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Highlights

Petrographic, major- and trace element and Sr-isotope characterization of a
hydrothermal fault zone in the lower gabbroic crust, Samail ophiolite Oman.

Mass balance calculations show significant losses of Si, Ca, Al, Rb, Sr and gains of
H20, Cu, Zn, Ba and U during hydrothermal alteration.

Silica solubility considerations indicate high fluid/rock ratios up to 450:1 — 900:1.
Fault zone is a fossilized discharge zone of upwelling hydrothermal fluids in the deep
plutonic rocks of ancient fast spreading ocean crust.

Mass changes extrapolated to global elemental fluxes indicate that a lower crustal
fault zone contributes significantly to the global hydrothermal budget of Si, Ti, Al, Fe,

Mn, Mg, Ca, H20, Cu, Zn, Sr and Cs.

Key words: ocean crust, layered gabbro, hydrothermal alteration, mass changes, global

chemical flux, faults, Oman ophiolite

Abstract

Hydrothermal circulation is a key process for chemical and isotopic exchange between the

solid Earth and oceans, and for the extraction of heat from newly accreted crust at mid-ocean
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ridges. However, due to a dearth of samples from intact oceanic crust, or continuous sample
suites from ophiolites, there remain major shortcomings in our understanding of hydrothermal
circulation in the oceanic crust, especially in the lower plutonic crust. In particular, it remains
unknown whether fluid recharge and discharge occurs pervasively or if it is mainly
channelled within discrete zones such as faults.

Here, we describe a hydrothermally-altered fault zone that crops out in the Wadi Gideah in
the layered gabbro section of the Samail ophiolite of Oman. A one metre thick normal fault
comprising deformed chlorite + epidote fault rock with disseminated chalcopyrite and pyrite,
offsets gently dipping layered olivine gabbros. The chlorite-rich fault rocks surround strongly
altered clasts of layered gabbro, 50 to 80 cm in size. Layered gabbros in the hanging wall
and the footwall are partially altered and abundantly veined by epidote, prehnite, laumontite
and calcite veins. In the wall rocks, igneous plagioclase (Ansz:20) is partially altered towards
more albitic compositions (Anzs.g1), and chlorite + tremolite partially replaces plagioclase and
clinopyroxene. Clinopyroxene is moderately overgrown by Mg-hornblende.

Whole rock mass change calculations show that the chlorite-rich fault rocks are enriched in
Fe, Mn, H,0+CO,, Co, Cu, Zn, Ba, and U, but have lost significant amounts of Si, Ca, Na,
Cr, Ni, Rb, Sr, Cs, light rare earth elements (LREE), Eu, and Pb. Gabbro clasts within the
fault zone as well as altered rock from the immediate hanging wall show enrichments in Na,
volatiles, Sr, Ba and U and depletions of Si, Ti, Al, Fe, Mn, Mg, Ca, Cu, Zn, Rb, Cs, LREE,
and Pb. Chlorite thermometry suggests a formation temperature of 300-350 °C for the fault
rock and based on the Si loss and solubility of silica in hydrothermal fluids the intensity of
alteration requires a fluid to rock ratio of up to 900:1. Strontium isotope whole rock data of
the fault rock yield 8Sr/%Sr ratios of 0.7043-0.7048, which is considerably more radiogenic
than fresh layered gabbro from this locality (8’Sr/®6Sr = 0.7030 — 0.7033), and similar to black
smoker hydrothermal signatures based on epidote, measured from epidote veins in the
footwall and elsewhere in the ophiolite (8’Sr/8Sr = 0.7043-0.7051). Altered gabbro clasts
within the fault zone show similar values with 8’Sr/%¢Sr ratios of ~ 0.7045 — 0.7050. In
contrast, the hanging and footwall gabbros display values only slightly more radiogenic than
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fresh layered gabbro. The elevated strontium isotope composition of the fault rock and clasts
together with the observed secondary mineral assemblages and calculated mass changes
strongly supports the intense interaction with seawater-derived up-welling hydrothermal
fluids, active during oceanic spreading. Assuming that such a fault zone is globally
representative of faulting in the lower crust, an extrapolation of our results from mass change
calculations to elemental fluxes, shows a significant contribution to the global hydrothermal

budgets of Si, Ti, Fe, Mn, Mg, Ca, H-0, Cu, Zn, Sr and Cs.

1. Introduction

Hydrothermal circulation throughout the oceanic crust is a fundamental process resulting in
the exchange of chemical elements between the oceans and the solid Earth (Palmer and
Edmond, 1989) as well as for extraction of heat from newly formed crust at mid-ocean ridges
(Morton and Sleep, 1985; Sleep, 1991). Shallow hydrothermal fluid flow permeating the
upper part of the oceanic crust is widely accepted for playing a vital role in cooling young
crust at mid-ocean ridges. However, to date there remain major shortcomings in our
understanding of the geometry and intensity of the deep circulation of seawater-derived
hydrothermal fluids extending into the lower plutonic rocks of the ocean crust. In particular,
the effectiveness of hydrothermal circulation in removing latent heat from the crystallizing
magmas is not clear. There remain two, now long-standing, end-member conceptual models
of how oceanic crust is accreted: The gabbro glacier model (e.g. Henstock et al., 1993;
Morgan and Chen, 1993; Quick and Denlinger, 1993) and the sheeted sills model (e.g.
Kelemen et al., 1997; MacLeod and Yaouancq, 2000), although hybrid models are also
proposed (e.g. Boudier et al., 1996). The gabbro glacier model proposes the cooling of
magma exclusively in a shallow melt lens and the formation of the lower crust by subsidence
and downward flow of a crystal mush. In contrast, the sheeted sills model requires that
substantial hydrothermal heat extraction occurs deep within the plutonic crust to remove

latent heat and allow in-situ crystallization. Thermal models (Chen, 2001; Maclennan et al.,

3
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2004; Theissen-Krah et al., 2016) suggest a mix between both end-member models is most
likely but the proportion of crust crystallizing in-situ remains unclear. Cooling rate estimates
derived from studies of Ca diffusion in olivine in the lower crust of the Samail ophiolite yield
contrasting results as to whether the crust was cooled purely conductively or via
hydrothermal circulation. Although data presented by Coogan et al. (2002) favours near
conductive cooling, VanTongeren et al. (2008) suggest that hydrothermal circulation is likely
to have extended to the base of the crust. Near conductive cooling in the upper plutonic
section of the East Pacific Rise was also inferred from rate estimates based upon Mg in
plagioclase (Faak et al., 2015) and from a combined Mg in plagioclase and Ca in olivine
cooling rate study of gabbros from Hess Deep (Faak and Gillis, 2016). However, Mg and
REE bulk diffusion between co-existing plagioclase and pyroxene in gabbros from the East
Pacific Rise and Hess Deep (Sun and Lissenberg 2018) and coupled thermal modelling
(Hasenclever et al., 2014) strongly support deep hydrothermal circulation. Due to insufficient
observations of intact lower ocean crust it is poorly refined whether the circulation and
cooling occurs via pervasive fluid flow along grain boundaries and vein networks or is
focussed along major structures such as faults. Millimetre-scale amphibole vein networks are
common in the lower gabbros of the ocean crust, and formed at near magmatic temperatures
(Bosch et al., 2004; Coogan et al., 2007; Manning et al., 2000, 1996; Nicolas et al., 2003) but
it is not clear if these features provide sufficient permeability to allow vigorous enough
hydrothermal circulation to extract significant heat (Coogan et al., 2007; Manning et al., 2000,
1996). An alternative mechanism is to remove heat from the lower crust via more discrete,
widely spaced regions of focussed fluid flow and discontinuous zones that preserve
hydrothermal assemblages of high-temperature (~880 °C) to lower greenschist facies (< 300
°C) alteration, observed every ~1 km throughout the crust in the Samail ophiolite in Oman.
Enhanced cooling rates are indicated in the surrounding crust of such focussed fluid flow

zones (Coogan et al. 2006).

Here we present detailed field, petrographic and geochemical observations of a hydrothermal

fault zone located within the lower layered gabbro section of the Samail ophiolite in Oman,
4



111  approximately 6 km below the paleo-seafloor and 1 km above the Moho transition zone

112  (MTZ). We document the characteristics of a hydrothermal system deep in the crust which is
113  so far only known from shallow hydrothermal environments and show that this fault provided
114  a pathway for focussed hydrothermal discharge, giving evidence that hydrothermal activity
115  was effective in mining heat from the plutonic section. Our primary aim of this study is to

116  discuss the nature of the hydrothermal environment and to quantify elemental changes

117  occurring within the fault zone itself and the alteration halo during intense hydrothermal

118  alteration. Finally, we provide first estimates on the contribution of such a fault zone to the

119  global chemical cycle.

120

121 2. Geological Overview

122 2.1. The Samail ophiolite

123 Fig. 1

124  The Samail ophiolite is regarded as the best analogue of fast-spreading oceanic crust

125  preserved on land (e.g. Nicolas et al., 2000), and stretches approximately 550 km in length
126  and 50 km in width along the coast of the Sultanate of Oman and the United Arab Emirates
127  (UAE). The ophiolite is divided into several massifs (Fig. 1) and shows the complete

128  “Penrose” sequence of rock types expected to be formed at a fast spreading mid-ocean

129 ridge, from extrusive lavas, sheeted dikes, gabbros, layered gabbros and cumulate ultramafic
130  rocks through the crust-mantle transition zone into the mantle sequence comprising

131  harzburgite and locally dunite.

132  The ophiolite was formed in a spreading centre in the Neotethyan ocean during the Late
133  Cretaceous (Searle and Cox, 1999). Late stage intrusive plagiogranitic bodies within the
134  gabbro section yield ages of 97 to 93 Ma (Rioux et al., 2013) and mark the formation age of
135  the crustal rocks within the ophiolite. There remains ongoing debate as to whether the

136  Samail ophiolite formed at a mid-ocean ridge (MOR) in a major ocean basin or some form of
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supra-subduction zone setting (SSZ; e.g., Alabaster et al., 1982; Boudier and Nicolas, 2007;
Warren et al., 2007, 2005). Most evidence points to the partial influence of a subduction zone
(e.g. Godard et al., 2003; Goodenough et al., 2014; Koepke et al., 2009; MacLeod et al.,
2013). Although not completely absent, there is general consensus that the subduction zone
influence is less pronounced in the southern part of the Samail ophiolite. Consequently, the
lower crustal rocks exposed in the Wadi Tayin block of the ophiolite are an ideal location to
investigate processes that occur during the accretion of the lower crust at fast spreading mid-

ocean ridges.

2.2. The fault zone outcrop in Wadi Gideah

Fig. 2

The studied fault zone is located in Wadi Gideah (22.894 °N, 58.516 °E), about 15 km north
of Ibra, in the crustal section of the Wadi Tayin massif. Wadi Gideah is situated to the west of
Wadi Qafifah and Waid Khadir and to the east of Wadi Saq, Wadis where classic structural,
petrographic and isotope geochemical observations on accretion of the crustal section of the
ophiolite were made (Hopson et al., 1981; Pallister, 1981; Pallister and Knight, 1981),
including oxygen- and strontium isotope studies (Gregory and Taylor, 1981; Lanphere et al.,
1981). The north to south oriented Gideah valley cuts through a coherent series of lower
oceanic crust and upper mantle rocks, exposing lithologies from the Moho transition zone up
to the sheeted dike complex (Pallister and Hopson, 1981). Layered gabbros are the primary
rock type and are exposed for ~6.5 km along the length of the valley. The magmatic layering
of the gabbros dips ~28 ° to the south indicating a true thickness of ~3 km for the layered
gabbro series. These rocks are overlain by foliated gabbros and isotropic high-level gabbros.
Sheeted dikes are mostly eroded and are only exposed in small hills at the valley entrance
and further out towards the Ibra syncline (Fig. 2). The Wadi Gideah area has been

extensively sampled, and major rock types are well characterized in terms of their
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petrographic and geochemical properties (France et al., 2009; Haase et al., 2016; Muller,
2016; Muller et al., 2017), including sulphur isotopes (Oeser et al., 2012).

