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Abstract. The Oman ophiolite (Samail massif, Sultanate of Oman) is the largest sub-aerial exposure of oceanic
lithosphere on Earth and provides the opportunity to study the accretion and alteration of oceanic lithosphere
formed under fast-spreading conditions. Drill hole GT3A (23◦06′50.7′′ N, 58◦12′42.2′′ E) of the ICDP (Interna-
tional Continental Scientific Drilling Program) Oman Drilling Project with a length of 400 m aimed at penetrating
the dike–gabbro transition of the Samail ophiolite paleocrust in order to shed light on the role of the axial melt
lens (AML) during accretion of the lower plutonic crust. AMLs beneath fast-spreading mid-ocean ridges are
sandwiched between the sheeted dike complex and the uppermost gabbros and are believed to feed the upper
crust and, at least partially, the underlying crystal mush.

Typical gabbroic rocks from dike–gabbro transitions of fast-spreading systems are the so-called “varitextured
gabbros”, often showing considerable variations in mineral mode, texture and grain size, which are regarded
as the frozen fillings of axial melt lenses. Here, we present a detailed petrographic, microanalytical and bulk-
chemical investigation of 36 mafic rocks from the drill hole GT3A, which represent mostly varitextured gabbros,
revealing a complex formation with several evolution stages. Poikilitic domains formed first, corresponding to
an early crystallization stage, where only plagioclase and clinopyroxene of more primitive composition crystal-
lized. Later, domains of granular textures containing also interstitial amphibole and Fe–Ti oxide were formed.
This stage is characterized by a magma evolution that underwent crystal fractionation established by lower tem-
peratures due to more efficient hydrothermal cooling at the margin of the AML. A last stage is characterized by
pervasive hydrothermal alteration, where all primary minerals have been altered under temperature conditions,
varying from the magmatic regime down to greenschist facies. A highlight of this stage is amphiboles show-
ing noticeable compositional zoning. The observation of peculiar microgranular domains, representing relics
of stoped exogenic material from the sheeted dike complex, documents the upward migration of an AML in a
replenishment event, forcing the AML to burn through previously altered sheeted dikes. This process is respon-
sible for significant assimilation of hydrothermally altered components, indicated by a marked Cl enrichment in
the outer zones of magmatic amphiboles. Petrological modeling involving gabbros and basalts revealed that the
GT3A rock suite followed a fractional crystallization evolution trend, with a primitive MORB as parental melt
with an estimated water content of 0.2 wt % to 0.8 wt %. The modeled liquid lines of descent suggest a mag-
matic evolution via fractional crystallization, where the basalts correspond to frozen liquids, while the gabbros,
especially the more primitive ones, show a significant cumulate component.
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Figure 1. Schematic cross-section of typical fast-spreading oceanic
crust showing the location of the axial melt lens (AML) sandwiched
between the gabbros and the sheeted dikes (not to scale). The
conductive boundary layer typically consists of hornfels (contact-
metamorphosed and recrystallized sheeted dike). Blue arrows indi-
cate hydrothermal circulation pathways. Whether a deep hydrother-
mal circulation exists (dashed blue arrows) is currently under dis-
cussion. The orange arrow corresponds to the path of the upris-
ing melt. Dashed white curves in the crystal mush zone show
isotherms, and the gray arrows indicate migration paths of crys-
tallized phases. The investigated drill core covers the transition be-
tween sheeted dikes and the varitextured gabbros. Modified after
Zhang et al. (2014).

1 Introduction

1.1 Role of axial melt lenses at fast-spreading
mid-ocean ridges

About two-thirds of the Earth’s surface is covered by oceanic
crust formed at mid-ocean ridges consisting of basalts in the
upper and gabbroic rocks in the lower part. Oceanic crust
from fast-spreading ridges is regarded as layered and rela-
tively homogeneous (Canales et al., 2003). Here, seismic ex-
periments revealed the presence of a melt lens sandwiched
between the gabbroic sequence and the sheeted dikes, filled
nearly with pure melt, often named as the axial melt lens
(AML; Fig. 1). The AML resides above a crystal mush zone
extending deeply to the crust–mantle boundary (e.g., Detrick
et al., 1987; Vera et al., 1990; Sinton and Detrick, 1992).

The role of the AML (Fig. 1) is known to be crucial for the
accretion of the crust. Yet, it is not fully understood whether
this melt body is the source of the lower gabbroic crust (“gab-
bro glacier model”, e.g., Henstock et al., 1993; Morgan and
Chen, 1993; Quick and Denlinger, 1993) or whether it merely
supplies the uppermost gabbros and (sub-)volcanic section
(see Mock et al., 2021). Other models propose that the lower
gabbros originate from in situ crystallization in sills injected
into the deep crust (“sheeted sill model”, e.g., Bédard et al.,
1988; Kelemen et al., 1997). Today, most scientists favor a
hybrid model, where both crystal and melt suspension cur-
rents originated from the AML together with integrated sill

injections (e.g., Boudier et al., 1996; Natland and Dick, 2009;
Mock et al., 2021).

The AML is overlain by an impermeable conductive
boundary layer (Fig. 1), which separates two convective sys-
tems: (1) the AML filled with a basaltic melt at ∼ 1200 ◦C
below and (2) the hydrothermal circulation derived from
the entrained seawater, operating at maximum temperatures
of 400–500 ◦C. The conductive boundary layer consists of
granoblastic hornfelses, corresponding to former basalts of
the sheeted dikes, which were contact-metamorphosed under
conditions up to the granulite and two-pyroxene hornfels fa-
cies, culminating in anatectic processes expressed by trond-
hjemitic and tonalitic veins crosscutting the hornfelses. The
AML and the overlying conductive boundary layer are tran-
sient phenomena, with the potential to move up and down, as
a consequence of the magmatic activity beneath the spread-
ing segments (for details see review of Koepke and Zhang,
2021, and references therein).

There are only a few locations worldwide where rocks
from the AML horizons have been investigated: the most im-
portant are a section of the East Pacific Rise (EPR) crust,
drilled by IODP (Integrated Ocean Drilling Program) at Site
1256 in the eastern equatorial Pacific (e.g., Teagle et al.,
2012; Zhang et al., 2017; Koepke and Zhang, 2020) and the
Samail ophiolite in the Sultanate of Oman (e.g., Macleod and
Yaouancq, 2000; Coogan et al., 2002; Müller et al., 2017;
France et al., 2021). Typical rocks from such horizons in-
clude so-called varitextured gabbros (for definition see next
section), which form when the flanks of an AML cool down
and crystallize as a result of continued seafloor spreading
(e.g., France et al., 2021).

1.2 Varitextured gabbros

The dike–gabbro transition at the Oman ophiolite and from
IODP Site 1256 includes heterogeneous, isotropic, often
called “varitextured” gabbros, overlying the sequences of
“foliated” and “layered” gabbros (Fig. 1). Such gabbros
have been interpreted by Macleod and Yaouancq (2000) and
Coogan et al. (2002) as a rock suite corresponding to a fos-
silized AML. They are characterized by heterogeneity in
mineral mode, texture and grain size, ranging from fine- to
medium-grained on a centimeter scale and therefore often
showing a characteristic patchy appearance. Macleod and
Yaouancq (2000) suggested that this horizon can be regarded
as the end product of highly differentiated MORB melts crys-
tallizing at the margins of an AML. Coogan et al. (2002)
and Müller et al. (2017) discovered relics of mineral cores
with extremely primitive composition within the relatively
evolved varitextured gabbros from the Oman ophiolite. This
suggests that during its lifetime, the AML was filled with
primitive, parental MORB similar to those observed at the
modern EPR (e.g., Wanless and Shaw, 2012). Typical vari-
textured gabbros from the Oman ophiolite bear magmatic
amphibole (e.g., France et al., 2013, 2021; Müller et al.,
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2017), implying that the related melts were hydrous. Us-
ing MELTS modeling (Ghiorso and Sack, 1995), Müller et
al. (2017) estimated that water contents for the AML varitex-
tured gabbros from the Wadi Gideah in the Oman ophiolite
(Wadi Tayin massif) were between 0.4 wt % and 0.8 wt %.

Varitextured gabbros typically display two major textural
domains, often occurring in the same thin section: (1) do-
mains with poikilitic clinopyroxene oikocrysts with dark,
spotty appearance enclosing plagioclase chadacrysts, sur-
rounded by (2) domains with typical granular texture of
blocky to tabular, sometimes lath-shaped plagioclase, pris-
matic clinopyroxene and amphibole (e.g., Koepke et al.,
2011; Müller et al., 2017; Koepke and Zhang, 2020). As a
possible model of formation for varitextured gabbros drilled
at EPR Site 1256 by IODP, Koepke et al. (2011) suggested an
in situ crystallization scenario, during the cooling and crys-
tallization of an axial melt lens. First, relatively primitive
(MORB) melts crystallized the poikilitic domains consisting
only of clinopyroxenes enclosing relatively primitive plagio-
clase, followed by the crystallization of the granular matrix
domains with more evolved mineral compositions at lower
temperatures. This phase proceeded down to near-solidus
conditions, where the interstices have been filled with typ-
ical late-stage minerals like amphiboles and oxides.

