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Abstract

The chemical interaction between seawater and basalt at low temperatures (<150°C) ranks
among the more significant factors controlling the composition of seawater and the oceanic
crust. However, the time-integrated geochemical and petrographic outcomes of this process
remain understudied. This work investigates the effects of time, temperature, crystallinity,
and water-rock ratio on seawater-basalt interaction through a combination of petrographic
and geochemical analyses of drill-cores obtained in 1979 and 2017 from the volcanic ocean
island of Surtsey as well as through geochemical modeling.

The rates of basaltic glass palagonitization and formation of secondary minerals are
positively correlated with temperature. Palagonitized glass undergoes maturation from
mostly amorphous to increasingly crystalline clay mineral-rich textures. Direction and
magnitude of the element flux associated with the different stages of glass alteration are
distinct for most elements. Rare earth elements, Hf, Ta, Zr, Nb and Y remain immobile,
whereas FeO and TiO: are slightly mobile during palagonite maturation. The entire process
of basaltic tuff alteration at Surtsey indicates a net source of dissolved Ca, Al and SiO2 and
a net sink of dissolved Mg and Na for seawater.

Geochemical modeling of the alteration process suggests that crystalline and glassy basalts
progress through a similar series of reactions, characterized by initial dissolution of glasses
and primary minerals, followed by formation of phyllosilicates, oxides, hydroxides,
carbonates, sulfates, sulfides and eventually zeolites. Water-rock ratio and pH are identified
as the main factors determining the dominant mineral assemblage, whereas temperature and
rock crystallinity are less important for the outcome of alteration.






Utdrattur

Einn af rikjandi pattum sem styra samsetningu sjos og Uthafsskorpu er efnafradilegt samspil
sjos og basalts vid lagan hita (<150°C). Jardefnafredi og pau efnahvorf sem hafa ahrif a
petta ferli hins vegar ekki vel skilgreind. I pessu verki voru ahrif tima, hita, krist6llunar bergs
og 4 sampil sjos og basalts rannsokud med sampattingu jardefnafredilegra likana og
jardefnafraedilegra greininga & borholukjornum sem safnad var i Surtsey 4 arunum 1979 og
2017.

Ummyndunarhradi basaltglers i mogler (palagonit) og myndun sidsteinda eru jakveett fylgin
hitastigi. Mdglerid undirgengst umbreytingu ar pvi ad vera ad mestu Okristallad og yfir i
vaxandi kristallada og leirsteindarika textira. Hreyfnaleiki frumefna i tengslum vid
mismunandi stig glerummyndunar er skyr fyrir flest frumefni. Frumefnin Hf, Ta, Zr, Nb og
Y haldast 6hreyfanleg 4 medan FeO og TiOz eru o6rlitid hreyfanleg. Heildarferli ummyndunar
a basalttaffi i Surtsey bendir til ttskolunar &4 Ca, Al og SiO2 ur berginu og upptoku a
uppleystu Mg og Na 1r sjo.

Jardefnafraedileg likon af ummyndunarferlinu gefa til kynna ad badi kristallad og glerjad
basalt fari i gegnum samskonar r60 efnahvarfa. bau einkennast i fyrstu af uppleysingu glers
og frumsteinda, pvinast myndun lagsilikata, oxida, hydroxida, karbonata, sulfata, sulfida og
ad lokum zeolita. Hlutfall vatns og bergs dsamt syrustigi eru meginpattir sem akvarda
rikjandi steindafylki og samsetningu, en hitastig og kristdllun bergs eru pydingarminni fyrir
utkomu ummyndunarinnar.






Dedicated to Yingying, who stubbornly refused to stop believing in me.
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1 Introduction

The ocean floor represents nearly three quarters of Earth’s surface. As continental plates are
pulled apart along the Mid-Ocean Ridges (MOR), the underlying mantle is subjected to
partial decompression melting. The resulting melts ascend and cool, forming the basaltic
rock that makes up most of the oceanic crust. Permeability provides pathways for seawater
to enter crustal aquifers, where chemical exchange between the infiltrating fluids and basaltic
minerals and glasses takes place. This natural “chemical reactor” has a profound influence
on both the composition of seawater and the oceanic crust, which is eventually subducted
back into the mantle at convergent plate margins.

The importance of seafloor hydrothermal processes to global elemental budgets was
first recognized in the 1960s and 70s when it became apparent that conduction-based models
consistently overestimated the magnitude of crustal heat-flow (e.g., Davis and Lister, 1974;
Langseth et al., 1966; McKenzie, 1967; Parsons and Sclater, 1977; Von Herzen and Uyeda,
1963), due to the interference of convective cooling by geothermal activity (Lister, 1972;
Williams et al., 1974). Since then, further studies have revealed that hydrothermal processes
significantly enhance plate cooling of oceanic crust younger than 65 = 10 Ma (Alt, 2003;
Stein and Stein, 1994; Wheat and Fisher, 2008), indicating high rates of annual fluid flux.
Today, a distinction is generally made between high-temperature hydrothermal circulation
(250-400°C) taking place along or near MOR and off-axis low-temperature (<150°C)
processes that dominate the remaining seafloor (e.g., Alt, 2003, 1995; Coogan and Gillis,
2018; Fisher and Wheat, 2010; Staudigel, 2014; Wheat and Fisher, 2008; Wheat and Mottl,
2000). While the former is known to cause more drastic fluid and bulk rock geochemical
changes, the latter is of global significance due to the larger associated volumes of seawater
interacting with the oceanic crust (Coogan and Gillis, 2018; Staudigel, 2014).

Current models propose marine sediments to act as an isolating thermal blanket that
partially or fully inhibits fluid flow in and out of the crustal aquifer (Coogan and Gillis, 2018;
Spinelli et al., 2004). Therefore, low-temperature geothermal activity and fluid flow are
likely focused between areas of rough basement topography, e.g., seamounts, where the
crustal aquifer penetrates through the superimposed sediment cover (Fig. 1.1). However,
studies of the geochemistry and geohydrology of such settings are challenging and
potentially biased towards zones of high flow rates that may not be representative of the
entire oceanic floor (e.g., Staudigel, 2014; Alt et al., 1996a; Bach et al., 2003; Coogan and
Gillis, 2018). The chemical composition, elemental mobility, and alteration mineralogy of
altered oceanic crust (AOC) thus remain uncertain.
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Figure 1.1 A) Sketch of the oceanic crust environment. Basaltic crust is generated at Mid-
Ocean Ridges and initially subjected to high-temperature (>250°C) on-axis alteration. Over
time the crust cools, thickens and moves away from the ridge axis due to seafloor spreading.
Sediment thickness increases with crustal age. At this stage, off-axis geothermal circulation
takes place at generally lower temperatures (<150°C), for example at high-topography
basement outcrops such as seamounts. B) Schematic cross section of the oceanic crust
showing upper volcanic sections (pillows and flows), sheeted dike complex and massive
gabbro. C) Physical water-rock ratios per million years with depth after Fisher (1998). D)
Schematic progression of low-temperature basalt alteration by seawater, including
secondary mineral formation and changes in water composition.

The ocean island of Surtsey, SW Iceland, is the youngest member of the
Vestmannaeyjar archipelago. Shortly after the island formed in a series of phreatomagmatic
and effusive eruptions on the ocean floor between 1963 and 1967 (details below) a low-
temperature geothermal system developed in the seawater-flushed alkali-basaltic tephra
deposits of the island (Jakobsson, 1979; Jakobsson and Moore, 1982; Schipper et al., 2015;
Thorarinsson, 1967a). Surtsey is considered to represent an accessible analogue to seafloor-



hosted off-axis geothermal systems (e.g., Jackson et al., 2015, 2019; Kleine et al., 2020).
Drill cores retrieved from the island during 1979 and 2017 present a unique opportunity to
study the effects of time and temperature on the alteration process of young basaltic crust by
unravelling the changes that have occurred over five decades of hydrothermal water-rock
interaction. This work summarizes the results of three research papers on the mineralogical,
petrographic, and geochemical outcomes of low-temperature basalt alteration. Results
include the documentation of alteration behavior and changing abundances of secondary
phases as well as the quantification of chemical fluxes during fluid-rock interaction over 50
years of basaltic tuff alteration at Surtsey. Furthermore, geochemical modeling is used to
assess the effects of crystallinity, temperature, pH, reaction progress, and water-rock ratio in
low-temperature basalt-hosted hydrothermal processes on the ocean floor in general.

1.1 Aims

The aims of the research presented in this doctoral thesis are:

e To explore time- and temperature-integrated changes associated with low-
temperature (<150°C) hydrothermal seawater-basalt interaction

e To document the effects of 50 years of hydrothermal alteration on secondary mineral
parageneses and the palagonitization of basaltic glass at Surtsey volcano (Paper I)

e To quantify element flux between glassy basaltic rock and seawater as a function of
reaction progress at Surtsey volcano (Paper II)

e To assess the major factors controlling seawater-basalt interaction, including rock
crystallinity, temperature, and time (Paper I1I)

1.2 Alteration of mafic ignheous rock

1.2.1 General aspects

Mafic igneous rock is among the most common constituents in the Earth’s crust, making its
chemical interaction with water an important subject in the study of global geochemical
cycles. The exact petrographic and mineralogical outcome of alteration is unique to each
environment, depending essentially on the initial compositions of the fluid and the host rock
as well as on pH, redox conditions, temperature, water-rock ratio, and reaction progress (e.g.,
Altetal., 1996b; Alt and Teagle, 2003; Bach et al., 2003; Gysi and Stefansson, 2011; Kleine
et al., 2020; Stefansson, 2010; Stefansson and Gislason, 2001). However, the reported
alteration mineral parageneses from natural systems and laboratory experiments at low
temperatures most commonly include Fe-(Al-)oxyhydroxides, various phyllosilicates (e.g.,
nontronite, saponite, celadonite, talc, kaolinite, imogolite, allophane), carbonates (e.g.,
calcite), and zeolites as well as lesser amounts of sulfates (e.g., anhydrite), sulfides (e.g.,
pyrite), and silica (e.g., quartz, chalcedony) (Alt et al., 1996a; Alt and Teagle, 2003; Bach et
al., 2001; Coogan and Gillis, 2018; Gislason et al., 1993; Gysi and Stefansson, 2011;
Seyfried Jr. and Bischoff, 1979; Staudigel, 2014; Stefansson, 2010; Stefansson and Gislason,
2001). This low-temperature alteration profile is particularly common for the upper 600 m
of the oceanic crust in off-axis settings (Bach et al., 2001; Staudigel, 2014). Alteration
minerals in high-temperature (>250°C) environments commonly include chlorite or chlorite-



smectite and smectite-chlorite mixed layers, as well as sulfides, sulfates, epidote, secondary
pyroxenes, feldspars, pumpellyite, prehnite, actinolite, titanite, quartz, and Fe-oxides (Alt,
2003; Alt et al., 1996a; Humphris and Thompson, 1978; Seyfried Jr. and Mottl, 1982;
Staudigel, 2014; Von Damm, 1990).

Seawater-basalt interactions in geothermal systems may significantly influence the
composition of both seawater and the ocean crust and either offset or enhance the riverine
fluxes of elements into the oceans (Fig. 1.2). However, assessing the effects of seawater-
basalt interaction on global chemical exchange is challenging due to the limited data and
uncertainties in estimating the relative contributions of high- and low-temperature systems.
The former is considered to act as a source of Li, K, Ca, Si, Mn, Fe, and possibly Al for
seawater but a sink of S and Mg (Alt, 2003; Bach et al., 2003; Huang et al., 2018; Kleine et
al., 2022; Mottl and Wheat, 1994; Staudigel, 2014). Off-axis geothermal activity is
considered to enhance the axial sources of Ca and Si, while also acting as a sink for K, Rb,
and COz2 (Alt, 2003; Bach et al., 2003; Huang et al., 2018; Staudigel, 2014; Wheat and Mottl,
2000). Several workers (e.g., Bach et al., 2003; Huang et al., 2018; Wheat and Fisher, 2008;
Wheat and Mottl, 2000) concluded that off-axis-hydrothermal processes result in a Mg sink,
whereas others (e.g., Staudigel et al., 1996) identified the process as a source of Mg instead.
Furthermore, considerable uncertainties also persist for the budgets of Ca, Si, and Al (Fig.
1.2).

CO3 (3200, Ca (1200, Na (1139),
Si (640), Mg (540), K (190), S (89),
Li (1.4), Mn (0.49), Rb (0.037),
Al (6)
Riverine Flux (l(]m mol yr") SEAWATER
Li(0.7-6.3), Axial Off-axis
(‘I‘< (Iaf-lig)] Hydro- Hydro- K (10-66),
S}d(g0:26°), thermal S (50-140) Ca (217-481), thermal Mg (35-540),
JHDEh Flux Mg (19-261) Si (2-140) Flux Rb (0.003-0.008),
Mn (1-7), o 10 CO- (16-20)
Fe (3-23), o o, 2
CONTINENTAL AL(0.02-0.07) molyr™) molyr™)
CRUST
OCEANIC CRUST

Figure 1.2 Estimates for riverine and hydrothermal geochemical solute fluxes between the
continental crust, seawater, and the oceanic crust for several elements in 10'° mol yr.
Fluxes were compiled from Huang et al. (2018), Staudigel (2014), Alt (2003), Bach et al.
(2003), and Wheat and Mottl (2000). Note that the fluxes of several elements, including Ca,
Si, Al, and Mg are associated with significant uncertainties.

1.2.2 Palagonitization

Mafic igneous rock may be subdivided into holocrystalline (e.g., basalt, diabase, gabbro),
hypocrystalline (e.g., hyaloclastites, pillow lavas) and glassy (e.g., vitric tuff) lithologies
based on their crystallinity. Rocks containing high amounts of basaltic glass, also referred to



as “sideromelane”, are of particular interest to the study of seawater-ocean-crust chemical
interactions, because the reactivity of silicate glasses generally exceeds that of their
crystalline counterparts by several orders of magnitude (e.g., Gislason and Eugster, 1987).
Sideromelane occurs frequently on the ocean floor, being a common phase in hyaloclastite
rocks, pillow lavas, and pyroclastics. The chemical alteration of sideromelane by water is
referred to as “palagonitization” and the resulting metastable alteration product is known as
“palagonite” or “palagonitized glass”. Palagonite, named after the commune of Palagonia
where it was first described by Von Waltershausen (1845), initially replaces sideromelane
at the water-solid interface, followed by the gradual movement of the alteration front into
the glass over time (Fig. 1.3).

Palagonite consists of a mixture of alteration phases, both crystalline and amorphous,
(Staudigel and Hart, 1983). The most immediate alteration product, often termed “gel-
palagonite” due to its smooth uniform texture, is a largely amorphous mixture of residual
glass and traces of typically smectitic clay minerals as well as minor Fe-Ti-oxides that
nucleate within the palagonitized glass matrix (Berkgaut et al., 1994; Crovisier et al., 2003;
Drief and Schiffman, 2004; Matthews, 1971; Pauly et al., 2011; Peacock, 1926; Singer,
1974; Stroncik and Schmincke, 2001; Zhou and Fyfe, 1989). The fraction of crystalline
components gradually increases as the material ages into a form often referred to as
“fibropalagonite”, signified by the development of a fibrous texture and high birefringence
(Peacock, 1926; Stroncik and Schmincke, 2001, 2002). Thus, palagonitized glass represents
a continuum of alteration products from mostly vitreous to mostly crystalline depending on
the stage of devitrification. Both the rates of palagonitization and palagonitized glass
maturation are largely dependent on temperature, fluid-rock ratios, pH, serial affinity of the
precursor glass (alkaline vs tholeiitic), and salinity of the fluid phase (Crovisier et al., 2003;
Jakobsson and Moore, 1986; Moore, 1966; Pauly et al., 2011; Singer and Banin, 1990;
Stroncik and Schmincke, 2002). The formation of palagonitized glass may occur both
abiotically/geochemically or involve the metabolic processes of certain microorganisms
(Kruber et al., 2008; Pedersen et al., 2015; Staudigel et al., 2008; Thorseth et al., 1992; Tiirke
et al., 2015).

It is unresolved if palagonitization causes any significant volume changes upon
alteration (Crovisier et al., 1992; Pauly et al., 2011; Zhou and Fyfe, 1989; Hay and Ilijima,
1968; Jercinovic et al., 1990; Stroncik and Schmincke, 2001; Walton et al., 2005). Element
mobilities during palagonitization have also been debated (Jakobsson, 1972; Staudigel and
Hart, 1983; Stroncik and Schmincke, 2001; Pauly et al., 2011; Walton et al., 2005). As a
result, mass balance estimates for basalt glass alteration, which are typically linked to
assumptions regarding the immobility of certain elements or conservation of volume, are
associated with significant uncertainties.



Figure 1.3 Sketch of progressive palagonitic alteration of basaltic glass (sideromelane,
sdml). Initially, palagonitization (pal) begins at the outer margin of glass particles, moving
inward over time. Elements leached from palagonitized glass are enriched in the
hydrothermal fluid and cause the precipitation of authigenic minerals, such as zeolites or,
in case of Surtsey, tobermorite (tb). Palagonitized glass over time undergoes an aging and
devitrification process leading to its progressive transformation into a poorly crystalline
authigenic clay mineral assemblage. Primary minerals such as olivine (ol) or plagioclase
(pl) may undergo varying degrees of dissolution and replacement by authigenic phases
(mostly clay minerals). Modified after Prause et al. (2020).

The volcanic island of Surtsey provides a unique opportunity to study the effects of
time, temperature, and reaction progress on the process of palagonitization. The island’s
basaltic hyalotuff deposits host a low-temperature seawater-dominated geothermal system.
The basaltic glass component has been subjected to palagonitization after the emplacement
of the tuff in 1963 and 1964. The availability of drill core sample material from 1979 and
2017, combined with extensive geophysical logging and fluid geochemical data, makes
Surtsey an ideal natural laboratory for the time-integrated study of low-temperature
palagonitic alteration on the ocean floor.

1.3 Surtsey

Surtsey is a volcanic ocean island situated 33 km south of the coast of Iceland. It is the
youngest and southernmost member of the Vestmannaeyjar archipelago (Fig. 1.4). The
island’s origins are closely connected to the evolution of the regional tectonics defining
southern Iceland: In recent geologic history, Iceland’s Eastern Rift Zone (ERZ) has been
extending southwards to accommodate an active rift jump from the receding western
Reykjanes Langjokull Rift Zone (RLZR) (Einarsson, 2008; Khodayar and Franzson, 2007;
Martin et al., 2011; Oskarsson et al., 1985). Consequently, the Surtsey eruptions may be
linked to the volcano-tectonic processes commonly associated with propagating rift tips



(Schipper et al., 2015, 2016). Such processes generally include the development of small
ephemeral magma chambers that grow progressively more interconnected with increasing
distance from the propagating rift tip as magmatic supply increases and cooling rates
decrease (Christie and Sinton, 1981; Sinton et al., 1983). In the case of the Surtseyan
eruptions, this likely led to the injection of a primitive ridge-like melt into poorly connected
volumes of alkali basaltic magma, causing the development of overpressure and initiating
the volcanic activity on the seafloor which subsequently built up the island (Schipper et al.,
2015, 2016).

The Surtsey eruptions are estimated to have begun on November 12, 1963 (Sayyadi et
al., 2021), and were first observed on November 14 by the Icelandic fishing trawler Isleifur
1I (Thérarinsson, 1967a). Vigorous phreatomagmatic activity, initially focused on a 300-400
m long volcanic fissure at the Surtur vent site (originally named Surtur I), proceeded to raise
the island above sea level on November 15 (Jakobsson and Moore, 1982). A 100 m high
submarine edifice, Surtla, which never reached the surface, was built up between December
28, 1963, and January 6, 1964, 2.5 km ENE off Surtsey (Jakobsson and Moore, 1982;
Kokelaar and Durant, 1983; Moore, 1985). On January 3, 1964, eruptions ceased at the
Surtur vent, but were reinitiated one day later at the western vent Surtungur (originally
named Surtur II), where eruption behavior transitioned from explosive to effusive on April
4 (Jakobsson and Moore, 1982; Thoérarinsson, 1967b). This transition marked the end of
explosive volcanism on Surtsey, and no further phreatomagmatic activity was initiated on
the main island for the remainder of the eruptions. Two smaller volcanic edifices named
Syrtlingur and Jolnir emerged during May to mid-October 1965 and December 1965 to early
August 1966, respectively, both of which were rapidly eroded by ocean wave currents due
to a lack of effusive activity (Jakobsson and Moore, 1982).

After the end of eruptive activity on Surtsey in June 1967, a low-temperature
hydrothermal system emerged in the tuff deposits above and below sea level, which was
visually recognizable on the surface due to steam rising from the tephra pile (Friedman and
Williams, 1970; Jakobsson, 1978; Jakobsson et al., 2000). Originally, it was hypothesized
that shallow intrusive bodies delivered the requisite energy to drive hydrothermal activity
(e.g., Jackson et al., 2015), but recent data from the 2017 drilling campaign do not support
this hypothesis (Weisenberger et al., 2019; Jackson et al., 2019).
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Figure 1.4 Overview of the island of Surtsey, representing a potential analogue for low-
temperature alteration of basaltic rocks on the seafloor. A) Basic geologic map of Iceland
showing the age of rocks and the positions of major Icelandic volcanic provinces: N.V.Z. —
North Volcanic Zone, M.1.B. — Mid-Iceland Belt, W.V.Z. — West Volcanic Zone, E.V.Z. — East
Volcanic Zone, R.P. — Reykjanes Peninsula. The Vestmannaeyjar archipelago is located in
the southern seaward extension of the East Volcanic Zone (dashed rectangle). B) The
position of Surtsey (dashed rectangle) as part of the Vestmannaeyjar archipelago. C)
Geologic map of Surtsey, also showing the position of the drilling pad of the 2017 SUSTAIN
expedition. D) Cross section of the Surtur tephra cone showing the orientation and vertical
depth of the four Surtsey wells. E) Magnified top-down view of the positions of the wells.

The hydrothermal fluid within the submerged section of the system is of modified
seawater composition (Kleine et al., 2020). Boiling may locally occur close to sea level
(Axelsson et al., 1982; Stefansson et al., 1985; Jackson et al., 2019; Kleine et al., 2020).
Above sea level, the system is steam-dominated, and fluids are at least partially meteoric in
origin (Jackson et al., 2019; Weisenberger et al., 2019). Hydrothermal alteration occurs
primarily by palagonitization of sideromelane in the glassy tuff deposits and pseudomorphic
replacement of olivine phenocrysts below sea level (Jakobsson and Moore, 1986).



1.4 The 2017 SUSTAIN Drilling Expedition

During the summer of 2017, the Surtsey Underwater volcanic System for Thermophiles,
Alteration processes and Innovative concretes (SUSTAIN) project launched a drilling
campaign on Surtsey (Jackson et al., 2015, 2019; Weisenberger et al., 2019). The project
was supported by the International Continental Scientific Drilling Program, ICDP
(https://www.icdp-online.org/projects/world/europe/surtsey-iceland/details/)  and  the
Icelandic Centre for Research, Rannis (project number 163083-051). In addition, the
campaign was made possible by the combined effort of an international team of researchers,
the Icelandic coast guard and DOSECC Exploration Services, LLC.

A three-man advance party arrived on the island on July 23, 2017 and was joined two
days later by three members of the drilling crew. During the next days, equipment, supplies,
and personnel were transported to the island and the base camp was set up (Fig. 1.5).
Rigging-up operations and waterline assembly were completed on August 9. The utilized
drill rig was an Atlas Copcol000. Coring of well SE-02a began on the next day and
proceeded until August 16 when the drill became stuck in poorly consolidated tuff at a
vertical depth of 151 m. SE-02a subsequently collapsed on the next day, making the retrieval
of the rods impossible. Cores from the SE-02a well were airlifted to Heimaey for core
processing. On August 19, spudding of a new vertical well, dubbed SE-02b, commenced at
a~1.6 m horizontal distance from the abandoned SE-02a well, reaching a final vertical depth
of 192 m on August 26, close to the estimated depth of the pre-eruption seafloor.
Geophysical logging of SE-02b was carried out to a vertical depth of 180 m immediately
after drilling had stopped. The aluminum casing for the Surtsey subsurface observatory was
installed on August 27. The following day, spudding of the third well, SE-03, which was
inclined towards west (azimuth 264°) at an angle of 35° from vertical, was started. Drilling
of this well proceeded until September 4 to a total measured depth of 354 m. The next day,
temperature measurements were conducted in the new drill holes and water samples were
collected for fluid geochemical analyses. Incubation experiments were installed in the
Surtsey subsurface observatory on September 6. Over the following days, equipment was
prepared for transport off the island and camp disassembly commenced. All personnel and
equipment were removed from the island by September 12. The drilling equipment was
cleaned and packed for transport to the USA and Reykjavik between September 13 and 18.
For further information on the SUSTAIN expedition, the reader is referred to the operational
report by Weisenberger et al. (2019).


https://www.icdp-online.org/projects/world/europe/surtsey-iceland/details/

Figure 1.5 Pictures from the 2017 SUSTAIN Surtsey drilling expedition. A) Helicopter view
of the island. B) Transport of 300 kg cement to the island by boat. C) Airlifting of equipment
to the island. D) View of the base camp (Palsbcer hut and sleeping tents) and drilling site
(background). E) The drill rig (Atlas Copco 1000). F) Members of the drilling crew and the
science team holding the first recovered drill core. G) Members of the science team
processing a newly recovered drill core. H) Drill bits. 1) Drill core pieces of a core run
stored in liners. J) Delivery of essential food supplies to the island via helicopter. K) Well-
heads of the three newly drilled wells (SE-02a, -02b, and -03) next to the 1979 borehole

(left).
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1.5 Samples and methods

1.5.1 Samples

Samples used for the research presented in this thesis originated from the 1979 and 2017
Surtsey drilling campaigns. The sample set includes core material from the 1979 drill core
(SE-01), archived at the Icelandic Institute of Natural History (IINH) and from one of the
2017 vertical drill cores (SE-02b), retrieved as part of the SUSTAIN project (Jackson et al.,
2019; Weisenberger et al., 2019). Materials included 29 and 46 thin sections (thickness = 30
um) from SE-01 and SE-02b, respectively. A total of 12 thick sections (thickness = 100 um)
were included for trace element analyses. Furthermore, 13 pore fluid samples were included
in the geochemical dataset of Paper II. Thin- and thick sections were soaked in epoxy resin
before polishing. Heating of the resin above 50°C was avoided to prevent dehydration of the
tuff.

1.5.2 Methods

A wide range of investigative approaches has been applied as part of the research presented
in this thesis. Individual techniques are described in detail in the methods sections of the
included papers. In brief, these techniques included:

e Polarization Microscopy (POLMI) was used for the characterization of alteration
style with depth in the two studied Surtsey drill cores as well as for the measurement
of alteration rim thicknesses of palagonitized glass and pseudomorphic olivine
replacement by clay minerals; the point count method was applied for the
quantification of primary and secondary phases in thin section samples.

e Electron Probe Microanalysis (EPMA) and Scanning Electron Microscopy
(SEM) were carried out on sideromelane, palagonitized glass, and secondary
minerals to characterize chemical effects of alteration.

e Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
was performed on sideromelane and palagonitized glass and included the analysis of
26 trace elements; immobile REE (La, Ce and Lu) were used for the calculation of
mass flux budgets during palagonitization.

e Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was
used for major cation (SiO2, Na, K, Al, Fe, Mg, Ca, B) analysis of pore fluid samples.

e Ion Chromatography (IC) was used for major anion (CI, SO4) analysis of pore fluid
samples.

e Kinetic Reaction Path Modeling using the geochemical software PHREEQC
(Parkhurst and Appelo, 1999), the carbfix.dat thermodynamic database (Voigt et al.,
2018) and the carbfix_kin.dat kinetic database (Hefmanska et al., 2022) was utilized
to simulate the dissolution of glassy and crystalline basalt in seawater and evaluate
the relative importance and effects of variable crystallinity, temperature, reaction
progress, and time during seafloor alteration.
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1.6 Summary of papers

The results of the thesis are the subject of three scientific papers. Two of them have been
published in international peer-reviewed journals and one is to be submitted for publication.

