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Abstract 

Deep-imaging multi-channel seismic reflection data show that volcanic centers along the offshore part of the Cameroon 
Volcanic Line (CVL) are composed of uplifted, Aptian to Late Cretaceous oceanic crust, >4 km of sedimentary 
overburden, and Neogene igneous rocks, with volcanic material forming a cap < 1.5 km thick over pre-uplifl sedimentary 
deposits. At Principe Island, the underlying oceanic basement has been uplifted by as much as 3 km to form a crustal arch 
less than 200 km wide perpendicular to the CVL trend. Vertical faults having small offsets and dikes are common across 
this arch. Reflection Moho shallows parallel to the uplifted crust along margins of the arch, but is not observed directly 
below the arch axis where volcanism and faulting are pervasive. The episode of crustal uplift is marked by a prominent 
reflection unconformity. This unconformity occurs at other CVL islands and seamounts and represents a synchronous 
period of crustal uplift and volcanism. Reflectors from this unconformity have been correlated to offshore boreholes 
indicating a Miocene age. Gravity modelling indicates that an elongate wedge of relatively less dense lithospheric mantle 
(Ap = --0.1 g/cm 3) underlies Prfncipe Island to a depth of 40 km. This interpreted zone of lighter mantle material 
may form by a combination of intruded mafic partial melt and reheating of the lithosphere. Dynamic support from 
asthenospheric upwelling may also have contributed to uplift. Other NE-trending volcanic chains and rises off West Africa 
(Canary Islands, Cape Verde Rise, Sierra Leone Rise and Walvis Ridge) display similar features to CVL islands. These 
volcanic chains exhibit crustal uplift unconformities and intraplate volcanism occurring during the Miocene and later; 
Miocene and older marine sediments crop out on most of the islands; there are no flexural depressions surrounding volcanic 
centers; their ocean island basalts (OIB) have similar geochemical characteristics; the OIB does not appear to be the main 
construction material of each chain; anomalously high modem heatflow occurs along their lengths; and hotspot-like age 
progression of volcanism is not clearly defined along their lengths.It is apparent that the CVL is not the product of a single 
mantle plume or hotspot, and we speculate that the CVL and possibly other NE-trending volcanic chains off West Africa 
(and perhaps linear belts of Neogene volcanism on the African continent) are the result of linear, mantle upwelling zones 
or 'hotlines'. These hotlines are suggested to form above upwelling flow currents in between cylindrical Rayleigh-Bernard 
convection rolls in the upper mantle. Such convection may be driven by heat transfer across and/or shear along the 670 km 
discontinuity as a result of convection in the lower mantle. © 1998 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

The Cameroon Volcanic Line (CVL) is a linear 
trend of intraplate, mafic alkali volcanic centers and 
fissures striking 030 °, crossing from Proterozoic Pan 
African basement in central Cameroon and southern 
Nigeria to oceanic crust as far as Pagalu Island 
in the equatorial Atlantic; and perhaps extending 
more westerly to St. Helena Island (Fig. 1). Mount 
Cameroon is the best known volcano along the CVL 
and it has been active during this century. The first 
comprehensive geological study of the CVL was 
carried out by Hedberg (1969). 

Alignment of volcanic centers along the CVL has 
led to the concept that it forms a hotspot trace record- 
ing rotation of the African plate over a relatively 
fixed mantle source presently underlying St. Helena 
Island (Morgan, 1972, 1983; Duncan and Richards, 
1991; O'Connor and Le Roex, 1992). Most isotopic 
ages from volcanic rocks erupted along the CVL fall 
within the Miocene, although older (30 Ma, Late 
Oligocene) and younger dates have been reported 
(Hedberg, 1969; Grunau et al., 1975; Piper and 
Richardson, 1972; Dunlop and Fitton, 1979; Cornen 
and Maury, 1980; Fitton and Dunlop, 1985; Halliday 
et al., 1988). Sills, lava flows and volcaniclastics 
are found interbedded with Miocene age shelf sedi- 
ments offshore of Cameroon, near Bioko (Regnoult, 
1986). The ages of CVL rocks do not, however, show 
progressive SW-directed younging expected for mi- 
gration of the African plate over a stationary mantle 
plume (Burke and Wilson, 1972). In fact, there is 
no evidence of migration of volcanic centers along 
the CVL, nor any evidence in multi-channel (MCS) 
data shown here for volcanism occurring between 
the time Aptian oceanic basement was formed to 
onset of CVL volcanism in the Oligocene (see also 
Meyers and Rosendahl, 1991). 

In this paper deep-imaging MCS and potential 
field data from the West African PROBE Study 
(WAPS) are used to examine Prfncipe Island, along 
the CVL (Fig. 1). WAPS MCS data clearly demon- 
strate that the offshore CVL is comprised of up- 
lifted, Aptian to Late Cretaceous oceanic basement, 
thick pre-CVL volcanism sedimentary overburden, 
Oligocene and younger volcanic rocks intermixed 
with sediments, and onlapping deep-water sedi- 
ments. These volcanic rocks account for only a small 

percentage of the total mass comprising the islands 
of Prfncipe, S~o Tome and Bioko, and the seamount 
between Bioko and Pr/ncipe (Meyers and Rosendahl, 
1991). 

Modelling of the gravity field in this paper sug- 
gests that a mass deficit underlies the island. This 
mass deficit is not related to flexural downwarp sur- 
rounding the islands, and is suggested to represent 
a linear wedge of hot, mafic intruded lithospheric 
mantle. 

We do not consider the CVL to represent a typical 
hotspot trace, and in this paper we then compare our 
observations to published results from other West 
African island chains (Canary Islands, Cape Verde 
Islands, Sierra Leone Rise, Walvis Ridge) that share 
many geological and geochemical characteristics. 
The striking similarities between all of these West 
African island chains cause us to speculate that they 
have formed above mantle hotlines, an idea proposed 
by (Bonatti and Harrison, 1976; Bonatti et al., 1977) 
for similar volcanic lines in the Pacific. 

In light of MCS data shown here, the hypothesis 
of Herman et al. (1977), which originally suggested 
that South Atlantic hotlines represent upwelling 
zones formed in between upper mantle convection 
rolls, can adequately explain the origin of the CVL 
and geochemistry of its ocean island basalt (OIB). 
We build upon this hypothesis, invoking shear along 
and/or heat transfer across the 670 km discontinuity 
as a driving mechanism for these convective rolls. 

2. Background 

CVL volcanic rocks are almost identical geo- 
chemically in both oceanic and continental regions. 
They are dominantly alkali-rich OIB, having iden- 
tical trace element abundances, enriched large-ion 
lithophile elements (LILE) and radiogenic Sr and 
Pb in relation to mid-ocean ridge basalt (MORB), 
implying a related, upper mantle source from some- 
where above the 670 km discontinuity (Fitton, 1983; 
Fitton and Dunlop, 1985; Halliday et al., 1988). 
High 2°6pbfl°4pb ratios (> 19) are documented from 
CVL lavas over a broad area centered at the pre- 
sumed transition between oceanic and continental 
crust (Halliday et al., 1990), but relatively high 
2°6pb/2°4pb ratios continue out to St. Helena Island, 
signifying a similar mantle source (White, 1985). 
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Fig. I. Location map of West African PROBE Study (WAPS) MCS coverage (dotted lines) and Cameroon Volcanic Line (CVL) islands. 
Dashed portions of MCS track-lines with field file numbers are shown in Figs. 2-4 and 6. Offshore wells that tie to WAPS MCS profiles 
are also shown. Line 29 runs sub-parallel to the CVL Axis, whereas Line 10 crosses it. Plot is universal transverse mercator projection 
centered at 9°E. 

The high 2°6pb/2°4pb ratios observed in CVL basalts 

sampled near the oceanic-cont inenta l  crustal transi- 
tion are bel ieved to have been produced by reheating 
or entrainment  of  upper mantle material  that is ap- 
proximate ly  125 Ma old (Hall iday et al., 1990), 
roughly coincident  with initial rifting in this part of  
the Atlantic (Meyers et al., 1996). 

Fit ton (1980) proposed that the CVL represents a 
Y-shaped zone of  asthenospheric upwell ing that pro- 
duced rifting of  the Benue Trough-Yola  Rift system 

during Albian to Late Cretaceous t imes (Fig. 1). He 
theorized that this Y-shaped zone of  upwell ing was 
reestabl ished under the present location of  the CVL 
after 7 ° of  c lockwise  rotation of  the African Plate 
with respect to this upwell ing zone about a pole in 
Sudan; although admitt ing that there was no evi- 
dence for counterclockwise migrat ion of  volcanism 
north of  the CVL and that polar  wander curves for 
the African Plate lacked the resolution needed to test 
this idea. He instead based his hypothesis on the sim- 
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ilarity in shape of the Cretaceous Benue Trough and 
Tertiary CVL and geochemical similarity to some 
rift-related volcanic rocks. 

Within the onshore portion of the CVL, pre-vol- 
canic crust is uplifted > 1 km into a NE-trending 
dome called the Adamawa uplift (Fig. 1), which 
is suspected to be underlain by a mantle ther- 
mal anomaly (Reyre, 1966; Fitton, 1983; Stuart et 
al., 1985; Fairhead, 1988; Okereke, 1988). Mount 
Cameroon overlies the southwestern flank of this 
crustal uplift zone, and is bounded to the north and 
south by the Rio Del Rey and Douala basins, re- 
spectively (Fig. 1). Cretaceous sedimentary units in 
the onshore parts of these basins trend northwest 
on either side of Mt. Cameroon, and Mt. Cameroon 
volcanics are believed to intrude and overlie ~800 
m of sedimentary deposits that once were shared by 
these basins (Dumort, 1968; Hedberg, 1969; Reg- 
noult, 1986). On the flanks of Mt. Cameroon, marine 
shales of Miocene age crop out below lava flows 
at an elevation of 300 m above sea level (Hedberg, 
1969; Regnoult, 1986; Drruelle et al., 1987). 

Meyers and Rosendahl (1991) proposed that the 
Adamawa uplift and the islands of Silo Tomr, 
Pr/ncipe and Bioko were formed during a syn- 
chronous phase of crustal uplift and volcanism in 
the Miocene. They recognized a Miocene uplift un- 
conformity along the flanks of volcanic centers, and 
suggested that volcanism began in the Oligocene, 
with the main phase of volcanism and crustal uplift 
ensuing in the Miocene, although minor volcanism 
has continued into the Holocene. They also showed 
that the crust under volcanic centers in the offshore 
portion of the CVL has been uplifted by >3 km, 
in places, to form NE-trending asymmetric arches 
with steep, SE-dipping limbs. Submarine volcanism 
onto and igneous intrusion into deep sea sediments, 
and subtle asymmetric arching of the crust also 
have been observed in saddles between volcanic cen- 
ters (Hedberg, 1969; Grunau et al., 1975; Regnoult, 
1986; Meyers and Rosendahl, 1991). Miocene age 
for crustal uplift is coincident to Miocene ages for 
well established volcanic centers on both the con- 
tinental and oceanic portions of the CVL (Grunau 
et al., 1975; Fitton and Dunlop, 1985; Regnoult, 
1986; Drruelle et al., 1987; Halliday et al., 1988). 
Uplift of crust also helps explain the existence of 
small windows of Miocene and older, deep-water 

marine sediments below volcanic flows on several 
CVL islands, and below the flanks of Mt. Cameroon. 

