N

N

Halogens in serpentinised-troctolites from the Atlantis
Massif: implications for alteration and global volatile
cycling
Mark A Kendrick, Michael a W Marks, Marguerite Godard

» To cite this version:

Mark A Kendrick, Michael a W Marks, Marguerite Godard. Halogens in serpentinised-troctolites
from the Atlantis Massif: implications for alteration and global volatile cycling. Contributions to
Mineralogy and Petrology, 2022, 177 (12), pp.110. 10.1007/s00410-022-01974-x . hal-03859463

HAL Id: hal-03859463
https://hal.science/hal-03859463

Submitted on 18 Nov 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03859463
https://hal.archives-ouvertes.fr

Halogens in serpentinised-troctolites from the Atlantis Massif: implications

for alteration fluids and global volatile cycling

Mark A. Kendrick!, Michael A. W. Marks?, Marguerite Godard?

1 - The School of Earth and Environmental Sciences, The University of Queensland, Brisbane,

Qld. 4072, Australia (ORCID 0000-0002-6541-4162)

2 — Department of Geosciences, Eberhard Karls Universitat Tibingen, Schnarrenbergstralle 94-96,

72076 Tiibingen, Germany

3 — Géosciences Montpellier, Univ. Montpellier, CNRS, Montpellier, France (ORCID 0000-0003-

3097-5135)

Words = 4745



Abstract: The concentrations of halogens in serpentinised olivine-rich lithologies in the lower
oceanic crust (e.g. troctolites and wehrlites) are contrasted with altered-gabbros recovered
from IODP Hole U1309D on the Atlantis Massif of the Mid-Atlantic Ridge. The aims are to
evaluate if serpentinisation of lower crustal lithologies could significantly contribute to
subduction-zone volatile budgets and if serpentinites formed from seawater preserve
seawater-like halogen signatures. The olivine-rich lithologies are variably serpentinised by
lizardite with minor chrysotile. The maximum concentrations of halogens in the most strongly
serpentinised samples are 70 ug/g F, 2,100 pg/g Cl, 9,800 ng/g Br and 8 ng/g |. In comparison,
the maxima in interlayered gabbros are 200 ug/g F, 130 pg/g Cl, 400 ng/g Br and 9 ng/g|. The
Br/Cl ratios of the altered gabbros are strongly influenced by the presence of amphibole,
which preferentially incorporates the smaller halides. The serpentinised lithologies have low
F/Cl ratios, due to their strong enrichment in seawater-derived Cl, and they have Br/Cl and
I/Cl ratios intermediate of unaltered crust and seawater-derived fluids. Seawater Br/Cl and
I/Cl ratios are best preserved in the most Cl-rich samples consistent with these ratios
fingerprinting the fluid responsible for serpentinization. Serpentinites formed from seawater
in the lower ocean crust and lithosphere are likely to have low I/Cl ratios. Serpentinzed
lithologies in the lower crust (and mantle lithosphere) could therefore significantly contribute
to halogen subduction helping to explain the range of I/Cl ratios in arc lavas and a proposed

decrease of mantle I/Cl over time.

Keywords: ocean crust, alteration fluid, fluorine, chlorine, bromine, iodine.



Introduction

Serpentinites form by the hydration of olivine- and orthopyroxene-rich ultramafic
lithologies. Serpentinization of the ocean crust is of wide interest because serpentinization
produces abiogenic hydrocarbons that can sustain chemotrophic ecosystems deep within the
oceanic crust (e.g. Kelley et al., 2005, 2007; Bradley and Summons, 2010; Boreham et al.,
2021) and serpentinites have the potential to dominate subduction-zone budgets of water
and several groups of fluid mobile and volatile elements, including halogens, boron and noble
gases (e.g. Rupke et al., 2004; Scambelluri et al., 2004; Sharp and Barnes, 2004; Kendrick et
al., 2011; 2017; Tonarini et al.,, 2011). The importance of serpentinites during subduction
comes from their high concentrations of water (~13 wt %) and fluid mobile elements (e.g.
~0.1-0.5 wt % Cl), and the large stability field of serpentine polymorphs (Ulmer and
Trommsdorff, 1995; Riipke et al., 2004; Scambelluri et al., 2004; Sharp and Barnes, 2004;
Kendrick et al., 2011). Antigorite, the high-pressure polymorph of serpentine, is stable to
depths of more than 200 km on cold subduction geotherms (Ulmer and Trommsdorff, 1995).
This means that serpentinised lithologies in the lower crust and lithosphere have the potential
to transport significant water and Cl to sub-arc depths, and the partially dehydrated residues
formed by antigorite breakdown, might recycle volatiles to even greater depths in the Earth’s

mantle (Riipke et al., 2004; Kendrick et al., 2017; 2018b; Ohtani, 2020).

Serpentinites form in a variety of tectonic settings relevant to subduction (Deschamps
et al., 2013): i) Seafloor serpentinites form from seawater interaction with abyssal peridotite
or peridotite exposed on transform faults close to the seafloor. ii) Lithospheric mantle
serpentinites underlying the ocean crust probably originate close to fractures penetrating the

seafloor, and at the slab-bend where normal faults form on the outer rise and penetrate at



least ~25 km into the lithospheric mantle (Ranero et al., 2003; Grevemeyer et al., 2018). iii)
Forearc serpentinites form from slab-fluids in the mantle wedge above the subducting slab
(Bostock et al., 2002). iv) Subduction-melange serpentinites are suggested to form at the
interface of the subducting slab and overriding mantle wedge where slab fluids that have
interacted with multiple lithologies produce serpentinites with geochemical signatures

inherited from dehydrating sediments and ocean crust (Marschall and Schumacher, 2012).

Previous studies of halogens in serpentinites have shown that in addition to Cl,
serpentinites generally have high but variable concentrations of Br and | but relatively low
concentrations of F (John et al., 2011; Kendrick et al., 2013b; Pagé and Hattori, 2017; Kendrick
et al.,, 2018b; Pagé et al., 2018; Pagé and Hattori, 2019; Carter et al., 2021). Forearc
serpentinites from the South Chamorro serpentine mud volcano in the Marianas, tectonic
breccias in the Guatemala forearc, and many ophiolitic serpentinites, have Br/Cl and 1/Cl
ratios that are much higher than seawater and the mantle and encompass a range similar to
pore waters in marine sediments (Kendrick et al., 2013b; Pagé et al., 2018; Carter et al., 2021).
This led to the suggestion that serpentinites can preserve Br/Cl and I/Cl ratios of close to the
serpentinizing fluid, meaning that halogen abundance ratios in serpentinites can help
constrain the nature of fluids responsible for serpentinization (Kendrick et al., 2013b).
However, the high I/Cl ratios of forearc serpentinites that are much higher than most arc lavas
also means that forearc serpentinites are unlikely to be a major source of volatiles at sub-arc

depths (Kendrick et al., 2020a).

In the current study we test the potential of serpentinized lithologies formed at a mid-
ocean ridge without the influence of sediments to preserve Br/Cl and I/Cl ratios similar to

seawater, which is the ultimate source of alteration fluids on the Atlantis Massif (e.g. Frost et



al., 2008; Beard et al., 2009; Roumejon et al., 2018; Ternieten et al., 2021). In addition, we
evaluate the potential for serpentinization of olivine-rich lithologies in the lower crust to
contribute to global volatile budgets. These are important questions because serpentinized-
troctolites (and other olivine-rich lithologies) in the lower crust have not been included in
subduction-budgets of the altered ocean crust previously (e.g. Ito et al., 1983; Jarrard, 2003;
Sharp and Barnes, 2004; Chavrit et al., 2016). However, fractures formed in and around olivine
as a result of volume expansion associated with serpentinization (Plimper et al., 2012) in
olivine-rich lithologies could form permeable pathways in the lower crust that will be highly
enriched in seawater-derived volatiles (e.g. Frost et al., 2008; Beard et al., 2009; Yoshida et
al.,, 2020). The high 1/Cl ratios typical of forearc serpentinites does not favour their
involvement in subduction of halogens to sub-arc depths (Kendrick et al., 2020b). However, if
serpentinites formed from seawater (without the influence of sediments) can preserve high
concentrations of Cl and low I/Cl ratios, seafloor and lithospheric serpentinites could make
major contributions to halogen subduction (e.g. Sharp and Barnes, 2004; Kendrick et al., 2011;
2013; 2018b; 2020a). Therefore this study tests the ability of serpentinized rocks to preserve
fluid Br/Cl and 1/Cl signatures and uses this knowledge to re-evaluate the most important

types of serpentinite in global subduction-zone volatile cycles.