1.6.1 Paper1l

Prause, S., Weisenberger, T.B., Cappelletti, P., Grimaldi, C., Rispoli, C., Jonasson, K.,
Jackson, M.D., Gudmundsson, M.T. (2020). Alteration progress within the Surtsey
hydrothermal system, SW Iceland — A time-lapse petrographic study of cores drilled in 1979
and 2017. Journal of Volcanology and Geothermal Research, 392, 106754

The ocean island of Surtsey represents a unique opportunity to study basaltic tuff alteration
as a function of time and temperature due to the very well constrained age of the island’s
hydrothermal system and a set of temperature logging data that represents several decades
of continued monitoring. The SUSTAIN drilling expedition of 2017 successfully recovered
three new drill cores from the island. Petrographic thin sections from one of the vertical cores
(SE-02b) were contrasted with depth-equivalent samples from the archived 1979 Surtsey
core (SE-01) to track the alteration progress in terms of the extent of palagonitization and
pseudomorphic replacement of olivine phenocrysts by secondary clay minerals and to
document the evolution of authigenic mineral parageneses at variable depths. The most
important findings are summarized below:

Alteration of basaltic tuff is found to have progressed at variable rates depending on
depth and temperature between 1979 and 2017. The main alteration minerals are zeolites
(phillipsite and analcime), tobermorite and clay minerals. Anhydrite, gypsum and calcite
occur in lesser quantities. Phillipsite, clay minerals, and anhydrite are identified as the
earliest secondary minerals, whereas analcime and tobermorite become increasingly
abundant at more advanced alteration stages and higher temperatures. Five zones of distinct
alteration style are defined based on petrographic criteria that correlate well between the two
drill cores. Alteration progresses more slowly above sea level as well as in the submerged
parts of the system at ~138 to 150 m vertical depth where tuffs remain poorly altered. The
alteration front has moved downwards between 1979 and 2017 from a maximum vertical
depth of 157 m in SE-01 to 178 m in SE-02b. Palagonitized glass in the tuff samples can be
categorized into three different petrographic types that range from mostly amorphous (type
I) to increasingly crystalline (type II and III), representing progressive stages of glass
devitrification. The rates of palagonitization and olivine replacement, as well as the process
of palagonitized glass devitrification, are found to be positively correlated with temperature.

1.6.2 Paper 11

Prause, S., Weisenberger, T.B., Kleine, B.I., Monien, P., Rispoli, C., Stefansson, A., (2022).
Alteration of basaltic glass within the Surtsey hydrothermal system, Iceland — Implication to

oceanic crust seawater interaction. Journal of Volcanology and Geothermal Research, 429,
107581

Major and trace element analyses of sideromelane and palagonitized glass were combined

with fluid and bulk rock data to evaluate chemical fluxes at different stages of basaltic tuff
alteration. Results revealed that the mobility of several chemical species differs drastically
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depending on reaction progress. Elements that remain immobile during palagonitization of
sideromelane include FeO, TiO2, REE, Hf, Ta, Zr, Nb and Y. Silica, Al203, MgO, Na2O,
K20, CaO, Sr, Rb, V and Ba were leached from the glass and at least partially exchanged
for H20. During maturation of mostly amorphous gel palagonite (type I) into a poorly
crystalline clay mineral assemblage (type II1) FeO and TiO: are both mobilized on a limited
scale. Further, palagonitized glass maturation led to the reuptake of SiO2, Al203, MgO, and
K20 from solution. Trace elements REE, Hf, Ta, Zr, Nb, and Y showed no signs of
mobilization throughout the entire alteration process. On the bulk rock scale, including both
glass and authigenic minerals, alteration of basaltic tuff in the Surtsey hydrothermal system
is identified as a net sink of dissolved Mg and Na and a net source of dissolved Ca, Al and
SiO2 for seawater.

1.6.3 Paper III

Prause, S., Kleine, B.I., Weisenberger, T.B., Stefansson, A., (in prep.). Low-temperature
seafloor alteration and its impact on the mineralogy and chemical composition of the oceanic
crust — A kinetic reaction path model. In preparation for Chemical Geology

This paper presents a novel kinetic reaction path model on low-temperature seafloor
alteration of basaltic rocks between 50 and 150°C. The model examines the influence of the
parameters of crystallinity, temperature, water-rock ratio and dissolved CO:2 on the
qualitative and quantitative nature of the secondary mineral assemblage, as well as resulting
fluid compositions.

The model reproduces typical observed secondary mineral assemblages and fluid
compositions as well as several previous estimates of the global element fluxes of Si, Ca,
Na, SO4, and Mg at water-rock ratios thought to be common in the oceanic crust. Simulations
indicate that crystalline and glassy mafic rocks undergo a similar series of reactions, that can
be summarized in four steps: 1) the initial dissolution of primary minerals and glass, 2) the
formation of simple oxides, hydroxides, Mg-Fe(Ill)-clays, montmorillonite, and celadonite
at high water-rock ratios and mildly acidic to circumneutral pH, 3) the partial replacement
of Mg-Fe(IlI)-clays by Mg-Fe(Il)-clays and the formation of calcite at increasingly alkaline
conditions, and 4) alkalinization of the fluid at low water-rock ratios and reducing
conditions, accompanied by the depletion of Mg and SO4 from solution and enrichment of
dissolved Al, leading to the formation of zeolite minerals. These reaction stages were
observed regardless of temperature or crystallinity, which mainly affected reaction rates
rather than qualitative reaction outcome. This indicates that temperature and crystallinity
should not strongly affect the process of seafloor alteration, given sufficient time for a water-
rock system to reach an equilibrium state. However, fluid temperatures and relative
quantities of crystalline and glassy phases may be of increasing importance for short-lived
systems, e.g., in the case of ocean islands. The supply of dissolved CO: affected the
secondary mineral assemblage by controlling the relative amounts of calcite, anhydrite, clays
and zeolites. Increased acid supply from CO: dissolution also led to lower pH, buffering the
system against alkalinization.
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1.7 Conclusions and outlook

Interaction of basalts with seawater has been studied through petrographic and geochemical
analysis of samples from Surtsey volcano (SW Iceland) and using geochemical modeling to
gain quantitative and qualitative knowledge of the process of alteration, associated elemental
mobilities and the effects of temperature and time.

e Alteration of basaltic tuff at Surtsey is found to have progressed over time, with the
extent depending primarily on depth and temperature. The alteration products observed
include: palagonitized glass, clay minerals, various zeolites (analcime, phillipsite),
tobermorite, calcite, anhydrite, and gypsum.

e Palagonitized glass over time undergoes a maturation process that causes progressive
devitrification from a mostly amorphous gel-like texture into a poorly crystalline
assemblage of clay minerals.

e FElement mobilities depend upon the progress of seawater-basalt interaction. Iron and
TiO2 are immobile during palagonitization but show minor mobility (exchange) during
palagonitized glass maturation. Other elements likewise showed changing mobilities
depending on reaction progress with initial palagonitization leaching SiO2, Al.O3, MgO,
Na20, K20, CaO, Sr, Rb, V and Ba from the glass and palagonitized glass maturation
causing a re-enrichment of SiO2, Al203, MgO, and K20. The only elements found to be
immobile throughout the entire process were REE, Hf, Ta, Zr, Nb, and Y. Assessment
of the combined processes of palagonitization, palagonitized glass maturation, and
secondary mineral formation indicates a net long-term sink of dissolved Mg and Na and
a net long-term source of Ca, Al, and SiO: for seawater.

e Geochemical modeling reveals that reaction time, water-rock ratio (or reaction progress)
and associated seawater pH changes are the primary variables controlling the alteration
process of basalts by seawater. Temperature and rock crystallinity had lesser effects on
the outcome of the alteration process. However, reaction rates increased rapidly with
increasing temperature and higher abundance of basalt glass versus primary igneous
minerals. The findings of the geochemical modeling closely reflect the observed
geochemical and petrographic observations at Surtsey. Modeling results were also
evaluated by comparison with other natural systems and used to estimate global annual
molar fluxes of Si, Ca, Na, K, SO4 and Mg between the oceans and the upper oceanic
crust in off-axis settings.

The results of this thesis highlight the importance of future investigations that should focus
on establishing a higher resolution for the available data on the representative composition
of AOC and the effects of off-axis hydrothermal alteration. Additional understanding may
also be gained by a focused effort to locate and sample warm springs on the ocean floor and
by contrasting fluid data with associated bulk rock observations. Such ventures will
ultimately be necessary if a comprehensive understanding of global geochemical fluxes is to
be achieved.
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ARTICLE INFO ABSTRACT
Article history: The evolution of hydrothermal alteration in glassy and variably palagonitized tuff, erupted as tephra in
Received 29 August 2019 1963-1964 on Surtsey, an island built in the offshore extension of Iceland's southeast rift zone, is documented
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through a comparative petrographic study of samples from drill cores recovered in 1979 and 2017. Time-lapse
alteration within the low-temperature meteoric to seawater dominated hydrothermal system of the volcano is
characterized in terms of secondary mineral contents, alteration rates and alteration style with depth. Between
Keywords: 1979 and 2017 palagonitization and cementation by secondary minerals has progressed into previously poorly
Surtsey volcano altered parts of the system, leading to increased consolidation of the basaltic tephra. Alteration rates range be-
ICDP tween 1.05 and 42.5 um-yr~! for palagonitization of glass and 0.4-8.33 um-yr~! for pseudomorphic olivine re-
SUSTAIN placement by clay minerals over a temperature interval of 47-140 °C. Five distinct zones of alteration style,
Palagonitization distinguished through alteration mineralogy, development of authigenic phases over time, as well as degree of
Basaltic glass alteration are described. Alteration of basaltic tephra at Surtsey volcano is defined by an early stage of phillipsite
Hydrothermal alteration and clay mineral formation, followed by a later stage of analcime and tobermorite formation as well as replace-
ment of phillipsite below the water table in zone 2 between 65.4 and 138.4 m. Only minor advancement of alter-
ation is detected in zone 3 between 138.4 and 150.3 m depth, where the primary tephra remains largely
unpalagonitized and unconsolidated. In contrast, from 1979 to 2017 alteration has increased between 150.3
and 177.8 m depth, in zone 4, leading to rapid and extensive glass and olivine alteration. The quantification of
these time-lapse hydrothermal alteration processes at Surtsey provides an important reference for studies of
the evolution of young oceanic islands hosting hydrothermal systems.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction secondary mineral assemblage at depth may be considered to be indic-

ative of the physicochemical properties and history of both host rock

In active geothermal systems, hydrothermal fluid flow is known to
cause changes in host rock mineral content via fluid-rock interaction,
through processes such as geochemical leaching, as well as precipitation
of secondary mineral phases from the equilibrating geothermal fluid.
The formation of secondary minerals is essentially dependent on time,
temperature, pressure, initial rock composition, dissolved aqueous spe-
cies, pH, fluid-rock-ratio and porosity/permeability (Browne, 1978;
Giggenbach, 1984; Henley et al., 1985; Pauly et al., 2011). Thus, the na-
ture and quantitative composition of a hydrothermal system's

* Corresponding author.
E-mail addresses: simon.prause@isor.is (S. Prause), tbw@isor.is (T.B. Weisenberger).

https://doi.org/10.1016/j.jvolgeores.2019.106754
0377-0273/© 2019 Elsevier B.V. All rights reserved.

and hydrothermal fluid (e.g. Weisenberger and Selbekk, 2009;
Kousehlar et al., 2012; Spiirgin et al., 2019). As the geothermal system
undergoes change with time, these properties too will be subject to var-
iation, thereby resulting in an altered chemistry of the hydrothermal
fluid, as well as a shift in the stability of secondary minerals. The effects
of time as well as chemical and thermal changes are therefore an impor-
tant aspect to consider in the petrographic study of hydrothermal
alteration.

Within systems containing fresh basaltic glass (sideromelane), heat
and chemical interaction with circulating fluids may cause devitrifica-
tion of the glass (Marshall, 1961; Crovisier et al., 2003), leading to the
formation of a metastable alteration product called palagonite.
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Palagonite, first described by Von Waltershausen (1845), occurs as a
yellow to dark reddish brown amorphous to cryptocrystalline gel-like
phase, commonly found as a surface alteration product of sideromelane,
which can fully replace the original basaltic glass at advanced stages of
the reaction. Palagonitization is recognized as a key factor in the lithifi-
cation of loose vitric basalt tephra, fortifying volcanic edifices against
erosion and increasing slope stability (Schiffman et al., 2006; Frolova,
2010; Romagnoli and Jakobsson, 2015), as well as being of global impor-
tance for oceanic crust-seawater chemical budgets (Staudigel and Hart,
1983; Walton et al., 2005; Pauly et al., 2011; Gernon et al., 2016). Addi-
tionally, the formation of palagonite and associated authigenic mineral
assemblages from sideromelane is widely considered as a natural coun-
terpart to alteration processes that may take place in radioactive waste
storage borosilicate glasses, making the study of basaltic glass alteration
relevant for the assessment of challenges involved in the long-term
storage of these hazardous materials (Techer et al., 2001; Crovisier
et al., 2003; Parruzot et al., 2015). Despite this potential relevance, the
mineralogical nature of palagonite and its formation mechanism remain
subject of research. Generally, it is accepted today, that palagonite forms
as a result of dissolution of sideromelane in conjunction with glass hy-
dration, which is usually accompanied by the precipitation of diverse
mineral assemblages (Stroncik and Schmincke, 2002; Crovisier et al.,
2003; Drief and Schiffman, 2004; Pauly et al,, 2011). In this process, mo-
bile elements are released from the glass (Singer and Banin, 1990;
Stroncik and Schmincke, 2001; Pauly et al.,, 2011) and eventually form
secondary minerals, such as clay minerals, zeolites and carbonates
(Nayudu, 1964; Fisher and Schmincke, 1984; Walton and Schiffman,
2003; Pauly et al., 2011). Immobile elements become passively enriched
(Stroncik and Schmincke, 2001). Palagonite may thus be considered as a
residual material, containing both amorphous and microcrystalline
phases, that remains after selective dissolution of the initial basaltic par-
ent glass (Thorseth et al,, 1991; Drief and Schiffman, 2004). The process
of glass alteration and palagonitization can occur both abiotically,
through purely geochemical processes, and also through microbial ac-
tivity (Thorseth et al., 1992; Staudigel et al., 2008; Pedersen et al.,
2015; Tiirke et al., 2015).

Previous studies have shown that palagonitization rates are strongly
dependent on temperature, with the process proceeding more rapidly
at higher temperatures (Furnes, 1975; Jakobsson, 1978; Jakobsson and
Moore, 1986; Singer and Banin, 1990). Other important factors that af-
fect the process of palagonitization are porosity and water-rock ratio,
fluid chemistry (including dissolved species, salinity and pH), fluid
flow and original glass composition (Moore, 1966; Jakobsson and
Moore, 1986; Stroncik and Schmincke, 2002; Crovisier et al., 2003;
Pauly et al., 2011). As a result, palagonite does not have a single fixed
composition, but rather its specific chemical composition and the type
of secondary mineral phases, that may form from it, are strongly depen-
dent on the abovementioned parameters. For this reason, the name
“palagonite” is to be taken as a descriptive expression, which designates
the product of a specific alteration process, rather than being a strictly
defined term for a chemically well constrained phase, as it may describe
both crystalline and amorphous material of varying composition (e.g.
Staudigel and Hart, 1983). In addition, palagonite is known to change
its composition and structure as it ages due to progressive devitrifica-
tion and diffusive processes (Thorseth et al., 1991; Stroncik and
Schmincke, 2001; Pauly et al., 2011). Due to the ambiguity of the term
some authors, such as Honnorez (1978) have opted to forego the
word palagonite entirely, in favor of the broader designation of
“palagonitized glass”.

Many previous investigations have focused on palagonitization in a
relatively low-temperature environment, with studies on hydrothermal
palagonitization rates being less common. Since palagonitization under
non-hydrothermal diagenetic conditions tends to be a relatively slow
process, with estimated palagonitization rates typically ranging be-
tween a few 1073-1072 pm-yr~! (Hekinian and Hoffert, 1975;
Walton and Schiffman, 2003; Pauly et al., 2011), many aspects of

palagonitization and the evolution of the resulting secondary mineral
assemblages over time remain poorly understood. In this regard, the
volcanic island of Surtsey, with its low-temperature meteoric to seawa-
ter dominated hydrothermal system, offers a unique opportunity to
study palagonitization and its resulting authigenic smectite/zeolite/
tobermorite mineral assemblage over time. The hydrothermal system
at Surtsey is hypothesized to have initiated in response to heating by
the basaltic intrusions that fed lava flows from 1964 to 1967
(Friedman and Williams, 1970; Jakobsson and Moore, 1982, 1986;
Stefansson et al., 1985). Since this time, the vitric basaltic tephra de-
posits have been undergoing progressive hydrothermal alteration,
through the diverse processes that produce palagonitization of basaltic
glass and cementation of the deposits by authigenic minerals (Fig. 1).

The first Surtsey drill core, SE-01, was retrieved in 1979 from the vi-
cinity of the island's southeastern vent, Surtur (Fig. 2). Investigations of
the 181 m long core by Jakobsson and Moore (1986) indicated that
palagonitization of Surtsey tephra deposits is influenced by hydrother-
mal processes and varies with temperature. Below sea level alteration
rims of smectitic clay mineral, mainly nontronite, were found to form
around olivine crystal fragments. The thicknesses of these rims, much
like the thicknesses of palagonitization rims on basaltic glass particles,
were positively correlated with temperature.

A 192 m long drill core, SE-02b, was recovered at about 7 m lateral
distance from SE-01 (Fig. 2) by the International Continental Scientific
Drilling Program (ICDP) SUSTAIN project in 2017 (Jackson et al.,
2019a; Weisenberger et al.,, 2019). The new core will allow us to build
upon the prior research by Jakobsson and Moore (1986) to investigate
how alteration of basaltic tephra in a low-temperature, hydrothermal
system varies as a function of time, depth and temperature. For this pur-
pose, the archived 1979 Surtsey drill core is revisited for petrographic
analysis and a comparison is made with observations from correspond-
ing depths of the 2017 drill core. The goal of this study is to evaluate and
quantify changes in secondary mineralization, palagonitization and lith-
ification of the Surtsey tephra, to characterize time-lapse alteration and
constrain alteration rates. The petrographic results obtained from this
study form the groundwork for future geochemical investigations of
the Surtsey drill cores.

2. Geological setting

Surtsey is the youngest and southernmost member of the
Vestmannaeyjar archipelago, which marks the seaward extension of
Iceland's East Volcanic Zone (Moore, 1985; Jackson et al., 2015;
Schipper et al., 2016) (Fig. 2). First emerging from the ocean surface
on November 15, 1963, Surtsey was subsequently built up until June
5, 1967 by an interplay of early stage phreatomagmatic and mid to
late stage effusive volcanism (Jakobsson and Moore, 1982). The erup-
tion that formed the island took place in several episodes along a
4.5 km long ENE-trending array of five NNE-trending short submarine
volcanic fissures approximately 33 km off Iceland's southern coast
(Thorarinsson et al., 1964; Moore, 1985). Two smaller edifices,
Syrtlingur and Jolnir developed, but were subsequently eroded
(Jakobsson and Moore, 1982; Moore, 1985). Another volcanic ridge,
Surtla, formed on the seafloor, between late December 1963 and early
January 1964, but did not grow large enough to rise above sea level.
On Surtsey an estimated amount of 0.7-0.8 km? of very poorly sorted,
alkali-basaltic, glassy tephra was emplaced as bedded air fall and base
surge deposits primarily via explosive discharge (cock's tails) and con-
tinuous uprush (tephra fingers) (Thorarinsson, 1965; Jakobsson and
Moore, 1982). These deposits make up 60-70 vol% of all erupted mate-
rial on Surtsey with the remaining fraction composed of crystalline al-
kali basalt, reworked sediments and sand/tephra layers at
depths >118.5 m below sea level (Lorenz, 1974; Jakobsson and Moore,
1982).

One year after the cessation of volcanic activity, the first signs of an
incipient hydrothermal system were observed in the form of visible
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Fig. 1. Schematic outline of progressive alteration of vitric tephra deposits at Surtsey: A) Fresh, unaltered tephra, composed of sideromelane (sdml) and containing (micro-)phenocrysts of
primary minerals, principally olivine (ol) and plagioclase (pl). B) Incipient stage of palagonitization, marked by the presence of thin amorphous gel-palagonite rims and scattered zeolite
surface coatings. C) Progression of palagonitization with ongoing glass alteration and maturation of gel-palagonite rims. Zeolite cements become increasingly widespread and tobermorite
(tb) begins to crystallize. Plagioclase dissolves, forming a thin coating of phyllosilicate minerals on the surface of larger crystals, while smaller crystals dissolve and leave voids within
palagonitized glass. Below water level clay minerals form rims around olivine crystals and progressively encroach over time. D) More advanced alteration, most sideromelane has
undergone palagonitization and most olivine grains have been altered to clay minerals. Cementation of the pore space is extensive, leading to a high degree of consolidation of the tuff
and fortifying the material against erosion. The width of each image corresponds to about 5 mm. Mineral Abbreviations, where applicable, after Whitney and Evans (2010).

steam rising from the tephra pile and a zone of anomalous heat ex-
change (Friedman and Williams, 1970). The nature of hydrothermal
processes on the island and associated alteration of the tephra deposits
have been subject to earlier detailed studies (e.g. Jakobsson, 1972, 1978;
Jakobsson and Moore, 1986; Jakobsson et al., 2000). In 1969, the first
signs of palagonitization of the basaltic glass fraction of the tephra be-
came evident and by 1976 most tephra within the thermal zone had un-
dergone palagonitization (Jakobsson, 1971, 1972, 1978). Hydrothermal
alteration of vitric basaltic tephra by palagonitization together with the
formation of natural secondary mineral cements, have been recognized
as key factors to the island's resistance to erosion, by causing the lithifi-
cation of the tephra deposits (Jakobsson et al., 2000; Jackson et al., 2015;
Romagnoli and Jakobsson, 2015). In addition, Surtsey has been recog-
nized as having a secondary mineral assemblage that is unique in both
the Vestmannaeyjar archipelago as well as in greater Iceland
(Jakobsson and Moore, 1986; Jackson et al.,, 2019b).

3. The Surtsey hydrothermal system

The hydrothermal system at Surtsey is characterized by several dis-
tinct hydrological zones. The uppermost zone above the water table is
dominated by meteoric fluids that are derived from rainwater. Surface
vapors indicate that this depth interval contains steam zones.

The water table, which is influenced by tidal fluctuations, is located
at ca. 58 m measured depth for the two studied drill cores
(Weisenberger et al., 2019). Geophysical borehole logging conducted
after drilling of SE-02b indicates a freshwater lens at this depth
(Jackson et al., 2019a; Weisenberger et al., 2019). The exact thickness
of the lens remains unclear since fluids in the borehole were still dis-
turbed due to drilling when the measurements were conducted. The
freshwater lens overlies more saline fluids of modified seawater compo-
sition (Jackson et al., 2019a).

Temperature profiles obtained over the course of 37 years show, that
the system has gradually undergone cooling (Fig. 3). The system's tem-
perature maximum occurs at a vertical depth of about 105-110 m
below the surface for the two vertical boreholes considered in this
study. Temperature at this depth has decreased from 141 °C in 1980
to 124 °C in 2019. The temperature logs indicate a cooling point at a

depth of about 145 m below the surface, which likely represents a
cold inflow zone (Weisenberger et al., 2019; Jackson et al., 2019a).

4. Methods and materials
4.1. Thin section petrography

Petrographic thin sections were prepared for samples from the ar-
chive of the SE-01 drill core, stored in core boxes at ambient tempera-
tures since 1979, and the SE-02b drill core. All SE-01 thin sections as
well as reference samples from the SE-02b core (see Weisenberger
et al., 2019) were prepared using yellow epoxy resin. An additional se-
ries of thin sections from the SE-02b core was prepared from selected
research samples using blue epoxy resin. All samples were soaked in
epoxy resin prior to polishing, due to the fragility and friable nature of
the sample material. Heating the epoxy resin above 50 °C was avoided
in all thin sections in order to preserve temperature-sensitive hydration.
Table 1 provides an overview of selected samples for this study.

Primary mineral phases and authigenic features, such as altered
glass and secondary minerals, were quantified by point counts, using a
step interval of 0.18 mm. The number of counted points was dependent
on the individual sample and ranged from 603 to 4557 points, with an
average number of counts per sample of 2322. The degree of
palagonitization was determined as the fraction of basaltic glass
(sideromelane) in a sample, which has become palagonitized, given as

V. .
palagonitized glass - 100vol%

(Vpalagonitized glass + Vglass)

where Vpaagonitized glass and Vgiass refer to the total volume of
palagonitized glass and sideromelane within a given thin section as in-
dicated by point counts. Thicknesses of alteration rims (i.e.
palagonitized glass and clay mineral rims around olivine) were obtained
by conducting as many measurements as possible by use of a petro-
graphic microscope followed by determination of median values for
each sample. Sideromelane was identified purely based on its distinct
coloration as well as its optical isotropy (complete extinction under
cross-polarized light). However, as a recent study by Jackson et al.
(2019b) has demonstrated, such seemingly unaltered glasses may also
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Fig. 2. Overview of Surtsey and the 1979 and 2017 drilling projects. A) Simplified geologic map showing the age distribution of rocks in greater Iceland in Ma and the main volcanic prov-
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the position of the drill pad and the Palsbeer I hut. D) Schematic cross-section through the Surtur tuff cone showing depth and orientation of the boreholes as well as the island’s subsurface
structure, based on Moore (1985). The drill holes from 1979 (SE-01) and 2017 (SE-02a, SE-02b and SE-03) are situated in close proximity at the eastern edge of the Surtur tephra pile.
E) The relative position of the boreholes. After Jackson et al. (2019a) and Weisenberger et al. (2019).

contain nanocrystalline clay minerals, which are unobservable under
the microscope. Here we use the term “sideromelane” to refer to the
fraction of glassy lapilli, which appears unaltered based purely on opti-
cal microscopy.

4.2. X-ray powder diffraction

X-ray powder diffraction (XRPD) analysis was performed on sam-
ples of the 1979 core (SE-01) in order to confirm the results of the
point count data. XRD analyses were carried out using a Panalytical
X'Pert Pro diffractometer (RTMS X'Celerator detector) and Bruker D2
Phaser (LINKEYE detector) diffractometer at the Department of Earth
Sciences, Environment and Resources (DiSTAR) of the University of Na-
ples Federico II.

The following operative conditions were used: CuKa radiation,
40 kV, 40 mA, 2¢ range from 4 to 70°, equivalent step size 0.017° 29,
30 s per step counting time for X'Pert Pro; CuKa radiation, 30 kV,
15 mA, 29 range from 4 to 70°, 0.02 2+ step size, 66 s per step counting
time for Bruker D2 Phaser. The analyses were used to obtain a calibra-
tion between the two different diffractometers. Each sample was disag-
gregated by hand in an agate mortar to obtain a homogeneous powder

(particle size <200 pm). An amount of 20 wt% corundum (o-Al,05,
Buehler micropolish, 1 um grain size) was added as an internal standard.
This mixture was subsequently micronized (grain size <10 um) by using
a McCrone Micronising Mill, with agate cylinders and 10 mL of deion-
ized water for 15 min of grinding time. This technique was used to re-
duce preferred orientation, primary extinction or crystallite size issues
which commonly affect clay minerals (Bish and Chipera, 1987). For
the qualitative interpretations of XRPD patterns the Panalytical
HighScore Plus 3.0d software was used, while BRUKER TOPAS 5.0 soft-
ware was employed for quantitative evaluations with the combined
RIR/Rietveld approach.

4.3. Surtsey drill cores

Two drill cores have been selected for this study: SE-01 and SE-02b
(Fig. 2). The studied drill core samples, except for the samples obtained
from crystalline basalt, can universally be described as hypocrystalline
(lapilli-) tuff of inequigranular grain size distribution at different stages
of palagonitization, which contains varying amounts of secondary min-
erals associated with palagonitic glass alteration. The principal constitu-
ents of the samples are angular to slightly rounded ash to lapilli-sized



S. Prause et al. / Journal of Volcanology and Geothermal Research 392 (2020) 106754 5

fragments of sideromelane. The outline given below is only intended as
a very brief overview of macroscopic lithological characteristics. For a
more comprehensive description of the 1979 and 2017 Surtsey drill
cores the reader is referred to Jakobsson and Moore (1982) and
Weisenberger et al. (2019).

4.3.1. SE-01

Above water level the tuff is beige to brown in color and remains
poorly altered. The degree of consolidation is typically low. Some pri-
mary layering may be observed locally. At 55.3 m, which is close to
the uppermost tidal dominated water level, the first macroscopically
visible signs of alteration in the form of white mineral cements in pore
space become apparent. These increase in abundance downcore, lead-
ing to a progressive reduction of estimated pore space with depth as
the rock begins to take on a greenish hue and increases in hardness
and density, as inferred by weight. Between 72.3 and 83.4 m a basaltic
intrusion is present. The tuff is more poorly consolidated and friable in
the zone between ca. 139.3-150.3 m, locally leading to poor core recov-
ery between 140.0-143.8 and 148.5-150.3 m. Below this depth, the ma-
terial becomes slightly more consolidated up until 157.3 m. Below
157.3 m core recovery was again poor with the recovered tuff being
dark gray in coloration as well as very friable. Alteration mineralogy at
this depth consists mainly of anhydrite, which occurs as a macroscopi-
cally visible white to translucent phase in the pore space and along frac-
tures. Between 170.5 and 180.1 m only cuttings were recovered.

