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Editorial preface

Dear Reader,

Recent volcanic eruptions in Italy, Indonesia and Guatemala
remind us about the heat and magma pump that drives our
restless planet. Scientific drilling is one key method to sample
and study volcanoes in situ for the advancement of understanding
volcanic processes. This issue (Vol. 25) of Scientific Drilling
encompasses six science papers, four of which focus on different
aspects of drilling, coring and exploration of volcanoes.

The SUSTAIN drilling campaign on Surtsey Island, Iceland (p.
35), was conducted about 50 years after a first exploratory well
penetrated the tip of this volcano in 1979 just a few years after its
emergence in 1963-1967. Drilling at Surtsey provided a record of
global significance for studying the mechanics of marine basaltic
eruptions, the deep structure of young oceanic islands in shallow
rift-zone environments, and the processes of tephra lithification
causing resistance of volcanic islands to incessant marine erosion.
One of the three boreholes drilled in 2017 has been equipped

with a novel type of subsurface observatory dedicated to in situ
experiments for monitoring water-rock-microbial processes in
situ and on artificial rock samples (p. 57).

Combined core, wireline logging and downhole image log studies
in the subsurface of Hawai'i (p. 15) link borehole facies to
surface analogues to shed light on geological processes that form
petrophysical variations preserved in the rocks. Such studies
allow improved confidence in the interpretation of borehole
imaging of volcanic sequences where core is not available.
Volcanic maar lakes can serve as significant archives for
paleoclimate and paleoenvironmental studies. A prime example is
the Orakei maar lake in the Auckland Volcanic Field, New Zealand
(p- 47), due to its low surface-to-volume ratio and limited
catchment. The drilling campaign opened its lake sediments as

an ideal library of SW Pacific climate signals. The maar lakes

also preserve ashes of the neighbouring volcanoes allowing for
geochronological control. The sediment coring sequence spans
the last glacial cycle from the phreatomagmatic eruption to the
crater rim breach due to post-glacial sea-level rise.

Paleoclimate studies are the focus of two other papers of this
issue. Further west in the South Pacific, Darwin Crater on
Tasmania provides not only a suspected Pleistocene meteorite
impact structure but also another climate record of the Southern
Hemisphere. A report on the drilling operations and initial science
(p- 1) shows first results from petrophysical whole core logging,
lithological core description and multi-proxy pilot analysis on

160 m of combined sediment cores. The multi-proxy dataset
includes spectrophotometry, grain size, natural gamma rays,
paleo and rock magnetism, loss on ignition, and pollen analyses.
The sediment succession includes a pre-lake silty sand deposit
overlain by lacustrine silts.

A workshop in Beijing served to discuss the scientific opportunities
for drilling in Lake Nam Co on the Tibetan Plateau (p. 63) and to
form an international team with more than 40 scientists from 13
countries. Such an attempt would be of peculiar societal relevance
as the Tibetan Plateau provides freshwater from the so-called
“Water Tower of Asia” to a large portion of the Asian population.
All in all, the enclosed papers show the continued importance of
volcanic studies and highlight current frontiers. Scientific drilling
is once again demonstrated to be a critical element of our push to
better understand volcanoes.
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Abstract. A 70 m long continental sediment record was recovered at Darwin Crater in western Tasmania, Aus-
tralia. The sediment succession includes a pre-lake silty sand deposit overlain by lacustrine silts that have accu-
mulated in the ~ 816 ka meteorite impact crater. A total of 160 m of overlapping sediment cores were drilled
from three closely spaced holes. Here we report on the drilling operations at Darwin Crater and present the first
results from petrophysical whole core logging, lithological core description, and multi-proxy pilot analysis of
core end samples. The multi-proxy dataset includes spectrophotometry, grain size, natural gamma rays, paleo-
and rock magnetism, loss on ignition, and pollen analyses. The results provide clear signatures of alternating,
distinctly different lithologies likely representing glacial and interglacial sediment facies. Initial paleomagnetic
analysis indicate normal magnetic polarity in the deepest core at Hole B. If acquired at the time of deposition, this
result indicates that the sediment 1 m below commencement of lacustrine deposition post-date the Matuyama—
Brunhes geomagnetic reversal ~ 773 ka.

1 Introduction

Scientific Drilling

Open Access

tween the atmosphere, oceans, cryosphere and biosphere, and

Pleistocene glacial and interglacial cycles involved repeated
massive reorganisations of the Earth system. Proxies in
ocean, ice-core, and continental records capture a range of
these changes at global to regional and local scales. Conti-
nental records show how terrestrial environments responded
to the large-scale shifts between glacial and interglacial
states, providing valuable insights into the interactions be-

the long-term context from which to interpret current and fu-
ture trends. This is particularly important in the mid- to high
latitudes of the Southern Hemisphere, where Antarctic cli-
mate and circumpolar atmosphere—ocean dynamics exert a
dominant influence not only on southern terrestrial climates
but also on the global carbon cycle (Saunders et al., 2018;
Skinner et al., 2010; Toggweiler, 2009; Toggweiler et al.,
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2006). These studies highlight the role of the Southern Hemi-
sphere westerly winds (SWWs) in regulating the Southern
Ocean carbon sink and the global carbon cycle. Empirical
data from long paleoclimate records are therefore needed to
test different theories of how the Earth system operates and
if they can be simulated in Earth system models.

Crater lake sediment records often have great scientific
value and can provide local to global climate histories (e.g.
Wilke et al., 2016). Examples of impact craters with lacus-
trine sediment records include Bosumtwi in Ghana (6°30’ N;
1 Ma; Scholz et al., 2007), Coldnia in Brazil (23°52’S;
5Ma; Ledru et al., 2015), EI’Gygytgyn in Russia (67°30' N;
2.8 Ma; Melles et al., 2012), and Pingualuit in Canada
(61°16’ N; 1.4 Ma; Guyard et al., 2011). There is, to date, no
sediment record from an impact crater in the mid-latitudes
of the Southern Hemisphere, however there are volcanic
crater sediment records, such as Potrok Aike in south-eastern
Patagonia (51°58’S; 107 m; 51 ka; Zolitschka et al., 2013),
Lake Pupuke in New Zealand (37°47’S; 48 ka; Stephens et
al., 2012), and a series of volcanic craters in the Newer Vol-
canics Province in south-eastern Australia (~ 38°; Matchan
et al., 2017 and references therein). Long Pleistocene lake
sediment records are extremely rare in Australia because
of the aridity and the general absence of glaciers and re-
cent tectonic activity able to form deep freshwater basins.
Many mainland Australian lakes are ephemeral, and very
few originate from before the last glacial period (Falster et
al., 2018). Exceptions include discontinuous paleo-lakes in
mainland Australia, such as Stony Creek basin (37°21’S;
1.85-1.55 Ma; Sniderman et al., 2007) and mega-lake Bun-
gunnia (~ 35° S; 2.5-0.8 Ma; McLaren and Wallace, 2010),
and glacial lakes extending back to the last glacial in Tasma-
nia (Beck et al., 2017; Colhoun, 2000; Colhoun et al., 1999).
Our knowledge of Pleistocene climate in Australia is there-
fore incomplete.

Here we report on the drilling operations at Darwin Crater,
a ~ 816 ka old meteorite impact crater in western Tasmania,
Australia (42°18’S, 145°39’E). Drilling at Darwin Crater
40 years ago recovered 60 m of lacustrine sediments overly-
ing 160 m of coarser crater-fill deposits, including polymictic
and sandy unconsolidated breccia overlying deformed slates
(Howard and Haines, 2007). While low-resolution pollen
data were compiled on the upper 20 m of that core, reveal-
ing excellent pollen preservation and clear shifts between
glacial and interglacial vegetation and climate (Colhoun and
van der Geer, 1998), little further analyses were completed
or published from this important archive. A note on paleo-
magnetic polarity of the original core by Barton (1987) in
congress proceedings stated that the base of the Darwin lake
sediments was of normal polarity, however no paleomagnetic
data were published. Here, we present the first results from a
new drilling campaign at Darwin Crater in 2018. The aim
of this drilling was to recover the lacustrine sediment se-
quence (the uppermost 60 m of sediments in the crater) to
bridge a time gap in the Australian paleoclimate record and
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provide a long continental record of Pleistocene climate in
the mid-latitudes of the Southern Hemisphere. The results
include data from non-destructive whole core logging (nat-
ural gamma ray, magnetic susceptibility, and resistivity) and
multi-proxy pilot analysis of core end samples (spectropho-
tometry, grain-size, magnetic, loss-on-ignition, and pollen
analyses). We interpret this data and outline the ongoing and
potential future research directions.

2 Drilling target and geological settings

Darwin Crater is a 1.2 km diameter unconfirmed meteorite
impact crater in western Tasmania, Australia (42°18"13”S,
145°39'36" E; Fig. 1). Gravity and magnetic surveys and sci-
entific drilling in 1975 and 1983 revealed that the circular de-
pression is filled with 60 m of lake sediments overlying 40 m
of mixed muds, sands and rock fragments (unconsolidated
breccia) and 120 m of deformed, brecciated, slumped, and
fractured slate and quartzite laying over coherent local slate
(Richardson, 1984; Howard and Haines, 2007). The stratig-
raphy is consistent with a small simple impact crater, how-
ever it is unconfirmed, because no diagnostic shock indica-
tors have been found (Howard and Haines, 2007). The im-
pactite “Darwin glass” is found within a 400 km? strewn field
around Darwin Crater, where it most likely originates (Fudali
and Ford, 1979; Howard and Haines, 2007; Howard, 2009)
and is dated at 816 +7ka by “°Ar/3°Ar (Lo et al., 2002).
Darwin glass is frequently found in archaeological cave sites
in the region because this sharp and resistant material was
used as a cutting tool by Aboriginal Tasmanians during the
Pleistocene (Allen et al., 2016).

Darwin Crater lies 170 m above sea level, and the lake
that formerly occupied the crater drained a small catchment
area of 2.2km? (Fig. 1d). The regional geology is domi-
nated by sedimentary rocks and Quaternary deposits in the
valley around the crater, volcanic and volcaniclastic rocks
to the north-west (e.g. Mount Darwin, Mount Sorell), and
quartzite to the east (e.g. Frenchman’s Cap in the Engineer
Range). The modern climate is cool temperate, with mean
annual temperatures at nearby Queenstown (20 km distant)
ranging from 5.6-16.4°C and with 2405 mm rain per year
(Australian Bureau of Meteorology). The climate is domi-
nated by the SWWs which, together with orography, con-
trol precipitation in Tasmania and throughout the mid- to
high latitudes of the Southern Hemisphere (Fig. 1b) (Gar-
reaud, 2007). The crater is vegetated with shrubs, sedges,
and grasses (including Melaleuca squamea, Leptospermum
spp., Monotoca glauca, Gymnoschoenus sphaerocephalus,
and Restio australis) occupying the basin floor, whilst the
surrounding slopes are occupied by a cool temperate rainfor-
est assemblage including Lagarostrobos franklinii, Nothofa-
gus cunninghamii, and Phyllocladus aspleniifolius.

www.sci-dril.net/25/1/2019/
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Figure 1. (a) Zonal wind speed at 850 mbar in the mid-latitude of the Southern Hemisphere, and average winter and summer core position
of the Southern Hemisphere westerly winds (SWWs). (b) The SWWs are a dominant climate control in western Tasmania, where rainfall
is strongly correlated to wind intensity and orography. (¢) Regional topographic map showing the location of Darwin Crater, and (d) aerial
oblique drone image of Darwin Crater during the scientific drilling operations in April 2018. The drill and camp site are visible in white.

Wind data from the NCEP and NCAR Reanalysis V1 (Kalnay et al., 1996).
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3 Drilling operations

The scientific drilling operations at Darwin Crater took place
on 18-25 April 2018. The drill team was composed of six
people, including two drillers, two students, and two re-
searchers. Darwin Crater is in the remote Tasmanian Wilder-
ness World Heritage Area. While a road was bulldozed to
access the crater for drilling in the 1970s, today the crater is
inaccessible by road. Therefore, the team, drill rig, camp, and
equipment were transported to the site by helicopter (Fig. 2a—
b).

The drill site TAS1803 (Fig. 1d; 42°18'16.46"S,
145°39'33.09” E) was selected in the approximate centre of
the paleolake and in open sedgeland vegetation to facili-
tate camp set-up. Three parallel holes were drilled using a
Boart Longyear 47 drill rig and HQ pipes (96 mm outside and
63.5 mm inside diameter) with a diamond drill bit (Fig. 3d).
The same tools were used for all cores drilled. Core catchers
were only required in the first few runs of Hole A because
sediment lower down the sequence were sufficiently cohe-
sive to be retained in the tube without loss. The drill rig was
pushed 1.1 m eastward from Hole A to Hole B and 1.3m
eastward from Hole B to Hole C. The sediment recovery was
initially low in the upper half of Hole A as we worked on
establishing the best method for sediment retention. The op-
timal method proved to involve minimal flushing with wa-
ter and rotation of the core barrel to allow efficient recovery
of the poorly consolidated lake sediments. Once the optimal
method was identified, operations went smoothly, and Hole B
was successfully drilled the next day with 95.6 % recovery
(Table 1). Holes A and B were abandoned when the top of the
pre-lake crater infill described by Howard and Haines (2007)
was reached, which indicated that the full lake sediment se-
quence had been successfully recovered. Hole C was drilled
to ca. 44 m to obtain full overlap of the uppermost part of the
record, which had lower recovery than the lower part of the
record (Table 1).

Cores were retrieved in standard 10 ft long (3.048 m) trans-
parent PVC HQ wire-line core liners. Each core was im-
mediately wrapped in black plastic foil to protect from sun-
light and allow for future optically stimulated luminescence
(OSL) dating analyses (Fig. 2c). The core end sediments
that protruded from the core liners or those retained in the
core catchers (up to 6.5 cm) were collected in labelled bags
(Fig. 2e—g) for preliminary analyses. Each 3m core was
cut into ca. 150 cm sections to facilitate transport and stor-
age (total 93 core sections). We use the nomenclature -
TM” for the top to middle and “-MB” for the middle to
base sections (e.g. core TAS1803-B10 is cut into TAS1803-
B10-TM and TAS1803-B10-MB). Cores are stored in cold
rooms and curated at the University of Melbourne within the
School of Geography. All data will be deposited upon publi-
cation in the National Oceanic and Atmospheric Association
(NOAA), NEOTOMA (https://www.neotomadb.org/, last ac-
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Table 1. Summary of holes drilled and core recovery at Darwin
Crater site TAS1803.

Hole  Start End Drilled Recovered Recovery

(m) (m) (m) (m) (%)
A 1.66 70.76  69.10 55.39 80.2
B 0.56 6926  68.70 65.66 95.6
C 0 43.66 43.66 39.58 90.7
Total 181.5 160.6

cess: 11 January 2019), and PANGAEA (https://pangaea.de/,
last access: 11 January 2019) public data repositories.

4 Core scanning and multi-proxy analyses of core
end samples

Whole core scanning of non-destructive petrophysical prop-
erties was performed using a Geotek Multi-Sensor Core Log-
ger (MSCL) for all cores from Holes A, B, and C, in the
Petrophysics Laboratory at the University of Melbourne. Vol-
umetric magnetic susceptibility in low field (kLr; 0.565 kHz)
was measured using a Bartington MS2C loop sensor with
a diameter of 8 cm, and the non-contact resistivity was mea-
sured using a Geotek sensor at 1 cm intervals. Natural gamma
ray (NGR) emission integrated over 20cm of core was
counted for 1 min using Geotek Nal(Tl) at 40 cm intervals
on the cores from Hole A.

The cores from Hole B were split lengthwise using a
Geotek core splitter. Core splitting was conducted under red
light, and one core half was wrapped in black plastic foil
and stored at 4 °C for OSL and paleomagnetic sampling. The
other half was used for visual lithological core descriptions
and sent to Australia’s Nuclear Science and Technology Or-
ganisation (ANSTO) for micro-XRF (Itrax) core scanning
and core photography. The scanned half will be subsampled
for multi-proxy analysis (including pollen, charcoal, grain
size, magnetic properties, and aDNA). These procedures are
repeated for the cores from each hole.

The core end samples from Holes A, B, and C (total
57 samples) were analysed for their magnetic properties,
spectrophotometry, grain size, and loss on ignition, while
only select core end samples were analysed for pollen.

Room-temperature magnetic measurements were per-
formed at The Australian Archacomagnetism Laboratory at
La Trobe University to characterise the magnetic mineral as-
semblage and evaluate the potential for changes in the pa-
leomagnetic field to provide a geochronological tool. Stan-
dard 8 cm? paleomagnetic boxes (unoriented) were used for
all the core end samples from Holes A, B, and C. In ad-
dition, four box samples (A20, A21, B9, and B10) were
taken partially oriented from well-preserved cylinder-shaped
core ends (known vertical z axis), and four contiguous cubes
were taken oriented (1, 2, 3, and 4) in the deepest core of

www.sci-dril.net/25/1/2019/
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Figure 2. Photos of TAS1803 scientific drilling at Darwin Crater.
the drilling and core handling set-up. (c) After recovery, the cores

(a) Helicopter-assisted drill rig assembly. (b) The drill team and view of
were immediately wrapped in black plastic to protect from light to allow

for OSL dating. (d) The drill bit, (e) core end view from the top, (f) core end view from the base, together with the core catcher, and (g) core
end sample C8 includes a white mineral tentatively identified as vivianite.
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Figure 3. Core recovery log for each core hole and whole core MSCL-scanning data. Grey indicates full recovery, and white indicates no
recovery. Natural gamma ray (NGR) was measured at 40 cm intervals, and volumetric magnetic susceptibility (kL) and resistivity were

measured at 1 m intervals.

Hole B (section TAS1803-B-23MB). Magnetic susceptibility
was measured using a Bartington MS2B sensor, and the nat-
ural and laboratory-induced (anhysteretic in peak alternating
field (AF) 0.1 T with 0.05mT DC biasing field and isother-
mal in 0.3T and 2T DC field) remanent magnetisations
(NRM, ARM, and IRM) were acquired using an AGICO

www.sci-dril.net/25/1/2019/

AF Demagnetizer LDAS, an AGICO Magnetizer PAMI, a
Magnetic Measurements Pulse Magnetizer MMPM10, and
an AGICO JR-6 Spinner Magnetometer. Demagnetisation
data were analysed using the Demagnetization Analysis in
Excel (DAIE) workbook (Sagnotti, 2013). Finally, first-order
reversal curves (FORC) were acquired for three samples us-

Sci. Dril., 25, 1-14, 2019
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ing a LakeShore VSM8600 Vibrating Sample Magnetometer
to investigate the magnetic domain state. The FORCs were
processed in Forcinel 3.0 (Harrisson and Feinberg, 2008) us-
ing VARIFORC smoothing (Egli, 2013).

Quantitative sediment colour (L*, a*, and b*) was ac-
quired using a handheld Konica Minolta CM-700d Spec-
trophotometer applied directly on the sediments of the pa-
leomagnetic box samples.

Grain-size analysis was carried out on all the core
end samples from Holes A, B, and C using a Beckman Coul-
ter LP13320 particle sizer at the School of Geography at
the University of Melbourne. Samples were pre-treated with
hydrogen peroxide (10 %—30 %) for at least 4 weeks until
organic-matter digestion was complete. Sediments were then
treated with a dispersing agent, sodium pyrophosphate, and
sonicated for at least 5 min prior to analysis. The statistical
grain-size parameters were calculated with the GRADISTAT
software (Blott and Pye, 2001).

Loss-on-ignition (LOI) analysis was performed on all core
end samples using standard techniques, which involved se-
quential temperature treatments of 1 cc sediment to ascertain
water content (60 °C overnight), carbonate content (950 °C
for 2 h), and organic content in two parts (360 °C for 24 h for
labile carbon; 550°C for 4 h for black carbon; Heiri et al.,
2001). The residual sediment after temperature treatments is
an inorganic fraction that may include siliciclastic material,
diatoms, oxides and sulfides, and it is herein after referred to
as the siliciclastic fraction.

Pollen analysis was performed on the 20 core end samples
of Hole B following standard techniques (Faegri and Iversen,
1989), with a set volume (0.5 cc) of sediment sieved with a
100 um sieve, followed by sequential acid and alkali treat-
ments (KOH, HCI, HF, and acetolysis) to isolate the pollen,
spores, and other palynomorphs from the sediment matrix.
Pollen and spore counts were then tallied to a minimum
count of 300 pollen grains of terrestrial origin under 400X
and 630X magnification. An exotic marker was added to
each sample to allow calculation of pollen, spore, and other
palynomorph (e.g. Botryococcus, microscopic charcoal, and
pyrite spherules) concentrations.

Principal component analysis (PCA) of selected core end
data (pollen, LOI, grain size) was performed to identify re-
lationships between these variables. The data were first nor-
malised to the standard deviation to meet the requirements of
data normality required by PCA.

5 Initial results

5.1 Core scanning

The drilled depths and recovery information (Table 1) were
combined with the MSCL data to derive a common depth
scale (“hole corrected depth” used in Figs. 3, 4, and 8). Re-
covery gaps were generally assumed to occur at the base of
core drives, except for the compaction of peat which resulted
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in sediment gaps at the hole top (Hole A — unknown; Hole B
— 56 cm; Hole C — 70 cm). In most cases, the top depth of the
MSCL data from each core section sequentially follows the
base depth of the previous core section. If the previous core
section had sediment gap, the top depth of MSCL core data
was set at the measured drilling depth. The Hole corrected
depth did not include the core end thickness (sediment in the
core end), which ranged from 0 to 6.5 cm per drilled core
(3 m). The difference between the drilled depth and the hole-
corrected depth and core end thickness can be attributed to
sediment expansion. Hole B depth was further corrected to
account for sediment gaps seen in core sections during split-
ting (nine sections had gaps ranging from 2-8 cm) and thus
constitutes the most representative depth with respect to the
sediments accumulated in the crater.

