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Eighteen basic rocks from Ascension Island (South Atlantic) give a mean ®Sr/% Sr ratio of 0.70311 + 17 for both
volcanics and plutonic inclusions. The late-stage differentiated rocks (rhyolites and granitic inclusions) have much
higher #Sr /%6 Sr ratios, up to 0.712. All these rocks display the same range of Nd isotopic compositions (eng values
from 6.9 to 11.1 with a mean on 12 samples of 8.4 + 0.6) implying a cogenetic relation between the two sequences. The
D/H systematics lead to the same conclusion.

In the Nd-Sr diagram, the data plot close to the mantle array and show a positive correlation. This suggests a mixing
between a depleted MORB-type mantle, ie. the upper mantle, and a hot-spot with less depleted geochemical
characteristics, i.e. the OIB mantle source.

The total range of 880 values lies between 4.8% for plagioclase cumulates and 6.7%. for the most evolved rocks
(peralkaline granites and comendites). The basic rocks have values around 5.3%o, typical of mantle-derived material.
These oxygen data indicate that the high 87Sr /86 Sr ratios in the most evolved rocks (both volcanic and plutonic terms)
result from the combination of two different processes: incorporation of slight amounts (< 1%) of high-temperature
altered oceanic crust by the magma in the late stages of the differentiation process and then in-situ Rb decay since the
time of formation of these rocks. Both processes were very effective because of the high Rb and low Sr contents of
these evolved rocks.

Oxygen isotope systematics in the Ascension Island granites and rhyolites indicate that a fractional crystallization
process alone does not produce §'80 values higher than 6.7%o, i.¢. that the ultimate §'®O enrichment, relative to the
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initial basic magma, is not greater than 1.5%c.

1. Introduction

The origin of granites and the possibility of
generating them by direct fractional crystallization
of mantle derived magma have been the subject of
numerous debates for a long time. Modelling the
genesis of granitic rocks is indeed much more
difficult than that of basic rocks: the presence of
accessory minerals [1] trapping the trace elements
and especially the rare earths, strongly limits the
straight forward application of trace element geo-
chemistry for quantitative estimations. Moreover,
granites typically outcrop within the continental
crust where the exchange and/or interaction
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processes may be important and complex. Conse-
quently, the primary geochemical characteristics
of these granites are not easily defined, when this
is not totally impossible. Therefore, the occurrence
of granitic inclusions within the typical oceanic
alkali-basalt differentiation suite [2,3] of Ascen-
sion Island presents a rare opportunity to study
granites in the absence of continental processes.
Recent Pb, Sr and Nd isotopic studies [4-6]
have shown that, in some cases at least, three
components have been involved in the genesis of
oceanic island basalts. There is no doubt that the
lower mantle (oceanic island basalt source) and
the upper mantle (mid-oceanic ridge basalt source)
are two of these three mantle reservoirs. For the
third component, in contrast, several hypotheses
have been proposed: (1) a third mantle reservoir



256

[4], (2) reinjection of weathered oceanic crust [5],
or (3) incorporation of sediments [6] along sub-
duction zones. These different possibilities were
invoked to explain the isotopic data of rocks fall-
ing off the so-called mantle array in the Nd-Sr
diagram. In a recent compilation, White [7] has
tentatively identified five geochemically distinct
mantle reservoirs (or sources) to account for the
Nd-Sr-Pb isotopic data of oceanic basalts.

Four analyses on lavas of intermediate and
basic composition [8,9] of Ascension Island gave
Nd and Sr isotopic compositions slightly below
the mantle array [9-11], between the MORB data
and the St. Helena data [12]. In addition, previous
isotopic studies on two independent sample collec-
tions, Oxford collection [13,14] for Pb and Sr and
Miami collection [15,16] for Pb, show oceanic
characteristics for these isotopes, with ratios in the
range of those of oceanic island basalts. They also
indicate a common mantle origin for both the
volcanics and the plutonic inclusions; moreover,
the Pb data point to the existence of two possible
mantle sources. The Sr isotopic study on Ascen-
sion Island samples by Harris et al. [14] has shown
the basic rocks to have ¥’Sr/*Sr around 0.703,
whereas the more evolved terms have ratios up to
0.712. These authors ascribed these high Sr iso-
topic ratios to contamination of the magma by
Sr-rich (up to 400 ppm) oceanic sediments. Later,
as an addendum to their first paper [17], they also
consider two other possibilities: these evolved
rocks either formed in an earlier stage of the
island’s evolution and were later incorporated in
more recent material or they were contaminated
by seawater at the time of their formation, as three
of the four rocks with low Sr content and high
87Sr /% Sr ratios have corrected values, for in-situ
Rb decay in 1.5 Ma, lower than the seawater
value. Ascension Island is located on magnetic
anomaly number 4 which corresponds to a maxi-
mum age of 7 Ma [18]. This gives an upper age
limit for the Ascension Island rocks. K/Ar age
determinations were only obtained on lavas [3,19]
and give maximum values of 1.5 Ma. It has been
suggested by Tilley [20] that the plutonic inclu-
sions can be considered as the slowly cooled
equivalents of the lavas and it seems therefore
very improbable that they could have crystallized
much earlier than the lavas.

Nd and Sr isotopic data have been obtained on

ten and twenty-seven samples respectively, to de-
fine the characteristics of Ascension Island source
and to precise the relations between the two groups
of rocks, volcanic and plutonic. O /'O and
D/H ratios have also been measured in order to
find an explanation which gives a better answer to
the problem of high *’Sr/*Sr ratios, because
oxygen is a very good tracer of both seawater
interactions and sediment contamination and hy-
drogen is sensitive to water-rock interactions.