4.3.2. SE-02b

Armored lapilli were locally described above water level as well as
down to ca. 62.6 m depths (Weisenberger et al., 2019). The basaltic in-
trusion found in SE-01 at 72.3-83.4 m depths is not present in SE-02b,
despite the horizontal distance between the cores being <7 m, possibly
indicating a complex geometry of the intrusive body. Unlike in SE-01,
fully consolidated core material was recovered from the area between
139.3-150.3 m and below 157.3 m. Despite this, the tuff remains poorly
altered in the depth interval between 138.4 and 150.3 m. Here the main
secondary minerals are anhydrite, gypsum and calcite, rather than zeo-
lites or tobermorite, which dominate in the more strongly altered zones.
Estimated porosities (Table 1) for this poorly altered zone are high,
reaching up to 38.6 vol%. The tuff in the depth interval below 150 m
down to 178 m is more consolidated and shows extensive signs of alter-
ation in the form of macroscopically visible cementation and darkened
coloration as well as palagonitization. Below 178 m the rock remains
poorly altered and very friable.

5. Results
5.1. Primary phases

The primary crystalline phases present in the Surtsey tuff samples
are plagioclase, clinopyroxene and olivine. These occur as (micro-) phe-
nocrysts in the glassy particles and as crystal fragments. Minor amounts
of opaque phases are present as well. A brief description of the primary
phases is given below.

5.1.1. Sideromelane

Sideromelane appears in thin section as a vesicular bright yellow to
pink gel-like phase containing sporadic phenocrysts of plagioclase, oliv-
ine and clinopyroxene. It is distinguished from palagonitized glass
mainly by its characteristic color, as opposed to the darker reddish
brown of type I palagonitization rims (see Section 5.2.1 Palagonitized
glass). Furthermore, the complete optical isotropy of sideromelane
makes it distinct from type II and IIl palagonitized glass. Despite this
seemingly obvious distinction, it should be noted that “fresh”
sideromelane is identified here under purely optical criteria and thus
some alteration of the glass may have occurred on a microscale. Since
submicroscopic nanocrystalline phases, such as clay minerals, as

Temperature (°C)

25 50 75 100 125 150

[\]
(9]

(9,
S

Water Table

Measured Depth (m)
~J
()]

lIlIIllIIIIllllllllllllll

—

[\

()}
I

175

— 1980 1988 = 1993

— 2009 2017

Fig. 3. Borehole temperature profiles for SE-01 obtained between 1980 and 2017 by
downholelogging.

identified by Jackson et al. (2019b), cannot be identified by optical mi-
croscopy, our definition of “sideromelane” cannot possibly account for
their presence.

5.1.2. Plagioclase

Plagioclase typically occurs in the form of anhedral, single crystals or
granular aggregates with an average grainsize between 150 and 200 pm,
typically forming a microlitic texture within sideromelane. Some rare
larger phenocrysts of up to 1 cm can be found in the Surtsey lapilli-
tuff. Both above and below water level some of these larger massive
phenocrysts show minor signs of dissolution in the form of serrated or
frayed grain boundaries and occasional low amounts of secondary clay
mineral formation. Smaller plagioclase microphenocrysts generally de-
crease in abundance within the temperature maximum of the system
at 105-110 m, leaving behind voids in glass upon their dissolution. Ac-
cording to XRPD, the amount of plagioclase in the tuff lies between 2
and 19 wt% with an average of 9 wt% (Grimaldi, 2018).

5.1.3. Clinopyroxene

Clinopyroxene is very common in the Surtsey tephra, making up a
fraction between 2 and 9 wt% (average: 6 wt%) of the phases identified
in the tuff samples by XRPD (Grimaldi, 2018). It occurs in the form of
anhedral granular to columnar microphenocrysts in sideromelane.
These typically have an average size of about 230 pum.
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5.1.4. Olivine

Olivine commonly occurs as granular, massive and rarely pris-
matic anhedral to subhedral crystals. Very few euhedral crystals
are present. Below water level olivine crystals are commonly
rimmed by authigenic clay minerals. Within the zone of maximum
temperature at 105-110 m (Weisenberger et al., 2019) unaltered ol-
ivine is uncommon and most crystals are altered to nanocrystalline
clay mineral. At this depth, fresh unaltered olivine, as determined
by XRPD, forms 0-3 wt% (average: 1 wt%) of the lapilli tuff
(Grimaldi, 2018). Crystal size typically ranges between 200 and
600 pm, with some larger phenocrysts reaching up to 3 mm in diam-
eter. The thickness of the alteration rims on olivine, much like that of
the palagonitized glass rims, is positively correlated with tempera-
ture and has noticeably increased between 1979 and 2017 in sam-
ples from corresponding depths (Fig. 4).

5.2. Authigenic alteration phases

Alteration in both Surtsey drill cores is dominated by
palagonitization of sideromelane and the formation of phillipsite, anal-
cime as well as acicular tobermorite. Other secondary phases include
clay minerals, which occur either as highly birefringent microcrystalline
mineral aggregates in altered glass or as replacement rims on olivine,
calcium sulphates (anhydrite, gypsum and bassanite), and calcite.

5.2.1. Palagonitized glass

Based on petrographic investigations of lapilli-sized fragments in
thin sections of the archived 1979 Surtsey SE-01 drill core and the
2017 SE-02b drill core, we distinguish three principal types of
palagonitic textures.

5.2.1.1. Type I (gel-palagonite). The altered glass falling into this category
is clear, translucent and reddish brown in coloration (Fig. 5A). Its ap-
pearance is gel-like and amorphous to slightly crystalline (e.g. Stroncik
and Schmincke, 2001, 2002). This type of palagonite commonly marks

Alteration Rim Thickness (um)
0 100 200 300 400 500

zones, where the degree of palagonitization is <80.0 vol%. Type I
palagonitization rims are comparatively thin as well as optically
isotropic.

5.2.1.2. Type II (fibro-palagonite). Type I altered glass (Fig. 5B) rims pos-
sess a grainy to fibrous texture. In plane polarized light they are reminis-
cent of type I rims, yet they may be slightly brighter in appearance. Rims
belonging to this category are cryptocrystalline and show strong bire-
fringence with colorful yellow, green and red interference colors,
which strongly resemble those of clay minerals - a property, which
sets them apart from type I palagonitized glass rims. Type Il occurs in
depth intervals of intermediate temperature. Between 1979 and 2017
type Il has replaced type I at the lower end of the temperature spectrum
and in turn has become replaced by type Il palagonitized glass rims in
depth intervals of comparatively higher temperatures.

5.2.1.3. Typell. Type Il altered glass (Fig. 5C) occurs below water level
in both drill cores. It is darkened, opaque and spotty rather than
translucent in appearance. Interference colors are far less intense
than in type Il and in some instances the material might appear
completely opaque under cross polarized light. In SE-01 this kind of
palagonitization is only found close to the hydrothermal system's
zone of maximum temperature. In SE-02b it has spread both up-
wards and downwards to become the dominant type of
palagonitized glass between 67.5 and 134.3 m as well as being pres-
ent together with type Il below 153.3 m.

In instances, where different types appear together, most promi-
nently in SE-02b between 150.3 and 177.8 m, they are generally concen-
trically arranged around sideromelane in the order of type Il — type
Il - type I — sideromelane (Fig. 6).

5.2.2. Analcime

Analcime (general formula: NaAlSi;Og- (H,0)) is the most abundant
secondary mineral phase in terms of both volume and weight percent-
ages according to XRPD and point counts in most of the samples. The
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Fig. 4. A) Thicknesses of palagonitization rims on altered glass lapilli and clay mineral rims on olivine crystals in the archived 1979 SE-01 drill core and the 2017 drill core, SE-02b, plotted
versus depth and measured through petrographic studies of thin sections. In both drill cores, several samples from the poorly altered zone contain neither palagonitic nor olivine rims.
B) Comparison of the measured degree of palagonitization with depth between SE-01 and SE-02b.
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Fig. 5. Three different types of palagonitized glass recognized in the Surtsey samples. A) Type I, or gel-palagonite, is mainly isotropic and shows little to no birefringence. B) Type II, showing
bright and high intensity interference colors reminiscent of clay minerals as well as a weakly granular to fibrous texture. C) Type III, displaying less intense interference colors, pronounced

fibrous texture and a slightly opaque, mottled appearance.

mineral is typically present as colorless surface textures of massive habit
inside the inner walls of cavities, identifiable under crossed polarizers
due to its optical isotropy (Fig. 7a). The relative abundance of analcime
is positively correlated with both temperature and the degree of
palagonitization. The amount of analcime is found to generally have in-
creased in samples from nearly all depths from 1979 to 2017.

5.2.3. Clay minerals

A variety of clay minerals, identified through XRPD (Grimaldi, 2018)
as consisting of nontronite, montmorillonite and vermiculite, are pres-
ent within all tuff samples investigated in this study. Granular to platy
mineral aggregates displaying high interference colors are commonly
found in available pore space. Clay minerals also occur in the form of al-
teration rims around olivine phenocrysts. Lastly, submicroscopic to mi-
croscopic clay minerals appear as replacement product of sideromelane
in palagonitized glass. XRPD does not allow for discrimination between
different clay mineral species at their distinct structural positions. The
abovementioned highly birefringent dark brown cryptocrystalline clay
mineral rims on olivine grains (Fig. 7b, c) are observed exclusively
below water level. Above water level olivine typically appears unaltered
under the microscope in both SE-01 and SE-02b. The thickness of the ol-
ivine alteration rims is positively correlated with temperature. The rims
are not observed in samples from the poorly altered zones in the cores

between ca. 138-150 m, as well as from the very bottom of both drill
holes below 159 m in SE-01 and 178 m in SE-02b respectively.

5.2.4. Tobermorite

Tobermorite (general formula: CasSigO;6(OH),-7H,0) is present as
colorless acicular crystals, arranged as either discrete needles or sheaf
like bundles (Jakobsson and Moore, 1986) (Fig. 7d). It commonly
forms within cavities and is frequently associated with analcime as
well as phillipsite in some samples, particularly below water level
(Fig. 8b).

5.2.5. Phillipsite

In thin section phillipsite (general formula: (K,Na,Ca);_»(Si,Al)
8016:6H,0) occurs as colorless intergrowing prismatic crystals often ra-
diating from a common point of origin. Under crossed polarizers it is dis-
tinguishable by its low interference colors (gray I) (Fig. 7e). It
commonly fills smaller (50-200 um) pores and, unlike analcime, only
rarely occurs as surface textures in larger cavities. Phillipsite concentra-
tions in the tuff samples appear to have decreased in the higher temper-
ature zones, most likely due to dissolution and/or replacement by other
phases (Figs. 7f, 8). Samples that are particularly high in phillipsite are
generally marked by a low degree of palagonitization and occasionally
by the presence of type I palagonitized glass.
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100 pm
SE-02b/153.3 m

Fig. 6. Spatial relationships between the three different types of palagonitized glass textures. Where these occur together in the same lapillus, types I-III are typically concentrically
arranged around sideromelane (i.e. seemingly “fresh” glass) in the sequence “type Il — type Il — type I — sideromelane” starting at the outer edge of the grain and moving towards
the glass-palagonite interface. This observation is consistent with a model of progressive palagonite maturation, in which gel-palagonite, i.e. type , is first formed along the glass-fluid

interface, before undergoing a continuum of alteration processes over time and forming types II-III as the palagonitization front progresses inwards towards the core of fresh glass in
the basaltic lapillus.

SE-01/65.4m

SE-01/137.8 Y { M SE-02b / 58.9
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pore space
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Fig. 7. Overview of the most common authigenic minerals in Surtsey tuff from the archived 1979 SE-01 drill core and the 2017 SE-02b drill core. A) Optically isotropic analcime surface
textures in pores. B) Clay mineral alteration rim on an olivine single crystal. C) Nearly complete pseudomorphic alteration of olivine to clay minerals. D) Acicular tobermorite surface
texture in a pore. E) Prismatic phillipsite in a vesicle. F) Precipitation of phillipsite in a pore with tobermorite surface texture and subsequent dissolution below water level. G) Massive
calcite in the poorly altered zone. F) Prismatic intergrowths of anhydrite from the poorly altered zone. G) Gypsum and anhydrite near the base of the SE-02b drill hole. Mineral
Abbreviations, where applicable, after Whitney and Evans (2010).
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Fig. 8. Backscatter electron micrographs showing A) the partial alteration of phillipsite to analcime in a lapillus vesicle and B) the growth of tobermorite in a vesicle with phillipsite surface

texture.

5.2.6. Calcite

Calcite occurs infrequently above and below water level. In more
shallow depths, calcite is present as small (<10 pm) massive to prismatic
grains displaying characteristically high interference colors. Calcite crys-
tals below water level are frequently larger than their counterparts
above water level. In SE-02b between 140 and 150 m, several samples
show particularly high calcite contents (Fig. 7g).

5.2.7. Calcium sulphate minerals

Anhydrite (CaSO,4) and gypsum (CaSO,-2H,0) are generally present
in trace amounts in most samples. Anhydrite occurs as granular to pris-
matic crystals <10 pum in size, which appear to have precipitated after
tobermorite as a result of late stage hydrothermal alteration. Samples
from the poorly altered portion of the cores between ~138 and 150 m
and from the bottom of the drill holes contain larger prismatic or,
more rarely, massive anhydrite crystals (Fig. 7h) in pore space or as fill-
ings within fractures.

Only traces of gypsum were detected in the XRPD diffraction mea-
surements of SE-01 samples. In SE-02b gypsum is observed under the
microscope above water level at 31.2 m and 40.4 m as well as in the
poorly altered zone at 144.1 m and near the bottom of the core around
180 m, where it can be found either by itself as massive, tabular or
amygdaloidal crystals or together with prismatic anhydrite (Fig. 7i).
XRPD diffraction also identified bassanite (CaSO4-0.5H,0) in the sample
from 169.5 m depth in SE-01.

5.3. Alteration in archived 1979 SE-01 drill core samples

5.3.1. Palagonitized glass

Above water level, the degree of palagonitization is between 73.3
and 82.4 vol%, except for the sample from 43.6 m, which is only
21.6 vol% palagonitized. The most common type of palagonitized glass
at these depths is the optically isotropic, presumably amorphous type
I, or gel-palagonite. All samples above 65.4 m depth are relatively high
in X-ray amorphous contents (generally around 60-70 wt%). At
55.8 m, palagonitized glass rim thickness, as well as palagonitization ex-
tent begins to rapidly increase with depth. Despite the degree of
palagonitization being 95.5-100.0 vol% at almost all depths from
65.4-120.6 m, a poorly palagonitized layer exists around 95.4 m, in
which nearly half of the sideromelane remains unaltered. This layer is
darker and finer grained compared to surrounding tuff and exhibits
very low porosities. It forms a sharp border with the underlying tuff at
95.5 m, which exhibits higher porosity and a very high degree of
palagonitization of >95.0 vol% (Table 1). Between 55.8-105.0 m,
120.6-137.8 m and 150.3-156.9 m, type Il palagonitized glass (fibro-
palagonite) is generally the most abundant form of palagonitized
glass. The amount of X-ray amorphous contents for these samples is
normally below 60 wt% - except for the two samples from 55.8 to

65.4 m (Grimaldi, 2018). Only the three samples retrieved from
105.0 m, 111.0 m and 120.6 m, the first two of which correspond to
the zone of maximum temperature, contain type Il palagonitized
glass. X-ray amorphous contents are highest at 105.0 m, at 85 wt%. Sam-
ples from the depth interval between 137.8 and 150.3 m generally show
either very little palagonitization or the glass appears entirely unaltered
under the petrographic microscope. The amount of X-ray amorphous
phases for these samples is 68-70 wt%. Only type I rims with a median
diameter of 40 um are present at 148.3 m. The sharp lower boundary of
this interval is visible at the macro- and microscopic scales. The rock
turns from a grayish, friable, poorly consolidated and mostly
unpalagonitized lapilli-tuff to a more well consolidated, slightly
palagonitized lapilli-tuff that contains thin type II palagonitized glass
rims, ranging between 20 and 90 um. This change is not gradual but
abrupt, occurring over just a few pm in the thin section of the sample
from 150.3 m. The transition is accompanied by a decrease in the X-
ray amorphous content from 68 wt% in the unpalagonitized upper half
of this sample to 59 wt% in the slightly palagonitized lower half. The de-
gree of palagonitization slightly increases with depth between 150.3
and 156.9 m. Below 156.9 m no palagonitized glass rims are detected
under the microscope. However, nano-analytical techniques may reveal
minor alteration features on a submicroscopic scale at these depths
(Jackson et al., 2019b).

5.3.2. Clay minerals

Clay minerals are found throughout most of the samples in SE-01, as
microcrystalline highly birefringent granular to platy mineral aggre-
gates in pore space and as microscopic to submicroscopic granular par-
ticles in palagonitized glass. At 72.4 m clay minerals also begin to appear
as rims on olivine grains as a pseudomorphic alteration phase (Fig. 7b).
The thickness of these rims ranges from 20 to 95 um and varies as a
function of temperature. In some instances, olivine has become entirely
replaced by secondary clay minerals (Fig. 7c). Olivine rims are not ob-
served under the microscope in samples from the interval between
140.0 and 150.3 m. Below this depth interval only 20 pm thin rims are
observed in the sample from 156.9 m.

5.3.3. Phillipsite

Phillipsite contents are higher than analcime in some samples above
water level (Table 1, Fig. 9). Particularly high amounts of phillipsite are
found in the tuff at 22.0 m, which contains 5.5 vol% (point counts)/11 wt
% (XRPD) of this mineral, as opposed to only about 4.1 vol%/7 wt% anal-
cime. Below water level, the amount of phillipsite begins to decrease
with depth and remains generally low above 137.8 m. Several phillipsite
grains show signs of dissolution and replacement by analcime and
tobermorite (Fig. 8). The samples from 137.8 m, 148.3 m and 150.3 m
are enriched in phillipsite compared to other samples below water
level. These samples contain significantly more phillipsite than anal-
cime, which is unusual below water level.
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Fig. 9. Relative distributions of phillipsite, analcime and tobermorite in the Surtsey drill cores based on A) x-ray diffraction (wt%) and B) & C) point counts (vol%). The point count data is
provided as pore space free. Overall, analcime content has increased at nearly all depths. Phillipsite content has increased only in certain samples above 65.4 m depth and in parts of the
poorly altered zone. SE-02b contains slightly less phillipsite than SE-01 in the depth interval between 65.4 and 138.4 m. The top and bottom of the poorly altered zones situated between
about 138-150 m show increases in phillipsite, but no increase in analcime and tobermorite. Tobermorite has mostly increased above water level and towards the bottom of the drill hole,
but has decreased overall in the area of maximum temperature. Due to incomplete core recovery in SE-01 only cutting samples were available at some depth intervals within the poorly
altered zone and towards the bottom of the drill core. For more information on the exact depths, refer to Table 1.

5.34. Analcime

Analcime shows a positive correlation with both degree of
palagonitization and temperature. Its contents strongly increase
below water level and reach peak amounts of up to 26 wt% accord-
ing to XRPD between 95.5 and 111.0 m, which roughly coincides
with the area of maximum temperature in the system. The top
and bottom borders of the poorly altered and very friable interval
spanning the area below 137.8 m, down to 150.3 m contain very lit-
tle to no analcime and are instead dominated by phillipsite (see
above). Much like phillipsite and tobermorite, analcime is not ob-
served in any relevant quantities below 157.3 m depths, where
consolidation of the tuff and the degree of palagonitization remain
exceedingly low.

5.3.5. Tobermorite

Thin section petrography and XRPD identified very little to no (typ-
ically <1 wt%/vol%) tobermorite in SE-01 above water level. Below
water level tobermorite is weakly correlated with temperature and
the degree of palagonitization. Similar to analcime, tobermorite reaches
its maximum concentrations in the samples around the area of highest
temperature between 95.4 and 111.0 m, with the exception of a narrow
zone around 95.6 m where the rock is intersected by a series of discrete
fractures filled with calcium sulphate mineral phases, identified as an-
hydrite in thin section, as well as possibly minor amounts of gypsum ac-
cording to XRPD. This specific sample contains virtually no tobermorite,
despite originating from the general area of highest tobermorite con-
centrations. Tobermorite is only detected in traces via XRPD in the
seemingly unpalagonitized sample from 169.5 m and not observed at
all in the corresponding thin section.

5.3.6. Calcium sulphate minerals

Calcium sulphates occur throughout the samples from SE-01. Many
samples, especially above water level, contain small (<10 um) prismatic
to granular anhydrite often associated with tobermorite. Enrichment in

anhydrite, resulting in the formation of larger prismatic crystals of ca.
200-700 pm length, occurs in several samples below water level. Exam-
ples for this include the lower contact between the basaltic intrusion
and the tuff at 83.5 m, 95.6 m, where anhydrite occurs as filling in frac-
tures, 105.0 m, 150.3 m, and especially 169.5 m, where anhydrite is
strongly enriched in the otherwise seemingly unaltered vitric tuff of
this depth.

While anhydrite is the only calcium sulphate phase identified in thin
section, XRPD also detects gypsum and bassanite. Gypsum occurs
mostly in traces in several samples throughout the core and potentially
in larger quantities below the basaltic intrusion at 83.5 m, though this is
not observed in the thin section sample. Bassanite is detected only at
169.5 m, with increased anhydrite content.

5.3.7. Calcite

Minor amounts of massive to prismatic calcite are scattered
throughout the tuff of the 1979 core. Individual crystals are typically
<10 pm in diameter and appear to have formed after analcime and
tobermorite above water level and before or simultaneous with anal-
cime below water level. No particular patterns or enrichments for this
mineral are observed in SE-01.

54. Alteration in 2017 SE-02b drill core samples

5.4.1. Palagonitized glass

Samples from the uppermost section of the system situated above
the tidally influenced water level, are not fully palagonitized. Rather,
the degree of palagonitization remains relatively steady between 22.6
and 56.0 m at around 82.0 vol% (Table 1, Fig. 4). Type I palagonitic tex-
tures are prevalent in this part of the system but have locally been re-
placed by the more crystalline and highly birefringent type II rims at
31.2 m and below. The degree of palagonitization is 290.0 vol% for all
samples between water level and 141.5 m. The tuff between 141.5 m
and 147.1 m remains only weakly palagonitized. Type Il palagonitic
textures are far more widespread below water level than in SE-01 and
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dominate in samples between 67.5 and 134.3 m. SE-02b samples corre-
sponding in depth to the weakly altered and poorly consolidated inter-
val between 157.5 and 177.8 m in SE-01 are nearly completely
palagonitized. A concentric arrangement of palagonitized glass rims in
the form type Il - type Il — type I — sideromelane is very common
below 150.3 m.

5.4.2. Clay minerals

The distribution of clay minerals in SE-02b is the same as in SE-01.
Both granular to platy aggregates in pore space and microscopic to sub-
microscopic particles in palagonitized glass are common. In SE-02b the
first signs of olivine alteration to clay minerals are detected at 62.1 m,
slightly below the water table in the borehole (~58 m, Weisenberger
et al,, 2019). Olivine alteration rims show greater diameters in samples
from SE-02b, when compared to depth-equivalent samples from SE-01
(Fig. 4). No alteration rims are observed along olivine grains within
samples between 141.5 and 150.3 m or in the bottom section of the
drill core below 177.8 m where no palagonitization has been detected
from our petrographic analysis. However, thin olivine rims about
20-45 pm in thickness are generally found between these depth inter-
vals at 157.5-177.8 m.

5.4.3. Phillipsite

Samples from the uppermost 62.1 m of SE-02b contain more
phillipsite than samples at corresponding depths in SE-01. The greatest
enrichment of phillipsite in SE-02b is found around 43.7 m, where the
tuff remains slightly altered and only poorly palagonitized in SE-01,
but the overall extent of alteration is much greater in SE-02b. Consis-
tently lower amounts of phillipsite are present from 65.4 to 138.4 m
in SE-02b as compared to SE-01 (Table 1, Fig. 9). Phillipsite dissolution
and replacement by analcime and tobermorite is observed throughout
most of the samples, even at depths where phillipsite has increased
since 1979. The phillipsite-rich upper and lower borders of the poorly
altered depth interval, located in SE-01 between 137.8 and 150.3 m
show increased phillipsite contents in SE-02b as well, although the
upper zone of enrichment is found at a slightly greater depth at
141.5 m in the 2017 core. The lower phillipsite enriched zone is found
at 150.3 m, at the same measured depth where it was detected in SE-01.

5.4.4. Analcime

Similar to SE-01, analcime contents are positively correlated with
temperature and the degree of palagonitization in SE-02b. The amount
of analcime has increased from 1979 to 2017 at almost all depths and
is highest at 92.6-101.5 m, where it has about doubled. As is the case
with phillipsite and tobermorite, secondary analcime mineralization
has extended into previously weakly altered tuff between 157.5 and
177.8 m.

5.4.5. Tobermorite

Point counts of thin sections at 43.6 m and above indicate signifi-
cantly higher tobermorite content than their SE-01 counterparts,
which contain almost no tobermorite (Table 1). In these samples,
tobermorite is frequently associated with other Ca-bearing phases
such as plagioclase, clay minerals or gypsum. Particularly the sample
at 34.8 m containing 9.3 vol% tobermorite exhibits some of the highest
concentrations of this mineral observed in any of the studied samples
from either drill core. In the hottest areas of the system tobermorite
contents are found to be lower in SE-02b than in SE-01, with the sam-
ples between 86.5 and 101.5 m all showing less tobermorite than the
samples from SE-01 from comparable depths. Two distinct peaks in
tobermorite content are found in the samples at 138.4 and 148.7 m, at
depths where previously only phillipsite had been enriched, but little
to no increase in tobermorite or analcime content was detected in the
1979 samples. The highest concentrations of tobermorite of 14.3 vol%
are present in the sample from 177.8 m, which is situated close to the
very bottom of the palagonitized area in SE-02b.

5.4.6. Calcium sulphate minerals

The poorly altered zone contains high quantities of calcium sulphate
phases. Gypsum, which in SE-01 is only identified via XRPD, but not ob-
served in thin section, is abundant and observable under the microscope
in SE-02b at 144.1 m. It typically either occurs alone or around prismatic
anhydrite, with which it is frequently associated. Larger gypsum crystals
are also found at 31.2 m and 40.4 m in the meteoric part of the system.
In these samples gypsum seems to become partially replaced by
tobermorite. Anhydrite and gypsum are the most common alteration
minerals below 177.8 m, where no palagonitization is observed under
the microscope in the 2017 drill core.

5.4.7. Calcite

Calcite is primarily found in larger amounts together with gypsum
and anhydrite between 141.5 and 150.3 m. There, it forms massive, up
to 400 pm large crystals (Fig. 7g) filling smaller vesicles or growing on
the inside of larger fractures. Smaller amounts of calcite are especially
found above water level, where all samples contain at least some traces
of this mineral. Very little to no calcite occurs in the bottom part of the
hole, where gypsum and anhydrite, the phases it is otherwise often as-
sociated with, are very common.

5.5. Alteration sequence and changes in secondary mineralogy

Two authigenic zeolite species, phillipsite and analcime, have
been identified. Chabazite as described by Jakobsson and Moore
(1986) for the upper 0-4 m of the SE-01 drill core, is not reported
here, most likely owing to the fact that the most shallow samples
in this study were from 4.9 m and 13.2 m for SE-01 and SE-02b re-
spectively, which is below the documented depth range for this zeo-
lite phase. Analcime is positively correlated with temperature and
the degree of palagonitization. Phillipsite is more abundant in sam-
ples that show a lower extent of glass alteration overall, and compar-
atively lower amounts of analcime and tobermorite. Examples
include the samples from 22.0, 137.8, 148.3 and 150.3 m depths in
SE-01 and from 43.7, 141.5 and 150.3 m depths in SE-02b (Table 1,
Fig. 9). Point count data confirms a net loss of phillipsite at
65.4-138.4 m between 1979 and 2017. Thin section petrography in-
dicates that this may be due to dissolution of phillipsite as well as al-
teration to other phases, such as analcime. Thus, phillipsite may form
as an earlier alteration product when compared to analcime both
above and below the water table and become lost - at least below
water level - due to dissolution as glass alteration progresses and
the compositions of interstitial fluids change. The amount of
phillipsite has either remained the same or increased in samples
below approximately 150 m, where little alteration was observed
in SE-01. Increased alteration rates of palagonitized glass and olivine
rims are estimated for the SE-02b drill core samples at this depth in-
terval (see Section 6.3.1 Alteration rates in zone 4). Tobermorite
overgrows analcime or occurs alongside of it on the inner walls of
pores and fractures. In contrast, analcime is rarely found overgrow-
ing tobermorite. While gypsum is only detected via XRPD and not
observed in thin section for the SE-01 sample set, several thin section
samples from SE-02b - particularly between 142.6 and 147.1 m and
below 177.8 m - are found to contain gypsum. Gypsum is therefore
interpreted as having formed relatively late, as opposed to anhydrite
which is already present in relevant quantities in the 1979 samples
(Table 1).

