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Abstract. A new International Continental Drilling Program (ICDP) project will drill through the 50-yearold 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; after Trønnes, 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 southern
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 beginning
in November 1963, when a plume of ash first broke the sea
surface, until the termination of subaerial lava flow activity in
June 1967. Surtsey was designated a UNESCO World Heritage site in 2008 and “has been protected since its birth,
providing the world with a pristine natural laboratory” for
study of earth and biological processes (Baldursson and Ingadóttir, 2007). An International Continental Drilling Program (ICDP) workshop on Heimaey Island in October 2014
convened 24 scientists from 10 countries and representatives
from the Surtsey Research Society, who developed the scientific objectives of the Surtsey Underwater volcanic System for Thermophiles, Alteration processes and INnovative
Concretes (SUSTAIN) drilling project (Jackson, 2014). The
project will include the eventual installation of an in situ
Surtsey subsurface observatory for monitoring hydrothermal
microbial life and changes in the physical and compositional
properties of associated hydrothermal fluids, which will complement the 50 years of observations of plant and animal life
on the surface of Surtsey.
The 181 m deep hole drilled within the eastern tephra cone
in 1979 (Fig. 3a) was sponsored by the US Geological Survey and the Icelandic Institute of Natural History. It has
Sci. Dril., 20, 51–58, 2015

Figure 2. Surtsey Volcano in eruption, 30 November 1963 (Terry

Mann, courtesy of Robert Carson).

provided well-constrained information about the substructure and stratigraphy of the volcano, as well as the nature of
its hydrothermal system, which continues to be manifested
by steam vents at the surface (Jakobsson and Moore, 1986,
1992; Jakobsson et al., 2013). Investigations of the core and
downhole temperature measurements described the petrologic characteristics of the basaltic tephra, partially altered
to palagonite tuff, the thermal conditions and nature of hydrothermal alteration, and the authigenic mineral growth of a
rare aluminous calcium-silicate-hydrate and zeolite mineral
assemblage above and below sea level (Fig. 3b). These minerals, Al-tobermorite and phillipsite, have cation exchange
capabilities for certain radionuclides and heavy metals and
have been the focus of laboratory syntheses of concretes
for hazardous waste encapsulations (Komarneni and Roy,
1983; Komarneni, 1985; Trotignon et al., 2007; Cappelletti
et al., 2011; Coleman et al., 2014). In the SUSTAIN drilling
project, time-lapse investigations of dynamic secondary mineral assemblages in the altered tephra deposits will yield information from a geological analog for the long-term performance behavior of specialty concretes formulated with pyroclastic rock. The results of these investigations will advance
technological developments initiated by ancient Roman enwww.sci-dril.net/20/51/2015/
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gineers, who developed pozzolanic concretes with this same
mineral assemblage that have maintained their integrity despite centuries-long exposure to seawater (Brandon et al.,
2014). A recent study of hot fluids in the 1979 drill hole
(Fig. 3b) has identified for the first time potentially indigenous thermophilic bacteria and archaea deep in the center
of an isolated Neogene volcanic island (Marteinsson et al.,
2015). In the SUSTAIN project, studies of microbial colonization of the altered subterrestrial tephra and hydrothermal
fluids could provide new insights into archaeal lineages in
the very young biosphere and, possibly, contribute to understanding the nature of the archaeal ancestor of eukaryote organisms (Spang et al., 2015).
Two holes through the 50-year-old deposits, designed in
collaboration with the Icelandic National Planning and Environment Agencies to protect the sensitive habitats of the
Surtsey Natural Reserve, will be drilled at a site within
∼ 5 m of the 1979 hole (Fig. 3a). A vertical drill hole,
∼ 210 m deep, will explore pore water chemistry, microbiology, and microbiological–water–rock interactions and compare the present state of hydrothermal alteration with that in
the 35-year-old drill core. The hole will be cased with anodized aluminum for future Surtsey subsurface observatory
studies. A ∼ 300 m long inclined hole with steel casing will
intersect tephra deposits, dikes and other vent facies beneath
the crater; provide additional information on deep stratigraphy and submarine structure below the 181 m depth of the
1979 hole; and investigate the changing temperatures and
the compositions of whole-rock, glass and mineral assemblages of the hydrothermal system. Slim-hole logging sondes
will be deployed from a motorized winch to the base of the
holes at 200–300 m depth. Sensors will acquire equilibrated
temperature measurements, total natural gamma to log lithological variations; electrical resistivity and self-potential to
show variations in fluid salinity and influences of alteration
processes; and sonic P-wave velocity and magnetic susceptibility to show possible variations in compaction, alteration,
and authigenic mineralogy. Core segments from the inclined
hole will be oriented to ±1◦ of azimuthal accuracy to further
evaluate the internal structure, stratigraphy, composition and
mineralogy of the volcanic edifice.
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Figure 3. Hydrothermal alteration of Surtsey deposits (after Jack-