Coeval volcanism and crustal uplift along the 
CVL implies that the CVL is a manifestation of 
discrete volcanic centers formed along a mantle hot- 
line (cf. Bonatti and Harrison, 1976). This idea that 
the CVL and other South Atlantic chains formed 
over hotlines was first proposed by Herman et al. 
(1977), based upon the anomalously high heatflow 
associated with these linear trends of volcanism. 

While the CVL appears to be a linear trend of 
volcanism and uplift, and not a hotspot trace, the 
explanation for the spacing and timing of the main 
eruptive centers along the CVL is not clear. The 
linear trend of volcanic centers strikes slightly more 
northerly than NE-trending fracture zones off West 
Africa (Fig. 5; Burke, 1969; Emery et al., 1975; 
Sibuet and Mascle, 1978; Meyers et al., 1996), which 
has led some workers to consider that the spacing 
of CVL seamounts and islands is related to fracture 
zone crossings (Vogt, 1974; Meyers and Rosendahl, 
1991). Remnants of the Central African shear zone 
and a pre-break-up shear zone cross through the 
Adamawa uplift and have the same trend as offshore 
islands. The similarity in shear orientation has led 
other workers to hypothesize that the CVL is a 
manifestation of a reactivated, sinistral lithospheric 
shear system (Reyre, 1966; Moreau et al., 1987; 
Drruelle et al., 1987; Fairhead, 1988). 

3. Methods 

WAPS MCS data were acquired in 1989 aboard 
the M/V GECO-PRAKLA Tau. Navigation was by 
GPS and doppler sonar dead reckoning. Gravity and 
magnetic data also were collected during MCS data 
acquisition by ARK Geophysical. The gravity data 
were digitally recorded using a LaCoste-Romberg 
592 air/sea gravimeter, base-tied to Port Gentil, 
Gabon, and corrected for latitude and Eotvos effect 
and filtered with a 2.5 km low pass cosine tapered 
boxcar filter. Marine magnetometer data were digi- 
tally recorded, edited for noisy spikes, filtered using 
a 1.5 km low pass cosine tapered boxcar filter, and 
the 1989 Intemational Geomagnetic Reference Field 
was subtracted. 

WAPS MCS data acquisition parameters permit- 
ted seismic penetration below reflective volcanic ma- 
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terial and useful stacking velocity information below 
the sedimentary column to reflection Moho. The 
source was an array of 36 air-guns, in six sub-arrays, 
totalling 7524 in 3 in volume, towed at 8.5 m depth. 
The active streamer length was 6000 m (group in- 
terval 50 m, 120 channels, 20 m depth). The near 
offset was 1000 m from the center of the source, 
the far offset was 7000 m. Shot interval was 50 
m, with a 25 m common mid-point (CMP) interval. 
Data were recorded in SEG D, at 4 ms sample rate, 
to 20 s two-way travel time (TWTT), and filtered; 
the low cut-off was 3.5 Hz, the high cut-off was 
90 Hz. Data were demultiplexed, resampled to 8 
ms and 16 s record lengths, corrected for spherical 
divergence, trace equalized over 7-15 s, dip-move- 
out (DMO) corrected from normal-moveout (NMO) 
velocity spectra every 10 km, and predictively de- 
convolved (window length of 296 ms and gap of 64 
ms). Semblance velocity analyses were picked about 
every 3 km, NMO corrected from the same veloc- 
ity spectra, muted by NMO stretch, CMP stacked 
to 60 fold, trace normalized for far offset, post- 

stack predictively deconvolved (2 windows of 296 
ms and gaps of 64 and 200 ms), trace mixed, band- 
pass filtered, and phase-shift migrated using a single 
velocity function for each line segment (~125 km 
long). Line segments were merged after migration, 
automatic gain control (AGC) was applied with a 
window length of 2 s, and the data were F-K dip 
filtered. 

4. Data and results 

4.1. Oceanic basement 

Crystalline basement around and under S~o Tom6 
and Prfncipe has reflection geometry typical of 
oceanic crust. Hyperbolic reflections in unmigrated 
MCS profiles, interpreted as oceanic basement layer 
2, occurs in crust surrounding CVL islands (Fig. 2; 
Grunau et al., 1975; Meyers and Rosendahl, 1991). 
Reflectors from layer 2 are shown in migrated pro- 
files here to exhibit a relatively flat reflection surface 
that is commonly truncated by closely spaced faults 
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Fig. 2. Segment of unmigrated WAPS deep-imaging MCS Line 14 crossing the seamount between Bioko and Prfncipe islands. Note how 
sedimentary reflections continue through the seamount indicating crustal uplift. RM = reflection Moho; L2 = top of oceanic basement 
layer 2; IVS = intercalated volcanics and sediments; UU = uplift unconformity. See Fig. 1 for location and Section 3 for acquisition and 
processing parameters. 
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(Fig. 3). Reflection Moho is observed on these pro- 
files 1.7-2.5 s TWTT below the top of interpreted 
layer 2 (Figs. 2-4). Where oceanic crust has not 
been disrupted by Neogene uplift and volcanism, the 
position of the reflection Moho is well constrained 
by a rapid increase in stacking velocities from 6.8- 
7.2 km/s at the base of interpreted oceanic crust, 
to 8.0-8.3 krn/s below the reflection Moho bound- 
ary. Reflection Moho rises parallel or sub-parallel to 
the top of oceanic basement layer 2 and pre-uplift 
sediments beneath the flanks of this crustal arch 
(Figs. 3 and 4) and other CVL crustal uplifts (Mey- 
ers and Rosendahl, 1991). However, the location of 
reflection Moho directly under the axis Prfncipe is 
impossible to identify (Figs. 3 and 4). 

Figs. 3 and 4 also show that oceanic crust under 
the margins of Prfncipe Island has been uplifted by 
>3 km, and possibly more immediately below the 
island; Fig. 2 shows "~3.5 km of uplift from the 
uplift unconformity 'UU' to the top of the seamount. 
This uplifted oceanic crust forms an arch, or elon- 
gated dome, less than 100 km wide along NW-ori- 
ented profiles and over 200 km long along NE-  
SW-oriented profiles running to the northwest of the 
CVL axis (Figs. 1, 3 and 4; Meyers and Rosendahl, 
1991). Saddles between islands are also disrupted 
by faulting and reflectors interpreted to be Neogene 
volcanics (Meyers and Rosendahl, 1991). 

4. 2. Fracture zones  

Away from the Principe crustal arch, normal faults 
offset the interpreted top of oceanic basement layer 
2 and sedimentary reflectors, but this fault displace- 
ment dies out at 0.5 s TWTT above the top of 
oceanic basement (Fig. 3, field files 800-1200 and 
3800-5000). The oceanic basement and reflection 
Moho between field files 3800 and 5000 on Line 29 
(Fig. 3) have a large degree of seismic relief and 
range in thickness from 1.5-2.5 s TWTT. Structures 
within this zone appear to consist of two prominent 
highs bounded by asymmetric troughs filled with 
sediments. Normal faults within these troughs appear 
to have been active during SW-oriented progradation 
of sedimentary deposits that directly overlie base- 
ment, as indicated by downlap surfaces and rotation 
of faulted reflectors. Reflectors higher up in the sec- 
tion show no offset and lap onto structural highs, 

with the exception of the area over what appears 
to be a diapiric structure or fault zone at field file 
4400 (Fig. 3). The observation that these faults die 
out in sedimentary reflectors 1 s TWTT above inter- 
preted Layer-2 indicates that thermal readjustments 
and faulting of the oceanic basement continued for 
some time after creation of oceanic basement. 

A set of normal faults with SW apparent dips is 
located between field files 800 and 1200 on Line 29 
(Fig. 3). Here too, offset sedimentary reflectors are 
only observed immediately above oceanic basement. 
Small offsets of reflection Moho also occur, but 
the seismic topography of reflection Moho is not 
as variable as across the faulted crust between field 
files 3800-5000 (Fig. 3), and its crustal thickness is 
relatively uniform ('-~1.7 s TWTT). This area may 
represent a small fracture zone. 

We interpret the region of faulted oceanic crust 
between field files 3800-5000 (Fig. 3) to represent 
a larger fracture zone that has been infilled by sed- 
iments and the oceanic lithosphere on both sides 
was thermally equilibrated though time. Formation 
of oceanic crust during the Cretaceous Quiet Period, 
burial beneath 3-5 s TWTT (>5 km) of sediments, 
and strong magnetic overprinting by Cameroon Line 
volcanics has produced weak magnetic basement 
signature at sea level. This helps to explain why the 
location of fracture zone trends east of 7°E longi- 
tude have not been mapped consistently (cf. Emery 
et al., 1975; Sibuet and Mascle, 1978). Mapping 
of the high relief oceanic crust and correlation to 
faults observed using gravity anomalies calculated 
from stacked Geosat and Seasat data (Fairhead and 
Binks, 1991; Binks and Fairhead, 1992) indicates 
that this zone is the buried, eastern extension of 
an unnamed fracture zone which we refer to here 
as the Cameroon Fracture Zone (Fig. 5). Similar, 
asymmetric basin geometries have been described 
across other South Atlantic fracture zones (Gorini 
and Bryan, 1976; Sibuet and Mascle, 1978), and 
possible zones of intraplate extension related to San- 
tonian plate reorganizations off of West Africa (cf. 
Basile and Mascle, 1990). The Cameroon Fracture 
Zone was probably a prominent feature during Early 
Cretaceous rifting in the Douala basin, and this frac- 
ture zone likely formed the northernmost barrier 
to salt deposition in the Aptian proto-oceanic sea 
(Gorini and Bryan, 1976; Meyers et al., 1996). 
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Fig. 4. WAPS deep-imaging MCS Line 10. (A) Free air gravity (FG) and magnetic anomaly (MA) profiles. (B) Migrated seismic section 
with a 2 s AGC window. Display is a positive polarity, variable area display, every third CMP trace. (C) Interpreted seismic section from 
(B). RM = reflection Moho; L2 = top of oceanic basement layer 2; MC = magma chamber, IVS = intercalated volcanies and sediments; 
UU = uplift unconformity. Vertical [o horizontal exaggerations for (B) and (C) were calculated using average interval velocities for the 
following crustal units: 5× for seafloor using a velocity of 1.5 knds, 2× for bottom of sediment layer using a velocity of 3.5 knds, 1 × 
for crystalline basement using a velocity of 6.5 km/s, and 0.9 × for crust-mantle boundary using a velocity of 8.0 krrds. See Fig. 1 for 
location and Section 3 for acquisition and processing parameters. 

