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Abstract Many individual mineral Sr isotope studies have
revealed the complex evolution of highly evolved rocks in
upper crustal magmatic systems, casting doubts on the
meaning of whole-rock Sr isotopes in such samples. In this
paper, whole-rock Sr isotope measurements were replicated
(three to 13 times) on six highly evolved peralkaline
rhyolites from the Main Ethiopian Rift (MER) to appraise
their internal heterogeneity and, thus, the significance of
such data. These rocks were all fresh samples of pumice,
obsidian and lava. Their maximum Sr contents and ages were
15 pg/g and 1.7 Ma, respectively. Significant small-scale
heterogeneities of both Sr isotopes and Rb and Sr contents
were observed in most samples, although not necessarily
associated with petrological characteristics suggesting pos-
sible inheritance processes. Only two, almost crystal-free,
obsidian give fairly homogeneous Sr isotope ratios. These
results outline the ambiguity of a single whole-rock Sr
isotope determination on highly evolved peralkaline rocks,
especially when no simultaneous accurate determination of
the Rb/Sr is performed. They also suggest that the limitations
of Sr whole-rock analyses are not restricted to phenocryst-
rich samples as phenocryst-poor obsidian and almost aphyric
pumices and lava are also concerned. These data further
underscore that unreplicated whole-rock Sr isotope measure-
ments should always be used with great caution in the
petrogenetic modeling of highly evolved rocks. However,
multiple determinations of whole rock *’Sr/*Sr in the same
samples, combined with other geochemical and isotopic
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data, may provide constraints on the shallow level
evolution of these magmas. It is suggested that selective
upper crustal contamination and/or interactions with halo-
gen-bearing hydrous fluids, typical of evolved peralkaline
magmas, were probably involved in the late magmatic
evolution of these MER rhyolites. The more pervasive
character of fluid interaction processes would probably
better account for the small-scale association of uncontam-
inated and contaminated signatures in a single sample.
Thus, even fresh samples may have their Rb—Sr isotopic
system significantly modified by fluid interactions, not as a
secondary process but at the late magmatic stage.
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Introduction

Sr isotope compositions have been largely used over the past
45 years, in addition to petrological, geochemical and some
other isotope data to understand the petrogenesis of highly
evolved magmas. In the oldest studies, only whole-rock Sr
isotope ratios were available and considered as representative
of the isotopic compositions of the liquids from which these
rocks crystallized. It was assumed that for young, fresh
volcanic rocks, mineral phases were in isotopic equilibrium
with the host lava. However, petrological observations often
reveal indices of crystals—liquid disequilibrium (mineral
zoning, dissolution—resorption rims, overgrowth textures on
resorbed crystals) suggesting a complex evolution of these
magmas during their residence in magmatic systems.
Furthermore, various studies have outlined the Sr-
isotope disequilibrium between feldspar phenocrysts and
their matrix in many silicic volcanic rocks (e.g. Noble and
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Hedge 1969; Stuckless and O’Neil 1973; Futa et al. 1981;
Duffield and Ruiz 1992; Christensen and DePaolo 1993;
Wolff et al. 1999). Over the last decade, both in situ
measurements and/or analyses on much smaller samples
have become available (e.g. Christensen et al. 1995;
Davidson and Tepley 1997; Charlier et al. 2006) allowing
Sr isotopic heterogeneities at the mineral and sub-mineral
scale to be documented. Such studies were often performed
on highly evolved compositions, mainly on feldspars but
also on biotite (e.g. Davidson and Tepley 1997; Knesel et
al. 1999; Tepley et al. 2000; Charlier et al. 2006). These
heterogeneities are usually associated with petrological and
compositional variations suggesting that these crystals had
complex crystallization histories and may originate from
distinct magmas and/or have been affected by significant
contamination/inheritance processes. Feldspar has often
been studied in highly evolved lavas as it is usually a main
phenocryst phase and also the main repository for Sr (e.g.
plagioclase in Cerro Toledo rhyolites, Stix and Gorton
1990; sanidine in the Bishop Tuff, Halliday et al. 1984) in
these rocks. As these lavas, especially the peralkaline ones,
are often characterized by high Rb/Sr ratios, due to their
generally very low Sr contents, this has important implica-
tions on the meaning of Sr isotopes in such rocks.

In-situ isotope profiles across phenocrysts obviously
record petrogenetic processes that are masked in whole-
rock Sr isotope studies. They highlight the limitations
inherent to whole-rock analyses of phenocryst-rich volcanic
rocks. Seeing the complexity of the isotopic Sr patterns in
feldspars and other mineral phenocrysts and their ground-
mass, the significance of Sr isotopes on whole-rocks is
really questionable (e.g. Davidson et al. 2005). Multiple
open system processes clearly operate in a given magmatic
system but unravelling their complexity by whole-rock data
alone is generally impossible.

In this paper, the variation of whole-rock Sr isotopes and
Rb-Sr contents in highly evolved low-Sr samples (pan-
telleritic rhyolites) from the Main Ethiopian Rift (MER) is
investigated. Significant heterogeneities are observed in
various types of samples (pumices, obsidian and lava) and
their meaning is discussed. Even mostly aphyric samples
are concerned by such heterogeneities, suggesting that they
exist at a small-scale and are not necessarily related to
contaminated/inherited crystals. Whole-rock Sr isotope data
are not only averages of a potentially heterogeneous
material, but they may lack of accuracy in highly evolved
rocks, even fresh and apparently homogeneous, depending
on the scale of sampling. Thus, unreplicated measurements
should always be used with great caution in the petroge-
netic modeling of such rocks. However, multiple whole-
rock Sr isotope determinations, combined with other
geochemical and isotopic data, may give useful con-
straints on the shallow level evolution of these magmas,
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especially on crustal contamination and/or fluid interaction
processes.