6. Discussion
6.1. Time-lapse alteration with depth
Tephra alteration in Surtsey's hydrothermal system changes as a

function of time and depth. We identify five zones of distinct alteration
behavior observable in both the 1979 and 2017 drill cores. An overview
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Fig. 10. Integrated log displaying the relationship between temperature, alteration progress and maturation of palagonitized glass determined through petrographic investigations of thin

sections in the archived 1979 SE-01 drill core and the 2017 SE-02b drill core.

of the zones and associated changes in alteration behavior is given in
Fig. 10. The alteration zones are defined as follows:

6.1.1. Zone 1 (upper palagonitization zone)

In zone 1, situated above 65.4 m in SE-01 and 58.9 m in SE-02b,
palagonitization progresses slowly, when compared to the remaining
palagonitized parts of the system. No olivine alteration is observed.
Phillipsite contents are locally higher than analcime contents, especially
in less palagonitized samples, and have either increased or remained
steady between 1979 and 2017. Zone 1 persists slightly below water
level, which lies around 58 m depth.

6.1.2. Zone 2 (middle palagonitization zone)

Below zone 1, secondary clay mineral rims begin to form around in-
dividual olivine grains, eventually leading to complete pseudomorphic
replacement. The onset of this alteration marks the beginning of zone
2, reaching down from the bottom border of zone 1 to 137.8 m in SE-
01 and 138.4 m in SE-02b. At the transition between zones 1 and 2
palagonitization rim thicknesses suddenly increase by two to four
times, resulting in a strong increase in the degree of palagonitization
(Fig. 4). This increase is observed in both cores. The most common
type of palagonitic rim in zone 2 is type II in SE-01, which has evolved
to type IIl in SE-02b, reflecting a more rapid palagonite maturation in
zone 2 as compared to zone 1. Alteration degree and thus rim thick-
nesses for both palagonitized glass and olivine rims increase steadily
as a function of temperature.

The amount of analcime present in the tuff is positively correlated
with the degree of palagonitization and temperature. In contrast,
phillipsite in zone 2 noticeably decreases between 1979 and 2017. Pet-
rographic observations suggest, that the reason for this lies mainly in
the dissolution of phillipsite, with simultaneous replacement by anal-
cime and tobermorite. This may be partially due to the higher amounts
of Na™ present in the system below sea level, which may favor the for-
mation of analcime over phillipsite. Additionally, zeolite distribution in
hydrothermally altered rocks is also known to be governed to a large ex-
tent by temperature (Browne, 1978; Kusakabe et al., 1981; de Gennaro
et al,, 1999; Langella et al., 2001; Kralj, 2016). For this reason, the local

dominance of phillipsite over analcime in more shallow depths may
also be caused by the relatively lower temperatures, as phillipsite
would be expected to be more stable under colder conditions, when
compared to analcime (Chipera and Apps, 2001). Host-rock lithology
may influence the type of zeolite being precipitated under low-
temperature hydrothermal conditions (Browne, 1978; Reyes, 2000),
such as the ones present in the Surtsey hydrothermal system, but this
is unlikely to contribute in any significant way, as the Surtsey system
is almost entirely hosted in universally poorly sorted intermediate to
coarse alkali basaltic lapilli-tuff, showing only minor chemical or litho-
logical variation (Schipper et al.,, 2015). As phillipsite appears to be an
early stage alteration product, the comparatively higher phillipsite con-
tents within zone 1 may also be due to the lower degree of
palagonitization and therefore less advanced reaction progress.

In SE-01, zone 2 hosts a thin ash-rich layer of darker material that is
noticeably less porous and less palagonitized than the surrounding
rocks at 95.4 m, which coincides with a reduction in secondary mineral
content (Table 1). The low porosities and therefore low permeabilities
in this layer likely inhibit hydrothermal circulation and locally counter-
act the precipitation of secondary minerals and devitrification of the
glass at this depth. No ash-rich layer exhibiting similar properties is ob-
served in SE-02b, implying that this feature is either transient in nature
or highly localized.

6.1.3. Zone 3 (poorly altered zone)

Both cores contain a poorly altered zone that is partially unconsoli-
dated in 1979 and lightly consolidated in 2017. It encompasses the
depth interval from 137.8 to 150.3 m in SE-01, but has slightly shrunk
in diameter in SE-02b, where it reaches between 138.4 and 150.3 m.
The sideromelane of the poorly altered zone remains largely
unpalagonitized. Only a few thin layers of slightly palagonitized tephra
are observed. The lack of palagonitization and consolidation by mineral
cements arguably led to the poor core recovery during the 1979 drilling
expedition between 140.0-143.8 m and 148.5-150.3 m (see Jakobsson
and Moore, 1982). In SE-02b zone 3 is slightly more consolidated, but
the rocks remain highly porous and friable even in 2017. In both SE-
01 and SE-02b, the upper and lower boundaries of zone 3 are marked
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by a strong enrichment in phillipsite in otherwise weakly altered tuff. In
SE-02b the upper phillipsite enriched interval has moved further down
to 141.5 m (Table 1, Fig. 9). Phillipsite contents have decreased strongly
in the now more extensively altered tuff between 137 and 138 m, while
both tobermorite and analcime have increased in abundance. This is
likely because phillipsite forms mainly in the initial stages of glass alter-
ation before becoming replaced by other phases as the reaction pro-
gresses. Calcium sulphates such as anhydrite and gypsum are very
common and particularly characteristic for zone 3.

An electrical resistivity log acquired after drilling of SE-02b (Jackson
et al,, 2019a; Weisenberger et al., 2019) indicates a change within the
depth interval coinciding with zone 3. According to 16 s rRNA gene se-
quencing, roughly half of the prokaryotic community composition pres-
ent in rock samples from SE-02b at 148 m depth, is shared with the one
in seawater around the island (personal correspondence from Bergsten,
2019). However, it cannot be excluded that this is caused by seawater
contamination during drilling. Here it is proposed, that zone 3 most
likely marks an interval of high permeability and sea water recharge.
This would further explain the presence of anhydrite and gypsum, as
Ca™ and SO3~ bearing fluids entering the system might precipitate a
calcium sulphate phase upon being heated due to retrograde solubility.

6.1.4. Zone 4 (lower palagonitization zone)

Zone 4, between 150.3 and 157.3 m in SE-01 and 150.3-177.8 m in
SE-02b, shows the greatest change since 1979. In SE-01 alteration be-
havior in zone 4 resembles that of zone 2, though overall alteration is
less extensive. In SE-02b both palagonitization and olivine rim forma-
tion rates are much higher than predicted by the temperature-
alteration-trends derived from samples in zones 1 and 2 (Fig. 11). The
fact that this is not observed in samples from SE-01 indicates, that alter-
ation in zone 4 has increased over time. The co-appearance of all three
types of palagonitized glass rims, mostly Il and III, arranged concentri-
cally around sideromelane grains in the order type Il — type Il — type
I — sideromelane is common in zone 4 in SE-02b (Fig. 6). As tempera-
ture is not the driving factor for the increase in alteration rates at this
depth, other potential explanations may be found in chemical changes
in the hydrothermal fluid or potentially in the water-rock ratio of the
environment (Pauly et al,, 2011).

6.1.5. Zone 5 (bottom zone)

The area below zone 4 in each core contains mostly fresh and appar-
ently unaltered sideromelane. Absence of palagonitization and signifi-
cant mineral cementation by zeolites and tobermorite in pore space
causes the tephra of this zone to be largely unconsolidated. No olivine
rims are detected under the microscope. Observed secondary minerali-
zation is limited to mostly anhydrite and possibly bassanite in SE-01. In
SE-02b both gypsum and anhydrite are observed.

6.2. Olivine alteration rates

Olivine alteration rates were estimated by dividing olivine rim thick-
nesses by time (assuming a 12-year timespan for SE-01 and a 50-year
timespan for SE-02b) and plotting the results against temperature log-
ging data from 1980 and 2018 to best approximate the current state
of the system. Since temperature is related to alteration rates, these
values should not be taken as fully accurate representation of the
system's effective temperature, which varied over time. For samples
from below 156.9 m, where no olivine rims are found in SE-01, a time
period of 38 years for the alteration is assumed instead, as this value
would be closer to the actual amount of time available for the alteration
to progress. Our results confirm a positive relationship between olivine
alteration rates and temperature, as first documented by Jakobsson and
Moore (1986). The olivine alteration rates derived from the present
study are slightly higher than those given by Jakobsson and Moore
(1986), which is likely due to differences in methodology, specifically
in the temperature values used. Regardless of the total extent of alter-
ation rates, new insights are gained regarding the nature of the
olivine-clay mineral reaction in the Surtsey tuff. Based on the analyses
of the SE-01 core samples immediately after drilling and the tempera-
ture history of the system as of 1980, Jakobsson and Moore (1986) hy-
pothesized a threshold temperature of 120 & 5 °C for the alteration of
olivine to clay minerals. They cited this as a potential reason for the ab-
sence of olivine rims above water level, as temperatures would not have
exceeded 100 °Cin that part of the system. However, our data from the
2017 drill core provide evidence that olivine rim formation can occur at
lower temperatures within the hydrothermal system given enough
time. In the SE-02b samples we observe 20-50 um thick alteration
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rims on olivine at 134.3-138.4 m and in zone 4 at 157.5-177.8 m. At
these depths, temperatures have ranged from ca. 44-103 °C between
1980 and 2017 (Fig. 3), which is well below the threshold temperature
proposed by Jakobsson and Moore (1986). Temperature alone can
therefore not be the reaction's sole limiting parameter.

Lafay et al. (2012) performed autoclave experiments on olivine
under alkaline conditions at 150-200 °C to study the rate of olivine re-
placement during serpentinization, measuring the fraction of
grains <30 um, 30-56 um and 56-150 pm that remained after a given
time interval. Their results and those of Malvoisin et al. (2012) are
used to estimate alteration rates for serpentinization in pum-yr—!,
which are plotted in Fig. 11 for comparison.

6.3. Palagonitization rates

Estimation of palagonitization rates was performed analogously to
olivine alteration rates (see above). As samples from below 156.9 m re-
main unpalagonitized in 1979, a timespan of 38 years, between 1979
and 2017, is assumed as base for the alteration rates of these samples.
It should be noted that Jackson et al. (2019b) identified minimal glass
alteration at this depth by using X-ray microdiffraction. Palagonitization
rates for samples from either drill core are correlated positively with
temperature and generally plot along two highly similar trendlines
(Fig. 11). In their 1986 study of SE-01, Jakobsson and Moore reported
palagonitization rates of ca. 0.2-3.5 um-yr~' for alteration rims in
glass lapilli. This contrasts with our results, which range between 3.33
and 42.50 pm-yr~! for samples from the same drill core. It is likely
that the reason for this discrepancy and that of the olivine alteration
rates lies in a difference in the approach used. For instance, no universal
stage was employed in this study to measure the exact angle of the rims.
Our results nevertheless reproduce the same general trends in terms of
palagonitized rim thickness variations with depth. In addition,
Jakobsson and Moore (1986) estimated the effective temperature
based on several parameters, whereas in this study a direct measure-
ment is used. These factors are thought to contribute to the deviations
between the two studies.

Palagonitization rates of comparable magnitude to those in our
study have been achieved in experiments conducted by Furnes (1975)
at temperatures comparable to those prevalent in Surtsey's hydrother-
mal system. Thomassin (1984) demonstrated experimentally that a
palagonitic rim “several micrometers in thickness” can be formed in as
little as nine months for samples heated in seawater using a Teflon reac-
tor. Malow et al. (1984) derived even higher alteration rates for samples
leached in NaCl solutions heated to 200 °C. Our results, though different
from those of Jakobsson and Moore (1986), are therefore still within
established parameters.

6.3.1. Alteration rates in zone 4

Palagonitic and olivine alteration rims indicate much higher al-
teration rates in the tuff from 150.3-177.8 m than predicted based
on temperature alone (Fig. 11). Many of these rocks remained largely
unaltered in 1979, meaning that the visible onset of palagonitization
and olivine alteration would have commenced at an unspecified time
after 1979, but before 2017. From this it can be concluded that the
true alteration rates at this depth may be even higher than estimated
here, since the alteration would have occurred over a shorter time
span than the assumed 38 years between 1979 and 2017. Even if
palagonitization and olivine rim formation have been ongoing in
these areas throughout the entire 50-year history of the hydrother-
mal system, alteration rates are still substantially higher than pre-
dicted by the temperature-alteration-rate trends established by
more shallow depth intervals. Possible reasons for this may lie in
evolving fluid compositions, such as changing salinities, or in a dif-
ferent water-rock ratio.

6.4. Palagonite maturation

Three different types of palagonitization are identified in the Surtsey
tuff samples, which are distinct in their textural and optical properties.
These type I-II-1Il palagonitized glass rims exhibit a progressively more
granular to fibrous texture and less gel-like appearance. Peacock
(1926) first recognized two texturally distinct types of palagonite -
the amorphous gel-palagonite and the slightly crystalline “fibro-
palagonite” - in his comprehensive review of the petrology of
Icelandic tuffs. Stroncik and Schmincke (2001) recognized that after
the initial palagonitization process the altered glass undergoes a series
of aging steps over time. They state that crystallinity gradually increases
as palagonite ages, ultimately resulting in the complete crystallization of
the material to smectite and other authigenic minerals, a finding also
confirmed by other workers (Singer, 1974; Berkgaut et al., 1994;
Crovisier et al., 2003; Drief and Schiffman, 2004). The classification
scheme proposed by Stroncik and Schmincke (2001) uses the ratio of
amorphous to crystalline material in the altered glass to delineate be-
tween the initial gel-palagonite (aging step I, mostly amorphous),
fibro-palagonite (aging step II, mostly crystalline), and fully crystalline
smectite. In their study of the palagonitic alteration of hyaloclastites
from Hawaii, Walton and Schiffman (2003) recognized the formation
of a complex of minerals, intergrown at the nanometer scale and dom-
inantly composed of smectite, which they called ‘reddened smectite
grain replacement’ (Walton and Schiffman, 2003). This material can
be considered analogous to fibro-palagonite as described by Peacock
(1926) (Drief and Schiffman, 2004). Despite these differences in the ap-
plied classification scheme or nomenclature, these authors and many
others have generally agreed that the increasing crystallinity of
palagonitized glass develops as the result of palagonitic maturation
over time by means of reaction towards equilibrium with the interfac-
ing hydrothermal fluid; only the amorphous gel-palagonite likely
representing the initial alteration product of sideromelane (Singer,
1974; Zhou et al., 1992; Stroncik and Schmincke, 2001; Crovisier et al.,
2003; Drief and Schiffman, 2004; Pauly et al., 2011).

Based on this large body of prior observations, we interpret the dif-
ferent types of palagonitic textures in the Surtsey samples as indicative
of progressive maturation. Type I palagonitization (or gel-palagonite)
marks an early stage, with type II and IIl representing progressively
more advanced stages, wherein crystallinity increases and the
palagonitized glass takes on a fibrous texture, before turning an earthy,
mottled and opaque shade of brown as the devitrification process ad-
vances (Fig. 5). The distribution of these three palagonitic types is corre-
lated with temperature, with type I found mainly in the areas of lowest
temperature - especially above water level - and type Il found in the
areas of highest temperature. An exception to this is the depth interval
of rapid palagonitization in SE-02b between 150.3 and 177.8 m (zone 4;
see above) (Fig. 10), where temperatures are low, but very little type I
palagonitized glass is observed. Within the framework of this interpre-
tation, type IIl palagonitic rims represent a highly advanced stage of the
devitrification process, so that the term “palagonite” in the strict sense
may not be fully applicable. The very high concentration of X-ray amor-
phous phases in SE-01 around the system's area of maximum tempera-
ture (Grimaldi, 2018), where type III is observed, potentially indicates
that a large portion of the material may have recrystallized as poorly or-
dered clays (Brindley, 1977).

7. Summary

The systematic petrographic comparison of two parallel vertical drill
cores from the eastern tephra pile of the Surtur crater at Surtsey vol-
cano, recovered in 1979 and 2017, provides new petrographic insights
into time-lapse alteration within the island's basaltic low-temperature
hydrothermal system, which will serve as the basis for future geochem-
ical analyses.
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1. Five discrete zones of distinct alteration style are recognized in the
two studied Surtsey drill cores. These zones (Fig. 10), are defined
by their discrete alteration mineralogy, development of secondary
phases over time, as well as alteration of basaltic glass. Their vertical
positions differ only slightly between the 1979 and 2017 drill cores.

2. Alteration in the form of palagonitization, zeolitization and
tobermorite formation has progressed rapidly in most of the zones
except for parts of the poorly altered zone 3 at 138.4-150.3 m
depth, where alteration does not appear to have progressed to a sig-
nificant degree from 1979 to 2017.

3. The rates of glass and olivine alteration, as measured by alteration
rim thicknesses, generally reproduce the trends established by
Jakobsson and Moore (1986). Both types of alteration increase with
temperature in the SE-01 samples and in the SE-02b samples above
zone 4 (Fig. 11). In zone 4 of SE-02b alteration rates diverge from
this general trend, yielding higher than expected rates of production
for both palagonitized glass and altered olivine rims.

4. Phillipsite appears to be an early stage alteration product, for which
the relative abundance has decreased in all samples between 65.4
and 138.4 m depths since 1979. This is consistent with petrographic
observations, which show phillipsite dissolution or alteration to
analcime and tobermorite.

5. Surtsey tuff samples show three principal types of palagonitized
glass textures, which indicate progressive stages in the reaction of
sideromelane to smectite. The distribution of these three palagonitic
types in SE-01 and SE-02b shows clear progress in the ongoing devit-
rification of the Surtsey tephra deposits between 1979 and 2017.
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ARTICLE INFO ABSTRACT

Keywords: Low-temperature hydrothermal alteration of basaltic glass on the seafloor has important implications on the
Surtsey volcano chemical evolution of the oceanic crust and seawater composition. However, mass fluxes resulting from
ICDP seawater-glass interaction in this type of environment remain poorly understood. This study presents new results
SUSTAH_\I_ . on element mobilities for the palagonitization of basaltic glass and bulk rock hydrothermal alteration at Surtsey
Palagonitization

volcano, Iceland over a time period of ~50-years. Assessments of element mobilities were based on 1) immobile
trace element isocon mass balance for palagonitization, 2) the assumption of large scale TiO, immobility during
bulk rock alteration and 3) chemical analyses of pore fluids and authigenic minerals.

Element mobilities of glass alteration vary between initial palagonitization and subsequent palagonite
maturation: Initially, palagonitization of sideromelane leaches SiO,, Al,03, MgO, CaO, Nay0, K20 from the glass.
Following this, the maturation of the palagonitized glass causes re-uptake of all of the abovementioned elements
except for CaO, which shows either no change or slight uptake, and Na,0, which continues to be lost from the
palagonitized glass. Among major elements TiO5 and FeO can be considered immobile during palagonitization,
but not during the subsequent aging process of palagonitized glass. Among trace elements Hf, Ta, Zr, Nb, Y and
REE were found to be immobile at all stages of the alteration. On the bulk rock scale, comprising both glass
alteration and the formation of authigenic phases, early-stage alteration at Surtsey releases SiO5, Al, Mg and Ca
to the fluid, whereas late-stage alteration poses a sink of SiOy, Al, Mg, Ca and Na. Net element budgets during
early- and late-stage alteration indicate that chemical exchange between basaltic tuffs and seawater derived
fluids at Surtsey acts as a long-term source of dissolved Ca, Al and SiO, for seawater as well as a long-term sink
for seawater Mg and Na.

Mass balance
Hydrothermal alteration

1. Introduction fluid flux for such systems is estimated to exceed that on mid-ocean ridge

axes by several orders of magnitude (Fisher and Wheat, 2010; Nielsen

Seafloor hydrothermal processes exert important controls on the
chemical budget between seawater and the oceanic crust and play a key
role in balancing global element cycles (e.g. Alt, 1995; Coogan and
Gillis, 2013; Huang et al., 2018; Staudigel, 2003; Staudigel and Hart,
1983). Most of the hydrothermal fluid circulation on the ocean floor
takes place in permeable basaltic rock hosted systems. Among these,
low-temperature off-axis hydrothermal systems, such as those that may
develop in seamounts, are the largest contributors to the observed hy-
drothermal heat anomaly in the oceanic crust (Alt, 2003). The global

* Corresponding author.
E-mail address: sip26@hi.is (S. Prause).

https://doi.org/10.1016/j.jvolgeores.2022.107581

et al., 2006). Given such high rates of seawater exchange, even small
chemical fluxes caused by hydrothermal circulation and water-rock
interaction in off-axis hydrothermal systems would be globally signifi-
cant. Consequently, chemical sinks and sources from low-temperature
alteration of basaltic rocks and glass have gained attention as poten-
tial buffers that could balance the discrepancies between high-
temperature alteration on mid-ocean ridges and the riverine flux of
many elements to the oceans (Huang et al., 2018; Wheat and Fisher,
2008; Wheat and Mottl, 2000).
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Fig. 1. A) Map showing the study area Surtsey (SW Iceland). B) Profile through Surtsey including the location of the boreholes and inlet showing the position of the
Vestmannaeyjar archipelago (red rectangle) relative to Iceland. C) Fluid temperature and alteration zones with depth and occurrence of palagonite. Mineral ab-
breviations after Warr (2021): Php: phillipsite. Anl: analcime. Tbm: tobermorite. Anh: anhydrite. Gp: gypsum. Cal: calcite. PG: palagonitized glass. Olx: olivine
alteration. White circles in the alteration log indicate samples taken for both major and trace element analysis. Modified after: Prause et al. (2020). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Basaltic glass, or sideromelane, is a common constituent in hyalo-
clastite rocks and pillow lavas on the ocean floor. The alteration of this
highly reactive glass phase is one of the major processes controlling
chemical exchange in low-temperature basalt hosted systems (Staudigel
and Hart, 1983). Palagonitized glass is the first metastable reaction
product of sideromelane, resulting from a chemical alteration process
referred to as palagonitization. Palagonitized glass is an amorphous to
cryptocrystalline mixture of authigenic phases appearing brown to
reddish translucent under the microscope (Crovisier et al., 2003;
Marshall, 1961; Stroncik and Schmincke, 2002). Glass replacement be-
gins at the outer margins of the particles and lapilli exposed to the
interfacing fluid, over time extending inward as alteration progresses
(Pauly et al., 2011; Singer and Banin, 1990; Stroncik and Schmincke,
2002). This chemical alteration process leads to significant mass flux —
both from the altered glass into solution and vice versa (Crovisier et al.,
1992; Furnes, 1978; Pauly et al., 2011; Stroncik and Schmincke, 2001;
Walton et al., 2005; Zhou and Fyfe, 1989). The resulting supersaturation
of released chemical species in the fluid phase causes the precipitation of
authigenic minerals, such as zeolites, clay minerals, and carbonates
(Hay and lijima, 1968a; Ibrahim and Hall, 1996; Kousehlar et al., 2012;
Stroncik and Schmincke, 2002). Alteration rates and element mobilities
during palagonitization are affected by temperature, pH, fluid chemis-
try, glass composition, water-rock ratio, fluid-flow rate, porosity and
permeability (Crovisier et al., 2003; Jakobsson and Moore, 1986; Moore,
1966; Pauly et al., 2011; Singer and Banin, 1990; Stroncik and
Schmincke, 2002; Walton et al., 2005).

Palagonitization is a gradual process that leads to the transformation
of the primary glass phase to solely authigenic mineral phases over time.
As alteration progresses, the initial amorphous palagonitized glass, or
“gel palagonite” is replaced by “fibropalagonite”, a slightly more crys-
talline and highly birefringent variety of the same material, which
subsequently matures into an assemblage of usually smectitic clay
minerals (Berkgaut et al., 1994; Crovisier et al., 2003; Drief and
Schiffman, 2004; Matthews, 1971; Peacock, 1926; Singer, 1974; Stron-
cik and Schmincke, 2001; Zhou and Fyfe, 1989).

Several aspects of palagonitic alteration are currently not fully un-
derstood. It is, for example, unclear if palagonitization is accompanied
by significant volume changes (e.g. Crovisier et al., 1992; Pauly et al.,
2011; Zhou and Fyfe, 1989) or if it occurs virtually isovolumetrically (e.
g. Hay and Iijima, 1968b; Jercinovic et al., 1990; Stroncik and
Schmincke, 2001; Walton et al., 2005). Likewise, the mobility of
chemical constituents during alteration has been much debated. Several
studies (e.g. Jakobsson, 1972; Staudigel and Hart, 1983; Stroncik and
Schmincke, 2001; Zhou and Fyfe, 1989) assessed that TiOy or FeO
should be considered immobile during palagonitization, while others (e.
g. Pauly et al., 2011; Walton et al., 2005) found that either one or both of
these elements showed mobile behavior. Stroncik and Schmincke (2001)
and Zhou and Fyfe (1989) have pointed out that element mobilities
appear to differ fundamentally depending on the stage of the devitrifi-
cation process: These studies concluded that element fluxes during
palagonitization are very different from those resulting from the aging of
the material, and thus palagonitic alteration must be considered as a
multistage process.

Understanding element mobilities, volume changes and the role of
time in the alteration of basaltic glass on the seafloor is important,
because it lays the groundwork for accurate estimates of the chemical
evolution of the oceanic crust and the resulting impact on seawater
composition. Unfortunately, in most cases the study of off-axis hydro-
thermal systems is made rather difficult by 1) the challenges involved in
locating this type of system and 2) poor accessibility. However, potential
analogues to alteration in seamounts may be found in the study of more
readily accessible ocean islands (e.g. Kleine et al., 2020; Walton et al.,
2005).

The aim of the present study is to investigate element fluxes, alter-
ation behavior and time dependent changes in the alteration process of
glassy basaltic tuff in the hydrothermal system of the volcanic island of
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Surtsey. This is made possible by the unique opportunity to compare
chemical changes during alteration in the archived 1979 Surtsey drill
core (Jakobsson and Moore, 1986) with data from one of the new ver-
tical drill cores from Surtsey that were obtained in an ICDP expedition in
2017 (Jackson et al., 2019a; Weisenberger et al., 2019). The results will
contribute to a better understanding of how low-temperature seafloor
alteration of basaltic glass influences the composition of the oceanic
crust and of the role played by this type of alteration in controlling
seawater chemistry.

2. Geological setting

The ocean island of Surtsey, located 33 km off Iceland's southern
coast, is the youngest and southernmost member of the Vestmannaeyjar
archipelago (Fig. 1). Surtsey formed upon the injection of a primitive
ridge-like melt into poorly connected volumes of alkali basaltic magma,
causing overpressure and initiating volcanic activity on the seafloor
which subsequently built up the island (Schipper et al., 2015, 2016).

Eruptions began on 12 November 1963, and were first observed on
14 November (Sayyadi et al., 2021). A series of shallow submarine
eruptions proceeded over a time period of 3.5 years until 1967. After the
end of the eruptive activity on Surtsey in June 1967 a low-temperature
hydrothermal system emerged in the tuff deposits above and below sea
level and was visually recognizable on the surface due to steam rising
from the tephra pile (Friedman and Williams, 1970; Jakobsson, 1978;
Jakobsson et al., 2000). It was originally hypothesized that shallow
intrusive bodies delivered the necessary energy to drive hydrothermal
activity (Axelsson et al., 1982; Jackson et al., 2015; Stefansson et al.,
1985), but recent evidence indicates that an alternative explanation may
be that heat was instead conducted down from the 85 m thick lava shield
in the Surtur crater, initiating the hydrothermal system (Moore and
Jackson, 2020).

The hydrothermal fluid within the submerged section of the system
has a modified seawater composition (Kleine et al., 2020) with SiO,, Na,
K, Ca and Al concentrations generally above and concentrations of B,
Mg, F, dissolved inorganic carbon (DIC), and SO4 below those typically
found in seawater. Boiling may locally occur close to sea level (Jackson
et al., 2019a; Kleine et al., 2020; Weisenberger et al., 2019). Above sea
level the system is vapor dominated (Stefansson et al., 1985) and the
hydrological system is characterized by infiltrating meteoric water.

Hydrothermal alteration of the host rocks occurs primarily by pala-
gonitization of sideromelane in the glassy tuff deposits and pseudo-
morphic replacement of olivine phenocrysts below sea level (Jakobsson
and Moore, 1986; Prause et al., 2020). The palagonitized glass un-
dergoes maturation over time from a mostly amorphous gel like phase
(type D) into highly birefringent fibropalagonite (type II), which is in
turn replaced at later stages of the devitrification process by an opaque
fibrous to granular poorly crystalline clay mineral assemblage (type III)
(Prause et al., 2020). Major secondary minerals include zeolites (pri-
marily phillipsite and analcime), tobermorite and saponite-like clays.
Chabazite has been identified only at the most shallow depths (0-4 m
below surface) of the tephra pile (Jakobsson and Moore, 1986). Minor
amounts of Ca-sulfates (anhydrite and gypsum) and carbonates are
locally present, either in vesicles or as fracture fillings, but these min-
erals occur far more infrequently than zeolites, tobermorite and clays.
The relative abundances of the most important authigenic phases at
different depths in the 1979 and 2017 Surtsey drill cores have been
described in Prause et al. (2020) (Table 1 therein).

