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Abstract. The Atlantis Bank at the Southwest Indian Ridge (SWIR) is probably the most thoroughly investi-
gated oceanic core complex from a typical slow-spreading ridge. Here, ODP (Ocean Drilling Program) conducted
two drilling expeditions at Drill Site 735B. The gabbro massif is characterized by the presence of hundreds
of felsic veins, which are rocks consisting of evolved, silica-rich material showing the composition of typical
“oceanic plagiogranites”. Two models have been suggested for their generation: (1) the extreme differentiation
of a MORB magma, resulting in a highly differentiated melt, and (2) the hydrous remelting of gabbroic rocks in
the deep oceanic crust.

Detailed petrographical and microanalytical investigations of gabbroic rocks from ODP drill core 735B re-
veal that many of these gabbros exhibit microstructures characteristic of hydrous partial melting of gabbro. Key
features that led to this conclusion are zones of anorthite-enriched plagioclase on grain boundaries, which form
parageneses with interstitial brown amphibole and orthopyroxene. These are interpreted as the residual phase as-
semblage left after hydrous partial melting. These events are triggered by water-rich fluids migrating along grain
boundaries within the cooling gabbro complex at temperatures above the wet gabbro solidus. This conclusion
is supported by two further observations: (1) trace element concentrations in the An-enriched plagioclase (Ti,
Mg, and K) are strongly impoverished, in line with experiments simulating the hydrous partial melting of gab-
bro. (2) The bulk TiO, content of the felsic veins shows characteristically low concentrations, consistently with
an origin through the melting of TiO,-impoverished cumulate gabbro. This contrasts with melt compositions
derived through fractional crystallization of MORB, where TiO; concentrations are significantly higher. Our
results show that hydrous partial melting of gabbro played a role in the formation of the felsic melts, alongside
fractional crystallization, which is the standard model for felsic vein formation evidenced by several papers.

spreading ridge systems is the gabbroic oceanic core com-

1.1 Production of felsic melt in the deep oceanic crust of
slow-spreading ridges

Only at slow-spreading ridges are centimeter- to decimeter-
sized veins of SiOj-enriched rocks known. These are of-
ten called “oceanic plagiogranites” (see Koepke et al., 2007,
for definition) or “felsic veins”, cutting the lower gabbroic
crust in many places. These rocks generally account for less
than 1vol % of the crust (see Koepke et al., 2007, for de-
tails). The best example of such felsic veins from slow-

plex “Atlantis Bank”™ at the Southwest Indian Ridge (SWIR,
Fig. 1), where ODP (Ocean Drilling Program) and IODP (In-
ternational Ocean Discovery program) drilled cores at three
different sites (see the review of Dick et al., 2019). The
longest drill core was drilled at Site 735B between 1987 and
1998, encountering ~ 1.5km of gabbroic rocks, which are
cut by hundreds of igneous felsic veins, consisting of dior-
ite, tonalite, and trondhjemite (Dick et al., 2000). Two mod-
els have been suggested for the generation of felsic veins in
gabbroic complexes from slow-spreading ridges: (1) crystal
fractionation in MORB magmas, resulting in highly differ-
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Figure 1. Bathymetry of the Atlantis Bank at the SWIR, including
the ODP and IODP drill sites. The drilled gabbros from this study
are from Hole 735B (marked by an arrow). Modified after Dick et
al. (2016).

entiated melt (e.g., Berndt et al., 2005; Niu et al., 2002; Chen
et al., 2019; Zhang et al., 2025), and (2) hydrous remelt-
ing of gabbroic rocks in the deep oceanic crust (e.g., Flagler
and Spray, 1991; Brophy and Pu, 2012; Koepke et al., 2004,
2007; Zhang et al., 2025). Both models have been verified by
experimental studies (e.g., Berndt et al., 2005; Koepke et al.,
2004; Wolff et al., 2013).

With regard to model 2, the corresponding experiments
on hydrous partial melting of gabbro were conducted us-
ing natural starting material and significantly different grain
sizes. While Koepke et al. (2004) used very fine-grained ma-
terial to achieve global equilibrium conditions, Wolff et al.
(2013) used microrocks of the same gabbro to shed light on
the kinetics of the partial-melting process. Although far from
global equilibrium, the observed phase relations and compo-
sitional trends in the microrock experiment results are practi-
cally identical to those in runs using a very fine-grained pow-
der. This provides a detailed insight into the reaction kinet-
ics (Wolff et al., 2013). Interestingly, textural features and
compositional characteristics obtained in the partial-melting
experiments on microrocks are in good agreement with cor-
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responding features of interstitial assemblages in some nat-
ural oceanic gabbros from slow-spreading ridges. This sug-
gests that some natural late-stage parageneses may be bet-
ter explained as residual phases left behind after a hydrous
partial-melting event rather than by the crystallization of a
late, evolved percolating melt.

1.2 Gabbros hosting felsic veins from the Atlantis Bank
at the SWIR

Two longer cores were drilled at the top of the Atlantis Bank:
Hole 735B (ODP Legs 118 and 176), which was drilled be-
tween 1987 and 1998 (see Dick et al., 2000, for details), and
Hole U1473A, which was drilled by IODP Expedition 360 in
2016 (for details, see MacLeod et al., 2017; Dick et al., 2019;
Fig. 1). Comparing the two drilling processes demonstrates
continuity in both holes, emphasizing the complex interplay
of magmatic accretion and steady-state detachment faulting
over a period of ~ 128 kyr (MacLeod et al., 2017). The re-
sults show that the lower crust of the Atlantis Bank was built
up through repeated cycles of intrusion by several bodies of
olivine gabbro, each hundreds of meters in size.