Background
Geological setting

The Main Ethiopian Rift and Afar represent the northern-
most part of the East African Rift. This tectonic structure is
a famous example of a young intracontinental rift. It is part
of the Afro-Arabian rift system to which a large continental
flood basalt province is associated (e.g. Mohr and Zanettin
1988). The Ethiopian volcanic province is dominated by up to
300,000 km® of mid-Tertiary basaltic lavas associated with
felsic products. In the Ethiopian rift valley, the proportion of
felsic volcanic products is about 90% of the total volume of
erupted material (Mohr 1992). In the studied MER sector,
most of the huge volumes of felsic alkaline rocks either have
a fissural origin or are related to large volcano-tectonic
collapses (Boccaletti et al. 1995).

The studied samples belong to three different ignimbritic
units from the Asela—Ziway area, about 125 km south-east of
Addis Ababa, on the eastern shoulder of the MER. These
volcanic rocks are younger than 1.7 Ma (WoldeGabriel et al.
1990) and are related to the most recent tectonic phases of
the MER formation (Abebe et al. 1997). The precise
location of these samples as well as the detailed stratigraphy
of the corresponding volcanological units are available in
Trua et al. (1999). The oldest units (Asela and Tulu Moye-
Hate, 1.7-0.83 Ma) represent the unimodal felsic magmatism
overlapping the older bimodal Chilalo volcanism. The
youngest unit (Aluto Berecha, 0.83 Ma) belongs to a
bimodal magmatic suite (Trua et al. 1999) erupted between
0.83 Ma and 0.02 Ma (WoldeGabriel et al. 1990).

Samples

The analyzed samples are peralkaline rhyolites (obsidian,
lava, pumices) belonging to pantelleritic ignimbrites and
minor lava domes and flows studied by Trua et al. (1999)
and Deniel et al. (2000). The main characteristics of the
analyzed samples are summarized in Table 1. The mineral
analyses were published elsewhere (Trua et al. 1999). Note
that the composition of the various minerals is homoge-
neous within a single sample and that the range of
anorthoclase and pyroxene compositions among the sam-
ples is very limited.

The Asela and Tulu Moye-Hate samples (lava domes
and pumice flows) are mainly vitrophyric with scarce small
crystals of quartz and anorthoclase (Ors;_pg) with fairly
homogeneous compositions (LA7 and LA13). Sodium-rich
augite (Wo4;En,) and sporadic small crystals of aenigmatite
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Table 1 Main petrological and chemical features of the Asela—Ziway highly evolved rocks

Volcanological unit Samples Main characteristics LOI (wt.%) SiO, (wt.%)
Asela LA7 Grey pumice in ignimbrite 3.54 70.48
vitrophyric with scarce anorthoclase (Ors;) crystals (<0.5 mm size)
Tulu Moye-Hate LA13 Large dark glassy fiamme in ignimbrite 0.72 70.80
2-3 vol.% of heterogeneously distributed anorthoclase
(Oryg) crystals (<0.5-3 mm size) or crystal clusters
LAl6 Very homogeneous aphyric dark obsidian (lava dome) 0.55 71.70
Aluto Berecha AS12 Grey lava, aphyric, non vesiculated (lava dome) 0.53 74.82
heterogeneous microcrystalline texture with alkali feldspar
microcrystals and inhomogeneously distributed pyroxene/
amphibole microcrystals
LA46 Beige aphyric pumice 4.52 68.57
LA38 Porphyritic obsidian (lava dome) 0.68 71.05

about 15 vol.% anorthoclase (Or;7_36) crystals (<1-3 mm size),
subordinate (2 vol.%) Na-rich augite (Wo4; 40En, ;) phenocrysts,
aenigmatite microphenocrysts + fayalite + quartz (<<l vol.%)

were also encountered in some other samples belonging to
these volcanological units (Trua et al. 1999). The ignim-
brites locally contain large dark glassy fiammes with
abundant anorthoclase phenocrysts (LA13) or sanidine
(Trua et al. 1999).

The Aluto Berecha felsic rocks mainly consist of
porphyritic pantellerites with anorthoclase (Ors;_36) and
subordinate sodium-rich augite (Wog4;_40En,_;) pheno-
crysts, aenigmatite microphenocrysts + fayalite £ quartz
(LA38). The groundmass texture of the lavas from the
domes may be heterogeneous, with alkali feldspar micro-
crystals (AS12).

All the samples were fresh and devoid of xenoliths, both
in hand specimen and in thin sections. The loss on ignition
(LOI) is 0.53 to 0.72 wt.% for the lava and the obsidian. It
is 3.5 and 4.5 wt.% in the pumices. Such high LOI are
common for pumices because of the high volatile content of
the corresponding magmas associated to explosive erup-
tions. However, the progressive hydration of their glass
components with time may also partly account for these
high LOI (e.g. Schmitz and Smith 2004).

A two-stage model for the genesis of these highly evolved
rhyolites

The petrogenesis of the Asela—Ziway rhyolites was already
discussed on the basis of petrological, geochemical and
isotopic (Nd, Pb) data (Trua et al. 1999; Deniel et al. 2000).
A two-stage model involving small degrees (10%) of
equilibrium partial melting of a mafic lower crust (under-
plated magmas?), followed by moderate degrees (40%) of
crystal fractionation (mostly Na-feldspar) may account for
the geochemical characteristics of the least differentiated
rhyolite (LA38). The predominance of alkali feldspar

fractionation over that of plagioclase is also supported by
the mineral assemblage of LA38. Its Nd and Pb isotope
compositions, almost identical to those of the local basalt
used for these calculations, are also compatible with such a
model. The negative Ba, Sr, P, Eu and Ti anomalies of all
these rhyolites also suggest low-pressure crystal fraction-
ation of alkali feldspar, plagioclase, titanomagnetite and
apatite in their genesis, as also suggested by their
phenocryst assemblages. It is also compatible with the
model of Caricchi et al. (2006) requiring polybaric
differentiation starting at elevated pressures for the genesis
of other peralkaline magmas from the MER. According to
these authors, extensive crustal thinning and intense fractur-
ing of the crust would allow the rapid ascent of parental
magmas from the lower crust into shallow magma reservoirs
where differentiation/fractionation under low pressure con-
ditions would occur. This two-stage model, with varying
degrees of partial melting (5-10%) and crystal fractionation
(20-40%), may account for the geochemical and Nd, Pb
isotope characteristics of the Asela—Ziway peralkaline
rhyolites. AS12, the most evolved sample clearly requires a
much higher degree of crystal fractionation. However, its Nd
and Pb isotope compositions are within the range observed in
the associated basalts and thus do not give evidence for
significant upper crustal contamination.