The Atlantis Massif

The Atlantis Massif is a ~1.5-2 Ma oceanic core complex that forms a bathymetric high at
approximately 30°N on the western side of the Mid-Atlantic Ridge (Fig 1; Blackman et al.,
2006). Its Southern Ridge reaches a minimum water depth of ~700 m, is dominated by

peridotite and hosts the active serpentinite-hosted Lost City hydrothermal vent field (Kelley



et al., 2005; 2007). In contrast, the Central Dome, which was penetrated by the ~1400-m deep
Hole U1309D of the Integrated Ocean Drilling Program (IODP), is dominated by gabbroic rocks
typically associated with MORB differentiation, including olivine gabbros, gabbros,
gabbronorites and more evolved oxide and leucocratic gabbros (Blackman et al., 2006). In
addition, about 8% of the lithologies recovered from Hole U1309D are olivine-rich and include
troctolites (30-70% olivine) interpreted as primitive olivine cumulates (~3% of recovered
lithologies) and olivine-rich troctolites (>70% olivine), wehrlites and dunites (~5% of
recovered lithologies) that could have formed by impregnation of mantle lithologies with
basaltic melt (Expedition 304/305 Scientists, 2006; Drouin et al., 2009; Godard et al., 2009;

Drouin et al., 2010).

Alteration shows an overall decrease down Hole U1309D but is strongly developed in
the olivine-rich lithologies at all depths (Blackman et al., 2011). Previous studies of Hole
U1309D lithologies have shown alteration records a range of temperatures extending from
upper-amphibolite to sub-greenschist facies, reflecting alteration soon after initial
emplacement, during exhumation and in an off-axis setting (Beard et al., 2009; Blackman et

al., 2006; 2011; Nozaka and Fryer, 2011; Ternieten et al., 2021).

Sampling and methods

Representative ‘gabbros’ (gabbros and gabbronorites) and ‘olivine-rich lithologies’
(troctolites, olivine-rich troctolites and wehrlites) recovered from Hole U1309D during IODP
Expeditions 304 and 305 were selected for geochemical analysis, with corresponding thin
sections obtained from nearby sections of core in each unit (Expedition 304/305 Scientists,

2006). The shipboard thin sections were investigated for F and Cl by electron microprobe, and



related shipboard whole-rock powders were analysed for F and Cl by combustion ion
chromatography and Cl, Br and | by the noble gas method (Kendrick, 2012; Kendrick et al.,
2013a). Additional sample characterisation was undertaken by optical microscopy and Raman

spectroscopy.

Electron microprobe analyses undertaken at the University of Queensland Centre for
Microscopy and Microanalysis used a JEOL JXA-8200 superprobe. Conditions were optimised
for F and Cl detection with an accelerating voltage of 15 kV, a probe current of 30 nA and a
defocussed spot of 10 um. F and Cl were analysed on dedicated channels using TAP and PET
crystals, respectively, with counting times of 100 secs on peak and 90 secs on the backgrounds
each side of the peaks (i.e. 280 secs total). The other elements were measured on the
remaining 3 channels, Na was counted for 20 secs at the start of the measurement, with most
other elements counted for 30 seconds. The measurement cycle of c. 5 mins was limited by
measurement of F and Cl, which under these conditions had nominal detection limits of 20
ug/g Cl and 200 pg/g F, which approximates the uncertainty of all analyses. The elements
were standardised against mineral standards including tugtupite with 7.6 wt. % Cl and MgF,,

measured at regular intervals throughout each session.

Micro-Raman spectroscopy was undertaken using a Renishaw Raman microscope and
spectrometer at the University of Queensland Centre for Microscopy and Microanalysis.
Minerals were targeted with a 514 nm laser focused to a ~2 um spot size. Spectra were
processed using the WiIiRE software version 4.4 and compared with reference spectra in the

RRUFF database.

Fluorine and Cl concentrations were analyzed in ~10 mg sized aliquots of powdered

sample by combustion ion chromatography at the Universitat Tiibingen using a 930 Compact



IC Flex chromatograph (Metrohm) connected to a combustion oven and autosampler (MMS
5000; Analytik Jena). Each sample was mixed with equal amounts of WOs (as a flux/promoter)
and inserted into a quartz vial that was capped on both sides with quartz wool and placed
into a glass vessel. The vessels where heated in an extraction line coupled to the IC to 1050
°C, maintaining a constant flow of Ar (6.0; 100 mL/min), Oz (5.0; 300 mL/min), and water (0.2
mL/min). The loaded steam was collected in an absorber module containing 10 mL of 500
ug/g H.0, solution and subsequently injected into the ion chromatograph equipped with a
Metrosep A Supp 5-250/4.0 column. Calibration was achieved with a 6-point- quadratic
calibration curve that covered the concentrations investigated and was constructed using the
Metrohm intelligent Partial Loop Injection Technique (MiPT). Based on the frequent analyses
of standard solutions, reference materials and replicates of the actual samples, relative

uncertainties were generally <5% (1o level).

Bromine and | concentrations were determined based on Br/Cl and 1/Cl ratios
measured by the noble gas method at the University of Queensland and the concentration of
Cl measured by combustion ion chromatography. Br/Cl and I/Cl ratios were measured in ~10
mg-sized aliquots of sample powder in vacuated silica glass capsules that were irradiated
together with the Hb3Gr *°Ar-3*Ar flux monitor (Roddick, 1983) and aliquots of three scapolite
halogen standards (Kendrick et al., 2013a; Kendrick et al., 2018a). The samples were
irradiated in the central position of the McLellan Nuclear Research Center, UC Davis. Samples
were included in a 40 hr irradiation on the 22" August 2019, and received a total neutron
fluence of 3.3x10'8 neutrons cm (Irradiation designated RS#6). Six sample duplicates were
subsequently irradiated for 45 hrs on the 12t of October 2021 and received a total neutron
fluence of 3.5x10® neutrons cm (Irradiation designated RS#8). Following each irradiation,

irradiation-produced and naturally occurring noble gases were released by fusing the



vacuated silica glass capsules at 1600 °C in a ultra-high vacuum resistance furnace over a
period of 20 mins. The noble gases released were purified on a Ti-foil getter during the
heating step and using SAES getter pumps over a further period of 20 minutes. The purified
noble gases were then admitted to the MAP 215-50 noble gas mass spectrometer and
analysed for isotopes of Ar, Kr and Xe over 7 cycles of measurement. Br/Cl and I/Cl ratios were
determined from the irradiation-produced noble gas proxy isotopes Krg/33Arc and
128xe,/38Arc based on the noble gas production ratios determined from the scapolite
standards. Unfortunately a delay between RS#6 and sample measurement meant that 3’Arc,
was not reliably measured, which precluded independent measurement of concentrations via
internal standardisation to Ca. The precision of halogen ratio measurements depends on
sample size, however, the scapolite standards included in multiple irradiations are
reproducible at the 5% level for Br/Cl and 10% for I/Cl (2 s.d.) (Kendrick et al., 2013a; 2018a).
Additional analytical details and data reduction protocols are available in Kendrick (2012) and

Kendrick et al. (2018a).

