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Abstract We studied glass-bearing gabbro xenoliths from
picritic pillow lavas erupted in the Midfell area, SW
Iceland. The aim of this study is to investigate the pro-
cesses affecting chemical composition of primitive Ice-
landic magmas at crustal depths. The xenoliths formed at
340+ 160 MPa (20) lithostatic pressure are cumulates of
earlier crystallized magmas. Later interaction of the
xenoliths with the transporting magmas occurred at
1,190-1,230°C and shallower depths (40+120 MPa).
The xenoliths consist of reversely zoned, slightly re-
sorbed, subhedral plagioclase (PL, Angj.gg, 50-60%),
anhedral, strongly resorbed clinopyroxene (CPX,
mg-number =83-90, 25-32%), trace amounts (<1%)
of small, up to 500 um, euhedral olivine (OL, Fogs.go)
and spinel (SP, mg-number = 66-73, cr-number =29-51),
and interstitial glass (9-22%). No significant difference in
chemical composition between surrounding host
pillow rim glasses (K,O/TiO,=0.02—0.04, CaO/
Al,0;=0.93—-1.04, [La/Sm],=0.38-0.54, where sub-
script n points on element concentrations normalized to
those in chondrite) and interstitial glasses (K,O/TiO, =
0.03-0.06, CaO/Al,03=1.00-1.07, [La/Sm],=0.41-
0.74) was recognized. Deep glassy embayments in CPX
(K,0/Ti0,=0.02-0.06, CaO/Al,0;=1.00-1.06, [La/
Sm],, =0.66—0.99) have also chemical compositions very
close to those of interstitial and host glasses. Glass em-
bayments in PL (K,0/TiO,=0.03-0.11, CaO/Al,O5=
0.87-1.06, [La/Sm],,=0.70-0.97) vary more significantly
in CaO/Al,O; ratios than those in CPX likely due to their
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stronger modification by post-entrapment crystalliza-
tion. All glass types, regardless of whether they are
enclosed in minerals or represent interstitial or host
matrix glasses, are characterized by significant excess of
Sr ([Sr/Sr*],=1.7-2.7) but not of Ba relative to Nb
([Ba/Nb],,=0.45-0.96). Partial melting of a gabbro with
[La/Sm],,=0.54, [Sr/Sr*],=10.5 and [Ba/Nb],=4.5 in-
ferred from the composition of the xenoliths studied
cannot account for the observed trace element concen-
trations and ratios in the associated glasses. In fact, the
compositions of melts calculated for 1-40% of partial
melting match neither compositions of the interstitial
glasses nor CPX- and PL-hosted glassy embayments with
respect to [Ba/Nb], ratios. Mixing of these partial melts
with presumably uncontaminated magma composition
does not explain chemical variations observed in the
glasses as well. In contrast, the model of melt percolation
through gabbroic matrix reproduces in a satisfactory
way the compositions of glasses. We believe that the
pronounced enrichment in Sr relative to other trace
elements of similar incompatibility observed in many
Icelandic tholeiites and probably in many MORB-type
magmas worldwide could result from such interaction
of the ascending magmas with gabbroic cumulates at
crustal depths. We emphasize that the percolation
model discussed here results in hybrid, Sr-enriched
magmas which are saturated with CPX and PL. The
enrichment in Sr of PL-undersaturated melts (so-called
“ghost plagioclase signature®’; Sobolev et al. in Nature
404:986-990, 2000) could not be produced by such
percolation process.

Keywords Iceland - Gabbro xenoliths - Petrology -
Geochemistry - Major and trace elements -
Melt percolation

Introduction

Primitive magmas may only adequately reflect the
composition of their mantle source and conditions of
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origin, if they remain preserved from later interaction
with surrounding rocks at shallower depths. However,
such interactions appear to be very common when
magmas pass through thick lithosphere or crystal mush
residing in the magma chamber (e.g., Marsh 1995, 1998).
Iceland represents a plume centered on the mid-ocean
ridge and is characterized by anomalously thick oceanic
crust (e.g., Darbyshire et al. 2000 and references there-
in). Gabbroic rocks and greenschist metamorphosed
amphibolites are main constituents of Layer 3 in the
Icelandic crust (Palmason 1971; Christensen 1974;
Oskarsson et al. 1985; Steinthorsson et al. 1985; Flovenz
and Gunnarsson 1991), while mixture of primitive oliv-
ine—normative tholeiitic magmas with silica-rich partial
melts produced during anatexis of crustal amphibolites
is suggested as a possible mechanism for the origin of
Icelandic alkali basaltic magmas (e.g., Oskarsson et al.
1982, 1985; Steinthorsson et al. 1985). Hence, interac-
tion of the ascending magmas with crustal rocks or
contamination of primitive, mantle-derived magmas
could be more common in Iceland compared to mid-
ocean ridge basalts (MORB). This makes Iceland ideally
suited for the studies of processes of melt—rock interac-
tion at crustal depths.

Many Icelandic tholeiitic lavas are characterized by
significant Sr excess relative to other trace elements of
similar incompatibility such as Ce and Nd (e.g.,
Hémond et al. 1993; Gurenko and Chaussidon 1995 and
references therein). These rocks commonly have higher
CaO and lower Al,O5; contents compared to primitive
mid-ocean ridge basalts (e.g., Jakobsson et al. 1978;
Risku-Norja 1985; Gurenko et al. 1988, 1990; Treonnes
1990). Several processes are proposed to explain the
observed geochemical signatures: (1) contamination of
melts by plagioclase-rich material either through bulk
assimilation or wall rock melting (see discussion in
Hémond et al. 1993), (2) mobilization of Rb, Sr and Ba
from secondary carbonate veins at crustal depths in the
close vicinity to magma reservoir (Hémond et al. 1993),
(3) interaction of the ascending magmas with crystal
matrix in the plagioclase-rich cumulates occurred in the
magma chamber (Sobolev et al. 1992, 1994; Gurenko
and Chaussidon 1995), (4) partial melting of plagioclase-
bearing peridotite mantle (Gurenko and Chaussidon
1995), and (5) presence of the recycled crustal compo-
nent in the Icelandic plume (Chauvel and Hémond 2000;
Skovgaard et al. 2001; Gurenko and Chaussidon 2002).
All earlier listed processes have significant constrains on
major and trace element compositions of the resulted
melts that sometimes are difficult to assess quantita-
tively. In particular, the origin of Sr anomaly due to
melting of plagioclase-bearing mantle source, as sug-
gested by Gurenko and Chaussidon (1995), anticipates
presence of plagioclase as a residual phase up to high
melting degrees, whereas plagioclase appears to be ex-
hausted from the source at less than 4% of partial
melting, as it follows from the experimental data by
Falloon et al. (1999).

Our work addresses the problems of melt-rock
interaction occurred in the Icelandic crust. We present
petrologic and geochemical data from glass-bearing
gabbro nodules that are abundant in the picritic pillow
lavas erupted from the Midfell volcano, SW Iceland. It is
essential that Midfell lavas are characterized by the
largest Sr enrichment in the chondrite-normalized trace
element spectra among other Icelandic tholeiites.
Gabbroic nodules in Icelandic lavas were studied
previously by several authors (Thoérarinsson 1953;
Tryggvason 1960; Jakobsson 1966, 1979; Jakobsson
et al. 1973; Kristmannsdottir 1971; Larsen 1979;
Pedersen and Hald 1982; H6j 1993; Risku-Norja 1985;
Sigurdsson 1989; Hansteen 1991; Genshaft and Salty-
kovsky 1999). One group of nodules (i.e., the gabbro
nodules from Krisuvik) was interpreted as true crustal
xenoliths (Thorarinsson 1953; Tryggvason 1960; Hoj
1993), while the other group was considered to be cog-
nate to the confining magma (Larsen 1979; Risku-Norja
1985; Sigurdsson 1989; Hansteen 1991). In relatively
rare cases, gabbroic nodules found in picritic lavas
display signatures of extended partial melting and
mineral resorption (Larsen 1979; Risku-Norja 1985;
Hansteen 1991). In this context, the Midfell area, SW
Iceland (Fig. 1) represents a key locality for under-
standing the origin of Sr excess in basaltic magmas
because (1) there are abundant fragments of partially to
completely disintegrated gabbroic cumulates and
individual gabbro xenoliths in picritic pillow lavas, (2)
the most pronounced Sr excess in chondrite-normalized
trace element spectra is a signature of the Midfell rocks
and glasses among a large number of Icelandic tholeiites
in general (the latter is outlined in Fig. 7), and (3) the
presence of very well quenched glass inside and outside
gabbro nodules allows in situ analyses of major and
trace elements in the melt using microanalytical
techniques.

The aim of this study is to focus on the interaction of
the ascending magmas with gabbroic crustal rocks. We
evaluate quantitatively three concurrent processes i.e.,
(1) gabbro partial melting, (2) mixing of melts produced
by gabbro anatexis with presumably uncontaminated
primitive olivine—normative tholeiitic magma and (3)
melt percolation through gabbroic rocks. We discuss
chromatographic effects on the composition of primitive
tholeiitic melts percolating through a crystal mush col-
umn located within the Icelandic crust. The results of
this work can be used to understand the origin of Ice-
landic primitive magmas, as well as to revise our
understanding of partial melting processes occurred in
the Icelandic mantle.

Geological setting

Midfell is a table mountain ca. 320 m high which re-
sulted from sub-glacial fissure eruptions and situated on
the eastern shore of the Thingvallavatn Lake (Fig. 1). It



extends about 3 km in SW-NE direction, belongs to the
Hengill fissure swarm and consists of two subunits of
slightly different age (Risku-Norja 1985). The Midfell
itself represents a northeastern, younger part composed
mostly of plagioclase-phyric hyaloclastites with rare
olivine phenocrysts, while the southwestern part called
Dagmalafell is older and composed of picritic pillow
lavas located in the upper part of the volcanic sequence.
Many of these olivine-, clinopyroxene- and plagioclase-
phyric pillow lavas, and hyaloclastites of the Dagmala-
fell unit contain also large disintegrated plagioclase
crystals (10-25 mm), poikilitic pyroxene and plagioclase
clusters (up to a few cm in size), as well as rounded
gabbroic nodules (up to 10x15 cm) defined as cumulates
formed due to magma fractionation (Risku-Norja 1985).
Though all xenoliths studied were collected within the
Dagmalafell subunit, we use the terms ““Midfell gabbro
xenoliths” or “Midfell gabbro nodules” throughout the
entire text following the classification by Risku-Norja
(1985).

The Midfell gabbro xenoliths were subdivided on
several main types based on mineral assemblage and
volume proportions of the composing minerals. They
include (1) plagioclase (PL)—clinopyroxene (CPX)—oliv-
ine (OL), (2) plagioclase—clinopyroxene and (3) pure
plagioclase-bearing types with averaged modal propor-
tions of 53% PL, 11% CPX, 7% OL and 29% inter-
stitial groundmass (Risku-Norja 1985). No essential
difference in chemical composition of nodule-forming
minerals and host-rock phenocrysts were observed
(Risku-Norja 1985). The origin of Midfell xenoliths was
placed to approximately crust-mantle boundary or even
to the upper part of the upper mantle; further sub-
stantial reaction of these xenoliths with replenishing
primitive magma batches was suggested (Risku-Norja
1985).

Methods
Electron microprobe

Major elements in minerals and glasses and element
mapping were performed at the Max Planck Institute for
Chemistry (Mainz, Germany; hereafter referred as MPI-
Mainz) using the JEOL Superprobe JXA-8200 electron
microprobe. We applied 15 kV accelerating voltage,
12 nA electron beam current and 1-2 pm size of the
beam for analyses of clinopyroxene and plagioclase but
defocused to 5 um during analyses of glasses. The 20 kV
and 20 nA primary beam was applied for analyses of
olivine and spinel. Either PRZ or ZAF correction rou-
tines were used. Peak counting times on major elements
were 60 and 30 s of background. Sulfur was analyzed at
the same analytical conditions as other major elements
in glasses. At these conditions, the detection level for S
was around 200-250 ppm. A set of reference materials
i.e., natural and synthetic oxides, minerals and glasses
(Micro-Analysis Consultants Ltd, Cambridgeshire, UK)
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and the Smithsonian Institution standard set for electron
microprobe analysis (Jarosewich et al. 1980) were used
for routine calibration and instrument stability moni-
toring. Typical analytical uncertainties (2RSD = 2¢
relative standard deviation) are 0.6-1.2% for SiO,,
Al,O3, FeO, MgO, CaO; 2—4% for TiO,, Na,O; 8-10%
for K,O, MnO and 10-20% for P,Os and S. As a
monitor sample to control precision and accuracy of S
measurements, we used the USNM 111240/52 VG2
basaltic glass (0.134-0.137 wt% S; Dixon et al. 1991;
Thordarson et al. 1996); 0.137+£0.020 wt% S (£2)a,
N =109 was obtained during this study.

Element mapping was performed to examine two-
dimensional distribution of elements across sample sur-
face. Measurements were done in the stage scanning
mode registering simultaneously X-ray signals of five
wavelength dispersive spectrometers and back-scattered
electron (BSE) image. We analyzed clinopyroxene for
Mg, Al, Ca, Fe and Ti, and plagioclase for Na, Al, Ca,
Fe and Si using TAP spectrometers for Si, Mg, Al and
Na, PET]J for Ca, LIF for Fe and PETH for Ti, applying
15 kV accelerating voltage and 12 nA primary electron
beam current. Step interval was 2 pm and X-ray acqui-
sition time per step was 200-300 ms depending on the
square of the map. At such conditions, the duration of a
single map analysis varied between 20 and 100 h. Final
evaluation of the measurement results were performed
using the built-in JEOL Map Analysis Software.

Ton microprobe

Trace elements were analyzed at MPI-Mainz using a
CAMECA IMS3f ion microprobe. The conditions were
12.5 kV accelerating voltage of O~ primary beam,
4.5 kV secondary ion accelerating voltage, —80 V offset
and mass resolving power M/AM =300. The energy slit
was centered and opened to 25 V. A 150 um contrast
aperture and a 1,800 pum field aperture were used. Each
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Fig. 1 Schematic map of Iceland showing the active neovolcanic
rift and off-rift (flank) zones (modified after Jakobsson 1979) and
location of sample selection (filled circle)
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analysis consisted of five scans, starting from '®O mass
(usin§ for magnet adjustment), then over the se%uence of
8, K, **Ca, *'Ti, >'V, **Cr, **Sr, ®Y, *Zr, >’Nb, and
then each mass from 133 to 180. The remaining oxide
interferences, for example, light rare earth element
(LREE) oxides interfering with heavy rare earth ele-
ments (HREE), were corrected using peak deconvolu-
tion routine based on the approach described by Zinner
and Crozaz (1986) and Fahey et al. (1987). Relative
sensitivity factors [RSF, defined as the ratio of total
ionic intensity for a given element to the ionic intensity
of Si divided by the respective element ratios in atomic
concentrations; i.e., (K*/Si")/(K/Si)] were determined
from the analyses of basaltic reference glasses (Jochum
et al. 2000). Instrument drift was controlled and cor-
rection applied using daily replicate analyses of KL.2-G
reference glass (Jochum et al. 2000; Table 1). The
obtained analytical error was better than 20% (20 RSE)
for all elements except Gd whose uncertainty ranges
between 18 and 25% (Table 1).

