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Abstract

The western area of Senegal was the site of a basic volcanism in the Tertiary and Quaternary. That
volcanism had caused the formation of alkaline olivine basalts, basanites and nephelinites from
microlitic and porphyritic texture to dolerite texture. The geochemistry of major elements shows
that the Quaternary basalts are more aluminous and more siliceous, but they contain less magne-
sium, less iron and less calcium than the Tertiary basalts. Two types of basalt occur here, based on
the characteristics of the major elements in the Tertiary lavas: the highly undersaturated basalts
of the Cape Verde Peninsula and the slightly undersaturated basalts of the Thies Plateau. The cha-
racteristics of the trace elements reveal shallow interactions due to the contamination and/or as-
similation, and to the fractional crystallization, but not due to the heterogeneity of the source. The
strong enrichment in light rare earth elements (LREE) and the slight enrichment in heavy rare
earth elements (HREE), the anomalies which are negative in K and Pb and positive in Nb, Ta and Eu
of the Tertiary and Quaternary basalts of Western Senegal and similar anomalies of the same ele-
ments (Pb not analyzed) described in the Cape Verde islands, allow us to establish links between
the petrogenetic mechanisms that had caused the formation of the basalts of this Islands and
Western Senegal. Moreover, the volcanic activity in Western Senegal (of continental Intraplate
type) and that of the Cape Verde Islands (oceanic intraplate type) are probably related to the hot
spot located on the vertical of the Cape Verde.
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1. Introduction

The Tertiary volcanism (the Thiés Plateau and the Cape Verde Peninsula) and the Quaternary volcanism (Cape
Verde Peninsula) in the western part of Senegal allowed the formation of alkaline rocks (Dia, [1]; Lo, [2]. Lo et
al., [3]). Many studies have been conducted on the spatial distribution of volcanic products, the relationship be-
tween volcanism and tectonics in addition to the geodynamic evolution of this area (Lompo, [4]; Lo et al. [3].
Mellet, [5] Crévola et al. [6]). These studies have brought to light the formation process, the petrographic fea-
tures and their relationship with the periods of magmatic activity. However, little research has been done on the
petrogenesis and the geodynamic evolution of the Tertiary and Quaternary lavas, or on the geochemical evolu-
tion which has resulted in magmatic associations. The location of the Cape Verde Islands near the coast of Se-
negal suggests that there might be a similarity between the volcanism of these islands and the volcanism of
Western Senegal. The transversal fractures have caused the North-West-South-East volcanic alignements to-
gether with the North-East-South-West alignments which are observed in the Archipelago. The only active vol-
cano in the archipelago (Fogo) is close to the Vema fault whose possible extension to Senegal through the sub-
marine Cayar Canyon could link it to the volcanism of Western Senegal. In this context a comparative study of
the Tertiary and Quaternary volcanism should allow firstly, to compare the basalts of Western Senegal in terms
of their geochemistry, and secondly, to have an idea about the petrogenetic links with the volcanism of the Cape
Verde islands.

This study aims, from the recent geochemical data, to determine the petrogenesis of Western Senegal’s basalts
and the type of volcanism involved. The main geochemical data collected as well as the geodynamic context of
the Cape Verde Peninsula and the Thiés Plateau will be compared to the data collected from the Cape Verde
Islands. The results are discussed and compared with the two alkaline provinces of the Cameroon and Ethiopian
rift.

2. Geological Framework

Unlike the rest of the Senegal-Mauritania basin, the geological history of the Senegalese basin is rather complex,
on the one hand from a lithostratigraphic, petrographic, and tectonic perspective and on the other hand, from a
geodynamic perspective.

2.1. Lithostratigraphy

The lithostratigraphy of the Cape Verde Peninsula was established from the data collected during research sur-
veys on water or hydrocarbons, but also from outcrops observations. Thus, three formations have been identi-
fied.

a) Mesozoic Age Formations

e The Trias and Lias are characterized by the existence of salt-bearing rocks. They are associated with black
and green clays, pyrite and sulfur, siderite crystals and rare quartz grains (Templeton, [7]).

e The Jurassic is characterized by allochemical carbonate sediments in the West and detrital sediments in the
East. The microfauna and microflora are very diverse (lamellibranch moluscs, gastropods, echinoderms and
bryozoans, algae). The carbonates form a thick series stretching along West Africa’s margin.

* The Lower Cretaceous is characterized by the appearance of detritus in the West, despite the predominance
of carbonate deposits. A series consisting of sandstones alternates with silty clays. Its thickness decreases
eastwards. In the West occur carbonate facies alternating with sandstone rocks. Ostracods, pollen, many
Choffatella decipiens and microplankton are observed.

e The Middle Cretaceous is characterized by detritus invading the basin. The facies that existed in the Creta-
ceous are still persistent. Throughout the study area, the limestones are dominant and are dated using Num-
mulites. The facies observed there are limestone clays, sandy limestone, clay or silica of variable thickness.

* The Upper Cretaceous is characterized by limestone facies, limestone clays or marly limestone often con-
taining phosphate and planktonic microfauna that consists of Globorotalia cocoansis and Globigerapsis semi
involuta and Catapsydrax unicavus. At the end of the Cretaceous, a thick sandy clay deposit was formed on
the impermeable base. These sands contain large amounts of water used throughout the basin.

b) The Tertiary Formations
They include the following formations:
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* The Lower Paleocene consists of clayey marl, calcareous marl and clays (the Madeleines Inlet). It is ten me-
ters thick at the outcrop and over 200 meters deep. It contains a wildlife that consists of Globigerina and
Globorotalia.

* The Upper Paleocene includes silicified clay called “Hospital formation” that outcrops at the Pointe Bernard,
at the Pointe Diop, at the Madeleines Inlet and the Pointe de I’Abattoir (Bongrand and Elouard [8]). Its
thickness decreases from the North to the South of the head of the Cape Verde Peninsula.

e The Lower Eocene corresponds to the calcareous clay (attapulgite) of the Dakar prison. It contains a mi-
cro-fauna with Globorotalia and Cibicides.

* The Middle Eocene is basically formed with yellow to gray marly clay, with a rich microfauna consisting of
Robulusincisus, Cyroidinasenegalensis and Epinideselel’atus (Bernard Beach, Bargny). Then the calcareous
marl of the Bernard Beach appears.

* The Upper Eocene outcrops nowhere in the head of the peninsula. It was observed in a single survey con-
ducted in Yoff and is entitled DK2. It is formed by a beige clay with a rich fauna consisting of uvigerina.

The Tertiary is characterized by a continental episode with intense volcanism that gave birth to many types of
rocks (the tuffs of the Madeleines and the ankaratrite and basanite flows). The dating of these rocks revealed an
age between 48 Ma and 5.30 Ma (Cantagrel et al. [9]; Sarr et al. [10]). These volcanic formations are covered by
a laterite surface which marks the end of the Tertiary and the beginning of the Quaternary.

¢) The Quaternary Formations

They are represented by marine, continental and volcanic facies.

The marine Quaternary is characterized by two episodes:

e The Inchirien represented by a beach-rock (Southeast Bargny) dated 32,000 years by K/Ar method;

e The Nouakchottian (6800 - 4200 years by K/Ar method) is characterized by accumulations of shells (Cape
Verde Peninsula and the Tamna Lake) and a more humid climate. During that period, the sea flowed into all
the depressions to form a series of shallow bays with Anadara senilis shells accumulations (Elouard et al.
[11]).

The Continental Quaternary is represented by shell glazes and alluvial terraces. The glazes are sometimes po-
lygenic. The Continental Quaternary ends with aeolian deposits covering large areas with an ancient erg (Akc-
harien), red dunes (Ogolian) and yellow and white dunes forming a coastal strip between Dakar and Saint Louis.
The quaternary volcanic activities that are observed at the outcrop are located in the head of the Cape Verde Pe-
ninsula.

