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Abstract. A new International Continental Drilling Program (ICDP) project will drill through the 50-year-

old edifice of Surtsey Volcano, the youngest of the Vestmannaeyjar Islands along the south coast of Iceland,
to perform interdisciplinary time-lapse investigations of hydrothermal and microbial interactions with basaltic
tephra. The volcano, created in 1963—-1967 by submarine and subaerial basaltic eruptions, was first drilled in
1979. In October 2014, a workshop funded by the ICDP convened 24 scientists from 10 countries for 3 and a
half days on Heimaey Island to develop scientific objectives, site the drill holes, and organize logistical support.
Representatives of the Surtsey Research Society and Environment Agency of Iceland also participated. Scientific
themes focus on further determinations of the structure and eruptive processes of the type locality of Surtseyan
volcanism, descriptions of changes in fluid geochemistry and microbial colonization of the subterrestrial deposits
since drilling 35 years ago, and monitoring the evolution of hydrothermal and biological processes within the
tephra deposits far into the future through the installation of a Surtsey subsurface observatory. The tephra deposits
provide a geologic analog for developing specialty concretes with pyroclastic rock and evaluating their long-term
performance under diverse hydrothermal conditions. Abstracts of research projects are posted at http://surtsey.
icdp-online.org.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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Figure 1. The location of Surtsey Volcano within the southernmost
extension of the Eastern Icelandic rift zone (scale bar of 50 km; af-
ter Trgnnes, 2002). Colors refer to compositional trends in basaltic
rocks (Jakobsson et al., 2008).

1 Introduction

The very young volcanic island of Surtsey, which formed
over a 3.5-year episode of eruptions along the souther
offshore extension of the SE Icelandic volcanic rift zone
(Figs. 1, 2), represents a world-class example of a rift zone
volcano that has grown from the seafloor in historic time.
The Surtsey eruption was thoroughly documented beginningprovided well-constrained information about the substruc-
in November 1963, when a plume of ash first broke the seaure and stratigraphy of the volcano, as well as the nature of
surface, until the termination of subaerial lava flow activity in its hydrothermal system, which continues to be manifested
June 1967. Surtsey was designated a UNESCO World Herby steam vents at the surface (Jakobsson and Moore, 1986,
itage site in 2008 and “has been protected since its birth1992; Jakobsson et al., 2013). Investigations of the core and
providing the world with a pristine natural laboratory” for downhole temperature measurements described the petro-
study of earth and biological processes (Baldursson and Intogic characteristics of the basaltic tephra, partially altered
gaddttir, 2007). An International Continental Drilling Pro- to palagonite tuff, the thermal conditions and nature of hy-
gram (ICDP) workshop on Heimaey Island in October 2014 drothermal alteration, and the authigenic mineral growth of a
convened 24 scientists from 10 countries and representativesare aluminous calcium-silicate-hydrate and zeolite mineral
from the Surtsey Research Society, who developed the sciassemblage above and below sea level (Fig. 3b). These min-
entific objectives of the Surtsey Underwater volcanic Sys-erals, Al-tobermorite and phillipsite, have cation exchange
tem for Thermophiles, Alteration processes and INnovativecapabilities for certain radionuclides and heavy metals and
Concretes (SUSTAIN) drilling project (Jackson, 2014). The have been the focus of laboratory syntheses of concretes
project will include the eventual installation of an in situ for hazardous waste encapsulations (Komarneni and Roy,
Surtsey subsurface observatory for monitoring hydrothermall983; Komarneni, 1985; Trotignon et al., 2007; Cappelletti
microbial life and changes in the physical and compositionalet al., 2011; Coleman et al., 2014). In the SUSTAIN drilling
properties of associated hydrothermal fluids, which will com- project, time-lapse investigations of dynamic secondary min-
plement the 50 years of observations of plant and animal lifeeral assemblages in the altered tephra deposits will yield in-
on the surface of Surtsey. formation from a geological analog for the long-term perfor-
The 181 m deep hole drilled within the eastern tephra conamance behavior of specialty concretes formulated with pyro-
in 1979 (Fig. 3a) was sponsored by the US Geological Sur<lastic rock. The results of these investigations will advance
vey and the Icelandic Institute of Natural History. It has technological developments initiated by ancient Roman en-

figure 2. Surtsey Volcano in eruption, 30 November 1963 (Terry
Mann, courtesy of Robert Carson).
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gineers, who developed pozzolanic concretes with this same g

mineral assemblage that have maintained their integrity de- 1som{NW Proposed ICDP drill holes A ) SE
spite centuries-long exposure to seawater (Brandon et al.,'®" o % \Té}gormhme c