More recently, the effects of repetitive emplacement of
basaltic intrusions over 10°~10° years on thermal evolution
and melt generation in the crust have been studied (e.g.
Petford and Gallagher 2001; Annen and Sparks 2002). The
initial incubation period, with basaltic intrusions solidifica-
tion, would be consistent with the development of an
underplated mafic crust (Annen and Sparks 2002). Further-
more, such deep crustal intrusions causing long-lived thermal
anomalies would be prone to remelting processes during
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subsequent magmatic episodes (Petford and Gallagher 2001;
Annen and Sparks 2002). Melt generation would thus
involve simultaneous cooling and crystallization of the
intruding basalts and partial melting of both the new
basaltic crust and the pre-existing old crust (e.g. Annen
and Sparks 2002), the melting proportions of these
components being controlled by the temperature and water
content of the intruded basalts and the fertility of the
country rocks. In the MER sector, both the asthenospheric
upwelling (Mahatsente et al. 1999) and the protracted
magmatic activity would have favoured the persistence of
such a thermal anomaly. It is consistent with the regional
scarcity of basalts and intermediate products associated
with the MER peralkaline rhyolites and would be compat-
ible with the involvement of lower crustal contamination
during the differentiation of the Asela—Ziway basic to
intermediate rocks (Trua et al. 1999).

Methods

Samples (0.5 to 0.8 kg) selected for isotope composition
and isotope dilution analyses (Trua et al. 1999, this work)
were chipped to less than 8 mm fragments in a steel jaw
crusher. Each crushed and homogenized sample was then
split into a main aliquot (saved) and a small one (used for
isotope analyses). After screening through sieves, this small
aliquot represented 15 g (pumices) and 30 g (lavas) of chips
(2-8 mm in size). From this homogenized aliquot,
individual batches (1 to 3 g each) of rock chips (24 mm)
were then handpicked to ensure freshness before further
processing in the laboratory, either directly as chips or after
crushing to powders (see below).

Sr isotope composition (IC) analyses

Some rock chips (about 0.8—1 g) were leached in 6 M HCI
at 100°C, for 45 min and rinsed twice with water. These
samples were then digested and processed in the laboratory
for Pb, Nd and Sr isotope composition measurements by
thermal ionisation mass spectrometry (TIMS) as described
in Deniel et al. (1994). Pb and Nd isotope results were
published in Trua et al. (1999) with data on basaltic rocks
from the same area. Analyses performed on chipped rock
samples are indicated in Table 2 with the prefix C.

Some rock chips (2-3 g) were leached with 6 M HCI at
100°C for 45 min and rinsed twice with water. They were
dried and crushed to powders in an agate mortar and 0.3 g
used for Sr isotope analyses. Samples processed in this way
are indicated by the prefix P in Table 2.

Hydrochloric acid distilled in sub-boiling silica glass still
(Quartex, Paris) and water purified through a Milli-Q
system (Millipore) were used throughout.
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Sr isotope dilution (ID) analyses

The very low Sr (2-15 pg/g) and high Rb (98-240 ng/g)
contents of highly evolved rocks result in high Rb/Sr
ratios which induce significant uncertainties on initial Sr
isotope compositions, even for young rocks (<0.5—1 Ma).
Consequently, it is critical to measure both Sr and Rb
contents as accurately as possible on the same sample
fraction used for *’Sr/*°Sr analysis. Thus, many analyses
of these Ethiopian rocks were performed by isotope
dilution (ID) and TIMS.

For these analyses, powders were prepared as de-
scribed for the Sr isotope composition measurements. For
each Sr ID analysis a mixed **Rb—**Sr spike was added
to 0.3 g of powder before digestion with mixed HF—
HNO3;-HCIO, acids. After drying, samples were taken up
in 6 M HCIl, warmed, and evaporated before final
dissolution in 2.5 M HCI for separation of Rb and Sr on
a cationic resin. Perfect isolation of Sr from Rb is
necessary for accurate determinations of ®’Sr/*®Sr ratios
because of the isobaric interference at m/z=87 and the
highly effective ionization of Rb by TIMS. To ensure
high quality TIMS measurements of these Sr-depleted
samples, Sr was thus purified from Rb using the Sr.Spec.
extraction chromatographic material (Pin et al. 1994). Rb
was further purified from matrix elements using zirconium
phosphate as a cation exchanger (Pankhurst and O’Nions
1973; Pin et al. 2003). To overcome the potentially
significant memory effects of the Sr.Spec. extraction chro-
matographic material (Pin and Bassin 1992; Pin et al. 1994),
6 M hydrochloric acid was used to clean the columns
(Deniel and Pin 2001). After washing the 250 ul of Sr.Spec.
with 5 ml of 6 M HCI, the resettling was performed in about
5 ml of 0.05 M HNO; before further washing with 5 ml of
0.05 M HNO;.

Mass spectrometry

Rb was loaded onto Ta filaments and measured on a
Cameca TSN 206SA single collector mass spectrometer.
Sr was loaded onto tungsten filaments covered with a
tantalum gel as an ion emitter (Birck 1986). All the Sr
isotope measurements were performed on a VG 54E mass
spectrometer in the dynamic double collection mode.
87Sr/*°Sr ratios are normalized to %°Sr/**Sr=0.1194 and
given relative to a ®’Sr/*°Sr=0.710219+45 (2 SD, 22
measurements) for the NBS SRM 987 standard. The
internal errors (2 SE) of Sr isotope measurements are
given in Table 2 and range mostly between 2x 107> and
5x107°. A 2% error is associated to the determination of
87Rb/*°Sr ratios by ID-TIMS. The maximum total Sr blank
(I ng) was negligible relative to the amount of Sr
analyzed.
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Results

Both measured (*’Sr/*°Sr,,) and initial (*’St/*Sr;,) Sr
isotope ratios and the Rb and Sr contents are reported in
Table 2. The ages used to calculate the 879r/30Sr,, are those
published for the corresponding volcanological units
(WoldeGabriel et al. 1990). These ®’Sr/**Sr;, were calcu-
lated in two different ways. For isotope composition
analyses (IC), the XRF or ICP-MS Rb and Sr contents
(Trua et al. 1999) were used. For isotope dilution analyses
(ID), the Rb and Sr contents determined on the same
sample aliquot as the Sr isotope ratio were used.