son, 2014). (a) Schematic cross section (Jakobsson et al., 2009)
shows inferred feeder dikes, palagonitization of basaltic tuff in
2004, the 1979 drill hole, and the two planned ICDP drill holes.
(b) Temperatures in the 1979 hole. Lines adjacent to the 1980
curve show greatest abundance of authigenic analcite (blue), Altobermorite and phillipsite (orange), and anhydrite (red). Downhole water sampling in 2009 and microbiological analyses reveal diverse subterrestrial bacterial sequences and Methanobacterialesblackbox[CE]Please note that when written individually only
the “genus” devision names withing the taxonomic clasification system are italicized, it seems that Methanobacteriales refers to an “order” of the system. For future reference, does Methanobacteriales
fall under a different set of taxonomy and nomenclature rules?-like
archaeal sequences at 172 m (54 ◦ C) (site 1) and an archaeal community dominated by Archaeoglobus-like 16S rRNA sequences at
145 m (80 ◦ C) (site 2) (Jakobsson and Moore, 1986; Olafsson and
Jakobsson, 2009; Marteinsson et al., 2015).

Workshop goals

The SUSTAIN drilling project will use the natural laboratory
of the Surtsey tephra above and below sea level, and interdisciplinary volcanological, microbial, geochemical, mineralogical, and geoarchaeological research programs to undertake scientific investigations situated within the larger ICDP
research themes of the evolution of hydrothermal seawater–
rock interactions in rift zone volcanism, the succession of
early microbial life, and the development of industrial resources, using the alteration processes of palagonitized tuff
www.sci-dril.net/20/51/2015/

as models for creating sustainable, high-performance concretes with pyroclastic rocks.
2.1

Subaerial and submarine structures of the type
locality of Surtseyan volcanism

Descriptions of the episodic eruptions at Surtsey from 1963
to 1967 provide the most comprehensive record of Surtseyanstyle emergent volcanic activity and island rift zone volcanism in the world (Thórarinsson, 1967). Questions remain,
Sci. Dril., 20, 51–58, 2015
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Figure 4. Structural models of Surtsey, showing the shallow crater hypothesis (a, d) (Thórarinsson, 1969) and the diatreme hypothesis (b,
e) (Moore, 1985). Red lines on (d) 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 shown in a), no pillow mound is included in (d) as neither was it detected in the 1979 drill hole nor
in gravity modeling (Thorsteinsson and Gudmundsson, 1999). The geological map of Surtsey (c) shows the helipad, the Pálsbær II hut, and
1979 drill site.

however, about the earliest submarine part of the edifice,
which was not observed during initial studies of the volcano
(Fig. 4). The role of seawater interaction with hot magma and
temporal variations in magmatic volatile content in driving
subaerial explosive eruptions will also be investigated. New
drilling will clarify Surtsey’s early history and submarine
structural anatomy and provide interdisciplinary perspectives
into explosive eruptive processes and how volcanic facies,
structural discontinuities, pyroclast size and vesicularity provide a template for hydrothermal fluid flow, heat transfer, diagenetic and biogenetic alteration processes, and temporal
changes in porosity and rock physics properties.
2.2