2. Geological setting

Ascension Island is formed by a large com-
posite volcano located in the South Atlantic Oce-
an (7°57'S, 14°22"W), about 90 km to the west
of the Mid-Atlantic Ridge and 50 km to the south
of the Ascension fracture zone, which shifts the
ridge 230 km to the east. The island covers an area
of 93 km® and forms the upper part of a = 3000
m high volcanic cone whose summit, Green
Mountain, reaches 859 m above sea-level. A de-
tailed description of the geology has been made by
Daly [21]. The volcanic rocks show a wide-range
of chemical compositions, typical of an oceanic
alkali basalt differentiation suite [2,3,22], from
olivine-rich basalt, through basalt, hawaiite,
mugearite, trachyte to comendite. The basic sam-
ples include numerous coarse-grained blocks (re-
ferred to as “plutonic inclusions” in this paper)
whose chemical compositions closely parallel those
of the volcanics [2,3]: from olivine gabbro, diorite,
monzodiorite to typical alkaline granite. However,
from a mineralogical point of view, most gabbroic
inclusions have tholeiitic affinities. These inclu-
sions are entirely devoid of any metamorphic
mineral or oriented structure. Their igneous origin
[2,3,23] is substantiated by the occurrence of hy-
persolvus feldspar and empty acicular apatites as
well as by plagioclase zonation and typical mag-
matic textures. Traces of local partial melting can
be observed in some acidic inclusions [3].

3. Analytical techniques

Oxygen. Samples, crushed to < 200 mesh (the
final step being in an agate mortar to obtain the
best homogeneity) just before loading in Ni tubes,
were reacted overnight at 550-600°C with
bromine pentafluoride [24]. Oxygen was quantita-



tively converted to CO, on a carbon filament.
Isotopic compositions were measured on a V.G.
Micromass Ltd. 602C double collector mass spec-
trometer, with a CO, standard calibrated against
silicate and carbonate oxygen international refer-
ence materials. The results are given in %o/SMOW.
Eighteen analyses of the silicate SF3 working
standard (sandstone) give a mean value of 11.62 +
0.06%0 (2 a,,). NBS 28 was measured at 9%o dur-
ing this period. Each sample was analysed twice or
more. The mean standard deviation of all replicate
analyses on the 20 samples was 0.20%o.

Hydrogen. Hydrogen has been extracted follow-
ing the procedure of Bigeleisen et al. [25]. Samples
are outgassed under vacuum overnight at 150°C.
Hydrogen, extracted mainly in H,O form by fu-
sion in an induction furnace, is obtained by reduc-
tion on uranium at 700°C. The precision is
+0.01%0 on water contents and +3%o on 6D’s.

Neodymium and strontium. For description of
the Sr analytical techniques, the reader is referred
to previous publications of our laboratory [26].
For Nd, samples (< 200 mg) were dissolved in a
mixture 6:1:1 HF-HNO,;-HCIO, in a teflon ves-
sel. Separation of the REE was obtained with 4N
HCl on a cation exchange column (Dowex 50W X
8) then Nd was separated with 0.3 ¥ HCl on a
column prepared following the Richard et al. [10]
method adapted from Cerrai and Testa [27]
(HDEHP(di(2ethylhexylorthophosphoric acid) on
teflon powder). Each separation was repeated
twice. Both types of columns were calibrated with
139Ce. The total blanks for the whole procedure
were always of the nanogram order, negligible in
view of the Nd content of the samples. The Nd
isotopic compositions were measured on double
Re filament with a Finnigan MAT 260 mass spec-
trometer. Nd is run as metal. For each run, the
146, 143, 144 and 145 isotopes are measured to-
gether with the background at mass 147.5. The
mean of the '*Nd /' Nd ratios for the 10 sam-
ples from the Miami collection is 0.34836 + 1 (2
o.), all values normalized to Nd/'*Nd=
0.7219. The Nd isotope composition of the John-
son Matthey Nd oxide measured during this study
was 0.51201 + 4 and 0.34834 for the '*Nd /"* Nd
and " Nd/** Nd ratios respectively. Because the
143Nd/* Nd value was significantly higher than
the adopted value (0.51193) for that standard, a
correction of —8 X 1075 has been applied to all
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the samples (this corresponds to a €5y correction
of —1.6) for that ratio to account for this analyti-
cal bias (except for samples H81L and DS44
which were measured after the problem has been
fixed). A duplicate of sample 10 has been analysed
at the C.R.P.G. laboratory in Nancy and confirms
the validity of that correction.

