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ABSTRACT 

We report the Sr, Nd and Pb isotopic compositions (1) of 66 lava flows and dikes spanning the circa 15 Myr subaerial 
volcanic history of Gran Canaria and (2) of five Miocene through Cretaceous sediment samples from DSDP site 397, located 
100 km south of Gran Canaria. The isotope ratios of the Gran Canaria samples vary for SVSr/S6Sr: 0.70302-0.70346, for 
143Nd/]a4Nd: 0.51275-0.51298, and for 2°6pb/2°4pb: 18.76-20.01. The Miocene and the Pl iocene-Recent  volcanics form 
distinct trends on isotope correlation diagrams. The most  SiO2-undersaturated volcanics from each group have the least 
radiogenic Sr and most radiogenic Pb, whereas evolved volcanics from each group have the most  radiogenic Sr and least 
radiogenic Pb. In the Pliocene-Recent group, the most  undersaturated basalts also have the most radiogenic Nd, and the 
evolved volcanics have the least radiogenic Nd. The most SiO2-saturated basalts have intermediate compositions within each 
age group. Although the two age groups have overlapping Sr and Nd isotope ratios, the Pl iocene-Recent  volcanics have less 
radiogenic Pb than the Miocene volcanics. 

At least four components  are required to explain the isotope systematics of Gran  Canaria by mixing. There is no evidence 
for crustal contamination in any of the volcanics. The most  undersaturated Miocene volcanics fall within the field for the two 
youngest and westernmost Canary Islands in all isotope correlation diagrams and thus appear to have the most plume-like 
(high 23SU/2°4pb) HIMU-like composition. During the Pl iocene-Recent  epochs, the plume was located to the west of Gran  
Canaria. The isotopic composition of the most undersaturated Pl iocene-Recent  volcanics may reflect entrainment of 
asthenospheric material (with a depleted mantle (DM)-like composition), as plume material was transported through the upper 
asthenosphere to the base of the lithosphere beneath Gran Canaria. The shift in isotopic composit ion with increasing 
SiO2-saturation in the basalts and degree of differentiation for all volcanics is interpreted to reflect assimilation of enriched 
mantle (EM1 and EM2) (cf. [1]) in the lithosphere beneath Gran Canaria. This enriched mantle may have been derived from 
the continental lithospheric mantle beneath the West African Craton by thermal erosion or delamination during rifting of 
Pangaea. This study suggests that the enriched mantle components  (EM1 and EM2) may be stored in the shallow mantle, 
whereas the HIMU component  may have a deeper origin. 

1. Introduction 

In recent years, there has been an explosion in 
the amount of Sr-Nd-Pb isotope data from ocean 
islands. At least four components are required to 
explain the range in the ocean island Sr-Nd-Pb 
basalt (OIB) data [1]. These are depleted mantle 
(DM), high-~ ( 2 3 8 u / / Z ° 4 p b )  mantle (HIMU), and 
two enriched mantle components (EM1 and EM2). 
The location of these components in the mantle 
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remains a topic of conjecture--  i.e., whether they 
reside in the lithosphere, asthenosphere a n d / o r  
mantle plumes. Knowledge of the location and 
distribution of these components, however, is cru- 
cial in understanding their origin. Although man- 
tle xenoliths in OIB could potentially provide im- 
portant information about the composition of the 
oceanic lithosphere, the xenoliths are almost al- 
ways found in the highly SiO2-undersaturated 
basalts erupted during the latest evolutionary 
stages of ocean island volcanism. Therefore, even 
if the xenoliths have not re-equilibrated with the 
host basalts, the original isotopic composition of 
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the xenoliths may have been significantly altered 
by interaction with the magmas that form the 
island [2]. 

In order to define and to constrain the location 
of the different isotopic endmembers observed in 
the Canary Islands, we have undertaken a detailed 
isotopic study of well-documented volcanic rocks 
from Gran Canaria. In addition to age constraints, 
major and trace element data are available on all 
of the samples [3,4,5 and references therein]. To- 
gether with the 36 ignimbrites and lava flows from 
the upper Hogarzales, Mogan and lower Fataga 
Formations (ca. 14.1-12.5 Ma) studied by Cou- 

sens et al. [6], the 66 samples from lava flows and 
dikes in this study provide one of the most de- 
tailed data sets on a single volcano. The variation 
in isotope ratios with age, degree of differentia- 
tion, SiO2-saturation in the basalts, and magma 
production rates constrain the composition of the 
lithosphere, asthenosphere and the plume beneath 
the Canary Islands. 

2. General geology 

The 600 km long Canary Island chain sits on 
the continental rise (Fig. 1), adjacent to the lower 
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Fig. 1. Geologic map of Gran  Canaria with an inset map of the Canary Islands [4]. 
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Proterozoic to Archean (1.8-3.4 Ga) West African 
Craton [7]. Gran Canaria, the third most easterly 
island, is located 150 km from the West African 
continental margin. Seismic refraction studies in- 
dicate that up to 10 km of sediments may underlie 
the easternmost islands. Igneous oceanic crust un- 
derlies at least Gran Canaria and the western 
islands [7,8]. Based on the magnetic anomalies to 
the north, the age of the oceanic crust beneath the 
Canary Islands probably ranges from 160 to 180 
Ma [9]. While each Island, except Gomera,  has 
had volcanic activity within the last 5000 yr [9], 
the age of the oldest subaerially exposed volcanics 
on each island decreases from east (30-80 Ma) to 
west (2 4 Ma) [10,11], consistent with a hotspot 
origin for the Canary Islands and with estimates 
for plate motion of 2 -8  m m / y r  [12-14]. The 
presence of multiple cycles of volcanism on the 
older islands in the chain and the overall low 
productivity of the Canary hotspot suggests an 
origin involving an intermittent plume, or blobs, 
rather than a continuous plume [4,5]. 

The - 1 5  Myr subaerial volcanic history of 
Gran Canaria can be divided into two major cycles 
of volcanism (Fig. 2): the Miocene or shield cycle 
( < 15 9 Ma)- -s imi la r  to the Hawaiian preshield, 
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Fig. 2. Eruption rate versus age for the three cycles--Miocene 
(shield), Pliocene (first rejuvenated) and Quaternary (second 
rejuvenated?)--of subaerial volcanism on Gran Canaria [4]• 
Stippled pattern denotes predominantly marie (Mg# > 62) 
volcanism; whereas areas with no pattern denote periods of 
predominantly evolved (Mg# < 62) volcanism. The Miocene 
cycle makes up -80% of the subaerial volume, the Pliocene 

cycle - 18% and the Quaternary cycle - 2%. 

shield and postshield s t ages - -and  the Pliocene or 
first rejuvenated cycle (5.5-1.7 Ma)- - s imi la r  to 
the Hawaiian rejuvenated stage [4,5,9]. Quaternary 
(1.3-0 Ma) volcanism on Gran Canaria may rep- 
resent the initiation of a second rejuvenated cycle. 
Cycles can be further subdivided into as many as 
four stages (see Fig. 2) [4,5]. A submarine Miocene 
stage 1, conta in ing  highly undersa tu ra ted  
volcanics, is inferred from the neighboring island 
of Fuerteventura (Fig. 1), where the earliest 
volcanics, which are intercalated with continental 
rise sediments, are subaerially exposed [11]. The 
oldest subaerial Miocene volcanics on Gran 
Canaria (Guigui Formation,  > ca. 14.3 Ma) be- 
long to the end of stage 2 and consist of picrites 
and tholeiites (Figs. 2 and 3). Miocene stage 3 
volcanics (Hogarzales and Mogan Formations, ca. 
14.3-13.5 Ma) become progressively more dif- 
ferentiated upsection and range from tholeiites 
and alkali basalts to trachytes and peralkaline 
rhyolites. Miocene stage 4 volcanics and intrusives 
(Fataga and Tejeda Formations, ca. 13-9 Ma) are 
the m o s t  S i O  2 undersaturated, consisting of 
trachyphonolites, nepheline syenites and rare 
nephelinites. Eruption rate and magma production 
rates (i.e., eruption rate corrected for volume loss 
due to crystal fractionation) were at a maximum 
during stage 2 and decreased throughout stage 3 
(Fig. 2) [4]. There was a mild resurgence in both 
rates at the beginning of stage 4, followed by a 
continual decrease until volcanism ceased. During 
the Miocene, volcanism was highly centralized, 
with most magmas probably passing through a 
common plumbing network enroute to the surface. 