Fluid geochemistry and microbial colonization of
subsurface deposits

Surtsey is an isolated oceanic island that has provided an
exceptionally well-monitored laboratory of world-wide sigSci. Dril., 20, 51–58, 2015

nificance for the investigation of biological colonization and
succession on and in basaltic tephra deposits. Furthermore,
the temperature range recorded in the 1979 hole (Fig. 3b)
is ideal for studying the extreme temperature conditions of
chemosynthetic life. A subsurface biome comprising bacteria and archaea has recently been observed in fluids extracted
from the 1979 hole below 145 m depth (Fig. 3b). This subsurface microbial community is quite possibly indigenous, since
it occurs below a > 120 ◦ C thermal barrier at 100 m depth
that prevents the downward dissemination of surface organisms (Marteinsson et al., 2015). Microbial colonization has
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). Investigating the nature and extent of the subseafloor biosphere has

www.sci-dril.net/20/51/2015/
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become an important scientific goal of research programs, including the International Ocean Discovery Program (IODP).
It is, however, exceedingly difficult and costly to investigate
these processes through drilling at depths of oceanic ridge
systems. Drilling into Surtsey’s active hydrothermal system
will provide a new window into the subterrestrial biome at
relatively low cost and in an exceptionally well-constrained
drill site that already has a proven record of success. The
subseafloor pressure at the Surtsey subsurface observatory at
< 0.2 km depth will be lower than that typical of the neovolcanic zone of mid-ocean ridges at ∼ 2.5 km depth. This
means that more phase separation (boiling) can occur in this
shallow environment at temperatures relevant to microbial
metabolism. Because many of the energy-rich substances capable of supporting autotrophic life (e.g., H2 , H2 S, CH4 ) partition into the vapor phase, we may expect to see higher redox
gradients and more spatial diversity in microhabitats in this
environment compared to those that could be investigated on
the ridge crest.
2.3

Evolving hydrothermal processes and tephra
alteration

Comparisons of new cores with the 1979 core and original samples of the newly erupted deposits will give precise 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 and
growth (Fig. 3a). Palagonite is a metastable alteration product of fresh basaltic glass that has interacted with aqueous
solutions and lost Si, Al, Mg, Ca, Na and K, gained H2 O,
and become preferentially enriched in Ti and Fe (Stroncik
and Schmincke, 2002). Recent compositional analyses of the
Surtsey magma series provide a reference for the original
compositions of these deposits (Schipper et al., 2015). The
ongoing hydrothermal alteration and lithification of tephra
has great relevance to the longevity of the island since it is the
progressive formation of palagonitized tuff, rather than capping lavas, that provides resistance to incessant marine erosion (Moore et al., 1992; Jakobsson et al., 2013). The Surtsey hydrothermal system is one of the few localities worldwide that is actively producing an authigenic Al-tobermorite
and zeolite assemblage (Jakobsson and Moore, 1986). Tobermorite, Ca5 Si6 O16 (OH)2 q4H2 O, with 11 Å c axis interlayer spacing is formed by the action of hydrous fluids on
basic igneous rocks, such as the amygdules in Paleogene
lavas in contact with hydrothermal fluids on the Island of
Skye, Scotland (Livingstone, 1988). It also occurs among
the alteration products at the cement–rock interface of toxic
and nuclear waste repositories (Gaucher and Blanc, 2006). It
is a candidate sorbent for nuclear and hazardous waste encapsulation owing to its ion-exchange behavior which arises
from the facile replacement of labile interlayer cations (Coleman et al., 2014). Al-tobermorite and phillipsite also occur
www.sci-dril.net/20/51/2015/
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as the principal cementitious mineral phases in the volcanic
ash–lime mortar of ancient Roman concrete harbor structures. These mortars bind zeolitic tuff and carbonate rock
coarse aggregate in piers, breakwaters, and fish ponds that
have remained stable in Mediterranean seawater for 2000
years (Jackson et al., 2013a, b). Little is known, however,
about how hydrothermal chemistry and phase-stability relationships in Al-tobermorite and zeolite mineral assemblages
evolve as a function of time, temperature, fluid interactions,
and microbial activity. The new cores will therefore provide a
real-time geologic analog for understanding the evolving microstructures and macroscopic physical properties of tuff and
sustainable concrete prototypes with pozzolanic pyroclastic
rocks under the variable hydrothermal conditions of the engineered barriers of waste repositories.
3