Despite variation among the data, some ASI12 results
define a positive correlation between *’Sr/*°Sr,, and
87Rb/*Sr, giving an apparent isochron age at 0.7 Ma
(Table 2). This age and the mean square of weighted deviates
(MSWD) reported were calculated with ISOPLOT, Model 1
(Ludwig, http://www.bgc.org/klprogrammenu.html).

Rb and Sr contents

Rb and Sr contents were measured by both XRF and ICP-
MS, with expected uncertainties of 5-10% for Rb
(>100 pg/g) and up to 25% or even more for Sr (1 to
15 ng/g). Despite a very high consistency between Sr
contents measured by XRF and ICP-MS in four out of six
samples, a significant variation is observed for both Sr and
Rb in some samples. It is 11% and 19-21% for Sr and Rb,
respectively, for LA7 and LA46. A 11-12% difference
between XRF and ICP-MS is still observed for Rb in LA16
and ASI12. The Rb content measured by ICP-MS is
systematically lower than that measured by XRF, except
for LA38 (almost identical). The resulting difference of the
87Rb/*°Sr ratio between the two data sets is 7—12%, except
for LA38 (2%).

The accuracy of the XRF and ICP-MS data (especially
for Sr) can only be evaluated by comparison with the ID-
TIMS data which are the most precise of any. Most ID Rb
contents range between the XRF and ICP-MS values
(Table 2). However, a higher discrepancy is observed for
LA38 (5%) and especially AS12 (16%) for which one ID
measurement is clearly outside this range. The consistency
between ID and XRF/ICP-MS Sr values is relatively poor,
except for LA13 (15%) and LA16 (3%). For LA7, the range
of variation among ID data is much larger than the
difference between XRF and ICP-MS values whereas for
LA46, the ID Sr content is about four times lower than the
XRF/ICP-MS values. For the other samples, ID Sr is
systematically lower than both XRF and ICP-MS Sr by
30% to 50%. Such discrepancies between XRF/ICP-MS
and isotope dilution Sr data are not surprising and confirm
the poor accuracy of XRF and ICP-MS measurements for
such low Sr concentrations. Only isotope dilution combined

with TIMS or ICP-MS can give precise and accurate Sr
determinations at such a low level of concentration.

Furthermore, the variation of Rb and/or Sr contents
measured by isotope dilution is large within a single
sample (except for obsidian LA16 and LA38), ranging
between 9% and 28% for Rb and between 9% and 121%
for Sr. The resulting variation of the ®’Rb/*°Sr ratio is
17-125%, except for LA16 and LA38 (<3%). This is
significantly greater than the analytical uncertainty (2%
error) on °'Rb/*°Sr ratios measured by isotope dilution and
suggests the existence of significant Rb and Sr, within
sample, heterogeneities.

Sr isotope ratios

Replicate whole-rock 87Sr/%Sr,,, and ¥'St/*Sr,, are vari-
able, although to various extents. Samples LA7, LA13 and
ASI12 are particularly heterogeneous. *’Sr/*Sr;, variations
among replicate isotope dilution (ID) analyses are 660—
2,080 ppm (Table 2) for all samples but LA38 and LA16,
also homogeneous for their Rb and Sr contents (see
previous section). Even larger variations (5,500 and
2,440 ppm) are observed for replicate isotope composition
(IC) measurements on both rock chips and powders of
LA13 and AS12 (Table 2). For LA7 and LA46, the isotope
dilution data cover the whole range of 87Sr/%Sr,'n variation
whereas for LA13, the isotope composition data do. Although
the range of variation observed with isotope compositions is
large for AS12, it is even larger (3,740 ppm) when both
isotope dilution and isotope composition data sets are
considered. For LA16 and LA38, considering both isotope
dilution and isotope composition data increases the range of
variation to 180 and 205 ppm, respectively.

The effect of using the XRF or ICP-MS Rb and Sr data
for the calculation of the 87Sr/86$r,'n is also illustrated in
Table 2. When only one IC measurement was performed
(LA7, LA16, LA46 and LA38), the initial Sr isotope ratios
were calculated with the two data sets. The difference
between both results is within the 2 SE of the Sr isotope
measurements themselves. It must be noted that for these
four samples, the ®’Rb/**Sr ratios are relatively low (9—52).
When various IC measurements were performed (LA13 and
AS12), the incidence of using the XRF or ICP-MS data was
illustrated on one measurement. For these samples with
higher *"Rb/*Sr (125-184), the difference on the initial Sr
isotope ratios is larger than the 2 SE of the isotope
measurements.

The total range of ®’Sr/*°Sr variation due to in situ
radioactive decay of ®*’Rb is 300 to 3,300 ppm (Table 2).
This enrichment is important not only because of the relatively
old ages (reaching 1.7 Ma for LA7) but also, mainly, because
of the high ®"Rb/*®Sr ratios, as for AS12 and LA13. Figure 1
illustrates, with the ID data, that an accurate age of the lavas
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is absolutely required to make the appropriate age correction

NO 0O~ O <+ © © ©~
88888z &8ES 187G 86 .
ESE888888 8888 and get the proper initial °'Sr/°"Sr ratios. Indeed, for LA16,
SS3S3S3S3S3S S3S3S S . .. . .
SSocoSsSssSsS SoS o and especially LA13, it is obvious that the uncertainty on the
age of the Tulu Moye-Hate unit has a drastic effect on the
P intial Sr ratio that is calculated. Note also that for these
:a (:) :a samples, the range of ®’Sr/*®Sr;, variation for ID measure-
é’ o R ments is higher at 0.8 Ma than at 1.7 Ma (700 and 400 ppm,
—_ —_ =0 . :
:; :; - respectively, for LA13) as outlined by other authors (e.g.
= B 5 S¢S Vidal et al. 1984).
&g g E8E
o o Ly &
o = N = < N~
Discussion
True initial Sr isotope heterogeneity
The observed Sr isotope variations could be related to
analytical problems. However, these rocks were fresh and
analyzed at the same time as the less differentiated lavas
TRALLETT 2wy from the same area. A good reproducibility of the Sr
sEEEEEEE EEEE isotopic compositions (including isotope dilution measure-
S oo oo oo S =) ; R . -
ments) was systematically observed for basic to intermedi-
ate rocks (Trua et al. 1999). The poor reproducibility
observed among the highly evolved samples concerns both
RS IS N oy 0 isotope dilution and isotope composition measurements.
<t n — AN A I — N > o0
AN AN N NN O\ o0 [ e

