Contrib Mineral Petrol (2015) 169:49
DOI 10.1007/s00410-015-1145-4

@ CrossMark

ORIGINAL PAPER

To the origin of Icelandic rhyolites: insights from partially melted

leucocratic xenoliths

Andrey A. Gurenko'>? - Ilya N. Bindeman* - Ingvar A. Sigurdsson®

Received: 23 December 2014 / Accepted: 30 April 2015 / Published online: 20 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract We have studied glass-bearing leucocratic
(granitic to Qz-monzonitic) crustal xenoliths from the
Tindfjoll Pleistocene volcanic complex, SW Iceland. The
xenoliths consist of strongly resorbed relicts of anorthitic
plagioclase, K-rich feldspar and rounded quartz in color-
less through pale to dark-brown interstitial glass. Spongy
clinopyroxene and/or rounded or elongated crystals of
orthopyroxene are in subordinate amount. Magnetite,
ilmenite, zircon, apatite, allanite and/or chevkinite are
accessory minerals. The xenoliths more likely are relicts
of earlier-formed, partially melted Si-rich rocks or quartz—
feldspar-rich crystal segregations, which suffered latter
interaction with hotter and more primitive magmags). Ice-
landic lavas are typically low in §'®0 compared to mantle-
derived, “MORB”-like rocks (~5.6 + 0.2 %o), likely due
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to their interaction with, or contamination by, the upper-
crustal rocks affected by rain and glacial melt waters.
Surprisingly, many quartz and feldspar crystals and asso-
ciated colorless to light-colored interstitial glasses of the
studied xenoliths are not low but high in § 130 (5.1-7.2 %o,
excluding three dark-brown glasses of 4-5 %o). The xeno-
liths contain abundant, low- to high-8180 (2.4-6.3 %o0)
young zircons (U-Pb age 0.2-0.27 + 0.03 Ma; U-Th age
0.16 £ 0.07 Ma), most of them in oxygen isotope equi-
librium with interstitial glasses. The §'%0 values >5.6 %o
recorded in the coexisting zircon, quartz, feldspar and
colorless interstitial glass suggest crystallization from
melts produced by fusion of crustal rocks altered by sea-
water, also reflecting multiple melting and crystallization
events. This suggests that “normal”-8'%0 silicic mag-
mas may not be ultimately produced by crystallization of
mafic, basaltic magmas. Instead, our new single-crystal
laser fluorination and ion microprobe O-isotope data sug-
gest addition of diverse partial crustal melts, probably
originated from variously altered and preconditioned crust.

Keywords Iceland - Rhyolites - Leucocratic xenoliths -
Oxygen isotopes - Zircon age

Introduction

Silicic magmas play a fundamental role in the origin of
the continental crust. Whether Icelandic silicic magmas
predominantly result from promoted fractionation of
parental basaltic magmas (e.g., Bowen 1928; Carmichael
1964; Gerasimovsky et al. 1978; Macdonald et al. 1987,
1990; Furman et al. 1992; Prestvik et al. 2001; Namur
et al. 2011; Portnyagin et al. 2012) or they originate dur-
ing partial melting of older, metamorphosed oceanic
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crust (e.g., Sigurdsson 1977; Thy et al. 1990; Sigmars-
son et al. 1991, 1992; Gunnarsson et al. 1998; Bindeman
et al. 2008a, 2012, 2014; Gillis and Coogan 2002; Jénas-
son 2007; Sverrisdottir 2007) is still a subject of debate.
Silicic rocks constitute 5-10 % of all igneous rocks in
Iceland (Walker 1966; Jénasson 2007). It is by approxi-
mately a factor of 2 higher than could be produced by
fractional crystallization alone (McBirney 2006). There
are several petrogenetic hypotheses for the origin of
silicic magmas in Iceland (see Gunnarsson et al. 1998):
(1) pure fractional crystallization of basaltic magma, (2)
fractional crystallization coupled with remelting of the
crust followed by magma mixing, (3) partial melting of
hydrothermally altered basalt or amphibolite of layer 3,
(4) remelting of earlier-formed MORB-like plagiogran-
ites, crystal segregations from the periphery of solidifying
basaltic intrusions and/or subsided evolved intrusives and
lavas beneath the core of large long-lived central volca-
noes. Martin and Sigmarsson (2007) have demonstrated
recently that silicic magmas within, or close to, the Ice-
landic neovolcanic rift zone are preferentially formed by
crustal melting, whereas the origin of lavas erupted off the
rift zones can be better explained by fractional crystalliza-
tion. In addition, many Icelandic lavas exhibit systemati-
cally lower 8'30 values than those traditionally ascribed to
mantle-derived rocks (i.e., lower than 5.2-5.6 %o), due to
their interaction with, or contamination by, upper-crustal
rocks affected by rain and glacial melt waters (e.g., Mue-
hlenbachs et al. 1974; Hattori and Muehlenbachs 1982;
Condomines et al. 1983; Gautason and Muehlenbachs
1998). As previously shown by Gurenko and Chaussidon
(2002) and Bindeman et al. (2008a, 2012), both large-vol-
ume basaltic and evolved silicic lavas in Iceland contain
strongly 8'80-diverse olivines and zircons. This suggests
that assimilation of hydrothermally altered, isotopically
diverse crustal rocks and crustal anatexis is likely very
common in Iceland.

The abundant partially melted leucocratic xenoliths
quenched at different stages of fusion have been described
previously in the products of many recent eruptions in Ice-
land (e.g., Jakobsson 1966; Sigurdsson 1968, 1977; Sig-
urdsson and Sparks 1981; Blake 1984; Macdonald et al.
1987; Jgrgensen 1987; Lacasse et al. 2007). The majority
of these xenoliths show compositional affinity with oce-
anic plagiogranites and range from trondhjemites (i.e.,
tholeiitic rocks usually containing no K-feldspar) to grano-
diorites (more alkali-rich composition, K-feldspar is pre-
sent), whereas chemical composition of interstitial glasses
from these xenoliths is broadly similar to the Icelandic
rhyolites, suggesting their close genetic link (Sigurdsson
1968, 1977; Sigurdsson and Sparks 1981; Macdonald et al.
1987).

@ Springer

We studied glass-bearing leucocratic xenoliths collected
to the south of the Hungurfit tuff cone, in the Tindfjoll
Pleistocene volcanic complex (Fig. la). These xenoliths
were supplied by basaltic andesite to andesite hyaloclas-
tites and range chemically from granite to quartz-monzo-
nite. Special attention was given to particularly this type
of xenoliths because they contain enormous amount of
zircons (tens to hundreds individual zircon grains of ~20
to ~100 um size can be extracted from only a few gram
of the host rock). As zircon is very resistant to secondary
alteration and mechanical abrasion, it is often present in
the younger lavas as a xenogenic phase accumulated in a
magma chamber during precursor crustal anatexis events,
along with zircons immediately crystallized from the melt
(Bindeman and Simakin 2014; Bindeman et al. 2008b,
2012). We present the results of a detailed geochemical
study (major, trace element and oxygen isotope composi-
tions of the coexisting nodule-forming minerals and inter-
stitial glasses) and of zircon dating, with an ultimate aim to
unravel the processes that govern the origin of silicic mag-
mas in Iceland. Special attention is given to possible con-
tribution of hydrothermally altered crustal rocks to magma
formation.