2014). A recent study of hot fluids in the 1979 drill hole  on| ... /‘:\f AR A w—
(Fig. 3b) has identified for the first time potentially indige- 132:/” H\N/ - % \
nous thermophilic bacteria and archaea deep in the cente-son{y . 50 : g —
of an isolated Neogene volcanic island (Marteinsson et a|_, 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600M
2015). In the SUSTAIN project, studies of microbial colo- Eljsg'fgm_l%s S?;‘C‘% sediments  — Flow direction of water

nization of the altered subterrestrial tephra and hydrothermal [ Lava 1966-1967  NJ/| Intrusions #steam flux

fluids could provide new insights into archaeal lineages in .

the very young biosphere and, possibly, contribute to under- oo —

thermal barrier

to microbial life

a (1979)
(65-99°C)

standing the nature of the archaeal ancestor of eukaryote or.
ganisms (Spang et al., 2015).

Two holes through the 50-year-old deposits, designed in
collaboration with the Icelandic National Planning and En-
vironment Agencies to protect the sensitive habitats of the
Surtsey Natural Reserve, will be drilled at a site within
~5m of the 1979 hole (Fig. 3a). A vertical drill hole, i
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S
S
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(>79°C)

=3
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~ 210 m deep, will explore pore water chemistry, microbiol- [

ogy, and microbiological-water—rock interactions and com- ™ [ oo v

pare the present state of hydrothermal alteration with that in -0 [ oke

the 35-year-old drill core. The hole will be cased with an- i

odized aluminum for future Surtsey subsurface observatory — — 2004 Anhydrite (1979)
studies. A~ 300 m long inclined hole with steel casing will G e el . LRl o U
intersect tephra deposits, dikes and other vent facies beneat o 2l % o o0 LA

the crater; provide additional information on deep stratigra- Timporsiws 'l

phy and Smea”_ne St'fUCture below th? 181 m depth of theFigure 3. Hydrothermal alteration of Surtsey deposits (after Jack-
1979 hole; and investigate the changing temperatures angon 2014)(a) Schematic cross section (Jakobsson et al., 2009
the compositions of whole-rock, glass and mineral assemshows inferred feeder dikes, palagonitization of basaltic tuff in
blages of the hydrothermal system. Slim-hole logging sonde004, the 1979 drill hole, and the two planned ICDP drill holes.
will be deployed from a motorized winch to the base of the (b) Temperatures in the 1979 hole. Lines adjacent to the 198
holes at 200-300 m depth. Sensors will acquire equilibrateccurve show greatest abundance of authigenic analcite (blue), A
temperature measurements, total natural gamma to log lithotobermorite and phillipsite (orange), and anhydrite (red). Down-
logical variations; electrical resistivity and self-potential to hole water sampling in 2009 and microbiological analyses re

show variations in fluid salinity and influences of alteration veal diverse subterrestrial bacterial sequencesMettianobacte-
rocesses: and sonic P-wave velocity and maanetic susce ialesblackbox[CE]Please note that when written individually only
P ' y 9 e “genus” devision names withing the taxonomic clasification sys

tibility to .Show pO.SSIble variations in compaction, alte_ratlpn, tem are italicized, it seems that Methanobacteriales refers to an “o
and aqthlgen|p mineralogy. Cor.e segments from the II’]CI'neader" of the system. For future reference, does Methanobacteriale
hole will be oriented tat1° of azimuthal accuracy to further 5| under a different set of taxonomy and nomenclature rules?-likd
evaluate the internal structure, stratigraphy, composition anchrchaeal sequences at 172 m {82 (site 1) and an archaeal com-
mineralogy of the volcanic edifice. munity dominated byArchaeoglobus-like 16S rRNA sequences at

145m (8C°C) (site 2) (Jakobsson and Moore, 1986; Olafsson ang

Jakobsson, 2009; Marteinsson et al., 2015).