Throughout the valley, from the layered gabbros up to the sheeted dikes, there are sub-
vertical chlorite-rich zones, decimetres to metres-thick. They consist of dark green, weakly
foliated, chlorite-rich rocks with the surrounding wall rock gabbros heavily altered for metres
or up to tens of metres (Fig.2a). Field observations indicate that they occur every 1-2 km,
either as isolated features or as part of a more extensively altered zone, similar to what has
been described as a focussed fluid flow zone by Coogan et al. (2006). The zone investigated
here consists of a chlorite-rich rock surrounded by heavily altered wall rock gabbro but in
contrast to other observed zones it clearly crops out as a fault, making it unique. It is located
within the layered gabbro section, approximately 1 km above the Moho transition zone (Fig.
2). A second fault zone is located about 40 metres to the east (Fig. 3a). Approximately 500 m
towards south-east along strike of this fault zone outcrop, on the southern flank of a small
ridge, partially to completely altered, gabbros crop out along the edge of the wadi terrace

giving evidence for the continuity of this feature (Fig. 2b).

The fault zone is a normal fault, approximately one metre wide (Fig. 3b) and crops out over a
length of eight metres. Its orientation of 251/55° (dip direction/dip) is sub-orthogonal to the
magmatic layering (154/38°) nearby and sub-parallel to the mean strike of the sheeted dikes
in this area (261/71°; Pallister, 1981), although dikes generally dip more steeply. The fault
rock consists of a foliated Cu-sulphide-bearing dark greenish to blackish chlorite-rich rock
that anastomoses around angular to lensoidal clasts (up to 50-80 cm) of altered gabbro. The
hanging wall and footwall gabbros are altered and heavily veined by epidote, prehnite,
laumontite and carbonate veins for 2.5 - 3 metres. The layered gabbro in the hanging wall is
partially altered for ~30 m, manifested in a general bleaching of the rocks (Fig. 3b). A less
intense halo extends only about 1 m into the footwall. Representative samples of the fault-

rocks, clasts and surrounding altered wall rocks were collected during fieldwork in 2015 and
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2016. These samples are compared with relatively fresh layered gabbro samples, collected <
500 m distance of the outcrop (Fig. 2b; Mueller et al., 2017).

Fig. 3

3. Analytical techniques

Polished thin sections were prepared from all samples. Minerals were identified using optical
microscopy as well as a Carl Zeiss Le01450VP Scanning Electron Microscope (SEM), at the
University of Southampton, equipped with an Oxford Instruments EDS detector coupled to
the Aztec Energy software system. Major element compositions of most minerals were
analysed by electron probe microanalysis (EPMA) at the University of Kiel using a JEOL JXA
8900 R EMP operating at 15kV accelerating voltage and a focused and static 15nA beam
current, applying 15 s counting times. Typical spot sizes were 2 um except for plagioclase
where the beam was defocused to ~5 yum. Compositions of chlorite, epidote and, sulphides
in the chlorite-rich fault rock were measured at the Leibniz University in Hannover in
Germany using a Cameca SX100 EMPA equipped with five spectrometers and Peak Sight
software with a 15 kV focussed and static beam of 15 nA and 10 s counting times.

Whole rock samples were prepared for geochemical analysis at the University of
Southampton. Samples were cut with a diamond saw to remove weathering rinds and
prominent mineral veins, and saw marks were ground off with a high-speed diamond grinder.
Samples were washed in Milli-Q water and ultrasonicated multiple times and dried at 60 °C
overnight. Each sample was crushed into < 5 mm chips between a plastic chopping board
and sheets of clean paper in a hardened iron fly press, and powdered using a chrome-steel
ring mill in a Rocklabs™ bench-top grinder.

Major and trace element (V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Cs, Ba, La and Ce)
concentrations were analysed by X-ray fluorescence (XRF) using a Spectro XEPOS_HE
Energy Dispersive Polarised X-ray Fluorescence (EDPXRF) Analyser at the University of St.
Andrews, following the procedure outlined in Toy et al. (2017). Precision and accuracy were

better than £2.5 % RSD and + 5% RMSD for major elements and = 5% RSD, + 4 % RMSD
8
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for most trace elements respectively (Table Al). Four samples were analysed at the
University of Hamburg, using a PanAnalytical MagixPro X-ray fluorescence spectrometer and
following the procedure of Vogel and Kuipers (1987).

Samples for trace element and strontium isotope analysis were processed in a Class 100
Clean Laboratory suite of the Geochemistry Research Group of the University of
Southampton. 50 mg of rock powder was dissolved using a standard HF-HNO3 digestion (for
details see Harris et al., 2015). Trace element concentrations were measured by Inductively
Coupled Plasma Mass-Spectrometry (ICP-MS) at the University of Southampton using a
Thermo X-series Il ICP-MS. Precision and accuracy were better than £ 5% RSD and + 4%
RMSD respectively for the majority of the elements (Table Al).

Major and trace elements of four fault zone samples and the eight background gabbros
(Table A2) were analysed at Kiel University. For liquid analysis 250 mg of dried powder
(105°C) was dissolved in perfluoroalkoxy (PFA) vials applying a multi-acid digestion protocol.
All acids were sub-boiled and, all work was carried out under Class 100 clean laboratory
conditions. Procedural blanks, duplicates, and international reference materials were
processed the same way (for details see Garbe-Schonberg, 1993). Reproducibility of this
digestion procedure is typically better than 1 %RSD (1SD). Major elements were analysed
using a Spectro CIROS SOP ICP-OES. SiO; cannot be analysed after digestion procedures
including hydrofluoric acid and were therefore calculated to 100% oxides with due regard to
loss on ignition. Analytical precision was found to be better than 0.5-1 %. Matrix-matched
calibration was done by solutions of certified reference materials basalt BHVO-2, basalt BE-
N, and granite AC-E processed the same way as the samples. Accuracy was monitored with
running digested solutions of basalt BIR-1 and gabbro JGb-2. Minor and trace element mass
fractions were determined using an AGILENT 7500cs with (Be, In, Re) internal
standardisation. The analytical precision is typically better than 0.5-2 %RSD (1SD) for all
elements analyzed. Results for reference materials BHVO-2 and JGb-1 are reported in Table
Al

Bulk composition of the aforementioned samples was also determined by LA-ICP-MS after

9
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regrinding the samples and pressing into nano-particulate pressed powder pellets (NPP). A
193 nm ArF excimer laser ablation system (GeolLasPro, Coherent) coupled to an Agilent
7500s ICP-MS was used here. The advantage of this approach is the full recovery of HFSE
composition from gabbros containing accessory minerals (zircon, spinel). Details of this
procedure can be found in Garbe-Schénberg and Miiller (2014). Initial calibration was done
against NIST SRM612 using Ca as an internal standard. For applying a matrix-matched
correction BHVO-2, BIR-1 and JGb-1 were prepared the same way as the samples and
analysed in the same batch. Analytical precision is typically better than 1-5 %RSD (1SD) for
all elements analysed at concentrations > 10x LOD (Table Al).

All samples analysed at the University of Southampton for their strontium isotopic
composition were leached with 10% analytical grade acetic acid prior to digestion to remove
secondary calcium carbonate. Strontium was separated from dissolved samples using
Strontium spec™ columns (for details see Harris et al., 2015) and analysed using a
ThermoFisher Scientific TritonPlus TIMS. Strontium standard NBS987 was measured as an
external standard. Throughout the analytical period the mean value of NBS987 (n=25) was
87Sr/8€Sr =0.710241 + 0.000018 (2SD). Internal precision was monitored by measuring 150
ratios per sample and the error of each measurement is reported as the two standard error
(2SE).

Strontium isotope ratios of background gabbros were determined at the Institute of
Mineralogy of the Hannover University following Pin et al. (1994). The analyses were carried
out with a ThermoFinnigan Neptune MC-ICP-MS. International standards, used for precision
monitoring, were AMES, BIR-1, JGB-2, JMC, and NIST SRM 987. 8Sr and &'Sr were
corrected for 8Kr and 8’Rb interferences and 8’Sr/®Sr corrected for mass fractionation. The
mean value for 8Sr/%Sr in the external standard NBS987 was 0.710276 +0.000012 (2SD).

All 87Sr/88Sr values were corrected to a NBS987 value of 87Sr/86Sr=0.710248.

4. Petrography
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4.1. Fresh layered gabbro

Eight samples of fresh layered gabbro within 500 m of the fault zone outcrop were taken to
provide background reference samples (Table A2). These samples are a subset of a larger
suite of rocks focussing on a reference section through the lower oceanic crust of fast-
spreading ridges in the Wadi Gideah (Mueller et al., 2017). These olivine-bearing to olivine
gabbros are fine to medium grained and consist of about 50% plagioclase, 40%
clinopyroxene and 10% olivine. Orthopyroxene is absent. The original magmatic assemblage
is mostly preserved although in some rocks hornblende and actinolite partially overgrow
clinopyroxene. Primary oxides are rare. Igneous plagioclase is partially altered to more albitic
compositions. Where clinopyroxenes are in contact with plagioclase, chlorite is developed
along some grain boundaries and fractures, commonly with secondary oxides (Fig. 4a, b).
Olivine is heavily fractured, serpentinised and partially forms iddingsite, but cores are mostly

unaltered. Total alteration is typically less than 5 to 10%.

4.2. Footwall and hanging wall

Fig. 4

The footwall sample (OM15-3F) is relatively fresh compared to the other fault zone-related
samples, showing alteration of 30 - 40%. The style of alteration is similar to that in the
background gabbros. The formation of chlorite after plagioclase and clinopyroxene as well as
actinolite + tremolite after clinopyroxene mostly occurs along grain boundaries. Fresh olivine
is rare. Cores of clinopyroxenes are preserved although they are heavily traversed by a
dense networks of fractures which is accompanied by secondary oxides and sub-microscopic
alteration phases growing into fresh regions thereby attenuating the transparency.
Plagioclase shows yellowish to light-brownish shading. A fracture related overprint is also

present in plagioclase but this is not as strong as for clinopyroxene (Fig. 4c, d).
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The alteration intensity for the two hanging wall samples (AH9, OM15-3A; Fig. 4e, f) ranges
between 50 — 80 % with the initial magmatic texture and mineralogy being only partially
preserved. Clinopyroxenes have a “rusty” appearance with corroded grain boundaries and
abundant fractures and are commonly replaced by sub-micron to micron brown to green
hornblende blades and tremolite/actinolite needles. More altered clinopyroxenes show
coronas of chlorite = tremolite when in contact with plagioclase. Plagioclases are more
altered than clinopyroxenes, showing abundant fractures and partial replacement by fine-
grained chlorite. Fresh olivine is absent. There are abundant veins in the hanging wall
samples ranging from < 10 um to 1 mm width. Prehnite and prehnite-laumontite veins cross-

cut earlier alteration phases and are being cross-cut by later laumontite-calcite veins (Fig. 4e,
f).

4.3. Clasts

The two clast samples (AH6, AH7) from the central part of the fault rock display variable
degrees of alteration. Sample AH6 has a very similar alteration assemblage and intensity to
the hanging wall samples but includes two (<1 mm) veinlets of brown hornblende, possibly
formed during higher temperature (> 500 °C) hydrothermal alteration (Manning et al., 2000).
Laumontite veins (<1 mm) cross-cut earlier alteration and are themselves cross-cut by later
calcite veins. Late stage calcite also fills tiny open spaces between mineral grains, and
appears to be the last alteration phase. In contrast, sample AH7 is almost completely altered
with abundant calcite. Epidote partially replaces plagioclase and clinopyroxene.
Clinopyroxene is mostly overgrown by green hornblende, actinolite/tremolite and chlorite. As
a whole, the sample is brecciated and cemented by calcite, with prominent calcite veins (~

1mm) cross-cutting earlier alteration phases and veins.
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4.4. Chlorite-rich fault rock

Seven samples (AD5, AD6, AD7, DT-10, AH8, OM15-3C and OM15-3E) of the chlorite-fault
rock have been analysed by thin section petrography. For all these samples the alteration
intensity is close to 100%. The major constituents are chlorite (60 — 80 %), epidote (5 — 15
%), titanite (< 5%), chalcopyrite and pyrite (< 5 %) and native copper (< 5%). Moreover, most
samples contain weathering products of sulphides such as iron-oxyhydroxides (5 — 10%),
malachite (5%) as well as calcite (5 - 10 %). In mineralized samples layered, fine-grained,
concentric zonations (Fig. 5a, b) with variable contents of SiO,, CuO and FeO (Fig. 5c) are
common. Sample DT-10 is dominated by weathering products and consists mainly of iron-
hydroxides (65 %) and malachite (25 %) with chlorite (10 %) as a subordinate phase. Thin
section petrography reveals the complete replacement of the original igneous minerals but a
relict igneous texture is still visible (Fig. 5d). Radiating chlorite crystals (~ 250 um) replace
primary plagioclase and clinopyroxene and relict outlines of primary mineral grains remain
visible in cross-polarized light. This indicates that the chloritised fault rocks are strongly
altered gabbros rather than sheared hydrothermal veins. Commonly, chlorite coexists with
fine-grained, granular titanite (<20 um) and epidote crystals (~ 50 - 100 um) (Fig. 5€). Most
samples show patches (1 — 5 mm) dominated by epidote, with euhedral crystals (100 — 250
pum) grown into open-space (Fig. 5e) that is partially filled by chlorite or secondary calcite.
Typically, open-space filling chlorites are inclusion-free, and not associated with titanite,
suggesting that it may be precipitated directly from a hydrothermal fluid instead of replacing
primary minerals. Although chalcopyrite and pyrite grains are now only very small (5 - 20 pum)
and rare in most samples, the numerous areas (> 5 mm) with iron-hydroxides and malachite
suggest they were previously abundant. Similar to the hanging wall, footwall and clast
samples, calcite is the latest stage alteration mineral, mainly filling open spaces and thin
veins that cross cut earlier alteration phases.