4. Results

Oxygen. We have measured '*0 /!¢ O ratios in
20 samples representing the whole petrologic suite
for lavas and plutonic inclusions in Ascension
Island. They are reported in Table 1. The 80
values are little variable and low, in the range of
5.2 to 6.8%c for the lavas (except sample Ia) and
4.8 to 6.5%o0 for the plutonic inclusions. The mean
of the four basic lavas is 5.3 4+ 0.08%o, i.e. in the
lower part of the range of values reported for
mantle-derived material [28—31]. Only the trachyte
Ia has a very high §'%0 value (14.70%0) but also a

TABLE 1

Ascension Island rocks: 880 and 8D values (both in %o
relative to SMOW) and water contents (in %)

Sample  Petrographic ~ 8'*0 8D H,0%
type
Lavas
10 basalt 5.30+0.01 -61 024
15150 basalt 5364003 -—-52 035
63 hawaiite 523+023 -35 041
77 basaltic tuff 5284016 -31  0.60
Ia trachyte 14.70+0.26 —64 52
72 trachyte 555+001 -73 017
76 trachyte 588+0.08 —47 053
38 rhyolite 6.77+004 —-61 043
74 comendite 6.21+0.25 -69 042

Plutonic inclusions

25 gabbro 489+022 -4 071
51 gabbro 5464003 -77 048
19 hypersolvus 5.00+0.18 - 029
23 monzodiorite 481+029 -59 027
31 4894010 —-46 030
18 subsolvus 570+£010 -38 0.52
24 monzodiorite 5234017 -68 0.27
41 5144008 -70 0.23
2b alkaline

granite 576+019 —-82 040
17318 P hypersolvus

granite 5584006 -79 017
17343 subsolvus

granite 646+029 —-62 020
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very high water content (5.2%) indicative of com-
plex deuteric or meteoric alterations.

There are no striking differences between lavas
and plutonic inclusions, except that in some of
these latter rocks the 8O values are slightly
lower than in the basic lavas, hence than typical
mantle values. These samples correspond mostly
to cumulate rocks (gabbros and hypersolvus
monzodiorites).

We have not analysed mineral separates on
those samples because there was no more material
available. Sheppard ([32] and personal communi-
cation) analysed separated minerals from three

TABLE 2

Ascension Island acidic plutonic inclusions and
indicated Agy k¢ fractionation values around 1%o.

Hydrogen. Eight volcanic rocks (from basalt to
comendite) and eleven plutonic inclusions (from
gabbro to alkaline granite) have been analysed.
The 6D’s (reported in Table 1) range from — 73 to
—31%o in the lavas and from —82 to —44%oc in
the plutonic inclusions. The water contents
(H,0™") vary respectively from 0.17 to 0.60% in
the lavas (except for sample Ia which, as discussed
above, has 5.2% water and will not be discussed
further because of obvious alteration problems)
and from 0.20 to 0.71% in the inclusions.

#7Sr /%¢Sr ratios and Rb and Sr concentrations (ppm) of Ascension Island lavas and plutonic inclusions

Sample Petrographic Rb Sr Y7Rb /%Sy 8Sr /% Sr + 20, 1.5Ma? 7 Ma? T, * T, °
type

Lavas
8 basalt 35 493 0.20 0.70298 5
10 basalt 39 477 0.24 0.70298 7
70 basalt 19.8 ¢ 517 0.111 0.70306 8
15150 basalt 2409 534 0.130 0.70290 3
63 hawaiite 3544 722 ¢ 0.142 0.70305 4
64 hawaiite 66.3°¢ 1060 ¢ 0.181 0.70339 3
77 basaltic tuff 2244 400 ¢ 0.16 0.70320 6
Ia trachyte 89.1°¢ 17.8¢ 14.4 0.70648 9 0.70617 0.70505  17.1
72 trachyte 63 18.7¢ 9.7 0.70396 12 0.70375 0.70299 6.9
76 trachyte 145 54.1° 7.8 0.71230 6 0.71213 0.71153 845  30.1
38 rhyolite 131 104 ¢ 36 0.70824 6 0.70746 0.70462 101
74 comendite 110 2409 133 0.70620 15 0.70337 - 1.7
Plutonic inclusions
25 gabbro 0.84 ¢ 526 0.0044 0.70300 6
26 gabbro 0.49¢ 563 0.0026 0.70370 7
51 gabbro 0.93¢ 160 0.017 0.70396 7
59 gabbro 1.5¢ 446 0.0097 0.70293 4
bl 30 318 0.27 0.70297 6
18 76 52 43 0.70588 10 0.70579 0.70545 473
24 subsolvus - 56 199 0.82 0.70292 4
41 monzodiorite g 242 1.0 0.70303 9
43 65 477 0.39 0.70282 9
19 hvbersolvus 91 264 1.00 0.70306 8
23 ypersowus 72 55 3.8 0.70350 3 070342 0.70312 9.3
31 monzodiorite ¢ 436 ¢ 43 0.70307 9
2b alkaline granite 114 ¢ 494 67 0.71214 5 0.71071 0.70546 9.6 3.3
17318 P hypersolvus

granite 96 41 68 0.71028 13 0.70883 0.70351 75 1.3
17343 subsolvus

granite 73 344 62 0.70814 56 0.70682 - 5.8

0.70775 93

Initial 87Sr /% Sr ratio calculated for the given age.

T,: time necessary to reach the measured 37Sr/3Sr starting from 0.703, in Ma.

¢ T,: time necessary to reach the measured 8’Sr/%6Sr starting from 0.709, in Ma.