The Pliocene cycle began after a > 3 Myr 
hiatus in volcanism (Fig. 2). Pliocene stage 1 
volcanics (El Tablero Formation, ca. 5.3-4.8 Ma) 
consist of highly SiO2-undersaturated basalts, in- 
cluding nephelinites, basanites and rare tephrites. 
During Pliocene stage 2 (lower Roque Nublo 
Group, ca. 4.7-4.0 Ma), only basalts were erupted, 
which became more SiOz-saturated, from basanites 
to alkali basalts to tholeiites, with decreasing age. 
Pliocene stage 3 (upper Roque Nublo Formation, 
ca. 3.9-3.4 Ma) contains complete suites of alkali 
basalts through trachytes and basanites through 
phonolites, with the latter suite becoming more 
prevalent higher in the section. Eruption and 
magma production rates increased systematically 
with decreasing age during stages 1 and 2 and 
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Fig. 3. Plot of SiO 2 versus the alkalis for the Miocene and 
Pliocene-Recent volcanics on Gran Canaria (only samples for 
which isotope data is available from this study and Cousens et 
al. [6] are included). The Miocene volcanics have been divided 
into three groups based on age and chemical compositions: (1) 
undersaturated volcanics (UV), which consist of nephelinites 
and trachyphonolites = stage 4; (2) saturated primitive 
volcanics (SPV), which have SiO 2 > 43 and magnesium number 
(Mg#) > 62, and include picrites and tholeiites = stage 2; and 
(3) saturated evolved volcanics (SEV), which have Mg# _< 62 
and range from tholeiites to peralkaline rhyolites = stage 3. 
The Pliocene-Recent volcanics have also been divided into 
three groups: (1) undersaturated primitive volcanics (UPV), 
which have SiO 2 < 43 and MgCX > 62, and range from basanites 
to melilitites = primarily stages 1 and 4; (2) saturated primitive 
volcanics (SPV), which have SiO 2 > 43 and Mg# > 62, and 
range from basanites to tholeiites = primarily stage 2; and (3) 
evolved volcanics (EV), which have Mg# < 62 and range from 
alkali basalts through trachytes and basanites through phono- 
lites = primarily stage 3. The Miocene and Pliocene-Recent 
UV and UPV groups are collectively referred to as the most 
undersaturated groups, and the SEV and EV as the evolved 
groups. XRF data is from Cousens et al. [6], Hoernle and 

Schmincke [4] and references therein. 

then decreased  dur ing  stage 3 (Fig.  2) [15]. Fo l low-  
ing a poss ib le  br ief  h ia tus  in volcanism,  there was 
a resurgence in volcanism,  dur ing  which on ly  
highly unde r sa tu ra t ed  basa l t s  were erupted.  These  
Pl iocene stage 4 basa l t s  (Los Llanos  and  Los 
Pechos Fo rma t ions ,  ca. 3 .2-1 .7  Ma)  range  in com- 
pos i t ion  f rom basan i t e  to melil i t i te.  Dur ing  s tage 
4, bo th  SiO2-saturat ion and e rup t ion  ra te  in- 

creased in i t ia l ly  and  then decreased.  The  oldest  
Q u a t e r n a r y  basa l t s  tha t  have been  da ted  are 
nephel ini tes ,  whereas  the mos t  recent  Q ua t e rna ry  
erupt ives  are  p r e d o m i n a n t l y  basani tes ,  with rare 
t ephr iphono l i t e s  and  phonol i tes .  In  con t ras t  to 
Pl iocene s tage 1 and  4 and Q ua t e rna ry  stage 1 
volcanics,  which were e rup ted  f rom vents sca t tered  
across the whole  is land,  mos t  of the Pl iocene stage 
2 and  3 volcanics  o r ig ina ted  f rom a centra l  erup-  
t ion complex ,  loca ted  wi thin  the Miocene  ca ldera  
(Fig.  1). 

3. Analytical methods 

Sample  p r e p a r a t i o n  and  p rocedures  for the iso- 
topic  analyses  p resen ted  in Tab le  1 are  the same 
as those ou t l ined  in Hoern l e  and  T i l ton  [16]. Based 
on repl ica te  analyses  of  sample  mater ia l ,  the two 
s igma r e p r o d u c i b i h t y  is es t imated  to be be t te r  
than  +0.000025 for Sr, +0 .000020 for Nd ,  and  
+0.05% per  amu  for Pb i so tope  rat ios.  Compar i -  
son of  the i so topic  compos i t i on  of  leached and 
un leached  sample  mate r ia l  i l lustrates  that  acid 
washing  does  no t  s ignif icant ly  affect  the N d  and 
Pb i so tope  rat ios  bu t  m a y  sl ightly lower the 
87Sr//86Sr rat io.  A table  con ta in ing  un leached  iso- 

tope  da t a  and  repl ica te  analyses  for G r a n  Canar i a  
samples  is ava i lab le  f rom the first au thor  upon  
request .  A more  de ta i led  d iscuss ion of  the effects 
of  acid  washing,  and  of  the reproduc ib i l i ty  of 
i so topic  and  t race e lement  da t a  is p resen ted  in 
Hoern le  and  Ti l ton  [16]. I so tope  rat ios  were mea-  
sured on a mul t ip le  col lector  F inn igan  M A T  261 
mass  spec t romete r  ope ra t ing  in s tat ic  mode.  F o r  
consis tency,  the Pb, Sr and  N d  analyses  were 
normal i zed  to the same values as those used in the 
ear l ier  s tudy  on the M o g a n  and  lower F a t a g a  
ign imbr i tes  f rom G r a n  Cana r i a  also pe r fo rmed  at 
UCSB [6]. 