The whole core MSCL-scanning results are presented in
Fig. 3. The NGR displays small amplitude variations, with
higher values of naturally occurring gamma radiation reflect-
ing a higher content of mineral phases rich in potassium (K),
uranium (U), and thorium (Th), such as clay minerals and K
feldspar. The magnetic susceptibility (kpg) values display a
series of sharp and large amplitude changes and good repro-
ducibility of depth between smoothed records from the three
holes (Fig. 4). kL varies by more than 2 orders of magni-
tude, which indicates large changes in the concentrations of
ferrimagnetic minerals. Intervals with high ki values gener-
ally correspond to low NGR values, especially in the lower
section of the core (ca. 65—45m). A series of peaks in kLg
of up to ca. 1000 x 107> SI were measured in the lowermost
portion of the core from Hole B (Fig. 3). Such high values
are not observed in the parallel core from Hole A and hint at
possible differential post-depositional diagenesis, chemical
precipitation or differential preservation of iron oxides in the
different cores. The resistivity values vary mostly between
5-500 2m, which is a small range relative to the full range
of variability found in geological samples (0.01-10 000 2m;
Gueguen and Palciauskas, 1994). The resistivity over that
range of values has two main controls: the porosity of the ma-
terial (clays having lower values than sands), and the water
content (Gueguen and Palciauskas, 1994). The intervals with
consistent inter-hole resistivity primarily reflect the sediment
porosity. The intervals with different resistivity behaviours
(Fig. 4) reflect variable water content of the sediment and are
useful for identifying potential minor disturbances in indi-
vidual core sections from drilling operations, transport and
handling of the cores.

5.2 Core description

The simplified lithology for Hole B (Fig. 4a) is based on vi-
sual observations of split core surfaces. The transition from
the pre-lake sediment (unconsolidated sand-dominant brec-
cia) to lake sediment is at ~ 65 m and is marked by a shift
to higher magnetic susceptibility and lower NGR values
(Fig. 3). The lake sediment unit is 61 m thick and is capped
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Figure 4. (a) Superimposed plots of volumetric magnetic susceptibility (ki F) and resistivity data from Holes A, B, and C (smoothed over
50 data points), and simplified stratigraphy of site TAS1803 Hole B, which was split in half lengthwise, visually described, and photographed.
The position of the core end samples and the paleomagnetic samples in Fig. 6 are indicated with square and asterisk (*), respectively. (b) Core
end cube samples from Hole B, and (c) representative lithologies for black-brown silt (section 9-MB), olive-green silt (section 10-TM) and
pre-lake deposits (section 23-MB). The blue mineral visible in sections 9-MB and 10-TM, and cubes 8b and 10 is tentatively identified as
vivianite.

by a ~ 3 m thick coarse-grained clastic layer followed by a
~ 1 m thick peaty soil layer. The lake sediment is primarily
composed of alternating black-brown and olive-green muds
with gradual colour transitions. There are occasional sharp
contacts between these lithologies and grey muds, mottled
muds, and sandy layers. The sediment displays occasional
vertical structures interpreted as drilling disturbances or de-
formation from pressure release between sediment layers of
different densities.

Deposits of a white mineral, ranging from very small
“specks” to structures >3 cm in size (Figs. 2g and 4b—c),
occur throughout the cores, in both black-brown and olive-
green lake sediment units. These minerals were observed
changing colour from white to blue upon contact with air
(oxidation) and to bright yellow upon contact with a solution
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of ammonium molybdate and nitric acid. This indicates that
it is a phosphate mineral that we tentatively identify as authi-
genic vivianite, which can form in organic and iron-rich lake
sediments under reducing conditions (Rothe et al., 2016). Vi-
vianite constitutes a promising target for uranium series dat-
ing (Goetz and Hillaire-Marcel, 1992; Nuttin et al., 2013).

5.3 Core end sample analyses

5.3.1 Physical properties (spectrophotometry and grain
size)

The lake sediment deposit has distinctively finer grain sizes
(48 samples; fine to coarse silts with mean size of 20 pum)
than the pre-lake deposit (three samples; silty sands and
sandy silts with mean size of 102 um) and the post-lake de-
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Figure 5. Mean grain-size distribution for the two main types of lake sediments at Darwin Crater. (a) Olive-green silts and (b) black-brown
silts. Shifts to finer grain sizes in olive silts at 52 and 34 m define three depth intervals.

posit (three samples; silty sands and sandy silts with mean
size of 167 um) and has higher L* values (darker colour).
Within the lake sediment unit, L* (black to white) and b*
(blue to yellow) have distinct values for the two principal
lithotypes, with relatively lower L* and b* values in the
black-brown silts and higher L* and b* values in the olive-
green silts (Fig. 8d—e). The lake sediment succession above
34 m is more fine grained (fine silts with mean size of 12 um;
26 samples) than the lowermost part (coarse silts with mean
size of 28 um; 22 samples). Figure 5 illustrates that this shift
to finer grains is attributable to the olive-green silts. The
mean grain-size distribution of olive-green silts in the up-
permost part of the lacustrine sediment succession (4—34 m;
solid line in Fig. 5a) is comparable to that of the black-brown
silts (Fig. 5b); however, distinctively coarser grain sizes are
present in the olive-green silts of the lowermost part (34—
65 m; dashed lines in Fig. 5a).

5.3.2 Pollen

A total of 114 different pollen, spore, and palynomorphs
were identified in the core end samples from drill Hole B.
Overall, the pollen spectra are characterised by either (1) a
high proportion of cold climate indicators (Poaceae, Aster-
aceae, and alpine taxa), including Tubuliforidites pleistoceni-
cus, which is now palynologically extinct, and an Aster-
aceae pollen grain known only from glacial stage pollen
flora in south-eastern Australia (Macphail et al., 1993) or
(2) a high proportion of warm climate indicators (rain-
forest plants such as Lagarostrobos franklinii, Nothofagus
cunninghamii, and Phyllocladus aspleniifolius; Fletcher and
Thomas, 2007). While the coarse resolution of the pollen
data currently precludes alignment of the record with glacial-
to-interglacial climate shifts, observed variability in pollen
abundance clearly reflect shifts between cooler and warmer
periods.
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5.3.3 Loss on ignition

LOI results reveal high detrital siliciclastic contents in the
TAS1803 sediment succession, with values ranging from
38 % to 97 % and an average value of 80 %. The total organic
carbon content varies between 1 % and 61 %. Carbonate con-
tent is consistently <4 % for all core end samples.

5.3.4 Magnetic properties

The room-temperature magnetic properties indicate com-
plex magnetic mineral assemblages. The concentration-
dependant parameters display large amplitude changes (kLp,
x>, NRM, ARM, IRM), with low x values characteristic
of greigite, pyrrhotite, goethite, and hematite as well as
high values indicative of magnetite, titanomagnetite, and
maghemite (Peters and Dekkers, 2003). The magnetic as-
semblage is dominated by low-coercivity minerals, as indi-
cated by mostly saturated samples in 0.3 T field (average
IRMg 3T /IRM;, T value of 0.96). The magnetic grain-size
indicators (SIRM / kg, KARM / kL g, and ARM / IRM) dis-
play different behaviours at times that indicate non-uniform
down-core magnetic mineralogy. Stepwise alternating field
(AF) demagnetisation of the lake sediment samples (cubes
BOt, B10t, A20t, A21t, B23-MB-1, and B23-MB-4; at 2444,
2743, 5896, 6201, 6523, and 6531 cm hole-corrected depth)
reveal a stable and well-defined component of NRM (Fig. 6)
and the presence of high coercivity minerals (10 %—40 % of
NRM remaining after AF 60 mT) and greigite (gyroremanent
magnetisation; Fig. 6a; Roberts et al., 2011).

5.3.5 Principal component analysis

The first two PCA axes accounted for 55 % of the variance
within the pollen, LOI, and grain-size data. PCA axis 1 (37 %
explained variance) separates samples with high siliciclas-
tic content, coarser grain size, and cold climate pollen taxa
from samples with high organic content, finer grain size,
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Figure 6. Selected paleo- and rock-magnetic results. Orthogonal projections and alternating field demagnetisation plot for (a) lake sediment
sample B9t, and (b) oriented pre-lake sediment sample B23-4 displaying normal polarity. The down-core position of the samples are indicated
by an asterisk in Fig. 5. The acquisition of gyroremanence (GRM) in AF >40mT is typical of greigite (Roberts et al., 2011). A hard
coercivity component is present in sample B23-4, where about one third of the NRM remains after AF 65 mT. First-order reversal curve
(FORC) diagrams for samples (c¢) B8 and (d) B23. The closed peak distribution indicates single domain (SD) magnetic particles (Roberts et

al., 2014), which are stable remanence carriers.

and warm climate pollen taxa (Fig. 7). This suggests that
these parameters will help to differentiate between cold and
warm climate states. PCA axis 2 (18 % explained variance)
separates samples with cool climate rainforest pollen taxa,
high aquatic taxa (Isoetes, Botryococcus, and Myriophyllum)
medium grain size, and higher carbonate values. This sug-
gests that parameters on this axis will help to differentiate
between wetter and drier climates.

6 Discussion

The core logging data and pilot multi-proxy analysis of the
TAS1803 cores show a stratigraphy broadly in agreement
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with the first drillings at Darwin Crater (Howard and Haines,
2007) and provide exciting new insights into the nature and
timing of lake sediment deposition. Two main lithotypes al-
ternate throughout the 61 m thick lacustrine sediment suc-
cession; dark organic-matter-rich silts and olive-green sili-
ciclastic silts. These lithotypes are interpreted as being de-
posited under interglacial and glacial climate conditions,
based primarily on the NGR, spectrophotometry (L* and b*),
LOI and pollen data (Fig. 8). The olive-green silts, with
higher NGR counts, relatively high L* and b* values, higher
siliciclastic content, coarser grain size, and more abundant
cold climate pollen taxa correspond to the sediments de-
posited during glacial periods. The brown-black silts with
low NGR counts, relatively low L* and b* values, low sili-
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ciclastic content, finer grains, and more abundant warm cli-
mate pollen taxa possibly correspond to sediments deposited
during warm interglacial climate conditions (horizontal grey
bars, Fig. 8). This is supported by the PCA of core end pollen
and grain-size and LOI data, which indicate a principal gra-
dient that separates samples that have coarse grains, low sili-
ciclastic content, and pollen types indicative of a colder cli-
mate from samples that have fine grains, high organic con-
tent, and pollen types indicative of warmer climate condi-
tions (Figs. 7 and 8j). These results are consistent with pre-
vious pollen studies, which indicate that glacial stages in
western Tasmania are characterised by sparse open vegeta-
tion and poor organic soil development, which allows depo-
sition of coarse siliciclastic sediment into lake basins (Beck
et al., 2017; Colhoun, 2000; Colhoun et al., 1999). In con-
trast, interglacial periods in western Tasmania are charac-
terised by maximum rainforest development, well-developed
organic soils, and deposition of fine-grained and highly or-
ganic lake sediment (Beck et al., 2017; Colhoun, 2000; Col-
houn et al., 1999).

The preliminary results of the Darwin Crater record sug-
gest that the 61 m-thick lake deposit apparently covers a min-
imum of the seven full glacial cycles (interglacials tentatively
highlighted in grey in Fig. 8). The length of each apparent
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glacial cycle is variable, which may reflect different sed-
imentation rates, lake levels, and climate regimes through
time. Similarly, the different grain-size distributions in the
glacial olive silts (Fig. 5) may reflect changes in lake levels,
sediment sources, availability, preservation, and/or climate
regimes. High-resolution Itrax surface element scanning,
multi-proxy analyses, and dating of the sediment archive
(OSL, 36Cl, U series, and magnetostratigraphy) are under-
way and will be used to precisely define, date, and determine
how many climate cycles are present, especially in the lower
part of the core where some proxies display high-frequency
changes.

The preliminary results provide evidence for reducing con-
ditions in the lake sediments. The visual observation of vi-
vianite throughout the cores and the magnetic evidence for
greigite (see GRM in Fig. 6a) imply reducing conditions.
Moreover, framboidal pyrite was observed under the micro-
scope in the basal core end samples at >60 m depth (sam-
ples B21, A22, B22, and B23) as well as C6 (16.7m). The
magnetic susceptibility values are not null for these samples
with pyrite, which suggests that iron oxides were not limit-
ing the pyritisation process and/or that ferrimagnetic miner-
als formed sometime after pyrite formation. The kg variabil-
ity, including intervals with near-zero values, does not seem
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Figure 8. Selected parameters of the pilot multi-proxy analyses. (a) Mass-normalised magnetic susceptibility (x), (b) mean grain
size, (¢) Natural gamma ray (NGR), (d) Color data L* and (e) b*, (f) Magnetic grain-size indicator KARM / kp, (g) coarse silt, (h) silici-
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lacustrine sediment succession are unknown and will be identified by ongoing dating work. (k) A benthic 8180 stack (Lisiecki and Raymo,
2005) is shown as a reference for Pleistocene glacial and interglacial climate cycles. A simplified lithology log for Hole B is included. The
horizontal grey shaded bars tentatively indicate interglacial periods. Different symbols are used for different sample types: square symbols
for measurements performed on the same cube samples, large circles for core end samples, and small circles for whole core MSCL samples.

correlated with the occurrence of pyrite, greigite, and vivian-
ite. This suggests that factors other than the redox conditions
may also control the krp, such as detrital input, biogenic iron
oxides, their relative dilution in dia- and paramagnetic mate-
rial, and/or chemical precipitation of magnetic minerals.

The lake in Darwin Crater formed sometime after 816 +
Tka (40Ar/39Ar dating of Darwin glass; Lo et al., 2002) and
lake sedimentation terminated during a warm interglacial
period which will be identified by ongoing dating work
(Sect. 7). Pilot paleomagnetic analysis of the deepest core
of Hole B (cube samples TAS1803-B23-MB-1, -2, -3, and
-4) indicate normal magnetic polarity 1 m under the lake de-
posit (Fig. 6b). If this remanence was acquired at the time
of deposition, this result constrains the entire lacustrine de-
position to an age younger than 773 ka (Matuyama-Brunhes
geomagnetic reversal; Ogg, 2012; Singer, 2014), which is
consistent with the inferred interpretation of seven glacial
cycles discussed above. Ongoing paleo- and environmen-
tal magnetic investigations aim to characterise the complex
magnetic mineral assemblage, investigate reducing diagen-
esis, and build a full-vector paleomagnetic field record and
paleoclimate proxies.

7 Future plans
The next stages of the project will focus on producing a
chronologically constrained paleoclimate record. Core split-

ting of Holes A and C, Itrax XRF scanning, and subsampling
for the planned multi-proxy analyses are underway, and col-
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laborators have been engaged for testing and development of
other sediment proxies, such as beryllium isotopes, diatoms,
Cladocera, aDNA, and stable isotopes.

7.1 Planned analyses
7.1.1 Dating

Our immediate focus is on building a robust chronostratig-
raphy including OSL dating of quartz and feldspar grains in
the sandy deposits, 3°Cl in the pre-lake deposits, uranium—
thorium dating of vivianite, and radiocarbon dating of the
uppermost sediments. There is potential for a full-vector pa-
leomagnetic record combining remanent magnetisation and
cosmogenic nuclide beryllium-10 (!°Be) for relative dating,
using the global geomagnetic dipole field at the millennial
scale (eg., Channell et al., 2009; Ziegler et al., 2011; Si-
mon et al., 2016), and for independent comparison to pa-
leoclimate records, including other continental records, ma-
rine sediments, and ice cores (via cosmogenic isotopes). The
preliminary pollen data indicate potential targets for a tun-
ing approach to changes in orbital geometry and associated
insolation changes and global-scale climate records such as
the LRO4 benthic oxygen isotope stack (Fig. 8k; Lisiecki and
Raymo, 2005).
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7.1.2 Paleoclimate

For paleoclimate reconstructions, we are planning to employ
a multi-proxy and high-resolution approach combining phys-
ical and biogenic indicators, including pollen, charcoal, mag-
netic properties, grain size, stable isotopes, and elemental
composition. The long record of the Darwin Crater will be
combined with a long record (2-3 glacial cycles; unpublished
data) from neighbouring Lake Selina (location in Fig. 1) to
help to establish a long and continuous continental record in
Australia and one of the oldest in the Southern Hemisphere.
The proxy dataset will then be used to test global climate
model simulations to help understand climate dynamics and
interactions (e.g. Menviel et al., 2014; Pedro et al., 2018).

7.2 Questions that will be addressed

The multi-proxy dataset will be collectively applied to ad-
dress the main question motivating this project: what is the
role of the SWWs in the Pleistocene climate cycles? In par-
ticular, we will investigate the following questions:

— How did the SWWs respond during the transition from
glacial to interglacial climates (e.g. terminations), and
what were the environmental impacts of these changes
in Western Tasmania?

— Are inferred changes in SWW position or intensity re-
lated to changes in the concentration of atmospheric
COy over glacial cycles, and can these be related to
changes in the capacity of the Southern Ocean CO»
sink?

— Do the SWWs shift equatorward during glacial phases
(Toggweiler et al., 2006; Toggweiler, 2009)?

— Do the SWWs display the proposed pattern of pole-
ward contraction and the coupling with North Atlantic
climate variability during terminations (Denton et al.,
2010)?

— What is the environmental impact of the middle Pleis-
tocene transition (if recorded) on the terrestrial environ-
ment in the southern mid-latitudes?

It is anticipated that the new lake sediment paleoclimate
record from the mid-latitude Australian region will constitute
an empirical test for conceptual models of SWW dynamics
and provide essential boundary conditions for predictive cli-
mate models.

Data availability. The pilot data presented here form the basis of
several more detailed studies which are currently underway. Once
these studies are finished and published, sediments from the curated
Darwin Crater cores will be available to the scientific community,
and the data will be made available in publicly available reposito-
ries.
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Abstract. To help understand volcanic facies in the subsurface, data sets that enable detailed comparisons be-
tween down-hole geophysical data and cored volcanic intervals are critical. However, in many cases, the collec-
tion of extended core intervals within volcanic sequences is rare and often incomplete due to challenging coring
conditions. In this contribution we outline and provide initial results from borehole logging operations within
two fully cored lava-dominated borehole sequences, PTA2 and KMA1, on the Big Island of Hawai‘i. Data for
spectral gamma, magnetic susceptibility, dipmeter resistivity, sonic, total magnetic field, temperature and tele-
viewer wireline logs were successfully acquired for the open hole interval ca. 889 m to 1567 m within the PTA2
borehole. Spectral gamma was also collected from inside the casing of both wells, extending the coverage for
PTA2 to the surface and covering the interval from ca. 300 to 1200 m for KMA1. High-quality core material
was available for both boreholes with almost complete recovery which enabled high-resolution core-to-log in-
tegration. Gamma data are generally low commonly in the range ca. 7-20 gAPI but are shown to increase up
to API of ca. 60 with some intrusions and with increases in hawaiite compositions in the upper part of PTA2.
Velocity data are more variable due to alteration within porous volcanic facies than with burial depth, with a gen-
eral degrease down-hole. The high-resolution televiewer data have been compared directly to the core, enabling
a comprehensive analysis of the variations in the televiewer responses. This has enabled the identification of
key features including individual vesicles, vesicle segregations, strained vesicles, chilled margins, rubble zones,
intrusive contacts and pahoehoe lobe morphologies, which can be confidently matched between the televiewer
data and the full diameter core. The data set and results of this study include findings which should enable im-
proved borehole facies analysis through volcanic sequences in the future, especially where down-borehole data
and images but no core are available.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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1 Introduction

Volcanic rocks (including intrusive and extrusive) occur in
a variety of facies which reflect their composition, mode of
emplacement and interaction with their host environment.
The resultant volcanic units in turn comprise highly vari-
able rock properties. When we examine the subsurface by
remote geophysical tools we see an expression of these asso-
ciated physical properties rather than the facies themselves,
and where volcanic facies exist we can often be faced with
a number of challenges in interpreting what we see, or in
some cases cannot see. To this extent we can ask the fol-
lowing question: what are the key volcanic facies, what are
their physical properties and how are these properties spa-
tially distributed? Good onshore analogues provide an inte-
gral method of investigating these rock properties and hetero-
geneities in a way to help inform us as to their likely proper-
ties in the subsurface. Subsurface examples where fully cored
sections through volcanic units combined with a comprehen-
sive set of down-borehole remote data do exist, most no-
tably from scientific drilling; however, examples where near-
complete recovery exists are more limited (Ildefonse et al.,
2007). This is in main part due to the highly variable physi-
cal properties of volcanic rocks and the consequence of these
properties on drilling operations (Teagle et al., 2012; Mil-
lett et al., 2016), resulting commonly in challenging drilling
conditions and incomplete core recovery. This is also com-
pounded by many such drilling operations being conducted
offshore, where ocean conditions make core recovery more
challenging still. In consequence, our general understanding
of volcanic facies in the subsurface is fairly comprehensive,
but numerous gaps remain at the detailed level which require
new data to better constrain the relationships between geo-
physical observations and formation characteristics.

Some significant studies do exist that have looked at the
nature of volcanic rocks in the subsurface from borehole
data (e.g., Planke, 1994; Helm-Clark et al., 2004; Bartet-
zko et al., 2005; Nelson et al., 2009). Perhaps some of the
most significant developments in the interpretation of vol-
canic rocks from borehole data have come from the com-
bined Ocean Drilling Program (ODP) and Integrated Ocean
Drilling Program (IODP) literature which records the scien-
tific findings of extensive offshore coring programs targeting
both the oceanic crust and many of the world’s volcanic rifted
margins (e.g., Goldberg, 1997; Brewer et al., 1998; Teagle et
al., 2012). In more recent years, offshore exploration for hy-
drocarbons in many of the world’s rifted margins has also
increased the number of data and studies relating to down-
hole measurements through volcanic successions (e.g., Nel-
son et al., 2009, 2015; Andersen et al., 2009; Watton et al.,
2014a; Millett et al., 2015; Fornero et al., 2018). In more di-
rect relevance to this study, findings associated with drilling
operations on Hawai ‘i including the over 3 km deep HSDP2
borehole have also led to significant advances in the identifi-
cation and interpretation of volcanic rocks in the subsurface
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(e.g., Katz and Cashman, 2003; Garcia et al., 2007). Despite
the many advances in volcanic borehole analysis, many chal-
lenges still remain. These include the delineation of volcanic
intra-facies from remote-sensing data where a full core is
not available along with an associated relative lack of high-
quality petrophysical data for relevant volcanic intra-facies
from variable depths and degrees of alteration. In most in-
stances, the lack of fully cored intervals within the volcanic
units hinders a full assessment of the volcanic facies present,
especially in scenarios where large overlaps in petrophysical
property ranges exist (e.g., Bartetzko et al., 2005; Nelson et
al., 2009).