Results

Petrography

The troctolites (20-70% olivine), olivine-rich troctolites (>70 % olivine) and webhrlites
are much more strongly altered than the gabbro, gabbronorite or diabase samples. As
reported previously, olivine is variably replaced by serpentine (Figs 2ab). Olivine in the least
altered troctolites is cut by veinlets of serpentine that define mesh textures (Fig 2a; Beard et
al., 2009). Magnetite is unevenly distributed along the central parts of some but not all

serpentine veins (Fig 3a,bf). As the degree of serpentinisation increases the serpentine



veinlets become progressively wider and more numerous until kernel textures develop with
only isolated olivine relicts (Figs 3a-c) or complete replacement of olivine (Fig 2b). In highly
altered troctolites haloes of Mg-chlorite develop around plagioclase (Figs 2c-f) and plagioclase
truncating serpentine veinlets is recrystallised and/or completely replaced by chlorite and
prehnite (Figs 2b and 3a). In the most intense alteration, prehnite is replaced by
hydrogrossular (Frost et al., 2008), and the combined prehnite-hydrogrossular alteration is
associated with a distinctive Fe-rich chlorite (Fig 3a). This ‘micro-rhodingite’ alteration was
described in detail by Frost et al. (2008). Rare blobs of primary chromite are preserved within

olivine and plagioclase and sometimes surrounded by magnetite haloes.

Olivine in the wehrlite (140R2 50-56) is replaced by multiple generations of talc and
cut by serpentine veinlets associated with iron sulphide rather than magnetite, and
plagioclase has been almost completely replaced by two generations of Mg-chlorite halo (Fig
2 cd). The troctolitic-gabbro (91R2 81-92) has a modal abundance of only ~20 % olivine. The
olivine is cut by serpentine veinlets and replaced by mixtures of talc and amphibole, with the
amphibole present as a rim on olivine grain boundaries (Fig 3e). In places, patches of
intergrown Mg-chlorite and amphibole result from the complete replacement of either
olivine or clinopyroxene (Figs 2e,f and 3f). These textures were previously interpreted as
olivine pseudomorphs based on the occurrence of tremolite rims on olivine associated with
chlorite haloes (e.g. Nozaka and Fryer, 2011) (Fig 3e). However, tremolitic amphibole locally
replaces clinopyroxene (Nozaka and Fryer, 2011) suggesting an origin from clinopyroxene is

not precluded.

The least altered gabbros preserve abundant pristine plagioclase with scarce

alteration minerals concentrated in fractures in and around olivine and orthopyroxene where



present. Sample 68R1-126/128 is the most strongly amphibolitised gabbro with green
amphibole veins and abundant replacement of clinopyroxene (Fig 2gh). In addition to
amphibole, clay minerals are present in the diabase sample (16R4 90-92), which comes from

relatively high in the Hole.

Mineral chemistry

Representative compositions are reported for selected alteration minerals in the
troctolites, olivine-rich troctolites and wehrlites in Table 1, and in the diabase, gabbros and
gabbronorites in Table 2. Electron microprobe measurements are reported comprehensively

in the electronic supplement.

Electron microprobe analyses of phyllosilicates are shown on an atomic basis in Figure
4. These data show that most serpentine analyses vary between pure serpentine and a
mixture of ~90% serpentine and ~10% brucite (Fig 4) similar to that reported in other
troctolite samples by Beard et al. (2009). Minerals identified as serpentine on textural grounds
(e.g. veinlets defining mesh and kernel textures) have molar #Mg of 0.94 + 0.04 [#Mg =
Mg/(Mg +Fe)], and mostly contain less than 1 wt. % Al,O3 (Table 1; Fig 4). However, serpentine
and talc (#Mg of 0.91 + 0.07) are intergrown on a sub-micron scale in veinlets within some
samples. Furthermore, a few analyses with elevated Al;Os, including the most Cl-rich
serpentine veinlet investigated, represent either Al-rich serpentine (trending toward amesite)
or nano-scale intergrowths of serpentine and chlorite (Fig 4a). As expected the serpentine
and talc have #Mg substantially higher than the value of 0.84 + 0.03 in the relict olivine,

consistent with partitioning of Fe into magnetite.



Most chlorite in olivine-rich samples and gabbros is Mg-rich clinochlore or penninite
with average #Mg of 0.86 + 0.06 (Fig 4). However, chlorite varies toward Si-rich (talc-chlorite)
in the talc altered wehrlite (140R2 50-53) and toward Fe-rich varieties (daphnite) with #Mg of
less than 0.2 where troctolitic plagioclase is replaced by prehnite and hydrogrossular (Figs 3a
and 4; Table 1). The chlorite and talc are intergrown with saponite on a nano-scale explaining
the spread of the data in Fig 4a, and a correlation between the abundance of trace CaO and
Al;0Os3 in talc (Supplementary data). Amphiboles are calcic with #Mg ranging from 0.9 to 0.2
(Fig 5). Tremolite dominates in the troctolites and olivine-rich troctolites (e.g. Fig 3 e,f), while
actinolite, ferro-actinolite, hornblende and ferrohornblende are present in the gabbros.
Brown coloured hornblendes and ferrohornblendes with up to 0.9-1.5 wt. % TiO, were found

in gabbros 68R1 126-128 and 191R3 66-69.

Serpentine polymorphs and geothermometry

Raman spectra were collected for 105 points (2 um spots) in 11 samples including the
troctolitic gabbros, troctolites, olivine-rich troctolites and wehrlites and an olivine gabbro
(221R3 91-99). Spectra were obtained for talc, chlorite and serpentine, which was
investigated in all of its forms including: small magnetite-free veinlets (e.g. <10 um wide);
wider magnetite-free and magnetite-bearing veinlets; wider veins; and, patches of
replacement. Of 64 serpentine spectra, 57 gave spectral features typical of lizardite or
polygonal serpentine (Tarling et al., 2018; Fig 6); 2 spots in 136R2 57-60 and a single spot in
233R2 70-73 gave features similar to chrysotile (Fig 6); and 4 spots in 91R2 72-75 gave
ambiguous weak responses that could have been chrysotile but are not distinguished in Fig 6.

In most cases the OH-stretching peaks at 3680-3690 cm™ are intermediate of the positions



reported for lizardite and chrystotile; and the subordinate peak that is characteristic of
lizardite is shifted to values higher than the value of 3701 cm™ reported as typical of lizardite
(Tarling et al., 2018). The position of the OH-stretching peak intermediate of lizardite and
chrysotile and the lack of a peak at 1045 cm™ demonstrate the absence of antigorite. This
includes in the earliest <10 um wide magnetite-free veinlets in olivine, that are similar to
those reported to contain antigorite in samples from core 227R3 (type | veins of Beard et al.,

2009).

The lizardite and chrysotile polymorphs of serpentine are stable at temperatures of
<300 °C indicating sub-greenschist facies conditions for serpentinization ofthe olivine-rich
lithologies investigated. This is consistent with the composition of the Mg-chlorite present in
haloes around plagioclase in the troctolite and wehrlite samples (Figs 2 and 3). Most Mg-
chlorite in the troctolites and wehrliteshas 1.8-2.4 atoms of tetrahedral Al per 28 O, which
according to the empirical calibration of hydrothermal chlorites by Cathelineau and Nieva
(1985) and Cathelineau (1988), indicates formation temperatures of ~250-300 °C. The
reliability of this thermometer is limited because it can also be influenced by bulk rock
composition and the oxidation state of Fe (here assumed to be Fe?*) (Hillier and Velde, 1991;
Decaritat et al.,, 1993). However, the estimated temperatures of serpentinization and
plagioclase alteration are consistent with the presence of magnetite and Mg-brucite (Fig 4)
that indicate serpentinization at more than 200 °C (Klein et al., 2014); bulk-rock O-isotope
data that supports average temperatures of more than ~200 °C (McCaig et al., 2010); and
temperatures of ~200-300 °C previously indicated for the assemblage chlorite-actinolite-
prehnite in Mg-rich metabasites (Frost et al., 2008; Starr et al., 2020). The chlorite-tremolite
assemblage in the troctolitic gabbros (Figs 2e,f, and 3f) has previously been interpreted as

forming at upper greenschist facies conditions (Blackman et al., 2006; Nozaka and Fryer,



2011). However, the alteration temperature is not tightly constrained and we question if
compositionally similar Mg-chlorite haloes surrounding chlorite-tremolite patches in
troctolitic gabbro (Fig 2 e, f) and surrounding plagioclase in troctolite (Fig 3a) might not have
formed at similar temperature. In contrast with serpentinisation, the dominant alteration
mineral in gabbroic rocks is green actinolitic amphibole, which undoubtedly formed at higher-
temperature greenschist facies conditions (Fig 2gh; Blackman et al., 2006). Furthermore,
brown hornblendes in sample 68R1 126-128 have maximum TiO; content of 1-1.4 wt.%, which
equates to temperatures of ~700-800 °C based on the Ti in calcic-amphibole thermometer of
Ernst and Liu (1998) indicating the preservation of some amphibole formed under high-
temperature amphibolite facies or magmatic conditions. Therefore, the lithologies
investigated record alteration minerals encompassing much of the Atlantis Massifs cooling
history from amphibolite to sub-greenschist facies, with the gabbroic lithologies dominated
by greenschist facies alteration and the troctolites, olivine-rich troctolites and wehrlites

dominated by sub-greenschist facies alteration (Blackman et al., 2006).