4.3. Crustal  arching 

Using  gravity model l ing ,  Hedberg (1969) pro- 

posed that C V L  is lands are under la in  by thick sed- 
imenta ry  deposi ts  over ly ing  an oceanic  basement .  
The WAPS MCS data conf i rm this in terpreta t ion 
(see also Meyers  and  Rosendahl ,  1991), showing 
that C V L  volcanic  centers  are not  made  up of  thick 

piles of  intraplate volcanic  mater ia l  like Hawai ian  

volcanic  centers (cf. Watts et al., 1985). Instead, 
lava flows and related intrusives represent  a cap 

less than 2 k m  thick over ly ing  4 - 5  k m  of  pre- and  
syn-volcanic  sediments  (Figs. 2-4) .  These  pre-vol-  
canic  sediments  are probably  a combina t ion  of  distal 
turbidites,  ranging  in age f rom Apt ian  to Miocene ,  
in te rmixed  with pelagic sediments .  The volcanic  cap 
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Fig. 5. Projected fracture zone crossings below the CVL adapted from Meyers et al. (1996). 1 = Archean Congo Craton; 2 = Late 
Proterozoic Pan African mobile belt; 3 = Mesozoic rifted continental crust; 4 = proto-oceanic crust in between rifted continental crust 
and 'normal" oceanic crust; 5 = subaerially exposed CVL volcanic rocks; 6 = onshore Tertiary Niger Delta sediments; 7 = transfer 
faults and oceanic fracture zones; 8 = Niger Delta toe thrusts. Plot is universal transverse mercator projection centered at 9°E. 

is interpreted to represent the hummocky, moder- 
ately to highly reflective sequence occupying the 
interval from water bottom to 0.5 s two-way travel 
time (TWTT) below water bottom, between field 
files 1800 and 3800 on Line 29 (Fig. 3), and along 
the entire length of Line 10 (Fig. 4); note also the 
steep water bottom topography between field files 
500-700 on Line 14 (Fig. 2). Stacking velocities 
from this volcanic-rich zone range between 3 and 
4 km/s, which is ~1.5 krn/s faster than horizontal 

reflector packages in the deep-water lows adjacent 
to the islands. These interpreted volcanic reflectors 
may be flows and sills intercalated with we-volcanic 
and syn-volcanic sediments. 

The main accumulation of intraplate volcanic 
rocks at CVL islands coincides with a regionally 
continuous unconformity of inferred Miocene age 
(UU, 'uplift unconformity', Figs. 2-4). Here, deep- 
water sedimentary reflectors have been uplifted be- 
low the flanks of CVL islands (see also Grunau 
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et al., 1975; Meyers and Rosendahl, 1991). The 
Miocene age for the uplift unconformity is obtained 
from correlation of this unconformity in sedimentary 
reflectors to offshore wells drilled north of Bioko 
[Fig. 1, Alba-1, 9A-1 and Bonito-1 (Hedberg, 1969) 
and 13-B-1X (Armstrong, 1985)], and from corre- 
lation of seismic reflections to WAPS well ties off 
Cameroon and Gabon. This uplift is not unique to 
Prfncipe, as it also occurs at S~o TomE, Bioko, the 
seamount between Bioko and Prfncipe (Meyers and 
Rosendahl, 1991), and Pagalu (formerly Annobon) 
(Grunau et al., 1975). 

Pre-uplift sedimentary and volcanic reflectors re- 
main concordant in the zone of crustal uplift, but 
are difficult to trace through the axis of the crustal 
arch because of disruption by pervasive faulting and 
volcanism (Figs. 3 and 4). Hedberg (1969) has re- 
ported coarse-grained, lithic quartz arenites on Sgo 
Tome Island, and from lithology alone ascribed a 
possible Cretaceous age to these rocks. These sand- 
stones may be pre-uplift deposits, but a Cretaceous 
age is highly tenuous. Miocene fossil assemblages 
are also reported in outcrops of pre-volcanic sedi- 
ments on Prfncipe Island, providing further evidence 
for Miocene crustal uplift (Delmas, 1982). Volcanic 
rocks on Prfncipe have been dated to be as old as 30 
Ma (Oligocene; Fitton and Dunlop, 1985; Halliday 
et al., 1988; Lee et al., 1994), but the period of 
crustal uplift is interpreted to have occurred during 
the Miocene, as shown by the uplift unconformity 
and uplifted, Miocene deep-water marine deposits on 
CVL islands and on the flank of Mt. Cameroon. 

Crustal uplift also has caused the CVL to act as a 
structural barrier, separating sediment deposition in 
the Niger Delta/Rio Del Rey Basin from the Douala 
Basin since the Miocene (Fig. 1). Distal Niger Delta 
sediments younger than the uplift unconformity are 
~1 s thick TWTT in saddles between crustal up- 
lifts, and they lap onto sedimentary and volcanic 
reflectors that have been rotated by uplift along the 
Prfncipe crustal arch (Fig. 3) and other CVL crustal 
uplifts (Meyers and Rosendahl, 1991). Sediments 
that onlap these crustal arches are considered here 
to be a combination of Miocene to Recent distal 
turbidites and volcaniclastic material derived from 
the CVL islands. Emery et al. (1975) reported that 
shallow water bryozoans, terrestrial plant material 
and coarse-grained sediments have been dredged in 

deep water along the Prfncipe channel bordering the 
northwest side of the CVL (Fig. 1). Also, Gorini 
and Bryan (1976) refer to similarities between such 
adjacent deep-water sediment facies and uplifted 
sediments found on Silo Tome Island. 

Crustal uplift of CVL islands and seamounts ap- 
pears to have been by gradual ramping or bending of 
the lithosphere, rather than by large vertical offsets 
along faults. Large vertical offsets are rare, and one 
exception is on Line 29 at field file 2500 (Fig. 3), 
where a zone of steep, normal faulting vertically off- 
sets the crust by ~2 km over a horizontal distance of 
less than 5 kin. The limb of the crustal arch forms a 
plateau southwest of this fault. The remainder of the 
crust adjacent to Prfncipe Island appears to have been 
flexed upward only gently. This bending is presumed 
to have been accomplished by ductile creep from 
reheating of the lithosphere, as suggested for the 
continental potion of the CVL (Poudjom-Djomani 
et al., 1995), and small displacements along a large 
number of vertical faults. Such crustal reheating is 
probably responsible for modem heat flow values be- 
tween CVL volcanic centers that are 16-34 mW/m 2 
greater than surrounding oceanic crust, which has an 
average value of ~50 mW/m 2 (Herman et al., 1977; 
Wright and Louden, 1989). 

4.4. Igneous intrusions 

Some reflections below the shelf of Prfncipe Is- 
land are interpreted to be from intrusive structures. 
Vertical chains of narrow diffraction hyperbolas, as- 
sociated with small offsets and sediment piercement, 
cut across the sedimentary section throughout the 
crustal arch. Their frequency is greatest at the axis 
underlying the shelf of Prfncipe Island (Figs. 3 and 
4). These sub-vertical reflection features are inter- 
preted to be mafic dikes and faults, and are only 
observed on the limbs of the volcanic arch, within 
30 km of its axis (Figs. 3 and 4). The dikes appear 
to intrude along fractures, which may have accom- 
modated normal shear associated with uplift. This 
implies a 'similar' style of folding to accommo- 
date deformation of the entire upper crustal section, 
which was probably less ductile than the lower crust 
during reheating and uplift. The lack of large-scale 
extensional structures at the crest of the crustal arch 
supports this idea (Figs. 3 and 4). These fractures 
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Fig. 6. Window of migrated MCS data from WAPS Line 10 (Fig. 2). Seismic section is plotted with a 2 s automatic gain control 
(AGC) window, positive polarity, variable area display, every third common mid-point (CMP) trace• This profile shows two dome-shaped 
reflective zones interpreted to be the tops of magma chambers or plutons that underlie the Prfncipe shelf. A sub-horizontal band of  
reflectors that gently dip to the northwest occurs at 5 s TWTT, and is interpreted to be a cumulate horizon or weak reflection Moho. S e e  

Fig. 1 for location and Section 3 for acquisition and processing parameters. 

also may accommodate any transcurrent shear along 
the CVL as proposed by Lameyre et al. (1984), as 
well as provide conduits for dykes and hydrocar- 
bons 3. These features may be similar to volcanic 
fissure eruptions observed trending northeast along 
the continental portion of the CVL (Fitton, 1983: 
D6ruelle et al., 1987). 

Below the shelf of Prfncipe Island, domal reflec- 
tions "-5 km wide are observed between 4 and 6 
s TWTT (Fig. 3, field files 2700-3000; window in 
Fig. 6; Fig. 4, field files 600-900). These hyperbolic 
reflections occur within a zone that we interpret to 
be at or above Moho level. It is possible that these 
reflections are from the tops of magma chambers or 
plutons that may have cooled or are still in a duc- 
tile state from partial crystallization [seismic mod- 
elling indicates that reflections may be produced by 
zones of partial crystallization in magma chambers 

3 Volcanism at the Principe crustal arch probably caused matura- 
tion to overmaturation of  organic accumulations in the sediments. 
Oil samples collected from seeps on S~o Tom6 and Prfncipe have 
API gravities of less than 30 °, and a likely source for these oils 
are Albian to Turonian organic-rich shales deposited in an anoxic 
basin (cf. Tissot et al., 1980). 

(Jacobs et al., 1992)]. Fig. 6 shows a window of 
MCS data from Line 10 that may outline a mafic 
batholith which has several domal tops. Multiple, ar- 
cuate reflections below the top of the interpreted plu- 
tons may be sideswipe from similar pluton structures 
laying outside the plane of the profile. This occurs 
on Line 29, which runs almost at right angles to Line 
10 (Figs. 3 and 1). These domal reflection zones are 
floored by a weak band of sub-horizontal reflectors at 
"~5 s TWTT (Figs. 3, 4 and 6), which could mark the 
top of a cumulate horizon or a faint reflection Moho. 