7]

2 Workshop goals
as models for creating sustainable, high-performance con

The SUSTAIN drilling project will use the natural laboratory Ccretes with pyroclastic rocks.

of the Surtsey tephra above and below sea level, and inter-

disci_plinary volcanological, n_1icrobia|, geochemical, miner- 2.1 Subaerial and submarine structures of the type

aloglca!, an@ g.eoarc'hac—:‘.ologlc'al resear_ch'programs to under- locality of Surtseyan volcanism

take scientific investigations situated within the larger ICDP

research themes of the evolution of hydrothermal seawater-Bescriptions of the episodic eruptions at Surtsey from 1963

rock interactions in rift zone volcanism, the succession ofto 1967 provide the most comprehensive record of Surtseyar

early microbial life, and the development of industrial re- style emergent volcanic activity and island rift zone volcan-

sources, using the alteration processes of palagonitized tufm in the world (Thérarinsson, 1967). Questions remain
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a) Shallow Crater Model (Thorarinsson, 1969)
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Figure 4. Structural models of Surtsey, showing the shallow crater hypotli@sd) (Thérarinsson, 1969) and the diatreme hypothésis

e) (Moore, 1985). Red lines ofd) and(e) show the planned drill holes. Although the occurrence of a layer of pillow at the bottom of the
formation cannot be ruled out (model shownan no pillow mound is included ifd) as neither was it detected in the 1979 drill hole nor
in gravity modeling (Thorsteinsson and Gudmundsson, 1999). The geological map of $crtseyws the helipad, the Palsbeer Il hut, and
1979 drill site.

however, about the earliest submarine part of the edificenificance for the investigation of biological colonization and
which was not observed during initial studies of the volcano succession on and in basaltic tephra deposits. Furthermore,
(Fig. 4). The role of seawater interaction with hot magma andthe temperature range recorded in the 1979 hole (Fig. 3b)
temporal variations in magmatic volatile content in driving is ideal for studying the extreme temperature conditions of
subaerial explosive eruptions will also be investigated. Newchemosynthetic life. A subsurface biome comprising bacte-
drilling will clarify Surtsey’s early history and submarine ria and archaea has recently been observed in fluids extracted
structural anatomy and provide interdisciplinary perspectivesfrom the 1979 hole below 145 m depth (Fig. 3b). This subsur-
into explosive eruptive processes and how volcanic faciesface microbial community is quite possibly indigenous, since
structural discontinuities, pyroclast size and vesicularity pro-it occurs below a >120C thermal barrier at 100 m depth
vide a template for hydrothermal fluid flow, heat transfer, di- that prevents the downward dissemination of surface organ-
agenetic and biogenetic alteration processes, and tempor&@ms (Marteinsson et al., 2015). Microbial colonization has
changes in porosity and rock physics properties. been recognized as one of the primary drivers of alteration
in ridge crest seafloor basalts and has important implications
for global element budgets, seafloor and seawater exchange,
and biogeochemical cycles (Thorseth et al., 2001; Furnes et
al., 2007; Santelli et al., 2008; Edwards et al., 2012). Investi-
Surtsey is an isolated oceanic island that has provided agating the nature and extent of the subseafloor biosphere has
exceptionally well-monitored laboratory of world-wide sig-

2.2 Fluid geochemistry and microbial colonization of
subsurface deposits

Sci. Dril., 20, 51-58, 2015 www.sci-dril.net/20/51/2015/
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<)