Fig. 5
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5. Mineral chemistry

5.1 Plagioclase

Plagioclase from the hanging wall and footwall samples is compositionally similar to
plagioclase from the layered gabbro section elsewhere in the Wadi Tayin area (Pallister and
Hopson, 1981). Most footwall plagioclase yield anorthite compositions (Anvs.s1), slightly lower
than the median composition of plagioclase in fresh layered gabbros (Angz:20) in Wadi
Gideah (Fig. 6a; Table A3), but strongly albitised plagioclase are not present (<Ango). In
contrast, plagioclase in the hanging wall rocks has very high anorthite contents (>Angp).

Fig. 6a

5.2 Amphibole

All measured amphiboles classify as Ca-amphiboles following the classification scheme of
Leake et al. (1997) (Fig. 6b; Table A4) and compositions range from tremolite to actinolite,
magnesiohornblende and tschermakite, with maost analyses plotting in the tremolite-actinolite
field. All analysed amphiboles show compositions similar to amphiboles observed elsewhere
in the ophiolite’s gabbro section (Bosch et al., 2004) as well as in the plutonic section of
modern oceanic crust (Alt et al., 2010). Amphiboles co-existing with chlorite in hanging and
footwall samples have tremolite compositions with high Si and low Fe?* abundances (Mg#
>0.95). In contrast, amphiboles replacing clinopyroxenes in hanging wall sample OM15-3A
mainly plot in the magnesiohornblende field with a few tschermakite compositions. All
measured amphiboles display low Cl concentrations of < 0.05 wt. %.

Fig. 6b

5.3 Epidote
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Epidote from the fault rock display a range of compositions with Xre (Xre =Fe/(Fe+Al))
ranging between 0.2-0.34 (Table A5). This is somewhat higher than previously reported from
epidote veins and epidote crystals in the alteration halos around hydrothermal veins in
gabbros from the lower crustal section of Wadi Haymiliya in the central part of the ophiolite
(Xre=0 - 0.2 for most analysis; Nehlig and Juteau, 1988). Similar Xg. compositions of epidote
with Xre=0.17-0.36 have been measured from the sheeted dikes and upper gabbros in

ODP/IODP Hole 1256D (Alt et al., 2010).

5.4 Chlorite

Chlorite is the most abundant mineral in the fault rocks and also a major secondary phase in
hanging wall and footwall samples. Chlorite replaces plagioclase and co-exists with tremolite
along grain boundaries between plagioclase and pyroxene crystals. This is similar to how it is
commonly observed in many ocean crustal rocks (e.g. Alt et al., 2010) as well as reported
from experiments of gabbroic rocks with seawater at temperatures between 300-475 °C
(Beermann et al., 2017). Both in hanging wall and footwall samples chlorite replacing
plagioclase and chlorite co-existing with tremolite display a narrow range in silica (5.3-6.1 Si
pfu), in contrast to chlorite from elsewhere in the ophiolite (France et al., 2009; Nehlig and
Juteau, 1988) and in modern oceanic crust (e.g. (Alt et al., 2010) (Fig. 6¢). Chlorites from the
fault rocks yield a similar narrow range of silica but have considerably higher Fe/(Fe+Mg)
ratios of 0.38 to 0.56 than hanging wall and footwall samples, with some samples being iron-
rich, Fe/(Fe+Mg) > 0.55 (Fig. 6¢; Table A6). Furthermore, chlorite from the hanging and
footwall gabbros have distinctive compositions too, with footwall chlorites Fe/(Fe+Mg) ratio at
0.23 to 0.3 being more iron-rich than hanging wall chlorites with Fe/(Fe+Mg) ratio from 0.18
to 0.22.

Fig. 6¢
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5.5 Prehnite and laumontite

Prehnite crystals from prehnite-laumontite veins have been analysed with the electron
microprobe in the hanging wall sample OM15-3A (Table A7). Prehnite compositions are
uniform with a calculated formula of Caj.gs-2Nao-0.02(Alo.96-0.98F€0.01-0.02>")Alo.94-0.97Si3.03-
3.06010(OH)2. Prehnite shows low iron concentrations with Xge=100*Fe (Fe+AlV) of 0.33-1.55.
These results are comparable to the lowermost values reported by Nehlig and Juteau (1988)
from late prehnite veins in the layered gabbro section of Wadi Haymiliya.

Laumontite in the prehnite-laumontite veins in hanging wall sample OM15-3A is
homogeneous with low iron and sodium concentrations (Table A8). Calculated formula is

Cas.38-3.91Na0-0.15K0.01-0.39(Al7.51-7.81F€0-0.13Si16.19-16.44) *18H20.

6. Bulk rock major- and trace element compositions

Table 1

Fig. 7
6.1 Fresh layered gabbro

Eight samples of fresh layered gabbro that crop out within 500 m of the fault zone have
compositions typical of mafic cumulates from Wadi Tayin area (Peucker-Ehrenbrink et al.,
2012), the Samail ophiolite in general (Browning, 1984; Pallister and Hopson, 1981; Pallister
and Knight, 1981) and modern fast-spreading ocean ridges (Gillis et al., 2014). These rocks
have magnesium numbers [Mg# = 100 x (Mg?*/(Mg?* + Fe™®),,mic] that cluster in a narrow
range of Mg# = 88 to 90 and incompatible minor and trace element concentrations (e.g.,
K20, TiO,, Zr, Y, Nb) are low to very low, demonstrating the gabbros primitive compositions
(Fig. 7; Table 1). Loss on ignition (LOI) averages ~2 wt. %, indicating the presence of some
minor alteration products. Chondrite-normalised rare earth element patterns show a
depletion of the light rare earth element (LREE) and slightly decreasing abundance of the
heavy rare earth elements (HREE). There is a strong positive Eu anomaly, reflecting the high
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modal abundance of plagioclase in the samples (Fig. 8).

Fig. 8

6.2 Hanging and footwall samples

Relative to the unaltered layered gabbro, rocks from the hanging and the footwall have
comparable major element compositions, with only subtle variations (Fig. 7). One hanging
wall sample yields slightly lower values of CaO but still plots in the range of overall layered
gabbro samples of the Wadi Tayin area (Peucker-Ehrenbrink et al., 2012). All three samples
plot in the lower range of SiO> concentration. The hanging and footwall samples have higher
concentrations of volatiles with loss on ignition (LOI) of 7.4 wt. % on average, indicating that
they are more strongly altered than the fresh layered gabbro samples. Trace element
concentrations are not significantly different compared to fresh layered gabbro
concentrations (Fig. 7, Table 1), but tend to have slightly increased Sr concentrations and
generally lower concentrations of Cu. Chondrite-normalized rare earth element pattern are

identical to fresh layered gabbro (Fig. 8).

6.3 Clast samples

The two clast samples are slightly more variable in terms of major- and trace element
composition when compared to hanging and footwall samples. The highly altered sample
AH7 has clearly lower CaO and higher TiO, concentrations, similar to the chlorite fault rocks
(Fig. 7; Table 1). Both clast samples show slightly higher concentrations for NaO, possibly
reflecting the presence of more albitic plagioclase as well as elevated volatile contents with
LOI 5 wt. % and 14.5 wt. %. Concentrations of V, Co, Zn and Ni are comparable to those of
fresh olivine gabbro, whereas sample AH7 has a higher concentration for Cu. Rare earth
element patterns are very similar to fresh layered gabbro although with a less pronounced Eu

anomaly for the more altered sample AH7 (Fig. 8).
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6.4 Chlorite-rich fault rocks

Major and trace element compositions of the chlorite-rich fault rock reflect the secondary
mineral assemblage. All fault zone samples show high LOI values of 8-17 wt. %, resulting
from the high abundance of hydrous minerals such as chlorite and epidote and weathering
products (e.g., malachite and iron oxyhydroxides). The chlorite-fault rock samples show
different and more variable major elemental compositions compared to fresh layered gabbro
(Fig.7; Table 1). Total Fe>Os is up to six times higher than in fresh samples, whereas CaO,
SiO, and NaO concentrations are considerably lower. TiO, and MgO concentrations are
slightly higher whereas Al,Os; appears unchanged. In terms of minor and trace elements, the
concentrations of Cu, Co, Zn and V are strongly increased compared to fresh gabbros for
some of the samples. Cu concentrations are very high for some of the samples, reflecting the
presence of chalcopyrite and its weathering products such as malachite. Strontium
concentrations are generally lower than in fresh samples, in parallel with lower CaO values.
Rare earth elements concentrations and patterns show some differences compared to fresh
layered gabbro samples (Fig. 8): All samples display no or negative Eu anomalies, compared
to a positive anomaly in unaltered layered gabbro. This possibly reflects the disappearance
of plagioclase. Furthermore, two samples yield significantly higher REE concentrations (up to

8x chondrite).

7. Strontium isotope compositions

Fig. 9

Strontium isotope bulk compositions of six fault rock samples, two clast samples, three
hanging and footwall samples were determined and are compared to eight fresh layered
gabbro samples collected within 500 m of the fault zone outcrop. Additionally, epidote from

an epidote vein in the footwall, laumontite from a laumontite-calcite vein in the hanging wall,
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and calcite from a calcite vein in the fault rock and from a calcite-laumontite vein in the
hanging wall were mechanically separated by hand picking and analysed (Fig. 9; Table 1).
Fresh layered gabbros display a relatively narrow range of Sr concentrations (100 — 150
hg/g) and isotope compositions (87Sr/8Sr = 0.70299 — 0.70332). These Sr-ratios are slightly
elevated compared to fresh MORB (87Sr/%Sr = 0.70281) from modern oceanic crust (White et
al., 1987) and some show slightly more radiogenic values compared to fresh layered gabbro
elsewhere in the Samail ophiolite (37Sr/%®Sr ~ 0.70265-0.70320, McCulloch et al., 1980,
Lanphere et al., 1981). The footwall sample plots with 8’Sr/%¢Sr = 0.70327 close to fresh
layered gabbro, indicating only very minor Sr isotopic exchange. In contrast, the hanging wall
samples have more radiogenic values of 8Sr/®Sr = 0.70390-0.70475 compared to fresh
layered gabbro (87Sr/?¢Sr = 0.70299-0.70332), with sample OM15-3A also showing higher Sr
concentration (221 ug/g) than fresh layered gabbro due to high abundance of hydrothermal
laumontite and prehnite. The clast samples as well as the chlorite-rich fault rocks show a
narrow range of strontium isotope composition (8Sr/#Sr = 0.70451 — 0.70450), clearly
shifted towards more radiogenic compositions, combined with low Sr concentrations
compared to fresh layered gabbro (Sr=50-100 ug/g). These Sr-isotope ratios are similar to
the range of hydrothermal epidote and amphiboles, and highly altered gabbros from the Wadi
Tayin area (e.g., Bosch et al., 2004; Coogan et al., 2006). Moreover, epidote from a
monomineralic epidote vein of the footwall shows very similar Sr-isotope composition
(87Sr/8Sr = 0.70428). These epidote grains have euhedral crystal habits and appear to have
precipitated directly out of a hydrothermal fluid and therefore should directly reflect the Sr-
isotopic composition of the fluid.