Problems related to incomplete equilibration between spike
and sample would have only affected the isotope dilution
measurements. Furthermore, such problems would not have

Both measured (*”Sr/*°Sr,,, or Sr,,) and initial (¥’ St/%°Sr;, or Sry,, calculated at the age of the sample) Sr isotope ratios are given. Analyses were performed, either directly on rock chips (C) leached

just before chemistry, or on powders (P) prepared from leached rock chips. For each analysis, the number indicates the batch of rock chips and the letter a separate measurement of that batch. For
the two Tulu Moye-Hate samples, *St/*°Sr;, ratios are given for 0.83 Ma (a) and 1.7 Ma (b). The analyses used for the pseudoisochron calculations are in bold character. Rb and Sr contents were

0~ 0~ o0~ o . . .

“tfcsssSsee | Jew been systematically restricted to the highly evolved sam-
ples. Contamination during processing of these Sr depleted
samples, and especially during separation of Sr, seems

Do NZ., precluded given the total blanks measured during the period

— N = = — N O x O N O .

il of analyses. Furthermore, it would not account for the

T; significant variation of Rb content observed among replicate
o< - § measurements (28% for ID analyses in AS12). Rhyolites
z (pumice and obsidian, 6 Ma and 0.15-0.12 Ma, 131 and
o 89 ug/g Sr, respectively) from Turkey were also analyzed
= using the same analytical procedures and gave reproducible

R N — 0 I~ Ay . .

52293 Q 554 S Sr isotope data (Deniel et al. 1998). Although these two

[l e == (=l eiNel kel . . ..

EEEEE R R g samples were duplicated only once, it was after two distinct

S ) SIS © . . . .

b leaching procedures on two different aliquots of rock chips

NP = ~ which could have been a factor of additional variation.

SESESRSES QA > g . . . ..

= i/ = i/ \?—; g = i/ g il Note also that replicate Pb and Nd isotopic compositions

SIS = =90 = é measured at the same time on the Asela—Ziway, basic to

N g highly evolved samples, were consistently reproducible
B (Trua et al. 1999). It is thus probable that the ®’Sr/**Sr,
Q .. . . .
= = 5 ‘g variations observed in MER samples reflect true isotopic

E E ‘é’ é heterogeneities of the analyzed pantelleritic samples. Many

& & = g studies on highly evolved rocks from various volcanic

E E E'g systems have documented Sr isotope heterogeneity of the

8 8 2 "E related volcanic units (e.g. Halliday et al. 1984, 1989;

53 53 . .

M s g = Davies and MacDonald 1987; Hildreth et al. 1991; Duffield

Q Q ° . .

$ B &= % 2 and Ruiz 1992; McCulloch et al. 1994; Bohrson and Reid
5 < 5 < RAS| 1997; Snyder et al. 2004). However, at the sample scale, it
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Fig. 1 ¥’Sr/*Sr;, of Asela—Ziway highly evolved rocks versus a
87Rb/*Sr and b Sr concentration. For the two Tulu Moye-Hate
samples, initial ratios calculated for 1.7 and 0.83 Ma (maximum and
minimum ages reported in Trua et al. 1999) are represented by open
and close symbols, respectively. Note that only the isotope dilution
(ID in Table 2) data are plotted. Arrows point towards upper (UC) and
lower (LC) crustal compositions. Black and grey lines along the y axis
illlustrate the range of Sr isotope variation (Trua et al. 1999) observed
in associated old (Chilalo and Eastern Margin, 2.3—1.3 Ma) and young
(Galo Salen, 0.29 Ma) basalts (WoldeGabriel et al. 1990), respectively

has usually been documented through the variation ob-
served between the 37Sr/*°Sr;, of the glass and various
minerals (see references in “Introduction”).

Isotope composition versus isotope dilution data

For LA7 and LA13, the variation observed among ID
87S1/%°Sr;, on powders from distinct aliquots of rock chips
is significantly outside the errors on both *’Sr/**Sr,,, and ID
8Rb/*°Sr. However, for AS12, the four aliquots define two
groups of values and for LA46, there is some overlap
despite significant variation of the ID ®*’Rb/*°Sr.
Irrespective of this variation among replicate ID data, the
Sr;, obtained between replicate analyses of a single aliquot

@ Springer

of rock chips are generally consistent within the 2 SE of
87S1/%°Sr,,. This is still true for LA13 (P2a, P2b) if the 2%
error on ¥’Rb/*®Sr is taken into account. However, for LA7
(P4a with a higher 2 SE, P4b) and LA46 (Pla, P1b), the
larger variations observed are outside the analytical
uncertainty, at variance with what is observed for some
other replicate ID data sets on the same samples (P3a, P3b
and P2a, P2b, P2c, respectively) (Table 2).

Furthermore, the variations among isotope composition
data are higher than those observed among isotope dilution
data (LA13, AS12 in Table 2). When IC and ID data are
available on powders prepared from the same aliquot of
rock chips, the *’Sr/*’Sr,, are consistent within analytical
error, except for AS12 (P2a, P2b). However, the 2 SE of the
87S1/*°Sr,, of P2b is much higher than for most measure-
ments. Note that for this sample, Pla (ID) and P1b (IC) are
consistent.

The isotope compositions measured on rock chips are
generally significantly different from ID and IC measure-
ments on powders, LA13 being an extreme case. A large
variation among distinct aliquots of rock chips is also
observed for AS12.