become an important scientific goal of research programs, inas the principal cementitious mineral phases in the volcani
cluding the International Ocean Discovery Program (IODP).ash-lime mortar of ancient Roman concrete harbor struc
Itis, however, exceedingly difficult and costly to investigate tures. These mortars bind zeolitic tuff and carbonate rock
these processes through drilling at depths of oceanic ridgeoarse aggregate in piers, breakwaters, and fish ponds that
systems. Drilling into Surtsey’s active hydrothermal systemhave remained stable in Mediterranean seawater for 2000
will provide a new window into the subterrestrial biome at years (Jackson et al., 2013a, b). Little is known, however
relatively low cost and in an exceptionally well-constrained about how hydrothermal chemistry and phase-stability relat
drill site that already has a proven record of success. Thaionships in Al-tobermorite and zeolite mineral assemblages
subseafloor pressure at the Surtsey subsurface observatoryatolve as a function of time, temperature, fluid interactions
<0.2km depth will be lower than that typical of the neo- and microbial activity. The new cores will therefore provide a
volcanic zone of mid-ocean ridges at2.5 km depth. This real-time geologic analog for understanding the evolving mi-
means that more phase separation (boiling) can occur in thisrostructures and macroscopic physical properties of tuff an
shallow environment at temperatures relevant to microbialsustainable concrete prototypes with pozzolanic pyroclasti
metabolism. Because many of the energy-rich substances cascks under the variable hydrothermal conditions of the en
pable of supporting autotrophic life (e.g.2HH2S, CHy) par- gineered barriers of waste repositories.

tition into the vapor phase, we may expect to see higher redox

gradients and more spatial diversity in microhabitat; inthiSs  ~haracterization of the 50-year-old deposits
environment compared to those that could be investigated on

|

A4

the ridge crest. The collaborative research investigations to be undertaken y
the scientific team of the SUSTAIN drilling program focus on
2.3 Evolving hydrothermal processes and tephra three ICDP research themes: volcanic systems and geother-
alteration mal regimes, the geobiosphere, and natural resources as gp-

. . ~plied to pyroclastic rock concretes in the sustainable built enr
Comparisons of new cores with the 1979 core and origi-yironment.

nal samples of the newly erupted deposits will give pre-
cise information about the time-integrated evolution of fluid—
rock interactions. These include the alteration of basaltic
glass to form palagonite, at variable temperature and fluid
chemistry, and associated secondary mineral nucleation an@ihe subaerial tuff cones of Surtsey are constructed from de
growth (Fig. 3a). Palagonite is a metastable alteration prodposits produced by intermittent tephra-finger jets and from
uct of fresh basaltic glass that has interacted with agueousontinuous uprush eruptions. Continuous uprush lasted fg
solutions and lost Si, Al, Mg, Ca, Na and K, gained® several minutes to several hours and produced eruption je
and become preferentially enriched in Ti and Fe (Stroncik100-250 m in diameter and 500-2000 m in height forming
and Schmincke, 2002). Recent compositional analyses of thap to 9 km high eruption columns (Thérarinsson, 1967). The
Surtsey magma series provide a reference for the originahew drill holes should clarify whether the lower part of the
compositions of these deposits (Schipper et al., 2015). Thedifice contains a mound of submarine pillow lavas (Fig. 4a
ongoing hydrothermal alteration and lithification of tephra (Thérarinsson, 1967) or tephra (White and Houghton, 2000
has great relevance to the longevity of the island since it is thehat preserves the initial submarine depositional phase of th
progressive formation of palagonitized tuff, rather than cap-eruption, or a deep funnel filled with slumped and down-
ping lavas, that provides resistance to incessant marine erdaulted subaerial deposits (Fig. 4b) (Moore, 1985). We car
sion (Moore et al., 1992; Jakobsson et al., 2013). The Surttherefore test which of two contrasting models best repre
sey hydrothermal system is one of the few localities world- sents the true structure of the island: the shallow crater model
wide that is actively producing an authigenic Al-tobermorite (Fig. 4a) (Thérarinsson, 1967; Jakobsson and Moore, 1992;
and zeolite assemblage (Jakobsson and Moore, 1986). Tafakobsson et al., 2013) where any diatreme that may have
bermorite, CgSigO16(0OH)2+4H,0, with 11 A ¢ axis inter- formed is narrow, leaving the pre-eruption seafloor relatively
layer spacing is formed by the action of hydrous fluids onintact underneath the volcanic edifice, or the diatreme mode
basic igneous rocks, such as the amygdules in Paleogengig. 4b) (Moore, 1985) that has wide, funnel shaped, tephra
lavas in contact with hydrothermal fluids on the Island of filled diatremes that extend a few hundred meters into the
Skye, Scotland (Livingstone, 1988). It also occurs amongpre-eruption seafloor. The new oriented cores should help 4
the alteration products at the cement—rock interface of toxicdefine these volcanic structures. For example, do the primary
and nuclear waste repositories (Gaucher and Blanc, 2006). layering and pre-solidification slump planes dip steeply in-
is a candidate sorbent for nuclear and hazardous waste envard toward the vent of the volcano (Fig. 4e) as observed
capsulation owing to its ion-exchange behavior which arisesn unoriented cores from the 1979 drill hole (Moore, 1985)
from the facile replacement of labile interlayer cations (Cole- or do beds dip gently outward away from the vent (Fig. 4d)
man et al., 2014). Al-tobermorite and phillipsite also occur as suggested by a shallow crater model? Deepening of the