This contribution presents results from wireline logging
operations undertaken in two fully cored boreholes within
the Humu‘ula Saddle region between the Mauna Kea and
Mauna Loa volcanoes on the Big Island of Hawai‘i (Fig. 1).
The primary aim of this project was to attain high-quality
wireline log data from the boreholes in order to undertake
detailed core—log integrations for the penetrated volcanic fa-
cies. The two boreholes, PTA2 and KMAI1, penetrated 1764
and 1528 m of subaerial lava-dominated sequences with sub-
ordinate minor intrusives and sediments respectively, with
the entire sections fully cored. Lava facies include pahoehoe,
‘a‘a and transitional types on a range of scales. The vol-
canic sequences comprise basaltic to picritic shield stage
lavas of Mauna Kea capped by a thinner sequence of post-
shield basalt-dominated (Hamakua Volcanics) to hawaiite-
dominated (Laupahoehoe Volcanics) lavas (Frey et al., 1990).
A wireline logging data set including spectral gamma, mag-
netic susceptibility, dipmeter resistivity, sonic, total magnetic
field, temperature and televiewer images was acquired within
the open hole interval ca. 889 to 1567 m of the PTA2 bore-
hole. Additionally spectral gamma was collected from inside
the casing of both wells, extending the coverage for PTA2
up to Om depth and covering the interval from ca. 300 to
1200 m for KMA1. The availability of a good-quality, near-
continuous core for each well, along with the range and types
of encountered volcanic facies, enabled a unique opportunity
to improve our understanding of borehole characterization
in volcanic sequences by comparison of remote data directly
with cored intervals. This database, and in particular the com-
parison of image log data with core, highlights the potential
for subsurface volcanic facies analysis where core data are
not available.

2 Background and data acquisition

The boreholes investigated within this paper were drilled
as part of the Humu‘ula Groundwater Research Project
(HGRP), which commenced in 2013, affiliated with the
Hawai‘i Groundwater and Geothermal Resources Center
(University of Hawai‘i). One borehole (PTA2) was drilled on
the Island of Hawai‘i at the Pohakuloa Training Area (PTA)
in 2013 and a second (KMA1) was drilled in 2015 ca. 11 km

www.sci-dril.net/25/15/2019/
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Figure 1. (a) Location map of the PTA2 and KMA1 boreholes on a topographic and bathymetric map of Hawai‘i (bathymetric map from
USGS, Eakins et al., 2003). Locations of a selection of additional cored boreholes drilled on Hawai‘i are also indicated (red dots) (SOH4
1989, 2.0km; SOH1 1991, 1.7km; HSDP1 1993, 1.1 km; HSDP2 1999, 3.1 km) (see also Garcia et al., 2007) (MK — Mauna Kea, ML —
Mauna Loa, KI — Kilauea, HU — Hualalai, Ko — Kohala). (b) The cored sections of PTA2 and KMA1 are indicated with their generalized

volcanic facies and well information.

to the NW (Fig. 1). HGRP’s primary scientific objective was
to research and characterize the groundwater resources in
Hawai‘i Island’s saddle region, which comprises a sequence
of entirely subaerial lava flow with additional minor intru-
sions and sediments. The US Army, through the Army Corps
of Engineers’ Cooperative Ecosystem Studies Unit (CESU),
provided funding for the drilling and core collection, whereas
the US National Science Foundation provided funding for the
initial characterization and logging of the core. The initial
part of this project did not plan for any geophysical logging
data acquisition.

Discussions with Donald Thomas and Nicole Lautze (the
principle project leaders) and Eric Haskins (core archive
manager), from the University of Hawai‘i, were initially
sparked from scientific exchanges at the American Geophys-
ical Union (AGU) 2013 meeting in San Francisco, USA.
These exchanges identified the cored data set as a potentially
valuable resource for further analysis. The idea of generating

www.sci-dril.net/25/15/2019/

a complete core-to-remote-sensing suite for these wells was
then further explored by Dougal Jerram (Dougal EARTH Litd.
and University of Oslo), Sverre Planke (VBPR and Univer-
sity of Oslo) and John Millett (VBPR and University of Ab-
erdeen) along with Donald Thomas. Funding for geophysi-
cal logging of the two boreholes was proposed and provided
by the VMAPP (Volcanic Margin Petroleum Prospectivity)
project (VBPR, DougalEARTH, and TGS) as part of the re-
search module program. The aim was to generate one of the
most complete data sets of fully cored volcanics with asso-
ciated borehole measurements, to aid in our understanding
of volcanic facies in the subsurface. The Operational Sup-
port Group (OSG) of ICDP (International Continental Scien-
tific Drilling Program) at the GFZ German Research Centre
for Geosciences in Potsdam (Germany) was then approached
to undertake the logging. The logging project reported here
was formed from a collaboration between VMAPP, the Uni-
versity of Hawai‘i and OSG. Through this collaboration, the

Sci. Dril., 25, 15-33, 2019
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Table 1. Summary data of lithologies (facies) intersected in hole PTA2.

PTA2 unit summary (total cored section thickness: 1759.1 m)

Unit type No. of units ~ No. of flows or subunits ~ Occurrence Thickness (m) Percent of section
total avg.unit avg. flow or subunit
Pahoehoe 228 1933 57.1% 1087.8 4.8 0.6 61.8%
Transitional 18 123 4.5% 99.7 5.5 0.8 5.7%
‘A‘a 113 211 283%  400.1 35 1.9 22.7%
Intrusives 21 37 5.3% 66.1 3.1 1.8 3.8%
Ash 2 2 0.5% 0.2 0.1 0.1 0.01 %
Cinder/scoria 3 46 0.8 % 100.3 334 22 5.7%
Soil 1 1 0.3% 3.1 3.1 3.1 0.18%
Sandstone 1 1 0.3% 0.15 0.15 0.15 0.01 %
Conglomerate 10 10 2.5% 1.37 0.14 0.14 0.08 %
Breccia 2 2 0.5% 0.37 0.19 0.19 0.02 %
Grand total 399 2366 1000%  1759.1 - - 100.0 %
Total flow 359 2267 90.0% 1587.6 - - 90.25 %
Total nonflow 40 99 10.0 % 171.5 - - 9.75 %

(1) There is one extremely thick laccolith or lopolith at the base of the Laupahoehoe section that is 29.7 m thick, nearly doubling the overall thickness of intrusives in the section.

(2) Cinder/scoria intervals are thought to represent cones or flanks of cones built from this material during the post-shield stages of Mauna Kea’s growth (alternating with

pahoehoe of constant lithology in the deeper cases; see stratigraphic column).

(3) Potential ash and soil intervals are currently being interpreted by Dr. Nicole Lautze; the number of these units may increase based on these interpretations.
(4) While most of the conglomerate units are interpreted as fluvial or colluvial, the uppermost (recovered in the first run of drilling) is thought to be glacial in origin.

project gained full access to the core material enabling the
unique opportunity of undertaking detailed core—log integra-
tion from a thick sequence of heterogeneous lava facies in
order to improve our understanding of the geophysical re-
sponse of these facies under differing subsurface regimes.

2.1 Borehole coring operations

The overall purpose of the project was an effort to better de-
fine hydrologic conditions in the central region of Hawaii Is-
land. The prevailing hydrologic model for Hawaii is one of
a relatively thin basal freshwater lens underlain by saltwater-
saturated rocks below (e.g. Thomas et al., 1996). The find-
ings of the Hawai‘i Scientific Drilling Project (HSDP) for
freshwater-saturated rocks at depths of ~ 3km below sea
level near the Hawaii Island shoreline suggested that much
more substantial freshwater resources were present within
the interior of the island (Stolper et al., 2009). Surface re-
sistivity surveys (Pierce and Thomas, 2009) identified sub-
surface conductive features that were consistent with high-
elevation groundwater and two sites were selected for deep
test holes. In light of the near absence of detailed strati-
graphic data for the interior of Hawai ‘i Island, diamond wire-
line core drilling was selected as a means of both defining
the elevation of the water table and recovering information
on the stratigraphic features associated with high-elevation
groundwater in the area.

The drilling approach was to install shallow, large-
diameter conductor casing, core to a depth of ~ 65m with
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PQ (122 mm diameter) coring tolls, open the hole with rotary
tools and set surface (177 mm) casing to that depth, continue
drilling with PQ to stable formations at one-third to one-half
of the target depth, set (114 mm) casing to that depth, and
continue to total depth (TD) with HQ (96 mm) coring tools.
The PTA2 borehole was cored to a depth of 889 m (top of cas-
ing at 1943 m) with PQ tools and to at total depth of 1764 m
with HQ tools. The KMALI test hole was drilled to a depth
of 298 m with PQ tools and to TD of 1531 m with HQ. Core
recovery for the PTA2 hole averaged for the entire depth was
about 97 %; core recovery for the KMA1 hole over the en-
tire depth was about 91 %. A summary of the lithology of the
cores from the PTA2 and KMA1 holes is presented in tabular
form (see Tables 1 and 2).

More information about the project along with a com-
plete photographic archive of the two borehole cores is avail-
able at the HGRP website (https://www.higp.hawaii.edu/
hggrc/projects/humuula-groundwater-research-project/, last
access: 2 February 2019). No geophysical logging data ac-
quisition was planned as part of the HGRP project.

2.2 Logging operations

The initial logging project outline involved a single logging
operation planned for December 2015 during which time log-
ging of the open hole sections of both PTA2 and KMAI1
was scheduled. Sonic, resistivity, spectral gamma, dipmeter,
magnetic susceptibility, temperature, total magnetic field and
televiewer tool logging were planned for both wells in order

www.sci-dril.net/25/15/2019/
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Table 2. Summary data of lithologies (facies) intersected in hole KMAI.

KMAT1 unit summary (total cored section thickness: 1522.2 m)

Unit type No. of units  No. of flows or subunits  Occurrence Thickness (m) Percent of section
total avg.unit avg. flow or subunit
Pahoehoe 98 418 30.2% 409.5 4.2 1.0 26.90 %
Transitional 49 120 15.1% 239.8 4.9 2.0 15.75 %
‘A‘a 168 236 51.9% 819.7 4.9 35 53.85%
Intrusives 7 16 2.2 % 48.5 6.9 3.0 3.19%
Ash/soil/sand 1 1 0.3% 1.0 1.0 1.0 0.07 %
Breccia 1 1 0.3% 3.7 3.7 3.7 0.24 %
Grand total 324 792 1000% 1522.2 - - 100.0 %
Total flow 315 774 972% 1469.0 - - 96.5 %
Total nonflow 9 18 2.8 % 53.2 - - 3.5%
Table 3. Summary of all logging runs from the project.

Sonde run Date Logging speed (m minfl) Logged interval (m) Borehole Logging trip

TS1-SGR 15/02/2016 2to3 313-1204 KMAL 1

TS1-SGR 17/02/2016 2to4 0-808 PTA2 1

TS1-SGR-MS  15/06/2016 2 742-1567 PTA2 2

TS1-BS 16/06/2016 6to 7 885-1567 PTA2 2

TS1-DIP 16/06/2016 6to7 908-1567 PTA2 2

ABI43 17/06/2016 1.6 886-1567 PTA2 2

to allow detailed volcanic facies assessment and to test corre-
lations between the two boreholes. Neutron and density tools
have also been demonstrated to give important insights into
volcanic facies (e.g., Planke, 1994; Shervais et al., 2013);
however, due to the active radioactive sources in both tools,
it was not possible to include these logs in the logging suite
on Hawaii due to operational restrictions. In the end two log-
ging trips were undertaken, the first in February 2016 and the
second in June 2016, and only the open hole section of PTA2
was logged due to major complications associated with the
final stages of drilling within KMA1 and subsequent efforts
to resolve the resulting stuck pipe problem. In Fig. 2 selected
photographs of the site and operations are presented.

The slim hole wireline logging tools deployed during the
logging operations were made by Antares, Germany, except
for the acoustic televiewer ABI43, made by ALT, Luxem-
bourg. All tool combinations included a natural total gamma
ray (GR) measurement for depth correlation except for the
ABI43. Logging was undertaken using a Comprobe elec-
tric winch with a Rochester 3/16”, four-conductor cable pro-
vided by HGRP. The depth reference for all logging runs was
ground level at ca. 1943 m above sea level (based on GPS el-
evation determination). Details of all the combined logging
runs, logging speeds and measured intervals are given in Ta-
ble 3.
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2.3 Wireline log and televiewer processing

All borehole data were screened and processed by GFZ prior
to interpretation. Depth corrections were applied to all logs
primarily by gamma peak matching other than for the ABI43
which does not contain a gamma sensor. For depth correla-
tion of the ABI43 logs the caliper data from the DIP me-
ter proved useful in comparison with the televiewer travel
time and amplitudes which are also highly sensitive to bore-
hole size. The accuracy of this caliper match is even bet-
ter than that of the GR match. Due to the very low total
gamma response of the open hole section, the individual
spectral gamma results for K, Th and U have been deemed
below quantitative spectrum values and therefore only the to-
tal gamma is presented for this interval.

The raw sonic waveform data were processed using a com-
bination of first arrival trace picking for P and S waves along
with additional semblance analysis. In general, the P-wave
picking was straight forward for most of the borehole; how-
ever, a strong direct wave interferes with the P-wave first ar-
rival at lower velocities in the near receiver (Fig. 4), mak-
ing accurate picking challenging. The S-wave arrival also
becomes highly unclear in the upper part of the well above
ca. 1100 m. Velocity data for the open hole section of PTA2
are therefore of mixed quality with generally improved con-
fidence levels towards the base of the well.
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Figure 2. (a) Drill truck at the KMAL site. (b) Spectral gamma logging within casing at PTA2. (¢) Jochem Kiick and Marco Groh (GFZ)
with the sonic sonde at PTA2. (d) Borehole televiewer sonde being lowered into the borehole at PTA2. (e) Eric Haskins cuts sections of core

for additional sampling.

The televiewer data from PTA2 were acquired at the high-
est resolution and optimized logging speed to ensure the
highest possible data quality. For both travel time and ampli-
tude, static and dynamic (10 cm vertical window) normaliza-
tions were applied to improve imaging (Fig. 5). Each chan-
nel (raw, static, dynamic) for travel time and amplitude in
particular displays minor to major differences in the result-
ing images depending on the scale and variations between
different intervals and features. All output logs are displayed

Sci. Dril., 25, 15-33, 2019

with a logarithmic scale with the ranges optimized for clar-
ity (Fig. 5). Breakouts are very common in some intervals of
the wellbore (e.g., ca. 1223.5 and ca. 1352 m). Examples of
both key seat and breakouts are present. The correlation be-
tween sonic Vp and the televiewer amplitude data is variable,
with some intervals showing clear associations (e.g., Fig. 5¢)
while in other examples the expected relationships are not
apparent.
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Figure 3. Example of the exceptional core recovery from the wells (further examples can be seen in Figs. 9 and 10).

In summary, the logging data derived from the PTA2 bore-
hole includes very high-quality data for the majority of the
open hole logged sequence, and the separate log traces have
been confidently depth matched. Accurate comparison be-
tween the borehole core and the inter-relationships of the
geophysical properties can therefore be undertaken with sim-

ilar confidence.

3 Wireline logging results

Within this section, results from the borehole logging are pre-
sented. The log data for the main open hole logged section
are summarized in Fig. 6 along with a summary of the vol-
canic facies based on the core logging (Thomas and Haskins,
2013). Data from each sonde are described individually in
relation to the volcanic stratigraphy in the following section.
Unless otherwise stated, the presented logs display data with
a 3 m running average applied to reduce data noise.

3.1 Caliper

The four-arm caliper sonde gives information on borehole di-
ameter and shape. The caliper results from the open hole sec-
tion of PTA2 display a generally good hole condition with a
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uniform diameter of ca. 98 mm (HQ core bit outer diameter
ca. 96 mm) for the majority of the logged section (Fig. 6).
Semi-continuous breakouts occur through large intervals of
the borehole associated with the in situ stress field (break-
outs parallel to minimum horizontal stress). These breakouts
are often best developed within the most coherent and stiff
facies, e.g., ‘a‘a interiors and intrusions, and are being in-
vestigated in ongoing research relating to the in situ stress
regime of the Mauna Kea volcano.

The borehole diameter only exceeds 20 mm off-gauge in
eight separate intervals, and, in a number of these cases, only
one of the two caliper arm pairs exceed this deviation from
the baseline indicative of an irregular borehole shape (e.g.,
key seat). Wider diameters occur over the full range of major
facies within the borehole (Fig. 6); however, correlation be-
tween these and facies within some intervals is also observed.
Most notably, in the upper ca. 300 m of the logged inter-
val, the largest washouts occur dominantly either within ‘a‘a
and transitional facies or at the transitions between these and
pahoehoe-dominated sequences. Washouts are also closely
associated with minor intrusions leading up to ca. 1100 m.
These observations appear consistent with the generally rub-
bly loose nature of ‘a‘d and, to a lesser degree, transitional
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Figure 4. Example of raw borehole sonic waveform data analysis from PTA2. Near- and far-receiver traces (50 cm spacing) with first arrival
picking (FAP) results. The derived velocities are shown on the right side together with results from a separate semblance analysis (SA). The
light-blue curve is the measured water wave velocity, and total GR is shown for depth correlation.

lava flow margins which would be expected to cave most eas-
ily (Millett et al., 2016).

Fractures associated with intrusions along with the baking
effect that they have on host rocks are also commonly as-
sociated with borehole breakouts in volcanic boreholes and
therefore the caliper response in the upper part of the well
is largely as expected. The largest washouts in the borehole
occur in the lower part of the well, e.g., at ca. 1350, 1450
and 1520 m. These examples are less facies constrained, with
two occurring largely within pahoehoe sequences and, there-
fore, fracturing and/or alteration, known to be more pervasive
within the lower borehole intervals, may have contributed to
borehole instability in these cases.

Sci. Dril., 25, 15-33, 2019

3.2 Gamma

Gamma log responses are related to the abundance of the ra-
dioactive large ion lithophile elements K, U and Th in the
measured rock volume. In volcanic rocks, the abundance of
these elements is related to the primary magma composi-
tion that produced the resulting volcanic facies. In general,
basaltic igneous rocks have very low abundances of the K, U
and Th, especially in tholeiitic low K melts. Due to the gen-
eral incompatibility of these elements during early fractional
crystallization of basaltic melts, their abundance and there-
fore related API gamma responses increase with fractional
crystallization and differentiation. Gamma ray responses can
therefore be a good proxy for the degree of differentiation
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Figure 5. (a) Simplified schematic displaying the four-arm caliper response to common borehole conditions (following Reinecker et al.,
2003). (b) Basics of televiewer imaging of borehole features. (¢) Example of some of these features from the PTA2 borehole televiewer data.

in volcanic rock suites (Stefansson et al., 2000; Delpino and
Bermiidez, 2009), with higher gamma responses indicating
more evolved compositions. Alteration and weathering pro-
cesses are also known to affect gamma responses in basaltic
rocks largely due to the water solubility and therefore mo-
bility of K during alteration (e.g., Planke, 1994). In basaltic
rocks, weathering at flow tops generally causes an increase
in the gamma response above background levels within flow
interiors (e.g., Planke, 1994).

The gamma response for the PTA2 borehole is generally
very low with the majority of the well, displaying relatively
uniform API counts of <20. Intervals with high API counts
do occur in the upper part of the borehole but are restricted
to depths shallower than ca. 700 m (Fig. 7) and increase in
frequency and extent upwards over this depth interval. Inter-
estingly, the highest gamma intervals, which reach up to API
of ca. 60, are almost exclusively associated with intrusions
identified from the core logging. A number of lava flows
within the upper section of the well also show elevated API
when compared to similar lava facies at greater depth. It is
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noted from the core descriptions of PTA2 that hawaiite com-
positions become more common towards the top of the se-
quence, associated with the post-shield pahoehoe lavas, in
addition to the multiple fine-grained minor intrusions identi-
fied within these sections (e.g., Fig. 7). Hawaiite comprises
a more evolved melt than basalt and therefore is expected to
contain larger percentages of incompatible elements such as
K, U and Th, resulting in increased gamma response.

Within the lower part of the well, gamma variations are
far more restricted with values generally within the range ca.
7-20 API. In Fig. 7c, an expanded example from the inter-
val ca. 1450-1550m is presented. It is clear that systematic
variations in gamma response are also exhibited within this
lava-dominated sequence. Flow margins are highlighted for
clarity and it is seen that inflections in the gamma peaks and
troughs are readily associated with flow margins. Flow mar-
gins are not, however, always associated with increases in
gamma response and therefore a combination of resolution,
alteration and subtle base-level compositional differences be-
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Figure 6. Summary of the full borehole logging results for PTA2.

tween the flows of the lower sequence are the cause of the
gamma variations.

The results for KMAI, collected from within the HQ drill
string during the time it was stuck, are also presented in
Fig. 7d alongside the detailed core-based stratigraphy. Very
little variation is observed within the gamma response for the
logged interval of KMA1. The high gamma peaks observed
in the upper parts of PTA2 are not observed within the sam-
pled interval; however, the data do not cover the upper 300 m
in KMAI. It could therefore be that higher gamma composi-
tions are also present within this upper sequence of KMAI;
however, the lack of any intrusions in this sequence (which
hosted the majority of the higher gamma intervals in PTA2)
may suggest that they are not present at KMAI.
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3.3 Magnetic susceptibility (MSUS) and total magnetic
field (MagTot)

Basaltic rocks have the potential to record strong magnetic
signatures due to the common presence of accessory iron and
iron—titanium oxide minerals such as magnetite, spinel and
ilmenite. The remnant magnetic response of basaltic rocks is
determined by a combination of the presence, type and abun-
dance of these Fe—Ti oxides in addition to crystal size and
alteration (e.g., Planke et al., 1999). Magnetic susceptibility
measures the ability of a rock formation to become magne-
tized in response to an applied magnetic field and in its sim-
plest application gives inference to the abundance of ferro-
magnetic magnetic minerals within the tested rock volume.
Magnetic susceptibility in basaltic rocks is therefore affected
by much the same parameters as the total magnetic field.
Magnetic susceptibility within the open hole section of
PTA2 is dominantly within the range of ca. 100-350 10~4
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Figure 7. Gamma ray log results compared to volcanic facies in the PTA2 and KMA1 boreholes (a, d). Two panels in the center display key
intervals from PTA?2 at a larger scale (b, ¢). Black lines display flow boundaries within pahoehoe packages in the bottom middle panel.