In this work, we present detailed petrographic, microan-
alytical and bulk-chemical investigations from varitextured
gabbros obtained from hole GT3A of the Oman Drilling
Project (details below), which crosscuts the sheeted dike
complex down to the uppermost isotropic gabbros (Kelemen
et al., 2020). The textures and chemical properties of these
gabbros are presently unknown and enable the observation
of a fossilized melt lens. The GT3A drill hole was aimed
at providing information on the sheeted dike–gabbro transi-
tion and on its importance for crustal construction processes
and the controls on heat and mass transfer within the upper-
most plutonic oceanic crust (Kelemen et al., 2020; France et
al., 2021). We aim to quantify the interactions of the mag-
matic and hydrothermal dynamics that governed at the roof
of the AML, which, itself, may cool down to form the suite
of the varitextured gabbro, holding information on igneous
processes that occurred in the AML. This work focuses on
providing a formation scenario of the Oman paleoridge and
aims to unfold whether the varitextured gabbros can be re-
garded merely as the frozen fillings of the AML or rather as
cumulate rocks from which magmas were expelled to form
dikes and lavas, with their consecutive subsidence forming
the lower crust.

2 Geological setting of the Oman ophiolite

The Cretaceous Samail ophiolite, located in the Sultanate of
Oman, is the largest sub-aerial exposure of oceanic litho-
sphere on Earth and shows intact sequences of fast-spreading
oceanic crust in many locations. Zircon dating revealed that

the paleocrust formed ∼ 95 Myr ago under fast-spreading
conditions with a half spreading rate of 50–100 mm a−1 (Ri-
oux et al., 2012, 2013). Field relations, in accord with re-
sults of geochemical and petrological studies, emphasize a
polygenetic origin for the Oman ophiolite (see review in
Goodenough et al., 2014, and references therein). The first
magmatic phase, generated by decompression melting of the
mantle, produced the so-called V1 lavas (Godard et al., 2003,
and references therein), with corresponding gabbros resem-
bling the modern EPR in terms of structure, lithology, pet-
rography and bulk crustal thickness. In contrast to the EPR
however, the parental melts of the Oman paleoridge show
enhanced water contents, owing to the influences of the re-
gional subduction initiation (e.g., Macleod et al., 2013; Guil-
mette et al., 2018; Belgrano et al., 2019; Koepke et al., 2021;
Rioux et al., 2021). A second magmatic phase is based on
flux-induced peridotite melting and produced the so-called
V2 lava sequence (Godard et al., 2003), which ranges from
andesitic to boninitic compositions. The corresponding plu-
tonic rocks in the lower crust and mid-crust are wehrlites,
gabbronorites and plagiogranites. In general, rocks produced
during the first magmatic stage are intruded by the rocks
of the second magmatic phase. These rocks are much more
voluminous in the northern part of the ophiolite, whereas
the south is dominated by first-magmatic-phase rocks (e.g.,
Juteau et al., 1988; Goodenough et al., 2014; De Graaff et al.,
2019). Therefore, many studies focusing on the understand-
ing of oceanic crust accretion under fast-spreading condi-
tions investigated preferably the southern blocks of the Oman
ophiolite. Likewise, our study focuses on the southern blocks
of the Oman ophiolite.

The Oman ophiolite was targeted by the multi-national
Oman Drilling Project (OmanDP, https://www.omandrilling.
ac.uk, last access: November 2022) within the ICDP (Inter-
national Continental Scientific Drilling Program) to address
a diverse range of scientific questions relating to the for-
mation, hydrothermal alteration and weathering of oceanic
lithosphere. Drill core GT3A was located at the southern
Samail massif in Wadi Abdah (Fig. 2) and intersected a co-
herent, 400 m long transect through the dike–gabbro transi-
tion of the Oman paleocrust with 100 % recovery. The lo-
cation for the drill hole was carefully selected to be undis-
turbed by phase-2 magmatism (Koepke et al., 2021) and
thus to ensure observations are exclusively related to pri-
mary magmatic processes of “normal” fast-spreading ridges
(France et al., 2021). The studied area comprises a 20–25◦

dipping, northeast-southwest-striking dike–gabbro transition
zone, which crops out as small hills (e.g., Nicolas et al.,
2008; France, 2009; Kelemen et al., 2020). Logged units
in hole GT3A consist of basalt, diabase, gabbro, olivine-
bearing gabbro, olivine gabbro, disseminated oxide gabbro,
diorite, tonalite and trondhjemite. Based on the occurrence
of gabbro in the core, Kelemen et al. (2020) divided hole
GT3A into four lithologic sequences: (1) an upper dike
sequence (0–111.02 m) dominated by basaltic and diaba-
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Figure 2. Maps and lithostratigraphic column of the Oman ophio-
lite. (a) Geographical overview. (b) Geological map with locations
of the OmanDP crustal drill sites. (c) Lithostratigraphic sequences
of typical oceanic crust formed at fast-spreading ridges including
the positions of the OmanDP crustal drill sites. Panels (b) and (c)
modified after Kelemen et al. (2020).

sic dikes; (2) an upper gabbro sequence (111.02–127.89 m)
with olivine-bearing and olivine gabbros that intrude and are
intruded by basaltic and diabasic dikes; (3) a lower dike
sequence (127.89–233.84 m) resembling the first sequence
with additional volumetrically minor gabbro in the upper
part; and (4) a lower gabbro sequence (233.84–398.21 m)
hosting several thick gabbro and oxide gabbro units together
with diorite, all intruded by basaltic and diabasic dikes (for
more details see Fig. 3 and Kelemen et al., 2020). The crustal
thickness of Site GT3 is estimated as ∼ 4.5 km, correspond-
ing to averages from Nicolas and Boudier (2000).

3 Methods

3.1 Samples

The petrographic characterization of grain size and litholog-
ical classification follow those of Kelemen et al. (2020). In
this study we selected 29 samples which could be character-
ized as varitextured gabbro. Among these are olivine-bearing
gabbros, olivine gabbros, disseminated oxide gabbros and
oxide gabbros (for rock name definition see method chap-
ter in Kelemen et al., 2020). We also included seven basaltic
rocks in our sample suite consisting of basalts with inter-
sertal texture and granular diabases, which have been dis-
tinguished by their grain size (Kelemen et al., 2020). Details
of the whole sample suite including petrographic features are
listed in Table 1. Their location and depth within the GT3A
drill core and their assignment to the lithological units and
sub-units as defined by Kelemen et al. (2020) are summa-
rized in Fig. 3.

Figure 3. Units and sub-units as defined by Kelemen et al. (2020).
The positions of the 36 investigated samples are marked.

3.2 Analytical methods

Major element compositions for minerals, including F and Cl
for amphiboles, have been acquired using a Cameca SX100
electron probe microanalyzer (EPMA), equipped with five
spectrometers, Kα emission from all elements and an oper-
ating system PeakSight at the Institute of Mineralogy, Uni-
versity of Hannover, Germany. The “PAP” matrix correction
has been performed after Pouchou and Pichoir (1991). All
measurements have been performed with an acceleration po-
tential of 15 kV. For most minerals, a beam current of 15 nA
was applied with an acquisition time of 10 s at peak per el-
ement. Only for amphibole, a second analysis condition was
applied, for the measurement of F and Cl, with a 40 nA beam
current and 30 s of acquisition time. The beam size was in
general set to 2 µm in diameter.

Bulk rock major element analysis was performed at Ac-
tivation Laboratories (Actlabs), Canada, via lithium metab-
orate/tetraborate fusion–inductively coupled plasma (ICP)
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analysis with 0.01 % detection limits for major elements ex-
cept for TiO2 and MnO, for which the detection limits were
improved up to 0.001 %.

Bulk rock trace element analysis has been performed at the
Institute of Geosciences of the CAU Kiel University using
laser ablation ICP mass spectrometry (LA-ICP-MS) on pow-
der tablets manufactured by wet-milling protocols in aque-
ous suspension using a planetary ball mill and agate tools
(see Garbe-Schönberg and Müller, 2014, for more details).
A 193 nm ArF excimer laser ablation system (GeoLasPro
Plus, Coherent) coupled to an Agilent 8900cs ICP-MS in-
strument was used for all measurements. Nano-particulate
pressed powder tablets (13 mm in diameter) were inserted
into a Zurich-type low-dispersion high-capacity laser abla-
tion cell (LDHCLAC; Fricker et al., 2011) and flushed with
1 L min−1 He as the carrier gas. Data acquisition intervals for
each laser measurement consist of 20 s background, 40–60 s
sample ablation and 20 s monitoring. In order to reduce po-
tential errors caused by surface contamination, every 5–10 s
of each data acquisition interval has been discarded via usage
of the GLITTER software (for details see Garbe-Schönberg
and Müller, 2014). The laser pulse length was adjusted to
17–20 ns with a pulse frequency of 10–15 Hz and an abla-
tion spot size of 80 µm. Reference materials used are JGb-1P
(Garbe-Schönberg, 1993; Jochum and Jenner, 1994; Govin-
daraju, 1995; Imai et al., 1995), BHVO-2P, JB-2P and BIR-
1P (Jochum et al., 2016; for more details see Table S3 in
the Supplement). In total, bulk rock data were acquired for
23 samples. Bulk rock geochemical data are presented in Ta-
ble S2.

4 Results

4.1 Petrographic characterization

The varitextured gabbros of the GT3A drill core are char-
acterized by a wide variability in mineral mode, texture and
grain size, ranging from fine- to coarse-grained. The gabbros
of our sample set can be classified as olivine-bearing gab-
bros, gabbros, oxide gabbros and disseminated oxide gab-
bros (for details see Table 1). Most of the investigated gab-
bros show two different textural domains: (1) poikilitic do-
mains associated with large, darkish clinopyroxene enclosing
plagioclase, resulting in a spotty appearance, and (2) gran-
ular domains, identified by blocky to tabular plagioclase,
prismatic clinopyroxene and amphibole (e.g., Koepke et al.,
2011; Müller et al., 2017; Koepke and Zhang, 2020; also
see Fig. 4). Whenever possible, mineral characterization and
mineral analyses have been assigned to such textural do-
mains (see Table 1 for petrographic characterization and Ta-
ble S1 for mineral analyses).

