ISSN 1816-8957

Volume 33, issue 2

| International

T RN i
B 13011 ]
&
3 1 D4

e " ICDP workshopo
1F | - _inthe Turk\é a’B\a‘s
= Paleozolc EquaY
Meltmg Ice Ages

Drilling of Barberton
Surface Envirohments (BA§E)

A borehole stra\nmeter array \\ )\
along the Alto Tiberina Fault ,

Drilling the Overdeepened Valleys \

3| Ocean (DOVE): results from the Tannwald ‘
Drilling Basin site 5 19'1;5\?
Programme ek s W
~ Workshop report on Afar =
Dallol Drilling 207,
Active seismic surveys in m /
for Drilling the I\)rea—Verbano A
zonE (DI\IE) ; f
Crosshole‘:sejéﬁl xperlments at
the ICP;RKIjO\I ffannwald Basin . \‘
ICDP wdr)é‘s

The open-access ICDP and IODP journal e www.scientific-drilling.net



4 I
Aims & scope

Scientific Drilling (SD) is a multidisciplinary journal
focused on bringing the latest science and news from
the scientific drilling and related programmes to the
geosciences community. Scientific Drilling delivers
peer-reviewed science reports from recently com-
pleted and ongoing international scientific drill-

ing projects. The journal also includes reports on
engineering developments, technical developments,
workshops, progress reports, and news and updates
from the community.

Editorial board

Ulrich Harms (editor in chief),
Thomas Wiersberg, Nadine Hallmann,
Will Sager, and Tomoaki Morishita

icdp | ‘l‘
M 20

sd-editors-in-chief@mailinglists.copernicus.org
Additional information

Copernicus Publications

The Innovative Open Access Publisher

ISSN 1816-8957 | eISSN 1816-3459

Copernicus Publications
Bahnhofsallee le

37081 Gottingen

Germany

Phone: +49 5519003390
Fax: +49 551 90 03 39 70

editorial@copernicus.org
production@copernicus.org

https://publications.copernicus.org
View the online library or learn

more about Scientific Drilling on:
www.scientific-drilling.net

)

Cover figure: The International Ocean Drilling
Programme (IODP?) (p. 89).

Insert 1: Compilation of drilling core images from L.
Hallstatt (p. 1).

Insert 2: Electron backscatter images of spherules
from Wilson Lake and Millville (p. 47).



9

109

129

173

191

207

219

237

249

ICDP workshop on the Deep Drilling in the Turkana Basin project:
exploring the link between environmental factors and hominin
evolution over the past 4 Myr

Catherine C. Beck et al.

Paleozoic Equatorial Records of Melting Ice Ages (PERMIA): calibrating
the pace of paleotropical environmental and ecological change

during Earth’s previous icehouse
Jonathan M. G. Stine et al.

BASE (Barberton Archean Surface Environments) - drilling Paleoarchean

coastal strata of the Barberton Greenstone Belt
Christoph Heubeck et al.

A strainmeter array as the fulcrum of novel observatory
sites along the Alto Tiberina Near Fault Observatory
Lauro Chiaraluce et al.

Shaped and filled by the Rhine Glacier: the overdeepened
Tannwald Basin in southwestern Germany
Bennet Schuster et al.

Workshop report: Afar Dallol Drilling — ONset of sedimentary
processes in an active rift basin (ADD-ON)
Anneleen Foubert et al.

Active seismic surveys for drilling target characterization in Ossola
Valley: International Continental Scientific Drilling Program (ICDP)
project Drilling the Ivrea-Verbano zonE (DIVE) phase I

Andrew Greenwood et al.

A comprehensive crosshole seismic experiment in glacial
sediments at the ICDP DOVE site in the Tannwald Basin
Sarah Beraus et al.

International Continental Scientific Drilling Program (ICDP) workshop
on the Fucino paleolake project: the longest continuous terrestrial
archive in the MEditerranean recording the last 5 Million

years of Earth system history (MEME)

Biagio Giaccio et al.



Sci. Dril., 33, 93—108, 2024

https://doi.org/10.5194/sd-33-93-2024 SUie“tifiC ]]ri"i“g

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

ICDP workshop on the Deep Drilling in the Turkana Basin
project: exploring the link between environmental factors
and hominin evolution over the past 4 Myr

Catherine C. Beck!, Melissa Berke?, Craig S. Feibel>*, Verena Foerster>, Lydia Olaka®’, Helen
M. Roberts®, Christopher A. Scholz’, Kat Cantner!?, Anders Noren'?, Geoffery Mibei Kiptoo'!,
James Muirhead'?, and the Deep Drilling in the Turkana Basin (DDTB) project team™

1Geosciences Department, Hamilton College, Clinton, NY 13323, USA
2Department of Civil and Environmental Engineering and Earth Sciences,
University of Notre Dame, Notre Dame, IN 46556, USA
3Department of Earth and Planetary Sciences, Rutgers University, Piscataway, NJ 08854, USA
“Department of Anthropology, Rutgers University, New Brunswick, NJ 08901, USA
SInstitute of Geography Education, University of Cologne, 50931 Cologne, Germany
6Departrnent of Geoscience and Environment, School of Physics and the Environment,
The Technical University of Kenya, P.O. Box 52428-00200, Nairobi, Kenya
"Department of Earth and Climate Sciences, Faculty of Science and Technology, University of Nairobi,
P.O. Box 30197, Nairobi, Kenya
8Department of Geography and Earth Sciences, Aberystwyth University, Aberystwyth, Wales, SY23 3DB, UK
9Departrnent of Earth and Environmental Sciences, Syracuse University, Syracuse, NY 13244, USA
10Continental Scientific Drilling Facility, University of Minnesota, Minneapolis, MN 55455, USA
"TNational Renewable Energy Laboratory, Golden, CO 80401, USA
125¢hool of the Environment, University of Auckland, Tamaki Makaurau / Auckland, New Zealand
*A full list of authors appears at the end of the paper.

Correspondence: Catherine C. Beck (ccbeck@hamilton.edu)
Received: 2 December 2023 — Revised: 3 April 2024 — Accepted: 11 April 2024 — Published: 17 June 2024

Abstract. Scientific drill cores provide unique windows into the processes of the past and present. In the dy-
namic tectonic, environmental, climatic, and ecological setting that is eastern Africa, records recovered through
scientific drilling enable us to look at change through time in unprecedented ways. Cores from the East African
Rift System can provide valuable information about the context in which hominins have evolved in one of the key
regions of hominin evolution over the past 4 Myr. The Deep Drilling in the Turkana Basin (DDTB) project seeks
to explore the impact of several types of evolution (tectonic, climatic, biological) on ecosystems and environ-
ments. This includes addressing questions regarding the region’s complex and interrelated rifting and magmatic
history, as well as understanding processes of sedimentation and associated hydrothermal systems within the
East African Rift System. We seek to determine the relative impacts of tectonic and climatic evolution on eastern
African ecosystems. We ask the follow questions: what role (if any) did climate change play in the evolution of
hominins? How can our understanding of past environmental change guide our planning for a future shaped by
anthropogenic climate change?

To organize the scientific community’s goals for deep coring in the Turkana Basin, we hosted a 4 d ICDP sup-
ported workshop in Nairobi, Kenya, in July 2022. The team focused on how a 4 Myr sedimentary core from the
Turkana Basin will uniquely address key scientific research objectives related to basin evolution, paleoclimate,
paleoenvironment, and modern resources. Participants also discussed how DDTB could collaborate with com-
munity partners in the Turkana Basin, particularly around the themes of access to water and education. The team
concluded that collecting the proposed Pliocene to modern record is best accomplished through a two-phase
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drilling project with a land-based transect of four cores spanning the interval from 4 Ma to the Middle-Late
Pleistocene (< 0.7 Ma) and a lake-based core targeting the interval from ~ 1 Ma to present. The second phase,
while logistically more challenging due to the lack of drilling infrastructure currently on Lake Turkana, would
revolutionize our understanding of a significant interval in the evolution and migration of Homo sapiens for a
time period not currently accessible from the Kenyan part of the Turkana Basin. Collectively, the DDTB project
will provide exceptional tectonic and climatic data directly associated with one of the world’s richest hominin

fossil localities.

1 Introduction

Questions of who we are, where we came from, and why we
are the way we are as a species are among the most funda-
mental of scientific enquiries. Eastern Africa is crucial for
understanding the story of hominin evolution and dispersal
due to the richness and extent of the archaeological and fossil
records. The Turkana Basin, located in the East African Rift
System (EARS) (Fig. 1), is of particular significance with
more than 500 hominin fossil discoveries from the region
(Wood and Leakey, 2011). Hominin evolution and dispersal
has taken place against a backdrop of dramatic changes in
the Earth’s climate (e.g., Bergstrom et al., 2021; Mounier and
Mirazén Lahr, 2019), resulting in major changes to the envi-
ronment in which our human ancestors were living. Links
between environmental change and human evolution have
long been hypothesized (e.g., Vrba et al., 1989), including
specific climatic shifts and key events in human evolution,
such as early human speciation patterns, brain expansion,
and species dispersal (e.g., Shultz and Maslin, 2013), and
major revolutions in tool making technology (e.g., deMeno-
cal, 2011; Potts et al., 2020). However the relationship be-
tween paleoclimate, paleoenvironment, and hominin evolu-
tion and dispersal remains unclear and is a matter of ongo-
ing debate (e.g., Faith et al., 2021). Furthermore, in settings
such as the EARS, tectonic influences exert a confounding
influence on the record of environmental change. The major
factor impeding the exploration of links between the chang-
ing environment due to climate and tectonic influences and
the existing record of hominin evolution and dispersal is the
lack of continuous, high-resolution sedimentary records doc-
umenting the changing environment over long timescales,
commensurate with those relevant to hominin evolution (Co-
hen et al., 2022; Russell et al., 2012). Through the pro-
posed Deep Dirilling in the Turkana Basin (DDTB) project,
we seek to build upon the promising advances made in the
past decade by other eastern African continental deep drilling
projects with the ambitious goal of recovering a composite
core record from 4 Ma to present for the Turkana Basin with-
out temporal gaps. The proposed core record would address
major research questions including how tectonic extension
in the East African Rift System has shaped the environment
and climate of the region through time, the effects of cyclical
climatic changes on the environment, and how the evolution
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of hominins and the ecosystems surrounding them has been
shaped by climatic and tectonic drivers.
The primary research goals of the project are as follows:

1. To establish a continuous high-resolution record of cli-
mate and environmental variability for the past 4 Myr
in the Turkana Basin. This will allow direct comparison
with trends and events recorded in the rich paleontolog-
ical and archaeological record recovered from the basin.

2. To investigate linkages between tectonic evolution and
magmatic development in the basin. A better under-
standing of the tectono-magmatic evolution in Turkana
will have broad implications for our understanding of
this continental rift setting.