Hyaloclastite tuff samples analyzed for this study are from two par-
allel vertical drill cores. The cores, designated SE-01 and SE-02b, were
retrieved during the 1979 and 2017 Surtsey drilling campaigns,
respectively (Jakobsson and Moore, 1982, 1986; Jackson et al., 2019a;
Weisenberger et al., 2019). The two wells are both situated on the
eastern edge of the tephra pile of Surtsey's southeastern vent, Surtur
(Fig. 1). SE-01 and SE-02b were drilled to 181 and 192 m depth below
surface, respectively. The horizontal distance between them is 6.9 m
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(Weisenberger et al., 2019). Core material consists mostly of poorly
sorted hypocrystalline lapilli tuff of alkali basaltic composition affected
to varying extents by palagonitization and cementation by authigenic
mineral phases.

3. Methods
3.1. Mineral and rock sampling and analysis

Chemical and mineralogical analyses were performed on drill core
samples originating from the two boreholes, SE-01 and SE-02b. Samples
for thin section preparation were initially soaked in epoxy resin to
protect the friable tuff from abrasion during polishing. The temperature
of the epoxy resin was kept below 50 °C to avoid dehydration. Subse-
quently, the samples were polished to a thickness of ~30 pm. In addi-
tion, 12 samples (six from each borehole) were selected for the
preparation of thick sections to be used in trace element analyses of
sideromelane and palagonite using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). These samples were chosen
from similar depths in SE-01 and SE-02b to cover a wide range of depths
and reaction progress (Fig. 1c). Modal mineralogical compositions of
samples are available in Table 1 of Prause et al. (2020). All thick section
samples for trace element analysis were prepared in the same way as the
thin sections but polished to a thickness of ~100 pm to be suitable for
laser ablation.

Major element analyses of authigenic mineral phases were per-
formed at the Department of Earth, Environmental and Resources Sci-
ences (DiSTAR) at the University of Naples Federico II using a ZEISS
Merlin VP Microscope with X-Max Oxford EDS/WDX detector applying
an accelerating voltage of 15 keV, 60 mA filament current, 10-s acqui-
sition time and variable spot size. The major element composition of
sideromelane and palagonitized glass was analyzed at the University of
Iceland with a JEOL JXA-8230 electron probe microanalyzer (EPMA)
using an accelerating voltage of 15 keV, a beam current of 3-10 nA and a
beam diameter of 10 pm. A second batch of microprobe measurements
of sideromelane and palagonitized glass was performed on thick section
samples at the Department of Geosciences, University of Bremen. This
was done to obtain reference major element compositions for subse-
quent LA-ICP-MS analyses. For this second batch of measurements, using
a Cameca SX100, optimal analytical conditions were found to be 15 keV
accelerating voltage, 3 nA beam current and a 5 pm defocused beam.

Trace element analysis of sideromelane and palagonitized glass was
carried out at the Department of Geosciences of the University of Bre-
men using a NewWave UP 193 Solid State Laser Ablation System with a
coupled Element2 HR-ICP-MS. Prior to ablation background blanks were
measured for 30 s for each spot. Helium and Argon (ca. 0.81 min ! each)
were used as sample and make up gas, respectively. Plasma power was
1200 W. Ablation of samples and standards was performed at a fre-
quency of 5 Hz at an irradiance of 1.3 GW cm ™2 and using spot sizes of
10-40 pm based on spatial conditions at the individual measurement
sites, e.g., considering alteration rim thickness or the presence of phe-
nocrysts. Analyses were performed as close as possible to the spots
previously measured by EPMA to obtain reference compositions. United
States Geological Survey (USGS) reference materials BHVO-2G and BCR-
2G were analyzed alongside samples to evaluate the accuracy of data. To
mitigate instrument drift, a NIST610 standard was analyzed after every
5 to 12 measurements and the composition listed in Jochum et al. (2011)
was applied for calibration during quantitative analysis. Quantitative
data assessment was performed through the Cetac GeoPro™ software
package using “3Ca as internal standard element. In addition, an in-
house glass standard was measured daily to monitor and correct for
the production of the doubly ionized 86Sr*™ isotope and its isobaric
interference on *3Ca. All isotopes were analyzed at low resolution with
five samples in a 20% mass window and a total dwell time of 25 ms per
isotope. Accuracy ranges between —3.4 to —4.8% (relative error) in
most cases as determined by comparison of our BCR2G and BHVO2G
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data with the GeoReM data base as of November 2020. External preci-
sion was better than 4.5% (relative standard deviation) for most
elements.

3.2. Pore-water sampling and analysis

Core sampling for pore fluid extraction from drill cores of borehole
SE-02b was carried out during the field campaign in 2017 at Surtsey.
The drill cores were retrieved to the surface within plastic liners. An
approximately 10 cm long core piece was cut off from the upper part of
each third core segment of every third core run. The core pieces were
kept inside the plastic liner, and sealed airtight into plastic bags to
prevent any removal of pore fluid from the core. Thereafter, the sealed
core pieces were stored at 4 °C until sample preparation to prevent
further rock alteration. Fluid extraction from the core was based on the
ground rock interstitial normative determination (GRIND) method by
Wheat et al. (1994) and Toki et al. (2016). In brief, the retrieved moist
core samples were ground to fine powder using a vibratory disc mill. A
volume of 20 ml of ultrapure water (18.2 mQ cm ') was added to 2 g of
powdered sample immediately and the rock-water mixture was thor-
oughly blended. Subsequently, the water was filtered off and acidified to
1% by addition of HNO3 (Merck, Suprapur®). Major cation element
analyses (SiO2, Na, K, Al, Fe, Mg, Ca, B) were carried out using ICP-OES
(Spectro Ciros Vision), whereas major anions (Cl, SO4) were analyzed
using IC. The analytical precision of major element analyses, based on
repeated analysis of the samples and an in-house standard, was found to
be in all cases <5% at the 95% confidence level. The measured pore fluid
concentrations were subsequently normalized to Cl of seawater to ac-
count for dilution of the fluid samples upon pore fluid extraction.

3.3. Mobility and mass balance calculations

Mass balance of palagonitization was derived using the isocon
method (Grant, 1986). Lanthanum, Ce and Lu in sideromelane and
palagonitized glass were used for the construction of isocons. Mass
changes were quantified using the EASYGRESGRANT macro spread-
sheet software (Lopez-Moro, 2012).

Calculations of element fluxes resulting from bulk rock alteration
assumed the large scale immobility of TiO and followed the approach
by MacLean (1990):

AC, =C;- <C’i]“i02/c'1‘i03) - Cin M

where AC,, is the mass change for element n in wt% relative to initial
bulk rock mass, C3 and Cfl are the weight percent of element n in the
altered and unaltered rock, respectively, and C;o2 and Clriog are TiO; Wt
% in the altered and unaltered rocks, respectively. Results obtained
mathematically by this approach are identical to those obtained
graphically by using the isocon method for immobile TiO,. Bulk rock
analyses of altered Surtsey tuffs (Jackson et al., 2019a) were used to
represent altered compositions. Scoria erupted in 1963 at the Surtla
volcanic vent (Schipper et al., 2015) was used as a reference material to
represent “unaltered” protolith composition. This choice was based on
the fact that effusive eruption at Surtla coincided with phreatomagmatic
activity at the Surtur I vent and was most likely sourced from the same
magma reservoir (Schipper et al., 2015). Other samples from the Surtsey
magma series were not considered in the calculation, because they were
erupted after the emplacement of the Surtla tuffs and their inclusion
would likely have obscured protolith composition due to the progressive
chemical evolution of the melt (Schipper et al., 2015). Results of bulk
rock calculations are reported in the appendix (A.1).

3.4. Molar flux estimates

Average molar fluxes from and to the Surtsey tuffs were estimated by
converting mass changes during bulk rock alteration into moles per kg
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SE-02b, 144.1 m

Fig. 2. Cross polarized photomicrographs showing typical authigenic minerals in Surtseyan tuff. A) Vesicular and fully palagonitized lapillus, partially filled with
mineral cements (Tbm: tobermorite, Anl: analcime, Php: phillipsite). B) Calcite (Cal) fillings in lapillus vesicles. C) Massive gypsum (Gp) overgrowing prismatic
anhydrite (Anh) in a lapillus vesicle. All depths are indicated as meters below surface.

Table 1

Representative chemical compositions of authigenic phases identified in Surtsey tuff.

Analcime (n = 30) Phillipsite (n = 30) Tobermorite (n = 35) Clays (n = 8) Calcite (n = 6) Anhydrite (n = 3) Gypsum (n = 3)

Si05 (Wt%) 52.70 48.68 44.63 37.61 0.76 0.07 0.27
TiOy - 0.10 - 1.01 - 0.06 -
Al;O3 23.60 23.90 6.16 9.99 0.15 0.03 0.12
FeOyo 0.21 0.27 0.19 24.20 0.06 0.09 0.12
MnO - 0.08 - 0.22 - 0.03 0.01
MgO 0.08 0.18 0.05 12.27 - 0.02 0.03
BaO 0.11 0.25 0.13 - 0.07 - 0.01
CaO 1.37 6.71 34.77 2.79 52.44 38.62 35.60
NaO 12.70 2.79 0.28 0.39 - 0.02 0.06
K30 0.05 6.03 0.43 0.27 - 0.05 0.05
P,0s - - - - - 0.15 0.06
SO3 - - - - 3.83 57.14 51.52
Total” 90.82 88.99 86.64 88.75 57.31 96.28 87.85
formula unit composition

o] 96 32 17° 11° 3 4 4
Si 31.37 10.11 5.49 3.03 0.01 0.00 0.01
Al 16.56 5.85 0.89 0.95 0.00 0.00 0.00
Fe?* 0.11 0.05 0.02 1.63 0.00 0.00 0.00
Mg 0.07 0.06 0.01 1.47 - 0.00 0.00
Ca 0.87 1.49 4.58 0.24 0.93 0.97 0.98
Ba 0.03 0.02 0.01 - 0.00 - 0.00
Na 14.66 1.12 0.07 0.06 - 0.00 0.00
K 0.04 1.60 0.07 0.03 - 0.00 0.00
Ti - 0.01 - 0.06 - 0.00 -
Mn - 0.01 - 0.01 - 0.00 0.00
P - - - - - 0.00 0.00
S - - - - 0.05 1.01 1.00

@ Deviations of totals from 100 wt% caused by the presence of volatiles (e.g. H>0) in the analyzed phase.

b Oxygen equivalent (O, OH).

bulk rock for each element (Appendix A.1). The resulting moles were
divided by the approximate age of the hydrothermal system at the point
in time the sample was retrieved (~12 years for samples from SE-01 and
~ 50 years for samples from SE-02b). Such estimates are useful to
determine general changes in the rates of molar fluxes over the entire
course of hydrothermal activity at Surtsey volcano. However, it must be
stressed that any estimates obtained in this manner are time-averaged
rather than representing a single point in time. Therefore, any in-
creases, decreases or reversals of rates mirror the total flux budget at a
given depth over the full course of hydrothermal activity and must be
interpreted as such. Moreover, the exact duration of the alteration
cannot be fully constrained. Here, alteration is assumed to have
commenced at the end of the eruptions in 1967. However, some amount
of subsurface alteration may have already been present at an earlier
point in time.

4. Results
4.1. Chemical composition of authigenic minerals

Primary and secondary phases observed within the Surtsey cores of
the SE-01 and SE-02b wells have been previously described (Jakobsson
and Moore, 1986; Prause et al., 2020). In brief, the main primary phases
in the Surtsey tuff samples include (micro-)phenocrysts of plagioclase
and olivine together with unaltered basaltic glass. The most common
alteration minerals in Surtsey tuff are analcime, phillipsite, tobermorite
(Fig. 2a) and saponite-like clays. Calcite (Fig. 2b) as well as anhydrite
and gypsum (Fig. 2c) are subordinate phases, only occurring in signifi-
cant quantities in the unpalagonitized to poorly altered sections of the
drill cores (Fig. 1). Average chemical compositions of alteration min-
erals are listed in Table 1. Analcime is the main sodium bearing alter-
ation phase and the quantitatively most abundant authigenic mineral
with the possible exception of clay minerals (Prause et al., 2020). Phil-
lipsite compositions vary but overall tend towards high K and Ca con-
tents. Tobermorite, the main Ca bearing alteration phase, is of the high
Al variety which is characteristic for Surtsey tuff (Jackson et al., 2019a,
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Table 2
Average chemical compositions of sideromelane (SM) and palagonitized glass (PG) in the SE-01 and SE-02b cores.

SE-01

Sdml (n = 102) PG (n=122) PG type I (n = 47) PG type II (n = 39) PG type III (n = 36)
Major elements wt% RSD (%)* wit% RSD (%)" wt% RSD (%)" wt% RSD (%)" wt% RSD (%)*
SiO, 46.66 (£1.2) 36.20 (*7.7) 36.86 (£5.49) 36.22 (£6.0) 35.32 (£11.2)
TiO, 2.61 (£5.1) 3.74 (£22.2) 3.86 (£7.3) 3.77 (£8.4) 3.54 (£41.0)
Al,03 16.32 (£1.7) 11.73 (£14.6) 10.62 (£10.2) 12.10 (+9.6) 12.78 (£16.2)
FeO 12.33 (£3.49) 17.19 (£14.1) 17.37 (+8.6) 17.72 (£9.3) 16.40 (£22.4)
MnO 0.21 (£7.1) 0.28 (£23.0) 0.27 (£18.2) 0.27 (£24.8) 0.29 (£25.9)
MgO 5.79 (£3.6) 5.63 (£38.0) 4.58 (£29.4) 4.73 (£18.1) 7.98 (£26.8)
CaO 9.59 (£2.3) 9.03 (£22.6) 9.24 (£9.5) 9.99 (£17.9) 7.72 (£34.3)
NaO 3.86 (£4.2) 1.04 (£65.4) 1.15 (£44.7) 0.98 (£27.3) 0.97 (£110.8)
K0 0.71 (£5.7) 0.39 (£34.9) 0.34 (£30.4) 0.36 (£19.2) 0.47 (£38.7)
P,0s 0.37 (£8.7) 0.57 (+47.4) 0.53 (£31.5) 0.57 (£14.0) 0.62 (£73.0)
Sum 98.46 85.81 84.83 86.72 86.08
Trace elements ppm RSD (%) ppm RSD (%) ppm RSD (%) ppm RSD (%) ppm RSD (%)
A% 281 (£6.1) 327 (£33.7) 367 (£27.2) 354 (£35.4) 282 (£30.7)
Rb 14.2 (£9.9) 8.6 (£62.8) 14.2 (£37.9) 6.2 (£42.3) 9.2 (£68.5)
Sr 353 (£8.1) 495 (£29.0) 421 (£13.1) 537 (£23.6) 475 (£36.6)
Y 33 (£8.6) 50 (£27.0) 53 (£14.8) 47 (£36.8) 51 (£20.0)
Zr 195 (£9.6) 289 (£26.7) 306 (£17.2) 274 (£35.3) 298 (£20.9)
Nb 22.4 (£10.5) 33.0 (£29.0) 35.8 (£17.8) 31.4 (+38.6) 33.7 (£22.3)
Ba 163 (£11.7) 65 (£67.5) 42 (£26.3) 66 (£76.0) 73 (£61.0)
La 18.3 (£9.6) 27.0 (£26.4) 29.7 (£17.5) 26.1 (£34.1) 27.0 (£21.0)
Ce 429 (£11.1) 64.1 (£25.9) 68.2 (£18.2) 61.5 (£34.3) 65.6 (£19.5)
Pr 5.83 (£11.1) 8.71 (£27.1) 9.73 (£20.2) 8.30 (£35.7) 8.78 (£19.8)
Nd 26.8 (£10.1) 39.9 (£26.8) 45.2 (£20.3) 37.8 (£34.2) 40.3 (£20.9)
Sm 7.7 (£21.9) 11.0 (£27.6) 111 (£23.5) 10.8 (£34.8) 11.2 (£22.4)
Eu 2.50 (£12.5) 3.61 (£27.5) 3.62 (£25.2) 3.46 (£34.9) 3.78 (£21.4)
Gd 7.28 (£12.2) 10.51 (£25.4) 11.11 (£13.0) 10.06 (£34.1) 10.79 (£19.6)
Tb 1.10 (£13.5) 1.64 (£27.0) 1.75 (£21.4) 1.57 (£35.4) 1.68 (£20.4)
Dy 7.12 (£14.1) 10.55 (£29.5) 12.36 (£21.3) 9.81 (£39.4) 10.71 (£20.1)
Ho 1.37 (£12.8) 1.97 (£27.0) 2.13 (£17.2) 1.89 (£35.9) 2.00 (£20.6)
Er 3.9 (£11.3) 5.7 (£27.9) 6.3 (£18.0) 5.5 (£37.1) 5.7 (£20.9)
Tm 0.55 (£18.2) 0.78 (£30.3) 0.80 (£10.9) 0.75 (+42.0) 0.81 (£22.2)
Yb 3.46 (£11.0) 5.17 (£27.8) 5.74 (£15.7) 4.88 (+£37.7) 5.28 (£20.4)
Lu 0.527 (£19.6) 0.758 (£30.7) 0.739 (£17.8) 0.752 (£43.1) 0.772 (£18.2)
Hf 5.11 (£9.8) 7.70 (£25.9) 8.57 (£24.6) 7.21 (£31.1) 7.92 (£21.3)
Ta 1.40 (£11.8) 2.06 (£28.1) 2.23 (£32.8) 1.94 (£33.7) 2.13 (£21.4)
Pb 2 (£20.4) 2 (£49.7) 3 (£32.3) 3 (+43.9) 1 (£23.1)
Th 1.6 (£13.5) 2.4 (£27.3) 2.5 (£22.4) 2.2 (£35.6) 2.4 (£20.8)
U 0.57 (£14.4) 0.86 (£26.5) 0.90 (£22.2) 0.84 (£34.3) 0.87 (£20.4)

SE-02b

Sdml (n = 108) PG (n= 201)b PG typeI (n = 14) PG type II (n = 64) PG type III (n = 98)
Major elements wt% RSD (%)" wt% RSD (%)" wt% RSD (%)" wt% RSD (%)* wt% RSD (%)"
SiO4 46.60 (£0.7) 34.88 (£7.2) 36.64 (£2.6) 34.61 (£6.1) 34.72 (£6.8)
TiO, 2.70 (£6.2) 3.84 (£19.9) 4.18 (£9.0) 4.12 (£11.2) 3.61 (£25.5)
Al,03 16.26 (£2.0) 12.55 (£13.5) 10.90 (£15.0) 12.37 (£7.9) 12.79 (£11.5)
FeO 12.42 (+4.1) 18.54 (£11.8) 19.31 (£8.8) 18.92 (£8.0) 18.40 (£12.0)
MnO 0.21 (£10.7) 0.31 (£20.2) 0.34 (£16.8) 0.30 (£15.4) 0.32 (£20.7)
MgO 5.72 (+4.1) 6.36 (£+38.6) 5.34 (£33.9) 4.62 (£35.6) 7.94 (£26.5)
CaO 9.37 (£3.2) 7.50 (£22.8) 8.89 (£12.4) 8.61 (£15.0) 6.75 (£25.7)
NaO 3.92 (£4.0) 1.21 (£63.8) 1.03 (£15.9) 1.14 (£52.6) 1.27 (£66.5)
K20 0.72 (£5.9) 0.61 (£39.4) 0.35 (£16.3) 0.51 (£40.9) 0.68 (£30.5)
P,05 0.38 (£11.4) 0.53 (£53.0) 0.56 (£25.5) 0.66 (£25.2) 0.44 (£72.2)
Sum 98.31 86.33 87.54 85.84 86.91

SE-02b

Sdml PG PG type I PG type II PG type III
Trace elements ppm RSD (%)" ppm RSD (%)* ppm RSD (%)" ppm RSD (%)* ppm RSD (%)"
\% 273 (£3.0) 273 (£37.3) 337 (£12.7) 293 (£19.4) 217 (£45.6)
Rb 14.1 (£6.6) 7.8 (£80.5) 4.7 (£35.0) 3.9 (£58.2) 13.5 (£42.0)
Sr 337 (£3.5) 454 (£31.8) 500 (+£22.6) 496 (£14.3) 314 (+46.3)
Y 32 (+4.1) 47 (£27.0) 51 (£11.7) 46 (£17.0) 39 (£44.1)
Zr 188 (£3.6) 273 (£25.8) 283 (£10.8) 270 (£17.0) 234 (+41.4)
Nb 21.5 (+4.2) 31.3 (£28.3) 32.8 (£12.9) 30.8 (£16.9) 25.1 (+41.6)
Ba 161 (£3.9) 55 (+88.9) 52 (£35.2) 57 (£103.0) 37 (£83.1)
La 17.5 (+4.1) 25.5 (£30.6) 27.0 (£10.3) 25.9 (£16.6) 20.7 (£51.6)
Ce 41.2 (+£4.0) 60.3 (£30.6) 64.0 (£11.0) 60.3 (£17.0) 48.9 (£51.5)
Pr 5.53 (£6.1) 8.17 (£29.0) 8.67 (+£10.6) 7.98 (£16.4) 6.86 (+48.5)
Nd 25.7 (£3.9) 37.3 (£28.3) 38.4 (£9.3) 36.9 (£16.9) 31.9 (+£47.5)

(continued on next page)
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Table 2 (continued)

SE-02b

Sdml PG PG type I PG type II PG type III
Trace elements ppm RSD (%) ppm RSD (%)* ppm RSD (%) ppm RSD (%)* ppm RSD (%)
Sm 7.1 (£6.2) 10.1 (£29.3) 10.2 (£18.0) 10.0 (£17.6) 8.4 (+46.3)
Eu 2.36 (+8.8) 3.34 (£29.2) 3.79 (£11.7) 3.34 (£17.9) 2.79 (£51.2)
Gd 7.00 (£7.1) 10.02 (+£28.4) 10.35 (+£10.8) 9.95 (£17.9) 8.60 (+48.0)
Tb 1.04 (+8.2) 1.52 (£27.2) 1.59 (£12.6) 1.51 (£17.1) 1.32 (+44.2)
Dy 6.66 (+4.8) 9.55 (£27.4) 10.65 (£13.7) 9.38 (£15.6) 7.87 (£45.7)
Ho 1.29 (+£9.4) 1.84 (£27.8) 1.95 (£11.5) 1.83 (£19.3) 1.58 (+46.2)
Er 3.7 (+£6.7) 5.2 (+£24.8) 5.6 (£9.7) 5.2 (£15.5) 4.5 (+40.8)
Tm 0.52 (£10.5) 0.73 (£26.6) 0.73 (£19.2) 0.72 (£17.0) 0.64 (£38.0)
Yb 3.38 (+£10.2) 4.74 (£26.5) 5.09 (+£22.4) 4.53 (£14.9) 4.14 (+£43.4)
Lu 0.497 (+£10.8) 0.697 (£27.0) 0.764 (£12.5) 0.665 (£17.7) 0.609 (+42.5)
Hf 4.95 (+6.2) 7.03 (£26.8) 7.26 (+16.5) 6.89 (£17.3) 6.02 (+£41.0)
Ta 1.34 (+6.8) 1.89 (£27.7) 2.03 (+£11.2) 1.84 (£16.1) 1.53 (+44.3)
Pb 2 (£9.0) 2 (£52.5) 1 (£29.2) 2 (+£33.8) 2 (+£56.5)
Th 1.5 (£5.5) 2.2 (+£28.4) 2.2 (+10.6) 21 (£19.4) 1.9 (+46.6)
U 0.54 (+£11.9) 0.81 (£29.4) 0.83 (+£11.4) 0.77 (£18.8) 0.74 (+48.9)

@ Errors are given as RSD (%), i.e. relative standard deviation.
b Total average also includes 25 measurements from 165.6 m that were not identified as a specific petrographic type.

Fig. 3. Photomicrographs of unaltered and altered glass textures in Surtseyan tuff. Left half of each image: Plane polarized. Right half of each image: Cross polarized.
Dashed yellow lines indicate the outline of lapilli in the cross polarized images. A) Optically isotropic basalt glass (“sideromelane”, Sdml). B) Lapillus fully altered to
optically isotropic type I palagonitized glass (“gel palagonite™). C) Rim of highly birefringent type II palagonitized glass (“fibropalagonite”) around optically isotropic
basalt glass lapillus. D) Lapillus fully altered to type III palagonitized glass containing pseudomorphic replacement of a primary olivine phenocryst by authigenic clay
minerals (Olx). All depths are indicated as meters below surface. An in-depth petrographic description of altered glass textures is available in Prause et al. (2020).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2019b; Kleine et al., 2020). Saponite-like clay present in pore space is 4.2. Chemical compositions of sideromelane and palagonitized glass
the only authigenic mineral that contains significant amounts of FeO,

TiO, and MgO. Its overall composition most closely resembles that of Based on petrographic investigation, Prause et al. (2020) distin-
palagonitized glass (Table 2), with overall lower TiO3, CaO and NayO, guished three types of palagonitic textures within the Surtsey drill core
higher FeO and MgO and similar SiO, Al;03, MnO and KO contents. samples from 1979 and 2017 (Figs. 1c and 3). The amorphous and thus
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Fig. 4. A) Back scattered electron (BSE) image showing the location of a profile through a palagonitized glass rim (SE-01 drill core, 22.0 m) and B) percent
enrichment and depletion of major element oxides along the same profile. C) Back scattered electron (BSE) image showing the location of a profile through a
palagonitized glass rim (SE-01 drill core, 156.8 m) and D) percent enrichment and depletion of major element oxides along the same profile. MgO concentrations in
palagonitized glass directly adjacent to the sideromelane-palagonitized glass interface are comparable to or lower than those in sideromelane. Furthermore, MgO
concentrations indicate trends of progressive enrichment towards the surface of the lapillus. Both profiles show slight to moderate depletion of SiO5, Al,03 and CaO
as well as strong depletion in Na,O and K5O along the palagonitized glass rim. Transition metal oxides TiO5, FeO and MnO follow similar trends of enrichment. Sdml:

sideromelane. PG: palagonitized glass. Php: phillipsite.

optically isotropic “type I" or gel-palagonite is clear, translucent, and
reddish brown in colour. “Type II", or fibro-palagonite, shows grainy to
fibrous textures and strong birefringence with colorful yellow, green, or
red interference colors. Petrographic “type III" palagonitized glass oc-
curs exclusively in the submerged part of the system and is identified by
a darkened, opaque and spotty appearance.

The results of major element analyses of sideromelane and palago-
nitized glass for all maturation types are listed as average compositions
in Table 2 (average compositions for each sample are reported in ap-
pendix A.2). Oxide totals for sideromelane range between 97.98 and
98.71 wt%. No significant compositional differences are observed when
comparing unaltered glass samples from different depths. The palago-
nitized glass analyses reveal that all three maturation types (I, II and III)
are significantly more heterogenous in composition than sideromelane.
Palagonitized glass compositions are characterized by lower oxide totals
between 72.94 and 90.97 wt%, indicating a relatively higher extent of
hydration of the palagonitic rinds when compared to sideromelane.
Cross sections of palagonitized glass rinds do not show any strong and
systematic chemical variability, except for MgO (Fig. 4). Concentrations
of MgO in the rinds are generally lower than or similar to those in
sideromelane near the glass-palagonite boundary but increase outwards
towards the surface of palagonitized lapilli. Transition metals (TiO, FeO
and MnO) are enriched in the palagonitized glass rinds. Rinds belonging

to the petrographic type I are on average depleted in MgO relative to
sideromelane, whereas relative MgO enrichment is observed in type III
rinds. Type II palagonitized glass exhibits MgO concentrations that are
either comparable to or lower than those of type I palagonitized glass.
An overview of MgO (and K»0) accumulation in palagonitized glass
(Stroncik and Schmincke, 2001; Zhou and Fyfe, 1989) in the two drill
cores as a function of depth is given in the appendix (A.3). The con-
centrations of SiO» in the petrographic types II and III are slightly below
those in type I. Conversely, Al;03 and K;0 in type II and III are
noticeably enriched compared to type I. The contents of CaO show no
strong variation between type I and II palagonitized glass but are
significantly lower by about 16-24% in type III palagonitized glass when
compared to type L. Concentrations of Na,O are generally below those of
sideromelane, with no particular variation between petrographic types.