Although all these data consistently suggest a high Sr
isotope heterogeneity of the samples, they cannot be strictly
compared. For IC data, calculations of 8781/%8r,,, with XRF
and/or ICP-MS data do not take into account the possible
concomitant variation of the 87Rb/86$r, either due to
intrinsic heterogeneity of the samples or related to leaching
before chemistry, that may introduce a bias on the
87Sr/%Sr;,. For this reason, the diagrams in Figs. 1 and 2
and the related discussion are based on ID measurements
only. Furthermore, a bias between analyses of rock chips (C
analyses) and powders (P analyses), prepared from a larger
amount of rock chips (see “Methods” section), may also
exist because of the corresponding distinct sampling scales.
The smaller scale of sampling for rock chips may
potentially introduce a bias towards distinct signature and/
or higher heterogeneity, as observed for LA13 and AS12.

Sr isotope heterogeneity versus petrology and sample size

Only in some of the analyzed samples are ®’Sr/*°Sr;,
variations associated with significant petrological features
that may account for these heterogeneities. Among the
Asela and Tulu Moye-Hate samples, only the LA16
obsidian, very fresh, homogeneous and aphyric, gives
reproducible Sr isotope results. The LA7 pumice is highly
heterogeneous in ’Sr/*®Sr;, despite the apparent composi-
tional homogeneity of its scarce feldspar phenocrysts (Trua
et al. 1999). LA13 displays even more variation in
87Sr/*°Sry,. Feldspar crystals distributed as clusters in this
otherwise homogeneous glassy fiamme could account for this
heterogeneity. The possible sampling of such feldspar clusters
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in rock chips (C, Table 2) might account for their distinct
isotopic signatures. Indeed, the presence of inherited crystals
recording distinct isotopic signatures has been reported for
highly evolved rocks from various volcanic systems (e.g.
Noble and Hedge 1969; Christensen and DePaolo 1993;
Tepley et al. 1999; Wolff et al. 1999; Snyder et al. 2004;
Charlier et al. 2006). In other cases, the contrast between
phenocrysts and glass has been interpreted as the result of
progressive Sr contamination or post-eruptive surface alter-
ation (e.g. Halliday et al. 1984; Duffield and Ruiz 1998,
Knesel et al. 1999; Snyder et al. 2004).

The LA38 Aluto Berecha sample is homogeneous
regarding both its *’Sr/**Sr;, and feldspar and clinopyrox-
ene compositions (Trua et al. 1999 and Table 1). The LA46
pumice and AS12 lava are heterogeneous in both *’Sr/*®Sr;,
and Rb-Sr contents (as measured by ID). Although no
obvious petrological heterogeneity is observed in AS12, it
displays a significant textural heterogeneity (grain size and
nature of the microcrystals). This could reflect the occur-
rence of magmas with slightly different compositions,
volatile contents and viscosities as expected in lava domes.
Furthermore, negative and positive trends are observed
among AS12 ID data (Fig. la, b), suggesting that the
isotopic variations in this lava are mainly related to its Sr
contents. No such correlation is observed with Rb despite
28% variation. Such trends would be compatible with the
mixing of a magmatic component characterized by a low Sr
content and *’Sr/*Sr and another component with higher
Sr content and more radiogenic ®’Sr/*®Sr. It could be a
crustal component that would also account for the strong
variation of Rb contents. AS12 is the most evolved rhyolite
with extreme fractionation suggesting a higher residence
time at upper crustal levels compared with the other
samples. Alternatively, the involvement of fluids could be
consistent with AS12 textural characteristics and Sr isotope
pattern as discussed hereafter, provided these fluids were
enriched in *’Sr. The apparent isochron age defined by the
four analyses corresponding to the lowest ®’Sr/*®Sr;, is
consistent with the published age of the Aluto Berecha unit
(WoldeGabriel et al. 1990) and could correspond to fluid
unmodified domains. However, more data would be
required to better constrain such hypothesis.

Only pumices exhibit relatively high LOI (Table 1),
although not exceptional for these kinds of samples. Gain
of Sr has been described both on crystallization and
hydration of glassy peralkaline silicic rocks (Noble 1967;
Baker and Henage 1977; Weaver et al. 1990) whereas the
behaviour of Rb during circulation of groundwater is not so
well established (e.g. Noble 1967; Weaver et al. 1990). These
secondary processes may account for the ¥’Sr/*°Sr;, hetero-
geneity in pumices. Although the importance of various
secondary processes has been reported for highly evolved
volcanic rocks (e.g. Halliday et al. 1984; Snyder et al. 2004),

there is no evidence that they may account for the hetero-
geneities observed in the other, very fresh, MER samples.

The results of this study indicate that (1) Sr heterogene-
ity (both Rb-Sr contents and *’Sr/*Sr;,) is common in
most Sr depleted highly evolved rocks (pumice, aphyric
lava, obsidian), not only in samples exhibiting high LOI
and/or obvious heterogeneous petrological features and (2)
it is hard to predict this degree of isotope heterogeneity and
especially its scale.

The preparation of samples performed for this study is
similar to that used by many isotope geochemists, espe-
cially those involved in Pb isotopes. When Sr and/or Nd
isotopes are to be measured, the same material is generally
used. It is well known that whole-rock values are only
averages and that much petrogenetic information is lost
with such data. However, this study suggests that even
whole-rock analyses do not necessarily give an accurate
average for Sr isotopes in highly evolved rocks, depending
on the scale of the heterogeneities (a few millimeters here),
the way samples were prepared and their size. In the present
case, the samples were homogenized aliquots at each stage
but the last step, aliquots of powders from 2-3 g crushed
rock chips and especially rock chips themselves (0.8—1 g)
(see “Methods” section), apparently sampled small-scale
elemental (Rb, Sr) and isotopic heterogeneities. As a result,
the average *’Sr/%®Sr,, of the samples cannot be accurately
determined. The method good for Pb isotopes is probably
not suited for Sr isotopes in such rocks. To get represen-
tative Sr isotope averages on such, mostly aphyric, highly
evolved peralkaline rocks would require to keep a much
larger scale of sampling/homogenization, at least the 15 to
30 g mentioned earlier for these samples (obsidian, lava and
pumice). For porphyritic samples, the amount of homoge-
nized material required for analyses would obviously be
much larger although it cannot be constrained a priori as it
will be a characteristic of each sample. Considering the
usual approach of isotope geochemists for such analyses, it
implies that, in general, no precise mean Sr isotope value is
available, through a single whole-rock measurement, for
detailed petrogenetic modeling of such rocks.