Major and trace elements in whole rocks

Major and trace elements in whole-rock samples were
analyzed using ICP-AES and ICP-MS by Analytical
Service of Rocks and Minerals (SARM) at the CRPG-
CNRS (Nancy, France; for more technique details, see
Carignan et al. 2001). The uncertainties and detection

Table 1 Precision and accuracy of trace element analyses by SIMS

levels for different elements provided by SARM are
given in Table 1. The uncertainty is better than 1-5%
for major elements, if their concentrations exceed 1 wt%
and 2-10% for element concentrations below 1 wt%.
For trace elements, the uncertainty is 5-10% for the
concentration range from ca. 0.1 to 1,000 ppm.

Petrography and mineral compositions

We restricted our studies only to those gabbro nodules
that contain well-preserved glassy crusts on the surface
suggesting their rapid cooling and quenching. The
nodules are medium- to coarse-grained holocrystalline
to hypocrystalline rocks with hypidiomorphic inequi-
granular texture (Fig. 2). The gabbro nodules are com-
posed mostly of (1) subhedral PL crystals, sometimes
slightly to moderately resorbed and often containing
glassy melt inclusions, (2) strongly resorbed, anhedral
CPX also containing inclusions and deep glassy
embayments, (3) small euhedral olivine and Cr-spinel
crystals, and (4) interstitial glass. Olivine is present in
trace amounts only (<1 vol%). The volume proportions
of clinopyroxene and plagioclase are in the range
38-58% PL, 24-39% CPX; around 13-28% is com-
posed by interstitial groundmass (Table 2). Though
clinopyroxene is strongly resorbed in all samples stud-
ied, with anhedral shape and porous texture of separate
grains (Fig. 2b, ¢), all individual CPX grains in each thin

Elements KL2-G 21-24 October 2002, N=5 6-8 December 2002, N=5 16-17 December 2002, N=3
(ppm) Ref Mean 2RSD ARV Mean 2RSD ARV Mean 2RSD ARV
K 4,000 3,816 4.8 —-4.6 3,624 3.9 -94 3,830 10.4 —4.3
Ti 15,600 15,540 34 -0.4 15,400 1.3 —1.3 16,067 4.0 3.0
\'% 370 262 53 -29.2 249 3.2 —-32.7 263 53 —-28.9
Cr 310 298 4.0 -39 290 34 —6.5 296 2.0 —4.5
Sr 364 398 2.0 9.3 379 1.1 4.1 377 32 3.6
Ba 123 137 7.3 11.4 124 32 0.8 122 4.9 -0.8
Y 26.8 249 4.0 -7.1 24.1 1.7 —10.1 24.4 4.9 -9.0
Zr 159 156 6.4 -1.9 150 2.7 -5.7 156 5.1 -1.9
Nb 15.8 17.7 4.5 12.0 16.2 2.5 2.5 17.2 7.0 8.9
La 13.2 13.5 5.9 2.3 12.8 3.1 -3.0 12.7 3.1 -3.8
Ce 32.9 34.7 6.9 5.5 322 4.3 —-2.1 32.3 1.9 —-1.8
Pr 4.71 5.18 8.5 10.0 4.85 5.8 3.0 4.79 4.6 1.7
Nd 21.7 23 8.7 6.0 21.7 4.6 0.0 21.5 3.7 -0.9
Sm 5.55 6.05 10.9 9.0 5.71 9.5 2.9 5.44 8.1 -2.0
Eu 1.95 2.17 8.3 11.3 2.06 8.7 5.6 1.91 7.3 -2.1
Gd 6.1 5.93 25.0 -2.8 5.58 18.6 -8.5 53 7.5 —13.1
Dy 5.35 5.64 7.8 54 4.98 8.8 —6.9 4.87 4.9 -9.0
Ho 0.99 1.03 7.8 4.0 0.95 12.6 —4.0 0.89 13.5 —10.1
Er 2.64 2.77 6.5 4.9 2.34 12.0 —11.4 2.44 13.9 -7.6
Yb 2.13 2.21 10.9 3.8 1.88 13.8 —11.7 1.89 15.9 —11.3

Precision and accuracy of trace element analyses were controlled by multiple analyses of KL2-G reference glass during each analytical

session

N number of replicates; REF reference values of trace element concentrations (given in ppm) of KL2-G from Jochum et al. (2000); Mean
average value obtained from replicate analyses of KL2-G; 2RSD (given in %) 2-sigma relative standard deviation obtained during a given
analytical session and defined as 100x2¢ SD/Mean; ARV (given in %) deviation from the reference values (over a given analytical session)
that characterizes the accuracy of trace element analyses and defined as 100 x(Mean/Ref — 1); all analyses of melt inclusions and

groundmass glasses (Table 6) were corrected for ARV values



Fig. 2 Photomicrographs showing size and texture of gabbro
xenoliths in pillow lavas from Midfell area, SW Iceland. a General
view of a gabbro xenolith composed mostly of clinopyroxene (dark-
green grains), plagioclase (grains having white, gray or beige color)
and containing dark-brown halo of quenched glass. b Spongy
texture of one clinopyroxene grain filled by naturally quenched
glass, sample ICS01-8-1; in this panel and panel (¢), the small, white

section examined are characterized by simultaneous
extinction in the cross-polarized light representing indi-
vidual fragments of the same oikocryst (Fig. 2d). In
contrast, plagioclase grains have different crystallo-
graphic orientation and are characterized mostly by
subhedral crystal shape and are generally less resorbed
than clinopyroxene (Fig. 2¢, d). The summary of min-
eral chemistry is given in Table 3, and chemical com-
position of mineral phases appears to be similar to those
described by Risku-Norja (1985).

Deep glassy embayments and inclusions are very
common in clinopyroxene and plagioclase. The embay-
ments in CPX, unlike those in PL, form a network inside
CPX crystals connecting to interstitial glass. Inclusions
are represented by glassy (quenched glass + gas bubble)
and multiphase (glass + daughter crystals + gas bub-
ble) types and occur as single, isolated inclusions and
randomly oriented groups; inclusions in plagioclase
trace often zones of crystal growth. Well-quenched
glassy inclusions containing no daughter crystals are
more abundant in CPX, while PL preferentially contains
partially crystallized inclusions. We analyzed only glassy
embayments in CPX and PL; detailed examination of
CPX- and PL-hosted melt inclusions is beyond the scope
of the present study.

The broad range of PL composition is bracketed
between 80.5 and 89.7mol% of anorthite
(An=100xCa/(Ca + Na), atomic ratio; Table 3). Many
PL grains are reversely or oscillatory zoned (Fig. 3a, b).
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rounded blebs are gas vesicles in the interstitial glass presently filled
by epoxy resin. ¢ Strongly resorbed CPX grains, subhedral PL
crystals and interstitial glass demonstrating typical xenolith’s
texture, sample ICS01-8-1; plane-polarized light. d The same field
of view as in (¢) but given in cross-polarized light showing that all
seen CPX grains compose a single oikocryst. OL olivine, CPX
clinopyroxene, PL plagioclase, GL glass

The compositional difference between cores and rims of
the individual PL crystals can reach > 10 mol% An. Itis
essential to note that crystal rims are systematically
more Ca- and Al-rich compared to the cores; similar Ca-
and Al-enrichment and Na depletion is observed in the
PL rims on the contact with glassy embayments (Fig. 3a,
b) implying adjustment of PL composition to the
chemical variations of interstitial melt.

Similarly to plagioclase, clinopyroxene shows a wide
compositional range; mg-number [mg#.,=100xMg/
(Mg + Fey), atomic ratio, where Fe., is total iron]
ranges from 82.9 to 90.2, concentrations of Ti, Al and
Na are 0.2-0.5 wt% TiO,, 2.8-5.7 wt% Al,O3, and
0.1-0.3 wt% Na,O (Fig. 4a, Table 3). Many CPX grains
show reverse zoning (Mg#core = 8288, mg#im = 87-90)
but this zonation is not as regular as in PL (Fig. 3c, d).
Overall, the outer parts of the grains are significantly
more Mg-rich than the cores. The difference in
2-3 mol% of mg-number is commonly observed in
individual CPX grains; this also can be traced by
coherent variations of other components such as Al,O3,
(Fig. 3c), TiO, and Cr,O3 (not shown). Almost all CPX
grains have narrow (a few um) rims showing sharp drop
of mg#-number and probably formed due to rapid
quenching of the transporting magma at decreasing T
and P. Chemical composition of CPX grains composing
the nodules are similar to those from the transporting
lavas, as it has been also observed by Risku-Norja (1985;
Fig. 4a).
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Table 2 Bulk-rock compostion of the Midfell gabbro nodules

Sample* ICS01-8-1 ICS01-8-2 ICS01-8-3 ICS01-8-4 ICS01-8-5 ICS01-8-8 ICS01-8-10 Mean Gab +1¢ Uncert. DL

Modal composition (observed)®

OL <1 <1 <1 <1 <1 <1 <1 <1 - - -
CPX 24 41 36 40 27 28 35 33 7 - -
PL 58 43 50 42 56 52 49 50 6 - -
SP <1 <1 <l <1 <1 <1 <1 <1 - - -
GL 18 16 14 19 17 20 16 17 2 - —
Modal composition (calculated)®

OL 0.6 0.2 0.6 1.8 1.0 1.9 2.2 1.2 08 - -
CPX 30.5 322 28.3 28.4 26.7 254 27.0 28 2 - -
PL 54.2 55.8 57.7 49.8 60.9 49.6 53.7 55 4 - -
SP 2.4 2.5 1.5 1.8 2.1 1.2 2.1 1.9 05 - -
GL 12.2 9.4 11.9 18.3 9.3 22.0 15.0 14 5 - -
Major elements (wt%)"

SiO, 47.47 47.63 47.52 47.17 47.04 47.54 47.34 474 0.2 <1 0.2
TiO, 0.33 0.28 0.27 0.32 0.29 0.34 0.31 0.31 0.03 <20 0.05
AlLO; 21.43 21.68 22.32 20.97 22.83 20.97 21.64 21.7 0.7 <1 0.1
Fe,0; 4.65 4.29 3.97 4.71 4.13 4.87 4.63 4.5 0.3 <2 0.1
MnO 0.08 0.06 0.06 0.07 0.06 0.08 0.08 0.07 0.01 <10 0.03
MgO 7.28 7.09 6.61 7.7 6.4 7.54 7.52 7.2 0.5 <l 0.1
CaO 17.73 17.69 17.8 17.52 17.47 17.25 17.35 17.5 0.2 <2 0.1
Na,O 1.16 1.15 1.14 1.06 1.14 1.11 1.08 1.12 0.04 <2 0.05
K,0O BDL BDL BDL BDL BDL BDL BDL — — <10 0.1
P,05 BDL BDL BDL BDL BDL BDL BDL - - <10 0.05
LOI 0.15 0.05 0.23 0.49 0.57 0.44 0.50 0.3 02 - -
Total 100.28 99.92 99.92 100.01 99.93 100.14 100.45 100.1 02 - -
Trace elements (ppm)°

A% 140.8 129.1 118.1 138.2 119 144 133 132 10 <5 1.5
Cr 2,108 1,817 1,736 2,936 1,748 2,172 2,761 2,183 488 <5 5
Co 26.6 24.8 22.2 27.9 23.2 27.8 26.9 26 2 <10 0.2
Ni 136 125 109 145 111 139 150 131 16 <10 4
Cu 41.0 35.3 31.5 59.9 34.5 42.7 36.6 40 9 <10 3
Zn 25.3 223 19.6 26.3 20.5 253 25.0 23 3 <10 8

Sr 149 160 154 138 165 133 140 148 12 <5 2

Y 5.9 5.2 4.8 5.7 5.0 5.8 5.5 5.4 0.4 <5 0.08
Zr 7.1 6.4 6.9 7.5 6.8 7.1 8.1 7.1 0.5 <10 1
Nb 0.27 0.29 0.33 0.28 0.30 0.30 0.28 0.29 002 <15 0.07
Ba 6.4 7.0 6.8 7.6 8.7 6.9 7.5 7.3 0.8 <15 35
La 0.43 0.44 0.45 0.41 0.49 0.43 0.40 0.44 0.03 <5 0.04
Ce 1.29 1.30 1.26 1.23 1.38 1.30 1.22 1.28 0.05 <10 0.09
Pr 0.23 0.23 0.22 0.22 0.24 0.23 0.22 0.23 0.01 <10 0.01
Nd 1.29 1.30 1.20 1.28 1.29 1.37 1.29 1.29 0.05 <5 0.03
Sm 0.52 0.50 0.46 0.52 0.48 0.56 0.52 0.51 0.03 <10 0.01
Eu 0.29 0.29 0.27 0.29 0.30 0.29 0.28 0.29 0.01 <5 0.01
Gd 0.78 0.73 0.66 0.79 0.71 0.80 0.74 0.74 0.05 <5 0.01
Tb 0.15 0.13 0.12 0.15 0.13 0.14 0.14 0.14 0.01 <5 0.01
Dy 1.00 0.89 0.83 1.00 0.86 1.03 0.96 0.94 0.08 <5 0.02
Ho 0.21 0.19 0.18 0.21 0.19 0.22 0.21 0.20 001 <5 0.01
Er 0.62 0.54 0.51 0.60 0.53 0.61 0.58 0.20 0.01 <5 0.01
Yb 0.62 0.54 0.49 0.59 0.53 0.60 0.56 0.56 0.05 <10 0.005
Lu 0.10 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.01 <10 0.005
[La/Sm], 0.52 0.55 0.61 0.49 0.64 0.48 0.48 0.54 0.06 - -
[Ba/Nb], 2.49 2.54 2.17 2.85 3.05 2.42 2.82 2.62 030 - -
[Sr/Sr*],  7.74 8.24 8.39 7.37 8.28 6.67 7.47 7.74 0.62 - -
[Zr/Z1*], 0.57 0.52 0.61 0.60 0.57 0.53 0.65 0.58 0.05 - -

“Labels starting from ICS are original sample numbers; Mean Gab. and 16 = gabbro composition given at =+ l¢ standard deviation and
calculated as an average of bulk-rock composition of individual gabbro nodules; Uncert. = analytical uncertainty given in percent, DL =
detection level given in wt% for major elements and in ppm for trace elements, both provided by Analytical Service of Rocks and Minerals
(SARM) at the CRPG-CNRS (Nancy, France); for more details, see Carignan et al. (2001)

®Modal composition obtained from computer analysis of digital images. OL Olivine, CPX Clinopyroxene, PL Plagioclase, SP spinel, GL
Glass
“Modal composition obtained from mass—balance calculations using major element compositions of minerals and glasses composing
gabbro nodules

Major (Wt%) and trace element (ppm) concentrations in whole-rock samples were analyzed by ICP-AES using Analytical Service of
Rocks and Minerals at the CRPG-CNRS (Nancy, France) (see text for details); BDL Below detection level. In this table and Table 5,
[La/Sm], and [Ba/Nb], are element ratios normalized to chondrite after Anders and Grevesse (1989), [Sr/Sr*], and [Zr/Zr*], represent
magnitudes of Sr and Zr anomalies defined as [St],/([Ce], x [Nd],)* and [Z1],/(INd], x [Sm],)**, respectively, where subscript n points at
chondrite-normalized element concentrations



Olivine (Fog7,.89.1, 0.34-0.44 wt% CaO, 0.20-0.30
wt% NiO; Table 3) from gabbro nodules is indistin-
guishable from that in the surrounding pillow rim glas-
ses (Fogs3.902, 0.33-0.47 wt% CaO, 0.16-0.37 wt%
NiO; Fig. 4b, Table 3).