3.1 Anatomy of 1963-1967 Surtsey deposits and
eruptive processes

wn -

[}

)
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inclined hole may resolve the disparity in the two models re- (Fig. 3b) (Cappelletti et al., 2011; Coleman et al., 2014). The
garding the width of the subseafloor diatreme structure ancchanges in macroscopic rock physics and mechanical prop-
may possibly intersect the outer wall of the diatreme if it is erties, such as strength and elastic moduli, that these rock—
sufficiently narrow. Analyses of core from the inclined hole fluid interactions produced in the pyroclastic deposits will
should also provide information about how the onset of frag-also be investigated (Vanorio and Kanitpanyacharoen, 2015).
mentation, submarine transport of tephra, and deposition inThese processes have implications for the larger-scale stabi-
the submarine environment differs from what is representedization of the Surtseyan-style volcanic edifice against ero-
in subaerial deposits. The extent to which Surtsey’s activ-sion, including subglacial edifices formed in eruptions under
ity was predominantly phreatomagmatic, versus the degreéce (Jarosch et al., 2008).

to which it involved substantial volatile-driven magmatic ex-

plosivity has important implications for predicting potential

hazards to air traffic from future Surtseyan-type eruptions.

These processes can be clarified with rigorous analysis of de-

posits (e.g., Schipper et al., 2010, 2015) combined with ex-3.3 Active microbial processes and fluid geochemistry
periments using remelted material from the island (Buttner