It is clear that giving the reproducibility of the standard
NBS 987 to evaluate the quality of a Sr isotope data set on
such samples is inappropiate. The Sr isotope variation
observed among multiple analyses of the samples is here
two to 120 times the 2 SD (standard deviation) on the NBS
987 mean. Although some replicate analyses with distinct
sample digestions may have been performed, they are rarely
reported in papers dealing with whole-rock Sr isotope data on
highly evolved, Sr depleted samples. The description of the
analytical procedures may be given together with the value
and reproducibility of the NBS 987 standard (e.g. Heumann
and Davies 2002; Heumann et al. 2002; Vasquez and Reid
2002; Snyder et al. 2004) but not systematically. It is also
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common to only supply the data concerning the standard
(e.g. Karapetian et al. 2001; Gioncada et al. 2003) or, simply,
none of this information (e.g. Paquereau Lebti et al. 2006).
Furthermore, the Rb and Sr contents used to calculate the
87S1/*Sr;, may be XRF or ICP-MS data (e.g. Gioncada et al.
2003; Paquereau Lebti et al. 2006) which result in significant
additional errors as discussed above. Sometimes, the age
correction is not performed on the data (e.g. Karapetian et al.
2001; Gioncada et al. 2003; Paquereau Lebti et al. 2006) and
isotope ratios of different units with variable ages are directly
compared to each other and discussed in terms of petrogen-
esis. More analytical information would be welcome and
probably greater caution required when drawing petrogenetic
inferences based on such data.

Petrogenetic implications

As multiple whole-rock Sr isotope measurements were
performed on these highly evolved volcanic rocks from the
MER, it is interesting here to compare the picture given by
Nd and Pb isotopes on one hand (Trua et al. 1999) and that
given by Sr isotopes on the other hand. The '**Nd/'**Nd
and Pb isotope variations among rhyolites belonging to the
older unimodal magmatism (Asela, Tulu Moye-Hate) are
within those of the older basalts (Trua et al. 1999 and
Fig. 2). The variations among the Aluto Berecha rhyolites
belonging to the younger, bimodal magmatism are approx-
imately within those of the associated basaltic rocks. These
younger basic rocks are more contaminated by the crust
(Late Proterozoic lower crust) than the older basalts. All
these data support a genetic link between the basalts and the
rhyolites, without obvious crustal contamination of the
rhyolites themselves, as modeled by Trua et al. (1999).

The picture given by Sr isotopes in these lavas is clearly
much more complicated than that given by Nd and Pb
isotopes alone. A large range of *’Sr/*°Sr,, is observed
among these MER differentiated samples: 0.70322—
0.70735 for individual isotope dilution analyses and
0.70389-0.70701 for their means. The distinction between
the two groups of rhyolites is not apparent with Sr isotopes
alone (Fig. 2a) although it is clear-cut with either Nd or Pb
isotopes (not shown). However, it is apparent in the Pb—Sr
and Nd-Sr isotope diagrams (Fig. 2b, c) despite the large Sr
isotope heterogeneity of some samples.

For the Aluto Berecha samples, the least radiogenic
¥7S1/*Sr;, is observed in LA38. This ratio is similar to that
of the most primitive young basalt, supporting their close
genetic link without crustal contamination during shallow
level differentiation (Trua et al. 1999). Interestingly, this is
one of the rare samples for which *’St/*Sr;, are homoge-
neous. The two other Aluto Berecha samples, AS12 and
LA46, display both heterogeneous and more radiogenic
87Sr/%°Sr;, than LA38. Their Pb and Nd (for LA46) isotope
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Fig. 2 *7St/*°Sr;, of Asela—Ziway highly evolved rocks versus a SiO,
wt.%, b 2°°Pb/***Pb and ¢ "*Nd/'**Nd. Pb and Nd isotope data are
from Trua et al. (1999). Minimum and maximum *’Sr/**Sr;, ratios for
each sample (only ID data) are tied joined by a black line. Note their
large variation compared to the 2¢ error on Pb and Nd isotope ratios.
The black and grey lines (along the y axis in a) and rectangles (in b
and c¢) indicate the range of isotope variation in the old (OB) and
young (YB) basalts, respectively. Arrows indicate the trends towards
upper and/or lower crust
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ratios are also less radiogenic than those of LA38. Their Sr
ratios are higher than those of the associated basaltic rocks
despite similar Nd and Pb isotope ratios (Fig. 2). These data
suggest that a two-stage contamination process may have
occurred. The Nd and Pb isotope contrast between the basic
magmas and the inferred lower crust (data from Sudan in
Davidson and Wilson 1989) is strong. Furthermore, the Nd
and Pb contents of these magmas are similar and two to 15
times lower, respectively, than in this crust. Thus, lower
crustal contamination of the basic precursors as modeled by
Trua et al. (1999) may have significantly modified Nd and
Pb isotopes. On the other hand, Sr isotopes would probably
be more easily modified in the rhyolites themselves as they
are much more depleted in Sr (2-15 pg/g) than the basalts
(500 pg/g). Furthermore, the Sr concentration in the upper
crust is at least four to 40 times higher than in the rhyolites
and the isotopic contrast between both is much larger than
between the basaltic precursors and the lower crust.
Because of these specific mass balance ratios, the sensitiv-
ity of the Sr isotopic system will be much higher at upper
crustal levels where the rhyolitic magmas reside during
differentiation. The fact that Nd and Pb isotope ratios are
slightly less radiogenic in LA46 than in AS12 for similar Sr
isotope ratios and despite a seven times higher Sr content in
LA46 is consistent with such a two-stage contamination
process. Indeed, Sr isotopes suggest that LA46 is more
contaminated than AS12 despite a significant lower degree
of differentiation. This might indicate that upper crustal
contamination is not strictly related to differentiation and
occurred at a small-scale in the magmatic system (e.g.
Duffield and Ruiz 1992, Duffield et al. 1995). Alternative-
ly, it might reflect the involvement, to various extents, of
both crustal contamination and fluid interaction processes.