2.2. Geographical Distribution and Petrography of Western Senegal’s Volcanism

The volcanism of Western Senegal is represented by small outcrops which are distributed between the Cape
Verde Peninsula (Dakar) and the Thiés plateau. It covers an area of 325,500 km? (Figure 1). The outcrops are in
the form of lava flows, veins, dykes, and tuffs. Tertiary volcanic rocks are distributed throughout the outcrop
area while those of the Quaternary volcanism are located in the northwestern tip of the Cape Verde Peninsula.
There is also evidence of volcanism in boreholes. Tertiary volcanic rocks are represented by olivine basanites,
olivine alkali basalts and nephelinites. Their texture ranges from the fine microlitic porphyry-type (nephelinites
basanites and olivine) to the subdoleritic type (alkaline olivine basalts to medium grain) (Dia, [1]; Lo, [2]).
Those features reflect a petrographic evolution from nephelinites to medium-grained alkali olivine basalts. The
Quaternary volcanic rocks include alkali olivine basalts and olivine basanites with fine to coarse grain. (Dia, [1];
Lo, [2]). Their texture is either microlitic porphyry (some alkali olivine basalts and some olivine basanites) or
doleritic (coarse-grained alkaline olivine basalts). They evolved from olivine basanites to coarse-grained alkali
olivine basalts (Dia, [1]; Lo, [2]). This evolution also resulted in a decrease in the content of mafic minerals and
mesostasis (olivine and pyroxene). The Quaternary lava are therefore more differentiated.

2.3. Tectonics

Three categories of deep faults have been described (Dia, [1]; Lo, [2]; Crévola et al. [6]. Mpassi, [12]). The first
one, well represented at the horst of Diass, is oriented North-South. It corresponds to the ancient fractures hem-
ming the blocks that were tilted during the rifting coinciding with the opening of the Atlantic Ocean. The second
one, which is oriented East-West, cuts across the eastern part of the study area. This type of transform faults is
related to the Mid-Atlantic Ridge (Bellion and Crévola, [13]). The third category, which is oriented North-West-
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Figure 1. Location map of sampling sites in the study Cape Verde Peninsula and Thies plateau.

South-East, affects the western part of the Cape Verde Peninsula. All these faults probably had a real impact and
could have caused the quaternary volcanism of the head of the Cape Verde Peninsula (Dia, [1]).

3. Methodology and Results of the Study

Based on the cartographic resources of Senegal’s basin, we carried out a sampling on various volcanic sites in
Western Senegal (veins, dykes and sometimes flows shaped like basalt columns) in order to collect the repre-
sentative facies that shall be geochemically analyzed using whole rock samples. The concentrations of the major
elements of the Tertiary and Quaternary volcanic samples were determined at ALS Laboratory Group in Sevilla,
Spain using the ICP-AES method. The ICP-MS method was used for both trace elements and rare earths. The
results are shown in Tables 1-3.

4. Analysis and Discussion of Results
4.1. Geochemistry of Major Elements

The average contents of the major elements of Western Senegal’s Quaternary lavas (Table 1) show that they are
highly under-saturated in silica (SiO, average around 44.7%), with high levels of sodium (3.64% of Na,O on
average), medium levels of potassium (0.91% of K,O on avarage), high levels of calcium (11.65% of CaO on
average), high levels of magnesium (around 10.42% of MgO on average) and high levels of iron (11.81% of
Fe,03; on average). The Tertiary lavas of the Thies Plateau (Table 2) are slightly under-saturated in silica (an
average of 45.5%), with higher concentrations of alumina (an average of 13.52%), more sodium (an average of
around 4.11%) and more potassium (with 1.22% on average), but with less iron (10.78% on average), less mag-
nesium (8.55% of Mg on average) and lower contents of calcium (10.61% on average) than those of the Cape
Verde Peninsula [SiO, ~ 43.95%) (Al,O3 ~ 12.51%) (Fe,O3 ~ 11.73%) (MgO ~ 11.12%) (CaO ~ 12.04%) (Na,O
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Table 1. Major (wt%), Trace (ppm) and Rares Earth (ppm) elements concentrations of the Quaternary lavas of Western Senegal
(Cape Verde Peninsula). K/Ar ages are from Crévola et al. (1994).

Sample SiO; AlLO; Fe;O; CaO MgO Na,O K,O Cr,0; TiO, MnO P,Os LOI Total Rb Ba Th U Nb Ta La Ce Pr Nd
PB21 54 148 105 879 6.9 4 057 004 146 014 028 025 101 13.4 265 2.7 0.6 31 1.5 24 399 46 18
PB22 53 145 107 884 65 396 051 004 147 014 03 043 999 111 251 26 0.6 35 1.7 23 419 48 19
PB24A 54 146 104 825 66 432 08 003 167 014 039 -0.1 101 193 337 4 0.7 41 2 31552 6 23
PB24B 49 145 104 769 69 414 2 0.03 224 014 074 236 999 626 662 5.1 1.2 73 48 39 73.2 8.6 35
PB24C 49 145 107 794 83 487 172 004 223 014 052 036 101 499 58539 0.9 62 4.1 29 53.7 6.4 26
PB24D 50 144 11 844 89 418 121 004 183 015 054 053 101 332473 4 09 55 3.2 33 606 7.3 28
PB25A 49 147 105 807 78 458 154 003 196 015 0.61 0.78 100 46.3 563 49 1.1 62 3.9 35 64.8 7.5 30
PB25B 53 146 103 861 57 401 052 003 164 012 035 1.33 100 121 289 3.6 .0.8 38 1.8 30 51.2 5.9 23

Sample Sr Sm Zr Eu Gd Tb Dy Ho Y Er Tm Yb Lu Cr V Co Ni ScPb FeO/MgO Mg A%f]s,\';g” Location
PB2L 450 4 84 16 45 07 36 0.7 20 1.8 02 126 018 310 153 40 143 16 2 136 058 1.1+005

PE22 443 44 83 1646 0736072017 02 119 019 200153 42 14116 3 148 057 105:02 C p
PO24A 467 49 100 19 510739072018 02 13 010 240 19 37 11115 4 14z 05 105%02 P £
PB24B 860 7.4 192 27 69 09 45 0.8 21 1.7 0.2 105 014 210 149 38 170 10 3 135 062 10502 I
PB24C 687 6 16123 620942082118 02 115 016 200 154 43 21712 2 116 063 10502 A
PB24D 688 61 140 22 50 0.8 41 0.8 2219 0.2 129 0.18 320 161 44 256 14 3 111 061 057£004 R
PB2SA 768 63 167 24 62 0.8 44 08 2219 02 13 019 270 160 40 195 12 4 121 054 057:004 o A
PB25B 450 5 100 19 54 08 42 0.8 23 2 0.3 144 022 260 160 32 109 16 4 163  0.77

~ 3.47%), (K,0 ~ 0.79%)]. The Quaternary lavas (Table 1) are slightly more differentiated than the Tertiary la-

vas (Table 2) if we consider the geochemistry of the major elements. They are slightly undersaturated in silica

(49.85%), with high concentrations of sodium (3.89%), calcium (9.08%), and medium concentrations of magne-

sium (8.35%) and iron (10.62%).

The descriptions of the major elements show:

* Higher contents of SiO, in the Quaternary lavas compared to the Tertiary lavas. The Tertiary lavas of the
Thiés Plateau are richer in silica than the Tertiary lavas of the Cape Verde Peninsula. The basalts of the Cape
Verde Islands (Table 4) have lower contents of silica than those of Western Senegal;

* High contents of Al,O5 in the Tertiary lavas compared to the Quaternary lavas. In addition, the Tertiary lavas
of Western Senegal have higher levels of alumina in the Thiés Plateau than in the Cape Verde Peninsula. In
the Cape Verde Islands, the Quaternary basalts are more aluminous than the Tertiary basalts of these islands
(Doucelance et al., [14]) and those of Western Senegal. The latter are more aluminous than the Tertiary ba-
salts of the Cape Verde Islands;

¢ Relatively low MgO, FeO and CaO contents in the Tertiary lavas, the latter containing lower levels of mag-
nesium, iron and calcium in Thiés Plateau than in the Cape Verde Peninsula. The Tertiary basalts of the
Cape Verde Islands contain higher concentrations of magnesium and calcium than the lavas of Western Se-
negal. The Quaternary lavas of these islands contain lower concentrations of magnesium, but they have iron
and calcium contents that are higher than in the Quaternary volcanic rocks of Western Senegal;

» and a relatively slight variation of Na,O and K,O between the Tertiary and Quaternary lavas of Western Se-
negal and those of the Cape Verde Islands (Figure 2).