Spinel microphenocrysts in the surrounding quen-
ched glass and those from the nodules are also very
similar in composition (Fig. 4c, Table 3). They corre-
spond well to the reference field of spinel compositions
from MORB and Ol-hosted spinel inclusions from
Reykjanes and Hengill tholeiitic lavas (Gurenko et al.
1990; Gurenko and Chaussidon 1995) (Fig. 4c). Nearly
40% of the population exceeds the range of SP inclu-
sions in OL from Icelandic tholeiites being slightly more
Ti-rich and Mg-poor (Fig. 4c).

Bulk-rock composition of gabbro nodules

Major and trace element concentrations of seven gabbro
nodules analyzed are very similar; the observed varia-
tions for almost all elements (given as a ratio of 2¢ SD to
a mean value) are comparable with analytical error. The
nodules are slightly depleted in light rare earth elements
relative to middle and heavy rare earth elements
([La/Sm], =0.5-0.6). They show significant enrichment

Table 3 Summary of mineral chemistry
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of Ba relative to Nb ([Ba/Nb],,=2.2-3.1), Sr relative to
Ce and Nd and depletion of Zr relative to Nd and
Sm ([Sr/Sr*],,=6.7-8.4, [Zr/Zr*],=0.52-0.65, where (Sr/
Sr*),, and (Zr/Zr*), are magnitudes of Sr excess and Zr
depletion normalized to chondrite; Table 2). The com-
position of the Midfell nodules is very similar to that of
the oceanic crust gabbro reported by Hart et al. (1999).

Glass compositions

We analyzed different types of glasses associated with
the gabbro nodules for major and trace element com-
positions. These are: (1) chilled glass margins of the host
pillow-basalt (HOST-GL), (2) glassy crusts on the
xenolith’s surface (RIND-GL), (3) interstitial glasses
inside gabbro nodules (INT-GL), and (4) deep glassy
embayments in nodule-forming CPX and PL grains
(CPX-GL and PL-GL, respectively).

Concentrations of major elements and sulfur
Major element compositions of different glass types

associated with gabbro nodules are listed in Tables 4
and 5, and presented in Fig. 5. All Midfell HOST-GLs

Sample ICS01-8-Gl1 ICS01-8-1 ICS01-8-2 ICS01-8-4 ICS01-8-5 ICS01-8-6 ICS01-8-8 ICS01-8-13
Olivine
N 4-Gl 5-Gab 8-Gl — 13-Gl 17-Gl 18-Gl 10-Gab
Fo 87.3-88.3 88.1-88.5 86.2-87.6 ND 86.7-88.6 86.8-89.7 85.3-90.2 87.2-89.1
CaO 0.36-0.42 0.39-0.43 0.34-0.45 ND 0.33-0.47 0.34-0.45 0.33-0.44 0.34-0.44
NiO 0.22-0.23 0.21-0.26 0.20-0.22 ND 0.22-0.31 0.21-0.31 0.16-0.37 0.20-0.30
Clinopyroxene

- 24-Gab 15-Gab 31-Gab 52-Gab 33-Gab 22-Gab 35-Gab
Mgheps ND 85.9-90.2 86.6-87.8 86.2-89.5 85.3-88.6 84.8-89.7 82.9-88.1 85.4-88.7
TiO, ND 0.21-0.46 0.25-0.32 0.22-0.33 0.25-0.43 0.21-0.51 0.21-0.42 0.22-0.36
ALO; ND 2.8-5.7 3.9-43 3.8-53 3.2-5.0 3.0-4.4 3.9-4.8 3.2-5.3
CaO ND 19.9-21.6 20.8-21.1 20.4-21.7 20.5-21.5 20.7-21.8 20.0-21.5 20.7-21.9
Na,O ND 0.15-0.27 0.19-0.27 0.16-0.29 0.18-0.27 0.14-0.23 0.20-0.31 0.15-0.24
Plagioclase
N 1 27-Gab 15-Gab 9-Gab 25-Gab 18-Gab 36-Gab 40-Gab
An 88.7 80.5-89.3 80.5-88.9 81.6-89.7 83.2-89.1 84.0-89.0 81.5-89.6 83.7-89.3
K,0 0.02 0.00-0.03 0.00-0.02 0.00-0.02 0.00-0.03 0.00-0.02 0.00-0.03 0.00-0.03
Spinel
N - 5-Gab 12-Gab 7-Gab 5-Gab 12-Gab 2-Gab -
mgtp ND 66.4-68.5 67.4-72.8 67.1-73.6 67.0-68.0 66.1-69.9 70.4-70.8 ND
crity ND 43.8-50.6 28.9-48.3 33.4-50.0 51.6-57.9 40.3-51.3 47.4-49 4 ND
TiO, ND 0.42-0.54 0.30-0.40 0.28-0.49 0.35-0.40 0.29-0.49 0.31-0.36 ND
Fe? ™ JFe’ " ND 1.6-1.8 1.6-2.1 1.8-2.1 2.0-2.2 1.9-2.1 1.9-2.0 ND
N 35-Gl 6-Gl 3-Gl - 13-Gl 14-Gl1 19-Gl1 17-Gl
metp 65.2-73.6 66.5-72.4 66.5-72.4 ND 64.3-72.1 65.7-72.1 69.0-72.8 67.8-72.9
crityp 30.3-59.6 38.3-46.4 36.8-46.4 ND 28.8-49.1 29.1-52.9 34.4-49.9 28.7-45.8
TiO, 0.21-0.52 0.28-0.47 0.28-0.50 ND 0.23-0.56 0.28-0.55 0.23-0.41 0.26-0.44
Fe? " /Fe** 1.5-2.4 1.9-2.4 1.7-2.4 ND 1.7-2.7 1.7-2.1 1.7-2.4 1.7-2.1

Individual analyses are available on request; N number of microprobe analyses (G/ analyzed in host pillow rim glass, Gab analyzed inside
gabbro nodules), Fo mol% forsterite in olivine, mg#.,x = 100xMg/(Mg + Fe), atomic ratio, where Fe, is a total iron as FeO; An

mol% anorthite, mg#, spinel mg-number, 100xMg/(Mg + Fe?™), atomic ratio, where Fe?™

was calculated on the basis of spinel

stoichiometry; cr#p spinel cr-number, 100xCr/(Cr + Al), atomic ratio; TiO,, Al,O3, CaO, NiO, Na,O and K,O contents are given in wt%;

ND Not determined; — Phase is not present or not analyzed
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Fig. 3 Typical element
distribution in plagioclase and
clinopyroxene composing
gabbro nodules. (a, b)
Fragment of one oscillatory
zoned plagioclase crystal,
sample ICS01-8-4, (a) Ca,

(b) Na; (c, d) clinopyroxene,
sample ICS01-8-13, (c) 4L,

(d) Fe

Conc., wt.%
Na,0 CaO

2.0
1.9
1.8
1.7
1.6
1.5
14
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4

18.8
18.5
18.2
17.9
17.6
17.3
17.0
16.7
16.4
16.1
15.8
15.5
15.2
14.9
14.6
143
14.0

containing gabbro nodules are tholeiitic basalts. They
are characterized by narrow compositional variations
within a given lava sequence, and correspond to the
Icelandic tholeiitic rocks and glasses (Fig. 5, Table 4).

Conc., wt.%
AlL,O; FeO
52 6.8
50 6.5
48 6.2
46 5.9
44 56
42 53
40 5.0
3.8 47
36 44
3.4 441
32 38
3.0 35
28 3.2
26 29
24 26
22 23
20 20

The compositions of HOST-GLs having no contact with
gabbro nodules are similar to those located directly
nodules (i.e., RIND-GL; Fig. 5). The con-
of sulfur are generally low, ranging from

around the
centrations
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Fig. 4 Olivine, clinopyroxene and spinel compositions. a Al,O3
versus TiO, contents in clinopyroxene. b CaO versus Fo contents
in olivine. ¢ ¢r-number versus mg-number in spinel from gabbro
nodules and host matrix glasses given in comparison with the
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mineral composition of the Icelandic tholeiites. Reference fields

represent data from Gurenko et al
Chaussidon (1995) and author’s unpublished data

(1990),

Gurenko and
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Table 4 Major element composition and S concentrations of selected Midfell pillow-rim glasses, glassy crusts around and interstitial
glasses inside gabbro nodules

Sample

Si0, TiO> ALO; FeO MnO MgO CaO Na,O K,0 P,Os Total S

K,0/TiO; CaO/Aly03 Peatc Teale FOequit MgHequil

Midfell pillow-rim glass
ICS01-8a (5) 48.860.74
lo 0.04 0.01
ICS01-8b (5) 48.68 0.86
lo 0.06 0.01
ICS01-8¢ (16) 48.250.75
lo 0.33 0.00
ICS01-9 (1)  48.950.79
ICS01-10 (10) 47.97 0.81
lo 0.49 0.02
ICS03-114 (1) 48.09 0.75
ICS03-115 (3) 48.150.84
lo 0.19 0.07

15.39
0.07
15.11
0.03
15.42
0.05
15.40
15.72
0.12
15.20
15.11
0.34

9.26 0.16
0.06 0.01
9.84 0.17
0.05 0.00
9.19 0.17
0.07 0.01
9.26 0.16
9.42 0.18
0.11 0.02
9.20 0.15
9.44 0.16
0.25 0.02

Glass crusts around gabbro nodules

ICS01-8-1 (4) 48.73 0.85
lo 0.27 0.01
ICS01-8-2 (3) 48.66 0.81
lo 0.23 0.07
ICS01-8-5 (6) 48.88 0.84
lo 0.32 0.05
ICS01-8-6 (3) 48.73 0.86
lo 0.06 0.00
1CS01-8-8 (3) 48.86 0.79
lo 0.19 0.01
ICS01-8-13 (4) 48.95 0.86
lo 0.26 0.03

14.76
0.39
15.24
0.11
14.84
0.15
15.00
0.13
15.18
0.19
14.87
0.21

9.89 0.17
0.20 0.02
9.650.17
0.15 0.00
9.550.17
0.31 0.01
9.66 0.17
0.03 0.00
9.08 0.16
0.40 0.01
9.64 0.16
0.11 0.01

Interstitial glass inside gabbro nodules

ICS01-8-1a (2) 48.54 0.81
lo 0.01 0.00
ICS01-8-1b (2) 48.44 0.87
lo 0.01 0.00
ICS01-8-1c (2) 48.550.77
lo 0.03 0.01
ICS01-8-1d (5) 48.66 0.80
lo 0.12 0.01
ICS01-8-1e (2) 48.82 0.81
lo 0.08 0.00
ICS01-8-2a (1) 48.89 0.82
ICS01-8-2b (1) 48.86 0.88
ICS01-8-2¢ (4) 48.91 0.78
lo 0.08 0.04
ICS01-8-4a (2) 49.26 0.80
lo 0.01 0.00
ICS01-8-4b (1) 49.35 0.80
ICS01-8-4d (2) 49.45 0.81
lo 0.26 0.01
ICS01-8-4e (4) 49.18 0.80
lo 0.15 0.01
ICS01-8-5a (2) 49.21 0.78
lo 0.12 0.00
ICS01-8-5b (1) 49.13 0.78
ICS01-8-5¢ (4) 49.23 0.79
lo 0.06 0.02
ICS01-8-5¢ (2) 49.27 0.78
lo 0.05 0.01
ICS01-8-6a (4) 49.32 0.78
lo 0.19 0.01
ICS01-8-6b (5) 49.17 0.78
lo 0.17 0.02
ICS01-8-6¢ (2) 49.20 0.79
lo 0.02 0.00
ICS01-8-6d (2) 49.39 0.83
lo 0.00 0.01
ICS01-8-6e (3) 49.22 0.78
lo 0.07 0.01

14.78
0.12
15.12
0.04
14.52
0.28
14.38
0.37
14.45
0.33
14.85
14.81
14.84
0.06
14.75
0.03
14.78
14.67
0.05
14.79
0.02
14.71
0.02
14.80
14.78
0.04
14.80
0.04
14.61
0.03
14.69
0.05
14.65
0.05
14.62
0.00
14.71
0.08

9.79 0.16
0.13 0.01
9.86 0.17
0.15 0.01
9.62 0.18
0.06 0.00
9.88 0.18
0.29 0.01
9.82 0.16
0.19 0.00
9.40 0.16
9.64 0.18
9.350.17
0.12 0.01
9.24 0.17
0.08 0.01
9.21 0.16
9.21 0.15
0.02 0.00
9.30 0.16
0.07 0.01
9.26 0.16
0.08 0.00
9.01 0.15
9.05 0.16
0.20 0.01
8.96 0.15
0.01 0.01
9.28 0.17
0.01 0.01
9.28 0.17
0.06 0.01
9.37 0.16
0.03 0.00
9.43 0.17
0.06 0.01
9.37 0.16
0.05 0.02

9.52
0.04
9.33
0.06
9.74
0.13
9.29
9.56
0.12
9.66
9.18
0.17

15.29 1.54
0.07 0.03
14.99 1.65
0.07 0.02
15.01 1.47
0.12 0.04
15.371.56
14.69 1.63
0.21 0.05
15.251.49
15.251.55
0.03 0.02

15.321.55
0.32 0.07
15.05 1.66
0.05 0.02
15.11 1.61
0.13 0.02
15.20 1.57
0.03 0.02
15.251.53
0.22 0.02
15.211.61
0.07 0.02

15.39 1.53
0.11 0.07
15.17 1.58
0.17 0.05
15.40 1.51
0.04 0.00
15.421.52
0.15 0.05
1533 1.54
0.14 0.09
15.00 1.69
15.12 1.65
14.98 1.63
0.11 0.02
15.36 1.60
0.02 0.01
15.151.62
15.371.58
0.00 0.05
15.40 1.58
0.02 0.02
15.18 1.57
0.03 0.02
15.16 1.55
15.04 1.59
0.14 0.02
15.051.61
0.01 0.01
15.371.58
0.05 0.02
15.341.56
0.11 0.03
15.431.58
0.08 0.03
1541 1.52
0.01 0.04
1531 1.57
0.10 0.02

0.03
0.01
0.03
0.01
0.02
0.01
0.02
0.02
0.00
0.03
0.02
0.01

0.03
0.01
0.03
0.01
0.03
0.01
0.03
0.03
0.00
0.02
0.03
0.00

0.03
0.01
0.02
0.00
0.04
0.02
0.03
0.01
0.03
0.00
0.04

100.83 0.036 0.04
- 0.004 —
100.68 0.035 0.03
- 0.006 —
100.04 0.033 0.03
- 0.004 —
100.84 0.028 0.02
100.03 0.033 0.03
- 0.007 —
99.85 0.0350.04
99.72 0.0250.02
- 0.002 —

100.53 0.034 0.03
- 0.004 —
100.30 0.034 0.03
- 0.002 —
100.36 0.035 0.04
- 0.004 —
100.55 0.036 0.03
- 0.002 —
100.38 0.034 0.04
- 0.002 -
100.61 0.032 0.03
- 0.003 —

100.33 0.032 0.03
- 0.002 -
100.48 0.039 0.03
- 0.001 -
99.93 0.0220.03
- 0.009 —
100.24 0.035 0.03
- 0.004 —
100.22 0.031 0.04
- 0.001 —
100.34 0.036 0.04
100.35 0.042 0.04
100.28 0.029 0.04
- 0.006 —
100.61 0.037 0.04
- 0.005 —
100.92 0.030 0.05
100.63 0.034 0.04
- 0.002 -
100.62 0.030 0.04
- 0.004 —
100.42 0.037 0.05
- 0.003 —
100.24 0.036 0.06
100.31 0.039 0.06
- 0.006 —
100.25 0.034 0.05
- 0.000 —
100.54 0.031 0.04
- 0.002 —
100.57 0.032 0.04
- 0.003 -
100.65 0.026 0.03
- 0.002 —
100.84 0.031 0.04
- 0.000 —
100.80 0.030 0.03
- 0.001 —

0.99
0.99
0.97

1.00
0.93

1.00
1.01

1.04
6.99
1.02
I.O]
I.OO

1.02

1.04
I.OO
I.O6
1.07
I.O6
I.Ol
1.02
1.01
;.04

1.03
1.05

1.04
1.03

1.02
1.02

I.O2
105
1.04
1.05
I.OS

1.04

100 1214
10 1
120 1212
10 0
200 1214
50 4
20 1205
270 1210
80 5
160 1214
40 1205
60 4

87.0
0.1
86.0
0.1
87.3
0.2
86.6
86.9

88.1
0.1
87.2
0.1
88.5
0.2
87.9
87.9
0.1
88.4
87.5
0.5
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Table 4 (Contd.)