3. To chronicle long-term evolution of the Turkana hydro-
graphic system. This has critical implications for water
development issues in the present and for the develop-
ment of the Turkana hydrologic network in the past.

4. To expand our understanding of geothermal systems
within the basin. This is a key area for potential develop-
ment in the basin and is of significance to understanding
thermal signatures in the rock and fossil record.

5. To track the dynamics of ecological systems within both
lacustrine and terrestrial communities in Turkana. This
will help better understand current responses to envi-
ronmental change, human resource demands, and the
broader pattern of long-term response to environmental
drivers.

1.1 Tectonic evolution

Extensional tectonic processes in the Turkana Basin play a
key role in driving the local topographic variations that affect
the distribution of the surface and subsurface hydrology and
associated ecosystems in the region. In addition to address-
ing questions of our own origins in the context of a chang-
ing climate, a long core retrieved from the Turkana Basin
would give unique insight into the complex tectonic devel-
opment, fault geometries, and hydrothermal systems within
the EARS. Extension in the Turkana Basin is linked to NW-
SE-trending Mesozoic—Paleogene rifts overprinted by the
younger Oligocene—Miocene to Recent N-S-trending EARS

https://doi.org/10.5194/sd-33-93-2024
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Figure 1. Map of the Turkana Basin (TB) and its location. (a) Rift systems and highland areas in excess of 1000 m elevation. (b) East African
Rift System with major lakes, key archaeological sites, and former HSPDP coring sites discussed in the text. The proposed DDTB drilling
sites are marked with red circles. The blue box marks the Turkana region for which seismic reflection profile tracklines are available (Fig. 3).
(c) The modern Lake Turkana catchment with hydrography and simplified geology (modified after Feibel, 2011).

(Boone et al., 2018a). Thermochronology studies in the re-
gion provide evidence for tectonic activity in the Turkana
Basin that predates all other sectors of the EARS (Reeves
et al., 1987; Foster and Gleadow, 1996; Torres Acosta et al.,
2015; Boone et al., 2018a, b), with early volcanism dated at
39.2 Ma prior to the ~ 31 Ma Ethiopia flood basalt eruptions
(Rooney, 2017). Today the Turkana Basin continues to expe-
rience rifting (Knappe et al., 2020) and is a classic example
of extension in a magma-rich setting, where magmatic ac-
tivity has been essential in promoting and modulating conti-
nental extension and crustal thinning (Muirhead et al., 2022;
Rooney et al., 2022). Border faults segment the rift into a
series of linked half-graben basins, each ~30-50km long
(Dunkelman et al., 1989). Deep sedimentary sections ob-
served in multichannel seismic (MCS) reflection data thicken
towards the border faults, and shallow Late Quaternary sed-
iments thicken towards recently developed axial magmatic
segments in the center of rift (Muirhead et al., 2022), indi-
cating ongoing syn-rift sedimentation (Fig. 1).

The Turkana region is a tectonic anomaly within the EARS
overall, in that it is a broadly rifted zone that has experi-
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enced complex episodes of rifting and magmatism spanning
more than 30 Myr (Baker and Wohlenberg, 1971; Cerling
and Powers, 1977; Morley et al., 1992, 1999; Haileab et al.,
2004; Furman et al., 2004, 2006; Rooney, 2017). Unlike most
sectors of the EARS, it is underlain by thin crust and shal-
low Moho and presumably high heat flow (Wheidon et al.,
1994), which makes it an active target for geothermal explo-
ration (Dunkley et al., 1993). Whereas faults elsewhere in the
EARS are generally steep and planar, older basins in Turkana
(e.g., the Lokichar Basin) display evidence of listric and po-
tentially detachment faulting in places (Morley et al., 1999).
The length scales of proposed rift segments are also generally
shorter than other areas in the EARS (Ebinger et al., 1999),
possibly reflecting the comparatively thinner, warmer crust
in the region (Rosendahl et al., 1992). Finally, models for
mature continental rifts in the eastern branch (e.g., Ethiopia)
suggest that rifting initiates on border faults, but later mi-
grates to intra-rift structures with time (Corti, 2009; Ebinger
and Casey, 2001; Keranen et al., 2004; Nutz et al., 2020).
This standard model of rift evolution, however, does not ap-
parently apply to older (> 10 Ma) rift segments in Turkana,
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which also lack evidence for persistent axial magmatism
(e.g., Lokichar and Kerio basin segments; Morley, 2020).

However, recent investigations into fault behavior in the
South Turkana Basin reveal evidence for strain focusing into
intra-rift fault populations in association with developing ax-
ial magmatism beginning in the Middle to Late Pleistocene,
consistent with volcano—tectonic patterns observed across
the eastern branch generally (Muirhead et al., 2016; Rooney,
2020; Muirhead et al., 2022; Rooney et al., 2022). Although
these observations suggest that magmatism has played a crit-
ical role in driving the distribution of faulting and develop-
ment of rift topography in the Turkana Basin in the Late Qua-
ternary, the majority of earlier tectonic activity recorded in
Lake Turkana (i.e., prior to 20ka) is poorly resolved (Mor-
rissey and Scholz, 2014; Muirhead et al., 2022), due in part
to the absence of samples of the deep sedimentary section be-
low the lake. Though reflection seismic data reveal that the
history and tectonic evolution of continental rifting is likely
contained within the stratigraphic sequences of the Turkana
Basin (e.g., Dunkelman et al., 1989; Morley et al., 1999;
Muirhead et al., 2022), analysis of drill cores, in conjunction
with seismic stratigraphic analyses, will enhance and refine
our understanding of the tectonic history of this rift system
over the last ~ 4 Myr.

1.2 Water and ecological resources

The story of water as a resource in the past and present is at
the heart of the Turkana Basin record. The lake has varied
in size throughout its existence, regulated by tectonics, vol-
canism, and climate change, which in turn combine to shape
the hydrology and ecosystem functions through time. Mod-
ern Lake Turkana is the world’s largest desert lake (Ojwang
et al., 2016). While the water is not potable for humans (Av-
ery and Eng, 2012; Ojwang et al., 2016) due to a high pH
(8.6-9.5) and salinity (ca. 3500 uS cm™1), the health of this
water body is essential to the ecosystems services that sus-
tain humans today in the region. In particular, the fisheries
industry has become a significant source of food and revenue
for the region (Gownaris et al., 2015, and references therein).
While traditionally the indigenous people have been pastoral-
ists (Leslie and Fry, 1989), beginning in 1961 and continuing
today, Lake Turkana supports a large fishing industry born
out of a need to diversify the local economy (Avery, 2010;
Bayley, 1982). Overfishing and fishing of juveniles have al-
ready stressed key fish species, reducing their resiliency and
making populations more vulnerable to the impacts of cli-
mate change and human disturbance, particularly in crucial
breeding grounds such as Ferguson’s Gulf (Hopson, 1982;
Avery, 2010; Gownaris et al., 2015). Data on the fish stocks
in Lake Turkana are sparse, given the size of the lake and the
scant resources available for monitoring efforts (Obiero et al.,
2022). Coupling decreasing lake levels with already stressed
ecosystems could decimate the fish populations many of the
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local communities have come to rely upon for food and in-
come (Velpuri et al., 2012; Beck et al., 2021).

A better baseline assessment of how ecosystems have re-
sponded to changes in water and sediment input through time
is necessary to assess and predict how Lake Turkana will re-
spond to future changes in fluvial input and climate shifts.
This information would help inform policy makers and draw
attention to the serious issues facing the lake system today.
By comparing proxy records of lake conditions, particularly
ostracod assemblages, from pre- and post-onset of industrial-
scale fishing in 1961 and the Gibe Dam Project construc-
tion in 1998, it is possible to evaluate the lake’s response to
both natural and anthropogenic changes (Beck et al., 2021).
Our paleo-baseline from the proposed coring activity would
help quantify the hydrological budget to better constrain the
role of climate change vulnerability and dry—wet oscilla-
tions on human-scale ecosystems through time. Sub-Saharan
Africa is one of the most vulnerable regions to future cli-
mate change, with widespread and until now uncertain im-
pacts on African environments and society, as predicted by
the IPCC reports (IPCC, 2014). The “deep time” perspective
allows significant opportunities to test the sensitivity of sys-
tems to lake level variability.

Groundwater resources are important in this arid to semi-
arid landscape. Groundwater in some regions of the Turkana
Basin has been mapped through subsurface geophysics
(Gramling, 2013; Nyaberi et al., 2019) but has not yet yielded
the much anticipated fresh water resources as the quality
does not meet the health guidelines (Rusiniak et al., 2021;
Mbugua et al., 2022). In addition, the quality of shallow
groundwater in areas of settlement is impacted by anthro-
pogenic contamination (Tanui et al., 2020). Understanding
of the groundwater system in the Turkana Basin is compli-
cated by the fact that the tectonic, environmental, and vol-
canic processes have created discontinuous and heteroge-
neous aquifers (Olaka et al., 2022). This necessitates using
multiple techniques (geophysical, geochemical, and geologi-
cal) to determine the factors that control groundwater quality,
quantity and dynamics. Our project has the potential to con-
tribute to a comprehensive analytical approach which will not
only ensure location and sustainable management of ground-
water resources for the different needs (domestic, agriculture,
industrial) but also help inform the hydrogeological recharge
models related to hydrothermal systems, thereby supporting
the exploration of geothermal resources.

Deep drilling in the Turkana Basin will provide the
archives essential for constraining regional climate controls
and hydrological responses, linking the dynamics of fau-
nal/floral communities and cultural development with envi-
ronmental parameters and spanning the entire range of ho-
minin evolution from ~ 4 Ma to present, covering the full di-
versity of hominin/human technological (i.e., stone tool) de-
velopment. A Turkana record of the past also could help the
regional and global communities prepare for the challenges

https://doi.org/10.5194/sd-33-93-2024
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that lie ahead in a future dramatically shaped by unprece-
dented climate change.