4. Results and observations 

T h e  M i o c e n e  a n d  the  P l i o c e n e - R e c e n t  
volcanics  form dist inct ,  e longate  fields on i so tope  
cor re la t ion  d i ag rams  (Figs.  4 -7 ) .  In  the S r - N d ,  
P b - S r ,  De l t a  2 0 8 / 2 0 4  P b - S r  and  P b - N d  di- 
agrams,  the Miocene  and  P l i o c e n e - R e c e n t  fields 
fo rm di f ferent  t rends.  F o r  example ,  the Miocene  
volcanics  fo rm t rends  wi th  zero s lope in the S r - N d  
and  P b - N d  diagrams,  whereas  the P l i o c e n e - R e -  
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Fig. 4. S r - N d  isotope correlation diagram for Gran Canaria volcanics. The fields for the Miocene (solid symbols) and Pliocene-Re- 
cent (open symbols) volcanics form different trends. The Miocene volcanics trend from a HIMU-like to an EM2-1ike composition. 
The Pliocene-Recent volcanics trend from an intermediate ( H I M U + D M + E M )  composition towards EM1. The most under- 
saturated volcanics (UV, UPV; diamonds) from the two groups overlap with the field for the western Canary Islands of La Palma 
and Hierro [Hoernle et al., manuscript in preparation], which primarily reflects interaction between the Canary Plume (HIMU-like) 
and the asthenosphere (DM + EM). The saturated primitive volcanics (SPV; squares) and the evolved volcanics (SEV, EV; triangles) 
extend towards more enriched compositions, with the evolved volcanics having the most enriched compositions. The trend towards 
more enriched compositions probably results from lithospheric contamination, with the lower lithosphere beneath Gran Canaria 
having an EM2-1ike and the upper lithosphere an EMl-like composition. Also shown is the field for St. Paul's Rocks, a piece of 
mantle peridotite subaerially exposed along a mid-Atlantic-ridge transform fault [19]. The figure also contains Miocene data from 

Cousens et al. [6]. The mantle components are from Zindler and Hart [1] and the field for Atlantic MORB is from Ito et al. [23]. 

cent volcanics form trends with a negative slope in 
the Sr-Nd diagram and a positive slope in the 
Pb-Nd  diagram (Figs. 4 and 7). Although the 
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Miocene samples cover a time period > 3 Myr, 
143Nd/144Nd is surprisingly constant at 0.512900 
_+0.000018 (2 sigma, N =  15, this study) and 
0.512913 -t- 0.000030 (2 sigma, N = 30, [6]), within 
the analytical precision for each study. The aver- 
age ta3Nd/144Nd ratio for all the analyzed 
Miocene samples (0.512910 -+ 0.000030, 2 sigma, 
N = 45) is also indistinguishable from the average 
value for the western islands of La Palma and 
Hierro (0.512921 -+0.000041, 2 sigma, N = 1 7  

Fig. 5. P b - P b  isotope correlation diagrams for Gran Canaria 
volcanics. The Pliocene-Recent group has less radiogenic Pb 
isotopes than the Miocene group. Both groups form trends 
which have nearly horizontal to positive slopes. Within a 
group, the most undersaturated volcanics have the most radio- 
genic Pb and the evolved volcanics the least radiogenic. On the 
2°7pb/2°4pb diagram both groups fall on the northern hemi- 
sphere reference line (NHRL) [17]. Neither group trends to- 
wards the field for Atlantic sediments, which contains data 
from this study and Sun [18]. On the 2°8pb/a°4pb diagram, 
some of the Miocene evolved volcanics and the Pliocene-Re- 
cent volcanics fall above the NHRL. For additional informa- 

tion and references see caption to Fig. 4. 
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Fig. 6. Pb-Sr isotope correlation diagrams for Gran Canada volcanics: (a) 2°6pb/2°4pb versus 87Sr/S6Sr, and (b) Delta 208/204 Pb 
versus 87Sr/S6Sr. See caption to Fig. 4 for additional information and references. 

t Hoernle et al., in prep.]). As illustrated in Fig. 6, 
7Sr/86Sr correlates negatively with the Pb isotope 

ratios and positively with Delta 208/204 Pb (the 
deviation from the Northern Hemisphere Refer- 
ence Line (NHRL) [17]). The range in Pb isotopes 
for Gran Canaria (2°6pb/2°4pb=18.76-20.01) 
covers the entire range reported for the other 
Canary Islands [18]. The P l iocene-Recen t  
volcanics have less radiogenic Pb isotopes than the 
Miocene volcanics (Fig. 5). In the 2°6pb/2°4pb 
versus 2°7pb/2°4pb diagram, both fields have 
slightly positive slopes and intersect the NHRL.  
Neither field trends towards Cretaceous-Recent 
Atlantic sediments. In the 2°6pb/2°4pb versus 

2°8pb/2°apb diagram, the trends for both groups 
also have positive slopes. The Miocene volcanics 
with the most radiogenic 2°6pb fall on the N H R L  
in this diagram; some of the Miocene samples 
with the least radiogenic 2°6pb and the Pliocene- 
Recent samples, however, fall above the N H R L  
and thus have Delta 208/204 Pb > 0 (Fig. 6b). 

Based on their major element compositions and 
stage of eruption, both the Miocene and 
Pliocene-Recent volcanics can be subdivided into 
three groups (Fig. 3), which also have different 
isotopic compositions. The Pliocene-Recent un- 
dersaturated primitive volcanics (UPV) have mag- 
nesium numbers ( M g # )  > 66 and SiO 2 < 43 
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Fig. 7. Pb-Nd isotope correlation diagram for Gran Canaria volcanics. See caption to Fig. 4 for additional information and 
references. 



Sr-Nd-Pb I S O T O P I C  E V O L U T I O N  O F  G R A N  C A N A R I A  5 3  

weight percent, and range from basanites to 
melilitites; the Miocene undersaturated volcanics 
(UV) are nephelinites and trachyphonolites. The 
UPV were erupted during stages 1 and 4 of the 
Pliocene and Quaternary Cycles, and the UV dur- 
ing Miocene stage 4 (Fig. 2). As mentioned previ- 
ously, Miocene stage 1 volcanics are not exposed 
on Gran Canaria. The saturated primitive 
volcanics (SPV) have M g #  > 62 and SiO 2 > 43 
weight percent and range from basanites to tholei- 
ites and picrites. These volcanics were primarily 
erupted during stage 2 of each cycle. The Miocene 
saturated evolved volcanics (SEV) and the Plio- 
cene-Recent  evolved volcanics (EV) have M g #  < 
62 and were erupted primarily during stage 3 of 
each cycle. 

In all isotope correlation diagrams (Figs. 4-7),  
the most SiO2-undersaturated volcanics from each 
cycle (UV, UPV) have the most restricted com- 
positional range and fall at the end of the field for 
each cycle that overlaps the field for the western 
Canary Islands. For each cycle, these volcanics 
have the least radiogenic 87Sr/86Sr, the most ra- 
diogenic 206 Pb/204 Pb and 208pb/204pb, and lowest 

Delta 208/204 Pb values. The UPV also have the 
most radiogenic ta3Nd/a44Nd ratios of the Plio- 
cene-Recent  volcanics. The Miocene SPV fall in 
the middle of the Miocene field, and the 
Pliocene-Recent SPV are concentrated in the 
middle of the Pliocene-Recent field but also over- 
lap the UPV. The evolved (SEV, EV) groups cover 
most of the field for a cycle but are concentrated 
on the opposite ends of the fields from the most 
undersaturated volcanics. The evolved groups have 
the most radiogenic Sr and the least radiogenic Pb 
isotopic compositions, and the highest Delta 
208/204 Pb values. The EV also have the least 
radiogenic Nd isotopic compositions of the Plio- 
cene-Recent  volcanics. In Figs. 4, 6 and 7, the 
Miocene volcanics trend towards the field for St. 
Paul's Rocks [19], with the SEV overlapping the 
field. St. Paul's Rocks are a piece of mantle peri- 
dotite that is subaerially exposed along the St. 
Paul Fracture Zone on the Mid Atlantic Ridge. 