Sample

Si0, TiO, Al,03 FeO MnO MgO CaO Na,O K,0 P,Os Total S

K,0/TiO, CaO/ALL O3 Peyic Teale Foequil MEHequit

ICS01-8-8b (2) 49.470.75 14.94
lo 0.00 0.02 0.01
ICS01-8-8¢ (3) 49.590.77 15.01
lo 0.05 0.02 0.03
ICS01-8-8¢ (2) 49.170.71 14.99
lo 0.01 0.01 0.01
ICS01-8-13a (1) 49.31 0.87 14.76
ICS01-8-13b (3) 49.32 0.83 14.55
lo 0.15 0.02 0.01
ICS01-8-13¢ (2) 49.34 0.81 14.57
lo 0.02 0.01 0.05
ICS01-8-13d (1) 49.450.81 14.59
ICS01-8-13¢ (1) 49.41 0.82 14.66

8.68 0.15
0.01 0.01
8.53 0.15
0.09 0.01
8.70 0.16
0.02 0.01
9.73 0.18
9.510.17
0.04 0.01
9.37 0.15
0.03 0.00
9.42 0.17
9.52 0.16

9.74
0.02
9.67
0.09
9.63
0.01
9.17
9.24
0.14
9.40
0.00
9.36
9.35

15.541.53
0.02 0.01
15.41 1.55
0.11 0.05
15.43 1.56
0.07 0.01
15.231.58
15.20 1.61
0.13 0.02
15.10 1.67
0.01 0.02
15.20 1.64
15.10 1.69

0.03 0.03
0.00 0.01
0.04 0.03
0.00 0.02
0.03 0.03
0.01 0.00
0.03 0.02
0.04 0.04

100.850.031 0.04
- 0.003 -
100.73 0.037 0.05
- 0.007 —
100.40 0.037 0.04
- 0.003 -
100.88 0.039 0.03
100.51 0.037 0.04
0.005 -
100.51 0.036 0.06
- 0.003 —
100.74 0.034 0.06
100.79 0.036 0.05

1.04
1.03
1.03

1.03
1.04

1.04

1.04
1.03

50 1,217 88.0
20 0 0.1
40 1215 88.0
20 2 0.0
50 1,21587.8
20 0 0.0
—30 1,200 85.8
—20 1,203 86.2
50 4 0.2
50 1212 86.6
0 0 0.0
10 1,208 86.5
40 1,209 86.4

89.2
0.0
89.3
0.1
89.0
0.0
87.2
87.6
0.2
88.0
0.0
87.9
87.7

Average chemical compositions calculated from individual glass analyses (a number of analyses is given in brackets), each of which
represent an average of three to five points of electron microprobe analyses; 16 = 1-sigma standard deviation calculated for three and
more analyses and indicates a deviation from the average in the case of two measurements; P, and T, = pressure (MPa) and
temperature (°C) calculated using empirical olivine-melt and clinopyroxene—melt geothermometers (Ford et al. 1983; Danyushevsky 2001
and references therein) and the method suggested by Danyushevsky et al. (1996), while Fo.qui (mol%) and mg#.qui (atomic %) are
calculated equilibrium compositions of olivine and clinopyroxene, respectively. — no value

Fig. 5 MgO variation diagrams
presenting major element
composition of different glass
types from Midfell gabbro
nodules. In this figure and Figs
6, 7, 10, Icelandic tholeiites are
compositions of the Icelandic
tholeiitic rocks and glasses
taken from GEOROC database
(URL: http://www.georoc.
mpch-mainz.gwdg.de/georoc)
and author’s unpublished data

FeO

Al,0,

CaO

<> Pillow-rim glass

O Glass around nodule

O Intersertal glass

O Gl embayments in Cpx
¢ Gl embayments in PI
¢ |celandic tholeiites
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Fig. 6 Trace elements in the glasses associated with gabbro
nodules. Average bulk-rock composition of the Midfell gabbro
nodules is given for comparison. Data source for Icelandic

130-450 ppm S in HOST-GL and RIND-GL to 230-
580 ppm S in INT-GL and CPX-GL but increasing up
to 1,200 ppm S in PL-GL (Tables 4, 5). No correlation
of S contents with FeO is observed.

No essential difference with respect to major ele-
ments between host pillow-rim glasses (both HOST-GL
and RIND-GL types; K,0/TiO,=0.02-0.04, CaO/
Al,03=0.93-1.04) and INT-GL (K,0O/TiO,=0.03-
0.06, CaO/Al,O3=1.00-1.07) was recognized. The
CPX-GL (K,0O/Ti0,=0.02-0.06, CaO/Al,O;=1.00-
1.06) have chemical compositions very close to those of
HOST-GL and RIND-GL. It has to be noted, however,
that RIND-GL, HOST-GL and CPX-GL are located
at the lower end of the Al,O; range but show system-
atically higher CaO contents, as compared to the Ice-
landic rocks and glasses (Fig. 5). The PL-GL (K,O/
Ti0,=0.03-0.11, CaO/Al,03=0.87-1.06), though
overlapping with other glass types, are characterized by
somewhat lower CaO and higher FeO, and Na,O con-
tents at a given MgO content (Fig. 5) and vary more
significantly in CaO/Al,O5 ratios (not shown). We as-
cribe these differences to more extended post-entrap-
ment crystallization of melt portions enclosed in
plagioclase since small daughter crystals are often
observed on the inclusion walls, whereas CPX-GL in
most cases are crystal-free.

Ba Nb La Ce Pr Sr Nd Zr Sm Eu Gd Dy Ho Er Y Yb

tholeiites are similar as pointed in Fig. 5. Chondrite normalizing
values are taken from Anders and Grevesse (1989)

Trace elements

The chondrite-normalized trace element spectra of the
different glass types are given in Table 6 and shown in
Fig. 6 together with bulk-rock compositions of gabbro
xenoliths (Table 3); the compositions of tholeiitic rocks
and glasses collected within the neovolcanic rift zone of
Iceland (GEOROC database and author’s unpublished
data) are given for comparison. The Midfell glasses are
characterized by the most extensive Sr enrichment and
Zr depletion ([Sr/Sr*],=1.7-2.7; [Zr/Zr*],=0.56-0.71;
Fig. 7), as compared to the Icelandic tholeiites in gen-
eral. Furthermore, all “nodule-related” glasses studied
show overall depletion in Ba relative to Nb ([Ba/Nb],,=
0.45-0.96), whereas the bulk-rock analyses of their host
gabbro xenoliths demonstrate a prominent Ba enrich-
ment ([Ba/Nb],=2.2-3.1; Table 2, Fig. 6).

Pressure and temperature conditions of xenolith’s origin

Olivine and CPX are the most common phenocrysts in
the nodule-transporting magmas; CPX is also a main
rock-forming mineral of the gabbro nodules. Though
OL is less abundant in the gabbro xenoliths studied
but being described in the other types of the Midfell
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Table 5 Major element composition and S concentrations of glassy embayments, and their host clinopyroxenes and plagioclases from
Midfell gabbro nodules

Sample Phase® SiO, TiO, Al,O3 Cr,03 FeO MnO MgO CaO Na,O K,O P,OsTotal S mg#,An K>O/TiO, CaO/Al,O3 Peyic Teate
1CS01-8-1
18la-clgl Emb 48.650.80 1446 ND 9.84 0.18 9.34 15.341.56 0.02 0.02 100.220.03162.9 0.03 1.06 20 1,211
CPX 51.960.23 3.54 0.98 3.79 0.08 17.6721.200.18 BDLND 99.62 ND 89.3 - - 280 —
181b-c2gl Emb 48.690.83 14.86 ND 10.020.17 9.04 15.161.59 0.02 0.04 100.420.03461.6 0.03 1.02 —10 1,201
CPX 51.450.22 395 1.35 3.95 0.08 17.2821.160.18 BDLND 99.64 ND 88.6 — - 320 —
181d-c4gl Emb 48.680.80 14.50 ND 9.94 0.17 9.32 15.411.51 0.02 0.03 100.400.03162.6 0.03 1.06 0 1,209
CPX 51.890.24 3.79 1.03 3.66 0.09 17.4921.470.15 BDLND 99.83 ND &9.5 - - 300 —
181e-c5g2 Emb 48.820.82 1440 ND 9.88 0.16 9.29 15.311.58 0.02 0.03 100.310.03362.6 0.03 1.06 0 1,209
CPX 51.540.21 4.18 1.20 3.86 0.11 17.6621.000.18 0.01 ND 99.93 ND §9.1 - - 380 —
181la-plgl Emb 48.790.87 14.99 ND 10.290.16 9.31 13.911.74 0.04 0.05 100.150.05161.7 0.05 0.93 - =
PL 45.830.05 33.16 BDL 0.56 0.01 0.24 17.801.29 0.01 ND 98.94 ND 88.4 - - - =
181b-p2gl Emb 48.390.79 14.53 ND 9.76 0.17 9.57 15.261.52 0.03 0.04 100.050.051 63.6 0.03 1.05 - -
PL 45.660.01 32.83 0.02 0.74 BDL 0.22 17.611.17 0.01 ND 98.27 ND 89.3 - - - =
181c-p4gl Emb 48.540.83 14.73 ND 9.82 0.17 9.86 14.181.75 0.04 0.05 99.97 0.03664.2 0.05 0.96 - =
PL 45.840.03 32.98 ND 0.50 0.02 0.21 17.731.25 0.01 ND 98.57 ND 88.7 - - - -
181d-pSgl Emb 48.560.78 14.43 ND 9.86 0.17 9.53 15.261.58 0.03 0.04 100.240.033 63.3 0.03 1.06 - =
PL 45.970.02 33.02 ND 0.47 0.01 0.24 17.631.27 BDLND 98.62 ND 88.5 - - - -
1CS01-8-2
182a-clgl Emb 48.780.85 14.85 ND 9.69 0.18 9.20 15.041.60 0.03 0.02 100.240.02562.8 0.03 1.01 40 1,209
CPX 51.430.28 425 1.05 4.49 0.10 17.0220.930.22 BDLND 99.78 ND 87.1 - - 340 —
182b-c4gl Emb 48.960.86 14.72 ND 9.77 0.17 9.17 15.031.67 0.03 0.02 100.390.030 62.6 0.03 1.02 30 1,208
CPX 51.750.30 4.14 0.84 4.69 0.12 17.2020.950.24 BDLND 100.24 ND 86.7 - - 330 —
182c-c5g1 Emb 48.990.83 14.70 ND 9.53 0.17 9.50 15.151.60 0.02 0.03 100.520.03164.0 0.03 1.03 80 1,218
CPX 52.040.27 396 0.74 4.56 0.11 17.2520.930.22 BDLND 100.09ND 87.1 - - 320 —
1CS01-8-4
184a-clgl Emb 49.220.79 14.80 ND 9.58 0.16 9.38 15.121.61 0.03 0.01 100.680.027 63.6 0.03 1.02 50 1,213
CPX 50.540.31 5.06 1.29 4.46 0.11 16.5320.890.25 0.01 ND 99.44 ND 86.9 - - 470 —
184a-clg2 Emb 49.340.79 14.81 ND 9.27 0.17 9.42 15.401.61 0.03 0.04 100.890.033 64.4 0.04 1.04 10 1,211
CPX 50.610.30 5.08 1.32 4.48 0.11 16.5720.650.25 0.01 ND 99.36 ND 86.8 - - 80 —
184b-clgl Emb 49.430.79 14.83 ND 9.82 0.16 9.13 14.841.59 0.02 0.05 100.660.024 62.4 0.03 1.00 0 1,204
CPX 50.490.27 494 1.64 4.16 0.10 16.5921.070.24 BDLND 99.51 ND 87.7 — - 430 —
184b-plgl Emb 49.250.81 14.77 ND 9.22 0.16 9.83 15.001.62 0.03 0.03 100.740.034 65.5 0.04 1.02 - =
PL 46.750.02 32.53 ND 0.48 0.02 0.27 17.041.66 0.01 ND 98.77 ND 85.0 - - - -
184b-plg2 Emb 49.080.80 14.65 ND 9.22 0.17 9.87 14.961.62 0.03 0.01 100.410.033 65.6 0.04 1.02 - =
PL 46.400.03 32.60 ND 0.49 0.02 0.25 17.241.55 0.01 ND 98.60 ND 86.0 - - - -
184b-plg3 Emb 49.110.83 14.80 ND 9.26 0.17 9.94 14.911.65 0.03 0.03 100.730.028 65.7 0.04 1.01 - =
PL 45.510.01 33.39 ND 0.50 BDL 0.21 17.871.18 0.01 ND 98.68 ND 89.3 - - - =
1CS01-8-5
185a-c2gl Emb 49.310.82 14.66 ND 9.21 0.18 9.48 15.151.56 0.03 0.03 100.430.033 64.7 0.03 1.03 40 1,215
CPX 51.130.29 446 0.83 4.61 0.12 16.8520.930.24 0.01 ND 99.46 ND 86.7 - - 380 —
185c-clgl Emb 49.250.79 14.81 ND 9.11 0.16 9.54 14.941.65 0.05 0.04 100.330.041 65.1 0.06 1.01 110 1,222
CPX 51.490.29 421 0.94 4.65 0.11 16.9720.850.20 0.01 ND 99.71 ND 86.7 - - 350 —
185e-clgl Emb 49.240.76 14.83 ND 9.03 0.15 9.50 15.101.59 0.05 0.03 100.270.037 65.2 0.06 1.02 60 1,218
CPX 51.570.29 398 0.78 4.75 0.11 17.0520.850.24 0.01 ND 99.63 ND 86.5 - - 320 —
185b-plgl Emb 49.201.14 14.90 ND 10.210.18 8.09 13.782.03 0.12 0.08 99.73 0.10158.5 0.10 0.92 - -
PL 45.860.03 33.04 ND 0.63 0.01 0.20 17.361.37 0.01 ND 98.52 ND 87.4 - - - -
185¢c-plg2 Emb 48.990.94 15.15 ND 10.330.18 9.00 13.871.89 0.05 0.05 100.450.048 60.8 0.06 0.92 - =
PL 45.920.01 32.87 ND 0.50 BDL 0.20 17.581.32 0.01 ND 98.41 ND 88.0 - - - -
185d-plgl Emb 48.622.14 14.94 ND 11.040.19 6.76 13.742.12 0.18 0.28 100.010.11552.2 0.08 0.92 - =
PL 46.670.04 32.49 ND 0.60 0.01 0.20 17.031.65 0.02 ND 98.70 ND 85.0 - - - =
1CS01-8-6
186a-clgl Emb 49.520.76 14.62 ND 9.35 0.18 9.36 15.361.57 0.03 0.05 100.800.037 64.1 0.04 1.05 —30 1,207
CPX 51.540.25 3.68 1.40 3.71 0.09 17.0821.560.17 0.01 ND 99.49 ND 89.1 - - 270 —
186b-clgl Emb 49.100.80 14.69 ND 9.86 0.19 9.05 14.951.64 0.03 0.03 100.330.028 62.1 0.03 1.02 —10 1,203
CPX 51.920.22 3.33 1.09 3.70 0.10 17.2921.660.15 BDLND 99.47 ND 89.3 - - 220 —
186¢c-clgl Emb 49.310.82 14.62 ND 9.41 0.17 9.35 15.341.58 0.02 0.03 100.650.037 63.9 0.03 1.05 —20 1,208
CPX 51.730.22 3.58 1.26 3.70 0.08 17.1421.530.17 BDLND 99.43 ND 89.2 - - 270 —
186d-clgl Emb 49.310.79 14.61 ND 9.42 0.16 9.39 15.351.52 0.03 0.02 100.590.031 64.0 0.03 1.05 -20 1,209
CPX 51.450.24 387 1.19 3.68 0.09 17.1821.330.15 BDLND 99.19 ND &9.3 - - 300 —
186e-clgl Emb 49.100.78 14.67 ND 9.54 0.15 9.59 15.111.59 0.03 0.03 100.590.038 64.2 0.04 1.03 100 1,221
CPX 51.920.23 3.44 1.01 3.60 0.10 17.5321.340.15 BDLND 99.32 ND 89.7 - - 330 —
186d-plgl Emb 49.021.46 1490 ND 11.780.21 6.62 13.892.08 0.16 0.15 100.270.097 50.0 0.11 0.93 - -
PL 46.790.03 32.17 ND 0.64 0.01 0.19 16.881.72 0.02 ND 98.44 ND 84.3 - - - =
186d-plg2 Emb 48.861.00 15.04 ND 9.83 0.18 9.36 14.301.78 0.05 0.10 100.48 0.048 62.9 0.05 0.95 - =
PL 46.810.02 32.18 ND 0.57 0.01 0.26 17.031.64 0.01 ND 98.53 ND 85.1 — - - =
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Table 5 (Contd.)