1.3 Geothermal resources

The intricate interplay of volcanism and tectonism in the
EARS provides a suitable environment for high heat flow
and fault-controlled deep fluid circulation. This is the main
reason that the EARS is associated with abundant geother-
mal resources. Because of the early (39.2 Ma; Rooney, 2017)
volcanism and the rifting that followed, the Turkana Basin
is a key geothermal resource area of interest in Kenya. Five
Quaternary volcanic centers occur in Turkana, including the
Korath range; the North Island, Central Island, and South Is-
lands; and the Barrier complex (Bloomer et al., 1989). The
Barrier volcanic center is of particular interest to geother-
mal exploration due to its location and numerous geothermal
manifestations including altered ground, fumaroles, caldera
structures, and recent volcanic eruptions (Njau et al., 2020).
Exploration of geothermal potential is actively ongoing
in the Turkana Basin as Olsuswa Energy owns the geother-
mal exploration license in the Barrier and has begun surface
exploration in the area. The present scientific deep drilling
project would be of immense importance to geothermal ex-
ploration in the area in several ways. The drill cores ob-
tained will provide high-resolution stratigraphic informa-
tion of the Turkana Basin, including micro- and macro-
subsurface structures. This will guide the development of
a quality geothermal drilling prognosis and a better under-
standing of subsurface permeability through structural anal-
ysis from direct core information. The resulting boreholes
could also provide important information for calculation of
geothermal gradient building on the earlier regional data by
Wheildon et al. (1994). In addition, water samples from the
drill wells would be key in fluid chemical characterization,
geothermometry, and possibly age information, further as-
sisting in understanding the geothermal reservoirs and the
areas geothermal conceptual models and hence facilitating
geothermal exploration programs. Furthermore, understand-
ing the regional structural and volcanic history is significant
as the Turkana Basin is potentially the only region within the
Kenya Rift where extensive basalt flows occur, and thus it
could provide opportunities in other energy and environmen-
tal projects like carbon storage research. As a result, there
is a natural linkage between potential scientific drilling and
geothermal resource development in the Turkana Basin.

2 Rationale for drilling

The goal of obtaining a long core record linked closely to
human origins in Turkana has deep roots, beginning with a
US National Science Foundation (NSF) workshop in 1978
(Lewin, 1981). More recently, a continental drilling work-
shop held in 2011 prioritized drilling of Lake Turkana as
one of the most important future targets for addressing out-
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standing scientific questions in eastern Africa (Russell et al.,
2012). The report from this 2011 workshop concluded that
future deep drilling of Turkana would integrate well with
the then-planned (now successfully executed) Hominin Sites
and Paleolake Drilling Project (HSPDP), which cored a short
window of the Early Pleistocene lacustrine-dominated se-
quence in West Turkana (WTK13) (Fig. 1). In April 2018
a workshop supported by the NSF-funded Research Coor-
dination Network (RCN) EarthRates outlined objectives for
the next phase of scientific drilling and coring in the Turkana
Basin. The goal of the 2018 workshop was to define potential
coring targets in the Turkana Basin of interest to the broader
scientific community that could contribute to the next decade
of scientific discovery about the paleoclimatic and paleoenvi-
ronmental context in which our ancestors evolved. The work-
shop attendees consisted of 12 scientists from the USA (9
participants) and Kenya (3 participants), and an additional 13
participants joined the live stream of the workshop over the 2
workshop days. The group quickly coalesced around the idea
of prioritizing recovery of the entire Plio-Pleistocene record
in the Turkana Basin. The rationale for this is that the rich-
ness of the Turkana Basin fossil record provides the unique
opportunity to study the paleoclimatic and paleoenvironmen-
tal context surrounding continuous occupation by hominin
groups. This has implications for both physical and cultural
evolution. Whilst outcrops expose short windows into the
archives of the past, they are complicated by their limited
temporal range for any given location and obscured through
modern soil processes. Only deep drilling can capture the en-
tire, and minimally altered, sedimentary sequence describing
the climate and environmental conditions throughout the last
4 Myr of hominin evolution, migration and dispersal.

Data from existing Turkana Basin sediment cores are nar-
rowly focused in terms of temporal scope, coming from three
sources (Fig. 2):

1. The Hominin Sites and Paleolakes Drilling Project
(HSPDP) drilled a 216 m record from West Turkana
(WTK13), recovering an interval from 1.9-1.4 Ma (Co-
hen et al., 2016; Sier et al., 2017; Lupien et al., 2018,
2020). The cores showed a progression from a deep
basin to a lake margin to a delta plain (Beck, 2015).
The WTK core provided an unparalleled view of depo-
sition on a dynamic lake margin, enhancing the com-
munity’s understanding of the scale of hydrologic vari-
ability (Beck et al., 2017; Feibel et al., 2017), its impact
on hominin evolution (Campisano et al., 2017), and the
implications of climate versus tectonic evolution for rift
basins (Lupien et al., 2018). There is also thought to
be a connection of lake level and enhanced/weakened
Indian Ocean monsoon variability. Lupien et al. (2018)
found fairly stable hydroclimate conditions responding
to changes in insolation using leaf wax §D values dur-
ing the Early Pleistocene, through previously described
fluctuations in lake level at Lake Turkana (e.g., Lepre et
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al., 2007; Morrissey and Scholz, 2014). Ultimately, the
impact of this 500 000-year core record has been signif-
icant, despite its limited duration, highlighting the im-
mense potential and feasibility of additional scientific
drilling in the Turkana Basin.

2. A series of terminal Pleistocene and Holocene-aged
cores have been collected from modern Lake Turkana
(Halfman et al., 1994; Johnson and Malala, 2009; Mor-
rissey and Scholz, 2014; Morrissey et al., 2018). Much
past work has focused on trying to connect climate con-
ditions to lake level. While today it is a closed basin
lake, during wetter times, including the African Hu-
mid Period (Owen et al., 1982; Junginger and Trauth,
2013; Morrissey and Scholz, 2014), the lake likely over-
flowed at times to the Indian Ocean (> 1.9 Ma; Feibel,
1994; Bruhn et al., 2011) and subsequently into the Nile
drainage basin (latest Pleistocene; Johnson and Malala,
2009). Late Pleistocene and Holocene sedimentary re-
constructions also show a temperature response to the
end of the African Humid Period, linked to local insola-
tion changes (Berke et al., 2012; Morrissey et al., 2018).
Seismic reflection data suggest that there may have been
multiple episodes of lake level draw-down and desicca-
tion in the Quaternary (Dunkelman et al., 1989; Morris-
sey and Scholz, 2014; Hargrave et al., 2014), perhaps
similar to Pleistocene low lake stages in other parts of
Africa (e.g., Cohen et al., 2007; Scholz et al., 2007). The
timing of these low stages and any relationship to those
major climate episodes identified elsewhere in eastern
Africa are however unknown.

3. Finally, active oil exploration has led to the drilling of
numerous deep wells in the Turkana Basin. However,
the target of these wells was Miocene- to Oligocene-
aged sediments, and for cost reasons, these wells were
not cored, so only cuttings exist. However, in 2021,
team member Isaiah Nengo (deceased) facilitated a non-
disclosure agreement, allowing the DDTB team access
to the extensive seismic data collected between 2011
and 2014 across the basin (Fig. 3).

Ultimately, only by returning to Turkana through the pro-
posed Deep Dirilling in the Turkana Basin project can the
record of climate and landscape evolution be fully resolved
(Fig. 2). By targeting a continuous 4 Myr of sediment, this
project will enable us to minimize the complicating factors
of both spatial variability and modification by modern soil
forming processes inherent in using outcrops to reconstruct
change through time.

3 Turkana Basin: an unparalleled link to
paleoanthropology and humans

For more than half a century the Turkana Basin has been
central to our understanding of hominin evolution and cul-
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Figure 2. Summary of time periods covered by existing cores from
the Turkana Basin and those spanned by the proposed DDTB record
plotted with the global paleoclimate benthic stack (Lisiecki and
Raymo, 2005). The proposed DDTB record will fill significant gaps
in the understanding of the continental paleoclimate response to
global forcing in the Turkana Basin. * Note that industry data are
predominantly cuttings, not continuous core.

tural development in eastern Africa (Isaac and Isaac, 1997;
Roche et al., 2004; Wood and Leakey, 2011). The extremely
rich fossil assemblages spanning the Plio-Pleistocene include
the earliest australopithecines from around 4 Ma; early ex-
amples of the Paranthropus lineage from ca. 2.5Ma; and a
diverse assemblage of early Homo fossils beginning prior
to 2Ma, including the nearly complete skeleton of Homo
erectus, the Turkana Boy at 1.4 Ma. These hominin spec-
imens are complemented by a suite of archaeological as-
semblages ranging from the earliest known stone tools at
Lomekwi (3.3 Ma; Harmand et al., 2015); early Acheulean
at Kokiselei (1.7 Ma; Lepre et al., 2011); and a wide variety
of lithic traditions from Koobi Fora, the lower Omo Valley,
and West Turkana. This unsurpassed record of early human
development is associated with a huge collection of fossils
representing the savanna community in the basin throughout
the Plio-Pleistocene (Bobe, 2011). The entire record has been
contextualized by complex sedimentary records from exten-
sive outcrops (Brown and Feibel, 1991; Harris et al., 1988)
and the limited coring efforts to date. Capping off the unique
nature of the Turkana Basin record, the Plio-Pleistocene se-
quence is punctuated by abundant widespread tephra markers
which can be geochemically correlated and many of which
have associated radiometric dates (Brown et al., 2006). Thus

https://doi.org/10.5194/sd-33-93-2024



C. C. Beck et al.: ICDP workshop on the Deep Drilling in the Turkana Basin project 99

(a)

Approx. position
pgf Profile (b)

Legend
—— Project Probe
—— CHIRP Data
2012-14 MCS
@ Proposed drill sites

Modern Lake Turkana

(b)
Labur
West Range

Basalts
[ sedri
p—

Vv Basement

30
Distance (km)

Figure 3. (a) Outline of Lake Turkana with locations of avail-
able seismic reflection tracklines. Red lines denote legacy oft-
shore multichannel seismic reflection profiles collected in 1984 by
Project PROBE of Duke University. Dark-blue lines indicate high-
resolution CHIRP seismic reflection profiles acquired by Syracuse
University in 2009-2011. Light-blue lines are commercial seismic
profiles acquired during hydrocarbon exploration in the Turkana
Rift and include land, transition-zone, and offshore reflection data.
(b) Interpreted seismic profile across the basin. Profile redrawn and
simplified from Nutz et al. (2022). The targeted sequence for on-
shore drilling will exploit the West Turkana outcrop belt, with stag-
gered holes extending down to ca. 4 Ma (Gombe Basalts).

the legacy of crucial discoveries in hominin evolution can be
directly and precisely integrated with a high-resolution con-
tinuous core record and all of the signals of climatic drivers,
tectonic effects, and landscape evolution we can extract from
that sediment archive.

4 Workshop structure and findings

We convened a series of three events to solicit input on defin-
ing scientific priorities and strategies from the broader sci-
entific community. With the repercussions of COVID still
making travel complicated, particularly from certain coun-
tries/regions, and seeking to be as inclusive as possible even
beyond those impacted by COVID restrictions, we opted to
bracket our in-person workshop with online meetings. The

https://doi.org/10.5194/sd-33-93-2024

(a) Our research

Evolution ..."| ===

Climate &=

Basin
Core

Log | 1 11 Level

. Environment oce
Big Change ‘ Record

Human evolution

(b) Our vision

lobal
L Past Globa

Age Impact

Higt

Turkana

Figure 4. Word clouds reflecting (a) the broad variety of scien-
tific topics and expertise in the community represented during the
ICDP workshop and (b) the aims of participants along the five key
topics in the project applied to DDTB, namely (i) basin evolution;
(ii) paleoclimate; (iii) paleoenvironment; (iv) modern systems; and
(v) outreach, capacity building and education.

online meetings enabled all interested applicants to initiate
potential key discussions before the meeting, revise central
themes right after the meeting, and also to incorporate team
members who could not attend in-person, thereby expanding
the participation base for DDTB.