Geological setting

The upper Pleistocene Tindfjoll volcanic system (<0.7 Ma,
total area ~360 km?) is situated in the western part of the
currently active Eastern Volcanic Zone (EVZ) of Ice-
land, south of Hekla and Vatnafjoll (Fig. 1a). The Tind-
fjoll volcanic system is superimposed on the older Ter-
tiary crust ~4 My ago and mainly formed during the last
three glaciations and last two interglacial periods (e.g.,
Palmason and Saemundsson 1974; Jakobsson 1979). Tin-
dfjoll is composed of basaltic, rhyolitic and less frequent
andesitic lavas, hyaloclastites and dykes having transitional
to alkali affinity (Jakobsson 1972; Larsen 1979). Aphyric
transitional basaltic rocks dominate the lower parts of the
complex, intermediate and acid rocks are intercalated. A
caldera, ~5 km in diameter, was formed during the early
history of the volcanic complex. The Thérsmork ignim-
brites originate within the Tindfjoll caldera, date the sec-
ond last interglacial period in Iceland and are composed of
two, a dominating salic (comenditic) and a subordinating
basic (mugearitic), magma components (Jorgensen 1980).
During the last interglacial and glacial periods, a variety of
basaltic to peralkaline rhyolitic lavas erupted as within the
caldera, as on the flanks of the volcano. The youngest rocks
of the Tindfjoll system are characterized predominantly by
basaltic composition (Jakobsson 1979). No eruptions from
historical time are known in the Tindfjoll system.
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Fig. 1 a Schematic map of Iceland showing the location of the Tin-
dfjoll Pleistocene volcanic complex in the southern part of the cur-
rently active Eastern Volcanic Zone. b A view of the hyaloclastite

Sample description
Petrography and mineral composition

Abundant loose crustal nodules (gabbroic and leuco-
cratic) with interstitial glass and outer chilled glassy
crusts occur along the top of a hyaloclastite ridge of sub-
glacial origin located near the Hungurfit volcanic cone
(63°49.83'N 19°32.58'W) (Fig. 1b, ¢). We focus exclu-
sively on the leucocratic xenoliths. The size of the studied
xenoliths ranges from a few up to 20 cm, with the major-
ity at ~10 == 5 cm. Most of them have granular texture.
The xenoliths are composed of rounded, often strongly
resorbed and spongy anorthitic plagioclase (P1) and K-rich
feldspar (Fsp, Ab,; gy An;_3; Or_44; up to 60 vol% and
size of 2—-3 mm), rounded, moderately to strongly resorbed
quartz (Qz, up to 20 vol% and size of 1-2 mm) and vari-
able amounts (30—80 vol%) of either homogeneous pale to

(B)

ridge located to the south of the Hungurfit tuff cone (63°49.83'N
19°32.58'W). ¢ Loose leucocratic xenolith on the surface of the trans-
porting hyaloclastite

brown (IC03-130-15) or mingling colorless through pale
or light brownish to dark-brown glass matrix (all other
samples) (Fig. 2; Tables B1-B6; Supporting Online Mate-
rial). Spongy aggregates and resorbed individual grains
of clinopyroxene (Cpx, mg# = 52-68, Wos, 43 Enj _4
Fs,4_,7) and/or elongated, often needle-like, skeletal crys-
tals of orthopyroxene (Opx; mg# = 6275, Wo,_,, Ensg_7;
Fsyy_3¢) in amount of <5 vol% (Fig. 2a, e, f) are observed
in all studied xenoliths. They are spatially associated with
patches of Fe-Ti oxides surrounded by the darker, pale
to brownish glass but never present in the colorless glass.
Magnetite (Spl,_g Magsg ¢4 Usp;, 37) is present as dis-
persed in glass, individual crystals and as segregations of
several tens of grains. Some individual Fe-Ti oxide grains
can be surrounded by a halo of brownish glass that sug-
gests their dissolution (Fig. 2b, c). Multiple zircon (Zrn)
and rare ilmenite crystals (Ilmss¢ 575 Hemy, 5 464) are
found adherent to these segregations, together with rare
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Fig. 2 Typical textures of the studied leucocratic xenoliths (on exam-
ple of sample IC03-130-14). a Strongly resorbed, partially melted
feldspar (Fsp), relicts of spongy clinopyroxene (Cpx) and rounded
magnetite (Mag) crystals in a matrix of vesiculated, mingling dark,
brownish and light-colored, yellowish interstitial glass (Gl) matrix.
b A cluster of multiple Fe-Ti oxide grains (mostly Mag) in a pool
of brownish glass surrounded by partially melted, spongy Fsp and
rounded Qz grains in vesiculated colorless interstitial glass. ¢ Individ-

grains or elongated crystals of optically unzoned, intense
brown Ti-rich silicate mineral with high relief and high
birefringence, resembling allanite (Aln) or chevkinite
(Chv)—both minerals were described in the alkaline
granophyric xenoliths from Thérsmork by Jgrgensen
(1987) (Fig. 2d). Rare elongated apatite (Ap) crystals are
also present. No amphibole was detected.

The transporting hyaloclastites (Table B2; Supporting
Online Material) are presented by fresh and altered pale to
yellowish moderately consolidated vesicular glass shards
and pumice fragments, sometimes with adhering crusts
of dark brownish glass, and by loose glassy lapillis mixed
up with glomerocrysts and individual crystals and crystal
fragments of plagioclase, K-feldspar, pyroxene and rare
olivine.

Zircon morphology and zoning

Zircons are very abundant but relatively small (a few tens
to ~100 pm). Predominately euhedral, elongated crys-
tal shapes (well faceted to slightly resorbed crystals with
length-to-height ratio, L/H =~ 2-3) and subtle, low-contrast
back-scattered electron (BSE) and cathodoluminescent
(CL) element distribution patterns (lack of well-defined
cores, oscillatory zoning barely visible) are typical and
similar from grain to grain and from sample to sample, sug-
gesting their simple magmatic history.
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ual Fe-Ti oxide grains with a halo of brownish glass, sponge Fsp and
rounded Qz grains in colorless interstitial glass. d A cluster of Fe-Ti
oxide grains and associated zircon (Zrn), allanite (Aln) or chevkinite
(Chv) crystals in brownish interstitial glass. e Two resorbed spongy
Cpx relicts between two larger Qz grains in pale interstitial glass. f
Idiomorphic, strongly elongated orthopyroxene (Opx) in brownish
interstitial glass

