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Editorial preface

Dear reader,

In challenging times with most scientists away from the field, this issue of
your journal Scientific Drilling is providing a little scent of field operations.
This includes new drilling and sampling technology developments as well
as new ways of evaluating existing data and exciting prospects for future
projects.

A new geohazard assessment workflow (SD-2020-12, p. 1) maximizes

the use of 3D seismic reflection data to improve the safety and success

of scientific drilling in the oceans. Advanced seismic interpretation
techniques are used to identify, map, and spatially analyse features such
as seabed structures, faults, fluids, and lithologies that may cause drilling
hazards. This workflow can be utilized to guide site selection and to
minimize risk of future IODP drilling.

SD-2020-15 (p. 29) reports about the first use of Hipercorig, an
environmentally-friendly, hydraulic coring system designed to recover up
to 100 m deep continuous high-quality cores in a cost-effective fashion.
Two test projects on perialpine lakes resulted in 63 m deep coring in up to
204 m water depth and promise novel opportunities for future lacustrine
drilling campaigns.

The Multi-Temperature Fluid Sampler (MTFS) is a newly designed,
fabricated, and laboratory-tested titanium syringe-style fluid sampler
that is composed of up to 12 sampling units of 1 L sample volume each
and for borehole applications up to 190 °C (SD-2020-3, p. 43). Its unique
triggering mechanism allows for utilization in deep oceanic and continental
scientific boreholes with minimal training for operational success.

In addition, four workshop reports reflect the wealth of scientific topics
addressed by international scientific drilling programmes. SD-2020-18 (p.
63) discusses the possibilities of drilling the Weihe Basin, enclosed by the
Chinese Loess Plateau and the Qin Mountains, for obtaining high-resolution
multi-proxy records reflecting environmental changes spanning most of
the Cenozoic. Workshop report SD-2020-14 (p. 75) focuses on designing a
research drill to investigate utilization and associated risks of low-enthalpy
geothermal energy from Paleozoic strata and deep crystalline geologic
systems in Ithaca (NY, USA). The northern boundary of the Caribbean
plate around Haiti with two active strike-slip faults posing the area under
high seismic risk was addressed by a workshop held for developing a land-
to-sea drilling project, the new IODP-ICDP scheme for joint projects (SD-
2020-4, p. 49). Finally, the DeepDust Workshop (SD-2020-6, p. 93) sheds
light on the Permian period at two continental sites in the western United
States and Europe to study environmental dynamics.

With this spectrum of themes, we wish the readers entertainment with

education as well as good health.

Your editors,

Ulrich Harms, Thomas Wiersberg, Jan Behrmann,
Tomoaki Morishita, and Will Sager
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Cover figure: Hipercorig on Lake Constance during
coring operations, including entry of coring assembly
in the upper reentry cone (bottom left) and lowering
the reentry cone with hydraulic hose (bottom right).
Harms et al., 2020, this volume.

Insert 1: Multi-Temperature Fluid Sampler with

11 sampling modules assembled and ready for
deployment. Wheat et al., 2020, this volume.
Insert 2: Lower Permian paleo-loess of the mid-
continent US preserves high-resolution climate
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Abstract. A geohazard assessment workflow is presented that maximizes the use of 3D seismic reflection data
to improve the safety and success of offshore scientific drilling. This workflow has been implemented for In-
ternational Ocean Discovery Program (IODP) Proposal 909 that aims to core seven sites with targets between
300 and 1000 m below seabed across the north-western Greenland continental shelf. This glaciated margin is
a frontier petroleum province containing potential drilling hazards that must be avoided during drilling. Mod-
ern seismic interpretation techniques are used to identify, map and spatially analyse seismic features that may
represent subsurface drilling hazards, such as seabed structures, faults, fluids and challenging lithologies. These
hazards are compared against the spatial distribution of stratigraphic targets to guide site selection and minimize
risk. The 3D seismic geohazard assessment specifically advanced the proposal by providing a more detailed
and spatially extensive understanding of hazard distribution that was used to confidently select eight new site
locations, abandon four others and fine-tune sites originally selected using 2D seismic data. Had several of the
more challenging areas targeted by this proposal only been covered by 2D seismic data, it is likely that they
would have been abandoned, restricting access to stratigraphic targets. The results informed the targeted location
of an ultra-high-resolution 2D seismic survey by minimizing acquisition in unnecessary areas, saving valuable
resources. With future IODP missions targeting similarly challenging frontier environments where 3D seismic
data are available, this workflow provides a template for geohazard assessments that will enhance the success of
future scientific drilling.

1 Introduction

When planning an offshore drilling campaign, one of the pri-
mary technical concerns that governs site selection is safety
(Jeanjean et al., 2005; Mearns and Flin, 1995). The subsur-
face can be hazardous and is full of unknowns; therefore,
it requires the full interrogation of all available data to re-
duce risks during drilling. Common subsurface geohazards

include phenomena related to excess pore pressure such as
shallow hydrocarbons, shallow water flows, faulting to shal-
low depths, mud volcanoes, and pockmarks, all of which can
lead to incompetent sediments and seabed instability (Aird,
2010; Jensen and Cauquil, 2013; Ruppelt and West, 2004;
Wood and Hamilton, 2002). Identifying these hazards prior
to drilling allows for decisions to be made during site selec-
tion to either avoid the hazard completely, mitigate it or se-
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lect the lowest risk option (Aird, 2010; Jensen and Cauquil,
2013). This process, often termed a geohazard assessment, is
integral to drilling success and safety, with its effectiveness
often relying on the availability of high-quality data coverage
such as seismic reflection, bathymetry and well data.

The importance of geohazard identification is amplified in
environments such as deep water, high pressure/high tem-
perature, glaciated margins and frontier petroleum provinces
where there is little prior drilling experience (Galavazi et
al., 2006; Moore et al., 2007; Weimer and Pettingill, 2007).
Within these locations, the frequency and significance of
geohazards are often increased, as well as the consequences
of accidents (Eriksen et al., 2014; Li et al., 2016). Further-
more, it is often these locations where data coverage and
quality are poorest, resulting in a limited subsurface under-
standing and higher risk to drilling. In the last few decades,
exploration for subsurface resources has expanded into more
challenging environments due to increased global demand
for petroleum products (Mitchell et al., 2012; Poppel, 2018;
Suicmez, 2016). This has led to the acquisition of extensive
2D and 3D seismic reflection datasets and industry drilling in
frontier areas. The expansion, especially with regards to new
3D seismic reflection data coverage, provides an opportunity
to use these data for reasons beyond their original commer-
cial purpose. This includes regional geological mapping and
geohazard assessments allowing site identification and de-
risking for scientific boreholes (Dutta et al., 2010; Selvage et
al., 2012; Hovland et al., 1998).

A geohazard assessment involves the geospatial quantifi-
cation of drilling hazards, ideally through the use of densely
sampled 2D or 3D reflection seismic data (Aird, 2010; Khan
et al.,, 2018; Selvage et al., 2012; Heggland et al., 1996).
In the past, the required resolution to detect small but po-
tentially hazardous features could only be provided through
dedicated high-resolution site surveys across potential drill
sites using such tools as sub-bottom profilers, small-volume
airguns, or sparker reflection systems (Jensen and Cauquil,
2013; Parkinson, 2000). Today, the acquisition of large-scale
3D seismic reflection datasets in frontier basins provides spa-
tial coverage that far exceeds most conventional site surveys
(Games and Self, 2017). The processing of these datasets has
improved sufficiently to provide a vertical resolution that ap-
proaches that of a traditional site survey and often provides
a horizontal resolution exceeding that of even closely spaced
2D seismic site surveys (Games and Self, 2017; Oukili et al.,
2019). Three-dimensional seismic surveys thus minimize the
need for additional data, except for particularly complicated
areas (Hill, 1996; Selvage et al., 2012; Sharp and Badalini,
2013; Williams and Andresen, 1996; Roberts et al., 1996).

The increased availability of 3D seismic volumes in conti-
nental shelf areas often coincides with areas targeted by sci-
entific drilling programmes. These include the International
Ocean Discovery Program (IODP) that operates the drilling
vessels Joides Resolution and Chikyu but also national fa-
cilities such as the Meeresboden-Bohrgeridt (MeBO) of the
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Alfred Wegener Institute (AWI) and the British Geological
Survey (BGS) Rock Drill. For this study, we present data
from an Arctic frontier basin that support site selection for
a proposed scientific drilling leg under the IODP. IODP has
an excellent safety record, achieved through review of pro-
posed sites by panels of international experts, and has drilled
within frontier petroleum provinces in the past, with exam-
ples such as the early passive margin drilling along the west-
ern Atlantic margin (e.g. DSDP Legs 11 and 41; Ewing and
Hollister, 1972; Lancelot and Seibold, 1977) and more re-
cently in areas such as the Demerara Rise, offshore Suri-
name (Leg 207) and the Great Australian Bight (Leg 182)
(National Research National Research Council, 2011). Sev-
eral completed and proposed IODP expeditions report the
availability of 3D seismic data within the study area, and
it is possible that several others had undocumented access
(Table 1). As commercial 3D seismic reflection datasets be-
come more widely available for academic research, there is
an opportunity to optimize both the scientific benefits and
safety of proposed drilling sites by conducting more compre-
hensive geological and geohazard assessments. This study,
whilst focussed on the hazards associated with IODP Pro-
posal 909 within the north-western Greenland glaciated mar-
gin (Fig. 1), provides a geohazard assessment workflow that
optimizes drill site selection through the use of 3D seismic
data and serves as a template for the improved safety and
success of future scientific drilling campaigns using 3D seis-
mic data in frontier areas.

2 |ODP Proposal 909

2.1 Setting

IODP Proposal 909 aims to drill a transect of seven sites
across Melville Bay offshore north-western Greenland at wa-
ter depths ranging from 0.5 to 1.9km (Fig. 1). Here, a thick
(> 2km) Cenozoic sedimentary succession overlies a rift
basin topography that formed during several stages of Early
Cretaceous to Early Paleogene rifting between Greenland
and Canada (Altenbernd et al., 2015; Gregersen et al., 2013,
2017; Oakey and Chalmers, 2012). This includes the exten-
sive, elongate inversion structures of the Melville Bay and
Kivioq ridges. These ridges separate the deep sedimentary
basins of the Melville Bay Graben and Kivioq Basin and con-
tain up to 9 km thick successions of syn-rift (seismic mega-
units (mu) mu-G, -F and the lowermost -E) and post-rift (mu-
E, -D, -C, -B and -A) sediments (Figs. 1 and 2) (Altenbernd
et al., 2015; Gregersen et al., 2013, 2017; Knutz et al., 2015;
Whittaker et al., 1997). Mu-E is attributed to the continental
drift phase as seafloor spreading commenced in Baffin Bay.
The lower part of mu-D is considered to have formed during
the final syn-drift stage influenced by compressional tecton-
ics as a consequence of Greenland converging with the North
American Plate (Knutz et al., 2020). Deposition of the upper
part of mu-D, representing a hemipelagic succession, was

https://doi.org/10.5194/sd-28-1-2020
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Table 1. IODP expeditions and proposals with 3D seismic data.

Leg/proposal

number Location Ocean Status

308 Ursa Basin, Gulf of Mexico Atlantic Completed
311 Cascadia Margin, OR, USA Pacific Completed
322 Nankai Trough, Japan Pacific Completed
372A Hikurangi Margin, New Zealand  Pacific Completed
P537A Costa Rica Pacific Proposal
P603CDP Nankai Trough, Japan Pacific Proposal
P857C Balearic Promontory Mediterranean ~ Proposal
P859 Amazon Fan, Brazil Atlantic Proposal
P908 Costa Rica Pacific Proposal
P909 Melville Bay, Greenland Arctic Proposal
PI935 The Fram Strait Arctic Proposal
P943 West Iberian Margin Atlantic Proposal

presumably deposited during a phase of post-drift tectonic
relaxation. The mega-units are separated by seismic horizons
(hz) el, dl, cl and bl that are generally expressed as regional
unconformities.

On the inner shelf margin, thick late Miocene and Pliocene
(mu-C and mu-B) marine sediments constitute the upper-
most post-rift sequence (Knutz et al., 2015). This includes
widespread, late Neogene contourites and their correlative
mass transport deposits, down-slope from a major erosional
scarp above the Melville Bay Ridge (Figs. 1 and 2). The
Neogene sediments are exposed at the seabed on the inner
shelf and are progressively buried towards the basin by thick
glacigenic packages forming part of mu-A (Fig. 2) (Knutz
et al., 2019). The exposure and burial of the Neogene ma-
rine successions occurred due to multiple phases of ice sheet
expansion since the late Pliocene. Through these glacia-
tions, material was eroded and redistributed, leading to over
~ 100 km of shelf edge progradation and accumulation of the
Melville Bay Trough Mouth Fan (MB-TMF) (Figs. 1 and 2)
(Knutz et al., 2019; Newton et al., 2017). These glacigenic
progradational units likely consist of highly variable sedi-
ment lithologies and grain size compositions (Christ et al.,
2020; Knutz et al., 2019). The prograding units are separated
by unconformities that generate distinct unconformable seis-
mic reflections that express detailed morphologies formed by
sub-glacial erosion and deposition, similar to the features ob-
served on the present seabed (Newton et al., 2020, 2017).

The glacigenic succession (mu-A) has been subdivided
into progradational units that suggest a minimum of 11
major phases of ice advance and retreat across the shelf
since ~ 2.7 Ma. These sub-units (1-11), proposed by Knutz
et al. (2019), are used throughout this study (Fig. 2b).
Furthermore, the regional stratigraphic framework consist-
ing of seven seismic mega-unit subdivisions (mu-G to -A)
(Fig. 2) was proposed after extensive regional mapping of the
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north-western Greenland continental margin by Gregersen et
al. (2013, 2017) and Knutz et al. (2015).

2.2 Scientific drilling objectives

IODP Proposal 909 aims to illuminate the late Cenozoic his-
tory of the northern Greenland Ice Sheet (GrIS) and specif-
ically to ascertain the paleo-ice sheet dynamics during past
warm climates (Knutz et al., 2018). This will be achieved by
recovering drill cores at seven sites along a transect cross-
ing the north-western Greenland margin (Figs. 1 and 2), each
recovering key stratigraphic targets (Targets [-VII) to obtain
a composite stratigraphic succession from Oligocene/Early
Miocene to Holocene (Fig. 2). The overall objective is to
examine the range of feedback and forcing mechanisms
(oceanic, atmospheric, orbital, tectonic) impacting the GrIS
through time — addressing several current themes of the
IODP Science Plan (Bickle et al., 2011).

2.3 Site-selection requirements

The seven stratigraphic targets (Targets I-VII) were selected
along the south-west—north-east trending regional 2D seis-
mic transect (Figs. 1 and 2) and represent high accumula-
tion rate deposits within the hemipelagic sequence of mu-D,
contourite drifts of mu-B and -C, as well as potential inter-
glacial and proximal shelf deposits within the trough mouth
fan system of mu-A (Fig. 2). Once stratigraphic targets were
defined, specific drill sites were selected. The strategy for
site selection was to maximize both the chance of reaching
the stratigraphic target and the chance of good core recovery
whilst avoiding all identified potential drilling hazards. Ad-
ditionally, the selection of several alternate sites was required
in preparation for unexpected drilling issues or iceberg miti-
gation management.

Sci. Dril., 28, 1-27, 2020
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Figure 1. Location map. A bathymetric map of the Melville Bay area in north-western Greenland from Newton et al. (2017), showing the
extensive influence of glaciation on the seabed including the Melville Bay Trough (MBT) and Melville Bay Trough Mouth Fan (MB-TMF).
The red square on the inset map shows the global location of the bathymetry. Annotations on the map include the distribution of regional rift
elements, including sedimentary basins and structural ridges, as well as the location of paleo-shelf break positions of glacigenic prograding
units from Knutz et al. (2019). IODP Proposal 909 site locations are shown as well as the associated stratigraphic targets of each site (I-VII).
Shallow cores that were drilled by a consortium led by Shell that provide stratigraphic information used within the proposal are also shown
(Acton, 2012; Nghr-Hansen et al., 2018). The location of the key regional 2D seismic transect used for original site selection is also shown
and represents the location of Fig. 2.

2.4 Regional geohazard considerations shallow gas and gas hydrates (Cox et al., 2020b) further sup-
port an active petroleum system, thus underscoring the need
for a geohazard assessment study prior to drilling.

Today, marine-terminating glacial outlets do not expand
much beyond the coastline, and Melville Bay is generally

The north-western Greenland margin is a frontier petroleum
province, with potential Cretaceous source rocks identified
across the region in shallow cores and outcrop (Fig. 1) (Ac- 3 . .
ton, 2012; Bojesen-Koefoed et al., 2004; Nghr-Hansen et al free of sea ice cover during the summer, allowing access to

2018; Nifiez-Betelu, 1993) as well as deep unexplored sed- industry and research vessels (Saini et al., 2020). However,
imentary rift basins (Henriksen et al., 2009). The area expe- Arctic weather conditions and the potential for icebergs car-
rienced a surge in oil and gas exploration activity between ried northward by the West Greenland coastal current present

2007 and 2014, resulting in five exploration licenses being a.challenge to any logistic':al operations' in the area. "l?hf: en-
awarded within Melville Bay and the acquisition of exten- vironmental factors, considered alongside the ppss1b111ty of
sive 2D and 3D seismic datasets. A shallow coring program shallow .hydrOCE.lI'bOIl occurrence anq coarse-graln.ed. Quater-
was carried out in 2012, but no exploration wells have been nary sedlments. 1ndurat§d by ice l.oadmg, makes drilling com-
drilled. Since then, the identification of a large potential gas plicated and h,lghly_ reliant on site survey datg. To evaluate
reservoir (Cox et al., 2020a) and widespread evidence for and select coring sites for Proposal 909, available 2D and
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Figure 2. Regional geology. (a) A 2D regional seismic reflection line showing the stratigraphy and structure across the shelf. Regionally
mapped seismic mega-unit interpretations from Gregersen et al. (2013, 2017) and Knutz et al. (2015) are shown as well as the projected
locations of the seven IODP Proposal 909 stratigraphic targets and the comparative coverage of 3D seismic data. (b) An enlarged section of
the seismic line from A that focusses on the glacigenic wedge that represents the Melville Bay Trough Mouth Fan system, showing the 11
interpreted sub-units of mega-unit (mu)-A from Knutz et al. (2019) as well as the projected location and depth of the IODP Proposal 909
sites. The location of the seismic line is shown in Fig. 1. (¢) A stratigraphic column displaying seven seismic mega-units and their associated
rift stages, as well as the expected age of the stratigraphy that comprises each of the stratigraphic targets (I-VII).

3D seismic reflection data were used to conduct a compre-
hensive geohazard assessment that maximized the chance of
safe drilling and successful core recovery.

3 Data

The seismic data used within this study include four sepa-
rate surveys that were acquired between 2007 and 2019 (Ta-
ble 2). All data used were provided in SEG normal polarity
with a downward increase in acoustic impedance represented
by a red positive peak and a downward decrease in acoustic
impedance represented by a blue negative trough (Fig. 2).
The regional 2D data used in this study form part of four sur-
veys that were acquired by the geophysical company TGS
(2007-2010) as part of the Baffin Bay 2D regional dataset.
The dataset was used to help understand the regional geol-
ogy and map the spatial distribution of stratigraphic packages
that represent drilling targets (full extent of the regional 2D
survey shown by Gregersen et al., 2019 — Fig. 1). From the
TGS 2D data, a subset of seven lines crossing the Melville
Bay shelf was used directly within the site-selection process
(Fig. 3, Table 2).

Two 3D seismic surveys represent the principle data used
for geohazard detection within this study (Fig. 3). The first

https://doi.org/10.5194/sd-28-1-2020

is the Pitu survey that was acquired by Cairn Energy PLC
in 2011 (Table 2). This survey was also provided as a pre-
stack depth migration (PSDM) volume. The survey was re-
processed by CGG in 2013 to provide the Pitu HR (high-
resolution) survey, which is a subset of the full volume with
increased spatial and vertical resolution (Table 2). The sec-
ond 3D survey, the Anu survey, provides extensive 3D cov-
erage towards the shelf edge and was acquired by Shell in
2013 (Fig. 3). In 2019, a new ultra-high-resolution (UHR)
survey, the LAKO UHR survey (LAKO is an acronym for
the research vessel HDMS Lauge Koch), was acquired across
several preliminary site locations through collaboration be-
tween the Geological Survey of Denmark and Greenland and
Aarhus University (Pearce et al., 2019) (Table 2 and Fig. 3).
The aim was to provide UHR imaging of the upper 500 ms
below the seabed in order to supplement the existing industry
seismic data within the pre-defined target areas. In addition,
several longer transects were obtained that could provide ad-
ditional seismic—stratigraphic information and add to the re-
connaissance of additional sites. Eight lines from the UHR
survey were used to characterize drill sites located within the
areas of 3D seismic coverage (Fig. 3).

Sci. Dril., 28, 1-27, 2020
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Table 2. Acquisition parameters and survey statistics for the four seismic surveys used within this study. A dash (-) represents a parameter
that is not applicable for that survey. The Pitu HR parameters can be read from the Pitu survey. Abbreviations used within the table include
two-dimensional (2D), three-dimensional (3D), ultra-high-resolution (UHR), reprocessed (repro.), number (No.), average (Avg) and two-way
time (TWT). Units used include metres (m), kilometres (km), milliseconds (ms), seconds (s) and hertz (Hz).

Acquisition parameter

Seismic survey

Regional Pitu Pitu HR Anu LAKO UHR

Survey type 2D 3D 3D 3D UHR 2D
Date acquired 2007-2010 2011 2013 repro. 2013 2019
Area/length used 2076 km 1672km? 1135.5km? 8700 km? 306 km
No. of vessels 1 1 - 2 1
Pop interval 25m 25m (flip-flop) - 25m (flip-flop) 5-6m
Source depth 8m 8m - 8m 3m
Source separation - 50m - 100 m -
Streamer length 6000 m 10 x 7050 m - 6 x 7050 m 150 m
Streamer separation - 100 m - 200 m -
No. of channels 480 564 - 564 40
Receiver spacing 12.5m 12.5m - 12.5m 3.125m
Sampling rate 2ms 4ms 2ms 2ms 1 ms
Sail line separation - 1km - 600 m -
No. of 3D sail lines - 93 - 118 -
Bin spacing  Inline - 25m 12.5m 6.25m -

Crossline  — 12.5m 6.25m 50m -
Fold 120 70 - 70 12.5
Domain TWT TWT/depth TWT TWT TWT
Provided depth (downto) 9s 6.5s/10km 5s 75s 1.4s
Depth of given resolution 1200 ms 1200 ms 1200 ms 1200 ms 900-1100 ms
Avg dominant frequency 40 Hz 55Hz 90Hz 45Hz 120Hz
Dominant wavelength* 50m 36m 22m 44m 16.5m
Vertical resolution 12.5m 9m 6m I11m 4m

* The dominant wavelength was calculated using an average velocity of 2000 m s

Depth conversion

Depth conversion was required to provide accurate estimates
of seismically defined drill target depths in metres. Veloc-
ity information was provided from industry wells drilled by
Cairn Energy PLC 2 300 km south of the transect (location
shown in Gregersen et al., 2019 — Fig. 1), from shallow core
sites U0100/110 (Fig. 1) and from an interval velocity cube
that was provided over the Pitu survey area (Figs. 3 and 4).
The interval velocity cube was created from seismic veloc-
ities during seismic processing through the application of a
Kirchhoff pre-stack TTI depth migration (PSDM) that used
a bin size of 12.5 x 25m and a migration half aperture of
4500m (Fig. 4). This process produced a depth-converted
version of the Pitu 3D survey. The interval velocities and
the depth cube, however, have not been calibrated to mea-
sured depth data, due to large distances to the closest well
(2 300 km), and likely contain some error.

Therefore, average velocities were determined using all of
the velocity data available (mentioned above) and were then
extrapolated across the study area using a comparison of the
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potential lithology and depositional setting of the sediments
as well as their general depth. Linear time—depth equations
were also generated for sites within the glacigenic wedge to
consider elevated compaction and velocity due to ice loading.
Velocities from this linear trend were then compared against
the original estimated average velocities and interval veloci-
ties from the velocity cube to calculate the potential error (of-
ten ~ 100 m). This error was used to adjust the final metric
depth targets to minimize overestimation and avoid drilling
into deeper, potentially hazardous intervals.

4 Geohazard assessment workflow

The following geohazard assessment workflow was used
to select drill sites that represent the lowest possible risk
whilst meeting the scientific objectives (Fig. 5). The work-
flow considers the increasing availability of data that are typ-
ical through a project’s progression, starting with regional 2D
seismic data to understand the regional geology and pick ini-
tial stratigraphic targets and sites. Three-dimensional seismic
data are then used to conduct a more detailed interrogation of
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Figure 3. A fluid hazard and data map of the study area displaying the regional bathymetry from Newton et al. (2017) as well as the location
of all seismic data used within the Proposal 909 study. The locations of potential fluid anomalies were identified and mapped via the shallow
gas detection process within the geohazard assessment workflow. Active and abandoned IODP Proposal 909 sites that exist within the 3D
seismic extent are shown as well as the location of the Melville Bay Ridge (MBR) and Figs. 4a, b, 11a, b, 12e¢, 14a and b.

the subsurface in order to delimit geohazards within the pro-
posal area and guide site selection and minimize risk. Finally,
additional data, in this case 2D UHR seismic data, are used
in collaboration with the 3D seismic to fine-tune the selected
sites to ensure they represent the most suitable and safest lo-
cations possible.
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4.1 Seabed

The first step of the 3D seismic geohazard assessment is to
map the strong, positive amplitude event that represents the
seabed across the area of 3D coverage (Fig. 6). This pro-
vided the seabed depth, firstly in TWT and subsequently
in metric depth, after a conversion using a typical seawa-
ter velocity of 1480 ms~! (based on the Pitu interval veloc-
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depth migration (PSDM) for the Pitu survey overlaid on seismic

reflection dip (a) and strike lines (b) in two-way time across the Melville Bay Ridge structure. Velocity reduction likely due to the presence
of gas can be observed in the location of the Eocene-aged reservoir on top of the ridge as well as beneath a bottom-simulating reflector (BSR)
within the free gas zone. The locations of panels (a) and (b) are shown in Figs. 3 and 9.
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Figure 5. A workflow diagram that outlines both the steps conducted within the geohazard assessment leading to site selection and how the
differing seismic data types were used throughout the process. This workflow should be used as a guide for future geohazard assessments
using 3D seismic data but is not fully exhaustive and can be amended to fit different datasets and locations through the addition of extra steps

that fulfil the requirements of future projects.

ity cube) (Fig. 6a). A bathymetric compilation from Newton
et al. (2017) provided an additional high-resolution image
of the seabed morphology. The mapping, supported by the
bathymetry data, identified a wide range of seabed features
that have been interpreted as being of glacial origin, created
by recent shelf glaciations, including lineations, ridges, ice-
berg scours and near-circular depressions interpreted as ice-
berg pits (Fig. 6; Newton et al., 2017). These features can
create localized areas of high-dip and highly compacted sed-
iment and should be avoided to prevent instability of the cor-
ing equipment on the seabed (Bennett et al., 2014).

Sci. Dril., 28, 1-27, 2020

A structural dip attribute was extracted onto the mapped
seabed surface to identify areas of high seabed dip (Fig. 6b).
Filtering of the attribute allowed the severity of dip to be
separated into areas of low (0-2°), medium (2-5°) and high
(5°+) dip, which relates to areas of low, medium and high
risk respectively. The seabed dip-risk cut-offs are used here
primarily to help avoid glacial geomorphological features
on the seabed, but this technique is applied in commercial
geohazard assessments to consider the effect of the seabed
structure on the critical failure of slope sediments as well as
seafloor infrastructure tension and strength (Dan et al., 2014;

https://doi.org/10.5194/sd-28-1-2020
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Figure 6. Seabed mapping. (a) A seabed structure map across the 3D seismic coverage shown in both two-way time and converted metric
depth, with the bathymetry data from Newton et al. (2017) shown beneath. (b) A dip attribute map across the 3D seismic coverage that has
been filtered to display features by dip severity, with colours amber and red relating to moderate (2-5°) and high (5+°) risk respectively.
(¢) An amplitude attribute extraction map at the seabed surface across the 3D seismic extent showing the variation in amplitude between
areas dominated by or free from glacigenic features. The locations of both active and abandoned IODP Proposal 909 sites are shown in
panels (a)—(c) along with the locations of panels (d) and (e), Figs. 7a and 13a. (d) A seismic cross section from the Anu survey showing
an example of a glacigenic wedge which is topped by glacial lineations. (e) A seismic cross section from the Pitu HR survey showing the
unconformable nature of the seabed as well as seabed depressions that likely represent iceberg pit marks (cf. Brown et al., 2017).

Vanneste et al., 2014). The cut-offs selected are relatively
low compared to other studies (e.g. Haneberg et al., 2015),
but these were chosen to remain cautious and decrease po-
tential risk, as much of the study area is relatively flat lying
and therefore remains classified as low risk (Fig. 6b). Ap-
plying a cautious approach allows for steeper-dipping sec-
tions to be documented for further analysis should the under-
lying stratigraphy be potentially suitable for drilling — e.g.
steep dip does not necessarily preclude drilling, but these
bins allow for areas requiring greater consideration to be
highlighted. Seismic amplitudes were also extracted onto
the seabed surface (Fig. 6¢). Extreme high or low ampli-
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tudes were shown to coincide with either glacial depositional
features (such as Fig. 6d) (low amplitudes) or iceberg pit
marks/depressions (high amplitudes) (Fig. 6e), supporting
the inferred composition of elements represented by areas of
high dip. Away from these features, the seabed amplitude is
relatively uniform.

4.2 Faults

Fault mapping within the 3D survey area involved the use
of the variance seismic volume attribute (coherency within
other software packages) to image discontinuities, viewed
mainly through time-slice intersections (z slice) (Fig. 7).
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Faults in the immediate area of the drill sites were manually
mapped, including small faults belonging to a dense polyg-
onal fault system within the post-rift stratigraphy of mu-D
and -C (mainly within the Pitu area) (Cox et al., 2020a). Sev-
eral deep-seated faults are observed extending close to the
seabed (Fig. 7b), potentially connecting deeper fluid pres-
sures to the shallow stratigraphy, which would represent a
significant drilling hazard. Therefore, in areas close to a pro-
posed site, fault characteristics were assessed based on their
vertical extents, offsets and possible connections to deeper
seismic anomalies (as shown in Fig. 7). High risks were as-
sociated with faults displaying connections to deeper anoma-
lies; however, it was recommended to avoid all fault penetra-
tions where possible to maximize the chance of good and
stratigraphically continuous core recovery.

4.3 Shallow gas detection

Gas-related seismic anomalies are expected to display
“bright”, anomalously high negative amplitudes due to gas
fluids causing a reduction of the bulk modulus (due to the
extremely low density of gas) causing a significantly nega-
tive acoustic impedance contrast across the boundary at the
top of the gas-bearing reservoir (Cox et al., 2020c; Hilter-
man, 2001; Nanda, 2016). A positive seismic amplitude, of-
ten of comparable amplitude, is often associated with the
gas—oil-water contact or the base of the reservoir if it con-
tains anomalous fluids across its entire vertical extent. For
thin reservoirs filled with gas, the response is often a highly
asymmetric high negative to high positive doublet (Cox et
al., 2020c; Raef et al., 2017). The presence of oil can cause
a similar but often much reduced seismic anomaly. Due to
these phenomena, the 3D seismic data were investigated to
understand the seismic character of fluid-related anomalies
within the study area. This included the physical character of
anomalies, which were often isolated bright spots or bright-
ening along single horizons (Fig. 8), as well as their spatial
and stratigraphic distribution, which was widespread within
all levels of the post-rift stratigraphy (mu-D to -A) and fo-
cussed around the Melville Bay Ridge (Cox et al., 2020b).
The seismic amplitude range of the bright anomalies was also
analysed to aid amplitude extractions. The analysis identi-
fied that an amplitude of negative (—) 10000 or above likely
represented a fluid anomaly, although some dim anomalies
can occur beneath this limit, and this was considered during
the filtering of results (Fig. 8c). Dimmer anomalies can be
attributed to poorer reservoir quality or thin bed tuning ef-
fects, whereas amplitude is expected to be insensitive to gas
saturation when this exceeds 10 % of the pore volume (e.g.
Hilterman, 2001).

Once this initial analysis was complete, the information
was used to automatically extract amplitude anomalies from
the 3D seismic data above the defined threshold that likely
represents hydrocarbon occurrences. This process used a se-
ries of minimum amplitude extraction windows that cut pro-
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portionally through the stratigraphy, extracting the most neg-
ative amplitude at every seismic trace (Fig. 8). The amplitude
extraction result was then filtered to remove the majority of
data and highlight just the most negative amplitudes (those
that likely represent fluid anomalies) (Fig. 8c).

The stratigraphy was split into two units for the extrac-
tions, the first between the seabed and seismic horizon (hz)
d1 with 10 proportional extraction windows (each ~ 50 ms
TWT thick) and the second between hz d1 and hz el with
5 windows (each ~35ms TWT thick) (Fig. 8). Using rel-
atively narrow windows provided some depth control for
each anomaly, which can be displayed through colour coding
(Fig. 8a), instead of having a wide depth estimate that is as
thick as the seismic mega-unit. This was important when se-
lecting a shallow drill site where many of the deeper anoma-
lies well below the target are less relevant. It also allowed the
windows to be displayed separately, i.e. just for a particular
depth zone. Furthermore, the resulting amplitudes for each
window were often filtered differently (often using opacity
rendering) in an attempt to highlight the anomalies at that
level and also to try and remove unwanted amplitudes that
may mask fluid events, such as naturally bright horizons, data
acquisition footprints (near the seabed) and amplitudes inter-
preted as not representing fluid anomalies.

Once the data had been filtered, the individual scrutiny
of each anomaly was conducted to determine whether that
anomaly was in fact fluid-related or whether the anomalous
amplitude may instead represent something else (such as
the high amplitude causing features mentioned above). This
evaluation is subjective to some degree, and this should be
considered in the final result. Nonetheless, this evaluation
was important as it stops potentially credible locations from
being ruled out due to non-fluid-related anomalies and may
also highlight other dimmer amplitude anomalies that were
missed. This whole process was iterative and involved return-
ing to the attribute extraction or filtering stage to adjust the
parameters when required to ensure all potential anomalies
were considered.

Once the result was finalized, the locations of the remain-
ing amplitudes were used both within the interpretation soft-
ware directly and within GIS software for spatial analysis.
The remaining amplitudes were either converted into 2D au-
tomatic boundary polygons or extracted as 3D geobodies
to allow efficient visualization and to aid the creation of
multi-layer hazard maps used within the site-selection pro-
cess (Fig. 3).

4.4 Gas hydrate detection

Bright fluid anomalies were identified hosted within inclined,
likely sandy, strata that terminate abruptly at a certain depth
beneath the seabed (Fig. 9) (Cox et al., 2020b). This level,
characterized by a dim, negative amplitude reflection that
cuts across the stratigraphic layering in a manner that mir-
rors the seabed topography, represents a bottom-simulating
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Seismic
variance

Figure 7. Fault mapping. (a) A time-slice intersection (z slice) through the Pitu HR survey displaying the variance structural attribute to
highlight fault locations at a depth of —1258 ms two-way time. Interpreted fault planes (white dashed lines) are shown as well as the spatial
distribution of a potential hydrocarbon fluid anomaly that may be in pressure communication to shallower depths due to the intersection with
fault planes. IODP Proposal 909 sites MB-7A (abandoned) and MB-7B (primary) are also shown as well as the location of panel (b). The
location of panel (a) is shown in Fig. 6a. (b) A seismic cross section from the Pitu HR survey in black and white to emphasize faults, which
displays interpreted fault planes and the location of a deeper fluid anomaly as well as the location of panel (c). (¢) An enlarged seismic cross
section from the Pitu HR survey that shows the seismic character of the deeper fluid anomaly.

reflector (BSR). Such cross-cutting features have been inter-
preted as representing the base of a zone containing stable
gas hydrates, below which free gas can become trapped, re-
sulting in a bright negative cross-cutting reflection that may
be discontinuous or continuous depending on the degree of
porosity and permeability variations of the host strata (Fig. 9)
(Berndt et al., 2004; Kvenvolden, 1993).

BSR features were mapped within the 3D seismic surveys
to identify an area of 537 km? that likely contains gas hy-
drates (Figs. 3 and 9). Bright, negative amplitude free gas
anomalies are observed trapped beneath the BSR boundary
and suggest a free gas column of up to 50 m thick (Fig. 9c).
However, away from the bright free gas anomalies, mapping
of the BSR became difficult due to an intermittent and dim
BSR reflection. Therefore, due to the relationship between
the BSR and the seabed, a pseudo BSR surface was created
to aid the identification of this boundary in other areas of the
survey (Fig. 9). This pseudo surface was based on empirical
evidence from obvious BSRs in the data (Fig. 9¢) and was
created by cross-plotting the thickness of the GHSZ in areas
containing these BSRs against the seabed depth. The best fit
line between these two data was then used to create a surface
at the expected BSR depth across the entire 3D survey extent,
a surface that tolerates variations in stability zone thickness
in response to changes in seabed depth.

This guide surface was used to focus BSR reconnaissance
throughout the 3D seismic data. It was also used to identify
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additional areas of free gas (a much higher risk) that may
be trapped at the base of the gas hydrates (Figs. 3 and 9).
This involved combining the extensive pseudo surface with
the BSR map and producing a minimum amplitude extraction
for a 20 ms window across this surface (Fig. 9b). This tech-
nique, along with the manual reconnaissance of the seismic
character at the pseudo surface depth, resulted in the identi-
fication of a previously undiscovered BSR as well as trapped
free gas in the north of the Anu survey (Fig. 9a and b).

South of the Pitu survey, a cross-cutting negative ampli-
tude reflection has also been interpreted as potentially repre-
senting a BSR; however, this feature exists ~ 100 ms TWT
deeper than the guide surface (Fig. 9a, d and e). This po-
tential BSR is not as obvious as in other areas, but multiple
stacked bright anticlinal anomalies exist within the underly-
ing stratigraphy that may represent the upward flow of hydro-
carbon fluids that are subsequently trapped beneath the BSR
boundary (Fig. 9d and e). Rapid changes in BSR depth over
short distances can occur and have been observed in other
areas, e.g. the Lower Congo Basin (Andresen et al., 2011).
However, as the seabed depth and shallow sediments are rel-
atively consistent with the main BSR area a short distance
away (< 5km) (Fig. 9a), a significant variation in the phase
boundary depth is unlikely. Therefore, these deeper anoma-
lies could instead represent more traditionally trapped gas
unrelated to hydrates (Fig. 9d and e).
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Figure 8. Shallow gas detection. (a) A 2D map view of several overlaid windowed minimum amplitude extractions from the Pitu HR survey
that have been filtered to only display amplitudes that are greater than —10 000 and likely represent fluid anomalies. The extracted amplitudes
have been colour coded to distinguish between windows from different mega-unit packages, giving a sense of anomaly depth, a technique
which can also be applied to individual windows. The windows displayed are shown in both panels (a) and (b). The IODP Proposal 909 sites
in this area are also shown in locations that avoid the potential fluid anomalies as well as the location of the seismic line used in panel (b).
(b) A seismic cross section from the Pitu HR survey that highlights the main horizons used to create the proportionally distributed extraction
windows. Several seismic anomalies that will be identified within the extractions are also shown along with the specific windows displayed
in panel (a). (¢) A histogram that shows the distribution of amplitudes from the selected extraction windows shown in panels (a) and (b).
The histogram and the colour bars show how the amplitudes have been filtered to only show the extreme values which are more likely to
represent fluid anomalies. These amplitude cut-offs can be altered for specific windows to either display or hide certain amplitude ranges.