The in-person International Continental Scientific Drilling
Program (ICDP) workshop was held in Nairobi, Kenya, be-
tween 11-14 July 2022. It was attended by 38 participants
from nine countries, representing 30 institutions/organiza-
tions (universities, government agencies, and private sector,
etc.) and the broad variety of research foci in the commu-
nity (outlined in Fig. 4a). Of this group, 52 % of the partic-
ipants were women, and 32 % were Kenyan. We discussed
the unique opportunities for cutting-edge science offered by
a long, continuous sedimentary core from Turkana Basin
and developed hypotheses that can be advanced and tested
only through long scientific drill cores. These hypotheses fo-
cus primarily on the ICDP theme of environmental change,
but the community also engaged in discussion of geore-
sources, specifically potable water, fisheries, and geothermal
energy. Logistics and potential drill sites were discussed, as
were technical requirements and strategies to prepare for full
drilling and scientific funding proposals. The first day of the
workshop began with presentations on the evolution of the
paleoenvironment, paleoclimate, tectonics, and hominins as

Sci. Dril., 33, 93-108, 2024




100 C. C. Beck et al.: ICDP workshop on the Deep Drilling in the Turkana Basin project

recorded in the Turkana Basin. The modern limnology and its
relationship to ecosystems were also discussed. From there,
we tasked participants with “dreaming big” (‘“our vision” in
Fig. 4b) through a series of breakout activities to imagine
what the ideal project and collaboration structure would look
like from both a science and outreach perspective in order
to make sure all perspectives and approaches were heard at
this stage. This culminated in collecting feedback and com-
piling that feedback into clusters centered around emerging
themes, both in terms of scientific goals but also broader
impacts and project team structure (Fig. 4). The five ma-
jor topics addressed by DDTB and worked on by breakout
groups during the workshop were (i) basin evolution; (ii) pa-
leoclimate; (iii) paleoenvironment; (iv) modern systems; and
(v) outreach, capacity building and education. These the-
matic topics and the research questions that could be ad-
dressed through the strategic acquisition of deep scientific
drill cores from Turkana Basin are discussed further in the
following sections.

The in-person workshop in Nairobi also included an ex-
cursion to the National Museums of Kenya where we saw
and learned more about the significant paleoanthropological
finds that originated from the Turkana Basin. As centering
the theme of environmental change around the rich hominin
fossil record and associated ecosystems from the Turkana
Basin is one of the unique elements of DDTB, seeing the
actual fossils helped the team more fully develop the link-
ages between the disciplines of paleoanthropology and the
geosciences.

4.1 Dirilling plan

The goal of DDTB is to drill a continuous, high-resolution
sedimentary record from the Pliocene to present (4—0Ma)
through strata of the Omo Group (Plio-Pleistocene) and
Turkana Group (Late Quaternary). Sediment accumula-
tion rates in the basin are spatially variable but average
15cmkyr—!, up to 100 cmkyr~!, in thickened sequences on
shore (Feibel, 1988) and more than 1mkyr’1 in offshore
Late Quaternary cores (Morrissey and Scholz, 2014). We
will target the thicker packages as interpreted from seismic
data, while avoiding settings prone to discontinuities and
sedimentary gaps. Based on comparative composite sections
from outcrop (Feibel, 2011) and the newly acquired industry
seismic reflection data (Fig. 3), a ~ 1500 m composite core
length is required to recover this interval. From our DDTB
scientific workshop, we developed a two-phase drilling plan
to recover the sedimentary record from 4 Ma to present from
the Turkana Basin. Phase 1 of DDTB is focused on the time
interval from 4 to <0.7Ma from an on-land offset drilling
transect of cores along the northwestern edge of modern
Lake Turkana (Fig. 1). This transect will sample the full sed-
imentary section of the Turkana Basin and enable the team
to apply a multi-proxy approach to reconstructing the pa-
leoenvironment, paleovegetation, and paleoclimate during a
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period of great diversity in hominins. Because much of this
interval is also exposed in weathered outcrops which yield
fossils and archaeology, we will be able to directly tie the
proposed high-resolution proxy records in with known pale-
oanthropological sites. This will be achieved through a se-
quence of four single- or double-cored ~ 400 m holes, posi-
tioned youngest to oldest from north to south (Fig. 1b). This
transect will enable the project to recover this interval most
cost-effectively by minimizing operational costs, as smaller
rigs, shallower boreholes, and industry-standard coring tools
will allow recovery of a complete sequence in offset loca-
tions. The project will leverage the experience from HSPDP
in 2013 (Cohen et al., 2016) to design a drilling program
with significantly improved likelihood of success. This ap-
proach avoids major cost increases associated with the engi-
neering and operational requirements to drill fewer, deeper
boreholes and the potential for compromised core datasets
due to high geothermal gradients in this region. Long seismic
reflection survey lines along structural strike provide the ba-
sis for determining the depth needed at each location to yield
the overlap in core sequences for correlation and integra-
tion. The team will leverage the well-documented tephros-
tratigraphic record from Turkana (Brown and McDougall,
2011) and multi-proxy core scanning data to correlate this
transect of cores into a synthetic record that ties tightly with
the archaeological and paleoanthropological record from the
Turkana Basin.

Phase 2 of DDTB targets the most recent ~ 1 Myr of sed-
iment from a core drilled in modern Lake Turkana that ex-
tends to the present day (Fig. 1b) and provides a ~ 300 kyr
overlap with the land based record from Phase I of DDTB
to ensure a continuous record when the drill cores from
both phases are combined. This record will provide a hith-
erto unseen look into the Turkana Basin during the interval
of time from ~ 700-20 kyr which is rarely exposed in out-
crops from the Kenyan sedimentary record (McDougall et
al., 2008; Manthi et al., 2018). We know very little about
what the Turkana Basin looked like (including fundamental
questions like whether a lake was present) for this key cor-
ridor of hominin migration and the evolution of Homo sapi-
ens (Cohen et al., 2022; Foerster et al., 2022). A record of
the past million years from Turkana will also create oppor-
tunities to incorporate this critical region into broader Afro-
Syrian Rift synthesis, leveraging a wealth of data from other
completed and planned ICDP projects. Phase 2 will be ac-
complished through drilling at one or more sites double- or
triple-cored to ~400-500 m sediment depth, positioned in
the Central Basin of Lake Turkana in 20-60 m water depth,
using drilling tools and protocols proven in numerous past
ICDP lake drilling campaigns. Both legacy and new seismic
reflection data from industry, including continuous onshore-
offshore lines (Fig. 3), confirm the continuity of subsurface
units and provide confidence that the stratigraphy can be cor-
related between these locations to allow a complete sequence
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to be developed most effectively through an offset drilling
program.

4.2 Scientific agenda

Continental drilling for core retrieval is essential in the
Turkana Basin in order to advance the state of the science,
particularly to constrain the paleoenvironmental and paleo-
climatic context in which our hominin ancestors survived and
thrived. But a composite deep drill core located in Turkana
Basin would also give insight into other key topics identified
by the PI team and workshop participants, including basin
evolution, tectonics, and magmatism. Through the proposed
drilling plan, we seek to pursue a series of research topics and
hypotheses related to the thematic breakout groups formed
through the online and in-person meetings. A summary of the
key take-home messages from these workshop discussions is
summarized in the sections that follow.

4.2.1 Basin evolution

The basin evolution breakout group focused on how DDTB
could contribute to constraining the interplay between tec-
tonics, magmatism, and climate in continental rift systems.
The Turkana Basin, with its magmatically active system and
early onset of rifting, is an ideal location to integrate studies
of eruptive history with sedimentary and structural archives
of basin evolution. Recent modeling and field studies reveal
that surface processes, including erosion and sediment and
water column loading, can impact rates and styles of exten-
sional deformation in rifts, as well as magma body infla-
tion and deflation (Albino et al., 2010; Sternai, 2020; Eg-
ger et al., 2021; Xue et al., 2023). Utilizing only shallow
sedimentary cores, critical feedbacks between the magmatic,
tectonic, hydrologic, and sedimentary systems have been re-
vealed on 1000- to 10000-year timescales (Muirhead and
Scholz, 2017); however, a rich (> 1Myr) and first-of-its-
kind history of the feedbacks between these key processes
operating at continental rifts can only be obtained through
a deep drilling project. Key to this story would be com-
piling data from both Phase 1 and Phase 2 of this project
as both offer unique but independent opportunities to syn-
thesize the proposed DDTB record with existing structural
data. To achieve these objectives, the project would under-
take facies analysis and provenance studies, which could be
used to reconstruct basin extension, paleoenvironment evo-
lution, and eruptive history. Results from the core would be
spatially integrated using core—seismic outcrop integration,
which can allow reconstruction of the temporal history of
fault slip through careful mapping of displaced seismic hori-
zons of known age (e.g., Wright et al., 2023). By comparing
the interpreted fault slip history with the ~4 Myr chronol-
ogy of volcanism and lake-level change revealed by the deep
drilling record, we can explore how climate-driven hydrolog-
ical changes in the region have influenced the structural de-
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velopment of the basin. Ultimately, this would enable DDTB
to constrain the critical feedbacks between the tectonic, mag-
matic, climatic, and hydrologic processes that have driven
the Plio-Pleistocene evolution of ecosystems in the Turkana
Basin.

4.2.2 Paleoclimate

The paleoclimate breakout group focused on the potential
scientific advances that could be achieved from a 4 Myr
record from the Turkana Basin. Much of our current un-
derstanding of eastern African climate for this time comes
from outcrops, providing snapshots of climate variability,
and nearby marine sediment cores (deMenocal, 1995). While
marine drill cores are more continuous, questions remain
about how well these distal archives actually reconstruct con-
ditions in continental settings (Cohen et al., 2016). Contin-
uous Pliocene to present records of proxy-derived paleocli-
mate from eastern Africa would be the first of their kind,
with resolution and continuity currently unavailable from a
single region in Africa. The ability to reconstruct the re-
gional climate for the last 4 Myr would allow us to bet-
ter frame the environmental changes underway both across
the landscape and within the lake itself. These records of
climate variability, obtained directly for the region where
the fossil record is one of the richest, would also provide
context for hominin evolution. This new record would pro-
vide a continental signal of tropical climate variability from
northern hemispheric eastern Africa. The proposed DDTB
record could be directly compared to marine records (e.g.,
Castafieda et al., 2016; Taylor et al., 2021), existing south-
ern hemispheric continental paleoclimate records spanning
the last ~1.4Ma (e.g., Lake Malawi; Scholz et al., 2007;
Lyons et al., 2015; Johnson et al., 2016), and/or other south-
ern hemispheric continental records proposed to ICDP (e.g.,
~ 10Ma to modern from Lake Tanganyika; Russell et al.,
2020). We will examine spatiotemporal coherence of east-
ern and southern African climate change through quantitative
comparisons of the Turkana Basin drill cores with these other
records. New sedimentary records produced through deep-
drilling will span important Plio-Pleistocene global climate
changes and allow us to examine how these events shaped
the paleoenvironment. By examining the amount and degree
of climatic variability in the region and how sensitive the
Turkana Basin is to global climate events including glacia-
tion, circulation changes, and oceanic gateway changes in a
high CO, world, we can provide important Pliocene climate
model constraints.