4.5. Gravi~ and magnetic data 

Absence of high amplitude magnetic anomalies 
above oceanic crest adjacent to CVL crustal arches 
can be attributed to: (1) uniform, normally polarized 
remnant magnetization from formation of oceanic 
crust during the Cretaceous Quiet Period (cf. Sibuet 
and Mascle, 1978; Sclater et al., 1981; Scotese et 
al., 1988); and (2) submergence of oceanic crust 
beneath >2 km of seawater and burial by >4 km 
of sediments, so that basement highs, such as the 
Cameroon fracture zone, do not show strong fields at 
the sea surface. 
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Relatively large amplitude anomalies in both free- 
air gravity and magnetics are associated with CVL 
crustal uplifts (Figs. 3 and 4). At the crest of the 
Prfncipe crustal arch, magnetic anomalies are co- 
incident with shallowing of oceanic basement and 
abundant Cenozoic volcanics that have probably 
erupted during times of both normal and reversed 
polarity (cf. Piper and Richardson, 1972). Free-air 
gravity increases over the crustal arch (Figs. 3 and 
4). (Emery et al., 1975; see also map by Smith and 
Sandwell, 1997) first recognized that positive free-air 
anomalies are observed near CVL islands, but that 
an overall negative gravity anomaly surrounds the 
CVL swell. This negative gravity anomaly is approx- 
imately - 4 0  mGal adjacent to the Prfncipe crustal 
arch (Fig. 3). It is likely caused by a mass deficit in 
the upper mantle, as the lithosphere here does not 
appear to show downward flexuring adjacent to the 
uplift axis. 

To model gravity, we have depth converted major 
crustal elements interpreted from interpreted MCS 
profiles using interval velocities from normal move- 
out (NMO) and average crustal and mantle velocities 
[adapted from Fowler (1992) and Allen and Allen 
(1990)]. The most reliable stacking velocity data 
down to Moho depths came from horizontal crust 
adjacent to crustal arches. 

Across the axis of the CVL, seismic penetration 
was reduced by reflected energy from shallow ig- 
neous flows and scattering off irregular surfaces of 
these flows. In the CVL axis region, stacking ve- 
locities within the crust were further complicated by 
vertical igneous features and disruption of sub-hor- 
izontal reflectors by numerous, small offsets along 
sub-vertical faults. Depth conversion across the CVL 
axis was therefore made by correlating horizontal 
reflections from the flanks of the crustal arch through 
the axis, and taking into account increased velocity 
from igneous extrusives overlying interpreted sedi- 
ment reflectors at the axis. The reflection Moho is 
observed to rise with uplifted crust below the flanks 
of Prfncipe Island (Figs. 3 and 4), and for continuity 
in constructing a gravity model, we chose to continue 
the reflection Moho across the arch axis; although it 
was no longer seismically visible there (Fig. 7). 

Density polygons were constructed from depth- 
converted crustal sections and modelled using a two 
dimensional method (Talwani et al., 1959). Crustal 

densities were assigned using values adopted from 
various gravity models presented in Fowler (1992) 
and Allen and Allen (1990). Gravity calculated using 
uncompensated, uplifted crustal sections and a zone 
of 'post-uplift' intercalated volcanics and sediments 
at the arch axis did not fit observed data. When a 
large polygon with a negative density contrast rela- 
tive to surrounding mantle (Ap = --0.1 g/cm 3) was 
placed below crust affected by the Prfncipe crustal 
arch, calculated gravity matched the observed grav- 
ity quite well (Fig. 7). Thus a NE-striking wedge 
of low-density mantle was chosen to compensate for 
sustained uplift of the Prfncipe crustal arch. Such 
a large mass deficit below the CVL can explain an 
overall negative free-air gravity anomaly across the 
CVL, when the local mass attraction of islands is 
overlooked (Emery et al., 1975). This style of iso- 
static compensation differs dramatically from grav- 
ity models using compensating roots of mafic lower 
crust density (cf. Goslin and Sibuet, 1975; Detrick 
and Watts, 1979; Watts et al., 1985; Kellogg et al., 
1987). 

The mismatch of free-air gravity from calculated 
gravity near field file 2800 on Line 29 and at field file 
700 on Line 10 (Fig. 7) may be due to increased mass 
associated with mafic intrusives. Hedberg (1969) has 
mapped an increasing gradient in Bouguer gravity 
anomaly of -t-4 mGal/km toward the southwestern 
corner of the island, and our data show a positive 
residual anomaly of "--15 mGal at the axis of the 
Pr/ncipe shelf. This gravity trend may be caused by 
mass attraction of a mafic plug intruding sediments 
and the abundant dikes interpreted to occur at the 
center of the Prfncipe shelf (e.g. Figs. 3, 4 and 6). 
A pair of Bouguer anomalies of similar magnitude 
underlie volcanic edifices on S~o TomE, and Hedberg 
(1969) suggested that these anomalies were also 
caused by volcanic pipes. 

5. Discussion 

5.1. Crustal uplift along the CVL 

WAPS MCS data show that the topographic ex- 
pression of CVL islands and seamounts is produced 
by crustal uplift rather than by building of shield 
volcanos with thick crustal roots. These islands and 
seamounts are primarily composed of uplifted, old 
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oceanic basement (~  110-90 Ma) and thick sediment 
cover, with a capping of volcanics extruded mainly 
during crustal uplift• The model in Fig. 8 shows 
how volcanism, crustal uplift and formation of the 
uplift unconformity may have evolved. Lack of flex- 
ural moats directly adjacent to volcanic centers is 
explained by the fact that the volcanic load is too 
small to overcome the elastic strength of the uplifted 
lithosphere, which may only be <20 km thick below 
the CVL (cf. Poudjom-Djomani et al., 1992, 1995). 
Such a thin lithosphere is in agreement with our pro- 
posal that oceanic crust was reheated during uplift 
to a point where upward bending overcame flexural 
rigidity along the CVL trend. The long wavelength 
gravity low across the CVL axis may, therefore, be 
caused by mafic partial melt intruding the mantle 
below the axis. 

Shallowing of interpreted reflection Moho toward 
CVL islands may indicate that a low-density mantle 
underlies the crust. We have modelled this compen- 
sating mass as an elongate wedge of mantle material 
characterized by increased temperature and lower 
density, extending to a depth of 40 km (Fig. 7). This 
isostatic model also could represent a root of mafic 
underplating below the CVL. However, this idea is 
currently inconsistent with our suggested placement 
of reflection Moho at 1 •7-2•5 s TWTT below the top 
of layer 2 at the flanks of the crustal uplifts (Figs• 3 
and 4; Meyers and Rosendahl, 1991)• Our model 
is exactly the opposite of what is observed at the 
Hawaiian volcanic chain, where gravity modelling 
and the reflection Moho below the hotspot trace in- 
dicates crustal underplating to compensate for the 
large intraplate volcanic pile (Watts et al., 1985)• 

Reheating of the lithosphere below the CVL to 
a depth of 40 km and resultant uplift of > 3 km is 
consistent with observations over mid-plate swells 
(Crough, 1978, 1983)• Reheating must be considered 

as a contributing factor to lower relative density, be- 
cause modern heatflow values measured along the 
CVL are still considerably higher than in the sur- 
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Fig. 8. Model showing evolution of crustal uplift across the CVL 
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the uplift unconformity is created (T40). (D) Modem profile of 
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D 

:.~.~;.!.?~.~.!.~;;.!.?~.!~!!?~.....:.!!~;.!!:?!i;i!.~.~.?:.!.?~.~..!.?.....~̀?~.~!.~!~. 



48 J.B. Meyers et al./Tectonophysics 284 (1998) 31-63 

rounding lithosphere (Herman et al., 1977; Wright 
and Louden, 1989). Along the CVL, reheating prob- 
ably began in the Oligocene, possibly by some form 
of melt intrusion or convective transfer, followed by 
upward flexure of the lithosphere within a zone less 
than 200 km wide. Lack of noticeable subsidence, 
volcanism as young as the Pliocene, and high mod- 
em heatflow by themselves imply that mantle litho- 
sphere below Prlncipe has not cooled much since 
Miocene uplift. 

A low density (Zip = -0.05 g/cm 3) zone of 
light mantle was modelled to have invaded the lower 
mantle lithosphere underlying the onshore portion 
of the CVL (Fairhead and Okereke, 1988; Okereke, 
1988). Here, we have chosen to use a mass deficit 
of -0.1 g/cm 3 for a compensating body that di- 
rectly underlies the uplifted crust. To account for 
such a density contrast purely by reheating of man- 
tle peridotite, the relative temperature differences 
between the elongated wedge of hot mantle and sur- 
rounding rock would have to be +1225°C [P2 = 
/91(1- ZiTot), where Pl = 3.4 g/cm 3, P2 = 3.3 
g/cm 3 and a = 2.4 x 10 -5 (volume coefficient of 
thermal expansion of peridotite); Allen and Allen, 
1990; Fowler, 1992]. This relative temperature dif- 
ference is unreasonably high, so too is the idea that 
the density contrast could only have been formed by 
conductive heat transfer (cf. Crough, 1983). 

Another possible mechanism to produce our mod- 
elled low-density mantle wedge is intrusion by mafic 
partial melt derived from pressure-release during 
upwelling of the asthenosphere (cf. Detrick and 
Crough, 1978; Withjack, 1979; White and McKen- 
zie, 1989). Basaltic pods, streaks and dikes are com- 
monly found in mantle upwelling zones and in non- 
hotspot ophiolitic peridotites, especially in diapiric 
zones below inter-fracture zone highs along ridge 
crests (Nicolas, 1989; Downes, 1990). Mixed partial 
melt in mantle diapirs is believed to produce gravity 
lows on mid-ocean ridge crests (Lin et al., 1990), so 
it is not unreasonable to assume that this can occur 
under the CVL on a much larger scale. 

Therefore, a mixture of residual mafic melt with 
mantle below the CVL may contribute to the nega- 
tive density contrast. By mixing alone, a modelled 
density contrast of -0.1 g/cm 3 (lower density mantle 
wedge p = 3.3 g/cm 3) could be produced by com- 
bining cool lithosphere mantle (p = 3.4 g/cm 3) with 

25% mafic melt (p = 3.0 g/cm3). This idea considers 
only mixing of mafic and ultramafic rocks, but not 
elevated temperature of both the reheated mantle and 
mafic melt. Reality is probably somewhere in be- 
tween reheating and addition of partial melt, because 
the CVL is still hot and volumetric addition of 25% 
mafic melt seems high. 

Asthenospheric upwelling also may have con- 
tributed additional dynamic support to the CVL up- 
lift. Columns of lithosphere adjacent to the Prfncipe 
crustal arch and at the arch axis are not in exact iso- 
static equilibrium, according to our gravity model for 
Line 29 (Fig. 4). These columns take into account 
~1.5 km of post-uplift sediment adjacent to the 
crustal arch and added density at the arch axis from 
volcanic material. This isostatic imbalance between 
columns comes out to be +1.3 × 106 kg/m 2 for the 
Pr/ncipe crustal arch, which amounts to 13% of ob- 
served uplift that is not fully compensated for by the 
modelled, hot mantle body in the lithosphere. Simi- 
lar isostatic imbalances are found where columns of 
lithosphere above oceanic volcanic highs are com- 
pared to adjacent normal oceanic lithosphere, even 
though the density models fit observed gravity data 
(cf. Goslin and Sibuet, 1975; Watts et al., 1985; 
Kellogg et al., 1987). Ignoring flexural resistance 
to uplift, such isostatic imbalance can be explained 
only by an added component of dynamic uplift or el- 
evated asthenospheric temperature (cf. Courtney and 
White, 1986; McNutt, 1988). Some component of 
dynamic uplift and reheating may still occur at the 
base of the lithosphere to prevent CVL crustal arches 
from subsiding and to maintain elevated heatflow 
(cf. Herman et al., 1977). In any case, the source for 
increased heating, mafic intrusions, and/or dynamic 
support must be within the sub-lithospheric mantle. 