Results
Major and trace element geochemistry

Major and trace element concentrations of the studied
xenoliths (whole-rock compositions) and their intersti-
tial glasses are presented in Figs. 3, 4 and 5 (for analyti-
cal technique details, see Appendix A and for chemical
compositions—Appendix B, Supporting Online Material).
Xenoliths form two distinct clusters, matching the compo-
sitional fields of granites and Qz-monzonites in the “total
alkalis-silica” (TAS) diagram (Fig. 3), in accordance with
TUGS classification of igneous rocks (Le Bas et al. 1986;
Le Bas and Streckeisen 1991). Interstitial glasses, which
include colorless, pale and brown types, are characterized
by similar chemical composition ranging from rhyolite to
trachydacite (Fig. 3). The agpaitic index ([Na,O 4+ K,O0J/
Al,O;, molar ratio) of the host xenoliths and their inter-
stitial glasses lies in the same interval, from significantly
below to about unity (0.71-0.95 and 0.8-1.03, respec-
tively), suggesting their overall metaluminous affinity, con-
trary to the neighboring, slightly peralkaline rhyolites from
Torfajokull, with agpaitic index of 1.00-1.15 (Gunnarsson
et al. 1998; Martin and Sigmarsson 2007). The transporting
hyaloclastites (two samples) are more mafic, resembling
basaltic andesite and andesite, in accordance with IUGS
classification of igneous rocks (Le Bas et al. 1986; Le Bas
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Fig. 3 Total alkali versus SiO, of the studied leucocratic xenoliths,
interstitial glasses and transporting hyaloclastites. The IUGS refer-
ence fields of effusive rocks and their intrusive analogs are from Best
(2003). The compositions of spatially associated gabbroic xenoliths
(authors’ unpublished data) are given for comparison. The inset (orig-
inal size 25 mm) presents texture of sample 1C03-130-14, which is
typical for most studied xenoliths

and Streckeisen 1991); they also are called transitional
mugearite and benmoreite according to Jakobsson et al.
(2008) (Fig. 3).

We observe a general tendency of systematic decrease
in TiO,, FeO and Zr concentrations with increasing SiO,
in the sequence of interstitial glass types, from brown
through pale to colorless glasses (Fig. 4a—c). There is also
a clear difference between the granite and Qz-monzonite
types of xenoliths with respect to these element concen-
trations. Other major elements show no systematic change
and demonstrate similar concentration ranges regardless of
the xenolith’s type. Similarly, no systematic difference in
major element concentrations was observed between dif-
ferent types of interstitial glasses. However, brown, pale
and colorless interstitial glasses from two of three granite
xenoliths (i.e., IC03-130-18 and IC03-130-19) are charac-
terized by systematically lower Zr and Ba and varying to
significantly higher Th, with Zr/Th ~ 12.5 and Ba/Th =~ 5.
In contrast, the other xenoliths show relatively low Th
and varying to high Zr and Ba, with Zr/Th ~ 125 and Ba/
Th ~ 80 (Fig. 4d, e).

As shown in primary-mantle normalized multi-element
diagrams (Fig. 5), interstitial glasses, their host xenoliths

and transporting hyaloclastites have several common fea-
tures in trace element concentrations and ratios:

1. Overall enrichment in strongly incompatible trace ele-
ments ([La/Sm], = 0.7-5.6 in interstitial glasses, [La/
Sm], = 2.1-6.5 in host xenoliths and [La/Sm], = 2.4—
2.5 in transporting hyaloclastites) accompanied by
strongly varying to high Zr concentrations up to
2000 pg/g. As discussed below, saturation and imme-
diate crystallization of zircons from interstitial, pref-
erentially dark-colored melts can be ascribed to such
elevated Zr concentrations.

2. The presence of significant depletion in Pb, Sr, Eu
and Ti concentrations relative to other trace elements
of similar incompatibility ([Pb/Ce], = 0.18-0.69,
[St/Nd], = 0.004-0.035, [Eu/Sm], = 0.1-0.71 and
[Ti/Gd], = 0.02-0.09 in interstitial glasses, [Pb/
Ce], = 0.26-0.72, [Sr/Nd], = 0.04-0.16, [Eu/
Sm], = 0.34-0.97 and [Ti/Gd],, = 0.05-0.18 in host
xenoliths, and [Pb/Ce],, = 0.33-0.39, [Sr/Nd],, = 0.38-
0.53, [Eu/Sm], = 0.77-0.78 and [Ti/Gd], = 0.49-0.8
in transporting hyaloclastites), except for the colorless
and brown interstitial glasses from sample 1C03-130-
19 ([Pb/Ce],, = 1.4 and 1.34, respectively). This may
point toward extensive fractionation of feldspar and
Fe-Ti-rich oxides from the magma or, in contrast, lat-
ter feldspar and Fe-Ti-rich oxide control during con-
sequent melting of silicic crustal bodies, or reflect a
cumulative impact of both processes.

3. One of the seven samples, IC03-130-02, and its inter-
stitial glasses are characterized by significantly lower
trace element concentration and show remarkably dif-
ferent element ratios and the highest Zr enrichment
in the multi-element diagrams (i.e., [Pb/Ce], = 0.59-
0.66, [St/Nd], = 0.18-0.2, [Eu/Sm], = 1.3-1.4, [Zt/
Sm], = 4.95-7.44 and [Ti/Gd], = 0.25-0.41 in inter-
stitial glasses and [Pb/Ce], = 0.96, [Sr/Nd], = 1.3,
[Ev/Sm], = 4.3, [Zt/Sm],, = 18.3 and [Ti/Gd], = 0.7
in the host xenolith).

4. The granite xenoliths along with their transporting
hyaloclastites demonstrate slight depletion to sig-
nificant enrichment in Nb relatively to Ba and La
([Nb/Ba], = 0.98-20.9 and [Nb/La], = 0.71-7.4
in interstitial glasses, [Nb/Ba], = 1.99-2.63 and
[Nb/La], = 1.02-1.32 in host xenoliths and [Nb/
Ba], = 1.53-1.72 and [Nb/La], = 1.14 in the trans-
porting hyaloclastites), whereas the Qz-monzonite
xenoliths display overall depletion in Nb relatively Ba
and La ([Nb/Ba], = 0.22-2.83 and [Nb/La], = 0.36—
2.38 in interstitial glasses, and [Nb/Ba], = 0.11-0.86
and [Nb/La], = 0.34—1.58 in host xenoliths). This may
suggest an allanite/chevkinite control during magma
crystallization or, in contrast, their partial melting since
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Fig. 4 Chemical composition of colorless, pale and brown intersti-
tial glasses given in comparison with their host xenoliths, presented
in a TiO,, b FeO and ¢ Zr versus SiO,, and d Zr and e Ba versus
Th variation diagrams. There is no systematic difference in major ele-

these accessories is a major inventory of Y, Zr, Nb and
rare earth elements in the evolved, silica-rich magmas.

Temperature and redox conditions

The temperature (7) and oxygen fugacity (fo,) conditions
of the xenolith formation and possible interaction with the
transporting magma were estimated by (1) mineral geo-
thermometry based on the equilibrium between coexist-
ing Opx, Cpx and Fe-Ti oxides, using a QUILF program
(Andersen et al. 1993) with calibrations of Andersen and
Lindsley (1988) and Frost et al. (1988), (2) two-pyroxene
geothermometer (Lindsley 1983), (3) experimental data on
the temperature of melt saturation with zircon (Watson and
Harrison 1983; Boehnke et al. 2013) and (4) Ti-in-zircon
thermometry (Watson and Harrison 2005; Watson et al.
2006; Ferry and Watson 2007).
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ment concentrations, as between different types of interstitial glasses,
as between the glasses from the granite and Qz-monzonite xenolith
types. Two different groups of interstitial glasses can be selected
based on their Zr/Th and Ba/Th ratios (see text)

Because Opx, Cpx, Mag and Ilm do not always coexist
as a four-mineral association in each of the studied xeno-
liths, we used QUILF in two different calculation modes:
(a) a two-pyroxene mode (assigning Mag and Ilm compo-
sitions to estimate fo,) for the samples where both Opx
and Cpx are present (IC03-130-14 and -16), and (b) in a
single-pyroxene mode, using either Cpx or Opx composi-
tions, also including compositions of Mag and Ilm in the
calculations. A similar approach to use QUILF in the sin-
gle-pyroxene mode was employed by Murphy et al. (1998)
and Gurenko et al. (2005).