4.2.3 Paleoenvironment and impacts of paleoecology

An understanding of eastern African paleoenvironmental
changes during the last 4 Myr would enable the scientific
community to tackle key questions on the ecological struc-
ture through time, including the tempo and mode of change.
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The breakout group on paleoenvironments emphasized that
this would be crucial to finally understand more about east-
ern African habitat transformations and how these might
have been associated with the rate of evolutionary change.
The unique location of Lake Turkana within the EARS
would facilitate parsing the impacts of tectonic versus cli-
matic drivers and extend the knowledge on the role that
basin evolution might have played in reaching milestones
in faunal evolution. Environmental reconstruction could be
achieved through a multi-proxy approach including but not
limited to diatoms, invertebrate fossils (ostracods, molluscs,
etc.), pollen, phytoliths, paleosol-based proxies, and organic
compound-specific stable isotope records, all of which have
comparable records both from HSPDP and outcrop-based
studies (Brown and Feibel, 1991). Although numerous sig-
nificant fragments of this story are available (e.g., Yost et al.,
2021), the discontinuity of these records in space and time
complicates the ability to parse the impacts of climate from
those of tectonic drivers on paleoenvironments and their as-
sociated ecosystems. Those gaps could finally be filled by
the DDTB record, and, moreover, a continuous paleoenvi-
ronmental record from the Turkana Basin would offer the
unique opportunity to directly tie in with the robust paleon-
tological, paleoanthropological, and archaeological record in
the Turkana Basin. It also creates opportunities to compare
with other basins across the African continent, leveraging the
work from other ICDP projects, both completed (e.g., Lake
Bosumtwi (Koeberl et al., 2005), Lake Malawi (Scholz et al.,
2011), and HSPDP (Cohen et al., 2016)) and proposed (e.g.,
Lake Tanganyika (Russell et al., 2020), Lake Victoria (Berke
et al., 2024), and Afar Dallol Drilling (Foubert et al., 2021)).

4.2.4 Modern systems

The modern lake systems’ breakout group focused on the
activities and changes that have recently occurred in Lake
Turkana driven by anthropogenic activities on the lake and
its catchments and by natural climate variability. The group
recognized that a robust understanding of the modern lake
system is key to understanding responses in paleo-proxy
records. The modern lake is experiencing pressure from the
catchment that directly impacts the hydrochemistry and wa-
ter influx. This transboundary lake has its main source of
inflow coming from the Ethiopian highlands via the Omo
River, and thus activities such as the recent construction of
hydroelectric dams (e.g., Gibe Dam series) on the Omo River
perturb the annual cycle of sediments and nutrient input into
the lake and flood regimes. There are a number of data gaps
and unknowns within the modern systems that need moni-
toring, including in situ lake level and evaporation monitor-
ing, river level and physicochemical parameter monitoring,
groundwater monitoring, and monitoring of the climatic pa-
rameters (winds, solar insolation, rainfall, humidity) at dif-
ferent elevation within the catchments. The team is actively
working to address these gaps by working in close conjunc-
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tion with local partners including colleagues at the Kenyan
Marine and Fisheries Research Institution, Earth Observa-
tion Systems (satellites), and accessing wind data from The
Trans-African Hydro-Meteorological Observatory (van de
Giesen et al., 2014). Collaboration with colleagues focused
on the fact that the modern system serves two significant pur-
poses. The first is leveraging this partnership to advance our
mutual research interests. The second, extremely significant,
opportunity here is to collaborate to successfully design and
implement Phase 2 of the DDTB. We continue to work on in-
tegrating modern climate, hydrology, and limnological data
in ways that inform the reconstruction of the past climates,
environments, and ecosystems, as well as the resource focus
of this project.

4.2.5 Outreach, capacity building, and education

The workshop was structured to maximize input from all par-
ticipants, regardless of their area of expertise, career stage,
or role on the team. In this way all participant perspectives
were heard, and their feedback was documented. Centering
our working groups around emerging themes co-created with
the workshop participants cultivated new interpersonal con-
nections that resulted in a sense of shared responsibility to-
ward broader impacts. This intentionality opened the door for
discussions around the societal impact of coring and drilling
work such as the critical role of water in community social
structure.

With this foundation, ongoing development of strategies
for outreach, education, and capacity building has been fa-
cilitated by the US Continental Scientific Drilling Facility’s
Science and Outreach Coordinator, Kat Cantner, with com-
munity partners through the Turkana Basin Institute, Kenya.
Access to water is essential for drilling operations. There is
also a direct connection between water access and girls’ edu-
cation since girls are responsible for transporting water to the
household. Girls are prevented from attending school if wa-
ter is not readily available since they must spend many hours
supplying the home. Stigma around menstruation and lack of
universal support for women’s education are also a challenge
in local communities. Based on assessment of need and in-
terest through partnership with the Turkana Basin Institute,
we proposed funding outreach to communities regarding the
value of girls’ education, providing sanitary products for
girls (where not already covered by national programs) and
sponsoring local students. The project team will co-create
science content and educational activities for the Turkana
Basin Institute’s student science clubs and will also gener-
ate age-appropriate material for primary-, secondary-, and
university-age learners to increase awareness of geoscience
career opportunities and build capacity for a stronger geo-
science workforce. The international drilling campaign and
subsequent research also offer opportunities to support future
capacity building, particularly for Kenyan students. The im-
plementation of well-established concepts like international
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summer school provides unique synergies and networking
opportunities for both experienced scientists involved and fu-
ture generations of scientists and students (e.g., Wiersberg et
al., 2021). The involvement of international experts with a
range of expertise around scientific drilling, being both on-
site for several weeks and/or in close dialogue with coop-
erating institutions (e.g., universities, national museum, in-
dustry), also offers a unique opportunity for interdisciplinary
knowledge transfer and hands-on experience across disci-
plines and national borders.

5 Conclusions and recommendations

Based on the need to expand understanding of the tectonic,
climatic, and biologic evolution in eastern Africa and the op-
portunities to leverage collaboration between research and
industry (fisheries and geothermal), we recommend a two-
phase drilling campaign to recover a continuous sedimen-
tary record from the Turkana Basin extending from 4 Ma to
present. We propose that Phase 1 will recover an on-shore
transect of cores along the northwestern margin of Lake
Turkana spanning the interval from 4 to 0.7 Ma, expanding
upon the success for the WTK13 drill core drilled as part
of HSPDP. Phase 2 of the DDTB project will focus on the
record from 1 Ma to modern, and targeting the Central Basin
of Lake Turkana. DDTB will leverage existing outcrop re-
search from the Turkana Basin and regional lacustrine cores.
When combined, the two phases of this unprecedented record
will enable researchers to parse the relative impacts of tec-
tonics, volcanism, and climate on biological and ecological
evolution, including the physical and cultural origins of our
own ancestors.
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Abstract. The upper Paleozoic Cutler Group of southern Utah, USA, is a key sedimentary archive for
understanding the Earth-life effects of the planet’s last pre-Quaternary icehouse—hothouse state change:
the Carboniferous—Permian (C-P) transition, between 304 and 290 million years ago. Within the near-
paleoequatorial Cutler Group, this transition corresponds to a large-scale aridification trend, loss of aquatic
habitats, and ecological shifts toward more terrestrial biota as recorded by its fossil assemblages. However,
fundamental questions persist. (1) Did continental drift or shorter-term changes in glacio-eustasy, potentially
driven by orbital (Milankovitch) cycles, influence environmental change at near-equatorial latitudes during the
C-P climatic transition? (2) What influence did the C-P climatic transition have on the evolution of terrestrial
ecosystems and on the diversity and trophic structures of terrestrial vertebrate communities?
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The Paleozoic Equatorial Records of Melting Ice Ages (PERMIA) project seeks to resolve these issues in part
by studying the Elk Ridge no. 1 (ER-1) core, complemented by outcrop studies. This legacy core, collected in
1981 within what is now Bears Ears National Monument, recovered a significant portion of the Hermosa Group
and the overlying lower Cutler Group, making it an ideal archive for studying paleoenvironmental change during
the C—P transition. As part of this project, the uppermost ~ 450 m of the core were temporarily transferred from
the Austin Core Repository Center to the Continental Scientific Drilling Facility at the University of Minnesota
for splitting, imaging, and scanning for geophysical properties and spectrophotometry. Here we (1) review the
history of this legacy core, (2) introduce recently obtained geophysical and lithologic datasets based on newly
split and imaged core segments to provide a sedimentological and stratigraphic overview of the Elk Ridge no. 1
core that aligns more accurately with the currently recognized regional lithostratigraphic framework, (3) establish
the position of the boundary between the lower Cutler beds and the overlying Cedar Mesa Sandstone in the core,
and (4) outline our ongoing research goals for the core.

In-progress work on the core aims to refine biostratigraphic and chemostratigraphic age constraints, retrieve
the polarity stratigraphy, interrogate preserved cyclostratigraphy, analyze sedimentary structures and paleosol
facies, investigate stable isotope geochemistry, and evaluate elemental abundance data from X-ray fluorescence
(XRF) scanning. Together with outcrop studies throughout Bears Ears National Monument and its vicinity,
these cores will allow the rich paleontological and paleoenvironmental archives recorded in the continental
Carboniferous—Permian transition of western North America to be confidently placed in a robust chronologic
context that will help test hypotheses relating ecosystem evolution to the Carboniferous rainforest collapse, ini-
tial decline of the Late Paleozoic Ice Age, and long-wavelength astronomical cycles pacing global environmental

change.