The separated laumontite of sub-millimetre thick veinlets, cross-cutting all other alteration
stages yields Sr-isotope ratios (8’Sr/%Sr = 0.70737) close to 95 Ma-seawater (Fig. 9). Hand-
picked calcite of laumontite-calcite veinlets display the most radiogenic values of 8Sr/%¢Sr =
0.70777 — 0.70823 and plot in the range of Cretaceous to Miocene sediments

(Weyhenmeyer, 2000) and close to the strontium isotope composition of modern
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groundwater (87Sr/%Sr = 0.7078) from gabbro hosted wells in Wadi Tayin (pers.

communication N. Bompard).

8. Discussion
8.1 Secondary mineralogy and hydrothermal fluid characteristics

Chlorite is a major constituent in both the fault rock as well as in hanging- and footwall
gabbros and its composition can be used as a geothermometer to estimate alteration
temperatures. Several studies report a systematic decrease of SiV coupled with an increase
of AV in chlorites with increasing temperature (Cathelineau, 1988; Cathelineau and Nieva,
1985; McDowell and Elders, 1980; Velde, 1991). This correlation was used by Cathelineau
(1988) to develop an empirical geothermometer of general applicability in diagenetic,
hydrothermal and metamorphic settings based on the incorporation of Al'V. Several studies
show that the Al'V- temperature correlation is likely to be influenced by the Fe/(Fe+Mg) ratio
of the chlorite (Jowett, 1991; Kranidiotis and MacLean, 1987) and the empirical
geothermometer of Cathelineau (1988) was extended by a correction factor (Jowett, 1991).
Using this adapted thermometer of Jowett (1991) we calculate temperatures of chlorite
formation in the fault rock as well as chlorite in hanging wall and footwall (supplementary Fig.
A9_3; Table A6). The majority of fault rock chlorites show formation temperatures between
300-350 °C (median temperature 330 °C), whereas hanging wall and footwall chlorite show a
slightly larger spread of temperatures but most plot in the range of ~ 250-300 °C with a
median temperature of 275 °C for footwall and 268 °C hanging wall chlorite (supplementary
Fig. A9_3). Statistical analysis on the temperature range of all three lithology’s show that the
temperature difference between fault rock and both wall rocks are significant (see box plot in
Fig. A9_3). However, petrographic observations indicate that chlorites of the fault and
chlorites within the walls have formed at different conditions (e.g. different fluid/rock ratio, pH
and time). Therefore, an additionally influence of the host rock composition on the chlorite

formation temperature as stated by Xie et al. (1997) cannot be entirely ruled out (e.g. Fe;Os
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content is very different between hanging- and footwall: ~5 wt% and fault rock: ~25 wt%; see
Table 1). The difference in chlorite formation temperatures between the fault rock (~ 300-350
°C) and the hanging- and footwall (~ 250-300 °C) suggest an open system of multi-stage
alteration and a fluid evolution towards a highly charged composition. The formation of
chlorite in the hanging- and footwall during initial fluid migration along the fault at slightly
lower temperatures (~ 250-300 °C), subsequent evolution and channeling of the
hydrothermal fluids, accompanied by a temperature rise to 300-350 °C, re-equilibrating the

chlorite along the fault but not the chlorite in the wall rocks, is a likely scenario.

The fault rock and clast samples have similar Sr-isotope compositions (Fig. 9) as the epidote
vein in the footwall as well as epidote veins observed elsewhere in the ophiolite (e.g., Bosch
et al., 2004; Coogan et al., 2006). The epidotes have relatively high Sr concentrations (400 to
750 pg/g) and are robust against low-temperature fluid-rock Sr exchange and hence
analyses of epidote precipitated in veins are commonly used to estimate the Sr-isotopic
compositions of the hydrothermal fluids (e.g., Bickle and Teagle, 1992; Harris et al., 2015;
Teagle et al., 2003). Epidosites, equigranular epidote-quartz-titanite rocks, are present in the
sheeted dike complexes of many ophiolites, and thought to record zones of concentrated
“black smoker-type” hydrothermal upwelling fluid flow (e.g., Richardson et al., 1987;
Schiffman et al., 1987) and have similar Sr-isotopic compositions to epidote veins. The
Oman epidote 8Sr/®Sr ratios are clearly elevated relative to fresh layered gabbro indicating
the extensive exchange of the rock with a seawater-derived hydrothermal fluid. We propose
that this fluid had a 8’Sr/®Sr in the range of 0.7043-0.7048, and that the passage of a black
smoker-like fluid with this Sr-isotopic composition resulted in the alteration of the fault rocks,
clasts and surrounding wall rocks.

The degree of alteration, the strontium isotopic composition of the fault rock and particularly
the observed secondary mineral assemblage with abundant Cu-sulphides suggest a

formation of the fault rock during fluid-rock interactions with up-welling, discharging
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hydrothermal fluids at chlorite formation temperatures of about 300-350 °C. Hints towards

enhanced fluid recharge activity are absent in this fault. Minor but pervasive replacement of
clinopyroxene by Mg-hornblende in the altered clast and hanging wall samples indicates an
earlier phase of higher temperature hydrothermal alteration which is now mostly overprinted

by the described, lower-temperature alterations.

8.2 Mass changes during hydrothermal fluid-rock interaction
8.2.1 Calculating mass changes

Comparison of altered bulk rock composition with relatively fresh rocks allow us to estimate
the effects of hydrothermal alteration more quantitatively. These calculations indicate which
elements are either immobile, mobilized or precipitated, and ultimately lost or gained during
fluid-rock interactions. To calculate net mass changes, it is essential that altered rocks are
compared with appropriate precursor compositions. Widely available analyses for fresh
Oman gabbros makes this simpler than in more complex or metamorphosed terranes. A
widely applied method to monitor changes during hydrothermal alteration uses the behaviour
of immobile elements that are passively concentrated or diluted by whole rock mass loss or
mass gain, respectively (Grant, 1986; Gresens, 1967; MacLean, 1990; MacLean and Barrett,
1993). Therefore, concentration ratios of these immobile elements in the rock before and
after alteration can be used to calculate changes of other, mobile elements. Grant (1986) re-
defined the original equation of Gresens (1967), relating the concentration of an element i in

the altered rock to the concentration of the same element in the precursor rock through a
]
mass change term (%). The change of concentration of element i during alteration is the

difference between the concentration of element i before (c) and after (c*) alteration. The

equation is formulated as:

MO
cf =20+ Acy) (1)
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585  where ciA = concentration of component i in the altered rock, c{’ = concentration of element i
586 in the precursor rock, M° = mass of the precursor rock, M4 = mass of the altered rock and

587  Aci = change in concentration of element i. This equation describes a straight line with a

0 0
588  slope defined by the mass change term (%) and the y-axis intercept (% x Ac;).

589  To calculate elemental gains and losses for each altered sample, precursor compositions
590 need to be defined. In the case of the chlorite-rich fault rock within the layered gabbros

591 presented here, a single precursor system is assumed, as the layered gabbros are

592  chemically reasonably homogenous (Fig 7 & 8). For this study, the median concentrations of
593  eight samples of the fresh layered gabbro within 500 m of the fault zone outcrop was taken
594  as a precursor composition (Table A2). To select which elements can be considered as

595 immobile and are, therefore, appropriate for calculating the mass change term, each of the
596 seven samples from the chlorite-fault zone was examined individually, by comparing the

597  concentration of element i in the altered rock (c{) to the median value of the precursor rock

598 (). For all the fault-rock samples the ¢{* / ¢? for HREE cluster together (Fig. 10). Hence, we

0
599  have selected the HREE (Dy and heavier) to calculate the mass change term (% :

600 Table 2

601  Fig. 10
602  8.2.2 Chemical changes during hydrothermal alteration

603  Results of mass change calculations are summarized in Table 2 and median mass changes
604  are plotted in Fig. 10. Chlorite-rich fault rock samples show an average a significant mass
605 loss of 67% and clast samples a loss of 34%. In contrast, there is no significant mass change
606 (- 1%) for hanging and footwall samples. Major element changes are variable, both within
607  and between the three rock types, mainly reflecting differences in the secondary mineral

608 assemblages formed and the extent of fluid-rock exchange.

609  SiO; is slightly to highly reduced in all samples with increasing alteration (Fig. 10). Chlorite

610 fault rock samples have lost >60 % of their silica compared to fresh layered gabbro. This is a
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substantial part of the total mass loss calculated for chlorite-rich rocks. There is no altered
gabbro sample showing any silica enrichment. This agrees well with the absence of
secondary quartz and suggests that silica has been transported away from these rocks by
the passage of hydrothermal fluids. The general silica loss due to hydrothermal alteration of
oceanic crust has been described previously (e.g. Coggon et al., 2016). The behaviour of
silica in hydrothermal fluids is relatively well understood (Von Damm et al. (1991), and the
silica-loss (63%) from the chlorite-rich fault zones can be used to calculate how much fluid
has flowed through this fault zone. The solubility of SiO2 in hydrothermal fluids principally
depends on temperature, pressure and salinity. Using the quartz solubility in seawater of
15.7 and 31.2 mmol/kg, at 300 and 400°C, respectively (Von Damm et al., 1991), results in
fluid/rock ratios between 450:1 to 900:1. This estimation is possibly an upper limit as some
mid-ocean ridge hydrothermal fluids have salinities greater than seawater, and quartz
solubility increases with increasing salinity (Xie and Walther, 1993), but it assumes that the
mobilisation of silica is 100% efficient. Regardless, the chlorite-rich fault rocks forms at

extreme fluid/rock ratios (Teagle and Alt, 2004).

Titanium and aluminium are traditionally assumed to be immobile during hydrothermal
alteration (e.g. MacLean and Barrett, 1993), but these elements display slight mobility in all
three of the altered rock types. Titanium shows changes in the range of slightly more than +
10% which is consistent with the formation of secondary titanite in the chlorite fault rock.
Despite the localized formation of secondary titanite, the fault rocks have lost titanium
compared to fresh layered gabbro (median= -14%). Alumina is slightly to moderately
depleted. This loss of alumina may relate to the strong losses of calcium for all three rock
types and a gain of sodium for hanging and footwall samples as well as clasts, due to the
partial albitisation of plagioclase (Fig. 6 & 11). The chlorite-rich fault rocks have lost >90 % of
calcium compared to fresh layered gabbro reflecting the complete breakdown of plagioclase,
with only minor epidote present. Iron and manganese are moderately to highly depleted in
hanging and footwall rocks and clasts respectively, whereas the chlorite-rich fault rocks are

highly enriched in both elements (Fig. 10). The high iron concentrations mainly reflect
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hydrothermal sulphide mineralisation and their subsequent iron oxyhydroxide weathering

products, respectively.

The most significant feature of all three rock types is the large increase of volatiles, as seen
in an increase of loss on ignition (LOI) when compared to fresh layered gabbro. This
increase mainly reflects hydration during fluid-rock interaction with only minor carbonation.
The hanging and footwall samples as well as clast sample AH6 have only minor calcium
carbonates present in small veins. Consequently, most of the increase in LOI is due to the
formation of hydrous hydrothermal minerals such as chlorite, amphibole, prehnite and
laumontite. Hanging wall sample OM15-3A shows a considerable gain of volatiles, reflecting
high modal abundances of laumontite and prehnite. For clast sample AH7 and all the fault
rock samples the increase of LOI is mainly due to high abundances chlorite (£ minor

epidote).

Even though Y, Zr and Hf are generally considered as immobile elements during
hydrothermal processes (MacLean and Barrett, 1993; MacLean and Kranidiotis, 1987), but
they show considerable mass gains in all three rock types. However, fresh layered gabbros
and altered samples have low concentrations of Zr (~ 3-15 ug/g) and Y (~ 4-13 ug/g), and
consequently, minor variations in concentration can result in considerable relative mass
gains or losses. However, mobility of high-field strength elements (HFSE) in hydrothermal
systems and hydrothermal zircons have been reported from MOR settings (e.g. Augustin et

al., 2008).