SI units while the total magnetic field displays values domi-
nantly around the ca. 35 000 nT mark with a small number of
excursions reaching higher values of maximum ca. 40000 nT
and some lower values down to ca. 32100 nT in the upper
part of the logged interval. The two highest peaks in to-
tal magnetic field are broadly associated with intrusions at
ca. 1100 m, both of which also display elevated susceptibil-
ities (Fig. 6). In some other cases intrusions display clearly
elevated values; however, in others, no observable increase
from background is seen. No clear and general relationship
is observed between MSUS and MagTot; in some cases they
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appear linked, in others they appear independent. Magnetic
susceptibility shows a significant level of systematic varia-
tions associated with lava facies flow packages and bound-
aries. The response is not uniform in nature but, in many in-
stances, a sharp reduction or increase in susceptibility can
be seen at or in other cases immediately prior to the facies
boundaries (e.g., Fig. 6). Planke et al. (1999) demonstrated
that flow top alteration can cause a kick in susceptibility val-
ues at the transition from lava interiors up into the crust and at
least in some instances; this feature appears to be replicated
in the PTA2 lavas.
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3.4 DIP meter

The DIP meter records resistivity data but is uncalibrated and
therefore it may be used to qualitatively assess relative resis-
tivity of the formation. With the lack of laterolog resistivity
data this comprises the best available inference for the PTA2
borehole. Figure 6 displays the DIP meter resistivity for the
PTA2 borehole plotted against the other wireline data. The
most striking feature of the resistivity data is a large step shift
to higher average values at ca. 1130 m. Above and below this
transition the variations are quite scattered with an irregular
serrated character but importantly there is almost no overlap
in the absolute ranges within these two sections.

Geologically there is not a sufficient change in the pene-
trated facies which could account for this change in the re-
sistivity range. Alteration is known to increase within the
lower interval which could potentially explain some of the
increased resistivity where pores are filled with secondary
minerals, but cannot explain the sharp transition. Interest-
ingly, the jump in resistivity corresponds to a depth at which
very slow drilling conditions were encountered that were as-
sociated with a particular type of secondary mineral products
(zeolites). The secondary minerals formed a thick film on the
bit face that the diamond chips on the standard bit were not
able to penetrate through; after a change in the bit to larger di-
amonds this issue was overcome. This is still problematic to
explain the base-level shift as the lava cores within each sec-
tion should show broadly similar values. Another more likely
possibility is that it is associated with the borehole fluids. A
range of mud additives were added to the drilling fluid during
clearing of the borehole ca. 2 months prior to the logging op-
erations and, therefore, it could be that density stratification
may have occurred and that the heavier muds in the lower
section have a higher resistivity than fresh formation water
above.

A number of aquifer feed points are known from within
the upper part of the well (Thomas and Haskins, 2013) and
therefore circulation of aquifer waters into the borehole may
have added to this effect. An inflection to a higher temper-
ature gradient ca. 100 m deeper than the step in resistivity
also points to different fluid regimes within the borehole and
could support some sort of fluid stratification. More work is
required to constrain this further.

Although there is some correlation between the volcanic
stratigraphy and the resistivity (Fig. 6), the relationship is not
consistently related to the primary volcanic facies. Resistiv-
ity usually decreases at lava flow boundaries due to increases
in vesicles, alteration and fracturing (Planke, 1994; Nelson et
al., 2009). This is observed at some flow margins but not at
others. Dense intrusion interiors and non-vesicular lava flow
interiors are expected to display high resistivity, which is ob-
served in some cases, €.g., the intrusions at ca. 1050-1110,
but not in other cases, e.g., ca. 1480 m. Extensive fractur-
ing may explain some of these deviations; however, some
concerns regarding the consistency and accuracy of the data
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remain due these poor correlation examples along with the
poorly understood jump in values described above.

3.5 Sonic

Velocity data from the sonic log has historically proven to
provide some of the most instructive information for the
interpretation of volcanic rocks in the subsurface (Planke,
1994). This is because different volcanic facies show a very
wide range of velocity but also display distinctive distribu-
tions of velocity (e.g., Nelson et al., 2009), which can be tied
back to volcanic facies at a variety of scales. P-wave (Vp)
and S-wave (Vs) results from the picked and processed sonic
log data are presented in Fig. 8. P-wave velocity data for the
borehole give robust data, whereas picking for S waves was
significantly more challenging and therefore gave lower con-
fidence results in the upper part of the sequence. The average
Vp for the logged interval is ca. 4.4 km s~ ! while the average
Vs is ca. 2.35kms™!. There is a generally good correlation
between dense crystalline core material associated with sheet
intrusions and ‘a‘a lava cores and high Vp signatures in some
cases exceeding 6kms~!. Exceptions do occur where high
Vp is associated with pahoehoe lavas with no obvious evi-
dence for denser-than-normal cores and in these cases (e.g.,
at ca. 1045 m) the higher densities may be related to a combi-
nation of denser (high Vp) phenocrysts phases (e.g., olivine)
and significantly denser (Mg rich) basic magmas (Watton et
al., 2014b).

The largest variations observed within the sequence oc-
cur within the zone ca. 950-1150 m in which the greatest di-
versity of volcanic facies exists. Low peak velocities down
to ca. 4kms™!, within the lower part of the well, are asso-
ciated with dominantly compound-braided pahoehoe facies
(e.g., Jerram, 2002; Nelson et al., 2009). The low velocity is
associated with the facies which display generally high lev-
els of vesicularity and porosity along with increased levels
of alteration with burial. It is also clear that background ve-
locity values appear to be more affected by alteration than
they are by the increase in burial compaction stresses. This
is explicable by the fact that fresh basalt at ambient pressure
can commonly exceed velocities of 5kms™! due to its hard
interlocking crystal structure, and, due the strength within
this structure, even moderately vesicular basalts show little
reduction in porosity (and hence velocity) with burial ef-
fects alone (Millett et al., 2016). At the same time, alteration
(where pervasive) can reduce the velocity of basalt by up to
2kms~!. Therefore, at relatively shallow burial depths, av-
erage velocity can clearly reduce with depth in association
with facies that are susceptible to alteration as is the case for
the porous pahoehoe-dominated lava sequence. Clear corre-
spondence between Vp and Vs is visible for some intervals of
the well (e.g., Fig. 8); however, in other intervals, no or lim-
ited correspondence exists. The Vp / Vs ratio for the entire
well is ca. 1.88, whereas for the interval at the bottom of the
well where good correspondence exists it is slightly lower
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rich.

at ca. 1.79. Both values are within the same range as for
older lava sequences, e.g., from eastern Greenland (Planke
and Cambray, 1998); however, they are slightly higher than
the average of 1.69 recorded from laboratory measurements
on Hawaiian compositions (e.g., Manghnani and Woollard,
1968). As discussed in the processing section, the confidence
in the S-wave picking in the upper part of the borehole is re-
duced. It is interesting to note that the S-wave data become
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challenging to pick at a very similar depth to that which the
resistivity data displays a large jump in base level. It could
therefore be that something relating to the fluid properties
within the upper part of the open hole section also affected
the sonic log data, although this also requires additional in-
vestigation beyond the scope of this report.
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3.6 Televiewer

The televiewer tool collects high-resolution velocity data
(amplitude and travel time) for the full circumference of
the borehole which is processed to give a continuous acous-
tic image of the borehole surface (Zemaneck et al., 1969).
The televiewer is most commonly utilized for structural and
stress field analysis (e.g., Zoback et al., 1985; Ziegler et al.,
2016; Millett et al., 2018); however, the images may also give
potentially important information about volcanic facies and
intra-facies. The ability for image logs to characterize vol-
canic facies elements has been highlighted for the FMS and
FMI logs (resistivity imaging, Brewer et al., 1998; Tominaga,
2013; Watton et al., 2014a; Fornero et al., 2018); however,
similar dedicated studies for the interpretation of volcanic
facies from the televiewer appear somewhat limited and of
lower apparent image quality to date (e.g., Massiot et al.,
2015). Acquisition of high-quality televiewer data formed
one of the primary objectives of the Hawai‘i borehole op-
erations.

In general, the image quality from the PTA2 borehole is
very good, with many intervals displaying exceptional fea-
ture clarity while in a few intervals image quality is reduced
and acquisition artefacts obscure the images. The key objec-
tive for collecting high-resolution image data was to test the
ability of the televiewer to capture detailed volcanic intra-
facies remotely, which is made possible by the availability of
continuous core data. A full core is rarely available for vol-
canic wells, even for scientific drilling (e.g., Brewer et al.,
1998), whereas for petroleum exploration wells, only very
small core sections are commonly taken but these rarely in-
tersect volcanic intervals. Throughout the logged interval,
there is a depth discrepancy whereby the televiewer depths
are generally ca. 1.6 m deeper than the core depth values. Ad-
ditional to this correction, in many cases the resulting boxed
core material from individual core pipe runs (ca. 10 ft) may
exceed or not equate exactly to the known penetration. This
is simply due to the fact that the core is sometimes broken
and fragmented and therefore does not fit perfectly back to-
gether, resulting in longer recorded lengths compared to the
known penetration. The depth is reset at the start of each core
run and therefore only minor errors (generally <30 cm) may
be encountered at the bottom of some runs.

To highlight the potential of televiewer images for vol-
canic facies delineation, in Fig. 9, type examples of pahoehoe
and ‘a‘a lava facies are presented and compared to observa-
tions from core. In Fig. 9a, an individual simple pahoehoe
lava lobe is characterized by clear vesicle size and abundance
variations with dense small vesicles at the lower and upper
vesicle zones (LVZ and UVZ following Katz and Cashman,
2003), transitioning into fewer larger vesicles within the cen-
tral portion of the flow interior. Large vesicles within the cen-
tral portion of the flow lobe can be clearly seen within the
televiewer amplitude data along with subparallel vesicle co-
alescence bands within the UVZ to flow top transition. As is
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typical of pahoehoe lavas, the altered flow top crust is thicker
than the flow base and has also been baked by the overlying
flow increasing the degree of alteration. This is also observed
on the televiewer data, with a broader band of lower ampli-
tudes at the top of the flow. Flow top fractures which ter-
minate within the flow core are also clearly observed from
the televiewer amplitude data, which importantly suggests
that the corresponding fractures in the core are primary and
not drilling induced. Along compound pahoehoe lava sec-
tions within the data, multiple thin lava lobes and pahoehoe
“toes” in addition to internal boundaries delineated by vesi-
cle bands and chilled margins can be seen which would have
formed during emplacement. Chilled margins are generally
highly altered to clay or palagonite and dominantly display
clear low-amplitude boundaries. Spherical-to-sub-spherical
features are identified from the televiewer where these chilled
margins or internal densely vesicular bands intersect the
borehole at a toe termination or margin. Spongy pahoehoe
flow cores or lobe and toe cores display very low amplitudes
due to a very low proportion of lava (vesicle walls) compared
to open space where porosities commonly exceed 50 % (e.g.,
Walker, 1989).

‘A‘a lavas comprise the other major lava flow type found
on Hawai‘i and in basaltic lava provinces in general. They
are characterized by rubbly and brecciated upper and lower
margins due to auto-brecciation of the lava flow crust during
emplacement. In Fig. 9b an example of an ‘a‘a rubbly flow
margin is presented. The flow margin breccia belongs to the
underlying flow interior and has been baked and oxidized by
the overlying lava flow. The breccia displays a very clear and
characteristic fabric comprising high-amplitude clasts within
alow-amplitude finer-grained matrix. In other examples clear
straining of regions showing different vesicle densities is ob-
served within the flow core, a common feature of ‘a‘a lavas
where the lava continues to move during cooling and vesicu-
lation causing deformation of the developing vesicular fabric
(Cas and Wright, 1988). These sharp boundaries between the
zones of different vesicle densities are clearly represented on
the televiewer amplitude data along with examples of larger
deformed vesicles near flow bases. Vesicle segregations and
entrained clinker are also potentially visible as patches of
low amplitude which match the core well in a number of ex-
amples. Recovery can commonly be poor within ‘a‘a lavas
due to heavy fracturing and the presence of loose rubble
and, therefore, identifying flow features remotely (e.g., tele-
viewer) may prove invaluable in understanding the volcanic
sequence where such core gaps occur.

Many other detailed facies and intra-facies features includ-
ing transitional lavas, sedimentary units, ash layers and intri-
cate intrusive units have been investigated in detail from the
Hawai‘i boreholes and will form the basis of a standalone
study presented elsewhere.
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Figure 9. (a) Example of a simple pahoehoe lobe from PTA2 displaying characteristic vesicle size distribution clearly imaged from the
televiewer amplitude data along with flow top fractures. (b) Detail of a baked ‘a‘a flow margin breccia from PTA2. Note the detail at the flow
margins is clearer from the televiewer data due to the crumbly nature of the contact rubble. In each image, letters (a, b, etc.) highlight linked
features on both the core and the image log.
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cored section.

4 Closing remarks and future outlook

This paper presents results from new borehole wireline log-
ging and image logging of two fully cored boreholes on the
Big Island of Hawai‘i. Through this project an important
database of down-borehole petrophysical variations has been
collected, which can be interpreted in full due to the excep-
tional core data available over a large interval of the PTA2
borehole. Such data are often hard to realize in many offshore
areas that drill through volcanic successions due to the costs
alongside the volcanic intervals often not forming reservoir
targets. Additionally the data set provides a valuable resource
to look at average flow thickness, number of flow units and
flows, and volcanic facies structure.

Gamma data are typically low as expected for basalts with
variations occurring where intrusions come in and with an
increase due to more evolved hawaiite compositions. Within
the magnetic data, the two highest peaks in total magnetic
field are broadly associated with intrusions at ca. 1100 m,
yet other intrusions and the relation of the magnetic data to
the varying volcanic facies show mixed results. Alteration
at flow tops can show kicks in the susceptibility, which has
been demonstrated to be the case in other lava successions
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(e.g., Planke et al., 1999). Resistivity data from DIP meter
records show some correlation to volcanic facies in some ar-
eas but not in others, which could be due to a number of
factors (e.g., variations in fracturing, lack of calibration of
DIP meter readings). Such data could be improved with bet-
ter constrained laterolog resistivity data. Variations within
the velocity with depth are clearly influenced by alteration
of the porous lavas and associated facies, with a noted de-
grease in velocity in the lower part of the well. The caliper
results highlight semi-continuous breakouts occurring down
the wells, best developed in the most coherent facies (e.g.,
‘a‘a interiors and intrusions), which are associated with the
in situ stress field (breakouts occur parallel to minimum hori-
zontal stress). The directions of these breakouts can be of use
in unraveling the in situ stress regime of the Mauna Kea vol-
cano and as such are forming the basis of ongoing research.
The televiewer borehole imaging sonde, as an example,
can produce highly informative data for delineating small-
scale volcanic features and intra-facies when optimized set-
tings are used. Features including individual vesicles, vesicle
segregations, strained vesicles, chilled margins, rubble zones,
intrusive contacts and pahoehoe lobe morphologies can be
confidently matched between the televiewer data and the full
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diameter core. One of our main goals in undertaking such
a study is the potential ability to link facies with analogue
examples and ultimately get back to the geological processes
that have formed the petrophysical variations preserved in the
rocks. Figure 10 acts as a summary of this concept by linking
back our down-borehole observations to the key volcanic fa-
cies that formed them. Going forward, data sets like the one
presented here allow improved confidence in the interpreta-
tion of borehole imaging through volcanic sequences where
core is not available. Ongoing and future work will focus on
the detail within the data set to fully explore the key vol-
canological, structural and geophysical inferences that can
be gained from this case example.

Data availability. A digital archive of core photos and detailed
core run depth log information is available at https://www.higp.
hawaii.edu/hggre/projects/humuula- groundwater-research-project/
(HGGRS, 2019). The down-hole data are published with a digital
object identifier via GFZ Data Services (Kiick, 2019).
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Abstract. The 2017 Surtsey Underwater volcanic System for Thermophiles, Alteration processes and INnova-
tive concretes (SUSTAIN) drilling project at Surtsey volcano, sponsored in part by the International Continental
Scientific Drilling Program (ICDP), provides precise observations of the hydrothermal, geochemical, geomag-
netic, and microbiological changes that have occurred in basaltic tephra and minor intrusions since explosive and
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effusive eruptions produced the oceanic island in 1963-1967. Two vertically cored boreholes, to 152 and 192 m
below the surface, were drilled using filtered, UV-sterilized seawater circulating fluid to minimize microbial
contamination. These cores parallel a 181 m core drilled in 1979. Introductory investigations indicate changes
in material properties and whole-rock compositions over the past 38 years. A Surtsey subsurface observatory
installed to 181 m in one vertical borehole holds incubation experiments that monitor in situ mineralogical and
microbial alteration processes at 25—124 °C. A third cored borehole, inclined 55° in a 264° azimuthal direction
to 354 m measured depth, provides further insights into eruption processes, including the presence of a diatreme
that extends at least 100 m into the seafloor beneath the Surtur crater. The SUSTAIN project provides the first
time-lapse drilling record into a very young oceanic basaltic volcano over a range of temperatures, 25-141 °C
from 1979 to 2017, and subaerial and submarine hydrothermal fluid compositions. Rigorous procedures under-
taken during the drilling operation protected the sensitive environment of the Surtsey Natural Preserve.

1 Introduction

In late summer 2017, International Continental Scientific
Drilling Program (ICDP) expedition 5059, the Surtsey Un-
derwater volcanic System for Thermophiles, Alteration pro-
cesses and INnovative Concretes (SUSTAIN) project (http:
//surtsey.icdp-online.org, last access: 30 March 2019), drilled
three cored boreholes through the basaltic tuff, tephra, and
minor intrusions of Surtsey volcano, an oceanic island on the
insular shelf 32 km from the south coast of Iceland. Surtsey
was created by explosive and effusive eruptions from 1963
to 1967 in the Vestmannaeyjar archipelago, a young volcanic
system that marks the offshore, southward-propagating tip
of Iceland’s SE rift zone (Einarsson, 2008; Jakobsson et al.,
2009) (Fig. 1). The island emerged from a seafloor depth
of about 130 m below sea level (b.s.l.) (Thoérarinsson et al.,
1964; Thors and Jakobsson, 1982; Jakobsson et al., 2009)
(Fig. 1) and eventually attained a height of 150m above
sea level (a.s.l.). Explosive eruptions followed by lava flows
produced approximately 1km> of eruptive products at the
termination of activity in June 1967 (Thoérarinsson et al.,
1964; Thérarinsson, 1967, 1969). Progressive geochemical
changes in the eruptive units over the 3.5 years of activ-
ity suggest magmatic mixing of depleted ridge basalt with
ponded, enriched alkali basalt at the propagating ridge axis
(Schipper et al., 2015, 2016).

A 181 m deep, cored borehole first explored subsurface
processes at Surtsey in 1979, through the rim of Surtur, the
eastern tephra cone. In early papers this was Surtur I and the
western cone was Surtur II. Surtur IT was subsequently given
the name Surtungur (e.g., Baldursson and Ingadéttir, 2007).
The top of the core is approximately 58 ma.s.1. (Fig. 1). In-
vestigations of the core described volcanic structures above
and below sea level, the thermal system, and the composition
and alteration of basaltic tephra. The lithified volcanic tephra,
mostly lapilli tuff, is composed of glass, crystals, and authi-
genic mineral cements (Jakobsson and Moore, 1982, 1986).
Temperatures and fluid compositions in the 1979 borehole
have been monitored since 1980 (Jakobsson et al., 2000;
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Marteinsson et al., 2015). These reveal differential cooling
rates in the basaltic deposits (Fig. 2).

Surtsey forms a natural reserve and World Heritage Site of
the United Nations Educational, Scientific and Cultural Or-
ganization (UNESCO) (https://whc.unesco.org/en/list/1267,
last access: 30 March 2019), which “has been protected since
its birth, providing the world with a pristine natural labora-
tory” (Baldursson and Ingadéttir, 2007). Studies of primary
biological succession on land provide a unique scientific
record of colonization of basaltic lava and tephra by plants,
animals, and marine organisms. Furthermore, initial results
of 16S rDNA tag sequencing analysis of fluids extracted in
2009 from the submarine zone of the 1979 borehole con-
tain unique sequences of bacteria, archaea, and viruses with
icosahedral symmetry below a 140°C (1980) temperature
maxima at 100 m depth below the ground surface (Marteins-
son et al., 2015). These indicate methanomicrobia-related se-
quences at 172 m (54 °C in 2009) and archaeoglobus-like se-
quences at 145m (80°C in 2009) (Fig. 2). The microbial
life may be derived from the seafloor and, therefore, poten-
tially indigenous to the submarine volcanic biosphere. Mi-
crobial habitats in the submarine Surtsey deposits could po-
tentially represent a subsurface equivalent of the terrestrial
colonization of Surtsey basalt, which has been systematically
recorded over the past 50 years (Magnusson et al., 2014).

The goal of creating a time-lapse drill core record of
basaltic deposits at Surtsey 50 years after eruption was first
conceived in 2013 (Jackson et al., 2015; Witke, 2017). Four
years of advance planning and preparation resulted in the ac-
quisition of nearly 650 m of core from three boreholes that
traverse the still-hot volcano by the SUSTAIN project, spon-
sored by the ICDP and other international partners. The pro-
posed drilling targets were to (1) create a vertical cored bore-
hole adjacent to the 1979 borehole to investigate the progress
of geochemical, mineralogical, and hydrothermal processes
in the basalt over the past 38 years (Figs. 2—4); (2) explore
potential microbial interactions within the basalt that were
not considered during 1979 drilling; (3) create an in situ lab-
oratory, the Surtsey subsurface observatory, within the ver-
tical borehole, dedicated to experiments within the diverse
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Figure 1. Maps showing drilling at Surtsey volcano, Iceland.
(a) The Vestmannaeyjar volcanic archipelago at the southern oft-
shore extension of the eastern Iceland rift zone (bathymetry: Ice-
landic Coast Guard, Hydrographic Department). The red elongated
patches on the Iceland map show individual volcanic systems. (b) A
simplified geological map of Surtsey (following Jakobsson, 2000)
and temporary installations of the 2017 SUSTAIN drilling opera-
tion. The red dashed tick lines indicate crater rims. (¢) Horizontal
projection of the SE-03 (5059-1-D) cored borehole. (d) Wellhead
locations: SE-01 (1979) and SE-02b, SE-02b, and SE-03 (or 5059-
1-B, 5059-1-C, and 5059-1-D) (2017).
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zones of the hydrothermal system (Tiirke et al., 2019); and
(4) further investigate the deep structure of the volcano with
a cored borehole inclined below Surtur, the eastern crater,
which could potentially intersect the pre-eruption seafloor
(Fig. 5).