Characterization of the 50-year-old deposits

The collaborative research investigations to be undertaken by
the scientific team of the SUSTAIN drilling program focus on
three ICDP research themes: volcanic systems and geothermal regimes, the geobiosphere, and natural resources as applied to pyroclastic rock concretes in the sustainable built environment.
3.1

Anatomy of 1963–1967 Surtsey deposits and
eruptive processes

The subaerial tuff cones of Surtsey are constructed from deposits produced by intermittent tephra-finger jets and from
continuous uprush eruptions. Continuous uprush lasted for
several minutes to several hours and produced eruption jets
100–250 m in diameter and 500–2000 m in height forming
up to 9 km high eruption columns (Thórarinsson, 1967). The
new drill holes should clarify whether the lower part of the
edifice contains a mound of submarine pillow lavas (Fig. 4a)
(Thórarinsson, 1967) or tephra (White and Houghton, 2000)
that preserves the initial submarine depositional phase of the
eruption, or a deep funnel filled with slumped and downfaulted subaerial deposits (Fig. 4b) (Moore, 1985). We can
therefore test which of two contrasting models best represents the true structure of the island: the shallow crater model
(Fig. 4a) (Thórarinsson, 1967; Jakobsson and Moore, 1992;
Jakobsson et al., 2013) where any diatreme that may have
formed is narrow, leaving the pre-eruption seafloor relatively
intact underneath the volcanic edifice, or the diatreme model
(Fig. 4b) (Moore, 1985) that has wide, funnel shaped, tephrafilled diatremes that extend a few hundred meters into the
pre-eruption seafloor. The new oriented cores should help us
define these volcanic structures. For example, do the primary
layering and pre-solidification slump planes dip steeply inward toward the vent of the volcano (Fig. 4e) as observed
in unoriented cores from the 1979 drill hole (Moore, 1985)
or do beds dip gently outward away from the vent (Fig. 4d)
as suggested by a shallow crater model? Deepening of the
Sci. Dril., 20, 51–58, 2015
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inclined hole may resolve the disparity in the two models regarding the width of the subseafloor diatreme structure and
may possibly intersect the outer wall of the diatreme if it is
sufficiently narrow. Analyses of core from the inclined hole
should also provide information about how the onset of fragmentation, submarine transport of tephra, and deposition in
the submarine environment differs from what is represented
in subaerial deposits. The extent to which Surtsey’s activity was predominantly phreatomagmatic, versus the degree
to which it involved substantial volatile-driven magmatic explosivity has important implications for predicting potential
hazards to air traffic from future Surtseyan-type eruptions.
These processes can be clarified with rigorous analysis of deposits (e.g., Schipper et al., 2010, 2015) combined with experiments using remelted material from the island (Büttner
et al., 2002).
3.2