To use QUILF in the single-pyroxene mode, the activ-
ity of SiO, in the melt must be assigned. QUILF can rou-
tinely calculate it along with 7 and fo,, only if composi-
tions of coexisting Opx and Cpx are known. Thus, our
calculations included two steps. First, the activity of SiO,
was calculated substituting average compositions of Opx



Contrib Mineral Petrol (2015) 169:49

Page 7 of 21 49

Fig. 5 Multi-element dia-
grams outlining trace element
composition of the studied
leucocratic xenoliths and their
transporting hyaloclastites (a),
interstitial glasses from granitic
(b) and from Qz-monzonitic (c¢)
xenolith types. Concentrations
of trace elements in primitive
mantle used for normalization
are from Hofmann (1988)
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or Cpx, whatever phase is absent in the sample. Then, to
calculate temperature, we switched QUILF in the single-
pyroxene mode, substituting asjo, estimated during the
first step. The calculated asio, values range from 0.98 to 1
in granite xenoliths and from 0.83 to 1 in more alkali-rich
Qz-monzonite xenoliths (Table 1), in accordance with the
presence of quartz in all studied xenoliths. Although the
uncertainty of T calculation using the QUILF single-pyrox-
ene mode is somewhat higher, as compared to when the
compositions of coexisting Opx and Cpx are available, this
approach provides broadly consistent 7-ranges, as shown
for samples IC03-130-14 and IC03-130-16 (Table 1). Since
ilmenite was analyzed only in two of 7 xenoliths, in Qz-
monzonite 1C03-130-17 and in granite 1C03-130-19, we
also used two average ilmenite compositions (one for the
other three Qz-monzonite and the second for the other two
granite xenoliths) to calculate T and fo, conditions. Our
QUILF calculations yield the following intervals of tem-
perature (average uncertainty +45 °C) and oxygen fugacity
(average uncertainty £0.5 log atm. units fo,) calculated for
1 atm. total pressure (Fig. 6):

1. Two of 3 granite xenoliths (IC03-130-14, IC03-130-
18) are characterized by similar, overlapping but sys-
tematically higher T-ranges from ~1070 to ~1150 °C
and from 1020 to 1205 °C, respectively, as compared
to the third xenolith (IC03-130-19) showing T-range
from ~890 to 1010 °C.

2. Similarly, the redox conditions also systematically dif-
fer between these samples. Xenoliths 1C03-130-14
and IC03-130-18 are characterized by fo, conditions
ranging from —8.0 to —7.1 and from —8.4 to —5.9 log
atm., respectively [AFMQ defined as 10g(f0))sumple —
log(f0,)rmq at @ given temperature] ranges from 1.8 to
2.3 and from 1.9 to 2.6 log atm., respectively. In con-
trast, sample IC03-130-19 is characterized by more
oxidized conditions, i.e., fo, ranging from —9.9 to
—8.2 log atm. (AFMQ from 2.7 to 3.1 log atm.).

3. Qz-monzonite xenoliths (samples IC03-130-2, 1C03-
130-15, 1C03-130-16 and IC03-130-17) are charac-
terized by similar, overlapping T-ranges from ~880
to ~1020 °C and fo, conditions ranging from —11 to
—9.6 log atm. (AFMQ from 1.2 to 2.1 log atm., except
to one estimation of 2.8 log atm.).

The graphical version of the two-pyroxene geother-
mometer (Lindsley 1983) returns similar wide ranges, but
systematically lower absolute temperatures (from ~900 to
~1100 °C for granite xenoliths and from ~700 to 1000 °C
for Qz-monzonite xenoliths; Fig. 7). Taking into account
high uncertainty of the geothermometer graphical version
(about 100 °C, if the uncertainty of chemical composition
and crystallographic formula calculations are considered),

@ Springer

we think that temperatures calculated by QUILF represent
more precise estimations.

Temperature of zircon saturation and growth

The zircon saturation temperatures (7, ) were calcu-
lated using the revised equation of the zircon solubility
model (Boehnke et al. 2013) that gives the uncertainty of
£30-50 °C, if combining (a) the uncertainties assigned
for the constants in the working equation and (b) £10 %
analytical precision of Zr analysis by LA ICP-MS. The
new data of Boehnke et al. (2013) have yielded broadly
similar solubility patterns as that of Watson and Harri-
son (1983) and confirmed that the “melt basicity” factor
(M = [Na + K + 2Ca]/[Al x Si], atomic fraction) is an
important parameter to account for dependence of zircon
solubility on SiO, and peraluminosity of the melt. To deter-
mine a range of possible variations of Zr partition coeffi-
cient (D,,) between zircon and coexisting melt, we used
major element compositions of colorless, pale and brown
interstitial glasses and their respective Zr concentrations
ranging from ~150 to ~2000 j.g/g, but fixed the concen-
tration of Zr in zircon (64.27 £ 1.42 wt% ZrO,, 2 SD,
representing average of eight individual EPMA analyses
that corresponds to 475,846 £+ 10,514 pg/g Zr). Temper-
ature intervals from ~720 to ~1010 °C and from ~840 to
~1000 °C were obtained for granite and Qz-monzonite-type
xenoliths, respectively. In the most cases, the upper ends
of the obtained T-intervals match well the temperatures
inferred from Opx—Cpx—Mag—Ilm geothermometry (cal-
culated by QUILF), but extending to systematically lower
temperatures (Fig. 6a). The granite samples exhibit system-
atically lower T, .. than T calculated by QUILF, except
for IC03-130-19, where T, ., only barely corresponds to
the QUILF range.

The zircon crystallization temperatures (77, o) Were
calculated using the most recent Ti-in-Zrn thermometer
calibrated by Ferry and Watson (2007), which also takes
into account activities of SiO, and TiO, in silicate melt
coexisting with zircon. As previously noted by Carley et al.
(2011), the activity of SiO, in a silicic melt (asio,) is usu-
ally >0.5 and its underestimation may lead to significantly
lower (by tens of degrees) temperatures. In our Ti-in-Zrn
calculations, we used asjo, values calculated by QUILF
(Table 1). As noted by Hayden and Watson (2007) and Car-
ley et al. (2011), the activity of TiO, (aTio,) in silicic mag-
mas usually varies from 0.5 to 1.2, with a mean value of
~0.68. However, in order to correctly estimate ario, using
the Hayden and Watson (2007) model, saturation of melt
with rutile is desirable. Since no rutile was detected in the
studied here xenoliths, we applied a uniform atio, = 0.7
throughout all T calculations, similar as done by Carley
et al. (2011). The obtained T-intervals are much wider
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Fig. 6 Temperature and oxygen fugacity conditions in the magma
chamber. a Temperature of Opx—Cpx equilibrium calculated by
QUILF of granite (/) and Qz-monzonite (2) xenolith types given in
comparison with temperatures of zircon saturation (3) and of zircon
saturation and growth (4)

(broad range 665-1030 °C; Fig. 6a) than the temperatures
of melt saturation with Zrn. The upper ends of the Ti-in-Zrn
T-ranges are consistent with those calculated by QUILF.