4.5 Risking All areas surrounding the moderate and high risk features
could be considered minimum risk (green), but an attempt
was made to maintain a minimum radius from each site loca-
tion of 500 m to the nearest identified hazard. For each strati-
graphic target (I-VII), a target seismic horizon and the max-
imum tolerable drilling depth to reach that horizon were de-
fined, creating a more localized target zone where the site had
to be located. These target zones were overlaid on the CRS
maps to create the green, minimum risk zone, which high-
lighted the area that could be drilled safely and still reach
the desired stratigraphic target within the tolerated depth
(Fig. 10).

Once the main geohazards described above were analysed,
the individual results were combined to create a composite
hazard map that was used directly for site selection (often
known as a common risk segment — CRS — map) (Hill et al.,
2015) (Fig. 10). The hazards considered within this process
(seabed features, shallow gas and gas hydrates) were rated as
either moderate risk, such as low dip glacial seabed features
or areas containing gas hydrate (without free gas), or as high
risk, such as seabed depressions or shallow gas occurrences.
These features were then colour coded using a traffic light
system, with red representing high risk, amber representing
moderate risk, and green representing low risk. After initial
site locations were proposed, significant faults were mapped 4.6 Site selection: geohazards and lithology
in more detail around the site and subsequently added to the
map to assess whether alterations were required. The geohazard assessment and CRS map creation provided a
minimum risk target zone to guide safe site selection. How-
ever, several other logistical and geological factors had to
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Figure 9. Gas hydrate detection. (a) A composite seismic cross section through the Anu and Pitu HR surveys showing the distribution and
seismic character of the identified BSR in the study area. The white dashed line (ca. 200 ms below seabed) at the BSR represents the pseudo
BSR surface. (b) A 2D map view of a minimum amplitude extraction across the pseudo BSR surface showing the distribution of bright
negative amplitudes that likely represent trapped free gas. The mapped area of the BSR is shown as well as the locations of the seismic
lines used in panels (a), (c), and (d), Fig. 4a and b. (¢) A seismic cross section from the Pitu HR survey confirming the presence of the BSR
along with multiple free gas anomalies trapped beneath it. (d) A seismic cross section from the Pitu HR survey across the area containing a
potential deeper BSR (ca. 300 ms below seabed). The location of panel (e) is also shown. (e) A zoom-in of a section of panel (d) showing
the location of fluid anomalies (yellow lines) beneath the potential deeper BSR and much thicker gas hydrate stability zone (GHSZ).

then be considered whilst fine-tuning the final location of
each site.

This included an assessment and interpretation of the seis-
mic character to give an idea of the potential lithology of
the sediments (following work by several authors on lithol-
ogy interpretations from seismic data, e.g. Sangree and Wid-
mier, 1979; Frey-Martinez, 2010; Hilterman, 2001; Badley,
1985; Stewart and Stoker, 1990). An attempt was made to
avoid certain seismic features, such as (1) chaotic packages
of reflections, often down-slope from erosional scarps, that
likely represent mass transport deposits; (2) structureless to
chaotic, near-surface packages that may represent boulder-
prone glacigenic tills or debris flows; (3) high, positive am-
plitude reflections at the top of glacigenic progradational
units that may represent paleo-seabeds that have been in-
durated due to ice loading during the following glacial pe-
riod; and (4) relatively high, negative amplitude reflections

https://doi.org/10.5194/sd-28-1-2020

that are often wavy (within mu-B or -C) or laterally continu-
ous within mu-D that may represent the top of sand packages.
These seismically inferred lithologies were considered risks
and avoided due to the likelihood of poor core recovery and
the possibility of the coring equipment becoming stuck in the
hole.

The stratigraphic dip (on seismic) was also considered in
an attempt to try and target flat horizons to maximize the
chance of good core recovery. Finally, the site priority (ei-
ther primary or alternate) had an influence on location, as
alternate sites attempting to reach the same stratigraphic tar-
get as the primary one were required to be sited a minimum
of 5-10 km away from the next nearest site (primary or alter-
nate) if possible to manage the iceberg risk. After considering
these additional factors within the low-risk zone provided by
the CRS map, a suitable drilling location was selected.

Sci. Dril., 28, 1-27, 2020
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Figure 10. A common risk segment (CRS) map showing the green, minimum risk, depth target zone for Target VII where sites can be
located safely whilst meeting the stratigraphic objectives. This CRS map was used to guide the site selection and abandonment of the shown
Target VII sites. Similar CRS maps were also created to guide site selection and abandonment for the other stratigraphic targets within 3D

seismic coverage (Targets III-VI).

5 Assessment results — Proposal 909 sites

Seven primary and 15 alternate sites have been identified for
the 909-Full2 proposal (Figs. 1 and 3) (Knutz et al., 2018).
These sites cover the seven stratigraphic targets (Targets -
VII) that have been identified in order to meet the scientific
objectives of the drilling proposal (Figs. 1 and 2). The selec-
tion of these sites was based on multiple data that have be-
come available as the proposal developed since its inception
in 2016. Initially, the regional 2D seismic data represented
the principle source of information for identifying drilling
targets along the key seismic transect (Fig. 2). Since then,
the majority of site selections have been refined based on in-
dustry 3D seismic volumes and the LAKO UHR seismic data
that were collected in 2019 (Table 2). In the final iteration of
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the proposal, none of the proposed sites exists in an area only
covered by regional 2D seismic reflection data (Table 3). The
final review resulted in several site alterations and additions
as part of Proposal 909-Full2 to accommodate alternate site
requirements for iceberg-prone waters. This version was sub-
sequently accepted by the Scientific Evaluation Panel and by
the Environmental Protection and Survey Panel of IODP.
The coverage of the three seismic data types (2D, 3D and
UHR) varies across the sites, and their availability restricts
which data can be used within the site-selection process (e.g.
Target I and II sites which are outside of 3D seismic cover-
age; Fig. 1 and Table 3). However, for all sites located within
the 3D seismic extent, these data and the geohazard assess-
ment were considered the principle data that either guided
the selection of new sites or were used to amend and confirm
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Table 3. A site information table for the active and abandoned sites of IODP Proposal 909. Seismo-stratigraphic units are from Gregersen
et al. (2013, 2017) and Knutz et al. (2015) and are shown in Fig. 2. The ticks indicate the seismic data coverage at each site, while the
red coloured ticks denote which data were used primarily for initial site selection. The result of the geohazard assessment column signifies
the impact the assessment had on that site and includes confirm (site approved after being initially selected on a form of 2D seismic data),
amended (site was moved to this location from an abandoned site), select (site was chosen as an initial location) and abandon (site was
deemed an unfit location). Abbreviations used include stratigraphy (Strat), sub-unit (su), primary (Prim), alternate (Alt), abandoned (Ab),
seabed (sb), metres below sea surface (mbss), metres below seafloor (mbsf), ultra-high-resolution (UHR), geohazard assessment (GHA),
lithology (lith) and total depth (TD). All site locations are shown in Fig. 1.

Strat. Site Sb. Depth Target Depth Seismic Data Coverage Result of
Target Targeted (MB-) Priority (mbss) (mbsf) | 2D | 3D | UHR l GHA | Notes
1 Mu-A 23A Prim. 1821 422 v - Primary due to reflection continuity
(su.9-11) 1C Alt. 1809 473 v v -
20A Alt. 1928 450 v v -
1B Ab. - - 4 4 - Ab. to avoid amplitude anomaly at TD
I Mu-A 2C Prim. 1957 522 v v -
(su. 8) 22A Alt. 1850 611 v v - Ab. considered due to lith. concerns
21A Ab. - - 4 - Ab. due to location on lower fan wedge
]] Mu-A 31A Prim. 531 282 v v v Confirm
(su. 6-8) 8A Alt. 503 370 4 v v Confirm
3B Alt. 497 375 v v v Confirm
v Mu-A 30A Prim. 618 303 v v v Confirm
(su. 4-6) 4C Alt. 628 305 v v Confirm
4B Ab. - - v v v Abandon  Ab. due to amendment to MB-30A
9A Ab. - - v v 4 Abandon  Ab. due to noisy seismic
' Mu-A 17A(1)  Prim. 655 224 v v v Select
(su. 1) 5B Alt. 704 520 v v v Confirm
and -B 13A Alt. 707 540 v Select
14A Alt. 663 510 v Select
Vi Mu-B 6D Prim. 614 561 v v v Amend Plan to drill before Target V
and -C 17A (2) Alt. 655 411 v v 4 Select Additional depth to Target V primary
15A Alt. 605 648 v Select
6C Ab. - - v v Abandon  Ab. due to potential gas anomalies
vil Mu-C y/:] Prim. 736 978 v v v Amend
and -D 16A Alt. 734 1089 v Select
11A Alt. 747 1200 v Select
12A Alt. 739 1186 v Select
10A Alt. 698 1288 v v Confirm
7A Ab. - - v v v Abandon  Ab. due to reasons in main text

the suitability of locations that were previously selected on
2D data (Table 3). This led to several sites being abandoned
(Figs. 1 and 3 and Table 3). In cases where the UHR seismic
data were used to select a new site (such as MB-17A or MB-
7B), the spatial analysis of drill targets and hazards from the
3D seismic reflection data were still the primary method used
for final site approval.

5.1 Targets | and Il

The deep water sites for Targets I and II (ca. 1950-1800 m
water depth) are located beyond the present-day shelf break
and aim to recover a paleoceanographic record of a Pleis-
tocene drift system associated with the MB-TMF (Fig. 1 and
Table 3). Target I represents mu-A subunits 9, 10 and 11, with
Target II comprising an expanded section of the stratigraph-
ically underlying subunit 8 (Fig. 2). These two sites were
initially selected using regional 2D seismic data, with the
majority having been subsequently refined by LAKO UHR
data, apart from site MB-23A, which was selected directly
on the LAKO UHR data. For the remaining sites, an assess-
ment for potential drilling hazards was conducted using the
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2D datasets (regional and UHR) which confirmed their suit-
ability, but as these sites exist outside of the 3D seismic cov-
erage, the full geohazard assessment could not be applied
during the site-selection process.

5.2 Targets Il and IV

Target III sites on the southern flank of the Melville Bay
Trough (ca. 500 m water depth) aim to recover potential
glacial and interglacial intervals expected to be of Early—
Middle Pleistocene age within top-set strata of the MB-TMF
that onlap onto glacial unconformities within mu-A sub-
units 6, 7 and 8 (Figs. 1, 2, and 11 and Table 3). Target IV
sites in the southern central part of the Melville Bay Trough
(MBT) (ca. 600 m water depth) focus on similar top-set strata
covering a stratigraphic interval of likely Early Pleistocene
age corresponding to mu-A subunits 3—6.

Three of the sites, including both primaries, have been se-
lected predominantly using the LAKO UHR seismic, with
the remaining two alternate sites using the regional 2D sur-
vey (Table 3). During this selection, potential hazards ob-
served in the 2D surveys, including amplitude anomalies,
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Figure 11. Targets III and IV. Seismic cross sections from the LAKO UHR survey that highlight the glacigenic stratigraphy of Targets III (a)
and IV (b) as well as the locations of potential fluid anomalies and sites MB-31A (primary), MB-8A, MB-30A (primary) and MB-4C
(alternate). The locations of both panels (a) and (b) are shown in Fig. 3, and uninterpreted versions are provided in Fig. S3.

were identified and avoided. All of the selected sites, how-
ever, exist within the 3D seismic coverage (Fig. 3) and there-
fore have been analysed as part of the geohazard assessment.
Each site location and the depth of the target seismic horizon
were assessed against each step of the geohazard assessment
workflow through the process of CRS map creation. In this
case, no site alterations were required, and all sites selected
existed within the green, low-risk zone (Fig. 10), avoiding all
identified hazards, for example the potential fluid anomalies
shown in Fig. 11, by an acceptable radius (usually > 500 m).

5.3 Targets V and VI

Target V and VI sites, located in the central MBT (ca. 600—
700 m water depth), aim to recover pre-glacial Neogene con-
tourite drifts of presumed Early Pliocene age (Figs. 2, 3 and
12) and a limited portion of the overlying prograding sed-
iments, which may reflect the earliest marine-based glacia-
tions in north-western Greenland (mu-A subunit 1).
Analysis of both the new LAKO UHR data and the geo-
hazard assessment from the 3D seismic reflection data led to
the selection of a new primary site (MB-17A) that compared
favourably to the originally proposed site (MB-5B). Site MB-
17A fulfils the Target V criteria whilst avoiding several po-
tential fluid anomalies and minimizes drilling through poten-
tially boulder-prone glacial debris flow sediments (Fig. 12d).
The new site also allows operational flexibility, providing an
alternate site for Target VI by sampling both Target V and VI
sediments (e.g. Option 1 and Option 2) (Fig. 12 and Table 3).
The recovery of the youngest drift sediments has been opti-
mized by targeting a sequence of evenly layered strata that
are located less than ~ 60 m below the seabed (Fig. 12a).
Target VI sites aim to recover the oldest stratigraphic sec-
tion of the Neogene contourite drift within mu-B. For Tar-
get VI, in combination with Target V, the overall strategy
is to obtain a composite, high-resolution record containing
the Early Pliocene warm phase to the Late Pliocene cooling
(Table 3). The main drilling target is an expanded section of
the wavy-mounded contourite drift that accumulated over an
underlying erosional unconformity (hz c1) (Figs. 2, 12 and
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13). Both the primary and alternate sites were picked directly
on the 3D seismic data using the geohazard assessment as a
guide. Primary site MB-6D is also covered by LAKO UHR
data which were used to confirm the site (Table 3).

Initially, the primary for Target VI was selected using re-
gional 2D data but was located in an area just beyond the
limit of the 3D seismic coverage (between the Anu and Pitu
surveys — Fig. 3). Therefore, it was decided to relocate the
site to within the 3D seismic extent to allow a more detailed
site analysis using the geohazard assessment (to MB-6C —
Fig. 13). The shallow gas detection analysis (Fig. 8) identi-
fied two bright spots at the edges of the mounded contourite
target package that may represent tuning effects between the
negative amplitude reflection at the target top and a short-
extent, possibly cross-cutting, positive amplitude event be-
neath it, but it could also (in a less likely worst case sce-
nario) represent pockets of gas-charged sand at the target top
(Fig. 13b and c¢). MB-6C, however, targeted the central part
of the mound that looked evenly stratified and free of bright
events (Fig. 13b), but after further considerations of the am-
plitude distributions and target dip, the site was moved to a
new position (MB-6D), where it would penetrate the poten-
tial gas-hosting sandy horizon further down dip. This was a
cautious effort to reduce the chance of encountering gases
that have migrated up dip (Fig. 13).

The geohazard assessment also highlighted a potential
fluid anomaly (bright spot) directly in the area where MB-
6D is located (~ 180 m to the N/NE) but ~ 50 m beneath the
base of the targeted drift package (Figs. 3 and 13). Due to
this feature, a conservatively shallow target depth was se-
lected that maintains a depth stand-off of ~ 80 m, minimizing
the chance of drilling too deep and reaching the underlying
anomaly (Figs. 12 and 13).

5.4 Target VI

Target VII sites are located in the inner central part of the
MBT (ca. 750 m water depth) within the area covered by the
Pitu 3D (and Pitu HR) seismic survey and comprise the deep-
est planned sites within the proposal (Fig. 1 and Table 3).
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Figure 12. Target V. (a) A seismic cross section from the LAKO UHR survey showing the location of primary site MB-17A. Both depth
options for this site are shown along with horizon interpretations (coloured) that were mapped throughout the area to allow the correlation
of target stratigraphy with the other sites. The section of seismic that represents panel (a”) is also shown, with panel (a’) displayed beneath,
next to panel (d), to show how both the seismic lines in panels (b) and (d) are connected to the seismic line of panel (a). (b) A LAKO UHR
seismic cross section displaying the stratigraphic correlation between sites MB-17A and MB-6D. (c¢) A seismic cross section from the Anu
survey shown for comparison between the two surveys. Fluid anomalies are shown and numbered and their appearance can be compared
with the associated anomalies displayed in the LAKO UHR survey in both panels (a) and (b). The location of panel (c) is also shown in
both panels (a) and (b). (d) A LAKO UHR seismic cross section displaying the stratigraphic correlation between sites MB-17A and MB-5B.
(e) A location map for the seismic lines used in panels (a), (b) and (d) that represents an enlarged section of Fig. 3 displaying the regional
bathymetry from Newton et al. (2017) as well as the location of seismic data and mapped seismic fluid anomalies (red). The locations of the
seismic anomalies that are highlighted and numbered in panel (c) are also shown. The location of panel (e) is shown in Fig. 3. Uninterpreted
versions of panels (a), (b) and (d) are provided in Fig. S2.

Target VII represents an apparently continuous Miocene suc- 2. The MB-7A location was within close proximity to a
cession (including a middle Miocene unconformity — hz d1) deep-seated fault that potentially could create pressure
that has been exhumed on the inner shelf (Figs. 3 and 14), communication between the shallow subsurface and a
down to the top of a sedimentary wedge of likely Oligocene deeper, anticlinal anomaly that may represent trapped
age (the target horizon) (Figs. 10 and 14a) (Gregersen et al., hydrocarbon fluids (Fig. 7).

2019, 2013). All of the Target VII sites have been selected
using the geohazard assessment (Fig. 10 and Table 3).

The previous primary site, MB-7A, had been selected on
the key transect of regional 2D seismic (Figs. 2 and 14).
However, the geohazard assessment, in combination with the
LAKO UHR seismic, identified a number of issues with the
original site location that were not identified using the re-
gional 2D seismic.

3. The seismic signal is locally disturbed around the MB-
7A site in both the 3D and LAKO UHR seismics
(Figs. 5a and 7). This is likely caused by an overly-
ing chaotic package of sediments directly beneath the
seabed, affecting the signal beneath and possibly con-
taining heterogeneities that would affect drilling, but
this may also suggest a higher sand content at the tar-
get interval.

1. Narrow, vertical sections of acoustic blanking were 4
identified in both the 3D and LAKO UHR seismics
that have been interpreted as possibly representing fluid-
flow pipes (cf. Cartwright et al., 2007) or gas streaking
(Fig. 14). Although site MB-7A did not intersect these
features, they were within close proximity (< 500 m).

. Potential thick mass transport deposit (MTD) sand
packages were identified in the lowermost section of the
MB-7A site, both beneath the highlighted target hori-
zon and onlapping onto it (Fig. 14). These sediments
would likely cause poor core recovery and could con-
tain high fluid pressures due to their structural dip and
proximity to the ridge flanks (Figs. 1 and 14). The top
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Figure 13. Target VI. (a) A minimum amplitude attribute extraction along a mapped horizon representing the top of the contourite mound
package that constitutes Target VI (horizon shown in panels b and ¢). The attribute extraction highlights bright amplitudes that may represent
either tuning or fluid anomalies. The spatial relationship between these bright anomalies and fluid anomalies extracted through the shallow
gas detection process (red dashed polygons) (displayed in Fig. 3) is highlighted. The Target VI site locations are shown as well as the
locations of panels (b) and (c). The location of panel (a) is shown in Fig. 6. (b) A seismic cross section from the Anu survey showing the
contourite mound that comprises Target VI. The occurrences of the potential fluid anomalies are also displayed along with the location of
abandoned site MB-6C. (¢) A seismic cross section from the Anu survey showing the location of the Target VI primary site MB-6D. The site
location is shown to penetrate the top mound horizon down dip from the potential fluid anomalies on the packages’ flanks.

of the MTD sand package was used as the target seis-
mic horizon within the geohazard assessment and the
site-selection strategy was to avoid drilling into these
sands, maintaining realistic maximum drill depths and
including as much of the overlying Miocene section as
possible (Figs. 10 and 14).

These issues led to site MB-7A being abandoned and re-
located to the new primary site MB-7B, which targets an
area of flat-lying strata within a 1-1.5km wide fault block
(with no fault intersections) that is bounded by a combination
of north-west—south-east trending deep-seated faults and the
polygonal fault system (Figs. 7, 10 and 14).

6 Discussion

A geohazard assessment is conducted prior to drilling in an
attempt to restrict unnecessary delays, reduce costs, avoid
poor data collection and, most importantly, reduce the like-
lihood of dangerous drilling events (Aird, 2010; Nadim and
Kvalstad, 2007). The assessment allows the selection of sites
that represent the lowest possible risk whilst also achieving
the scientific objectives. This requires a detailed spatial anal-
ysis of all potential risks and the consideration of additional
viable target areas, both regionally and stratigraphically (Sel-
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vage et al., 2012). For IODP Proposal 909, the sensitive en-
vironment associated with high-latitude continental shelves,
as well as the likelihood of hydrocarbon occurrences, made
a robust risk analysis increasingly important (Hasle et al.,
2009; Nadim and Kvalstad, 2007; Li et al., 2016). The geo-
hazard assessment was conducted in line with commercial
site safety analyses (Jensen and Cauquil, 2013) whilst fo-
cussing on hazards that commonly create risks to drilling
operations within both deep water continental margin set-
tings (hydrocarbon occurrences, gas hydrates, near-surface
faults, etc.; Aird, 2010; Jensen and Cauquil, 2013; Minshull
et al., 2020; Ruppelt and West, 2004) and glaciated margins
(glacial seabed features, problematic lithologies, indurated
horizons, etc.; Bennett et al., 2014; Newton et al., 2017).
The assessment identified a pervasive distribution of
hydrocarbon-related anomalies across the 3D seismic cov-
erage which exist within all levels of the post-rift stratigra-
phy (mu-D to -A) (Figs. 3 and 8-10). The majority of these
anomalies exist within the shallow subsurface (top 1 km of
sediment) and most likely represent pockets of trapped gas or
gas hydrates (Hilterman, 2001; Nanda, 2016). It was impera-
tive to identify and avoid the shallow fluid anomalies prior to
drilling as unexpected pressure kicks caused by low-density
hydrocarbons can often lead to shut-ins and site abandon-
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Figure 14. Target VIL. (a) A seismic cross section from the Pitu HR survey that displays the location of primary site MB-7B, the alternate
sites MB-16A, MB-12A and MB-11A and the abandoned site MB-7A. Regional seismic mega-unit interpretations are shown as well as the
target seismic horizon used to define the depth target used within the CRS map in Fig. 10 that represents the top of a potentially sandy MTD
package. (b) A seismic cross section from the LAKO UHR seismic that shows potentially hazardous seismic features near site MB-7A that
are also observed in the Pitu HR survey (shown in panel a) and ultimately led to the abandonment of that site. A projection of primary site
MB-7B is also shown penetrating a section containing continuous and horizontal seismic reflections. The locations of panels (a) and (b) are

shown in Fig. 3, and uninterpreted versions are provided in Fig. S3.

ment and, in a worst case scenario, can cause blow-outs to
occur (Holland, 1997; Prince, 1990). Gas hydrates, however,
can be drilled through successfully and have even been the
focus of several recent coring campaigns (Khabibullin et al.,
2011; Ruppel et al., 2008; Ruppel, 2018; Wei et al., 2019).
Though the hydrate deposits in this area are underlain by
a free gas column that is up to 50 m thick (Fig. 9) (Cox et
al., 2020b) and although overpressure beneath the hydrates is
unlikely (thought to be at hydrostatic pressure; Dickens and
Quinby-Hunt, 1994), the free gas content may create signifi-
cant buoyancy pressure which could be catastrophic if drilled
(Holland, 1997; Minshull et al., 2020). Therefore, all poten-
tial hydrocarbon fluid anomalies were classified as “maxi-
mum risk” and avoided as a priority (Fig. 10).

A dense network of both tectonic and polygonal faults
was also identified within the study area (Figs. 2, 7 and 10).
Avoiding fault intersections while drilling is important as
deep-seated near-surface tectonic faults can pass high fluid
pressures and hydrocarbons along the fault plane and, if not
controlled, can lead to a loss of borehole control (Fig. 7)
(Frydman et al., 2017; Jensen and Cauquil, 2013). Fault
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zones also have a much lower fracture gradient than non-
faulted zones, which may lead to sediments breaking up dur-
ing drilling and poor core recovery. Polygonal faults, how-
ever, are thought to be sealing under non-extreme pressure
conditions (caused by factors such as glacial loading) and ex-
ist within many effective petroleum system seals worldwide,
thereby negating the risk of fluid flow along the fault plane
(Cartwright, 2019). Still, densely polygonally faulted succes-
sions close to the seabed can hold significant fluid pressures,
although it is likely that the shallow fluid system here would
have been depressurized during repeated glacial loading and
unloading cycles (Fjeldskaar and Amantov, 2018; Goulty,
2008; Ostanin et al., 2017) that occurred from 2.7 Ma (Knutz
et al., 2019). Polygonally faulted clays with high smectite
content can be problematic, however, as they can cause drill
pipes to become stuck due to the clays swelling when in con-
tact with borehole fluids (Anderson et al., 2010).

Lithology variations were identified during the fine-tuning
of site locations in an attempt to avoid problematic litholo-
gies such as glacial debris flow deposits which may con-
tain boulders (potentially damaging coring equipment), hard
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indurated horizons or mass transport deposits which af-
fect the continuous chronostratigraphic nature of successions
due to sediment re-deposition (Bennett et al., 2014; Jensen
and Cauquil, 2013). An attempt was also made to avoid
sandy horizons that were identified through certain acoustic
impedance contrasts (often semi-bright, negative amplitude
events denote a top sand horizon) or through a chaotic seis-
mic facies (e.g. Fig. 14). These uncompacted horizons would
likely cause poor core recovery, possibly exacerbated by high
fluid pressures within the sands which would further pro-
mote sediment collapse (shallow water flow) (Ruppelt and
West, 2004). Uncompacted coarse sand could even lead to
the coring equipment getting stuck, such as was experienced
on ODP Leg 174A (Austin et al., 1998).

Once a potential hazard was identified, the primary con-
cern was to eliminate any drilling through or near to the po-
tential hazard, more so than to unravel the detailed nature of
the feature observed. However, the detailed results provided
by the geohazard assessment coupled with a desire to under-
stand the complex geological and fluid migration history of
the area allowed a closer assessment of the identified hazards,
with the most notable conclusions being discussed below.

Firstly, the varying seismic character of the identified fluid
anomalies (Figs. 3 and 8) along with their relationship with
stratigraphic and structural elements (Fig. 15) suggests var-
ious styles of trapping mechanisms along with a complex
fluid migration history (Figs. 2, 8, 9 and 15) (Cox et al.,
2020b). The distribution of fluid anomalies shows a concen-
tration above the Melville Bay Ridge, suggesting that this
positive relief feature focussed the upward migration of hy-
drocarbons in this area (Figs. 2, 3 and 15). This conclu-
sion is further evidenced by the discovery of an extensive,
likely gas-charged, Eocene-aged reservoir on the crest of the
ridge (Figs. 8 and 15) (Cox et al., 2020a). Cretaceous source
rocks are expected to exist within the buried syn-rift stratigra-
phy of the Melville Bay Graben and Kivioq Basin (Bojesen-
Koefoed, 2011; Gregersen et al., 2019; Planke et al., 2009),
which onlap onto the ridge high, thus providing the poten-
tial for hydrocarbon migration along sandy carrier beds or
fault planes either up towards the ridge crest (charging the
Eocene reservoir) or into the shallower post-rift stratigra-
phy (Figs. 2 and 15). Furthermore, the stratigraphy directly
above the Eocene reservoir displays evidence for gas leak-
age, which is likely linked to the onset of multiple cycles of
glacial loading and unloading of the crust and the mass redis-
tribution of sediment associated with the development of the
MB-TMF (Cox et al., 2020a, b; Knutz et al., 2019; Newton et
al., 2017). These processes likely caused episodic variations
in subsurface conditions and structural tilt that may have pro-
moted pulses of fluid leakage (Figs. 1, 2 and 15) (Fjeldskaar
and Amantov, 2018).

These processes also contributed to the concentration of
hydrocarbons within the stratigraphy directly overlying the
Melville Bay Ridge, causing the majority of this zone to be
unsuitable for scientific drilling (Fig. 3). Moreover, expected
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fluid migration pathways from the deep basins and leakage
from the Eocene reservoir are likely connected to the pres-
ence of gas hydrates, again within areas directly overlying
the Melville Bay Ridge (Figs. 2, 3, 9 and 15). It is likely
that the hydrate-forming fluids followed similar migration
pathways to that of the identified gas anomalies, with free
gas anomalies observed trapped at the base of the GHSZ
at the present day, suggesting continued hydrocarbon migra-
tion and post-hydrate formation (Figs. 9 and 15) (Cox et al.,
2020b). A portion of these fluids is possibly sourced from
the leaking Eocene reservoir, but the presence of free gas
anomalies within regional sandy horizons suggests that up-
ward migration of these fluids may have occurred away from
the ridge before entering these horizons and migrating lat-
erally up dip into areas uplifted above the ridge structure
(Figs. 9 and 15). Numerous fluid anomalies also exist in areas
away from the ridge (Fig. 3), suggesting a more complex re-
gional migration history which is likely characterized by the
trapping and subsequent remigration of fluids in areas above
the deeper basins (Cox et al., 2020b; Grecula et al., 2018).
In addition, biogenic gas production, possibly from organic
horizons within the contourite succession (mu-B and -C),
may represent the source of gas observed within glacigenic
progradational sands (mu-A) (Figs. 3 and 9b) (Muller et al.,
2018; Rebesco et al., 2014). Anomalies away from the ridge,
however, are more sporadic, and there are no identified gas
hydrates or deeper gas reservoirs within the section investi-
gated (Fig. 15).

Although not part of the principle task of identifying geo-
hazards to minimize risk, the conclusions drawn from the
more detailed assessment of the nature of the geohazard
features identified provided a greater understanding of fluid
distribution and an enhanced prediction of what identified
seismic features may represent. This knowledge ultimately
informed the assessment of risk and actively affected site-
selection decisions and stratigraphic target amendments by
avoiding areas characterized as representing focussed path-
ways for historical fluid migration (Fig. 15).

6.1 Influence on IODP Proposal 909

On the north-western Greenland continental margin, the geo-
hazard assessment workflow was used to identify and docu-
ment a wide range of potential drilling risks (Figs. 3, 5-10,
and 15), which were considered on par with the scientific
objectives and expedition logistics (number of drilling days
available) when defining the final site localities. This pro-
cess led to an efficient and informed selection of the primary
and alternate sites, and the added detail and understanding
provided through the assessment positively influenced the
progression of the proposal through several stages of review
and was integral to its success when considering its location
within such a challenging region.

The influence of the assessment on minimizing risk is
highlighted through a re-assessment of several original sites
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Figure 15. A schematic summary of the structure, stratigraphy, geohazards, and fluid flow history that has been analysed and used within
the process of site selection for IODP Proposal 909. Key features related to the elements of the geohazard assessment workflow are shown,
including the location of hydrocarbon fluids, sandy lithologies, faults, and the potential source rock horizons and possible fluid migration
pathways. The surrounding thumbnails show how these features were analysed and considered within the geohazard assessment workflow.
Highlighting the distribution of these features across the schematic aims to provide context on how these features fit together and interact
within the subsurface. The understanding of this system, along with the distribution of potential geohazards, was crucial in the identification

of viable stratigraphic targets and safe drill sites.

that were selected using regional 2D seismic data against the
spatial distribution of geohazards identified through the 3D
seismic assessment (Figs. 3, 7, 10, and 13-15 and Table 3).
An attempt was already made to avoid potential drilling risks
when selecting sites on the 2D data, but the restricted spatial
coverage and lower seismic resolution led to a number of fea-
tures remaining unseen in the 2D assessment, such as close-
proximity out-of-plane fluid anomalies and faults (Figs. 3
and 7) or variations in seismic character suggesting sandy
lithologies (Figs. 12 and 14). These types of geohazards were
identified through the 3D assessment (and augmented by the
LAKO UHR survey), leading to the alteration of these orig-
inal sites to new and likely safer locations (Figs. 12—14 and
Table 3). These alterations highlight the benefit of using 3D
seismic analysis to identify safer areas outside of the 2D
seismic lines whilst achieving the same or more optimal tar-
get parameters. Most importantly, the geohazard analysis en-
abled refined site selection within the Target VII area, which
would have likely been abandoned if only covered by 2D
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seismic due to the deep drilling target, shallow gas distri-
bution and a dense polygonal fault network, coupled with
deeper faults and deeper gas sands (Figs. 2, 7, 10, 14 and
15).

The results of the 3D geohazard assessment workflow
(along with the location of the regional 2D seismic) also sig-
nificantly influenced the acquisition plan for the 2D UHR
seismic survey. This survey was acquired in 2019 to com-
plement the 3D assessment by providing a higher-resolution
image of the top ~ 500 ms below the seabed (Figs. 3, 11,
12, 14 and Table 2). These additional data both confirmed
features observed on 3D seismic data and highlighted ad-
ditional, more subtle features (such as potential lithology
changes) which prompted several site amendments. Impor-
tantly, tailoring the acquisition using the 3D assessment re-
sults allowed the UHR survey to be focussed over areas that
contained either the selected sites (to confirm location), more
complex geology or a concentration of geohazards and also
for target areas outside of the existing 3D seismic coverage
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(Targets I and IT — Fig. 1). This allowed a more efficient in-
tegration of the two data types whilst minimizing acquisition
within unnecessary areas, saving valuable expedition time.

6.2 Benefits to future projects

The geohazard assessment workflow provides a blueprint
that maintains the high level of safety assessment associ-
ated with IODP drilling by incorporating modern 3D seismic
data manipulation and interpretation techniques to take full
advantage of the available data (e.g. Heggland et al., 1996;
Sharp and Samuel, 2004; Sharp and Badalini, 2013) (Fig. 5
and Table 1). This helps improve both safety and the chance
of success of future scientific drilling. Improved 3D seismic
acquisition and processing workflows have led to significant
improvements in 3D resolution and a reduced reliance on
dedicated site surveys (Games and Self, 2017; Oukili et al.,
2019). Comparison of the 3D seismic volumes as pseudo site
surveys within Proposal 909, against the recently acquired
2D UHR site survey lines, shows that the quality and reso-
lution of imaging are mostly consistent across the two data
types, confirming its suitability (comparison in Figs. 12 and
14 and Table 2). The main differences observed included sub-
tle seismic variations, possibly due to lithology differences
noted on the UHR seismic, as well as some additional bright-
ening observed in the Anu 3D survey, possibly caused by tun-
ing effects from thin beds that are thicker than the resolution
threshold on the UHR seismic and therefore do not display
as brightly (seismic survey vertical resolution shown in Ta-
ble 2 and Fig. 12b and c; Francis, 2015; Marzec and Pietsch,
2012). The 3D seismic volumes also meet the minimum ac-
ceptability criteria set out by the International Association of
Oil & Gas Producers (IOGP) for using exploration 3D seis-
mic data for site survey studies (Jensen and Cauquil, 2013).

Still, many projects never gain access to 3D seismic data,
but the techniques defined within the workflow are still appli-
cable in the 2D sense, especially when using high-resolution
and closely spaced 2D site survey data instead. Therefore, the
seismic interpretation techniques presented could help max-
imize the use of available data whilst increasing interpreta-
tion quality and efficiency for a wide range of future projects
(Selvage et al., 2012; Smith et al., 2019). These methods in-
clude using amplitude extraction windows to quickly iden-
tify potential fluid anomalies (Fig. 8), using pseudo BSR sur-
faces created using the BSR—seabed relationship to expand
and guide BSR interpretations (Fig. 9) or using stratigraphic
depth target zones within CRS maps to collate all identified
hazards while focussing site selection within an appropriate,
low-risk area (Figs. 10 and 14).

The workflow also outlines how the increasing availabil-
ity of seismic data through a project’s progression can be
combined to further assess potential geohazards and pro-
vide increased confidence in the chosen sites (Fig. 5). Im-
portantly, the workflow addresses the key hazards that are
likely considered within all site-selection safety assessments
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(Figs. 5 and 15), though the list is not fully exhaustive and
several other geohazards or geophysical techniques could be
included dependent on context and whether additional data
are available. Additional datasets could include acoustic or
elastic impedance volumes and derivative rock property esti-
mations (e.g. Dutta, 2002; Huuse and Feary, 2005), “fluid”
volumes, electromagnetic-derived resistivity volumes (e.g.
Weitemeyer et al., 2006), angle stacks for use in amplitude
versus offset/angle (AVO/AVA) studies (Castagna and Swan,
1997), etc.

Examples of additional or modified techniques include us-
ing stratigraphical (instead of proportional) attribute extrac-
tion windows to follow reflection dip and remove interfer-
ence from bright amplitude regional reflections and also pre-
dicting the BSR depth from the water depth in areas con-
ducive to gas hydrate formation but where no obvious BSR
is observed (Field and Kvenvolden, 1985; Kvenvolden et al.,
1993; Gehrmann et al., 2009). Alterations to selected cut-offs
(such as seabed dip and amplitude filters; Figs. 6 and 8) and
other parameters used to define the site location (such as the
minimum radius to the nearest hazard) within the geohazard
assessment workflow can also be made. If required, this may
even include expanding the area where a specific site can be
drilled, as seen used in regions even more prone to sea ice and
icebergs, such as for IODP Exp. 379 (Amundsen Sea) (Gohl
et al., 2019), where the safety radius (in this case along the
2D seismic line) defined around each site locality as being
free of hazards was used as a zone of which last minute bore-
hole adjustments could be made in response to the predicted
ice trajectory.

The Gohl et al. (2019) study provides an example in which
the subsurface- or geohazard-related requirements of a par-
ticular location would have influenced the techniques and
processes considered within the workflow presented here.
Other location-specific requirements include areas contain-
ing deep and active fault zones (e.g. the Nankai Trough,
Japan) or hydrocarbon fluid venting and extensive gas hy-
drate deposits (e.g. the Cascadia Margin, offshore Oregon,
USA). Drilling safely within such locations with specific
geohazard requirements may only be possible when 3D seis-
mic data are available for the assessment of geohazards and
drill site selection. This is why IODP legs targeting such ar-
eas (Legs 322 and 311; Table 1) have been supported by ded-
icated, research council funded, 3D seismic acquisition and
processing (Bangs et al., 2009; Scherwath et al., 2006). This
again demonstrates the importance of 3D seismic data anal-
ysis for the future of scientific drilling.