The lack of extensional structures and/or rift 
zones over crustal arches along the CVL argues 
against the idea of active rifting following thermal 
rejuvenation and uplift (cf. Bott and Kusznir, 1979; 
Bott, 1981; Keen, 1988; Okereke, 1988; Allen and 
Allen, 1990). Rifting may then be considered to 
be a passive rupturing of the lithosphere, and large 
igneous provinces associated with rifts may be cre- 
ated at zones of lithospheric tension coincident with 
mantle thermal anomalies (cf. White and McKen- 
zie, 1989). Some may argue, however, that intraplate 
compressional stresses from the Alpine orogeny (cf. 
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Grunau et al., 1975) would have been parallel to 
NW-SE-oriented extensional stress fields, thus pre- 
venting rift development. 

WAPS MCS profiles also show that crustal uplift 
perpendicular to the CVL trend is asymmetric, with 
a gentle ramp on the northwest side and a steeper 
southeast side (Meyers and Rosendahl, 1991). Uplift 
asymmetry could be explained by intraplate com- 
pression from the collision between the African 
and Eurasian plates during the Miocene, but com- 
pression does not fit with coeval volcanism along 
the CVL, and the collisional zone may be too far 
away. Aside from horizontal, intraplate compressive 
stresses, asymmetrical uplift across the CVL can 
be explained by differential vertical stresses, subtle 
northward drag of the African plate over a fixed zone 
of upwelling (see Gripp and Gordon, 1990), or a 
SE-directed shift of a mantle upwelling zone over a 
fixed plate. 

5.2. Volcano spacing 

In addition to the lithosphere being weakened by 
reheating, uplifted volcanic centers may coincide to 
fracture zone crossings. Fracture zones have been 
mapped using WAPS data to cross the CVL and 
then veer more northeast to the east of the CVL 
(Fig. 5; Meyers et al., 1996). In most cases, the large 
volcanic uplifts are coincident with these preexist- 
ing weakness zones, as originally proposed by Vogt 
(1974). For example, the large normal fault zone on 
Line 29 at field file 2500 (Fig. 3) may represent rup- 
ture along a preexisting fracture zone crossing that 
was reactivated during uplift of the footwall block. It 
must be noted, however, that the strike of this fault 
is indeterminate with present seismic coverage, and 
it may strike to the northeast, paralleling bathymetric 
contours (Fig. 5). 

The seamount between the islands of Bioko and 
Principe is also a zone of crustal uplift (Fig. 2; 
Meyers and Rosendahl, 1991). This seamount over- 
lies the proposed crossing by the Cameroon Fracture 
Zone through the CVL, before it turns northeast into 
the African mainland, just south of Mt. Cameroon 
(Fig. 5). A concentrated zone of seismicity occurs 
in the uppermost mantle southeast of Mt. Cameroon 
(Ambeh et al., 1989; Ambeh and Fairhead, 1991), 
corresponding to the location where we have pro- 

jected the onshore extension of the Cameroon Frac- 
ture Zone. However, because the distance between 
fracture zones in this region is small and their fre- 
quency is high, the correlation of volcanic centers to 
fracture zone crossings may be fortuitous. 

Although volcanic centers appear to develop over 
fracture zone crossings in the oceanic portion of the 
CVL, the spacing of volcanic centers along the on- 
shore portion of the CVL cannot be explained by 
this relationship. Moreau et al. (1987) mapped en 
6chelon fault and lineament orientations along the 
landward portion of the CVL, and used autocorrela- 
tion analyses to show that these fault/lineament pat- 
terns were produced by sinistral transcurrent shear 
oriented 030°NE. Drruelle et al. (1987) mapped sim- 
ilar trending faults on Mt. Cameroon, which is also 
elongated along a 030°NE trend, and they asserted 
that Mt. Cameroon formed above tension gashes 
produced by sinistral shear along the Adamawa and 
Foumban shear zones. 

The suggestion by Moreau et al. (1987) that the 
CVL may be a product of en 6chelon tension gashes 
related to sinistral transcurrent shear is also possi- 
ble. The 200 m isobaths of S~o Tom6 and Prfncipe 
Islands show that they form rhomb-like shapes and 
are almost identical in size (Fig. 1). One set of 
sides trends roughly parallel to fracture zones and 
the other set trends roughly due north (Fig. 5). The 
long diagonal of both rhomb-shaped island pedestals 
trends roughly parallel to the CVL axis. The orienta- 
tion of these structures may result from N-S-directed 
principal horizontal stress, which also would create 
sinistral shearing along the CVL axis. Faults on 
the CVL islands parallel sides of the rhombs and 
trend northeast and northwest (Hedberg, 1969). Dike 
swarms on Prfncipe Island also trend northeast (Fit- 
ton, 1983). These dykes may then follow vertical 
Mohr-Coulomb failure plains within the islands. 

The inferred transcurrent motions along the CVL 
may be related to intraplate stresses that are released 
along zones of weakened lithosphere. Such 'trans- 
lithospheric gashes' (Lameyre et al., 1984) may help 
to explain volcanic crater spacing, along with preex- 
isting weakness zones, but CVL magmas and uplift 
must originate from below the lithosphere. 

Another explanation for the spacing of volcanic 
centers independent of fracture zones or sheafing 
may relate to the geometric nature of magma pen- 
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etrating the lithosphere from an underlying, linear 
zone of hot mantle or 'hotline'. Models used to de- 
scribe spacing of magma chambers along spreading 
ridges show that Rayleigh-Taylor instability may de- 
velop undulations that give rise to discrete diapirs at 
regularly spaced intervals (Nicolas, 1989; Lin et al., 
1990; Schouten and Whitehead, 1991-1992). Below 
the CVL, similar upwelling of regularly spaced di- 
apirs, but on a larger scale, is conceivable if the 
existence of a linear zone of hot asthenosphere is 
accepted as the source for this line of diapirs (see 
also Rohrman and Van der Beek, 1996). 

5.3. CVL/St. Helena hotline 

Similar geochemistries of basalts from oceanic 
and continental portions of the CVL has led Fitton 
and Dunlop (1985) to theorize that a sub-lithosphere 
upper mantle source is responsible for volcanism 
that lasted 65 Ma along the CVL. Cantagrel et al. 
(1978) have found lower Tertiary alkali ring com- 
plexes (granite, syenite, gabbro, ca. 66-30 Ma) from 
the CVL to be similar to those found >200 km 
northwest of the CVL axis in Nigeria. It is likely 
that this older phase of plutonism in the landward 
portion of the CVL is unrelated to younger alkali 
basaltic volcanism, and may have resulted from tran- 
scurrent tectonism associated with reactivation along 
the Benue Trough and the Central African shear zone 
(cf. Fairhead, 1988; Benkhelil, 1989; Fairhead and 
Binks, 1991; Binks and Fairhead, 1992). 

On the Seasat gravity anomaly map of Haxby 
(1987) and combined Geosat and ERS-1 gravity map 
of Smith and Sandwell (1997), a chain of seamounts 
appears to continue southwest from CVL islands to 
St. Helena Island, ---800 km east of the Mid-Atlantic 
Ridge (Fig. 1). St. Helena is a Miocene volcanic 
island (Baker et al., 1967; Baker, 1973) located on 
Eocene oceanic crust (Rabinowitz and LaBrecque, 
1979). Many authors believe that St. Helena Island 
overlies a hotspot that is responsible for creation of 
the entire CVL, and so hence believe it is part of the 
CVL (Morgan, 1972, 1983; Duncan and Richards, 
1991; O'Connor and Le Roex, 1992; Wilson, 1992). 
We propose that the main building phase of St. 
Helena Island was coeval with crustal uplift and 
volcanism described for CVL volcanic centers to the 
northeast. Crustal uplift has not been documented 

at St. Helena Island, but it has not been suspected 
and therefore not tested. Based on St. Helena's age 
and occurrence on the CVL bathometric trend, we 
postulate that it formed over the southwest end of the 
hotline underlying the CVL. If the entire CVL had 
its main uplift and volcanic phase in the Miocene, 
uplifted seamounts should not occur on oceanic crust 
younger than Miocene to the southwest of St. Helena 
Island. 

A low S-wave velocity anomaly, characteristic of 
a plume head, has been described to underlie the 
lithosphere at St. Helena, and a low-velocity chan- 
nel extending westward is thought to be caused by 
asthenosphere flowing from this plume head toward 
the nearby Mid-Atlantic Ridge (Zhang and Tani- 
moto, 1992). This low-velocity channel could also 
represent the SW termination of a hotline, but the 
poor resolution of seismic tomography in this region 
must be taken into account. 

6. Similarities between the CVL and other 
Eastern Atlantic volcanic island chains 

The seismic expression of the CVL uplift uncon- 
formity is similar to unconformities found at other 
intraplate volcanic chains in the Eastern Atlantic that 
have undergone a profuse phase of alkali-rich vol- 
canism peaking in the Miocene (Fig. 9). Islands in 
these other chains often contain exposures of pre- 
volcanic sediments and they do not have flexural 
moats surrounding volcanic highs, because they are 
predominantly comprised of uplifted oceanic crust, 
or they are suspected to have formed coeval to adja- 
cent oceanic lithosphere. All volcanic island chains 
off of West Africa seem to show intraplate volcanic 
activity beginning in the Oligocene and peaking in 
the Miocene, they appear to form linear trends cross- 
ing fracture zones at oblique angles, they still have 
anomalously high heatflow values (Francheteau and 
Le Pichon, 1972; Burke and Wilson, 1972; Emery 
et al., 1975; Herman et al., 1977; Lancelot and 
Seibold, 1978), and they overlie elongate negative 
depth anomalies (actual depth-depth predicted by 
age depth curve, Crough, 1983). Although some 
of these volcanic islands and seamounts may have 
been produced by time transgressive volcanism over 
hotspots, they all share a common feature: basement 
uplift exceeding 1 km. Structural architecture of this 
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1975). Well-documented exposures of thick, Meso-
zoic deep-water sediments on the Canary and Cape
Verde Islands are evidence of their uplift (Hedberg,
1969; Grunau et aI., 1975; Stillman et aI., 1982;
Robertson and Bernoulli, 1982; Stillman, 1987;
Rothe, 1990). Syn-volcanic sediments give Miocene
ages for initiation of uplift (Lehner and de Ruiter,
1977; Lancelot and Seibold, 1978; Robertson and
Bernoulli, 1982; Rothe, 1990).Drilling by the DSDP
has also documented increased volcanism accompa-
nied by uplift of oceanic basement in the Miocene
for these island chains (Lancelot and Seibold, 1978).
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Some authors have proposed that crustal uplift along 
these three island chains may have been related to 
intraplate stress from the Alpine orogeny (Grunau 
et al., 1975; Lancelot and Seibold, 1978). Other 
authors have proposed renewed volcanism at the 
ocean-continent crustal transition as a mechanism 
(Goldflam et al., 1980; Schmincke, 1982). North- 
east-oriented dikes and fissures have been reported 
on the Canary Islands, along with uplifted marine 
sediments (Stillman, 1987). The Cape Verde and Ca- 
nary swells also do not have flexural moats adjacent 
to islands and they may be dynamically supported 
by rising hot asthenosphere (Crough, 1978; Courtney 
and White, 1986; McNutt, 1988). 