Monitoring hydrothermal processes 50 years after
the Surtsey eruptions

The current model for Surtsey’s hydrothermal system hypothesizes that cooling of dike intrusions in the eruptive centers of the eastern and western craters (Stefansson et al.,
1985) provides the heat to drive hydrothermal convection,
which results in palagonitization of the tephra and induration
of the core of the island (Fig. 3a). The high heat of vaporization of water means that significant heat transfer occurs
isothermally by release of steam through the tephra pile, as
indicated by the isothermal (100 ◦ C) portion of the temperature profile measured in 1980 before the well bore filled with
water (Fig. 3b). The new cores will further clarify the extent and nature of the intrusive system and how early residual heat in the tephra might have influenced hydrothermal
processes. New studies of the cooling hydrothermal system,
the roles of meteoric water and tidal flux, salinity, pH, sulfur cycling, and possible microbial oxidation of iron in both
new holes will further elucidate water–rock interactions, and
the progressive palagonitization and consolidation of glassy
basalt deposits through abiotic and/or biotic processes (Walton, 2008; Pauly et al., 2011). Determination of rates of reaction and phase-stability relationships in the evolving Surtsey tuff as a function of time, temperature, and fluid interactions will provide an exceptionally well-constrained geological analog for innovative, pyroclastic rock concrete encapsulations of hazardous wastes that use ancient Roman concrete as a prototype (Jackson et al., 2013b). The formation
of Al-tobermorite and phillipsite in massive Roman seawater
concrete harbor structures is in part controlled by elevated
temperature that arises during formation of poorly crystalline
calcium-aluminum-silicate-hydrate (C-A-S-H) cementitious
binder due to exothermic reactions, but these processes are
poorly understood (Jackson et al., 2013a). The ion-exchange
selectivity of the 11 Å tobermorite and zeolitic mineral assemblages for Cs+ and Sr2+ will be determined experimentally on samples of Surtsey tuff at certain critical horizons
Sci. Dril., 20, 51–58, 2015

(Fig. 3b) (Cappelletti et al., 2011; Coleman et al., 2014). The
changes in macroscopic rock physics and mechanical properties, such as strength and elastic moduli, that these rock–
fluid interactions produced in the pyroclastic deposits will
also be investigated (Vanorio and Kanitpanyacharoen, 2015).
These processes have implications for the larger-scale stabilization of the Surtseyan-style volcanic edifice against erosion, including subglacial edifices formed in eruptions under
ice (Jarosch et al., 2008).

3.3

Active microbial processes and fluid geochemistry

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 cycling (Orcutt et al., 2011). Although there is increasing exploration of the deep biosphere, mainly due to advances in
drilling technologies and underwater equipment, one fundamental environment remains unexplored: the “zero age” upper crust. This province is exceptionally interesting since it
is here that the first microbial colonization and interaction
with basaltic rocks takes place. Exploration of the microbial colonization of Surtsey tephra could therefore give otherwise unavailable insights into the origins of rock-dwelling
microorganisms. The diversity, abundance, and function of
potentially endemic communities of microorganisms will be
analyzed by DNA extraction and next generation sequencing
of metagenomes and 16S rRNA genes. The functioning of
the microbiome will be investigated by transcriptomic analysis and strain isolations (Marteinsson et al., 2015).
Assessments of the geochemical composition of hydrothermal seawater, reaction progress associated with
water–rock–microbiological interaction and inorganic chemical energy available in the hydrothermal system, will be
combined with equilibrium reaction models to describe
affinities for chemosynthesis and tephra alteration and provide constraints on the potential energy available for microbial metabolism. The design of the Surtsey subsurface observatory is similar to that of observatories installed during
recent IODP expeditions (Fisher et al., 2011; Edwards et
al., 2012). After drilling, incubation chambers (e.g., Toner
et al., 2013) will be deployed inside slotted sections of the
aluminum casing to facilitate further microbial, geochemical
and hydrological studies in isolated sections of the drill hole
above sea level (< 60–70 m below the surface (mbs) at the
drill site), in the highest temperature regime (70–140 mbs),
and below the high temperature regime (> 140 mbs) (Fig. 3b).
The new studies of potentially indigenous subsurface microbial life in the vertical hole will be the first systematic, longitudinal study of microbial colonization of an isolated neovolcanic island at successive depths from the surface to the
seafloor.
www.sci-dril.net/20/51/2015/
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Participants of the ICDP SUSTAIN workshop

The drilling project collaborators and science team, as well as
abstracts describing scientific objectives, are posted at http:
//surtsey.icdp-online.org.