Sr, Nd and Pb isotopes show systematic and 
similar variations with M g #  for the Pliocene 
volcanics (Fig. 8). With decreasing M g # ,  87Sr/86Sr 
increases and the 143Nd/144Nd and Pb isotope 
ratios decrease until M g #  is - 5 0 ;  below this 
value all ratios remain roughly constant. M g #  = 
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levels of cooling and fractionation [4]. 

50 also divides rocks which only have olivine and 
clinopyroxene on the liquidus ( M g #  > 50) from 
rocks which also have plagioclase on the liquidus 
( M g #  < 50). Although not as abundant as in the 
hawaiite to trachyte suite, plagioclase is present as 
a phenocryst phase in the tephrite to phonolite 
suite and is required in the mass balance calcula- 
tions to link rocks in this suite by fractional crys- 
tallization [15]. There is no simple correlation be- 
tween M g #  and isotopic composition for the 
Miocene volcanics. 

The mafic and evolved volcanics from the 
nearby Cape Verde Islands exhibit similar isotopic 
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variations to the Pliocene-Recent volcanics on 
Gran Canaria. Although the isotopic compositions 
of the evolved volcanics from the Cape Verde 
Islands overlap those of the mafic lavas (based on 
data from Gerlach et al. [20]), the evolved volcanics 
tend to lie at the end of the mafic field which has 
the most radiogenic Sr and the least radiogenic 
Nd and Pb isotopes. Considering only volcanics 
from the same formation, such as from the Pico de 
Antonio Formation (< 11, > 5 Ma) on Sho Tiago, 
the isotopic distinction between mafic and evolved 
volcanics is quite impressive (Fig. 9). The mafic 
lavas--basanites and nephelinites--are com- 
pletely distinct in all isotopic ratios from the asso- 
ciated evolved volcanics--tephrites and phono- 
lites. 

Figure 10 illustrates that stages 2-4 of the 
Miocene and Pliocene cycles and possibly stage 1 
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The highest Sr and the lowest Pb isotope ratios are primarily 
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tion rate. Symbols and data sources are the same as in Fig. 4. 

of the Pliocene and the Quaternary Cycles bad 
similar temporal evolutions in Sr and Pb isotopic 
composition. Although the isotope ratios covary 
with the magma production rate, the peaks in 
isotopic composition for each cycle--i.e., highest 
87Sr/86Sr, lowest 2°6pb/Z°4pb and lowest 
143Nd/144Nd for the Pliocene Cycle (not shown) 
- -do  not correspond to the peaks in magma pro- 
duction rates. Instead, the peaks in isotopic com- 
position occurred as the magma production rate 
decreased. 

5.  D i s c u s s i o n  

Several factors favor mixing of four compo- 
nents to explain the variation in isotopic composi- 
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tion observed on Gran Canaria: (1) Both the 
Miocene and Pliocene-Recent volcanics form 
elongate trends on isotope correlation diagrams. 
(2) The isotopic composition for each group corre- 
lates with major element composition. (3) The 
most undersaturated volcanics from each group 
always fall on the end of a given trend that 
intersects the field for the western Canary Islands, 
while the evolved volcanics extend to the opposite 
end of each trend, and the primitive saturated 
volcanics are concentrated in the middle of both 
trends. 

The four components responsible for the chem- 
ical compositions of the Gran Canaria magmas 
are best represented by: (1) the Miocene UV with 
87Sr/86Sr < 0.7030, 143Nd/144Nd = 0.51291, 
2°6pb/2°apb >~ 20.0 and Delta 208/204 Pb = 0; 
(2) the Pliocene-Recent UPV with 87Sr/86Sr < 
0.7031, 143Nd/144Nd > 0.51298, 2°6pb/2°4pb > 

19.6 and Delta 208/204 Pb = 0; (3) the Miocene 
SEV with 87Sr/86Sr > 0.7035, 143Nd/144Nd < 
0.51291, 2°6pb/2°apb < 19.3 and Delta 208/204 
Pb > 0; and (4) the Pliocene EV with 87Sr/86Sr >__ 
0.7033, 143Nd/aanNd < 0.51275, 2°6pb/2°apb < 

18.8 and Delta 208/204 Pb > 0. In the following 
discussion, we use correlations of isotopic com- 
position with major element composition, magma 
production rate and age, and comparisons to the 
isotopic composition of other volcanoes from the 
Canary Islands to constrain the location of these 
components in the crust and mantle beneath Gran 
Canaria. 

5.1. Composition of the Canary Plume and astheno- 
sphere (UV and UPV endmembers) 

Several factors are consistent with the volcanics 
from the western Canary Islands having the most 
plume-like isotopic compositions. Based on the 
east to west age progression in the Canary Chain 
and in view of the abundant historic activity as 
recent as 1971 on La Palma, the center of the 
Canary Plume should presently be situated be- 
neath the westernmost islands of Hierro and La 
Palma [9]. These islands are also the farthest from 
the African continental margin and thus are the 
least likely to be contaminated by continentally 
derived sediments or continental lithospheric 
mantle recycled during rifting. The most under- 
saturated volcanics (UV and UPV, endmembers 1 

and 2 above) from each group on Gran Canaria 
fall within or overlap the field for the western 
Canary Islands, suggesting that these volcanics 
may have the most plume-like compositions of the 
volcanics on Gran Canaria. The field for the west- 
ern Canary Islands trends from a HIMU-like 
composition towards a slightly enriched DM-like 
component similar to E-MORB, which may repre- 
sent a mix of predominantly DM with minor 
amounts of EM material [Hoernle et al., 
manuscript in prep.]. Similar trends from HIMU- 
like to DM-like compositions are observed (1) in 
primitive Holocene basanites with increasing dis- 
tance from the westernmost islands, and (2) be- 
tween the Miocene UV and the Pliocene UPV. 
These trends are interpreted to reflect interaction 
of plume material or melts, having a HIMU-like 
composit ion,  with primarily asthenospheric 
(+  lithospheric) material or melts, having a DM- 
like composition [Hoernle et al., manuscript in 
prep., 16]. This interpretation implies that none of 
the subgroups on Gran Canaria directly reflect 
(i.e., neither the Miocene or Pliocene-Recent 
volcanics directly trend towards) the plume or 
asthenospheric composition, but instead represent 
mixtures of these reservoirs. 

5.2. Composition of the lithosphere beneath Gran 
Canaria (SEV and EV endmembers) 

5.2.1. Assimilation during fractional crystalliza- 
tion (AFC) 
The major and trace element data, combined 

with the magma production rates, indicate that the 
saturated primitive volcanics (SPV) were derived 
by higher degrees of partial melting of an astheno- 
spheric (presumably plume) source than the un- 
dersaturated primitive volcanics [4,5]. Therefore, 
the differences in isotopic composition between 
the undersaturated and saturated primitive 
volcanics might be related to the degree of partial 
melting of a heterogeneous plume (e.g. [21]). If 
this were the case, we would expect to find iso- 
topic compositions similar to the SPV among the 
western Canary basalts, since the range in major 
element compositions of the primitive basalts from 
the western Canary Islands is similar to that ob- 
served on Gran Canaria. There is, however, not 
such overlap. Moreover, the variations in isotopic 
composition should correlate with the variations 
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in magma production rate (Fig. 10). There is con- 
siderable uncertainty in the absolute values of the 
magma production rate, but the general shapes of 
the curves are reasonably well constrained 
[3,9,10,15 and references therein]. Although the 
patterns in isotopic composition and magma pro- 
duction rate are similar in Fig. 10, the most ex- 
treme peaks (Gran Canaria endmembers 3 and 4 
above) occur during declining magma production 
rates, when the volcanics have predominantly 
evolved compositions (stage 3). 