These different features reveal two groups in the Tertiary lavas of Western Senegal: the group of the Cape
Verde Peninsula Tertiary basalts (40% - 52% in silicia with an average of 44.23%) and the group of the Thiés
Plateau Tertiary basalts (43% - 49% in silicia with an average of 45.6%). The basalts of the Cape Verde Islands
(Doucelance et al., [14]) are more undersaturated with silica than those of Western Senegal (Figure 2).
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Table 2. Major (Wt%), Trace (ppm) and Rares Earth (ppm) elements concentrations of the Tertiary lavas of Western Senegal (Cape
Verde Peninsula and Thiés Plateau). K/Ar ages are from Crévola et al. (1994).

Sample SiO, Al,0; Fe;O3 CaO MgO Na,0O K;O Cr,0; TiO, MnO P,Os LOI Total Rb Ba Th U Nb TalLa Ce Pr Nd Sr
PBO7TA 48 136 119 102 9 345 091 005 174 0.17 041 0.77 100 29.4 359 3.7 0.8 52 3.6 29 54.8 6.4 27 553
PB07B 49 14 118 107 86 361 095 0.04 188 0.17 045 054 102 26.8 380 3.90.9 56 3.9 31 58.7 6.8 28 585
PBOSBA 44 127 122 107 10 387 129 005 205 019 049 175 995 406 47749 1 90 6.9 35649 75 31 644
PB0O8B 44 127 121 106 11 398 126 005 202 019 05 087 993 33246349 1 85 6.53563.6 74 30 636
PBO9A 43 124 122 111 11 407 125 005 212 0.2 053 145 991 31.6 526 5.4 1.1 107 84 39 69.8 8 33 696
PB09B 44 16 112 947 5 6.05 188 0.01 229 019 0.79 2.7 994 39.6 808 7.4 1.6 151 11 54 95.3 10 40 1005
PB10A 47 1438 12 974 46 464 155 001 257 018 0.7 133 994 46.4 576 6.11.3 94 6.6 46 87.1 9.8 41 673
PB10B 43 111 13 129 12 298 063 005 233 021 045 255 101 189 4134309 89 7.2 34 63275 32 544
PB10C 49 146 121 101 56 435 13 001 241 018 063 135 101 404 4965311 77 5341783 9 37 598
PBO1 40 121 139 143 11 341 066 0.04 247 019 099 134 101 29.2 760 8.4 2.1 103 5.8 77 145 16 65 1295
PBO4 42 119 109 151 12 3.05 093 007 208 018 1 173 101 30.8 795 11 2.9 118 6.5 87 161 18 69 1195
PBO5 41 12 117 145 12 336 123 005 23 019 101 14 101 4058329323108 6 81 154 17 69 1270
PBO6A 46 124 116 124 12 334 0.75 007 224 017 059 0.72 102 2294995414 95 6.5 44 83.7 9.8 40 731
PB11A 44 108 106 108 15 256 057 011 146 0.15 0.34 501 101 13.3 256 2.6 0.7 41 25 24 478 58 25 565
PB11B 45 113 11 112 14 267 062 01 157 016 0.36 3.83 102 14 2802808 44 2825 50 6 26 586
PB12 47 123 116 116 13 223 0.76 0.11 2 016 034 105 102 20.8 255250.6 43 2.6 23 49.1 6.2 26 858
PB13 45 149 109 108 54 437 1 0.01 245 0.15 0.67 451 999 2355655717 85 5448 973 12 46 737
PB14 46 121 108 116 13 282 056 008 17 016 037 226 101 143 3133109 47 3128571 7 29 687
PB15 47 135 126 104 11 297 054 006 192 0.16 031 138 102 144 251280.7 33 2 20 39.1 48 20 608
PB16A 41 123 114 143 11 295 03 005 208 02 097 43 101 109 981 13 3.1 146 7.4 92 171 19 70 3340
PB16B 41 127 114 14 11 312 023 005 198 0.2 094 466 102 10 708 12 2.7 132 6.7 88 166 19 68 1945
PB19B 48 147 11 108 66 44 07 001 166 0.17 0.36 3.57 102 13.8 256 4.15.4 54 6.2 36 72.8 8.7 33 801
PB20A 52 144 11 857 72 423 077 004 164 016 04 014 100 189 338 2.80.7 43 2.1 44 50.2 7.3 29 497
PB20C 45 143 135 953 53 513 032 001 261 0.17 038 4.05 100 95 1953547 44 5232 659 8 31 819
PB26 40 931 103 142 16 142 008 0.11 167 0.18 1.01 6.99 102 5.6 5308.623 82 4373 143 16 61 456
PB27TA 40 108 123 144 14 372 122 006 215 021 134 082 101 39 8159421109 7 82 160 18 67 1210
PB27B 41 109 125 136 14 375 118 007 209 021 121 126 102 38.6 7028519 106 6.5 75 146 17 62 1080
PB28A 44 124 123 109 11 401 097 005 219 019 091 149 999 2834895913 84 57 47 886 10 40 711
PB28B 43 12 121 115 11 402 106 005 255 0.19 093 221 100 33.35136.21.41209.1 50 93.3 11 41 736
PB29 44 126 123 106 11 418 093 005 215 019 0.87 144 100 3134625513 75 4845 83 9.6 37 684
PB30 43 119 126 116 12 401 098 006 253 019 097 145 101 26.2 436 54 1.2 118 9.2 47 90.3 10 41 700
PB31A 45 112 119 111 15 264 079 01 192 0.17 0.36 0.38 100 20.1 304 2.7 0.6 61 4.6 24 50.1 6.3 26 513
PB31B 46 161 101 139 58 378 117 001 287 0.15 056 1.27 102 28550542 1 92 6.8 38 77.4 9.7 38 796
PB31C 45 112 12 12 15 258 089 011 217 0.17 038 064 102 23 347 3 0.7 71 54 26 54.9 6.8 27 522
PB32 49 132 117 998 98 349 062 0.05 153 017 05 097 101 21227428 1 51 2641 73581 30 595
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Continued

Sample Sm Zr Eu Gd Tb Dy Ho Y Er Tm Yb Lu Cr V Co Ni ScPb FeO/MgO Mg# Ages K/Aren Ma Location