2 Scientific objectives and societal benefits

SUSTAIN investigations address three central questions.
(1) How do explosive eruptions of oceanic volcanoes develop
and produce potentially hazardous tephra clouds? (2) How do
incipient oceanic volcanic islands develop hydrothermal sys-
tems, lithify, and stabilize themselves over time to resist in-
cessant marine erosion? (3) How does life in its many forms
inhabit and produce material changes in very young sub-
surface basaltic deposits? The interdisciplinary, collaborative
studies of the drill cores, associated hydrothermal fluids, and
incubation experiments in the subsurface observatory are

i. investigating geothermal processes and alteration rates
as analogs for rapid changes in the material behavior of
the young oceanic crust;

ii. describing how authigenic alteration of glass, olivine
and plagioclase, palagonitization processes, and micro-
bial influences record hydrothermal-microbial-basalt
interactions over a range of temperatures and fluid com-
positions;

iii. exploring how processes of chemosynthetic life evolve
in extreme temperature conditions;

iv. recording the macroscopic rock-physics properties of
lithified lapilli tuffs as geological analogs for ancient
Roman and modern seawater concretes; and

v. performing in situ experimental research in the Surtsey
subsurface observatory to describe the short-term evo-
lution of microbiological-seawater—rock interactions.

The scientific and societal benefits of the SUSTAIN project
will result from

i. investigating explosive Surtseyan eruptive processes as
a means to refine the predictions of hazards associated
with the subaerial phases and rapid edifice growth of
island-forming seafloor volcanoes;

ii. describing chemical, magnetic, and material changes
in the Surtsey deposits produced by hydrothermal—
microbial-rock interactions, as a means to refine geo-
physical monitoring of thermal and chemical stimula-
tion in hydrothermal reservoirs and the potential for
fluid waste disposal and storage sites in pyroclastic
rocks; and
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Figure 2. Comparisons of the 1979 and 2017 cored Surtsey boreholes. (a) Lithological logs. The 1979 core: SE-01 (following Jakobsson
and Moore, 1982). (1) Weakly altered hyaloclastite, brown-black; (2) coarse and poorly graded hyaloclastite, black; (3) sound hyaloclastite,
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temperatures measured shortly after termination of drilling in SE-02b and SE-03 as well as depths of incubation experiments in SE-02b.

iii. determining the role of geochemical and biochemi-
cal processes in the development of zeolite and Al-
tobermorite mineral cements in basaltic tuff and trans-
ferring this information to reproductions of these ce-
mentitious fabrics in innovative pyroclastic rock con-
cretes, cementitious barriers, and waste forms using re-
active glass aggregates.

3 Permitting and zero-impact drilling strategies

Preparations for the zero-impact drilling operation on Surt-
sey required 2 years of logistical planning and permitting
after ICDP funding was approved in 2015 (Jackson et al.,
2015). Every effort was made to fully preserve the sensitive
surface and subsurface environments of the Surtsey Nature
Reserve and to follow all guidelines set by the Iceland Envi-
ronment Agency and Surtsey Research Society to avoid any
risk to the vegetation, birds, and sea life that inhabit the is-
land and the marine preserve that surrounds it. This special
protection has been in place since 1965, with amendments
made in 2006 and 2011, to ensure that the island and its ge-
ological formations, flora, and fauna evolve without human
intervention.

Sci. Dril., 25, 35-46, 2019

Four permits were required to carry out the drilling opera-
tion (Weisenberger et al., 2019). A Planning Agency (Skipu-
lagsstofnun) decision allowed drilling to proceed without an
environmental impact assessment. The Environment Agency
(Umhverfisstofnun) issued a permit outlining requirements,
as well as a license for drilling and construction of tempo-
rary facilities. Travel permits for individuals were issued sep-
arately. All equipment was cleaned before transport to Surt-
sey, ensuring that no seeds or organisms were brought to the
island. Fuel barrels were stored on four layers of reinforced
plastic sheeting and treated with utmost care. All waste, in-
cluding human waste and cinders at the drill site and all-
terrain vehicle parking sites, were transported off-island. All
traces of the operation were removed, except the wellheads.
Entering bird nesting areas was prohibited before 15 August,
and entering the peninsula was prohibited after 1 Septem-
ber. The South Iceland Health Inspectorate (Heilbrigdiseftir-
lit Sudurlands) issued a permit for running a camp, provision-
ing of food, and fulfilling hygiene requirements. The Vest-
mannaeyjar municipality also issued a permit to carry out the
operation.

Some of the most challenging aspects of drilling on Surt-
sey involved the logistical difficulties of establishing and
maintaining a camp and drilling operation on a remote is-
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Figure 3. Material and magnetic measurements of Surtsey drill core
samples. Dry density and water absorption (ASTM C97/C97M-18),
1979 SE-01 (Jakobsson and Moore, 1982; Oddsson, 1982), and
2017 samples and reference samples, SE-02b and SE-03 (Table S1).
Magnetic properties, natural remanent magnetization (NRM), bulk
magnetic susceptibility (xpuik, recorded as xpp), and frequency-
dependent magnetic susceptibility (xfq) of 2017 reference samples,
SE-02b and SE-03 (Table S2).

land that required strict environmental protection and relied
almost solely on helicopter support. Logistical planning for
drilling strategies, equipment organization, and packing re-
quired 3 months of dedicated effort at DOSECC Exploration
Services, Salt Lake City, Utah, USA. Logistical planning to
secure a functional camp while fulfilling safety and environ-
mental requirements took place in Iceland. Drilling equip-
ment was shipped from Portland, Oregon, USA, to Reyk-
javik; trucked to Porldkshofn on the southern coast of Ice-
land; and transported to the eastern coast of Surtsey by the
Iceland Coast Guard vessel, Por. The Coast Guard Super
Puma helicopter, TF LfF, then flew about 63 t of material, in-
cluding the Atlas Copco CS-1000 drill rig disassembled into
eight transportable components, and diesel, gas, and fresh
water in 107 lifts to the drill, camp, and seawater pump-
ing sites on 28-30 July (Weisenberger et al., 2019). Drilling
took place from 7 August to 4 September. Demobilization
with the Coast Guard vessel and TF LIF took place from 10
to 12 September. At the termination of SUSTAIN activities
the restoration of the island environment was approved as
correctly implemented after inspection by the Environment
Agency on 10 September. The 1979 Surtsey drill core and
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the 2017 SUSTAIN drill cores are archived at the Iceland In-
stitute of Natural History.

The SUSTAIN drilling project has added several mile-
stones to the record of drilling into oceanic basalt. Two ver-
tical, cored boreholes (5059-1-B and 5059-1-C, also known
as SE-02a and SE-02b) parallel the 1979 borehole (SE-01).
These provide the first time-lapse record of drilling into very
young basalt — with minimal live microbial contamination
from seawater circulating fluids. A Surtsey subsurface obser-
vatory in borehole SE-02b offers the unprecedented oppor-
tunity to monitor “zero age” basalt without the expense and
risk of a deep ocean operation. Five in situ incubation exper-
iments were hung in perforated sections of an anodized alu-
minium casing installed from 38 to 161 m measured depth at
36-124 °C at the end of activities in 2017 (Tiirke et al., 2019;
Weisenberger et al., 2019). A third, inclined core borehole,
SE-03, is the first to probe the deep submarine structure of
a young Surtseyan volcano (Moore, 1985; White and Ross,
2011). The project thus provides a wealth of new informa-
tion about the structure of the eruptive conduit and explosive
eruption mechanics of Surtsey, the evolution of its hydrother-
mal system, the rates of cementing processes in basaltic glass
systems, and the active record of basalt-microbial-seawater
interactions that are thought to influence the abundance and
diversity of life in the oceanic crust (Santelli et al., 2008).

4 Drilling the 1979 cored borehole

The 1979 borehole was cored in NQ (47.6 mm core diam-
eter) through the eastern crater of the volcano, until the bit
became stuck at 176.5 m below the ground surface (Fig. 2)
(Jakobsson and Moore, 1982, 1986). It was then completed
in BQ (36.5 mm core diameter) to the total depth. Core re-
covery was very good (97.9 %) to 138 m. Poor recovery and
slow drilling progress occurred at 140.0-143.8, 148.5-150.6,
157.4-168.7, and 170.5-180.1 m, mainly in zones of poorly
consolidated tephra (Fig. 6). Recurring disturbances of the
offshore seawater intake about 0.5km east of the drill site
also caused drilling delays. Seawater was the circulating
medium; no drilling mud was employed. Return fluids were
flushed back to the ocean. The steel drill casing remains in
the hole.

The stratigraphic zones of the volcano include lapilli tuff
and basaltic intrusions from 14 to 58 m below the ground sur-
face at steam temperatures (100° C in 1980); a zone of tidal
flux centered at 58 m (sea level); an 80 m section of highly
altered lapilli tuff that includes the temperature maximum,
141°C (1980), of the hydrothermal system at 100-106 m;
and zones of weakly lithified tuff and unconsolidated tephra
at 140-181 m at 40-89°C in 1980 (Jakobsson and Moore,
1982) (Fig. 2). Hydrothermal mineral assemblages and alter-
ation rates of basaltic glass and olivine varied through these
zones (Jakobsson and Moore, 1986).
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rock below the pre-eruption seafloor is 100 m, based on seismic re-
flection results from Thors and Jakobsson (1982). The advance of
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During the 1963-1964 explosive activity, intermittent
tephra-finger jets and continuous uprush jets 100-250 m in
diameter and 500-2000 m in height formed eruption columns
up to 9 km high (Thérarinsson, 1967). Measurements of pri-
mary bedding, planar slump surfaces, and shear planes core,
as well as fragments of indurated marine sediments and
rounded exotic pebbles suggested a diatreme-like volcanic
conduit produced by explosions that quarried and ejected py-
roclastic debris and fragments of host rock from a depth of
several hundred meters (Moore, 1985). This contrasts with
an assumption of a shallow crater model for the volcano
by earlier workers (Thérarinsson, 1967; Kokelaar, 1983), in
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Weisenberger et al., 2019).

which any diatreme that formed was narrow and left the pre-
eruption seafloor mainly intact underneath the volcanic edi-
fice (Fig. 9).

5 Drilling the 2017 cored boreholes

The opportunity to precisely quantify rates of change at Surt-
sey strongly influenced the decision to locate the 2017 SUS-
TAIN boreholes next to the 1979 borehole. The four well-
heads, SE-01 (1979) and SE-02a, SE-02b, and SE-3 (2017),
lie within a 10 m wide area on the ground surface of uncon-
solidated tephra on the southern flank of the Surtur tuff cone
(Figs. lc, d, 5). A detailed record of the drilling operation is
given in Weisenberger et al. (2019).

Preparation of the drill site, installation of the offshore
pumping system and water line, construction of the camp,
Coast Guard boat and helicopter mobilization, helicopter-
assisted assembly of the drill rig, and rigging up took
place 24 July—6 August 2017. Seawater circulating fluid was
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pumped 1.4 km from a submerged offshore pump anchored
off the western coast of the northern peninsula (Fig. 1b).
Drilling the first vertical borehole, SE-02a, began on 7 Au-
gust using an Atlas-Copco CS-1000 rig (Adkins, 2018). The
rig was mounted on a spinner base and anchored by HQ rods
drilled into the basaltic lava substrate beneath about 1-2m
of tephra. Seawater was passed through a Pentek Big Blue
30 um cartridge filter and two AQUA4ALT WEDECO ultra-
violet sterilization devices at the drill site to ensure minimal
sediment and live microbial contamination of the recovered
core; no mud products were employed. SE-02a was verti-
cally pre-drilled with a 6 1/8in. (15.56cm) tricone rotary
bit to a measured depth of 9.55m. A 4 1/2in. (11.43cm)
HWT conductor casing (inner diameter 101.6 mm) was in-
stalled to a casing shoe depth of 9.54 m. Coring with an HQ3
bit (63.5 mm core diameter) extended to 151.57 m measured
depth below the ground surface (or 93 mb.s.1.). Core recov-
ery was about 97 % overall. Continued problems with sea-
water supply to the drill site greatly slowed drilling progress
(Fig. 6), and hole collapse occurred on 16 August below 46 m
measured depth. The 43 HQ drill rods and the bottom-hole
assembly (4.14 m) could not be extracted from the borehole,
thereby preventing installation of the subsurface observatory.
An extension to the casing and a flange were installed to
0.44 m above the ground surface.

A second vertical core, SE-02b, was then drilled from 19
to 26 August to create the borehole for the Surtsey subsur-
face observatory. After rotating the drill rig (and shack) on
the spinner base, pre-drilling with a 6 1/8in. (15.56 cm) tri-
cone bit proceeded to approximately 13 m measured depth
below the ground surface. A 4 1/2in. (11.43cm) HWT
conductor casing was installed to a casing shoe depth of
12.74 m, but subsequent problems required interventions that
eventually resulted in a 14.40m casing shoe depth. Drilling
progress improved substantially relative to borehole SE-2a
(Fig. 6), through installation of a 16 000 L storage reservoir
constructed of linked plastic totes on the northern peninsula.
External pumps in tide pools on the western shoreline of
the peninsula were managed continuously to transport sea-
water to this storage reservoir. The submersible pump was
installed in one tote; it pumped the stored seawater 1.3 km to
the drill site. Coring with an HQ3 bit reached a total depth
of 191.64 m measured depth. A Florigel attapulgite product
was employed to ensure stability in the top of the borehole,
where fracture and collapse of the borehole walls occurred
in SE-02a, and in poorly consolidated deposits below 140 m
measured depth. Core recovery was 97 % overall. This is the
only hole surveyed with a geophysical downhole log (Fig. 7).

The 6061-T6 anodized aluminum alloy NQ casing
(2 3/4in. (69 mm) outer diameter, 2 1/4in. (57 mm) in-
ner diameter) of the Surtsey subsurface observatory was
run into the borehole to a measured landing depth of
181.25 m. The aluminum casing hangs freely inside the HWT
conductor casing from the wellhead, and PVC centralizer
tubes minimize contact between the aluminum casing and
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steel conductor casing (Tirke et al., 2019; Weisenberger
et al.,, 2019). A flange was installed to 0.21 m above ref-
erence ground height. Five perforated sections allow free
fluid flow through the casing at specific depth intervals,
which contain temperature loggers and perforated PEEK
(polyetherketone) incubators attached to a Vectran rope hung
from the wellhead. These were installed at 37.01-38.63 m
(36°C), 62.74-63.96 m (91 °C), 106.11-107.33 m (124 °C),
135.03-136.25m (102°C), and 160.48-161.70m (61°C)
measured depth (Tiirke et al., 2019; Weisenberger et al.,
2019) (Fig. 2c); the temperatures were measured in the SE-
01 borehole on 8 August 2017. A 2-year in situ incubation
experiment designed to record rock—-microbe—water interac-
tions in basaltic glass granules melted from Surtsey lava and
in olivine (Fogg) was installed 6 September 2017.

The SE-03 borehole, inclined 35° from vertical in a 264°
azimuthal direction (Fig. 1c), was drilled from 28 August
to 4 September with untreated seawater and occasional at-
tapulgite mud. After rotating the drill rig on the spinner base,
pre-drilling with a 6 1/81in. (15.56 cm) tricone rotary bit ex-
tended to a measured depth of 12.6m. A 4 1/2in. (11.43 cm)
HWT conductor casing with a casing shoe depth of 11.91 m
was cemented in place. Coring with an HQ3 bit continued to
213.9m, when the supply of HQ drill rods ran out. Coring
continued with an NQ3 bit (43 mm core diameter) to a final
inclined length of 354.05 m (Figs. 2, 5, 6). Core recovery was
nearly 100 % through the lapilli tuff but variable, 40-90 %, in
basaltic intrusions within the zone below the crater. The NQ
coring string was left in the hole as permanent casing, in-
cluding the NQ3 bottom-hole assembly. An extension to the
casing and a flange were installed to 0.48 m above the ground
surface (measured length 0.59 cm).

The SE-03 core traverses the deep Surtur vent structure
and intrusions to a total vertical depth of 290 m and a hor-
izontal distance approximately 203 m west of the wellhead
(Fig. 1c). Dike intrusions occur in the lowermost 15 m of the
core; the overlying deposits are entirely lapilli tuff (Fig. 2a).
The SE-03 core thus traverses a diatreme that was excavated
into seafloor sedimentary rock during the explosive phase of
the Surtsey eruptions (Fig. 5). Lithic fragments ejected from
the pre-eruptive seafloor occur in the lapilli tuff; there are
also large blocks of seafloor sedimentary rock exposed on
the subaerial tuff cone. The stratified sequence of volcani-
clastic sedimentary rock is at least 100 m thick and the pre-
eruption seafloor at about 130 mb.s.l. is draped by Surtsey
pyroclasts close to the island (Jakobsson, 1982; Thors and
Jakobsson, 1982; Jakobsson et al., 2009). However, no in situ
deposits of the pre-eruption seafloor sedimentary rock were
acquired by the either the 1979 or 2017 drilling projects.
Preliminary analyses of the lapilli tuff from all three bore-
holes are examining volcanic fabrics, layering characteris-
tics, the structural features of slump and shear planes (Moore,
1985), and the compositions and volumetric concentrations
of xenoliths from seafloor sedimentary rock and ice-rafted
glacial debris (Alexandersson, 1972; Reynisson and Jakobs-
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Figure 7. Selected results of geophysical downhole logging, borehole SE-02b, showing temperature (TEMP), fluid resistivity (MRES),
fluid salinity as derived from resistivity measurements (NaCl), rock resistivity (Rd), magnetic susceptibility (MSUS), and the fluid pressure
vertical gradient (PGRAD) as derived from the measured fluid pressure (not shown) (following Weisenberger et al., 2019).

son, 2009). The results will describe the deep volcanic edifice
and pre-eruptive seafloor, the onset of explosive fragmenta-
tion at depth, and the possible explosive recycling of tephra
(Schipper and White, 2016) in subaerial and submarine envi-
ronments.

6 Downhole temperature monitoring and fluid
sampling

The maximum temperature in borehole SE-01 in 2017 be-
fore the initiation of SUSTAIN drilling, 124 °C, occurred
at 100-105 m measured depth (Fig. 3b), the same depth as
the hydrothermal maximum in 1980, 141 °C (Jakobsson and
Moore, 1982). Although the submarine temperature distribu-
tion has not substantially changed shape over the intervening
38 years, the temperatures in the subaerial tuff cone show
marked decreases (Figs. 1c, 2b).

Borehole measurements undertaken 6 days after comple-
tion of SE-03 drilling indicated temperatures of 56-61°C
at 230-354 m measured depth below the ground surface (or
130-232mb.s.1.) (Fig. 2c) (Weisenberger et al., 2019). Mea-
surements made in summer 2018 gave similar results. This
suggests that borehole fluids rapidly approached pre-drilling
temperatures in September 2017. These temperatures are
higher than the 20-30 °C measured in 1964 in marine sedi-
mentary rocks at 200-300 m depth in a borehole on Heimaey,
the largest of the islands forming the archipelago (Témas-
son, 1967; Hafstad et al., 2002) (Fig. 1). The lithified tephra
of the Surtsey diatreme has not apparently reached thermal
equilibrium with the surrounding seafloor sedimentary rocks
50 years after volcanic activity terminated.
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Figure 8. Compositions of fluids sampled from the SE-01, SE-02b,
and SE-03 boreholes in September 2017.

Fluid sampling for geochemical and microbiological anal-
yses used a slick line to mechanically open and close a 1 L
fluid bailer at the sampling depth. Fluids sampled 1-3 weeks
after the termination of drilling in September 2017 indicate
that hydrothermal waters in the SE-O1 borehole represent
modified seawater typical of that involved in hydrothermal
alteration of oceanic crust by leaching of basaltic rock and
glass (Staudigel, 2004), followed by formation of secondary
minerals, for example, anhydrite and Mg-containing phases
(Fig. 8). The SE-02b and SE-03 borehole fluids, however,
record the influences of the seawater drilling fluid.

7 Geophysical logging, vertical borehole SE-02b

Downbhole geophysical logging, carried out by the ICDP Op-
erational Support Group, used a 600 m logging winch and
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several sondes to measure fluid conductivity, temperature and
pressure, magnetic susceptibility, electrical resistivity, fluid
conductivity, natural gamma, and spontaneous potential to
180 m measured depth in borehole SE-02b (Fig. 7) (Weisen-
berger et al., 2019). To prevent collapse in the uppermost
fractured tuff and to protect the logging sondes, the drill
string remained in place to 39 m. Figure 7 shows a selec-
tion of these soundings and two derived parameters, the fluid
salinity (NaCl) and the vertical pressure gradient (PGRAD).
The measured fluid resistivity (MRES) of 0.1-0.14 Q2-m is
typical for seawater (0.1-1 2-m), and variations closely fol-
low the shape of the fluid temperature (TEMP) curve, as ex-
pected. The fluid salinity (NaCl) shows a near-constant value
of 27 ppt NaCl below 90 m yet decreases towards the zone of
tidal flux, indicating a transition towards less saline water in
the uppermost part of the water column. SE-02b borehole
fluids sampled in September 2017, 3 weeks after comple-
tion of drilling (Fig. 7), also show lower chloride concen-
trations above 90 m. The fluid samples from the SE-01 bore-
hole, however, show a more pronounced decrease in chlo-
ride concentration from 55 to 90 m (Fig. 7). This suggests
that the meteoric water—seawater zone (Olafsson and Jakobs-
son, 2009) was not strongly disrupted by seawater circulating
fluid during drilling. Rock resistivity (Rd) shows very low
values (0.5-5 -m), similar to the range of fluid resistivity
values. The shape of the MRES curve is closely reflected in
the shape of the Rd curve and yields a correlation coefficient
of &~ (.8. This indicates highly permeable rock flushed with
seawater (or a mixture of seawater and meteoric water). The
relative increase in chloride, sulfate, and magnesium concen-
trations in fluid samples from the 1979 SE-01 borehole to the
freshly drilled SE-02b borehole also indicates that the Rd and
MRES values are influenced by residual seawater circulating
fluid. The maximum temperature, 85.9 °C at 113 m, is almost
35°C lower than the temperature measured in the SE-01
borehole at the same depth before the onset of drilling, 119—
122 °C. This suggests that the observed SE-02b temperature
decrease mainly reflects cooling from seawater circulating
fluid during drilling. By contrast, pronounced local devia-
tions between 143—150 m measured depth below the ground
surface in several logs (TEMP, MRES, Rd), the derived salin-
ity (NaCl), and the vertical pressure gradient (PGRAD) sug-
gest an inflow zone where cooler water of higher salinity en-
ters the borehole. These measurements correlate with deep
porous layers identified in the 1979 drill core, which were
inferred to channel the flow of cold seawater into the hy-
drothermal system (Jakobsson and Moore, 1982, 1986; Olaf-
sson and Jakobsson, 2009). The inflow of cooler water plays
a role in recharging the system; it is heated as it perco-
lates through the higher temperature rocks of the geothermal
reservoir. Whole-rock compositional analyses of tuff samples
from the 1979 SE-01 core show large decreases in CaO and
K5O and increases in MgO and Na,O (Fig. 4), suggesting
that the fluid flow pattern was established early in the life of
the volcano. Increased chloride, sulfate, and magnesium in
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2017 SE-01 fluid compositions (Fig. 8) in this zone indicate
that the flow pattern has continued to the present time. Mag-
netic susceptibility (xpuk) in 2017 core reference samples in-
creases in the zone of strongly hydrothermally altered tuff,
110-138 m; sharply decreases in the inflow zone at 148 m;
increases slightly in the deeper zone of poorly consolidated
tuff; and then decreases at 180 m measured depth. Dry den-
sity increases and water sorption decreases at 148 m mea-
sured depth (Fig. 3, Supplement Tables S1, S2).