Acknowledgements. We thank the ICDP for their generous

support of the 2014 workshop and SUSTAIN drilling program.
Sveinn Jakobsson, Icelandic Institute of Natural History, Hallgrímur Jónasson, The Icelandic Centre for Research, and Ingvar
A. Sigurðsson, South Iceland Institute for Natural History, took
part in the workshop and contributed their expertise. Þórdís
Bragadóttir, Environment Agency of Iceland, explained regulations
on conservation and project permission procedures in Iceland.
Edited by: T. Morishita
Reviewed by: M. Jutzeler and one anonymous referee

References
Baldursson, S. and Ingadóttir, Á.: Nomination of Surtsey for the
UNESCO World Heritage List. Icelandic Institute of Natural History, Reykjavik, 2007.
Brandon, C., Hohlfelder, R. H., Jackson, M. D., and Oleson, J. P.:
Building for Eternity: the History and Technology of Roman
Concrete Engineering in the Sea, Oxbow Books, Oxford, 327
pp., 2014.
Büttner, R., Dellino, P., La Volpe, L., Lorenz, V., and Zimanowski,
B.: Thermohydraulic explosions in phreatomagmatic eruptions
as evidenced by the comparison between pyroclasts and products
from Molten Fuel Coolant Interaction experiments, J. Geophys.
Res. Solid Earth, 107, 2277, doi:10.1029/2001JB000511, 2002.
Cappelletti, P., Rapisardo, G., de Gennaro, B., Colella, A., Langella,
A., Graziano, S. F., Bish, D. L., and de Gennaro, M.: Immobilization of Cs and Sr in aluminosilicate matrices derived from natural
zeolites, J. Nucl. Materials, 414, 451–457, 2011.
Coleman, N. J., Li, Q., and Raza, A.: Synthesis, structure and performance of calcium silicate ion exchangers from recycled container glass, Physicochem. Probl. Mi., 50, 5–16, 2014.
Edwards, K. J., Wheat , C. G., Orcutt, B. N., Hulme, S., Becker, K.,
Jannasch, H., Haddad, A., Pettigrew, T., Rhinehart, W., Grigar,
K., Bach, W., Kirkwood, W., and Klaus, A.: Design and deployment of borehole observatories and experiments during IODP
Expedition 336, Mid-Atlantic Ridge flank at North Pond, in: Proceedings of the Integrated Ocean Drilling Program, edited by:
Edwards, K. J., Bach, W., and Klaus, A., 336, Integrated Ocan
Drilling Program Management International, Inc., Tokyo, 2012.
Fisher, A. T., Wheat, C. G., Becker, K., Cowen, J., Orcutt, B.,
Hulme, S., Inderbitzen, K., Turner, A., Pettigrew, T. L., Davis,
E. E., Jannasch, H., Grigar, K., Adudell, R., Meldrum, R., Macdonald, R., and Edwards, K. J.: Design, deployment, and status of
borehole observatory systems used for single-hole and cross-hole
experiments, IODP Expedition 327, eastern flank of Juan de Fuca
Ridge, in: Proceedings of the Integrated Ocean Drilling Program,
edited by: Fisher, A. T., Tsuji, T., and Petronotis, K., 327, Integrated Ocean Drilling Program Management International, Inc.,
Tokyo, 2011.