The main primary minerals in the investigated gabbros
are plagioclase, clinopyroxene and amphibole. Grain sizes
vary from < 0.1 to 10 mm for plagioclases, from < 0.1 to

Figure 4. (a) Thin-section photo of varitextured gabbro GT3A-
55Z-4, 38–43 cm; plane-polarized light. Poikilitic and granular do-
mains are highlighted. The marked boxes represent details shown
in (b) and (c). (b) Poikilitic texture: lath-shaped plagioclase (plag)
chadacrysts are enclosed by clinopyroxene (cpx) oikocrysts; cross-
polarized light. (c) Granular texture: assemblages of tabular plagio-
clase and hornblende; cross-polarized light.

12 mm for clinopyroxene and from < 0.1 up to 5.5 mm for
amphibole. Oxide grains vary in size from 0.2 to 4 mm.
Observed mineral modes range from 50 vol %–75 vol % for
plagioclase, 20 vol %–40 vol % for clinopyroxene, 2 vol %–
10 vol % for amphibole and 1 vol %–5 vol % for oxides. Am-
phibole occurs as brown relics partially exhibiting euhedral
shapes and prismatic habits commonly filling the interstices
around plagioclase. Prismatic brown and green amphiboles
do coexist side by side or might be zoned; the transition from
brown to green occurs mainly gradually or, albeit less com-
monly, very sharply (see Table S1). A few brown amphi-
boles exhibit a poikilitic character enclosing oxide grains.
Chiefly, green amphibole is replacing clinopyroxene rims,
and generally secondary amphiboles prevail in the form of
fibrous actinolites. Olivine occurs in three samples as pseu-
domorphs and is totally altered into fine mixtures of amphi-
bole± chlorite. Oxides are altered to maghemite, titanite and
hematite+ rutile (ilmenite). Orthopyroxene has not been ob-
served.

All investigated samples experienced significant and per-
vasive hydrothermal alteration mostly under amphibolite to
greenschist facies conditions, expressed as patches, over-
growths and veins filled with chlorite, epidote, secondary
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Figure 5. (a) Thin-section photo of sample GT3A-98Z-2, 32–
37 cm, showing the contact between a varitextured gabbro and a
basalt. Both lithologies show a high-temperature granoblastic over-
print due to contact metamorphism resulting from an uprising AML.
For details see text. The marked boxes represent details shown in (b)
to (e); plane-polarized light. (b) Apophyses of former basaltic melt
penetrating plagioclase of the gabbro at the contact; cross-polarized
light. (c) Cluster of granoblastic amphibole (amph) replacing for-
mer alteration phases; plane-polarized light. (d, e) Cluster of amphi-
bole overgrowth as record of high-temperature granoblastic over-
print both in the gabbro (infiltrating a plagioclase crystal) and in
the basaltic matrix (surrounding a plagioclase xenocryst); plane-
polarized light.

amphibole and secondary plagioclase, the latter of which is
high in its albite component compared to the primary plagio-
clase. Clinopyroxene is often pseudomorphically replaced by
secondary amphibole, comprising aggregates of pale green
actinolite or greenish, sometimes brownish, hornblende.

Thin sections, showing contacts between gabbros and
basalts, reveal complex dike–gabbro contact relationships: in
thin-section GT3A-98Z-2, 32–37 cm, a wavy, smooth contact
between a gabbro and a basalt is visible (Fig. 5a). Apophy-
ses of basalt within minerals of the gabbro (Fig. 5b) clearly
indicate that the basalt intruded into the gabbro. During the
emplacement of the basalt, the gabbro contact was disinte-
grated, and some minerals of the gabbro are now visible as
xenocrysts within the basaltic matrix directly at the contact

Figure 6. (a) Thin-section photo of sample GT3A-121Z-4, 18–
26 cm showing a contact between a varitextured gabbro and a basalt.
The basalt at the contact shows a chilled margin, where the basalt
coarsens gradually at increasing distance from the margin. (b–
c) The basalt infiltrated the gabbro expressed by numerous pools
of interstitial basaltic melts within the gabbro. All images in plane-
polarized light.

(Fig. 5a). Away from the contact, the quantity of xenocrysts
decreases, grading within ∼ 1 cm into the normal interser-
tal texture of the basalt. Some of the observed amphiboles
have been converted to aggregates of hornblende and acti-
nolite formed under amphibolite to greenschist facies condi-
tions (Fig. 5c–d).

Another type of intrusive gabbro–basalt contact is visible
in Fig. 6, related to sample GT3A-121Z-4, 18–26 cm. Here,
the intruding basaltic dike develops a marked chilled margin
as demonstrated in Fig. 6a. The basalt infiltrated the gabbro at
many places, even ∼ 1 cm away from the contact, as shown
in Fig. 6b–c. The difference between this situation and the
one previously described is related to differences in the cool-
ing regimes. In the latter case the cooling was faster, forcing
the melt to quench to a glassy zone directly at the contact
with the relatively low temperature environment of the host
gabbro.

In some gabbros we observed rosette-like domains of mi-
crogranular assemblages with radiating clinopyroxenes and
plagioclases, sometimes associated with interstitial oxides,
as shown in Fig. 7. These microgranular assemblages vary
in size from 200–1000 µm in diameter and appear to be
very similar to those structures observed in the granoblas-
tic hornfelses from IODP hole 1256D, which are interpreted
as high-grade metamorphosed, previously hydrothermally
altered sheeted dike material along the conductive bound-
ary layer (for details see Koepke et al., 2008). Although
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Figure 7. Rosette-like, microgranular domains within two varitex-
tured gabbros (a, c: GT3A-129Z-3, 50–57 cm; b, d: GT3A-129Z-4,
8–16 cm) consisting of radiating granular clinopyroxenes and lath-
shaped plagioclases, sometimes associated with interstitial Fe–Ti
oxides (b, d). For details see text. (a, b) Microphotographs in plane-
polarized light; (c, d) backscattered electron images.

we observed such textures in several samples (see Table 1
for details and Table S1 for EPMA analyses), a coherent,
decameter-thick layer of granoblastic hornfelses, as observed
at IODP Site 1256, was not observed in the GT3A drill core.
We discuss consequences of this important observation in
Sect. 5.2.

4.2 Mineral analyses

4.2.1 Clinopyroxene

Clinopyroxene compositions show large variations and are
different within individual textural domains (Fig. 8). In gen-
eral, the Mg#’s (Mg#=MgO / (MgO+FeO) · 100, in molar
proportions) in poikilitic and granular domains show over-
lapping values from Mg# 84.5 to 74. The highest Mg# values
are recorded in the core areas of clinopyroxene of poikilitic
domains with a Mg# of 89, grading down to 74 in the outer
core areas. Such high Mg#’s are among the highest values
for clinopyroxenes analyzed in the whole gabbro suite of
Oman, including gabbros from the mantle transition zone
(MTZ) and the base of the gabbroic crust (see Koepke et al.,
2022, for a complete Wadi Gideah reference profile), provid-
ing evidence for the primitive nature of some melts, which
entered the AML. As expected, the Mg#’s from the rim ar-
eas are lower, with maximum values of 83. In contrast, the
Mg#’s of clinopyroxenes from granular domains have lower
values (Fig. 8), varying from 85 to 67, for both cores and
rims, whereas microgranular domains lie within the lower-
most Mg# of granular clinopyroxene (from 74 to 71). TiO2
contents are higher in the granular domains (0.13 wt % to
1.12 wt %) compared to the poikilitic domains (0.09 wt % to

Figure 8. Range of compositions (bars) and averages (white cir-
cles) of clinopyroxene and plagioclase recorded in different tex-
tural domains. Compositional variation in Mg#, TiO2 and Cr2O3
in clinopyroxene, showing higher values in the poikilitic domains
except for TiO2, which is consistent with the more primitive na-
ture of the poikilitic domains. Clinopyroxenes from microgranular
domains show significantly lower Mg#’s. Since the compositional
zoning is significantly narrower in clinopyroxenes compared to pla-
gioclase, bars include core measurements. The compositional vari-
ation in An contents from core measurements shows higher values
in the poikilitic domains overlapping with the granular domains.

0.73 wt %), whereas Cr2O3 contents show opposite trends,
where the poikilitic domains are elevated (ranging from
0.02 wt % to 0.94 wt %) relative to Cr2O3-depleted granular
domains (0.02 wt % to 0.08 wt %). Due to the strong overlap
between core and rim area values, they are shown combined
in Fig. 8. Details can be obtained from Table S1. Clinopy-
roxene xenocrysts in the basaltic rocks show a similar com-
position relative to the adjacent gabbros with Mg#’s varying
from 87 to 76.
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4.2.2 Plagioclase

Plagioclase composition is characterized by a range from
primitive to highly evolved compositions with considerable
overlap in compositions between the poikilitic and granu-
lar domains. The mineral cores of the poikilitic domains
range from 88 mol % An down to 20 mol % in the outer
rims (Fig. 8). In general, the An content is lower in gran-
ular domains, varying from An 83 in the inner core areas
down to An 14 in the outer rims. The An contents in plagio-
clase from the microgranular domains show compositional
ranges within the lowermost An interval of granular plagio-
clase cores between An 60 and An 40. Examples for the com-
positional variations in plagioclases of both poikilitic and
granular domains are shown in Fig. 9. The extreme composi-
tional variations in grains within the individual domains are
in strong contrast to the homogeneous plagioclase composi-
tions in the layered and foliated gabbros (VanTongeren et al.,
2021; Koepke et al., 2022).