Several dozen publications on the gabbro rocks drilled in
both holes provide a foundation of knowledge on how the
deep oceanic crust under slow-spreading ridges is formed.
The gabbros from both drill cores are composed of a vari-
ety of gabbroic lithologies, from primitive olivine gabbros to
evolved oxide-rich gabbros, cut by hundreds of millimeter- to
centimeter-thick felsic veins (Dick et al., 2000; MacLeod et
al., 2017). Examples of findings relating to gabbros drilled in
Hole 735B can be found in the work of Natland et al. (1991)
and Dick et al. (2000, 2002). Several publications focusing
on gabbros from Hole U1473A over the last 7 years demon-
strate the geoscience community’s general interest in the At-
lantis Bank gabbros. Petrological studies focusing on magma
formation and evolution show that “simple” fractional crys-
tallization is not the main process behind the formation of
crustal magmas. Instead, the importance of other processes
is emphasized: assimilation/fractional crystallization as the
key mechanism in lower crust formation (Dhar et al., 2022),
the role of compaction in melt extraction and accumulation
(Ferrando et al., 2021), the pervasive reactive transport of fer-
robasaltic melts formed during early crystallization of Fe-Ti
oxides as monitored by amphibole geochemistry (Ferrando
et al., 2022), melt rock reaction by the intergranular reactive
porous flow of a melt migrating through the mush framework
(Sanfilippo et al., 2020), processes controlling halogen (F, Cl,
Br, I) abundances (Kendrick, 2019), the importance of melt
migration by intrusion processes or porous flow at all scales
(Boulanger et al., 2021), the role of multi-stage melt migra-
tion due to compaction and syn-magmatic deformation dur-
ing crustal accretion (Zhang et al., 2020).
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1.3 Felsic veins from Holes U1473A and 735B

Several papers have been published focusing on the felsic
veins drilled in the Atlantis Bank at the SWIR. By inves-
tigating seven felsic veins cutting through gabbro in Hole
U1473A, Nguyen et al. (2018) determined that the forma-
tion occurred through fractional crystallization. Based on
a structural geological survey of 14 felsic veins, Ma et al.
(2020) discussed two generations of felsic veins in the core
drilled in Hole U1473A. For type-1 veins, they proposed late
fractional crystallization as the formation model. For type-2
veins, which are associated with dikes, the authors consid-
ered it to be the case that anatectic melts were formed by
hydrous partial melting of gabbros, triggered by fluids de-
rived from seawater. While the focus of this study is on struc-
tural geology, no valid geochemical or petrological evidence
is presented for the mode of formation of the veins studied,
except for some microstructures and An-rich rims in the pla-
gioclases of the host gabbros, suggesting a genesis by hy-
drous partial melting of gabbro. Other authors investigating
these veins focused on fractional crystallization as the rele-
vant process, resulting from oxide fractionation at a late stage
of tholeiitic magma evolution (Niu et al., 2002; Chen et al.,
2019). For the felsic veins in Hole 735B, Chen et al. (2019)
concluded that the formation of the felsic melts was primar-
ily due to extreme fractional crystallization, as suggested by
the bulk TiO; vs. MgO trend. However, this trend is highly
heterogeneous and is based on only a few data points, which
appear to have been affected by contamination from cumu-
late phases in the host gabbros. The most recent paper inves-
tigating the formation mode of felsic veins drilled in Hole
U1473A is by Zhang et al. (2025), with a focus on the geo-
chemistry of zircons and geochemical modeling. These au-
thors provide compelling evidence that both extreme frac-
tionation of MORB and hydrous partial melting of gabbros
played significant roles in the formation of felsic melts at the
Atlantis Bank.

Koepke et al. (2005a, b) focused on microstructures in
gabbros from slow-spreading ridges and suggested that the
felsic veins could be the result of partial melting triggered
by high-temperature hydrothermal fluids that were trans-
ported along grain boundaries deep into the crust via high-
temperature shear zones. In Koepke et al. (2005b), one ex-
ample from the Atlantis Bank at the SWIR drilled in Hole
735B is presented. This model is also supported by the rela-
tively low TiO» concentration in the veins, which is a conse-
quence of the depleted nature of typical cumulate gabbros in
the lower oceanic crust (see Koepke et al., 2007, for details).
Finally, Natland et al. (1991) proposed liquid immiscibility
between an oxide-rich and a silicate-rich melt as the possi-
ble origin of the felsic veins from Hole 735B. Pietranik et al.
(2017) examined the composition of zircons in felsic veins
and oxide gabbros from Hole 735B. Their findings suggest
that there are different ways in which felsic melt can form.
The zircons generally exhibit variable compositions, which
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is consistent with their crystallization from melts formed by
crystal fractionation of mid-ocean ridge basalt (MORB) and
hydrous partial remelting of deep cumulate gabbros.

1.4 Aims of this study

This study aims to provide evidence that hydrous partial
melting of gabbros is one of the processes responsible for the
formation of felsic veins in gabbros from Hole 735B. Until
now, the microstructures of residual phases produced by hy-
drous partial-melting reactions have only been documented
in a few locations in the recent oceanic crust generated at
slow-spreading ridges (Koepke et al., 2005a, b). Of the At-
lantis Bank at the SWIR, where the majority of studies on
felsic veins cutting gabbros have been published, only one
rock example has been presented by Koepke et al. (2005b) to
date. This paper addresses the issue by presenting numerous
additional examples of these characteristic microstructures in
drilled gabbros from the Atlantis Bank at the SWIR.

Unlike the many studies on felsic veins from Hole 735B
mentioned above, this paper focuses not on the petrology
and geochemistry of the felsic veins themselves but on the
microstructures preserved in the gabbros, which imply that
hydrous partial melting has occurred. Key features of this
process include zones of An-enriched plagioclase on grain
boundaries, which form parageneses with interstitial brown
amphibole and orthopyroxene. These can be interpreted as
the residual phase assemblage left behind following a hy-
drous partial-melting event. The relevant microstructures
have been found in about half of the gabbroic rocks from
the ODP drill core 735B investigated in this study, emphasiz-
ing the importance of hydrous partial melting of gabbro as a
mode of felsic melt formation. As these microstructures are
often overlooked during petrographic work, this paper pro-
vides a catalogue of examples demonstrating how they can
be identified using back-scattered electron (BSE) imaging
alongside microanalytical tools (Figs. S1-S14 in the Supple-
ment).