PBO7A 56 114 2 59 0849092023 03 182 026 360 220 46 20719 5 119 061, 8*0
PBO7B 58 126 21 64 09 5 092124 03 186 028 320 221 43 18020 3 123 060 18 *0°
PBOBA 63 17122 6.4 09 5 092123 03 182 026 360 234 50 22721 2 105 084, 8*0° .
PBOSB 6.1 164 22 63 0.9 5 0.9 2122 0.3 179 0.25 300 229 49 24120 4 101 065  , 005 é
24103406 E
PBOSA 65 185 23 67 0952092123 03 18 026 370 238 51 23021 5 102 065 18+ %
PBOSB 7.7 2052673 1 57 1 2427 04 217 029 80 231 31 65 9 4 201 048 T
PBI0OA 8.1 190 2.8 85 12 6.7 1.2 28 32 04 2.49 035 40 284 30 53 16 3 233 045
PBIOB 66 191 22 68 09 53 09 21 23 0.3 184 025 440 261 57 256 25 5 095  0.67
PBIOC 7.6 16326 8 11641227 3 04 235 033 90 272 34 76 18 4 196 049
PBOL 11 176 35 9.8 1.2 63 1 2424 03 1.83 024 200 256 49 197 19 8 111  0.63 145+05
PBO4 11 213 3595 1.2 6.1 1.1 24 25 0.3 1.85 026 600 257 47 23423 12 078  0.71 129403
PBO5 12 182 38 10 1.3 65 11 2526 0.3 1.3 0.26 300 248 50 228 19 5  0.87  0.69 355+15
PBOGA 7.6 203 2.6 72 0951 09 20 21 03 16 0.22 580 240 48 250 21 7 088  0.68
PBI1A 53 106 1.8 5 07 35 06 14 15 02 122 0.15 920 198 57 399 24 2 064 075
PB11B 53 116 19 52 0.7 3.8 0.7 1516 0.2 121 0.16 830 203 54 376 23 6 069  0.73
PB12 57 13221 6 0842081919 03 14 021 790 220 55 32324 2 08  0.70
PBI3 89 2113179 1154 1 2825 03 1.86 026 20 303 31 52 15 3 182 051
PB14 57 129 2 52 0.7 3607 1816 02 1.16 0.8 690 205 54 317 23 4 077  0.71
PBI5S 4.6 108 18 4.7 0.7 37 0.7 20 1.8 0.2 131 0.2 480 226 56 289 19 2 106  0.64 <
PBI6A 11 24136 9 1259 113128 04 212 0.34 360 247 44 166 25 4 096  0.66 21542 3
PBI6B 11 238 35 87 1.1 59 1.1 30 27 0.3 202 033 410 254 45 18526 6 09 068 21542 %
o
PBIOB 67 150 22 6 09 48 092523 0.3 181 028 20 234 38 65 21 2 151 056
PB20A 61 107 22 71 1 53 114127 03 165 0.26 280 160 43 162 16 2 137 058 é
PB20C 6.2 133 2.2 58 0.8 45 0.8 2421 03 17 025 20 510 46 59 18 2 228 045 >
PB26 11 222 34 85 1152 1 2724 03 175 0.27 860 219 49 38036 2 081  0.70 'é:
PB27A 12 214 39 10 1362 113027 03 191 0.28 500 224 51 302 17 4 078  0.71 o ©
PB27B 11 20137 9512 6 112926 03 178 026 560 216 54 362 17 5 101  0.65 Je5£04
PB28A 7.6 19527 71 1 51 1 2623 03 167 0.26 400 219 50 282 19 4 099 064 6.9+0.2
PB28B 7.6 242 26 7.1 0.9 5 0.9 26 22 0.3 1.64 0.25 420 233 49 26420 5 103  0.65 6.940.2
PB20 7 181 25 65 0.9 47 09 2422 03 156 024 300 210 50 273 18 2 098  0.66 6.940.2
PB30 7.8 243 26 7 0.9 49 09 2523 03 164 025 430 224 51 302 1911 073 0.72 6.940.2
PB31A 52 192 1.9 51 0.7 36 0.7 18 16 0.2 1.2 0.19 810 230 60 338 25 2 158 055 135+04
PB31B 7.8 267 27 7.3 1 49 0.9 2623 0.3 165 026 20 321 32 66 22 6 073 072 135+04
PB3IC 55 184 2 53 0.7 36 0.7 18 1.7 0.2 113 0.10 890 245 62 348 27 3 158 055 135+04
PB32 57 103 2 53 08410822 2 03 155 023 300 194 48 220 19 2 107  0.64 79404
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Table 3. CPWI norms of the Tertiary and Quaternary lavas of Western Senegal.

TERTIARY

QUATERNARY

PBO1
PB04
PB05
PBO6A
PBO7A
PB07B
PBOSA
PB08B
PB09A
PB09B
PB10A
PB10B
PB10C
PB11A
PB11B
PB12
PB13
PB14
PB15
PB16A
PB16B
PB19B
PB20A
PB20C
PB26
PB27A
PB27B
PB28A
PB28B
PB29
PB30
PB31A
PB31B
PB31C
PB32
PB21
PB22
PB24A
PB24B
PB24C
PB24D
PB25A
PB25B

or
3.43

44
5.42
5.57
7.82
7.59
7.59

11.53
9.36
3.79
7.71
3.53
3.75
4.48
6.21
3.37
3.19

4.23

4.55

1.97
0.5

5.84
6.4
5.59
5.87
4.7
6.9
521
3.68
3.34
3.06
4.7
12.16
10.15
7.16
9.19
311

ab

o

14.37
29.37
28.87
12.88
13.38
9.1
13.69
28.76
7.93
31.19
15.78
15.99
18.76
23.94
18.89
25.08
8.56
5.55
28.6
35.73
30.63
4.55

14.85
10.45
16.28
10.96
15.35
14.85
11.25
29.57
33.47
33.97
36.28
34.07
30.35
34.43
33.66
34.23

an

Ic

15.69 0.39
16.16 4.36
1412 5.75

16.46
18.91
18.99
13.79
13.28
12.16
11.33
15.13
15.13
16.36
16.87
17.24
21.05
18.97
19.03
21.86
26.09
20.7
18.67
17.86
15.52
19.88
9.17
9.24
13.05
11.79
12.93
11.7
16.43
23.27
16.15
18.54
20.51
20.56
17.81
15.32
12.57
16.79
14.97
20.47

(S04 |

0

[S2 BN

ne
15.71
14.11
15.52
7.38
0
0.75
11.19
11.32
14.2
21.32
6.12
9.57
3.09
3.71
3.84

8.05
2.92

5.43
1177
511

7.89
4.42
17.08
17.12
10.66
13.14
10.65
12.66
3.83
9.22
5.59

1.02
5.81
0.48
2.92

Di (wo)
20.7
22.36
21.91
17.16
12.28
12.95
15.74
15.57
17.18
13.61
12.54
19.72
12.61
15.48
15.63
14.21
13.75
15.62
1154
20.98
22.54
14.07
9.31
13.13
20.24
22.79
21.27
15.28
17.07
14.77
16.93
15.36
16.68
16.93
11.76
8.79

75
8.6
8.11
9.89
9.15
9.11
8.6

Di (en)
17.85
19.28
18.88
14.79
10.58
11.17
13.57
13.42
14.81
11.73
10.81
17
10.87
13.35
13.48
12.25
11.85
13.46
9.95
18.09
19.43
12.13
8.03
11.32
17.44
19.64
18.33
13.17
14.72
12.73
14.6
13.24
14.38
14.59
10.14
7.58
6.46
7.42

8.53
7.89
7.85
7.42

Hy (en)
0
0
0
0
1.05

10.06

O O O O O O O o o o

6.9

ol (fo)
7.4
85
8.23
103
7.64
7.05
9.16
9.76
8.93
0.86
0.69
10.1
215
177
16.3
12.6
155
13
8.41
6.57
7.09
3.26

1.76
17.8
10.3
12.2
10.2
9.26
10.2
10.2
16.4

15.3
6.09

7.53
8.52
10
8.25

Ol (fa)
0

mt
0.62
0.59
0.63
0.55
0.56
0.55
0.64
0.63
0.67
0.64

0.6

0.7
0.59
0.51
0.53
0.52
0.51
0.53
0.52

0
0

0.57
0.52
0.58
0.62
0.69
0.68
0.63
0.63
0.63
0.63

0.49
0.55
0.56
0.45
0.46
0.45
0.47
0.46
0.49
0.49
0.4

hem

13.55
10.55
11.37
11.12
11.55
11.27
12.02
11.89

12

11.12
11.79
12.73
11.63
10.73
10.88
11.19
11.04
10.58
12.23
12.09
11.83
10.85
10.63
13.62
10.43
11.86
11.99
12.04
11.87
12.07
11.71
11.96
9.73

11.44
11.3

10.03
10.49
9.97

10.36
10.36
10.61
10.25
10.13

ap
2.17
2.2
222
1.28
0.9
0.97
1.1
111
1.19
1.79
1.56

1.38
0.78
0.8
0.74
1.54
0.82
0.68

0.8
0.87
0.86
2.34
2.93
2.63
2.02
2.07
1.93
2.14
0.79
1.22
0.82
1.09
0.61
0.66
0.85
1.66
1.13
1.18
1.34
0.77

Totals
95.52
98.11
98.64
97.78
98.25
98.14

97.9
97.95
97.83
97.63
97.38
97.64
97.58
98.48

98.4
98.01
97.43
98.27
98.08

97.8
98.92
98.31
98.36
97.28
98.23
100.1
98.91
97.77

97.4
97.82
97.44
98.07
96.73
97.86
98.47
98.56
98.51
98.34

97.7
97.78
98.17
98.03
98.35




D. Yatte et al.

Table 4. Compararative table of the major elements concentrations of the Tertiary and Quaternary basalts of Western Seneg-
al (this study) and those of Cape Verde (Fogo, Sal, Sao Nicolau, Sao Vicente and Santiago) (Doucelance et al. [14]).