Trace element compositions are distinct between sideromelane and
palagonitized glass. In most samples V, Sr, Y, Zr, Nb, Rare Earth Ele-
ments (REE), Hf and Ta are enriched in palagonitized glass to varying
extents relative to sideromelane (Table 2). This observation universally
applies to samples containing type I palagonitized glass. Within samples
containing the more mature type II and III palagonitized glass, some
measurements locally indicate enrichment or depletion of Y, Zr, Nb,
REE, Hf and Ta relative to sideromelane. A change in trace element
patterns can be observed for types II and III in SE-01 and SE-02b. In SE-
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Table 3
Chemical compositions of pore fluids from SE-02b normalized to seawater Cl. Concentrations listed as ppm.
Depth(m) Temp."(°C) pH Na K Mg Fe Al B Cl S04 Si0, Ca
average seawater” 10,800 392 1290 <0.005 0.001 4.45 19,400 2815 6 416
56 81 6.95 5660 942 335 695 393 2.46 19,400 3655 3520 15,666
66 108 7.27 6592 1319 180 243 122 1.27 19,400 640 2456 10,243
77 108 7.27 19,788 4420 1025 1625 503 7.26 19,400 4433 13,711 27,317
93 118 7.24 5414 974 125 235 150 0.99 19,400 789 2914 11,011
102 118 7.24 8345 1519 289 491 230 2.83 19,400 1663 5454 14,159
121 122 7.6 5138 1356 182 230 53 1.18 19,400 1361 1925 11,748
128 122 7.6 11,421 2419 466 811 326 3.85 19,400 6375 8438 19,066
139 99 7.45 15,483 1961 722 1479 680 5.91 19,400 5063 11,632 18,985
148 99 7.45 15,557 1161 381 29 15 8.33 19,400 2309 2754 14,974
157 82 7.57 8591 2294 324 493 64 1.68 19,400 1839 3025 13,893
166 82 7.57 8317 2353 486 1043 429 5.69 19,400 2042 6577 15,087
175 82 7.23 10,871 2516 516 1337 130 4.24 19,400 3205 7030 14,318
181 82 7.23 23,630 1581 855 1648 742 31.20 19,400 9535 7851 14,609

# Weisenberger et al. (2019).
b Tyrekian (1968).
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Fig. 5. Chondrite normalized REE diagrams for sideromelane (Sdml) from SE-01 and SE-02b and corresponding palagonitized glass rims (PG). The absence of REE
fractionation between sideromelane and all petrographic types of palagonitized glass indicates that REE are largely immobile at all stages of glass alteration.

01, Y, Zr, Nb, REE, Hf and Ta concentrations in type III palagonitized alteration for a significantly longer period of time.
glass are higher than those in type II. However, the reverse is observed
for SE-02b, with all the aforementioned elements showing systemati-
cally lower concentrations in type III palagonitized glass relative to type
II. Type III palagonitized glass of the SE-02b drill core may be considered
more mature than its counterpart in SE-01 due to having undergone

4.3. Chemical composition of pore water

Chemical composition of pore fluid samples from SE-02b are listed in
Table 3. These have been normalized to average chloride concentration
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Fig. 6. Isocon diagrams showing element mobilities for palagonitized glass in SE-01 and SE-02b relative to sideromelane (unaltered basalt glass). Isocons assume
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symbols: element loss. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of seawater. Pore fluid compositions are significantly elevated in dis-
solved Al and Fe relative to seawater, somewhat enriched in K and often
Na, and similar but variable for B and SO4. Magnesium is the only
element for which concentrations in the pore fluid are consistently lower
than in seawater. Note, that high Ca and SiO5 concentration values are
likely to be affected by precipitation, dissolution and ion-exchange re-
actions during sample processing and should thus be treated with
caution (Wheat et al., 1994).

5. Discussion
5.1. Elemental mobility and mass change during palagonitization

The similar REE behavior within sideromelane and palagonitized
glass suggests that REE are nearly perfectly immobile during the alter-
ation process even for highly maturated palagonitized glass (Fig. 5).
Minor fractionation is observed for some of the Eu concentrations in the
SE-01 sample from 148.3 m and the SE-02b sample from 120.8 m. Two
out of twelve measurements of Tm in the SE-01 sample from 55.8 m

10

(Fig. 5) also suggested slight fractionation. This may indicate that Eu and
Tm are slightly mobile in contrast to other REE. Except for these outliers,
REE patterns as shown in Fig. 5 indicate near complete immobility for all
alteration stages. Similar observations regarding the behavior of REE
have been made in the past (Walton et al., 2005; Pauly et al., 2011).
Small-scale mobilization of REE cannot entirely be ruled out as enrich-
ment of REE may occur upon volume change (Walton et al., 2005).
However, Pauly et al. (2011), who studied palagonitized glass from a
wide range of locations, concluded that no systematic chemical frac-
tionation of REE was evident regardless of palagonitization environ-
ment. Our results corroborate this finding, supporting the notion of
general REE immobility during palagonitic glass alteration.

The extent of elemental mobility can be assessed using isocon dia-
grams (Fig. 6). Concentrations of selected immobile REE (i.e., La, Ce and
Lu) in sideromelane and palagonitized glass were used to quantify mass
changes during palagonitization and aging of palagonitized glass. Iso-
cons assuming immobile behavior of La, Ce and Lu exhibited very good
fits (R2 = 1.00), even for the most mature palagonitized glass. Moreover,
TiO9-FeO immobility was not viable for samples at the highest
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Table 4

Average mass change of major elements during palagonitization and palagonite maturation in comparison to previous studies. Step 1 refers to the initial reaction of
sideromelane to gel palagonite (type I), step 2 refers to the subsequent aging process of palagonitized glass and was calculated as the mass flux between type I pal-
agonitized glass to the most mature type III palagonitized glass in the SE-02b sample from 120.8 m depth.

Study: This study Pauly et al. (2011) - Pauly et al. (2011) Walton et al. Stroncik and Zhou and Fyfe (1989) Staudigel and Hart
average alkaline - Surtsey (2005)* Schmincke (2001) (1983)

Method of mass Immobile trace Immobile trace Immobile trace Constant Constant volume Immobility of TiOy/ Immobility of

balance elements elements elements volume constant volume” TiOy

calculation:

STEP 1 - Palagonitization

SiO4 ACi —22.6 n.a. n.a. n.a. —36.2 -31.1 n.a.

ACi/

Cio —48.4 —45.3 -56.3 —42.0 n.a. —62.3 -50.0
TiOy ACi 0.2 n.a. n.a. n.a. n.a. 0.0 n.a.

ACi/

Cio 5.9 19.5 18.5 28.0 n.a. 0.0 n.a.
Al,03 ACi -9.1 n.a. n.a. n.a. -13.1 -9.3 n.a.

ACi/

Ci0 —55.8 -51.2 —-33.8 -54.0 n.a. —62.2 —55.0
FeO ACi 0.8 n.a. n.a. n.a. n.a. 0.4 n.a.

ACi/

Ci0 6.3 6.4 8.7 0.0 n.a. 4.0 —-12.0
MnO ACi 0.01 n.a. n.a. n.a. n.a. —0.2 n.a.

ACi/

Cio 4.0 n.a. n.a. 5.0 n.a. —92.7 —93.0
MgO ACi -3.1 n.a. n.a. n.a. —4.5 —6.9 n.a.

ACi/

Cio —54.1 —80.0 —64.8 —75.0 n.a. —86.4 —67.0
CaO ACi -3.2 n.a. n.a. n.a. -9.4 -10.9 n.a.

ACi/

Cio —33.5 —66.6 —49.8 —29.0 n.a. —91.9 —88.0
Na,O ACi -3.0 n.a. n.a. n.a. —2.7 -1.8 n.a.

ACi/

Cio -77.5 —69.0 -91.8 —88.0 n.a. —66.1 —81.0
K0 ACi -0.5 n.a. n.a. n.a. -1.7 1.0 n.a.

ACi/

Cio —65.3 —50.0 -91.8 —58.0 n.a. 614.5 900.0

STEP 2 - Palagonite Maturation

SiO, ACi 13.4 n.a. n.a. n.a. 12.3 5.3 n.a.

ACi/

Cio 36.6 n.a. n.a. n.a. n.a. 13.6 n.a.
TiO4 ACi 0.0 n.a. n.a. n.a. -2.0 -0.7 n.a.

ACi/

Cio -0.5 n.a. n.a. n.a. n.a. —-27.7 n.a.
Al,03 ACi 8.3 n.a. n.a. n.a. 8.2 1.0 n.a.

ACi/

Cio 68.1 n.a. n.a. n.a. n.a. 8.2 n.a.
FeO ACi 7.3 n.a. n.a. n.a. -5.8 —4.0 n.a.

ACi/

Ci0o 35.7 n.a. n.a. n.a. n.a. —20.3 n.a.
MnO ACi 0.2 n.a. n.a. n.a. n.a. 0.01 n.a.

ACi/

Ci0o 66.5 n.a. n.a. n.a. n.a. 333 n.a.
MgO ACi 8.8 n.a. n.a. n.a. 0.8 2.4 n.a.

ACi/

Cio 196.8 n.a. n.a. n.a. n.a. 106.3 n.a.
CaO ACi 0.0 n.a. n.a. n.a. n.a. -0.7 n.a.

ACi/

Cio 0.3 n.a. n.a. n.a. n.a. —36.9 n.a.
NaO ACi -0.2 n.a. n.a. n.a. n.a. -1.1 n.a.

ACi/

Cio —-21.4 n.a. n.a. n.a. n.a. —58.7 n.a.
K>0 ACi 0.3 n.a. n.a. n.a. 1.4 1.7 n.a.

ACi/

Cio 94.5 n.a. n.a. n.a. n.a. 72.5 n.a.

2 Referring to the results of their calculations assuming constant volume and densities of psideromelane = 2.8 g cm ™2, Ppalagonite = 2.0 g cm 3,

b Mass balance of palagonitization calculated based on TiO, immobility; mass balance of palagonite maturation calculated based on constant volume.
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Fig. 7. Isocon diagrams showing element mobilities between different maturation stages of palagonitized glass in SE-01 and SE-02b. The isocons are constructed
assuming immobile behavior of La-Ce-Lu. Numbers next to element symbols indicate scaling factors for each element. Note that, unlike in Fig. 6, the slope of each
isocon is <1, indicating minor to intermediate overall mass increases during palagonitized glass maturation as opposed to the significant overall mass losses during
initial palagonitization of sideromelane. Barium is generally gained during the transition of type I to type II palagonitized glass, possibly owing to previous Ba
enrichment of the fluid during palagonitization. Elements MgO, CaO, Al,03 and K5O either remain immobile or display minor increase. Overall, mobilities during this
maturation stage are minor compared to initial palagonitization. Mobilities for the maturation of type II into type III palagonitized glass vary between SE-01 and SE-
02b. However, results generally indicate significant uptake of MgO, K»0, Al,O3 as well as SiOs, likely due to in-situ formation of smectitic clays in the palagonitized
glass matrix during maturation (see text for discussion). Triangles: major elements. Diamonds: trace elements. Grey symbols: no mobility. Green symbols: element
uptake. Red symbols: element loss. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

maturation stage where no common isocon for these elements could be
constructed. Noticeable element mobility and mass changes were found
to occur throughout all the maturation stages of palagonitized glass
(Fig. 6). Overall, sideromelane loses up to 35% of its initial mass during
the formation of type I palagonitized glass in the submarine parts of the
hydrothermal system (Appendix A.4). Type I palagonitized glass, which
best approximates the initial alteration product of sideromelane, shows
significant losses of all major element oxides, except for TiO3, FeO and
MnO, all of which are indicated by our data to be immobile during this
palagonitization stage. Among trace elements, REE, Hf, Ta, Zr, Nb and Y
are preserved during palagonitization. The remaining trace elements are
lost during palagonitization to varying extents with exception of Sr,
which is commonly highly variable in palagonitized glass. The mass
change for the transition from sideromelane to type I palagonitized glass
below sea level suggests that during palagonitization 100 g of side-
romelane loses on average 22.6 g of SiOy (—48.4%), 9.1 g of Al,O3
(—55.8%), 3.1 g of MgO (—54.1%), 3.2 g of CaO (—33.5%), 3.0 g of Na;0
(—=77.5%) and 0.5 g K20 (—63.5%) (Table 4). The lower totals in pala-
gonitized glass relative to sideromelane indicate that about 5-6 g HyO is
taken up during palagonitization of 100 g sideromelane. These results
are well in line with findings of Staudigel and Hart (1983) who proposed
that SiO5, Alp03, MgO, CaO and NayO may be exchanged for HoO during
the early stage of palagonitization. It should be noted that, given the
potentially different mobilities for palagonitization in the meteoric part
of the system, these results only apply to palagonitization below sea
level.

As devitrification of sideromelane progresses, the gradual trans-
formation of the glass matrix into an assemblage of smectitic clay
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minerals leads to a reuptake of several elements (Fig. 7, Table 4). Isocons
in Fig. 7 indicate slightly positive mass changes during the maturation
from type I to type II palagonitized glass, which is caused by the uptake
of several major elements, principally varying amounts of MgO, CaO,
Al,03 and K30. Among trace elements Ba is also gained at this matu-
ration stage, possibly resulting from the previous release of Ba during
palagonitization and subsequent transport in the fluid to depths where
palagonitized glass maturation takes place. During maturation from type
II to type III MgO is significantly enriched. Several previous studies have
concluded that MgO is incorporated into palagonitized glass during
maturation as a result of the formation of typically smectitic clay min-
erals in the initially amorphous palagonitized glass matrix (Pauly et al.,
2011; Stroncik and Schmincke, 2001, 2002). Increased MgO contents in
type III palagonitized glass are therefore interpreted as indicative of
progressive crystallization of palagonitized glass into such an assem-
blage of smectitic clays. Mass changes of MgO and other elements during
the transition from type II to type III palagonitized glass show some
variation between SE-01 and SE-02b. This is interpreted here as being
due to the significantly higher degree of maturation of type III palago-
nitized glass in SE-02b when compared to its counterpart in SE-01.
Despite the mass gain of several elements during aging, overall mass
changes from sideromelane to the most mature type III palagonitized
glass were found to remain negative (—6.6 to —33%, Appendix A.4). The
most mature palagonitized glass examined in this study is present in the
SE-02b sample from 120.8 m, containing the petrographic type IIl. Mass
balance results between average submarine type I palagonitized glass in
SE-01 as well as SE-02b and the type III palagonitized glass in this
sample may therefore be used to estimate minimum mass fluxes during
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palagonite maturation in a marine hydrothermal environment. The
range of element reuptake during the maturation of 100 g type I to type
III palagonitized glass is 13.4 to 15.0 g of SiO3 (+36.6 to +40.0%), 8.3 to
11.4 g Al,03 (+68.1 to +114.1%), 7.3 t0 9.1 g of FeO (+35.7 to 45.3%),
0.2 t0 0.3 g of MnO (+66.5.1 to +99.6%), 8.8 to 10.2 g of MgO (+196.8
to +279.4%), and ~ 0.3 g of K20 (+72.2 to +94.5%). Some TiOy
mobilization is apparent at advanced stages of the maturation process
(Figs. 6 and 7). However, TiO, mobilization levels out in the average
(Table 4), indicating that it is only small scale. Limited FeO and TiO,
mobilization during progressive devitrification of sideromelane has
been previously reported by Zhou and Fyfe (1989). They proposed that
TiO2 and FeO are locally mobilized and incorporated into clays and
oxide minerals. Our findings support this process, suggesting a mobili-
zation of FeO and TiO; and their incorporation into clay minerals on a
limited scale during palagonite maturation (Figs. 6 and 7). It is impor-
tant to note that palagonitized glass represents a spectrum from mostly
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amorphous (type I) to increasingly crystalline (types II and III) alteration
products. Smectitic clay minerals are the final devitrification product of
palagonitized glass maturation, and it has been suggested that they can
form directly in the palagonitized glass matrix (e.g. Stroncik and
Schmincke, 2002). During maturation a fraction of clay minerals likely
precipitates in-situ within palagonitized glass, causing small scale local
mass changes in TiO3 and FeO. Some amount of TiO3 and FeO must also
be released to the fluid during palagonitized glass maturation, to allow
for the formation of the saponite-like clays observed in the pore space;
these clays represent the only authigenic phase apart from palagonitized
glass to take up significant amounts of TiO, and FeO (Tables 1 and 2).
Estimated volume changes for the overall reaction of sideromelane to
palagonitized glass, assuming densities between 2.0 and 2.3 g cm ™3 for
palagonite (Hay and Iijima, 1968b; Staudigel and Hart, 1983; Walton
et al., 2005) were found to be small and generally negative, falling be-
tween 0 to —20 vol% (0.8 < F, < 1.0) (Appendix A.4). Estimated volume
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losses for the SE-02b sample from 165.6 m are slightly greater than for the
other samples, ranging between 0.7 < F, < 0.8. For the highly maturated
type III palagonitized glass of the SE-02b sample from 120.8 m volume
factors instead suggest minor volume gains of 1.1 < F,, < 1.3. This esti-
mated increase in volume may be an artifact related to the inhomogeneity
of mature samples, rather than reflecting a real volume change.

The general trend of volume reduction during palagonitization
indicated by our mass balance agrees with previous findings by Zhou
and Fyfe (1989), who reported that during initial palagonitization vol-
ume was reduced and subsequently remained constant as palagonitiza-
tion progressed. It should be noted that textural observation on a thin
section scale does not reveal a change in volume. It can be assumed that
the volume change occurs on a submicroscopic scale, which is consistent
with the observation of nanocavities within altered glass from Surtsey
(Jackson et al., 2019b).

5.2. Comparison of element mobilities with other mass balance models on
palagonitization

Previous studies have addressed element mobility during palagoni-
tization upon seawater alteration using mass balance approaches that are
based on either immobile trace elements (Pauly et al., 2011), constant
volume alteration (Stroncik and Schmincke, 2001; Walton et al., 2005;
Zhou and Fyfe, 1989) or immobility of TiOy (Zhou and Fyfe, 1989;
Staudigel and Hart, 1983). Here, our estimates of element mobilities at
different stages of basaltic glass devitrification based on immobile trace
element isocons are compared with the results of these previous studies
(Table 4). Additionally, the results of immobile TiO3 and constant volume
alteration mass balance applied to our samples are compared in the ap-
pendix (A.5).

Despite the use of different mass balance approaches, the current
study and most previous studies agree that upon onset of palagonitiza-
tion, major elements such as SiOy, Al;03, MgO, CaO and NayO are
commonly released into the reacting hydrothermal fluid whereas FeO
and TiO; are passively or actively enriched in palagonitized glass rela-
tive to sideromelane (Pauly et al., 2011; Walton et al., 2005; Stroncik
and Schmincke, 2001; Zhou and Fyfe, 1989; Staudigel and Hart, 1983).
However, some differences exist in the assessment of KyO mobility
during the early stage of palagonitization. Our study as well as those of
Pauly et al. (2011)Walton et al. (2005) and Stroncik and Schmincke
(2001) suggest that palagonitization induces the loss of K;O whereas
Zhou and Fyfe (1989) and Staudigel and Hart (1983) report a significant
gain of K50. The observed differences between our study and the results
of Staudigel and Hart (1983) and Zhou and Fyfe (1989) may be related
to the different serial affinities of the precursor basalt glasses (i.e.,
tholeiitic for the previous investigations and alkalic for the present
study), which may affect alteration behavior (Pauly et al., 2011).

Maturation of palagonitized glass is characterized by gain or re-
uptake of SiO,, Al,O3, MnO, MgO and K;O and continued loss of
NayO. This conclusion agrees well with previous findings (Stroncik and
Schmincke, 2001; Zhou and Fyfe, 1989). Our findings also support some
amount of mobilization of TiO3 and FeO during progressive maturation
of palagonitized glass as suggested by Stroncik and Schmincke (2001)
and Zhou and Fyfe (1989). However, based on our results FeO is gained
during maturation rather than being lost. This discrepancy may not only
arise from different mass balance approaches used between studies but
rather be readily explained by smectitic clays and Fe-oxides forming
directly by devitrification of the palagonitized glass matrix. Therefore,
the increased FeO contents in more mature palagonitized glass may
reflect its progressive in-situ replacement by smectite and Fe-oxides.
Dissolved Fe required for this process may originate from the dissolu-
tion of primary minerals, such as olivine. With 12-17 vol% olivine is a
common phase in Surtseyan lavas (Schipper et al., 2015). Typical
compositions of olivine in the Surtsey magma series are Mg rich with
compositions ranging between Foys to Fogy (Schipper et al., 2015).
However, due to the extensive dissolution of olivine below sea level
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(Prause et al., 2020; Jakobsson and Moore, 1986), even such minor Fe
contents may be sufficient to cause a significant enrichment of iron in
the pore fluid given the naturally low dissolved Fe content in seawater.

5.3. Overall mass movement and elemental fluxes in the hydrothermal
system at Surtsey

Water-rock interaction during palagonitization and maturation of
palagonitized glass may have profound effects on the chemical compo-
sition of altered rocks and the associated pore water, thereby affecting
the chemical composition of both the oceanic crust and seawater.

Our results of elemental mass changes in bulk rock indicate that
extensive mass gains of SiOj, Al,O3, FeO, MgO and NayO relative to the
protolith occur just below the water table (~55 m) and extend to depths of
~140 m (Fig. 8). Comparatively smaller mass gains and/or even mass
losses of the aforementioned elements occur at greater depths (>140 m).
The extensive mass gains above 140 m suggest that the formation of
authigenic minerals and associated uptake of relevant cations is pro-
moted by elevated temperatures in the system. In contrast, mass losses
related to elemental leaching from primary minerals and sideromelane
occur in the parts of the hydrothermal system exhibiting relatively colder
temperatures. Overall increases in mass have grown in magnitude be-
tween 1979 and 2017 at all depths (Appendix A.1), reflecting the ongoing
precipitation of authigenic minerals. Below the water table overall mass
gains, both for SE-01 and SE-02b are generally highest in the depth in-
terval between ~65 m and ~ 128 m with +10.1 to +13.3 wt% in SE-01
and + 11.7 to +21.3 wt% in SE-02b. In both cores the highest overall
mass increases are observed in the first samples below the water table at
55m (+13.3wt% at 65.6 min SE-01 and 4 21.3 wt% at 65.3 m in SE-02b).

The overall mass increase in the poorly altered zone between ca.
140-150 m is one order of magnitude lower (+3.1 to +9.0 wt%)
compared to the mass increase between water level and 140 m. How-
ever, alteration in this poorly altered zone is ongoing, albeit at a lower
rate than in the overlying water saturated parts of the system. Overall
mass increases are even lower below the poorly altered zone with +0.3
wt% at 157.1 m in SE-01 and + 1.8 to +7.1 wt% between 157.1 and
176.1 m in SE-02b. This depth interval was documented previously as
being largely unpalagonitized in 1979 (Jakobsson and Moore, 1986;
Prause et al., 2020). Thus, our mass flux calculations confirm the pre-
vious assessments of overall lower alteration progress and slower
alteration rates within this depth interval. The lowermost samples in
each drill core exhibit overall mass loss with —5.3 wt% at 171.0 m below
surface in SE-01 and -7.6 wt% at 180.8 m below surface in SE-02b.

Comparison between bulk rock mass changes and pore fluid chem-
istries can be used to shed light on overall water-rock interaction
(Fig. 8). The results reveal that alteration of sideromelane glass is
characterized by incongruent reactions with the glass being non-
stoichiometrically dissolved followed by formation of authigenic min-
erals. SiO,, Al,O3, FeO and Ca are found to be similar or enriched in the
altered rocks at shallow depths and become depleted at >140 m relative
to sideromelane glass (Fig. 8). Moreover, the concentrations of all these
elements in the pore water is much higher than for seawater, suggesting
that this process results in net leaching of the elements from the glass to
seawater. Magnesium shows similar bulk enrichment in the altered
rocks at shallow depths followed by depletion at >140 m depth, but
conversely the Mg concentrations in the pore waters are lower compared
to those in seawater, indicating that the combined processes of pala-
gonitized glass maturation and associated formation of clay minerals
results in a net sink of seawater Mg.

Sodium and K show less pronounced trends, with some Na enrich-
ment and mostly unchanged K in the altered rocks but mostly unchanged
K and Na concentration in pore fluids relative to seawater. For K these
trends imply that leaching and uptake are in close to balance with each
other. In contrast, bulk rock chemistry does imply a sink for Na despite
relatively little change in the Na content of the pore fluid. To decipher
this apparent discrepancy, it may be helpful to point out the differences
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Fig. 9. Annual molar flux estimates for major elements per kg bulk rock. Estimates are based on bulk rock mass balance and the age of the hydrothermal system at
the time of drilling of each drill core. Positive values indicate flux from the hydrothermal fluid into the rock and negative values denote fluxes from the rock to the

hydrothermal fluid. See Fig. 8 for symbols.

between pore fluid and bulk rock chemical data: The hydrothermal
fluid, being a mobile phase, is constantly renewed due to the influx of
Na-rich seawater into the system and therefore most closely approxi-
mates conditions at the point in time when the fluid sample was
retrieved. In contrast, bulk rock mass balance reflects the cumulative
effect of water-rock interaction since the inception of the hydrothermal
system and therefore more closely approximates the overall budget of
alteration history. As such, bulk rock chemistry is likely a better indi-
cator for overall element transfer between the fluid and the tuff over the
full course of alteration. Taking into account these considerations, the
data presented in Fig. 8 are interpreted to indicate a net long term Na
sink for seawater, despite no particular depletion of Na in the pore fluid.

Bulk rock mass changes may be used to perform a first order estimate of
annual flux from the rocks to the hydrothermal solution to evaluate the
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capacity of the Surtsey hydrothermal system for balancing elemental
budgets. The submerged parts of the studied boreholes were separated into
two sections to constrain the elemental fluxes upon early- to mid-stage
alteration and mid- to late-stage alteration. Assuming that the alteration
front has propagated downwards >140 m between 1979 and 2017 (Fig. 1;
Prause et al., 2020), the section >140 m depth may be considered to be
reflective of an earlier stage in the alteration process. For this depth in-
terval, results indicate annual fluxes of about —5.8-10~2 to —4.2:1072 mol
SiOs, +1.0-10™* to —8.8:10~% mol Al,03, +1.5:1072 to —7.5-10"2 mol
Ca0O, and — 4.9:107° to —3.8-10"2 mol K0 per 1 kg bulk rock (Fig. 9). As
alteration progresses into mid- to late-stage (<140 m), the formation of
zeolites, tobermorite and saponite-like clays causes an inversion of the
initial fluxes for several elements, triggering the uptake of up to +2.2-102
mol Si0y, +6.3-10~2 mol Aly03 and +1.7-10~ mol CaO per 1 kg bulk rock.
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Molar fluxes for MgO and NayO are strongly variable at all stages of
alteration. The high mobility of these two elements during palagonitization
and their tendency to be incorporated into the most common authigenic
phases (analcime, phillipsite and saponite-like clays) complicates annual
flux estimates. Overall, combined bulk rock and fluid data suggest that both
elements are gained by the rocks over the course of alteration. For Na re-
sults indicate a sink of < + 1.6-1072 mol kg~! yr™!. MgO is generally
gained during mid- to late-stage alteration. In the early-stage to mid-stage
alteration, depletion of Mg in pore fluids and estimated annual bulk rock
gains of MgO (+1.2.1072 to +3.0-1072 mol kg~ ! yr!) exceed the
maximum estimated losses (—1.4-1072 mol kg~! yr™!) indicating a long-
term sink of seawater dissolved Mg.

The assessment of mass flux directions for Ca and Mg supports the
findings of Kleine et al. (2020), who estimated the extent of seawater
sinks and sources at Surtsey volcano for several dissolved elements and
concluded that alteration acts as a significant Ca source for seawater of
+0.2 to +129-10'2 mol yr~! and a significant Mg sink of —129 to
—0.8-10'2 mol yr~!. The fluxes of Si and Al are less well constrained.
Both elements show clear signs of mobilization, being released from the
rocks in the lower parts of the hydrothermal system and gained at
shallower depths. Their enrichment in the pore fluid indicates a net
source of these elements for seawater.

Summarily these findings suggest that low-temperature hydrother-
mal alteration of basaltic tuff at Surtsey acts as a source for seawater Ca,
aqueous silica and Al and represents an important sink for dissolved Na
and Mg (Fig. 10), which may have important implications for seawater-
crust chemical exchange in seamounts (Huang et al., 2018; Mottl and
Wheat, 1994; Staudigel, 2014; Wheat and Fisher, 2008; Wheat and
Mottl, 2000 and references therein). Our results highlight the impor-
tance of future studies on the fluid chemistries of low-temperature basalt
hosted systems to accurately quantify annual chemical fluxes associated
with this type of environment on a global scale. Such investigations will
be invaluable and crucial to improve our understanding of the complex
interactions between seawater, oceanic crust and the upper mantle.
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6. Conclusions

Alteration of sideromelane at Surtsey volcano is a multi-stage pro-
cess, which includes the initial leaching of SiO9, Al;03, MgO, Na30, K20,
CaO, Sr, Rb, V and Ba during palagonitization, followed by a maturation
process, which reincorporates SiO,, Al;O3, MgO and KyO. Other ele-
ments, including FeO, TiO,, REE, Hf, Ta, Zr, Nb and Y were found to be
immobile during palagonitization. However, both FeO and TiO,, were
locally mobilized during the maturation process. Estimated volume
changes indicate that palagonitization is a non-isovolumetric process
that results in minor negative volume changes in the range of —10 to
—20 vol%.