2 Materials and methods

2.1 Samples

In total, 29 gabbroic samples from drill core 735B have been
investigated. Of these, 14 samples exhibited microstructures
and compositions at grain boundaries that indicated the oc-
currence of hydrous partial-melting processes. For these 14
samples, electron microprobe data are presented (Table 1).
Additionally, analytical profiles for each sample across grain
boundaries between plagioclase grains affected by hydrous
partial melting are presented, as well as back-scattered elec-
tron images (see the Supplement). A cathodoluminescence
(CL) light image for one sample is also presented (Fig. 2).
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Table 1. Analyses of minerals of gabbros from ODP Hole 735B.

Sample? Litho® Min® Qual.l9 Qual2® Amnamef €& Nol Si0, TiO, AlLO3; Cr,03 FeO® MnO NiO MgO CaO NayO K,O Cl  Total Mg#  An#l  TempX
90-1-61-67 olgb ol pri co 4 3948 - - 1732 022 0.16 4387  0.05 - - 101.10  81.87
0.07 017 014 002 008
90-1-61-67 olgb cpx  pri popl co 2 5248 062 280 022 538 023 1833 2032 033 - 100.71  85.86
011 004 006 001 002 003 0.08 007 001
90-1-61-67 olgb cpx  pri pop2 co 5 5264 009 078 - 89 - 1276 2497 023 - 10039 71.83
056 011  0.80 2.19 131 032 017
90-1-61-67 olgb  pl pri co 5 5107 30.45 0.14 - 1401 378 0.023 99.47 67.11
0.83 0.29 0.05 0.60 037 001
90-1-61-67 olgb pl HPM  repr 45.11 34.54 - 1860 093 0.008 99.19 91.66
90-1-61-67 olgb am  int parg co 4 4658 122 1071 582 0.09 1834 1245 258 0.4 — 9795 8488 717
094 013 092 023 001 050 004 017 001
121-1-14-19  olgb ol pri co 12 37.60 - - 26.59  0.40 3599 0.04 - - 100.62  70.70
0.22 039 004 045  0.03
121-1-14-19  olgb  cpx  pri o 23 5127 088 270 7.19 024 1556 2089  0.41 - 99.15  79.42
024 009 013 025 004 037 048  0.06
121-1-14-19  olgb  opx int co 3 5377 031 1.22 16.06  0.33 27.06  1.04 - - 99.79  75.03
013 002 003 036  0.02 0.17  0.06
121-1-14-19  olgb  pl pri o 5 5345 0037 29.05 0.21 - - 1157 509 0.053 99.46 55.50
032 001 029 0.05 017 010 001
121-1-14-19  olgb  pl HPM  repr 48.58 - 3235 0.33 0.031 1570 263 0.021 99.64 76.63
121-1-14-19  olgb am int Ti parg co 15 4294 321 1169 9.68  0.11 1505 1138 254  0.19 96.79  73.50 961
034 047 020 029 004 048 015 018  0.02
137-6-112-119  olgb ol pri o 8 3558 - - - 3691 066 - 2673 007 - - 99.95  56.35
0.35 0.64 003 033 0.06
137-6-112-119 olgb  cpx  pri co 125097 073 243 - 982 030 13.98 2041 042 - 99.06  71.74
018 006  0.08 042 0.04 027 062  0.02
137-6-112-119  olgb  opx int o 9 53.00 0.8 097 - 2L11 052 2297 090 - - 99.65  65.98
021 003  0.04 026  0.06 017 013
137-6-112-119 olgb  pl pri co 7 5488 - 2880 0.35 - - 1095 536 0.060 100.40 52.85
0.47 0.40 0.07 039 027 002
137-6-112-119 olgb  pl HPM  repr 48.92 - 3227 0.50 - 1556 276 0.020 100.03 75.58
137-6-112-119  olgb ~ am int parg o 11 4265 262 1132 - 1262 017 1320 11.16 264 031 -  96.69 65.09 907
068 052 029 035 003 040 022 016 0.02
142-1-114-120 olgb ol pri co 10 36.81 - - — 3052 049 007 3277 005 - - 10072 65.69
0.32 031 007 003 028 002
142-1-114-120  olgb  cpx  pri co 12 5134 068 281 009 754 0.8 16.59 2015 038 - 99.75  79.68
040 0.0 008 005  0.64 005 030 028 003
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Table 1. Continued.

Sample? Litho® Min® Qual.l9 Qual2® Amnamef Cn€ NoP Si0, TiO, AlO3 Cr,03 FeO® MnO NiO MgO CaO NapO KO CI Total Mg#  An#  TempX
149-3-76-80 olgb  opx incl co 3 5338 025 071 - 2085 057 2348 113 - - 10037 66.75
021 006  0.09 0.19  0.03 013 017
149-3-76-80  olgb  pl pri o 6 5526 27.67 0.39 - 1064 566 0.110 99.73 50.63
0.46 0.33 0.12 022 025 001
149-3-76-80  olgb  pl HPM repr 48.47 32.16 0.42 16.14 246 0.029 99.67 78.28
149-3-76-80 olgb am int parg o 6 4253 215 1199 1195 0.15 1405 1125 278 036 - 9721 67.70 853
017 006 025 026  0.01 018 014 006 005
157-4-1-9 olgb ol pri o 5 36.54 - - - 3339 053 - 3000 0.02 - - 10048 61.56
0.16 054  0.07 037  0.02
157-4-1-9 olgb cpx  pri o 10 5104 069 236 895 030 1373 2126 049 - 98.82 7321
036 010 033 0.33 003 013 060 0.5
157-4-1-9 olgb opx int o 16 53.17  0.08 1.32 - 2020 0358 2412 0.63 - - 100.10  68.04
026 005 015 0.60  0.07 045 014
157-4-1-9 olgb pl pri co 11 55.60 - 2172 0.22 - - 1021 577 0.030 99.55 49.35
0.54 0.37 0.06 033 011 0.02
157-4-1-9 olgb pl HPM repr 4924 - 3182 0.26 - 1500 290 0.021 99.24 73.99
157-4-1-9 olgb am int popl  mg hast o 14 4202 167 13.66 - 1191 o021 - 1428 1061 263 029 - 9728 68.12 788
019 010 035 028 0.02 018 031 010 0.04
157-4-1-9 ol gb am int pop 2 mg hast co 10 42.63 1.20 12.83 - 1220 022 - 1416 11.12 241 0.31 - 97.08 67.42 714
023 041 0.53 031 005 025 020 012 001
170-7-50-55 olgb ol pri o 5 3757 - - 2656 039 005 3449  0.02 - - 99.09  69.83
0.19 019 007 006 023 00]
170-7-50-55 olgb cpx  pri co 5 5114 098 283 025 730 0.9 1499 2083 048 - 98.98 7855
070 011 077 024 123 005 060 148 0.3
170-7-50-55 olgb pl pri o 4 5438 0070 2898 0.17 - 1140 492 0.058 99.98 55.96
021 001 0.09 0.04 0.09 010  0.00
170-7-50-55 olgb pl HPM repr 49.86 - 31.08 0.18 - 1472 319 0018 99.05 71.75
170-7-50-55 olgb am int parg o 1 4492 101 1112 929  0.16 1563 11.68 213 024 96.17  75.00 680
176-6-132-138 olgb ol pri o 38 37.90 - - 26.10 040 008 3624  0.04 - - 100.77  71.22
0.28 029 004 004 042 003
176-6-132-138 olgb  cpx  pri o 39 5177 087 259 019 735 022 1551 2130 042 - 10020 79.01
037 016 024 004 064 003 048 092  0.05
176-6-132-138 olgb  opx int o 58 5440 021 1.13 - 1586 037 27.09 084 - - 99.90 75.28
0.57 011 0.22 0.26  0.06 044 022
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186 J. Koepke: Hydrous partial melting in gabbros drilled at the Southwest Indian Ridge