7 Conclusions
IODP Proposal 909 aims to drill a transect of seven sites
across the north-western Greenland continental margin that

represents an area that is both a frontier petroleum province
and a glaciated margin. A geohazard assessment was con-
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ducted that was optimized by the use of high-resolution 3D
seismic data to accurately extract, document, and spatially
analyse potential geohazard evidence and select drill sites
that represent the lowest risk possible whilst meeting the sci-
entific objectives in terms of realistic drill depths, section
age, completeness, and thickness. The workflow undertaken
for this assessment used 3D seismic analytical techniques to
identify geohazards such as seabed features, fluid anomalies,
faults, and certain lithologies. The mapped geohazards were
combined to create common risk segment maps for each of
the primary site groups, using a restricted (green) zone de-
fined by the depth to the stratigraphic target to focus site se-
lection. This process led to the alteration or abandonment of
several sites that were originally sited on regional 2D seis-
mic data to more optimal locations within the 3D seismic
coverage. The workflow and results were also used to tailor
the acquisition of an ultra-high-resolution site survey which
optimized acquisition and overall expedition planning. This
survey was then used in combination with 3D seismic to ver-
ify site locations and identify more subtle shallow features
such as potential lithology changes. Ultimately, the full geo-
hazard assessment workflow was used to support 7 primary
and 15 alternate sites for the scientific drilling proposal.

The detailed, accurate and comprehensive results provided
by the 3D geohazard assessment, as well as its influence on
the success of IODP Proposal 909, highlight the importance
and benefit of maximizing the use of all available data dur-
ing the planning of a drilling campaign within a challenging
environment. With both past and future IODP campaigns tar-
geting areas such as frontier petroleum provinces or glaciated
margins whilst having access to 3D seismic data, the de-
tailed consideration of geohazards outlined by this workflow
provides a template for future projects. Incorporation of 3D
seismic data analysis into site selection and hazard evalua-
tion will help allow a more comprehensive safety assessment
that could enable scientific drilling in areas otherwise con-
sidered too risky whilst maintaining the high safety standards
required by the IODP.

Data availability. All seismic data that support the findings of
this study are publicly available by request from the Greenland
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(http://greenpetrodata.gl, last access: 27 October 2020). The authors
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Abstract. The record of past environmental conditions and changes archived in lacustrine sediments serves as
an important element in paleoenvironmental and climate research. A main barrier in accessing these archives
is the undisturbed recovery of long cores from deep lakes. In this study, we have developed and tested a new,
environmentally friendly coring tool and modular barge, centered around a down-the-hole hydraulic hammering
of an advanced piston coring system, called the Hipercorig. Test beds for the evaluation of the performance of the
system were two periglacial lakes, Mondsee and Constance, located on the northern edge of the Alpine chain.
These lakes are notoriously difficult to sample beyond ~ 10 m sediment depths due to dense glacial deposits
obstructing deeper coring. Both lakes resemble many global lake systems with hard and coarse layers at depth,
so the gained experience using this novel technology can be applied to other lacustrine or even marine basins.
These two experimental drilling projects resulted in up to 63 m coring depth and successful coring operations
in up to 204 m water depth, providing high-quality, continuous cores with 87 % recovery. Initial core description
and scanning of the 63 m long core from Mondsee and two 20 and 24 m long cores from Lake Constance provided
novel insights beyond the onset of deglaciation of the northern Alpine foreland dating back to ~ 18 400 cal BP.

and beyond (Brigham-Grette et al., 2013). However, the iden-
tification of lacustrine strata bearing highly resolved time se-

Many lakes have been identified as outstanding recorders of
local, regional, and sometimes even global climate and envi-
ronment in high resolution and with long-lasting continuity
over several glacial—-interglacial cycles. These archives cover
major parts of the Quaternary (Litt and Anselmetti, 2014;
Johnson et., 2016; Wagner et al., 2019; Melles et al., 2012)

ries requires studies that show high-quality proxy data and, at
the same time, radiometric dating possibilities. Such inves-
tigations are usually performed on cores (~ 10-15m long)
that can be recovered using inexpensive gravity or piston
coring devices. In order to access sediment archives with a
long geological history, as a first step, hydro-acoustic data
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(bathymetric and seismic data) need to be acquired to eluci-
date if such promising strata continue to greater depth. The
second step is to plan and conduct coring to depths of at
least several decameters. This requires, in most cases, drilling
operations conducted with the help of commercial contrac-
tors to ensure the achievement of sediment depths beyond
20 m. Because costs for coring deep, continuous, and undis-
turbed strata from large lakes require budgets in the range
of USD 1 million, well-developed project proposals often in-
volve complex, lengthy international funding efforts before
they can be realized.

Our approach to addressing the lack of easily available
coring techniques to recover up to 100 m long sediment cores
was twofold, as follows:

— Design, construct and field-test a novel, high-quality
soft sediment coring system that allows penetration be-
yond today’s hand-driven piston corers, while remain-
ing, economically, well below industry coring opera-
tions.

— Test the new coring system on two lakes in which sedi-
ments are known to resist standard coring attempts that
are hitherto unexplored but bear high scientific poten-
tial.

We have chosen Mondsee in Austria and the transbound-
ary Lake Constance in Austria, Germany, and Switzerland
(Fig. 1) as test beds because previous attempts to core deeper
than 14 m in both basins failed. At the same time, the previ-
ously recovered Holocene clay-rich lake deposits include a
wealth of data on the environmental, climate, and hydrologic
evolution of these perialpine basins (see e.g., Wessels et al.,
1999; Schwalb et al., 2013; Daxer et al., 2018 and references
therein; Blattmann et al., 2020).

This study provides insights into the technique of the new
coring system named Hipercorig (derived from “high percus-
sion coring rig”) and its deployment on the test lakes. The
core material recovered from 63 m depth in Mondsee and at
204 m water depth in Lake Constance is described, and the
first analytical results are discussed.

2 Key components and functions of Hipercorig

Hipercorig consists of a highly mobile modular barge sys-
tem, a coring rig, a hydraulic piston coring device, steel
casings, lake bottom ground plate and winches, ropes, and
other auxiliary equipment (Fig. 2) that can all be packed
and shipped in four 20ft (6 m) standard shipping contain-
ers. The platform is 6.3 x 8 m in size, comprising 14 floating
tanks of aluminum of 2, 3, or 4m x 1 x 1 m dimension. A
moon pool (2 x 2m) in the center ensures centralized lower-
ing of all underwater equipment via the drill rig. The barge
is self-propelled by two outboard engines up to a speed of
9kmh~! and accompanied by two outboard-engine-driven
rubber boats, also stored in the containers. The barge has a
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draft of 30 to 40 cm, and its freeboard can be adjusted using
four blow ballast tanks, depending on needs for speedier taxi
or wave action dampening on-site.

At coring position, the four Bruce-type anchors are each
set on 700 m of Kevlar rope and placed outwards from the
barge to keep station. Precise stationing and readjustment
perpendicular to the drill site are achieved with four hy-
draulic anchor winches. Coring operations are prepared by
lowering a 4 m high ground plate through the moon pool with
four winged basal plates to the bottom of the lake (Fig. 3).
It is applied to ensure a vertical angle of the coring equip-
ment to the lake bottom. Entry for the casing pipe is pro-
vided through a 1.3 x 1.3 m reentry cone mounted on top of
the base plate.

Hoisting and mounting of the ground plate and all un-
derwater equipment is done using a 7 m high coring rig. A
46 kW gasoline engine drives, through a hydraulic aggregate,
all winches and motors, including the four anchor winches
and winches for the ground plate, casing, coring unit, hy-
draulic hose, and data cable, with biodegradable oil. In the
following step, 2 m long pipe sections, together forming an
up to 100 m long casing, are connected with a pipe spinner
rotary unit and are finally topped by an upper reentry cone.
This casing pipe setup is lowered to the ground plate through
the reentry cone in the right position.

Coring preparation starts on the drilling platform by as-
sembling the core barrel unit, hammer unit, and heavy-
weight pipes, i.e., the innovative centerpiece of Hipercorig.
It is a combination of a hydraulic down-the-hole (DTH)
hammer with a proven piston coring system. The princi-
ples of the piston corer are described, e.g., in Gallmetzer
et al. (2016) and references therein. The water-driven DTH
hammer (e.g., Wassara W 50 hammer, with up to 170 bar
and about 100 L water min~! consumption), developed orig-
inally for deep drilling or mining, is connected to the pis-
ton corer with a special adaptor. The key advantage of such
a DTH hammer is that the force is transferred to the corer
directly, without dampening the effects of the drill pipe con-
nectors when using uphole percussion. Furthermore, by us-
ing the lake water instead of oil as hydraulic fluid to drive the
hammer, oil spills are excluded, and hazard-free operations
in fragile lake ecosystems are possible.

The 2m long coring barrel is tipped by a stainless-steel
piston at the lower end (Fig. 4a) and harbors a 90 mm diame-
ter and 2 m long plastic core liner to ensure high-quality cor-
ing success. The DTH hammer (Fig. 4b) and heavy-weight
rods (2m, 300 kg) on top ensure that the required weight for
percussion momentum is sufficient and directed downwards
(Fig. 4c). A high-pressure water pump controls the latter,
with flow rates of maximum 120 L min~! and up to 200 bar
operating pressure through a reeled hydraulic hose. This hy-
draulic hose transfers water and hydraulic energy down the
hole and is led in parallel to the Kevlar ropes holding the
coring unit and allowing additional axial pull forces.
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Figure 1. Digital elevation model of the Alpine chain in central Europe based on Shuttle Radar Topography Mission (SRTM) 1 arcsec
imagery (30 m; USGS Explorer) with borders as solid black lines and all major lakes in blue. Insets show lakes Constance (Wessels et al.,
2015; bathymetry and offshore lidar) and Mondsee, with bathymetric information (data from Mondsee bathymetry courtesy of Immo Trinks,
Ludwig Boltzmann Institute for Archaeological Prospection and Virtual Archaeology, Vienna) superimposed using Universal Transverse
Mercator (UTM) coordinates. The inset maps combine elevation data with topographic maps (orthographic aerial and satellite imagery from

Bing Maps, © Microsoft Corporation).

Once the piston coring unit, DTH hammer, and heavy-
weights are assembled, they are lowered through the moon
pool down into the upper reentry cone (1 x 1 m) on top of
the casing pipe that sits on the ground plate. This rigging
is controlled online, using two underwater cameras mounted
to the ground plate. Coring starts when the piston at the end
of the core barrel hits the sediment surface. Within the upper-
most few meters, the power of its own weight presses the core
barrel into the sediment, while further down the hammer pro-
duces impulses up to 70 Hz. This drives the corer and spills
pumped water out of the core cutter crown to reduce friction
between the sediment and core barrel. After 1.85 m, the pis-
ton reaches the top of the core barrel where the plastic liner
sits. At this position, the piston is locked, and the hydraulic
pressure in the system activates the core catcher and closes
the liner at the end of the core barrel. The sediment-infilled
coring unit is then winched up to the platform, the core is re-
trieved and the unit is cleaned for the next run (Fig. 5). After
each core trip, the outer casing pipe sinks down deeper, ei-
ther due to its own weight or by being pushed or hammered
to the depth of the previous core run once compacted sedi-
ment is reached. If borehole instabilities occur and sediment
narrows the borehole to cause stuck casing pipes, water jet-
ting through the holes in the lowered piston can be activated
to flush the casing pipe of blocking sediment. In addition, a
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closed piston system was fabricated and tested at Mondsee
to be used once the borehole walls remain steady, and stabi-
lizing casing is not needed anymore.

An operating staff for coring and initial core handling of
at least four persons are required to run Hipercorig in coring
mode. The assembly or dismantling onshore requires 5d of
work, also for a crew of four to five.

3 Test sites, operations, and methodology

3.1 Mondsee

Mondsee is a glaciogenic perialpine lake. Its uppermost sed-
imentary infill has previously been studied for paleoclimate,
paleolimnology, and paleoecology since the Bglling—Allergd
interstadial ~ 14 ka, as covered by several, up to 14 m long,
sediment cores retrieved from the deepest part of the lake at
~ 60 m water depth (Schultze and Niederreiter, 1990; Lauter-
bach et al., 2011; Swierczynski et al., 2013; Namiotko et al.,
2015; Andersen et al., 2017; Daxer et al., 2018). Reflection
seismic data, however, imaged a well-stratified, undisturbed
postglacial sedimentary sequence of at least 60 m thickness
(Fig. 6; Daxer et al., 2018) deposited within a rather short
time period of ~4-5000 years after the Traun glacier had
retreated from the Mondsee area at about 19 ka (Ivy-Ochs et
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Figure 2. Hipercorig on Lake Constance during coring operations
in 2019 (a). Video stills from research vessel (R/V) Kormoran re-
motely operated vehicle (ROV) showing the entry of coring assem-
bly in the upper reentry cone (b). The reentry cone with hydraulic
hose (green) after the coring assembly was lowered into the hole (c).

al., 2008; Reitner, 2011). This scientific setting thus provided
an ideal local test site; moreover, the nearby location of the
manufacturer’s workshops (Uwitec GmbH) in Mondsee vil-
lage, Austria, eased logistics.

Design, building, assembly, and acquisition of parts of
the Hipercorig system were conducted in 2016 and 2017,
while component assembly was performed during fall of
2017. A first test of the complete system was conducted from
16 April to 1 October 2018 near the previous long coring site,
by Daxer et al. (2018) at 60 m water depth (47°40'565" N,
9°17'12682" E), where reflection seismic data show clear
coring targets up to 60 m below the lake floor (b.Lf.; Fig. 6a).
The assembly of all parts, including the barge with all equip-
ment, was performed within 6 d. On 27 April, the test drive
for the nautical certificate (known as the “Schifffahrtstech-
nisches Gutachten”) was achieved successfully.

After anchoring and site set up, a first adaptation of the
coring process and platform layout was necessary. While it
was originally planned to use the casing pipes with a reentry
cone for the coring device on top, it turned out that it was pos-
sible to connect the casing pipes directly from the lake bot-
tom to the platform without a reentry funnel in water depths
below 60 m. With this adaptation, the ground plate was as-
sembled, lowered to the lake floor, and connected with the
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Figure 3. Scheme of Hipercorig key elements, with the ground
plate set and coring assembly lowered half-way (a). [llustration of
coring operations with the coring assembly placed in the hole (b,
the corer hammered into sediment (c¢), and the extraction of coring
assembly, including the new core, to the platform while the casing
remains in place (d).

casing and core barrel unit by Kevlar ropes to the platform.
As the cameras, tilt sensors, and remote control of the casing
brackets worked perfectly, sediment coring began on 9 May
2018. Because of its own weight, the casing pipe sank to the
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Figure 4. Casing, core barrel, and inner liner before setup (a). Coring assembly lowered into the lake with the connection of the core barrel
with the DTH hammer atop the rotary unit (b). Heavyweight rods above the hammer unit hold the rotary unit in place through a makeup

plate (c).

(b) (©)

Figure 5. Opening of the coring barrel showing a 1.85m long,
sediment-filled plastic liner (gray) and core catcher (white) (a). The
piston in the core-filled upper end of the liner (b). The piston after
core retrieval, with sandy sediment from Lake Constance (c).

depth reached after each core retrieval up to 10 mb.Lf. Con-
sequently, hole reaming after every 2 m core section was not
necessary. At a depth of 26 mb.Lf., operations were halted
to solve constructional issues including wear-free seals and
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a new twist-proof construction of the entire DTH. In addi-
tion, dismantling of the entire 86 m (26 m sediment depth
plus 60 m water depth) casing pipe was needed to control
the crown seal.

During the operational pause, the platform moved slightly
away from the ground plate due to wave action, so it was not
possible to reenter into the ground plate. In order to avoid
such shifts during future operations, a best practice was de-
veloped to correct the position with the anchor winches, us-
ing the inclination sensors. From late June 2018 on, coring
commenced from a minimally offset position (Hole B) from
20 to 30 m depth after displacing the upper 20 m in noncoring
mode. Coring in Hole B was continued from 28 mb.1.f., us-
ing a manual 70 kg in-hole hammer. However, it took 2 h and
4000 strokes to reach 30 mb.1.f., and 4 t traction was needed
to pull out the coring assembly while the casing could nei-
ther be progressed nor retrieved. Consequently, it was nec-
essary to invent a new method to continue coring without
a casing pipe. For this purpose, the end piece of the coring
chamber was modified so that the piston was hydraulically
locked, using a valve, until the core filled the chamber and
locking could be released. This modification allowed us to
reach 52 mb.Lf. coring depth in Hole B (termed section C in
Fig. 7). Further tests with different diameter coring (63 and
90 mm) below 52 mb.Lf. coring depth (termed section D) in
Hole B were conducted in September 2018 to finally reach a
63 mb.1.f. total coring depth.

The cores retrieved were sealed with end caps in 2 m long
clear plastic liners and marked onboard before being stored
at an ambient temperature at Uwitec Mondsee and then trans-
ported to the Austrian Core Facility (ACF) at the University
of Innsbruck for curation and further analysis. Overall core
recovery, as calculated from the effective length of sediment-
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Figure 7. Core recovery (a) and physical property data by multisensor core logger (MSCL) (b) data for the composite cores from lakes

Mondsee (above) and Constance (below).

filled core liners compared to the actual penetration advance
of the bit (Fig. 7), ranged between 82 % and 78 % for Hole A
and B, respectively. Apart from the coring intervals with
technical challenges as described above, where core recov-
ery dropped to 50 %, most coring advances achieved nearly
90 % of core recovery. This slightly reduced recovery is due
to a systematic loss of core of about 15 cm in the core catcher
at the bottom of each run.

At the ACF, cores were further cut into 1 m sections and
measured for physical properties (bulk density, P-wave ve-
locity, and magnetic susceptibility) at 0.5 cm resolution, us-
ing a Geotek Ltd. multisensor core logger (MSCL). Selected
core sections representing different lithofacies, as interpreted
from MSCL data (see Sect. 4.1), were split, line-scan pho-
tographed and described, and sediment from the lowermost
core section, between 62.0 and 62.8 mb.l.f., was sieved to
sample terrestrial leaf fragments and cuticles of macrore-
mains for accelerator mass spectrometry (AMS) 4C analy-
sis at the Ion Beam Physics Laboratory of ETH Ziirich (ages
presented here were calibrated using the IntCal20 calibration
curve; Reimer et al., 2020). Furthermore, and for assessing
core quality and lithology in 3D, selected core segments were
also scanned for X-ray computed tomography (CT), using a
Siemens SOMATOM Definition AS at the Medical Univer-
sity of Innsbruck, with a voxel size of 0.2 x 0.2 x 0.3 mm°.
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Unopened core sections remain stored at 4 °C at the ACF and
are awaiting further scientific analyses.

3.2 Lake Constance

The lacustrine infill of Lake Constance carries distinctive
paleoenvironmental signals (Wessels, 1998; Schwalb et al.,
2013) which, so far, could only be recovered from the up-
per ~ 11 m thick sediments, although more than ~ 100 m in-
fill has been interpreted from seismic data (Miiller and Gees,
1968). New surveys indicate up to 250 m of Quaternary sed-
iments (Fabbri et al., 2018). The well-defined and horizon-
tally bedded lacustrine sediments of the upper tenth of the
meters drilled were thought to be most likely Holocene de-
posits that overlay the deeper undisturbed Late Glacial sed-
iments. In order to shed new light on the lake as a paleoen-
vironmental archive and to test Hipercorig in deep lake wa-
ters, a second Hipercorig test drilling campaign took place
from May to July 2019 at Lake Constance. Site selection was
based on a new reflection seismic profiling campaign from
2017, with a focus on the up to 250 m deep central part of
the lake (Fabbri et al., 2018, Fig. 6b). A site located ~ 2 km
southwest of Hagnau, Germany (Fig. 6b), was selected based
on seismically undisturbed and at least 100 m deep strata in
204 m water depth that is away from the ferry routes and un-
derwater cables but close to a harbor.
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The coring campaign began on 13 May 2019 with the
setup of Hipercorig in Langenargen harbor, 20 km east of
Hagnau. The platform was taxied on 22 May, after a weather
delay, to the preselected position for the dropping of the four
anchors (Fig. 6). The platform was winched precisely on-site,
and the ground plate was lowered to the lake floor in 204 m
water depth. The casing was connected on the next day but
sank without control due to a failure of the casing winch;
it hit the ground plate and damaged the reentry cone. Using
an ROV deployment with research vessel (R/V) Kormoran
of the Institut fiir Seenforschung on 28 May 2019, the dam-
age was inspected via video and the ground plate recovered.
On 5 June 2019, the ground plate was replaced with a re-
paired reentry cone before new casings were assembled and
set so that coring Hole A could begin. The first five core runs
to 10 m depth were piloted smoothly through clay-rich sed-
iments. Below a depth of ~ 10mb.1.f., sandy intercalations
prevailed, requiring disassembling of the coring system for
cleaning after each coring run. Additionally, sand intrusions
in the lowermost part of the hole choked the casing pipe.
After each core recovery, a cleaning run was necessary to
reach the depth of the previous core. On 13 June, a depth of
24 mb.1.f. was reached, with a total recovery of 80 % (Fig. 7),
when the coring unit became stuck within the casing pipe due
to sand accumulations in the annulus. In order to avoid future
wedged coring devices in the casing, a reverse-circulation
mode for the water outflowing from the hammer was built
during an operational break. It flushes sediment out of the
annulus between the casing and coring assembly. During the
break, a thunderstorm with > 100kmh™! gusts slackened
one of the anchors, displaced the platform 12 m away from
the ground plate, and bent some casing pipes. The hole was
not accessible anymore, so the casing pipe and the ground
plate had to be dismantled.

The second hole, Hole B, ~ 10 m away from the original
location, was started on 3 July 2019 at 0.5 mb.Lf. depth to
create core overlap with the first hole. Coring to 10.5 mb.1.f.
proceeded without any problems, until sediments became
sandy again and cleaning the coring device and the well from
the mobilized sand became necessary, as in Hole A. Coring
continued with slightly slower progress, and a total 87 % core
recovery to a depth of 20.5mb.Lf. was reached. Then, on
8 July, a shackle failure in the rig caused a loss in the coring
assembly. On 9 July, the situation underwater was inspected,
again using the R/V Kormoran ROV. On 10 July, the ground
plate unit and casing pipe were pulled onboard and disman-
tled and Hole B was abandoned. Finally, three 2 m long sur-
face cores were taken to have a undisturbed sediment—water
interface and, 1d later, all the remaining parts and the an-
chors were retrieved, and the barge was driven back to Lan-
genargen harbor. Within 5 d, the entire system was disman-
tled and packed into the four containers for shipping. A to-
tal of 21 core runs produced 42 m of core and demonstrated
Hipercorig’s capability to access deep, coarse, and severely
compacted lake sediments.
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The cores retrieved were sealed with end caps in the 2 m
long clear plastic liners, marked, and curated onboard. Af-
ter being packed into thermoboxes and cooled with ice, they
were brought directly by boat to the microbiology labs of
the University of Constance to minimize degradation or loss
of volatiles. In the labs, the liners were cut into 1 m long
sections. First, small samples were taken for methane and
DNA measurements before the liners were sealed again and
stored at 4 °C. After the end of the field campaign, all cores
were transported to the Institute of Geological Sciences at
the University of Bern. MSCL core logging, core opening,
initial core description, and the sampling party were held
in Bern in October 2019. From the marking on the barge,
all data were entered into the new drilling information soft-
ware called mDIS, of the International Continental Scientific
Drilling Program (ICDP; Behrends et al., 2020), following
the guidelines of international lake-drilling projects in ICDP.
This was the first application of mDIS in a field campaign,
and it serves as blueprint for future ICDP projects.

4 Initial core description, measurements, and
results

4.1 Mondsee

The upper 10m of the cored lacustrine stratigraphic suc-
cession of Mondsee is composed of faintly laminated sedi-
ment (the dominant lithology is authigenic micritic carbon-
ate and diatoms with little to no detrital grains), with abun-
dant organic material (revealing rather low-density values
<1.4gcm™3) and intercalated layers of high detrital input
(characterized by elevated magnetic susceptibility (MS) val-
ues). Distinctly lower MS values, around 10 mb.L.f., and the
rather sharp downcore increase in bulk density, from 1.4 to
1.9gcm_3 between 10 and 15 mb.l.f. (Fig. 7), match well
with the previously reported physical properties across the
Late Glacial to Holocene transition from denser mixed de-
trital to lower density authigenic carbonate with intercalated
calcitic detrital layers lithofacies (Daxer et al., 2018; Lauter-
bach et al., 2011). X-ray computed tomography (XCT) data
of cores from these upper 15 m reveal abundant gas cracks
(Fig. 8) and core disturbances (the latter due to core han-
dling and noncooled storage of the gas- and organic-rich
postglacial sediment cores), which also explains the lack of
reliable P-wave velocity data in the upper coring interval
(Fig. 7).

Below 15-20 mb.1.f., XCT data reveal excellent core qual-
ity with only minimal deformation drag along the liner wall
and no evidence for any coring-induced flow structures in
sand layers. The cored succession is composed of laminated
detrital carbonates with centimeter-scale fine-grained calcitic
turbidites with siliciclastic components, intercalated yellow-
ish detrital layers (poorly sorted medium-sized silt), occa-
sional dropstones, and soft sediment deformation structures
(Fig. 8). Density values remain rather constant at ~2 gcm ™,
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Figure 8. (a) Examples from the X-ray computed tomography (XCT) scan (the first three sections from the left; labeled numbers on top
of sections indicate subsurface depth range of 1 m core segments) and core photos from Mondsee (histogram-equilibrated images at depth
intervals of 47.0-47.7 m b.1.f.) and Lake Constance (four segments to the right). Note the frequent gas expansion cracks in the XCT segment
of Mondsee (11.15-11.85 mb.1.f.) and dense (high XCT value in white) conjugated faults at Mondsee (60.80—60.85 m b.1.f), which are further
discussed in the text. (b) Four examples of line-scan images from core sections of Lake Constance’s composite sections. Depth in centimeters
indicates section depths. From left to right: surface core (0—70 cm in meters composite depth — mcd); finely layered brown-gray laminated
muds with upcore increasingly darker colors (eutrophication signal); core A-3-1 (5.75-6.45 mcd) — carbonate-rich tan and laminated marls;
core B-5-2 (9.75-10.45 mcd) — stiff detrital mud with intercalated sand layers. The middle part of this section shows some core disturbance.
Core B-8-2 (15.90-16.60 mcd) — massive sand layers with intercalated thin, graded gray and yellowish silt layers, which indicate an annually

laminated loess and/or meltwater record deposited during the Oldest Dryas (Wessels, 1998).

while P-wave velocities increase constantly with depth, from
about 1500 to 1650 ms~!. Distinct layers, showing peaks
2 to 5 times higher than the general background values of
8 x 1078 m3 kg~'-corrected, mass-specific MS, occasionally
occur throughout but are more abundant between 20 and
26 mb.1.f. This coring interval correlates to seismic unit 3 by
Daxer et al. (2018), interpreted as a phase of increased ero-
sion in the hinterland that is possibly linked to the Gschnitz
stadial (Heinrich event 1).

Below 52mb.l.f.,, MSCL data are reported with caution
because the smaller diameter and partially opened and dried-
out core conditions are likely to have influenced the higher
density values of up to 2.3cm’ and P-wave values up to
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1700 ms~! (Fig. 7). The sediment, however, also differs in
this lowermost cored succession and is composed of mixed
laminated detrital carbonates and up to 1dm thick fine-
grained turbidites. There are distinct, localized, high-density
conjugated deformation features (Fig. 8), which cannot be
explained by coring artifacts. Instead, they show that the sed-
iment was compressed, possibly by glaciotectonic processes,
which would explain the higher density and P-wave values
as measured by MSCL.

The radiocarbon age from small leaf fragments and cu-
ticles of macroremains obtained from sieving the sediment
of the lowermost 50 cm of the cored interval (sample ETH-
105425; 62.3-62.8mb.lLf.; Cl14 age — 15142441 years
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BP) reveals a calibrated (95.5 % probability) age of 18 262—
18 650 cal BP. This age is well within the range of the dated
deglaciation of the region (19 % 1ka; Ivy-Ochs et al., 2008;
Reitner, 2011) and supports the lithology-based core in-
terpretation that Hipercorig reached glacial sediments and,
thus, recovered a complete lacustrine sedimentary succes-
sion since the deglaciation of the Mondsee region. The new
Mondsee record, unraveled by Hipercorig, represents one of
only few that have actually sampled and dated an undisturbed
sedimentary sequence since deglaciation in the Alpine fore-
land (Ziibo core; Lister et al., 1988). The record comprises
a ~ 50 m thick, high-resolution glaciolacustrine sedimentary
succession that was deposited within the first ~ 3800 years
after deglaciation (between ~ 18450 and ~ 14670 cal BP;
average sedimentation rate ~ 1.32cmyr—')

4.2 Lake Constance

The average core recovery of 80 % and 87 % in Holes A and
B, respectively, allows us to construct a gapless composite
record from the lake bottom downcore to 14.5 m composite
depth (mcd). Below, down to 24.01 m final composite depth,
four intervals ranging in thickness between 13 and 40cm
were not recovered, representing minor gaps. This longest
ever recovered sedimentary succession from Lake Constance
allows a novel look into the paleoenvironmental evolution of
the lake well back into the Last Glacial Period. Core qual-
ity is high, with minor disturbances usually in the uppermost
20-30cm of each 2m run, in particular in the softer upper
part of the section. The coring system was able to fully re-
cover lithologies that are usually challenging for any coring
technique. These include intercalations of centimeter-scale
coarse sand layers with laminated silty intervals or meter-
thick sand units (Fig. 8) that are recovered without evident
disturbances.

A previously studied core collected at a site nearby
reached a depth of 8.7m (BO97/14; Wessels 1998; Hanisch
et al., 2009; Schwalb et al., 2013). Comparing the MSCL-
density curve of the new core with the porosity curve of
the former core suggests that the sedimentation rate is a bit
higher at the new site. The bottom of the 8.7 m long former
core, with a basal age of ~ 17000 cal BP, may correlate to
the new core at ~ 12 mcd (Fig. 7; Schwalb et al., 2013). The
lithologies from the surface to that depth can be correlated to
various lithologic units described in previous studies, rang-
ing from brown-gray laminated muds in the uppermost me-
ters (surface core; Fig. 8) to underlying carbonate-rich tan
and laminated marls (Core A-3-1; Fig. 8), both represent-
ing the Holocene section (Wessels, 1998). Densities in this
upper part of the core range between 1.3 and 1.5gcm™3,
with a few coarse-grained and graded layers reaching up to
~1.8gcm™3 (Fig. 7). Noteworthy is the recent upcore in-
crease in organic matter towards the surface, with dark black-
ish colors reflecting anthropogenic eutrophication (surface
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core; Fig. 8; Wessels, 1998; Wessels et al., 1999; Blattmann
et al., 2020).

These Holocene units are underlain by massive (density
up to ~2.1 gem™3) detrital mud with occasional sand lay-
ers (Core B-5-2; Fig. 8) deposited during the Younger Dryas
and by finely laminated yellow-brown to gray clayey silt,
dating further back into the Late Glacial, containing alter-
nating layers of yellow loess and gray meltwater deposits
(Niessen et al., 1992; Wessels, 1998). From there, downcore
(i.e., from ~ 12-24 mcd), the recovered lithologies represent
a previously unstudied succession that is currently not dated.
Sediments consist of layers of structureless coarse sand that
may reach bed thicknesses of over 1m, with density val-
ues partly over 2.2 gcm ™ (Fig. 7). These sands are interca-
lated by fine-grained and laminated silty sections, up to few
decimeters thick, consisting of numerous graded millimeter-
to centimeter-scale layers (Core B-8-2; Fig. 8). These litholo-
gies represent typical depositional processes in periglacial
or proglacial lake-near delta environments that occasion-
ally provide high-energy underflows delivering sand, even
to water depths of over 200 m. The laminated finer grained
graded layers, in contrast, likely reflect deposition away from
active channels and presumably have lower sedimentation
rates. The site most probably represents an initial stage of
the evolving lake, as described elsewhere (Wessels, 1998;
Schwalb et al., 2013), but with a high proportion of river-
borne sand, reflecting the interplay of the lake with its catch-
ment during the Last Glacial Period.

5 Discussion

Motivated by the lack of cost-effective, deep, continuous,
and high-quality coring capabilities in unconsolidated sedi-
ments, our primary technological goal of this study was to
develop and test a new system that meets these requirements.
Although various coring devices have been deployed (Leroy
and Colman, 2001) in the past, recent experiences in the
framework of ICDP have shown (e.g., Russell et al., 2016)
that, for lake sediment thicknesses in the 100 m range, no vi-
able alternative to commercial wire line drilling operations
exists so far. Therefore, our goal was to provide a system
with a number of key objectives discussed below.

The primary ambition to overcome the usual 20 to 30 m
coring depth limit (although exceptional soft sediments in
special cases allow coring deeper; e.g., Mingram et al., 2007)
was very well achieved, and previous attempts to core deeper
in lakes Mondsee and Constance were convincingly outnum-
bered. In addition, the penetration of hard layers was success-
fully performed in the stiff glacial sediments of Mondsee and
the massive sand intercalations of Lake Constance. This is
highly promising for future drilling campaigns in, for exam-
ple, turbiditic or volcanic ash layers as well. However, these
achievements need additional technical modifications, such
as a sand cleaning tool and reverse circulation water flow for
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jetting the annulus free from sand, that added complexity to
Hipercorig’s operations. Observations using an ROV showed
that hydraulic hammering and pumping of large volumes of
water had only negligible effects on the lake floor and did
not lead to large plumes of turbid water which might affect
sensitive organisms.

The target depth of 100 m coring penetration has not been
achieved. However, the 63 m maximum depth reached pro-
vided an excellent prospect for matching the initial goal in
a variety of sedimentary basins. Nevertheless, future Hiper-
corig projects still need to tackle this challenge. On the other
hand, operations at 204 m water depths were performed de-
spite major challenges. The strong water currents in Lake
Constance caused deviations in the coring system from the
ground plate that call for control of reentry via either ROV or
an additional upward-looking underwater camera at the reen-
try cone. A concept for using the reentry cone and ground
plate system for geophysical wire line logging has been de-
veloped but could, so far, not be tested and awaits deploy-
ment in future missions. The mooring works well for calm
conditions but enhanced anchoring will be needed in storms.

Core quality and continuity are as convincing as with other
well-proven modern coring systems, while the perseverance
to hitherto inaccessible depths is convincing. However, it
must be noted that there is a limit of core recovery due to
the inevitable loss of core catcher material at the lower end
of the corer. Therefore, approximately 90 % core recovery is
a realistic upper limit. The way to achieve full coverage is by
double coring with a second hole at the same drill site. This
remains an immense cost and time factor, as it is for all other
systems at this point. However, the effective costs of operat-
ing Hipercorig at Lake Constance were a factor of 10 times
lower than comparable wire line coring operations in simi-
lar environments and consequently provided an outstanding
opportunity for the cost-effective coring of unconsolidated
deposits. The limitations of Hipercorig’s operational range,
as experienced with the experiments in the two perialpine
lakes, are (i) strongly compacted sediment layers over sev-
eral tens of meters and (ii) strong wave actions over 1 m and
winds over 8 Bt that require a halt in operations with tempo-
rary evacuation.

6 Conclusions

Hipercorig is a novel, high-quality soft sediment coring sys-
tem. Its performance has been demonstrated on perialpine
lakes in over 200 m water depths and more than 60 m coring
depth of lacustrine and glacial sediments. It offers promis-
ing prospects for similar environments, including targets in
shallow marine environments. The new Mondsee core, ob-
tained by Hipercorig, represents the first core that sampled,
without extensive commercial drilling efforts, a complete and
undisturbed sedimentary sequence since the deglaciation of
the Alpine foreland. It also allowed recovery of material for
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14C dating and framing the age of deglaciation of the Mond-
see region to 18.456 &= 194 cal BP. The new Lake Constance
core comprises Holocene laminated muds and marls under-
lain by massive detrital muds and intercalated sand layers
of the Younger Dryas and alternating finely laminated silt,
loess, and meltwater deposits from the Oldest Dryas. This
is underlain by previously unsampled thick coarse sand beds
and intercalated fine silts, showing a dynamic distal delta de-
velopment adjacent to an Alpine glacier.
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Abstract. Deep (> 1 km depth) scientific boreholes are unique assets that can be used to address a variety of
microbiological, hydrologic, and biogeochemical hypotheses. Few of these deep boreholes exist in oceanic crust.
One of them, Deep Sea Drilling Project Hole 504B, reaches ~ 190 °C at its base. We designed, fabricated, and
laboratory-tested the Multi-Temperature Fluid Sampler (MTFS), a non-gas-tight, titanium syringe-style fluid
sampler for borehole applications that is tolerant of such high temperatures. Each of the 12 MTFS units collects
a single 1L sample at a predetermined temperature, which is defined by the trigger design and a shape memory
alloy (SMA). SMAs have the innate ability to be deformed and only return to their initial shapes when their
activation temperatures are reached, thereby triggering a sampler at a predetermined temperature. Three SMA-
based trigger mechanisms, which do not rely on electronics, were tested. Triggers were released at temperatures
spanning from 80 to 181 °C. The MTFS was set for deployment on International Ocean Discovery Program Ex-
pedition 385T, but hole conditions precluded its use. The sampler is ready for use in deep oceanic or continental

scientific boreholes with minimal training for operational success.

1 Introduction

The current and future direction of scientific ocean drilling
depends on technological advances to achieve a wide range
of scientific objectives. Objectives related to microbial life in
the subseafloor and a dynamic Earth represent two of the four
current themes that guide scientific ocean drilling within the
International Ocean Discovery Program (IODP; IODP Sci-
ence Plan for 2013-2023). While advances in these areas
have been achieved using traditional coring and sample anal-
yses, nontraditional means of instrumenting boreholes and
direct sampling of legacy boreholes continue to transform
our knowledge of these themes (D’Hondt et al., 2019; Or-
cutt et al., 2011; Smith et al, 2011; Neria et al., 2016; Wheat
et al., 2020). To meet new challenges afforded by future and
legacy boreholes, including the potential for in situ manip-

ulative experiments, a new arsenal of samplers and sensors
needs to be developed.