Halogens in minerals

Most of the secondary minerals analysed have Cl concentrations of much higher than
the electron microprobe detection limit of 20 ug/g Cl, meaning that Cl was reliably analysed.
In contrast, many F measurements are close to the detection limit and have a minimum

uncertainty of 200 pg/g meaning they are only indicative in spots with less than a few hundred

ug/g F.

On average, serpentine in olivine-rich lithologies has the highest concentration of Cl

in any of the minerals investigated (Fig 7). Serpentine has a mean and standard deviation in



all samples of 1900 + 1600 pg/g Cl and a maximum of 1.2 wt. % Cl in a Al-rich serpentine (or
serpentine-chlorite) veinlet in sample 70R2 39-43 (Fig 4a). The average concentration of Cl in
serpentine varies between samples, serpentine contains ~400-1000 pug/g Cl in troctolite 23R2-
89/101 compared to ~2000-4000 ug/g Cl in olivine-rich troctolite 256R2 90-92. Fluorine was
below the electron microprobe detection limit (200 pg/g F) in most of the serpentine analysed

(n =209/220) implying serpentine has an average F/Cl ratio of less than ~0.1.

Talc has from a few 10’s pg/g Cl to 1000 pg/g Cl, and a few hundred pg/g F were
detected in some spots including talc in the wehrlite 140R2 50-53. Most chlorite, irrespective
of #Mg contains <200 pg/g Cl but a handful of analyses have high concentrations in the 1000’s
of pg/g Cl range. Most prehnite and hydrogrossular contain <200 pg/g Cl. Tremolite
associated with chlorite in the troctolitic gabbro 91R2 72-75 contains as little as 20-40 pg/g Cl
and only a few hundred pg/g Cl in other troctolites, olivine-rich troctolites and webhrlites
(Table 1; Electronic Supplement). Tremolite has variable F concentrations ranging from below
the electron microprobe detection limit upto several hundred pg/g in the troctolitic gabbro
91R2 72-75 and the wehrlite 140R2 50-53. The relatively high F/Cl of the tremolite is
consistent with crystal chemical controls that favour incorporation of F over Cl in Mg-rich
amphiboles (e.g. CI-Mg and F-Fe avoidance (Volfinger et al., 1985; Kullerud, 1996; Jenkins,

2019)).

The gabbros host amphibole with variable halogen abundance. Chlorine ranges from
~100-1000 pg/g in actinolites, upto ~200-3200 in pg/g Cl in hornblendes (Fig 5). Amphiboles
with lower #Mg tend to have higher Cl concentrations, but the concentration of Cl varies by
at least 1000 pg/g at any given #Mg (cf. Fig 5), which must result from variations in Cl activity

related to the salinity of alteration fluids. Fluorine was above the electron microprobe



detection limit in the majority but not all of the actinolites and hornblendes analysed
(supplementary data). The brown TiO,-rich ferrohornblendes in gabbro 68R1 126-128 are
among the most Cl and F rich with 1200-1500 pg/g Cl and 1500-3200 pg/g F. The high
concentrations of F and Cl in the same ferrohornblendes cannot be explained by crystal
chemical controls (F-Fe and CI-Mg avoidance) but probably reflect the involvement of F and
Cl-rich magmatic fluids during high temperature alteration, such as preserved in trondhjemite

fluid inclusions (Castelain et al., 2013).

Halogens in whole rocks

The whole rock concentrations of F, Cl, Br and | in U1309D lithologies are reported in Table 3.
The olivine-rich lithologies (troctolites, olivine-rich troctolites and wehrlites) have average
concentrations and standard deviations of 26 + 17 ug/g F, 720 + 650 ug/g Cl, 2800 + 3000 ng/g
Br and 5 + 2 ng/g I. In comparison, the gabbros and diabase have a higher average
concentration of 56 * 62 ug/g F and lower average concentrations of 65 + 41 pg/g Cl, 130 +

100 ng/g Brand 2 + 2 ng/g | (Table 3).

The whole rock Cl concentration is plotted against the H,0 concentration in Fig 8 and
is annotated with slopes showing the estimated ranges of H,O/Cl ratios in the dominant
alteration minerals with representative ranges of Cl concentration. The most Cl-rich
troctolites and olivine-rich troctolites have H,O/Cl ratios consistent with the dominance of ClI-
rich serpentine with 3000-4000 pg/g Cl (Fig 8). In contrast, the wehrlite (140R2-11/19) and
the troctolitic gabbro (91R2-81/90) have higher H,0/Cl ratios influenced by talc, chlorite and

tremolite (Fig 9). The gabbros and gabbronorites encompass a large range of H,O/Cl ratios



reflecting the variability of amphibole Cl content (~100-2500 pg/g Cl) and the variable

presence of talc or chlorite (Fig 9).

There is not a downhole trend with respect to Cl concentration in either the whole
rocks, the serpentine or the amphibole (Fig 9). Rather the highest whole rock Cl
concentrations and the highest serpentine Cl concentrations correspond to intervals with high
abundances of olivine-rich lithologies (troctolites, olivine-rich troctlites or wehrlites) (cf. Figs

1 and 8).

Discussion

Halogen-enrichment

On average the olivine-rich lithologies (troctolites, olivine-rich troctolites and
wehrlites) contain half as much F as the gabbroic lithologies but 11 times more Cl, 21 times
more Br and 2 times more | (Table 3). In order to fully understand the variable halogen
enrichment of the different lithologies it would be helpful to compare each lithology to an
unaltered protolith. The alteration state of the recovered lithologies means that this is not
possible, however, the halogen-enrichment of each lithology can be quantified by referencing

the halogens to fluid-immobile trace elements of similar compatibility (Fig 10).

Previous work suggests that F has a compatibility in the mantle similar to Pr (or Nd)
and Cl, Br and | have compatibilities in the mantle similar to Nb (e.g. le Roux et al., 2006; Le
Voyer et al., 2015; Kendrick et al., 2017). Therefore the average F/Pr of 105 * 25 (1 s.d) and
the average CI/Nb of 17 £ 10 (1 s.d.) in mid-ocean ridge and ocean island basalts (Kendrick et

al., 2017) can be considered representative of both the mantle and unaltered oceanic crust.



Most of the Atlantis Massif gabbros have F/Pr 75-140 that are close to the expected
range of unaltered oceanic crust. The olivine-rich lithologies have slightly higher values of
260-580 that suggest a factor of 2-6 times enrichment in F compared to unaltered oceanic
crust or mantle (Fig 12a). In contrast with F, the gabbros have CI/Nb of up to ~900 and the
olivine-rich lithologies have CI/Nb of up to ~12,000 that indicate Cl enrichment of up to ~50
times in the gabbros and of up to ~700 times in the olivine-rich lithologies relative to

unaltered oceanic crust (Table 3).