There is evidence suggesting that these island 
chains began to evolve long before the Miocene. 
A volcanic deposit is interpreted to overlie oceanic 
basement and sediments northeast of the Canary 
chain, and that this deposit appears to be time trans- 
gressive toward the southwest, indicating migration 
of the African plate over a hotspot that became active 
at ~60 Ma (Holik et al., 1991). MCS data from Holik 
et al. (1991), along with other studies (Watkins and 
Hoppe, 1978; Goldflam et al., 1980), show an up- 
lift unconformity, similar to the one observed at the 
CVL, except that onlapping sediments fan out, indi- 
cating syn-sedimentary uplift. However, this uncon- 
formity has been interpreted by Holik et al. (1991) to 
fall close to the Cretaceous/Tertiary boundary, which 
places its time of formation long before CVL uplift. 
Yet, structural observations of Holik et al. (1991) 
show the Canary chain differs from Hawaiian-type 
hotspots, because they document sustained basement 
uplift, and their volcanic unit represents a relatively 
small volume of extrusives. The hypothesis of Holik 
et al. (1991) also involves increased volcanism and 
uplift continuing long after initial plume head and 
lithosphere interaction at ~40 Ma. 

A conspicuous Miocene uplift unconformity has 
been identified on the western flank of Concep- 
tion Island bank in the Canary Islands (Goldflam 
et al., 1980). Ages of the southwestern Canary Is- 
lands (Schmincke, 1982), however, could loosely fit 
SW-directed progression of a Canary hotspot on the 
African plate, as predicted by the model of Holik et 
al. (1991). 

The Cape Verde Islands show the same type of 
structural features as the Canary chain and CVL, 

and there is no clearly documented evidence for 
systematic time transgressive, lateral volcanism, as 
would be expected for a hotspot trace. This has been 
reconciled by considering its location to be close to 
the rotation pole of the African plate with respect 
to the hotspot presumed to underlie the Cape Verde 
swell (Morgan, 1972, 1983; Duncan and Richards, 
1991; O'Connor and Le Roex, 1992). Maio Island 
in the Cape Verde chain is made up of uplifted 
oceanic basement, marine sediments, and Neogene 
subaerial, alkali basalts. The crustal uplift appears to 
be asymmetric, with a steep eastern limb (Stillman et 
al., 1982), similar to arching along the CVL (Meyers 
and Rosendahl, 1991). 

Analysis of swell topography and geoid anomaly 
suggests that the Cape Verde Rise overlies a sta- 
tionary zone of mantle upwelling providing dynamic 
support as well as thermal rejuvenation for uplift 
(McNutt, 1988). Courtney and White (1986) have 
chosen to model the Cape Verde Rise as overlying 
a mushroom-shaped, convective plume emanating 
from the 650 km discontinuity. Their model includes 
downwelling zones enveloping this 1500 km wide 
zone of fountain-like upwelling. 

6.2. Sierra Leone Rise 

The Sierra Leone Rise has been shown to be a 
broad, NE-striking aseismic ridge that extends from 
the West African margin to the St. Paul Fracture 
Zone (Fig. 9). It may be composed of high-velocity 
volcanic material and deep crustal rocks (Sheridan 
et al., 1969; Emery et al., 1975; Sibuet and Mascle, 
1978). DSDP sites 366 and 366A showed uplifted 
and rotated sediments over the rise and a depositional 
hiatus in the Miocene, which is thought to be related 
to a rise in the carbonate compensation depth or 
scouring by deep currents (Lancelot and Seibold, 
1978). If uplift occurred in the Miocene, the rise 
would have been susceptible to slumping, erosion 
and reworking by currents over this feature. 

The Sierra Leone Rise is similar to the CVL 
in having steeper slopes on its southeast side and 
having onlapping sedimentary reflectors that indicate 
tectonic uplift has occurred (Hedberg, 1969; Emery 
et al., 1975; Lancelot and Seibold, 1978). Also, 
Miocene volcanism has been described along the 
coast of Senegal (Lo et al., 1992), and may be 
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related to continuation of the Sierra Leone Rise to 
the northeast. 

6.3. Walvis Ridge 

The Walvis Ridge also has striking similarities 
in trend, width and length to the CVL (cf. Mor- 
gan, 1972; Francheteau and Le Pichon, 1972; Emery 
et al., 1975; Herman et al., 1977; Van der Lin- 
den, 1980; Morgan, 1983; Haxby, 1987; Duncan 
and Richards, 1991; O'Connor and Le Roex, 1992). 
Some of the relief along the Walvis Ridge was ini- 
tially attributed to Cenozoic crustal uplift along lines 
of crustal weakness accompanied by volcanism (Ew- 
ing et al., 1966; Goslin et al., 1974; Emery et al., 
1975). The Walvis Ridge also has been considered to 
be a long-lived hotspot trace (Morgan, 1972; Goslin 
and Sibuet, 1975; O'Connor and Duncan, 1990), but 
again there are some peculiarities that do not fit the 
hotspot paradigm. 

In the northeast, the ridge is likely composed 
of detached slivers of continental basement formed 
by dual seafloor-spreading (Van der Linden, 1980) 
or westward ridge jump (Sibuet et al., 1983) in 
the Early Cretaceous. The northern flank forms an 
abrupt scarp and appears to be composed of conti- 
nental crust (Goslin et al., 1974; Goslin and Sibuet, 
1975; Van der Linden, 1980; Musgrove and Austin, 
1984; Sibuet et al., 1984). The abrupt transition 
in crustal thickness across the northern end of the 
ridge has been interpreted to be a fault (Francheteau 
and Le Pichon, 1972; Musgrove and Austin, 1984), 
which may represent a protruding fracture zone mar- 
gin (Francheteau and Le Pichon, 1972; Van der 
Linden, 1980). (Musgrove and Austin, 1984, their 
fig. 7, seismic unit 3) show onlap of what appears to 
be upwardly tilted refectors by Miocene sediments 
toward this fault. This large vertical fault could have 
been reactivated during tectonic uplift, thus forming 
the Miocene unconformity. Miocene volcanic rocks 
also have been reported where this fracture zone 
reaches the West African mainland (Francheteau and 
Le Pichon, 1972). 

Also in the northeastern portion of the ridge, an 
apparent uplift unconformity can be found on the 
southern flank (Goslin et al., 1974, their figs. 6 and 
7; Goslin and Sibuet, 1975, their lines 2 and 9). 
This unconformity is remarkably similar to the uplift 

unconformity adjacent to CVL crustal uplifts. Such 
uplift suggests that there is more to the idea that 
the ridge formed solely by contemporaneous hotspot 
volcanism or foundering of continental crustal blocks 
during early seafloor spreading. 

Further southwest along the ridge, continental 
crust gives way to half-grabens filled with seaward- 
dipping wedges of volcanic rocks (Lehner and de 
Ruiter, 1977; Hinz, 1981; Sibuet et al., 1983). Simi- 
lar structures occur on the conjugate Rio Grande Rise 
(Gamboa et al., 1983), and these seaward-dipping 
wedges may prove that part of the Walvis Ridge ini- 
tially formed a Norwegian-Greenland-type spread- 
ing center during continental breakup (cf. Emery 
et al., 1975; Goslin and Sibuet, 1975; Detrick and 
Watts, 1979; Sibuet et al., 1984; White and McKen- 
zie, 1989; O'Connor and Duncan, 1990). This thick 
volcanic crust is believed to be underlain by a com- 
pensating crustal root reaching 25 km into the mantle 
and producing isostatic equilibrium without flexural 
deformation (Goslin and Sibuet, 1975; Detrick and 
Watts, 1979). Creation of this crust then likely oc- 
curred in proximity to the proto-Mid-Atlantic Ridge 
and is in agreement with dates of Walvis Ridge 
volcanic rocks semi-coincident with the age of ad- 
jacent oceanic basement (Goslin and Sibuet, 1975; 
Detrick and Watts, 1979). Goslin and Sibuet (1975) 
and Detrick and Watts (1979) also proposed that the 
Mid-Atlantic Ridge migrated westward, away from 
a fixed hotspot at "-~80-70 Ma, and this hotspot 
then continued to produce volcanic seamounts in the 
southwestern portion of the Walvis Ridge. 

Volcanism along the southwestern portion of the 
ridge appears to be restricted to narrow zones, as 
the ridge grades into elevated oceanic basement and 
seamounts. Here the ridge is asymmetrically steeper 
on its SE side and is mantled by uplifted Tertiary 
sediments (Ewing et al., 1966; Goslin et al., 1974; 
Emery et al., 1975; Goslin and Sibuet, 1975; De- 
trick and Watts, 1979), similar to other Atlantic 
volcanic island chains mentioned here. The volcanic 
highs form an en 6chelon pattern stepping to the 
southwest, and seem to coincide with fracture zone 
crossings, indicating that volcanism post-dates cre- 
ation of oceanic crust (Goslin et al., 1974; Van der 
Linden, 1980). The southwestern portion of the ridge 
does not behave like a hotspot trace, because its to- 
pographic relief does not increase towards the SW, 
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where heating and volcanism is supposed to be the 
youngest (Van der Linden, 1980), and the ridge is 
still has elevated heatflow along most of its length 
(Herman et al., 1977). 

7. African plate hotlines and upper mantle 
convection 

7.1. African plate hotlines 

In light of our interpretations of WAPS deep- 
imaging MCS data from the oceanic portion of the 
CVL, an alternative model to the hotspot idea is 
proposed. These data clearly show uplift of oceanic 
crust and pre-Miocene sediments, and volcanism to 
be contemporaneous between islands and seamounts. 
This architecture raises questions as to the nature of 
the CVL and other West African volcanic chains that 
show similar structures. 