1 Introduction and motivation

As global climate change impacts our present day, under-
standing the intricate feedback mechanisms that regulate
Earth’s climate has become a focal point across geoscience
disciplines. In the geological past, the Late Paleozoic Ice Age
(LPIA) has a special relevance to current climate studies be-
cause it serves as our only deep-time analog for comprehend-
ing “climate change in an icehouse on a vegetated Earth”
(Gastaldo et al., 1996; Montafiez and Soreghan, 2006). This
unique episode coincided with the highest rates of organic
carbon burial in the past half billion years, resulting in low
atmospheric pCO;, and high pO, levels. These conditions
likely sustained the longest-lived icehouse of the Phanero-
zoic Eon and may have catalyzed significant evolutionary
innovations in terrestrial life, including such traits as insect
flight and gigantism (Berner et al., 2007; Montafiez, 2016).
Towards the end of the LPIA, during the C-P transition
(~304-290 Ma), a climatic shift to substantially more arid
conditions resulted in the dramatic recession of the formerly
vast paleotropical wetlands of low-latitude western and cen-
tral Pangea (Sahney et al., 2010; Pardo et al., 2019). This
loss of freshwater and classic “coal swamp” habitats, con-
ceptualized as the Carboniferous rainforest collapse hypoth-
esis, marked a profound shift in continental ecosystems. In-
deed, many paleontological studies of Late Paleozoic central
Pangea repeatedly demonstrate a stark contrast between Late
Carboniferous paleoequatorial ecosystems, characterized by
a blend of aquatic and terrestrial species and Cisuralian
(Early Permian) environments dominated by more terrestrial
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faunal and floral assemblages (Figs. 1-2) (Vaughn, 1966,
1970; Olson and Vaughn, 1970; Frederiksen, 1972; Rowley
et al., 1985; Gastaldo et al., 1996; Cleal and Thomas, 1999;
Cleal and Thomas, 2005; Pardo et al., 2019). These changes
also coincide with the emergence of the first large-bodied
tetrapod herbivores, a pervasive feature of terrestrial ecosys-
tems from the Permian through to the present day (Sues and
Reisz, 1998; Reisz and Sues, 2000; Pearson et al., 2013;
Reisz and Frobisch, 2014; Brocklehurst et al., 2015).

Although at first glance this may suggest a mass extinction
event, quantitative analysis of late Paleozoic equatorial fossil
assemblages, as detailed by Pardo et al. (2019), supports the
notion that this environmental and ecological shift was pro-
tracted and spatially diachronous, corroborating earlier hy-
potheses (Vaughn, 1966, 1970; Olson and Vaughn, 1970).
This in turn led to the development of the Vaughn—Olson
model (Pardo et al., 2019), which posits that the proliferation
of terrestrial faunas during the C—P transition occurred ear-
lier in western equatorial Pangea (Fig. 2) in the area roughly
corresponding to the modern Colorado Plateau of southwest-
ern North America.

Located within the hypothesized epicenter of dryland ver-
tebrate expansion (Pardo et al., 2019), the Cutler Group in
southeastern Utah, USA (Figs. 1-3), is ideal for studying this
environmental and ecological transition. This unit’s abundant
fossil record (Fig. 1) and extensive outcrops of interbedded
marine and continental “redbed” sediments preserve a di-
verse suite of depositional environments and associated biota
spanning the C-P transition (Fig. 3), properties which make
them a valuable resource for understanding the effects of this
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Figure 1. Climate-associated shifts in paleoequatorial vertebrate diversity within the Cutler Group during the C-P transition. Vertebrate
abundance in C-P Halgaito Formation (b) is biased toward aquatic taxa, whereas the Permian Organ Rock assemblage (a) is less even
(differential relative abundance of each clade) and dominated by terrestrial stem-amniote herbivores (diadectids) and amniotes. This com-
positional change broadly coincided with the final phases of Gondwanan glaciation and desertification of western Pangea, but the ages and
positions of stage boundaries in these units are poorly constrained (glacial data from Fielding et al., 2008, and Montafiez and Poulsen, 2013).

climatic transition on paleoequatorial ecosystems. Never-
theless, limited marine-biostratigraphic and geochronologic
control (Fig. 3b) hinders a comprehensive paleoenvironmen-
tal reconstruction of these sediments and confident compari-
son to other contemporaneous fossil assemblages.

This collaborative research project, titled PERMIA (Pale-
ozoic Equatorial Records of Melting Ice Ages), seeks to ad-
dress these issues by studying the Elk Ridge no. 1 core (ER-
1). This legacy core, collected in 1981 within what is now
part of Bears Ears National Monument (Fig. 3a), recovered
a significant portion of the lower Cutler Group and under-
lying units, making it an ideal archive for studying paleoen-
vironmental change during this critical period in terrestrial
vertebrate evolution. Work is ongoing, yet much has been
learned about the stratigraphic and geophysical properties
through initial core processing. The purpose of this contribu-
tion is to introduce the project, share preliminary lithologic
and geophysical results from the analysis of a legacy core
(Elk Ridge no. 1), revise the position of lithostratigraphic
boundaries within that core to align more accurately with the
currently recognized regional stratigraphic framework, and
discuss ongoing work with the core and complementary out-
crop sites.

1.1 Motivation for studying the core

Few sites outside of the southwestern United States preserve
a record complete enough to explore the relative contribu-
tions of paleoenvironmental change driven by global cli-
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mate and continental drift in paleoequatorial C—P terrestrial
ecosystems. Given the quality of its fossil record and expan-
sive outcrops of shallow marine and continental rocks span-
ning the C-P transition, the canyon country of southeastern
Utah is an ideal testing ground for these timely research ques-
tions (Reese, 2019; Gay et al., 2020). The rare juxtaposition
of continental vertebrate-bearing fluvial and eolian redbeds
interbedded with marine carbonate beds in a relatively con-
tinuous stratigraphic sequence makes southeastern Utah a
unique window for studying synchronous, glacio-eustasy-
driven oceanic and terrestrial events. In southern San Juan
County, the lower Cutler Group include the fossiliferous ter-
restrial redbeds of the Halgaito Formation, which form the
skirts and pedestals of the isolated buttes in Valley of the
Gods (Fig. 3b) and the overlying eolian Cedar Mesa Sand-
stone. However, large portions of the Cutler Group in the
region (including Valley of the Gods) are restricted to expo-
sures along vertical cliff faces, rendering them inaccessible
to outcrop-based, high-resolution paleoclimatic sampling.
The ER-1 core, collected ~ 25 km north of Valley of the
Gods (Fig. 3a), contains a relatively complete and minimally
altered record of the Hermosa Group through the Cedar Mesa
Sandstone, both of which were deposited in a position more
proximal to the center of Paradox Basin (Fig. 4). The cru-
cial paleogeographic position of ER-1, located further from
the late Carboniferous uplift of the “Ancestral Rocky Moun-
tains” (Fig. 4a) (Moore et al., 2008; Sweet et al., 2021), re-
duces tectonic autocyclic influences, thus enhancing the pos-
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Figure 2. Plate configuration of Pangea during the Late Carboniferous Period (Late Pennsylvanian), modified from Pardo et al. (2019).
The red circle represents the paleogeographic location of our study area, including the Elk Ridge no. 1 core (ER-1). The light-blue circles
represent other important paleoequatorial Late Carboniferous to Early Permian fossil sites (Pardo et al., 2019). Approximate paleogeographic
locations and extents of the late Paleozoic ice sheets are modified from Isbell et al. (2012) and Kent and Muttoni (2020). The red dotted line
shows the approximate position of the equator in the early Permian (Pardo et al., 2019), which is meant to show that many of the C-P
localities would have been transported north of the Equator at this later time.

sible preservation of orbital climate signals. Furthermore,
ER-1 exhibits a higher proportion of carbonate interlayers
compared to southern outcrop sites (Figs. 3—4), offering a
promising opportunity to utilize biostratigraphic methods for
core dating. Therefore, ER-1 is one of the best opportunities
to collect high-resolution paleoclimatic data from a nearly
complete record of the C—P transition within the uppermost
Hermosa Group (Honaker Trail Formation) and the overlying
lower Cutler Group.

1.2 Geologic setting

In southern Utah’s Paradox Basin, the C-P transition is en-
compassed by the lower portion of the Cutler Group (Scott,
2013; Huttenlocker et al., 2018), a ~600m thick succes-
sion of marginal-to-shallow marine and distal floodplain sed-
iments deposited between rising salt anticlines (Condon,
1997). In the Colorado Plateau region, most early authors
subdivided the Cutler Group into approximately four sub-
units, which they originally named the Halgaito tongue,
Cedar Mesa Sandstone, Organ Rock tongue, and De Chelly
Sandstone (Fig. 5) (Baker and Reeside Jr., 1929; Baker,
1936; Orkild, 1955; Sears, 1956; Baars, 1962; O’Sullivan,
1965). Wengerd (1958, 1963) revised the nomenclature, in-
corporating “Rico” as the basal-most unit and elevating Cut-
ler and Halgaito to group and formation status, respectively.
In the northern part of the basin, Baars (1962) raised the Or-
gan Rock to formation status and considered lower Cutler-
like units to be assignable to the Elephant Canyon Forma-
tion. In contrast, Loope et al. (1990) argued that all units be-
low the Cedar Mesa Sandstone be redefined as the informal
“lower Cutler beds” until regional correlations could be clar-
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ified, removing the Elephant Canyon Formation and calling
into question the validity of strata assigned to Rico, given
that its type section is located in western Colorado (Cross
and Spencer, 1900). Nevertheless, the term “Halgaito” has
continued to be used among researchers studying the Valley
of the Gods and Mexican Hat region (Murphy, 1987; G. S.
Soreghan et al., 2002; M. J. Soreghan et al., 2002; DiMichele
et al., 2014; Golab, 2016; Huttenlocker et al., 2018, 2021;
Golab et al., 2018; Tobey, 2020) (Fig. 5).

In the northwest—southeast-trending Paradox Basin, lo-
cated on the western margin of the Pangean supercontinent
(Fig. 4a-b), the Carboniferous—Permian units of the Cut-
ler Group consist of three parallel and time-successive fa-
cies belts — the southwestern carbonate shelf, the northeast-
ern siliciclastic wedge, and the mid-basin erg and evapor-
ite belt (Fig. 4c). The group ultimately terminated with the
expansion of coastal dune and loessite facies, indicative of
pronounced seasonal aridity (Loope, 1984; Murphy, 1987;
Condon, 1997; Doelling, 2002; Doelling et al., 2002; G.
S. Soreghan et al., 2002; Dubiel et al., 2009; Jordan and
Mountney, 2010, 2012; Scott, 2013; Golab et al., 2018; To-
bey, 2020).