Scientific ocean drilling during the past 5 decades has re-
sulted in more than 100 cased boreholes, many of which
are suitable for reentry and further discovery (Edwards et
al., 2012). Such boreholes tap a range of thermal, hydro-
logic, physical, and crustal conditions, providing the under-
pinnings for a range of potential experiments to elucidate
crustal and microbial evolution and function as well as the
impact of both on ocean processes. Of special interest are
the few deep boreholes that penetrate more than a kilometer
below the seafloor, each taking many months to years to es-
tablish. As a result of natural geothermal heating from below,
temperatures within such boreholes exceed 100 °C; Deep Sea
Drilling Project (DSDP) Hole 504B reaches temperatures of
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more than 190 °C at its base, which is ~ 2000 m below the
seafloor (Guerin et al., 1996). Additional warm, deep bore-
holes exist in continental settings (e.g., KTB; Emmermann
and Lauterjung, 1997) and in active high-temperature hy-
drothermal systems (e.g., Brothers Arc Flux; de Ronde et
al., 2019). To study in situ conditions within these challeng-
ing environments, a new array of sensors and samplers need
to be developed. Standard electronics do not tolerate such
temperatures and, in general, do not function above 150 °C
without costly vacuum jackets (dewars) or cooling mecha-
nisms. Because of (a) the uniqueness of these warm, deep
boreholes; (b) the aspiration to characterize the thermal lim-
its of life within the crust; (c) the desire to elucidate water—
rock reactions and crustal alteration in a natural setting; and
(d) the lack of a fluid sampler that is inexpensive, easy to
operate, and affords a versatile array of experimental possi-
bilities, we developed the Multi-Temperature Fluid Sampler
(MTES). The MTFS is a non-gas-tight, syringe-style fluid
sampler that employs no electronics. Instead, it incorporates
a mechanical trigger that utilizes the thermal-response prop-
erties of a shape memory alloy (SMA), which is a precise
mixture of metals that allows the alloy to be physically mod-
ified at room temperature and to return to its original shape at
an activation temperature that depends on the composition of
the alloy, the geometry of the SMA material, and the design
of the trigger mechanism.

2 Existing samplers

Prior to the MTFS, borehole fluid samplers in the IODP
inventory included the water-sampling temperature probe
(WSTP), the Kuster sampler, and the single-phase fluid sam-
ple collection system from Schlumberger. The WSTP has
been used for decades (Mottl and Gieskes, 1990) and is
lowered on a wire to the desired depth with a preset timer
that opens the intake valve. The pressure differential be-
tween in situ and surface (~ 100kPa) pressure drives flu-
ids into the sampler, possibly lysing microbial cells. Only
~ 40 mL is collected in the sample tubing with ~ 1 L spilling
into a chamber that cannot be aseptically cleaned for trace
metal and microbial determinations. The Kuster fluid sam-
pler was most recently used on IODP Expedition 376 (Broth-
ers Arc Flux; de Ronde et al., 2019). This sampler collects
~ 500mL of borehole fluid during a single lowering and is
closed by a mechanical clock. However, the sample container
is open during deployment, potentially exposing the sample
container to contamination (e.g., accumulation of grease, mi-
crobial mats, and other particulates). Neither sampler can be
preloaded with acid, microbial preservatives, or metabolic
tracers, and only one sample can be collected during a sin-
gle lowering.

More complex samplers require dedicated technicians,
such as the single-phase fluid sample collection system from
Schlumberger that was used in conjunction with the Quick-
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silver in situ fluid analyzer on IODP Expedition 337 (Inagaki
et al., 2013). Multiple sample modules may be used. For ex-
ample, six samples were collected on IODP Expedition 337
(Inagaki et al., 2013). Other complex samplers include the
high-temperature two-phase downhole sampler from Ther-
mochem Inc., which is a vacuum jacket-type, memory tool,
and the positive displacement sampler and One Phase sam-
pler from Leutert. The latter is a gas-tight system with an
internal clock that opens and closes a valve. This system can
collect a 0.6 L sample at temperatures to 180 °C (Kampman
etal., 2013).

3 Design criteria

The MTFS design was primarily based on the Walden—Weiss
titanium sampler, which is a non-gas-tight fluid sampler that
has been used for more than 4 decades to collect hydrother-
mal fluids at the seafloor (Von Damm et al., 1985), and the
borehole fluid samplers mentioned above. To meet the phys-
ical requirements of IODP boreholes and ensure sample in-
tegrity, the design criteria included the capability of the sam-
pler to be (a) cleaned for trace element analysis, (b) aseptic
prior to deployment, (c) tolerant of temperatures greater than
250°C, and (d) chemically inert. Additional criteria for flex-
ibility in sample recovery and experimental design included
the capability to be primed with a reagent, such as acid in
order to keep metals mobilized; a stable isotope for in situ
microbial rate studies; or a biocide. The sampler design also
needed to consider the possibility of storing the sampler at in
situ temperatures, either in the hole or on the ship, to conduct
incubation and other time-dependent experiments. A large
volume of sample (1 L) and an easy to access sampling port
were desired to aliquot fluids into a range of sample con-
tainers for a myriad of chemical and microbial analytical as-
says. Additional design criteria included (a) a diameter that
would allow the sampler to fit within the confines of the drill
pipe used by IODP; (b) a modular framework so that multiple
samplers with different treatments could be deployed during
a single lowering; (c¢) compatibility with other borehole in-
struments; and (d) deployment with a wireline system, using
either a drilling vessel, submersible, or remotely operated un-
derwater vehicle. Most importantly, the sampler design had
to include a temperature-sensitive trigger that was indepen-
dent of electronics, could operate at temperatures from ~ 80
to 180 °C, and could withstand higher temperatures.

4 Fabrication and testing

To meet these design criteria we designed and fabricated
a modular, 1L, syringe-style, non-gas-tight, titanium fluid
sampler in which the sample is only in contact with tita-
nium, two high-temperature silicone o-ring seals and a Vi-
ton fluoroelastomer gasket (Fig. 1). The syringe design af-
fords sterile sample collection at in situ pressures, and the
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Figure 1. Cross section of a single module of the MTFS highlight-
ing its primary components before the sampler is triggered and after.

sample is contained by a custom spring-loaded titanium and
Viton gasket check valve. Because the sampler is not gas-
tight, pressure within the sampler is the same as that outside
the sampler, similar to the Walden—Weiss titanium fluid sam-
pler. Thus, if dissolved gases in recovered fluids remain un-
dersaturated at shipboard temperatures and pressures, either
sampler (Walden—Weiss or MTFS systems) will provide reli-
able dissolved gas data. In contrast, if dissolved gases are su-
persaturated in either the Walden—Weiss or MTFS samplers,
fluid and or gas will leak out of the sampler during recov-
ery. In the case of the MTFS, fluids or gas would leak out
of the Viton gasket check valve, again providing a sample at
shipboard pressure.

A fluid sample is drawn slowly into the sample reservoir
to prevent degassing, filling the reservoir within ~ 10s. Upon
recovery, a sample is withdrawn after detaching the constant-
force spring from the piston (Fig. 1). Next, a titanium plug,
which is adjacent to the intake and has a pipe thread, is re-
moved. A titanium tube is then threaded into this opening
with the other end of the tube attached to a sample container
or collection device (e.g., syringe, filter, or bottles). Fluids
are expelled by manually applying pressure to the piston,
forcing fluid out of the sample chamber through the titanium
tube and into the attached sampling apparatus.

Each sample unit is made of 35.5-inch-long (90.2 cm), 3-
inch (7.62 cm) inner diameter (i.d.; schedule 40) grade 2 tita-
nium seamless tubing (Fig. 1) with ACME threads to connect
units. Connectors were made from 3.75-inch (9.525 cm) tita-
nium rod with ACME threads. The lower section of the unit
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Table 1. Average temperature and standard deviation at which an
SMA trigger was activated. Data from three trigger mechanisms and
multiple discrete SMAs are listed for combinations that were tested
more than three times.

Type of trigger Temperature and

standard deviation (°C)
Spring 80+1;93+2
Bolt 1024+2; 107+ 1; 126 +£3; 128 £ 5;

136 +£3; 161 +4; 174 £3; 181 £7

134 4+9; 152 £5; 152 £8; 155+ 7;
157+2;159+4

Precision tube

provides a cavity for fluid mixing as the sampler descends
within the borehole. Fluids from this cavity enter the sam-
pler through a check valve and into the 1 L sample chamber
as the piston extends to the base of the trigger platform. This
platform acts as a guide for the piston and houses the trigger,
which, when activated, releases a 28-pound (12.7 kg) con-
stant force spring to draw in the sample.

Two types of SMAs were used to trigger the samplers. The
first was a commercially available Nitinol material (nickel—
titanium SMA), available in spring form and suitable for trig-
gers in the 80 to 90 °C range. These springs are relatively
weak; thus, they were used in a configuration that mechan-
ically leverages the change in the SMA spring’s form to re-
lease the constant force spring. Two springs were selected for
use and tested at least five times by heating the MTFS module
in a water-filled bath. The empirically determined activation
temperatures were 80 and 93 °C, respectively, with a relative
standard deviation of < 2 % (“Spring” in Table 1).

A second type of SMA (CuAlNi) was produced in the
shape of a 5 mm diameter rod by TiNi Aerospace. Portions
of the rod were cut into 0.6-inch-long long (1.52 cm) pieces
and machined to allow a notched titanium bolt to pass. TiNi
Aerospace has a proprietary method in which an SMA is
heated such that as it reverts back to its original shape, it
breaks a notched titanium bolt. We tested this trigger process
within the MTFS using a heated oil-filled (canola) bath to af-
fect the SMA and release the tension on the constant force
spring once the bolt broke (Fig. 2). Eight SMA pieces were
tested, each at least three times, resulting in a range of release
temperatures (~ 100-180 °C) with a relative standard devia-
tion of < 4 % for each of the eight pieces (“Bolt” in Table 1).

Other SMAs pieces from this rod material were com-
pressed within a new piece of precision stainless-steel tubing.
A trigger was designed in which the SMA was ejected by a
spring once the SMA was warmed to the prescribed temper-
ature. Six SMA pieces from two alloys were tested, each at
least three times, resulting in a range of release temperatures
(~ 134 to 159 °C) with a relative standard deviation of < 7 %
for each of the six pieces (“Precision tube” in Table 1). Un-
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Temperature probe

Figure 2. Tests of trigger mechanisms were conducted in a cus-
tom bath of canola oil within a chemical hood. The bath holds one
35.5-inch-long (0.90 m) MTFS module, two magnetic stir bars, and
a temperature sensor. The temperature sensor is placed within mil-
limeters of the shape metal alloy (SMA) to document the temper-
ature at which the trigger is activated. Two heaters with magnetic
stirrers keep the oil bath well mixed, heating the bath to 190 °C in
1h.

like the other two triggers, this trigger was tested alone and
not within the MTFS.

Similar to the Walden—Weiss samplers, the MTES has no
implodable volumes, and the bulk modulus of titanium re-
quires pressures to deform the material that are well in ex-
cess of the deepest boreholes under hydrostatic pressure.
The pressure effect on the activation temperature of these
SMAs is about 5KGPa~! (Kakeshita et al., 1988, 1999);
thus, no pressure tests were conducted on the MTFS trig-
gers. Except for a prototype, which was tested at the seafloor
(31 MPa) to assess the piston-syringe and spring-style mech-
anism, all systems tests were conducted in water- or oil-filled
baths, depending on the temperature of activation. We con-
tinue to improve the MTFS system. For example, in 2020
the “bolt” trigger option will be recalibrated using precision
torque wrenches that will hopefully improve the repeatabil-
ity and lower the standard deviation of the temperature that
activates the trigger.

5 Applications

The first use of the MTFS was planned during the reentry of
DSDP Hole 504B on IODP Expedition 385T “Panama Basin
Crustal Architecture and Deep Biosphere: Revisiting Hole
504B and 896A” (Tominaga et al., 2019). The goal was to
clear scientific equipment in both holes, sample borehole flu-
ids, and log the boreholes. Neither hole was cleared; thus,
the MTFS was not deployed (Fig. 3). DSDP Hole 504B is
~190°C at the base of the open borehole (Guerin et al.,
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Figure 3. A total of 11 modules were combined in three section on
the catwalk in anticipation for deployment within DSDP Hole 504B
on IODP Expedition 385T in August 2019 (Tominaga et al., 2019).
Final assembly and connection to other sensing instruments would
occur on the rig floor, which is up the four steps at the end of the
catwalk. Aseptic aluminum foil covers the fluid intake to minimize
microbial contamination prior to deployment.

1996), making it an ideal hole to assess the thermal limits
of life in basaltic crust. The current verified thermal limit for
life is 122 °C (Takai et al., 2008; Clarke, 2014); however,
the thermal limit for life may reach or exceed 150 °C (Whar-
ton, 2007; Hoehler, 2007), based on (1) protein and lipid
structures that compensate for high temperatures, (2) the in-
creased stability of ribosomal and transfer RNA at high tem-
peratures, and (3) the increased thermal stability of proteins
at higher pressures, among other arguments (Galtier and Lo-
bry, 1997; Holland and Baross, 2003). The current MTFS
design and availability of triggers allows for up to 12 sam-
ples to be collected during a single lowering in the interval
from 80 to 181 °C.

A second deployment was proposed to collect flocculent
material from Ocean Drilling Program (ODP) Hole 896A,
which was based on a biofilm-forming microorganisms and
images from a downhole camera (Becker et al., 2004; Nigro
et al., 2012). This biofilm is distinctly different from those
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observed within the eastern flank of the Juan de Fuca Ridge,
even though the thermal and chemical compositions of for-
mation fluids are nearly identical. Differences may suggest
site-specific characteristics or biogeographic influences. The
MTFS triggers would allow for the collection of samples in
the interval from 80 to 90 °C, which is the temperature at the
base of the borehole.

For both deployments, we planned on attaching the ele-
vated temperature borehole sensor (ETBS) tool, which mea-
sures borehole temperature and records measurements with
electronics that are housed within a vacuum jacket (de Ronde
et al., 2019). If a vacuum-jacketed system is not available,
self-contained temperature recorders (i.e., Onset Hobo) can
withstand temperatures to ~ 150 °C before likely battery fail-
ure, but the data may be recoverable according to suppli-
ers. We have not tested this possibility. Such data coupled
with measurements of time and the amount of wire deployed
would provide a measure of the depth within the borehole at
which the samplers were triggered.

Although we were unable to deploy the MTFS during
IODP Expedition 385T, the MTES is suitable for use in a
range of oceanic or continental boreholes where fluid collec-
tion is desired in the temperature range from 80 to 181 °C.
As noted above, the syringe-style design of the MTFS al-
lows for a broad range of priming fluids (e.g., acid, biocide,
and metabolic tracers) to conduct a range of potential ex-
periments. In addition, once recovered, the samplers can be
placed in oil-filled baths for incubation experiments at in situ
temperatures. Although not a current capability, the intake
could be modified to filter a sample in situ. The simplicity
of the sampler design affords other potential modifications to
accommodate a range of community interests. The MTFES is
available for community use. Readers interested in using the
MTEFS should contact the first author (wheat@mbari.org).

Data availability. Data are available in the text. Data from addi-
tional testing, specifications, and the operational manual will reside
with IODP.
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Abstract. The Haiti region — bounded by two strike-slip faults expressed both onshore and offshore — offers
a unique opportunity for an amphibious drilling project. The east-west (EW)-striking, left lateral strike-slip
Oriente—Septentrional fault zone and Enriquillo-Plantain Garden fault zone bounding Haiti have similar slip
rates and also define the northern and southern boundaries of the Gonave Microplate. However, it remains unclear
how these fault systems terminate at the eastern boundary of that microplate. From a plate tectonic perspective,
the Enriquillo-Plantain Garden fault zone can be expected to act as an inactive fracture zone bounding the
Cayman spreading system, but, surprisingly, this fault has been quite active during the last 500 years. Overall,
little is understood in terms of past and present seismic and tsunami hazards along the Oriente—Septentrional
fault zone and Enriquillo-Plantain Garden fault zone, their relative ages, maturity, lithology, and evolution — not
even the origin of fluids escaping through the crust is known. Given these unknowns, the Haiti-Drill workshop
was held in May 2019 to further develop an amphibious drilling project in the Haiti region on the basis of
preproposals submitted in 2015 and their reviews. The workshop aimed to complete the following four tasks:
(1) identify significant research questions; (2) discuss potential drilling scenarios and sites; (3) identify data,
analyses, additional experts, and surveys needed; and (4) produce timelines for developing a full proposal. Two
key scientific goals have been set, namely to understand the nature of young fault zones and the evolution of
transpressional boundaries. Given these goals, drilling targets were then rationalized, creating a focus point for
research and/or survey needs prior to drilling. Our most recent efforts are to find collaborators, analyze existing
data, and to obtain sources of funding for the survey work that is needed.
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1 Introduction

Haiti-Drill, an amphibious drilling project workshop, was
held in Plouzané, France, from 20 to 22 May 2019. The
workshop was funded by several agencies, namely the Mag-
ellanPlus Scientific Steering Committee (SSC), the Interdis-
ciplinary School for the Blue Planet (ISblue) program of the
Université de Bretagne Occidentale, the Finistere prefecture,
the Institute Francgais de Recherche pour 1’Exploitation de
la Mer IFREMER), and the city of Brest, France. It is the
second workshop held for developing an amphibious drilling
project along the two strike-slip faults existing at the north-
ern boundary of the Caribbean Plate in the Haiti region. The
first MagellanPlus workshop was held in France from 26
to 28 October 2015 after preproposals were submitted ear-
lier that same year to the International Continental Drilling
Progam (ICDP) and International Ocean Drilling Program
(IODP). A full amphibious drilling proposal has not yet been
submitted following the 2015 workshop. Moreover, the lead-
ership of the project, which was initially the French Institute
of Petroleum Energies Nouvelles (IFPEN) and Centre Na-
tionale de la Recherche Scientifique (CNRS), has changed
to the IFREMER. Since the 2015 workshop, additional work
has been done, which includes a marine deep-coring exper-
iment (Haiti-BGF, 2015) and onshore experiments (2017,
2019); further analyses on data from marine field campaigns
(Haiti-OBS, 2010; Haiti-SIS, 2012 and 2013) and onshore
field campaigns (2014, 2015); and multichannel seismic ac-
quisition in Lake Azuei (2017, http://projectlakeazuei.org,
last access: 10 February 2020). These studies have fostered
new partnerships for understanding both of the active strike-
slip faults that surround Haiti and have provided new insights
for prospective drilling.

Reviews of the 2015 preproposal recommended develop-
ing a stronger alignment between the objectives and drilling
sites and also recommended developing a clear scientific and
globally important link between the onshore and offshore
targets. Thus, the primary purpose of the 2019 Haiti-Drill
workshop was to identify scientific questions that link the
onshore and offshore targets, based on recent results, and
to enlarge the scientific participant pool. During the 2.5d
workshop, 34 participants from nine countries discussed
recent scientific results from land and sea surveys and
their implications for the development of an amphibious
drilling proposal. Many of the participants in the workshop
had never participated in a deep-drilling project before.
Thus, one session focused on learning from past drilling
experiences onshore and offshore, namely drilling strategies
(e.g., management, technicalities, and policies), how to
develop a successful drilling proposal, funding a drilling
project, etc. In this article, we present the tectonics of the
Haiti region and our research interests for an amphibious
drilling project in the northern Caribbean, as well as research
opportunities and our long-term plans for developing the
project. The full agenda of the Haiti-Drill workshop is
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available at https://wwz.ifremer.fr/gm/Activites/Colloques/
Haiti-DRILL-Magellan-Plus- Workshop-May-20-22-2019
(last access: 11 July 2019).

2 Seismotectonics of western Hispaniola

The Gonave Microplate is one of several blocks that make
up the diffuse northern Caribbean Plate boundary, separat-
ing the Caribbean Plate in the south from the North Amer-
ican Plate in the north (Mann and Burke, 1984; Mann et
al., 1995, 2002; Symithe et al., 2015; Calais et al., 2016).
In the western part of this region the geological setting is
strongly controlled by two strike-slip fault systems (Burke
et al., 1978). These crustal-scale seismogenic fault systems
bound a spreading center and oceanic lithosphere (Rosen-
crantz and Mann, 1991) and also transect and displace litho-
sphere affected by arc volcanism and flood basalts (Mann and
Burke, 1984).

The existence of the Gonave Microplate has been sup-
ported by seismicity along the two left lateral strike-slip
faults of the northern Caribbean Plate boundary (e.g., Calais
etal., 1998, 2010). The Gonave Microplate is bounded to the
south by the Enriquillo—Plantain Garden fault zone (EPGFZ),
to the north by the Oriente—Septentrional fault zone (OSFZ),
and to the west by the mid-Cayman spreading center (MCSC;
Fig. 1). Geodetic slip rates are similar for both the EPGFZ
and OSFZ; however, the velocity vector is parallel to the
along strike of the OSFZ, while for the EPGFZ the veloc-
ity vector becomes more oblique onshore Hispaniola and to
the east (e.g., Symithe et al., 2015; Saint Fleur et al., 2015;
Calais et al., 2016). Oblique convergence along the EPGFZ
is also expressed geologically as en echelon folds and thrusts
adjacent to its main trace (Wang et al., 2018). The eastern
boundary between the Gondve Microplate and Hispaniola
consists of a diffuse zone of deformation trending northwest—
southeast (NW-SE) through western Hispaniola (Benford et
al., 2012; Symithe et al., 2015, 2016; Calais et al., 2016;
see Fig. 1). Shortening between the eastern Cayman mar-
gin and Hispaniola is thought to be accommodated through
a fold-and-thrust belt known as the Trans-Haitian fold-and-
thrust belt, which is sandwiched between the eastern seg-
ments of the EPGFZ and OSFZ (Pubellier et al., 2000). How-
ever, Wang et al. (2018) suggest there is no active folding
in the Trans-Haitian Belt — only active faulting and folding
along the trend of the EPGFZ. Near the Trans-Haitian Belt,
the trace of the EPGFZ disappears, bringing into question
whether this wedge zone is where the EPGFZ terminus is lo-
cated, or if, instead, the EPGFZ is more deeply rooted with-
out a surface expression that might connect with the Muertos
Trench (Pubellier et al., 2000 and references therein). Fur-
thermore, the EPGFZ and OSFZ strike-slip faults are char-
acterized by alternating seismic activity on each of the fault
strands (Ali et al., 2008), with historical and paleoseismic
records dating back some 500 years (e.g., Bakun et al., 2012;
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Figure 2. Historical earthquakes along the Caribbean Plate northern boundary. (a) Selection of historical and recent earthquakes. Focal
mechanisms in gray are historical (My, > 7.0; pre-1900) earthquakes, and focal mechanisms in black are recorded earthquakes (My > 5;
post-1900). Sources: Van Dusen and Doser (2000), Wiggins-Grandison and Atakan (2005), Ali et al. (2008), and the International Seismo-
logical Centre (2014; My > 5; 1976-2014). (b) Earthquakes of My > 6.5 in northern Hispaniola between 1500 and 2016. Earthquakes, in
green, from northern Hispaniola and possibly linked to the offshore OSFZ and subduction at the NHDB. Earthquakes, in red, from southern
Hispaniola and possibly linked to the EPGFZ or underthrusting at the MT. Sources: McCann (2006), ten Brink et al. (2011), with magnitude
on intensity scale (Mi), International Seismological Centre (2014; National Earthquake Information Service — NEIS), and International Seis-
mological Centre (2014; global centroid-moment-tensor — GCMT). Note the magnitude difference for event 1751b between McCann (2006)
and ten Brink et al. (2011). Modified from Wessels (2019); same notation as Fig. 1.
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Prentice et al., 2010; ten Brink et al. 2013). It remains un-
clear, however, whether pure strike-slip earthquakes larger
than M 6.0 have occurred along the onshore trace of the
EPGFZ (Wessels, 2019), although small stream offsets are
inferred to be a result of historically reported 18th century
earthquakes with an estimated magnitude of 7-7.6 (Prentice
et al., 2010; Fig. 2). In addition, recent trenching efforts have
also suggested that the EPGFZ is capable of producing mag-
nitude > 7 events, at least to the west of Port-au-Prince (Saint
Fleur et al., 2020). Comparatively, trenching efforts along the
Septentrional Fault in eastern Hispaniola suggest that events
of magnitude ~ 7 occur at least every 800 years (e.g., Pren-
tice et al., 2003), while others suggest recurrence intervals
of just 300 years along northern Hispaniola (ten Brink et al.,
2011).

Recent onshore and offshore surveys indicate that the
EPGFZ and OSFZ are complex fault zones; they are highly
segmented by pull-apart basins and have multiple splay
faults, as evidenced by flower structures observed in seis-
mic reflection profiles (e.g., Calais and Mercier de Lépinay,
1995; Leroy et al., 2015; Corbeau et al., 2016a; Ellouz et al.,
2013; Ellouz-Zimmermann et al., 2016; Wessels et al., 2019;
Wessels, 2019; and Saint Fleur et al., 2020 and references
therein). Mechanically, the EPGFZ and OSFZ display vari-
ous behaviors, with some segments having the potential to
produce large uplift from big earthquakes (e.g., Hayes et al.,
2010; Hashimoto et al., 2011; Symithe et al., 2013) and oth-
ers producing deep, slow creep near the Mohorovici¢ (Moho)
discontinuity (e.g., Peng et al., 2013; Aiken et al., 2016; see
Fig. 3). However, no observable shallow creep has been ex-
pressed either geologically or in the infrastructure at the sur-
face. In 1842, a major earthquake also occurred along the
OSFZ offshore, which destroyed the cities of Cap-Haitien
and Port-de-Paix due to shaking and an induced tsunami
(Scherer, 1913; Fig. 2). In 2010, Haiti was struck by a mo-
ment magnitude 7.0 earthquake near Port-au-Prince that led
to one of the highest earthquake death tolls ever recorded
(> 235000; Gailler et al., 2015). The tragic 2010 earthquake
produced a tsunami due to coastal landslides (Hornbach et
al., 2010; McHugh et al., 2011) but did not rupture the main
EPGFZ fault segment in this area. The earthquake initiated
on the blind north-northwest (NNW)-dipping Léogane thrust
fault, which lies just north of the EPGFZ and merges with
the EPGFZ at depth (Calais et al., 2010). It is one of the
en echelon structures that accommodates transpression along
the EPGFZ (Saint Fleur et al., 2015; Wang et al., 2018). The
2010 earthquake highlights that stress along the EPGFZ zone
is distributed among a network of faults and not a single fault
plane. More recently, two earthquakes — with a magnitude
5.9 and 5.5 — occurred on 7 October 2018 along the OSFZ,
just northwest of Port-de-Paix in the northern Haiti penin-
sula (Fig. 3). These moderate-sized earthquakes, occurring
near the 1842 ruptured area, also produced thrust compo-
nents based on results published in the Harvard CMT catalog.
However, their relationship to the OSFZ remains unclear.
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3 Workshop discussions

3.1 Recent surveys and results

Since the 2010 earthquake, a series of scientific surveys have
been carried out. These include a marine deep-coring ex-
periment (Haiti-BGF, 2015), marine field campaigns (Haiti-
OBS, 2010; Haiti-SIS, 2012, 2013), onshore field campaigns
(2014, 2015, 2017, and 2019), and short cores and multichan-
nel seismic acquisition in Lake Azuei (2017). Marine cam-
paigns passively recorded the aftershocks of the 2010 My, 7.0
earthquake, made high-resolution bathymetry maps, sampled
sediments and fluids, and measured heat flow over the off-
shore western Hispaniola region. Seismic profiles from the
Haiti-SIS and Haiti-SIS2 cruises in the vicinity of the EPGFZ
and OSFZ conducted after the 2010 earthquake demonstrate
that the EPGFZ is separated into ~ 100km long segments
bordered by steep walls (Leroy et al., 2015; Corbeau et al.,
2016a, b).

Actively expelled fluids (including gas) with a partial man-
tle origin have been documented along the onshore prolonga-
tion of the OSFZ and EPGFZ (Ellouz-Zimmermann et al.,
2016). This seepage activity may significantly modify the
thermal regime of the onshore fault segments. Offshore Haiti,
heat flow measurements collected during the Haiti-SIS cruise
provided constraints on the regional conductive heat flow
(Rolandone et al., 2020). In that study, heat flow estimates
from in situ measurements and bottom-simulating reflector
depth suggest a regionally low heat flow in the western His-
paniola region, respectively 4647 and 44412 mW m~2, with
locally high values exceeding 80 mW m~2. High values were
only found near the large strike-slip faults system (OSFZ and
EPGFZ) or near smaller reverse faults. Because conductive
mechanisms (shear heating and heat refraction) cannot ex-
plain heat flow values as high as 100-180 mW m~2, Rolan-
done et al. (2020) propose that fluid circulation might be the
source of the fault-related high heat flow values.

Onshore, the Trans-Haiti project (2013-2014), a 27 station
temporary passive seismic experiment, was conducted to de-
termine the crustal thickness and bulk composition along a
north—south coast-to-coast transect in eastern Haiti (Corbeau
et al., 2017). Other onshore field campaigns include strati-
graphic analysis and geological mapping, kinematic mea-
surements, and sampling of along-fault fluids to investigate
tectonic evolution, fault architecture, and paleo-fluid circu-
lation patterns (IFPEN field campaigns, 2014, 2015, 2017).
The Lake Azuei project (2017) collected a tightly spaced grid
of multichannel seismic and Chirp subbottom profiles over
the entire lake to image tectonic structures and also recovered
three short cores for age constraints on stratigraphy. These
data are intended to characterize how plate motion is par-
titioned between the strike-slip EPGFZ and compressional
structures of the Trans-Haitian Belt, and some results from
these surveys were presented at the 2019 American Geophys-
ical Union (AGU) Fall Meeting (Charles et al., 2019; James
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Figure 3. Recent seismotectonics of the northern Caribbean region and offshore survey plan. Red beach balls — earthquake focal mechanisms
from the Harvard centroid-moment-tensor (CMT) catalog from 1976 to 2019; yellow stars — slow slip and/or tremor observations (Peng et
al., 2013; Aiken et al., 2016); red profiles — proposed transects for the Haiti-TWiST cruise (see Sect. 4). The trace of the EPGFZ terminus
east of Port-au-Prince, while illustrated, is actually unknown. Boxes show the locations of panels in Fig. 4.

et al., 2019). The seismic data revealed that a shallow gas
front obscures much of the flat-lying turbiditic infill of the
lake floor, but structures are well resolved closer to the shore.
Profiles imaged a set of subtle EW-trending en echelon folds
at the southeastern (SE) corner of the lake; although these
folds may be associated with the presence of the EPGFZ,
the seismic profiles did not image any fault scarp or strati-
graphic offset. A NW-striking monoclinal fold, as wide as 3—
5 km, extends along the western shore of the lake, possibly
the expression of a southwestern (SW)-dipping blind thrust
fold. In addition, Aiken et al. (2016) discovered slow slip in
the form of tectonic tremor on the deeper extension of the
EPGFZ onshore using passive seismic data collected during
both onshore and offshore campaigns (Haiti-OBS 2010) that
recorded the aftershocks of the 2010 Haiti earthquake.

3.2 Scientific perspectives

Our overarching research interest is to provide evidence that
benefits seismic hazard assessments for the Hispaniola re-
gion.

Important input parameters for seismic risk assessment
include, amongst others: (a) fault characteristics, to de-
termine the potential energy that can be released by a
seismic event and the possible location and depth; (b) the
geology and geomorphology of the area, to assess ground
motion amplification, liquefaction, tsunami, and landslide
potential; and (c) demographics and construction quality, to
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determine how many people are at risk and what structural
loads buildings in the region can withstand. Key aspects
for understanding the seismogenic behavior of faults are
the fault architecture and fracture network, rheological
and mechanical fault parameters, and fault fluid and gas
plumbing system. These parameters can then be combined
with recurrence events from paleoseismic and historical
earthquake records, and geodetic slip rates, to determine
the seismogenic behavior and structural maturity (e.g.,
Perrin et al., 2016). These types of fault characteristics have
already been investigated in at least three strike-slip fault
drilling expeditions, funded by the ICDP, namely the Nojima
Fault in Japan, the San Andreas Fault in the USA, and
the Deep Fault Drilling Project (DFDP) along the Alpine
Fault in New Zealand (https://www.icdp-online.org/projects/
world/australia-and-new-zealand/alpine-fault-new-zealand/
details/, last access: 29 December 2019).

The Nojima Fault ruptured in the 1995 Mjyya =7.2
Hyogo-ken (Kobe) earthquake, resulting in 6400 casualties
(Famin et al., 2014). Activity on this reverse dextral strike-
slip fault (Boullier et al., 2004) dates back to ~ 56 Ma (Mu-
rakami and Tagami, 2004). The Nojima Fault was the target
of the 1995 Nojima Fault Zone Probe project, which sought
to examine the physical and chemical processes immediately
following the 1995 Kobe earthquake (Ando, 2001) along the
Nojima Fault of Japan, which is thought to have already
initiated at least ~ 56 Ma (Murakami and Tagami, 2004).
This expedition successfully drilled three boreholes at depths
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of 500 m (pilot hole), 800 m (passive monitoring hole), and
1800 m (fault penetration hole). A seismometer and ther-
mometer were placed into the deepest borehole, which pen-
etrated the active Kobe Fault, and water was injected into
it to trigger seismicity. The drilling expedition resulted in
a geological and geophysical reconstruction of the structure
and evolution of the Nojima Fault, the identification of the
maximum regional compressional stress axis, induced mi-
croearthquakes, and measurement of fault width from cores
(e.g., Famin et al., 2014, and references therein).

The San Andreas Fault (SAF) is a dextral strike-slip sys-
tem with a displacement of around 200km that initiated
~ 5Ma (Darin and Dorsey, 2013). Geological slip rates are
estimated at 50 mm yr_1 (DeMets and Dixon, 1999), while
geodetic slip rates indicate a 48 5 mmyr~! (Bennett et al.,
1996) right lateral offset. The San Andreas Fault Observa-
tory at Depth (SAFOD) project targeted the SAF in the early
2000s. The SAFOD drilling project penetrated three active
strands of the San Andreas Fault near Parkfield, California, a
segment of the San Andreas Fault that has produced at least
seven large-sized repeating earthquakes since the late 19th
century. The SAFOD project had two objectives, namely to
(1) investigate the physical and chemical processes that con-
trol deformation and earthquake generation within an active
fault zone; and (2) make near-field observations of earth-
quake nucleation, propagation, and arrest to test laboratory-
derived concepts about the physics of faulting (Zoback et al.,
2011). A pilot borehole was drilled to ~ 2.2 km depth near
the terminus of the creeping section of the Parkfield segment
to obtain geological and geophysical knowledge for the main
SAFOQOD borehole (e.g., Hickman et al., 2004). A total of 27
experimental deployments were also placed in the pilot hole
in preparation for a long-term observatory in the main bore-
hole, which was drilled to a depth of ~ 2.7km (Zoback et
al., 2011). The results of the SAFOD experiment are numer-
ous, but in general, the drilling project yielded a deeper un-
derstanding of the structure and physical properties of the
San Andreas Fault; the composition of fault zone rocks; the
stress, temperature, and fluid-pressure conditions that nucle-
ate earthquakes; and the absence of deep-seated fluids in fault
zone processes (Zoback et al., 2011).

Based on results from previous successful ICDP strike-slip
fault campaigns, drilling the OSFZ and EPGFZ can provide
insight into, amongst others, the physical properties, geo-
logical evolution, and fluid-flow characteristics that are re-
sponsible for the seismogenic hazard along comparatively
young, transpressive strike-slip fault zones. Although differ-
ent in kinematics, complexity, age, and lithology, portions of
the OSFZ and EPGFZ can both produce earthquake swarms
as a form of slow slip (e.g., Possee et al., 2019) and deep
creep in the lower crust (tectonic tremor; e.g., Peng et al.,
2013; Aiken et al., 2016). Yet, in the Windward Passage seg-
ment of the OSFZ, deep tectonic tremor has not yet been ob-
served, and it is still not known if escaping fluids may exist
that may drive shallow earthquake swarms. In terms of phys-
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ical properties, the onshore part of the EPGFZ is character-
ized by high angles between maximum principal paleostress
directions and the trace of the fault (Wessels et al., 2019),
signaling a weak fault zone. However, it remains to be shown
if fault weakness is observable when comparing earthquake
focal mechanisms from present-day passive seismic record-
ings to fault orientation. Fault weakness, as is typical for the
Nojima Fault and SAF (e.g., Famin et al., 2014), is either
related to a very low friction coefficient or to elevated fluid
pressures in the fault zone. The dominant lithology control-
ling the friction coefficient of the EPGFZ fault zone predom-
inantly consists of mafic rocks (e.g., Wessels et al., 2019),
which are unfortunately only exposed in a very weathered
state at the surface. Samples of spring waters found proxi-
mal to the trace of the EPGFZ indicate a mantle component
(Ellouz-Zimmermann et al., 2016), but these diffuse sample
locations provide little insight into the fault plumbing sys-
tem and fault zone fluid pressures. A receiver function study
has shown that the mantle is elevated near the presumed
EPGFZ (Corbeau et al., 2017), but tomographic studies did
not yield any strong evidence for the presence of fluids (Pos-
see et al., 2019). Drilling, coring, and monitoring the OSFZ
and EPGFZ would result in fresh rock samples, in situ fluid
chemistry and pressure measurements, and stress measure-
ments and seismic observations in the long term. Together,
these measurements provide important insights into the simi-
larities and differences in the OSFZ and EPGFZ failure prop-
erties and, in turn, the seismogenic potential of these fault
zones. In terms of recurrence intervals for the pair of strike-
slip faults, we certainly lack paleorecords dating more than
500 years for which deep drilling can provide insight into
their long-term seismic history. Pull-apart basins along the
offshore segments of the EPGFZ and OSFZ may record ac-
tivity on these faults. In addition, seismogenic lake turbidites
(seismites) in lakes proximal to the onshore trace of the
EPGFZ can also give estimates of earthquake recurrences.
Structurally, there is the question of whether the eastern Cul-
de-Sac—Enriquillo Valley portion of the EPGFZ terminates or
continues to propagate into eastern Hispaniola. At the very
least, geologic markers west of Port-au-Prince seem to in-
dicate that the EPGFZ is eastward propagating (Saint Fleur
et al., 2020). In general, propagation of strike-slip faults in
heterogeneous basement terrains remains poorly understood.
Drilling the EPGFZ onshore at different segments may pro-
vide insights into the propagation and maturity of this fault
system.