Figure 2. Different types of micrographs from the same location
in olivine gabbro 157-4-1-9, which has been strongly influenced by
the effects of hydrous partial melting. (a) Microscope image with
plane-polarized light. In the center, there is a domain that has been
strongly influenced by hydrous partial melting. This consists of
the residual phases amphibole (am) and orthopyroxene (opx). An-
enriched plagioclase, which is also present in this domain, cannot
be distinguished from primary plagioclase grains (plag). The pri-
mary phases visible besides plagioclase are olivine (ol) and Fe-Ti
oxides (0x). (b) BSE image showing a zoom-in from (a), focusing
on the central domain. Zones of An-enriched plagioclase on grain
boundaries of the primary plagioclases are now visible. These zones
are characterized by slightly lighter-gray levels due to their higher
An content (plaggpy with HPM: hydrous partial melting), while
primary plagioclase shows a darker-gray level (plagp,). (¢) The CL
image shows that zones with a high An content in plagioclase, as a
result of a hydrous partial-melting reaction, are yellow in color. In
contrast, primary plagioclase grains unaffected by this reaction are
blue. Mafic silicates and Fe—Ti oxides appear to be black. The tiny
red dots correspond to apatite. For details, see the text.

Eur. J. Mineral., 38, 179-195, 2026

2.2 Methods

Mineral phases were analyzed using an electron microprobe.
Around 5000 analyses, primarily via profiles through grain
boundaries affected by hydrous partial melting, have been
presented. Of these, 79 averages were evaluated based on ap-
proximately 800 individual analyses. The data are shown in
Table 1.

A Cameca SX100 electron microprobe, equipped with five
spectrometers and operating with the Cameca software “Peak
Sight”, was used. All data were obtained using a static (fixed)
beam, Ko emission from all elements, and a 15kV acceler-
ation potential. The “PAP” matrix correction (Pouchou and
Pichoir, 1991) was applied using natural and synthetic stan-
dards. Most element concentrations were obtained with a
beam current of 15nA and a counting time of 10s for the
peak and background. Higher beam currents (40nA) and in-
creased counting times (60—120 ) were applied for F and Cl
in amphibole and for Mg, Ti, and K in plagioclase, leading to
more accurate trace element data and lower limits of detec-
tion. The limits of detection (in wt %) are as follows: TiO»
in mafic silicates — 0.03; TiO» in plagioclase — 0.01; Al,O3
in mafic silicates — 0.02; CrpO3 and NiO in silicates — 0.04;
MnO in mafic silicates — 0.03; MgO in plagioclase — 0.005;
CaO in olivine — 0.02; Na,O and KO in mafic silicates —
0.02; K»O in plagioclase — 0.005; Cl in brown amphibole —
0.005; F in brown amphiboles amphibole — 0.1. As the F con-
tent of brown amphibole is mostly below the detection limit
and because the data are highly scattered, the F content of
amphiboles has not been considered and has been excluded
from the data table.

3 Results

3.1 Petrography

The gabbroic rocks investigated in Hole 735B are oxide-
bearing olivine gabbros. They exhibit a granular texture rang-
ing from fine to coarse, and foliation is sometimes visible due
to crystal—plastic deformation. This phenomenon is evident
in numerous gabbros from this site (e.g., Dick et al., 2000).
The rocks consist of primary plagioclase, clinopyroxene, and
olivine and often contain prismatic orthopyroxene. There is
frequently a notable secondary mineral growth consisting of
brown amphibole, orthopyroxene, and Fe—Ti oxides, which
rim the primary minerals and form granular interstitial as-
semblages.

The focus of this paper is these interstitial assemblages.
They are usually explained by typical late-stage crystalliza-
tion, precipitated from the final melt drops enriched in SiO;
and incompatible elements such as P and Zr. This enables the
crystallization of apatite and zircon, respectively (see Koepke
et al., 2018, for details). However, if such late-stage parage-
nesis also contains zones of plagioclase that are strongly en-
riched in An content, it is much more probable that the miner-
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J. Koepke: Hydrous partial melting in gabbros drilled at the Southwest Indian Ridge 187

als form a residual assemblage after hydrous partial melting
of the gabbro (Koepke et al., 2005a, b; Wolff et al., 2013).
This is demonstrated in Fig. 2, which shows such an as-
semblage. Microscope images taken using plan-polarized or
cross-polarized light do not reveal the zones of An-enriched
plagioclases. It is not possible to distinguish between the two
modes of forming interstitial parageneses in such an image
(Fig. 2a). However, a solution is provided by BSE images,
in which the An-enriched plagioclases can be easily iden-
tified. These normally nucleate at the grain boundary be-
tween grains of primary plagioclase. Due to their higher den-
sity and, consequently, greater electron backscattering effect,
these zones appear to be brighter in BSE images, enabling
them to be distinguished from the darker host plagioclase
(Fig. 2b). BSE images of these parageneses in the samples
investigated, which are indicative of proceeded hydrous par-
tial melting of gabbro, are presented in the Supplement.