Near the Monument Upwarp, around the present-day Val-
ley of the Gods, the Halgaito Formation represents a south-
ern wedge of terrestrial redbeds that formed during the early
phases of this aridity trend (Figs. 1, 3-5). Farther north, near
the ER-1 core and the Bears Ears buttes (Fig. 3a), the basal
Cutler unit consists of fluvial, aeolian, and shallow-marine
facies informally known as the “lower Cutler beds” (Mur-
phy, 1987; Condon, 1997). The Halgaito Formation inter-
tongues with and is laterally equivalent to the lower Cut-
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ler beds (Figs. 4-5), both of which display evidence of pro-
gressively drier climates during the late Paleozoic (Murphy,
1987; Condon, 1997; G. S. Soreghan et al., 2002; Jordan and
Mountney, 2010, 2012). This steady shift ultimately culmi-
nated in deposition of the overlying Cedar Mesa Sandstone,
a set of thick, extensive, and predominantly eolian deposits
overlying the lower Cutler beds throughout much of Para-
dox Basin, including the eponymous Cedar Mesa, greater
Canyonlands area, and Indian Creek areas (Fig. 3a). By con-
trast, in the Hurrah Pass area southwest of Moab (Kane Creek
Anticline), the Cutler Group only consists of the lower Cut-
ler beds and an upper arkosic facies that is undivided but that
may be equivalent to the Cedar Mesa and Organ Rock forma-
tions farther to the south and west (Billingsley and Huntoon,
1982; Langford and Chan, 1988; Condon, 1997; Carpenter
and Ottinger, 2018).

Despite local variation, previous workers have observed
that the strata across these areas show pronounced cyclic-
ity (Doelling, 2002; G. S. Soreghan et al., 2002; Jordan
and Mountney, 2010, 2012). Within the Halgaito Forma-
tion, these lithologic cycles occur as alternating sequences
of loessite—paleosol couplets (Murphy, 1987) with accompa-
nying cyclicities observed in rock magnetic properties (G. S.
Soreghan et al., 2002), whereas in the overlying Cedar Mesa
Sandstone they consist of alternating dune—interdune cou-
plets (Mountney and Jagger, 2004). Traditionally, the cyclic
nature of the Cutler Group has been speculated to record long
eccentricity Milankovitch cycles (G. S. Soreghan et al., 2002;
Jordan and Mountney, 2012), whereas the larger-scale transi-
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tion from the fluvial or marine lower Cutler beds to the eolian
Cedar Mesa Sandstone is commonly interpreted as represent-
ing a longer-term desertification event of ambiguous origin
(Soreghan and Soreghan, 2007; Soreghan et al., 2008, 2020,
2023; Tabor and Poulsen, 2008).

Evidence for large-scale aridification during the
Carboniferous—Permian is not restricted to Paradox
Basin; indeed, coeval basins throughout Pangea all display
a decline in lithologic characteristics associated with wet
climates (i.e., coal, laterite, and bauxites) and an increase
in those that indicate arid climates (calcrete, evaporites,
and eolianites) (Soreghan and Soreghan, 2007; Soreghan
et al., 2008, 2020, 2023; Tabor and Poulsen, 2008; Pardo
et al., 2019). This environmental shift is also reflected in
paleoequatorial fossil sites (blue circles in Fig. 2), which
show a shift to more abundant terrestrial taxa in the early
Permian (Pardo et al., 2019). Due to the widespread nature
of central Pangean arid lithologies and terrestrial life during
the Late Carboniferous—Cisuralian, it is not unreasonable
to postulate that the aridity trend exhibited by the lower
Cutler Group is related to a near-global climatic shift as
opposed to an autocyclic event or lateral migration of facies
independent of climate. Nevertheless, uncertainty persists
with regards to inter-basinal temporal correlation between
the Cutler Group and other C-P assemblages, such as the
classically studied mid-continental and Texas—Oklahoma
regions in North America, the Dunkard Group in West
Virginia and Pennsylvania, the Lodeéve Basin in France,
and the Saar-Nahe Basin in Germany (blue circles in
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Fig. 2) (Romer, 1945; Parrish, 1978; Boy and Fichter, 1982;
Craddock et al., 1989; Eberth et al., 2000; Uhl et al., 2004;
Tabor and Poulsen, 2008; Michel et al., 2015; Pfeifer et
al., 2020). Therefore, one of the goals of PERMIA is to
analyze the ER-1 core with the goal of building a robust
dataset of biostratigraphic and geochronological age controls
and paleoclimate proxies with unambiguous superposition,
allowing for the correlation between the lower Cutler Group
and these other late Paleozoic records. Additionally, this
work complements the ongoing Deep Dust Project targeting
mid-continent and European sites recording the Early to
Middle Permian collapse of the Late Paleozoic Ice Age (blue
circles in Fig. 2) (Soreghan et al., 2020).

2 ER-1

2.1 Historical context and selection by PERMIA

The ER-1 core was collected in the early 1980s as part of a
national study for determining potential subsurface storage
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sites for high-level radioactive waste. This federal project,
named the National Waste Terminal Storage Program, was
founded in 1976 by the Energy Research and Development
Administration (ERDA), a precursor to the United States De-
partment of Energy (DOE) (Woodward-Clyde Consultants,
1982b). This initiative aimed to identify suitable locations for
the permanent, long-term disposal of high-level radioactive
waste arising from nuclear weapons production and electric-
ity generation (Interagency Review Group on Nuclear Waste
Management, 1978; Woodward-Clyde Consultants, 1982a,
b; Thackston et al., 1984). Due to the long half-life of ra-
dioactive waste, ideal long-term geologic storage necessi-
tates that the toxic materials be relocated to tectonically inac-
tive areas where they will be completely sealed and isolated
from adjacent hydrologic units over geologic timescales (i.e.,
~ 100000 years) (European Commission, 2004; Ahn and
Apted, 2010). At the time, subsurface salt deposits, which
are highly impermeable, were considered one of the best
candidates for deep geologic repositories (Pierce and Rich,
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1962; Hansen and Leigh, 2011). This led to the investigation
of several evaporite-bearing basins in the continental United
States, including Paradox Basin in southern Utah (Fig. 4). To
better understand both the properties of the Paradox evap-
orites and the overlying hydrogeologic system, at least two
rock cores were collected by Woodward-Clyde Consultants,
the ER-1 and Gibson Dome no. 1 (GD-1) cores (Fig. 3a)
(Woodward-Clyde Consultants, 1982a, b; Thackston et al.,
1984). After several years of investigation, the Elk Ridge site
was abandoned in favor of the Yucca Mountain, Nevada, site
(Blanchard, 1985; U.S. Department of Energy, 1986; Keeney,
1987; Merkhofer and Keeney, 1987; McCleary, 1989; Stuck-
less and Levich, 2016), but the ER-1 and GD-1 cores were
archived at the Austin Core Research Center and have be-
come available for scientific study.

For the PERMIA project, the decision to prioritize the ER-
1 core over the GD-1 core was primarily influenced by the
need to minimize the potential influence of salt tectonics. De-
spite their shared penetration of formations of interest and
biostratigraphic controls, GD-1’s proximity to regions char-
acterized by significant salt-tectonic activity (Fig. 4) raised
concerns about potential alteration to the sedimentary record.
In contrast, ER-1 is situated in a more geologically stable
area, making it the most favorable choice for conducting pre-
cise paleoclimatic analyses and preserving the integrity of the
sedimentary data required for PERMIA. In addition, the ER-
1 site is more centrally located between rich outcrop archives
of paleontological and paleoenvironmental information that
are also part of our project, between the Valley of the Gods—
Mexican Hat area to the southwest and the Indian Creek and
greater Canyonlands areas to the north.

2.2 Drilling, initial handling, and storage of ER-1

The ER-1 core is a continuous 933.5m long 6.35cm
diameter (HQ) core which was collected by operators
Woodward-Clyde Consultants from San Juan County, Utah,
USA (Fig. 3), between 5 August and 30 September 1981.
Woodward-Clyde Consultants contracted Zimmerman Well
Service for the drilling and installation of a 127.7 m (419 ft)
surface casing, which was prepared using an 8ton well
drilling rig. Woodward-Clyde Consultants then contracted
Boyles Brothers for coring operations, employing a Chicago-
Pneumatic Model 50 rig (additional details available in
Woodward-Clyde Consultants, 1982a).

The core was collected from an initial depth of 127.7m
(419ft) to a final depth of 1061.2m (3481.6ft). To pre-
vent dissolution of Paradox Formation evaporites, the drilling
fluid consisted of a cellulose polymer mixed with “Moab
brine”, a salt-saturated fluid produced by pumping freshwa-
ter into the Paradox Formation at Moab, Utah (Woodward-
Clyde Consultants, 1982a; Thackston et al., 1984). The cel-
lulose polymer, specified in Woodward-Clyde (1982a) as
Mark IV and Hi-Vis, was provided by Western Mud Com-
pany (Woodward-Clyde Consultants, 1982a), which is now
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known as GEO Drilling Fluids, Inc (GEO Drilling Fluids
Inc., 2023). Unfortunately, during the drilling process, sub-
stantial amounts of lost circulation were encountered while
drilling through the Middle Pennsylvanian Pinkerton Trail
Formation at ~ 1061 m depth, preventing the penetration of
the underlying Mississippian Leadville Limestone as orig-
inally planned (Thackston et al., 1984; Woodward-Clyde
Consultants, 1982a). Nevertheless, the successful collection
of the Carboniferous—Permian lower Cutler Group, which
comprises the top ~ 313 m of the ER-1 core, makes it ideal
for accomplishing the research objectives of PERMIA. Ge-
ologic mapping of the area indicates that beds have a re-
gional dip of no more than 1-3° (Lewis et al., 2011). This,
in conjunction with the minimally reported borehole devia-
tion (Woodward-Clyde, 1982a), suggests that the cores repre-
sent a near-vertical cross section of the rock formations under
study.

Detailed descriptions of core collection and handling are
provided in Woodward-Clyde (1982a). To briefly summarize,
the wire-line diamond coring method and split inner-core
barrels were utilized to minimize damage to the core. Core
runs, measured by Woodward-Clyde in feet, were continu-
ously collected at ~ 10 ft (~ 3.05 m) intervals. Once brought
to the surface, core runs were transported to an on-site core
handling building, where they were opened, placed onto
roller tracks, fitted together at breaks, examined for core loss,
washed, measured, and directly marked with depth measure-
ments (in feet) at 1ft (~30.5cm) intervals. Subsections of
individual core runs were completely sampled on the occa-
sion that said portions exhibited notable amounts of hydro-
carbons. Otherwise, the core runs were cut into 2 ft (~ 61 cm)
sections with a diamond saw, wrapped in plastic, and placed
into cardboard core boxes. Depth measurements, run num-
bers, locations, dates, and, if present, core loss and/or com-
plete removal of sampled subsections were noted directly on
the box lid as well as on labels taped to the box bottom.

The cores were shipped to an interim storage facility
known as the “ONWTI core storage facility”, which was in
Lakewood, Colorado (Woodward-Clyde, 1982a). The cores
were eventually transferred to the Austin Core Research
Center (CRC), part of the Bureau of Economic Geology in
Austin, Texas. As of 2022, 98.3 % of the top 451.1 m of ER-
1 remained in storage at the CRC. This exceptional level
of preservation can be attributed to a combination of fac-
tors, including a high initial drilling recovery rate of 99.8 %
(450.3 m recovered out of 451.1 m drilled) and a relatively
minor amount of sampling from previous studies, totaling
approximately 6.98 m, or 1.5 %, of removal of whole-core
(unsplit) samples.
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Figure 5. Stratigraphic subdivisions of the Carboniferous—Permian Cutler Group exposed in Valley of the Gods and its vicinity, southeastern
Utah, USA. Abbreviations: Ss, Sandstone; Gp, Group; Ist, limestone; Fm, Formation. Modified from Huttenlocker et al. (2018).