4 Isotope dilution determination. Otherwise X.R.F.



Strontium. Twelve lavas and fifteen plutonic
inclusions were analysed for Sr isotopic composi-
tion and Rb and Sr concentrations. The results are
reported in Table 2. Basic rocks, either volcanic

T
(@)

[233AKIA]

20 B

v
*

+[+]+][+][0]o]o]c[e]o]o

olefal| [&]a]] % [w] |[ofa] (58!
0.702 0705 0.708 071 07

875r/86sr

T T

87Sr/865r

(b)

B—X

>

0.712

0.709

0.706

_.,«_
o %
.

v
0703 FE x xaAY Aoy o x X p
| [

Sr ppm 1000

Fig. 1. (a) Histogram of 8’Sr/%6Sr ratios in Ascension Island
rocks. Open symbols: lavas; closed symbols: plutonic inclu-
sions. Circle: basic rocks, triangle: intermediate rocks, square:
acidic rocks. The data of Harris et al. [14,17] are also reported
with the same symbols for the different petrographic types but
with hatched pattern. The four lavas analysed by O’Nions and
Pankhurst [8] are given by the plusses. All the basic terms,
either lavas or plutonic inclusions, have ¥’Sr /%6Sr ratios around
0.703. (b) ®7Sr/®Sr vs. Sr ppm for Ascension Island rocks.
Symbols as in (a) for our data while the data of Harris et al.
[14,17] are reported as crosses. There is a very large 8'Sr/8¢Sr
increase for Sr contents lower than 5 ppm.
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(basalt, hawaiite) or plutonic (gabbro, monzo-
diorite), have similar Sr isotopic composition with
7St /*¢Sr ratios around 0.703 (mean value of eigh-
teen ratios: 0.70311 + 17); they fall in the lower
part of the oceanic basalt range of wvalues
(0.7026-0.7065 [33]). For the acidic rocks, the
%7Sr /%Sr ratios can reach values as high as 0.712
for both volcanics and plutonic inclusions.

As shown by the histogram of measured *’Sr/
%Sr ratios (Fig. 1a), there is no difference in Sr
isotopic compositions between the lavas and
plutonic inclusions: this is true for both the basic
and the acid rocks. The hypersolvus and subsolvus
monzodiorites have also similar Sr ratios. The data
of Harris et al. [14] who also observed high #Sr/
#Sr ratios in the most evolved lavas and plutonic
blocks are reported on the same figure.

Neodymium. Six lavas and six plutonic inclu-
sions covering most of the petrographic types (in-
cluding two samples from the Oxford collection
considered as representative of the most basic
terms: H81L—a basalt, and DS44—an olivine-

TABLE 3

Nd isotopic composition and Sm and Nd concentrations (in
ppm) in some of the Ascension Island rocks

Sample 193Nd /1% Nd €ng ? Nd* Sm®
+20,
Lavas
H81L¢ 0.51306 1 8.2
10 0.51306 2 8.2 64 16
0.51305 ¢ 3 8.1
77 0.51313 6 9.6
0.51312 1 9.4
15150 0.51308 5 8.6 39 10
74 0.51321 5 11.1 93 24
38 0.51306 1 8.2
Plutonic inclusions
DS44 ¢ 0.51302 8 7.4
25 0.51299 4 6.9
41 0.51305 2 8.0
19 0.51307 3 8.4
0.51304 5 78
17318 P 0.51304 2 7.8
17343 0.51309 1 8.8

? The eng was calculated for a bulk earth value of **Nd/
144 Nd = 0.512638 [11].

> J.G. Schilling’s data (INAA).

¢ Analysis done at the C.R.P.G. (Nancy).

4 Samples given by C. Harris (Oxford collection).



260

plagioclase gabbro) were analysed for Nd isotopic
compositions. The data are reported in Table 3. In
contrast to the Sr isotopic data, all the analysed
samples, either volcanic or plutonic, either basic
or acid, have similar Nd isotopic compositions.
The mean of "*Nd/'* Nd ratios is 0.51310 + 5
(eng = +9.0) for six lavas and 0.51304 + 3 (eny =
+7.8) for six plutonic inclusions, i.e. indis-
tinguishable within errors. As already observed for
their Pb isotopic compositions and although the
range of values of both lavas and plutonic inclu-
sions are comparable, it is clear that, individually,
the inclusions have not been isotopically reequi-
librated with their enclosing lava since they show
distinct isotopic compositions. Four other lavas
analysed earlier by O’Nions et al. [9] give a mean
of 0.51301 + 3 (eng = +7.3). This is slightly lower
than our values but still within errors and fall
within the same trend in the Nd-Sr diagram. These
positive ey values imply that the source region of
the Ascension Island magma has a time-integrated
LREE depletion.

5. Discussion

Considering the water contents and the D/H
ratios (Table 1), two features are immediately
apparent:

(1) The water contents are low in both cate-
gories of rocks, which is in agreement with the fact
that these samples have been selected for their
freshness. There is no significant difference be-
tween the plutonic inclusions and the lavas.

(2) The range of dD’s is very similar for the
lavas and the plutonic inclusions, although one
could note a shift of about 10%0 towards higher
8D’s for the volcanics. On the average, in both
lavas and plutonic inclusions, the acidic rocks are
slightly lower in éD.

If we try to correlate the three variables 8'%0,
8D and H,O™ with one another (Fig. 2a, b, ¢), one
can notice that: (1) there is no correlation between
80 and H,0™; (2) there is a general positive
correlation between 8D and H,O™ for both types
of rocks; (3) in a 8D versus 8'®Q diagram, the two
types of rocks are rather significantly decoupled
with lower 8'%0 (or 8D, or both) for the inclu-
sions. The absence of correlation between 80
and H,O" (Fig. 2a) stems from the fact that §'%0
variations can be associated with a variety of
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Fig. 2. (a) 8'80 (%o) vs. H,O" (%) for Ascension Island rocks.
Symbols as in Fig. 1. (b) 8D (%) vs. H,O" (%): the data
define a general positive correlation. (¢) 8D (%o) vs. 820 (%o):
note the lack of any correlation.

distinct phenomena among which magmatic dif-
ferentiation and interaction with water at various
temperatures. We shall see later that magmatic
differentiation probably plays a major role. In
contrast, D/H ratios are more sensitive to con-
tamination phenomena because of larger relative
differences between the possible reservoirs (e.g.
mantle with values at —70 to — 80%o [37,38]) and
seawater (with values around zero) which should
lead to the positive correlation observed. Degass-
ing of a water-rich magma shall deplete the resid-



ual dissolved water in deuterium [39] and this
should also lead to a positive correlation.