U-Pb zircon geochronology

Total 91 zircons, 12—17 grains from each of 6 samples, most
of them studied for O isotopes, were provisionally ana-
lyzed in October 2009 using the NENIMF CAMECA IMS
1280 ion microprobe (Woods Hole Oceanographic Institu-
tion, USA) and then, in June 2012, they were repeatedly
dated using the CAMECA IMS 1270 instrument at the Uni-
versity of California Los Angeles (UCLA). The analytical
conditions (see Supporting Online Material) were similar
for both laboratories. Also, a subset of the “youngest” zir-
cons (9 grains, 2-3 from 4 of 6 samples) was repeatedly
dated at UCLA in continuation of the June 2012 session
by U-Th geochronology method. The technique details

® Granite xenoliths

O Qz-monzonite xenoliths

Hd

5kb
mole %

En Fs

Fig.7 Wo-En-Fs triangular diagram of pyroxene composition with
isotherms corresponding to the 5 kbar experiments of Lindsley (1983)

are given in Schmitt et al. (2003, 2006) (for more informa-
tion, see Supporting Online Material). The zircons were
corrected for common Pb, assuming concordance of the
studied zircons. We think that this assumption is justified
because no inherited grains and/or overgrown zircon cores
but mostly regular zoning were identified. We used a cor-
rection method based on the Getty and DePaolo (1995)
approach. Since common Pb is believed to come domi-
nantly from sample surface (Schmitt et al. 2003 and refer-
ences therein), we consequently utilized an anthropogenic
common *Y’Pb/2%Pb ratio (R7®) of 0.8283 (Safiudo-Wil-
helmy and Flegal 1994) using Isoplot 3.70 (Ludwig 2008).

Figure 8 presents Terra—Wasserburg Concordia dia-
grams for individual zircons showing ages (uncorrected
for Th/U partition between coexisting zircons and silicate
melts) of six studied crustal xenoliths (Table 2; individual
zircon analyses are given in Table B7, Supporting Online
Material). All zircons appeared to be relatively young
(0.1-0.19 Ma) and require strong correction for common
Pb (~80 % in average and up to 99 % in the most extreme
cases). The U-Pb zircon ages approximate a normal distri-
bution for each individual sample (insets in Fig. 8 show-
ing cumulative probability curves calculated using Isoplot
3.70), suggesting that each individual xenolith contains
zircons of a common population. High proportion of the
common Pb results in high uncertainty (about +0.17 Ma,
2 SE) for individual zircons, thereby precluding precise
single-grain dating. Consequently, our age determinations
represent weighted averages for the entire zircon popula-
tion from each individual sample estimated with the uncer-
tainty of £0.022-0.045 Ma, 2 SE.

The concentrations of U (58-690 pg/g) and Th
(4-508 ng/g), and Th/U ratios (0.31 &+ 0.20, 2 SD) are in
the range of igneous zircons (Th/U ~0.2 to ~0.9; Hoskin and
Schaltegger 2003; Bindeman et al. 2006). After correcting
for initial U-Th disequilibrium (Schérer 1984; Schmitt et al.
2003), taking into account Th/U ratios of individual zircons

@ Springer



49 Page 12 of 21

Contrib Mineral Petrol (2015) 169:49

1.0 1.0
0.8 1 0.8 g
o] i)
o o
S o6} 1 S 0.6 .
N ~
~ 4 ~ 4
0 0.5 1.0 o] 0 0.5 1.0
o 04 Age (Ma) E '9. 04 Age (Ma) b
~
P 1C03-13002 & 1C03-13017
0.120+0.030 15110.045 Ma
021 yswp=0.74 l 021 2.1 1
0.3 0.1
0 L 0 L
0 40000 80000 0 40000 80000
1.0 T 1.0
0.8 E 0.8 E
K] K]
o o
& 06 : S 0.6 :
N N
~— E —
Ne) 0.5 1.0 Ne) 1.0
o 0.4 Age (Ma) B o 04 E
~ ~
R | o R} cossbom
0.2l &;%;‘};’278 Ma 0.2 0.098%0.022 Ma
= MSWD=0.95
03 02 - 03 02
0 - M 1 n M o 1 1 1 1 1 1 1
0 40000 80000 0 40000 80000
1.0 T T T T 1.0 T T T T
B 0.8 B
e} Ko
o o
2 1 S 06 1
N N
~ - ~
e} 0.5 1.0 Ne) 0.5 1.0
o Age (Ma) 1 o 04 Age(Ma) 1
~ ~
b 1€03-13015 S - 1C03-13019
0.185%0.029 Ma 0.107%0.031 M.
MSWD=0.62 | 0.2r yswp=2.4
0.1 03 02
0 1 n 1 n
0 40000 80000 0 40000 80000

238U / 206pb

238U / 206Pb

@® core & mantle

@

rim

-+- concordia

Fig. 8 Terra—Wasserburg Concordia diagrams for individual zircons
showing error-weighted ages (uncorrected for Th/U partition between
coexisting zircons and silicate melts). A fixed 27Pb/>°Pb = 0.8283
(Safiudo-Wilhelmy and Flegal 1994) was used to determine the inter-

(Table B7, Supporting Online Material) and average Th/U
ratios of coexisting interstitial glasses, the U-Th disequilib-
rium corrected U-Pb isochron ages were obtained to be 0.2—
0.27 Ma (Table 2). Considering total 144 dated zircons as
a single population, the average age of 0.212 £ 0.010 Ma,
MSWD = 0.41 was finally acquired.

@ Springer

cept with Concordia. The insets show cumulative probability curves
of the obtained zircon ages. Error bars of individual zircons are
shown at £1o level, the uncertainty of the obtained ages are given at
95 % confidence level

The young U-Pb age was additionally confirmed by the
U-Th geochronology method. The selected 9 zircon grains
from four samples (15 individual analyses; Table 3) devi-
ate from secular equilibrium with regard to 2**Th/>**U and
fall below the equiline in Fig. 9. Disequilibrium ages were
calculated by regression through all data points (counting
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rT;'i’lifj U-Th zircon dating Sample note Spot 28y/221h +lo 207/22Th +lo U (ugle)
1C03-130-2, Qz-monzonite
130-02-zrn3c¢ Core 5.23 0.03 4.55 0.23 212
130-02-zrn3r Rim 4.85 0.04 3.97 0.24 261
130-02-zrn5c Core 5.33 0.03 4.73 0.31 151
130-02-zrnSr Rim 7.11 0.04 5.51 0.55 134
IC03-130-15, Qz-monzonite
130-15-zrn5r Rim 5.12 0.02 4.52 0.24 191
130-15-zrn9¢ Core 3.84 0.04 3.47 0.13 410
130-15-zrn9 m mantle 5.62 0.03 5.24 0.29 154
130-15-zrn9r Rim 5.66 0.03 5.34 0.28 172
1C03-130-17, Qz-monzonite
130-17-zrnlc Core 5.40 0.04 5.09 0.52 96
130-17-zrn2c Core 6.55 0.04 5.23 0.45 129
130-17-zrn2r Rim 4.80 0.02 4.42 0.20 235
130-17-zrnl4c Core 6.05 0.06 5.16 0.29 160
130-17-zrn14r 5.40 0.03 4.73 0.30 169
1C03-130-17, Granite
130-18-zrn2c Core 5.52 0.05 4.64 0.19 391
130-18-zrndc Core 5.94 0.03 4.93 0.35 166