Bulk rock elemental fluxes upon water-rock interaction were like-
wise found to depend on the progress of alteration. During early stages
of the alteration process, dominated by palagonitization of side-
romelane, SiOg, Al, Mg and Ca are released from the rocks into the fluid
resulting in increased pore water concentrations and net bulk depletion
of these elements in the altered rocks. At advanced stages of the alter-
ation, characterized by palagonite maturation and the formation of
authigenic minerals, a net uptake of SiO,, Al, Mg, Ca and Na takes place
in the altered rocks. Overall, submarine alteration at Surtsey volcano is
found to result in a net long-term source of dissolved Ca, Al and SiO5 and
a net long-term sink of dissolved Mg and Na for seawater.
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Fig. 10. Conceptual model of basaltic tuff alteration at Surtsey volcano. A) TiO, and FeO are immobile during palagonitization but show signs of mobilization on a
limited scale during palagonitized glass aging. Rare earth elements, as well as Hf, Ta, Zr, Nb and Y (not shown) are immobile throughout the entire process. In terms
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perature, proceeding more rapidly at higher temperatures. B) Aqueous silica, Al, Mg and Ca released by early-stage alteration in deeper parts of the system are
transported in the enriched hydrothermal fluid to more shallow depths, where they are incorporated into altered tuff by the combined processes of palagonitized
glass maturation and secondary mineral formation. The entire process of initial release and subsequent recapture of major elements results in a net sink of Mg and Na
as well as a net source for Ca, Al and SiO, for seawater.
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4.1 Abstract

Low-temperature seafloor alteration and associated geochemical and petrographic changes
may have large effects on the chemical budget of reacted seawater and altered oceanic crust.
The extent of these chemical and petrographic changes is dependent on a variety of different
parameters, such as temperature and pH of the reacting seawater, crystallinity of the rock
and reaction progress (i.e., water-rock ratio). Here, we investigate the impact of these
parameters on the forming alteration mineralogy as well as the chemical composition of the
reacting fluid upon low-temperature basalt alteration in off-axis environments using a kinetic
numerical model. Based on our model, low-temperature (50-150°C) basalt alteration is
characterized by four reaction stages: Stage I comprises the incipient dissolution of basaltic
glass and primary minerals and is typically short-lived. Stage II marks the formation of
simple oxides and hydroxides, Mg-Fe(Ill)-clays and celadonite. In stage III, carbonates
begin to form and Mg-Fe(Ill)-clays are progressively replaced by Mg-Fe(Il)-clays. As
alteration progresses into stage IV, alkalinization due to primary phase dissolution
eventually exceeds the release of H from secondary mineral formation, causing a sharp rise
in pH. Reducing conditions and elevated pH during this stage favor the formation of Mg-
Fe(II)-clays and vermiculite over nontronite, leading to the enrichment of Al and significant
depletion of Mg in the reacting fluid relative to seawater. Increased Al concentrations in turn
favor the formation of zeolite minerals. The decreased redox potential of the solution
facilitates the removal of SO4 through sulfate reduction in addition to anhydrite formation.
Variations in temperature and crystallinity had limited effects on the alteration mineralogy
at given water-rock ratios, mainly controlling reaction rates and thereby the timescale of
seawater-basalt interaction. Water-rock ratio and associated changes in pH were identified
as the primary controlling factors of basalt alteration. The findings were further compared
to previously reported alteration mineralogy and fluid compositions from ODP/DSDP
drilling campaigns. The comparison showed that our kinetic model aligns with fluid
geochemical and petrographic observations of natural low-temperature basalt-hosted
systems and can reproduce previous estimates on the annual molar fluxes of Si, Ca, Na, SO4
and Mg at water-rock ratios typical for oceanic crustal aquifers.

4.2 Introduction

Water-rock interaction within the oceanic crust is a fundamental process affecting the
chemical and isotopic composition of seawater and the crust as well as contributing to mantle
heterogeneity via subduction and recycling of the altered crustal slab (e.g., Coogan and
Gillis, 2018; Hart, 1970; Hofmann, 1997; Huang et al., 2018; Kleine et al., 2020, 2022; Liu
et al., 2021; Staudigel, 2014). The most extreme chemical changes to fluids and host rocks
take place at high temperatures (250-400°C) within hydrothermal systems situated along the
Mid-Ocean Ridges (MORs) (Alt, 2003, 1995). Additionally, off-axis hydrothermal systems,
where temperatures are <150°C, further add to oceanic-crust-seawater interaction.
Contributions of low-temperature hydrothermal systems to global flux budgets may in fact
exceed those of high-temperature systems, due to their more widespread occurrence, longer
periods of activity, high fluid residence times, and higher volumes of water reacting with the
rock over the course of the system’s active “lifetime” (e.g., Alt, 2003; Coogan and Gillis,
2018; Fisher and Wheat, 2010; Staudigel, 2014; Wheat and Fisher, 2008; Wheat and Mottl,
2000). Water circulation in off-axis environments may continue for up to ~65 + 10 Ma (Alt,
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2003; Stein and Stein, 1994; Wheat and Fisher, 2008) with global annual water flux being
as high as ~6.4:10'* kg yr'!, two orders of magnitude greater than the approximate annual
flux of 3.5:10'? kg yr'! estimated for on-axis systems (Staudigel, 2014). For these reasons,
even relatively minor chemical changes to water and rock compositions would have
significant effects on the composition of seawater and the oceanic crust. Thus, understanding
the chemical interaction between seawater and mafic igneous rock under low-grade
hydrothermal conditions is crucial to unravel global element fluxes into and out of the
oceans.

A significant amount of effort has been made to understand the nature of crust-
seawater chemical exchange mainly through the Deep-Sea Drilling Program (DSDP), and
the (Integrated) Ocean Drilling Program (ODP/IODP). Most insights into the alteration
processes of the oceanic crust have been obtained from studies of core material from DSDP
sites 417/418 (Staudigel et al., 1996), ODP/IODP sites S04B/896A (Alt et al., 1996a, 1986;
Bach et al., 2003; Teagle et al., 1996), 735B (Bach et al., 2001), and 801/1149 (Alt and
Teagle, 2003; Kelley et al., 2003) (Appendix A.1). Based on these studies, basalt alteration
at <150°C typically involves the formation of Fe-oxyhydroxides, quartz or chalcedony, talc,
phyllosilicates like celadonite, saponite and nontronite, various carbonates, zeolites and
sulfur containing minerals like pyrite and anhydrite. A calcium-silicate-hydrate phase, such
as prehnite, gyrolite or tobermorite, commonly associated with zeolite, has also been
reported in several cases (e.g. Alt et al., 1986; Jakobsson and Moore, 1986; Noack, 1983).
Although the exact alteration sequence varies between individual sites, Fe-oxyhydroxides,
celadonite and nontronite typically form early on under oxidizing conditions and low rock-
to-water ratios, whereas pyrite, saponite, zeolites, and carbonates tend to precipitate from
more reduced waters at increasingly alkaline pH and higher rock-to-water ratios (Alt et al.,
1996a; Alt and Teagle, 2003; Bach et al., 2001; Kleine et al., 2020). Complete or partial
replacement of primary igneous minerals, especially olivine, by phyllosilicates and Fe-
oxyhydroxides has been reported (Alt et al., 1996a; Bach et al., 2003; Jakobsson and Moore,
1986; Prause et al., 2020). Recorded chemical changes to host rocks during basalt alteration
can be highly variable, but often include increases in Fe/Feio, 5'0, and ¥’Sr/*®Sr, uptake
of H20, K, Rb, Cs, U, and C, as well as variable enrichment or depletion of Ca and Mg (Alt
et al., 1996a; Alt and Teagle, 2003; Bach et al., 2003, 2001; Huang et al., 2018; Kelley et
al., 2003; Kleine et al., 2020; Staudigel, 2014; Teagle et al., 1996).

Modification of seawater composition by water-rock interaction has been observed to
be minor to moderate in most cases. Kleine et al. (2020) concluded that hydrothermal waters
at Surtsey (Iceland) at temperatures <140°C contained similar concentrations as seawater
with respect to Si, Na, Ca, and CI, whereas B, Mg, F, COz, and SO4 were depleted, and 6D
and 8'"*0 were more positive relative to seawater concentrations. More extreme changes in
seawater composition were observed at the Baby Bare basement outcrop on the eastern flank
of the Juan de Fuca Ridge by Wheat and Mottl (2000). Based on their measurements, these
authors have suggested that ridge flank fluxes for Mg, Ca, SO4, B, and K may even be up to
25% of the riverine flux for these elements and account for the missing high K/Rb sink that
is needed to balance global K budgets.

To date, significant uncertainties persist in quantifying the degree of seawater-rock
interaction and the magnitude of element exchange. Rock-based estimates are made difficult
by the fact that extensively altered lithologies, such as clay-cemented breccias and veins,
tend to be highly friable, leading to very poor core recovery and therefore undersampling
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(Alt et al., 1996a; Bach et al., 2003; Coogan and Gillis, 2018). Moreover, alteration tends to
be inhomogeneous and mostly focused to fissures, cracks and voids so that mass fluxes can
easily be over- or underestimated depending on the sampling site (Coogan and Gillis, 2018;
Staudigel, 2014). Many rock-based estimates of mass fluxes on MOR flanks have therefore
utilized composite samples based on quantitative estimates of the overall bulk rock
composition of entire lithological units (e.g., Bach et al., 2003; Kelley et al., 2003). Problems
with water-based studies primarily arise from difficulties in locating warm springs in off-
axis settings. Consequently, fluid sampling tends to be limited to regions where flow rates
are high, which may not be representative of the wider hydrological system (Staudigel,
2014). In addition, water compositions more closely reflect chemical changes that occurred
relatively shortly before venting, whereas compositional changes in rocks are influenced to
a greater extent by the cumulative effect of alteration over longer periods of time (Staudigel,
2014).

To better assess chemical fluxes resulting from ocean-crust-seawater interaction at low
temperatures (<150°C), these current discrepancies will need to be reconciled. Geochemical
modeling may be applied to quantify the process of water-rock interaction as a function of
time or extent of reaction. This approach has already been successfully applied to gain
insights into the chemical processes occurring at high-temperature systems (e.g., Wetzel and
Shock, 2000), predicting mineralogical and fluid geochemical outcomes of serpentinization
(e.g., Leong and Shock, 2020), assessing the feasibility of carbon sequestration in basalt-
hosted systems (e.g., Gysi and Stefansson, 2011) or establishing a better understanding of
the marine cycle of sulfur and uptake of seawater by the oceanic crust (e.g., Kleine et al.,
2020, 2022).

Here, we examine the effects of time, temperature, pH, water-rock ratio, and rock
crystallinity on basalt alteration by seawater at low temperatures (<150°C) by application of
kinetic reaction path modeling. The input conditions and parameters were selected in part
based on observations from the hydrothermal system of Surtsey, Iceland (Jackson et al.,
2019a, 2019b, 2015; Jakobsson and Moore, 1986, 1982; Kleine et al., 2020; Prause et al.,
2022, 2020). The intended goal of this study is to improve the understanding of the relative
importance of various system parameters, such as temperature, crystallinity, reaction
progress, pH, and redox conditions and to provide a framework in which to interpret the
petrographic and fluid geochemical outcome of low-temperature hydrothermal basalt
alteration.

4.3 Geochemical modeling

The process of water-rock interaction was simulated using reaction path modeling. The
calculations involved quantifying the changes in aqueous and mineral composition as a
function of the progress of irreversible primary mineral and glass dissolution reactions. The
rate of the water-rock interaction processes was assumed to be limited by the dissolution
rates of the primary phases, whereas secondary mineral formation reactions were assumed
to be faster and allowed to proceed when the respective phase was saturated.

The simulations were conducted with the aid of the PHREEQC geochemical program
(Parkhurst and Appelo, 1999), the carbfix.dat thermodynamic database (Voigt et al., 2018)
and the carbfix_kin.dat kinetic database (Hefmanska et al., 2022). Equilibrium constants for
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the endmembers of the zeolite mineral phillipsite were estimated based on their
stoichiometric compositions (Appendix A.2). Calculations were carried out at 50-150°C and
1 bar at <100°C and water vapor saturation pressures at >100°C. The composition of basalt
was assumed to correspond to N-MORB (Gale et al., 2013) with stoichiometric Fe content
of the glass adjusted to reflect typical Fe*"/Few: = 0.12 in MORB glasses (Bézos and Humler,
2005). Both glassy and crystalline rocks were included in the simulations. The relative
proportions of primary minerals in the crystalline basalt (Table 4.1) were adjusted assuming
end-member solid solution compositions of feldspars, pyroxene, and olivine. The
composition of the unreacted fluid was set to reflect standard seawater (Table 4.2) (Millero
et al., 2008). The secondary minerals included in the modeling were those commonly
observed in association with alteration of basalts in contact with seawater at temperatures
<150°C (e.g., Alt et al., 1996b; Bach et al., 2003, 2001; Coogan and Gillis, 2018; Kelley et
al., 2003; Prause et al., 2020; Staudigel, 2003). These included silicates, oxides, and
hydroxides (chalcedony, quartz, brucite, chamosite, goethite, and gibbsite), carbonates
(calcite), sulfates and sulfides (anhydrite and pyrite), various phyllosilicates (celadonite,
tobermorite, nontronite, vermiculite, montmorillonite, and saponite) as well as zeolites
(analcime, chabazite, phillipsite, and laumontite) (Table 4.3).

The effect of changes in pH was studied by varying the CO2 supply to the system using
two scenarios. The “fixed CO2” scenario approximated open system conditions and an
unlimited supply of dissolved COaz. In this scenario, the initial solution contained 0.01 mol
kg! CO2 and additional dissolved CO: was introduced to the solution whenever
concentrations in the fluid became significantly undersaturated (SI < -3). The “initial CO2”
scenario assumed slightly greater initial concentrations of 0.05 mol kg™! COz, but dissolved
COz2 was not replenished and allowed to be consumed by the formation of calcite and/or
reduction to CHa.

The dissolution kinetics of the primary minerals and basaltic glass were calculated
based on transition state theory:

r = A% 5 (g exp(—Exi/RT)) - Tlja” - (1 - SIN®) 1)

where A3}, is the surface area of m-th mineral, Ai stands for pre-exponential factors and
subscript i1 stands for either acidic, neutral, or basic conditions, ar;lﬂr is the activity of the

hydrogen ion to the n-th power, Ea i is the activation energy in kJ mol ™!, cH ' is the activity of

the j-th aqueous species to the k-th power, Sln is the m-th mineral saturation index and ¢
stands for Temkin’s average stoichiometric number. Values for individual parameters of
each primary phase can be found in table 4.1. For basaltic glass the values for the rate
expression were adopted from Gislason and Oelkers (2003) who concluded that

K 1/3 : .
[ a].’ = (aiﬁ / aA1+3) / . Moreover, the saturation state of basaltic glass was calculated

assuming the primary phase to be represented by a leached layer approximated by an
amorphous gel consisting of Al-hydroxide and amorphous silica and assuming ¢ = 1
(Oelkers and Gislason, 2001). For primary minerals (fayalite, forsterite, anorthite, albite, K-
feldspar, enstatite, diopside), the values for the rate expressions were adopted from
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Hefmanska et al. (2022) who fitted available literature data with the above general rate
equation, assuming []; a;(j = 1 and taken values of o of 1-3 equal to the number of Si in the

respective minerals included in this study. In the case of ferrosilite and hedenbergite, no
kinetic dissolution rates are currently available. Hence, dissolution rates were adapted and
approximated to the rates of enstatite and diopside, respectively.

Mineral reactive surface areas in subsurface and natural settings are generally
unknown. Sonnenthal et al. (2005) estimated reactive surface areas of several different types
of minerals assuming a cubic array of truncated spheres constituting the rock framework.
Resulting values ranged from 10 to100 cm? g'!. However, examination of the results of
reaction modeling when using mineral surface areas of basaltic rocks within this suggested
range indicated dissolution more rapid than observed in natural systems. In fact, reactive
surface areas of natural basaltic minerals may be three orders of magnitude smaller or within
the range of 0.01 to 0.1 cm? g'! (Aradottir et al., 2012). Following, a uniform value for all
mineral and glass surface areas was assigned, corresponding to the average estimated value
of 0.05 cm? g'!. Moreover, the mineral and glass surface areas were assumed to change as a
function of reaction time, assuming spherical particles,

A, = A, - (my/mg)?/? (2)

where mt and mo are the moles at time t and initial moles of the primary mineral or basaltic
glass, respectively, and A%, and A}, are the surface area at time t and at the start of the
reaction, respectively. The exponent value of 2/3 corresponds to a monodisperse population
of isomeric shaped spheres or cubes dissolving uniformly over their entire surface area
(Larsen and Postma, 2001). Further details on the estimation of basaltic glass dissolution
rates are available in the appendix (A.3).
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Table 4.2 Composition of seawater used in the reaction path
modeling (after Millero et al., 2008).

Element Concentration (mmol kg
pH 8.1

HCOs 1.97

Ca 10.28

Cl 545.87

K 10.21

Mg 52.82

Na 468.97

HS 10*

SO4 28.24
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4.4 Results

4.4.1 General reaction progress

To investigate and quantify the reaction between basalts and seawater at low temperatures,
kinetic reaction path modeling was conducted for glassy and crystalline rocks, for closed
and open-source input of CO2, and as a function of temperature. In general, with increasing
reaction time, the amount of basalt dissolved, i.e., the “rock-to-water-ratio”, increased,
leading to increased concentrations of dissolved elements (Figs. 4.1-4.3). As a result,
secondary minerals became saturated. Initially, Mg-Fe(IlI)-phyllosilicates like nontronite
and vermiculite formed together with montmorillonite and celadonite in some cases. These
phases were eventually followed by zeolites like phillipsite, chabazite, analcime and
tobermorite at higher rock-to-water ratios (Fig. 4.4). Further phases found to form according
to the calculations included calcite, anhydrite and pyrite.

The chemical composition of seawater changed with reaction time. Overall, the
effects of basalt alteration on Ca, Na and K concentrations were minor. Sulfate
concentrations tended to decrease with progressing reaction, owing to the formation of
anhydrite as well as reduction of SO to HaS. Restricted CO2 supply in the initial CO2
scenario was found to cause more extensive SO4 depletion due to decreased competition
between sulfate and carbonate for available Ca in solution. The concentration of Mg rapidly
decreased with progressing reaction and was found to be linked to redox conditions and the
composition of the clay mineral assemblage, due to increased Mg uptake upon the formation
of Mg-rich clays at high rock-to-water-ratios. Concentrations of Al remained initially low,
but sharply increased with progressive basalt alteration due to increasing pH and the
associated change in the clay mineral assemblage when Mg-Fe(Ill)-clays were progressively
replaced by ferrous iron bearing saponite. Elevated Al concentrations, in turn, provided
conditions favorable for the precipitation of zeolite minerals. Consequently, Al
concentrations at high rock-to-water ratios were kept stable primarily by the formation of
zeolites. During the initial stages of the reaction, comprising the dissolution of primary
phases and the formation of early secondary minerals at mildly acidic to neutral pH, both
Fe*" and Fe?* accumulated in the fluid. The Fe**/Feqo ratio of the fluid was affected by the
interplay of the significantly greater release of Fe** as opposed to Fe*" from primary phase
dissolution, oxidizing redox conditions, and the removal of Fe*" from solution by the
formation of nontronite and vermiculite. The combination of these factors caused Fe**/Feiot
to either remain stable or slightly rise with reaction progress during early water-rock
interaction. As pH became more alkaline and redox potential decreased (Fig. 4.1), a portion
of the ferrous iron in solution was removed by the formation of saponite, causing an overall
decrease in Fe?" concentrations. At high rock-water ratios and alkaline pH, the combined
processes of Fe release from primary phase breakdown, followed by Fe oxidation and Fe**
removal by saponite resulted in stable Fe**/Feiwor ratios up to several orders of magnitude
higher than at the start of the reactions. Overall, Fewt concentrations underwent minor
enrichment in the fluid over the cause of the reactions with minor decreases associated with
the replacement of Mg-Fe(Ill)-clays by Mg-Fe(II)-clays.
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Figure 4.1 Changes in pH, relative amounts of primary phases, and concentrations of CO:

at 50,

100, and 150°C.
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Figure 4.2 Fluid compositions and amounts of secondary minerals as a function of time for
glass dissolution at 50, 100, and 150°C. Roman numerals indicate reaction stage (see 4.5.1
for details). For mineral abbreviations see table 4.3.
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Mg-Fe(III)-clays
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11l |||
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SO,

Changes in fluid chemistry
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/

No change [ Overall enrichment [ Overall depletion

Reaction Progress

oxidizing alteration/ reducing alteration/
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Figure 4.4 Schematic outline of the effects of reaction progress on secondary mineral
assemblage and fluid composition. Crystalline and glassy basalts progress through a similar
series of reactions that can be divided into four stages: I) primary phase dissolution, II)
early formation of Mg-Fe(lll)-clays and other phyllosilicates as well as minor amounts of
simple oxides and hydroxides (not shown), IIl) precipitation of calcite and partial
replacement of Mg-Fe(lll)-clays by Mg-Fe(ll)-clays (e.g., saponite) and 1V) increased
formation of zeolite minerals at elevated pH and reduced conditions. Changes in fluid
chemistry are displayed relative to seawater below alteration mineralogy. In cases where
changes in fluid chemistry were found to be variable, trends are displayed as shaded areas
rather than lines. Note that vertical alignment of dissolved species does not correspond to
relative concentrations.
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4.4.2 pH and redox

Progressive basalt-seawater interaction resulted in pH increase (Fig. 4.1). Inspection of the
results revealed that various mineral assemblages formed under certain pH conditions.
Initially, the pH was generally mildly acidic, but rose to circumneutral and eventually
alkaline values with increasing basalt dissolution. The dissolution of higher quantities of
basalt was required to increase the pH for systems open for CO: and for crystalline basalts.
At mildly acidic to circumneutral pH values, the secondary mineral assemblage was usually
dominated by Mg-Fe(IlI)-clays as well as simple oxides and hydroxides like gibbsite and
silica. At elevated pH, other minerals like pyrite, anhydrite, calcite, Mg-Fe(Il)-clays, and
eventually zeolites became increasingly important.

The redox state was also observed to change as a function of reaction progress.
Initially, the system was oxidized but became increasingly reduced with increasing basaltic
glass and primary mineral dissolution, as well as pH increase. This resulted in reduction of
S% to S* and subsequent formation of pyrite as well as a partial shift in the oxidation state
of iron-bearing minerals from Fe** to Fe?".

4.4.3 Temperature

The effects of temperatures on type and amount of secondary mineral formation were
generally minor. Basalt-seawater interaction at 50-150°C resulted in near identical
secondary mineralogy independent of temperature (Figs. 4.2 and 4.3). However, temperature
highly influenced the reaction kinetics, with the dissolution rates of the glassy and primary
minerals increasing by several orders of magnitude from 50 to 150°C (Fig. 4.1).

4.4.4 Rock crystallinity

The elemental leaching upon rock dissolution proceeded differently for crystalline and
glassy basalts: Basaltic glass dissolved stoichiometrically relative to bulk rock composition.
In contrast, crystalline basalt dissolved non-stoichiometrically, because dissolution rates
varied between individual primary minerals. In general, olivine dissolved fastest, followed
by plagioclase and pyroxene (Fig. 4.1). Moreover, pH increase was slower as a function of
time for crystalline basalt due to overall slower dissolution rates. The pH of the reacted
solution tended to be slightly less alkaline for crystalline basalt than for basaltic glass. Initial
interaction between crystalline basalt and seawater caused the early formation of Mg-Fe-
bearing clays, calcite, silica, and pyrite (Fig. 4.3). Basaltic glass dissolution yielded an
overall similar early secondary mineral assemblage (Fig. 4.2). However, glass dissolution
resulted in a more widespread abundance of zeolites, anhydrite, gibbsite and, more rarely,
celadonite during the early reaction stages, likely due to the comparatively greater initial
release of Al and Ca. Conversely, the initial dissolution of crystalline basalt primarily
released Si, Mg, and Fe from the early breakdown of olivine, thus preventing the early
formation of Al- and Ca-bearing phases. Regardless of crystallinity, progressive basalt
dissolution resulted in increasingly reduced redox conditions that led to the partial
replacement of Mg-Fe(Ill)-clays by Mg-Fe(Il)-clays and pyrite, which in turn reduced the
system’s ability to remove Al from solution, necessitating increased formation of zeolites at
later stages of the reaction.
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4.5 Discussion

4.5.1 Controls of basalt-seawater interaction

The interaction of basalts with seawater caused complex changes in seawater composition
and alteration mineralogy as a function of reaction progress or reaction time. Inspection of
the geochemical modeling results revealed that two factors were most important, pH and the
amount of basalt that has reacted, here defined by the rock-to-water ratio. In addition,
temperature and crystallinity were also important.

The overall basalt-seawater reactions were incongruent, whereas the progress of the
reactions and type of alteration minerals followed common steps or stages (Fig. 4.4). The
first reaction stage was characterized by the interaction of the basaltic glass or primary
minerals with seawater and H', leaching aqueous species to the solution. The hydrothermal
seawater contained acids, for example COz, that resulted in H" generation via ionization
reactions of the kind:

COy(aq) + Ho0 & H* + HCO3 3)

Parallel, irreversible dissolution of the primary minerals and basaltic glasses in the host
rocks occurred, consuming H" and resulting in increased water pH, for example, as described
by the reaction of pyroxenes and feldspars:

CaMgSi206(diopside) + 4H* - Mg2+ + Ca2+ + ZHZO + ZSIOZ(aq) (4)

CaAl,Si;Oganorthite) + 8H* = Ca?* + 2A13* + 4H,0 + 25i0,q) (5)

Upon progressive leaching of basaltic glass and primary minerals, the waters
eventually became saturated with secondary minerals. Thus, the second stage of the reactions
was the first appearance of secondary minerals. Typically, these were oxides and hydroxides
as well as Mg-Fe(III)-clays (nontronite and vermiculite):

0.175Mg?* + 0.35A13* + 2Fe3* + 3.655i0,(5q) + 4.7H,0

& Mgy 175Fe;Alg 35513 65H2012(nontronite) + 7-4H™ (6)
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1.3AB* + 0.5Fe3* + 6.6H,0 + 0.8K* + 2.5Mg2* + 2.7Si0;(a¢)

© Ko gMg, sFeq sAl; 3Si; 7010(0OH) 2 (vermiculite) + 11.2HT (7)

In addition to Mg and Fe, these clays may contain varying amounts of other cations
like Na, Ca, and K. During the first two stages, the seawater pH was buffered at mildly acidic
to circumneutral values by dissolved acids, i.e., COz, the consumption of H" upon basaltic
glass and primary mineral dissolution, and the release of H" upon secondary mineral
formation.

The third stage was characterized by a shift in the alteration mineral assemblage with
the addition of calcite and replacement of nontronite by Mg-Fe(II)-clays such as saponite

0.175Mg?* + 3Fe?* + 0.35A13* + 3.655i0,(,q) + 4.7H,0

« Mg0.175Fe3A10.35Si3.65010(OH)Z(saponite) + 7.4H* (8)

Ca®* + HCO3~ & CaCO3(calcitey + HY 9)

The formation of calcite was strongly influenced by the availability of COa2. The
progressive consumption of H" by the dissolution of primary phases eventually shifted pH
to more alkaline values. Additionally, the reactions resulted in the modified seawater
becoming progressively more reduced due to hydrolyzed induced oxidation of iron (Ricci et
al., 2022), causing the formation of trace levels of H2 and reduction of S¢* to S* as well as
the formation of pyrite.

Eventually, the combined seawater-basalt reactions and pH resulted in the modified
seawater becoming saturated with respect to Na- and Ca-containing zeolites and, in some
cases, tobermorite characteristic for the last reaction stage:

0.96A13* + 2.04Si0,,q) + 0.96Na* + 2.92H,0

© Nag 96Alp.96Si2.0406 * H2O(analcime) + 3.84H* (10)

AB* 4 0.5Ca2* + 3Si0, + 5H,0

& Cag5AlSiz0g - 3H,0 phinipsite) + 4H™ (11)
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5Ca2* + 6Si0, + 10.5H,0

« CasSi6Hll022.5(t0berm0rite) + 10H* (12)

Temperatures and rock crystallinity were not observed to change this general reaction
progress with time. Similar secondary mineral assemblages were formed in the same order
at all temperatures for both crystalline basalt and basaltic glass. However, the overall
reaction rate was strongly dependent on temperature, with the mineral replacement reactions
occurring much faster at 150°C than at 50°C.

4.5.2 Comparison of modeling results with observations from
natural systems

Modeling results can be benchmarked against natural systems spanning a wide range of age
and alteration environments, as well as variable abundances of basalt glass versus crystalline
mafic rock. The locations considered here include Surtsey (Iceland), ODP/IODP Hole 504B
(south of the Costa Rica Rift Zone) and ODP/IODP Site 801C (Central Pigafetta Basin,
Western Pacific) (Appendix A.1).