4.2.3 Amphibole

Amphiboles, displaying different colors from deep brown
to pale green, also show an extremely broad composi-
tional range. These amphiboles were classified after Lo-
cock (2014), using the amphibole nomenclature by the Inter-
national Mineralogical Association according to Hawthorne
et al. (2012). Amphibole often forms poikilitic grains with
optical and compositional zoning from brown cores to
brownish green rims. The brown cores with elevated con-
centrations of Al2O3, TiO2 and Na2O (Fig. 10) are classi-
fied as Ti-rich pargasite, Ti-rich magnesio-hastingsite, par-
gasite, magnesio-hastingsite and magnesio-ferri-hornblende
(for more details see Table S1). Crystals with green-brown
to green-colored rims show distinctly lower concentrations
of Al2O3, TiO2 and Na2O (Fig. 10) and are classified as
magnesio-ferri-hornblende, magnesio-hastingsite and ferro-
ferri-hornblende (Table S1). Finally, the zoned crystals are
commonly overgrown by pale green aggregates of actino-
litic compositions, which are typically low in Al2O3, TiO2
and Na2O (Fig. 10). Although the analyzed amphiboles show
some degree of compositional overlap, there is a clear cor-
relation between color and composition, as demonstrated in
Fig 10. Figure 11 shows the relation between tetrahedral Al
and Na+K on the A position of the amphiboles, which are
both regarded to be dependent on temperature (e.g., Holland
and Blundy, 1994), versus the Ti-in-amphibole temperature
(more details are discussed in Sect. 5.1). Both parameters of
the diagram show a good correlation with the temperature
estimates of the Ti-in-amphibole geothermometer.

4.3 Bulk rock geochemistry

Results of bulk major and trace element analyses are summa-
rized in Table S2. Basalts and diabases fall within the total

alkali versus silica (TAS) diagram (Le Bas and Streckeisen,
1991) into the discrimination field of basalt (Fig. S1 in the
Supplement) with bulk Mg# ranging from 41 to 61 and from
65 to 69, respectively. The gabbros show bulk Mg# from 53
to 80 with olivine-bearing gabbros representing the highest
Mg# values. Harker diagrams for Al2O3, TiO2 and Fe2O3
displayed in Fig. 14 suggest a more primitive character for
olivine gabbros relative to gabbros and oxide gabbros, which
show TiO2 enrichment of up to ∼ 2 wt %.

Trace element N-MORB normalized concentrations for
GT3A lithologies (Fig. 13) show coherent patterns for fluid-
immobile high-field strength elements (HFSE) on the right-
hand side of the diagram (plus Th, Nb and Ta), suggesting
they are a cogenetic suite. While most HFSE develop rel-
atively flat lying patterns, implying identical relative abun-
dances relative to MORB, Nb and Ta show pronounced neg-
ative anomalies, suggesting these elements are depleted in
the Oman magmas. Low Nb–Ta in the oxide gabbros can be
ascribed to the stronger fractionation of Ta into oxide miner-
als, thus scavenging this element from the melt (Rollinson,
1993). Abundances for fluid-mobile elements are somewhat
more variable, reflecting different degrees of overprint by
seawater-derived hydrothermal fluids (Staudigel, 2003) gen-
erally decreasing from Cs>Sr>Ba>U>Rb.

Bulk abundances for immobile elements increase from the
olivine gabbros, through most gabbros, whereas the oxide
gabbros and basalts plot at higher concentrations, within the
envelope defined by 1256D gabbros. The moderate positive
Eu anomaly and the marked positive Sr anomaly visible in
the patterns of all gabbroic rocks could be interpreted as the
combined effects of plagioclase accumulation, as it is typ-
ical of gabbros in the oceanic crust and results from hy-
drothermal alteration. Similarly, Zr±Hf show increasingly
pronounced negative anomalies relative to neighboring rare-
earth elements (REE) for olivine gabbros, gabbros and oxide
gabbros but are nearly absent in the basalts, indicating prefer-
ential fractionation of these elements into the melt fractions.

5 Discussion

5.1 Amphibole evolution: from the magmatic regime to
greenschist facies

Fluid–rock interactions play an essential role in mineral gen-
esis during hydrothermal alteration at mid-ocean ridges, po-
tentially regulating heat and mass transfer during the meta-
morphic evolution of the oceanic crust (e.g., Alt et al., 2010;
Currin et al., 2018b; Zihlmann et al., 2018). In order to assess
the complex magmatic and metamorphic evolution within
this environment, volatile bearing minerals such as amphi-
bole provide pivotal information about thermal and geo-
chemical evolution due to their large range of temperature
stability. Indeed, amphiboles are able to record the evolu-
tion from a magmatic regime at an early stage of ocean crust
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Figure 9. Contrasting compositional features for plagioclases from typical poikilitic (sample GT3A-97Z-2, 35–40 cm; a, b) and granular
domains (sample GT3A-109Z-3, 39–47 cm; c, d). (a, c) Microphotograph with plane-polarized light; (b, d) EPMA profile for An and FeO
content. Plagioclase from poikilitic domains (a, b) shows only minor compositional variation with generally higher An contents (up to
An 86). In contrast, plagioclases from the granular domain show in general a strong zoning with significantly lower An contents (c, d). The
yellow arrows mark the start and end of the EPMA profiles.

formation, as well as throughout a metamorphic stage under
amphibolite facies conditions of increased hydrothermal ac-
tivity, and up to pervasive alteration under (sub-)greenschist
facies, which are often accompanied by brittle deformation
that leads to a marked amphibole veining (at temperatures
above 300 ◦C; e.g., Coogan et al., 2001; Bosch et al., 2004;
Alt et al., 2010; Currin et al., 2018b). Constraints regarding
conditions for amphibole formation and distinguishing be-
tween magmatic and hydrothermal can be drawn from ther-
mometric constraints. Based on experimental evidence show-
ing that TiO2 content in calcic amphiboles is strongly depen-
dent on temperature but barely affected by pressure, Ernst
and Liu (1998) calibrated the Ti-in-amphibole geothermome-
ter applicable for temperatures between 500 and 1050 ◦C. Al-
though this geothermometer was characterized by Ernst and
Liu (1998) as semiquantitative, the reliability of this geother-
mometer was validated experimentally (e.g., Koepke et al.,
2003; France et al., 2010) and has been used in several stud-
ies (France et al., 2009, 2013; Koepke et al., 2008, 2011).

Figure 11 displays the relation between tetrahedral Al
and Na+K on the A site of the amphiboles versus the Ti-
in-amphibole temperature. Both parameters of the diagram,
which are regarded as dependent on the temperature (e.g.,
Holland and Blundy, 1994), show a good correlation with
the temperature estimates of the Ti-in-amphibole geother-

mometer. Figure 12 demonstrates an example of complex
zoning relations, which is representative of many amphiboles
in the investigated samples. Typically, the inner brown cores
of zoned amphiboles are elevated in Al2O3, TiO2, Na2O
(Fig. 10) and higher Ti-in-amphibole temperatures (800–
900 ◦C) (Ernst and Liu, 1998), implying a magmatic for-
mation (800–900 ◦C, which is consistent with the estimated
temperature). This is further supported by the increased con-
tents of F, implying the importance of a magmatic fluid, since
it is assumed that the F content in amphiboles from oceanic
gabbros is of magmatic origin (e.g., Coogan et al., 2003).
In contrast, lower concentrations of Al2O3, TiO2, Na2O and
the Ti-in-amphibole temperatures are found in the rim areas
of the amphibole, implying a formation in the transition be-
tween magmatic and metamorphic (hydrothermal) processes
formed under amphibolite facies to greenschist facies in the
outer rims (550–700 ◦C, which is also consistent with es-
timated temperatures). Similar trends are observed in com-
plex zoned amphiboles from other varitextured gabbro sam-
ples, providing evidence of the strong influence of seawater-
derived fluids during hydrothermal alteration throughout the
amphibolite facies overprint.

Since the formation of amphiboles requires high water ac-
tivities (i.e., mainly water saturation), the wet solidus of gab-
bros becomes relevant. Formation temperatures above the
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Figure 10. Compositional range (bars) and averages (white circles)
for different amphibole groups in varitextured gabbros, classified
by mineral color. The concentrations of Al2O3, Na2O, TiO2 and
hence the Ti-in-amphibole temperature range towards lower values
from brown via brown-green and green to pale green color of the
amphiboles. High TiO2 contents in the brown amphiboles (up to
∼ 5 wt %) reveal a magmatic origin. Relatively high Cl contents (up
to 0.5 wt %) imply the presence of a highly saline fluid or brine dur-
ing formation, interpreted as the result of assimilation of previously
hydrothermally altered sheeted dikes (see Discussion).

hydrous solidus for gabbroic rocks have been estimated to
∼ 870 ◦C for more primitive and ∼ 800 ◦C for evolved gab-
bros (oxide gabbros; for details see Koepke et al., 2018), re-
sulting in wet solidi of∼ 800 ◦C for the varitextured gabbros,
which are considered relatively evolved (e.g., Fig. 13). This
suggests a magmatic origin for those amphiboles with a for-
mation temperature> 800 ◦C. The Ti-in-amphibole tempera-
tures shown in Figs. 10 and 12 suggest that most of the brown
amphiboles could be regarded as magmatic.