Another way to identify zones containing An-enriched
plagioclase is to use CL light. Exposing the sample surface
to electrons results in photon emissions that produce lumi-
nescence in the mineral phases, which has a characteristic
color corresponding to the luminescence wavelength. This is
a complex function of trace element substitutions and defect
structures in the irradiated minerals. As the An-rich plagio-
clase produced by partial melting exhibits a notably distinct
trace element composition (see Sect. 3.2), the reactive pla-
gioclase at grain boundaries exhibits a notably different lu-
minescence color (yellow-green color in Fig. 2¢), contrasting
with the primary plagioclase with lower An content (blue in
Fig. 2¢).

3.2 Mineral compositions

The mineral analyses obtained using (electron probe micro-
analysis) EPMA are presented in Table 1. The primary min-
erals are highly homogeneous, with no significant zoning.
The Mg# (molar MgO/(MgO + FeO) - 100) of olivine and
the An content of primary plagioclase are relatively low,
ranging from 56 to 82 and from 49 to 67 mol %, respectively.
This is because the gabbros from the Atlantis Bank at the
SWIR are relatively evolved (see Coogan, 2014; Dick et al.,
2000, 2002), as can be seen in the Mg# in olivine versus
the An content in plagioclase diagram (Fig. 3). This diagram
shows the magmatic evolution of the gabbros investigated,
which follows the same trend as the whole 735B drill core
(Dick et al., 2002).

As mentioned above, the focus of this paper is on the sec-
ondary interstitial minerals generated by the hydrous par-
tial melting of gabbros. This is indicated by zones of An-
enriched plagioclase at the boundaries between primary pla-
gioclase grains, which coexist with interstitial brown am-
phibole and orthopyroxene. To verify the An enrichment in
the plagioclase, BSE imaging and EPMA profiling through
such zones at plagioclase—plagioclase grain boundaries have
been performed. This is demonstrated by an example, show-
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Figure 3. Mg# of olivine versus the An content of primary plagio-
clases in the investigated samples. The arrow indicates the general
trend of evolution for gabbros based on data from Dick et al. (2002)
from drill core 735B.

ing a typical interstitial paragenesis consisting of brown am-
phibole, orthopyroxene, and An-enriched plagioclase, which
are embedded within the primary granular cumulate assem-
blage of olivine, clinopyroxene, and plagioclase lower in An
(Fig. 4). The plagioclase compositions in such zones exhibit
distinctive characteristics. Aside from the substantial enrich-
ment in An content, they are significantly depleted in trace
elements, as illustrated in Fig. 4 for the elements Mg, Ti, and
K. The corresponding analyses with EPMA have been per-
formed by applying significantly higher beam currents and
counting times, resulting in more accurate trace element data
and lower limits of detection (for details see Sect. 2.2). A fur-
ther characteristic feature of such zones is the asymmetrical,
heterogeneous nature of the compositional profiles (Fig. 4),
which is the reason why it is not possible to present simple
average values of the An-enriched plagioclase. Representa-
tive analyses of plagioclase with the strongest An enrichment
in such zones are presented in Table 1 instead.

Mg# of orthopyroxene varies between 66 and 78, which
is significantly higher than values for the corresponding pri-
mary olivines of the same rock, varying between 56 and 76
(Table 1). Brown amphibole forming rim and interstitial par-
ageneses with orthopyroxene and An-enriched plagioclase
are of pargasitic/hastingsitic composition, with high concen-
trations of Nay O (from 2.1 to 2.9 wt %) and Al,O3 (from 10.7
to 13.7 wt %, Table 1). The TiO, contents are relatively high,
leading to formation temperatures by applying the Ti-in-
amphibole geothermometer of Ernst and Liu (1998) from 717
to 1017 °C (Table 1), mostly indicating a magmatic forma-
tion overlapping with the magmatic—metamorphic regime.
Volatile contents are generally low, with F contents mostly
below the EPMA detection limit and a CI content varying
from below the detection limit to 0.01 wt %.

Eur. J. Mineral., 38, 179-195, 2026
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Figure 4. Left: BSE image showing a typical residual phase assemblage in an olivine gabbro (sample 170-7-50-55), generated by partial
melting triggered by water-rich fluids migrating along grain boundaries above the wet gabbro solidus. The primary phases that formed
during crystallization and accumulation in an axial magma chamber beneath the ridge are olivine (ol), clinopyroxene (cpx), and plagioclase
(plagpyi). After cooling of the cumulate network but still above the wet gabbro solidus, hydrous fluids migrated along grain boundaries,
initiating partial melting. As a consequence of the incongruent partial-melting reaction, residual phases (named in orange) are formed: zones
of plagioclase that are strongly enriched in An content are found along the grain boundaries of plagioclase (plagygpm), as well as interstitial
growth of amphibole (am) and orthopyroxene (opx) at the contact between these zones and the primary mafic minerals. Right: an EPMA
profile showing the distribution of different elements across a zone of An-enriched plagioclase (marked by an arrow in the BSE image).

4 Discussion

4.1 Characteristic features of residual assemblages
formed by hydrous partial melting of gabbro

Since gabbroic rocks from the Atlantis Bank are well
known for their intense late-stage crystallization during
magmatic processes, resulting in widespread occurrence of
amphibole-bearing oxide gabbros (e.g., Dick et al., 2000,
2002; MacLeod et al., 2017), clear evidence is needed to
confirm the formation of a similar interstitial assemblage
as residual paragenesis following hydrous partial melting of
gabbro. This will be discussed in more detail below, present-
ing all of the characteristic features that are indicative of a
residual phase assemblage generated by the hydrous partial
melting of gabbro.