Although very heterogeneous, the ®’Sr/*Sr;, ratios of
the Asela sample overlap the range of Sr ratios observed in
the old basalts (Fig. 1, 2) and extend toward both less and
more radiogenic values. On the other hand, Nd and Pb
isotope ratios are at the more radiogenic end of the old
basalt ranges (Fig. 2b, c) suggesting that there was no
significant lower crustal contamination. The coexistence of
unradiogenic and radiogenic Sr signatures could again be
accounted for by shallow level contamination and/or fluid
interactions operating on a small-scale, locally preserving
the original Sr isotope signature.

The two Tulu-Moye Hate samples display significantly
different Sr isotope ratios. LA13 has a significantly more
radiogenic Sr signature than LA16, and exhibits only
slightly less radiogenic Nd and Pb isotope ratios (Fig. 2).
Although both samples display similar SiO, content
suggesting similar degrees of differentiation, LA13 is
significantly more depleted in Sr than LA16 and may have
been more sensitive to contamination. '**Nd/'**Nd in LA16
is similar to the most radiogenic values encountered in the

old basalts whereas Pb isotope ratios are in the middle of
the range, and 87Sr/%Sr,, ratios are more radiogenic
(Fig. 2). Despite its *’Sr/*Sr;, homogeneity, LA16 may
have been contaminated by the crust too, but to a lower
extent than LA13 in which the presence of inherited
crystals may also be suspected (see previous section).

Possible contamination processes: upper crustal
contamination versus late magmatic fluid interactions

For two samples from Tulu Moye-Hate with the same
degree of differentiation, the more Sr-depleted sample is
significantly more radiogenic. However, the two Aluto
Berecha samples (LA46, AS12), exhibiting distinct degrees
of differentiation and Sr contents, display the same
87Sr/*°Sr;,. These data suggest that the contamination
process is probably not simply related to the degree of
differentiation but to the inherent susceptibility of the Sr
isotope system in the evolved magma. Furthermore, the
coexistence of variously contaminated Sr isotope signatures
within individual samples suggests that (1) this contamina-
tion process was probably occurring at a small-scale in the
magmatic system and (2) the time available before eruption
was too short for diffusion to reach isotopic equilibrium.

Random variations of ¥’Sr/*°Sr;, of bulk-rock samples
and concentrates of sanidine phenocrysts on the scale of
centimeters to tens of meters have been reported for the
Taylor Creek Rhyolite (Reece et al. 1990; Duffield and Ruiz
1992). They were interpreted to reflect dynamic disequilib-
rium of the assimilation process (<1 wt.% of Proterozoic
basement rocks) which was frozen into the rocks by thermal
quenching at the time of eruption. Similar small scale
heterogeneities observed in the Bishop Tuff (Halliday et al.
1984; Gardner et al. 1991; Lu et al. 1992; Christensen and
DePaolo 1993) were reinterpreted in the same way (Duffield
et al. 1995). According to Duffield and Ruiz (1998), the
isotopic disequilibrium between feldspar phenocrysts and
their groundmass in the Taylor Creek Rhyolite would be
accounted for by incremental contamination of the magma as
wall-rocks melt incongruently. Such a model of selective
contamination, probably occurring in a thin layer at the
periphery of the magmatic reservoir (Duffield and Ruiz
1992, Duffield et al. 1995), could account for some
87Sr/*6Sr;, heterogeneity in the MER rhyolites.

However, the involvement of 87Qr-rich fluids could
provide an alternative mechanism for generating the
small-scale scatter of ¥’Sr/*®Sr. This process, more perva-
sive than selective crustal contamination, would probably
better account for the strong isotopic heterogeneities
observed in some samples, and especially in AS12. High
Cl and F contents have been found in glass and apatite of
MER evolved lavas (Trua et al. 1999). High F contents of
natural waters of the MER have been related to water
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having percolated through felsic and alkaline volcanic rocks
from this area (Chernet et al. 1997). These data suggest that
halogen-rich fluids were associated with these lavas,
especially in their late stage evolution. AS12, the most
evolved sample exhibits an extreme enrichment in high
field strength elements (HFSE) as well as in Rb, Th and
HREE (data in Trua et al. 1999) and has an heterogeneous
texture. This is reminiscent of the enrichment in HFSE and
HREE in highly evolved granitic liquids, resulting from
their increased solubilities in residual melts in presence of F
(e.g. Keppler 1993). Increasing F content in a granitic melt
reduces the partitioning of Cl to the fluid with drastic effect
on fluid-melt partition coefficients of Cl-complexed ele-
ments such as Rb or Sr (e.g. Bai and Van Groos 1999;
Audétat et al. 2000). Furthermore, fluid immiscibility may
affect the evolution of volatile-rich magmatic systems at the
magmatic-hydrothermal transition, and is enhanced in
peralkaline compositions and in the presence of nonsilicate
anions such as F and CI (e.g. Veksler 2004). In particular,
the partition coefficients of Ca between silicate and hydro-
saline (F-bearing) melts is three orders of magnitude higher
than those of K (e.g. Veksler 2004). Because of the similar
properties of Sr and Rb with those of Ca and K,
respectively, the same kind of differential fractionation is
expected between these elements. All these data suggest
that the halogen-rich fluids identified in the late stage
evolution of peralkaline MER rhyolites may have played a
significant role in the generation of their strong Sr isotope
heterogeneity. Complex fractionation processes between Rb
and Sr may occur in the magmas themselves because of
these fluids but it is also probable that they have some
effect on the destabilisation/melting processes affecting the
close country rocks. Rb or ¥'Sr released during biotite
breakdown could be much more easily transported into the
magma with such fluids than by selective crustal contam-
ination. Such pervasive fluid interactions affecting Sr
isotopes but not Nd and Pb isotopes would account for
the association of uncontaminated and contaminated sig-
natures at a small-scale in a single sample.
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