Beyond the physical and chemical fault properties of
strike-slip faults and fault propagation, we also entertained
the idea that with drilling we could potentially identify
whether or not a seaway closure occurred at onshore Haiti
during the formation of the Cayman Trough. A paleo-reef
has been identified surrounding Lake Enriquillo in the Do-
minican Republic (Taylor et al., 1985; Mann et al., 1995).
However, there is no evidence for an equivalent reef around
Lake Azuei, for which the level is 50—60 m higher than Lake

https://doi.org/10.5194/sd-28-49-2020



C. Aiken et al.: Haiti-Drill: an amphibious drilling project workshop 55

Enriquillo. It has also been suggested that there are marine
stages in both Lake Azuei and Lake Enriquillo at roughly
20 m below the lake bottoms (Wang et al., 2018), but this
has not yet been supported by coring data. There may be evi-
dence of ancient shells, corals, and other marine organisms in
cores or samples recovered from deep drilling. These could
also extend the historical record of sea surface temperature.
Specifically, if a seaway closure has occurred, we might see
differences in benthic foraminiferal Mg/Ca records in Lake
Azuei, compared to those observed along offshore segments
of the OSFZ and the EPGFZ, as have been observed in a pre-
vious seaway closure study (Lear et al., 2003). Lake Azuei,
which lies between two high mountain ranges (> 1500 m),
also provides an opportunity to address the question of how
surface geology changes with climate (e.g., Whipple and
Meade, 2006). Lake Azuei may even hold archaeological ev-
idence of the time when humans first arrived on Hispaniola.

Clearly, there are many interesting questions to be asked
and explored in the western Hispaniola region, both onshore
and offshore. However, we determined two primary research
goals for drilling as follows:

1. The nature of young fault zones — does fault weakness
exist equally at different segments of the fault zones?
What mechanisms control the occurrence of destructive
earthquakes that can generate landslides and tsunamis?
How are fluids linked to tectonic, thermal, and biogeo-
chemical processes?

2. The evolution of transpressional boundaries — how do
landscapes, hydrology, thermal regimes, and climate in-
teract? How are atmospheric processes and lithospheric
processes linked to orogeny? How do stress, strain, and
fluid pressure conditions change along and across strike
of juvenile, advancing transpressional fault systems?

3.3 Drilling perspectives

During the 2015 workshop, six drilling targets — three off-
shore and three onshore sites — were selected. These sites
are the Windward Passage basin along the OSFZ offshore
(Fig. 4a), the Navassa Basin along the EPGFZ in the Jamaica
Passage (Fig. 4b), the Jérémie Basin just north of the south-
ern peninsula, Lake Azuei (which may overlay the terminus
of the EPGFZ), the EPGFZ near the southern shore of Lake
Azuei, and the frontal thrust plane of the Matheux Range.
Participants at the 2019 workshop agreed that basins along
the OSFZ and the EPGFZ offshore remain ideal targets be-
cause they have been extensively surveyed (Haiti-SiS 2012,
2013) and require very little additional survey work. These
offshore target sites are located in the releasing bends of the
OSFZ and EPGFZ, where compression along the fault is ex-
pected to be lowest. Submarine pull-apart basins along strike-
slip faults are capable of holding a wealth of paleoseismic
records, as has been evidenced along the North Anatolian
Fault system in the Sea of Marmara (McHugh et al., 2006).
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On the other hand, the onshore targets identified during the
2015 workshop may not be suitable because the EPGFZ ter-
minus fault architecture in the Lake Azuei region is still un-
known, requiring additional survey work that may prove dif-
ficult. Thus, we discussed and rationalized three potential
sites for onshore drilling during the workshop. We elaborate
on these sites further below.

Along the EPGFZ, one potential target is near the Mo-
mance River, which follows the trace of the EPGFZ as it
enters the Léogane delta plain (Fig. 4c). This locality is
~20km west of Port-au-Prince and proximal to the site
of the My, 7.0 2010 earthquake. In this area, the EPGFZ
can easily be identified in the topography and is presumed
to be vertical or to have a slight southern dip. At this lo-
cality, the EPGFZ juxtaposes the Caribbean large igneous
province (CLIP) basement in the south against Miocene car-
bonate sediments in the north. Further west of the Momance
River, where the EPGFZ exits the fan complex, Hornbach
et al. (2010) collected Chirp high-resolution seismic pro-
files offshore, and Kocel et al. (2016) collected near-surface
seismic reflection profiles onshore. In that region, the fan is
known to be relatively thick and coarse grained with boulder-
sized limestones. However, we do not know the stratigraphy
near the Momance River site or if it may be more conducive
for drilling. Alternatively, we could consider a site just a few
hundred meters offshore where high-resolution seismic data
highlight the fault trace and where sediments have ponded
between patch reefs (Hornbach et al., 2010). The Momance
River site does provide a unique opportunity to drill through a
relatively mature part of the EPGFZ to take fresh samples of
the dominant crustal lithology (basalt) that this fault is pen-
etrating and to take in situ pressure, temperature, and chem-
ical measurements. In situ stress measurements will provide
insights into the loading of the EPGFZ as a result of the
2010 earthquake, and continued monitoring would provide
insights into the earthquake hazard that this fault poses. Sam-
ples from the EPGFZ onshore would be an ideal comparison
to samples taken from the EPGFZ offshore, as the EPGFZ
is thought to be an eastward-propagating fault (Saint Fleur
et al., 2020). Differences in fault weakness may be appar-
ent between samples, as the fault may be more mature in the
west compared to the east. They could also be compared to
the OSFZ, which may or may not have developed simulta-
neously with the EPGFZ. The benefit of this site is that the
location and occurrence of the EPGFZ are certain, and the
drill rig can be placed directly on (weathered) mafic base-
ment. This site also allows a direct comparison with the out-
cropping core of the EPGFZ in calcareous rocks in quarries
some 25km eastwards along strike. It would require only
a limited site survey consisting of detailed geological map-
ping and stratigraphic observations and perhaps even passive
seismic monitoring. The difficulty with this site would be to
bring the material inside this river valley and to find a large
enough flat surface to install the drill rig. An alternative to
this site could be the southern border of Lake Miragoéne.
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Figure 4. Potential drilling sites (red stars) and alternates (yellow stars). (a) In a basin of the Windward Passage along the OSFZ offshore
the northern Haitian peninsula, (b) in the Navassa Basin of the Jamaica Passage along the EPGFZ offshore the southern Haiti peninsula and
(c) onshore near the EPGFZ terminus — one site on land and one site in Lake Azuei. At the potential Momance River site, west of Port-au-
Prince near the Léogane delta plain, the fault trace is better defined and the fault is also more vertical. To the east, less is known. The trace of
the EPGFZ terminus east of Port-au-Prince, while illustrated in panel (c), is actually unknown, and the fault possibly dips south-southwest.
The site near the Léogane delta plain requires less additional survey work and is preferred but difficult to link scientifically to the Lake Azuei
site. Multichannel seismic (MCS) data were acquired during Haiti-SIS and Haiti-SIS2 along the ship tracks, as shown in panels (a) and (b).

There are a few benefits to this site. Chirp high-resolution
seismic profiles (< 10 m) are available for Lake Miragoane
(Wang et al., 2018) and a 17 m core that has been thoroughly
analyzed, reconstructing Caribbean climate change over the
past 10500 years (Hodell et al., 1991). In addition, it would
be comparatively easy to bring the drill equipment in place.
The downsides are a thick alluvial sedimentary cover, less
knowledge about the stratigraphy and thicknesses, a less de-
fined fault trace, and potential fisheries in the lake.

A second potential site is the EPGFZ on the southern shore
of Lake Azuei (Fig. 4c). Recent studies support a model
where a large fault is likely dipping south under the Mon-
tagne de la Selle (Saint Fleur et al., 2015; Symithe and Calais,
2016; Possee et al., 2019), with diffuse deformation accom-
modated by various sets of oblique-slip and strike-slip faults
(Wessels et al., 2019). Wang et al. (2018) suggest that the
EPGFZ in this area transitions closer to vertical and is deeply
buried. However, where this transition occurs is not exactly
known as seismicity in the region is sparse (e.g., Possee et al.,
2019), and seismic reflection surveys detailing the fault ar-
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chitecture are nonexistent. While there is no observable trace
of the EPGFZ, this area of diffuse deformation likely rep-
resents the tip of the advancing EPGFZ. Drilling through the
sequence of faults can provide insights into the distribution of
stress, strain, and pressure conditions of juvenile, advancing
fault systems but would provide less information about the
rheological parameters controlling the fault characteristics.
These characteristics could also be easily compared to char-
acteristics observed offshore — along the OSFZ and EPGFZ —
to understand the differences between young fault zones and
their evolution. Located directly adjacent to Port-au-Prince,
investigating this segment of the EPGFZ would also benefit
earthquake risk assessments in the region. However, with-
out proper control of the location, dimensions, and thickness
of splay faults, it would require a much more extensive site
survey, including detailed geological mapping over a wider
area, stratigraphic investigations, and possibly a seismic sur-
vey over topographically challenging terrain. Passive seismic
recordings could also elucidate the fault slip mode in this re-
gion — whether creeping or locked. A benefit of this site is
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that it can be relatively easily reached when approached from
the north, and it can be more easily combined with drilling
in Lake Azuei compared to a project further west of Port-au-
Prince.

A third potential site is located within Lake Azuei
(Fig. 4c). Lake Azuei, a brackish and perhaps anoxic lake
(Eisen-Cuadra et al., 2013), with depths down to 30 m (Mok-
natian et al., 2017; James et al., 2019), is an ideal drilling tar-
get for a multidisciplinary drilling project. Based on recent
short coring (namely, Project Lake Azuei), the sediment de-
position is mostly continuous and undisturbed, and the fact
that the lake is wedged between two high, active mountain
ranges guarantees that it collects the by-product of mountain
erosion. Therefore, the lake likely contains an exquisite sed-
imentary record that can be used to study paleoseismicity,
paleoclimate, paleogeography, and possible even determine
when humans first arrived on Hispaniola. In terms of paleo-
climate, drilling Lake Azuei can extend the Holocene climate
record in the northern Caribbean. Drilling here could also
confirm if erosional rates are linked to drought and humid
climate intervals and the influence of recent deforestation
on sediment flux. The area was an open seaway during the
Pliocene (e.g., Mann et al., 1984), but the timing of the clo-
sure of that seaway remains to be documented. Because Lake
Azuei is probably anoxic at its depocenter (Fig. 4c, yellow
star), it should preserve a pristine stratigraphy (not biotur-
bated). Its sediments may thus host a detailed climate record
and earthquake record and may also allow one to precisely
date the arrival of humans on Hispaniola based on detailed
pollen and charcoal analysis. Finally, Lake Azuei lies near
the presumed terminus of the EPGFZ, which may hold in-
formation about paleoseismic records. With influx from dis-
tinctly different sources (basements) in the north and south,
it is potentially possible to distinguish between earthquakes
triggering seismites in central versus southern Hispaniola.
Paleoseismic records from Lake Azuei would also make a de-
sirable scientific link between drilling onshore and offshore
— giving historical records of earthquake activity along the
OSFZ and EPGFZ that can provide clues to the evolution of
the dual strike-slip system. Lastly, multichannel seismic pro-
files faintly imaged a deformation zone present beneath the
shallow gas front and that extends across a 2-3 km wide cor-
ridor paralleling the southern shore of the lake. However, it
remains unclear whether this deformed layer reflects faulting
and/or folding. Drilling into those deformed rocks may pro-
vide a useful test with respect to the competing models for
the nature of the EPGFZ in that area.

4 Future plans
The future of the Haiti-Drill project was discussed on the last
day of the workshop. It was agreed that there are three im-

perative tasks for producing a successful amphibious drilling
project in the western Hispaniola region. First, more prelimi-
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nary work should be done, especially for the onshore sites.
Second, we need additional expertise to analyze existing
data and diversify the science related to drilling. Third, local
Haitian researchers and students must be included in small-
scale projects leading up to the drilling proposal to build
training, understanding, and community support. We identi-
fied additional data, research, surveys, and scientists needed
in order to develop a future proposal. Finally, we created re-
alistic timelines for both onshore and offshore projects.

Despite several oceanographic surveys conducted within
the last decade, some questions still remain about the ar-
chitecture of the OSFZ and EPGFZ offshore. In particular,
the dipping angles of the OSFZ and EPGFZ target areas
are not well constrained, which is required for selecting the
ICDP and IODP sites. A marine deep seismic cruise pro-
posal (namely, Haiti-TWiST) was submitted in September
2019 to investigate the structural and mechanical behaviors
of the OSFZ and EPGFZ offshore and target the offshore
drilling sites (Fig. 3) and was successfully classed as being a
top priority for scheduling from 2021. During this campaign,
we will conduct a wide-angle seismic reflection survey off-
shore Haiti, take heat flow measurements, sediment cores,
and sample interstitial fluids across the fault zones near the
drilling target sites to characterize the possible hydrothermal
system and make passive seismic recordings near the fault
zones to observe the different types of seismicity. The wide-
angle seismic survey will constrain the fault structure, sed-
iment coring across and along the faults will help constrain
paleoseismic records, and fluid sampling will help to under-
stand their origins and relationship with present-day seismic-
ity on passive seismic recordings. Onshore, the 2017 marine
seismic survey of Lake Azuei revealed the presence of a dif-
fuse gas front in the shallow sediments, except for its deepest
basin floor. A deformation zone is visible below the gas front
along the presumed extension of the EPGFZ in the south-
ern part of the lake (Charles et al., 2019). Although, at this
stage of data processing, it remains unclear whether that de-
formation zone reflects folding or faulting. If deeper pockets
of pressurized gas exist, this would prevent drilling for safety
reasons.

The other potential onshore targets, south of Lake Azuei
and along the Momance River or the alternative site on
the southern border of Lake Miragoane require additional
site surveys. While the Momance River requires only lim-
ited additional geological mapping and refining of the local
stratigraphy, Lake Miragoane and the onshore site near Lake
Azuei’s southern shore require extensive site surveys; addi-
tional reflection seismics to determine the location and ge-
ometry of the faults necessary for developing a drilling plan
are needed. However, at present, we have no single onshore
site that is preferred because there have not been any multi-
disciplinary studies conducted at any one site that can sup-
port drilling at this time. If survey work is successful, we
would prefer to target Lake Azuei and land near the south-
ern shore of Lake Azuei as these sites would be more easily
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linked due to their locations and because Lake Azuei offers
a potential wealth of multidisciplinary data. However, near
the southern shore of Lake Azuei, topography may present
a problem for site surveys. We are currently in the process
of planning a multidisciplinary onshore survey project for
submission to the Agence Nationale de la Recherche (ANR)
for funding. The project will target sites west of Lake Azuei
and near the Momance River so that we can choose the best
drilling location. Surveys will be conducted in collaboration
with scientists from the Université d’Etat d’Haiti. The sur-
veys will serve as fieldwork opportunities for Haitian stu-
dents from the Université d’Etat d’Haiti. However, finding a
sufficiently powerful seismic source to conduct a seismic re-
flection survey with a penetration depth > 1 km will likely be
more challenging.

While more data need to be collected to justify drilling
offshore, there are also many research opportunities for or-
ganic and/or inorganic geochemists, sedimentologists, pale-
oseismologists, paleoecologists, and biogeochemists to ex-
plore existing data and/or participate in the future drilling
project. For example, 2 ~ 80 cm long cores were collected
in 2017 from Lake Azuei (http://projectlakeazuei.org, last
access: 10 February 2020) with several intervals that have
been dated with radioisotope methods (Cormier et al., 2018).
Some cores offshore were taken during the Haiti-BGF and
first Haiti-SIS cruise, but the data were insufficient to de-
cide whether fluid is escaping or not. Cores from these cam-
paigns were scarce and often short and did not provide any
fluid geochemistry indicative of strong circulation. However,
this of course does not prove that there are no fluids escap-
ing along fault offshore. Other investigations, e.g., acoustic
measurements in the water column, are needed to find places
where seeps occur and other and longer cores, if possible —
something we aim to address in the Haiti-TWiST marine
campaign. Onshore, there is evidence of advected mantle-
derived fluids, but more samples are needed to assess the
temporal variability. We are also searching for additional re-
searchers to assist with developing the paleorecord from the
short cores (onshore and offshore). Moreover, this project is
a unique opportunity for paleoclimate studies as Lake Azuei
lies between two topographic highs and likely has erosional
deposits. In particular, Lake Azuei appears to be anoxic at its
depocenter, which makes for an ideal drilling target for pale-
oclimate studies. It may also be archiving key markers (such
as maize pollens) that may have recorded when humans ar-
rived in Hispaniola.

5 Concluding remarks

The western Hispaniola region presents a unique opportunity
for an amphibious drilling project because it is bounded by
two active strike-slip faults with the potential for vertical up-
lift onshore and offshore. In addition, the EPGFZ and OSFZ
are both younger than previously drilled strike-slip faults,
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which makes drilling in the western Hispaniola region ideal
for not only expanding our understanding of the physical and
chemical properties of strike-slip faults at different stages of
maturity but also for providing samples of a potentially prop-
agating fault system.

During the 2019 Haiti-Drill workshop, we discussed
themes such as the evolution of transpressional boundaries
— how landscapes, hydrology, thermal regimes, and climate
interact — and the nature of young fault zones. We identified
key questions that link the onshore and offshore segments
of the dual strike-slip system and made some preliminary
drilling-scenario plans. Our research goals are largely re-
lated to seismotectonics — understanding how the OSFZ and
EPGFZ strike-slip faults have evolved and their characteris-
tics — how have they behaved in the past, how they behave
today, and what controls that behavior. We have yet to de-
cide how we will approach drilling — whether drilling through
faults is possible or if we must drill next to the faults. De-
ciding this requires additional research, surveys, and exper-
tise. In particular, high-resolution, wide-angle seismic reflec-
tion, geological mapping, heat flow measurements, and addi-
tional coring need to be done to enhance our understanding
of the architecture, hydrothermal systems, and paleorecord
of the region prior to deeper drilling. At least one deep ma-
rine survey has been planned, and funding for onshore sur-
veys is currently being sought. At present, there are existing
cores and seismic data that need additional analyses. We are
specifically interested in enlarging the scientific team to help
with additional analyses, future field work, and the long-term
development of the full proposal. Anyone interested in ac-
cess to data or participating in the long-term development of
the amphibious drilling project is invited to contact Chastity
Aiken, the corresponding author.

Data availability. All data are from third parties. Data for Fig. 1
are from DeMets et al. (2010). Data for Fig. 2 are from Mc-
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Abstract. The Weihe Basin, enclosed by the Chinese Loess Plateau to the north and the Qinling Mountains to
the south, is an outstanding, world-class continental site for obtaining high-resolution multi-proxy records that
reflect environmental changes spanning most of the Cenozoic. Previous geophysical and sedimentary studies
indicate that the basin hosts 6000—8000 m thick fluvial-lacustrine sedimentary successions spanning the Eocene
to Holocene. This sedimentary record provides an excellent and unique archive to decipher long-term tectonic—
climate interactions related to the uplift of the Tibetan Plateau, the onset/evolution of the Asian monsoon, and
the development of the biogeography of East Asia. Owing to its location at the interface of the opposing westerly
and Asian monsoon circulation systems, the Weihe Basin also holds enormous promise for providing a record
of changes in these circulation systems in response to very different boundary conditions since the Eocene. To
develop an international scientific drilling programme in the Weihe Basin, the Institute of Earth Environment,
Chinese Academy of Sciences, organized a dedicated workshop with 55 participants from eight countries. The
workshop was held in Xi’an, China, from 15 to 18 October 2019. Workshop participants conceived the key
scientific objectives of the envisaged Weihe Basin Drilling Project (WBDP) and discussed technical and logistical
aspects as well as the scope of the scientific collaboration in preparation for a full drilling proposal for submission
to the International Continental Scientific Drilling Program (ICDP). Workshop participants mutually agreed to
design a two-phase scientific drilling programme that will in a first phase target the upper 3000 m and in a second
phase the entire up to 7500 m thick sedimentary infill of the basin. For the purpose of the 7500 m deep borehole,
the world’s only drill rig for ultra-deep scientific drilling on land, Crust 1, which previously recovered the entire
continental Cretaceous sediments in the Songliao Basin, will be deployed in the WBDP.
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1 Introduction

The Earth has experienced remarkable climate and environ-
mental changes during the last 65 million years. The most
prominent characteristic of global Cenozoic climate evolu-
tion, primarily inferred by marine benthic oxygen isotope
records, is a stepwise cooling since the Eocene from a hot
“greenhouse” to a cold “icehouse” Earth, associated with the
initiation and expansion of the bipolar ice sheets (Zachos et
al., 2001; Westerhod et al., 2020). Against the backdrop of
global cooling during the Cenozoic, the salient trend in Asia
was the development of the coupled monsoon—arid environ-
ment system at tectonic timescales, which was largely driven
by a reorganization of atmospheric circulation systems in re-
sponse to the India—Asia collision and the subsequent uplift
of the Tibetan Plateau, and the global cooling (Kutzbach et
al., 1993; Ramstein et al., 1997, Anetal., 2001; An, 2014; Lu
et al., 2010). To date a continuous Cenozoic record capturing
both the effects of global climate change and regional tecton-
ics on Asian climate has yet to be recovered. Such a record is
critical for enhancing our knowledge about when and how
the Asian monsoon originated while at the same time en-
abling assessment of the mechanism of tectonic—climate in-
teractions through the entire Cenozoic era. It will also pro-
vide information on how the Asian monsoon evolution influ-
enced the development of Asian ecosystems up to the present
day.

Being a critical and powerful approach in the geosciences,
scientific drilling under the umbrella of the ICDP has been
very successful over recent decades by providing critical
materials from various key sites and pushing forward the
frontiers of Earth sciences. Over the last 2 decades, ICDP
has funded many drilling projects to address changes in
the Earth’s climate and ecosystem in the geological past.
However, few of these have targeted continuous sedimentary
strata dating beyond the Pleistocene. In East Asia, previous
ICDP drilling projects have focused on the late Jurassic to Pa-
leogene, mostly Cretaceous, Songliao Basin, as well as late
Quaternary strata (Lake Qinghai, Fig. 1). To date, there has
been a paucity of high-quality continental records for the in-
tervening periods that have shaped the modern face of the
Earth.

Due to the stepwise growth of the northern Tibetan Plateau
during the late Cenozoic, a series of tectonic basins were de-
veloped in the surrounding areas, such as the Tarim Basin
(Sun et al., 2009; Liu et al., 2014), Qaidam Basin (Yin et
al., 2008; Zhang et al., 2012), Xining Basin (Fang et al.,
2019), Linxia Basin (Fang et al., 2003), and Lanzhou Basin
(Yue et al., 2001). Thick deposits of these basins provide di-
rect evidence of a Cenozoic drying history of inland Asia
(Dupont-Nivet et al., 2007; Wang et al., 2012; Liu et al,,
2014; Li et al., 2014). Compared with sedimentary records
of these inland basins, the Weihe Basin is tectonically re-
lated to the long-range effects of the uplift of the Tibetan
Plateau, but the sedimentary records are more sensitive to
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monsoonal climate changes (Lu et al., 2018). Therefore, in-
vestigation into the sedimentary records in the Weihe Basin
will deepen our understanding regarding when the coupled
Asian monsoon—arid environmental system was formed and
how the monsoon climate evolved in response to Tibetan
Plateau growth and global cooling. The Weihe Basin, with
its 6000—-8000 m thick uninterrupted fluvial-lacustrine sedi-
mentary succession spanning the Eocene to the present (Jia
et al., 1966; Liu et al., 1960; Chen et al., 1977; RGS, 1989;
Wang et al., 2013; Lu et al., 2018), is the most continuous
continental archive of Cenozoic climate evolution in East
Asia. Because of its unique geographical location, the re-
gion around the Weihe Basin is significantly affected by the
Asian monsoon, which is a major component of global at-
mospheric circulation (An et al., 2015). Apart from its enor-
mous promise for Cenozoic paleoclimate research, the Weihe
Basin has also preserved evidence of the earliest appearance
of hominins outside Africa (Maslin et al., 2015; Potts, 2013),
known as the cradle of ancient Chinese civilization (An and
Ho, 1989; Zhuo et al., 2016; Zhu et al., 2018).

Changes in the Earth’s climate system on global and re-
gional scales are attributed to both natural factors and hu-
man activities (IPCC, 2001). What we learn from the geo-
logical past about natural change is key to predicting Earth’s
future under the influence of ongoing anthropogenic effects.
It is therefore important to understand the response of large-
scale atmospheric circulations and ecosystems under analo-
gous greenhouse climate conditions of the Cenozoic (Zachos
et al., 2001; Haywood et al., 2016; Zhang et al., 2013). Ow-
ing to its continuity in sediment deposition, the Weihe Basin
is ideally suited to producing a critically important record
capable of elucidating the effect of global-scale climate and
regional-scale tectonics on the evolution of the major at-
mospheric circulation systems in Asia and the response of
eco-environmental systems to high atmospheric greenhouse
gas concentrations during several critical warm periods (e.g.
Kutzbach and Behling, 2004; Ji et al., 2018; Zhao et al.,
2020).

Being located at the boundary between subtropical forest
and the temperate vegetation zone (http://www.ecosystem.
csdb.cn, last access: 18 November 2020), the Weihe Basin
also offers the opportunity to depict changes in the time-
transgressive evolution of Angiosperms and the expansion
of grasses using the C4 photosynthetic pathway and their
links to Cenozoic tectonic—climate interactions (Wang et
al., 2019). Similarly to the surface ecosystems, subsurface
ecosystems also involve complex interactions between life
and the environment. While the limits of life at depths in the
marine sediment record are constantly being revised (Schip-
pers et al., 2005; Flemming and Wuertz, 2019), similar stud-
ies from continental settings have been limited to date. Thick
sedimentary strata of the Weihe Basin are an ideal comple-
ment that will help to characterize the limits of life as well as
its metabolic pathways and products at depth in a continental
setting, a goal that has so far not been targeted. Direct obser-
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Figure 1. Atmospheric circulation systems in East Asia and locations of previous ICDP (red dots) and CESD (blue dots, Chinese Environ-
mental Science Drilling) drilling sites and the proposed site of the Weihe Basin Drilling Project (WBDP; red star). BDP: Lake Baikal; SBDP:
Songliao Basin; LQDP: Lake Qinghai; LP: Lop Nur; LQ: Lake Qinghai; ZL: Zhuanglang; and HQ: Heqing Paleolake. ISM: Indian Summer
Monsoon; EASM: East Asian Summer Monsoon; EAWM: East Asian Winter Monsoon; and WPWP: West Pacific Warm Pool.

vations and measurements in a deep borehole will offer great
promise for depicting how deep Earth ecosystems respond to
an extreme environment.

The formation and evolution of the Weihe Basin are
closely related to the long-range effects of the uplift of the
Himalayan-Tibetan Plateau, growth of the Qinling Moun-
tains, as well as the Ordos block deformation (Zhang et al.,
1995, 2002; Shi et al., 2008; Liu et al., 2013; Shi et al.,
2019). The thick sediment package retains a record of tens
of millions of years of regional tectonic evolution with in-
formation continuously stored as denudation products in the
Weihe Basin. The envisaged WBDP will provide a unique
opportunity to closely capture mountain-building processes
of the Qinling Mountains, the landform dividing northern
and southern China geographically, biogeographically, and
climatically, through proximal denudation products delivered
by rivers draining the mountain range and deposited in the
basin. Owing to its eastern location, the sedimentary record
of the Weihe Basin also holds promise for identifying po-
tential imprints of major uplift and exhumation events of the
Tibetan Plateau, which played significant roles in the forma-
tion and evolution of the Asian monsoon—arid environmental
systems (An et al., 2001, 2015).

2 Site description

The Weihe Basin is located in central China and extends
400km from E to W (107-110°35E) and ~ 30-80km
along its N-S axis (34-35°40' N), covering an area of about
20000 km? at an average elevation of 400 m above sea level
(a.s.l.) (Fig. 2a). The Qinling Mountains to the south reach
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elevations of 2000-3700 m a.s.1., and the Weihe North Moun-
tains to the north are at ~900-1300 m a.s.1. The overall ter-
rain of the Weihe Basin is inclined towards the east. The
bedrock composition of the Weihe Basin is complex, with
Paleozoic limestone in the northern basin and Archean—
Proterozoic metamorphics and Mesozoic plutonics in the
southern basin (Shi et al., 2008; Lin et al., 2015; Song et al.,
2018). Climatologically, the area is located at the boundary
between the subtropical monsoon and temperate monsoon ar-
eas, with rainfall being sourced primarily from the tropical
Indo-Pacific oceans. Its annual average temperature is ~ 12—
14°, and the average annual precipitation is ~ 500-700 mm,
with 55 % of this precipitation falling during the summer
monsoon-dominated season (June to September). The Weihe
Basin is sensitive to changes in the Asian Monsoon (AM)
circulation, characterized by seasonal shifts in wind direc-
tion between the cold and dry winter and the warm and hu-
mid summer. As an important component of the global cli-
mate system, the AM affects almost one-third of the world’s
population and is of major importance for regional socio-
economic and sustainable development.

Geophysical (reflection seismic and gravimetry) and bore-
hole data suggest continuous subsidence for > 7000 m of
sediment accommodation space in the two depocentres of
the Weihe Basin (Chen et al., 1977; RGS, 1989; Xu et al.,
2014; Liu et al., 2016; Li et al., 2016) (Fig. 2). Bio- and
magneto-stratigraphy of outcrops and available drill cores in-
dicates that sediments have accumulated continuously since
the Eocene (e.g. Wang et al., 2013; Zhao et al., 2018; Lu
et al., 2018). Lithologies consist mainly of fine-grained la-
custrine sediments that are occasionally interspersed with
somewhat coarser fluvial deposits (Chen et al., 1977; RGS,
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1989; Lu et al., 2018; Liu et al., 2019). Recent investigations
into outcrops in the forefront of the Li Shan and Qinling
Mountains provide a preliminary framework of the Ceno-
zoic basin stratigraphy and a glimpse into regional environ-
mental changes (Wang et al., 2014; Lu et al., 2018). Un-
fortunately, these outcrops capture primarily proximal de-
posits composed of successions ranging from fluvial pebbles
and sand layers to lacustrine silty clay deposits, providing
only a general framework of Cenozoic depositional environ-
ments in the Weihe Basin (Wang et al., 2013). Due to the
lack of temporal continuity, these deposits are not suitable
for long-time high-resolution paleoclimatic reconstructions.
Hence, the promising way to produce a continuous sedimen-
tary record is through drilling in the depocentres of the Weihe
Basin.

Sci. Dril., 28, 63-73, 2020

3 Previous investigations

Based on geophysical, tectonic, and geological evidence,
there are three proposed formation mechanisms of the Weihe
Basin, including the following: (1) the eastward extrusion of
the Tibetan Plateau caused the extension of the Weihe Basin
(Molnar and Tapponnier, 1975; Zhang et al., 1995), which is
supported by mechanical simulation of indentation on plas-
ticine models (Peltzer and Tapponnier, 1988); (2) continued
Pacific—Eurasian collision in East Asia since the Mesozoic
caused rifting in the Weihe Basin (Northrup et al., 1995; Ye
et al., 1987); and (3) Cenozoic extension in the Weihe Basin
resulted from the combined effects of the India—Asia Plate
collision and subduction of the western Pacific Plate beneath
the Asian Plate (Song et al., 2018). Provenance studies sug-
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gest that deposition in the Weihe Basin is largely controlled
by the uplift of the Qinling Mountains (Dong et al., 2011;
Meng, 2017; Liu et al., 2019; Zhang et al., 2012), implying
that a basin-range structure was formed and co-evolved since
the early Cenozoic.

Previous geological surveys and pilot boreholes through-
out the Weihe Basin have revealed that the basin contains
a continuous, rapidly accumulating sedimentary succession,
with accumulation rates averaging ~ 60—100 cm kyr~! in the
depocentre for the last 50 Myr (Chen et al., 1977; RGS, 1989;
Li, 2018). Numerous outcrops surrounding the Weihe Basin
have been investigated in the past decades (e.g. Liu et al.,
1960; Yue, 1989; Kaakinen et al., 2006; Wang et al., 2014; Lu
et al., 2018; Wang et al., 2019; Zhao et al., 2020). Litholog-
ical and biostratigraphic investigations of exposed outcrops
between Xi’an and Lantian suggest that the fluvial-lacustrine
sequences during the Eocene to Miocene accumulated in the
lower part, with the Red Clay and loess—paleosol sequences
deposited in the upper part since the late Miocene (Lu et al.,
2018, and references therein).

Since the 1990s, investigations into the depositional fa-
cies, stratigraphy, mammal fossil assemblages, carbonate
isotopes, pollen, and phytolith assemblages of the sedimen-
tary outcrops exposed in the southern margin of the Weihe
Basin have revealed significant changes in the Cenozoic en-
vironmental characteristics of the region. For example, sed-
imentological and magnetostratigraphic results of the Duan-
jiapo Red Clay section, for the first time, revealed a major
environmental shift around the latest Miocene (Zheng et al.,
1992). This environmental change is also confirmed by a
large-scale C4/C3 vegetation change inferred from the car-
bon isotope records of fossil teeth and soil carbonates in the
loess—Red Clay sequence at Lantian (An et al., 2005; Passey
et al., 2009) as well as in vertebrate fossils of the Bahe For-
mation (Kaakinen et al., 2006). Carbon isotope results from
the Lantian and Weinan profiles show that C4 grasses may
have been a dominant grassland component already start-
ing at ~ 11 Ma and experienced further stepwise expansions
during the Pliocene, thereby suggesting early aridification
in Asia (Sun et al., 2012; Wang et al., 2019). Quantitative
phytolith- and pollen-based reconstructions of mean annual
precipitation indicate a decrease from 800-1673 to 443—
900 mm during the Pliocene, implying an important role of
global cooling in driving Asian monsoon evolution (Wang et
al., 2019; Zhao et al., 2020). Based on available data from
the outcrops and borehole, a review work suggests that the
Asian monsoon may have been initiated by the mid-Eocene
(Lu et al., 2018).

Plio-Pleistocene glacial—-interglacial to millennial mon-
soon variability has also been revealed by the loess se-
quences and borehole sediments in the Weihe Basin. The
geochemical composition of the Weinan loess profile con-
firmed that high-frequency pulses of East Asian monsoon
climate in the last two glaciations were linked to the cli-
mate of the North Atlantic region (Guo et al., 1996). In ad-
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dition, glacial-interglacial changes in paleotemperature and
precipitation have been quantitatively reconstructed using
carbon isotopes and biomarkers from the Weinan loess pro-
file (Sun et al., 2012; Thomas et al., 2017; Tang et al.,
2017; Wang et al., 2018). To obtain high-resolution infor-
mation on paleoenvironmental changes in the region, core
LYH-1 (1097 m) was drilled in a residual lake (namely
Luyanghu) in the northern Weihe Basin. Sedimentological
and geochemical proxies from the upper 220 m of the core
revealed that significant changes with a range of fluvial-
lacustrine—eolian depositional environments were persistent
over the last 1 Myr (Rits et al., 2016, 2017), likely reflecting
monsoon-induced orbital- to millennial-scale hydroclimatic
changes. Nine short cores (7-8 m) were recently retrieved
from the proposed drilling site in the Weihe Basin. These sed-
imentary records are mainly composed of fine-grained silts
and comprise climatic signals with a high potential for re-
solving millennial monsoon variability since the last glacia-
tion. Previous investigations clearly highlight the great po-
tential of the sediments in the Weihe Basin for assessing the
long-term trends and short-term variability of the Asian cli-
mate during the Cenozoic. Therefore, high-resolution and
continuous reconstruction of the Cenozoic climate can be
achieved by obtaining long and high-quality drill cores from
the Weihe Basin’s depocentre.

4 Geophysical survey results

High-resolution wide-angle and deep seismic refrac-
tion/reflection detection data suggest the presence of two de-
pressions located in the western and eastern Weihe Basin
(Liu et al., 2016; Cai, 2017; Li, 2018) (Fig. 3). The west-
ern depression (Huyi) is located between Zhouzhi and Huyi.
Its southern boundary is the Qinling fault (F2), the north-
ern boundary is the Weihe fault (F3), the eastern boundary
is the Lintong—Chang’an fault (F4), and the western bound-
ary is the Longxian—Qishan—-Mazhao fault (F1). A 5218 m
deep borehole (WS10) in the depocentre of the Huyi depres-
sion just penetrated into the late Eocene (Fig. 2b), suggesting
the presence of a much thicker Cenozoic sediment package
in the western depression. The thickness of unconsolidated
sediments in the Huyi depression exceeds 6000 m based on
time—depth conversion of two-way travel time at the base of
the central depression of about ~4-4.5s. The deep seismic
reflection profile shows that there are six major stratigraphic
interfaces. Note that the integrity of the Huyi depression is
lost due to the cutting of an east—west fault at depth.

The eastern depression (Gushi) is located between Weinan
and Dali (Fig. 4). Its southern boundary is the Weinan—
Jingyang fault (F5), the Weinan pediment fault (F6), and the
Huashan pediment fault (F7), and its northern boundary is the
Kouzhen—Guanshan fault (F8) and the Shuangquan-Linyi
fault (F9). This depression is oriented E-W in general, with a
maximum N—S width of 38 km. The Gushi depression is only
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surrounded by minor faults near its edges and lacks major
faults crossing the depocentre (Fig. 4a). Wide-angle reflec-
tion shows that the thickness of acoustically well-stratified
sediments deposited in the Gushi depression reaches up to
7500 m (Fig. 4b) based on a two-way travel time of ~4.7 s,
and deep seismic reflection indicates the Cenozoic sediment
may be deeper (Fig. 4c). The superimposed deep seismic re-
flection profile shows that there are six major stratigraphic
interfaces, designated as T1-6, respectively (Fig. 4d). T1 in-
dicates the basal boundary of the Quaternary, T4 denotes
the basal boundary of the Neogene, and T6 may reflect the
bedrock surface. The major geothermal and soluble helium
gas resources were found within the Mio-Pliocene sediments
(N1-2) between T3 and T2, deposited under fluvial to shallow
lacustrine conditions (Li, 2018). Recently, the PetroChina
Changqing Company drilled a 6535 m long borehole 16 km
east to the depocentre of the Gushi depression down to the
bedrock (for the location, see LC1 in Fig. 2), which revealed
that the thickness of the Cenozoic strata is ~6490m and
that the bedrock underlying the Cenozoic is Ordovician lime-
stone.

5 Workshop

Based on promising survey information, scientists from the
Institute of Earth Environment, Chinese Academy of Sci-
ences, organized an international workshop on 15-18 Octo-
ber 2019 in Xi’an, which assembled 55 scientists from eight
countries, representing various scientific domains, to specify
the key objectives of the WBDP and the global significance
of reconstructing Cenozoic climate evolution and tectonic—
climate interaction. The morning session on the first day fo-
cused on the formation and evolution of the Weihe Basin
from tectonic and sedimentary evidence, the Cenozoic de-
positional environments and paleoenvironmental evolution
from the geophysical, outcrop, and drill core data, and the
potential of the thick and continuous Cenozoic deposits in
the Weihe Basin for paleoclimate research. The afternoon
session focused on basin evolution, paleoclimatology, basin—
mountain coupling, sedimentary stratigraphic cycle correla-
tion, and paleo-CO» concentration reconstructions.