1. The most striking feature is the presence of zones en-
riched in An at the grain boundaries between the pri-
mary plagioclases, which form parageneses with brown
amphibole and orthopyroxene (Fig. 4). The reason for
the An-enrichment in plagioclase is the transition from a
dry system during cumulate formation to a system with
high water activities during the partial-melting event.
This causes plagioclase to crystallize with a high An
content (e.g., Sisson and Grove, 1993; Berndt et al.,

Eur. J. Mineral., 38, 179-195, 2026

2005). This feature has also been reproduced in exper-
imental studies of partial melting of gabbro (Koepke
et al., 2004; Wolff et al., 2013). In an experimental
study using “microrocks” as starting material, Wolff et
al. (2013) managed to replicate the interstitial nature of
the residual paragenesis following a partial-melting pro-
cess. The authors highlighted the discontinuous nature
of the partial-melting reaction, as evidenced by the in-
terstitial growth of amphibole and orthopyroxene asso-
ciated with primary olivine and clinopyroxene, as well
as the growth of An-enriched plagioclase zones on grain
boundaries between primary plagioclase grains. As pre-
sented in Fig. 5, the difference in An content between
the An-enriched zones and the primary plagioclases in
the investigated gabbros varies considerably, from 12 to
35mol %. The zoning of the plagioclase, as indicated
by the presence of An-rich rims, contrasts sharply with
the typical zoning observed in many oceanic gabbros,
including those from the Atlantis Bank. An example of
normal zoning in plagioclases is presented in Fig. 6 for
an olivine gabbro from the 735B drill core. As expected,
an EPMA profile through a rim of such a normal-zoned
plagioclase shows that it is impoverished in An con-
tent (Fig. 6). This is a consequence of the composition
of typical late-stage melts, which are relatively evolved
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compared to the primitive nature of MORB that fed the
gabbro’s main stage crystallization (e.g., Koepke et al.,
2018). The presence of zones of An-enriched plagio-
clase on grain boundaries in oceanic gabbros is essential
for a hydrous partial-melting formation model. The cor-
responding microstructures found in the 735B gabbros
investigated, including EPMA traverses through zones
of An-enriched plagioclase, are presented in the Sup-
plement.

2. As shown in Fig. 4 and in the Supplement, trace el-
ements such as Mg, Ti, and K are characteristically
depleted in the plagioclase of the An-enriched zones.
This is due to the formation processes involving high-
temperature water-rich fluids impoverished in trace ele-
ments percolating on grain boundaries above the solidus
temperature in wet gabbros (for details on the process,
see Koepke et al., 2007, 2014; Wolff et al., 2013). Con-
sidering the solidus temperature of 800 °C for wet oxide
gabbro (Koepke et al., 2018) and the estimated amphi-
bole formation temperatures using the Ti-in-amphibole
thermometer (Table 1), it is clear that conditions for hy-
drous partial melting were met. However, since trace el-
ements are present in extremely low concentrations in
such water-rich fluids, the residual plagioclase left after
partial melting is very depleted in trace elements such as
Mg, Ti, and K (Fig. 4). This contrasts with the compo-
sition of rims in normal-zoned plagioclase, formed by
a late-evolved melt. In this case, these elements are en-
riched rather than depleted, as shown in Fig. 6 for K and
Ti.

3. As shown in the experimental study of Koepke et al.
(2018), minerals that crystallize interstitially in a late-
magmatic stage should be more evolved than the crys-
tals of the main-stage crystallization. The same should
apply to orthopyroxene that crystallized interstitially in
a late magmatic stage. However, the orthopyroxenes
identified as residual phases following hydrous partial
melting in the samples investigated, which coexist with
An-rich plagioclase and brown amphibole, are more
primitive than the main mafic phases (see Results; Ta-
ble 1).

In summary, the three observations listed above strongly
suggest that the observed microstructures formed through
hydrous partial melting of gabbro rather than normal frac-
tional crystallization at a later stage. Another compelling ar-
gument is that relating to the low bulk rock concentration of
TiO; in the felsic veins, which is characteristic of the de-
pleted nature of the cumulate gabbros starting material. Fig-
ure 7 shows the corresponding TiO» vs. SiO, diagram, in-
cluding all published bulk data of felsic veins from the At-
lantis Bank drill cores. The vast majority of the data points
lie below the line representing the minimum TiO, values ob-
tained from experiments on MORB differentiation in tholei-
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itic systems. This implies that at least some of the felsic veins
in the Atlantis Bank drill core are formed by hydrous par-
tial melting of gabbro. For this diagram to be applicable,
the felsic veins must represent frozen melt and not cumu-
late rocks, as the surrounding gabbros do. Many of the felsic
veins exhibit granophyric textures, consisting of intergrowths
of quartz and albite-rich plagioclase (see MacLeod et al.,
2017). This texture is believed to result from eutectic crys-
tallization (e.g., Johannes and Holtz, 1996), which provides
compelling evidence that the felsic veins formed from a melt.
In summary, the results of this study independently support
Zhang et al.’s (2025) conclusion that hydrous partial melt-
ing occurred in the gabbros of the Atlantis Bank, producing
anatectic melts.

4.2 The source of water-rich fluids triggering partial
melting: hydrothermal or magmatic?

In light of our finding that the drilled gabbros from Hole
735B underwent hydrous partial melting, the question arises
as to whether the water-rich fluids were magmatic or hy-
drothermal. In general, only a very small amount of water
is needed to produce water-saturated melts at low pressures.
For example, at 1 kbar (equivalent to a depth of 3 km), around
2.5 wt % of water is needed to create a water-saturated melt
(Berndt et al., 2002). While this corresponds to 100 % melt,
the amount of melt is significantly lower during anatectic
processes at ridges (see the experiments of Koepke et al.,
2004). Thus, at this pressure, only a few droplets of water are
enough to trigger partial melting. It is interesting to consider
the water/rock ratio, which, in this case, is ~ 0.025 (to gener-
ate 100 % melt). In real conditions of hydrous partial melting
under mid-ocean ridges, the water-to-rock ratio can be even
lower. This implies that only a small amount of water at tem-
peratures just above the gabbro solidus is necessary to initiate
the partial-melting process in the gabbro. A key question is
whether these water-rich fluids are of magmatic or hydrother-
mal origin. The usual approaches to answering this question
are (1) applying stable isotopes to the felsic veins and (2) an-
alyzing chlorine and fluorine in the magmatic phases in the
related rocks, especially in amphibole and apatite. We will
focus on these two aspects below.