The strong relative enrichment of Cl (~50-700 times) compared to F in all lithologies is
consistent with alteration by seawater-derived fluids: F has a low solubility in seawater and
seawater contains only 1.3 pg/g F compared to ~2 wt.% Cl (Seyfried and Ding, 1995; Drever,
1997). The slight enrichment of F in the olivine-rich lithologies (~0-6 times) compared to
unaltered protoliths probably reflects remobilisation of F from the gabbros into the
interlayered troctolites, olivine-rich troctolites and webhrlites at sub-greenschist facies
conditions. Based on the measured concentrations of Pr in the different lithologies (Table 3),
we would expect the gabbros to have had initial concentrations of F about 6 times higher than
the more primitive olivine-rich lithologies that are more depleted in incompatible elements.
Compared to the protoliths, the degree of Cl enrichment in the olivine-rich lithologies is about
ten times greater than in the gabbros (Fig 10). This is explained by the high modal abundance
of olivine in the olivine-rich lithologies, which is highly reactive and readily hydrated to form

serpentine, and by the high Cl content of the serpentine.

Preserving seawater halogen signatures in serpentine



The whole rock halogen data define two distinct groups in the Br/Cl-I/Cl plot (Fig 11).
The gabbro and gabbronorite samples, in which amphibole is the dominant Cl host, are
displaced toward low Br/Cl and variable I/Cl ratios similar to those reported for amphibole in
oceanic crust (Fig 11a; Kendrick et al., 2015a; 2019ab; Chavrit et al., 2016). The low Br/Cl and
I/Cl ratios of the most Cl-rich amphibolitised gabbros is explained because the smaller CI
anion is preferentially incorporated into the small hydroxyl site within the amphibole
structure, and the larger Br  and | anions are preferentially excluded (Kendrick et al., 2015a).
The relative compatibilities of CI>Br>l in amphibole has been suggested previously because
Cl-rich amphiboles have low Br/Cl ratios and associated high salinity fluid inclusions have high

Br/Cl ratios (Svensen et al., 2001; Kendrick et al., 2015a).

In contrast to the gabbros, the olivine-rich lithologies, in which serpentine is the
dominant alteration mineral, define a trend in the Br/Cl and I/Cl diagram that extends from
the compositional range of pristine oceanic crust with mantle-like composition toward a
second component with low I/Cl and a maximum Br/Cl of (4.8 £ 0.1)x1073 that is ~40% higher
than seawater (Fig 11a). Importantly, the indicated trend away from the ocean crust is
marked by increasing Cl concentrations consistent with the addition of seawater-derived Cl,

Br and | in serpentine (Fig 11b).

The range of Br/Cl and I/Cl in the serpentinised lithologies is very unlikely to be
explained by crystal chemical controls, because if crystal chemistry exerted a dominant
control, all serpentinites would have similar ranges of Br/Cl and |I/Cl (as observed for
amphibole and amphibolitised ocean crust; cf. Fig 12). Instead, the serpentinised-lithologies
have widely different Br/Cl and I/Cl ratios depending on where they formed. The

serpentinised-troctolites in this study, which formed on a sediment-starved oceanic core



complex, have end-member Br/Cl and |I/Cl ratios similar to seawater. In contrast, forearc
serpentinites formed in subduction zones proximal to compacting sediments have Br/Cl and
I/Cl ratios similar to sediment pore waters (Fig 12). The new data do not preclude the
possibility that serpentine has a slightly higher preference for Br than Cl. However, given that
alteration fluids in the ocean crust are commonly enriched in Br relative to Cl (Kendrick 2018;
Kendrick et al., 2013a; 2015b; 2017), it seems more likely that the Br/Cl and I/Cl ratios of the
serpentine are representative of a slightly modified seawater-derived alteration fluid (Figs 11
and 12). The involvement of modified seawater is also consistent with: i) the high and variable
Cl content of the serpentine, which suggests the involvement of fluids with high but variable
salinities rather than fresh seawater, and ii) the low abundance of brucite and the slight F-
enrichment of the serpentinised lithologies, which are consistent with the alteration fluids
introducing silica and F derived from previous equilibration with the surrounding gabbros,
although significant silica would also have been derived from alteration of troctolitic

plagioclase (Fig 3a; Beard et al., 2009).

The new data for the serpentinised-troctolites in this study support previous
suggestions that Cl, Br and | are not strongly fractionated between fluids and serpentine and
that serpentine Br/Cl and I/Cl ratios can be used to make inferences about the fluids involved
in serpentinization (Kendrick et al., 2013b). The partitioning behaviour of halogens in
serpentine have not been investigated experimentally. However, it is possible that Cl, Br and
| are not strongly fractionated between fluids and serpentine because: i) the hydroxyl site in
serpentine is somewhat larger and more open than in amphibole meaning it can more readily
incorporate the larger anions; and ii) the layered structure of serpentine, which is commonly
interlayered with brucite and other phyllosilicates and is known to sorb cations and organic

contaminants (Carmigano et al., 2020) and might also sorb halogens.



Relatively few abyssal serpentinites have been analysed for Cl, Br and | previously.
However, the existing data from other spreading centres and passive margins are consistent
with serpentine recording fluid Br/Cl and I/Cl ratios. Four of the five serpentinites from mid-
ocean ridges investigated previously record Br/Cl and I/Cl ratios within the range of fluid
inclusions in Mathematician Ridge metagabbros (dark-red symbols in Fig 12; Kendrick et al.,
2013; 2015). The fifth mid-ocean ridge serpentinite (S001) has anomalously high I/Cl that is
not representative of serpentine but is explained by the presence of carbonate veins (Fig 12),
which can be I-rich (Kendrick et al., 2019b; Kendrick et al., 2020a). The four abyssal
serpentinites from passive margins have non-distinct Br/Cl and 1/Cl signatures that overlap
the mantle (unaltered crust) and sedimentary pore waters and probably reflect a long
alteration history on the seafloor and an influence from sediments, which is seen even more
strongly in ophiolites and in forearcs (Fig 12; see also Pagé and Hattori, 2017; Pagé et al.,

2018).

Implications for global volatile budgets

Subduction-zone inputs based on estimating the alteration state of slabs entering subduction
zones have a high uncertainty, because there are a limited number of analyses of samples of
the lower ocean crust and the ocean crust is extremely heterogeneous (e.g. Ito et al., 1983;
Hilton et al., 2002; Jarrard, 2003; Sharp and Barnes, 2004; Chauvrit et al., 2016). The findings
that serpentinised olivine-rich lithologies in the lower crust are much more strongly enriched
in halogens than proximal gabbros and gabbronorites, and that they can preserve halogen
signatures of close to the alteration fluid, have significant implications for understanding

global halogen budgets (Figs 8, 9 and 11b).



Lower-crustal alteration

Previous budgets for halogens have included altered basalts and gabbros, but have
not included olivine-rich lithologies in the lower crust (Ito et al., 1983; Jarrard, 2003; Chavrit
et al., 2016). The proportion of troctolites in typical lower crust and the alteration state of
these troctolites is poorly known. However, given that Hole U1309D on the Atlantis Massif
has a bulk composition similar to primitive MORB (e.g. undifferentiated mantle melts)
(Godard et al., 2009), the proportion of ~8% olivine-rich lithologies in Hole U1309D probably
represents a minimum for typical ocean crust. This is because typically the crust underlying
mid-ocean ridge basalts is depleted relative to primitive melts by basalt extraction, meaning
a higher proportion of primitive cumulates is expected. It is not known if IODP Site U1415
(Hess Deep) on the East Pacific Rise is representative of typical lower ocean crust, however,
troctolite cumulates comprise ~27% of the lithologies recovered from the crustal section at
this site, which formed ~2 km beneath the sheeted dykes (Expedition 345 Scientists, 2013).
Based on the average concentrations of Cl and H;0 in the gabbros and interlayered olivine-
rich lithologies (troctolites, olivine-rich troctolites and wehrlites) in this study (Table 3), and
the assumption that olivine-rich lithologies comprise ~10-20% of typical lower ocean crust,
olivine-rich lithologies could easily host ~50-70% of the total Cl and H,0 in the lower ocean

crust (Table 4).