A field excursion was conducted on the second day. In
the morning the team visited outcrops showcasing the Ceno-
zoic lacustrine and eolian Red Clay—loess deposits exposed
in the southern margin of the Weihe Basin (the northern
slope of the Qinling Mountains). In the afternoon the team
evaluated the proposed drill site in the Gushi depression in
light of logistical and technical aspects. Group discussion
resumed on the third day, during which participants thor-
oughly evaluated the drilling plan, scientific goals, and the
technical feasibility of the envisioned WBDP. A detailed an-
alytical programme was discussed in the workshop, includ-
ing on-site downhole logging of physical parameters and
monitoring of fluids and gases as well as off-site analy-
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ses including chronological (magnetostratigraphy, '“C and
burial 2°A1/19Be dating), sedimentological (lithostratigra-
phy, structures, grain size), mineralogical/sediment prove-
nancing (clay mineralogy, zircon ages), geochemical (ma-
jor, minor, trace element geochemistry, stable H-C-N-O,
and selected metal isotopic compositions), and biological
(biomarkers along with compound specific H and C isotope
compositions, pollen, plant silica, microchar) proxies.

The workshop concluded with clear research goals for tec-
tonic, paleoclimatic, environmental, and geobiologic stud-
ies in the Weihe Basin and also formulated a manage-
ment plan with timelines for the application of drilling and
research proposals to the ICDP and other funding agen-
cies. Three leading PIs (Zhisheng An, Peter Molnar, and
Peizhen Zhang) will take overall responsibility for assem-
bling and coordinating the WBDP. Five Co-PIs (John Dod-
son, Carmala Garzione, Hendrik Vogel, Mark Lever, and
Youhong Sun) will lead and coordinate the multi-disciplinary
and multi-national science team organized into five Working
Groups. These five Working Groups were designed to opti-
mize the workflow of on-site drilling and logging and off-site
research of paleoclimate, tectonics, geomicrobiology, and
data—model synthesis. The Synthesis Working Group will
compare sedimentary records of different inland basins to de-
cipher the long-term changes in the monsoon—arid environ-
mental system and their dynamical links to regional tectonics
and global climate change (e.g. Sun et al., 2009; Zhang et al.,
2012; Liu et al., 2014). Moreover, integration of the WBDP
with recently accomplished IODP projects (e.g. in the South
China Sea, Bay of Bengal, Arabian Sea, and Japan Sea) sur-
rounding the Asian continent will provide valuable insights
into how these processes (tectonics, climate, the deep bio-
sphere) were coupled during the Cenozoic.

As the main outcome of the workshop, participants pro-
posed an integrated two-phase scientific drilling project to
obtain as complete as possible sedimentary drill cores from
the lacustrine and fluvial-lacustrine succession in the eastern
Gushi depression of the Weihe Basin. WBDP Phase 1 will
target the upper ~ 3000 m thick sediment package to recon-
struct orbital-to-millennial climate variability and to address
the microbial community—environment relationship since the
late Miocene (~ 10Ma). WBDP-Phase II aims to produce
a ~ 7500 m long continuous sedimentary record that spans
the entire Cenozoic and with the Earth’s most recent tran-
sition from hot greenhouse to cold icehouse climate condi-
tions. Owing to the long time spans covered by both project
phases, the WBDP will also allow us to provide answers
to long-standing tectonic—climate interaction questions and
help unravel the interplay of climate and tectonics in the
evolution of angiosperms and the C4 photosynthetic path-
way. In summary, the two-phase WBDP aims to decipher
(1) onset and evolution of the Asian Paleomonsoon since the
Eocene, (2) variability of atmospheric circulation and con-
tinental climate under warm periods with high atmospheric
CO; concentrations, (3) mountain—basin coupling processes,
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(4) Cenozoic tectonic—climate interactions, and (5) limits of
life at depth in continental sediments.

6 Participants of the workshop (alphabetical order)

Zhisheng An (Institute of Earth Environment, Chinese
Academy of Sciences, IEECAS), Paul Baker (Duke Univer-
sity, USA), Daniel Breecker (University of Texas at Austin,
USA), Hong Chang (IEECAS), Feng Cheng (Rochester
University, USA), Leon Clarke (Manchester Metropoli-
tan University, UK), Steven Clemens (Brown University,
USA), Jun Deng (China University of Geoscience, Bei-
jing), John Dodson (University of Wollongong, Australia),
Shuwen Dong (Nanjing University), Yunpeng Dong (North-
west University), Ying Dong (Xi’an Center of Geological
Survey, CGS), Xiaonan Duan (Chinese Academy of Sci-
ences), Robert Duce (Texas A & M University, USA), Xi-
jie Feng (Earthquake Administration of Shaanxi Province,
China), Sherilyn Fritz (University of Nebraska, Lincoln,
USA), Anlin Guo (Northwest University), Matthias Halisch
(Leibniz Institute for Applied Geophysics, Germany),
Huayu Lu (Nanjing University), Yuanbiao Hu (China Uni-
versity of Geoscience, Beijing), Zihan Huang (Nanjing Uni-
versity), Shugang Kang (IEECAS), Wenyuan Li (Xi’an Cen-
ter of Geological Survey, CGS), Yu Liu (IEECAS), Jian Liu
(Xi’an Center of Geological Survey, CGS), Xingxing Liu
(IEECAS), Qingtian Lyu (Chinese Academy of Geologi-
cal Sciences), Michael Meadows (University of Cape Town,
South Africa), Xiaoke Qiang (IEECAS), Jianguo Ren (Na-
tional Natural Science Foundation of China), Tada Ryuji
(University of Tokyo, Japan), Pingping Sun (Xi’an Cen-
ter of Geological Survey, CGS), Yougui Song (IEECAS),
Youbin Sun (IEECAS), Youhong Sun (China University of
Geoscience, Beijing), Hendrik Vogel (University Of Bern,
Switzerland), Kexin Wang (Nanjing University), Pujun Wang
(Jilin University), Sumin Wang (Nanjing Institute of Ge-
ography and limnology, CAS), Xulong Wang (IEECAS),
Yichao Wang (Nanjing University), Thomas Wiersberg (GFZ
German Research Centre for Geosciences, Germany), Jing-
sui Yang (Nanjing University), Yongkang Yin (Jilin Uni-
versity), Xuefeng Yu (IEECAS), Leping Yue (Northwest
University), Christian Zeeden (Leibniz Institute for Applied
Geophysics, Germany), Guowei Zhang (Northwest Univer-
sity), Hang Zhang (IEECAS), Hanzhi Zhang (Nanjing Uni-
versity), Maosheng Zhang (Xi’an Center of Geological Sur-
vey, CGS), Peizhen Zhang (Sun Yat-Sen University), Wei-
jian Zhou (IEECAS), Xiulan Zong (IEECAS), and Li Ai
(IEECAS).
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Abstract. In January 2020, a scientific borehole planning workshop sponsored by the International Continental
Scientific Drilling Program was convened at Cornell University in the northeastern United States. Cornell is plan-
ning to drill test wells to evaluate the potential to use geothermal heat from depths in the range of 2700-4500 m
and rock temperatures of about 60 to 120 °C to heat its campus buildings. Cornell encourages the Earth sciences
community to envision how these boreholes can also be used to advance high-priority subsurface research ques-
tions. Because nearly all scientific boreholes on the continents are targeted to examine iconic situations, there are
large gaps in understanding of the “average” intraplate continental crust. Hence, there is uncommon and widely
applicable value to boring and investigating a “boring” location. The workshop focused on designing projects to
investigate the coupled thermal-chemical-hydrological-mechanical workings of continental crust. Connecting
the practical and scientific goals of the boreholes are a set of currently unanswered questions that have a common
root: the complex relationships among pore pressure, stress, and strain in a heterogeneous and discontinuous rock
mass across conditions spanning from natural to human perturbations and short to long timescales. The need for
data and subsurface characterization vital for decision-making around the prospective Cornell geothermal system
provides opportunities for experimentation, measurement, and sampling that might lead to major advances in the
understanding of hydrogeology, intraplate seismicity, and fluid/chemical cycling. Subsurface samples could also
enable regional geological studies and geobiology research. Following the workshop, the U.S. Department of
Energy awarded funds for a first exploratory borehole, whose proposed design and research plan rely extensively
on the ICDP workshop recommendations.
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1 Introduction: a convergence of society’s need for
low-carbon heat and Earth scientists’ need to
understand continental crust

Global warming and climate change have become the ulti-
mate challenge for a sustainable environment from now into
the foreseeable future. The key to minimizing their impacts is
to utilize renewable energy sources to significantly reduce or
neutralize the carbon footprint of human activities. Geother-
mal energy is one widely available resource within the set of
available and promising resources which, if intensively de-
ployed, would deliver this environmental value. However, the
lack of fundamental scientific and engineering understand-
ing of the subsurface conditions that control the transfer of
deeply sourced heat in rock to circulating fluids, along with
a need to better understand and manage induced seismicity,
has impeded the widespread commercialization of geother-
mal resources. The pragmatic barrier is that a high invest-
ment cost must be paid in advance, while we remain unable
to reliably predict that heat can be produced. The potential
scientific breakthroughs which can improve predictability of
success, costs, and risks would also advance fundamental un-
derstanding of continental crust.

More than one-quarter of the world’s population lives in
the temperate to polar climates north of 35° N and south
of 35° S latitude where, for most of them, the mean annual
temperature is less than 11°C (52 °F) (Kummu and Varis,
2011). Under those conditions, hot water and space heat-
ing are needed for residences and for most indoor working
environments. For the 85 % of that high-latitude population
who reside in the European Union, United States, and Rus-
sia, the consumption of low-temperature heat in homes and
commercial buildings is a large fraction (about 21 %) of to-
tal energy used (see Sect. 2). A future carbon-neutral world
necessitates shifting the source of this heat from combustion
of fossil fuels to a renewable, widely available, low-carbon
energy source.

A thermal resource available almost everywhere is
geothermal energy. However, at present only high-
enthalpy volcanic systems and young rift zones are
utilized commercially for electric power generation,
and low-temperature geothermal resources are underex-
ploited and underexplored. The utilization of 55-85°C
water from the Dogger sedimentary rock aquifer near
Paris, France, to heat over 200000 housing units ex-
emplifies the potential (https://www.brgm.eu/project/
geothermal-database-on-dogger-aquifer-paris-basin,  last
access: 20 November 2020). Likewise, geothermal heat
from the Delft Sandstone has grown to support 3% of
the heat used for greenhouse horticulture in the Nether-
lands (https://www.ebn.nl/wp-content/uploads/2018/04/
EBN-poster-numbers2016.pdf, last access: 20 November
2020). Yet both those cases also exemplify the limitations:

Sci. Dril., 28, 75-91, 2020

our current ability to extract water that carries the geothermal
heat is limited to places with high fluid transmissivity, and
those optimum rock conditions are not widespread at the
subsurface depths with suitable temperatures. From the
perspective of routine drilling technology, depth itself is
not a problem, although it is an expense, as subsurface
temperatures in the range of 50-100 °C are obtained at most
locations at moderate depths (< 3km). Rather, the main
physical limitations are low porosity and low permeability.
Vast areas of the continents lack the natural hydrological
capacity traditionally sought in the high-enthalpy systems,
as a consequence of the fact that crystalline basement rocks
occur either at the surface or within a few kilometers’ depth
below the surface. The transmissivity of those rocks is likely
low and, in general, poorly documented. If this natural
geothermal heat resource is to significantly help move
human communities off of fossil fuels, what is currently a
highly uncertain geothermal technology must advance to
become a low-risk, routine option among sources of heat.

One of the typical geological environments with untapped
potential at a few kilometers’ depth is the lower strata of
sedimentary basins and the underlying crystalline basement
(Camp et al., 2018; Limberger et al., 2018). The possibil-
ity that Cornell University may drill an exploratory bore-
hole to a depth in the range of 4-5 km, which will penetrate
nearly 3 km of Paleozoic sedimentary rocks and > 1km of
granulite-grade Grenville metamorphic rocks, sets up an op-
portunity for novel scientific experimentation to examine the
stress state, hydrogeological and geomechanical conditions,
and the rock and fluid responses to perturbations, both natural
and anthropogenic. Using such a borehole laboratory, there
will be broad applicability for the understanding to be gained
of the state of stress within crystalline basement in an area of
very low natural seismicity and of how low-permeability sed-
imentary rocks as well as heterogeneous mid- to high-grade
metamorphic rocks near the sedimentary—basement contact
respond to the complex relationships between pore pressure,
stress and strain.

In an idealized geothermal energy extraction project,
heated fluids are extracted, the energy is harvested, the
cooled fluids are recycled by injection into a target for-
mation to absorb again the geothermal heat, and the fluid
and heat cycling continues. Yet near Cornell University and
many other places globally, natural in situ conditions are not
likely to provide sufficient contact of circulating fluids with
rock surfaces to achieve acceptable rates of geothermal en-
ergy extraction. In such cases, enhanced geothermal system
(EGS) technologies are needed to promote fluid circulation
and fluid-rock contact area. However, drilling, artificial per-
meability improvement, and fluid cycling all cause pertur-
bations in the subsurface that may have hazardous conse-
quences, ranging from induced seismicity to contamination
of groundwater with geothermal fluids. The EGS activities
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may also fail to achieve the energy extraction targets, which
creates very high financial risks for an EGS.

Interestingly, the uncertainties of induced seismic risk and
of financial risk are rooted in the same scientific unknowns:
the complex relationships among pore pressure, stress, and
strain in rock with pre-existing heterogeneity, across condi-
tions spanning from natural to short-duration human pertur-
bation (e.g., stimulation of fractures) and to long-term hu-
man forcings (e.g., sustained injection and production of wa-
ter supplies, hydrocarbons, or geothermal brines).

Knowledge of geological features, temperature profile,
stress variations, and permeability with increasing depth and
with changing rock type is essential to ensure the proper de-
ployment of EGS applications while minimizing the envi-
ronmental impact. However, in continental crust, a surpris-
ing lack of understanding of stress and permeability hinders
practical developments of EGS at the scale necessary for real
applications in which benefits balance costs. Our primary sci-
entific goal is to gain an understanding of the spatial dis-
tribution and temporal evolution of stress and permeability
with depth and the intertwined relationships with tempera-
ture, lithology, faults, natural fracture groups, rock fabric,
and mineral dissolution and precipitation. This knowledge
will elevate the understanding of (1) how the near-field crust
immediately reacts to changes in pore pressure, geochem-
istry, and resultant thermo-chemo-poroelastic effects; (2) the
influences on far-field crust accounting for a stress halo and
fluid migration; and (3) the risks of induced seismicity and
contamination.

Consequently, a borehole needed to provide data vital for
making decisions about the prospective Cornell geothermal
system can also be an opportunity for experimentation, mea-
surement, and sampling that might lead to major scientific
advances in the understanding of crustal hydrology, earth-
quakes in plate interiors, and fluid-chemical cycling. To ex-
plore the merits of turning a Cornell test borehole into a
broader borehole of scientific opportunity, the ICDP spon-
sored a borehole science planning workshop at Cornell Uni-
versity on 8—10 January 2020.

2 Why central New York State and why now?

Central New York State in northeastern North America is just
one location, yet its need for the conversion to a low-carbon
energy source by which to warm residences and commercial
buildings and to heat water is an extremely common situation
for much of Earth’s population. Cornell University seeks to
lead the way in demonstrating one path forward that could be
widely deployed.

2.1 Carbon neutrality in temperate climate, cloudy,
heavily populated areas is not easy

Cornell University selected 2035 as the date by which to be-
come carbon-neutral on its Ithaca, New York, campus. The
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goal was adopted without an operational plan that was feasi-
ble using available technologies of the adoption year, 2013.
A similar pledge was made in 2019 by the State of New
York in the cold-climate northeastern USA on stable North
American continental crust. The state pledged to eliminate
net greenhouse gas emissions by 2050, also without an ex-
isting plan encompassing the removal of carbon from the
energy used to heat residential and commercial buildings.
In New York State, the contribution of heating to carbon
emissions is large: about 35 % of New York’s annual pri-
mary energy is consumed for heating, using energy sources
dominated by the combustion of natural gas, fuel oil and
propane. In New York State, on-site fossil fuel combustion
in the residential, commercial and industrial sectors — all
of which predominantly supply low-temperature space and
water heating — contributes 30 % of greenhouse gas emis-
sions, compared to electricity production contributing 13 %
and transportation 36 % (EIA, 2018a, b, 2019; McCabe et
al., 2016; NYSERDA, 2019). The comparatively low carbon
footprint of New York’s electricity generation is due to major
hydropower and nuclear contributions. It is evident that the
eventual successful decarbonization of the heating of homes
and commercial buildings in heavily populated regions de-
mands an overhaul of the energy supply for heating, such as
by use of geothermal energy.

The concept under evaluation by Cornell University, to
utilize geothermal heat by tapping fluids in rock at temper-
atures in the range of 60-120°C, could also serve widely
in New York State to heat residences and commercial build-
ings, for certain industrial activities, and to assist controlled
agriculture operations for food production. Although New
York State has banned high-volume hydraulic fracturing in
horizontal wells, as practiced for production of gas or oil
from organic-rich shale, the long-established use of hydraulic
pressure to stimulate existing fractures remains legal. Hence
both the options of natural transmissivity and fluid flow
through stimulated fractures are plausible fluid-flow path-
ways. Nevertheless, the technical uncertainty and investment
risks for direct-use geothermal energy projects are dominated
by the uncertainty about establishment of fluid flow through
a well field that is sufficiently dispersed to sweep heat from
rock surfaces in a large volume of rock, rather than to short-
circuit through a small set of flow paths. The university’s
view of the next step to test the opportunity is that there
are three intertwined objectives: to develop a demonstration
reservoir using a well pair that will deliver 20 % of Cor-
nell’s heating demand, to de-risk the deployment of geother-
mal direct-use heating throughout New York and other states
with similar geology and climate, and to engender activities
that are in keeping with the core university mission: research
advances, education, and outreach with novel solutions for
broader societal issues.

Sci. Dril., 28, 75-91, 2020
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2.2 Accessing geothermal resources where continental
geology is “normal’: a world class problem at a
geologically representative site

The ICDP-supported workshop focused on land owned by
Cornell University in Ithaca, NY, USA, where the surface
geology consists of Devonian sedimentary rock and the sub-
surface geology includes 2.80 km = 0.2 km of Paleozoic sed-
imentary rocks overlying complex Precambrian-age meta-
morphic rocks (Fig. 1). Nearby, the sedimentary rocks are
documented (Camp et al., 2018; Al Aswad, 2019) and the
metamorphic rocks inferred to be of very low permeability.
According to Limberger et al. (2018), across 16 % of Earth’s
land surface there exist generally comparable geothermal
reservoir systems: a thick sedimentary column over conti-
nental basement. That statistic demonstrates the commonal-
ity of Ithaca, NY, with a large fraction of the globe. Never-
theless, for central New York, the paucity of sufficient poros-
ity in all but a tiny fraction of the strata sets the possible
geothermal reservoirs apart from the desirable “Hot Sedi-
mentary Aquifers” reservoir category considered to be es-
pecially good targets for geothermal heat extraction (Wright
and Culver, 1991), like the highly permeable Dogger Lime-
stone of the Paris Basin (Le Brun et al., 2011). Instead, the
central New York State data lead to anticipation that the con-
ditions will be more like those documented by Dillinger et
al. (2016) in the Cooper Basin of Australia, where complex
diagenesis resulted in low permeability and lack of sufficient
fluid production at a geothermal test well. For Cornell, it is
likely that access to the geothermal heat will require frac-
ture flow, which puts in the spotlight the natural characteris-
tics of fractures in both sedimentary and metamorphic rocks
and raises key questions about the behavior of those fractures
in the ambient stress field under the perturbed conditions
that might be imposed in an effort to hydraulically stimulate
flow along fractures or that might develop during long-term
geothermal field production.

Large areas of all continents are underlain at several kilo-
meters’ depth by mid-grade to high-grade metamorphic com-
plexes that formed in ancient orogenic belts. Like many lo-
cations, the basement rocks anticipated in the proposed Cor-
nell borehole will be composed of complex, heterogeneous
lithologies, with anisotropic mineralogical, petrological and
fabric characteristics, in which occur numerous generations
of fractures that formed since peak metamorphism and are
filled with multiple generations of minerals. The region is an
archetypical domain of a very low level of natural seismic ac-
tivity (Fig. 1) — in a circular area exceeding 13 000 km? cen-
tered on Cornell University, there have been no earthquakes
of magnitude > 2.5 in at least a century. A set of scientific ex-
periments designed for and conducted in a deep borehole in
central New York State can address questions that are generic
and not specific to the eastern United States.

Integration of findings for the continental crust of New
York with those expected from a similar set of experi-
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ments designed for a geothermal borehole at TU Delft in
the Netherlands (Vardon et al., 2020) could, together, illu-
minate answers to a series of basic questions, in the inter-
est of accelerating the safe use of subsurface thermal energy.
Is the continental crust everywhere at a condition of critical
stress (Zoback and Gorelick, 2012)? How heterogeneous is
the stress field with depth and across lithologic boundaries?
How does the subsurface, especially at the sedimentary rock—
basement interface, respond to perturbations? And how will
potential chemical and mineralogical reactions during op-
erations couple to permeability, pressure transmission, and
strain? Answers to these questions can provide broad insight
into seismic risks and potentially how to mitigate them. Tech-
nical risks can also be addressed by determining whether the
sedimentary rock—basement interface is a relevant geother-
mal development target and under what rock conditions arti-
ficial stimulation could improve permeability to achieve ad-
equate fluid flow and prolonged heat transfer to permit direct
use of geothermal energy where continental crust is naturally
of low permeability.

3 Workshop structure

The workshop was designed to maximize cross-disciplinary
sharing and debate, to minimize passively listening to pre-
pared presentations, and to lead to one or more innovative
scientific projects worthy of funding. The organizers could
anticipate what might be some of the big scientific themes
that would become transformed into tractable borehole sci-
ence projects as a result of the workshop, yet we did not
wish to squelch thoughts outside of the bounds of our precon-
ceived notions. The invitation and application process had as-
sembled a large group with little shared background knowl-
edge of the major questions in one another’s area of interest.
The focus would be a specific location with unchangeable
(albeit partially unknowable) subsurface materials, and the
participants would need a simple but comprehensive intro-
duction to the materials. We did not want the group to dis-
perse without written outcomes that would lead to submitted
proposals for funds needed to conduct the science research
program.

The first two days of the 3-day workshop involved 35 visi-
tors and 26 Cornell faculty, technical staff, and students. The
third day of the workshop was limited to a proposal writing
team of six visitors and one of the Cornell hosts and a report
writing team of two visitors and one of the Cornell hosts. The
first two days were dedicated to a series of breakout sessions
and plenary sessions. The single hour of background presen-
tations conveyed a quick picture — 5 min limits — of the state
of the art in themes we expected to be major science chal-
lenges and major approaches to illuminating key processes as
well as the nature of the materials and structures expected in
the Ithaca subsurface. A poster session was available during
all breaks, and several meters of core through rocks similar
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Figure 1. Map of geology and historical earthquakes in New York State. Geological map shows bedrock composition immediately sub-
jacent to soil and Holocene sediments (USGS map source, https://mrdata.usgs.gov/geology/state/map.html?x=-75.6897884252848&y=42.
9882351360762&z=T#, last access: 20 November 2020). The Adirondack Mountains in northern New York are enclosed in a subcircular
black polygon. For sedimentary rocks of the Appalachian Basin, the geological periods corresponding to some of the mapped colors are
labeled on the map. Subsurface basement lithologies are known from petrographic analysis of samples of cores and cuttings that are archived
by the New York State Museum (Benjamin R. Valentino, unpublished data, 2016). Positions of major shear zones of the Adirondack crys-
talline rocks (solid black lines) are from Valentino et al. (2008) and Valentino and Chiarenzelli (2018). Projections of those shear zones
beneath the Appalachian strata (dashed black lines) are based on Chiarenzelli and Valentino (2020). The set of blue lines in western New
York is the Clarenden—Lynden fault zone, and the set of blue lines adjacent to the southern Adirondacks are faults that cut lower Ordovician,
Cambrian and basement units (from Jacobi, 2002). Earthquakes are from USGS compilation span January 1920-20 January 2020 (USGS
Earthquake Catalog, https://earthquake.usgs.gov/earthquakes/map/, last access: 20 November 2020; details of search listed among references
cited). Induced earthquakes in western New York are attributable to brine mining-related work and to brine injection tests in an attempt to
develop new caverns for gas storage (Smith et al., 2005; Horowitz et al., 2017). Polygon surrounding Ithaca delineates Tompkins County.
A black line near Ithaca shows the location of a seismic reflection profile leased by Cornell to establish the distribution of faults and folds

(Fig. 3).

to what are expected below Ithaca were on display. Even af-
ter opportunely adding three extra talks while the workshop
progressed, the total structured workshop time dedicated to
slide presentations was about 8 %. There were three length
exceptions, yet only 15 min each: Cornell’s lead engineer in
the Earth Source Heat project team, the Dean of Engineering,
and representatives of the U.S. Continental Scientific Drilling
Program and the New York State Museum. The latter short
presentation introduced the materials, services, and protocols
for data and samples that are hosted by their organizations
and available for integration into a proposed Cornell-based
test borehole scientific program.

In the remaining > 90 % of the time, the dominant activi-
ties were breakout discussions interspersed with plenary dis-

https://doi.org/10.5194/sd-28-75-2020

cussions. The first breakout groups were seeded with five top-
ics, populated by self-selected participants, and dedicated to
brainstorming. The second breakout activity moved the re-
gional geological experts into the other groups, as a knowl-
edge resource. In the third breakout session, the geologi-
cally oriented group reconvened while the drilling group dis-
banded, and those experts placed their drilling and borehole
management experience in the science-focused breakouts.
Through that series of slightly shifting breakout themes and
participants and intervening plenary discussions, the interest
groups evolved from laudatory-but-impractical dreams to a
more realistic borehole project design. On the second day,
new breakout groups were constituted based on expertise
rather than interest, and these groups critiqued and refined
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the research approaches suggested by the first-day groups. A
session was dedicated to considering the operational coexis-
tence that would be needed between the scientific projects
and the Cornell ESH borehole team, whose focus would
be on managing risk, minimizing costs, and achieving the
practical goals of the borehole. In anticipation that funds
needed for some of the scientific experiments would need
to be raised from multiple funding sources and that princi-
pal investigators behind these complementary projects would
not necessarily be Cornell University personnel, a hypothet-
ical organizational structure to coordinate and evaluate pro-
posed borehole sampling and experiments was unveiled and
critiqued, benefitting from feedback from participants with
experience in other collaborative natural laboratories.

Undoubtedly this workshop structure would have ap-
peared to be quite messy if one were watching the events. Yet
the outcome was that the full group of participants was en-
ergetically involved and learning from one another at a high
rate. The theme area interest groups as well as the workshop
group as a whole moved forward to create an integrated sci-
ence plan and experimental framework that became physi-
cally realistic, albeit complex and challenging.

4 Geological features of the Cornell borehole
project site

Existing borehole and geophysical data for New York State
indicate that the Ithaca area basement rocks are likely sim-
ilar to those which crop out in the Adirondack Moun-
tains (Fig. 1), which is a Grenville age mid- to high-grade
metamorphic dome. We expect the basement to be a mix-
ture of metasedimentary and meta-igneous rocks, repeat-
edly folded while ductile (McLelland et al., 2010; Chiaren-
zelli et al., 2011; Valentino et al., 2019). If represented
by the Adirondack Mountains, the petrological heterogene-
ity likely spans marbles to anorthosite, with composition-
ally variable gneisses and schists. Cuttings and kimberlite
xenocrysts (Kay et al., 1983) in the region near Cornell Uni-
versity confirm this degree of variability.

The length scale of compositional heterogeneity in the
basement likely spans centimeters to tens of kilometers, and
there would likely be strong anisotropy of metamorphic fab-
rics at scales of millimeters to kilometers. Superimposed brit-
tle fractures in the Adirondacks are abundant, with dominant
orientations trending NE and NW, and most are filled with
mineral veins (Wiener and Isachsen, 1987; Valentino et al.,
2016). Whether any of the outcrop fracture properties are ap-
plicable to the deep subsurface of the Appalachian Basin is
unknown.

The dominant sedimentary rocks near Cornell are an up-
ward progression from basal sandstones, to carbonates, and
to siliciclastic mudstone and sandstone, interrupted by hun-
dreds of meters of Silurian evaporite deposits, dolomite, and
mudstones (Salina Group) and by two intervals of organic-
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Figure 2. Left: approximate geological column near Ithaca, NY.
Paleozoic sedimentary rocks extend to about 2850 m depth +200 m,
underlain by metamorphic basement. Targeted intervals to probe for
their geothermal reservoir conditions are indicated by brackets, cor-
responding to the BR (Black River), GP (Galway and Potsdam),
BCZ (basement contact zone), and CB (crystalline basement). Cut-
tings from 46 m (150 ft) penetration into the basement by a borehole
10km south of Cornell indicate a hydrothermally altered granitic
to monzonitic gneiss (Benjamin R. Valentino, unpublished data,
2016). Near Cornell’s campus, xenocrysts in kimberlites are very
rich in Mg, suggestive of granulite-grade marble in the upper base-
ment (Kay et al., 1983). Right: predicted temperature—depth pro-
file below Cornell University in Ithaca, NY, based on geostatistical
interpolation of the surface heat flow as estimated from corrected
borehole temperatures in the Appalachian Basin near Ithaca, utiliz-
ing 10 000 Monte Carlo replications to incorporate the uncertainty
in geologic properties and heat flow estimates (Smith, 2019). The
uncertainty distribution of predicted temperatures for each 0.5 km
depth interval is shown as a pale red violin plot (kernel density plot).
White circles are placed at the median predicted temperature at each
depth, and a narrow black box in the center spans the 25th to 75th
percentile estimates.

rich shales (Fig. 2). The best-documented structures near
Ithaca are of two types. First, there are small-magnitude ex-
tensional or transtensional fault sets localized in narrow, shal-
low grabens (Fig. 3), known well for hosting major gas fields
(Smith, 2006). The second type of structures are small mag-
nitude folds and thrusts of the distal Alleghanian Orogeny,
localized within and above the weak shales and evaporites of
the Silurian section (Fig. 3).

Thermochronological data imply that Cornell’s near-
surface strata were originally covered by 3+ 1km thick-
ness of Carboniferous and Permian strata, all of which
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Figure 3. Line drawing of an interpreted seismic reflection profile (location in Fig. 1) which traverses a short distance east of Cornell’s
targeted geothermal well field area of interest. Black thin lines are stratigraphic contacts within the sedimentary rock column. Purple thick
lines are faults. Near 0.5s TWTT, the set of faults are thrusts within the weak series of Silurian mudstones and evaporites. Between 1.0 and
1.5s TWTT the faults are of two classes. The small-offset sub-vertical sets are typical of the Trenton—Black River grabens, related to wrench
faults. The sub-horizontal faults are small displacement thrusts. Both the shallow and deep thrusts likely were active during the Alleghanian

Orogeny. Interpretation by Jordan (2019).

were erosionally removed (Miller and Duddy, 1989; Roden
and Miller, 1989; Heizler and Harrison, 1998; Shorten and
Fitzgerald, 2019). During Paleozoic deposition and the sub-
sequent long hiatus, today’s preserved strata experienced ex-
tensive compaction and cementation, which rendered them
strong. With few exceptions, the sedimentary rocks of the
deepest 1km of the Appalachian Basin in New York State
have porosity < 10 %, and the dominant porosity is <5 %
(Martin, 2011; Al Aswad, 2019). Localized higher fracture
porosity is inferred but not measured (Martin, 2011). In gen-
eral, there is a lack of permeability data. We deduce that per-
meability for this rock interval must be less than in produc-
tive gas fields north and west of Cornell, where the best val-
ues range from 0.1 to 4 millidarcy (10~19-10~15 m?) (Lugert
et al., 2006), and therefore permeability of most of the
deep strata is likely on the order of microdarcy (10~'8 m?).
Near Cornell, the known exceptions occur in narrow, local-
ized pods of hydrothermal dolomite associated with grabens,
where much higher porosity and good permeability occur
within a single 30 m thick interval about 500 m above the
basement (Smith 2006; Camp and Jordan, 2016).

Available data suggest that the porewater throughout the
column of sedimentary rocks possesses a summed Na and Cl
concentration between 200 000 and 300 000 mg L~! (Waller
et al., 1978; Lynch and Castor, 1983; Blondes et al., 2017).
Although very saline, the brine composition is within the
range of basinal brines known globally (Houston et al.,
2011). The pore fluids in the crystalline basement rocks are
not documented; they might be similarly concentrated brines
with somewhat distinctive compositions (e.g., Frape et al.,
1984) or they might be much less saline.
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Ithaca has at least one highly unusual geological fea-
ture, which likely will not generalize to most other conti-
nental crust: very narrow (centimeter to meter) late Meso-
zoic kimberlite dikes are abundant in north-trending frac-
tures in the Ithaca region (Fig. 3) (Kay et al., 1983; Bai-
ley et al., 2017). Limited geochronological data indicate that
dike intrusion occurred around 146-148 Ma (U-Pb ages;
Heaman and Kjarsgaard, 2000) or in two clusters between
113 and 146 Ma (K-Ar ages) (Basu et al., 1984; Bailey and
Lupulescu, 2015). The heat pulse associated with the kim-
berlites decayed long ago.

The deep geology below Ithaca also has numerous uncer-
tainties. One category of uncertainty is natural fractures at
depths below the weak mudrocks and evaporites of the Sil-
urian (Fig. 3). Another uncertainty is the nature of features
that control gentle folds deep in the sedimentary column
(Fig. 3). Whether these are related to inherited topography at
the top of the crystalline basement or represent reactivation
of basement faults during the Alleghanian Orogeny cannot be
resolved with the available subsurface data. These uncertain-
ties likely contribute to the commonality with other potential
geothermal energy sites in continental interiors — there are
always unknowns regarding the mechanical conditions and
heterogeneities within the subsurface.
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5 Findings

5.1  Multiple, complementary boreholes improve the
scientific value of a project

A strategy for a scientific borehole mission at Cornell Uni-
versity must be placed in the context of coexistence with
a pair of boreholes planned to demonstrate the viability
of producing geothermal fluid at a sufficient flow to meet
20 % of Cornell’s building heat needs. Those demonstration
boreholes must be wide enough in diameter to sustain pro-
duction at a flow rate on the order of 30-70kgs™!; typ-
ically, due to this flow rate, geothermal production wells
are wider in diameter than used for the oil and gas indus-
try, groundwater production, or mineral exploration. Hence
careful consideration is needed of what types of in-borehole
activities and monitors are compatible with the needs of
a well that eventually may function as either an injection
or withdrawal well. Given that the geothermal demonstra-
tion wells would be wide in diameter, cased through in-
tervals that present environmental or borehole management
risks, maintained in a disturbed condition if production is
initiated, and necessarily that their operations would pri-
oritize the success of the geothermal project, there would
be both short-term design and long-term management chal-
lenges related to co-located scientific program activities. The
design and management challenges for scientific activities
include the following general possibilities: interruptions to
the higher-priority geothermal-focused activities; costly de-
lays in higher-priority activities; technical incompatibility
between methods of anchoring permanent monitoring equip-
ment and casing programs; and the potential for stuck tools
or borehole wall damage or collapse, which place future ac-
cess and use of the borehole at risk of failure.

The scientific and geothermal demonstration boreholes are
unambiguously complementary to one another in their mis-
sions, data streams, and outcomes. Nevertheless, discussions
at the ICDP Workshop of efforts to complete in the same
borehole both programs, science and geothermal operations,
repeatedly arrived at concerns that workarounds to do both
would create a higher-priced, technically more challenging
borehole program with higher overall likelihood of technical
failure.

An alternative is to design the initial geothermal borehole
demonstration project as a three-hole system (Fig. 4). A first
stage would include two boreholes. Hole 1A would be a slim-
mer diameter hole to the top of the basement and a short dis-
tance into the basement, preferably 100-200 m, from which
an extensive rock core would be extracted. Hole 1B would
follow soon thereafter and be a borehole of wide enough di-
ameter to potentially be used for well field extraction or in-
jection and drilled to the intended project total depth, prefer-
ably 1-2km into the crystalline basement. Hole 1A would
serve as a dedicated exploratory/observation hole in which
investigations would be undertaken to address uncertain-
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Figure 4. Schematic of the geology beneath Cornell and of the three
boreholes recommended by the workshop exercise. An initial bore-
hole is recommended as stage 1A (yellow well), which would be
dedicated to collection of samples and data and later be transformed
into a long-term observatory. Holes 1B and 2 are the other two wells
illustrated. Those pilot demonstration wells would be of wider di-
ameter, adequate for producing or injecting the large-volume flux
needed for a successful geothermal heat project. Perturbations of
the near-field subsurface by drilling, testing, stimulating, and pro-
ducing the wide-diameter wells would be monitored by equipment
installed in the smaller diameter borehole as well as by seismome-
ters at the surface and in shallow boreholes.

ties regarding hydrologic properties and conditions, ther-
mal resource potential, coupled thermo-hydro—chemical-
mechanical behavior, and chemical reactivity. These studies,
complemented by geophysical and geologic investigations
and modeling analysis, would provide important insights for
designing subsequent production wells and help reduce risk
for the project overall.

In the short term, Hole 1A would be characterized with
a battery of geophysical wireline logs to directly measure
physical properties, characterize fractures, orient core, and
indicate stress, and a vertical seismic profile to tie core
and reflection seismic depths (Table 1). Prior to comple-
tion, quantitative measures of in situ liquid transmissivity
and stress at successive depths are necessary to character-
ize the reservoir and assist in the assessment of seismic risk.
During completion, Hole 1A would be equipped with fiber
optic cables to allow for short- and long-term monitoring of
the vertical profile of temperature and strain, with seismome-
ters and with pressure sensors. Hole 1A would be available
for subsequent geophysical investigations intended to assist
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Table 1. Initial borehole logs, tests and samples recommended for Hole 1A and their purposes.

Borehole logs, tests, and samples

Categories and purposes (categories: 1 — hydrological assessment; 2 — thermal resource
assessment; 3 — fracture stimulation/mechanical response and seismic risk; 4 — chemi-
cal/mineralogical reactivity; 5 — thermal/mineralogical history; 6 — microbiology)

Online gas monitoring

(1, 3) Indicate in near-real time the passage of drill bit into rock with different pore
fluids or changed efficacy of fracture permeability

Wireline logs: caliper; natural
gamma; neutron; density;
electrical resistivity; sonic;
borehole televiewer

(1, 3, 4) Document rock lithology, porosity and fluid distribution in rock, and differen-
tiate fresh versus saline water, gas, and oil

(3) Determine seismic wave velocity

(1, 3) Locate and characterize fractures

(3, 4) Document orientation of lithologic fabric

(3) Document borehole breakouts to characterize stress orientation and maximum hori-
zontal stress magnitude

Fracture tests at numerous depths

(1) Establish vertical profile of minimum compressive stress magnitudes.
(3) Establish vertical profile of formation pore-pressure magnitudes.