The evolved volcanics from each age group 
(SEV, EV) can be derived from primitive basalts 
from the same group by fractional crystallization 
of the phenocryst phases in these volcanics 
[4,6,9,15 and references therein], suggesting that 
assimilation during fractional crystallization 
(AFC) may control the isotopic variations be- 
tween primitive and evolved compositions. Corre- 
lation between differentiation parameters, such as 
M g # ,  and isotopic ratios (Fig. 8) strongly sup- 
ports AFC for the Pliocene volcanics. Further- 
more, the isotopic differences between the Plio- 
cene mafic and evolved volcanics cannot reflect a 
uni-directional temporal variation in the source 
composition, since these volcanics are intercalated 
(see Table 1 and Fig. 10). Although the Miocene 
evolved and primitive mafic volcanics are not in- 
tercalated, the similar correlations between iso- 
topic and major element composition between the 
Miocene and Pliocene-Recent volcanics are con- 
sistent with a similar process controlling both 
trends. 

5.2.2. Location o f  assimilation: crust or mantle? 
The depths at which assimilation occurred can 

provide important information about the isotopic 
composition of the lithosphere beneath Gran 
Canaria. Of primary importance is whether assimi- 
lation occurred within the crust or mantle. Several 
arguments favor assimilation of mantle-derived 
melts. First, the crust does not have the ap- 
propriate isotopic composition to serve as the SEV 
or EV endmember. The crust beneath Gran 
Canaria consists of three components: (1) a 5-10 
km thick wedge of sediments from the African 
continental rise; (2) igneous oceanic crust; and (3) 
the submarine volcanic pile and intrusives associ- 
ated with earlier Canary volcanism [7]. As pointed 
out by Sun [18] and Cousens et al. [6], the Gran 

Canaria volcanics show no evidence for sediment 
assimilation on the 2°6pb/2°4pb versus 2°vpb/ 
2°4pb diagram (Fig. 5; see also sediment data in 
Table 1). If significant sediment assimilation had 
occurred, the Miocene and Pliocene-Recent  
groups would have formed trends with negative or 
nearly vertical not horizontal to slightly positive 
slopes. In addition, C e / P b  and N b / U  ratios show 
no systematic variation with M g #  for samples 
with M g #  > 50 (Ce and Nb data from Hoernle 
and Schmincke [4]). These ratios are much higher 
(25-70 and 25-100, respectively) than in con- 
tinental crust (4 and 10, respectively [22]), or than 
C e / P b  in sediments from DSDP site 397 [3-7; 
Hoernle, unpublished data]. Although the isotopic 
composition of the igneous portion of the oceanic 
crust beneath Gran Canaria has not been de- 
termined, a gabbro xenolith frorri Lanzarote has a 
very high 143Nd/144Nd ratio and a low 87Sr/86Sr 

ratio (see discussion below) [2], suggesting that the 
igneous portion of the crust beneath the eastern 
Canary Islands is isotopically similar to MORB. 
The 143 Nd/144Nd ratios in Recent Atlantic MORB 
[23], Jurassic Atlantic MORB at the Cape Verde 
Islands [20] and the gabbro xenolith are > 0.5130. 
Since seawater alteration will not significantly af- 
fect the 143Nd/144Nd ratio, assimilation of either 
fresh- or seawater-altered igneous oceanic crust 
would cause an increase in the 143Nd/144Nd ratio 
and thus cannot  explain the Miocene or 
Pliocene-Recent trends at Gran Canada. Lower 
continental crustal material such as granulites 
could have the appropriate isotopic composition 
to serve as an endmember for the Pliocene trend 
and could have been dismembered and included 
in the igneous crust during rifting. Lower con- 
tinental crustal xenoliths, however, have never 
been found on Gran Canaria, and there is no 
seismic evidence for lower continental crustal 
material beneath Gran Canaria [8]. Although the 
composition of the early Gran Canaria magmas is 
not known, the complete history of the neighbor- 
ing island of Fuerteventura, from the inception of 
volcanism in the Cretaceous to the present, is 
subaerially exposed [11]. Neither the Miocene- 
Cretaceous volcanics and intrusives (>  21 Ma) 
[16], nor their hydrothermally altered products 
(seawater alteration = increase in 87Sr/86Sr), could 
serve as an appropriate endmember for the SEV 
or EV. 
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The second argument for assimilation occurring 
in the lithospheric mantle involves evidence for 
the depth of fractional crystallization. Seismic 
studies indicate that the boundary between the 
oceanic crust and the upper mantle (or the depth 
of the Moho) beneath Gran Canaria is at ap- 
proximately 13-14 km [8]. Based on the presence 
of olivine and clinopyroxene but the absence of 
plagioclase on the liquidus for most Pliocene 
basalts with M g #  > 50, crystal fractionation 
within these basalts probably occurred at depths 
in excess of 15 km [4]. We note, however, that the 
relevant experimental data only strictly applies to 
the moderately undersaturated compositions. Since 
most of the change in isotopic composition for a 
given age group occurs within basalts with M g #  
> 50 (Fig. 8), assimilation within at least the 
moderately undersaturated basalts must have oc- 
curred within the lithospheric mantle. SiO2-under- 
saturated evolved volcanics, even highly under- 
saturated and evolved phonolitic compositions, 
commonly contain lherzolitic xenoliths, indicating 
that highly undersaturated magmas also com- 
monly fractionate within the mantle [24]. Pliocene 
volcanics with M g #  < 50 probably cooled and 
fractionated within the crust based on the pres- 
ence of plagioclase on the liquidus for these sam- 
ples [4]. In contrast to the Pliocene volcanics with 
M g #  > 50, the volcanics with M g #  < 50 plot on 
the 1 bar cotectics in the projection from plagio- 
clase onto the O1-Di-Neph triangle of Sack et al. 
[25]. The lack of isotopic variation with M g #  
(Fig. 8) or with other differentiation parameters 
for these volcanics suggests that (1) they crystal- 
lized within well-insulated chambers or (2) the 
wall rocks were significantly depleted in low-tem- 
perature melting components so that assimilation 
was not detectable, as might be the case with 
unaltered, igneous oceanic crust. 

A third argument for assimilation occurring in 
the mantle instead of the crust is based on evi- 
dence for the presence of enriched mantle beneath 
the eastern Canary Islands. (1) The saturated 
primitive basalts from both age groups on Gran 
Canaria are shifted toward the evolved endmem- 
bers. It is unlikely that basalts with M g ~  > 62 
have experienced noticeable crustal contamina- 
tion. (2) S/Svitic carbonatites from the neighboring 
island of Fuerteventura have similar isotopic com- 
positions to the SPV and evolved groups on Gran 

Canaria [16]. Not  only do the carbonatites have 
mantle oxygen and carbon isotopic compositions, 
but it is unlikely that the Sr and Nd isotope ratios 
of carbonatites will be affected by crustal con- 
tamination, due to their extremely high concentra- 
tions of Sr and Nd. (3) St. Paul's Rocks, a piece of 
mantle peridotite subaerially exposed in the mid 
Atlantic Ocean, has the appropriate isotopic com- 
position to serve as the Miocene SEV component 
in Figs. 4, 6 and 7. 