8 Microbiological investigations

Fifty-six core samples for microbial detection and analysis
were immediately fixed and frozen on-site. A 30 cm section
was cut from the midsection of every third 3 m core run at the
drill site and divided into three subsections: 10 cm for molec-
ular analyses (MA), 8 cm for cultivation (Cu), and 2 cm for
microscopic investigation (M) (Weisenberger et al., 2019).
MA sections were kept in the plastic core liner, wrapped in
plastic, and kept in liquid nitrogen (—196 °C) until delivery
to long-term laboratory storage at —80 °C. Cu sections were
immediately removed from the liner; placed in a sterile plas-
tic bag, with oxygen removed; and stored at 4 °C. M sections
were incubated in a solution of 1 x phosphate buffer solution
(PBS) and 2 % formaldehyde, washed twice with PBS 1X,
transferred to a solution of PBS 1X and 96 % ethanol, and
stored at —80°C. To detect microbial contaminants intro-
duced during drilling, circulating fluid was collected at each
core sample depth and passed through a Sterivex filter to re-
tain the microbial fraction. Samples were stored in liquid ni-
trogen at —196 °C on-site and then transferred to laboratory
storage at —80 °C for future molecular analyses.

Preliminary investigations of the diversity, metabolism,
and function of cultivated and non-cultivated microbes in
SE-01 borehole fluids revealed the presence of thermophilic
bacteria and archaea (Marteinsson et al., 2015). The 2017
core samples are now being enriched in diverse media for
autotrophic methane, iron, and sulfur metabolisms and het-
erotrophic microorganisms at 22, 60, and 80 °C. Some en-
richments show microbial growth. For example, eight differ-
ent bacterial strains have been isolated and identified from
a SE-02a sample at 15 m measured depth. At least one bac-
terial strain has been isolated at 80 °C from a SE-02b sam-
ple at 180 m. In addition to this cultivation-dependent ap-
proach, analyses using high-throughput amplicon sequenc-
ing, functional metagenomics, and metatranscriptomic anal-
ysis will be performed, and interactions between minerals
and microorganisms will be studied with fluorescent in situ
hybridization.
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9 Magnetic, material, and geochemical
characteristics of Surtsey basalt

Thirty-three reference samples were collected from the SE-
02b and SE-03 cores, adjacent to the samples acquired for
microbiological and fluid geochemical analyses, and dis-
tributed to science team members for collaborative, interdis-
ciplinary investigations. Initial comparisons of the lapilli tuff
from the time-lapse drill cores reveal that geochemical, min-
eralogical, and material changes have occurred from 1979
to 2017 (Figs. 2-4, Tables S1-S3). Dissolution and alter-
ation of glass, plagioclase, and olivine since 1979 (Jakob-
sson and Moore, 1986) have produced additional smectitic
clay mineral, principally nontronite, and authigenic zeolite
and Al-tobermorite form complex surface textures. Dry den-
sity measured in 2017 shows slightly higher values overall
compared with measurements by Oddsson (1982) (Fig. 3),
possibly through the growth of mineral cements that fill vesi-
cles and interstitial voids. Lapilli tuff density is higher over-
all in the sub-seafloor diatreme. Water absorption measured
in 2017 (ASTM C97M-18) shows higher values, 8—20 wt %,
than those obtained in 1979 measurements, in which samples
were not oven-dried (Jakobsson and Moore, 1982). Even so,
the pronounced increase at higher temperatures of the sub-
marine hydrothermal zone, at 92—138 m measured depth be-
low the ground surface, suggests progressive alteration of
basaltic glass to expansive smectitic clay mineral. Whole-
rock major element X-ray fluorescence analyses compare the
compositions of archived 1979 core samples and the 2017
SE-02b reference samples. These confirm that geochemi-
cal changes have accompanied glass and mineral alteration
processes (Fig. 4, Table S3). Decrease in CaO at 90-140 m
results from dissolution of glass, as well as dissolution of
labradorite crystals in this zone. As NayO increases, K> O de-
creases. This may result from dissolution of glass and abun-
dant precipitation of analcime in the submarine hydrother-
mal system, as well as alteration of early-formed phillipsite
to analcime.

Measurements of the natural remanent magnetization
(NRM) of the lapilli tuff reference samples vary from ap-
proximately 0.1 to 3.0 Am~! (Fig. 3, Table S2). Remanence
intensity increases with depth. It is typically higher in the hy-
drothermally altered submarine lapilli tuff than in the some-
what glassy, lapilli tuff above sea level and the inflow zone
at 148 m measured depth. NRM is by far the highest in the
basaltic intrusion at the base of the SE-03 borehole. Mea-
surements of bulk magnetic susceptibility (xpuk) (Table S2)
show a similar trend, also recorded in the SE-Ob geophysical
log (Fig. 7). Bulk magnetic susceptibility (values obtained
using SI units) varies from approximately 611 x 10~* in the
still glassy lapilli tuff above sea level, to 7-16 x 10™* in the
more altered submarine lapilli tuff at the hydrothermal tem-
perature maxima (65—138 m measured depth), to 7-10x 10~#
in the less altered lapilli tuff at the base of the SE-02b bore-
hole (148-180m measured depth), and to 8-23 x 10~* in
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the lapilli tuff of the deeper diatreme traversed by the SE-
03 borehole (Fig. 3). The lowermost sample, a basaltic intru-
sion, has an exceptionally high bulk magnetic susceptibility,
approximately 116 x 10~*. Frequency-dependent magnetic
susceptibility (xgq) varies between 2% and 6 % and indi-
cates the presence of superparamagnetic grains, <20 nm for
titanomagnetites and their partial oxidation products. Mag-
netite particles of this physical size carry no magnetic rema-
nence but are typical of authigenic, diagenetic and biogenic
alteration processes in marine lavas and sediments (e.g., Lov-
ley et al., 1987; Jackson and Swanson-Hysell, 2012; Roberts,
2015). Variations in the abundance of superparamagnetic
grains therefore may provide indications of fluid—microbial—
basalt interactions.

10 Significance of time-lapse drilling on Surtsey

The 1979 and 2017 drilling projects at Surtsey volcano pro-
vide a record of global significance for studying the mechan-
ics of submarine and emergent basaltic eruptions, the deep
structure of young oceanic islands in shallow rift-zone envi-
ronments, and the processes of tephra lithification that create
the resistance of emerging islands to incessant marine ero-
sion. The time-lapse drill cores precisely record the progres-
sion of hydrothermal alteration, the rapid evolution of mag-
netic properties, the diverse processes of glass dissolution
and alteration, and the cycling of authigenic mineral cements
and their influences on the material and physical properties of
young basalt. Integrated investigations of the drill cores, hy-
drothermal fluid investigations, and incubation experiments
in the Surtsey subsurface observatory are expected to provide
foundational references for the initiation of microbial life in
a pristine basaltic habitat, as well as the systematic, longitu-
dinal characterization of water—microbial-basalt interactions
in subaerial and submarine environments.

Data availability. Scientific data sets of the 2017 Surtsey Un-
derwater volcanic System for Thermophiles, Alteration pro-
cesses and INnovative concretes (SUSTAIN) drilling project at
Surtsey volcano, Iceland, are available at GFZ Data Services,
https://doi.org/10.5880/ICDP.5059.001.

Sample availability. Drill core samples are stored at the
Icelandic Institute for Natural History (Nattdrufredistofnun
fslands) Urridaholtsstreti 6-8, 210, Gardabaer, Iceland. Each
IGSN number represents the sample set of the corresponding
Surtsey borehole, for example, http://igsn.org/ICDP5059EHS2001.
These are SE-1 (Hole ID:73552), CDP5059EHS2001; SE-
2a (Hole 1D:73553), ICDP5059EHT2001; SE-2b (Hole
ID:73554), ICDP5059EHY2001; and SE-3 (Hole ID:73555),
ICDP5059EHU2001.
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Global paleo-climate reconstructions are largely based on observations from the Northern Hemi-
sphere despite increasing recognition of the importance of the Southern Hemisphere mid-latitudes for under-
standing the drivers of the global climate system. Unfortunately, the required complete and high-resolution ter-
restrial records from the Southern Hemisphere mid-latitudes are few. However, the maar lakes in the Auckland
Volcanic Field (AVF), New Zealand, are crucial in this regard as they form outstanding depositional basins due
to their small surface-to-depth ratio, restricted catchment, and absence of ice cover since their formation, hence
ensuring continuous sedimentation with anoxic bottom water. Significantly, the estimated age of the AVF of ca.
250 ka may allow development of a continuous sediment record spanning the last two glacial cycles. The Orakei
maar lake sediment sequence examined in this study spans the Last Glacial Cycle (ca. 126 to ca. 9.5 ka cal BP)
from the phreatomagmatic eruption to the crater rim breach due to post-glacial sea-level rise. Two overlapping
cores of > 100 m sediment were retrieved and combined to develop a complete composite stratigraphy that is
presently undergoing a wide range of multi-proxy analyses.

Lake sediments are important archives for Quaternary paleo-
environmental and paleo-climatic reconstruction, particu-
larly when sedimentation has been continuous and sedimen-
tation rates high, as they offer a variety of high-resolution
proxy records of environmental change. In the context of
the location of New Zealand in the Southern Hemisphere
mid-latitudes, lakes act as important recorders of past cli-
mate in the south-western Pacific (Alloway et al., 2007).
Furthermore, Auckland is situated at an ecological and cli-
matic boundary between the subtropical north and the south
of New Zealand influenced by subpolar climatic and oceano-
graphic systems (Augustinus, 2007). Consequently, the up
to 250 ka duration and high-resolution laminated sediment
cores retrieved from maar lakes in the Auckland Volcanic
Field (AVF) constitute ideal recorders of past regional cli-
matic variability over the last two glacial cycles.

Due to their low diameter-to-depth ratio and limited catch-
ment area (dominated by the lake itself), allochthonous sed-

imentation is a minor component of the infill, so that maar
lake sediment is largely a direct archive of regional climatic
signals (e.g. Augustinus et al., 2011; Brauer et al., 1999; Hor-
rocks et al., 2005; Sandiford et al., 2003; Zolitschka et al.,
2013). AVF maar lakes also preserve complete archives of
eruptions of the local basaltic volcanoes as well as rhyolitic
and andesitic volcanic systems situated in the Taupo Volcanic
Zone (TVZ) and Egmont Volcano (Fig. 1) to the south of
Auckland (Hopkins et al., 2015; Molloy et al., 2009; Shane,
2005; Shane and Hoverd, 2002). This is of importance as
the City of Auckland, with > 1.5 million inhabitants, is sit-
uated on a potentially active volcanic field for which erup-
tion frequencies cannot be derived from the historical record
(Edbrooke et al., 2003; Molloy et al., 2009; Newnham et
al., 1999). Many basaltic tephra layers have been recorded
in the AVF maar sediment cores, but age estimates rely on
sedimentation rate extrapolation to and correlation with the
source volcanoes, which mostly have not been dated unam-
biguously (Hopkins et al., 2015, 2017; Leonard et al., 2017;
Lindsay et al., 2011; Molloy et al., 2009). Here, we focus



on the Orakei maar paleo-lake, which contains a finely lam-
inated sediment sequence with high sedimentation rates (av-
erage ~ 0.7mmyr~') possibly spanning the Eemian (MIS
Se) to the earliest Holocene. After an initial coring campaign
in 2007, which established the potential of the Orakei maar
record (Hopkins et al., 2015; Molloy et al., 2009), two over-
lapping cores were recovered in 2016 that reached the pri-
mary volcanic ejecta at the base of the crater at ca. 105m
depth below the sediment—water interface. Emphasis in the
present study lies in establishing a detailed composite stratig-
raphy by aligning the overlapping sediment cores collected.

Many sediment records rely on one master record stitched
together from two or more cores from a sedimentary se-
quence, although it is often not explained how these mas-
ter records are derived. Nakagawa et al. (2012) summarised
an incomplete early sediment sequence retrieved from Lake
Suigetsu (Japan) resulting in potentially erroneous interpre-
tations. Furthermore, they reported details of aligned sedi-
ment core sections from the Lake Suigetsu (Japan) sequence
drilled in 2006, which largely relied on visual identification
of marker layers (i.e. tephra and flood layers), as well as in-
tervals of lower confidence in the alignment of the sediment
cores without abundant visual markers. A recent approach
using core-scanning X-ray fluorescence (XRF) by Mischke
et al. (2017) aligned two cores using visually distinct fea-
tures in the down-core elemental variation, but also noted the
need to delete a number of “second order markers” to avoid
conflicting and likely incorrect stratigraphic ordering.

Here we (1) provide details of the approach used for robust
construction of a composite stratigraphy from two (or more)
overlapping cores based on visual markers, and, if the latter
are absent, guided by u-XRF-based geochemical variability;
and (2) introduce and describe the Orakei maar paleo-lake
in a lithostratigraphic framework. In so doing we highlight
the outstanding potential of the sequence for paleo-climatic
reconstructions from an under-studied region of crucial im-
portance to understanding the behaviour of the global climate
system over the Last Glacial Cycle.

Auckland is located in the northern part of the North Island
of New Zealand (Fig. 1a). The coring site, Orakei Basin,
is a tidal lagoon with artificially controlled inflow and out-
flow to maintain water levels for water sports and allow reg-
ular flushing of pollutants. Subsequent to the highly explo-
sive maar-forming phreatomagmatic eruption, a lake filled
the crater until ca. 9.5 ka cal BP, when post-glacial sea-level
rise breached the crater rim and connected the lake to the sea,
allowing mass influx of tidal mud (Hayward et al., 2008). The
modern surroundings of Orakei Basin are characterised by
residential buildings to its south and the crater rim collapse
identifiable from active landslides (Fig. 1d). Erosion and col-
lapse of the steep crater walls and successive crater widening

have led to repeated pulses of recycled eruptive material (ju-
venile clast and accidental ejecta/country rock) into the basin
(Németh et al., 2012). Figure 1d shows the location of the
two cores retrieved in 2016. No GPS position was recorded
for the core retrieved in 2007, but the position was noted as
near the centre of the basin. No shallow seismic survey of the
sediment strata below the sediment—water interface has been
undertaken. Hence, lateral extent and distribution of strata
remain speculative.

Initial coring of Orakei Basin was undertaken from a floating
barge in 2007 using a rotating barrel system, with a single
core that penetrated to 81 m depth below the water—sediment
interface. A further set of two overlapping cores with 50 cm
vertical offset between them was collected in 2016 from a
barge using wireline drilling and core collection in 1 m long
sections. The lateral offset between the OB16A and OB16B
core was § m.

Split-core surfaces were described in detail for visually dis-
tinct changes in composition, qualitative grain size (clay,
silt, very fine to coarse sand), colour (Munsell Color, 1975),
thickness and shape of laminations, signs of bioturbation
(burrows), (coring-induced and natural) disturbance of lami-
nations and sedimentary features, presence of macrofossils
(pieces of wood/bark and small twigs), and tephra layers.
Each facies unit contains sediment of similar colour, com-
position, and laminae structure (or absence of laminations).
Subunits differentiate between intervals of smaller differ-
ences, i.e. a change in lamination thickness or a slight colour
change with overall similar sediment type and appearance.
Most facies units have sharp contacts and are hence easily
identified.

The Orakei sediment cores were scanned using an Itrax p-
XRF core scanner (Cox Analytical Systems (Gothenburg,
Sweden) at the School of Environment, University of Auck-
land, New Zealand. u-XRF core scanning records down-core
elemental variation in the range Al to U (on the Mo X-ray
tube) rapidly, non-destructively, and with very little sample
preparation (Croudace et al., 2006; Croudace and Rothwell,
2015). Here, u-XRF data were acquired for all cores with
the Mo X-ray tube (at 30kv, 55mA) at 1 mm spatial reso-
Iution and 10 s/step exposure time. High-resolution optical
images (at 47 um) and radiographic images (at 60 kV, 50 mA
and 1 mm resolution) were recorded during the same scan-
ning process. Magnetic susceptibility was acquired automati-
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cally by the same Itrax core scanner at 5 mm resolution for all
cores with a Bartington Magnetic Susceptibility MS2e sur-
face scanning sensor.

The two cores retrieved in 2016 were drilled with at least
50 cm vertical offset to allow for overlaps between both cores
around core breaks. The alignment of these overlapping sec-
tions is straightforward by visual means in the finely lam-
inated sediment sections of the core. However, it is more
difficult to establish a composite stratigraphy in the coarser
sediment where clear marker layers are often absent. Conse-
quently, magnetic susceptibility and u-XRF data were used
to aid the correlation of the overlapping cores as described
below.

Visually prominent marker layers allowed most of the cor-
relation using tephra layers (Table S2 in the Supplement),
thick mass movement deposits, and major sharp facies con-
tacts (i.e. onset of laminations, strong changes in grain size

or colour) as outlined in Figs. 2 and 3. Finely laminated
sediment was aligned on a sub-centimetre scale visually as
highlighted by the high-resolution images in Fig. 2 (left).
Coarse sediment showing no clear features along which to
align the cores is shown in Fig. 2 (right). To obtain a com-
plete composite stratigraphy, these intervals are correlated
with reduced certainty (marked yellow in Fig. 3). These in-
tervals constitute ca. 15 % of the entire sediment sequence
and are confined by sharp upper and lower contacts. K and
Fe (normalised to incoherent scatter (inc)) have been identi-
fied as showing the highest potential for cross-core correla-
tion and have been used to identify chemical changes where
visual markers are absent. The feasibility of this approach
is underlined by the alignment of the finely laminated sedi-
ment where XRF-based correlation is in agreement with vi-
sual correlation as shown in Fig. 2 (left). Prominent minima
or maxima in the geochemical XRF curve (i.e. K/inc) occur
at sediment horizons different from sediment below and/or
above, such as event layers or facies changes. It is reason-
able to assume that these horizons are recorded in all sedi-
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is carried forward in the master record.

ment cores of the same depositional basin, which underlines
their potential as marker layers. In this way, the down-core
elemental variability has been used as an additional aid to es-
tablishing an overlapping composite stratigraphy. Where no
other constraint on correlation could be established, it was
guided by the common offset of the A-core usually showing
distinct features ~ 1 m higher than the B-core (note the offset
depth scales in Fig. 2 for visualisation purposes). Horizons
of instantaneous deposition such as tephra layers and mass
movement deposits were removed on the event-corrected
depth scale (ECD).

Figure 3 summarises the 16 major lithostratigraphic units
(numbers) with 31 subunits (letters). Their differentiation
is driven by visual changes in colour, grain size, dominant
structure, and lamination thickness. Facies descriptions of
the units are provided in Table S1 in the Supplement and are
shown in Fig. 3, with example core photos in Fig. 4.

The dated rhyolitic tephra marker layers and one radiocar-
bon date near the top of the sequence from the 2007 core
published in Hayward et al. (2008) (NZA28865: 9512+
19 calka BP, calibrated with SHCall3; Hogg et al., 2013)
allow for the construction of a preliminary, simplified age
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model (Fig. 5). The finely laminated sediment between the
Tahuna and Rotoehu tephra is largely representative for most
of the Orakei sediment sequence below 40 m (ECD). The
thick sand bands of facies units 9 and 11 have been removed
on the ECD, explaining the difference of 4.83 m between

Figs. 3 and 5. The sediment between those bands is mostly
laminated silt, and we assume a similar sedimentation rate
both above and below for this preliminary age estimate for
the core base (Fig. 5). Extrapolation of the sedimentation
rate between the Tahuna and Rotoehu tephras (2300 yrm™')
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Preliminary age model established from rhyolitic tephra marker layers (Table S2) and extrapolation of an assumed continuous
sedimentation rate to the core base compared with inferred ages in Hopkins et al. (2017).

to the base of the sequence (hence, eruption age of Orakei
crater) produces an age of ca. 123.6kaBP (Fig. 5, age c).
Using the same approach, the age for basaltic tephra layer
AVFI is estimated to be ca. 80.4 ka BP, only slightly younger
than the 83.1kaBP estimated by Molloy et al. (2009) and
well within typical errors of tephra ages pre-21 ka BP of £1-
2ka (Molloy et al., 2009). Hopkins et al. (2017; Fig. 5) in-
ferred an older age for AVF1 of 106.17 4= 4.3 ka BP together
with a basal age of 126.154-3.32 ka BP. Although the age es-
timate of the base of the sequence (i.e. the Orakei eruption,
correlated with the AVFa horizon in Hopkins et al., 2017)
agrees very well with our estimates, the AVF1 age appears
> 20 kyr older compared to the estimate from the Orakei sed-
iment accumulation rates (Fig. 5). This age—depth relation-
ship would result in a low sedimentation rate between Ro-
toehu and AVF1 and a marked increase between AVF1 and
the sequence base. Although it is possible that very thin mass
movement deposits have not been recognised which could
cause this higher sedimentation rate, the same would be true
for facies units 8 and 10 above the AVF]1 layer (Fig. 3). More
rapid infilling of the crater could be associated with facies

units 9 and 11 despite removal of the event layers. On the
other hand, a slower observed sedimentation rate could also
be caused by periods of non-deposition during significantly
lower lake levels. Sharp facies contacts may indicate erosion
and non-deposition. However, we consider this to represent
only short time durations since the clay and silt intervals be-
tween the sand bands in facies units 9 and 11 show lami-
nations indicating continuous sedimentation under deep-lake
conditions (Fig. 3). Consequently, the inferred near-constant
sedimentation rate model is preferred here. This model sug-
gests that the Orakei eruption occurred just after Termina-
tion II (ca. 130 ka BP; Lisiecki and Raymo, 2005) early in
the onset of the Last Interglacial (MIS 5e). Therefore, we
infer that the Orakei sediment sequence spans most of the
Last Glacial Cycle. However, these are necessarily crude es-
timates based on linear interpolation and extrapolation, and
they are being refined (see Sect. 5).