Linear depth anomalies and crustal uplifts with 
associated Neogene volcanism in the eastern Atlantic 
ocean have parallel trends and spacings between 
1500 and 1800 km (Fig. 9). Parallel, NE trends 
and apparent age progressions of volcanism along 
these swells have been used to construct absolute 
poles of rotation for the African Plate with respect 
to relatively fixed hotspots thought to underlie these 
swells (Morgan, 1972, 1983; Duncan and Richards, 
1991; O'Connor and Le Roex, 1992). Yet, Morgan 
(1983) has readily admitted there was a lack of 
consistent age progressions for most of these inferred 
hotspot tracks. 

We provide an alternative hypothesis to the 
hotspot concept. Northeast-trending volcanic chains 
off the West African margin are manifestations of 
linear upwelling zones of hot mantle, 'hotlines', that 
produced crustal uplift and intraplate volcanism dur- 
ing the Miocene. The average parallel separation of 
these inferred hotlines is "~1700 km, which gives a 
half-width of ~850 km. This separation is similar 
to modelled upper mantle convection cells, where 
elongated zones of rising hot mantle are evenly sep- 
arated by elongated zones of sinking cooled mantle 
(McKenzie, 1983). This style of upper mantle con- 
vection is thought to take place above the 670 km 
discontinuity, where an increase in S-wave velocity 
is believed to coincide with solid phase transforma- 
tions from spinel to perovskite and magnesium oxide 

(McKenzie, 1983; Allen and Allen, 1990; Davies 
and Richards, 1992; Ita and Stixrude, 1992). 

Vogt (1991) proposed a similar model of paired, 
linear zones of upper mantle convection coupled to 
the lithosphere for the Bermuda Rise and western 
flank of the Appalachian fold belt. Zones of up- 
welling are spaced ~ 1700 krn apart and are separated 
in the middle by downwelling zones. He explained 
these zones as likely products of either intraplate 
stress during episodes of plate reorganizations or 
long-lived zones of asthenospheric convection cou- 
pled to the lithosphere. The hotline hypothesis also 
may be used to explain linear chains of coeval in- 
traplate volcanism and domal uplift in this region (cf. 
Jansa and Pe-Piper, 1988). 

7.2. Hypothesis on upper mantle convection 
mechanism 

Small-scale convective rolls have been thought 
to develop within plate interiors, far from active 
plate boundaries. Such convective rolls involve two- 
scale convective flow in the upper mantle; one in- 
volving ridges and trenches below plate boundaries, 
and the other involving small-scale flow to produce 
upwelling and downwelling flow along cylindrical 
Rayleigh-Bernard convection cells with diameters 
of 650-700 km (Richter, 1973; Richter and Parsons, 
1975). These smaller scale convective cells have 
been considered to be a mechanism for heat trans- 
fer to the base of the lithosphere and to mix upper 
mantle material (Richter, 1973; Richter and Parsons, 
1975; Herman et al., 1977). 

Richter and Parsons (1975) modelled linear 
convective rolls produced by shear along the 
lithosphere-asthenosphere boundary, parallel to the 
direction of fast moving plates (velocities > 10 
cm/yr), as in the Pacific Ocean. Such fast moving 
plate motions were modelled to produce cylindrical, 
upper mantle convective rolls with axes oriented par- 
allel to the spreading direction (longitudinal rolls) 
within a 20-50 Myr time span after initiation of fast 
spreading (Richter, 1973). In the model, these elon- 
gated rolls had opposing rotation directions, which 
produced linear zones of alternating upwelling and 
downwelling between these rolls. This type of con- 
vection in the upper mantle would involve flow at 
Rayleigh numbers on the order of 105-106, but is 
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sensitive to perturbations and would become unsta- 
ble at higher Rayleigh numbers. These convective 
rolls also were modelled to have secondary flow in 
the direction of their long axes. 

Marsh and Marsh (1976) tested this hypothesis 
by processing global gravity data to isolate anoma- 
lies that may be produced by longitudinal rolls. 
Anomaly wavelengths of low degree and order of 
field 12 and lower were subtracted from a field com- 
plete to the 22nd order. The map of the processed 
data (Marsh and Marsh, 1976, their fig. 5) showed 
E-W and WNW-striking gravity lineations in the 
Pacific Ocean, with amplitudes of ~30 mGal and 
trough-to-peak separations of ~1000 km. These au- 
thors considered the gravity anomalies to be caused 
by longitudinal convective rolls that returned flow 
at a depth of 925 km, with aspect ratios close to 
1. Separations of 1000 km, that involve convection 
above the 670 km discontinuity would require aspect 
ratios of "-~ 1.8, which is still within reason given vis- 
cosity stratification at the 670 km discontinuity, and 
small amounts of internal heating (Marsh and Marsh, 
1976; McKenzie, 1983). Longitudinal rolls also were 
used to explain non-time transgressive intraplate vol- 
canism, with basalt containing high 87Sr/86Sr and 
2°6pb/a°4pb ratios along the Easter volcanic chain in 
the southeastern Pacific Ocean (Bonatti and Harri- 
son, 1976; Bonatti et al., 1977). These studies were 
later supported by Baudry and Kroenke (1991), who 
imaged parallel geoidal anomalies in filtered Seasat 
data. They also attributed these anomalies to longitu- 
dinal convection rolls in the upper mantle. 

For slower spreading ridges, "-~2.5 cm/yr, ini- 
tiation of longitudinal rolls from shear at the 
lithosphere-asthenosphere boundary could take a 
minimum of 200 Ma to get established (Richter 
and Parsons, 1975). This is much too long for At- 
lantic hotlines off West Africa to have been de- 
veloped from this mechanism, and depth anomalies 
associated with West African hotlines do not paral- 
lel oceanic flow lines, except where volcanics issue 
through old oceanic fracture zones or were emplaced 
near the ridge axis. Still, Herman et al. (1977) hy- 
pothesized that linear volcanic chains in the South 
Atlantic were not hotspot traces, but hotlines that 
formed by shear at the lithosphere-asthenosphere 
boundary that was not oriented parallel to flow lines. 
This hypothesis helped to explain the volcanic line 

spacing and elevated heatflow along the lengths of 
these volcanic island chains. 

We use the models of Richter (1973) and Richter 
and Parsons (1975) to describe qualitatively the for- 
mation of inferred hotlines off West Africa. We 
propose a variation of their model, which involves 
little-to-no initial shear at the upper boundary layer, 
the lithosphere-asthenosphere boundary, and a high 
degree of unidirectional shear at the lower bound- 
ary layer, the 670 km discontinuity. This reverses 
the boundary layers in their model, relies on having 
sufficient friction at the 670 km discontinuity, and a 
mantle viscosity contrast which increases by an or- 
der of magnitude into the lower mantle (Davies and 
Richards, 1992). This idea also implies that African 
Plate volcanic centres that were active throughout 
the Neogene should have remained stationary. This 
is supported by the fact that such volcanic centres 
are documented to have remained in their current lo- 
cations since the early Miocene (Burke and Wilson, 
1972). 

Velocities of mantle flow seem to be on the same 
scale as fast-moving plates and shear stress at the 
670 km discontinuity is consistent with models in- 
volving a two layer convecting mantle (Davies and 
Richards, 1992); although the degree of shear de- 
pends on viscosity contrasts across this boundary. 
Lateral deflection of descending lithospheric slabs at 
the 670 km mantle discontinuity may provide direct 
evidence for horizontal shear along this boundary 
(cf. Kamiya et al., 1988; Shearer and Masters, 1992). 
Shear along the 670 km discontinuity also may be 
indicated by the general lack or break in continuity 
of seismicity from subducted lithosphere slabs be- 
yond 700 km, implying solid phase transformations 
and possibly detachment and entrainment in con- 
vective lower mantle flow (McKenzie, 1983; Davies 
and Richards, 1992). Such an aseismic, detached 
lithospheric slab may have been tomographically im- 
aged as a high velocity zone extending from 700 to 
1700 km depth below North America (Grand, 1987). 
Hence, it is conceivable that shear along the 670 
km boundary could produce longitudinal convective 
rolls instead of transverse convective rolls. Such an 
upper mantle convection mechanism would imply 
that convective rolls below the African Plate take a 
minimum of 20 Ma to become well developed. If 
such rolls were responsible for hotline development 
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in the Miocene, shear at the 670 km discontinuity 
would have had to been initiated in the Eocene. 

Once longitudinal rolls become developed, con- 
vection also would have been produced parallel to 
the axes of these rolls. Below critical Rayleigh num- 
ber (Re), the velocity of flow at the fixed bound- 
ary layer, in this case the lithosphere-asthenosphere 
boundary, would be zero (Richter and Parsons, 
1975). Above Re, convective rolls would begin to 
produce shear at the L/A boundary layer, and if not 
accommodated by movement of this layer, would 
lead to bimodal and possibly multimodal patterns of 
convection. Such patterns of convection would then 
give rise to circular and ovoid-shaped swells in plan 
view. 

This model implies that longitudinal convective 
rolls under West African volcanic chains could 
continue northeast, below African continental litho- 
sphere. Neogene volcanic zones on the African con- 
tinent are colored black in Fig. 9. We have projected 
inferred West African hotlines across the plate and 
there is some correlation to volcanism, although gaps 
have been noted where these lines cross Archean cra- 
tons that may have deep lithospheric roots (Fig. 9). 
This also is seen as NE-SW trends of low elastic 
thickness in continental Africa away from Archean 
cratons (Hartley et al., 1996). Uplift of the African 
continent by convective rolls also may help to ex- 
plain elevated freeboard of the African continent 
since the Miocene (cf. Burke and Wilson, 1972; 
Bond, 1978; Morgan, 1983; Harrison, 1990). 

An aspect ratio of horizontal to vertical diameter 
of cylindrical convective rolls would be greater than 
1.0, using a hotline half-width spacing of 850 km 
and the 670 km discontinuity as a lower boundary 
layer. If oceanic lithosphere away from the Mid- 
Atlantic Ridge and post Archean continental litho- 
sphere of the African plate are assumed to be --~ 100 
km, this leaves ~570 km for the vertical diameter 
of convective rolls above the 670 km discontinu- 
ity. Assuming no horizontal gaps between adjacent 
upgoing and downgoing currents between rolls, the 
aspect ratio would be ~1.5. Aspect ratios of 1.0 
could be achieved if a zone of turbulent mixing 140 
km wide separated uprising and downgoing currents. 
This gap, however, is too broad to expect a convec- 
tive system to be maintained by unidirectional shear 
at a boundary layer. Aspect ratios of 1.0 could alter- 

natively be achieved by extending the lower bound- 
ary layer to 950 km. This depth is hard to reconcile, 
because the change in physical properties across the 
670 km discontinuity would preclude free circulation 
across this boundary. It is more reasonable to accept 
that inferred convective rolls have return flow at the 
670 km discontinuity and aspect ratios of ~ 1.5. This 
idea is demonstrated in Fig. 10. 