Sample Phase® SIOZ T102 A1203 Cr203 FeO MnO MgO CaO NaZO Kzo P205 Total S mg#,An KzO/TlOz CdO/Alzog Pcalc Tcalc
1CS01-8-8
188a-clgl Emb 49.420.85 14.90 ND 9.23 0.15 9.94 15.391.49 0.02 0.06 101.440.03765.7 0.02 1.03 130 1,228
CPX 51.030.29 4.74 133 4.76 0.07 16.4621.310.25 BDLND 100.24ND 86.0 - - 330 —
188b-c2gl Emb 49.170.75 14.93 ND 8.69 0.16 9.73 15.451.50 0.03 0.02 100.430.03666.6 0.04 1.03 60 1,221
CPX 51.250.31 424 0.94 5.30 0.13 16.9320.540.25 BDLND 99.89 ND 85.1 - - 320 —
188c-c3gl Emb 49.440.79 15.07 ND 896 0.16 9.45 15.131.54 0.03 0.01 100.590.04165.3 0.04 1.00 40 1,213
CPX 51.230.30 4.58 1.01 4.74 0.13 17.0820.920.24 BDLND 100.21 ND 86.5 - - 370 —
188d-c4gl Emb 49.210.76 15.05 ND 8.85 0.17 9.63 15.451.55 0.03 0.04 100.740.03466.0 0.04 1.03 60 1,218
CPX 51.980.30 4.01 0.70 4.80 0.12 17.3020.810.22 0.01 ND 100.24ND 86.5 - - 350 —
188e-c5gl Emb 48.810.78 14.83 ND 8.95 0.16 9.59 15.331.54 0.04 0.02 100.040.054 65.6 0.05 1.03 70 1,220
CPX 51.110.40 444 0.74 6.08 0.20 16.9420.040.31 BDLND 100.26 ND 83.2 - - 330 —
188a-plgl Emb 48.940.78 14.65 ND 9.42 0.15 9.73 14.981.54 0.03 0.03 100.250.03564.8 0.04 1.02 - -
PL  45.470.02 33.34 ND 0.55 0.01 0.23 17.651.12 0.01 ND 98.41 ND &9.6 - - - -
188c-p3gl Emb 48.561.42 15.51 ND 10.880.20 7.72 13.542.15 0.12 0.15 100.260.052 55.8 0.09 0.87 - -
PL  46.380.03 32.84 ND 0.54 BDL 0.20 17.131.55 0.02 ND 98.68 ND 85.9 - - - -
188c-p4g2 Emb 49.630.90 14.61 ND 11.200.19 8.17 13.331.98 0.09 0.04 100.130.057 56.5 0.10 0.91 - -
PL  46.470.02 33.00 0.03 0.54 BDL 0.21 17.141.55 0.01 ND 98.97 ND 85.9 - — - -
1CS01-8-13
1813a-clgl Emb 49.240.88 14.53 ND 9.84 0.16 9.17 15.181.65 0.03 0.02 100.690.03562.4 0.03 1.05 —10 1,205
CPX 51.540.26 3.74 0.95 4.27 0.11 17.1521.360.19 BDLND 99.56 ND 87.7 - - 260 —
1813a-clg2 Emb 49.250.87 14.48 ND 9.63 0.18 9.17 15.341.55 0.03 0.04 100.550.03462.9 0.03 1.06 =70 1201
CPX 51.000.26 436 1.32 4.16 0.09 16.7321.260.21 BDLND 99.39 ND &7.8 - — 350 —
1813b-c2gl Emb 49.140.83 14.51 ND 9.55 0.18 9.41 15.081.60 0.04 0.02 100.360.043 63.7 0.05 1.04 50 1,215
CPX 51.020.24 4.51 1.13 4.20 0.10 16.9020.970.19 BDLND 99.25 ND 87.8 - - 380 —
1813b-c3gl Emb 49.400.81 14.54 ND 9.48 0.16 9.46 15.141.58 0.04 0.04 100.650.03464.0 0.05 1.04 30 1,214
CPX 51.100.26 439 1.12 4.36 0.12 16.7820.930.23 0.01 ND 99.29 ND &87.3 - - 380 —
1813c-clgl Emb 49.350.80 14.59 ND 9.58 0.18 9.38 15.081.62 0.04 0.04 100.640.038 63.6 0.05 1.03 40 1,213
CPX 50.970.29 448 1.12 4.37 0.11 16.9120.980.22 0.01 ND 99.46 ND 87.3 - - 380 —
1813d-c4gl Emb 49.440.81 14.66 ND 9.76 0.17 9.16 14.941.66 0.04 0.05 100.680.036 62.6 0.05 1.02 10 1206
CPX 51.030.29 435 1.17 4.39 0.10 16.7620.930.23 BDLND 99.25 ND 87.2 - - 360 —
1813a-plgl Emb 49.410.98 14.15 ND 10.140.18 9.99 13.651.72 0.05 0.06 100.320.078 63.7 0.05 0.97 - -
PL  45.640.02 33.31 ND 0.51 BDL 0.23 17.761.22 0.01 ND 98.71 ND 88.9 - - - -
1813e-plgl Emb 49.120.87 14.63 ND 9.69 0.18 9.46 14.811.68 0.05 0.04 100.520.043 63.5 0.06 1.01 - -
PL 46.320.01 32.92 ND 0.54 0.01 0.24 17.251.42 0.01 ND 98.72 ND 87.0 - - - -
1813e-plg2 Emb 49.210.86 14.64 ND 9.61 0.17 9.51 14.791.68 0.04 0.05 100.560.037 63.8 0.05 1.01 - -
PL  45.690.02 33.31 ND 0.47 0.02 0.21 17.791.18 0.01 ND 98.69 ND &9.3 - - - -

Concentrations of major elements were analyzed using the electron microprobe JEOL Superprobe JXA-8200 at the MPI for Chemistry in
Mainz (Germany). mg#, An = composition of host mineral; mg# = 100xMg/(Mg + Fe) of host clinopyroxene given in atomic
concentrations, where Fe = total Fe; An = mol% anorthite of host plagioclase, P.,. = pressure (MPa) calculated using glass com-
positions and the method of Danyushevsky et al. (1996) (given in lines of glass compositions) and the model of Nimis (1995) for
clinopyroxenes (given in lines of clinopyroxene compositions); T, = temperature (°C) calculated using empirical olivine-melt and
clinopyroxene—melt geothermometers (Ford et al. 1983; Danyushevsky 2001 and references therein) and the program PETROLOG
(Danyushevsky 2001). NDNot determined, BDL Below detection level, — no value

“Phase = mineral or glass phase analyzed; Emb = connected to interstitial glass channels glassy embayments in clinopyroxene and
plagioclase, CPX host clinopyroxene, PL host plagioclase

xenoliths by Risku-Norja (1985), we believe that OL and
CPX were equilibrated with the transporting magma
over the entire P-T range and with interstitial glasses as
well. This allows determination of pressure and tem-
perature conditions of magma interaction with gabbroic
rocks using the approach discussed by Danyushevsky
et al. (1996). The announced uncertainties of the method
are £40°C and +250 MPa at the 95% confidence level.
A single-pyroxene  geobarometer (Nimis 1995;
+200 MPa uncertainty at the 95% confidence level) was
used to estimate depths of crystal mush formation. It is
worth emphasizing that one great advantage of the
Nimis (1995) geobaromether is that the calculation
routine is based on the P-related element distribution
between M1 and M2 suites in the CPX structure and,

thus, appears not to be very sensitive to relatively short
event of pre-eruptive interaction of magma with gabbro
xenoliths. This quality can be used to constrain pressure
of crystal mush formation without introduction of an
additional bias due to later CPX interaction with melt.
Since gabbro xenoliths were more likely adiabatically
transported to the surface, the average temperature of
melt—gabbro interactions obtained using the Danyu-
shevsky (2001) method (see subsequently) could also be
used for pressure calculations with geobarometer of
Nimis (1995).

Our calculations (Table 5 and Fig. 8) show that
interstitial glasses and CPX-hosted glass embayments
contain memory of only the last event of gabbro-melt
interaction that occurred within a narrow interval of
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Table 6 Trace element composition of host pillow-rim, interstitial and CPX- and PL-hosted glasses from gabbro nodules

Sample K Ti \% Cr Sr Ba Y Zr Nb La Ce Pr Nd Sm
Host pillow-rim glass

I1CS01-8a 203 4,592 330 405 110 6.9 13.3 17.9 0.87 0.85 2.78 0.43 3.04 1.33
ICS01-8b 184 4,494 310 404 111 6.4 13.3 18.0 0.78 1.04 3.15 0.58 3.29 1.28
Glass crusts around gabbro nodules

1CS01-8-8a 185 4,485 308 425 112 6.5 14.0 19.0 0.83 0.93 3.32 0.50 3.36 1.38
1CS01-8-8b 175 4,524 308 427 110 6.2 13.9 18.8 0.80 1.07 2.89 0.49 3.58 1.32
I1CS01-8-13a-1 234 5,477 347 426 119 7.5 14.8 21.1 0.92 0.87 2.90 0.49 3.09 1.42
I1CS01-8-13a-2 228 5,460 367 431 120 7.5 15.2 20.2 1.08 1.01 3.38 0.67 3.064 1.18
Interstitial glasses inside gabbro nodules

ICS01-8-1a 247 5,256 380 468 125 8.1 15.4 20.4 1.09 1.11 3.32 0.57 3.41 1.34
1CS01-8-1d-1 201 4,787 376 391 106 6.5 13.9 18.3 0.79 1.00 2.90 0.55 3.17 1.15
1CS01-8-1d-2 196 4,739 367 400 107 5.5 14.6 18.5 0.93 0.72 2.93 0.51 3.10 1.10
ICS01-8-1e 218 5,071 357 463 112 6.9 14.2 19.2 1.00 1.08 2.90 0.58 3.42 1.19
1CS01-8-4a 251 4,777 336 448 114 8.2 153 21.0 0.90 0.96 3.45 0.59 3.49 1.22
I1CS01-8-4b 256 5,068 350 481 119 8.6 15.7 22.3 1.26 1.04 3.46 0.71 3.04 1.42
1CS01-8-8¢c 255 4,251 306 463 110 8.1 13.2 19.2 1.05 1.13 3.32 0.50 3.17 1.04
1CS01-8-8d 250 4,095 297 467 108 7.5 12.6 18.5 0.93 1.13 3.02 0.59 3.03 0.96
I1CS01-8-8f 230 4,046 270 459 109 7.6 13.1 18.4 1.07 1.11 3.42 0.66 3.04 1.09
ICS01-8-13a 359 5,480 367 429 117 7.6 154 21.3 1.09 1.12 3.46 0.65 3.58 1.65
I1CS01-8-13b 358 4,690 318 432 119 11.5 14.1 23.1 1.66 1.38 3.76 0.73 3.65 1.57
1CS01-8-13¢c 229 5,268 355 420 119 9.7 15.2 234 1.30 1.33 3.90 0.76 4.13 1.58
I1CS01-8-13d 338 5,024 341 482 121 11.6 15.8 26.2 1.86 1.52 4.20 0.64 4.12 1.67
Glassy embayments in CPX and PL