There is no significant difference between
plutonic inclusions and lavas. In that respect, we
do not agree with the conclusions of Sheppard and
Harris [40] that the lavas have not degassed. Their
conclusion is based on the fact that the comendi-
tes show no significant vesicle concentration but
Taylor et al. [41] have shown that vesicles can
disappear upon compaction. It is highly unlikely
that the magma which gave rise to the comendites
contained as little as 0.4% water as suggested by
Sheppard and Harris [40), if it results itself from
the differentiation of a more mafic magma [3]
which could originally contain at least half this
amount of water [42,43]. With a differentiation
degree of more than 80% (see below), the mini-
mum initial amount of water in the magma at the
comendite stage should be around 1%.

In fact, from our results on the whole suites of
lavas and plutonic inclusions (and not only from
five isolated results as in Sheppard and Harris
[40]), the similarity between both suites is obvious
and, whatever the initial state of the magma, it
must be similar for both: if the initial water con-
tent can conceivably be mainly of mantle origin, it
has probably been contaminated to various ex-
tents by water of oceanic origin, possibly up to the
8% announced by Harris (in [40]). Its 8D should
have been also much closer to zero. Then, in both
lavas and plutonic inclusions, the 8D range of
—30 to —80%0 can be explained by various out-
gassing degrees, the outgassed water being enriched
between 10 and 20%c relative to the residual dis-
solved water [39].

In conclusion, the §D’s and water contents of
the lavas and plutonic inclusions support fully the
idea that the two magmatic series derive from the
same magma.

The 88O variations are correlated with a variety
of geochemical parameters, among which:

—the ¥Sr /% Sr ratios (Fig. 3a), themselves cor-
related with the ey values;

—the concentrations of LILE like Zr, Rb, La,
etc. (Fig. 3b, ¢);

—the SiO, contents.

For all these correlations, there is the same
distinction between the lavas whose variations in
trace element cover the whole range and the
plutonic inclusions, especially the cumulates, for
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which the variations are much more restricted.
These two groups of rocks will be discussed sep-
arately in the next two paragraphs concerning
oxygen isotope systematics.

The correlations shown by the volcanic suite of
rocks are readily explained by a fractional crys-
tallization process (Fig. 4). Trace element model-
ling (J.G. Schilling, unpublished results) indicates
that the extent of this differentiation reaches 80%
of the original magma, from olivine basalt to
alkali rhyolite (comendite). This is in agreement
with the estimates of Harris [3] based on the least
squares Wright and Doherty’s [44] program for
petrologic mixing. For olivine, clinopyroxene,
plagioclase, Ti-magnetite and apatite, the mean
8"80 fractionation between magma and fractionat-
ing crystals would be +0.5%0. In all trace element
diagrams, the most evolved lavas do not perfectly
fit the correlations defined by the basic and inter-
mediate terms of the volcanic suite. This is espe-
cially true for Rb which is very enriched (> 30%)
and Zr, also enriched compared with the closed-
system fractional crystallization model (Fig. 3b, c).

Considering now the plutonic inclusions; the
variations in trace element contents are less regu-
lar and distinctly smaller, especially for the quartz
monzodiorites. These latter rocks, typical plagio-
clase cumulates, show a very narrow range of
chemical compositions for both major and trace
elements and are characterized by 820 values
lower than those observed in mantle derived rocks
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Fig. 4. Rb vs. La (in ppm) for Ascension Island lavas to show
the linear fit of the data, indicating a fractional crystallization
process.

[28-31]: the mean 880 value is 4.90 + 0.10%o for
the hypersolvus monzodiorites and 5.36 + 0.35%o
for the subsolvus monzodiorites. The plagioclase
accumulation in these rocks (as shown petro-
graphically but also by their geochemical char-
acteristics: high Ba, positive Eu anomaly, etc. (J.G.
Schilling, personal communication)) can easily
account for these low 880 values. Basic magmas
are characterized by small positive plagioclase-
magma fractionations (also depending on the An
content) but it is also possible that positive
magma-plagioclase isotopic fractionation occurs
[(45] for an acidic magma, as should be the case
here. The interpretation is that if the temperature
is above 700°C, as H,O is richer in '"*O than
silicates, the magma which contains more water
than the crystals is enriched in *O. The 80
values in Ascension samples are distinctly higher
than those observed in Icelandic rocks [46]. Slight
interaction with high-temperature magmatic waters
cannot be entirely excluded in view of these val-
ues. On the one hand, there is no obvious reason
why this process should have affected only the
plutonic inclusions of intermediate compositions
and not all these rocks, but on the other hand, as
these inclusions have cumulate textures, they do
not represent very closely the composition of the
magma and can have been affected by additional
processes.

It is not possible to quantify the fractional
crystallization process for the plutonic suite in
Ascension Island lavas because there are no suffi-
ciently precise correlations in trace element di-
agrams. Nevertheless, as the geochemical char-
acteristics of the plutonic inclusions fall within the
range of those of the lavas and as they show
similar variation trends, one can consider that
they result from the same type of process, but with
more complicated features because of the presence
of crystals which can trap selectively some trace
elements. The conclusions drawn for the lavas are
then entirely applicable to the plutonic inclusions
which can therefore be considered as their slowly
cooled equivalents.