A scenario for formation of hotlines and swells 
below the African plate as a result of longitudinal 
rolls is presented as follows: Initial upper mantle 
convection began in the Eocene from NE-oriented 
shear, and possibly from increased heating below 
the 670 km discontinuity due to changing convec- 
tive currents in the lower mantle. This upper mantle 
convection took the form of NE-oriented cylindrical 
cells, with aspect ratios close to 1.5. By the Late 
Oligocene, convective rolls initiated hotline mani- 
festations in the lithosphere by dynamic uplift and 
accumulation of melts released by mantle decom- 
pression. Refertilized mantle, enriched in LILE and 
radiogenic Sr and Pb from subducted material, resid- 
ing at the 670 km discontinuity (Ringwood, 1982; 
Davies et al., 1989) began to ascend and release 
partial melt, which then metasomatized shallower 
mantle during ascent. Zones of mantle underplat- 
ing and dynamic uplift were unevenly spaced along 
the length of these hotlines. Tension from diver- 
gent upwelling between rolls (Richter, 1973) began 
to open zones of preexisting weakness in the litho- 
sphere, and these structures acted as conduits for 
early melts. Continued convective heating by addi- 
tion of hot mantle to the lithosphere above upwelling 
zones began to cause the lithosphere to weaken and 
yield to upward stress. Sinistral, transcurrent shear 
(Lameyre et al., 1984) may have been produced 
along the CVL as a response to Alpine intraplate 
stress or differential flow rates in the longitudinal 
direction between convective rolls. Rayleigh-Taylor 
instabilities forming along the lengths of rising hot- 
lines would have developed into discrete diapirs or a 
bimodal pattern of diapiric upwelling that gave rise 
to the main volcanic centers (see the filtered gravity 
map of Marsh and Marsh, 1976, their fig. 5) shows 
NNE- and NW-oriented lineations in gravity anoma- 
lies across the African plate, which could represent 
bimodal to multimodal upper mantle convection). By 
the Middle Miocene, the lithosphere along the hot- 
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transfer and shear
convective currents
the lower-mantle

Hotline

670 km
Discontinuity

Fig. 10. Model illustrating hotline formation by Rayleigh-Benard convection in the upper mantle. Cylindrical, longitudinal convective

rolls are generated in the upper mantle by heat transfer across and shear along the 670 km discontinuity from convective currents in the

lower mantle. Horizontal to vertical aspect ratios of these convective rolls are 1.5. Hotlines form above upgoing currents between these

rolls, where refertilized mantle from the 670 km discontinuity gives rise to enriched partial melt. Dynamic uplift from the rising mantle,
intrusion by mafic partial melt, and reheating all contribute to uplift of the lithosphere along the hotline.

line was uplifted to form a series of swells where
volcanismwas most vigorous. Hotline lithosphere in
between these swells was also affected by a smaller
degree of uplift and volcanism. This could explain
theproximity between the Cape Verde Rise and Ca-
nary rise within overlapping plume (?) diameters,
seamounts between them on the topography/gravity
mapscalculated from Seasat, Geosat and ERS-l data
(Haxby,1987; Smith and Sandwell, 1997), and a low
S-wave velocity channel between them (Tanimoto
andZhang, 1992).

Our model of upper mantle convective rolls also
provides an explanation for less depleted OlE for
the CVL and possibly other inferred West African
hotlines.This model explains more radiogenic, upper
mantle87Sr/86Srand 206Pbp04Pbratios found in CVL

igneous rocks by providing a convection mechanism
to transfer partial melt extracted from refertilized
mantle residing at the 670 km discontinuity (cf.
Ringwood, 1982; Ringwood et aI., 1992). Pressure
decrease during ascent would have caused increased
partial melting and further enrichment. Melt frac-
tionation and release of volatiles during ascent also
would have caused metasomatism of shallower man-
tle, as has been documented for mantle xenoliths
from the CVL (Fitton and Dunlop, 1985; Halliday et
aI., 1988; Lee et aI., 1996).

Our model also provides a mechanism for mainte-
nance of heatflow to the base of the plate. Localized
stirring of the upper mantle would distribute heat
to the base of the plate, producing stable heatflow
in old oceanic lithosphere, elevated heatflow along
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hotlines (cf. Richter and Parsons, 1975; Herman et 
al., 1977; Sclater et al., 1981), and lower heatflow in 
Archean cratons where convection may be deflected 
downward along lithospheric roots (see also Davies 
et al., 1989). 

There are no doubt problems with the simplistic 
assumptions used in this model. For example, we 
propose that the driving mechanism for this style of 
upper mantle convection is shear and heat transfer 
across the 670 km discontinuity. Such shear may be 
responsible for horizontal deflection of downgoing 
lithosphere at subduction zones (cf. Kamiya et al., 
1988) and detachment and entrainment of subducted 
lithospheric slabs into currents in the lower mantle 
(cf. Grand, 1987). Yet, at present there are no studies 
that have been able to directly identify the direction 
and magnitude of shear proposed here (Fig. 10), and 
current ideas on the viscosity of mantle boundary 
layers are wide ranging (Davies et al., 1989; Davies 
and Richards, 1992). Also, there is no explanation 
as to what occurs at the ends of convective rolls, 
and there should be evidence of swell migration 
if the plate drifted over upper mantle convective 
cells (Crough, 1983). For now, we will assume that 
convective rolls terminated as instabilities at plate 
boundaries, because our model involves a sensitive 
balance of upper mantle convection that is secondary 
to mechanisms driving relative plate motions. We 
also ignore mineral phase changes (olivine to spinel) 
and viscosity changes at the 410 km discontinuity; 
although this phase boundary may only be caused 
by minor physio chemical changes (Ita and Stixrude, 
1992) and does not appear to have a profound ef- 
fect on descending slabs of subducted lithosphere 
(McKenzie, 1983; Allen and Allen, 1990; Shearer 
and Masters, 1992). 

8. Conclusions 

Interpretation of WAPS MCS and gravity data 
show that CVL islands and seamounts are comprised 
of uplifted oceanic basement, thick pre-Miocene sed- 
imentary overburden, and Neogene volcanic cover. 
Reheating and volcanism may have begun in the 
Oligocene, but uplifting of the lithosphere and vol- 
canism were most active during the Miocene. In 
the brittle upper crust, uplift was primarily ac- 
commodated by ductile creep following reheating 

and small-offsets along numerous sub-vertical faults; 
though some uplift is documented along steep, nor- 
mal faults that may be reactivated oceanic fracture 
zones. Coeval Miocene crustal uplift extends from 
Sao Tom6 (and Pagalu, cf. Grunau et al., 1975) into 
the onshore portion of the CVL, and rules out the 
possibility that this portion of the CVL represents a 
hotspot trace. Other features evident from our data 
are the apparently preferential occurrence of crustal 
uplifts at fracture zone crossings, and the identifi- 
cation of pluton-like features in the crust below the 
shelf of Principe Island. 

Interpreted WAPS MCS profiles show uplifted re- 
flection Moho below the flanks of CVL seamounts; 
the Moho boundary may maintain a constant crustal 
thickness through the CVL axis, but it was not 
seismically imaged. Uplift of reflection Moho with 
oceanic basement indicates to us an anomalous man- 
tle form of isostatic compensation for crustal uplift. 
Gravity modelling suggests that an elongate, NE- 
trending wedge of light mantle possibly underlies the 
uplifted lithosphere at Prfncipe Island. Mass deficit 
within this light, anomalous mantle is suggested to 
be produced by a combination of intruded mafic 
material, thermal expansion from reheating, and pos- 
sibly dynamic uplift from upwelling asthenosphere. 
Our proposed mechanism for uplift, volcanism and 
reheating involves discontinuous intrusion of partial 
melt at the base of the lithosphere below the en- 
tire length of the CVL, possibly as far southwest as 
St. Helena Island, and dynamic uplift over a mantle 
'hotline'. 

Although many workers consider the CVL and 
other West African volcanic island chains and swells 
with similar trends (Canary Islands, Cape Verde 
Rise, Sierra Leone Rise, Walvis Ridge) to be hotspot 
traces, the geological characteristics shared between 
these linear volcanic belts are quite different from 
the Hawaiian paradigm. The volcanic centers and 
inter-island ridges are not entirely made up of thick 
piles of intraplate volcanics, but are instead combi- 
nations of uplifted lithosphere and considerably less 
volcanic material, and hence are not surrounded by 
flexural moats. Furthermore, the West African linear 
volcanic chains have similar: crustal structure, ele- 
vated heatflow along their lengths, evidence for in- 
creased crustal uplift and volcanism in the Miocene, 
and parallel trends with ~ 1700 km separation. These 
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similarities have lead us to consider that these fea- 
tures may be related by convection currents in the 
upper mantle. 

We propose that West African linear volcanic 
chains form parallel hotlines that are products of 
mantle upwelling between Rayleigh-Bernard-type 
cylindrical convective rolls formed in the upper man- 
tle. The driving force for these convective rolls could 
have been a combination of heat transfer across and 
unidirectional shear along the 670 km discontinu- 
ity from convective currents in the lower mantle. 
Such a convection mechanism can be used to ex- 
plain enriched LILE, radiogenic Sr and Pb, and 
similar trace element chemistries along hotlines by 
upwelling and partial melting of refertilized man- 
tle originating at the 670 km discontinuity. Creation 
of localized swells by Rayleigh-Taylor instability 
and focusing of asthenosphere upwelling at fracture 
zone crossings may explain uneven distribution of 
volcanism and uplift along some of these inferred 
hotlines. 

Our hypothesis that West African volcanic chains 
and possibly volcanics on the African continent are 
produced by upper mantle, Rayleigh-Bernard con- 
vection should be regarded as speculative, but cannot 
entirely be discounted using existing data. It is in- 
tended to provide an alternative to the hotspot theory, 
where age progression and subsidence along lin- 
ear volcanic chains does not occur. Existence of 
long-lived mantle hotspots may still hold true for 
West African volcanic chains, other than the CVL, 
but the idea that volcanic centers along the CVL 
represent fixed reference points for studying plate 
motions over hotspots should be reexamined. This 
is not an attempt to provide an alternative hypoth- 
esis to deep mantle plumes for features such as 
the Hawaiian-Emperor chain and East Greenland- 
Iceland plume, both of which show well-documented 
age progressions, thick volcanic constructions, and 
subsidence following thermal rejuvenation over a 
circular source. 

While there are not many well-documented flood 
basalt provinces of Miocene age, the global abun- 
dance of uplifted swells and volcanic centers during 
this time may have been overlooked as being a prod- 
uct of a global mantle event having a subtle effect 
on global sea level and paleotemperature (cf. Larson, 
1991). 
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