1CS01-8-1

181a-clgl 263 5,403 397 468 132 8.5 15.7 20.4 0.91 1.17 3.47 0.64 4.02 1.04
181b-c2g1 246 5,520 390 482 131 8.7 15.1 20.6 1.20 1.11 2.90 0.52 3.81 1.24
181d-c4gl 185 4,768 367 424 99 6.4 14.0 17.4 0.80 0.96 2.76 0.54 3.40 1.21
181e-c5g2 234 5,178 375 486 117 7.2 14.3 19.8 1.00 0.93 3.15 0.61 3.39 1.26
1CS01-8-4

184a-clgl 278 4,612 312 389 113 8.4 15.2 19.5 0.96 .08 3.07 0.59 3.35 1.27
184a-clg2 249 5,010 356 448 117 8.1 16.2 21.7 1.05 1.17 3.53 0.67 3.42 1.24
184b-clgl 244 4913 347 444 115 8.0 15.2 20.5 1.11 1.14 3.45 0.68 3.50 1.25
184b-plgl 275 5,243 357 491 123 8.8 16.2 23.6 1.19 1.34 3.72 0.64 3.90 1.42
184b-plg2 411 5,175 366 485 132 12.4 16.2 23.6 1.34 1.30 3.87 0.72 3.68 1.56
184b-plg3 270 5,195 349 493 122 9.3 16.6 24.0 1.19 1.31 3.61 0.71 3.82 1.55
1CS01-8-8

188d-c4gl 243 4,027 301 465 107 7.2 12.4 17.5 0.94 0.96 3.00 0.49 3.09 1.11
188e-c5¢g1 210 4,407 302 531 110 7.8 14.0 21.5 1.07 1.16 3.41 0.55 3.56 1.49
1CS01-8-13

1813a-clgl 229 5,367 353 519 116 8.5 14.9 20.7 1.35 1.24 3.42 0.84 3.30 1.74
1813a-clg2 255 5419 373 500 119 8.8 153 243 1.24 1.26 3.74 0.67 3.75 1.64
1813b-c2gl 345 4,883 330 462 118 11.5 15.0 24.7 1.54 1.48 4.18 0.76 3.98 1.43
1813b-c3gl 283 5,207 353 487 118 9.7 15.1 24.9 1.50 1.36 4.01 0.66 4.10 1.46
1813c-clgl 232 5,369 371 505 118 7.8 15.2 21.2 1.13 1.25 3.59 0.65 3.62 1.58
1813d-c4gl 338 5,024 341 482 120 11.9 15.5 26.4 1.58 1.69 4.24 0.80 3.97 1.59
1813a-plml 418 5,501 367 320 133 14.6 17.7 27.3 2.04 1.78 5.62 0.98 4.68 1.68
1813e-plml 359 5,480 364 429 126 13.0 16.8 27.7 1.94 1.77 4.58 0.81 4.49 1.67
1813e-pIm2 377 5,531 364 429 126 13.2 16.5 27.3 1.83 1.81 4.64 0.81 4.41 1.63
Sample Eu Gd Dy Ho Er Yb [La/Sm], [Ba/Nb], [Sr/Sr*], [Zr/Zr*],
Host pillow-rim glass

I1CS01-8a 0.65 212 259 0.52 1.37 1.35 040 0.83 2.54 0.58

ICS01-8b 0.56 257 274  0.57 1.59 148  0.51 0.86 2.32 0.57
Glass crusts around gabbro nodules

1CS01-8-8a 053 212 236 047 1.48 1.23 042 0.83 2.25 0.58

1CS01-8-8b 0.58 1.99 254 0.52 1.47 1.49  0.51 0.81 2.30 0.57

I1CS01-8-13a-1 0.53 1.78 295 0.38 1.60 1.66  0.38 0.86 2.65 0.66

ICS01-8-13a-2  0.62 229 272  0.55 1.65 1.62  0.54 0.73 2.30 0.64
Interstitial glasses inside gabbro nodules

ICS01-8-1a 0.63  2.63 3.09  0.49 1.58 1.65 0.52 0.78 2.49 0.62

1CS01-8-1d-1 0.58 266 2.68 0.56 1.55 142  0.55 0.86 2.34 0.63

I1CS01-8-1d-2 0.50 228 271 0.53 1.52 1.36 041 0.62 2.37 0.65

ICS01-8-1e 0.60 214 271 0.46 1.40 1.61 0.57 0.72 2.39 0.62

1CS01-8-4a 0.60 225 2.68 0.60 1.77 1.84  0.49 0.96 2.20 0.67

1CS01-8-4b 0.67 269 281 0.54 1.67 1.90  0.46 0.72 2.24 0.64
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Sample Eu Gd Dy Ho Er Yb [La/Sm], [Ba/Nb], [Sr/Sr*], [Zr/Z1%],
I1CS01-8-8¢c 0.48 2.05 2.20 0.44 1.18 1.17 0.68 0.81 2.28 0.69
1CS01-8-8d 0.52 1.49 2.14  0.44 1.27 1.25 0.74 0.85 2.38 0.71
1CS01-8-8f 0.52 1.97 2.27 0.46 1.31 1.37 0.64 0.74 2.26 0.66
I1CS01-8-13a 0.67 2.51 2.65 0.50 1.83 1.62 0.42 0.73 2.23 0.57
I1CS01-8-13b 0.62 2.26 2.55 0.41 1.51 1.63 0.55 0.73 2.15 0.63
I1CS01-8-13¢ 0.73 2.38 274 0.55 1.57 1.66 0.53 0.78 1.99 0.60
1CS01-8-13d 0.62 1.62 2.69 0.53 1.68 1.82 0.57 0.66 1.95 0.65
Glassy embayments in CPX and PL

1CS01-8-1

181a-clgl 0.64 2.11 2.79 0.63 1.71 1.67 0.99 0.70 2.38 0.65
181b-c2gl 0.67 2.51 2.51 0.51 1.47 1.71 0.76 0.56 2.63 0.62
181d-c4gl 0.63 1.98 2.72 0.59 1.68 1.33 0.84 0.50 2.17 0.56
181e-c5g2 0.57 2.38 2.69 0.53 1.64 1.47 0.76 0.46 2.39 0.63
1CS01-8-4

184a-clgl 0.64 2.10 2.45 0.54 1.44 1.48 0.93 0.53 2.36 0.62
184a-clg2 0.69 2.68 2.80 0.62 1.71 2.13 0.81 0.59 2.25 0.69
184b-clgl 0.66 2.59 2.83 0.50 1.61 2.09 0.75 0.57 2.21 0.64
184b-plgl 0.67 2.78 2.72 0.58 1.59 1.87 0.78 0.59 2.17 0.66
184b-plg2 0.65 2.41 3.18 0.56 1.83 2.01 0.97 0.52 2.34 0.64
184b-plg3 0.73 2.05 3.06 0.57 1.71 2.13 0.82 0.53 2.19 0.65
1CS01-8-8

188d-c4gl 0.48 2.02 2.19 0.42 1.33 1.27 0.81 0.54 2.35 0.62
188e-c5¢gl 0.63 2.37 2.62 0.58 1.50 1.52 0.77 0.49 2.12 0.61
1CS01-8-13

1813a-clgl 0.76 2.17 3.64  0.53 1.63 1.40 0.66 0.45 2.32 0.56
1813a-clg2 0.54 2.66 2.67 0.55 1.79 1.65 0.75 0.48 2.13 0.64
1813b-c2gl 0.63 2.35 2.62 0.53 1.77 1.64 0.78 0.65 1.94 0.68
1813b-c3gl 0.55 2.98 2.78 0.53 1.74 1.80 0.68 0.59 1.95 0.67
1813c-clgl 0.55 2.60 2.78 0.57 1.57 1.66 0.72 0.49 2.20 0.58
1813d-c4gl 0.69 2.10 2.76 0.53 1.57 1.81 0.79 0.67 1.96 0.69
1813a-plml 0.79 2.35 2.98 0.65 1.85 2.02 0.75 0.66 1.73 0.64
1813e-plml 0.66 2.73 2.92 0.58 1.76 1.97 0.70 0.66 1.86 0.66
1813e-plm2 0.63 2.75 2.88 0.60 1.76 1.89 0.76 0.69 1.86 0.67

Trace element concentrations are given in ppm; for further detail, see explanation notes for Table 1

temperatures (1,210+£15°C; Fig. 8a) and very low
pressures (40+ 120 MPa; Fig. 8b) corresponding in
fact to the P-T conditions of magma quenching (i.e.,
1,190-1,220°C and 60+ 100 MPa obtained from outer
glassy rims and host pillow rim glasses; all average
values here and hereafter are given at +2¢ standard
deviation). These systematically higher than atmo-
spheric pressures should be considered as reflecting
those of magma quenching since the entire variations
are well inside the uncertainty of calculations. Alter-
natively, this shift to somewhat higher values could be
interpreted also as that resulted from sub-glacial
character of eruptions at Midfell. This is, however,
impossible to justify qualitatively at the +250 MPa
uncertainty of calculations.

Low S concentrations in interstitial glasses and glassy
embayments suggest pronounced pre-eruptive magma
degassing. In contrast, the single-pyroxene geobarome-
ter of Nimis (1995) provides systematically higher
pressures (total range from 110 to 800 MPa, average =
340+ 160 MPa calculated for the average temperature
of 1,210°C) that obviously reflects the depths of magma
reservoir location. This estimate corresponds to the
geophysical data of Bjornsson (1985) and to the results
of fluid inclusion study by Hansteen (1991).

Discussion
Partial melting of gabbro

Overall reversal zoning of nodule-forming minerals,
strongly resorbed, porous texture of clinopyroxene,
high-volume fraction of the interstitial glass suggest that
partial melting of gabbro cumulates might be very
probable. In order to constrain trace element composi-
tion of the resulting melt, we examined modal batch
melting (Shaw 1970). We restricted our choice to this
mechanism because gabbro nodules contain very high
proportion of melt relative to solid (9-22%; Table 1)
that makes batch melting more favorable compared to
other melting models. We employed a set of mineral-
melt partition coefficients based on the compilations by
Gurenko and Chaussidon (1995), Halliday et al. (1995),
White (1997) (Table 7). As a bulk solid, we used aver-
aged composition of the Midfell gabbro nodules from
which we subtracted the glass fraction (Table 7). Since
interstitial glass and host gabbro nodules exhibit sub-
parallel trace element patterns, such glass subtraction
does not significantly change the existing element-to-
element ratios and is just a nearly parallel shift of mostly
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all element concentrations towards lower values. The
amount of mineral phases in the bulk solid were
accounted by mass—balance calculations using individ-
ual bulk-rock compositions of gabbro nodules and
compositions of their rock-forming minerals. They
appeared to be very similar to those obtained on the
basis of computer analysis of the digital images
(Table 2). We, however, prefer using the mass—balance
calculated values since the uncertainty of the computer
analyses appears to be very high. In addition, some
minor phases, as for instance olivine, remain unidenti-
fied by computer analyses. Olivine is present in trace
(<1%) amount in the gabbro xenoliths (petrographic
observation) and 0.2-2.2% were obtained from mass—
balance calculations (Table 2). However, olivine was
never identified by computer analyses. Furthermore,
slide images allow only a two-dimensional analysis of
phase distribution and therefore can result in incorrect
estimation of volume proportions of mineral phases.
The compositions of melts resulted from 1 to 40% of
partial melting (Table 7) are shown in Fig. 9. Melts
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Fig. 7 Strontium positive (a) and Zr negative (b) anomalies in the
Midfell glasses and associated gabbro nodules. Data source for
Icelandic tholeiites are similar as pointed in Fig. 5. In this figure
and Fig. 12, [Sr/Sr*], and [Zr/Zr*], ratios represent magnitudes of
Sr and Zr anomalies normalized to chondrite and defined as
[St],,/([Cel,X[Nd],)%> and [Zr],/(INd],x[Sm],)*>, respectively. Note
that Midfell glasses are characterized by the most pronounced Sr
excess among a large number of Icelandic tholeiites in general

corresponding to 10-20% melting degree are charac-
terized by pronounced Sr excess ([Sr/Sr*],=1.3-2.1),
satisfactorily reproducing the compositions of natural
glasses in most trace elements but not in Ba concentra-
tions which appear to be too high. The [Ba/Nb], ratios
range from 1.9 to 2.6 in the calculated partial melts,
whereas the glasses associated with gabbro nodules show
[Ba/Nb], ratios of 0.5-1.0 (Table 6). Only the melt
produced by 1% of partial melting has [Ba/Nb],, ratio of
0.7. However, the [Sr/Sr*], ratio of this melt is also 0.7
(Table 7) that does not match the compositions of
natural glasses at all. This is, in fact, the strongest
constraint that completely rules out the model of gabbro
partial melting. High [Ba/Nb], ratios in the partial melts
follow strait forward from the extremely high [Ba/Nb],
ratio of the source gabbro. The resulting liquid phase
will be always relatively more enriched in Ba than in Nb
yielding [Ba/Nb],>1 (Fig. 9). We suggest, therefore,
that the gabbro partial melting is not the process leading
to the observed geochemical signatures of the nodule-
related glasses.

Mixing of gabbro partial melts with “‘uncontaminated”
magma

Another scenario that should be examined to explain
trace element signatures of the glasses associated with
gabbro nodules is mixing of melts resulted from gabbro
partial melting (Table 7) with presumably “uncontami-
nated” Icelandic tholeiitic magma—the magma whose
chemical composition was not affected by interaction
with the Icelandic crustal rocks. To define potentially
“uncontaminated” magma composition that is relevant
for Icelandic rift-related tholeiites is not a simple ques-
tion, taking into account the entire compositional
spectrum of glasses (shaded field in Fig. 6) and the fact
that crust-magma interaction could be widespread in
Iceland. We suggest the following conditions:

1. The magma should be erupted and present within the
neovolcanic rift zone of Iceland and be timely and
spatially related to the Midfell volcanism.

2. It should not demonstrate remarkable enrichment in
Sr chondrite-normalized concentrations and have
[Ba/Nb], ratio <1.

3. It is very well known that Midfell rift-related tholei-
ites are characterized by somewhat elevated CaO
contents and lower Al,O3, as compared to MORB,
and these signatures were ascribed to different
mechanisms of magma interaction with the Icelandic
crustal rocks (Fig. 6 in Trennes 1990). Alhough there
is an uncertainty in quantitative definition of the
absolute CaO and Al,O; contents in the Icelandic
“uncontaminated” magma, we believe that CaO/
Al,Oj3 ratio of this magma has to be lower than that
of the Midfell lavas which are too rich in CaO to be in
equilibrium with a lherzolite source at high pressures
in accordance with the criteria of Kinzler and Grove
(1992a, b).