The island of Surtsey (Iceland) hosts a young (~55 years) seawater-dominated low-
temperature geothermal system. It provides an ideal comparison with our modeling results
since temperature, duration of the alteration process, and secondary mineral assemblages are
well documented and characterized (e.g., Friedman and Williams, 1970; Jakobsson and
Moore, 1986; Prause et al., 2020, 2022; Jackson et al., 2019a, 2019b; Weisenberger et al.,
2019; Kleine et al., 2020). The hydrothermal waters at Surtsey have temperatures of ~50-
140°C, are sourced from seawater and have been modified by interaction with the basaltic
host rocks to elevated Na, K, Ca, Fe, and Al, and depleted Mg, CO2 and SO4 concentrations
relative to seawater (Kleine et al. 2020). Alteration has progressed over a period of over 50
years. Based on poorly altered subsurface samples from 1979, early-stage alteration phases
included minor clays, phillipsite, anhydrite and calcite. As of 2017, after ~50 years of
hydrothermal alteration, a great extent of basaltic glass alteration was observed as well as
significant amounts of secondary minerals including analcime, phillipsite and tobermorite
(Prause et al., 2020). Overall, the observed seawater chemistry and alteration mineralogy at
Surtsey are compatible with our modeling results. The presence of the Na-zeolite analcime,
tobermorite and minor calcite reflects evolved alteration, characterized by significantly
elevated rock-to-water-ratio and alkaline pH (Fig. 4.4, stage IV). Moreover, observations at
Surtsey indicate decreased mobility of elements like Si, Mg, Na, and Ca with increasing
extent of alteration (Prause et al., 2022), in line with modeling results (Fig. 4.5).

ODP/IODP Hole 504B, situated in ~6.6 Ma old crust 200 km south of the Costa Rica
Rift Zone, penetrates 2111 m through pelagic sediments and the underlying basement (Bach
et al., 2003). It is one of the most well-studied locations for seafloor hydrothermal alteration
worldwide. Basement lithostratigraphic units include a pillow-rich volcanic section, a
transition zone containing heavily brecciated flows, pillows and dikes, and a sheeted dike
complex (Alt et al., 1996a; Bach et al., 2003). The volcanic section has been overprinted by
alteration mineralogy upon water-rock interaction at ~25-60°C (Bach et al., 2003). At
shallow depths (<200 m) the alteration sequence is marked by celadonite, which is succeeded
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by saponite, calcite and phillipsite (Alt et al., 1996a). At greater depths (>200 m) the
secondary mineralogy is dominated by saponite, smectite-chlorite mixed layers, pyrite,
quartz, minor anhydrite, and calcite. Talc and Na-zeolite occur infrequently throughout both
zones. Minor amounts of Ca-zeolite (laumontite) first appear towards the bottom of the
volcanic section and increase in abundance in the underlying transition zone. The
disappearance of celadonite in the lower volcanic zone, combined with the presence of
saponite, calcite, anhydrite, and Na-zeolite, is consistent with our model results and
presumably reflective of minor to moderate alteration at shallow levels, followed by
progressively higher rock-water ratio.

ODP/IODP Site 801C is located in the Central Pigafetta Basin, Western Pacific, in
Jurassic (170 Ma) crust generated at a fast spreading ridge (Alt et al., 1992; Alt and Teagle,
2003). Underneath the ~460 m thick sediment cover, the basement consists mostly of >400
m of pillow basalts, flows, intrusions, and heavily brecciated rock (Alt and Teagle, 2003).
Hydrothermal alteration took place at ~5-100°C, with higher temperatures towards the
bottom of the hole (Alt and Teagle, 2003). The majority of rocks are lightly altered. The
most common alteration phases include saponite, Fe-oxyhydroxides, and calcite, as well as
celadonite and pyrite (Alt and Teagle, 2003). The nature of the secondary mineral
paragenesis in these slightly altered rocks is consistent with geochemical modeling, which
indicated that celadonite should be among the earliest reaction products, precipitating at low
rock-to-water ratios and low temperatures together with nontronite and vermiculite. The
latter two minerals are, however, not documented in Hole 801C, despite inferred oxidizing
conditions and thus greater expected supply of ferric iron. Instead, most Fe*" is likely
incorporated into Fe-oxyhydroxides, in similar fashion to the upper volcanic section at
ODP/IODP site 504B. Such Fe-oxyhydroxides have been predicated to be among the major
alteration minerals upon basalt interaction with meteoric water (e.g., Stefansson, 2010; Gysi
and Stefansson, 2011). The most extensively altered rocks at Hole 801C also contained Na-
zeolites consistent with the effects of more advanced basalt alteration predicted by our model
(Figs. 4.2-4.4).

Overall, our geochemical model reproduces the alteration mineralogy and mineral
sequences in low-temperature seafloor systems (Alt et al., 1996a; Alt and Teagle, 2003;
Kleine et al., 2022, 2020; Prause et al., 2020). In addition, our geochemical modeling results
reveal that such low-temperature seafloor alteration may be a relatively short-term process
that may occur within less than 1000 years. Decreasing temperatures upon cooling of the
crust may, however, slow down the reactions and preserve low-temperature mineral
parageneses formed at relatively higher temperatures in the vicinity of Mid-Ocean Ridges.

81



100 K

x®

mobility (%)
£ 2

W

rinitial
0 Cco, N CO,

0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
p I v

Glass Dissolution

&

=

<

=) @

=

z N\
E]

E

fixed CO, N \—,_J‘Ed CO, fixed CO,
10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000

1 o 11 [ m Jv
SO a, Mg| _ S04, K, Na
r )\ ‘\; Fe OO ‘% NG
F o8 b \ \ . = L\
g \ o @ o
260 f s \ ® " »® E
ES) [ » \
= - w kA
S22 40 F - e \ —
S8 ¢ \ A ;
= 20 + \ initial Hinitial
= , [initial CO, » S co, | ‘ . co, |\
w
@ 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1
2 1, T-111 I, o,
= 50y, K, Na|
5'.) —_ Ca Ca ‘
ElE 00 . I
o= | \ B ~
E .'E) L D L \\ 8 ° )
%‘ L Al \\ LSi Al *
E \ -
fixed | o CO, o -fixed
co, - co, \ W Co,
1] saul PRTIRETTT R L P o L L i 1 L
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
time (yrs) time (yrs) time (yrs)

Figure 4.5 Element mobilities during the alteration of glassy and crystalline basalts as a
function of time. Roman numerals indicate reaction stage (see 4.5.1 for details).

4.5.3 Implications on geochemical cycles

Fluid circulation through off-axis hydrothermal systems at low temperatures may
significantly impact the chemical budget of both the oceans and the oceanic crust (e.g., Alt,
2003; Coogan and Gillis, 2018; Fisher and Wheat, 2010; Staudigel, 2014; Wheat and Fisher,
2008; Wheat and Mottl, 2000; Kleine et al., 2020, 2022). Geochemical modeling results may
be used to estimate such interaction and annual element fluxes between the oceanic crust
and seawater. This can be achieved by using the chemical changes in either rocks or
hydrothermal fluid upon basalt-seawater interaction.

Rock-based element fluxes Feirock Were calculated analogously to the method adopted
by Bach et al. (2003):
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Fel,rock[mOI/yr] = [_(Ca,rock - Ci,rock) "Ycrust * €crust ” pcrust]/Mel (13)

where Carock and Cirock are the concentrations of an element in g/kg in the altered and
unaltered rock, respectively, yerust is the thickness of the crust in m, &crust 1S the crustal
production rate in m? yr'!, perust is the density of the crust in kg m™ and M.l is the molar mass
in g mol! of an element. For crustal thickness, a value of 500 m was assumed, as this
corresponds to the estimated average thickness of a typical low-temperature crustal aquifer
(Coogan and Gillis, 2018). The crustal production rate was assumed to be equal to 3.45-10°
m? yr'! (Parsons, 1981) and the density of the crust was assumed as 2800 kg m™.

Fluid-based element fluxes Felfuid were calculated following the approach of Kleine et
al. (2020):

Feyfuia[mol/yr] = H/(AT - ¢;,) - (Catuia — Cifluia) (14)

where H is the hydrothermal heat flux, assumed to range between 7 and 15-10'% J-s’!
(Hasterok, 2013; Stein and Stein, 1994), AT is the water temperature anomaly, cp the specific
heat capacity of seawater, assumed as 4000 J-kg!-K™! (Bischoff and Rosenbauer, 1985) and
Ca.muid and Ci fuid are the element concentrations in mol kg‘1 in the reacted fluid and seawater,
respectively.

Annual fluxes of Si, Mg, Ca, K, Na, and SO4 have been extensively studied in the past
(e.g., Bach et al., 2003; Huang et al., 2018; Staudigel, 2014; Staudigel et al., 1996; Wheat
and Fisher, 2008; Wheat and Mottl, 2000, Hart and Staudigel, 1982). Here, we compare our
calculated annual fluxes of these elements with those previously reported (Figs. 4.6 and 4.7)
to verify our modeling calculations. Positive values indicate fluxes from the crust to the
oceans, whereas negative values indicate fluxes from seawater into the crust.

Both fluid and rock-based fluxes suggest that basalt-seawater interaction results in a
net source of aqueous Si for the oceans. This source is predicted to be generally below
+1.5-10" mol yr'! for the least altered rocks (i.e., high water-rock ratios). The rock-based
fluxes of silica at these high water-rock ratios are typically within the order of +10° to +10'°
mol yr!, making them most compatible with estimates by Wheat and Mottl (2000), who
suggested a comparatively small Si source of +1.8:10' mol yr'!. The higher Si fluxes
proposed by Bach et al. (2003) of +1.4-10'> mol yr! can be reproduced by our rock-based
estimate but require significantly altered oceanic crust (i.e., low water-rock ratios). Fluid-
based calculations indicate annual sources of Si equivalent to those of Bach et al. (2003) at
higher water-rock ratios that may be more representative of the wider oceanic crust. The
significant Si sink of -7-10'" mol yr! proposed by Staudigel et al. (1996) is not reproduced
in our calculations.

The behavior of Mg is strongly dependent on the extent of basalt alteration. Rock-
based fluxes do not indicate the strong Mg sinks of -3.45-10!! to -5.4-10'? mol yr! that have
been proposed by several analytical studies (Bach et al., 2003; Wheat and Mottl, 2000;
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Huang et al., 2018; Wheat and Fisher, 2008) and only reflect the Mg source of +1.7-10'! mol
yr! according to Staudigel et al. (1996) within significantly altered crust. In contrast, fluid-
based sinks of Mg are significantly greater and generally increase with progressive alteration
of the crust. Values for Fmgmid within lightly altered crust are compatible with the
abovementioned Mg sinks (Bach et al., 2003; Wheat and Mottl, 2000; Huang et al., 2018;
Wheat and Fisher, 2008). The calculated Mg sink at low water-rock ratios notable increases
with decreasing temperatures, reaching its greatest magnitude of -9.5-10'3 mol yr'! at water-
rock ratios <10 (Fig. 4.7). Such an extensive sink would exceed the annual riverine flux of
Mg by an order of magnitude and is unlikely to be representative of actual annual Mg fluxes.
However, these results support the notion that highly altered lithologies, particularly at lower
temperatures, may act as a significant global Mg sink for seawater. The large discrepancy
between Fmgrock and Fwmgfuid may be caused by differences between relative bulk rock
concentration changes and absolute element fluxes that take into account potential variations
in bulk rock mass during alteration. Such variations may arise based on the difference in
density between the unaltered and altered rock. Equation 13 assumes a constant crustal
density during alteration of 2800 kg m™ and therefore calculates mass fluxes directly based
on concentration changes. However, for highly permeable upper crustal basalts in particular,
some density changes likely occur during alteration, due to the formation of secondary
minerals (e.g., Jarrard et al., 1995, 2003; Christensen, 1980; Carlson and Herrick, 1990),
meaning that concentration changes may not be an accurate representation of actual mass
fluxes. Alteration of basaltic glass has also been shown to lead to changes in volume and/ or
total mass (Pauly et al., 2011; Prause et al., 2022; Zhou and Fyfe, 1989). Furthermore,
uncertainties in the hydrothermal heat flux in equation 14 may contribute to the observed
differences between fluid- and rock-based fluxes as well.

The effect of basalt-seawater interaction on the fluxes of Ca is highly variable, ranging
from a maximum sink of -5.9-10'2 mol yr! to a maximum source of +7.6-10'* mol yr’!
according to fluid-based estimates (Fig. 4.7). Rock-based estimates indicate that Ca is
primarily released during seafloor alteration (Fig. 4.6). Overall, both rock-based and fluid-
based flux values are compatible with previous estimates by Bach (2003), Wheat and Fisher
(2008), and Wheat and Mottl (2000) that yielded sources of +2.17-10'" to +4.7-10'2 mol yr~
I, Both calculation methods indicate that increasing alteration, i.e., decreasing water-rock
ratios, lead to increased Ca sources, except for the fluid-based estimates of very highly
altered crust (Fig. 4.7, water-rock <10). There, calculations instead indicated drawdown of
Ca into the crust of a magnitude that is comparable to the Ca sink of -1.4-10'2 mol yr’!
proposed by Staudigel et al. (1996)

Calculated fluxes of K mostly indicate an increasing significant source with
progressive alteration. A sink of K as proposed by Bach et al. (2003), Hart and Staudigel
(1982) and Wheat and Mottl (2000) of -9.8:10'° to -3.3-10'" mol yr! was only reproduced
with our fluid-based estimates (Fig. 4.7). Potassium is highly mobile and primarily taken up
by clay minerals, which can be present in a large variety of species and span a wide range of
compositions. Therefore, a potential explanation for the absence of a ubiquitous K sink may
be that the selected equilibrium clay mineral assemblage misses one or more K-bearing
phase that may be more widespread in natural systems. Alternatively, it is possible that
higher amounts of celadonite (KMgAISi4010[OH]2) forming at temperatures <50°C and high
water-rock ratios may account for the significant K sink proposed by these earlier studies.
Such increased rates of celadonite formation at lower temperatures were observed in our
model.
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Fluid-based flux estimates for Na at water-rock ratios >1000 suggest that seafloor
alteration acts as a source of +5.9-10° to +1.7-10'? mol yr'!, with most flux values being on
the order of +10'" mol yr!. These results are comparable to the Na source of 1.2-10'2 mol
yr'! derived by Staudigel (2014). Rock-based fluxes within the same water-rock range were
smaller, ranging between +2.2-10% to 5.1-10° mol yr'.

The annual fluxes of SO4 show strong variations between rock-based and fluid-based
estimates. This is caused primarily by the fact that SOs4 may be removed from solution
through both the precipitation of sulfate minerals as well as reduction of dissolved sulfate to
sulfide. Rock-based fluxes are only affected by the former process, but not the latter. In
contrast, fluid-based estimates are based on the concentration of SO4 in solution and
therefore reflect both processes. As a result, fluid-based estimates indicated a significantly
greater sink of SO4 that generally increased in magnitude towards lower water-rock ratios
(Fig. 4.7). Higher temperatures caused depletion of SO4 at higher water-rock ratios in the
least altered crust due to the retrograde solubility of the sulfate anion (Dickson et al., 1963;
Seyfried and Bischoff, 1979; Kleine et al., 2022). The maximum sink for dissolved SOa,
however, increases in magnitude at decreasing temperatures. Our fluid-based estimates are
compatible with the annual SO4 sink of -1.1-10'? mol yr! as proposed by Wheat and Mottl
(2000) (Fig. 4.7).
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Figure 4.6 Annual rock-based mass fluxes of Si, Mg, Ca, K, Na, and SO+ based on the
modeled alteration of N-MORB glass as a function of water-rock ratio compared to
estimates from previous studies (Bach et al., 2003; Huang et al., 2018; Staudigel, 2014,
Staudigel et al., 1996, Wheat and Fisher, 2008; Wheat and Mottl, 2000, Hart and Staudigel,
1982). Lower water-rock ratios indicate larger total amounts of basalt reacted with seawater
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Figure 4.7 Annual fluid-based mass fluxes of Si, Mg, Ca, K, Na, and SO+ based on the
modeled alteration of N-MORB glass as a function of water-rock ratio compared to
estimates from previous studies (Bach et al., 2003; Huang et al., 2018; Staudigel, 2014,
Staudigel et al., 1996, Wheat and Fisher, 2008; Wheat and Mottl, 2000, Hart and Staudigel,
1982). Fluxes were calculated based on an intermediate hydrothermal heat flux of 1.1-10'3
J s71. Lower water-rock ratios indicate larger total amounts of basalt reacted with seawater
and therefore greater extents of alteration.
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4.6 Conclusions

A numerical model of basalt alteration by seawater at temperatures between 50-150°C has
been established for the purpose of investigating the relative contributions of reaction
progress, water-rock ratio, temperature, crystallinity, and pH during off-axis seafloor
alteration as well as the resulting effects on the chemical budget between the oceanic crust
and seawater. Four reaction stages are recognized during the alteration process. These stages
are, in order: 1) dissolution of primary minerals and basaltic glass, 2) precipitation of early-
stage alteration minerals, principally Mg-Fe(Ill)-clays, celadonite, montmorillonite, and
simple oxides and hydroxides, 3) increasing reduction of the hydrothermal fluid,
accompanied by the partial replacement of early Mg-Fe(IlI)-clays by Fe** bearing saponite
as well as the formation of calcite, and 4) a shift towards alkaline pH and elevated dissolved
Al facilitating the precipitation of zeolites.

These four reaction steps were observed regardless of temperature and crystallinity,
which primarily affected reaction rates. Water-rock ratio and associated changes in pH were
identified as the main controlling parameters on the forming alteration mineralogy upon
seafloor alteration. Increased acid supply in the form of dissolved CO: controls the relative
abundance of calcite versus clay minerals, sulfates and zeolites and acts as a buffer against
alkalinization caused by proton consumption during the dissolution of basaltic glass and
primary minerals.

Element mobilities and fluid concentrations varied with reaction progress. In
particular, Mg and SO4 were quantitatively removed from the solution at advanced alteration
stages, reducing conditions, and low water-rock ratios. For SOs4 this effect was found to be
stronger for systems in which COz supply was limited, due to the competition between the
sulfate and carbonate anions for dissolved Ca. This may indicate that the lower oceanic crust,
where access to COz-rich bottom seawater is restricted and permeability is diminished, may
have a disproportionate effect on the removal of Mg and SO4 from the oceans.

Modeling results reproduced petrographic and fluid-geochemical observations of
natural seafloor-hosted systems affected by low-temperature basalt alteration. Fluid-based
annual flux estimates for water-rock ratios from 103 to 10* suggest that globally seafloor
alteration may act as a source of +4.8-10% to +1.3-10'> mol yr™! Si, +1.0-10'' to +3.7-10'? mol
yr'! Ca, +5.3-10'% to +1.7-10'2 mol yr'! Na, as well as a variable sink or source of -4.5-10'!
to +3.6-10° mol yr'! SO4, -6.8-10'% to +7.8-10'! mol yr'! Mg, and -1.1-10'? to +2.7-10'° mol
yr'! K. Equivalent rock-based fluxes were generally smaller and indicated sources of
+6.2:10% to +1.1-10'" mol yr!' Ca, +2.9:10% to +5.1-10° mol yr' Na, a sink of -3.2-10° to -
1.7-10” mol yr'! SO4 and sinks or sources of -1.2:10° to +1.3-10'" mol yr!' Si, -1.9-10'° to
+1.3-10° mol yr'! Mg, and -2.9-10° to +1.6-10® mol yr'! K.
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Appendix A: Supplementary
information for Paper II

Bulk rock mass balance results

Chemical compositions of sideromelane and palagonitized glass
Mg and K accumulation in palagonitized glass

Immobile trace elements mass balance results

Immobile TiO2 vs constant volume mass balance

DN AW N =
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Mg and K accumulation in altered glass

Previous studies have characterized reaction progress during palagonitized glass maturation
by quantifying the accumulation of certain elements, which are incorporated due to the
formation of clay minerals in the palagonitized glass matrix. Two notable examples of this
are the accumulaction of Mg (Stroncik and Schmincke, 2001) and K (Zhou and Fyfe, 1989).
The accumulation of elements Ael was calculated as:

Ael(%) = (Cel,pal. - Cel,sdml.)/cel,sdml. 100 (Eq. A.T)

where Celpal. and Celsaml refer to the concentrations of MgO or K20 in palagonitized glass
and sideromelane, respectively. Results are shown in figure A.1.
Mg Accumulation (%) K Accumulation (%)

-100-80 -60 -40 -20 O 20 40 60 80 100 -100-80 -60 40 20 0 20 40 60 80 100
AN NN RN Ll tr e bt lalala

20 — —

40 — —]

60 — —

80 — —

100 — -

120 — —_

140 — —

Depth below surface (m)
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180 — —

200

—@— seE-01 i} SE-02b
Figure A.1 Percent Mg and K accumulation in palagonitized glass after Stroncik and

Schmincke (2001) and Zhou and Fyfe (1989). Error bars indicate the standard error of n
measurements.
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Immobile TiO> vs constant volume mass balance

Additional palagonitization mass balance for comparison with immobile trace element
mass balance results was carried out assuming 1) immobility of TiO2 or 2) constant volume
alteration. Immobile TiO2 mass balance was calculated analogously to bulk rock mass
balance following the approach of MacLean (1990):

AC, = C3 - (Chio,/Clip,) — Ch (Eq. A.2)

where ACn is the mass change for element n in wt.% relative to the initial mass of unaltered
glass, C% and C', are the weight percent of element n in palagonitized glass and
sideromelane, respectively, and C?rioz2 and C'rioz are wt.% of TiOz in palagonitized glass and
sideromelane, respectively. Results obtained mathematically by this approach are identical
to those obtained graphically by using the isocon method for immobile TiOx.

Mass balance calculations assuming constant volume were calculated using the formula of
(Gresens, 1967):

AC, = f,(pa/Pi)Ca — G (Eq. A.3)

where fv is the volume factor describing the ratio of the volumes of altered to initial state, pa
and pi are the densities of the initial and altered rocks, respectively, and Ca and Cirepresent
the oxide concentrations of the altered and initial rocks, respectively. Because no volume
change is assumed, fvis equal to one in our calculations. Assumed densities for palagonitized
glass and sideromelane were 2.0 and 2.75 g cm™, respectively (see main text for discussion
of assumed densities). Results of these calculations are summarized in figure A.2 and
indicate a generally good agreement between constant volume calculations and immobile
Ti02 mass balance for type I palagonitized glass. This confirms our results of immobile trace
element mass balance which suggested that volume changes during palagonitization are
minor and TiO2 is largely immobile during this process. Apart from TiO2 figure A.2 also
suggests limited mobility or even immobility of FeO for type I palagonitized glass, because
mass balance results for both methods cluster around zero (+/- ca. 20%). This also supports
the results of immobile trace element mass balance, which indicated FeO immobility during
palagonitization. With increasing maturation of the material mass balance results of the two
methods begin to diverge noticeably. Immobile trace element mass balance suggested
mobilization of TiO2 at advanced stages of palagonitized glass maturation (see main text for
details). Therefore, the observed deviation of mass balance results for type II and especially
type III palagonitized glass may be either due to a) mobilization of TiO2, or b) volume
changes during maturation or c¢) a combination of both of these factors.
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Figure A.2 Comparison of mass balance results for types I-1Il palagonitized glass vs
sideromelane assuming either constant volume alteration (results plotted along x-axis) or
immobility of TiO: (results plotted along y-axis). Results agree well for type I (i.e., gel
palagonite, purple), but noticeably diverge for the more mature types II-11I (green and red),
indicating that constant volume alteration and TiO: immobility should not be assumed
during palagonitized glass aging.
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Study sites for low-temperature seafloor
alteration

* Surtsey

Yy ODP/IODP 8504B
Y ODP/IODP S1149
Y ODP/IODP $801
Yy ODP/IODP $735

{3 DSDP $417/418

165° 135 105° 75° 45¢ 15° 15° 45° 75 105 135° 165°
Figure A.1 Reference sites for the study of low-temperature seafloor alteration.

Estimation of equilibrium constants for
phillipsite

In most cases the values for log K (T) were retrieved directly from the PHREEQC carbfix.dat
thermodynamic database. For the zeolite mineral phillipsite thermodynamic parameters were
estimated based on mineral stoichiometries. The Gibbs free energies of formation, AG’s, in
J mol’!, entropies, S°, in J mol! K-!, and heat capacities, Cp, in J mol! K'!, were estimated
according to the techniques outlined in Chermak and Rimstidt (1989), Holland (1989), and
Berman and Brown (1985). From these, the apparent standard partial molal Gibbs energies
at temperatures of T= 0-150°C (273.15-423.15 K) were calculated, e.g., according to Gysi
and Stefansson (2011):

T

AGr = AG; — (T — 298.15K) + [, .. Cp 15K e

dT —T f298.15Km (Eq Al)

Gibbs free energies for the dissolution reactions of phillipsite were calculated as:

AGy = (L1 vi - AGir) — AGy (Eq. A.2)
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where vn are the stoichiometric coefficients, positive for products and negative for reactants,
and AGnr are the apparent standard Gibbs energies of products and reactants at temperature
T (Table A.1).

Equilibrium constants were calculated as:

_ __AGy
log K(T) = “RTIn(10) (Eq. A.3)
where R is the gas constant.
Subsequently, values for log K(T) (Table A.2) were expressed in the form
log K(T) = Ay + AT + 22 + Aglog;oT + 2% + AgT? (Eq. A.4)

compatible with the data input format for the PHREEQC geochemical modeling software
through nonlinear regression.
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Estimation of dissolution rates for basaltic glass

Glass dissolution is assumed to proceed by the rapid initial release of network modifying
monovalent and divalent cations, leading to the formation of a Si-Al-OH gel near the glass
surface, otherwise known as the ,,leached layer. This is followed by the exchange of H" for
network forming Al** (Oelkers and Gislason, 2001):

Al3+bonded + 3H+aq. - 3H+bonded + A13+aq. (Eq- A-S)

As Al-O bonds are broken and Al is being liberated from the leached layer, this also weakens
the Si-O bonds of neighboring SiO4 tetrahedra, causing the breakdown and dissolution of
the glass. It can thus be assumed that the far from equilibrium steady state dissolution rate
of basaltic glass should be primarily controlled by the rate of destruction of the leached layer,
which in turn is dependent on the activities of AlI** and H*. According to Oelkers and
Gislason (2001) and Gislason and Oelkers (2003) the far from equilibrium dissolution rate
of basaltic glass r may be expressed as:

1
3 =

F=AS k- ( At )3 (Eq. A.6)

aA13+

where A’ refers to the geometric surface area, k refers to a rate constant, and an+ and aaiz+
refer to the activities of H" and AI**, respectively.

The change of the rate constant k with temperature is described by the Arrhenius equation:
k = Ajexp("Ea/RT) (Eq. A.7)

where Aj is a pre-exponential factor equal to 10 (mol Si) cm™ s, R is the gas constant, T
is the temperature in Kelvin, and Ea is the activation energy equal to 25.5 kJ mol™.

From combining equations A.6 and A.7, it follows that basalt dissolution rates at variable
temperature rr can be described by the equation:

1
3

3
rp = AS - A;exp("Ea/RD) . (aH—+> (Eq. A.8)

Ap3+
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Equation A.8 describes the dissolution of basaltic glass at far from equilibrium conditions
and constant surface areas. Simulations in the present study assumed changing surface areas
over the course of the reactions reflecting the geometry of dissolving spheres:

2

A, = A, (E)E (Eq. A.9)

mg

where A}, and A}, are the geometric surface areas at time t and at the beginning of the

simulation and m: and mo are the moles basaltic glass at time t and at the beginning of the
reaction, respectively.

In order to simulate the rate change of basaltic glass dissolution as reactions approach
equilibrium a term describing chemical affinity as (1-Q/K) was added to the calculations:

2 1

z 3
e = A%, (2_;)3 . Aexp(~Ea/RT) . (aﬂ_+)3 (1-9) (Eq. A.10)

Ap3+ K

where Q and K refer to the reaction quotient and equilibrium constant for the dissolution
reaction of the leached layer:

Si; 00Alp 350, (0H); o5 + 1.05H* - Si0, + 0.35A13* + 1.05H,0 (Eq. A.11)

aSioz'agfsi
Q=—5"%— (Eq. A.12)

aH+

Equilibrium constants for basaltic glass dissolution were estimated from the stoichiometric
contributions of the dissolution reactions for amorphous silica and Al-hydroxide at 0-150°C,
which were retrieved from PHREEQC s carbfix.dat database:

log K= 1'0010gKSi02—>Si02 + 0'3510gKAl(0H)3+3H+—>Al3++3H20 (Eq A13)

The resulting log K (T) were fitted to Eq. A.4 through nonlinear regression. Results are given
in figure A.2. and table A.2.
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