Olivine-rich lithologies exhumed close to the seafloor on core complexes like the
Atlantis Massif or in tectonic windows like Hess Deep are highly altered compared to nearby
gabbros (Fig 8; Expedition 304/305 Scientists, 2006; Blackman et al., 2011; Expedition 345
Scientists, 2013; Schroeder et al., 2015; Nozaka et al., 2017). There is of course a question as

to whether or not these lithologies are representative of olivine-rich lithologies within ‘intact’



ocean crust, which might be less altered. However, two lines of reasoning suggest that
olivine-rich lithologies in the lower crust entering subduction zones are likely to be highly
altered. Firstly, even in the absence of brittle fractures, reactive troctolite layers within the
ocean crust can form permeable pathways enabling the deep circulation of fluids in off axis
settings (Yoshida et al., 2020). This is because serpentinization of olivine causes a volume
change that can propagate fractures into the surrounding lithology (Plimper et al., 2012;
Yoshida et al., 2020). Secondly, it is known that deep fractures formed at the slab-bend on
the forearc bulge prior to subduction penetrate at least 25 km into the lithospheric mantle
(Ranero et al., 2003; Grevemeyer et al., 2018). These fractures transect the crust providing
ample opportunity for seawater, and more evolved higher-salinity seawater-derived fluids, to

serpentinize the lower crust as well as the underlying lithospheric mantle.

Balancing inputs and outputs

The trace element signatures of arc lavas are commonly interpreted as indicating that
a combination of sediment-melts and slab-fluids enrich the sub-arc mantle (e.g. Pearce and
Stern, 2006). The slab-fluids are usually assumed to be derived from dehydration of
subducting ocean crust and lithosphere, with serpentinites often suggested to make a large
or dominant contribution (e.g. Scambelluri et al., 1995; Ripke et al., 2004; Kendrick et al.,
2011). However, Marschall and Schumacher (2012) proposed an intriguing alternative
explanation for the mixed geochemical signatures of arc-lavas, suggesting that subduction
melanges with a serpentinite matrix form at the slab-mantle interface enable physical mixing

of crustal and sedimentary components. Melange diapirs then invade the overlying mantle



wedge and are melted to produce arc-lavas with chemical attributes inherited from both

sediments and the oceanic crust (Marschall and Schumacher, 2012).

Geochemical arguments that support the melange diapir proposal based on
radiogenic isotopes (Nielsen and Marschall, 2017) would be inconclusive if they allowed for
the inherently variable nature of altered ocean crust. However, the melange diapir model is
not favoured by the currently available halogen data, which suggests I-rich serpentinites such
as those formed in forearcs and which are likely to dominate subduction melanges, are not
an important source of halogens at sub-arc depths (Kendrick et al., 2014; 2020b). This is
because serpentinites associated with sediments typically have I/Cl ratios that are much
higher than arc lavas and the MORB mantle (Fig 12). Subduction of I-rich serpentinites is also
unable to explain the suggested decrease in mantle 1/Cl over Earth history, which is a result

of preferentially subducting Cl relative to | (Kendrick et al., 2020b).

The current study confirms that serpentinites formed by interaction of seawater with
olivine-rich lithologies in the crust or mantle can have low I/Cl ratios (Figs 11 and 12).
Therefore, the relatively low I/Cl ratios of arc lavas that are lower than forearc serpentinites,
and the proposed evolution of mantle I/Cl to lower values over Earth history (Kendrick et al.,
2020), are consistent with subduction of halogens in serpentinised lithologies in the lower
ocean crust and mantle lithosphere. The available halogen data therefore suggest that
subduction of halogens (and other volatiles) in lower crustal and lithospheric serpentinites is

more important than subduction of volatiles in forearc serpentinites or subduction melanges.

Conclusions



Olivine-rich lithologies in the Atlantis Massif are strongly but variably serpentinized by
lizardite with minor chrysotile. Serpentine is by far the dominant host of Cl with an average
concentration of ~1900 ug/g. Previous crustal inventories of H,0, Cl, noble gases and other
volatiles that did not include olivine-rich lithologies in the lower crust significantly

underestimated (e.g. by ~50 %) the total abundance of these elements in the ocean crust.

Troctolites are on average ~10 times more enriched in Cl than interlayered gabbros
and represent a major reservoir of H,0 and halogens in the lower crust. Serpentine minerals
preserve Br/Cl and I/Cl ratios of close to the serpentinising fluids and indicate the dominance
of seawater-derived fluids in serpentinization of Hole U1309D lithologies. Fluorine is only

weakly enriched in alteration lithologies because it has a low concentration in seawater.

The involvement of |-rich sedimentary pore waters in serpentinization of forearcs and
the association of subduction-melange serpentinites with sediments means they are unlikely
to significantly contribute to halogen subduction. In contrast, seawater serpentinization could
generate serpentinites with low I/Cl ratios either close to the seafloor or at the slab-bend.
Subduction of lower crustal and lithospheric serpentinites with 1/Cl ratios similar to Atlantis
Massif troctolites could explain the range of I/Cl in arc lavas and significantly contribute to

halogen subduction.
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Table 1. Selected minerals in Hole U1309D troctolites, olivine-troctolites and wehrlites

23R2- 70R2-39/43 70R2-39/43 189R3- 256R2- 91R2- 140R2- 264R4- 91R2- 256R2-
89/101 103/105 90/92 72/75 50/53 65/67 72/75 90/92
Serpentine Talc Amphibole

n=16 n=23 n=4 n=41 n=25 n=23 n=13 n=24 n=3
SiO, 41.5+0.7 41.0x0.9 32.0+25 41604 383125 58.0+3.9 59.3+3.8 55.4+34 56.9+0.9 41.5+0.7
Al,03 0.2+0.7 0.5+0.4 10.8+2.8 0.2+0.3 0.7t1.6 0.4+0.7 05+1.2 0.7+0.6 0.8+0.5 13.0+1.3
TiO, 0.10+0.01
FeO* 29+1.7 19106 3.8+2.2 2.8+1.0 6.4+3.1 3.0+23 42+22 10.1+4.9 32+1.1 16.9+0.9
Fe,03
MnO 0.09+0.08 0.10.1 0.14+0.04 0.9+0.2
MgO 39.1+2.1 40.1+0.6 33.7+33 39.0+1.0 377116 28.7+2.3 280+3.0 242+3.1 22.6+1.0 7.3410.5
Cao 0.22+0.11 0.1+0.3 0.1+0.1 0.4+0.9 0.6+0.5 12.7+0.7 149+0.3
K20 0.01+0.01 0.10+£0.03
Na,0 0.06 £ 0.03 0.04+0.03 0.1+0.1 0.11 +0.06 0.14 +0.11 0.18 £ 0.09 2.1+0.2
NiO 0.2+0.2 0.07 £0.04 0.09 £ 0.06 0.04 £0.04 0.2+0.1 0.16 £ 0.05 0.13 +£0.05 0.09 £0.03
Total 84.1+2.6 83.8+0.7 81.5+1.7 83.8+0.8 839+1.2 90.6+2.6 92.8 +1.8 91.4+3.0 96.7 £ 0.6 96.7£0.7
Fug/g b.d. b.d. b.d b.d. b.d. b.d-380 b.d.-850 b.d. 600 + 300 b.d.
Clug/g 690+ 230 2900 +£2200 10,000+ 1800 1500 + 500 3000 £ 1300 120+ 50 80 £ 60 190 £ 200 50+ 20 550+ 100
#Mg 0.96+£0.02 0.97£0.01 09404 0.96 £ 0.01 0.91+0.04 0.95+0.04 0.92 +0.04 0.81£0.09 0.93+0.03 0.44 £0.01