U-Th disequilibrium ages were calculated by regression through all data points using Isoplot 3.70 (Ludwig
2008). This yields the age of 0.156 & 0.073 Ma, MSWD = 0.72 (Fig. 9)

10 230Th/238Y = 0.76 £ 0.16 W . .
. | MSwD =0.72 e
230Th/U Age =156 + 73 ka

230Th/232Th
3]

@® core & mantle | |
@ rim

238U/232Th

Fig.9 The 2°Th/*’Th versus 23¥U/*?Th isochron diagram for a
selected individual zircons from four of seven studied crustal xeno-
liths. Error-weighted regression was calculated and shown with 2o
uncertainty. Bars in individual symbols represent £2o error; if not
shown, the size of the symbols exceeds the +2¢ uncertainty

together zircon cores, mantles and rims) using Isoplot 3.70
(Ludwig 2008). This yields the age of 0.156 £ 0.073 Ma,
MSWD = 0.72.

Oxygen isotopes

Oxygen isotopic compositions (given in permil of §'30
relative to SMOW) of individual quartz and feldspar grains

@ Springer

and associated interstitial glasses, all extracted from ~1 to
3 cm® domains of the host xenoliths, were obtained using
the single-grain laser fluorination (LF) method at the Uni-
versity of Oregon (Bindeman 2008) with the precision
of ~0.1 %o (1 SD). A primary Gore Mt. garnet standard
(UWG-2, "0 = 5.8 %o; Valley et al. 1995) and a second-
ary Gore Mt. reference garnet (UOG, 880 = 6.52 %0) were
always run concurrently. Also, a subset of 59 zircon grains
from these samples, in which core, mantle and rim zones
were systematically analyzed, has been studied using the
CRPG-Nancy CAMECA IMS 1270 and IMS 1280 HR
instruments, with the precision of 0.2-0.4 %o (95 % confi-
dence level) (for more detail, see Supporting Online Mate-
rial). The obtained precisions of the LF and SIMS methods
were used as a benchmark in discriminating analytical ver-
sus natural intra- and inter-grain variations. The variations
of 8'"%0 in excess of £0.2 %o recorded by LF and in excess
of £0.4 %o by SIMS were considered as natural. The
results are listed in Table B8 (Supporting Online Material).
The following important observations can be made based
on these data:

1. The transporting hyaloclastites are characterized by
“normal”, MORB-like to slightly lower 8'0 values
of 5.3-5.5 %o, whereas one spatially associated with
them basaltic lava has lower §'%0 of 4.9 %o. In con-
trast, strongly varying 8'30 values and systematically
80-enriched signature have been recorded in the rock-
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forming silicate minerals of the xenoliths. The widest
range of ~4 %o was determined in zircons by SIMS
and ~2 %o in interstitial glasses by LF. Five of 11 ana-
lyzed Qz grains from one granite xenolith IC03-130-18
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exhibit a range of 5.9-6.6 %o that closely corresponds
the entire range of 8130 values (5.9-6.8 %0) measured
in quartz from the other xenoliths. Similar wide range
of 5.7-7.2 %o was found in feldspars from Qz-monzo-
nite xenolith IC03-130-02.

Despite the observed wide 8'30 ranges, spatially asso-
ciated Qz and Fsp appear to be in high-temperature
(800-1200 °C), O-isotope equilibrium with each other
and with neighboring colorless (5.5-6.2 %o, N = 10),
pale or light brownish (5.1-5.9 %o, N = 15) interstitial
glasses (Fig. 10). This follows from oxygen isotope
fractionation factors between Qz, Fsp and SiO,-rich
silicate melt (MIt) calculated for the given above tem-
perature conditions (Aq, gy, = 5180QZ—5180FSp = 0.5-
1.0 %o, Ag, iy = 800, ~8"" 0y = 0.2-0.5 %o,
and Agg, vy = 8"°0g, =80y = —0.3 to —0.6 %o,
respectively), using experimental data and model cal-
culations of Chiba et al. (1989), Chacko et al. (2001),
Zheng (1991, 1993) and Zhao and Zheng (2003).
This also implies that no secondary processes have
affected the xenoliths after their formation and the
residual isotopic inter- and intra-crystal O-isotope het-
erogeneity is juvenile. Figure 10 demonstrates that the
range of calculated §'0y, values in equilibrium with
Qz and Fsp (given that Ay, \y = 0.3 £ 0.1 %o and
Apgp_yie = —0.5 £ 0.3 %o at T = 800-1200 °C) spans
from 5.5 to as high as 8 %o, covering almost the entire
range of §'0 observed in the colorless to light brown-
ish interstitial glasses (except for two pale glasses with
8180 = 5.2 and 5.4 %o).

The dark-brown to black interstitial glasses (with §'%0
ranging from 4.0 to 5.0 %o, N = 3) are out of oxygen
isotope equilibrium with Qz and Fsp, as follows from
the computed 61301\,”t values (Fig. 10). Two explana-
tions can be suggested. First, black mingling glass (as
from 1C03-130-14; Fig. 3a—c) may represent relicts of
a more mafic, hybrid melt resulting from interaction
of silicic crustal rocks with a hotter, primitive basaltic
magma. This could happen during progressive partial
melting of already solidified silicic rocks caused by
their heating in the vicinity of hot fissure swarm (Gun-
narsson et al. 1998). The intruding magma might have
relatively low 8'30 values (similar to the basalt lava
associated with the transporting hyaloclastites), but
being out of O-isotope equilibrium with the surround-
ing silicic rocks. Dark-colored glasses may thus repre-
sent quenched, non-homogenized relicts of the latter
hybrid magma. Second, the observed §'*0 values of
the dark-brown glasses could result from dissolution
of magnetite + zircon intra-grain clumps, also due to
interaction of the solid rock with hot magma because
magnetite has always lower §'80 than coexisting sili-
cate melt (AlgoMag,Mh = 5180Mag—5180Mh = =27
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to —5.0 %o at T = 800-1200 °C). We think that both
possibilities are plausible.

4. Zircons extracted from individual xenoliths are
strongly heterogeneous in oxygen isotope composition.
They show a broad range of 8'30 from 2.4 to 6.3 %,
without significant difference between the granite and
Qz-monzonite xenolith types (Fig. 11). Oxygen isotope
compositions obtained in zircon cores (2.4-5.6 %o,
average 3.9 + 1.3 %o, 2 SD), mantles (2.8-5.5 %o, aver-
age 4.1 £ 1.4 %o, 2 SD) and rims (3.4-6.3 %, average
4.9 £+ 1.5 %o, 2 SD) overlap each other. However, their
8'80 values are not equally distributed. The probabil-
ity density distribution curves reveal a maximum at
880 of ~3.8 %o of Zrn cores (Fig. 11a), four less pro-
nounced peaks between ~3.5 and 4.9 %o of Zrn man-
tles (Fig. 11b) and two clear populations at ~4.5 and
~5.5 %o of Zrn rims (Fig. 11c).