In general, the alkali elements are very sensitive tracers of hydrothermal activity. Lithium is
depleted in all three rock types, up to 50% in hanging and footwall and clasts but slightly less
so in the chlorite-rich fault rocks (Fig. 10). Lithium is known to be highly mobile during
hydrothermal processes in oceanic crust: low-temperature processes lead to an increase in
Li concentration in host rocks but, Li is significantly mobilised by hydrothermal processes at
greenschist to sub-amphibolite facies conditions (Chan et al., 2002). Interestingly, Li is less
depleted in the chlorite-rich fault rock compared to the other two rock types, despite the
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higher alteration degree. This may be explained by the substitution of Li for Mg, due to their
similar ionic radii (~ 0.76 A), and the high abundance of Mg-chlorite in these rocks. Both, Rb
and Cs are depleted in all three rock types (Fig. 10), suggesting they were leached and lost
to the hydrothermal fluid. From black smoker systems it is well known that Rb and Cs are
leached almost completely during intensive fluid-rock interaction at temperatures ~350 °C
leading to Rb and Cs concentrations of black smoker fluids nearly as high as measured in
basalts (Palmer and Edmond, 1989; Von Damm, 1995). Sr and Ba have an affinity for Ca,
and Sr is predominantly incorporated in secondary minerals such as secondary plagioclase,
prehnite and laumontite in hanging wall and footwall and is therefore gained. Even though Sr
substitutes for Ca of epidote in the fault rock, it cannot counterbalance the loss of Sr due to
the decay of plagioclase and therefore Sr is highly depleted in the fault rock. Ba is enriched
in both the wall samples and the clasts and slightly enriched in the fault rock, although the

range in the fault rock is large.

Sc, V, Cr, Ni and Pb are all depleted in hanging and footwall, clasts and the fault rock,
whereas Co, Cu and Zn are depleted in hanging and footwall but present in high
concentrations in the chlorite-rich fault rocks, reflecting sulphide mineralisation and their
weathering products (Fig. 10). Although clast sample AH6 shows similar behaviour to the
hanging and footwall samples, the more altered sample AH7 has elevated Cu and Zn
concentrations, reflecting the presence of sulphides. Mass change calculations indicate that
Co, Zn, and Cu are leached out of the precursor rock during intensive hydrothermal fluid-rock
interaction and precipitated locally in the fault rock. Presumably, this alteration occurred at
relatively high temperatures (~350 °C), where the solubility of metals in hydrothermal fluids is
significantly increased (Seewald and Seyfried, 1990). Such a metal depletion during
hydrothermal alteration has been observed in other oceanic and ophiolitic crustal sections,
from both the lower and the upper crust (Alt et al., 2010; Coggon et al., 2016; Coogan et al.,

2006; Hetft et al., 2008; Humphris et al., 1998; Nehlig et al., 1994).
Fig. 10
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For all three alteration types the behaviour of the LREE (La-Sm) is decoupled from the HREE
(Gd-Lu). The HREE have been assumed to be immobile and were used to normalize mass
changes. In contrast, the LREE are depleted in most samples when compared to fresh
layered gabbro, with La being most depleted. A pronounced negative Eu anomaly is common
to all altered rock types (Fig. 10) and is presumably related to both, albitisation of plagioclase
(Klinkhammer et al., 1994) and fluid chemistry coupled with specific pressure and T
conditions (Beermann et al., 2017). This is most extreme in the chlorite-rich fault rocks,
where plagioclase is completely dissolved and replaced, leading to a release of Eu into the
hydrothermal fluid. In contrast, there are three samples (AD5, AD7 and OM15-3E) that
display gains of LREE and a less pronounced negative Eu anomalies (supplementary Fig.
A9). This reflects the presence of open-space filling epidote in these samples that appear to
have precipitated directly from the hydrothermal fluid rather than as a replacement of primary
igneous minerals. Hydrothermal epidote tends to show flat to slightly LREE-enriched

patterns, with a pronounced positive Eu anomaly (Gillis et al., 1992).

U is generally highly enriched in all three rock types (Fig. 10) whereas it shows low
abundances in fresh layered gabbro. Previous studies from the upper oceanic crust have
shown that U is enriched during low-temperature (<100 °C) hydrothermal process (Bloch,
1980; Hart and Staudigel, 1982), although Bach et al. (2003) suggest that U uptake
continues under lower greenschist facies conditions. Ba is enriched in all three rock types,

indicating an uptake during hydrothermal alteration.

8.3 The effect of weathering

Some of the samples are not only affected by hydrothermal alteration but also show signs of
weathering (e.g. formation of oxyhydroxides, carbonates). Especially some of the fault rock
samples (DT-10 and OM15-3C) show high contents of CO, and H.O-bearing weathering
minerals such as malachite and Fe-hydroxide. Such weathering minerals also contribute to

the high observed gain of volatiles. Moreover, Fe-oxyhydroxides are proposed to host or
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adsorb U (Bach et al., 2003; Staudigel et al., 1996; Teagle et al., 1996), indicating that U

uptake might extend to the surface weathering processes.

Additionally, calcite from laumontite-calcite veins shows the most radiogenic compositions,
close to present day groundwater observed in gabbro hosted wells in Wadi Tayin and within
the range of Miocene sediments that once covered the ophiolite. This indicates that calcite is
likely to have formed later in the history of the ophiolite and is not necessarily related to the

ocean ridge hydrothermal circulation and alteration previously described.

8.4 Importance of lower crustal fault zone for global elemental fluxes

To assess the hydrothermal contribution of fault zones similar to the feature described above
to global geochemical cycles, we have converted our estimated hydrothermal mass changes
to net elemental fluxes into or from the lower crust. Given our field observations and aerial
photograph observations on the occurrence of these altered zones (Coogan et al., 2006), we
assume that similar faults are spaced every 1000m perpendicular to the ridge axis and
continue along strike for 500 m, such that there is one fault zone per square kilometre of
seafloor. The modelled fault zones comprise 0.6 m of fault rock and 0.4 m of clasts, flanked
by a of 30 m wide alteration halo (total width, including hanging wall and footwall) and cut
through 4000 m of gabbro (Fig. 11). The net mass flux (Fi) of component i through 1 square

kilometre of seafloor due to lower crustal faulting is therefore given by:

FZ
Fy = Z VopAm;_,
z

Where Ami.;is the average change in mass of component i per kilogram of rock in each sub-
zone (z) of the fault zone (FZ), V; is the volume of each sub-zone (fault rock = 1.2 x 10 m3,
clasts = 0.8 x 10° m3, halo = 100 x 10°® m®) and p; is the density of each sub-zone (assumed
to be 3100, 2700 and 2800 kg/m?, for the fault rock, clasts and halo respectively). Sources of
uncertainty in the calculated values of F; will include (i) geochemical analytical uncertainty; (ii)
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uncertainty in calculated hydrothermal mass changes, for example reflecting the choice of
precursor composition, the assumptions regarding element immobility, and the compositional
variability within each altered sub-zone of the fault; and (iii) uncertainty in fault geometry and
spacing, and hence the modelled volumes of fault sub-zones (V). A full propagation of these
errors is beyond the scope of this paper. Here the net elemental mass fluxes (Fi) due to lower
crustal faulting are therefore determined from the median calculated chemical changes for
each sub-zone of the fault (see Section 8.2.2), with the uncertainty propagated from the
median absolute deviation of the calculated chemical changes for each rock type, as
compositional variability of the altered rocks is expected to be the dominant source of

uncertainty. The impact of uncertainty in fault geometry/spacing is discussed below.

To assess the importance of such fault zones to global hydrothermal budgets, we compare
our calculated hydrothermal fluxes due to lower crustal faulting with published estimates of
the hydrothermal fluxes associated with the pervasive ‘background’ alteration of ocean crust
determined from analyses of: (i) a full section of 10 Ma ocean crust sub-aerially exposed in
the sub-Antarctic Maquarie Island ophiolite; and (ii) samples of ocean crust recovered from
several sites by scientific ocean drilling, that were combined to yield a composite full-crustal
section (Staudigel, 2014; Table 3). The 2.7 km thick Macquarie crustal section includes
lavas, a mineralised lava-dike transition zone, sheeted dikes, and 1 km of lower crustal
gabbros produced at a slow spreading rate (10 mm/y half rate). The hydrothermal fluxes of
the composite section were predominantly determined from analyses of 120 Ma slow-spread
lavas and 9 Ma ultra-slow spread gabbros. Note that there are significant discrepancies
between the results of these two studies, which likely reflect both global variations in the
nature and extent of hydrothermal alteration and the differing methods used to calculate the
hydrothermal fluxes (see discussion in Coggon et al., 2016). Here we consider lower crustal
hydrothermal faulting to make a significant contribution to global hydrothermal budgets for a
given element if the magnitude of our calculated flux is >10% of the hydrothermal flux in to or
from either the Macquarie crust or the composite crustal section (Table 3). Our results

indicate that given our assumed fault spacing and geometry, lower crustal faults contribute
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significantly to the global hydrothermal budgets of Si, Ti, Al, Fe, Mn, Mg, Ca, H>0, Cu, Zn, Sr

and Cs (Fig. 12).

Assuming that hydration is the main cause of volatile enrichment within the sampled fault
zones, our results indicate that the previously undocumented additional water-uptake during
lower crustal faulting is equivalent to 20% of the total water uptake during background
alteration of ocean crust (Coggon et al., 2016; Staudigel, 2014).

For elements such as Ca, Al, Fe, Na, Zn and Sr, where the change (compared to Macquarie
crust) is in the same sense, our results clearly indicate a significant previously unquantified
flux. For other elements such as Si or Cu, where the change is not the same sense and
elements previously were assumed to leave the crust, it may be that they be partially

remobilized into the fault zones.

Here we have shown that if the lower crustal faulting observed within the Semail ophiolite is
globally representative of faulting within lower ocean crust, then such fault zones contribute
significantly to the global hydrothermal budgets for many elements. Furthermore, if we have
underestimated the spacing of lower crustal fault zones [e.g. fault spacing of only a few
hundred metres observed at the East Pacific Rise (Bicknell et al., 1987; Bohnenstiehl and
Carbotte, 2001; Edwards et al., 1991)], and/or the width of the fault zone alteration halo (the
dominant mass-fraction of the fault zone), then their contribution to global hydrothermal

fluxes is even more significant.

9. Conclusions

Secondary mineral assemblages, major- and trace element mass change calculations and
strontium isotope compositions suggest that this chlorite-rich fault zone represents a
fossilized discharge zone of hot, upwelling hydrothermal fluids with Sr-isotopic compositions
in the range 87Sr/%Sr = 0.7043-0.7048, similar to epidote present in hydrothermal veins in the

Samail ophiolite. Chlorite thermometry indicates formation temperatures of 300-350 °C for
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the fault rock and calculations based on silica solubility in hydrothermal fluids give an
estimate of high fluid/rock ratios up to 450-900. Due to intensive fluid-rock interaction
elements were mobilized and locally redistributed. Ca, Na, Si, Al, Mg, Mn, Fe, Ti as well as
Pb, Rb, Cs, Cr, N, Sc, V, Cu, LREE, Co, Zn and Li were leached and either transported away
by the passage of hydrothermal fluids or were partially incorporated into secondary phases
such as chalcopyrite and pyrite (Fe, Cu, Zn, Co) or epidote (LREE) in the fault rock itself or
into secondary phases such as plagioclase, prehnite and laumontite (Na, Sr) in the wall
rocks. H>O and other elements such as Ba, U were transported with the hydrothermal fluid
and scavenged within the system. Exchange of the hydrothermal fluid with the rock is limited
to between 1 and 30 metres from the fault zone, as evidenced by the alteration around the
fault zone observed in the field. Our results suggest that hydrothermal fluids reach deep into
the lower plutonic oceanic crust and, hence, provide an efficient cooling system being the
prerequisite for in situ crystallization and accretion as proposed in the sheeted sills model.
From calculated mass changes we estimated global hydrothermal fluxes for one lower
crustal fault zone per one cube of lower oceanic crust (1 km x 1 km x 4 km), assuming a
crustal production rate of 5 km?/y. Our results indicate that given the assumed fault spacing
and geometry, lower crustal faults contribute significantly to the global hydrothermal budgets

of Si, Ti, Al, Fe, Mn, Mg, Ca, H.O, Cu, Zn, Sr and Cs.
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Table 1