Data represent the average of ‘n’ analyses and 1 standard deviation



Table 1. continued

23R2- 91R2- 256R2- 70R2- 256R2- 23R2- 70R2- 100R1- 100R1- 256R2-
89/101 72/75 90/92 39/43 90/92 89/101 39/43 48/50 48/50 90/92
Mg-Chlorite Fe-Chlorite Prehnite Hydrogrossular
n=17 n=41 n=9 n=8 n=10 n=3 n=1 n=>5 n=6 n=2
SiO; 31.7+1.9 314+23 30.6+1.8 23.7+0.5 27.2+1.8 42.4+04 43.2 42.6+0.5 35.1+1.3 33.2+0.7
Al,03 16.3+2.6 17.2+2.0 15.2+2.1 22.6+0.9 205+1.4 23.8+0.5 23.6 243+0.5 21.6+0.7 27.310.1
TiO, 0.01+0.01 0.01+0.01 0.01 0.03+0.03
FeO 5.1+0.7 9.1+2.8 12.4+35 31.2+3.0 21.3+1.6 0.4+0.4 0.3 0.4+0.3 41+26 0.16 +0.1
MnO 0.07 £0.02 0.14+0.11 0.2+0.1 24106 0.5+0.1 0.06 + 0.05 0.2 0.1+0.1 1.2+0.2
MgO 30.5+1.0 27.3+23 25.8+3.3 58+1.4 16.0+2.3 0.1+0.1 0.01 0.01+0.01 0.7+0.8
Cao 0.1+0.3 0.2+0.3 0.07 £ 0.03 09+1.6 259+0.4 25.8 259+0.5 326+2.8 30.5+0.5
K20 0.12 £ 0.05 0.03+0.03 0.02+0.01 0.03 +£0.02 0.02+0.01
Na,0 0.04 £ 0.02 0.06 + 0.08 0.2+0.2 0.05 + 0.05 0.1 0.04 £ 0.02
NiO 0.08 +£0.03 0.14 £ 0.09
Total 84.1+0.7 85.6+1.1 84.6+0.6 86.0+0.7 86.7+1.3 92.7+0.1 93.3 93.4+0.1 954+1.3 92.2+0.3
Fug/e b.d.-600 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Clug/g 16070 110 £ 100 390150 240 £ 280 21050 60 + 40 40 110+ 70 110+ 20 120
#Mg 0.91+0.01 0.84 +0.05 0.78 £ 0.07 0.25 +0.06 0.57 £ 0.05

Data represent the average of ‘n’ analyses and 1 standard deviation



Table 2. Selected minerals in Hole U1309D diabase, gabbros and gabbronorites

16R4- 68R1- 68R1- 191R3- 264R1- 16R4- 264R1- 221R3- 264R1- 277R2-
113/116 126/128 126/128 66/69 65/67 113/116 65/67 100/102 65/67 96/98
Amphibole Chlorite Serpentine talc IImenite
n=10 n=14 n=25 n=32 n=7 n=7 n=4 n=4 n=13 n=>5
SiO; 51.3+1.9 47.7 £0.7 50.7+2.2 519+1.9 514114 30.1+1.6 32.6+3.2 42.1+0.3 55.4 +3.4
Al,03 3615 4.6 £0.5 2714 38+1.3 40+1.2 15.4+0.9 16.3+2.3 0.01+0.01 0.7 £0.7
TiO, 0.4+0.3 1.2+0.2 0.18 £+ 0.09 0.3+0.4 0.3+0.1 49.1 +0.9
FeO 149+3.1 22.5+0.5 21.8+4.4 13.4+2.9 14.0+2.1 29.2 +1.2 9.6+2.0 2.2+03 10.1 £49 450 1.1
MnO 0.2+0.1 0.35 £ 0.05 0.4+0.1 0.28 £ 0.08 0.3+0.1 0.18 +0.03 0.07 £ 0.03 0.02+0.01
MgO 13.9+2.2 9.1+0.32 9.9+3.3 15.4+2.3 15.1+1.5 11.2 £0.5 27.4+1.9 40.3+0.2 242 +3.1 1.2 +£0.3
Cao 11.3+1.3 9.7+04 103+1.6 11.2+0.6 10.8+1.0 1.0 £0.5 0.09 £ 0.02 0.04 £ 0.02 0.6+0.5 1.6 £0.9
K20 0.1+0.1 0.4+0.1 0.06 £ 0.08 0.03+0.03 0.04 +0.01 0.04 £0.02 0.1+0.1 0.02+0.01 0.07 £0.03
Na,0 0.7+0.3 1.5+0.1 0.5+0.2 0.6+0.2 0.7+0.2 0.18 £0.05 0.14 £ 0.05 0.2+0.2 0.2 £0.1
NiO 0.12+0.04
Cr203
Total 96.6 £ 0.3 97.1+0.3 96.5+0.8 97.1+0.3 96.6 £ 0.3 87.3 £1.3 86.4+1.4 85.0+0.3 914 +3.0 97.2 +0.4
Fug/g 1200+1000 2200 %500 620 + 250 660 + 420 b.d b.d. b.d. b.d. b.d. b.d
Clug/g 820+950 1300 + 160 440 + 360 530+ 350 420+ 130 110 +40 210+ 50 760 + 290 190 +200 b.d
#Mg 0.62 +0.08 0.42 £0.01 0.44+0.13 0.67 £ 0.08 0.66 + 0.05 0.41 £0.02 0.57 £ 0.05 0.970+0.004 0.81 £0.09 -

Data represent the average of ‘n’ analyses and 1 standard deviation



Table 3. Whole rock halogen data for Hole U1309D lithologies

Sample Lithology #Mg Pr Nb F Cl Br I H.0 CO; F/Cl Br/Cl I/Cl
ug/g ug/g ug/g ug/eg ng/g ng/g  wt% wt%
‘Olivine-rich lithologies’
23R2-95/97 Troctolite 0.90 0.063 3.324 19 134 481 3.6 5.5 0.09 0.14 3.6+0.3 27 +£19
70R2-43/53 Troctolite 0.84 n.d. 0.086 17 2,100 9,760 7.8 8.3 0.05 0.01 46+0.4 3.7+x1.6
91R2-81/90 Troct. Gabbro 0.83 0.139 6.405 36 87 239 1.7 2.1 0.41 2.8+0.3 204
100R1-50/55 Troctolite 0.86 0.091 0.151 29 846 3,960 6.9 3.9 0.09 0.03 4.7+0.1 8.1+1.8
111R3-131/138 Troctolite 0.87 0.033 0.126 19 1,680 6,840 4.8 6.3 0.09 0.01 41+0.1 2.9+0.2
189R3-67/76 Troct. Gabbro 0.83 0.279 0.153 23 188 707 3.6 1.1 0.06 0.12 3.8+0.1 19+9
232R3-110/117  Troctolite 0.85 0.060 0.624 16 867 2,720 6.2 7.3 0.12 0.02 3.1+0.1 7.2+4.1
234R2-63/68 Ol-rich Troctolite 0.85 0.029 0.129 17 615 1,890 6.4 5.6 0.13 0.03 3.1+0.1 10+£2
256R2-88/94 Ol-rich Troctolite 0.84 0.029 0.176 16 695 2,050 6.7 4.5 0.10 0.02 3.0£0.3 10+ 8
Webhrlites n.d.
136R2-4/14 Webhrlite 0.86 0.068 b.d.l. 23 528 1,700 4.8 6.6 0.14 0.04 3.21+0.04 9+2
140R2-11/19 Webhrlite 0.82 0.332 0.478 74 228 323 3.4 8.2 0.75 0.32 1.4+04 15+1
‘Gabbros’
16R4-90/92 Diabase 0.49 2.371 3.324 179 126 184 9.4 1.0 <0.04 1.42 1.5+0.1 74 £ 21
68R3-47/60 Gabbro 0.79 0.172 0.086 38 26 51 1.3 0.74 <0.04 1.49 2.0%£0.2 51+34
113R2-7/22 Oxide Gabbro 0.28 2.975 6.405 197 128 162 1.0 0.56 1.53 1.3+0.1 8+4
145R1-64/74 Gabbro 0.72 0.271 0.151 40 70 149 0.7 0.59 0.58 2.1+0.2 10+ 15
162R3-71/86 Gabbro 0.74 0.243 0.126 29 40 82 1.1 0.92 0.07 0.71 2.0+£0.3 27 £23
172R3-41/51 Gabbro 0.77 0.183 0.153 25 68 114 1.8 1.4 0.37 1.7+0.2 25+22
191R3-55/66 Gabbronorite 0.69 0.735 0.624 41 88 175 1.1 0.26 0.04 0.47 2.0+0.2 13+3
212R4-72/78 Ol. Gabbronorite 0.75 0.202 0.129 27 21 19 0.4 1.31 0.9+0.2 21+12
221R3-91/99 Olivine Gabbro 0.78 0.182 0.176 17 26 42 14 0.24 0.06 0.65 1.6+0.9 54 +62
255R1-28/35 Olivine Gabbro 0.81 0.111 n.d. 23 109 404 2.0 0.94 0.06 0.21 3.7+£0.2 19+65
264R1-52/60 Gabbronorite 0.62 0.265 b.d.l. 28 66 160 2.3 0.42 0.06 0.42 24+0.1 34+9
277R2-96/106 Gabbro 0.76 0.423 0.478 28 17 48 2.0 0.49 1.68 29+0.8 120+ 80
Reference Seawater 0.0001 3.5 ~3.5