www.sci-dril.net/20/51/2015/

57

Furnes, H., Banerjee, N. R., Staudigel, H., Muehlenbachs, K.,
McLoughlin, N., de Wit, M., and Van Kranendonk, M.: Comparing petrographic signatures of bioalteration in recent to
Mesoarchean pillow lavas: Tracing subsurface life in oceanic igneous 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,
Iceland, Eos Trans, American Geophysical Union, 95, 488,
doi:10.1002/2014EO510006, 2014.
Jackson, M. D., Chae, S. R., Mulcahy, S. R., Meral, C., Taylor, R.,
Li, P., Emwas, A.-H., Moon, J., Yoon, S., Vola, G., Wenk, H.-R.,
and Monteiro, P. J. M.: Unlocking the secrets of Al-tobermorite
in Roman seawater concrete, Am. Mineral., 98, 1669–1687,
2013a.
Jackson, M. D., Moon, J., Gotti, E., Taylor, R., Chae, S. R., Kunz,
M., Emwas, A.-H., Meral, C., Guttmann, P., Levitz, P., Wenk, H.R., and Monteiro, P. J. M.: Material and elastic properties of Altobermorite in ancient Roman seawater concrete, J. Am. Ceram.
Soc., 96, 2598–2606, 2013b.
Jakobsson, S. P. and Moore, J. G.: Hydrothermal minerals and alteration rates at Surtsey volcano, Iceland, Geol. Soc. Am. Bull.,
97, 648–659, 1986.
Jakobsson, S. P. and Moore, J. G.: The Surtsey Research Drilling
Project of 1979, Surtsey Res., 9, 76–93, 1992.
Jakobsson, S. P., Jónasson, K., and Sigurdsson, I. A.: The three igneous rock series of Iceland, Jökull, 58, 117–138, 2008.
Jakobsson, S. P., Thors, K., Vésteinsson, Á. T., and Ásbjörnsdóttir,
L.: Some aspects of the seafloor morphology at Surtsey volcano:
the new multibeam bathymetric survey of 2007, Surtsey Res., 12,
9–20, 2009.
Jakobsson, S. P., Moore, J. G., and Thorseth, I. H.: Palagonitization and lithification of Surtsey tephra, Proceedings of the Surtsey 50th Anniversary Conference, 12–15 August 2013, 2013.
Jarosch, A. H., Gudmundsson, M. T., Högnadóttir, T., and Axelsson, G.: The progressive cooling of the hyaloclastite ridge at
Gjálp, Iceland, 1996–2005, J. Volcanol. Geoth. Res., 170, 218–
229, 2008.
Komarneni, S.: Phillipsite in Cs Decontamination and Immobilization, Clays Clay Miner., 33, 145–151, 1985.
Komarneni, S. and Roy, D.: Tobermorites: A new family of cation
exchangers, Science, 221, 647–648, 1983.
Livingstone, A.: Reyerite, tobermorite, calcian analcime and bytownite from amygdules in Skye basalt, Mineralogical Magazine,
52, 711–713, 1988.
Marteinsson, V., Klonowski, A., Reynisson, E., Vannier, P., Sigurdsson, B. D., and Ólafsson, M.: Microbial colonization in
diverse surface soil types in Surtsey and diversity analysis
of its subsurface microbiota, Biogeosciences, 12, 1191–1203,
doi:10.5194/bg-12-1191-2015, 2015.
Moore, J. G.: Structure and eruptive mechanisms at Surtsey Volcano, Iceland, Geological Magazine, 122, 649–661, 1985.
Moore, J. G., Jakobsson, S. P., and Holmjarn, J.: Subsidence of Surtsey volcano, 1967–1991, Bull. Volcanol., 55, 17–24, 1992.
Olafsson, M. and Jakobsson, S. P., Chemical composition of hydrothermal water and water-rock interactions on Surtsey volcanic
island: A preliminary report, Surtsey Res., 12, 29–38, 2009.