Taken together, the above arguments strongly 
support the hypothesis that isotopically enriched 
(relative to MORB or DM) material is present in 
the shallow (probably lithospheric) mantle be- 
neath Gran Canaria, and perhaps beneath the 
other eastern Canary Islands [16]. Similar argu- 
ments can also be extended to coexisting suites of 
mafic and evolved volcanics from other ocean 
islands. For example, compared to the associated 
mafic volcanics, the evolved volcanics from the 
Pico de Antonio Formation on $5o Tiago, Cape 
Verde Islands are shifted in a similar direction as 
the evolved Pliocene-Recent volcanics. The dif- 
ferences in isotopic composition between the mafic 
and evolved volcanics on $5o Tiago are consistent 
with enriched material in the lithospheric mantle 
beneath the southeastern Cape Verdes [20]. 

Xenoliths provide an additional method for 
determining the composition of crustal and mantle 
rocks beneath ocean islands. Vance et al. [2] report 
five Sr and Nd isotope analyses of xenoliths from 
the Canary Islands. Three of the xenol i ths--a  
spinel lherzolite, a gabbro and a duni te - -are  from 
recent basalts on Lanzarote. Two other xenoliths 
- - a  harzburgite and a hornblende clinopyroxenite 
- - a r e  probably from < 2.7 Ma nephelinite flows 
on Gran Canaria. The gabbro sample has an ex- 
tremely high 143Nd/144Nd ratio (0.51333) and a 
fairly low 87Sr/86Sr ratio (0.70297), similar to 
seawater-altered MORB, and suggests that the 
oceanic crust beneath Lanzarote has a MORB-like 
composition. The other four xenoliths have iso- 
topic compositions which as a group are distinct 
from MORB but indistinguishable within analyti- 
cal error from the Canary Island volcanics [2]. 
Although the dunite and hornblende clinopyrox- 
enite are probably cumulates from Canary mag- 
mas [15,26], the spinel lherzolite and harzburgite 
probably represent pieces of the preexisting man- 
tle beneath the Canary Islands. Only one xenolith, 
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a harzburgite from Lanzarote, has been analyzed 
for Pb isotopes [27]. The Pb isotopic composition 
is similar to that found in evolved Pliocene 
volcanics (6/4, 7 /4 ,  8/4:  18.9, 15.56, 38.9). If 
these xenoliths did not re-equilibrate with their 
host basalts and were not contaminated by earlier 
plume-derived magmas, they may provide ad- 
ditional evidence for isotopically enriched mantle 
beneath the eastern Canary Islands. 

5.2.3. Evidence for a heterogeneous lithospheric 
mantle 
In all isotope correlation diagrams, the 

saturated primitive and the evolved compositions 
are shifted towards enriched mantle (EM). The 
Pliocene EV component could have a composition 
similar to EM1 in all isotope correlation diagrams 
(Figs. 4-7). The Miocene volcanics form similar 
trends to the Pliocene volcanics in all isotope 
correlation diagrams except those with Nd. The 
non-variant 143Nd/144Nd ratios of the Miocene 
volcanics, which are analytically indistinguishable 
from the average value of the western Canary 
Islands, suggest that either (1) the Nd isotopes 
were not significantly affected by assimilation, or 
(2) the assimilant had an identical Nd isotopic 
composition [6]. Assuming the first possibility, an 
important question is whether the Miocene and 
Pliocene assimilants had similar isotopic composi- 
tions. If this were the case, then both the S r / N d  
and the P b / N d  ratios of the Miocene volcanics 
should be substantially lower than of the Pliocene 
volcanics. Comparing these ratios in the SPV (to 
avoid possible changes in these ratios due to frac- 
tional crystallization), the Miocene SPV have lower 
S r / N d  (9.1-11.9) than the Pliocene-Recent SPV 
(15.1-19.9) but similar P b / N d  (0.049-0.056 and 
0.036-0.084, respectively). The observed P b / N d  
ratios are inconsistent with the hypothesis that the 
Miocene and Pliocene assimilants had similar iso- 
topic compositions, indicating heterogeneity in the 
lithospheric mantle beneath Gran Canaria. Never- 
theless, it is unlikely in a heterogeneous litho- 
sphere that all of the Miocene assimilants would 
have had identical Nd isotopic compositions and 
that their Nd isotopic compositions would have 
been identical to the most plume-like melts (UV). 
For these reasons, we prefer the interpretation 
that the Miocene Nd isotopic compositions were 
not affected by lithospheric contamination. There- 

fore, the composition of the Miocene SEV compo- 
nent may have been similar to EM2 (Figs. 4-7). It 
is important to note, however, that even if the Nd 
isotopes have been unaffected by assimilation, the 
composition of the SEV component cannot be 
identical to that of the Zindler and Hart [1] EM2 
component. Since two component mixing on the 
206pb/204 Pb versus 207pb/204 Pb diagram will form 

a linear mixing array, assimilation of the Zindler 
and Hart  EM2 component by melts with composi- 
tions similar to the Miocene UV would have re- 
sulted in trends with negative rather than with no 
or slightly positive slopes (Fig. 5). 

Since it appears that the Miocene and Pliocene 
melts assimilated components with different iso- 
topic compositions, the next question concerns the 
location of these EM1- and EM2-1ike components 
in the lithospheric mantle. Several factors suggest 
that the Miocene magmas may have been con- 
taminated at greater depths than the Pliocene 
magmas. After the > 3 Myr hiatus in volcanic 
activity that followed the Miocene Cycle of 
volcanism, the early Pliocene magmas probably 
had to establish a new plumbing system. Since the 
Pliocene central eruption complex, from which 
most of the SPV and EV were erupted during 
stages 2 and 3, was located within the Miocene 
caldera, the Pliocene plumbing network was most 
likely intertwined with the frozen Miocene con- 
duits and chambers. It is therefore unlikely that 
lateral separation of EM1- and EM2-1ike compo- 
nents in the lithospheric mantle can alone explain 
the distinct Miocene and Pliocene-Recent trends 
in isotope correlation diagrams. 

The maximum deviation from the isotopic com- 
position of the plume and asthenosphere, which 
have compositions most similar to the UV and the 
UPV, respectively, occurred during stage 3 of each 
cycle. Pliocene stage 3 evolved volcanics are inter- 
calated with primitive ( M g #  > 62) basalts, which 
have different isotopic compositions. Since the 
basalts and evolved rocks can be related through 
fractional crystallization at moderate pressures, 
assimilation must have occurred at shallow depth 
within the lithospheric mantle. Major element data 
from the Pliocene SPV indicates that most of these 
basalts fractionated olivine _+ clinopyroxene at 
depths shallower than - 60 km [4], also consistent 
with assimilation of upper lithospheric mantle. We 
propose therefore that the EMl-like component 
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beneath Gran Canaria is located in the upper part 
of the lithospheric mantle. 

Since no primitive basalts are intercalated with 
the Miocene SEV, the change in isotopic composi- 
tion between the primitive basalts in stage 2 and 
the evolved volcanics in stage 3 could reflect either 
assimilation (1) within the lower lithosphere, in 
which case the primitive (but not primary) basalts 
and the evolved volcanics could have had the same 
composition, or (2) within the upper lithospheric 
mantle, in which case the primitive basalts and 
evolved volcanics would have had different com- 
positions. Since there are arguments for placing 
the EMl-like material in the upper lithospheric 
mantle and there are no arguments against plac- 
ing the EM2-1ike material in the lower lithosphere, 
we propose that the EM2-1ike component is 
located in the lower lithosphere beneath Gran 
Canaria. A recent study of a Hawaiian xenolith, 
which contains cumulus spinel and olivine and 
intercumulus garnet, suggests that Hawaiian shield 
stage magmas (roughly equivalent to Miocene 
stage 2) may pond and fractionate in the lower 
lithosphere before ascending to the surface [28]. If 
the Miocene stage 2 and 3 magmas resided in 
lower lithospheric reservoirs, their compositional 
differences may reflect longer residence times (and 
thus larger amounts of assimilation) of the stage 3 
magmas in the lower lithosphere, resulting from a 
decline in magma supply to the already estab- 
lished reservoirs. 