Several studies have been performed to shed light on the
composition of amphiboles in oceanic gabbros with respect
to their formation in three contexts: (1) amphiboles as late-
stage minerals in oceanic gabbros from the deeper crust
(e.g., Tribuzio et al., 2000; Coogan et al., 2001; Koepke et
al., 2005); (2) amphiboles in metamorphic veins of gabbros
from the lower crust (e.g., Manning et al., 2000; Currin et
al., 2018b; Zihlmann et al., 2018; Zhang et al., 2021); and
(3) amphiboles in evolved gabbros from the dike–gabbro

Figure 11. Relationship between tetrahedral Al and Na+K on the
A position of the amphiboles versus the Ti-in-amphibole tempera-
ture for the different groups, classified by mineral color. Also shown
are amphibole data as comparison from other locations of the most
southern blocks of the Oman ophiolite: Wadi Gideah (M: Müller
et al., 2017, frozen AML; K: Koepke et al., 2022, layered gabbro)
and Wadi Aswad (F: France et al., 2021). The amphiboles from
the crustal level of a frozen AML show both low tetrahedral Al
and A(Na+K) together with a lower Ti-in-amphibole temperature.
In contrast, the layered gabbros from Wadi Gideah exhibit much
more scattering, whereas the amphibole data from Wadi Aswad
exhibit higher Ti-in-amphibole temperature for tetrahedral Al and
A(Na+K), showing an overlap with the brown and brown-green
amphiboles from this study.

transitions, including varitextured gabbros (e.g., Gillis et al.,
2003; Koepke et al., 2011; France et al., 2013, 2021; Müller
et al., 2017; Zhang et al., 2017). Since the latter topic is the
focus of this study, we present in the following a summary
on compositions of amphiboles in typical isotropic gabbros
from dike–gabbro transitions from the EPR and Oman.

Gillis et al. (2003) used plagioclase–amphibole thermom-
etry that revealed temperatures between 850 and 925 ◦C.
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Figure 12. Compositional zoning in an amphibole with a brown core in a typical varitextured gabbro (sample GT3A-109Z-2, 48–56 cm).
(a) Microphotograph with plane-polarized light with the yellow arrow marking the start and end of the EPMA profile. (b–d) Gradual decrease
in Mg#, Al2O3, Na2O, TiO2, F and formation temperature from core to rim. (c) Reversed relationship for FeO and Cl. Reported error bars
are the count-specific error. Error bars for TiO2 and Cl are smaller than the symbol size.

France et al. (2013) performed geothermometry on two
coarse-grained varitextured gabbros from Wadi Rajimi in
the northern massifs of the Oman ophiolite using the semi-
quantitative thermometer of Ernst and Liu (1998). They ob-
tained Ti-in-amphibole temperatures for the formation of
hornblendes of 780 and 840 ◦C for the two gabbros. Stud-
ies from Koepke et al. (2011) and Zhang et al. (2017) fo-
cused mostly on gabbroic rocks from the dike–gabbro tran-
sition drilled at IODP Site 1256. In the varitextured gab-
bros investigated by Koepke et al. (2011), primary magmatic
amphiboles occur in typical granular domains of the inves-
tigated samples, which are compositionally more evolved
compared to poikilitic domains. Thermometry performed on
these amphiboles revealed maximum equilibrium tempera-
tures of 925 ◦C (hornblende–plagioclase equilibrium; Hol-
land and Blundy, 1994) and 1009 ◦C (Ti-in-amphibole tem-
perature; Ernst and Liu, 1998), which are consistent with
a primary magmatic origin. Analyzed magnesio-hastingsitic
amphiboles in these gabbros show relatively high Cl con-
tents, between 0.4 wt % and 0.6 wt %, which are significantly
higher than expected values for a pure magmatic source (e.g.,
Coogan et al., 2001; Gillis et al., 2003), implying the in-
volvement of seawater-derived hydrothermal fluids. Due to

high Al2O3 (up to 13 wt %) and TiO2 (up to 4 wt %) contents
in amphiboles from evolved granular domains of gabbroic
rocks from the dike–gabbro transition at IODP Site 1256,
Zhang et al. (2017) concluded there was a primary magmatic
origin for these amphiboles within these rocks.

The F–Cl amphibole classification proposed by Coogan et
al. (2001) provides additional criteria to distinguish between
magmatic and metamorphic amphibole formation, based on
the contents of the volatiles F and Cl incorporated in the am-
phiboles, in which high F content generally is regarded as a
magmatic signature, while high Cl content implies a meta-
morphic origin based on interactions with seawater-derived
fluids during formation. The classification is based on amphi-
boles in lower gabbros from the slow-spreading Mid-Atlantic
Ridge (MAR), occurring in different structural domains (in-
terstitial late-stage formations, fillings within and replace-
ments of clinopyroxene, vein fillings). Amphiboles from the
gabbros of the drill core GT3A define a separate field ow-
ing to their high F and Cl concentrations (Fig. 15), implying
their formation is different from the four types characterized
in Coogan et al. (2001). With high F concentration, indicat-
ing a magmatic origin, and high Cl concentration, pointing
towards significant influence of seawater-derived hydrother-
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Figure 13. (a) Multi-element diagram (trace element concentration
normalized to N-MORB of Gale et al., 2013) for bulk rock compo-
sitions from gabbros and basalts from the GT3A drill core. As com-
parison, rocks from the Oman Wadi Gideah reference transect are
included (Garbe-Schönberg et al., 2022). OM10-A11, a primitive
basalt from the sheeted dike complex (black line), and OM10-A30,
a primitive olivine gabbro of the lower gabbro sequence (gray line).
(b) Same diagram with a narrower scale. Compositional fields for
Oman V1 and V2 lavas (Godard et al., 2003) are included, as well
as for gabbros from the IODP core drilled at Site 1256 (Neo et al.,
2009).

mal fluids, GT3A amphiboles include both magmatic and hy-
drothermal signals in their composition. This seems to rep-
resent a characteristic feature for the formation of this type
of gabbro in the transition between gabbros and dikes, since
amphiboles from evolved, high-level gabbros from similar
crustal positions from the EPR and Oman plot into the same
area of the diagram (Fig. 15). The reason for this partic-
ular feature is very probably that the primary melts, once
they reached the AML reservoir and became enriched in the
magmatic volatile F, experienced significant contamination,
which is further discussed in Sect. 5.2. The brown amphibole

Figure 14. Al2O3, TiO2 and Fe2Otot
3 versus MgO for bulk major

element compositions of drill hole GT3A lithologies (data from this
study and from Kelemen et al., 2020). (a, c, e) Solid lines repre-
sent fractional crystallization modeling using MELTS for varying
initial H2O contents. (b, d, f) Dashed lines represent the instanta-
neous cumulate corresponding to the sum of the crystallized phases
formed within a temperature interval of 20 ◦C for different initial
H2O contents. Starting composition is listed in Table 2. For details
see text.

cores of magmatic origin (mostly pargasites and hastingsites;
see Table S1) are particularly elucidative, since they retained
their magmatic F signature, despite a subsequent hydrother-
mal overprint of the amphiboles, which is a typical feature of
the investigated magmatic amphiboles.
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Figure 15. Concentration of F versus Cl in amphiboles from gab-
bros of the OmanDP drill core GT3A in comparison to those from
EPR Hess Deep (Gillis and Meyer, 2001), Oman ophiolite Wadi
Gideah (Müller et al., 2017) and Oman ophiolite Wadi Aswad
(France et al., 2021). Discrimination fields are from Coogan et
al. (2001) for amphiboles related to magmatic (bleb, interstitial) or
hydrothermal (vein, replacive) formations. These fields have been
evaluated for gabbros from the Mid-Atlantic Ridge. Note that the
amphiboles from Oman and those from EPR Hess Deep plot in an
area with high Cl and F concentration, not covered by the discrimi-
nation fields of Coogan et al. (2001).

Studies on the occurrence of Cl-rich amphibole in low-
to high-grade metamorphosed and hydrothermally altered
rocks have suggested saline fluids as a general contributor
(see Currin et al., 2018a, and references therein). Experi-
mental studies further show that the concentration of Cl in
amphiboles can be used to constrain the conditions of the
seawater-derived fluids, added to silicate melts. Experimen-
tal runs on the addition of Cl from NaCl (4 wt % NaCl; Sato
et al., 2005) dissolved in water leads to very small Cl concen-
trations in amphiboles, e.g., < 0.02 wt % according to Wolff
et al. (2013) or < 0.08 wt % according to Sato et al. (2005),
showing that the incorporation of Cl is a function of Cl
availability. Since many of the investigated brown amphi-
bole cores show significantly higher Cl concentrations (up
to 0.32 wt %, Table S1), it is implied that Cl was added to
the melt as moderately to highly saline fluid, which is indi-
cated by several experimental studies. Currin et al. (2018a)
performed experiments at the transition between hydrother-
mal and magmatic regimes (up to 900 ◦C) by adding a saline
fluid to the starting material with various Cl contents (up to
50 wt % NaCl) and produced Cl contents in the amphiboles
with varying Cl contents up to 0.47 wt %. Moreover, Sato et
al. (2005) synthesized amphibole at 3 kbar in a dacitic sys-
tem with a water-rich fluid moderately enriched in Cl, which
yielded Cl content in amphiboles between 0.01 wt % and
0.12 wt %. Cl values from both Sato et al. (2005) and Cur-
rin et al. (2018a) (0.01 wt % to 0.12 wt % and 0.02 wt % to

0.48 wt %, respectively) correspond to the number of Cl con-
centrations analyzed in the cores of the amphiboles of this
study (0.03 wt % to 0.32 wt %, Table S1). This further sug-
gests that the melts from which these amphiboles crystallized
must have been enriched in Cl. In contrast, extremely Cl-
rich amphiboles such as those found in lower crustal oceanic
gabbros (up to 5.2 wt %, Currin et al., 2018b) have not been
found in the investigated gabbros. The occurrence of such
Cl-rich amphiboles is linked to the presence of brines during
fluid–rock interaction (Manning and Aranovich, 2014) and
has only been found in hydrothermal veins near the transi-
tion to the mantle (Zhang et al., 2021).