1. Relatively high 37Sr/30Sr ratios and depleted §'80 val-
ues in bulk rocks from the lower oceanic crust typi-
cally indicate that seawater is the most likely source of a
water-rich fluid operating at a very high temperature in
the deep oceanic crust (e.g., Bosch et al., 2004). How-
ever, if the water/rock ratios are very low (e.g., <0.025,
as discussed above for the case of initial hydrous par-
tial melting of gabbro), the application of stable iso-
topes is hampered since it does not lead to unequiv-
ocal results. Stable isotopes only lead to clear results
if the water/rock ratios are relatively high. The same
applies to mantle-like zircon §'30 values, as analyzed

Eur. J. Mineral., 38, 179-195, 2026
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Figure 5. Compositions of primary and residual An-enriched (HPM) plagioclase in the investigated samples. The values of the primary

crystals are averages, whereas the compositions of the An-enriched plagioclases are representative of the zones with the highest An content
(see Table 1).
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Figure 6. On the left is a BSE image of zoned plagioclases within a cluster of late-stage Fe—Ti oxides (white phases) in a ferrogabbro
from the 735B drill core (sample 143-2-105-112). Note the different gray levels, which indicate different compositions: lighter-gray levels
indicate higher An content in the cores, and darker-gray levels indicate lower An content in the rims. The line indicates the position of the
microprobe profile shown on the right. The late melt, rich in Fe and Ti, reacted with the primary plagioclase, resulting in the dissolution of
the primary plagioclase and the precipitation of a new, albite-rich plagioclase. Note that the latter plagioclase exhibits significantly higher

TiO, and K> O values, consistently with the observation that late melts evolve through fractional crystallization of MORB and are enriched
in these elements.

by Zhang et al. (2025) for felsic veins from IODP Hole 2. The presence of high concentrations of chlorine in am-
U1473. These values were interpreted as reflecting lim- phiboles and apatites in magmatically formed rocks
ited seawater involvement. However, as for bulk rocks, from the lower oceanic crust of mid-ocean ridges
mantle-like zircon §180 values do not rule out an ori- is widely accepted as evidence of the involvement
gin from seawater-derived hydrous partial melting if the of seawater-derived fluids in the formation process.
water/rock ratio is very low. Koepke et al. (2007) presented a model whereby partial

Eur. J. Mineral., 38, 179-195, 2026 https://doi.org/10.5194/ejm-38-179-2026
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Figure 7. TiO, versus SiO; diagram showing the bulk data of pub-
lished felsic veins from the ODP and IODP drill cores at Atlantis
Bank, as well as experimental melts derived from hydrous partial
melting of oceanic gabbros (“HPM experimental”’; Koepke et al.,
2004). The felsic veins are from the data compilation of Zhang et
al. (2025; Supplementary Data 16). The line corresponds to the min-
imum TiO; values obtained from experiments on MORB differen-
tiation in tholeiitic systems. This implies that melts below this line
are most likely products of hydrous partial melting of gabbro rather
than MORB differentiation (for details see Koepke et al., 2007).

melting of oceanic gabbros could be initiated by hot,
seawater-derived hydrothermal fluids percolating along
grain boundaries above the wet gabbro solidus. Clearly,
the system gained a Cl input, which should be evident
in phases that can incorporate Cl, such as brown amphi-
boles. As the amphiboles present in the microstructures
investigated in this study have rather low Cl concentra-
tions (see the Results section), it can be inferred that
the fluids responsible for triggering partial melting are
not derived from seawater. The analyzed Cl concentra-
tions are similar to those of typical late-stage amphi-
boles in oceanic gabbros, which also generally have Cl
contents below 0.02wt % (e.g., Coogan et al., 2001).
The same is true of amphiboles produced by simulating
hydrous partial melting of gabbro experimentally with
the addition of pure water, which have a Cl concen-
tration below 0.02 wt % (Wolff et al., 2013). However,
experiments performed in the same study using a sea-
water analogue instead of distilled water produced sim-
ilar results, with CI concentrations varying from 0.008
to 0.015 wt %. This shows that the low Cl content of
the amphiboles analyzed in this study does not rule out
the formation process being initiated by partial melt-
ing caused by fluids derived from seawater. It should be
noted that amphibole CI content is a complex function
of fluid composition, temperature, pressure, and crystal-
lographic factors (e.g., Manning and Aranovich, 2014).

Ferrando et al. (2022) examined brown amphiboles found
in gabbros drilled from Hole U1473 to determine the nature
of the fluid present. According to these authors, the low Cl
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content of brown amphiboles indicates that they crystallized
from melts containing a magmatic hydrous component. This
suggests that the microstructures of hydrous partial melting
observed in the gabbros in this study could have been formed
by magmatic fluids percolating through the gabbro at tem-
peratures above its solidus. On the other hand, Zhang et al.
(2025) highlighted the crucial role of detachment faulting in
the lower ocean crust of the Atlantis Bank core complex in
facilitating seawater-induced hydrous partial melting at tem-
peratures exceeding 750 °C. In summary, the discovered mi-
crostructures in the gabbro drilled in Hole 735B clearly in-
dicate that hydrous partial melting occurred in the gabbro.
However, the origin of the water that triggered this process
remains unclear.

4.3 What happens to the felsic melts?

The residual microstructures observed in the Hole-735B gab-
bros, which are indicative of hydrous partial melting, imply
that felsic melts have been generated. However, interstitial
phases representing frozen melt associated with the residual
microstructures have never been observed, e.g., granular fel-
sic leucosomes associated with quartz. Therefore, they were
not frozen in situ, as is typical of high-grade metamorphic
migmatite terrains in the deep continental crust. This raises
the question: what happened to these melts? In the following
section, two options are discussed.