Western Senegal Cape Verde Islands
. Quaternary Tertiary
Elements (Wt%) Tertiary lavas Quaternary
(n=34) lavas (n=9) Fogo (active Volcan) Sal (50 Ma)  Sao Nicolau  Sao Vicente Santiago
[n=6] [n=3] (n=7) (n=7) (n=5)
Sio, 39.9-51.7 40.1-53.6 40.65 - 42.47 35.67-38.89 39.97-4447 38.54-44.47 38.08-42.96
Al,O, 10.75-16.05 9.31-1438 13.31-15.71 8.25-10.93 11.88-13.87 8.38-13.34 10.22-15.49
Fe,03 10.1-13.9 10.3-11.63 13.06 - 14.19 12.20-13.37 11.59-13.36 12.12-1352 11.02-12.49
CaO 8.57 - 15.10 7.69-14.2 11.07 - 12.81 12.48-16.42 10.81-14.02 9.71-1417 11.19-1454
MgO 4.62-14.80 5.67-9.81 5.81-9.21 12.90-19.97 10.16-1420 10.10-1896 5.82-13.19
Na,O 2.23-6.05 1.42-4.87 3.08-4.41 1.80 - 3.07 1.98-3.93 1.19-3.27 1.89-3.16
KO 0.23-1.88 0.08 -1.72 1.92-2.77 0.93-1.34 0.56 - 1.13 0.35-1.25 1.23-291
TiO, 1.57-2.61 1.46-2.24 3.53-4.40 3.31-3.40 2.71-3.47 2.25-4.42 2.66 - 3.91
P,Os 0.34-1.34 0.28-0.74 0.60 - 0.91 0.48-1.44 0.40-0.79 0.30 - 0.65 0.48-1.20
Total 99.13-101.9 99.9-101.4 99.86 - 100.88 97.10-99.76 98.82-100.68 96.51-100.85 95.76 - 99.02
* =+
~ -
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Figure 2. Diagram (Na,O + K,0/SiO,) of Irvine and Baragar [15] of the lavas of the Western Senegal and the basalts of the
Cape Verde Islands. This diagram has been realized with the MINPET 2.02 software. +: Tertiary lavas of Western Senegal;
x: Quaternary lavas of Western Senegal; A: Tertiary lavas of the Cape Verde islands; ¢: Quaternary lavas of the Cape Verde

Islands.

The data in Table 4 show, on the one hand, the properties of some major elements in the Tertiary and Qua-
ternary basalts of Western Senegal, and on the other hand, the properties of the Tertiary and quaternary basalts
of the Cape Verde Islands.

The variations observed in the lavas of Western Senegal show that the Tertiary basalts have higher magne-
sium levels, but are more ferriferous, more calcic, less aluminous, and less alkaline than the Quaternary basalts.
The latter contain more silica, less alumina, less mafic elements, less potassium and less titanium than the Qua-
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ternary basalts of the Cape Verde Islands. The Tertiary basalts of Western Senegal have higher levels of silica
with more sodium, less potassium, less magnesium, less titanium than the Tertiary basalts of those islands. The
Tertiary lavas of Western Senegal and those of the islands (Sao Nicolau, Santiago, Sao Vicente and Sal) have all
average contents of silica below 45%. Contrastingly, the Quaternary basalts of Western Senegal have higher
concentrations of silica than the Tertiary basalts of Western Senegal or the basalts of the Cape Verde Islands. In
the Cape Verde Islands, Doucelance et al. [14] have shown that the average content of magnesium in the South-
ern islands (Fogo and Santiago) is 7.97% and the average magnesium content in the northern islands (Sao Vi-
cente, Sao Nicolau and Sal) reaches 13.14%. This shows that the Tertiary basalts (10.42%) and Quaternary ba-
salts (8.35%) of Western Senegal have average contents of magnesium between those of the South Islands and
North Islands. All these variations reveal that the basalts of the Cape Verde Islands are similar to the basalts of
Western Senegal. The lavas of Western Senegal are alkaline to potassic trend. Tertiary lavas of the Cape Verde
Islands are alkaline to sodium trend while those Quaternary are alkaline to potassic trend (Figure 3).

2 5
+ o0
- X
2 + ©
- X
T 3
Q. o | S,
M- _’_—F#jﬂ;ﬂ‘ YERE X
++ _% ﬁ 2
= o | ><
Lt :
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= T T T T T T T T T T
1 2 3 4 5 6 7 3.8 4.0 4.2 4.4 4.6 4.8 5.0
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- AR ANHD A
JAN A
A A AT &
S
A O
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Figure 3. Na,O vs K,0 of the Tertiary (a) and Quaternary (b) lavas of western Senegal (this study) and those of Tertiary (c)
and Quaternary (d) lavas of the Cape Verde islands (Doucelance et al. [14]).
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4.2. Geochemistry of Trace Elements

The Tertiary lavas of Western Senegal have very high average levels of compatible elements (Ni = 223.45 ppm,
Cr =410 ppm, Co = 47.48 ppm, V = 244.63 ppm, Sc = 20.28 ppm) and high field strength elements (HFSE) (Nb
= 83.84 ppm, Zr = 180.69 ppm, Th = 5.60 ppm, Ta = 5.73 ppm). In the Cape Verde Islands, the Tertiary basalts
have average contents of compatible elements (Ni = 266.5 ppm, Co = 59.63 ppm; Cr, V, Sc not determined) and
high contents of HFSE (Nb = 64.95 ppm, Zr = 250.63 ppm, Th = 5.54 ppm and Ta = 4.67 ppm). The average
levels of the elements mentioned above referring to the Tertiary basalts of Western Senegal and Cape Verde
Islands are higher than those of the oceanic island basalts (OIB), of the enriched (E-MORB) or normal
(N-MORB) oceanic plateaus basalts (Sun and McDonough, [16]) [Table 5]. Those high concentrations of com-
patible and HFS elements give the Tertiary lavas of Western Senegal and of the Cape Verde islands a primary
character. The Quaternary basalts of Western Senegal have also very high average contents of compatible ele-
ments (Ni = 194.2 ppm, Cr = 344 ppm, Co = 41.3 ppm, Sc = 165.2 ppm and V = 16.66 ppm) and HFSE (Nb =
52.87 ppm, Zr = 135.7 ppm, Th = 4.22 ppm and Ta = 2.99 ppm). In the Cape Verde Islands, the average con-
tents of the compatible elements observed in the Quaternary basalts (Ni = 60.83 ppm, Co = 45.33 ppm) and of
the HFSE (Nb = 81.66 ppm, Zr = 336.5 ppm, Th = 3.5 ppm, Ta = 6.45 ppm) are also very high. The Quaternary
lavas of Western Senegal and of the Cape Verde Islands display contents that are higher than those of the
N-MORB, E-MORB and OIB (Sun and McDonough, [16]) [Table 5]. These lavas reflect the primary feature of
the Quaternary lavas of Western Senegal and of the Cape Verde Islands basalts. The Tertiary and Quaternary
basalts of Western Senegal and those of the Cape Verde Islands have very high contents of incompatible and

Table 5. Comparative Table of concentrations of trace elements in the basalts of Western Senegal (this study), the Cape Verde Isl-
ands (Doucelance et al. [14]), N-MORB, E-MORB and OIB (Sun and McDonough, [16]).