47

fresh
background
Typ gabbro? hanging wall _hanging wall _ foot wall clast clast fault rock fault rock fault rock fault rock fault rock fault rock  fault rock
Sample md + MAD
ID (n=8)2 AH9 OM15-3A* OM15-3F * AH6 AH7 AD5 AD6 AD7 DT-10 OM15-3C* OM15_3E* AH8
. clinopyroxene  clinopyroxene clinopyroxene clinopyroxene  clinopyroxene
Primary Ell;%g;rﬂiihe d and and and and no primary no primary minerals no primary minerals no primary minerals no primary minerals no primary some clinopyroxene
minerals olivine + pIag_l;::Iase pIag_l;::Iase plaglcii:lasell plaglcii:lase pl‘c}gloclalse mlneralsd preserved preserved preserved preserved mlneralsd relics preserved
oxides partially partially partially wel partially only rarely preserve preserve
preserved preserved preserved preserved preserved
albite, Mg-
albite, Mg- prehnite, hornblende, chlorite
+ chlorite, + hornblende, chlorite, chlorite, actinolite, albite Mg chlorite.
. Mg- actinolite, laumontite, tremolite, Mg-  chlorite, . . ’ chlorite, epidote, chlorite, epidote, . . chlorite, . . -
o Secondary minerals hornblende, +  chlorite, tremolite, Mg-  hornblende, laumontite gg{i?‘l;ﬁgde‘ figgﬁ;e' titanite titanite, chalcopyrite chiorite chiorite epidote chiorite, epidote, fitanite
g tremolite prehnite, hornblende, oxides carbonate, + epidote '
o laumontite pumpellyite epidote, + P!
5 titanite
0
@
© .
© minor amount Fe- Fe- Fe- Fe- Fe- Fe-
o] . . of Fe- calcite, Fe- y . . . . . . y . y calcite, . y
c Weathering minerals - h : . - - calcite hydroxides, hydroxides,malachite, hydroxides,malachite, hydroxides,malachite, hydroxides,malachite, . hydroxides,malachite,
= ydroxides, hydroxides " " ; " " " malachite "
= calcite calcite calcite calcite calcite native Cu, calcite calcite
hornblende X
tremolite X
Vein chlorite b3
prehnite X X
zeolite X X X X X
calcite X X X X X X X X X X X
SiO; wt. % XRF 46.72 £ 0.6 45.2 43.4 46.5 46.8 49.6 26.5 26 30.1 23.2 27.2 22.7 26.9
Al,Os wt. % XRF 17.99 £0.7 17.8 16.0 13.6 19.1 15.8 19.6 19.4 20.9 145 19.2 14.7 18.9
Fe;03 wt. % XRF 528+04 5.7 3.2 5.8 33 6.6 28 30 22.4 32.1 276 16.7 227
MnO wt. % XRF 0.09+£0.01 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.2 0.2 0.3 0.2 0.2
MgO wt. % XRF 1058 £1.2 11.2 8.1 11.8 8.5 10.8 13.8 13.3 11.8 8.4 13 12.7 18.1
Ca0O wt. % XRF 16.44£0.4 12.6 16.1 15.3 155 6.5 2.7 0.9 4.7 0.4 1.6 13.7 0.2
Na.0 wt. % XRF 0.99+0.1 15 1 0.8 1.4 1.6 0.1 0.1 0.1 0.6 <02 0.5 0.1
K20 wt. % XRF <0.02 <0.01 0.0 0.0 <0.01 <0.01 <0.01 <0.01 <0.01 0.0 <0.02 <0.02 <0.01
TiO2 wt. % XRF 0.22£0.02 0.2 0.2 0.2 0.2 0.4 0.3 0.5 0.3 0.1 0.3 0.6 0.3
P20s wt. % XRF <0.08 0.01 <0.08 <0.08 0.01 0.02 0.02 0.03 0.01 0.1 0.01 0.1 0.01
SOs wt. % XRF - <0.01 0.00 0.01 <0.01 0.02 0.01 <0.01 <0.01 0.01 0.01 0.02 <0.01
LoP® wt. % XRF 1.95+0.2 5.6 11.0 5.6 5 14.6 8.6 8.8 8.9 11.2 10.9 17.2 13.6
Total wt. % XRF 100.00 99.8 99.1 99.7 99.8 99.6 99.8 99.2 99.5 90.8 100 99.1 99.8
Mg# 88-90 88.6 91 89 91.1 86.8 66.2 63.8 67.6 50.8 65.1 75.1 75.9
ICP-MS /
Li Ho/g LA-ICPMS 0.82+0.2 0.7 0.4 0.3 0.2 11 0.8 0.6 1 0.8 22 1.4 0.9
ICP-MS /
Sc Ho/g LA-ICPMS 41.77+6.4 333 335 46.7 39.7 51.7 53.7 51.1 44.6 217 50.1 51.1 44.8
ICP-MS /
v Ho/g LA-ICPMS 119.74+20.9 843 117.6 149.2 107.3 1135 167.6 219.7 124.5 1547 2223 2385 131.2
XRF /LA 685.34 +
Cr Ho/g ICP-MS 109.3 548.2 366.6 651.2 437.7 798.1 581.4 642.5 531.1 409 743.8 806.4 1140.7
XRF /LA
Co Ho/g ICP-MS 40.32+4.6 45.6 21.3 41.1 9.9 54.5 131.8 344 112.3 161 175.3 105.1 121.5
XRF /LA
Ni Ho/g ICP-MS 172.15+£30.1 194.4 118.6 172.7 113.2 146.2 168.9 182.2 147.4 200.3 241 247.8 240
ICP-MS /
Cu Ho/g LA-ICPMS 119.71 +30.4 92.8 6.4 196.4 44 1339 76.7 4557 3406.0 75790 6514.2 34.6 8.8
ICP-MS /
Zn Ho/g LA-ICPMS 21.68+1 23.3 6.8 18.2 105 88.1 147.3 161.5 168.6 1141 366.1 170.8 119
ICP-MS /
Rb Hg/g LA-ICP MS 0.08 £0.01 0.1 0.1 0.1 0.1 0.1 0.0 0.01 0.02 0.02 0.1 0.1 0.01
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Sr Halg
Y Halg
Zr Utells]
Cs Utells]
Ba Utells]
La Utells]
Ce Utells]
Pr na/g
Nd ng/g
Sm Ha/g
Eu Ha/g
Gd Ha/g
Tb ng/g
Dy Hg/g
Ho Hg/g
Er Hg/g
™™ Hg/g
Yb Hg/g
Lu Hg/g
Hf ug/g
Pb ug/g
Th ug/g
u nalg

#7Sr/**Sr measured
¥Sr/%*Sr 95 Ma
+2SE  (error)

Picked minerals

#Sr/*Sr measured
¥7Sr/**Sr 95 Ma
+2 SE

ICP-MS /
LA-ICP MS
XRF /LA
ICP-MS
XRF /LA
ICP-MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS/
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS
ICP-MS /
LA-ICP MS

foot wall
epidote
(vein)

0.704280
0.704279
14

139.16 +2.8

432+05

3.21+03

<0.01

22102

0.21£0.02

0.63+0.1

0.14 £0.02

093+0.1

044+0.1

0.29 +0.01

0.68+0.1

0.12 +0.02

0.83+0.1

0.18 +0.02

0.47+0.1

0.07 +0.01

0.41+0.1

0.06 +0.01

0.15+0.02

10.83 +10.6

<0.005

<0.005

179.5 221.1
6.6 4.2
7.6 29
0.002 0.004
5.5 3.1
0.1 -

0.5 -

0.1 0.1
0.7 0.8
0.3 0.4
0.2 0.2
0.5 0.6
0.1 -

0.7 0.7
0.1 0.2
0.4 0.4
0.1 0.1
0.3 0.4
0.1 0.1
0.3 0.1
<0.08 0.03
0.01 0.003
0.02 0.01
0.703903 0.704756
0.703900 0.704754
14 13
hanging wall

laumontite (vein)
0.707378
0.707366

17

89.7
58
3.7
0.003
7.4

0.2

0.2

0.5
0.3

0.8

11
0.2
0.6
0.1
0.5
0.1
0.2
0.1
0.004

0.01

0.703274
0.703269
14

hanging wall

calcite (vein)
0.708242
0.708233

14

292.9

78

8.3

0.001

9.3

0.8

0.4

0.2

0.7

0.1

0.8

0.2

0.5

0.1

0.4

0.1

0.3

<0.08

0.01

0.01

0.704510

0.704508
16

105.7

10.1

0.001
3.6
0.2
0.8
0.2
13
0.6

0.4

0.2
13
0.3
0.8
0.1
0.7
0.1
0.3
<0.08
0.01

0.06

0.704969
0.704965
16

fault rock

calcite (vein)
0.707778
0.707767

14

817

7.5

51

0.001

<0.45

0.9

2.8

2.9

0.9

0.4

12

0.2

1.3

0.3

0.8

0.1

0.7

0.1

0.2

<0.08

0.01

0.02

0.704553

0.704553
16

21.4

13.2

16.5

<0.0003

<0.45

0.2

1.0

0.2

14

0.8

0.2

14

0.3

1.8

0.4

11

0.2

0.9

0.1

0.4

0.5

0.02

0.6

53.7

5.9

6.0

0.002

3.7

0.3

0.8

0.2

11

0.5

0.2

0.8

0.2

1.0

0.2

0.6

0.1

0.5

0.1

0.2

0.1

0.01

0.05

0.704742

0.704741
16

157

3.0

4.8

0.001

0.6

0.1

0.5

0.1

0.6

0.3

0.1

0.5

0.1

0.7

0.2

0.5

0.1

0.5

0.1

0.2

33

0.02

10.2

0.705480

0.705444
14

50.4

6.4

4.8

0.007

14

0.2

0.7

0.1

0.9

0.5

0.2

0.8

0.2

1.2

0.3

0.7

0.1

0.6

0.1

0.2

0.7

0.01

0.2

0.704745

0.704741
12

54.6

12

0.003

9

0.6

2.7

0.5

3.1

13

0.5

17

0.3

21

0.4

1.3

0.2

1.2

0.2

0.2

0.08

0.04

0.704802

0.704792
11

22.8

8.1

11.1

<0.0003

<0.45

1.0

0.5

0.2

0.8

0.2

0.2

0.6

0.1

0.5

0.1

0.4

<0.08

0.01

0.01

Y major elements measured with ICP-OES , trace elements measured with lig.-ICP-MS and LA-ICP-MS, for details

see table Al for detail

2 median + median absolute deviation, see
Table Al for detail

30l determined by loss-on-ignition
experiment at 1000 °C
* trace elements measured with LA-ICP-

MS on pressed powder tablets
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Table 2

49

Layered hanging wall foot wall clast

gabbro

median

(n=8) AH9 OM15-3A OM15-3F Med (n=3) MAD (n=3) AH6 AH7 Med (n=2) MAD (n=2)
wt. % ug/g % wt. % pg/g % wt. % pg/g % % wt. % pg/g % wt. % pg/g % % %

SiO2 46.62 9.1 19.4 0.7 15 -10.5 -22.5 15 14 -1.8 -3.8 -16 -34.3 -19 15.3
Al20O3 17.89 4 222 -0.5 -2.7 -7.4 -41.4 -2.7 21.2 0.3 1.9 -8.2 -45.6 -21.8 23.8
Fe20s3 5.05 1.7 32.8 -1.8 -34.9 -0.8 -15 -15 22.6 -2.1 -40.4 -1.2 -23.2 -31.8 8.6
MnO 0.09 0.03 324 -0.03 -29 -0.006 -7.2 -7.2 20.5 -0.04 -46.1 -0.05 -49.8 -48 1.9
MgO 10.68 3.2 30.5 -1.8 -16.6 -1.4 -13.2 -13.2 15.7 -2.4 -22.8 -3.9 -36.6 -29.7 6.9
CaO 16.38 -0.9 -5.4 11 6.6 -4.6 -27.7 -5.4 11.4 -15 -9.2 -12.4 -75.5 -42.4 33.2
Na.0 0.99 0.8 84.4 0.1 14.5 -0.4 -35.7 14.5 40 0.4 37 0.09 0.9 19 18
TiO2 0.22 -0.03 -14.4 -0.03 -12.1 -0.05 -20.9 -14.4 2.9 -0.03 -12.2 0.02 8.7 -1.8 10.5
LOI 2.07 5 255.3 10 515.5 2.4 122.8 255.3 130.9 2.9 1471 7.1 363.3 255.2 108.1
Li 0.81 0.1 8.9 -0.4 -45.2 -0.6 -68.6 -45.2 25.8 -0.6 -71.7 -0.1 -14.4 -43 28.6
Sc 4251 -0.7 -1.7 -5.2 -12.5 -5.4 -13 -125 3.8 -3.6 -8.6 -9.8 -23.4 -16 7.4
A\ 120.73 -15.7 -13.1 8.6 7.2 -3.6 -3 -3 6.8 -16.6 -13.8 -49.5 -41.3 -27.6 13.7
Cr 692.33 -8.7 -1.3 -285.2 -41.6 -178.6 -26.1 -26.1 135 -264.5 -38.6 -191.2 -27.9 -33.3 53
Co 37.52 16 39.6 -17.1 -42.4 -8.4 -20.7 -20.7 27.4 -30.8 -76.4 -6.6 -16.3 -46.4 30
Ni 176.69 67.8 39.4 -42.7 -24.8 -37.8 -21.9 -21.9 21.4 -63.4 -36.8 -81.7 -47.4 -42.1 53
Cu 126.58 -5.2 -4.3 -112.7 -94.2 -58.2 -48.6 -48.6 29.9 -77.4 -64.6 709.3 592.5 263.9 328.6
Zn 20.76 4.1 18.7 -14.3 -65.8 -75 -34.7 -34.7 28.2 -12.6 -58.1 254 117 29.5 87.6
Rb 0.07 -0.006 -7.3 0.1 100.3 -0.01 -9.4 -7.3 36.6 -0.03 -35 0.0 -49.6 -42.3 7.3
Sr 134.01 82.4 59.2 102.2 734 -69.4 -49.9 59.2 41.1 1425 102.4 -73.7 -53 247 777
Y 4.28 3.8 88.5 0.3 6.5 0.2 3.6 6.5 28.3 3.2 73.5 1.9 44.6 59.1 14.4
Zr 3.41 6.2 192 -0.03 -1 -0.4 -11.2 -1 67.7 4.8 148.4 5.2 162 155.2 6.8
cs? 0.005 -0.002 -49.7 <-0.0001 -19.5 -0.003 -59.9 -49.7 135 -0.003 -80.4 -0.004 -87.4 -83.9 35
Ba 2.34 4.6 209.3 1.2 52.3 3.6 161.4 161.4 52.3 6.7 302.7 0.02 1 151.8 150.9