5.2 Evidence for dike assimilation at the roof of an
AML

A characteristic feature of the GT3A varitextured gabbros
is the occurrence of microgranular domains: relatively small
(< 100, ∼ 60 µm on average) grains of clinopyroxene and
plagioclase, often associated with interstitial Fe–Ti oxides,
forming a microgranular network (Fig. 7). We found these
domains in five samples, from which four samples cluster
in a relatively narrow horizon from 325.2 to 327.8 m core
depth (Table 1). Here, the microgranular domains are of-
ten arranged as rosette-like, roundish structures with radi-
ating clinopyroxenes and plagioclases (Fig. 7a, c). These
rosette textural arrangements are identical to quenched struc-
tures documented in MORB-type basalts, where rapid crys-
tal growth around cryptocrystalline seed crystals produces
radiating, often fan-like clusters of lath-shaped plagioclase
and granular clinopyroxene (for details see Koepke et al.,
2008). Such structures are typically preserved in the horn-
felses formed under granulite or pyroxene hornfels facies
conditions at the conducting boundary layer and may survive
after stoping in the gabbroic mush of the AML (for details
see Koepke et al., 2011). The rosette structures found within
the granular domains of the investigated gabbros could thus
be regarded as compelling evidence that high-grade meta-
morphic hornfelses of former basalts of the sheeted dike se-
quence have been assimilated and integrated into the granular
network during gabbro solidification. The relatively evolved
compositions of clinopyroxene and plagioclase in the micro-
granular domains are more in accord with the compositions
of the granular than of the poikilitic domains (Fig. 8), imply-
ing that the basaltic components have been re-equilibrated
under those magmatic conditions, where the granular inter-
stitial network has been solidified.

Very similar domains have been observed in the varitex-
tured gabbros from IODP hole 1256D (EPR, eastern equa-
torial Pacific) as reported from Koepke et al. (2011). At Site
1256, a part of the dike–gabbro transition of the 15 Myr old
EPR crust has been penetrated by drilling, allowing deep in-
sights into the magmatic–metamorphic processes within this
peculiar horizon of fast-spreading oceanic crust. In contrast
to the GT3A drilling, hole 1256D penetrated a complete,
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about 70 m thick conductive boundary layer, providing a co-
herent metamorphic profile of sheeted dikes, starting at the
top with (conventionally) hydrothermal alteration in green-
schist facies and ending in high-grade metamorphic, micro-
granular hornfelses, formed under the condition of granulite
facies or two-pyroxene hornfels facies (Koepke et al., 2008;
Alt et al., 2010). This profile is cut at the bottom by the in-
trusion of gabbros, from which many show the typical vari-
textured features (Koepke et al., 2011). The 1256D transect
can be regarded as a legacy profile for dike–gabbro transi-
tions from fast-spreading ridges and provides basic knowl-
edge on the metamorphic–magmatic processes in such a
horizon: (1) the hornfelses have been formed due to con-
tact metamorphism of the underlying AML and correspond
to the conductive boundary separating two convecting sys-
tems (hydrothermal circulation above and melt reservoir of
the AML below; see review in Koepke and Zhang, 2020);
(2) relics of the hornfelses represented as microgranular do-
mains are common in many gabbros below the hornfelses,
providing evidence for stoping of the hornfelses during an
upward-moving AML after a replenishment event and testi-
fying to the nature of a dynamic AML (e.g., Koepke et al.,
2008, 2011); (3) because the hornfelses are dikes that have
been hydrothermally altered prior to the high-grade con-
tact metamorphism (Koepke et al., 2008; Alt et al., 2010),
the stoping of the hornfelses results in pervasive assimila-
tion, which is expressed by a characteristic Cl enrichment
commonly observed in MORBs from fast-spreading ridges
(Michael and Schilling, 1989; Fischer et al., 2016; Kendrick,
2019). It is also noteworthy to mention that orthopyroxene,
which is a characteristic mineral of the hornfelsic paragen-
esis recovered from the EPR, was not found in the GT3A
gabbros. It is plausible that the hornfelsic relics might have
been orthopyroxene-bearing but re-equilibrated under mag-
matic conditions during the crystallization of the host gabbro,
in which orthopyroxene was not stable.

One particular type of microgranular texture observed in
the investigated gabbros is the dike–gabbro contact shown in
Fig. 5 (sample GT3A-98Z-2, 32–37 cm). Here, both litholo-
gies are overprinted by the same high-grade, granulite-facies
metamorphism, resulting in fine-grained hornfelsic textural
domains, which is indicated by identical amphibole compo-
sitions in both lithologies (see Sect. 4.1 and Table S1). These
provide Ti-in-amphibole formation temperatures of 944 and
958 ◦C (for gabbro and basalt, respectively), implying that
the granulite-facies metamorphic overprint event triggered
anatectic processes that could have produced those late fel-
sic dikelets consisting of diorite, tonalite and trondhjemite
found at many places in the drill core GT3A (Kelemen et
al., 2020). The style of overprint in sample GT3A-98Z-2,
32–37 cm (Fig. 5), is quite different in both lithologies, as it
is constrained by different kinetics due to the differences in
texture and in mineral structures of both protoliths: while the
cryptocrystalline basalt shows a complete overgrowth by a
microgranular network of amphibole, clinopyroxene, plagio-

clase and Fe–Ti oxide, very similar to some hornfelses from
the IODP drill core 1256D, the much coarser grained gab-
bro is only partly overprinted, locally showing characteristic
domains of microgranular hornfelsic texture with the same
mineralogy (Fig. 5d–e). Such domains often correspond to
patches and vein-like assemblages, indicating that these lo-
cations represent former patches and veins formed by hy-
drothermal alteration, as was also observed in the hornfelses
representing former sheeted dikes from the IODP drill core
1256D (e.g., Koepke et al., 2011). This strongly suggests that
gabbros and dikes from the OmanDP GT3A drill core record-
ing granulite-facies contact metamorphism, have been deeply
hydrothermally altered prior to the overprint, as it was re-
ported from the IODP drill core 1256D. Later, after the con-
tact metamorphic overprint, both lithologies have been af-
fected by a subsequent hydrothermal alteration stage, which
is recorded in the zoning of the amphiboles, indicating con-
ditions of amphibolite facies grading down to greenschist fa-
cies.

Microgranular domains representing relics of former gra-
noblastic hornfelses within gabbros of the OmanDP drill core
GT3A have also been reported from the core characteriza-
tion team in the corresponding proceedings (Kelemen et al.,
2020). There, these features have been observed in the same
interval (323 to 326 m core depth) where we found the mi-
crogranular networks. Microgranular domains were also dis-
covered at 243.1 m core depth; therefore we identified a total
of two horizons with microgranular domains, providing evi-
dence for processes of stoping and assimilation. Kelemen et
al. (2020) systematically investigated the intrusive relation-
ships between individual dikes and gabbros, revealing a very
complex intrusion history. Considering the high number of
investigated intrusive contacts (more than 230 for the 400 m
of drill core) and the fact that each intrusive event destroys
most structures formed by previous intrusions, it is indeed
highly unlikely to find undisturbed, coherent, decameter-
thick metamorphic hornfels profiles, such as the one drilled at
IODP Site 1256. Therefore, in a given active ridge segment,
only the metamorphic imprints of relatively late replenish-
ment events can be traced by drilling, as was obviously the
case at IODP Site 1256.

5.3 Differentiation process within the AML

Mg#’s from basaltic rocks from GT3A and from Wadi
Gideah (Fig. 13a, black line) are more primitive than N-
MORB (Gale et al., 2013) and show pervasive negative
Nb–Ta anomalies. Figure 13 displays the trace element pat-
terns of the GT3A gabbros in comparison to the gabbros of
the dike–gabbro transition penetrated by IODP drilling at
Site 1256 in the equatorial Pacific, with data obtained by
Neo et al. (2009). IODP 1256 gabbros also do not exhibit
Nb–Ta anomalies, as would be expected in a typical MORB
setting. In fact, both V1 and V2 lavas in Oman show Nb–
Ta anomalies (Fig. 13a), emphasizing the formation of the
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Oman paleocrust related to a subduction zone environment
(e.g., MacLeod et al., 2013; Belgrano and Diamond, 2019).
Although the formation of V1 lavas was triggered by de-
compression melting (Godard et al., 2003), recent work has
shown that there were subduction-related contributions dur-
ing axial magmatism (Belgrano and Diamond, 2019). Con-
centrations of TiO2 (0.94 wt % to 1.21 wt %) and Zr (54 to
76 ppm) from basaltic rocks from GT3A are within the range
of V1 Geotimes lavas (Belgrano and Diamond, 2019, and
references therein). The gabbroic sequence is crosscut by
dikes bearing these chilled basaltic rims, emphasizing that
the GT3A sequence has likely formed during the first stage
of Oman magmatism. Compared to the envelopes defined by
Godard et al. (2003), GT3A basaltic rocks show relatively
low bulk trace element abundances. One explanation could
be related to the fact that these basaltic rocks are quite primi-
tive compared to those studied by Godard et al. (2003) (Mg#
∼ 40, whereas for this study we find Mg# 42 to 60) or be-
cause GT3A units are transitional to the V2 phase. This hy-
pothesis is in accord with recent work, showing that volcanic
units in Oman should not be viewed as isolated magmatic
pulses but as continuously evolving (Cravinho et al., 2022).