(A)1240 ———7
) L
T 1220 | 8] ma i
g L 5]
2
5 L
g 1200 I
g L J
o L
F -
1180 . | © pillowrim glasses
O Glass around nodule
O Intersertal glasses
1
(B) 000:"""""""' E Gl embayments in Cpx
800 [ N < Cpx geobarometry
—_ C (Nimis, 1995)
E 600 i ¢
s ]
© 400f ]
= L ]
”n C ]
@ 200 ]
o r ]
0r .
200 L 1
82 84 86 88 90 92

Cpx mg#-number

Fig. 8 Temperature (a) and pressure (b) conditions versus mg-
number of clinopyroxene from gabbro nodules. Temperature and
pressure of melt-nodule interaction are calculated following the
approach of Danyushevsky et al. (1996) (see text for details).
Artificial negative pressures are due to the existing uncertainty of
pressure calculations (i.e., =250 MPa). The mg-numbers are used
to outline the positions of outer glassy rinds and host pillow rim
glasses are calculated mg-numbers of clinopyroxene to be in
equilibrium with the glasses

511

e

0T T T T T

. Midfell glasses A
IS
// A\

Uncontaminated magma

Sample / Chondrite

Ba Nb La Ce Pr Sr Nd Zr Sm Eu Gd Dy Ho Er Y Yb

Fig. 10 Chondrite-normalized trace element composition of pre-
sumably “uncontaminated” magma used for calculation of binary
mixing with melts resulted from partial melting of gabbro (Fig. 11)
and for modeling of melt percolation through gabbroic matrix
(Fig. 12). The compositions of Icelandic tholeiites (data sources are
similar as pointed in Fig. 5) are given for comparison; Midfell
glasses are nodule-bearing host pillow-rim glasses, as given in

Fig. 5. Chondrite normalizing values are taken from Anders and
Grevesse (1989)

Following to these criteria, the composition of such
“uncontaminated” magma (Table 8) was selected to be
similar to those of the tholeiitic basalts erupted within
the neovolcanic rift zone of Iceland and is based on the
compositions of the Reykjanes quenched glasses
(author’s unpublished data). The CaO/Al,O3 ratio of
0.75 results from 16 wt% Al,O5 and 12 wt% CaO and is
based on the experimental data from spinel peridotite
melting and basaltic magma crystallization summarized

100 —— T T T T T
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Sample / Chondrite

0 T T T T T T

Source gabbro

Glasses from
gabbro nodules

Ba Nb La Ce Pr Sr Nd

Fig. 9 Calculated trace element concentrations of melts resulted
from partial melting of gabbro. Melt compositions were calculated
using modal batch melting (Shaw 1970) of a source compositionally
similar to the Midfell gabbro nodules (see text for detail).
Distribution coefficients used represent a compilation of those
given in Gurenko and Chaussidon (1995), Halliday et al. (1995)

Zr Sm Eu Gd Dy Ho Er Y Yb

and White (1997). Source gabbro composition of the solid used in
modeling. Shaded field represents compositions of interstitial
glasses and CPX- and PL-hosted glassy embayments from the
studied gabbro nodules. Melts resulted from 10-20% partial
melting match the compositions of natural glasses, except for
[Ba/Nb], ratios
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Table 7 Modeling of gabbro partial melting

Element oL CPX PL SP Dok Gabbro bulk solid®
Partition coefficients®

Ti 0.015 0.384 0.0468 0.15 0.1600 1,451
Sr 6.3E-05 0.1283 2.1 0 1.3758 153
Y 0.0082 0.467 0.013 0.004 0.1626 4.1
Zr 6.8E-04 0.1234 0.001 0.06 0.0427 5.2
Nb 5.0E-05 0.0077 0.033 0.08 0.0253 0.17
Ba 3.4E-06 6.8E-04 0.33 0 0.2098 7.2
La 3.1E-05 0.0858 0.082 0.0006 0.0804 0.34
Ce 1.9E-05 0.072 0.072 0.0006 0.0695 0.98
Pr 4.9E-05 0.15 0.056 0.0006 0.0851 0.17
Nd 4.2E-04 0.1873 0.045 0.0006 0.0904 0.98
Sm 4.5E-04 0.291 0.033 0.0006 0.1170 0.40
Eu 7.5E-04 0.43 0.55 0.0006 0.4912 0.25
Gd 0.0011 0.44 0.034 0 0.1668 0.52
Dy 0.0027 0.442 0.03 0.0015 0.1650 0.69
Ho 0.0093 0.4 0.0245 0.0015 0.1477 0.15
Er 0.0109 0.387 0.02 0.003 0.1406 0.43
Yb 0.024 0.43 0.014 0.0045 0.1512 0.41
Mineral proportions®

Gabbro 0.012 0.330 0.635 0.023 - -

F (%)° 1 5 10 20 30 40
Compositions of partial melts®

Ti 8,615 7,182 5,946 4,423 3,522 2,925
Sr 112 113 114 118 121 125
Y 24.0 20.1 16.6 124 9.9 8.2
Zr 99.4 57.4 37.6 22.2 15.8 12.2
Nb 4.8 2.3 1.4 0.8 0.5 0.4
Ba 33.1 28.9 24.9 19.6 16.1 13.7
La 3.8 2.7 2.0 1.3 1.0 0.8
Ce 12.4 8.4 6.0 3.8 2.8 2.2
Pr 1.8 1.3 1.0 0.6 0.5 0.4
Nd 9.8 7.2 5.4 3.6 2.7 2.2
Sm 32 2.5 1.9 1.4 1.0 0.9
Eu 0.5 0.5 0.5 0.4 0.4 0.4
Gd 3.0 2.5 2.1 1.6 1.2 1.0
Dy 4.0 33 2.8 2.1 1.7 1.4
Ho 1.0 0.8 0.6 0.5 0.4 0.3
Er 2.9 2.3 1.9 1.4 1.1 0.9
Yb 2.6 2.1 1.7 1.3 1.0 0.8
[La/Sm], 0.74 0.68 0.66 0.58 0.63 0.56
[Ba/Nb], 0.72 1.32 1.87 2.58 3.39 3.60
[Sr/Sr*], 0.68 0.97 1.34 2.14 2.95 3.81
[Zr/Z1%), 1.16 0.89 0.77 0.65 0.63 0.57

“Mineral-melt partition coefficients for OL, CPX, PL and SP are taken from the compilations by Gurenko and Chaussidon (1995),

Halliday et al. (1995), White (1997)

Chemical composition and mineral proportions of the bulk solid gabbro used in modeling. It represents an average bulk-rock com-
position of seven studied gabbro nodules (given in Table 2), from which the proportion of interstitial glass is subtracted. The proportions
of mineral and glass phases composing the nodules were calculated using mass—balance method

°F degree of partial melting

dCompositions of partial melts calculated from modeling of modal batch melting (Shaw 1970)

by Kinzler and Grove (1992a). We, therefore, believe
that this magma represents more probably a melt which
(1) would have originated by partial melting of a
lherzolite mantle source at P=1.0-1.5 GPa (see Fig. 8 in
Gurenko and Chaussidon 1995) and then, (2) would
have been subjected to substantial low-pressure OL
fractionation. We emphasize that such melt is in equi-
librium with olivine but undersaturated with plagioclase
and clinopyroxene at relatively low-crystallization pres-
sures (i.e., 350 MPa—a lithostatic pressure resembling
that of xenolith’s origin), as follows from the calculated

pseudo-liquidus  temperatures of these phases
(T51=1,252°C calculated using the model of Ford et al.
1983; T}, = 1,226°C—average calculated from the models
of Ariskin and Barmina (1990), Weaver and Langmuir
(1990) and Ariskin et al. (1993); T, = 1,222°C—average
calculated from the models of Ariskin et al. (1987),
Weaver and Langmuir (1990) and Ariskin et al. (1993);
calculations were done at oxygen fugacity conditions
corresponding to FMQ buffer). Further differentiation
of such melt at 350 MPa will result in crystallization of
OL, then OL + PL and finally OL + PL + CPX



mineral assemblages. The concentrations of trace ele-
ments are those as found in the most primitive Reykjanes
glasses (author’s unpublished data), while Sr concentra-
tion is an extrapolated value calculated as Sr* = (Ce X
Nd)*? to avoid the common for Icelandic tholeiites Sr-
enrichment (Fig. 10, Table 8).

Mixing relations between melts resulted from 1 to
40% of gabbro partial melting (Table 7; Fig. 9) with
earlier discussed ‘“‘uncontaminated” Icelandic tholeiitic
magma composition are shown in Fig. 11. It is essen-
tial that the [Ba/Nb], and [Sr/Sr*], variations observed
in the nodule-related glasses could be accounted by
mixing with neither selected ‘““‘uncontaminated”” magma
composition nor any other composition of magma
because it requires admixture of different types of
gabbro partial melts i.e., those resulted from 1 to 5%
melting to account for low [Ba/Nb], ratios (Fig. 11a)
and those resulted from 10 to 40% melting to account
for high [Sr/Sr*], ratios (Fig. 11b), in both cases sug-
gesting unrealistically high fraction of the proposed
contaminant.

Table 8 Modeling of melt percolation through gabbro rocks
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Melt infiltration through gabbro crystal mush

Melt percolation and coupled chromatographic effects
can efficiently affect composition of the migrating liquid
(e.g., Navon and Stolper 1987; Bodinier et al. 1990;
Batanova et al. 1998; Boudreau and Meurer 1999).
Here, we discuss a case where a tholeiitic magma mi-
grates through porous, gabbroic rocks and demonstrate
that this process can substantially modify the original
major and trace element concentrations in the migrating
melt, giving an explanation for the compositional
discrepancy observed in the Midfell gabbro xenoliths
and associated with them glasses. We use a computer
program IRIDIUM that explores mineral-liquid equi-
librium with one-dimensional, compaction-driven mass
transport equations to model a phenomenon of melt
infiltration and its reaction with wall-rocks (Boudreau
2003). The program calculates mineral precipitation/
dissolution and simulates chromatographic fronts of
elements caused by percolation of a silicate liquid
through a porous solid media. The mineral-melt equi-

Sample Reyk-GI* 4m 8 m 12m 16 m
Note Uncont/inf Resulting liquid®

SiO, 50.0 50.1 49.0 49.1 48.8
AlLO; 16.0 14.0 14.3 14.5 14.7
FeO 9.0 8.9 8.8 8.1 7.5
MgO 10.0 10.1 10.8 10.9 11.3
CaO 12.0 14.5 15.4 15.6 16.0
Ti 5,990 6,232 6,248 5,821 4,664
Sr 33 70 105 105 106
Y 15.9 16.7 16.8 16.1 13.5
Zr 18.1 18.3 18.4 18.4 18.7
Nb 0.57 0.6 0.6 0.6 0.6
Ba 3.2 3.1 4.3 12.6 16.2
La 0.64 0.6 0.6 0.7 0.9
Ce 1.99 2.0 2.0 2.1 2.7
Nd 2.49 2.5 2.5 2.6 3.0
Sm 1.12 1.2 1.2 1.2 1.2
Eu 0.50 0.5 0.4 0.4 0.4
Gd 1.95 2.0 2.1 2.0 1.7
Dy 2.81 3.0 3.0 2.8 2.2
Ho 0.62 0.6 0.7 0.6 0.5
Er 1.92 2.0 2.0 1.9 1.5
Yb 1.99 2.1 2.1 2.0 1.5
CaO/Al,03 0.75 1.04 1.08 1.08 1.09
[La/Sm], 0.36 0.31 0.31 0.37 0.47
[Ba/Nb], 0.59 0.54 0.75 2.21 2.84
[Sr/Sr*], 0.99 2.10 3.14 3.01 2.49
[Zr/Zr*], 0.71 0.69 0.70 0.68 0.65

Modeling of melt percolation through gabbroic solid rocks was performed using the program IRIDIUM 5.10Beta (Boudreau 2003) (see
text for detail)

“Trace elements are similar as given in Table 7. Composition of “‘uncontaminated” magma used for calculation of mixing relations with
gabbro partial melts (Fig. 11) and taken as a composition of melt infiltrating through the gabbroic matrix (Fig. 12). It was selected to
resemble those of the tholeiitic basalts erupted within the neovolcanic rift zone of Iceland and containing 1.75 wt% Na,0, 0.02 wt% K,O
and 0.03 wt% P,0s5; CaO and Al,O; contents were selected to match those of MORB (Trennes 1990 and references therein) giving
CaO/Al,Oj3 ratio of 0.75. The concentrations of trace elements are the lowest among those found in Reykjanes tholeiitic glasses (author’s
unpublished data), while Sr concentration represent extrapolated value calculated as (Ce x Nd)!/? to avoid common for Icelandic
thioleiites enrichment in Sr relative to other trace elements

®Composition of infiltrating melts “extracted” from gabbroic column at the 4th, 8th, 12th, and 16th m and whose locations are shown in
Fig. 12
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Fig. 11 Mixing of presumably ‘“‘uncontaminated” magma with
melts produced by partial melting of gabbro. Trace element
composition of the “‘uncontaminated” magma is outlined in
Fig. 10 and discussed in the text; the gabbro partial melt solid line
represents melt composition originated due to 1-40% batch partial
melting of gabbroic rocks (see text and Fig. 9). We emphasize that
such mixing scenario cannot account for the composition of glasses
associated with gabbro nodules because it requires admixture of
different types of partial melts i.e., 1-4% melts to achieve [Ba/Nb],
ratios (a) and 20 to 40% melts for [Sr/Sr*], ratios (b) suggesting in
both cases unrealistically high fraction of the contaminant. The
[Sr/Sr*], ratios are calculated similarly as this outlined in Fig. 7

librium part of the IRIDIUM program is based on a
free energy minimization algorithm as used in MELTS
software (Ghiorso and Sack 1995). Furthermore,
IRIDIUM incorporates both general and compaction-
driven thermal and mass transport equations derived by
McKenzie (1984) (for more detail, see Boudreau 2003).
Modeling is started with calculation of initial equilib-
rium state of the system. This includes calculation of the
equilibrium mineral assemblages through the entire
column length based on the input bulk solid composi-
tion, temperature and pressure, and the composition of
liquid equilibrated with the bulk solid at given P-T
conditions. The program continuously recalculates

current mineral, major and trace element compositions
of the remaining bulk solid, as well as the compositions
of the resulting melt and coexisting fluid performing
such calculations for each node over the entire column
length.

We modeled infiltration of a tholeiitic magma
through solid rocks which are compositionally similar to
the Midfell gabbro xenoliths. Similarly as in the case of
partial melting, we used averaged composition of solid
residue remained after mass—balance subtraction of the
melt fraction from the compositions of gabbro nodules;
Table 7). The composition of infiltrating melt was that
of the ‘“uncontaminated” magma discussed earlier
(Fig. 10, Table 8). The temperature of 1,250°C (calcu-
lated liquidus temperature of the infiltrating melt by
IRIDIUM) and pressure of 350 MPa were taken to be
constant over the entire length of an arbitrary selected
20 m long chromatographic column. The flux rate of the
incoming melt was varied between 1 and 10 cm/day that
appeared to be reasonable for such processes (A.
Boudreau, personal communication, 2004). The
parameters selected represent a rather simple case of
melt infiltration since our task here is, using the simplest
example, to demonstrate more clearly the effects of melt
percolation on the composition of the migrating melt.
We emphasize, however, that the difference in some
important input parameters, such as column length,
temperature, pressure or flux rate, results in only vari-
ations in temporal scale and has no effect on the relative
migration rates of the elements characterized by differ-
ent incompatibility because a speed of migration of an
element directly relates to its bulk solid—melt distribu-
tion coefficient (Navon and Stolper 1987).