The purpose of this paper was not to discuss in
detail the different explanations for the peculiar Sr
isotopic compositions of the most evolved Ascen-
sion rocks. The same features were observed and
discussed by Grant et al. [34] in the late-
fractionated rocks of the alkali basalt-trachyte-



phonolite suite of St. Helena and this discussion
has already been presented for some Ascension
samples by Harris et al. [14,17]. However, we will
briefly review the different possibilities, as, in
contrast to these previous publications, we can
add oxygen data and the insight they can provide
into that problem. Results of different calculations
(similar in principle to those of Harris et al. [17])
have been reported in Table 2:

(1) First, the ’Sr /3 Sr ratios were corrected for
in-situ *’Rb decay, assuming an age of 1.5 Ma for
all the samples (which is as the maximum mea-
sured age of the lavas). These corrected values are
only slightly lower than the measured ones, even
for the most Rb-rich rocks and some of them still
maintain values higher than the seawater ratio
(0.70915).

(2) Assuming the age of 7 Ma, corresponding to
the magnetic anomaly 4 [18] on which Ascension
Island is situated, as the maximum age of the
Island, the corrected Sr isotopic values for that
time are still too high, up to 0.711.

(3) Third, the time necessary to reach the mea-
sured values starting from an initial *Sr/*¢Sr
ratio of 0.703 (mean value for the basic rocks) was
calculated: the values range from 1.7 Ma for a
comendite to 84.5 Ma for a trachyte and appear
unrealistically high in view of the K-Ar age de-
terminations and of the probable maximum age of
Ascension Island. This rules out the possibility of
a ¥Sr/®Sr ratio increase within the magmatic
chamber itself only as a result of chemical gradi-
ents developed in stratified magmatic chamber as
was observed for the Bishop Tuff [35,36].

(4) The fourth calculation gives the time neces-
sary for the most acidic rocks to reach the high Sr
isotopic ratio starting from an initial ratio as high
as that of the seawater *’Sr /¢ Sr value. With the
exception of the trachyte Asc 76, two other sam-
ples need less than 3.3 Ma to reach these values,
which is not incompatible with Ascension Island
maximum age but which is nevertheless higher
than the few K-Ar age determinations. It is to be
noted, however, that these determinations were
mostly obtained on intermediate and basic rocks
[14,19], so that a priori one can not exclude the
possibility that the acidic rocks crystallized earlier
in the Ascension Island history and were later
incorporated by the lavas. Moreover, only the top
of a 3000-4000 m high volcanic cone has been
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sampled. However, both field and petrological
arguments indicate the close genetic relationship
between all the lavas forming a continuous differ-
entiation suite from olivine basalt to comendite
and between the lavas and the plutonic inclusions,
except for some of the gabbroic inclusions of Dark
Slope Crater ([14,16] and C. Harris, personal com-
munication). The earlier crystallization of the
acidic rocks appears then very unrealistic.

Consequently, one must consider that a combi-
nation of more than one of the following processes
has played a role in the genesis of the most
evolved Ascension Island rocks. A priori, three
different processes may have acted in parallel or
in addition to the in-situ Rb decay:

(1) Deep-sea sediment incorporation,

(2) Seawater contamination or interaction,

(3) Mixing with altered oceanic crust.

The first possibility which has also been pro-
posed by Harris et al. [14,17] is not compatible
with all the available isotopic data. Indeed, in that
case, high 8'%0 values should be observed because
the sediments have much higher 80 values (as
high as +25%o) [45-47]. The incorporation of
only 5% of a sediment with a §'®O value of 25%o is
sufficient to enhance the 80 value magmatic
rock by 1%.. More radiogenic Pb isotopic com-
positions, in both 2*Pb/?*Pb and **’Pb/***Pb
ratios, would also be observed [48-50] as well as
lower €,y values (metalliferous sediments and Mn
nodules are characterized by negative ey, values
[51,52].

The seawater contamination hypothesis has the
advantage of not affecting the Pb and Nd isotopic
systems because of the relatively low contents of
both Nd and Pb in seawater. In that case, the
oxygen isotopic system would show the following
possible variations: lower §'0 values in the case
of high-temperature seawater interaction (>
400° C [53]) or higher 80 values in the case of
low-temperature processes (< 400°C). Since
Ascension Island samples do not show any petro-
graphic indication of either high- or low-tempera-
ture interaction, at least at an important scale, the
seawater interaction hypothesis can also be re-
jected.

The third hypothesis, that is mixing with al-
tered oceanic rocks (or older altered basic Ascen-
sion rocks as they have isotopic features, espe-
cially Nd and Sr, in the range of MORB values)
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appears the most plausible. Pb and Nd isotopes
will not be affected significantly by this process
because there is no significant modification of Nd
and Pb isotopic composition by alteration. The
incorporation of high-temperature altered oceanic
crust would have lowered the 80O values, as
observed in Icelandic volcanics (variable and often
low 8'®0 values [54]). For Ascension Island rocks,
this could a priori imply that the process occurred
under relatively high-temperature conditions. A
very clear relation between Sr concentrations and
87Sr /% Sr values is shown in Fig. 1b, that is con-
stant isotopic ratios down to 5 ppm Sr and very
steep increase of the ®’Sr/*¢Sr ratios below that
level. Comparable correlations also exist in the
Rb/Sr or Rb versus ¥’Sr/*Sr diagrams. In the
8Sr /% Sr versus 1/Sr diagram, the Ascension
acidic rocks define linear trends which indicate a
87Sr /% Sr contaminant ratio higher than 0.7075. It
is important to underline the fact that, considering
the very low Sr contents (<5 ppm) of the high
8Sr /8 Sr acidic rocks, the incorporation of less
than 1% of altered oceanic crust (or older Ascen-
sion basic rocks—with Sr content around 100
ppm [5] and an ¥Sr/®%Sr ratio of 0.709) can
account for the observed Sr isotopic ratios.