1. An important fact is that the gabbros from the Atlantis
Bank core complex generally crystallized in a tecton-
ically active regime, as evidenced by crystal-plastic
deformation (e.g., Dick et al., 2019; MacLeod et al.,
2017). Therefore, it is highly probable that the felsic
melts, which were generated in a ductile regime, mi-
grated into zones with less pronounced deformation,
where they finally solidified. These locations for crys-
tallization include fractures or cracks within gabbroic
rocks in a cooler, eventually brittle regime. This re-
sults in the formation of widespread felsic veins within
the gabbro massif. It is also highly probable that the
anatectic melts mix with late-stage vagabonding melts
formed by extended crystal fractionation, producing hy-
brid melts that exhibit characteristics of both modes of
felsic melt generation. Such mixing could be indicated
by the compositions of magmatic amphiboles that crys-
tallized within the felsic veins, which show moderate F
and Cl contents. This is the case for some amphiboles
within felsic veins from Hole U1473A in the Ma et al.
(2020) data set.

2. At high temperatures and pressures, water-rich fluids
have the potential to dissolve considerable amounts of
rock components, especially quartz and alkali metals.
According to Dolejs and Manning’s (2010) thermody-
namic model of mineral solubility in aqueous fluids, the
solubility of quartz in pure water under conditions that
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facilitate relevant anatectic processes within the ocean
crust is approximately 2 wt %. Since the amount of melt
generated by hydrous partial melting is considered to be
very low, the dissolution and removal of anatectic melts
by a water-rich fluid could be considered to be a reliable
explanation for the absence of in situ frozen felsic melts
(for details, see Koepke et al., 2014).

4.4 A model for the generation of felsic veins by hydrous
partial melting of gabbro

The following outlines our model for the formation of in-
terstitial, late-stage parageneses with zones of plagioclase
strongly enriched in An content by partial melting of oceanic
gabbro at slow-spreading ridges initiated by hydrothermal
fluids; this is illustrated in Fig. 8. This model corresponds
to the ideas of Zhang et al. (2025), who proposed seawater-
involved hydrous partial melting for their group-1 felsic
veins cutting gabbros in Hole U1473A. The process involves
three distinct stages:

1. The first step is the main-stage crystallization of olivine,
plagioclase, and clinopyroxene in the axial magma be-
neath the mid-ocean ridge. After accumulation, the cu-
mulate cools into the subsolidus regime but remains
above the wet solidus temperature of gabbro (Fig. 8a).

2. In a second stage, hydrothermal circulation at very high
temperatures begins with the migration of water-rich
fluids along grain boundaries, triggering the incongru-
ent hydrous partial-melting reaction (Fig. 8b). In this
model, the fluids originate from seawater.

3. In a third stage, the melting process on grain boundaries
progresses. At plagioclase—plagioclase grain bound-
aries, new plagioclase highly enriched in An forms.
At the edges of olivine and clinopyroxene, intersti-
tial brown amphibole and/or orthopyroxene precipitate
(Fig. 8c). It should be noted that an experimental study
using gabbro microrocks as starting material (Wolff et
al., 2013) has evidenced the kinetics of this reaction,
including the evolution of the characteristic microstruc-
tures at grain boundaries between primary plagioclases
and at the rims of olivine and/or clinopyroxene. This
paper presents 14 gabbro samples from ODP drill core
735B, in which these microstructures have been ob-
served (see the Supplement).

5 Concluding remarks

Detailed petrographical and microanalytical investigations of
gabbroic rocks from ODP drill core 735B, which was drilled
on top of Atlantis Bank at the SWIR, reveal that many of
these gabbros exhibit characteristic microstructures, indicat-
ing that they formed through hydrous partial melting of gab-
bro. The key features that led to this conclusion are the zones
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Figure 8. Schematic sketch showing the process of partial melt-
ing of oceanic gabbros by hydrothermal fluids percolating on grain
boundaries. (a) Cumulate formation. The main-stage crystalliza-
tion of olivine (ol), clinopyroxene (cpx), and primary plagioclase
(plagpyi) forms a dry cumulate network, which cools down into
the subsolidus regime. (b) Hydrothermal fluid migration. Water-
rich fluids derived from seawater migrate above the wet gabbro
solidus along grain boundaries (red arrows), initiating the incongru-
ent partial-melting reaction. (c¢) Progress of hydrous partial melt-
ing on grain boundaries. At grain boundaries between primary
plagioclases, new plagioclase strongly enriched in An is formed
(plaggpm; yellow zones). When these zones meet cumulate olivine
and clinopyroxene, interstitial pargasitic amphibole (par) and/or or-
thopyroxene (opx) precipitate. Modified after Koepke et al. (2014).
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of An-rich plagioclase on grain boundaries, which form par-
ageneses with interstitial brown amphibole and orthopyrox-
ene. These are interpreted as the residual phase assemblage
left after a hydrous partial-melting event. This is fully con-
sistent with experiments using gabbro microrocks as starting
material, which revealed precisely the same microstructures
as those observed in the SWIR gabbros (Wolff et al., 2013).
Even microanalytical details, such as the strongly impover-
ished trace element concentrations in the An-enriched pla-
gioclase (Ti, Mg, K), correspond to the experiments.

The microstructures found in the gabbros from Hole 735B
clearly indicate that hydrous partial melting has occurred.
However, this study does not examine the relationship be-
tween these melts and the felsic veins that cut through the At-
lantis Bank gabbros. In order to do so, the veins themselves
must be investigated. Zhang et al. (2025) demonstrated this
by analyzing the trace element compositions of zircons found
in the veins of Hole 1473A. They showed that both hydrous
partial melting of gabbro and extreme fractional crystalliza-
tion of MORB were involved in forming the felsic melts. The
microstructures observed in the gabbros from Hole 735B in-
dicate proceeded hydrous partial melting and support their
statement.
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