Packer (flow) tests at target
horizons

(1) Hydraulic transmissivity

Cuttings and coring (full diameter
preferred at all depths)

(2, 3) Rock lithology, stratigraphic identification, unit thicknesses

(3) Properties of mineralized fractures

(1, 2, 3, 4) Laboratory measurements of physical properties for constraining stress
determinations and models.

Fiber optic based Distributed Tem-
perature, Strain rate, and Acoustic
Sensing

(1, 2, 3) Identify fluid inflow/outflow zones, thermal recovery, and strain responses to
drilling perturbation along full length borehole.
(3) monitor hydrologic and strain response to subsequent operations

Wireline in situ fluid sampling

(4) In thick zones of enhanced permeability, obtain formation fluid sample

Fiber optic DTS

(1) Identify fluid inflow/outflow zones along full length borehole, characterize back-
ground temperature along borehole.

Fiber optic (DSS/DAS)

(3) Document strain responses to perturbations along full length borehole and monitor
seismic wave field along full length borehole.

Core analyses refined

(1,2,4) Mineralogy; geochemistry; geomechanical and thermo-poroelastic properties;
thermal conductivity, diffusivity, and heat capacity; access porewater samples; natural
gamma; density; porosity; P-wave velocity; electrical resistivity

(3) Fracture properties; structural fabric; mineral-filled fracture properties

(5) Thermochronological analyses of progressive depths

(5) Petrology and geochemistry

(6) Characteristics of microbes in varying host rocks across range of temperatures

Analyze fluid samples

(4) Determine fluid chemistry, integrate viscosity and density into production models,
begin to evaluate scaling

(6) Characteristics of microbes in varying host rocks/fluids across range of temperatures
and salinities

Install and monitor borehole
seismometer

(3) Document background seismicity. Refine velocity models (for site seismic response
model).

Hydraulic well tests

(1) Hydraulic properties of screened/open interval (e.g., transmissivity, permeability,
specific storage) and thermal cycling (pump) tests

in planning for the production drilling and for longer-term
monitoring of the disturbed rock mass.

By having a dedicated observation hole, borehole inves-
tigations (including and beyond those in Table 1) are pos-
sible which could provide broadly applicable scientific in-
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sights. For example, an understanding of the thermal and
mineralogic history of deep geology within the region can
be assessed, the deep microbiology can be sampled and eval-
uated, and the coupled thermo—hydro—chemical-mechanical
processes associated with subsurface perturbations can be
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monitored, analyzed, and compared with other geologic set-
tings around the world.

A key part of the completion of Hole 1A will be maintain-
ing, ideally for many years, some direct access to the reser-
voir to allow for direct sampling of fluids and the monitoring
of pressures and productivity during the later production. The
preliminary results from Hole 1A would be used to finalize
the drilling plan for the first production-diameter Hole 1B.

The exploratory borehole would be designed to be vertical
to facilitate testing and stratigraphic mapping. In contrast, the
production demonstration borehole might intentionally devi-
ate from vertical in order to optimally access the reservoir, or
it might involve laterals.

Once both Holes 1A and 1B exist, inter-borehole commu-
nication of fluids, pressure, and temperature can be investi-
gated. After formation tests and fracture tests are performed
using one or both of these boreholes, the need for a stim-
ulation plan to develop sufficient fracture permeability to
maintain viable heat production would be re-evaluated and
the detailed plan finalized and conducted. Then the second
stage would begin, the drilling of another production Hole 2,
planned to land within the zone of fractures stimulated from
the 1B borehole.

Whichever borehole plan advances, it will be accompa-
nied by monitoring of seismic activity using a local seismic
array that has been operational since 2019 and that might
be densified during drilling and testing. Furthermore, group
discussions revealed that there is considerable value to com-
plementing the borehole observations with advanced seis-
mic probing of the area near the proposed geothermal well
field. Seismic fracture mapping (Sicking and Malin, 2019)
offers the possibility of independent documentation of the
spatial variability of permeability in the rock volume, and a
three-dimensional seismic reflection profile would enhance
understanding and modeling of the shape of the sedimen-
tary rock—basement interface, with its key mechanical role.
Although these advanced seismic experiments might be con-
ducted prior to drilling the first well, alternatively they could
be conducted in the months between boring Holes 1A and
1B and therefore take advantage of newly available sonic ve-
locity data from the borehole and of the potential to combine
surface seismic nodes with instruments in Hole 1A.

The workshop led to an appreciation that the scientific
value of subsurface studies would be greatly enhanced by
including both the small diameter Hole 1A and demonstra-
tion project Hole 1B. The core scientific problems involve the
behavior of a volume of rock: the coupled responses among
stress, strain, mineralogy and chemistry of the rock-fluid sys-
tem in the volume when perturbed. Given a single borehole
as the initial experiment, the information derived from tests
would inform us of a single vertical column of rock, whose
horizontal dimension is limited to a few square meters. If in-
stead there are two initial boreholes (1A, 1B), the logging
data set and active tests will document the properties, con-
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ditions, and heterogeneity of a more representative rock vol-
ume.

Even more importantly, Hole 1A would be a relatively
inexpensive investment to reduce subsequent risks during
drilling of the more costly production holes. First, documen-
tation of the temperature profile below Cornell would remove
the uncertainty on existing temperature estimates (Fig. 2)
which have been used as the basis for assessing the eco-
nomic viability of a geothermal well field. Second, conduct-
ing much of the logging and coring in the comparatively slim
hole would greatly reduce the risk of damage or borehole loss
to the first demonstration well. Third, data and insight from
an integrated package of samples and rock property logs
and tests in Hole 1A would allow refinement of the drilling
and casing plan for the primary, wide borehole (Hole 1B).
Fourth, while formation tests and fracture tests are conducted
in the broad diameter well, simultaneous observations in the
observation Hole 1A would underpin better interpretations
on which further major decisions (preparations for stage 2)
will rely. In combination with geophysical data collected in
paired borehole—surface experiments, the heterogeneity, ver-
tically and horizontally, of the first two wells would lay the
foundation for characterizing the anisotropy of rock, frac-
tures and fluids prior to drilling the third well. This 3-D in-
formation would improve models of what will occur during
stimulation and inform the design of a third borehole. Having
a firm basis in advance for those models would improve the
value of the exercise of model validation through comparison
of fractures and fluids in the third borehole to the models and
comparison of modeled stimulation to true stimulation data.

5.2 Unique properties of the proposed borehole(s)
location

Counterintuitively, the lack of anything “special” about a
central New York State borehole site is one of the most com-
pelling attributes of this project. To date, scientific boreholes
in continental crust have been selected to investigate active
tectonic (e.g., Wenchuan Fault, Alpine Fault, San Andreas
Fault, East African rift zone; Mori and Ellsworth, 2014) or
volcanic systems (e.g., Iceland’s Krafla volcano, Japan’s Un-
zen volcano, the US’s Yellowstone plume; Kukkonen and
Fridleifsson, 2014), or very rare but large ancient cataclysmic
events like meteorite impacts (e.g., Chicxulub, Chesapeake
Bay; Koeberl and Claeys, 2014). Only the hydrocarbon in-
dustry, waste disposal industry, and mining industry drill
several-kilometer boreholes into “normal” crust, and those
wells focus on a commercial purpose with few or no oppor-
tunities for experiments to probe basic scientific questions.
This leaves the Earth sciences community with large gaps in
understanding of the “average” intraplate continental crust.
Boring (drilling) and investigating a “boring” location is in
fact novel.

The number of boreholes drilled for scientific purposes or
used as holes of opportunity in “boring” older cratons re-
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mains very small. That said, such boreholes, which include
the Kola “superdeep” borehole in the former Soviet Union,
the German KTB project, the Finnish Outokumpu drilling,
and most recently the Swedish Scientific Drilling Program,
have overturned many of the long-standing presumptions of
the characteristics of the crust. Specific examples of break-
throughs include the topics of the existence of fluids (e.g.,
Lodemann et al., 1997; Smithson et al., 2000), fluid chem-
istry (e.g., Kietdviinen et al., 2013), gas compositions (e.g.,
Wiersberg et al., 2020) and seismic characterization (e.g., Si-
mon et al., 2017; Schijns et al., 2012). The Swedish program
completed two boreholes, COSC-1 to nearly 2500 m depth
in late 2014 and COSC-2 to 2276 m in 2020. Although the
scientific goals of the Swedish boreholes differ, their experi-
ences will be invaluable in planning and deploying Hole 1A.

A 2014 summary of completed ICDP projects (de Wit,
2014) illuminated that the proposed Cornell borehole,
planned to traverse Devonian through Cambrian strata and
continue well into rocks that achieved their mid- to high-
grade metamorphic status 1000-1350 Ma, also targets an in-
terval of Earth history that has been ignored in all but two
ICDP boreholes.

Cornell University is committed to broad and rapid public
dissemination of all data extracted from the borehole. Rather
than the development of tools or methods hoped to provide
industrial and business advantages, as might be common in
some boreholes with experimental activities, the university’s
intent is that the borehole activities and data be widely dis-
seminated. The workshop served as the initial opportunity
to consider some models for archiving and distributing sam-
ples and data, such as the usual procedures recommended by
ICDP and IODP.

Furthermore, the willingness of Cornell to host a scientific
borehole at the initiation of the large-scale geothermal energy
experiment provides the opportunity for characterization and
monitoring of the natural, unperturbed subsurface state over
a large depth range and then to continuously measure nat-
ural and human-perturbed changes over time. If appropri-
ately designed and installed, the proposed Cornell borehole
set would measure field-scale characteristics, and its findings
can be integrated with what is learned in mesoscale under-
ground laboratories that enable and host long-term moni-
toring, such as the Sanford Underground Research Facility
(South Dakota, USA) and Bedretto Underground Laboratory
(southern Switzerland).

5.3 The natural organization of scientific themes into an
integrated borehole program

The workshop participants focused largely on research
themes that related to Earth’s internal dynamic activities, a
major emphasis for the ICDP program. Three major themes
are tightly connected: fluids and elemental cycling, seismic-
ity across a range of length scales, and controlling subsur-
face fractures and fluid flow. These themes would likely be
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at the heart of a project that is well positioned to garner suffi-
cient funds to carry out a deep borehole program. Two other
major themes, of deep life and of the thermal-chemical-
mineralogical evolution from Proterozoic through Phanero-
zoic times, excited many participants. While it is perceived
that these two themes are unlikely to independently attract
sufficient funds to drill a borehole, the workshop group wel-
comed the beneficial knowledge of deep life and deep history
that can be extracted from samples and conditions at a bore-
hole.

5.3.1 Fluid cycling, fractures, seismicity, and working
constructively with the subsurface to harness
geothermal energy

In low-porosity sedimentary rocks and in mid- to high-grade
metamorphic rocks, what is the natural state of fluid cycling
and of fractures, and how would the extent and variability
of fractures determine the fluid flow through fracture per-
meability if the system is intentionally perturbed? How do
perturbations transmitted across long distances act to either
restrain or cause induced earthquakes? How close to critical
failure are various parts of the deep strata and the crystalline
basement?

A Cornell scientific borehole project has the potential to
address all of these fundamental questions regarding the
stress response of low-porosity sedimentary rocks, metamor-
phic rocks, and their fracture systems to pressure perturba-
tions near the interface of strata with the basement. To test
the hypothesis that continental crust is everywhere critically
stressed (Zoback and Gorelick, 2012), a borehole experi-
ment should document stress, fracture, and hydrological con-
ditions through a vertically extensive volume that transects
varying rock types, and the experiment should monitor strain
and flow responses to imposed perturbations (Table 1, cate-
gories 1-4). That information can be a foundation for better
understanding natural intraplate earthquakes across a range
of scales and induced seismicity. A Cornell scientific bore-
hole project also has the potential to greatly reduce uncer-
tainty on coupled thermal-hydraulic models, to guide reser-
voir stimulation, and to underpin a risk mitigation strategy.
For heat extraction and reservoir stimulation, are there char-
acteristic sets of fracture properties and variable responses
of fractures in varying lithologies, which should influence
a design to establish efficient distributed fluid flow through
fracture permeability? For risk-management design, is the
hypothesis that the risk of inducing felt earthquakes would
decrease if a slightly under-pressured reservoir condition is
created by pumping consistent with the rock-fluid-stress sys-
tem? The workshop focused on how to achieve both scien-
tific and pragmatic goals which share a mechanical-thermal-
hydrological-chemical system.

Analyses of induced earthquakes over the last decade have
illuminated major uncertainties about rock response to stress
and fluid flow near the interface between sedimentary rocks
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and their crystalline basement. Fluid pressure changes can
influence the stress state and failure of rocks through the di-
rect influence of pore pressure and through poroelastic strain
effects. Using a global data set of seismic events around
single injection wells and their spatial and temporal pat-
terns, Goebel and Brodsky (2018) deduced that these seis-
mic events reflect both induced pore-pressure changes and
poroelastic coupling of the rock framework and that the con-
tributions of those two phenomena differ between the cases
of injection into “soft” sedimentary rocks compared to crys-
talline basement rocks. For injection into crystalline base-
ment rocks, the detected fracture slip fits the prediction that
the slip results from stress perturbation across faults close to
failure that are in direct communication with fluid migration.
On the other hand, injection into sedimentary rocks gener-
ated not only seismic events due to that direct pore-pressure
effect, but also a much wider and longer-lasting field of slip-
ping fractures that reflected the poroelastic response of the
stress field within both the sedimentary units and underly-
ing basement. Furthermore, Goebel and Brodsky (2018) at-
tribute the distinction between sedimentary and basement
rock behavior to the bulk elasticity, and they relate the dif-
ferent elasticity to porosity, which is generally higher for
sedimentary than crystalline basement rocks. It is an open
question whether all sedimentary rocks are essentially equal
in this behavior or whether low-permeability rocks like those
of an old, deeply buried sedimentary basin would transmit
stress and fluids differently than more porous strata. Goebel
and Brodsky (2018) consider the permeability differences to
be of second-order importance, although indeed permeabil-
ity influences the spatial extent reached by injected fluid.
Studies such as those conducted by the National Research
Council (2013) emphasize the role of faults and fractures as
avenues for fluid flow, and even mineral-filled fractures of
certain compositions (e.g., clays) are credited with efficient
transmission of pore fluid pressure (Gray, 2017).

The potential that the sedimentary rock—crystalline base-
ment interface region plays a non-linear role in the cou-
pling of stress, fluids, strain and earthquakes led the ICDP-
sponsored workshop participants to prioritize extensive sam-
pling and testing in the deeper sector of the strata and the
upper hundred meters of the basement.

5.3.2 The ubiquitous hidden biosphere

The deep biosphere remains little known, though it is antic-
ipated that it participates in the natural cycles of elements
(Pedersen, 2000). Limits to life may be dictated by high
temperature, nutrient scarcity, high pressure, and/or extreme
salinity, all of which are probable in a Cornell-located bore-
hole. Even if the absolute limit of life has not been crossed in
the rocks near the bottom of the proposed borehole, the en-
ergy available to maintain life will likely be extraordinarily
limited and of uncertain origin, with possibilities inclusive of
the solid organic matter in rock, chemical reactions, seismic
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processes and radioactive decay (Lever et al., 2015). To date,
the deepest documented microbes have been found deeper
than 3 km and at temperatures up to about 100 °C (Magna-
bosco et al., 2018). Whereas the known temperature range
of life spans —40 to 122 °C (Takai et al., 2008), microbiolo-
gists anticipate that basic constituents of life, like RNA and
amino acids, fail at high temperatures (Lever et al., 2015) and
hence expect that temperature will determine one of the lim-
its of life. The proposed borehole will intercept rocks below
2 km depth and will access rock temperatures around 100 °C
and possibly higher, with extremely saline brines in the pores
of the sedimentary rocks and unknown pore fluid composi-
tions in the basement rocks. These gradients and properties
create the opportunity to investigate the nature of microbes
across a temperature gradient for which microbial activities
and characteristics are hypothesized to decline and change
(Table 1, category 6). If there is a pore fluid change near the
sedimentary rock to basement contact, there may be major
consequences for the microbial population.

Furthermore, studies to date indicate that deep microbial
life could prove to be sensitive to the mineral substrate in the
compositionally variable subsurface of the proposed bore-
hole region. A review of the literature reveals functional roles
for Fe- and S-bearing minerals and some clays yet also sug-
gests that other clays and the abundant mineral-forming el-
ement aluminum inhibit some microbial species (Roling et
al., 2015). The petrologically diverse sedimentary rocks to
be traversed by the proposed borehole could enable examina-
tion of the microbial populations as functions of mineralogy,
including strong contrasts of the limestone and dolomite in-
tervals to the host minerals in other borehole sites whose mi-
crobiology has been examined, such as oceanic basalts (Salas
et al., 2015) and granite (Swanner and Templeton, 2011).
A central New York borehole also has a good likelihood of
intersecting marble in the basement. Those marbles, whose
pressure and temperature history and perhaps pore fluids dif-
fer markedly from the diagenetic conditions of the carbonates
in the deep sedimentary units, may provide a useful opportu-
nity to investigate contrasts between the microbial commu-
nities of sedimentary and metamorphic carbonate rocks. De-
spite the lack of participation in the workshop by any experts
in deep microbial life, samples from this borehole could be
the foundation for research to develop and test widely appli-
cable hypotheses.

5.3.8 Tectonics and thermal history near a boundary
between major Precambrian tectonic domains

Ithaca, New York, lies near the projected position of a Pro-
terozoic tectonic domain boundary and in the heart of a re-
gion of prolific Mesozoic kimberlite dikes. Either attribute
alone is a worthy point of departure for hypotheses concern-
ing how today’s heat flow evolved from the starting point of
Proterozoic or Juro-Cretaceous tectonic activity.
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A Mesoproterozoic crustal-scale shear zone separates
much different metamorphic domains and passes from ex-
posed (in the Adirondack Mountains) to buried (beneath
the Appalachian Basin) and has been proposed to pass a
short distance west of Ithaca (Fig. 1) or under Ithaca. In
the Adirondacks, the boundary is wider than 20 km, charac-
terized by high finite strain in ductile shear under granulite
conditions (Valentino et al., 2019). The shear zone separates
rocks of distinctive lithologies and ages, with the core of the
Grenville orogenic belt to the north and west, and granitic
composition rocks in the shear zone are geochemically of
a magmatic arc origin. Valentino et al. (2019) interpret the
shear zone to have formed by the collision of plates around
the margins of the Laurentian continental block. If the shear
zone extrapolation through the region near Ithaca were cor-
rect, then granulite metamorphic-grade meta-igneous rocks
(anorthosite—-mangerite—charnockite—granite) with scraps of
dismembered metasedimentary rocks may be likely north-
west or west of Ithaca, whereas granulite-grade tonalitic
gneisses and complex metasedimentary rocks may be ex-
pected in Ithaca as well as in the south and east. Borehole
samples would enable investigation of compositions, geo-
chemistry, and geochronology with which to test the hypoth-
esis that a terrane boundary separates Ithaca from the main
Grenville orogenic core.

Kimberlite dikes are so abundant (Kay et al., 1983; Bai-
ley et al., 2017) in north-trending fractures in the Ithaca re-
gion that there is a high probability of encountering one or
more dikes in a 4 km long borehole, especially if it is deviated
from vertical. If so, xenoliths and xenocrysts will provide ev-
idence of the composition of the crustal rock through which
the kimberlite arose, and populations of kimberlite xenoliths
and xenocrysts collected deep in a borehole will be less di-
luted by the column of sedimentary rocks than are kimberlite
samples studied to date. Crustal materials in the kimberlites
may enable a better interpretation of the local gravity and
magnetic anomalies and in turn may provide insight into the
spatial heterogeneity of crustal composition. Many questions
remain about the cause of the abundant kimberlites. Geo-
chemical and thermobarometric studies of kimberlite sam-
ples should provide evidence about the magma source(s),
some 150km deep in the mantle (Kay et al., 1983). These
early Cretaceous high-velocity intrusions reflect a history of
paleo-strain. Can the variability of locations of kimberlites
and their xenolith compositions illuminate the variability of
strain responses among the various types of basement litholo-
gies?

Shorten and Fitzgerald (2019) demonstrated that a tran-
sition occurred approximately 145 Ma from a long interval
of rapid exhumation and cooling to conditions of slow ex-
humation and cooling. This inflection is approximately co-
eval with kimberlite intrusions in the earliest Cretaceous. An
integrated thermochronological study of a vertical profile of
borehole materials (Table 1, category 5), including kimber-
lites at one or more depth, offers the possibility of exploring
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the modern retention of low-temperature features across the
modern-geothermal gradient and the opportunity to examine
the post-emplacement thermal history of kimberlites where
they have not been exposed to near-surface weathering.

5.3.4 Summary of scientific themes

All of these research themes are interconnected. For exam-
ple, fractures and fluid migration are related to the mechani-
cal and lithological heterogeneity that was instituted by both
Precambrian orogenic activity and Phanerozoic structural ad-
justments to near-field and far-field phenomena. Integrated
borehole measurements and experiments will reveal how the
preexisting mechanical and lithological heterogeneity con-
trols and interacts with stress and about the nature of active
processes that link thermal, hydrological, and chemical pro-
cesses to mechanics and to one another. Even the amount
and nature of life in the deep strata and crystalline basement
are likely to be linked to Precambrian—Paleozoic conditions
which produced the substrate in which today’s life exists and
to the thermo-hydro—chemical-mechanical system which is
their modern environment.

6 Conclusions

The ICDP-supported borehole planning workshop held dur-
ing January 2020 in Ithaca, New York, USA, was an efficient
and effective forum through which to advance the strategy
for and design of a scientific borehole in continental crust.
The workshop participants transformed a skeletal idea — an
opportunity to utilize a proposed geothermal demonstration
borehole for scientific research — into a much better devel-
oped scientific vision and the beginning of a pragmatic scien-
tific and engineering plan. The diverse experiences and deep
expertise of the workshop participants included specializa-
tions ranging from regional geology to experimental rock
mechanics to geothermal borehole engineering to fracture
stimulation to hydrogeology to earthquake seismology, and
beyond. Collectively, this group honed a plan suitable to the
northern Appalachian Basin which will illuminate how the
pre-existing mechanical and lithological heterogeneity con-
trols and interacts with stress. The discussions led to a con-
viction that the planned geothermal demonstration project
can better encourage wide deployment of low-temperature
geothermal energy technology, one of Cornell’s goals, by uti-
lizing scientific borehole studies to deepen understanding of
rock behavior in the deep subsurface before and during well-
field operations.

The borehole science plan that evolved (Table 1) will be
costly. Ultimately, as the Cornell University drilling plan un-
folds in the next few years, its features will be constrained
by the details of costs, by the funds available from sources
such as scientific consortia, government agencies and donors,
and by initial results. A proposal to the U.S. Department of
Energy that was submitted after the workshop was selected
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to be funded, hence Hole 1A is now in the planning phase
with a drilling target of 2021. Beyond Cornell’s research and
geothermal demonstration plans, there will be lasting value
if the essence of the integrated plan to advance understand-
ing of thermal-hydrological-mechanical-chemical behavior
of old continental crust is used by other groups at different
locations.
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Abstract. Chamberlin and Salisbury’s assessment of the Permian a century ago captured the essence of the
period: it is an interval of extremes yet one sufficiently recent to have affected a biosphere with near-modern
complexity. The events of the Permian — the orogenic episodes, massive biospheric turnovers, both icehouse and
greenhouse antitheses, and Mars-analog lithofacies — boggle the imagination and present us with great opportu-
nities to explore Earth system behavior. The ICDP-funded workshops dubbed “Deep Dust,” held in Oklahoma
(USA) in March 2019 (67 participants from nine countries) and Paris (France) in January 2020 (33 participants
from eight countries), focused on clarifying the scientific drivers and key sites for coring continuous sections of
Permian continental (loess, lacustrine, and associated) strata that preserve high-resolution records. Combined,
the two workshops hosted a total of 91 participants representing 14 countries, with broad expertise. Discussions
at Deep Dust 1.0 (USA) focused on the primary research questions of paleoclimate, paleoenvironments, and
paleoecology of icehouse collapse and the run-up to the Great Dying and both the modern and Permian deep
microbial biosphere. Auxiliary science topics included tectonics, induced seismicity, geothermal energy, and
planetary science. Deep Dust 1.0 also addressed site selection as well as scientific approaches, logistical chal-
lenges, and broader impacts and included a mid-workshop field trip to view the Permian of Oklahoma. Deep
Dust 2.0 focused specifically on honing the European target. The Anadarko Basin (Oklahoma) and Paris Basin
(France) represent the most promising initial targets to capture complete or near-complete stratigraphic coverage
through continental successions that serve as reference points for western and eastern equatorial Pangaea.
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Between a marvelous deployment of glaciation, a
strangely dispersed deposition of salt and gypsum,
an extraordinary development of red beds, a de-
cided change in terrestrial vegetation, a great de-
pletion of marine life, a remarkable shifting of geo-
graphic outlines, and a pronounced stage of crustal
folding, the events of the Permian period consti-
tute a climacteric combination. Each of these phe-
nomena brings its own unsolved questions, while
their combination presents a plexus of problems of
unparalleled difficulty. More than any other period
since the Proterozoic, the Permian is the period of
problems.

Chamberlin and Salisbury, Geology v. II, Earth
History, 1905

1 Introduction

The Permian (299-252 Ma) records a fundamental reorga-
nization in tectonic, climatic, and biologic components of
the Earth system. Plate collisions leading to the assembly of
the supercontinent Pangaea culminated by middle Permian
time, expressed at low latitudes by the formation of the Cen-
tral Pangaean Mountains and associated orogenic belts (e.g.,
Domeier and Torsvik, 2014; Fig. 1). The Permian records
multiple large mafic magmatic events, including those af-
fecting the Central Pangaean Mountains (Ernst and Buchan,
2001). Additionally, the Variscan system of western and cen-
tral Europe was a global focus of expansive and explosive
silicic-intermediate volcanism (Soreghan et al., 2019) associ-
ated with both construction and collapse of the Central Pan-
gaean Mountains (e.g., Menard and Molnar, 1988; Burg et
al., 1994). Extensive plutonism and orogenic collapse also
took place in the Moroccan and Appalachian parts of this sys-
tem (e.g., Valentino and Gates, 2001; EL Hadi et al., 2006).
The magnitude of the Permian climate transition is unique for
the Phanerozoic: Earth’s penultimate global icehouse peaked
during the early Permian, yielding to full greenhouse condi-
tions by the late Permian — our only example of icehouse col-
lapse during a time with known complex terrestrial ecosys-
tems (Gastaldo et al., 1996). The late Paleozoic icehouse was
the longest and most intense glaciation of the Phanerozoic
(Feulner, 2017), and reconstructed atmospheric composition
includes both the lowest CO; and (inferred) highest O; lev-
els of the Phanerozoic (Berner, 2006; Foster et al., 2017) —
the latter presumably spurred by the massive proliferation
of vascular land plants (Berner, 2003), possibly exacerbated
by weathering of the tropical mountains (Goddéris, 2017) as
well as enhanced marine productivity (Sur et al., 2015; Chen
et al., 2018; Sardar Abadi et al., 2020). High-resolution CO,
reconstructions include values comparable to those antici-
pated for Earth’s immediate future (Montafiez et al., 2016).
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Fundamental shifts occurred in atmospheric circulation, no-
tably development of a global megamonsoon (Parrish, 1993),
and the tropics are inferred to have been anomalously arid
(e.g., Tabor and Poulsen, 2008), although the latter could al-
ternatively reflect paleogeographic details that remain poorly
resolved (Fig. 1; Domeier and Torsvik, 2014; Tomezzoli et
al., 2018; Muttoni and Kent, 2019). Evolution of the terres-
trial biosphere during the Carboniferous produced the first
tropical rainforests (Cleal and Thomas, 2005) and terrestrial
ecosystems of “modern” complexity and structure, with food
webs centered on carnivores consuming novel vertebrate her-
bivores (Sues and Reisz, 1998). By Permian time, extreme
environments are well documented in the form of, e.g., vo-
luminous dust deposits (Soreghan et al., 2008b, 2015a), acid
saline lakes and groundwaters (Benison et al., 1998), extreme
continental temperatures (Zambito and Benison, 2013), and
biotic crises and extirpations of spore plants from equatorial
Euramerica (DiMichele et al., 2006; Sahney et al., 2010),
ultimately culminating at the end of the Permian with the
largest extinction event in the Phanerozoic (e.g., Twichett et
al., 2001; Erwin, 2006). Figure 2 illustrates major trends in
varied aspects of the Permian Earth system.

The dynamic Earth system of the Permian and the sen-
sitivity of the tropics to climate forcings in particular moti-
vate an international drilling program to focus on recovery
of high-resolution continental records from both western and
eastern low-latitude Pangaea in addition to auxiliary science
objectives. To address this, 67 scientists and students from
nine countries gathered in Norman, Oklahoma (USA), on 7—
10 March 2019 to discuss plans for an international drilling
project to target objectives in both the US and western Eu-
rope. The project was dubbed “Deep Dust” for the intended
focus on eolian-transported fines, which are interpreted to
compose much of the sediment ultimately captured in eolian,
lacustrine, and associated depositional environments of the
Anadarko Basin of Oklahoma and selected Permian basins
of western Europe. The workshop began with overviews of
the key science objectives, which included themes on paleo-
climate, paleobiology, the microbial biosphere (both modern
deep and fossil Earth surface), and auxiliary science, as well
as presentations on the regional geology of the Anadarko and
western European basins (Table 1). The rest of the work-
shop focused on breakout groups and summary plenary ses-
sions on topics of scientific methodologies, drilling logistics
(site selection, hazards, logging, operations), education and
outreach, and funding. Following discussions of science ob-
jectives and geology of potential sites, participants took a
field excursion to view target Permian strata of the Anadarko
Basin, which consist predominantly of very fine-grained red
beds and evaporites, with discussions focused on interpreta-
tions of the predominance of eolian and lacustrine environ-
ments (Giles et al., 2013; Sweet et al., 2013; Foster et al.,
2014; M. Soreghan et al., 2018). The field excursion con-
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Early Permian
~290 Ma

95

Late Permian
~250 Ma

Anadarko Basin

Early Late
A 5°N 5-10°N
B 5-10°S 0-5°N
C 15°S 10°N

Paris Basin

Early Late
0-3°N 15°N
3°N 10°N
N/A N/A

Figure 1. Paleogeography during the early to late Permian redrafted from the reconstructions of (a) Domeier and Torsvik (2014), (b) Muttoni
and Kent (2019), and (¢) Tomezzoli et al. (2018). Red dots show drill target paleo-positions within the equatorial Central Pangaean Mountains
(western US — western equatorial Pangaea and western Europe — eastern equatorial Pangaea). A significant difference between (a) and (b)
relates to the contrasting reconstructions of Pangaea A and Pangaea B. Pangaea A prevails for the later Permian, whereas some prefer Pangaea
B for the early Permian. The reconstruction of Tomezzoli et al. (2018) focuses on Laurentia and Gondwana. In all cases, the target sites are
generally equatorial but vary by up to ~ 18° (coordinates for each configuration summarized in the table below).

cluded with an unscheduled but quintessentially Oklahoman
bovine rescue. A follow-on workshop (dubbed “Deep Dust
2.0”) held in Paris (27-28 January 2020) involved 33 sci-
entists from eight countries in western—central Europe and
focused on honing the European coring site(s). After an
overview of the regional geology, paleoenvironments, and
expected facies in basins of western and central Europe (Pol-
ish Basin, Italian basins, German basins, Swiss Plateau, UK
and Irish basins, and the French Lodéve and Paris basins),
presentations (Table 1) focused on topics such as the utility
of plant fossils, Permian geothermal resources, and the posi-
tions and perspectives of the BRGM (Bureau de Recherches

https://doi.org/10.5194/sd-28-93-2020

Géologiques et Miniéres) and CNRS (Centre National de la
Recherche Scientifique) regarding a proposed research cor-
ing project.

2 Compelling science enabled by coring the
Permian

The Deep Dust 1.0 workshop (in Oklahoma) included ple-
nary presentations (Table 1) that provided overviews of ge-
ologic evidence and modeling results on Permian paleoen-
vironment and paleoclimates, extreme environments of the
Permian, the Permian carbon cycle, terrestrial biosphere and
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Figure 2. Illustration of documented glacial deposits (Soreghan et al., 2019), atmospheric pCO; (Montafiez et al., 2016; Foster et al., 2017),
strontium isotope signature (McArthur et al., 2001), terrestrial and North American terrestrial organic sediment (coal, lignite, anthracite, and
tar) accumulation™ (Nelsen et al., 2016), sea-level changes (Haq and Schutter, 2008), mean species richness of reef builders in 10 Myr bins
(Kiessling, 2005; Alroy et al., 2008; Payne and Clapham, 2012), halite mass (Hay et al., 2006; Warren, 2016), and large igneous provinces
(LIP Commission) during the late Carboniferous (Pennsylvanian) and Permian (323-251 Ma), proportion of vertebrate (fish versus amniote-
dominant) species in the North American continental realm (Pardo et al., 2019), a tropical temperature curve adapted from Montafiez et al.
(2007), and marine C!3 adapted from Saltzmann and Thomas (2012). * indicates North America only, otherwise global signatures.

Table 1. European target decision matrix.

Paris Basin ~ Switzerland Poland Germany UK/Ireland Plymouth

Bay (offshore)
Seismic 2D/3D Y (2D) Y(2D-3D) Y@®2D) Y Y (2D)
Borehole data on seismic! Y Y Y Y Y (2)
Overburden 1.1km 1km ~100m
Target thickness 3.5km 4km 1km >10km 4km
Facies fine?? Y N (?) N N Mixed
Ashes? Y? Y Y? Y N
Biostratigraphy? Y Y Y Y N
C-P boundary? Y Y Y Y locally Y
P-T boundary? N Y N Ylocally Y

! Borehole data — within 5 km of proposed location
2 Predominantly (>80 %) fine facies

run-up to the Great Dying, and aspects of the deep mi- fluid-inclusion, rock-magnetic, magnetostratigraphic, pale-
crobial biosphere. In discussions, participants identified the ontologic, and geochronologic approaches (i.e., Soreghan et
following major science objectives and rationales for cor- al., 2015b; Benison et al., 2015). Additionally, during the
ing these rocks, which are neither well preserved nor very course of both workshops, participants suggested consider-
accessible in outcrops, and for which minimal core exists. ing expansion to a staged project that could incorporate cor-
A list of questions associated with the major and supple- ing in (1) multiple basins of western Europe and (2) in mid-
mentary science topics appears in a data supplement ta- paleolatitude sites (e.g., China). Such an expanded approach
ble; overviews appear below. Coring is essential to (1) ac- would better inform paleoclimate modeling.

cess buried upland records, (2) achieve continuous records
in basinal regions, and (3) recover a pristine section suit-
able for application of various sedimentologic, geochemical,
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2.1 Equatorial paleoclimate of peak icehouse and
icehouse collapse

The basal Permian records the most extreme phase of the
late Paleozoic ice age (LPIA), which was the longest-lived
and most intense icehouse of the Phanerozoic. Continen-
tal glaciation extended to latitudes as low as 32°S (Evans,
2003), and the Carboniferous—Permian boundary interval
archives the most widespread evidence for glacial deposits of
the LPIA (Fielding et al., 2008; Soreghan et al., 2019; Fig. 2).
The acme conditions of the Asselian yielded to a massive
reduction in ice (as recorded by number of ice-contact de-
posits) in the Sakmarian, followed by ultimate disappearance
of the vestigial Gondwanan glacial deposits (Australia) in
the Wuchiapingian age (Fig. 2). The role of pCO;, which
reached remarkably low values during the LPIA, is an es-
tablished factor in the severity of the icehouse, but contrib-
utory factors might include negative radiative forcing from
volcanic aerosols (Soreghan et al., 2019). Fine-grained loes-
sitic and lacustrine strata of the target regions preserve high-
resolution records of paleoclimate in these “far-field”” equato-
rial regions, including lower Permian cyclothemic strata that
record unequivocal glacial-interglacial swings, yielding up-
ward to entirely continental successions, such as those seen
in the upper Pennsylvanian through lower Permian of mid-
continental North America (e.g., Heckel, 1990; Giles et al.,
2013). The cause(s) of the LPIA deglaciation remain(s) in
debate, in addition to the rate of deglaciation; carbon cycling
played a key role, but the mechanisms for changing pCO,
as well as the role(s) of other factors remain(s) debated.
Addressing these and related issues will require data types
such as additional constraints on high-resolution pCO,, at-
mospheric dust loading, and records of source-region de-
nudation (from thermochronology). Combining this with a
high-resolution Sr isotope curve can help address the relative
roles of weathering and other forcing in driving deglaciation
and, in the longer term, the apparent aridification of equa-
torial Pangaea. Our understanding of the aridification hinges
on accuracy of paleogeographic reconstructions; although re-
constructions vary (Fig. 1), the variation falls largely within
~ 15° of the Equator, suggesting that aridification relates pri-
marily to changing equatorial hydroclimate rather than lat-
itudinal drivers. However, the Pangaea A versus Pangaea
B configurations (Domeier and Torsvik, 2014; Tomezzoli
et al., 2018; Muttoni and Kent, 2019) for early Permian
time have profoundly different implications for the conti-
nentality of western Europe, in particular. In principle, such
pronounced differences between continental reconstructions
could be tested by running climate-model simulations for dif-
ferent reconstructions and comparing simulated precipitation
and evaporation patterns with the distribution of lithological
indicators such as coal or evaporite (Cao et al., 2019).

The possibility that glaciation affected low—moderate-
elevation uplands of both the western (US) and eastern
(Europe) equatorial regions (Becq-Giraudon et al., 1996;
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Soreghan et al., 2008a, 2014; Pfeifer et al., 2020a) in the
early Permian remains highly controversial but is potentially
testable by coring regions proximal to buried paleo-uplands
to seek evidence for ice-contact and/or pro- and peri-glacial
deposition. Furthermore, the unique geological setting of the
Anadarko Basin records epeirogenic subsidence that pre-
served buried paleo-highs (Soreghan et al., 2012), thus en-
abling (via coring) access to upland environments. Low-
latitude upland glaciation — if substantiated — could reflect
increased glacial-phase albedo from high loading of bright
aerosols, greater exposure of bare ground due to vegetation
changes during glacials (Falcon-Lang and DiMichele, 2010),
or other as-yet undiscovered climate forcings. Evidence for
low-latitude glaciation across equatorial Pangaea during the
late Paleozoic would radically change our understanding of
this period in Earth’s history — a critical interval for the evolu-
tion of land animals and plants. It would spur research on in-
fluences of alternative boundary conditions and climate forc-
ings. Furthermore, changes in erosional conditions imposed
by climate can affect surface expression of tectonic processes
(e.g., Molnar and England, 1990; Sternai et al., 2012). These
inter-relations are even more intriguing given glaciation, as
ice growth and associated erosion affect uplift and subsi-
dence (e.g., Molnar and England, 1990; Champagnac et al.,
2009).