5. The expected §'80 values of zircons in equilibrium
with black through colorless interstitial glasses range
from 2.4 to 5.2 %o (Fig. 10). This range has been com-
puted using the existing experimental and empirical
data on O-isotope fractionation factors between Qz,
Zrn and SiO,-rich silicate melts (A, vy = 6'°07—
880y, = —1.4 & 0.4 %o at T = 8001200 °C; Binde-
man and Valley 2002, 2003; Valley et al. 2003). The
calculated range almost entirely corresponds to the
measured 6'80,, values. Only a minor population
of Zrn from the lower end of the spectrum maintains
equilibrium with black and dark-brown glasses. This
implies that the majority of zircons with higher 80,
values could crystallize from colorless, pale or light
brown interstitial melts because of the high Zr concen-
trations (up to 2000 pg/g), suggesting overall satura-
tion of the melt with zircon.

6. The Zrn rims with §'%0,,,, = 5.7-6.3 %o are out of the
range of MORB zircons. Since the difference is larger
than the attained 20 uncertainty of SIMS (£0.4 %o),
this suggests crystallization of these Zrn rims from a
melt with §'%0 of as high as 8 %o, in agreement with
the calculated §'0,, values in equilibrium with Qz
and Fsp.

Discussion
Zircon growth, recycling and inheritance

Generally, calculated temperature of zircon saturation rep-
resents a lower limit, if magma was undersaturated with
zircon and a maximum estimation, if it was saturated
(Watson and Harrison 1983; Miller et al. 2003). The upper
end of the T, ., range obtained during the present study
(~720-1010 °C) is similar and only by ~70 °C lower (in
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sample 1C03-130-16) than the temperature of Zrn crystal-
lization (77 ¢ys broad range ~670-1030 °C) (Fig. 6a).
Also, the T, ., ranges are much narrower than those of
T7m-crys DeINg similar to ~60 °C higher than the tempera-
tures obtained for zircons from the Askja, Hekla, Ore-
fajokull and Torfajokull silicic eruptions (~700-950 °C;
Gunnarsson et al. 1998; Carley et al. 2011). The temper-
ature calculated by QUILF (Toypp ~ 880-1205 °C) is
thought to reflect that of the last equilibrium of xenolith-
forming minerals with interstitial melt shortly prior to
eruption. It is very similar to 7, . obtained for zircons
hosted in Qz-monzonite xenoliths, implying that the react-
ing melt was always Zrn-saturated, while interacting with
the host silicic rock. In contrast, two of three granite xeno-
liths exhibit a significant gap (by ~60 to more than 100 °C)
between T, o, and Ty (Fig. 6a), suggesting that these
zircons were formed at lower temperature from more
evolved and Zrn-saturated silicic melts.

Abundant zircons having euhedral shape and simple
zoning in all studied samples, calculated relatively high
temperatures of Zrn saturation and high concentrations of
Zr in the melt imply immediate, intra-grain crystallization
of at least the majority of zircons from a hybrid melt. These
zircons could be then accumulated in a crystal mush layer
of a magma chamber. In this context, all studied xenoliths
likely represent disintegrated, partially melted crystalliza-
tion products of the same or chemically similar, ~0.2-0.25
My old silicic magmas, which were probably resulted from
precursor crustal anatexis events.

On the other hand, each individual xenolith contains a
subordinate amount of zircons, which has crystallized at
temperatures either higher or lower than 7, ., (Fig. 6a),
suggesting their inheritance. Indeed, if 77,y is higher
than T, .. this is usually interpreted as entrainment of
already formed zircons in a second, possibly composi-
tionally distinct, Zrn-undersaturated magma (e.g., Miller
et al. 2003; Carley et al. 2011; Harrison et al. 2007). The
inherited zircons would be preserved over time at metasta-
ble conditions in the magma, and as noted by Miller et al.
(2003), their saturation temperatures are thus meaningless.
Although large zircons (>90 um size) can be dissolved in
Zrn-undersaturated magmas at ~800 °C during a few thou-
sand years, their encapsulation between larger grains (simi-
lar to the Mag + Ilm segregations with adhering Zrn sur-
rounded by large Fsp and Qz grains; Fig. 3) would protect
them from rapid dissolution, explaining the observed dis-
crepancy between 17, i, and T, ., (Watson 1996).

Oxygen fugacity
Gunnarsson et al. (1998) have shown that crystallization of

the Torfajokull rhyolites occurred at oxygen fugacity condi-
tions close to, or ~0.5 log units below, FMQ buffer. Schattel

et al. (2014) have demonstrated, however, that redox state
of the Icelandic rhyolites from different locations is not
uniform. For example, Hekla (AFMQ of-0.9 £+ 0.2 log
atm.) and off-rift Orzfajokull rhyolites (AFMQ from—0.4
to—0.1 £ 0.2 log atm.) are predominantly reduced, whereas
a pumice from Askja is more oxidized (AFMQ = 1.4 + 0.1
log atm.). Schattel et al. (2014) have noted also that AFMQ
values and oxygen isotope composition of minerals and
glasses from these lavas vary coherently and appear to be
strongly different for the rift and off-rift volcanic systems.
Thus, more oxidized rift-related tephra from Askja have
low 8'%0 of ~1.3 %, reflecting assimilation of hydrother-
mally altered, more oxidized shallow crust, whereas off-rift
magmas from Orafajokull are reduced and show “normal”
to slightly lowered 8'%0 values of 5.2-6 %o, suggesting no
or minor contamination by crustal rocks.

We demonstrate that the interstitial melts from the stud-
ied xenoliths, especially those in the granite type, were
formed at rather oxidized conditions (AFMQ from 1.2 to
3.1; Fig. 6b), in agreement with the observations by Schat-
tel et al. (2014). It is worth emphasizing also that Tindfjoll
is situated in the currently active rift zone. We ascribe such
oxidized conditions to near-surface hydrothermal metamor-
phism caused by meteoric and probably marine waters, as
it also follows from our new oxygen isotope data (see dis-
cussion below).

Oxygen isotope constraints

Most of the lavas erupted on Iceland are characterized by
systematically lower §'%0 values compared to the Earth’s
mantle, attributed to their derivation from, or interaction
with, hydrothermally altered upper-crustal rocks (e.g.,
Muehlenbachs et al. 1974; Hattori and Muehlenbachs
1982; Condomines et al. 1983; Gautason and Muehlen-
bachs 1998). Most of the oceanic crustal rocks altered
by seawater span over a ~10 %o range of §'%0 values
(from ~2-3 %o to ~11-13 %o; e.g., Alt et al. 1986; Grimes
et al. 2011), spreading on both sides of the “normal”-5'30
MORB magma value of ~5.6 &+ 0.2 %o. The submarine
oceanic crust is high in 8'%0 (~6-9 %o) in its upper level
(pillow basalts, sheet dike complexes) due to intensive
O-isotope exchange with seawater and consequent leaching
180 isotope from the rocks during low-T (<300 °C) hydro-
thermal circulations. It is never altered to §'%0 values of
as low as ~2—4 %o in its middle and lower parts because
A"O0g ok water iS0tope fractionation is effectively 0 + 1 %o
at high (>500 °C) temperature (Gregory and Taylor 1981;
Stakes and Taylor 1992). In contrast, the Icelandic crust is
remarkably lower in 8'%0 than typical MORB-like oceanic
crust (as low as —11 %o; e.g., Bindeman et al. 2012 and ref-
erences therein). Thus, secondary fusion or assimilation of
such 8'80-low rocks may produce SiO,-rich magmas with
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much larger O-isotope variations than melting of the oce-
anic crust.