A high-resolution multi-method chronology is currently be-
ing established for the Orakei sediment sequence based on
radiocarbon dating, tephrochronology, post-IR IRSL (lumi-
nescence) dating, relative paleo-intensity variation of the
Earth’s magnetic field, and 10ge cosmogenic nuclide flux
into the lake. Coeval with this work, pollen and chirono-
mid analyses are underway to enable detailed reconstruction
of changes in the paleo-vegetation and climatic conditions.
Itrax ©-XRF core scanning data alongside traditional mea-
surements of loss-on-ignition, carbon and nitrogen content,
as well as stable oxygen and carbon isotopes, will be com-
bined to reconstruct the climatic development of the area
over the Last Glacial Cycle. Micro-facies studies on resin-
impregnated sediment slabs and large-scale thin sections will
allow identification of abrupt climate shifts and events as
well as identification of changes in seasonality recorded in
the Orakei composite sediment sequence.

The Orakei maar paleo-lake sequence is expected to do the
following.

1. Constrain the frequency and magnitude of eruptions of
the Auckland Volcanic Field through provision of better
age estimates for past basaltic eruptions.

2. Constrain the nature, drivers, magnitude, and timing of
climatic changes in this part of the south-western Pa-
cific. In addition, accurate and precise dating of the
age markers and correlation with cosmogenic nuclide
production variation (!°Be) may enable identification
of climate leads and lags between the Northern and
Southern Hemisphere mid-latitudes, including Euro-
pean maar lake and polar ice core records.

3. Understand the role of the westerly winds in climate
change on a millennial to sub-decadal timescale in
the south-western Pacific over the Last Glacial Cycle,
with thick laminae likely reflecting a response to strong
south-westerly winds with increased precipitation over
the region depositing wind-blown dust and, hence, con-
trolling biological productivity in the lake.

Even the most detailed observations and most sophisticated
coring techniques cannot produce a perfect sediment core
composite stratigraphy. In the case of finely laminated sed-
iment and no to little coring disturbance, it is relatively
straightforward to align overlapping cores along promi-
nent sedimentary features, such as mass movement deposits,
unique alternations of laminations, sharp facies contacts, or
tephra layers. In the case of coarse sand and macroscopic or-
ganic detritus (e.g. facies units 9 and 11), core alignments
prove to be more challenging. Despite the close proximity

of the two coring positions in Orakei maar (Fig. 1, 10m
distance), the uneven distribution of mass movement de-
posits/slumps at the lake bottom results in small differences
of the sediment stratigraphy that reduce confidence in the de-
velopment of the composite stratigraphy over these intervals.
While it is important to be aware of this source of uncer-
tainty, the affected interval will reduce in relative thickness
when the record is viewed against a timescale as opposed
to a depth scale (metres below the marine water—freshwater
transition).

Overall, the Orakei maar paleo-lake record constitutes an
exceptional, continuous, long, high-resolution sedimentary
record that captures environmental and climatic changes in
the northern North Island of New Zealand over the Last
Glacial Cycle. The history of the lake commenced with
the maar-forming phreatomagmatic eruption, through var-
ious stages of changing deep lacustrine conditions, minor
mass movement events associated with erosion/collapse of
the crater rim, and deposition of distal rhyolitic and locally
derived basaltic tephra layers. The deep lake phase was ter-
minated by fluvial sediment influx at ca. 20.3 cal ka BP (onset
of facies unit 3) and peat accumulation to infill the basin be-
fore an episodic breach of the crater rim associated with ris-
ing post-glacial sea level in the early Holocene drove rapid
marine sediment influx to create the modern tidal basin. Cor-
relation of the Orakei maar lake sediment sequence with
those developed from Pupuke and Onepoto maars (Fig. 1)
will enable development of an AVF master stratigraphy and
robust reconstruction of environmental and climatic condi-
tions spanning the last two glacial cycles for the first time
from subtropical northern New Zealand.

Preliminary data presented in this progress re-
port are not publicly available as they are still being evaluated and
expanded. Upon completion, all data will be made available when
scientific papers and reports are published.

The supplement related to this article is available
online at: https://doi.org/10.5194/sd-25-47-2019-supplement.
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Abstract. Surtsey, the youngest of the islands of Vestmannaeyjar, is an oceanic volcano created by explosive
basaltic eruptions during 1963-1967 off the southern coast of Iceland. The subsurface deposits of the volcano
were first sampled by a cored borehole in 1979. In summer 2017, three cored boreholes were drilled through the
active hydrothermal system of the volcano by the International Continental Scientific Drilling Program (ICDP)
SUSTAIN Expedition 5059. These cores are expected to provide the first glimpse of microbial life in very young
and native basaltic tuff of the oceanic crust. To reduce the contamination of the subsurface environment, seawater
circulating fluid was filtered and passed through two UV-sterilizing treatments. One of the boreholes has been
equipped with a subsurface observatory dedicated in situ experiments for monitoring water—rock interactions and
microbial processes in sterile, artificial basaltic glass and in olivine granules. With temperatures ranging from
25 to 125°C, the subsurface observatory provides a precise geothermal window into an active hydrothermal
system and thus represents an exceptional natural laboratory for studying fluid—rock—microbe interactions at
different temperature regimes and facilitates experimental validation of active submarine microbial processes at
the limit of functional life, about 121 °C. Comparisons with the 1979 and 2019 drill cores will provide time-lapse
observations of hydrothermal processes over a 50-year timescale. Here, we present the technical design of the
observatory and the incubation chamber experiments deployed from September 2017 to summer 2019.

1986). Borehole temperatures varied from 25 to 141°C in

Surtsey volcano forms the southernmost expression of Vest-
mannaeyjar, an oceanic archipelago created by basaltic erup-
tions in the offshore extension of the eastern Icelandic rift
zone (Jakobsson et al., 2009). Explosive eruptions, followed
by effusive lava flows from 1963-1967, constructed the is-
land from a seafloor depth of about 130 m (Thors and Jakob-
sson, 1982; Fig. 1a). A cored borehole achieved in 1979 tra-
versed hydrothermally altered basaltic tephra, tuff and in-
trusions to 181 m below the surface (mb.s.) but did not
reach the pre-eruption seafloor (Jakobsson and Moore, 1982,

1980. Investigations of 16S rRNA gene amplicons from flu-
ids sampled in 2009 from the 1979 borehole (SE-01) identi-
fied microbial communities dominated by Archaea, primarily
thermotolerant Methanobacteria at 172 m.b.s. (54 °C) and by
thermophilic Archaeoglobus-related sequences at 145 m.b.s.
(80°C; Marteinsson et al., 2015). In summer 2017, the In-
ternational Continental Scientific Drilling Program (ICDP)
5059 expedition, the Surtsey Underwater volcanic System
for Thermophiles, Alteration processes and INnovative Con-
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Figure 1. Setting of the Surtsey subsurface observatory in the 5059-
1-C (SE-02b) cored borehole (latitude 63°18.09739 N, longitude
20°35.99020" W). (a) Aerial photograph of Surtsey, 26 July 2016
(courtesy of Loftmyndir ehf.); (b) temperature profile of the 1979
SE-01 cored borehole (after Jakobsson and Moore, 1986; Jackson
et al., 2015) showing the 2009 site 1 and site 2 microbial commu-
nities (Marteinsson et al., 2015) and depths of the perforated casing
segments. The yellow dashed line indicates the upper limit for func-
tional microbial life, at about 121 °C.

cretes (SUSTAIN), recovered nearly 700 m of drill core from
the basaltic deposits (Jackson et al., 2015, 2019).

While microbial life has been detected in native subsur-
face oceanic basalts (e.g. Lysnes et al., 2004; Lever et al.,
2013; Jgrgensen and Zhao, 2016), little is known about the
factors that control habitability and the actual extent of the
deep crustal biosphere, in terms of cellular mass and spa-
tial distribution (Baquiran et al., 2016). Even less is known
about microbial functions and their potential significance in
this environment. Energy sources thought to sustain this bio-
sphere could be provided through both chemical and phys-
ical processes occurring when volcanic rocks, which make
up the majority of the hydrologically active oceanic crust, in-
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teract with seawater (Bach, 2016). Most observations of the
deep biosphere hosted in basalt stem from subsurface obser-
vatories deployed at submarine drill holes (e.g. Orcutt et al.,
2011; Edwards et al., 2012; Baquiran et al., 2016). While
these observations have provided fundamental new knowl-
edge, they focus on oceanic basalts several million years in
age, and their accessibility is limited by costly oceanic expe-
ditions, in situ technologies and long travel times.

The Surtsey subsurface observatory, by contrast, provides
relatively straightforward access to an exceptionally young
and pristine environment that records the initiation of subsur-
face microbial life in basaltic tephra in a broad range of tem-
peratures, 25—125 °C, measured in the parallel 1979 (SE-01)
borehole in 2017 (Fig. 1b), and varying hydrothermal fluid
compositions (Jackson et al., 2019). The island is a protected
UNESCO World Heritage Site that contains a unique scien-
tific record of colonization of new land by plants, animals
and marine organisms through long-term studies of primary
biological succession (Baldursson and Ingadéttir, 2007). The
time-lapse drill cores obtained in 1979 and 2017 and their
associated fluids provide a first glimpse of subsurface marine
microbial life in oceanic basalt. The steep temperature gradi-
ents in the young hydrothermal system — including a section
that in 1979 exceeded the known temperature limit of life,
121 °C (Fig. 1b; Takai et al., 2008) — offer a unique opportu-
nity to assess temperature dependency of microbial activity
in the deep biosphere hosted by oceanic basalt.

2 Surtsey subsurface observatory design

The 5059-1-C (SE-02b) borehole began with rotary drilling
for a steel HWT conductor casing with an outer diameter
(OD) of 11.43cm (4 1/21in.) that extends to a casing shoe
depth of 9.54m.b.s. (Fig. 2a). The core was then drilled
with a HQ3 bit (63.5mm core diameter) to 191.64 m ver-
tical depth from 18 to 26 August 2017 using seawater as
the circulating fluid. To reduce contamination from live mi-
crobes, the seawater was passed through a 30 um cartridge
filter to remove fine debris and a WEDECO AQUA 4ALT
UV light sterilization system at a flow rate < 1.58 Ls™! be-
fore storage in 1000 L reservoir tanks. During pumping to the
drill head the treated seawater was passed through a second
UV light sterilization system (Weisenberger et al., 2019). Al-
though great efforts were made to avoid contamination dur-
ing drilling, a few applications of Florigel attapulgite mud
were employed to secure borehole stability. After retrieval of
the original HQ casing (88.9 mm OD), downhole logging of
the borehole was undertaken by the ICDP Operational Sup-
port Group (Jackson et al., 2019; Weisenberger et al., 2019).
The T-6061 anodized extruded aluminium NQ (69 mm OD)
tubes that form the casing of the observatory were then were
lowered to a landing depth of 181.25 m and hung in the bore-
hole (Fig. 3c). A custom shoe was designed with a conical
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Table 1. List of depth intervals for each incubation experiment, and
the corresponding temperatures measured in the 1979 borehole (SE-
01) in 2017 before the initiation of drilling.

Incubation  Perforated casing  Temperature
experiment interval (mb.s.) °C)
no. 1 37.01-38.63 41
no. 2 62.74-63.96 96
no. 3 106.11-107.33 124
no. 4 135.03-136.25 101
no. 5 160.48-161.70 61

shape to prevent infill of residual tephra and drilling debris
during installation (Fig. 2d).

The 50 threaded NQ aluminium pipes that comprise the
casing have an OD of 69 mm (2 3/4in.), a 6.35 mm (0.25 in.)
wall thickness and a 57 mm (2 1/41in.) inner diameter. These
occur in three lengths, 3.45, 3.60 and 3.75 m, due to sourc-
ing constraints encountered by the provider (Arconic En-
ergy Systems, 7211 Spring Cypress Road, Spring, Texas
77379, USA). Five of the tubes are perforated (Figs. 2e, 4a).
They have a pattern of five 6.35 mm diameter (1/4 in.) holes,
spaced equally in 72° angular increments, on 29 equally
spaced cross sections that extend over 1.21 m (4 ft) centred
in the mid-section of each pipe (Fig. 4a). The perforated
sections are placed at 37.01-38.63, 62.74-63.96, 106.11—
107.33, 135.03-136.25, and 160.48-161.70 m.b.s. at the sites
of the incubation experiments (Fig. 1b; Table 1).

The casing is designed to hang freely within the open walls
of the SE-02b borehole. It is assembled with a proprietary
thread design developed by Arconic Energy Systems, tai-
lored to meet the requirements for the casing size and ap-
plication loads. The threaded flush joints were wrapped with
Teflon™ tape and wrenched together by hand. The Teflon™
tape concentrates a small amount of organic polytetrafluo-
roethylene (PTFE) compound at the joint. Paste lubricants
were not used, since they could have been smeared along
casing surfaces, potentially contaminating the observatory.

At the top of the borehole, the aluminium casing hanger at-
taches to the uppermost section of aluminium pipe (Fig. 2b).
The hanger has a shoulder that is larger in diameter than the
internal landing shoulder on the steel wellhead. An elastomer
O-ring centres the aluminium casing hanger in the bore of the
steel wellhead. A Teflon shim is installed between the alu-
minium casing hanger and the steel landing shoulder to pre-
vent corrosion of the aluminium. Polyvinyl chloride (PVC)
centralizer tubes are installed between the aluminium cas-
ing and the HWT conductor casing to several metres depth
also to minimize corrosion (Fig. 2b, c¢). A custom wellhead
flange and hinged cover holds the Vectran"" rope with the five
incubation experiments, which are suspended in the centre
of the perforated aluminium casing segments (Fig. 2c). The
flange cover is installed 0.21 m above the reference ground
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level. The hinged cover prevents ingress of environmental
contaminants, such as rainwater, and is secured with hex cap
screws (Fig. 2¢). The wellhead can easily be opened to re-
trieve the incubators during subsequent observatory experi-
ments or data acquisition retrieval operations.

3 Incubation experiments

The Vectran™" rope is currently equipped with 40 perforated
incubation polyether ether ketone chambers or PEEKins
(Fig. 3) designed to investigate chemical, mineral and micro-
bial alteration over an expected 2-year period, from Septem-
ber 2017 to summer 2019. Each PEEKin has an outer di-
ameter of 18 mm and an inner diameter of 14 mm. The per-
forations encourage the flow of in situ fluids and microbes
into the chambers. Each PEEKin is attached with PEEK ca-
ble ties to an 8 mm diameter Vectran' rope hung from the
borehole wellhead. The PEEKins are deployed as packages
of eight (4 x 2) to ensure replicates at each of the five per-
forated segment depths (38, 64, 108, 137 and 162 m.b.s.). A
HOBO temperature logger monitors in situ temperature ev-
ery 30 min at each depth. Artificial and sterile tephra, melted
and quenched from Surtsey lava flows and separate packages
of olivine crystals with compositions similar to those of Surt-
sey basalt (Fo 90, 90 % forsterite, Mg,SiO4; 10 % fayalite,
Fe;Si0y4; Jakobsson and Moore, 1986), are used as substrates
in the current PEEKin chambers. The samples and data will
be collected from the observatory in summer 2019.

Recharge of the hydrothermal system at Surtsey is thought
to occur through the inflow of cool seawater in porous, poorly
consolidated tuff within the deeper zones of the submarine
deposits; heating occurs as the water percolates upwards
through the higher temperature rocks of the geothermal reser-
voir (Jakobsson and Moore, 1982, 1986; Olafsson and Jakob-
sson, 2009). Pronounced deviations in several geophysical
logs at 143-150 m.b.s. in the SE-02b borehole confirm this
inflow zone, where cooler water of higher salinity enters the
borehole (Jackson et al., 2019). Vertical convection could
initiate within the subsurface observatory but, based on the
small casing diameter and temperature gradients, the flow
rate would not strongly influence the alteration of the gran-
ules over the 2-year incubation periods.

Analytical investigations will evaluate rates of glass and
mineral alteration, identify pioneering microorganisms, com-
munity dynamics and stability, and, potentially, provide pris-
tine textural biosignatures of microbe—mineral interactions.
The samples will be further analysed in terms of micro-
bial genomics, including (1) community profiling by high
throughput sequencing of prokaryotic 16S ribosomal gene
amplicons libraries, (2) shotgun sequencing of genomic
DNA, and (3) quantification of key functional genes, such as
16S rRNA, mcrA and dsrB. Atomic force microscopy com-
bined with vertical scanning interferometry (AFM-VSI) as
well as synchrotron X-ray microdiffraction studies will be
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Figure 2. Borehole components of the Surtsey subsurface observatory. (a) HWT (11.43 cm outer diameter) steel casing surrounds the
aluminium casing to 9.54 m.b.s.; (b, ¢) components of the wellhead. (d) Conical NQ (69 mm OD) aluminium casing shoe, 25.4 cm (10in.) in
length. (e) Perforated NQ aluminium casing pipe, 3.66 m (12 ft) in length.
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Figure 3. Design of the PEEK incubation chambers (PEEKins)
and subsurface observatory in ICDP borehole 5059-1-C (SE-02b).
(a) Schematic top view of the PEEKin as it is deployed in the bore-
hole; (b) schematic side view of the PEEKin at intervals where the
casing is perforated. (c) Sketch of the downhole observatory, which
comprises an NQ anodized aluminium casing with five perforated
sections, an inner Vectran rope hung from the wellhead with a
sinker bar attached at its lower end and five incubation experiments
placed at the perforated sections (Table 1).
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Figure 4. Photographs of drilling operations illustrating compo-
nents of the borehole observatory. (a) Perforated casing interval as it
is lowered into the borehole; (b) the open wellhead of the observa-
tory. (c) Drill site and operations on Surtsey volcano. Photo credits:
(a) Andreas Tiirke, (b) Stephen Cole and (c¢) Beau Marshall.

performed on the glass and olivine samples retrieved from
the observatory.

4 Outlook and perspectives

The Surtsey subsurface observatory and its current experi-
ments provide an unprecedented opportunity to study very
young submarine basalt without the need for expensive and
risky deep ocean operations. The current iteration of exper-
iments and instruments deployed in the observatory will be
retrieved in summer 2019. The observatory will be open to
a broad scientific community from summer 2019 onwards,
with priority granted to the SUSTAIN team members during
the 4 years following the current experiment. The long-term
management of the Surtsey subsurface observatory occurs
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through the commitment of the Surtsey Research Society.
The borehole observatory is planned to remain operational
and open for research for many decades. Information on ac-
cess to the observatory and application procedures for future
research projects is listed on the webpage of the Surtsey Re-
search Society (http://www.surtsey.is).

Data availability. The article is a technical description of the Surt-
sey Subsurface Observatory. Initial data are expected in autumn
2019, so there is no data repository at present. Information on access
to the observatory and application procedures for future research
projects is listed on the webpage of the Surtsey Research Society
(http://www.surtsey.is).
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Abstract. The Tibetan Plateau is of peculiar societal relevance as it provides freshwater from the so-called
“Water Tower of Asia” to a large portion of the Asian population. However, future climate change will affect the
hydrological cycle in this area. To define parameters for future climate change scenarios it is necessary to improve
the knowledge about thresholds, timing, pace and intensity of past climatic changes and associated environmental
impacts. Sedimentary archives reaching far back in time and spanning several glacial-interglacial cycles such as
Nam Co provide the unique possibility to extract such information. In order to explore the scientific opportunities
that an ICDP drilling effort at Nam Co would provide, 40 scientists from 13 countries representing various
scientific disciplines met in Beijing from 22 to 24 May 2018. Besides paleoclimatic investigations, opportunities
for paleomagnetic, deep biosphere, tectonic and paleobiological studies were discussed. After having explored
the technical and logistical challenges and the scientific opportunities all participants agreed on the great value
and need to drill this extraordinary archive, which has a sediment thickness of more than 1 km, likely covering

more than 1 Ma.

1 Introduction

With a mean elevation of > 4000 m above sea level, the Ti-
betan Plateau is often considered as the “Third Pole”, as it
is the third largest storage of ice on earth (Qiu, 2008). Its
isolated setting at high altitudes resulted from its long tec-
tonic evolution and made it home to unique ecosystems with
a large number of endemic species, particularly in aquatic
systems (von Oheimb et al., 2011). The Tibetan Plateau is

also of peculiar social relevance as it is the source of several
major rivers, providing freshwater from the so-called “Wa-
ter Tower of Asia” to a large portion of the Asian population
(Lau et al., 2010) and sediment for associated mega deltas
with areas larger than 10 000 km?, being home to millions of
people (Cruz et al., 2007). Future climate change, as shown
in the 5th IPCC assessment report (Masson-Delmotte et al.,
2013), will impact the hydrological cycle in this area and
consequently the ecology and economy. To define parameters

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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Figure 1. Strategic location of Nam Co (yellow dot) on the Tibetan Plateau (orange area) with respect to further ICDP and IODP sites (blue
and green dots). Numbers represent [ODP expeditions, ISM: Indian Summer Monsoon, EAM: East Asian Monsoon. Source map: Shuttle
Radar Topography Mission digital elevation model (SRTM DEM) from the US Geological Survey (https://lta.cr.usgs.gov/citation, last access:

12 November 2018).

for future climate change scenarios and their consequences
for ecosystems and society, it is necessary to improve our
knowledge about the thresholds, timing, pace and intensity of
past climatic changes and associated environmental impacts,
not just on short (modern to Last Glacial Maximum) but also
on long geologic timescales and with high resolution.

High-resolution archives, such as lacustrine sediments, are
abundant on the Tibetan Plateau but the depositional his-
tories are rather short and often discontinuous, because an
arid climate led to repeated desiccation. On the northern TP,
Lake Qinghai is an archive where one of the longest paleo-
climatic records (32 cal ka BP) from the Tibetan Plateau was
produced (An et al., 2012). On the western plateau, Ban-
gong Co (co =1lake) bears a Holocene paleoclimatic record
(Fontes et al., 1996) and in the south, at Puma Yumco, pa-
leoclimatic variations of the past 19 cal kyr BP were investi-
gated (Nishimura et al., 2014). However, none of these in-
vestigations exceeds the Last Glacial. Thus, large and deep
lacustrine systems with sizeable catchment areas, integrating
regional climatic signals, represent the only suitable continu-
ous paleoclimate archives. Previous studies have shown that
Nam Co is one of those lakes (Kasper et al., 2015).

