some vents being concentrated along it and locally causes major
stress reorientation (as any major active fault enabling stress
release would), affecting vent distribution in the vicinity of the
fault.
The difference in vent distribution pattern between the Ngozi–
Rungwe and Kyejo clusters can also be accounted for by the fact
that magma rise is constrained at both Ngozi and at Rungwe but
not so much at Kyejo. Rungwe is already a large and high
(�1500 m) volcano exerting a considerable load upon magma rise.
Ngozi caldera is lower (�1000 m) but is developed over substantial
and extensive old volcanic constructs. In such cases, it has been ob-
served from analogue modelling work (Kervyn et al., 2009) that
there is a focusing effect in the vent distribution pattern along
the main tectonic trend of such volcanoes. In contrast, this focusing
effect along the main tectonic trend does not seem to be present or
at least not well developed at Kyejo, a moderately high (�900 m)
stratovolcano. As mentioned, the observed vent distribution is con-
sistent with a gradual veering in the direction of the main NNW–
SSE trend (trend (1) in Fig. 4a) as it approaches the Mbaka Fault.
The combined above factors can account for the striking contrast
in the vent distribution pattern between Ngozi and Rungwe on
the one hand and Kyejo on the other.

In the RVP region as a whole, the most likely trend of major bur-
ied faults controlling the volcanic centres to some extent is NW–SE,
following the regional direction of the Mbaka–Livingstone Block
and the Ngozi–Rungwe Line. Another likely fault trend in this area
is ENE, as suggested by Ebinger et al. (1989) for transfer faults link-
ing the different tectonic basins, in this case the Usangu Basin with
the N Malawi rift basin. However we have not mapped many ENE
trending lineaments. There is no sign that a NNE lineament trend,
as seen to partially control both the regional location of the Ngozi
and Rungwe volcanoes, would also influence the regional location
of Kyejo. On the larger scale, the triple junction in the EARS in SW
Tanzania and N Malawi clearly constrains both the location of RVP
volcanism and its spatial extent. At the RVP scale, there is an appar-
ent quasi-regular spacing between the three major volcanoes in
the region. For Ngozi and Rungwe, the location of the volcanoes
is consistent with the intersection of major faults leading to en-
hanced magma rise at these more fractured locations.

6. Significance of tectonic control for volcanic activity and for
hazards

The RVP region is subject to potential hazards related to both
earthquakes and volcanic eruptions. An M 7.4 tectonic earthquake
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occurred in the nearby Rukwa Rift in 1910 (Ambraseys, 1991;
Delvaux et al., 1998). More recently, the US Geological Survey
earthquake database (http://neic.usgs.gov/neis/epic, circular
search with 200 km radius around Rungwe volcano) lists 21
M P 4.5 earthquakes in the RVP region since 1973. The majority
of these earthquakes occurred in or along the Rukwa and Malawi
rifts. In 2000–2001, a seismic crisis with a Mb 4.3 earthquake in
April 2000, and a Mb 4.6 in August 2001 occurred along the Mbaka
Fault near the foot of the Kyejo volcano in nearby villages located
between Kyejo and Rungwe. It damaged ca. 600 houses and af-
fected more than 6000 persons despite its moderate strength.

Lemarchand and Grasso (2007) showed that moderate earth-
quakes of magnitude M P 4.8 are capable of triggering eruptions
at volcanoes within a distance from the earthquake less than ten
times the fault length. Although the chance of such an earth-
quake–eruption interaction is small (0.3%), it is not unlikely to oc-
cur in this study area which shows strong volcano–tectonic
interactions. In the case of M P 7 tectonic earthquakes, they have
been correlated, during a global statistical study, with much more
frequent eruptions within 750 km distance, suggesting a tectonic
trigger mechanism for the eruptions (Linde and Sacks, 1998). Sev-
eral possible mechanisms by which seismic waves from large
earthquakes may trigger eruptions by affecting the associated
magmatic system have been proposed in the last decade and are
under scrutiny (Manga and Brodsky, 2006).