Western Senegal Cape Verde Islands
Traces  Tertiary  Quaternary Quaternary Tertiary eEE Erorm | o
elements lavas lavas Fogo Sal Sao Nicolau  Sao Vicente  Santiago

Rb 95-464 11.1-626 43 -63 25-33 14 - 30 7.000 - 27 24 - 59 0.56 5.04 31.0
Ba 1945-981 251-662 634 - 849 352 -929 324 - 534 204 - 591 561 - 986 6.30 57 350
Th 251-11.65 258-5.11 4-57 3.3-122 29-78 23-6 46-15.4 0.120 0.60 4.00
] 0.61-536 0.62-117 0.88-125 0.75-2.95 0.67-1.54 0.5-1.08 0.92-4.71 0.047 0.18 1.02
Nb 32.7-120 30.9-729 67 - 90 47 - 89 48 - 74 28-73 62 - 112 2.33 8.30 48.0
Ta 2-111 15-48 5.24 -7.20 3.40 - 6.15 3.31-5.15 2.01-5.12 4.39-12.10 0.132 0.47 2.70
La 19.8-919 225-413 45 -59 36 -92 28 - 58 22-54 45 -132 2.50 6.30 37.0
Ce 478-171 39.9-735 98 -131 77-181 64 -114 48 - 112 89 - 252 7.50 15.0 80.0
Pr 475-19.1 456-862 11.6-157 9.7-21.2 7.8-13.2 5.7-12.6 11.1-29.3 1.32 2.05 9.70
Nd 20.1-69.5 18-345 47 - 64 39-80 31-54 24 -54 44 - 115 7.30 9.00 38.5
Sr 497 - 3340 443 - 860 893 - 1104 643 - 1515 544 - 876 348 - 1026 824 - 2064 90 155 660
Sm 464-114 3.99-7.39 91-114 8-148 6.6 - 96 5.000 - 10 8.7-19.4 2.63 2.60 10.0
Zr 106 - 293 84 -192 281 - 357 216 - 301 197 - 234 142 - 270 236 - 502 74 73.0 280
Eu 1.77-388 161-269 2.84-3.70 2.53-4.43 2.09-3.22 1.64-3.02 2.61-5.72 1.02 0.91 3.00
Gd 47-103 445-6.87 6.74-9.41 6.65-11.10 5.84 - 8.52 4.49-8.39 6.47 - 14.10 3.680 2.970 7.620
Th 0.65-1.28 0.66-0.89 0.98-1.33 0.89-1.44 0.84-1.17 0.64-1.11 0.98 - 1.99 0.670 0.530 1.050
Dy 351-6.68 3.61-4.46 5-6.49 4.32-7.56 4.55-6.16 3.30-5.50 4.81-9.81 4.550 3.550 5.600
Ho 0.63-121 0.68-0.81 0.868-1.120 0.741-1.180 0.852-1145 0.604-1.000 0.820-1.670 1.01 0.790 1.06
Er 15-316 1.72-2.04 205-2.64 157-3.14 2.09 - 2.56 137-221 2-3.85 2.97 231 2.62
Tm 0.19-041 0.2-0.27 0.271-0.358 0.203-0.346 0.291-0.370 0.228-0.315 0.230-0.530 0.456 0.356 0.350
Yb 1.16-249 1.05-155 1.80-2.27 1.31-248 1.78-2.18 1.24-1.90 1.35-2.88 3.05 2.37 2.16
Lu 0.15-0.35 0.14-0.23 0.251-0.310 0.170-0.323 0.264-0.325 0.197-0.252 0.230 - 0.453 0.455 0.354 0.300
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HFSE. The Tertiary basalts of Western Senegal and Cape Verde Islands all have contents of these elements that
are higher than the contents of the elements of the Quaternary basalts mentioned above. Small variations in the
content of these elements were noted between the Tertiary lavas of Western Senegal and those of the Cape
Verde Islands. In contrast, the Quaternary basalts of Western Senegal reveal average contents of these elements
that are higher than the Quaternary ones in the Cape Verde Islands. This reflects the slightly differentiated na-
ture of the Tertiary lavas in Western Senegal and in the Cape Verde Islands, compared to the type of Quaternary
lavas mentioned above. These levels, which are higher than those of the OIB, E-MORB and N-MORB may re-
flect the contamination of these lavas by the crust that is rich in HFSE.

4.3. Geochemistry of Rare Earths Elements (REE)

The C1 chondrite-normalisation patterns (Taylor and McLennan, [17]) of the basalts in Western Senegal and in
the Cape Verde Islands (Doucelance et al., [14]) all reveal similar fractionations (Figure 4).
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Figure 4. Chondrites C1 (Taylor and McLennan [17]) normalized REE patterns of the Tertiary (e) and Quaternary (f) lavas
of Western Senegal and those Tertiary (g) and Quaternary (h) of the Cape Verde Islands [Fogo F2 (2), F7 (7), F8 (8), F15
(15), F20 (20), F24 (24); Santiago S2 (2), S6 (6), S8 (8), S9 (9) and S10 (10); Sao Vicente SA1 (1), SA2 (2), SA3 (3), SA5
(5), SA9 (9) SA10 (10) and SA12 (12); Sao Nicolau SN2 (2), SN3 (3) SN5 (5), SN10 (10), SN11 (11), SN13 (13) and SN18
(18); Sal: SL3 (3), SL6 (6) and SL7 (7)] (Doucelance et al. [14]). 2, 7, 8, 9, 10, 11, 12, 13, 15, 20 and 24 are the numbers
given by Doucelance et al. [14]. F2, F7, etc. is the new numbering that we have assigned to the samples of Doucelance.
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The basalt spectra of Western Senegal [Tertiary (e) and Quaternary (f)] and of the Cape Verde Islands [Ter-
tiary (g) and Quaternary (h)] show a high enrichment in light rare earth elements (LREE) [60 to 150 x chon-
drites] and a slight enrichment in heavy rare earth elements (HREE) [5 - 20 x chondrites]. This feature reflects a
high fractionation of the LREE compared with the HREE in Western Senegal’s basalts [Lan/Yby) Average =
17.86 (Tertiary lavas) and 17.95 (Quaternary lavas); (Lan/Smy) Average = 3.68 (Tertiary lavas) and 3.70 (Qua-
ternary lavas)]. The lavas of Western Senegal and those of the Cape Verde Islands [Lan/Yby) Average = 18.10
(Tertiary lavas) and 17.38 (Quaternary lavas); (Lan/Smy) Average = 3.28 (Tertiary lavas) and 3.13 (Quaternary
lavas)] show slight variations in LREE/HREE ratio. Consequently, the basalts of Western Senegal show more
similarities with the basalts of the oceanic islands. Positive anomalies to a lesser degree in Eu have been ob-
served. They characterize the fractionation of the plagioclases. Two groups of Western Senegal’s Tertiary lavas
have been identified: the first group (1) which is richer in LREE, consists of the Tertiary samples PB01, PB04,
PBO05, PB11A, PB11B, PB16A, PB16B, PB27A and PB27B. The second group (2), which is less rich in LREE,
consists of the remaining Tertiary samples. These groups are different from each other (Figure 5) in the
co-variance diagrams La/Yb (i), La/Sm (j).

The spectra of rare earth elements average compositions (Figure 6) normalized by C1-chondrites (Taylor and
McLennan, [17]) of the Tertiary and Quaternary lavas of Western Senegal compared to those of the Cape Verde
Islands (DOUCELANCE [14]), and those of the alkaline basalts of Cameroon (Dongmo [18]) and Ethiopia
(Treuil and Joron [19]), and those of the OIB (Sun and McDonough [15]) and the BHVO-2 reference of Kalauea,
Hawaii (from GEOREM data base), show that the lavas of this volcanic provinces have very similar HREE le-
vels expected the Quaternary lavas of Western Senegal. On the contrary, compositions in LREE differ rmarked-
ly; they are closer to those of the intraplate alkaline basalts of Cameroon and OIB (Sun and McDonough [15]).
As for the Quaternary ones of Western Senegal they have lower levels of rare earths elements than the Tertiary
ones of Western Senegal, of the Cape Verde Islands, of Cameroon, and the OIB, and are closer to the BHVO-2
reference.