The mass balance calculations also show that
the incorporation of 1% of altered crust with a
8'0 of 0.5%c would only affect the §'®0 value of
the rocks by 0.05%o., that is below the detection
limit. If the 88O of the altered crust is 3%o, the
corresponding shift would be 0.02%.. It explains
also why no significant modifications are observed
in the major or trace element contents.

If Pb and eventually Sr isotopic compositions
could not by themselves entirely exclude a con-
tinental origin of the acidic rocks, such an origin
would necessitate important re-equilibration pro-
cesses between a plutonic inclusion and its host
lava, for which there is no evidence. Indeed, if on
the average, the plutonic inclusions and the lavas
have very similar isotopic characteristics, there is
not one to one correspondence between one inclu-
sion and its host lava. Moreover, the positive €yy
values obtained for Ascension Island rocks, in-
cluding the acidic terms, both plutonic and
volcanic, argue strongly against any continental
crust influence and/or contamination by oceanic
sediments. Oxygen adds further evidence for a
direct mantle origin of the acidic rocks. Hence it

appears that 8O values of acidic rocks resulting
from fractional crystallization alone are not greater
than 6.7%c (this work, [28,41]). Ascension Island
peralkaline granites but also the rhyolites and
comendites confirm that the §'®Q enrichment re-
sulting from fractional crystallization is not greater
than 1.5%o relative to the initial value of the basic
source. Moreover, the only acidic sample found on
the moon (sample 12013) has §'%0 values between
5.95 and 6.34%o0 [56], i.e. in the range of the lunar
basaltic rocks.

Values higher than 7%o [57], which correspond
to a very large proportion of granites in continen-
tal environment, must be explained by other
processes. If, as shown by Fourcade and Javoy
[58], the 880 values of very old (> 3 Ga) granu-
litic rocks (from the Precambrian shield of In
Ouzzal, Sahara) are low and homogeneous and
can result from magmatic differentiation alone,
the building of continental crust since then must
have involved more and more addition of high '*O
oxygen from sedimentary or metamorphic rocks.

6. Source of the parental magma

All the data on Ascension Island together with
those of O’Nions et al. [8,9] are reported in the
Nd-Sr diagram (Fig. 5a). For comparison, some
data on other oceanic rocks [12,55,59-63] were
also reported. The comparison reveals several fea-
tures worthy of comment:

(1) The Ascension Island data fall largely within
the Nd-Sr mantle array, i.e. within the negative
correlation observed for many oceanic rocks, either
mid-oceanic ridge basalts (MORB) or oceanic is-
land basalts (OIB). However, some islands fall
distinctly off the array, such as St. Helena for
example [4,12].

(2) The Ascension Island data fall in the upper
part of this mantle array, characterized by the
lowest *’Sr /% Sr ratios (< 0.7035) and the highest
MNA/" Nd ratios (eng> +7). They largely
overlap the MORB field (particularly the Mid-
Atlantic Ridge field [64,65]), which is quite un-
usual for oceanic island rocks. This implies that
the source region of this alkali basalt differentia-
tion suite is more strongly depleted in LILE than
many other OIB sources.

(3) In detail, although within the mantle array,
the “Nd/'*Nd and ¥Sr/*Sr ratios in the



Ascension Island rocks appear positively cor-
related (Fig. 5b), while the intra-island isotopic
variations in particular (i.e. the Azores) and the
mantle array in general have Nd-Sr trends with
negative slopes. The very steep positive slope for
basic and intermediate rocks of Ascension Island
is indicative of a much larger relative variation in
Nd than in Sr isotopic ratios (Fig. 5b). The Ascen-
sion Island trend points towards the St. Helena
group of data [12].

(4) The Nd and/or Sr isotopic compositions
are not correlated with the Pb isotopic data [16].
The existence of two groups of rocks in the Ascen-
sion Island samples (the gabbroic inclusions and
the basaltic tuff Asc77 of tholeiitic affinity on the
one hand and all the other rocks, either volcanic
or plutonic, on the other) as defined by the Pb
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Fig. 5. (a) *Nd/™Nd vs. 8781 /%Sr ratios for Ascension
Island lavas and plutonic inclusions. Symbols as in Fig. 1.
Comparison with other data on oceanic basalts, either MORB
or OIB [4,5,9,12,59-62] and on sediments [51,52,63]. Altered
basalts are represented by the asterisk [63]. (b) Same diagram,
but with an expanded scale to show the positive correlation of
these ratios amongst Ascension Island rocks.
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isotopic compositions [14,16] is not shown by these
two other isotopic systems.