It is also expected that RVP volcanic eruptions can occur in the
absence of tectonic triggering. Limited volcanological work in the
past (Harkin, 1960) showed that RVP volcanic activity continued
until historical time, at least for the Rungwe and Kyejo volcanoes.
Recent field studies on Rungwe have confirmed this (Fig. 8; Fontijn
et al., 2009) and showed there is a need for monitoring tectonic
and volcanic activity in the region.

At the sub-region or more local scale, faulting also appears to af-
fect volcanoes and to result in major hazards. The Rungwe lower
flanks are cross-cut on the SW side by the Mbaka Fault which orig-
inated as a normal fault but probably acts as a strike- or oblique-
slip fault under the present-day dynamics (Delvaux et al., 1992).
Also, Rungwe is likely to be undercut by a NW–SE fault (Ngozi–
Rungwe Line) presumably with the same movement as the Mbaka
Fault (normal or oblique/strike-slip). It has been found through
analogue modelling (Wooller et al., 2009) that such systems (volca-
noes with undercutting normal faults or normal/strike-slip faults
passing near the foot) are unstable with strike-slip faulting and
can promote flank collapse and the generation of debris avalanches
in a direction sub-orthogonal to the major faulting. The work from
two field seasons by two of us (KF, GGJE) combined with RS anal-
ysis, shows the Rungwe summit crater (Fig. 6a and b) was gener-
ated by at least two major collapses of the SW upper flank which
produced two major debris avalanches with resulting poorly-
sorted deposits extending up to 20 km to the SW and reaching
and even scaling the steep rift valley wall, with medial/distal de-
posit thickness of ca. 20 m for each unit at 15–20 km from source.
At Rungwe, there is thus a strong indication that strike-slip faulting
can destabilize major volcanoes and generate voluminous debris
avalanches.

At Ngozi, where a major NW–SE lineament has been mapped
here using RS to cross the rim onto the E side of the caldera rim,
even brief examination of either the air photos or Landsat or SRTM
imagery (Fig. 7a) reveals the irregular topographic profile of the
caldera floor, with a plateau in the N part, together with a pro-
nounced notch through the S rim. These observations can readily
be accounted for by major destabilization of the steep inner caldera
walls after caldera formation, catastrophic slumping, and impact
into the caldera lake, generating a powerful water wave, breaching
of the S caldera rim which at this location is made up of 200 m
thickness of soft tuffs (our own field observations, cf. Fig. 7 for loca-
tions), and producing devastating debris flows (not yet docu-
mented in the field because of the dense rainforest cover and
remote location). So here also, there is a strong suggestion that ma-
jor local faulting activity is the most likely cause of volcano desta-
bilization leading to potentially very hazardous events.

There is not yet a complete record to find out how often such
catastrophic volcano destabilization events occur. However, even
based on the above, at least three events (two debris avalanches
and one caldera lake breaching event) occurred in the recent RVP
history. At Rungwe, we have also observed several additional smal-
ler flank collapse-produced debris avalanche deposits. All this is
consistent with major volcano destabilization occurring at Rungwe
or Ngozi on an average time-scale of some thousands of years.
7. Conclusions

The RVP volcano–tectonic architecture was investigated with RS
imagery. Air photos were geo-referenced to an SRTM DEM to
investigate the spatial distribution and relation between volcanic
centres and tectonic lineaments. The tectonic lineament analysis
revealed two distinct directions (NW–SE and NNE–SSW), consis-
tent with tectonic models for the region.

A spatial distribution analysis of volcanic vents reveals a strong
tectonic control on vent distribution. At Ngozi and Rungwe, there is
a narrow NW–SE elongated zone of vents passing through the
volcano summits and consistent with the effect of a major NW–SE
buried rift fault intersecting with NNE–SSW faults. Ngozi and
Rungwe both show evidence of destabilizing events likely as a
result of tectonic activity. At Kyejo, there is a separate cluster of
vents also elongated NW–SE but with more scatter. There is also
an increased role for secondary control by the Mbaka Fault directed
obliquely from the main Kyejo trend. Both RS imagery and field
studies have shown that the phonolite dome field in the SW Usan-
gu Basin should not be considered the result of recent RVP activity.
Leaving this dome field out of the RVP, the recent volcanic vents
are confined to one NW–SE elongated fault block bounded by the
Mbaka–Mbeya Range and Livingstone Faults.
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