La 0.22 -0.04 -20.8 - - -0.03 -12.2 -16.5 8.4 -0.1 -51.8 -0.1 -38.8 -45.3 6.5
Ce 0.66 -0.003 -0.5 - - - - -0.5 0.3 -0.2 -31.1 -0.1 -21.7 -26.4 4.7
Pr 0.13 -0.01 -4.1 -0.01 -10.7 -0.02 -11.1 -10.7 2.3 -0.03 -21.9 -0.02 -12.8 -17.3 4.5
Nd 0.9 -0.04 -4.2 -0.1 -8.9 -0.1 -16 -8.9 3.9 -0.2 -19.4 -0.1 -12.2 -15.8 3.6
Sm 0.43 -0.04 -9 -0.03 -6.2 0.0 -7.7 -7.7 0.9 -0.1 -12.5 -0.1 -13.4 -13 0.4
Eu 0.27 -0.02 -7.4 -0.1 -20.5 -0.1 -23.7 -20.5 5.4 -0.1 -32.9 -0.1 -24.5 -28.7 4.2
Gd 0.66 -0.03 -4.6 -0.1 -8.5 -0.05 -6.8 -6.8 13 -0.1 -7.6 -0.1 -9.7 -8.6 1
Tb 0.12 -0.01 -4.2 - - - - -4.2 2.8 -0.01 -4.6 -0.01 -5.4 -5 0.4
Dy 0.81 -0.02 -2.9 -0.03 -3.3 -0.01 -1 -2.9 0.8 -0.02 -2.2 -0.04 -5.2 -3.7 15
Ho 0.17 -0.002 -1.2 -0.01 -3.4 -0.001 -0.3 -1.2 1 0.00 -1.7 -0.01 -4 -2.9 1.2
Er 0.47 -0.003 -0.7 -0.003 -0.6 0.002 0.4 -0.6 0.4 0.01 1.2 0.003 0.5 0.9 0.3
Tm 0.07 0.001 0.9 0.001 2.1 -0.001 -0.9 0.9 1 0.0003 0.4 0.0002 0.3 0.3 0.1
Yb 0.42 0.01 2.3 0.02 4.3 0.004 0.9 2.3 11 0.02 4.3 0.02 4.6 4.4 0.1
Lu 0.06 0.001 1.5 0.001 1 0.001 0.9 1 0.2 -0.001 -1.9 0.002 3.9 1 2.9
Hf 0.15 0.2 135.7 -0.01 -7.3 -0.02 -10.7 -7.3 48.8 0.1 83 0.02 11.8 47.4 35.6
Pb 14.82 - - -10.8 -99.7 -10.7 -99.1 -99.4 50 - - - - -
U 0.01 0.02 354.8 0.007 124.6 -0.001 -10.3 124.6 121.7 0.01 119.3 0.03 551.7 3355 216.2
mass change term 0.8 0.9 13 1.0 1.0 1.6 13
total mass change (%) -1.1 -33.7
chlorite fault rock
AD5 AD6 AD7 DT-10 OM15-3C OM15_3E AH8 Med (n=7) MAD (n=7)
wt. % ug/g % wt. % ug/g % wt. % pg/g % wt. % pg/g % wt. % pg/g % wt. % pg/g % wt. % pg/g % %
SiO2 -30.4 -65.1 -35.1 -75.2 -23.1 -49.5 -23.3 -49.8 -28.7 -61.5 -38.2 -81.8 -25 -53.6 -61.5 9.9
Al203 -5.9 -32.8 -9.3 -51.9 -1.6 -8.8 -3.3 -18.6 -5.3 -29.7 -12.5 -69.5 -2.7 -15.1 -29.7 16
Fe203 11.9 225.8 8.1 153.4 12.3 232.8 27.2 514.7 13 2455 1 18.2 13.1 247.3 232.8 87.2
MnO 0.1 79.5 0.02 22.3 0.1 91 0.1 97 0.1 84.8 -0.003 -2.7 0.1 107.9 84.8 28.1
MgO 21 -19.6 -4.6 -43.8 -1.3 -12.5 -2.1 -19.9 -2 -18.7 -5.8 -55 4 38.1 -19.6 17.9
Ca0o -14.8 -89.9 -16.1 -97.6 -12.8 -775 -16 -97.4 -15.4 -93.6 -11.3 -68.8 -16.3 -99.2 -93.6 8.3
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Na20 -0.9 -94.7 -0.9 -95.3 -0.9 -92.9 -0.4 -37.8 -0.8 -81.5 -0.9 -90.9 -90.9 23.4

TiO2 -0.1 -25.9 -0.03 -13.7 -0.03 -14.1 -0.1 -43.6 -0.1 -24.7 0.003 1.4 0.0 5 -14.1 124
LOI 3.3 170.9 2 102.1 51 259.6 9.3 480.6 5.2 269.7 45 229.9 9 464.2 259.6 101.7
Li -0.3 -37.3 -0.6 -67.0 -0.02 -3.0 0.01 0.7 0.6 735 -0.3 -345 -0.1 -11.6 -11.6 30
Sc -8.7 -20.8 -19 -45.4 -6.8 -16.2 -13.8 -33 -8.6 -20.7 -22.7 -54.2 -5.6 -13.5 -20.8 11.8
\ -16.6 -13.8 -21.7 -18.1 -22.1 -18.5 1444.5 1206.4 27.1 22.7 -30.5 -25.5 -13.8 -11.5 -13.8 182.8
Cr -327.4 -47.8 -398.6 -58.2 -268.8 -39.2 -271.8 -39.7 -193.8 -28.3 -383.7 -56 236.0 34.4 -39.7 18.4
Co 40.8 101.2 113.2 280.8 47.8 118.4 122.5 303.8 75.6 187.4 -1 -2.5 57.8 143.4 143.4 79.3
Ni -68.2 -39.6 -90.8 -52.8 -56.5 -32.8 30.4 17.6 -12.9 -7.5 -79.5 -46.2 21.7 12.6 -32.8 23
Cu -72.5 -60.6 1914.2 1599.1 2551.6 21316 76515.7 63919.6 4185.2 3496.2 -106.8 -89.2 -112.6 -94 1599.1 9970.2
Zn 62.5 288.5 35.2 162.3 90.9 419.2 980.9 4525.4 220.3 1016.2 42.2 194.7 71.7 330.8 330.8 759.3
Rb -0.1 -90.8 -0.1 -97.2 -0.1 -82.3 -0.1 -81 0.02 221 0.0 -41.6 -0.1 -93.9 -82.3 25.9
Sr -88.9 -63.9 -129.6 -93.1 -97 -69.7 -123.3 -88.6 -105.9 -76.1 -118.7 -85.3 -120.7 -86.8 -85.3 8.4
Y 0.3 7.1 1.6 36.3 0.3 6.2 -1.3 -29.8 -0.1 -15 0.2 4 22 51.3 6.2 17.4
Zr -0.1 -2.3 4.2 129.2 15 45.5 16 51 -0.04 -1.2 - - 5.8 179 48.3 52.2
cs? -0.004 -87.5 - - -0.003 -68 -0.004 -79.4 -0.0001 -11 -0.004 -74.3 - - -74.3 49.3
Ba - - - - 0.7 313 -1.6 -71.6 7 317.2 1.2 52.7 - - 42 134
La 0.3 168.6 -0.1 -50.9 0.0004 0.2 -0.1 -30.3 -0.05 -23.6 0.03 13.8 -0.1 -51.3 -23.6 45
Ce 11 173.2 -0.2 -28.5 0.01 14 -0.1 -17 -0.2 -25.8 0.4 58.5 -0.2 -35.3 -17 46.1
Pr 0.2 136.8 -0.04 -30.7 -0.003 -2.1 -0.05 -34.7 -0.1 -38.8 0.1 42.8 -0.02 -17.4 -17.4 40.2
Nd 0.8 90.2 -0.3 -33.1 -0.1 -9.8 -0.3 -35.8 -0.4 -38.5 0.2 25.6 -0.1 -11.7 -11.7 30.5
Sm 0.1 22.7 -0.1 -18.8 -0.05 -11.2 -0.1 -24.3 -0.1 -24.7 0.04 8.8 -0.02 -4.6 -11.2 135
Eu -0.1 -24.3 -0.2 -63.0 -0.1 -48.5 -0.2 -80 -0.2 -60.2 -0.1 -34.3 -0.1 -46.7 -48.5 14.0
Gd 0.03 4.9 -0.1 -8.2 -0.03 5.1 -0.1 -19.8 -0.1 -19.2 -0.1 -7.8 -0.0003 -0.05 -7.8 6.7
Tb 0.00002 0.01 -0.002 -1.8 -0.003 -2.7 -0.02 -14.2 -0.005 -4 -0.002 -1.4 0.002 15 -1.8 3
Dy -0.02 2.1 -0.02 -1.9 -0.02 -2.7 -0.1 -8.9 -0.03 -4.1 -0.1 -6.4 0.02 21 -2.7 25
Ho -0.004 2.1 -0.002 -1.2 -0.004 -25 -0.02 -8.7 0.002 11 -0.01 -6.3 0.002 0.9 -2.1 2.6
Er -0.0001 0.0 0.01 15 -0.002 -0.4 -0.01 -2.2 0.02 35 -0.0001 -0.03 0.01 3 -0.02 15
Tm 0.002 25 0.003 4.7 0.001 0.9 0.003 4.1 0.0004 0.6 0.002 25 0.003 3.9 2.5 12
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1177

1178

1179

1180

1181

1182
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1184

Yb 0.02 4.6 -0.01 -3 0.02 4 0.04 10.9 0.01 1.4 0.1 13 -0.001 -0.2 4 4.3
Lu -0.002 -2.8 -0.0001 -0.2 0.0004 0.6 0.00 4.8 -0.001 -2.3 0.01 10.3 -0.01 -9.7 -0.2 4.4
Hf -0.02 -10.9 0.03 18.4 0.03 171 0.1 39.7 -0.01 -8.4 0.8 513.8 0.1 96.9 18.4 93.2
Pb - - -10.6 -98.1 -10.7 -99.1 -75 -69.6 -10.4 -96 -10.7 -99.2 - - -98.1 1145
U 0.004 72.8 0.1 1058.9 0.03 533 10.3 181558.3 0.1 1819.6 0.01 167.5 0.004 70.1 533 26303.8
mass change

term 1.6 2.3 13 1.0 15 2.7 12 1.7

total mass change (%) -67.0

Y Cs is median value of Cs from layered gabbros in Wadi Tayin published in Peucker-Ehrenbrink et al., 2012
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Table 3

Macquarie
Island Composite
Total flux Fault zone ophiolite® section ODPY
median range range
Major elements
10"mol/year 10*2mol/year 10*2mol/year 10"mol/year
Si 0.0540 -0.86 t0 0.97 -1.17t0 0.33 2.78
Ti -0.0386 -0.039 to -0.038 -0.25 to -0.08 0
Al -0.1610 -0.79 to 0.47 -1.94t0 0.10 1.89
Fe -0.1130 -0.24 to0 0.013 -0.28 t0 0.66 =
Mn -0.0012  -0.0034 to 0.0011 -0.01 to 0.01 =
Mg -0.503 -0.85to0 -0.15 2.26t0 4.35 -2.75
Ca -0.287 -0.569 to -0.0045 -5.48 to -4.16 1.68
Na 0.06 -0.047 t0 0.17 1.79t0 2.81 1.49
H20 3.9400 2.75t05.13 17.6 10 19.8 17.6

Trace elements

10° mollyear

10° mollyear

10° mollyear

10° mollyear

Zn

Rb

Sr

Cs

Ba

U

-6.690

-1.400

-0.001

13.0

-0.0003

0.368

0.00045

-41.9t0 28.9
-2.310-0.48
-0.004 to 0.002
7.48t0 18.4
-0.0003 to -
0.0002

0.297 t0 0.439

-0.0007 to 0.002

-78to -51

-12to-1.0

-12t022

-7.1t022

-0.005to 0.04

3.81022

-0.03 to -0.01

0.77

11.00

0.01

0.11

¥ Coggon et al., 2016
b After Staudigel

(2014)
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List of Figures — with figure captions

Fig. 1: (a) Overview of the Samail ophiolite and (b) Wadi Tayin massif. Wadi Gideah is
located approximately 20 km north of the town of Ibra. Map modified after (Nicolas et al.,

2000).