2.2 Atmospheric dust and the Pangaean megamonsoon

Also intensifying through later Permian time was the Pan-
gaean megamonsoon, repeatedly inferred from both mod-
eling and data (e.g., Kutzbach and Gallimore, 1989; Par-
rish, 1993; M. Soreghan et al., 2002, 2018; Tabor and Mon-
tanez, 2002) but poorly constrained in terms of its evolu-
tion and drivers. Dust (loess) deposits capture an excellent
archive of the monsoon, as well documented by work on
the Quaternary monsoonal record archived in the Chinese
Loess Plateau (e.g., Sun et al., 2006), and the Permian pre-
serves the most voluminous dust deposits known in Earth’s
history (Soreghan et al., 2008b, 2015a). But the drivers be-
hind this remarkable production and accumulation of dust
and the effects of such an extreme (mineral-aerosol-rich)
atmospheric composition remain unknown. The forcing(s)
associated with atmospheric aerosols constitute one of the
largest uncertainties in climate modeling from near to deep
time (Schwartz and Andreae, 1996; NRC, 2011; Heavens et
al., 2012; Lee et al., 2016). Continuous coring will enable
us to tap the full extent of this dust record recovered in un-
ambiguous stratigraphic superposition, assess extent of at-
mospheric dust loading, and use dust provenance (with, e.g.,
geochemistry and detrital zircon geochronology) to build
a high-resolution archive of atmospheric circulation of un-
precedented (tens of millions of years) duration. Because
targeted dust deposits lie in both western and eastern Pan-
gaea, we can assess spatiotemporal patterns of continental
climate change, e.g., the nature and pace of proposed east-
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Figure 3. Gamma ray (GR) log from the Schneberger 1-19 Well, Atoka Burns Flat, Washita County, Oklahoma, USA (S19; T10N, R19W;
elevation 593 m). (a) Log from 100 to 4100 ft (well log depth scale) with preliminary interpretations of intervals with possible Milankovitch

cyclicity and possible position of the North American Ochoan Stage
log examined further in (b). (b) Detail from 3090 to 3790 ft displayin
200 ft (see “Symbols”), possibly indicating, respectively, precession
cycles.

wardly progressing aridification (Tabor and Poulsen, 2008).
Quantitative cyclostratigraphic analysis of high-quality well-
log records as shown in Fig. 3 will enable assessment of as-
tronomical forcing of tropical climate/hydroclimate through
the Permian icehouse—greenhouse transition up to the end-
Permian mass extinctions. The discovery of astronomical
forcing signatures in continental western Pangaea will pro-
vide “floating” astrochronologies and opportunities to corre-
late the signatures with biostratigraphically constrained ma-
rine Paleotethyan counterparts described by Wu et al. (2013)
and Fang et al. (2015, 2017) and with continental eastern
Pangaea (Huang et al., 2020; Pfeifer et al., 2020b). These
correlations will be enhanced greatly by adding paleomag-
netic and (post-Kiaman) polarity data, achievable by virtue
of obtaining continuous records in both western and eastern
equatorial Pangaea.
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(earliest Lopingian). The dashed box indicates a detailed portion of the
g pervasive superimposed GR cycles with thicknesses of 10, 20, 50, and
index, obliquity, short orbital eccentricity, and long orbital eccentricity

2.3 The later Permian: extreme environmental and
biotic records leading up to the Great Dying

The later Permian accommodates the final icehouse collapse
and the transition to one of the most extreme greenhouse
times known in Earth’s history (Triassic), with the interca-
lated largest extinction known — the Permian—Triassic (P-T)
extinction event. The P-T event has been linked in part to
massive large igneous province (LIP) volcanism in Siberia
(Siberian Traps), a region containing enormous volumes of
carbon- and evaporite-rich strata, exacerbating the release of
large amounts of greenhouse gases and halocarbons into the
atmosphere (e.g., Svensen et al., 2009). Middle Permian—
early Triassic red-bed-hosted halite records extreme conti-
nental conditions, such as hyperaridity, local air tempera-
tures as high as 73 °C, and a diurnal temperature range up
to 28 °C (Zambito and Benison, 2013), as well as extremely
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acid saline lakes and groundwaters with pH as low as 0
(Benison et al., 1998; Andeskie et al., 2018). New fluid in-
clusion methods have documented atmospheric O, from Pro-
terozoic halite (Blamey et al., 2016), suggesting that atmo-
spheric O, may also be analyzed from fluid inclusions in Per-
mian halite; these types of analyses are uniquely enabled by
coring the types of deposits preserved in the target regions.
Much of the research on the run-up to the P-T crisis focuses
on the marine record (e.g., Erwin, 1994; Wignall and Twitch-
ett, 1996). In contrast, this proposed ICDP project will target
high-resolution, continental successions sensitive to climatic
and environmental conditions, including lacustrine, paleosol,
and fine-grained eolian (e.g., loess) deposits, that we antici-
pate have the potential to preserve palynological as well as
other records of paleoecological conditions and transitions.
Physiological performance in modern tropical ectotherms is
impacted by even small-magnitude climate warming, under-
scoring the vulnerability of low-latitude regions to climate
change. Spanning the equatorial region west to east enables
differentiation of local from regional-to-global changes in
the continental record of the conditions leading to extinction
and test hypotheses of a west—east lag in the loss of peri-
Tethyan aquatic diversity and increased terrestrial diversity
(Pardo et al., 2019). We anticipate the possibility that the tar-
geted coring regions will enable elucidation of climatic and
biotic changes through the middle and late Permian in partic-
ular, which are poorly documented.

2.4 Nature of the modern and fossil deep microbial
biosphere

Discussion of questions on the deep microbial biosphere fo-
cused on both the microbes living today and those poten-
tially preserved from Permian time — the latter representing
a truly unique opportunity. The Anadarko Basin, for exam-
ple, is the deepest sedimentary basin on the North Amer-
ican craton, with significant basinal fluid migration, docu-
mented by modern sulfide- and sulfur-rich springs such as
Zodletone Spring (https://www.mindat.org/loc-305255.html,
last access: 20 September 2020), which boosts a highly di-
verse and complex microbial ecosystem (Luo et al., 2005).
Coring is essential to test the limits and nature of the deep
biosphere here. Microbial life — potentially present in fluids
or rock surfaces — might be driven by the redox transforma-
tion of abundant (trace) elements in the basin such as arsenic
and iron (Amstaetter et al., 2010) or might utilize metabolic
pathways associated with hydrocarbons (Hamamura et al.,
2005; Foght et al., 2017).

As noted above, coring strata from the target basins hold
the potential to enable unprecedented analyses of the fossil
microbial biosphere, locked within fluid inclusions of Per-
mian evaporites preserved exclusively at depth (e.g., Sat-
terfield et al., 2005; Benison, 2019). These previous stud-
ies demonstrated that microbial life existed in the Permian
at pH< 1, pH<0, and pH<—1 — among the environments

https://doi.org/10.5194/sd-28-93-2020

99

with the lowest pH and water activity known to host life
(Benison, 2013). Several questions arise from these obser-
vations, such as whether the Permian microbes remain vi-
able and whether relationships exist between the modern and
Permian microbial biospheres, for which the host lithology
has remained constant for nearly 300 Myr. Finally, such ex-
treme, iron-rich, acidic conditions as those of these Permian
red beds provide sedimentary analogs to past Martian sur-
face conditions, including potential biosignatures. The Per-
mian evaporites of Kansas preserved only in cores contain
fossil microbes and organic compounds both as solid inclu-
sions and within fluid inclusions (e.g., Benison, 2019). Iron
oxide concretions in recent siliciclastic sediments associated
with acid saline lakes in Western Australia contain microfos-
sils (Farmer et al., 2009). Our proposed coring would pro-
vide reference comparison samples for sediments and rocks
returned from Mars, with significant implications for astro-
biology.

2.5 Auxiliary science

Finally, breakout groups discussed auxiliary science objec-
tives that could be pursued in addition to the primary pa-
leoclimatic/paleoenvironmental/microbial objectives. These
objectives included red-bed sedimentology, induced seismic-
ity, tectonics, geothermal energy, hydrology, and drilling en-
gineering. Additionally, a fundamental advance will be the
ability to build paleomagnetic and magnetostratigraphic ref-
erence sections for the Permian to help resolve long-standing
paleogeographic enigmas with implications for paleoclimate.
If we wish to advance paleoclimatic understanding and dis-
entangle local from global effects, we must accurately locate
the study areas in paleogeographic space. A viable approach
to resolving the ongoing controversy of Pangaea A versus
Pangaea B configurations (Fig. 1), for example, is by mag-
netic studies of long continuous cores at the target sites.

The prevalence of Permian red beds is renowned but puz-
zling; ideas for this geochemical anomaly have centered pre-
dominantly on a climatic control (Barrell, 1908; Walker,
1967, 1974; Dubiel and Smoot, 1994; Parrish, 1998), al-
though Sheldon (2005) called into question whether red in-
dicates any specific paleoclimatic parameters. The remark-
able atmospheric oxygen levels perhaps played a role (e.g.,
Glasspool and Scott, 2010). More recent data on iron geo-
chemistry of Permian loess from scattered sites throughout
the western US reveal mysteriously high iron bioavailability
(i.e., high values of highly reactive iron to total iron), with
major implications for fertilization of primary productivity
and thus carbon cycling (Sur et al., 2015; Sardar Abadi et al.,
2020) during this interval, yet the origin of this reactivity re-
mains enigmatic. Coring would enable assessment of iron re-
activity in dust across vast stretches temporally and spatially:
through the entire Permian, and across the tropical landmass,
which would help address drivers for the reactivity and help
address the origin of red beds.
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Figure 4. Examples of the lower Permian paleo-loess of (left) the mid-continent US and (right) France. Left: the middle Permian Flowerpot
Shale of the Anadarko Basin, western Oklahoma (Sweet et al., 2013). Right: the middle Permian Salagou Formation of the Lodéve Basin,

southern France (Pfeifer et al., 2016, 2020a, b).

The proposed sites capture rather unique tectonic settings,
as both the Anadarko Basin and Permian basins of western—
central Europe occupy regions either proximal to or atop (re-
spectively) collapsed paleo-highlands of the greater Central
Pangaean Mountains. Both received sediment from major
orogenic belts of these systems: the Appalachian orogen in
the case of the Anadarko Basin (e.g., Soreghan et al., 2019)
and the Variscan core in the case of Permian basins of France
(e.g., Pfeifer et al., 2016). Given the expected continuity of
the target sections, it might be possible to constrain unroof-
ing of the Appalachian and Variscan orogens using detrital
zircon and apatite thermochronology. Preliminary work on
a partial Permian section from the Lodéve Basin (southern
France) revealed remarkably high rates (1-17 mmyr ') of
exhumation in the Variscan orogen, comparable to present
rates of Himalayan uplift (Pfeifer et al., 2016). Together with
recent work that reveals mean Variscan paleoelevations of
3300 % 1000 m at ca. 300 Ma (Dusséaux, 2019), this has sig-
nificant implications for understanding climatic—tectonic in-
teractions.

The incidence of induced seismicity in Oklahoma (and
many other regions, especially in regions exploited for hy-
drocarbon or geothermal energy) has increased significantly
in the last decade and holds significant societal implications.
In Oklahoma, most of the induced seismicity is linked to fluid
injection associated with wastewater disposal or hydraulic
fracturing (Chen et al., 2017; Ellsworth, 2013; Keranen and
Weingarten, 2018; Langenbruch et al., 2018), where most
of the wastewater is produced from unconventional shales
that commonly include significant ratios of formation saltwa-
ter along with the hydrocarbons (Ellsworth, 2013). Globally,
incidences of induced seismicity have been associated with
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fluid injection, hydrocarbon extraction, and geothermal en-
ergy, among many other causes (Foulger et al., 2018). Instru-
mentation of a borehole with fiber-optic cabling could enable
distributed acoustic sensing of seismicity, strain, and auxil-
iary assessments of geothermal gradient, and shallow hydro-
geology helpful for studying seismicity as well as a number
of other studies. Observations of these parameters are rela-
tively rare in the target region of Oklahoma. Finally, a fully
cored borehole could be a compelling test facility for new
drilling technology — specifically as a geothermal test well.
Most oil and gas wells do not have the required size or depth
required for clean energy development such as enhanced
geothermal systems. In western Europe, Permian strata are
a growing target for potential geothermal energy production;
specific in situ measurements (e.g., hydraulic production test)
and high-resolution lab investigations (petrophysics proper-
ties, small-scale fracturing, temperatures) would serve as a
reference for future investigations in both the US and Euro-
pean sites.

3 Suitability of archives and indicators

Targeted sections preserve primarily continental records be-
cause the main science drivers center on paleoclimate and pa-
leoenvironments. Between the western and eastern equatorial
sites, lithologic compositions expected potentially include
(predominantly) paleo-loess deposits and subordinate evap-
orites in lowland basinal sections (Fig. 4) but also mixed-
lithology (carbonate—clastic) cyclothems of epeiric deposi-
tion (basal Permian) in basinal sites and possible ice-contact
or pro-/peri-glacial deposits in upland-proximal sites. For
the lowland sites, we are specifically targeting sections ex-
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pected to consist predominantly (>80 %) of fine-grained sed-
iments thought to comprise loess and dust trapped ultimately
in lacustrine settings. Like lacustrine sediment, loess is con-
sidered the most comparable to marine sediment in record-
ing continuous- or near-continuous deposition (Begét and
Hawkins, 1989); accordingly, loess and lakes archive the
highest-resolution continental archives for paleoclimatic and
auxiliary reconstructions. Loess deposits in particular, which
include intercalated paleosols, preserve up to millennial-
scale records of continental climate, including atmospheric
circulation (dust loading, wind direction, and strength from
provenance and grain size) and precipitation (from mag-
netic susceptibility, e.g., M. Soreghan et al., 2014; Yang
and Ding, 2013; Soreghan et al., 2015a; Maher, 2016) as
well as — potentially — paleotemperature and atmospheric
pCO; in hosted paleosols (e.g., Tabor and Myers, 2015).
Anisotropy of magnetic susceptibility in loess is well studied
as an excellent potential for reconstructing wind directions
and also intensity variations (e.g., Liu et al., 1999; Zhu et
al., 2004; Nawrocki et al., 2006; Zhang et al., 2010). Eolian
dust trapped by lacustrine or shallow marine environments
holds the potential for organic preservation and thus asso-
ciated organic geochemical and biomarker analyses. Evap-
orites preserve continental temperatures and brine composi-
tions at temporal resolutions as fine as diurnal (e.g., Beni-
son and Goldstein, 1999; Zambito and Benison, 2013). Cy-
clothems preserve an archive of glacial-interglacial varia-
tions from which we can potentially extract paleotempera-
ture, ice-volume variations, and continental weathering flux
(e.g., Elrick and Scott, 2010; Theiling et al., 2012; Elrick et
al., 2013). Proglacial and associated deposits establish the
former extent and nature of glaciation.

Thermochronology through clastic successions can re-
veal long-term denudation in these uplift-proximal regions,
potentially shedding light on both tectonic and tectonic—
climatic interactions (e.g., Reiners and Brandon, 2006).
Many of the sedimentologic, geochemical, and fluid inclu-
sion tools require pristine samples recoverable only by cor-
ing, and achievement of high-resolution temporal trends, es-
pecially those employing, e.g., quantitative cyclostratigra-
phy and magnetostratigraphy, demand continuous and strati-
graphically complete sampling through sections with un-
ambiguous stratigraphic superposition. Currently, we lack
such data for the Permian; rather, climate-sensitive records
are limited to spatially and temporally discrete sampling of
mostly outcrops, with very few North American data in the
later Permian (e.g., Tabor and Poulsen, 2008; atmospheric
pCO, data of Montafiez et al., 2007, 2016). These studies
suggest an increasing trend in pCO, and equatorial aridity
from the late Carboniferous to the middle Permian as well as
substantial glacial-interglacial variability in both parameters
from the middle Carboniferous to the early Permian.
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Figure 5. Plan view image of the Anadarko Basin (modified from
Hentz, 1994). The bold line denotes the approximate location of the
3D seismic line in Fig. 7. Note that both the Amarillo Uplift and
Bravo dome (and much of the Wichita Uplift) are in the subsurface.

4 Site selection

The Anadarko Basin (Oklahoma, USA) and Paris Basin
(France, western Europe) preserve what are likely the most
complete records of the continental Permian on Earth and
sample the antipodes of equatorial Pangaea. Furthermore, the
partial preservation of paleo-upland regions in both the Wi-
chita Uplift (Anadarko Basin system; Soreghan et al., 2012)
and Variscan system (below the Brécy Basin; Beccaletto et
al., 2015) presents the rare opportunity to access archives
of moderate-paleoelevation sites; together with ongoing re-
search positing high elevations (>3000 m; Dusséaux, 2019)
and possible upland glaciation for the Variscan system, these
localities are globally unique.

4.1 Western Pangaean site: Anadarko Basin
(Oklahoma)

The Anadarko Basin (Fig. 5) of the southern mid-continental
US is the deepest sedimentary basin on the North American
craton, owing to a dual history of Neoproterozoic-Cambrian
(failed) rifting followed 300 Myr later by late Paleozoic com-
pressional deformation associated with western Pangaean as-
sembly (Johnson, 1988). This basin represents the south-
ern limit of a widespread subsiding region during Permian
time that extended across mid-continental North America —
a largely endorheic basin akin in scale and character to the
greater Lake Chad region of modern Africa. The sedimentary
record in the Anadarko Basin is especially complete for the
late Carboniferous—Permian, with preservation of ~ 2000 m
of Permian strata alone (Soreghan et al., 2012; Fig. 6) com-
prising predominantly continental (paleo-loess/dust, lacus-
trine, and evaporite) deposits, with (basal) epeiric cyclothems
of a mixed carbonate—clastic character (Johnson, 1988). Re-
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Figure 6. Cross section of the Anadarko Basin, from the basin deep (SW) to the shelf (NE). Thin vertical lines are locations of the boreholes
(logs) used for the interpretation. The seismic line (shown as “S” on the inset map) in Fig. 7 depicts (approximately) the boxed region. Cross

section modified from Witt et al. (1971).

markably, the Permian subsidence event affected both the
basin and the adjacent uplift (Wichita Uplift), resulting in
preservation of a Permian landscape (Soreghan et al., 2012)
and burial of upland strata in the subsurface along the south-
ern basin margin. Industry seismic data are accessible to
guide drill site locations (cf. Fig. 7).

4.2 Eastern Pangaean site(s): European target(s)

The Deep Dust 2.0 workshop focused specifically on a com-
prehensive assessment of Permian basins in western and cen-
tral Europe. Participants converged on prioritizing a refer-
ence section that could reasonably be expected to house a
continuous section of predominantly fine-grained continen-
tal facies that includes the C—P boundary and approaches
as closely as possible the P-T boundary. The only area
in western Europe containing the P-T boundary occurs in
the central part of the Germanic Basin (Bourquin et al.,
2011), and the correlation with the Paris Basin is well es-
tablished (e.g., Bourquin et al., 2006, 2009). Moreover, the
C-P boundary is well defined and dated in nearby outcrops
and subsurface data (Ducassou et al., 2019; Pellenard et al.,
2017; Mercuzot et al., 2020; Mercuzot, 2020). A number of
basins in Germany contain parts of the Permian, with exten-
sively cored sections, but the common occurrence of coarse-
grained, high-energy facies (e.g., inferred alluvial-fan, flu-
vial, volcaniclastic) and lack of a single site traversing the
entire (or nearly entire) section are problematic from the per-
spective of the primary science drivers for the Deep Dust
project. Other criteria considered in narrowing the selection
included availability of seismic data (constrained by bore-
holes), thicknesses of target and overburden, and expected
dating potential (e.g., by ashes and/or biostratigraphy). Ul-
timately, the southwestern Paris Basin emerged as the best
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location for a reference section. However, participants were
keen to consider a drilling program that could include addi-
tional localities in a staged approach. The Permian of eastern
equatorial Pangaea (France) is partially exposed in dismem-
bered rift basins of the Variscan—Hercynian orogenic belt
of central and southern France, such as the Lodéve Basin
(Fig. 8) that formed as a result of orogenic collapse (Burg
et al., 1994; Praeg, 2004). These basins preserve a sedimen-
tary succession analogous to that of the Anadarko Basin, with
drab-hued carbonaceous upper Carboniferous strata yielding
upsection to fine-grained red-bed lacustrine, eolian, and rare
evaporitic sediments through the Permian (e.g., Pochat and
Van Den Driessche, 2011), including extensive loess deposits
(Pfeifer et al., 2016, 2020a). In the Paris Basin, numerous late
Paleozoic “sub-basins” have been recognized since the 1960s
but lie beneath the Ceno-Mesozoic cover. The southwestern
Paris Basin in particular remains virtually unexplored with
no core except for a 110m core of Permian red beds (Jun-
cal et al., 2018) and three wells reaching a maximum of
1600 m in the upper Carboniferous to upper Permian section
(Bertray, Brécy, and Saint-Georges-sur-Moulon) with avail-
able well-log data (gamma ray, sonic) and cutting descrip-
tions. Recent pre-stack migration processing reprocessing of
vintage seismic data reveals a significant Permian section
here (Fig. 10). The Permian section extends over an area
of several thousand km?, with thicknesses reaching 3000 m
(Beccaletto et al., 2015; Figs. 9, 10).

Permian strata of the southwestern Paris Basin accumu-
lated “above” the internal zone and suture of the Variscan
belt, south of the Variscan front during the late-to-post oro-
genic extensional processes (Faure, 1995; Baptiste et al.,
2016). These basins formed after the main Variscan deforma-
tion and thus the Permian strata remain virtually undisturbed
by Variscan orogenesis. The post-orogenic subsidence (from
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Figure 7. Vertical time slice from a 3D seismic volume acquired across the Frontal Fault zone of the Wichita—Anadarko system, extending
from the (subsurface) Wichita Uplift (left) into the deep Anadarko Basin (right). See Fig. 6 for the approximate location of the line (line
length ~ 60 km). Vertical scale shows two-way travel time (seconds). Stratal markers as follows: base Pennsylvanian — yellow, base Permian
— blue. From Rondot (2009). A potential (basinal) drill site is indicated with the derrick symbol.

tectonic to thermal) during the late Paleozoic enabled preser-
vation of a nearly complete stratigraphic succession from
late Carboniferous to late Permian time, with an unconfor-
mity at the Permian—Triassic boundary (as is the case across
western—central Europe; e.g., Bourquin et al., 2011). Strata
of the southwestern Paris Basin accumulated during two suc-
cessive tectonic phases (Beccaletto et al., 2015).

— An initial period of opening of the (Arpheuilles, Con-
tres, and Brécy) basins, during which Stephanian con-
glomeratic/coal facies accumulated under a strong
structural control (normal- and strike-slip faulting, with
development of a clastic wedge); this represents about
20 % of the (Stephanian)-Permian section.

— Subsequent Permian and pre-Triassic tectonic activity
(northwest—southeast-oriented strike—slip faulting in the
Arpheuilles Basin, uplift of the margins of the three
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basins), resulting in tectonic subsidence and associated
sedimentation in these basins. The Permian strata here
consist mainly of mudstone or silty mudstone, with
rare thin interbeds of sandy, carbonate, intra-clastic con-
glomeratic, or evaporitic facies. Occurrences of fine to
coarse sandstone occur in the top interval. These litholo-
gies are analogous to those in neighboring basins, where
they are interpreted as restricted lacustrine to localized
fluvial facies and are analogous to those inferred for the
Anadarko Basin of Oklahoma.

Thus, although the uppermost Carboniferous—lower Per-
mian strata exist in isolated basins, the rest of the Permian
sedimentary section accumulated across a broad region as
demonstrated by the reinterpretation of newly reprocessed
seismic lines (Fig. 10). As these basins were later covered
by Triassic strata (Fig. 9), the Permo-Carboniferous section
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Figure 8. Top — simplified geology of France. Dark blue regions
are basins with Permian strata exposed (e.g., Lodeve), whereas light
blue regions denote Permian strata buried by Mesozoic overburden.
The bold dotted line crossing the E-W span of the Paris Basin is the
location of the cross-section line in Fig. 9. The fine dotted line in
the southern—central part of the basin is the location of the seismic
line in Fig. 10 (modified from Beccaletto et al., 2015).

was essentially protected from Meso-Cenozoic tectonic up-
lift and subsequent erosion. Importantly, this same situation
does not hold for the strata now exposed in regions such as
the Lodeve Basin. The Permian of subsurface basins such
as those beneath the southwestern Paris Basin have been af-
fected by a slight pre-Triassic tilting and by Oligocene brit-
tle normal faulting (represented by nearly vertical faults in
Fig. 10), without major tectonic perturbation. Other north-
ern European basins offer less complete and partly marine
stratigraphic sections for this interval, owing to slower rates
of subsidence and the influence of the Zechstein Sea (e.g.,
Doornenbal and Stevenson, 2010).

We provisionally propose the southwestern Paris Basin as
our coring target to capture a continuous lowland record in
eastern equatorial Pangaea. We recommend a coring target
in what is projected to be the most stratigraphically com-
plete section: in the Brécy (sub)basin, where the Permian
reaches a thickness of ~ 3000 m, beneath a Mesozoic cover
of ~ 1000 m (Figs. 9, 10).

5 The need for coring
Intact and complete continental stratal records from the mid-

Permian through Triassic of Pangaea are rare (in both outcrop
and standard cores). Within the Anadarko Basin, outcrops are
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stratigraphically and lithologically incomplete due to interca-
lated halite in parts of the section, which dissolves at and near
the surface (Benison et al., 2015). Furthermore, the gentle
dip across a region with minimal relief creates limited out-
crop opportunities. Although the Anadarko Basin hosts hun-
dreds of thousands of boreholes owing to nearly a century of
hydrocarbon extraction, minimal core exists of the Permian
owing to its status as overburden. However, the rare cores
that have been recovered yield a wealth of high-resolution
paleoenvironmental, paleoclimatological, and microbiologi-
cal data about Pangaea (e.g., Benison et al., 1998; Zambito
and Benison, 2013; Foster et al., 2014; M. Soreghan et al.,
2018; Benison, 2019; Andeskie and Benison, 2020). Simi-
larly, although the Paris Basin has been a target for resources
preserved in especially the Mesozoic section, no extensive
Permian core exists. Here, the Permian is reachable exclu-
sively through subsurface coring.

Coring will enable acquisition of long, continuous records
through even friable lithologies, with the unambiguous strati-
graphic superposition needed to construct permanent refer-
ence sections for the Permian. It will also enable explo-
ration of sediment preserved atop buried paleouplands. The
importance of this time period, encompassing biotic crises
such as the end-Guadalupian biotic event and major climate
change, combined with the exceptional preservation of rocks
by purposeful and well-planned coring, makes a compelling
case for scientific drilling (Soreghan et al., 2014). Finally,
continuous coring of stratigraphically unambiguous sections
will enable application of comprehensive paleomagnetic and
magnetostratigraphic studies critical to resolving arguably
the most fundamental aspect of the Permian world: which
geographic reconstruction (Fig. 1) is accurate?

6 Dating potential

Permian strata of the Anadarko Basin have been dated
with invertebrate as well as vertebrate fauna, palynology,
chemostratigraphy, magnetostratigraphy, and geochronology
(tephras), with much work occurring relatively recently (e.g.,
Denison et al., 1998; Steiner, 2006; Tabor et al., 2011; Geiss-
man et al., 2012; Foster, 2013; Tian et al., 2020). The strata in
Permian basins of France accumulated in close proximity to
major volcanic centers and thus contain abundant, dateable
ash beds (e.g., Bruguier et al., 2003; Michel et al., 2015).
We envision greatly refining age models through the Per-
mian in both regions using a combination of the following
approaches.

— Geochronology: ash beds are well known through-
out the Carboniferous—Permian section of, e.g., the
Lodeve Basin (Michel et al., 2015), southern Paris Basin
(Ducassou et al., 2019), Autun Basin (Pellenard et al.,
2017), and associated Carboniferous—Permian basins of
France and adjoining regions, and these should be es-
pecially visible in the core. Permian volcanism was
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Figure 10. Southwestern Paris Basin (Brécy Basin) seismic line (line of section indicated by fine dotted line in the southern Paris Basin in
Fig. 8). Seismic interpretation of lithologies and estimation of thicknesses from the main depocenter in the Brécy area, with a potential drill
site indicated by the derrick symbol.

farther removed from the Anadarko Basin, but tephras
(likely from Permian arc(s) of northwestern Mexico)
are well recognized in the youngest Permian strata here
(Tabor et al., 2011; Geissman et al., 2012) and have - Magnetostratigraphy: although the Permian encom-
been long recognized by industry geologists in the Up- passes the Kiaman Superchron, spanning from ~
per Pennsylvanian and Permian sections of the nearby 320 Ma (mid-Bashkirian) to ~ 265 Ma (late Wordian),
Permian Basin in western Texas (personal communi- the Permian of both the Anadarko and French Permian
cation, E. Kvale, 2015; S. Ruppel, 2016; Tian et al., basins captures the termination of the superchron and
2020). High-resolution chemical abrasion ID-TIMS zir- the subsequent record of reversal stratigraphy (Steiner,

Anadarko and French basins (Sweet et al., 2013; Foster
et al., 2014; Pfeifer et al., 2016).

con geochronology can be employed to provide essen-
tial absolute ages, aid in correlations, and constrain sed-
imentation rates. Additionally, in regions distal to (but
downwind of) volcanic eruption centers, detrital zir-
con geochronology can augment dating by recovering
a cluster of the youngest zircons to provide a maximum
age of deposition (e.g., Fan et al., 2015); detrital zircons
are abundant in fine-grained Permian strata of both the
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2006; Foster et al., 2014; Evans et al., 2014), recogniz-
able even at these relatively low paleolatitudes. Recov-
ery of continuous core with unambiguous stratigraphic
superposition is critical for magnetostratigraphic ef-
forts.

Chemostratigraphy: Sr isotopes have been applied to
carbonate and sulfate-rich strata in the Permian of the
Anadarko Basin (Denison et al., 1998), but the po-
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tential exists to build on this, particularly because of
the dramatic decline in the 37Sr/30Sr through the pro-
posed study interval. In addition, carbon isotope stratig-
raphy of early diagenetic dolomitic cements in the up-
per Permian and Permo-Triassic boundary strata from
the nearby Palo Duro Basin suggest that carbon isotope
stratigraphy may be a viable means of stratigraphic cor-
relation for later Permian strata (Tabor et al., 2011).

— Paleontology: for the continental sections, paleobotani-
cal specimen data can be quite useful and can be pre-
served in red beds. For example, for the Anadarko
Basin, regional trends in the appearance and rela-
tive abundance of marker taxa from both wetland
and seasonally dry assemblages can be tied to well-
characterized sections in northern—central Texas and
central New Mexico, thereby facilitating an understand-
ing of regional vegetational patterns (e.g., DiMichele
et al.,, 2006). The same is true for the pollen assem-
blages these plants produced. Pollen and spores (paly-
nomorphs) are generally poorly preserved in red beds
but common in non-oxidized sediments, including the
Permian of the Anadarko Basin (e.g., Wilson, 1962),
and can occur in evaporites intercalated within the red
beds. The valves of Conchostracans (clam shrimps)
are also well known and zoned from Permian red
beds (Scholze and Schneider, 2015). For the limestone-
bearing epeiric strata of the lowermost section in the
Anadarko and French Permian basins, conodonts and
fusulinids are abundant and well zoned at cyclothem-
scale (substage) resolution. Sedimentological informa-
tion, such as grain size (silts and clays) and sediment
color (darker gray), can be used to identify the most
promising facies for palynological analysis.

— Cyclostratigraphy: the emerging chronostratigraphic
power of cyclostratigraphy will likely play an impor-
tant role in dating the cores. Astronomical forcing is
global, and so astronomically forced cyclostratigraphic
patterns should be correlatable from marine to continen-
tal facies, in the same way that, for example, the Qua-
ternary Chinese Loess Plateau magnetic susceptibility
record (Fig. 12 in Ding et al., 2002) and the Lake Baikal
biosilica record (Fig. 3 in Williams et al., 1997) corre-
late with the marine 8'80 record. For much (if not all)
of the time coverage anticipated for these cores, there
is either existing marine cyclostratigraphy tied to con-
odont zones and/or radioisotope dating (Wu et al., 2013,
2019; Fang et al., 2015, 2017), which makes this dating
approach possible.

To tackle the problem of constructing a complete
geochronology, proxy stratigraphic series constructed
from the cores will be analyzed for plausible sediment
accumulation rates that convert the proxy sequences into
a time series with significant astronomical frequencies.
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This is the goal of the objective methods “average spectral
misfit” (Meyers and Sageman, 2007) and “time optimiza-
tion” (TimeOpt; Meyers, 2015, 2019). Successful ASM
or TimeOpt applications can be used to extract the orbital
eccentricity signal from the proxy sequences, which then can
be matched to similarly processed marine cyclostratigraphy
using statistical correlation methods such as Match (Lisiecki
and Lisiecki, 2002) or HMM-Match (Lin et al., 2014). The
results of these statistical correlations can be used to project
marine biostratigraphic (conodont, fusulinid) zones, as well
as other age data, into the core sections.

7 Concluding recommendations

The events of the Permian capture profoundly extreme
swings in Earth system behavior, justifying a focus on pa-
leoenvironmental conditions for this project, but with strong
auxiliary science objectives. Two sites are admittedly inad-
equate to capture global conditions, but the proposed initial
sites in the Anadarko and Paris basins offer unrivaled op-
portunities to establish stratigraphically complete global ref-
erence sections spanning equatorial Pangaea, to which vari-
ous outcrop sections could be tied for building an integrated
record. Abundant opportunities exist for science outreach
and education associated with the remarkable events of the
Permian — the icehouse-to-greenhouse transition, Great Dy-
ing, mega dust bowl and megamonsoon, Mars analog condi-
tions, and the Permian megafauna of the equatorial region, in
addition to the auxiliary science topics.
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New ICDP Science Plan

The new Science Plan of the Interna-
tional Continental Scientific Drill-
ing Program, ICDP was released on
Ist October 2020. Its overarching
motto is “Billions of Years of Earth
Evolution”, outlining the scientific
objectives of continental scientific
drilling for the coming decade. The
four key scientific themes are: Ge-
odynamic Processes, Geohazards,
Georesources, and Environmental
Change. In this framework future
ICDP projects will focus on the
evolution of planet Earth, past cli-
mates, the effects of large impacts
and mass extinctions, the formation
and wise utilization of our most
significant resources, and in-situ
monitoring of volcanoes and fault
zones. The linkage to wider societal
challenges will include climate ac-
tion, mitigation of natural hazards,
affordable clean energy, sustainable
cities and communities and clean
water and sanitation.

The Science Plan was developed in
close cooperation with our offshore
sibling, the International Ocean Dis-
covery Program, IODP. Jointly with
IODP we aim at fostering the suc-
cessful cooperation by implement-
ing new Land-to-Sea Drilling pro-
jects that require combined onshore
and offshore —amphibious- scientif-
ic drilling to tackle the key scientific
themes. We kindly invite you to dis-
cover our Science Plan and to start
brainstorming about new drilling
initiatives and to spread the word
on ICDP in your science networks.

www.icdp-online.org/fileadmin/icdp/
media/doc/ICDP_Science Plan 2020-
2030.pdf

www.icdp-online.org/fileadmin/icdp/
media/doc/ICDP_Science Plan_Vid-
eo_small.mp4

New IODP Science Plan

October saw the release of a new
scientific blueprint that will guide
ocean drilling research into the
middle of this century. Entitled
“2050 Science Framework: Explor-
ing Earth by Scientific Ocean Drill-
ing,” the 25-year plan is a product
of a spirited and vigorous effort by
the international community and
brings a fresh approach to ocean
drilling investigations, focusing on
the interconnected processes that
characterize the complex Earth sys-
tem. Hundreds of marine scientists
from around the world contributed
to the production of the new frame-
work, attending national workshops
to share their views and providing
input during several public review
periods as the framework was under
development. A 48-person, inter-
national writing and editing team,
led by Anthony Koppers of Oregon
State University (USA) and Ro-
salind Coggon of the University of
Southampton (UK), produced the
document, which can be accessed
at  http://www.iodp.org/2050-sci-
ence-framework. The document’s
writing team also created a 12-page
summary and a 2-page flyer for
wider audiences; these can be found
at the same web page.

The new framework comprises
three major components: “Strate-
gic Objectives” (general research
areas that focus on Earth system in-
terconnections), of which there are
seven; five “Flagship Initiatives”
(multi-disciplinary and multi-expe-
dition projects that are expected to
take years or even decades to fully
explore); and four “Enabling Ele-
ments,” which include topics such
as broader impacts, technology de-
velopment, and big data analytics.

Each of the three components is giv-
en equal weight in the framework’s
structure. The framework also em-
phasizes the societal relevance of
scientific ocean drilling, such as its
ability to provide context for fu-
ture climate models, elucidate the
processes that trigger life-threaten-
ing earthquakes and tsunamis, and
investigate the limits and possible
applications of life deep beneath the
seafloor. Also stressed in the docu-
ment are collaborations with other
research programs and organiza-
tions, such as the International Con-
tinental Scientific Drilling Program
and national space agencies.

The science plan for the current
phase of scientific ocean drilling,
the International Ocean Discovery
Program, runs through 2023. While
much remains to be determined
with regard to implementation strat-
egies for the next phase of scientific
ocean drilling, the long timeline of
the new framework will enable the
evolution and refinement of its re-
search goals as societal needs and
technological capabilities evolve.
Regular assessments will take place
every five years in order to ensure
that the framework maintains its
cutting-edge aspirations.

The open-access ICDP and IODP journal

www.scientific-drilling.net



Schedules

Due to the Corona pandemic situation, several expeditions
and drilling projects are postponed until further notice.

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

4l
&

IODP

INTERNATIONAL OCEAN
DISCOVERY PROGRAM

USIO operations

Platform

Dates

Port of origin

@ Exp 390C: South Atlantic
Transect Reentry Installations

JOIDES Resolution

5 Oct-5 Dec 2020

Rio de Janeiro

B Exp 395: Reykjanes Mantle JOIDES Resolution | 6 Jun-6 Aug 2021 Reykjavik
Convection and Climate
icdp |

ICDP - Project schedule http://www.icdp-online.org/projects/ A
ICDP project Drilling dates Location

1 JET Oct-Dec 2020 Prees, UK

2 GRIND Spring 2021 Namibia

3 STAR Spring—Summer 2021 Central Apennines, Italy

4 Trans-Amazon Spring—Summer 2021 Brazil (multiple locations)

Locations

180°  150°W 120°W 90°E 120°E 150°E 180°

30°S

60°S

90°S

180°

150°W

120°W 90°W 60°W 30°W 0° 120°E 150°E

Topographic/Bathymetric world map with courtesy from 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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