et al., 2002). In recent years the deep biosphere has been shown to be
an immense habitat for microbial life, and these findings
have wide reaching implications for global geochemical cy-
cling (Orcutt et al., 2011). Although there is increasing ex-
ploration of the deep biosphere, mainly due to advances in
The current model for Surtsey’s hydrothermal system hy-drilling technologies and underwater equipment, one funda-
pothesizes that cooling of dike intrusions in the eruptive cen-mental environment remains unexplored: the “zero age” up-
ters of the eastern and western craters (Stefansson et apger crust. This province is exceptionally interesting since it
1985) provides the heat to drive hydrothermal convection,is here that the first microbial colonization and interaction
which results in palagonitization of the tephra and indurationwith basaltic rocks takes place. Exploration of the micro-
of the core of the island (Fig. 3a). The high heat of vapor- bial colonization of Surtsey tephra could therefore give oth-
ization of water means that significant heat transfer occurserwise unavailable insights into the origins of rock-dwelling
isothermally by release of steam through the tephra pile, asnicroorganisms. The diversity, abundance, and function of
indicated by the isothermal (10C) portion of the tempera- potentially endemic communities of microorganisms will be
ture profile measured in 1980 before the well bore filled with analyzed by DNA extraction and next generation sequencing
water (Fig. 3b). The new cores will further clarify the ex- of metagenomes and 16S rRNA genes. The functioning of
tent and nature of the intrusive system and how early residthe microbiome will be investigated by transcriptomic anal-
ual heat in the tephra might have influenced hydrothermalysis and strain isolations (Marteinsson et al., 2015).
processes. New studies of the cooling hydrothermal system, Assessments of the geochemical composition of hy-
the roles of meteoric water and tidal flux, salinity, pH, sul- drothermal seawater, reaction progress associated with
fur cycling, and possible microbial oxidation of iron in both water-rock—microbiological interaction and inorganic chem-
new holes will further elucidate water—rock interactions, andical energy available in the hydrothermal system, will be
the progressive palagonitization and consolidation of glassycombined with equilibrium reaction models to describe
basalt deposits through abiotic and/or biotic processes (Walaffinities for chemosynthesis and tephra alteration and pro-
ton, 2008; Pauly et al., 2011). Determination of rates of re-vide constraints on the potential energy available for micro-
action and phase-stability relationships in the evolving Surt-bial metabolism. The design of the Surtsey subsurface ob-
sey tuff as a function of time, temperature, and fluid interac-servatory is similar to that of observatories installed during
tions will provide an exceptionally well-constrained geolog- recent IODP expeditions (Fisher et al., 2011; Edwards et
ical analog for innovative, pyroclastic rock concrete encap-al., 2012). After drilling, incubation chambers (e.g., Toner
sulations of hazardous wastes that use ancient Roman comt al., 2013) will be deployed inside slotted sections of the
crete as a prototype (Jackson et al., 2013b). The formatiomluminum casing to facilitate further microbial, geochemical
of Al-tobermorite and phillipsite in massive Roman seawaterand hydrological studies in isolated sections of the drill hole
concrete harbor structures is in part controlled by elevatedabove sea level (<60-70m below the surface (mbs) at the
temperature that arises during formation of poorly crystallinedrill site), in the highest temperature regime (70-140 mbs),
calcium-aluminum-silicate-hydrate (C-A-S-H) cementitious and below the high temperature regime (> 140 mbs) (Fig. 3b).
binder due to exothermic reactions, but these processes afEhe new studies of potentially indigenous subsurface micro-
poorly understood (Jackson et al., 2013a). The ion-exchangbial life in the vertical hole will be the first systematic, lon-
selectivity of the 11 A tobermorite and zeolitic mineral as- gitudinal study of microbial colonization of an isolated neo-
semblages for Csand S#* will be determined experimen-  volcanic island at successive depths from the surface to the
tally on samples of Surtsey tuff at certain critical horizons seafloor.

3.2 Monitoring hydrothermal processes 50 years after
the Surtsey eruptions
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Participants of the ICDP SUSTAIN workshop Furnes, H., Banerjee, N. R., Staudigel, H., Muehlenbachs, K.
McLoughlin, N., de Wit, M., and Van Kranendonk, M.: Com-

The drilling project collaborators and science team, as well as paring petrographic signatures of bioalteration in recent to

abstracts describing scientific objectives, are posted at http: Mesoarchean pillow lavas: Tracing subsurface life in oceanic ig-

/Isurtsey.icdp-online.org. neous rocks, Precambrian Res., 158, 156-176, 2007.

Gaucher, E. C. and Blanc, P.: Cement/clay interactions - A review
Experiments, natural analogues, and modeling, Waste Manage.
26, 776—788, 2006.

Jackson, M. D.: New proposed drilling at Surtsey Volcano,

Sveinn Jakobsson, Icelandic Institute of Natural History, Hall- !céland, Eos Trans, American Geophysical Union, 95, 488,

grimur Jénasson, The Icelandic Centre for Research, and Ingvar 90i:10.1002/2014EO510006, 2014.

A. Sigurdsson, South Iceland Institute for Natural History, took Jackson, M. D., Chae, S. R., Mulcahy, S. R., Meral, C., Taylor, R.

part in the workshop and contributed their expertise. pérdis L P Emwas, A.-H., Moon, J., Yoon, S., Vola, G., Wenk, H.-R.,

Bragadéttir, Environment Agency of Iceland, explained regulations @nd Monteiro, P. J. M.: Unlocking the secrets of Al-tobermorite

on conservation and project permission procedures in Iceland. i2nOlRSoman seawater concrete, Am. Mineral., 98, 1669-1687
a.
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M., Emwas, A.-H., Meral, C., Guttmann, P., Levitz, P., Wenk, H.-
R., and Monteiro, P. J. M.: Material and elastic properties of Al-
tobermorite in ancient Roman seawater concrete, J. Am. Ceram.
Soc., 96, 2598—-2606, 2013b.
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