Fig. 2: (a) Geological map of Wadi Gideah modified after (Peters et al., 2008). Wadi Gideah
cuts through a coherent series of oceanic crustal rock from the Moho transition zone up to
the layered gabbros, foliated gabbros, high-level gabbros, and the sheeted dikes. The
magmatic layering dips on average 28° S in the upper part of the valley. Approximately sub-
orthogonal to the layering and steeply oriented chlorite-rich zones were mapped with a
spacing of 1-2 km throughout the whole valley. The chlorite-rich fault zone investigated here
is located about 1 km above the Moho. (b) Overview of the area around the chlorite-rich fault
zone (displayed in yellow). Locations of fresh layered gabbro samples are shown in light grey
squares and the location of the ICDP Oman Drilling Project Hole GT-1A is displayed with a

pink triangle.

Fig. 3: (a) Photo of the fault zone outcrop. Note a second chlorite-rich fault zone is located to
the East. Especially in the hanging wall, the gabbros are intensely altered. (b) A detailed
overview of the fault zone. Sample locations are marked; chlorite-rich fault zone (light blue
diamonds), clasts (dark blue circles), hanging wall and footwall (royal blue triangles). The
stereographic projection (dip direction/dip) shows the orientation of the fault zone relative to
the orientation of the magmatic layering around the fault zone and the upper part of the
valley as well as the orientation of sheeted dikes (Pallister, 1981). (c) Blow-up and sketch of
the shear sense indicating a normal fault by top to the left domino-type fracturing of the

clasts.

Fig. 4: Thin section photomicrographs of typical alteration pattern. (a) Background gabbro in

plain-polarized light. Clinopyroxene is partially replaced by tremolite. Intact crystals show the
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1229
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1234
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1237

1238
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formation of secondary oxides and partial overgrow of microcrystalline alteration phases.
Plagioclase is well preserved, the formation of chlorite is focussed to grain boundaries.
Olivine is heavily fractured and serpentinized, partially decomposed into iddingsite and
opague oxides, cores are mostly preserved. (b) Same area in cross-polarized light, revealing
the mostly anhedral granular structure of tremolite and polysynthetic twinning of plagioclase.
Note the microcrystalline chlorite at grain boundaries of plagioclase. (c & d) Plain polarized
micrograph and BSE image of typical alteration within the footwall following the same
systematics as for the background gabbros but forming veinlets by dissolving the magmatic
phases. Pervasive disaggregation of clinopyroxene is more advanced. (e) Prehnite-
laumontite vein through heavily altered gabbro of the hanging wall, in cross-polarized light.
The magmatic assemblage is almost entirely replaced by pervasive fracturing-initiated
alteration. The rock is intensely crosscut by a dense network of veins. Secondary phases,
e.g., prehnite are well crystallized and intergrown with laumontite. (f) BSE image, details of a
late vein, euhedral prehnite associated with laumontite and calcite. pl — plagioclase, cpx —
clinopyroxene, ol — olivine, tr — tremolite, chl — chlorite, prh — prehnite, Imt — laumontite, cal —

calcite.

Fig. 5: Thin section micrographs of fault rock samples. (a) Chlorite-rich fault rock in plain
polarized light showing concentrically zoned alteration pattern of semi-opaque to opaque
phases. Note the solid Cu nuggets. (b) BSE micrograph of concentrically layered alteration
revealing the complexity of zoning. (c) Major element composition along a profile from A to
A’. Concentrically zoned phases show variable contents of CuO, FeO and SiO,. Zones are
numbered according to (b) No primary phases are preserved. (d) Chlorite replacing initial
magmatic minerals completely but outlines of former mineral grains still visible (yellow dotted
lines). Chlorite is associated with fine-grained granular (< 20 um) titanite and epidote. (e)
Euhedral epidote crystals precipitated directly out of a hydrothermal fluid into open space.
Associated chlorite is clean and does not co-exist with granular titanite and epidote
suggesting precipitation from hydrothermal fluid rather than replacement of primary minerals

as shown in (d).
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Fig. 6: (a) % Anorthite measured in feldspars from hanging wall and footwall samples vs
MgO (wt.%) content. Compared to plagioclase composition of gabbros from modern ocean
crust (Alt et al., 2010) and plagioclase of layered gabbros elsewhere in the Wadi Tayin
massife (Pallister and Hopson, 1981). The dashed line represents the median value of %
anorthite (Ansz:20) measured in fresh layered gabbros of samples close to the fault zone
outcrop (J. Koepke, unpublished data). High An-content of Anei.9s measured in fresh
plagioclase suggest very primitive compositions. (b) Compositions of amphiboles measured
in hanging wall and footwall samples compared to amphibole composition measured in
layered gabbros elsewhere in the ophiolite (Bosch et al., 2004) and in the plutonic section of
modern oceanic crust at ODP/IODP Site 1256 (Alt et al., 2010). Note the high amount of
tremolite pointing towards a formation regime of high Mg concentration. (c) Compositions of
chlorite replacing plagioclase and chlorite-tremolite patches in between plagioclase and
pyroxene grains (Fig.4b) measured in hanging wall and footwall samples in contrast to
chlorite compositions of the fault rock. In comparison chlorite composition measured in upper
and lower gabbros from Wadi Haymiliya in the central part of the ophiolite (Nehlig and
Juteau, 1988), chlorite measured in isotropic high-level gabbros in Wadi Gideah (France et
al., 2009) and chlorite compositions measured in gabbros of modern oceanic crust at

ODP/IODP Site 1256 (Alt et al., 2010).

Fig. 7: Major- and trace element covariation diagrams for selected elements. Fault rock is
shown in light blue diamonds, clast samples in dark blue circles, and hanging and footwall
samples in royal blue triangles. Background layered gabbros are shown in grey squares and
are from eight samples within a distance of 500 m to the fault zone outcrop. Open squares
are olivine gabbro from elsewhere in Wadi Tayin (Peucker-Ehrenbrink et al., 2012). Green
square represents the composition of chlorite measured in the fault rock and arrows indicate

alteration vectors.

Fig. 8: Chondrite-normalized REE for (a) background layered gabbros, (b) hanging wall and

footwall, (c) clasts, and (d) chlorite-rich fault rock. The shaded grey area represents
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chondrite-normalized REE of olivine gabbro observed elsewhere in the Wadi Tayin (Peucker-

Ehrenbrink et al., 2012).

Fig. 9: 8’Sr/®®Sr vs Sr content (ug/g) of fresh layered gabbro within 500 m distance of the fault
zone outcrop (grey squares), hanging and footwall samples (blue triangles), clast samples
(dark blue dots), chlorite-rich fault rock (light blue diamonds), picked epidote from a epidote
vein in the footwall (green cross), picked laumontite of a laumontite-calcite vein in the
hanging wall (yellow star) and two picked calcite samples of a calcite vein within the fault
rock and a calcite-laumontite vein in the hanging wall (orange crosses). Values of fresh
layered gabbro of Wadi Tayin after Lanphere et al., (1981); McCulloch et al., (1981),
Cretaceous seawater from McArthur et al., (2001), modern groundwater sampled in gabbro
hosted wells of Wadi Qafifah (personal communication N. Bompard) and values of

Cretaceous to Miocene sediments from Weyhenmeyer (2000).

Fig. 10: Major-and trace element gains and losses for all three rock types shown relative to
the median value of fresh background layered gabbro (n=8). Elements are ranged by highest
loss (left-hand side) to highest gain (right-hand side) plotted for the median fault rock. Note

change in scale for gains greater than 100%.

Fig. 11: Schematic sketch showing the model set up of one fault zone (0.6 m of fault rock +
0.4 m of clasts with a total alteration halo of 30 m) in one block of lower crust (1 km x 1 km X
4 km). The ridge-parallel fault zone continues for 500 m and faults are spaced every 1 km

perpendicular to the ridge axis.

Fig. 12: Hydrothermal fluxes (molly) extrapolated from estimated mass changes occurring
during hydrothermal alteration in a lower crustal fault (green bars). In comparison
hydrothermal fluxes calculated from pervasive hydrothermal background alteration for
Macquarie Island ophiolite (white bars; Coggon et al., 2016) and a composite crustal section

recovered by scientific ocean drilling (blue ovals; Staudigel, 2014). Diagram modified after
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1293  (Coggon et al., 2016). Fluxes for Ti, Mn, Cs, Ba and U are too small to be shown in this

1294  diagram.
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a Ts7°00° V58°00° N

24°00]

WADI TAYIN

=5 /fﬂl{tﬁem massifs

[] undifferentiated sediments
Il sheeted dikes + lavas
[ upper and lower gabbros
] mantle rocks

------ Crust-mantle boundary
1296 | s8°00°

Wadi Gideah

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

58



1308

1309
1310

1311

1312

1313

1314

1315

1316

1317

Fig. 2

22°51'0"N 22°52'0"N 22°53'0"N 22°54'0"N 22°55'0"N

22°50'0"N

58°31'0"E

58°32'0"E

4

58°33'0"E

Elevation data extracted from ASTER GDEM which is a product of METI and NASA

58°30'50"E

] Alluvium

l:l Hydrothermal zone
. Sheeted dykes
- High level gabbro
[ ] Foliated gabbro
[ Layered gabbro
Il Wehrlite, dunite
[ Harzburgite

59

58°31'0"E 58°31'10"E

.|
_|

O
A
=

Crust-Mantle boundary
Magmatic layering
Chlorite rich fault zone
Orientation sheeted dikes
Fresh layered gabbro

Oman Drilling Project
Hole GT1A

Altered and carbonated
gabbros

22°53'40"N 22°53'50"N

22°53'30"N



1318  Fig. 3

hanging wall 2

altered gabbro
<—_—>

magmatic layering
154/38°

@,

A Hanging and foot wall samples OM15-3E

@ Clast samples OM15-3F
<> Chlorite rich fault rock samples

1319

1320

1321

60



1322

1323

1324

1325

1326

1327

1328

1329

1330

Fig. 4

61




1331  Fig.5
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Supplementary materials

Table Al: Precision and accuracy of ICP-MS analysis from the University of Southampton
and University of Hannover as well as precision and accuracy of XRF analysis from

University of St. Andrews and University of Hamburg

Table A2: Composition of W. Gideah rock samples / background gabbros (major elements in

wt%, ICP-OES data; trace elements in pug/g, ICP-MS data)

Table A3: EPMA data of plagioclase

Table A4: EPMA data of amphibole
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Table A5: EPMA data of epidote

Table A6: EPMA data data of chlorite

Table A7: EPMA data of prehnite

Table A8: EPMA data of laumontite

A9: Supplementary figures
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