5.3. Origin of the lithosphere, asthenosphere and 
plume material beneath Gran Canaria 

Enriched mantle (EM1 and EM2) is character- 
istic of ultramafic xenoliths from ancient con- 
tinental lithospheric mantle [29,30]. The EM1 
component is characteristic of mafic magmas, 
megacrysts or ultramafic xenoliths from Archean 
continental lithospheric mantle, such as, the Smoky 
Butte lamproites from Montana (USA), the Loch 
Roag xenoliths from Scotland or the inclusions in 
diamonds from South Africa. The EM2 compo- 
nent is characteristic of Proterozoic continental 
lithospheric mantle and appears to be related to 
enrichments occurring above subducting slabs. 
Continental lithospheric mantle can be incorpo- 
rated into the asthenosphere a n d / o r  oceanic litho- 
sphere by delamination a n d / o r  thermal erosion 

during rifting [20,21,31,32]. We propose that, dur- 
ing the break-up of Pangaea and subsequent rift- 
ing, parts of the continental lithospheric mantle 
beneath the West African Craton were incorpo- 
rated into the asthenosphere and subsequently 
into the oceanic lithospheric mantle beneath at 
least some of the Canary and Cape Verde Islands 
[20]. In addition to the ocean island volcanics, 
Jurassic MORB basalts from the Cape Verde Is- 
lands may also provide additional evidence for the 
presence of EM material in the asthenosphere 
during the rifting of Pangaea. Although it is dif- 
ficult to determine the initial Sr and Pb isotopic 
compositions of these seawater-altered basalts, the 
estimated initial 143Nd/a44Nd isotopic composi- 
tions range from 0.51282 to 8 [20]. These values 
are significantly lower than observed in recent 
Atlantic MORB, which have values > 0.51299 
[23], possibly reflecting the presence of enriched 
continental lithospheric mantle in the Jurassic 
MORB source. The above evidence from the 
Canary and Cape Verde Islands, the composition 
of St. Paul's Rocks [19], and possibly the isotopic 
composition of mantle xenoliths from ocean is- 
lands [2,33,34] suggest that enriched material may 
be common in the upper mantle beneath ocean 
basins, consistent with the proposal of Hawkes- 
worth et al. [32] for a shallow origin of the DUPAL 
(cf. [17]) anomaly. 

Most of the isotopic data from Atlantic ocean 
islands, especially those above 18°S latitude, re- 
quire involvement of a HIMU component. The 
most widely accepted origin for the HIMU com- 
ponent is recycled, altered oceanic crust (e.g. 
[35,36]). There has been considerable debate, how- 
ever, as to why subducted crust should have a high 
U / P b  (or Mu) ratio, Recent data from mantle 
xenoliths [37] suggest that U may be more com- 
patible in clinopyroxene than Th and Pb. Since U 
and Sr are also more compatible than Rb, and Sm 
is more compatible than Nd, cl inopyroxene--given 
sufficient t ime--could  evolve to a HIMU-like 
composition. One of the major sources of clino- 
pyroxene in the mantle is subducted crust. Since 
sediments, which are concentrated on the top of 
the subducting slab, will probably melt and sep- 
arate from the subducting slab at shallow depths, 
clinopyroxene may control the isotopic composi- 
tion of deeply subducted crustal material. We 
propose that blobs of subducted crust, upwelling 
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from the upper mantle-lower mantle or the lower 
mantle-core boundary, may be the source of the 
HIMU component in some ocean island volcanics. 

6. A dynamic model for the isotopic evolution of 
Gran Canaria 

At least two cycles of volcanism are subaerially 
exposed on Gran Canaria. Below we compare and 
contrast the isotopic evolution of these two cycles, 
in the context of a "b lob"  model proposed for the 
Canary Islands by Hoernle and Schmincke [5]. 
During the Miocene, a blob of HIMU-like material 
ascended through the asthenosphere until it en- 
countered the base of the lithosphere beneath Gran 
Canaria. During its ascent, the blob may have 
entrained asthenospheric material with a DM-like 
( =  DM + minor EM) composition (Fig. 11). This 
blob formed the Miocene or Shield Cycle of 
volcanism on Gran Canaria. Although Miocene 
stage 1 is not exposed on Gran Canaria, the early 
history of the Shield Cycle on Gran Canaria is 
inferred from the neighboring island of Fuerte- 
ventura. Low-degree, SiO2-undersaturated melts 
with HIMU-like compositions formed in the 
cooler, upper rim of the blob [16] by decompres- 
sion melting. These magmas interacted with the 
lithospheric mantle, assimilating melts with en- 
riched (EM-like) compositions. 

During stage 2, the center of the blob reached 
the base of the lithosphere. Large degrees of melt- 
ing in the hot core of the blob formed large 
volumes of SiO2-saturated (picritic) melts, which 
initially had HIMU-like compositions, similar to 
the more undersaturated melts. Transfer of heat 
from the blob to the base of the lithosphere raised 
the isotherms in the base of the lithosphere, caus- 
ing melting of the lower lithosphere (see Fig. 11) 
[20,38]. Large chambers for storing these volu- 
minous picritic melts may have formed at the base 
or within the lowermost lithosphere at this time 
[28,38]. Assimilation of lower lithospheric material, 
shifted the composition of the stage 2 melts to- 
ward an enriched (EM2-fike) composition. A 
well-insulated magma plumbing system may have 
been developed in the upper lithosphere during 
stage 1 and possibly during early stage 2, so that 
the later magmas were shielded from upper litho- 
spheric contamination. 

W CANARY ISLANDS 
GRAN CANARIA 
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Fig. 11. Hypothetical cross-section through the Canary Islands 
at 5 Ma illustrating the isotopic composition of the plume 
(HIMU-like), asthenosphere (DM + EM = a composition simi- 
lar to E-MORB), upper lithospheric mantle (EMl-like) and 
lower lithospheric mantle (EM2-1ike) beneath the Canary Is- 
lands. The numbers indicate the locations where various Gran 
Canaria magmas (or source material) may have been con- 
taminated. During ascent (location 1), the HIMU plume (or 
blobs [5]) may have entrained asthenospheric material, result- 
ing in a composition similar to the Miocene UV (stage 4 
volcanics). Melting and assimilation of lower lithosphere above 
the plume (location 2), when the island is in its shield cycle, 
could explain the composition of the Miocene SPV and SEV 
(stage 2 and 3 volcanics). As plume material spreads out along 
the base of the lithosphere (location 3), preferentially in the 
direction of asthenospheric flow or towards the older volcanoes, 
additional entrainment of asthenospheric material and interac- 
tion with the base of the lithosphere may yield a composition 
similar to the Pliocene-Recent UPV (stage I and 4 volcanics). 
Assimilation of upper lithospheric mantle (location 4) by melts 
from the rejuvenated stages could result in compositions simi- 
lar to the Pliocene SPV and EV (stage 2 and 3 volcanics). The 
enriched mantle in the lithosphere and asthenosphere beneath 
the eastern Canary Islands may reflect recycling of West 

African lithospheric mantle during the rifting of Pangaea. 