Sci. Dril., 20, 51–58, 2015

58

M. D. Jackson et al.: Time-lapse characterization of hydrothermal seawater

Orcutt, B. N., Sylvan, J. B., Knab, N. J., and Edwards, K. J.: Microbial ecology of the dark ccean above, at, and below the seafloor,
Microbiol. Mol. Biol. R., 75, 361–422, 2011.
Pauly, B. D., Schiffman, P., Zierenberg, R. A., and Clague, D.
A.: Environmental and chemical controls on palagonitization,
Geochem. Geophy. Geosy., 12, 1–26, 2011.
Santelli, C. M., Orcutt, B. N., Banning, E., Bach, W., Moyer, C. L.,
Sogin, M. L., Staudigel, H., and Edwards, K. J.: Abundance and
diversity of microbial life in ocean crust, Nature, 453, 653–656,
2008.
Schipper, C. I., White, J. D. L., Houghton, B. F., Shimizu, N., and
Stewart, R. B.: Explosive submarine eruptions driven by volatilecoupled degassing at Lo‘ihi Seamount, Hawai‘i, Earth Planet.
Sci. Lett., 295, 497–510, 2010.
Schipper, C. I., Jakobsson, S. P., White, J. D. L., Palin, J. M., and
Bush-Marcinowski, T.: The Surtsey Magma Series, Scientific
Reports, 5, 11498, doi:10.1038/srep11498, 2015.
Spang, A., Saw, J. H., Jørgensen, S. L., Zaremba-Niedzwiedzka, K.,
Martijn, J., Lind, A. E., van Eijk, R., Schleper, C., Guy, L., and
Ettema, T. G. G.: Complex archaea that bridge the gap between
prokaryotes and eukaryotes, Nature, 521, 173–179, 2015.
Stefansson, V., Axelsson, G., Sigurdsson, O., Gudmundsson, G.,
and Steingrimsson, B.: Thermal condition of Surtsey, J. Geodyn.,
4, 91–106, 1985.
Stroncik, N. and Schmincke H.-U.: Palagonite – a review, Int. J.
Earth Sci., 91, 680–697, 2002.
Thórarinsson, S.: Surtsey. The New Island in the North Atlantic,
The Viking Press, New York, 1967.
Thórarinsson, S.: Sídustu thaettir Eyjaelda (English summary: The
last phases of the Surtsey eruption), Náttúrufraedingurinn, 38,
113–135, 1969.

Sci. Dril., 20, 51–58, 2015

Thorsteinsson, T. and Gudmundsson, M. T.: Gravity model studies
of the volcanic island Surtsey, Iceland, Jökull, 47, 89–96, 1999.
Thorseth, I. H., Torsvik, T., Torsvik, V., Daae, F. L., and Pedersen,
R. B.: Diversity of life in ocean floor basalt, Earth Planet. Sci.
Lett., 194, 31–37, 2001.
Toner, B. M., Lesniewski, R. A., Marlow, J. J., Briscoe, L. J., Santelli, C. M., Bach, W., Orcutt, B. N., and Edwards, K. J.: Mineralogy drives bacterial biogeography of hydrothermally inactive
seafloor sulfide deposits, Geomicrobiol. J., 30, 313–326, 2013.
Trønnes, R. G.: Geology and geodynamics of Iceland, Nordic Volcanological Institute, University of Iceland, 1–19, 2002.
Trotignon, L., Devallois, V., Peycelon, H., Tiffreau, C., and Bourbon, X.: Predicting the Long Term Durability of Concrete Engineered Barriers in a Geological Repository for Radioactive
Waste, Phys. Chem. Earth, Parts A/B/C, 32, 259–274, 2007.
Vanorio, T. and Kanitpanyacharoen, W.: Rock physics of
fibrous rocks akin to Roman concrete explains uplifts
at Campi Flegrei Caldera, Science, 349, 6248, 617–621,
doi:10.1126/science.aab1292, 2015.
Walton, A. W.: Microtubules in basalt glass from Hawaii Scientific
Drilling Project #2 phase 1 core and Hilina slope, Hawaii: evidence of the occurrence and behavior of endolithic microorganisms, Geobiology, 6, 351–364, 2008.
White, J. D. L. and Houghton, B. F.: Surtseyan and related eruptions, in: Encyclopedia of Volcanoes, edited by: Sigurdsson, H.,
Houghton, B., McNutt, S., Rymer, H., and Stix, J., Academic
Press, New York, 495–512, 2000.

www.sci-dril.net/20/51/2015/