5. Study of the Differentiation and Petrogenesis
5.1. Variation of the Major Elements

The behaviour of the major elements with regard to the differentiation index variation reveals a geochemical
continuum that suggests a high probability of co-geneticism between the Tertiary and Quaternary lavas of Western
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Figure 5. Diagram of co-variation La/Yb (i), La/Sm (j) Tertiary and Quaternary lavas of Western Senegal and Cape Verde
Islands. +: Tertiary lavas of Western Senegal; x: Quaternary lavas of Western Senegal tertiary; A: Quaternary lava Cape
Verde islands; ¢: Teriary lava of the Cape Verde Islands.
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Figure 6. Spectra of average C1-chondrite (Taylor and McLennan, [17]) normalized abundance patterns of REE in average
of the Tertiary ((k) orange) and Quaternary ((I) dark blue) lavas of western Senegal and those Tertiary ((m) purple) and Qua-
ternary ((n) light blue) of the Cape Verde islands (Doucelance [14]) compared with those of the alkaline basalts of Cameroon
(black; Dongmo [18]) and Ethiopian rift (yellow; Treuil and Joron [19], the OIB (red; Sun and McDonough [16]) and the
BHVO-2 référence, Kalauea, Hawaii (green) [from GEOREM data base at http://georem.mpch-mainz.gwdg.de].

Senegal. MgO, Ca0, TiO,, P,0s and Fe,O; have negative correlations with SiO, (figure not included) and posi-
tive correlations with the Mg# (Figure 7). The Na,O, K,0 and Al,O; show positive correlations with SiO, and
negative correlations with Mg# (Figure 7). The decreasing contents in MgO, CaO, TiO,, Fe,0; and P,0s could
be related to the separation of olivines, pyroxenes, and plagioclase from the titanomagnetite and from the ilmenite
through fractional crystallization. The successive appearance of these minerals led, during the magma evolution,
to the modification into basanites, alkali olivine basalts and nephelinites of the chemistry of these basalts.

5.2. Variation of Trace Elements

The average Nb, Zr, Th, Ta contents of the Tertiary basalts of Western Senegal (Table 5) are higher than the
contents of the oceanic island basalts (Sun and McDonough, [16]). The Nb, Zr, Th, Ta contents of Western Se-
negal’s Quaternary basalts show levels that are very similar to those mentioned above. The variations of the Ni
and Co contents of Western Senegal’s basalts reveal that they have more similarities with the less evolved
magmas. In the Cape Verde Islands, the Ni contents of the Quaternary basalts (Fogo) range from 34 to 113 ppm
while the Ni contents of the Tertiary basalts range from 34 to 313 ppm (Santiago), 205 - 553 ppm (Sao Vincete),
163 - 349 ppm (Sao Nicolau), 232 - 611 ppm (Sal) (Doucelance et al., [14]).
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Figure 7. Variations of major components versus Mg# in the Tertiary and Quaternary lavas of Western Senegal
(Cape Verde Peninsula and the Thiés Plateau).
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The trace elements of the Tertiary and Quaternary basalts of Western Senegal and the Cape Verde Islands
normalised to C1 chondrites (Taylor and McLennan, [17]), are shown in Figure 8.

The spectra of the Tertiary lavas which are subparallel to the spectra of the Quaternary volcanic rocks of
Western Senegal suggest that they are co-genetic in nature. The basalts of the Cape Verde Islands also have
spectra that are subparallel to the spectra of Western Senegal (Tertiary and Quaternary), which also bear evi-
dence of their possible co-genetic character. The K, Rb, and Pb negative anomalies and the Eu (weak), Nb, Sr
and Ta positive anomalies observed here are typical of the basalts of the oceanic islands. Similar anomalies of
the same elements have been described in the islands of Sao Nicolau and Santiago (Millet, [20]). In addition, the
C1 chondrite-normalized data collected by Doucelance et al., [14] from the different islands of Cape Verde also
show K and Rb negative anomalies and Nb, La, Sr and Ta positive anomalies [Figure 8(q) and Figure 8(r)].
The K anomalie are due to the fractionation of the plagioclase.
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Figure 8. Chondrites C1 (Taylor and McLennan, [17])-normalized patterns of the trace elements abundance of the Tertiary
(o) and Quaternary (p) lavas of Western Senegal and those Tertiary (g) and Quaternary (r) of the Cape Verde Islands) [Fogo
F2 (2), F7 (7), F8 (8), F15 (15), F20 (20), F24 (24); Santiago S2 (2), S6 (6), S8 (8), S9 (9) and S10 (10); Sao Vicente SA1
(1), SA2 (2), SA3 (3), SA5 (5), SA9 (9) SA10 (10) and SA12 (12); Sao Nicolau SN2 (2), SN3 (3) SN5 (5), SN10 (10), SN11
(11), SN13 (13) and SN18 (18); Sal: SL3 (3), SL6 (6) and SL7 (7)] [Doucelance et al. [14]]. 2, 7, 8, 15 20 and 24 are the
numbers given by Doucelance et al. [14]. F2, F7, etc. is the new numbering that we have attributed to these samples to avoid
the repetition of the numbers in the differents islands of Cape Verde.
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The broadened spectra of compositions of trace elements in the alkaline basalts of Western Senegal compared
to those of the Cape Verde Islands (DOUCELANCE [14]), the intra plate alkaline basalts of the Cameroon
(Dongmo [18]), the Ethiopian rift (Joron winch and [20]), to those of the OIB (Sun and McDonough [16]) and
the BHVO-2 reference standard (Menard [21]), show that they are all similar and have positive Ba, Th, U, Sr, Zr
anomalities, and strong negative Ta, Rb, K, Pb anomalities. However, enrichment in the more incompatible
elements is highly variable from one zone to another. The BHVO-2 benchmark is less enriched in Ba, Th, U, Nb
and Ta than the alkaline basalts of theafore mentioned volcanic provinces.

The Tertiary lava Nb/Th and Nb/Ta ratios (15.7; 15.1) of Western Senegal bring them closer to the basalts of
the Hawaii Archipelago (Nb/Th > 15; Nb/Ta = 15.8) [50 + 14; Sims and De Paolo [22] and Mevel. [23]. On the
contrary, those of the Quaternary lavas (12.8) bring them closer to those of Ruturu Islands, Mangaia, Tubuai
(12 - 15) which are HIMU type OIBs (Graham [24]; Mevel [23]).

5.3. Petrogenesis

The study of the fractionation process and the analysis of the behavior of the major elements with regard to the
Mg# and to some trace elements show that the major geochemical property of Western Senegal’s volcanism is
controlled by the fractional crystallization of the olivine, pyroxene and plagioclase. The olivine, pyroxene and
plagioclase as well as the opaque minerals constitute the major mineral phases observed in the various lavas,
with variable ratios from one facies to another. The basanites contain much more olivine and pyroxene than the
alkali olivine basalts, which brings evidence of a differentiation through fractional crystallization. The Tertiary
lavas are more undersaturated and undifferentiated than the Quaternary lavas. The Cape Verde lavas are more
undersatured in slicia than those of the Western Senegal’s lavas. This differentiation may have been caused by
the existence of several lavas exiting points for the same magma, with conditions of formation and chemistry
that are different from one area to another. The magmatic differentiation occurred through the fractionation of
olivine and pyroxene as evidenced by the gradual decrease of the calcium and the increase in silica and alumina
in the less magnesian lavas (Quaternary lavas). This is illustrated by the shift in the diagrams (Mg# versus major
elements) of the Quaternary lava towards higher silica, alumina and sodium contents and towards lower iron,
calcium, magnesium and titanium values for an identical Mg# (Figure 5). This can be interpreted as being
caused by the effect of one or more components with weak iron, calcium and magnesium contents and high sili-
ca, alumina and sodium contents during the rifting process of the Atlantic Ocean. The REE enrichment of the
Western Senegal basalts is very close to that of the basalts of the oceanic islands because of the high LREE
enrichment and slight HREE enrichment. The negative anomalies (K, Rb and Pb) and positive anomalies (Nb,
Ta, Sr, and Eu) observed in the trace elements patterns bring them closer to the basalts of the oceanic islands.
The average levels of silica in the Tertiary basalts of Western Senegal are comparable to the basalt contents of
Fogo, Sao Vicente, Sao Nicolau, Sal islands (SiO, < 45%) (Doucelance et al., [14]). The MgO average contents
of the Tertiary lavas are located in-between the contents of the southern islands (7.97%) [Fogo, Santiago] and
those of the northern islands (13.14%) (Doucelance et al. [14]). The Quaternary basalts of Western Senegal are
more differentiated than all the basalts of the Cape Verde Islands although their MgO contents remain compara-
ble. Like Western Senegal’s basalts, the basalts of the Cape Verde islands show more similarities with the less
evolved magmas. These are related to the fractionation of the olivine and clinopyroxene. The Ni and Cr contents
are included in these minerals. The Ni and Cr contents of the Tertiary and Quaternary basalts of Western Seneg-
al, and those of Santiago, Fogo, Sao Vicente, Sao Nicolau and Sal islands, show similarities with rocks originat-
ing from primary magmas. The different features listed above show a possible genetic link between the basalts
of Western Senegal and the basalts of the Cape Verde Archipelago. The latter are generated from a low-
er-mantle-type source (Millet, [20]). The distribution of K,O based on the number of samples from the lavas of
Western Senegal and the Cape Verde islands is shown in Table 6.