The observed trends in the Nd-Sr and Pb-Pb
diagrams are probably best explained in terms of
mixing between two end-members which have to
be defined. One of the components involved has
geochemical features comparable to those of
MORB source; ie., €yg= +10; ¥Sr/*Sr =
0.7030; 2°°Pb/?** Pb = 18; *’Pb/*™ Pb =
15.55-15.60 and 2®Pb /?** Pb = 38.2. On the other
hand, a component with lower '**Nd /' Nd ratios
(€ng < 10) but with about the same or slightly
lower ®Sr /%€ Sr ratios is needed. This source might
have geochemical characteristics close to those of
St. Helena (but with less extreme isotopic com-
positions). In the Pb-Pb diagram, the same situa-
tion is observed: one of the two groups of samples
defined by Weis [16] which comprised most of the
Ascension Island samples has indeed Pb isotopic
ratios intermediate between those of MORB
[50,65,66] and those of St. Helena Island [66,67]. It
is to be noted, as also recognized by White [7],
that the origin of such St. Helena-type source still
remains enigmatic.

One cannot explain the peculiar features of the
isotopic data of Ascension Island by the incorpo-
ration of oceanic sediments. In that case, one
should expect a shift of the data to higher *’Sr /% Sr
ratios, a trend with a negative slope in the Nd-Sr
diagram and distinctly higher °’Pb/*** Pb ratios.
The isotopic data discussed above suggest that
material from at least two different sources have
been involved in the genesis of Ascension Island
rocks. In this context, a general model for the
genesis of Ascension Island could be established
in the following way: when the island was closer
than now to the Mid-Atlantic Ridge, an early
magmatic episode of tholeiitic nature generated
the gabbroic inclusions and the basaltic tuff 77
(coming from Dark Slope Crater, known to be the
earliest active center of Ascension Island [68] and
from Middelton’s Ridge). With time, the spread-
ing activity of the Mid-Atlantic Ridge continuing,
the island was progressively remote from the ridge,
so that the hotspot component gained increasingly
more importance and was responsible for the gen-
esis of the alkali basalt differentiation suite with
its intermediate and acidic rocks, both volcanic
and plutonic.

This model has several advantages in explain-
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ing the isotopic heterogeneities within Ascension
Island lavas, especially in the Pb isotopic system,
and interestingly confirms the model recently pro-
posed by Hamelin et al. [65] to explain the iso-
topic variations observed in the northern segment
of the Mid-Atlantic Ridge.

Dupré and Allégre [6] and Dupré [69] have
recently shown the importance of mixing processes
between the lower and upper zones of the mantle.
The Ascension Island data are in agreement with
this process. Nevertheless, the Ascension Nd-Sr-Pb
isotopic compositions are intermediate between
those observed for the two large-scale mantle do-
mains defined for the oceanic island and continen-
tal alkali basalt source (the lower mantle). This is
not surprising as Ascension Island is geographi-
cally located close to the boundary of the two
domains (see fig. 3 in Dupré and Allégre [6]), the
South Atlantic and southern Indian Ocean islands
on the one hand and the North Atlantic and
eastern Pacific Ocean islands together with the
continental alkali basalts from Africa (Kenya and
Hoggar) on the other hand.

7. Conclusions

(1) The 880 values in Ascension Island lavas
and plutonic inclusions range from 4.8%0 for the
plagioclase cumulates to 6.7%o for the most evolved
rocks, i.e. granite and alkaline rhyolite. The basic
rocks have values around 5.3%o, characteristic of
mantle-derived material.

(2) The mean of ¥’Sr/3¢Sr ratios for eighteen
basic rocks is 0.70311 £ 17 whereas the late-stage
differentiated rocks (rhyolites, comendites and al-
kaline granitic inclusions) have ratios up to 0.712.
These high *'Sr/*¢ Sr ratios result from the combi-
nation of two processes which have acted in paral-
lel: the incorporation of small amounts (< 1%) of
high-temperature altered oceanic crust (or older
altered Ascension basic rocks) enhancing the
%7Sr /% Sr ratio of the magma in the late stages of
the differentiation process followed by the in-situ
Rb decay since the time of formation of the rocks.
This latter process is particularly effective because
of the high Rb enrichment of this alkaline magma.

(3) The Ascension Island lavas and plutonic
inclusions have indistinguishable Nd, Sr and H
isotopic compositions, implying a common origin
for their parental magma. There is no evidence for

continental crust involvement in the genesis of the
acidic rocks; the plutonic inclusions have an oce-
anic origin and can be considered as the slowly
cooled equivalents of the lavas. The positive €5y
values for both volcanics and plutonic inclusions
suggest also a time-integrated REE-depleted man-
tle source.

(4) Pb-Sr-Nd isotopic systematics point to a
mixing between a MORB-type, upper mantle
component and a plume-type (OIB), lower mantle
component with relatively radiogenic Pb and un-
radiogenic Nd and Sr (i.e. with geochemical char-
acteristics quite comparable to those of St. Helena
rocks).

(5) The oxygen isotope systematics in these
samples have implications for the application of
isotopic geochemistry to granite petrogenesis:

(a) the 8O values of acidic rocks resulting
from fractional crystallization processes alone are
not greater than 6.7%0 implying a 8O enrich-
ment relative to the parental basic magma not
greater than 1.5%.. Higher enrichments usually
observed for granites in continental environment
imply necessarily other processes, such as alter-
ation and /or crustal contamination;

(b) one must be very careful when utilizing the
initial Sr ratio of alkaline anorogenic complexes to
define the source region of the parental magma
[70,71] as relatively high *’Sr/*¢Sr values for
granitic rocks do not necessarily reflect a con-
tinental origin.
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