During the past 10 years, transect studies focusing on pa-
leoclimate on the Tibetan Plateau, including Nam Co, have
been carried out (Ahlborn et al., 2017; Alivernini et al., 2018;
Dietze et al., 2014). In addition, physical and chemical lim-
nological seasonal processes as well as climate parameters at
Nam Co have been monitored. Further information on envi-
ronmental dynamics in the Nam Co catchment is available
for glacier dynamics (Bolch et al., 2010), hydrology (Krause
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etal., 2010), regional geology (Wu et al., 2011), geomorphol-
ogy (Keil et al., 2010) and meteorology (Ma et al., 2008).
This makes the Nam Co area one of the best-surveyed areas
on the Tibetan Plateau.

Because of the location of Nam Co on the central Tibetan
Plateau at the intersection of westerly and monsoonal air
masses (Fig. 1) and its continuous sedimentation history, it
represents an ideal drilling target to disentangle long-term
changes in climate. A record from Nam Co will enable the
following: the relation of climate signals in Tibet to interre-
gional and/or global atmospheric circulation patterns using,
for example, sediment cores recovered in IODP; the study of
paired ocean and continent archives in appropriate locations
with adequate resolution; the investigation of upstream and
downstream processes (Thurow et al., 2009) and fill a gap
in two ICDP/IODP continental scale transects (Fig. 1, N-S:
Lake Baikal, Lake Qinghai, Bay of Bengal; W-E: Lake Van,
Lake Issyk-Kul, Lake Towuti). These transects (especially
the N-S) will contribute to the Baikal to Bengal transect,
which focuses on the internal dynamics of the monsoonal
system. This follows previous discussions on utilizing com-
bined ICDP and IODP drilling projects for maximizing the
scientific progress in paleoclimate research (Thurow et al.,
2009).

2 Site description
Nam Co has a flat central basin with a water depth > 95 m

and a smaller and shallower basin of only about 60 m water
depth in the NE (Fig. 2) (Wang et al., 2009). The lake covers
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Figure 2. Bathymetry of Nam Co (Wang et al., 2009). Potential drill sites for three piston cores (CL-1, CL-2, CL-3) along profile GeoB16-
393 (Fig. 4), a deep core (DT-1) and a glacial history core (GH-1) are indicated. Also indicated are previously investigated sediment cores
NMLCI1 (Zhu et al., 2008), Nam Co 8 (Miigler et al., 2010), NC08/01 (Kasper et al., 2015) and NMCO09 (Li et al., 2017).

an area of 2015.4km? (Zhu et al., 2010) and has a catch-
ment area of 10680km? (Zhou et al., 2013). The drainage
area hosts more than 60 streams, most of them draining the
glaciated Nyaingéntanglha mountain range (> 7000 ma.s.1.)
in the S and SW of the lake (Xie et al., 2009). Annual precipi-
tation is around 420 mm, with more than 90 % from intensive
monsoonal rainfall from June to September. Dry conditions
with low precipitation prevail from October to May (Zhang
et al., 2011). As Nam Co is situated in a closed basin, the
water balance is primarily controlled by precipitation, evap-
oration, permafrost glacier meltwater, and groundwater. An-
nual lake-level fluctuations in the range of 2m are clearly
related to monsoonal precipitation during summer and evap-
oration during the rest of the year. Nowadays Nam Co is a
dimictic, oligotrophic, slightly alkaline (8.04-9.85, averag-
ing 9.21, Wang et al., 2009) and saline lake (1.851 mS cm™L,
Wang et al., 2009) with a waterbody that shows a stable ther-
mal stratification during summer (June to early November)
and complete oxygenation throughout the year even during
ice coverage (February to mid-May). Allochthonous input by
high-density underflows dominates modern sedimentation.
The surface distribution patterns of many allochthonous in-
put indicators show that sediment focusing effects occur in
the deepest parts of both subbasins.

Nam Co is surrounded by Cretaceous sedimentary rocks as
well as Jurassic sediments to the east, and Permian and Car-
boniferous rocks to the south. Magmatic rocks are found in
the northeast of the lake and, together with mainly metamor-
phic rocks, also form the main part of the glaciated Nyain-
géntanglha mountain range in the south (Fig. 3).

Although the main active faults of the Yadong—Gulu rift
system lie outside the Nam Co basin (Armijo et al., 1986;
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Harrison et al., 1995; Styron et al., 2010), minor faulting
may occur across the basin. These faults may be either
north—south-trending normal faults or northwest—southeast-
trending strike-slip faults or a combination of both. Geology
and tectonics (Fig. 3) as well as evidence from own seismic
data (Fig. 4) indicate deformation in the Quaternary in the
Nam Co basin.

3 Previous investigations

High-resolution (centennial to decadal) multiproxy studies
on four sediment cores from different water depths and lo-
cations (Fig. 2, NMLCI, Zhu et al., 2008; Nam Co 8, Mii-
gler et al., 2010; NCO08/01, Kasper et al., 2015; NMCO09,
Li et al., 2017) within Nam Co underline the high poten-
tial of Nam Co sediments as an environmental archive. Stud-
ies integrate results from inorganic geochemistry; sedimen-
tology; mineralogy (Doberschiitz et al., 2014); organic geo-
chemistry, including compound-specific (n-alkanes) stable
isotopes (Giinther et al., 2011); micropaleontological (ostra-
cod and diatom ecology) analyses, including ostracod-based
transfer functions (salinity, water depth) and stable isotopes,
as well as trace elements from their shells (Yang et al.,
2014); paleomagnetic and environmental magnetic investi-
gations (Haberzettl et al., 2015; Kasper et al., 2012; Su et al.,
2013); and modern and fossil pollen composition (Zhu et al.,
2015).

The longest of the hitherto recovered sediment cores,
NCO08/01 (10.4 m) from the deepest part of the lake, includes
many discoveries made in shorter sediment cores in earlier
studies and is therefore used as a reference core. This core
covers the past 24 cal kyr BP (Kasper et al., 2015), but high
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Figure 3. Geological map of the Nam Co area (green: Cretaceous; blue: Jurassic; gray: Permian and Carboniferous; red: magmatic and
metamorphic; yellow: Quaternary; white: modern glaciers of the Nyaingéntanglha mountain range) (Wu et al., 2011, modified) and cruise
tracks of 2005/2006 echosounder (gray), 2014 single channel (green), and 2014/2016 multichannel seismic surveys (purple and orange).

stand lacustrine deposits up to 139.2m above today’s lake
level of Nam Co, dated back to 115.9 + 12.1ka, prove the
existence of the lake for a much longer period, potentially
as part of an ancient megalake on the Tibetan Plateau (Zhu et
al., 2004). In addition, molecular clock analyses of recent en-
demic gastropods (Radix spp.) occurring in the Nam Co area
indicate that their regional diversification started > 1 Ma ago.
This suggests a continuous existence of water bodies in the
Nam Co area at least since the middle Pleistocene (von Ohe-
imb et al., 2011).

In 2005 and 2006, about 420 km of seismic profiles (Fig. 3)
was acquired with a parametric sediment echo sounder (Inno-
mar SES 96 light), providing a signal penetration to 30-35 m
sediment depth. After a preliminary deep seismic survey (sig-
nal penetration to ~ 800 m) in 2014 (~ 160 km) an extensive
pre-site survey funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) took place in
June—July 2016 to refine the opportunities for a deep drilling
ICDP project (Fig. 3). A further goal of this multichannel
seismic survey (MCS) was the investigation of the tectonic
framework and sedimentary environment to develop strati-
graphic and evolutionary scenarios for Nam Co. For this pur-
pose, a micro GI Gun (2 x 0.1 L chamber volume) combined
with a multichannel streamer (Teledyne, 32 channels, 64 m
active length) was utilized. In total, 91 deep penetration seis-
mic profiles were recorded, allowing good coverage of the
basin (860 km).
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4 Seismic results

Seismic profiles reveal at least several hundred meters of
sediment infill with varying thicknesses. In the eastern part
of the lake a penetration depth of only 250 ms TWT (two-
way travel time) (~ 200 m) was reached, whereas the west-
ern part allowed a penetration of > 1s TWT (~ 800 m).
Fault patterns in the sediment fill of Nam Co likely repre-
sent the predominant regional deformation in the Quaternary.
Fig. 4 displays a seismic profile along the NW-SE axis of
the lake (GeoB16-393), comprising well-layered sedimen-
tary sequences down to 960 ms TWT, with densely spaced
steep faults, indicating a predominant strike-slip tectonic
regime. E-W-trending positive and negative flower structures
(Fig. 4) indicate local subsidence and the creation of accom-
modation space. The interplay of tectonics and sedimentation
has apparently maintained a closed basin in the late Quater-
nary. We suppose that during extensional phases subsidence
has significantly influenced sediment accumulation within
the basin. Combining the new seismic data and drilling re-
sults will provide depositional boundary conditions, e.g. tim-
ing of tectonic activity and subsidence rates.

A preliminary seismic stratigraphy was derived using
overall reflection strength to distinguish high and low lake-
level settings as well as transitional periods. Also, in MCS
data (Fig. 4), low-amplitude seismic facies can be assigned to
lake-level high stands and deposition of mostly fine-grained
sediments, comparable to the modern situation. A uniform
thickness of this uppermost unit is indicative of a widespread
deposition of mostly suspended material. During periods of
lower lake levels, higher amplitude reflectors indicate coarser
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Figure 4. Multichannel seismic profile GeoB16-393 showing several hundred meters of sediment infill. Sediment thickness is increasing
towards the center of the lake in the SE due to the additional subsidence of ca. 300 m. Simple depth conversion with 1500 ms™ 1A tentative
age model is given with marine isotope stages (MISs). Potential piston coring locations (CL-1, CL-2, CL-3) at which sediment cores can
well be parallelized to form a composite sediment sequence using strong reflectors in the seismic images are indicated by black boxes.

material. This and minor incisions in shallower parts of the
lake as well as irregular topography hint to erosion in a shal-
low lake. In Fig. 4 extrapolation of the sedimentation rates
and the acoustic behavior observed in the reference core con-
firm that at least 13 MIS stages are imaged (Fig. 4), with
older sedimentary sections present.

5 Workshop

With these data in mind 40 scientists from 13 countries,
representing various fields, met in Beijing from 22 to
24 May 2018 to discuss the further scientific opportuni-
ties that an ICDP drilling effort would provide. In addition,
drilling strategies as well as logistical requirements of a deep
drilling at Nam Co were discussed. Contributions of the par-
ticipants included the following topics:

the tectonic setting of Nam Co;

the global relevance of a long climate record from Nam
Co;

paleoclimatological work which had been and will be
carried out at Nam Co;

seismic stratigraphy of Nam Co;
archives for comparison;

lake drilling project management, drilling operations,
and fundamental core analyses;
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— geochronology;

— bioindicators and deep biosphere;
— downhole logging;

— paleomagnetism;

— provenance analyses.

In addition, an excursion to Nam Co was planned for late
2018 to consider possible lake access points and base camps
for future drilling and science teams as well as other logistic
challenges.

Several discussion groups were organized to focus on the
themes noted above and were charged with writing short
reports to identify the major questions and develop hy-
potheses that will be addressed by studying Nam Co sedi-
ments through an ICDP deep drilling project. These groups
included (1) sedimentology, (2) pollen, (3) bioindicators,
(4) chronology and (5) tectonics. Scientific hypotheses were
subsequently reviewed by all workshop participants and re-
visited by the breakout groups on the last day of the work-
shop. This reiterating process led to scientific hypotheses
which can be tested by scientific drilling, such as the fol-
lowing for example:

— The timing and magnitude of Indian monsoon vari-
ability is controlled by eccentricity- and/or precession-
driven insolation during the last million years.

Sci. Dril., 25, 63-70, 2019




68 T. Haberzettl et al.: ICDP workshop on scientific drilling of Nam Co

The land—ocean temperature gradient is greatest in tran-
sitions from terminations to interglacials, increasing
precipitation (decreasing evaporation/inflow).

— Hemispheric climate controls species diversity, func-
tional diversity and evolution of high-altitude ecosys-
tems during the last 1 Ma.

— Aquatic and terrestrial biomes respond independently
to environmental forcing over multiple glacial to inter-
glacial cycles.

— High-altitude ecosystems are resilient from interglacial
to interglacial which results in similar community struc-
tures and functions.

— The activity and diversity of the subsurface biosphere
in high-altitude lake basins is dependent on their rela-
tionship to climate-driven carbon cycling and nutrient
availability.

— The permanent lake system of Nam Co provided a
refugium during glacials and, due to its unique loca-
tion and size, was instrumental in the survival and re-
colonization of high-altitude species endemic to the Ti-
betan Plateau.

— The denudation rate of the Nyaingéntanglha mountain
range controls sediment accumulation in the closed
Nam Co basin.

— Deformation in the basin is consistent in space and time
with regional tectonics.

These hypotheses will be used and revisited for the prepa-
ration of an ICDP full proposal. Participants saw dating as the
most important prerequisite to be able to test the abovemen-
tioned hypotheses. It was concluded that 200 radiocarbon
ages in combination with 200400 OSL ages will provide
a sound chronology for the younger part of the sequence, al-
lowing the “calibration” of the paleomagnetic signal which
should be used to date the older part. The use of U-Th dat-
ing as another dating technique was seen as questionable as
more recent sediments showed a high detrital Th component.
Therefore, the use of U-Th as an additional dating technique
will have to be tested for older sediments. Amino acid dat-
ing might also be used for dating if suitable material can be
extracted from the sediment sequence.

The last part of the workshop was dedicated to drilling
strategies, on-site work and budgeting as well as outreach op-
portunities. Since Nam Co is characterized by ongoing tec-
tonism, new accommodation space is constantly created in
different parts of the lake. As this is a “‘quasi” continuous pro-
cess, younger sediments are found at the top of the sequences
in the southern part and older sediments at the top of the se-
quences in the northern part, with intermediate sequences in
between (Fig. 4). Considering this architecture, one promis-
ing drilling strategy which was discussed by the participants
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was to build a composite record using three to four over-
lapping cores in rather high resolution and of good quality,
recovered from different sites (Fig. 4). Using, for example,
three to four 100-150 m long piston cores (e.g. CL-1 to 3
in Fig. 4) in a N-S transect a continuous, high-core-quality
composite sequence going back to MIS 13 (according to the
seismic interpretation) will be obtained. These sites should
be covered by triple cores. The construction of a continuous
log will be improved by downhole logging data. Also possi-
ble depth shifts will be corrected using these data. This com-
posite record will be complemented by a ~ 700-800 m long
core (DT-1 in Fig. 2) going back to ~ 1 Ma which most likely
can only be cored as a single hole due to time constraints.
Modern process studies show that different subbasins of Nam
Co show different signals. For example, oxygen isotopes re-
veal an offset of 2 %o between basins. Thus, the long core
will be used to calibrate signal changes in proxies detected
in the high-quality “short” piston cores. Finally, two ~ 100 m
parallel cores forming the composite sequence GH-1 will be
recovered from the very southern shore (Fig. 2) in order to
investigate the role of glacial activity and its impact on the
lake. The ICDP’s Deep Lake Drilling System was generally
seen as a reasonable tool for drilling Nam Co as it has been
successfully applied to other challenging environmental sys-
tems (e.g. the Dead Sea in Israel).

Since Nam Co is located at an altitude of 4730 ma.s.l.
there was intense discussion of how much man power will
be needed to guarantee a smooth drilling operation. Every-
body agreed that on-site work should at least include mea-
surements of magnetic susceptibility and density to calculate
porosity, which is important for OSL dating, using a Multi-
Sensor Core Logger (MSCL). A mobile nuclear magnetic
resonance (NMR) device will enable water content and thus
porosity to be even more precisely determined. This will be
complemented by pore water extraction and a clean lab for
microbiological investigations. If manpower permits micro-
scopes could also potentially be set up on-site.

6 Conclusions

All participants agreed that Nam Co sediments hold an ex-
traordinary potential to answer questions of global social rel-
evance, including past, modern and future climate change,
biological development, tectonic evolution, and understand-
ing of paleomagnetic variations and water resources which
are coupled to the hydrological cycle. The workshop allowed
the refinement of the scientific questions and discussion of
the logistical issues of a scientific drilling of Nam Co in
the framework of ICDP. Moreover, it allowed the transfer
of knowledge between the different participants, increasing
international visibility and promoting multidisciplinarity.

Data availability. No data sets were used in this article.
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IODP begins planning for its
next phase

Scientific ocean drilling celebrated its 50th anniversa-
ry in 2018 with numerous conference sessions, sym-
posia and, earlier this year, a special ocean-drilling-
themed issue of the journal Oceanography (https://
tos.org/oceanography/issue/volume-32-issue-01).
But even as these commemorative events around the
globe were celebrating ocean drilling’s history and
achievements, various IODP entities were laying the
groundwork for the programme’s next phase.

The current decadal scientific ocean drilling science
plan (http://www.iodp.org/about-iodp/iodp-sci-
ence-plan-2013-2023) runs through 2023, only four
years away, and the various IODP funding agencies
are in agreement that planning for the successor to
IODP, including an updated science plan, must begin
now if the transition to a new programme is to pro-
ceed smoothly. In addition, although the US National
Science Board passed a resolution in February 2019
approving continued funding for the riserless US
drilling vessel JOIDES Resolution through 2024, the
US IODP community hopes at the end of this period
to replace the aging JR with a modern, next-genera-
tion vessel that will provide advanced capabilities, in-
cluding increased laboratory space, active heave com-
pensation, faster pipe tripping, a greener footprint,
and other scientific and environmental efficiencies.
A new science plan will be necessary to justify this
investment and to secure funding for the other IODP
platform providers.

Four workshops were held in April and May of 2019
to begin the planning process, with a fifth (IODP-Chi-
na) planned for over the summer. All of the work-
shops focused on developing conceptual structures
for an updated science plan. While member priorities
and outcomes varied somewhat from nation to nation,
there was a remarkably strong consensus across [ODP
member nations and consortia that a less “vertical”
and more “cross-cutting” science plan structure is de-
sirable in the next programme phase.

Japan was first to convene a workshop, “Scientific
Ocean Drilling Beyond 2023”, held on 2-3 April at
the Yokohama Institute for Earth Sciences. In addition
to focusing on the development of a new science plan,
the workshop also explored possible links to the Inter-
national Continental Drilling Program (ICDP), gener-
al interdisciplinary fusion, and how the riser-equipped
Japanese vessel Chikyu can maximize the scientific
return for Japan and its IODP partners as the pro-
gramme moves into the future.

The Japanese workshop was followed the next week-
end by Europe’s “PROCEED — Expanding Frontiers
of Scientific Ocean Drilling”, held 6-7 April at the
Austrian Academy of Sciences in Vienna, immediate-
ly prior to the annual European Geosciences Union
meeting. PROCEED featured breakout sessions that
mixed scientists with different thematic expertise,
with the goal of examining the scientific, technologi-
cal and programmatic goals for the European Consor-
tium for Ocean Research Drilling (ECORD) beyond
2023, particularly in the context of ECORD’s mis-
sion-specific platform strategy.

The Australian and New Zealand IODP Consorti-
um (ANZIC) held its “Ocean Planet Workshop” on
14-16 April at The Australian National University in
Canberra, Australia. The organizers welcomed white
papers from its community members on targets for
ocean drilling in the next phase, and the workshop’s
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first day was devoted to early-career and mid-career
researchers. Primary goals of the workshop were the
identification of gaps in the current IODP science plan
and “improved engineering, technological, drilling,
logging and observing capabilities”.

Finally, on 6-7 May, the US convened a workshop
in Denver entitled, “NEXT: Scientific Ocean Drill-
ing Beyond 2023”, with the objectives of updating
existing scientific challenges, as well as identifying
new challenges, for ocean drilling, and prioritizing
the technologies needed to address them in the next
phase. The workshop featured a presentation by the
JOIDES Resolution Science Operator on a proposed
design of a successor vessel to the JR and produced a
straw-man science plan structure that included eight
strategic objectives and emphasized connections and
threads rather than themes.

Each of the four workshops was open to internation-
al attendees, which promoted collaboration and mo-
mentum across the international community. A likely
next step will be a summer meeting among the co-
ordinators of the workshops in order to consolidate
the various workshop outcomes into a single blueprint
that will serve as the structure for the next IODP sci-
ence plan. This will be presented at the [ODP Forum
meeting in Osaka, Japan, in September. Either at or
just after the forum meeting, a writing team will be
assembled to begin development of the plan, with the
goal of producing a completed product by the summer
0f 2020.



Schedules

IODP - expedition schedule http://www.iodp.org/expeditions/
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IODP

INTERNATIONAL OCEAN
DISCOVERY PROGRAM

USIO operations Platform Dates Port of origin
@ Exp 383: Dynamics of Pacific JOIDES Resolution | May 20-July 20, Punta Arenas
Antarctic Circumpolar Current 2019

B Exp 385T: Panama Basin Crustal JOIDES Resolution | Aug 18-Sep 16, Antofagasta
Architecture (504B) and Restoring 2019

Hole 896A

BIExp 385: Guaymas Basin Tectonics | JOIDES Resolution | Sep 16-Nov 16, San Diego
and Biosphere 2019

@ Exp 378: South Pacific Paleogene JOIDES Resolution | Jan 3-Mar 4, 2020 Fiji

Climate
ICDP - Project schedule http://www.icdp-online.org/projects/ iCdp |

ICDP project |Drilling dates Location

1 Eger Rift Nov 2018-0Oct 2019 | West Bohemia, Czech Republic
2 DOVE May 2019-Feb 2020 | Alps

3 GRIND June 2019-Feb 2020 | Namibia, Brazil, China

4 STAR July 2019 Northern Apennines, Italy

5 JET Oct 2019-Dec 2019 Cheshire Basin, UK

6 Trans-Amazon | Nov 2019-June 2020 | Brazil (multiple locations)

Locations
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Topographic/bathymetric maps courtesy of NOAA (Amante, C. and B.W. Eakins, 2009. ETOPO1 1 Arc-Minute Global Relief Model:
Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical Data Center, NOAA.
doi:10.7289/V5C8276M).
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