The Tertiary and Quaternary basalts of Western Senegal range from medium to high concentrations of potas-
sium as well as the Tertiary basalts of the Cape Verde Islands. The Quaternary basalts of the Cape Verde Islands
show only high potassic contents.

6. Geodynamic Context of the Formations

In order to determine the geotectonic context of the volcanism in Western Senegal, we used the geotectonic dia-
grams of Mullen [25] and Meschede [26] (Figure 9). These geochemical patterns were obtained using the
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Table 6. Distribution of K,O based on the number of samples in the lavas of the Western Senegal and those of the Cape
Verde Islands.

Werstern Senegal Islands Cape Verde
Tertiary Quaternary Quaternary Tertiary
KO (Cape Verde peninsul) | (Thiee lateat)  (Cape Verde peninsul)  (ative voleang)  Number of samples
0-0.2 0 0 0 0 0
02-0.8 14 1 4 0 6
08-3 11 8 4 6 16

TiO 2Nb

A kY

Zr/4 Y
MnO*10 P,0.*10
K M
Figure 9. Distribution of the lavas in Western Senegal and the Cape Verde Islands in the diagrams (k) of Mullen [25] and (I)
of Meschede [26]. OIAB: ocean island alkali basalt; OIT: ocean island tholeiite; IAT: island-arc tholeiite; CAB: calc-alkaline
basalt; MORB: mid-ocean ridge basalt; Al-All = within plate alkaline basalts; All-C: within plate tholeiites; B-D = mid-

ocean ridge basalts; C-D = basalts of island arc; +: Tertiary lavas of Western Senegal; %: Quaternary lavas of Western Se-
negal; A: Tertiary lavas of the Cape Verde Islands; ¢: Tertiary lavas of the Cape Verde Islands.

MINPET 2.02 software.

The position of the various basalt samples of Western Senegal and the Cape Verde Islands (Figure 9) in Mul-
len’s [25] and Meschede’s [26] geotectonic diagrams shows that the volcanism of Western Senegal and Cape
Verde Islands belongs to the ocean island alkali basalt.

7. Conclusions

The present work was devoted to determine the petrogenesis of Western Senegal’s basalts and the type of volca-
nisme involved from the recent geochemical data. The analysis indicated that the geochemistry of the Tertiary
and Quaternary basalts of Western Senegal followed a progressive geochemical differentiation despite the dis-
continuity in time of the volcanism. The variations observed in these rocks may be viewed as the result of dif-
ferent possible compositions of the source materials of these basalts, but also as the effect of interactions be-
tween primitive magmas and the various chambers that have been crossed during the ascent to the surface. In
this context, we may envisage a possible plume-lithosphere interaction, together with assimilation and crystalli-
zation phenomena, in addition to post-eruptive interaction with sea water. The petrographic and geochemical
data of the Tertiary and Quaternary lavas of Western Senegal reveal two types of undifferentiated lavas that
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produced olivine basanites, alkali olivine basalts and nephelinites (Tertiary lavas). There are two groups of the
Tertiary lavas. The first group, less differentiated, is represented by the Tertiary lavas of the Cape Verde Penin-
sula and the second group, more differentiated, is represented by the lavas of the Thiés Plateau.

The analysis of the data as referred to the age of the different Tertiary and Quaternary samples shows no evo-
lutionary relationships with them (Table 1 and Table 2).

The main geochemical data collected from the Cape Verde Peninsula and the Thiés Plateau were compared to
the data collected from the Cape Verde Islands. The basalts of Western Senegal, as well as the basalts of the
Cape Verde Islands, are similar to the basalts from a slightly evolved magma. The high LREE and slight HREE
enrichments in Western Senegal’s basalts, show similarities with the basalts of the oceanic islands. The positive
anomalies (Nb, Ta and Eu) and negative anomalies (K, Pb, Rb) are also characteristic of the OIB. This reveals
that the volcanism of Senegal belongs to the hot spot type. The geochemical and geotectonic data collected in
this study on Western Senegal’s basalts reveal a volcanism that is similar to that of the Cape Verde Islands. The
K/Ar ages available upon the volcanic rocks of Western Senegal and the Cape Verde Islands (see Table 2) indi-
cate that these two volcanic activities seem to have occurred simultaneously. In the Cape Verde Islands, the first
under water volcanic activity which is around 45 million years old (Duyck [27]) gives carbonatites and alkaline
basalts. In Western Senegal, this event can be correlated to the ages deducted by Sarr et al. (2000) [48 - 45
MYs]. The second volcanic event occurred between 26 - 22 to 3 MYs and gave alkaline basalts, slag, diabase,
and syenite (Mitchell et al., [28]; Gerlach et al. [29]; Torres [30]; Jorgensen and Holm [31]; Torres et al., [32];
Holm et al., [33]; Duprat et al., [34]; Holm et al., [35]; Dyhr and Holm, [36]; Madeira et al., [37]). In Western
Senegal, this volcanic even occurred between 35 + 1.5 and 5.3 = 0.3 MYs (Crévola et al., [6]). The similarities
observed from the ages and lithologies of those magmatic events establish closer links between the volcanism of
Western Senegal and that of the Cape Verde Islands.

The results were discussed and compared with the two alkaline provinces of the Cameroon and Ethiopian rift.
The volcanic activities of the peninsula of Cape Verde and Cape Verde Islands have patterns similar to those of
the CameroonVolcanic Line and the Ethiopian Rift (Figure 10). Volcanic products are set up in an oceanic
(Cape Verde Islands), or continental (western Senegal) lithospheric plate probably related to the activity of a hot
spot. Seismic tomography studies carried out by Montelli et al. [38] reveal the existence of a deep hot spot, ver-
tical to the Cape Verde Islands. In Western Senegal no hot spot has been reported by previous studies. The sig-
nificant magmatic activity from the Tertiary to the Quaternary almost simultaneously affects the Cape Verde
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Figure 10. Comparisons of incompatible trace elements concentrations normalized to the Chondrite C1 (Taylor and McLen-
nan, [17]) of the alkali basalts of western Senegal (blue) and the Cape Verde (marron) [this study] with the Cameroon in-
traplaque alkali basalts (black; Dongmo [18]), the Ethiopia rift alkali basalts (yellow; Treuil and Joron [19]), the reference
standard BHVO-2, Hawaii (green; Menard [21]) and OIB (red, Sun et McDonough, [16].
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Islands and Western Senegal and might suggest the existence of a drift eastwards of the magmatism related to
the hot spot of the Cape Verde Islands. This could possibly be facilitated by the sub-continental lithospheric de-
lamination of West Africa following an eastward expansion of the pen located directly above the volcanic edi-
fices of the Cape Verde Islands.
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