Excluding fluid-mobile elements (Cs, Ba, U, Sr, Rb), the
oxide gabbros and some of the more evolved gabbros show a
good correspondence with IODP Site 1256 gabbros, whereas
the varitextured gabbros and especially the olivine-bearing
gabbros from this study are significantly more depleted. This
may indicate that either the parental melts feeding the Oman
paleocrust were more primitive or the gabbros from Site
1256 represent a more evolved stage and more primitive
components have not been accessed by drilling. However,
a stronger cumulate component in GT3A (olivine-bearing)
gabbros may also result in the observed decreased trace ele-
ment abundances due to lower trapped melt fractions, where
incompatible elements will concentrate (e.g., Bédard, 1994).
This is also the case for the primitive olivine gabbro from the
layered gabbro section at Wadi Gideah (Fig. 13a, gray line),
in which trace element abundances are vanishingly low. A
mild cumulate component in GT3A olivine-bearing gabbros
is further supported by stronger positive Eu anomalies found
in these rocks, relative to gabbros and oxide gabbros.

In order to evaluate magmatic differentiation processes
and to quantify the amount of water in the corresponding
melts, we employed an approach using the MELTS algo-
rithm (Ghiorso and Sack, 1995) to model liquid lines of de-
scent (LLDs) with a variation in the meltwater content from
0 wt %–1.2 wt %. Of special interest was evaluating the na-
ture of fractionation, i.e., the relative role of crystal accumu-
lation versus the simple freezing of melts. We chose the same
starting composition as MacLeod et al. (2013) and Müller et
al. (2017): an experimentally derived MORB parental melt
after Kinzler and Grove (1993) with TiO2 corrections in or-
der to correspond to the special tectonic setting of the Oman
paleoridge during a stage of subduction zone initiation (Ta-
ble 2). To correspond to the crustal level of the AML (dike–

Table 2. Starting composition for modeling with MELTS.

Element wt %

SiO2 49
TiO2 0.7
Al2O3 16.8
FeOtot 7.9
MnO –
MgO 11.6
CaO 11.9
Na2O 1.92
K2O 0.05
P2O5 –
H2O 0–1.2

Total 99.87

Starting major element
composition after Kinzler
and Grove (1993;
example 2) with TiO2
adjustments after
MacLeod et al. (2013),
which was used for
modeling fractional
crystallization and crystal
accumulation.

gabbro transition), the crystallization pressure was set to iso-
baric conditions of 50 MPa. As oxygen fugacity (fO2) we
chose slightly oxidizing conditions at FMQ+ 1 (FMQ corre-
sponds to the fayalite–magnetite–quartz oxygen buffer). Ini-
tial H2O content was increased stepwise by 0.2 wt % over a
temperature interval of 5 ◦C. The generated plots shown in
Fig. 14 refer to the fractionated melt (Fig. 14a, c), and to the
instantaneous cumulate (Fig. 14b, d). The instantaneous cu-
mulate refers to the sum of the crystallized phases formed
within a temperature interval of 20 ◦C. For comparison, we
included in Fig. 14 the bulk major element data from this
study and those from Kelemen et al. (2020) for basalts and
gabbros from OmanDP drill core GT3A.

The basaltic rocks of this study and those of Kelemen et
al. (2020) follow modeled LLDs (TiO2 and Al2O3 versus
MgO) for moderately hydrous conditions, revealing initial
water contents between 0.2 wt % and 1.0 wt % (Fig. 14a, c),
thus being very similar to the results of MacLeod et al. (2013)
for the V1 Geotimes lavas, sampled all over the Oman ophi-
olite. The oxide gabbros follow more or less the modeled
LLDs of the basaltic rocks, implying that these can be re-
garded as frozen melts. Gabbros and olivine gabbros, how-
ever, do not follow as a whole the modeled LLDs. In the plot
Al2O3 versus MgO (Fig. 14a) they form an array crossing the
modeled LLDs, and in the plot TiO2 versus MgO (Fig. 14c)
they fall completely outside the field spanned by the LLDs.
This clearly shows that these gabbros could not be regarded
as frozen melts, implying that these rocks are cumulates or at
least bear a significant cumulate component.
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This inference is further confirmed by the calculated in-
stantaneous cumulate trends for the olivine-bearing gabbros
and gabbros but only for Al2O3 versus MgO (Fig. 14b), re-
vealing initial water contents between 0.4 wt % and 0.8 wt %,
which is identical to the results derived from the basaltic
rocks. In the plot TiO2 versus MgO (Fig. 14d) and also
for Fe2O3 versus MgO (Fig. 14f), however, the correspond-
ing data points fall outside the calculated trends for instan-
taneous cumulate formation. The reason for this mismatch
is probably the fact that these rocks do not correspond to
a system crystallized under equilibrium conditions, which
is a requirement for applying thermodynamic petrological
modeling. The presence of both poikilitic and granular do-
mains, which have been formed under different conditions
(Fig. 8; see next section), and the strong zoning in the miner-
als demonstrate a complex formation under disequilibrium.
The Al2O3-versus-MgO plot is related to phases such as pla-
gioclase, which is an early crystallization product, correctly
predicted by the MELTS model (Fig. 14). While plagioclase
is linked to the Al2O3 content, the MgO content of the dia-
gram is additionally affected by the fractionation of olivine.
TiO2 and Fe2O3 are incorporated in early clinopyroxene and
further in typical late interstitial minerals like Fe–Ti oxides
and amphibole. The latter makes the behavior of these el-
ements problematic to constrain. Another difficulty is the
moderate to high grade of alteration observed in the gabbros,
affecting changes in mineral compositions by hydrothermal
fluxes, which is especially pronounced in mafic phases con-
taining both TiO2 and Fe2O3. To summarize, the petrological
modeling reveals complex magmatic formation processes for
the gabbroic rocks, with highly evolved constituents (oxide
gabbros) representing frozen melts and more primitive ones
(olivine-bearing gabbros and gabbros), showing a significant
component of cumulate formation.

5.4 Formation of poikilitic and granular textures

A characteristic feature of the studied varitextured gabbros is
that the different textural domains contain minerals with sig-
nificantly different compositions, as demonstrated in Fig. 8.
While both plagioclase and clinopyroxene show a wide com-
positional span (e.g., 70 mol % for plagioclase, Fig. 8), the
compositions are clearly more primitive in the poikilitic do-
mains and more evolved in the granular domains. A simi-
lar observation was made by Koepke et al. (2011) for vari-
textured gabbros formed at the EPR, from IODP Site 1256,
and by Müller et al. (2017) for varitextured gabbros from the
Wadi Gideah in the Oman ophiolite. It should be mentioned
that although these authors used the term “subophitic” in-
stead of “poikilitic” as in this study, the described textural do-
mains are virtually identical: large clinopyroxene oikocrysts
filled with small plagioclase chadacrysts.

In Fig. 16, An contents in plagioclase versus Mg# in
clinopyroxene show that the varitextured gabbros from the
GT3A core broadly follow the EPR trends, with two differ-

ences: (1) the poikilitic domains from the GT3A core are
generally higher both in An content and in Mg#. This may
be due to the presence of initial water in the parental melts
feeding the Oman paleocrust. A higher water activity pro-
duces both higher An contents in plagioclase (e.g., Gaetani
et al., 1993; Feig et al., 2006) and higher Mg# values, due to
the oxidizing effect of water (e.g., Botcharnikov et al., 2005),
which increases the Fe3+ species in the melt and thereby
shifts the Mg# to higher values. (2) Plagioclase from both do-
mains in the varitextured gabbros from the GT3A drill core
shows a much larger range to lower An compositions com-
pared to those from the EPR, implying a stronger grade of
differentiation. Also plotted in Fig. 16 are layered and fo-
liated gabbros from the deeper parts of the lower crust from
the Wadi Gideah in the Oman ophiolite (Koepke et al., 2022),
demonstrating that these gabbros, which are typical cumulate
gabbros representing about 4.5 km thickness of the crust (see
Fig. 2c), are quite different in composition. They form a rela-
tively narrow array with high An contents in plagioclase and
Mg# in clinopyroxene. This also demonstrates the peculiarity
of the varitextured gabbros in the horizon of the dike–gabbro
transition, which show a significant range of differentiation
compared to the gabbros of the lower crust.

It was shown by Koepke et al. (2011) for varitextured gab-
bros from the EPR at IODP Site 1256 and by Müller et
al. (2017) for the Oman ophiolite that some cores of pla-
gioclases and clinopyroxenes of the poikilitic domains con-
tain relics of early crystallization products of very primitive
parental melts, which is also true for those varitextured gab-
bros from the drill core GT3A investigated in this study. Our
study provides additional evidence that primitive parental
melts are transported through the whole crust directly to the
AML, which is also the locus of extensive differentiation
from pooled primitive melts. This supports the gabbro glacier
model for the accretion of the lower crust, wherein the AML
is envisaged as feeding the whole gabbroic crust below the
dike–gabbro transition of fast-spreading ridges (e.g., Hen-
stock et al., 1993; see Sect. 1.1) or at least a significant part
of it (Maher et al., 2021; Mock et al., 2021).