Uncertainties reported for Br/Cl and I/Cl represent either the 2o analytical uncertainty or 2 standard errors where two aliquots were analysed. #Mg, Pr and

Nb data are from Godard et al 2009



Table 4. Estimated proportion of Cl and H;O in troctolites in the lower crust*
Proportionof % Cl in % H,O in

Troct:Gab troctolites troctolites
5:95 37 29
10:90 55 47
15:85 66 58
20:80 73 66

*Based on the average concentrations of H,O and Cl in troctolitic and gabbroic samples in this study (Table 3)
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Fig 1. I0DP Hole U1309D. a) Downhole plot showing a 20 m running average of the lithologies
recovered from the hole; and b) a locality map showing the position of the Atlantis Massif on the Mid-
Atlantic Ridge. Note that wehrlites and dunites are included with olivine-rich troctolites in panel a
(adapted from Godard et al., 2009).
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Fig 2. Representative examples of serpentinised troctolites and amphibolitised gabbro from Hole U1309D. a-b)
cross polarised view of olivine-rich troctolite 256R2-90/92 in which olivine is cut by meshes of serpentine and
magnetite and 70R2-39/43 in which olivine is largely replaced by serpentine and plagioclase is being replaced by
prehnite. c-d) cross polar and plane polar view of 140R2-50/56 (wehrlite). Olivine is completely replaced by talc,
which is cut by oxide-bearing serpentinite veinlets. Chlorite forms haloes around former plagioclase. e-f) Cross
polar and plane polar view of troctolitic gabbro 91R2-72/75 . Chlorite haloes surround plagioclase, relicts of
olivine are surrounded by talc replacement and patches of tremolite and chlorite have completely replaced
former olivine or clinopyroxene (see also Figs 4e and f). g-h) cross polar and plane polar view of 68R1-126
(amphibolitised gabbro).
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Fig 3. Back scattered electron images of alteration in troctolites. a-c) serpentinised olivine in samples
100R1-48/50 and 256R2-90/92. d) serpentine veinlets cutting pseudomorphs of olivine dominated by
talc in wehrlite 136R2-57/60. e-f) tremolite and chlorite alteration in the troctolitic gabbro 92R2-72/75
tremolite and iron-oxide are just visible on the edges of the olivine grain in part e (see also Fig 2e,f).
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Fig 4. Major element data for the major Fe-Mg phylosilicates. a) atomic Mg + Fe versus Si per 7 O for

phyllosilicates , showing mineral endmember

compositions. Serpentine defines a vector toward

brucite and vectors toward talc and either amesite or chlorite in some samples: the most Cl-rich
serpentine analyses with 0.8-1.2 wt. % Cl are shown. Chlorite is also perturbed toward saponite
demonstrating nano-scale intergrowth of phyllosilicates. b) atomic #Mg [Mg/(Mg +Fe)] versus Si

diagram for chlorite classification after (Foster,

1962) assuming all Fe is Fe?*.

Fig 5, Kendrick et al., 2022
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Fig 5. Amphiboles in Hole U1309D lithologies showing amphibole classification and halogen
concentrations in ug/g as a function of Si atoms. Tremolites and actinolites tend to have lower
concentrations of Cl than Ti-rich hornblendes, however, actinolites as well as hornblendes can have
high F concentrations.
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Fig 6. Raman spectra for serpentine polymorphs in Hole U1309D lithologies. Each spectrum shows
relative intensity and is the sum of several similar spectra Vertical solid, dashed or dotted lines show
the positions of characteristic peaks for lizardite (solid black lines), chrysotile (dashed blue lines) and
antigorite (dotted red lines). Interferences indicating contaminant minerals are highlighted with
dashed circles and reflect the presence of olivine (twin peaks at ~840 cm™) in 136R2-57/60 and 233R2-
70/73; and an unidentified mineral (possibly sulphide) in 221R3-100/102.
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Fig 7. Plot showing the range of Cl concentrations in common alteration minerals separated on the
basis of MgO. Serpentine has by far the highest average Cl concentration followed by hornblende.
Tremolite, actinolite, chlorite and talc have much lower concentrations of 10-100s ug/qg Cl.
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Fig 8. Whole rock Cl and H,O concentrations. The slopes represent the estimated ranges of H,O/Cl in
the dominant alteration minerals with the observed ranges of Cl concentration. Serpentine is the
dominant alteration mineral in troctolites and olivine-rich troctolites and the most Cl-rich samples

contain Cl-rich serpentine.
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Fig 9. Downhole variation in Cl concentration of Hole U1309D lithologies and minerals: a) whole rocks,
b) serpentine and c) amphibole. The standard deviation of electron microprobe analyses is shown in
parts b and c. The concentration of Cl is related to the abundance of olivine-rich lithologies, not depth

down the hole.
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Fig 10. Plots showing the relative enrichment of F and Cl: a) F vs Pr and b) Cl versus Nb. The shaded
envelopes show F/Pr and Cl/Nb ratios typical of MORB glasses, which represent unaltered ocean crust.
The plots show olivine-rich lithologies are slightly enriched in F, while the gabbros are not. The olivine-
rich lithologies are ~11 times more enriched in Cl than the gabbos.
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Fig 11. Halogen data for Hole U1309D troctolites and gabbros. a) a log-log Br/Cl versus 1/Cl plot
showing reference fields for the mantle (Kendrick et al., 2017), amphibole (Kendrick et al., 2015a) and
seawater. b) log-log I/Cl versus Cl ug/qg showing estimated reference fields for pristine crust with
mantle I/Cl ratio and average amphiboles. The data define trends that can be explained by adding Cl-
rich amphibole and serpentine to the pristine crustal lithologies. Vectors for the styles of alteration
investigated in this and previous studies of ophiolitic/forearc serpentinites (Kendrick et al., 2013b) and
oxidised carbonate-alteration (Kendrick, 2019b; Kendrick et al., 2020a) are shown for reference.
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Fig 12. Log-log Br/Cl versus I/Cl plot showing the serpentinised-troctolites and olivine-rich troctolites
of this study together with previous studies of serpentinites (Kendrick et al., 2013b) and altered
gabbros from Hole U1473A, which are strongly altered by carbonate and iron oxyhydroxides (Kendrick,
2019b; Kendrick et al., 2020a). Sedimentary pore waters (e.g. Fehn et al., 2006; Muramatsu et al.,
2007; Tomaru et al., 2007), the MORB mantle field (Kendrick et al., 2017), and fluid inclusions and
amphibole from the Mathematician Ridge are shown for reference (Kendrick et al., 2015a). The high
I/Cl of serpentinite sample S001 is not typical of MOR serpentinites and is attributed here to the
presence of carbonate-veins.
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