Zircons from typical oceanic crust plagiogranites and
gabbros are characterized by remarkably uniform §'%0 val-
ues of 5.2 + 0.5 %o, being in equilibrium with unaltered
MORB (8'%0 of 5.6-5.7 %) at high magmatic tempera-
tures (Valley et al. 2005; Grimes et al. 2011). In contrast,
zircons from four well-known large-volume silicic units
in Iceland (Askja, Hekla, Torfajokull central volcanoes
and Austurhorn silicic intrusion) exhibit strong isotope
diversity and disequilibria with their transporting mag-
mas (Bindeman et al. 2012; Schattel et al. 2014) and are
12 to 10° years older than their host rhyolites (for example,
the 1875 AD eruption of Askja, the 1158 AD eruption of
Hekla; Carley et al. 2011). This suggests that the zircons
were carried by different, generally low in 8'®0 magma
batches, which in turn could derive from hydrothermally
altered crustal rocks of different age.

The majority of the studied zircon cores and mantles are
systematically lower in 8'%0 by 1-2 %o than zircons from
typical oceanic lithosphere (Fig. 11a, b). On the other hand,
there is an increasing number of zircons in the sequence
from Zrn cores through their mantles to rims corresponding
to the “normal,” MORB-like §'0,,, range. This observa-
tion and the presence of two §'30-distinct groups of zircon
rims (Fig. 11c) may suggest that we are dealing with at
least two populations of zircons having different crystal-
lization history. The first maximum corresponding to §'30
of ~4.5 %o of the Zrn rims, also similar to the §'30 values of
Zrn cores and mantles, may represent an in situ crystallized
population of cognate zircons formed under local isotopic
equilibrium from “minute” partial melts, yet represented
by colorless through pale to dark-brown interstitial glasses.
Those Zrn mantles and rims with §'®0 < 5.5 %, may also
reflect latter interaction with newer portions of hotter, 5'80-
depleted magmas entering magma chamber, being consist-
ent with the observed ultimately lower temperatures of Zrn
saturation and growth and systematically higher tempera-
tures of the latter processes of magma-rock interaction fin-
gerprinted in Cpx and Opx (T calculated by QUILF).

Five of the studied zircons have rims with §'%0 of 5.8—
6.3 %o, exceed the upper end of the MORB-like zircon range,
being out of equilibrium with any of the analyzed intersti-
tial glasses (Figs. 10, 11) and require crystallization from a
melt with §'30 value of as high as 8 %o. This is in agree-
ment with the calculated §'30,y, values in equilibrium with
high-6'80 Qz and Fsp, which seem to be coeval with the zir-
con rims. Such elevated §'0 values are unlikely to produce
by interaction of normal-8'0 (about 5-6 %o) crustal rocks
with low-8'80 (about—10 %0) meteoric waters because very
high O-isotope fractionation factor (A"™Og, . waer > 15 %0)
is required. Such high A®Op .\ wuer Values can only be
attained at very low temperatures (below ~50-70 °C), at
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which oxygen isotope exchange is sluggish. We thus con-
clude that the recorded high-8'%0 zircon rims reflect melt-
ing of rocks preferentially altered by seawater, rather than
extremely low-T isotopic exchange with meteoric waters.

Implications for the magma chamber processes

The occurrence of partially melted leucocratic xenoliths
provides persuasive evidence that crustal anatexis had
an important role in the origin of the Icelandic rhyolites.
However, oxygen isotope data of Muehlenbachs et al.
(1974) together with the analysis of major elements have
lead Sigurdsson and Sparks (1981) to the conclusion that
simple partial melting model alone does not explain the
origin of the Icelandic rhyolites in full. A complex mech-
anism including partial or complete fusion of previously
formed silicic crustal rocks, hybridization with basaltic
magma and subsequent fractional crystallization has been
suggested.

Regardless of whether the studied xenoliths are (a) fused
relicts of the Icelandic crust “plagiogranites,” the prod-
ucts of the earlier partial melting of the older basic rocks
(amphibolites) in the presence of H,O (Sigurdsson 1977);
(b) relicts of the subsided evolved intrusives and extrusives
located beneath a core of a large central volcano (Gunnars-
son et al. 1998) and/or (c) partially melted crystal segrega-
tions from the upper parts of solidifying basaltic intrusions
(Marsh et al. 1991), they all are thought to reflect the ear-
lier stages of melting of the Icelandic crust. Our new sin-
gle-grain laser fluorination and ion microprobe data docu-
menting the significant oxygen isotope diversity of zircons
and, in lesser extent, of other rock-forming minerals and
interstitial glasses ultimately suggest that this partial melt-
ing phenomena encompassed diverse in 'O crustal rocks
and occurred ~0.15-0.25 My ago. These age estimations
correspond to the “second last glacial stage” on Iceland,
when the majority of subglacial hyaloclastite ridges were
formed in the Tindfjoll area (~130-170 ka; e.g., Bourgeois
et al. 1998). This implies a relatively short (to about a hun-
dred thousand =+ a few tens of thousand years, according
to our uncertainty) spatial interval between melting of the
anticipated hydrothermally altered Icelandic crust, conse-
quent magma-rock interaction, crystallization and possible
inheritance of zircons and final ejection of xenolith-bearing
hyaloclastites. Similarly, a relatively short interval (<50 ky)
between crystallization of a major part of zircon population
and eruption of magma is very common in Iceland and was
previously documented for the Askja, Hekla, Orzfajokull
and Torfajokull central volcanoes (Carley et al. 2011).

Finally, the “normal,” MORB-like to significantly higher
8'80 values of the majority of mineral phases composing
the nodules and the associated interstitial glasses likely
suggest that the lower Icelandic crust may have been not
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globally subjected to low-temperature alteration by mete-
oric water, at variance with the shallower upper-crust
portions composed of basaltic lavas and hyaloclastites
(Bindeman et al. 2008). We speculate that the presence
of remarkably more positive 880 values (>5.6 %o) found
in the coexisting quartz, feldspar and colorless interstitial
glass may suggest that the crust beneath the Tindfjoll area
could be in contact with seawater during sometime in the
past, further back time than the zircon crystallization age.
Such processes must result in higher, not lower, than nor-
mal MORB §'80 values in the preconditioned crustal rocks
(Taylor and Sheppard 1986). If the volcanic zone, in which
the Tindfjoll volcano is located, is ~4 My old (Palmason
and Saemundsson 1974; Jakobsson 1979 and references
therein) and the latter glacier load has caused an inflow of
seawater, then it would argue for partial melting of earlier
crystallization products from the same volcano, the inter-
pretation proposed by Gunnarsson et al. (1998), rather
than remelting of earlier-formed MORB-like plagiogran-
ites (Sigurdsson 1977). The parental rocks for the Icelan-
dic rhyolites would be then more likely of transitional to
alkaline composition but tholeiitic metabasalts that is also
in agreement with the overall enriched trace element com-
position of the studied xenoliths.
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