The results of our calculations are given in Table §
and presented in Figs. 12, 13. Our percolation model has
satisfactorily explained the composition of whole rock
lavas erupted in the Midfell area, as well as for melts to
be present in gabbro xenoliths as interstitial glasses and
glass embayments (Fig. 13). In more detail, the melt
percolation model reproduces in detail the observed
relatively high [Sr/Sr*], ratios coexisting with low (i.e.,
<1) [Ba/NDb], ratios. This occurs because Ba is more
incompatible than Sr in the chromatographic process
(bulk Dg,=0.21 vs. bulk Dg,=1.38 in Table 7) causing
faster percolation and saturation of the chromato-
graphic column in Ba compared to Sr (Fig. 12d, e). On
the other hand, we emphasize that we did not tend to
exactly reproduce the compositions of the erupted in
Midfell lavas but to suggest a viable mechanism
explaining low Ba/NDb ratios in the melts coexisting with
gabbro having very high Ba/Nb ratios.

As follows from the model calculations, the reaction
of infiltrating melt with gabbro solid results in a crystal
mush composed of ~80% PL, ~15% OL and ~5% melt
fraction located in the bottom few meters of the column.
This indicates that the reaction involves crystallization
of plagioclase and olivine combined with the resorption
of clinopyroxene; the latter occurs due to stronger un-
dersaturation of the infiltrating melt in CPX than in OL
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Fig. 12 Calculated chromatographic effects on chemical composi-
tion of melts percolating through gabbroic matrix (see text for
detail). a Calculated mineral composition of the crystal mush
column. Vertical, dashed lines represent initial proportions of
mineral and melt phases (i.e., O/ olivine, Cpx clinopyroxene, Plag
plagioclase, and Melt); solid lines proportions of the composing
solid and melt phases resulted from the 56-day long percolation of
infiltrant. b—f Distribution of Al,O; (b), CaO (c), Ba (d), Sr (e) and
Nb (f) concentrations over the length of the chromatographic
column (selected total length of 20 m). Vertical, dashed lines return
the composition of initial melt in equilibrium with gabbro mush
prior the infiltration began, i.e., closed system melt in equilibrium
with gabbro in panel (d); solid line composition of hybrid melt i.e.,

and PL. Systematic overgrowth of PL crystals compos-
ing the nodules by more calcic PL (Fig. 3a), as well as
the presence of pure plagioclase-bearing types of
xenoliths in the Midfell lavas (Risku-Norja 1985) and
gabbro—anorthosite nodules from the Krisuvik fissure
swarm, Reykjanes Peninsula, Iceland (HG6j 1993)
independently support the conclusion that the reaction
outlined in Fig. 12 may be quite common within the
Icelandic crust. We also emphasize that similar mecha-
nism of melt percolation may be regarded as an alter-
native explanation for the elevated CaO/Al,O3 ratios
observed in primitive Hengill and Reykjanes tholeiitic

open system infiltrant in panel (d). Tiny, horizontal, dashed lines in
(b—f) panels return positions of infiltrant in the chromatographic
column at 56th day of melt percolation and whose trace element
compositions are shown in Fig. 11 and Table 8. The calculation
was performed using the program IRIDIUM 5.10 Beta version
(Boudreau 2003). We emphasize that this figure outlines a “frozen”
state of the chromatographic column at 56th day of melt
percolation and cannot be used to evaluate relative proportions
of compositionally different types of magmas either erupted on the
surface or remained staying in the magmatic mush column; this
figure illustrates a relative migration rates of elements of different
incompatibility

glasses that were first addressed by Trennes (1990), who
proposed fractionation of olivine and plagioclase com-
bined with 5-30% assimilation of clinopyroxene.

Insights into the magma chamber processes

Geophysical evidence indicates that the Icelandic crust
has an average thickness of 15-25 km under the Tertiary
lava plateaus decreasing to about 10 km under the rift
zones (Bjornsson 1985). The metamorphic zonation of
the Icelandic crust is generally similar to oceanic crust,
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Fig. 13 Chondrite-normalized multi-element diagram of percolat-
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glasses, interstitial glasses, CPX- and PL-hosted glassy embayments
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as inferred from geophysical measurements, data from
geothermal wells, as well as from the geological structure
of the denudated Tertiary formation. Four layers
accordingly to the grades of metamorphism i.e., zeolite
(Layer 1, 0-4 km), chlorite—epidote to greenschist
(Layer 2; 4-6 km), low- to high-grade amphibolite
(Layer 3; 4-12 km), and granulite facies (Layer 4, below
8-12 km) were recognized (Oskarsson et al. 1982). The
transition from low- to high-grade amphibolite facies is
accompanied by crustal anatexis that starts near the
650°C isotherm at about 5 km depth (Oskarsson et al.
1982), while the upper part of Layer 3 consists of water
saturated rocks with a porosity of 1-3% (Bjornsson
1977). The temperature regime of the Icelandic crust
(Palmason 1971, 1973, 1980; Hermance and Grillot
1974) is consistent with the assumption of a partially
molten layer to be probably present in a form of
cumulate-forming magma chambers, intrusive bodies
and dikes at the top of Layer 4. The presence of a low
resistance, partially molten layer extending under most
Iceland was supported by magnetotelluric measurements
at about 70 sites (e.g., Beblo and Bjornsson 1978, 1980;
Thayer et al. 1981; Beblo et al. 1983).

This comprehensively constrained structure of the
Icelandic crust gives an important basis for the recon-
struction of magma chamber processes at the Hengill
area. The Midfell gabbro nodules studied represent
products of PL + CPX + OL =+ SP crystallization. It
is unlikely that they are crystallization products of the
transporting magma. However, as reported by Risku-
Norja (1985) and shown in the present study, the nod-
ules might have originated from a geochemically very
similar type of earlier crystallized magmas. The pressure
range spreads from 350 £ 100 to 40+ 60 MPa (Fig. 10b)
and is in a good agreement with experimental data and
calculation results reported by Risku-Norja (1985) and
Hansteen (1991). We believe that the high-pressure edge
limit of 350 MPa reflects the conditions, at which the
gabbroic crystal mush might have been formed. The
lower pressures ranging from ca. 200 MPa down to

near-atmospheric values reflect more likely the shallow-
depths to near-surface conditions, at which the trans-
porting magma continued to react with its hosted gab-
broic fragments. The estimated residence time of gabbro
xenoliths in the magma could be bracketed between
1 day and 1 month, as inferred from Fe-Mg zoning of
the cognate OL phenocrysts (Gurenko et al. 2004). We
propose the following sequence of events that likely
occurred in the Hengill magmatic system and explaining
the origin of gabbro xenoliths.

Stage 1 Creation of a gabbroic crystal mush. The
origin of PL + CPX + OL + SP gabbro cumulates
is ascribed to earlier crystallization of melts which are
compositionally similar to the transporting magmas;
their crystallization occurred in magma reservoirs
located at about 10 km depth corresponding to the
crust-mantle boundary beneath the neovolcanic rift
zone of Iceland (e.g., Bjornsson 1985). We do not see
any geochemical signature of this stage in the com-
positions of nodule-forming minerals and believe that
it was completely erased by subsequent percolation of
melts and thus could not be reconstructed in detail
here.

Stage 2 Repeated selective re-crystallization of CPX
followed by its partial dissolution and, in lesser extent,
of PL, both deposited in the cumulative crystal mush
layer, due to reaction with migrating melts in accordance
with melt percolation model discussed before. Such
melt-rock interactions accompanied by mutual melting—
crystallization events result in decrease of CPX nucle-
ation centers, thereby causing formation of large CPX
oikocrysts composing gabbro nodules in a scale from a
few to a few tens cm. Formation of a network (inter-
stitial glasses and glass embayments in CPX) filled by
melts relatively enriched in CaO and Sr, and character-
izing by varying Ba/Nb ratios is ascribed to this stage.
The residual signature of nodule-forming plagioclase
follows from its subidiomorphic, randomly oriented
crystals which look to be more resistant to melt—rock
interactions than the neighboring clinopyroxene.
Clinopyroxene has preferentially xenomorphic grain
shapes and looks to be more actively reacting with the
interstitial melt.

Stage 3 Fragmentation of a brittle gabbro layer
followed by nearly adiabatic transport of the rock
fragments to the surface. We suggest fragmentation of
earlier solidified CPX-PL crystal mush preferentially
along cleavage planes in the large CPX oikocrysts
resulting in gabbro fragments whose size is limited to that
of the CPX monocrystal fragments. We consider that as a
very possible reason to explain simultaneous CPX
extinction over the entire thin section square observed in
the series of slides cutting in different directions of indi-
vidual gabbro nodules. Compositional overlap between
host pillow rim glasses, interstitial glasses inside gabbro
nodules, glass embayments in CPX coupled with reverse



zoning of composing minerals suggest that gabbro
xenoliths were not subjected to substantial partial
melting in the transporting magma. However, the
remarkable pressure release from ca. 350 MPa to
atmospheric during xenolith’s transport to the surface
results in in situ partial melting inside gabbro nodules
followed then by re-equilibration of the interstitial melts
with the surrounding solid phases and formation of the
thin, micron-sized rims on the composing OL, CPX and
PL. Furthermore, such pressure release could also cause
partial to complete disintegration of the present gabbro
fragments. The eruption of magmas in the sub-glacial
environment finishes the process, resulting in very clear,
microphenocryst-free pillow-rim glasses and negligible
degree of interstitial melt crystallization inside gabbro
nodules; low, obviously degassed concentrations of S in
the host pillow-rims, glassy crusts and interstitial glasses
support this conclusion.

Implications for Sr enrichment in MORB and OIB

Iceland is not the single location where such Sr
enrichment in primitive basaltic melts has been de-
scribed. There are several regions on the mid-ocean
ridge, for example, Siqueiros Fracture Zone in Pacific
(Sobolev et al. 1992; Danyushevsky et al. 2003, 2004),
43°N on the Mid-Atlantic Ridge (Kamenetsky et al.
1998), where similar, relatively high Sr contents in
primitive MORB magmas were reported. Two con-
current models of melt-rock reaction/melting in the
mantle (43°N MAR; Kamenetsky et al. 1998) versus
assimilation of gabbroic material from crystal mush
zone (Siqueiros FZ; Danyushevsky et al. 2003, 2004)
were proposed. In particular, Danyushevsky et al.
(2003, 2004) have analyzed in detail various mecha-
nisms of origin so-called “anomalous melt inclusions”
characterizing, in particular, by such pronounced Sr
excess and proposed a dissolution-reaction-mixing
(DRM) model acting at the grain-size scale. The main
results obtained by these authors are very close to our
present results. However, there is one critical point in
application of the DRM model i.e., melting of PL-rich
rocks alone is unable to produce depletion of Ba rel-
ative to Nb in partial melts in the presence of PL as a
residual phase. Most of the glass inclusions and pillow-
rim glasses from 43°N MAR exhibit systematic
enrichment of Ba relative to Nb and thus, are more
likely to be consistent with the DRM model. The
Siqueiros glasses, in contrast, are not (e.g., Fig. 5 in
Danyushevsky et al. 2003). We suggest, therefore, that
the model of melt percolation which satisfactorily ex-
plains the geochemical signature of the Icelandic glasses
could also be employed for Siqueiros FZ in order to
explain the origin of Sr-enriched magmas described by
Sobolev et al. (1992) and Danyushevsky et al. (2003,
2004). In summary, we propose that the process of melt
percolation is not exclusively restricted to Iceland, the
region characterized by anomalously thick oceanic
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crust, but represents a process that may often occur
within normal mid-ocean ridge segments as well.

Strontium-enriched melt inclusions were also
reported in olivines from Mauna Loa shield tholeiites,
Hawaii by Sobolev et al. (2000). In contrast to our
results, the Sobolev et al. (2000) data were interpreted
as a feature of a mantle source, rather than the result
of interaction of magmas with PL-bearing crustal
rocks. The reasoning for this interpretation was based
on the fact that the Mauna Loa lavas and associated
with them Sr-rich melt inclusions in olivine are severely
undersaturated with plagioclase and thus, could not be
involved in the reaction with PL-bearing crustal
lithologies. Thus, Sobolev et al. (2000, 2005) have
suggested that the geochemical features of PL-bearing
crustal rocks (namely gabbros) were incorporated in
the Hawaiian mantle source via their consequent
recycling, melting and reacting with peridotite at high
pressures. We emphasize that this feature called “ghost
plagioclase” is in contrast to that of the Midfell vol-
canism, SW Iceland, as well as probably to several
manifestations of the volcanism of mid-oceanic ridges
(Siqueiros Fracture Zone in Pacific or 43°N on the
Mid-Atlantic Ridge; Sobolev et al. 1992; Kamenetsky
et al. 1998; Danyushevsky et al. 2003, 2004). All these
magmas, in contrast to Mauna Loa (Sobolev et al.
2000, 2005), are saturated or are close to saturation
with plagioclase and clinopyroxene at low, crustal
pressures. The saturation of melt with plagioclase i.e.,
“live plagioclase signature” is an essential requirement
for the proposed model describing melt—gabbro inter-
action in the Midfell magmas.

Summary and conclusions

1. Gabbro xenoliths from the Midfell basaltic to pi-
critic pillow lavas represent fragments of a solidified
crystal mush playing the role of chromatographic
columns for primitive, tholeiitic magmas percolating
through and related to the neovolcanic rift zone of
Iceland.

2. These primitive magmas were not originally enriched
in CaO and depleted in Al,O3, and did not possess a
pronounced Sr excess in the chondrite-normalized
trace element spectra. Such Ca and Sr enrichments
and Al depletion are exclusively related to the melt
percolation through gabbroic rocks occurred within
the thick Icelandic crust at relatively low pressures.

3. The Midfell gabbroic rocks experienced at least
three main stages in their history before being
trapped by erupting magma and transported to the
surface as xenoliths. Stage 1 is earlier crystallization
of PL + CPX + OL £ SP gabbro cumulates
from the melts which are compositionally similar to
the transporting magmas; their crystallization
occurred in the magma reservoirs located at about
10 km depth (ca. 350 MPa lithostatic pressure)
corresponding to the depth of Layer 3 in the crust
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section beneath the neovolcanic rift zone of Iceland.
Stage 2 includes percolation of geochemically similar
tholeiitic magmas through earlier formed OL-CPX-
PL crystal mush or solidified gabbroic layer in the
temperature range between 1,190-1,230°C and at
similar pressures of 350 MPa. This stage may also
include selective crystallization and dissolution of
clinopyroxene crystals deposited in the cumulative
layer, causing formation of large clinopyroxene oi-
kocrysts. Stage 3 comprises fragmentation of a
brittle, cumulative gabbro layer followed by nearly
adiabatic transport of the rock fragments to the
surface.

4. We emphasize that melt percolation through
gabbroic rocks is responsible for the pronounced Sr
excess observed in many Icelandic tholeiitic rocks and
may represent a process to be also widespread within
normal mid-ocean ridge segments. The Sr-enrichment
of PL-undersaturated magmas (i.e., so-called “ghost
plagioclase signature) could not be, however, pro-
duced by this type of process.
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