During stage 3, the cooler, lower rim of the 
blob began to replace the core at the base of the 
lithosphere. As the magma production rate de- 
creased, melts resided in the lower lithospheric 
chambers for longer periods, initially assimilating 
greater amounts of lower lithospheric material so 
that these melts had the most EM2-1ike composi- 
tions (SEV endmember). As the lower rim of the 
blob continued to replace the core material, heat 
transfer to the base of the lithosphere diminished. 
Lowering of the isotherms and depletion of en- 
riched material in the lower lithosphere was 
accompanied by a systematic decrease in melting 
and assimilation of the lower lithosphere by the 
blob melts at the end of stage 3. Miocene stage 4 
volcanics assimilated the least amount of lower 
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lithosphere and thus have isotopic compositions 
that most closely reflect the HIMU-like composi- 
tion of the plume (+ entrained DM-like material 
from the asthenosphere: UV endmember). 

In the late Miocene, another blob reached the 
base of the lithosphere to the west of Gran 
Canaria, beneath the neighboring islands of 
Tenerife and la Gomera (Fig. 1). This blob formed 
the shield Cycle of volcanism on la Gomera and 
possibly Tenerife and a rejuvenated (i.e. Pliocene) 
cycle on Gran Canaria. After contacting the base 
of the lithosphere beneath la Gomera and Tenerife, 
blob material, which still contained fusible 
material or unsegregated melts, spread through the 
upper asthenosphere along the base of the litho- 
sphere [38,39]. En route to the base of the litho- 
sphere beneath Gran Canaria, the blob material 
(and/or melts) entrained upper asthenospheric 
(and possibly lower lithospheric) components with 
DM-like compositions [40]. 

The geochemical evolution of the Pliocene Cycle 
on Gran Canaria--from highly undersaturated, to 
saturated, and back to highly undersaturated com- 
positions (similar to that of the Miocene Cycle ) -  
reflected passage of rim-core-rim material of the 
Pliocene Blob beneath Gran Canaria. During 
Pliocene-Recent Stages 1 and 4, low-degree, highly 
undersaturated, volatile-rich melts segregated from 
what had been the rim of the ascending Pliocene 
Blob. The isotopic composition of these melts 
represents a mix of HIMU-like blob material and 
DM-like asthenospheric material (UPV endmem- 
ber). In contrast to the evolved stage 1 volcanics 
from the shield cycle on Fuerteventura, which 
show evidence of lithospheric contamination [16], 
the primitive rejuvenated Stage 1 volcanics on 
Gran Canaria show little evidence of lithospheric 
interaction. Wyllie [38] proposed that "Crack 
propagation may be favored in lithosphere that 
has previously provided conduits to the surface." 
Explosive crack propagation may facilitate the 
rapid ascent of magmas from the asthenosphere- 
lithosphere boundary to the surface [38,41], ex- 
plaining why rejuvenated stage 1 magmas have 
primitive compositions and show little lithospheric 
interaction. 

In contrast to Miocene Stage 2 and 3 volcanics 
on Gran Canaria, the Pliocene Stage 2 and 3 
volcanics only show evidence of contamination by 
EMl-like upper lithospheric mantle (EV endmem- 

ber). Two reasons for the lack of evidence of lower 
lithospheric contamination are as follows. First, 
during the Miocene, most of the lowermost litho- 
sphere was probably replaced by residual Miocene 
Blob (HIMU-like) and asthenospheric (DM-like) 
material. Second, the volume and temperature of 
the blob material that passed beneath Gran 
Canaria during the Pliocene was significantly lower 
than in the Miocene. Melting of the lower litho- 
sphere and contamination of asthenospheric melts 
therefore were probably not as significant in the 
Pliocene. On the other hand, due to the substan- 
tially lower magma production and thus lower 
supply rates, the conduit and magma storage net- 
work for the Pliocene magmas never became as 
well established and never reached the degree of 
chemical and thermal equilibrium with the ascend- 
ing Pliocene melts as did the Miocene plumbing 
network. As a result, upper lithospheric con- 
tamination may be more prevalent in the re- 
juvenated cycles than in shield cycles. If the 
Quaternary volcanism represents the beginning of 
a new cycle, it will most likely evolve in a manner 
more similar to the Pliocene than to the Miocene 
Cycle of volcanism. 

7. Summary and conclusions 

Mixing of four components can explain the 
range in isotopic composition of the volcanics 
from Gran Canaria, which span the entire - 1 5  
Myr subaerial volcanic history of the island. The 
Miocene ( - 9 - 1 5  Ma) and the Pliocene-Recent 
( - 0 - 5 . 5  Ma) volcanics form distinct trends in 
isotope correlation diagrams. The most SiO2-un- 
dersaturated volcanics from both age groups have 
the least radiogenic Sr and the most radiogenic 
Pb; the most SiO2-undersaturated volcanics from 
the Pliocene-Recent also have the most radio- 
genic Nd. The Pliocene-Recent undersaturated 
group has less radiogenic Pb than the Miocene 
undersaturated group. Both of the most under- 
saturated groups overlap the field for the western 
Canary Islands, which presently overlie the Canary 
Plume. Compared to the most SiO2-under- 
saturated volcanics, evolved volcanics from both 
age groups extend to more radiogenic Sr and less 
radiogenic Nd (for Pliocene-Recent volcanics 
only) and Pb; the most SiO2-saturated primitive 
basalts from each group extend to intermediate 
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compositions. There is no evidence that any of the 
Gran Canaria volcanics were significantly con- 
taminated in the crust. All available evidence sug- 
gests that the four Gran Canaria components were 
located within the mantle. 

We propose that the observed isotopic varia- 
tions reflect interaction between plumes (or blobs) 
with the asthenosphere and lithospheric mantle 
beneath Gran Canaria. The most undersaturated 
Miocene volcanics are closest in composition to 
the Canary Plume (HIMU-like). The more 
saturated primitive Miocene basalts and their dif- 
ferentiates, erupted in the middle of the Miocene 
Cycle of volcanism when the plume was directly 
beneath Gran Canaria, may have assimilated lower 
lithosphere (EM2-1ike). During the Pliocene-Re- 
cent epochs, the Canary Plume was situated to the 
west of Gran Canaria. The shift towards less ra- 
diogenic Pb of the most undersaturated Pliocene- 
Recent basalts, as compared to the most under- 
saturated Miocene volcanics, may reflect greater 
entrainment of asthenospheric material (having a 
DM-like composition = DM + minor EM) as 
plume material or melt was transported through 
the upper asthenosphere to the base of the litho- 
sphere beneath Gran Canaria. Since the base of 
the lithosphere beneath Gran Canaria was de- 
pleted and partially replaced by residual plume 
and asthenospheric material during the Miocene, 
the most-saturated Pliocene basalts and evolved 
volcanics primarily assimilated upper lithospheric 
material (EMl-like). 

Evidence presented in this study for enriched 
material (EM1 and EM2) in the lithospheric man- 
tle beneath at least some of the Canary and Cape 
Verde Islands is consistent with a shallow (upper 
mantle) origin for the DUPAL anomaly [32]. The 
study also suggests that HIMU-like material may 
be derived from deeper sources, which implies 
separate mantle histories for the EM and HIMU 
components. 
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