Based on major and trace elements analysis of plagioclase
and clinopyroxene, Koepke et al. (2011) proposed a model
for the formation of varitextured gabbros at the dike–gabbro
transition of fast-spreading ridges, wherein plagioclase crys-
tallization precedes clinopyroxene in primitive melts trans-
ported into the AML, resulting in the formation of poikilitic
clusters. The main magmatic process is in situ fractionation,
where the fractionated melt stays in place within a crystal
mush, which is cooling, presumably due to the proximity
of the AML’s margins. These are affected by hydrothermal
circulation, enabling the removal of the latent heat of crys-
tallization. After the formation of the poikilitic clusters, the
degree of crystallization increases, resulting in the forma-
tion of a connected framework around the poikilitic domains,
consisting of clinopyroxene and plagioclase showing a more
evolved composition, followed by interstitial amphiboles and
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Figure 16. Sample averages of An content in plagioclase versus
Mg# in clinopyroxene evolution trends for varitextured gabbros
from the GT3A drill core, shown for the different textural domains
(poikilitic, granular, microgranular). Green and blue fields define
poikilitic and granular domains from varitextured gabbros from
IODP hole 1256D (EPR, from Koepke et al., 2011). The data of
the GT3A drill core show a similar correlation to those from the
EPR but with generally higher An contents, which is due to the
hydrous nature of the Oman parental melts. Data from typical lay-
ered and foliated gabbro from the lower gabbroic crust of the Oman
ophiolite (Wadi Gideah; Müller, 2016) are also included, spanning a
compositional field which is significantly different compared to the
varitextured gabbros from the dike–gabbro transition. The black and
the blue arrows correspond to evolution trends modeled for frac-
tional crystallization with MELTS for 0 wt % and 0.6 wt % initial
H2O. From this, it is obvious that at least the start of differentiation
recorded in the poikilitic domains proceeded at high water activities.
Error bars are the 1σ standard deviation for clinopyroxene Mg# and
plagioclase An content.

Fe–Ti oxides. This process is manifested in the formation
of the granular domains. Considering the marked similari-
ties of the studied varitextured gabbros with those from the
EPR at IODP Site 1256, we assume a very similar formation.
One characteristic difference between these two sites is the
lack of orthopyroxene in the granular domains of the gabbros
from the GT3A drill core. We attribute this to a higher water
activity prevailing in the AML of the Oman paleoridge, as
a consequence of the tectonic setting in the environment of
subduction zone initiation. High water activities stabilize the
formation of early amphibole (e.g., Pichavant and Macdon-
ald, 2007), which is, together with clinopyroxene, the dom-
inant mafic phase in the varitextured gabbros of the GT3A
drill core. Moreover, a high water activity has the potential to
destabilize orthopyroxene (Feig et al., 2006), which is obvi-
ously the reason for the general lack of orthopyroxene in the
gabbros of the Oman dike–gabbro transition. Furthermore,
a high water activity results in more oxidizing conditions,
which in turn stabilizes Fe–Ti oxides, as demonstrated by

Figure 17. Schematic sketch of a cross-axis view illustrating the up-
per part of the AML near the conductive boundary layer for the crys-
tallization progress of the Oman GT3A lithologies (left) compared
to the drilled core at IODP Site 1256 from the EPR (right). In the
early stage of crystallization, both sites show sporadically poikilitic
clusters followed by granular plagioclase and granular clinopyrox-
ene. Olivine may join these assemblages at both sides, not shown
in this sketch. Owing to the higher water activity in the GT3A sys-
tem, here amphibole together with Fe–Ti oxides crystallized signif-
icantly earlier compared to Site 1256. The microgranular domains,
recorded from both sites, correspond to relics of stoped dike mate-
rial from the AML roof. The crystallization of (late) orthopyroxene
is restricted to the EPR site. For details see text.

experimental studies (e.g., Toplis and Carroll, 2005; Koepke
et al., 2018). This is probably the reason for the relatively
common occurrence of oxide gabbros in the GT3A drill core
of the Oman ophiolite (Kelemen et al., 2020), in contrast to
IODP Site 1256.

5.5 Magmatic processes at the roof of an AML – a
formation scenario for the Oman paleoridge

Taking all analytical results and petrographic observations
into account, we suggest the following formation scenario
for the varitextured gabbro from the GT3A core drilled in
the Wadi Abdah within a dynamic AML system, character-
ized by a rising stage after replenishment and a subsequent
cooling stage due to hydrothermal circulation. This is based
on previous work on the genesis of varitextured gabbro from
the EPR and Oman ophiolite (Koepke et al., 2011; Müller et
al., 2017), accordingly adapted in terms of the special obser-
vations related to the GT3A drill core and demonstrated in
Fig. 17.

Stage 1, t = t0. After a replenishment event, the AML
migrates upward, establishing a new steady state at
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a relatively high position. During the upward migra-
tion, the AML burns through previously altered sheeted
dikes, resulting in stoping processes and assimila-
tion of hydrothermally altered, exogenic roof material,
which increases the water content in the melt and adds
seawater-derived fluid-mobile elements like Cl.

Stage 2, t = t1. The rising of the AML stops in a
high position, transforming the overlying previous hy-
drothermally altered sheeted dikes to granoblastic horn-
felses by intense contact metamorphism (formation of
a conductive boundary layer), with local partial melting
of the roof rocks leading to felsic veins (Erdmann et al.,
2017). At this stage, stoped parts of the AML roof rep-
resenting granoblastic hornfelses sink into the melt and
form those relics, which can be observed in the GT3A
gabbros as microgranular domains. Cooling of the melts
starts due to the loss of heat supply from below after the
replenishment is finished in combination with convec-
tive cooling from above by seawater-derived hydrother-
mal circulation.

Stage 3, t = t2. As a consequence of cooling, the AML
starts to freeze at the roof and margins by crystallizing
plagioclase followed by clinopyroxene, which encloses
the plagioclase crystals and forms relatively primitive
poikilitic clusters. At places where the melt is more
primitive, olivine crystallizes first, as is evident from
some olivine pseudomorphs observed in olivine-bearing
gabbros among the varitextured gabbros. These early
phases have the potential to cluster and accumulate,
leading to the specific cumulate character suggested
from the MELTS modeling.

Stage 4, t = t3. Finally, the melt surrounding the
poikilitic cluster, which is meanwhile more evolved due
to the crystallization of early phases, freezes to a more
evolved granular network, consisting of tabular plagio-
clase and prismatic clinopyroxene, subsequently fol-
lowed by Cl-enriched amphiboles and Fe–Ti oxides.
The crystallization of the latter phases is forced by the
high water activity (which in turn also increases fO2).
The crystallization of the granular network proceeds un-
der marked disequilibrium conditions, as evidenced by
the extreme zoning observed especially in plagioclase
(Fig. 9) and amphibole (Fig. 12).

Stage 5, t = t4. The magmatic stage merges more or
less continuously into a high-temperature metamorphic
stage, as evidenced by coherent amphibole zoning re-
vealing Ti-in-amphibole formation temperatures shift-
ing from the magmatic into the metamorphic regime
(Fig. 11). Further cooling under the presence of hy-
drothermal fluids leads to mineral formation in the
amphibolite facies, followed by the greenschist facies

and finally down to the sub-greenschist facies (zeo-
lite+ prehnite+ carbonates); the latter is often accom-
panied by brittle deformation, leading to a marked vein-
ing and formation of low-temperature alteration phases.

Following such an evolution sequence and still in a stage of
intense hydrothermal cooling at low temperatures, dikes of
basaltic material may intrude again, originating from a (new)
AML located significantly deeper and leading to the typical
microcrystalline basaltic textures often with the chilled mar-
gins at the contact seen in GT3A core (Fig. 6; Kelemen et al.,
2020). Another scenario could be that the whole sequence is
subsequently intruded by a new AML, which may rise up af-
ter a new event of replenishment, reproducing the magmatic–
metamorphic sequence outlined above, forming a new con-
ducting boundary layer at its roof. Evidence for such an event
is recorded in sample GT3A-98Z-2, 32–37 cm, where a dike–
gabbro contact was overprinted to microcrystalline hornfels
(Fig. 5; see Sect. 5.2).

6 Conclusion

Gabbros in the OmanDP drill core GT3A from the Wadi
Abdah of the Oman ophiolite can be regarded as the mag-
matic outcome of a dynamic axial melt lens horizon and its
episodic upward and downward movement. In situ crystal-
lization is the dominant magmatic process, forming early
poikilitic clusters followed by the crystallization of the in-
tergranular melt to a granular network under conditions of
disequilibrium, as expressed by the marked zoning of the
minerals in the gabbros. In contrast to EPR gabbros, the
dominance of magmatic amphibole together with the ab-
sence of orthopyroxene and the generally higher An contents
in plagioclase indicate high water activities in the parental
melts feeding the Oman paleocrust. Thermodynamic model-
ing reveals initial water contents of 0.2 wt %–0.8 wt % in the
parental melts feeding the main part of the crust of the Oman
ophiolite, in accord with other estimations of initial water
content. While the evolved gabbros of our sample set (ox-
ide gabbros) could be regarded as frozen melts, the majority
of the gabbros (olivine-bearing gabbros and gabbros) show
a distinct cumulate character. The drill core GT3A enables
a deep insight into 400 m of the dike–gabbro transition of
typical fast-spreading crust, revealing highly complex dike–
gabbro contact relationships. Characteristic are varitextured
gabbros intruding/stoping earlier previously altered sheeted
dikes and basaltic dikes cutting through earlier gabbros. This
highlights the activity of a highly dynamic AML, charac-
terized by changing conditions in the transition between the
magmatic and metamorphic regime.
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