2.3 Previous research

2.3.1 Geologic descriptions from Woodward-Clyde
Originally described by Woodward-Clyde (1982b), the ER-1
core recovered ~ 933.5 m of late Paleozoic sediment, encom-
passing the lower portion of the Cedar Mesa Sandstone down
to the Middle Pennsylvanian Pinkerton Trail Formation. The
incomplete recovery of the Cedar Mesa Sandstone is a re-
sult of the ER-1 borehole being drilled and cased to a depth
of 127.7m (419 ft) prior to coring. This interval included
Cenozoic surficial sediments directly overlying exposures of
the upper portion of the Cedar Mesa Sandstone. Therefore,
though the original report measured the total thickness of the
Cedar Mesa Sandstone at the drilling site at 252.98 m, the
ER-1 core only recovered the lowermost 128.3 m of this unit.
In the original lithologic description, the Cedar Mesa
Sandstone is generally described as a sequence of light-
colored, well-sorted, quartz-rich, carbonate-cemented, and
primarily cross-bedded sandstones. Though primarily com-
prising sandstone, a limited number of thin reddish silt-
stone and sandy siltstone interbeds were also observed. Be-
low the Cedar Mesa Sandstone is a heterogeneous collection
of siltstone, sandy siltstone, and sandstone with occasional
limestone interbeds. Measured to a thickness of 138.9m,
Woodward-Clyde (1982b) referred to this section as the “Ele-
phant Canyon Formation”, a now obsolete name roughly
equivalent to what are currently referred to as the “lower Cut-
ler beds” (Loope et al., 1990; Jordan and Mountney, 2012).
Underlying the Elephant Canyon Formation is the Up-
per Carboniferous Hermosa Group, which consists of the
Honaker Trail, Paradox, and Pinkerton Trail formations in
descending order. In ER-1, the Honaker Trail Formation was
measured to a thickness of ~374.3m and primarily con-
sists of calcite-rich carbonate rocks (primarily limestones
and cherty limestones). Nevertheless, ~ 30 % of the Honaker
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Trail in ER-1 is described as consisting of siliciclastics (silt-
stones and sandstones) and dolomitic interbeds. Woodward-
Clyde noted a gradational contact between the Honaker Trail
and the underlying Paradox Formation, the latter of which
was measured to a thickness of 291.4 m; 29 % of the Para-
dox Formation in ER-1 is described as halite, with the re-
mainder consisting of siltstone, shale, anhydrite, limestone,
and dolomite. Woodward-Clyde described this unit as highly
cyclical with four to six sequences correlated with the re-
gionally recognized salt cycles of the Paradox Formation
(specifically, cycles 6, 7, 9, and 13 and potentially cycles 15
and 16) (Peterson and Hite, 1969; Hite and Buckner, 1981;
Woodward-Clyde Consultants, 1982a, b). The lowest unit of
the Hermosa Group and the deepest deposit recovered by ER-
1 is the Pinkerton Trail Formation. Woodward-Clyde (1982b)
describes the formation as primarily consisting of limestone
and calcareous siltstone, with some minor units of dolomite
and anhydrite. Though drilling plans originally intended to
recover both the underlying Molas and Leadville forma-
tions, substantial drilling fluid loss forced the termination of
drilling activities after recovering only 51.8 m of the Pinker-
ton Trail (Woodward-Clyde Consultants, 1982a, b).

2.3.2 Previous age control

Since recovery, various researchers have examined portions
of the ER-1 core for biostratigraphic analysis, sedimentolog-
ical analysis, and regional stratigraphic correlations (Loope
and Watkins, 1989; Atchley, 1990; Nail et al., 1994, 1996;
Tromp, 1995; Raup and Hite, 1996; Tuttle et al., 1996; Nail,
1996; Atchley and Loope, 1993; Petrychenko et al., 2012;
Rasmussen and Rasmussen, 2018). The identification of Late
Carboniferous conodonts and fusulinids within ER-1 by Nail
et al. (1996) implies a late Missourian through middle Vir-
gilian age for the Honaker Trail Formation and a late Vir-
gilian age for the lowermost limestones of the lower part
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of the lower Cutler beds (Fig. 7). These age constraints are
consistent with outcrop work in nearby Arch Canyon and
Valley of the Gods, where Huttenlocker et al. (2021) iden-
tified the conodont Adetognathus sp. B in the upper part
of the lower Cutler beds. The presence of this conodont
species, now referred to as Adetognathus carlinensis (see
Beauchamp et al., 2022), which is known from the C-P in-
terval (latest Gzhelian—early Asselian) of the Canadian Arc-
tic and eastern—central British Columbia (Henderson et al.,
1995), suggests that the C—P transition can be identified in
the lower Cutler beds, including the ER-1 site. To this end,
see the “Continuing science plans” section of this paper for
ongoing research on the biostratigraphy of the ER-1 core.

3 PERMIA core analysis

In early 2023, the top 450 m (corresponding to a depth of
127.77-581 m) of the ER-1 core was transported from the
Austin Core Research Center to the Continental Scientific
Drilling Facility at the University of Minnesota for prepara-
tion and analysis. Upon arrival, all core sections were pho-
tographed in their respective boxes and placed in transparent
plastic core liners with end-caps indicating the stratigraphic
top and bottom of each core section. The liners enabled de-
tailed scanning and processing workflows aligned with best
practices established in numerous recent scientific drilling
projects (e.g., Clyde et al., 2013; Cohen et al., 2016; Olsen et
al., 2018). Evidence of core degradation was minimal, lim-
ited to salt crystals from dried drilling fluid on the surface of
some sandstone core segments. The geophysical properties
of the whole cores were measured using a Geotek Standard
Multisensor Core Logger and included magnetic susceptibil-
ity (loop), gamma density, p-wave velocity and amplitude,
natural gamma radiation, and electrical resistivity.

Using a diamond-blade rock saw with continuous deion-
ized water flush, the core was split lengthwise into two
halves: an archive half which was placed into storage and
a work half which was subjected to further analysis and sub-
sampling. To eliminate saw marks and enhance the clarity
of the split core face, the working halves were polished us-
ing either dry or wet rock polishers. This step was necessary
to more clearly image sedimentary structures and microfos-
sils that were obscured by the cutting process. The polished
working halves were imaged at 20 pixels per millimeter reso-
lution using the Geotek Core Imaging System. Additionally,
high-resolution point magnetic susceptibility and color re-
flectance spectrophotometry of the core face were measured
using a Geotek XYZ Multisensor Core Logger. Core depth
scales were generated by applying a linear compression fac-
tor for core runs to fit the drilled interval when recovery wad
> 100 % (equivalent to the CSF-B depth scale used in scien-
tific ocean drilling, e.g., Expedition 337 Scientists, 2013).

Employing Corelyzer software, the PERMIA team di-
rectly compared the physical core sections with their high-
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resolution images and accompanying geophysical datasets
(Ito et al., 2023). These visual representations enabled
comprehensive lithologic descriptions of each core section,
which were recorded using the PSICAT software program
(Reed et al., 2007).

4 Initial results

One of the initial goals of PERMIA was to refine the
stratigraphy of ER-1 within an updated regional stratigraphic
framework using currently accepted terms (Loope et al.,
1990; Fig. 5). Examination of the polished split cores and
high-resolution core images (e.g., Fig. 6) in the stratigraphic
context using the Corelyzer visualization environment (Ito
et al., 2023) allowed for more accurate determinations of
lithology, stratigraphic contacts, sedimentary structures, and
microfossils. By comparing this new dataset to recent strati-
graphic work (Loope et al., 1990; Dubiel et al., 1996, 2009;
Condon, 1997; Ritter et al., 2002; Mountney and Jagger,
2004; Jordan and Mountney, 2012), PERMIA updated the
stratigraphy of the upper core to reflect more accurately the
accepted lithostratigraphic nomenclature (Fig. 5) and asso-
ciated boundaries (Fig. 7). Specifically, we place the Cedar
Mesa Sandstone-lower Cutler beds contact at 318.9 m depth
and the lower Cutler beds—Honaker Trail Formation (Cutler
Group-Hermosa Group) boundary at 442.6 m depth. These
placements are consistent with the lithostratigraphic bound-
aries as observed in nearby outcrops (e.g., the Arch Canyon
and Valley of the Gods area) and descriptions in the pub-
lished literature.

Our placement of the Cutler—-Honaker Trail boundary is
at a marked change to redder, predominantly non-calcareous
siltstone with less abundant and much thinner marine carbon-
ate layers and more common sandstone layers. This is consis-
tent with the lithologic changes observed in outcrops along
the southern margin of Cedar Mesa (e.g., Valley of the Gods
and Goosenecks of the San Juan State Park areas), where a
mixed siliciclastic—carbonate succession with abundant ma-
rine limestones (the Honaker Trail Formation) is overlain by
siltstone and sandstone redbeds with rare, thin marine lime-
stones (the local equivalent of the lower Cutler beds called
the Halgaito Formation) (Baker, 1936; G. S. Soreghan et al.,
2002; Ritter et al, 2002; Huttenlocker et al., 2021). The color
change associated with this boundary is apparent in the core
line scan image stack (Fig. 7), where our boundary place-
ment also marks a change from drab brown and tan colors
below to darker reddish-brown colors above. Also notable
is that our placement of the Honaker Trail-Cutler boundary
is just above three sandstone units associated with marine
limestones (sandstones otherwise being rare in the Honaker
Trail Formation), a lithologic association also observed in
outcrops in the uppermost Honaker Trail Formation at its
eponymous locality just south of Cedar Mesa (Ritter et al.,
2002: Figs. 3, 5). Some previous stratigraphic studies em-
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Figure 6. Representative facies in core segments from the ER-1 core. (a) Fossiliferous limestone layer from the Honaker Trail Formation.
(b) Contact between a carbonaceous siltstone (lower darker unit) and a lighter-colored fossiliferous limestone unit (upper light-grey unit) in
the Honaker Trail Formation. (¢) Calcareous siltstone with abundant burrows in the lower Cutler beds. (d) Siltstone redbed units in the lower
Cutler beds, with abundant reduction zones. (e) Cross-bedded sandstone unit from the Cedar Mesa Sandstone with a dark-brown siltstone
interbed. (f) Cross-bedded sandstone unit from the Cedar Mesa Sandstone.

phasize that the contact in this area forms a change in the
weathering profile from the canyon or cliff down-section to
the slope and pillar-forming lower Cutler above (e.g., Baker,
1936; Gregory, 1938), but this cannot be evaluated in the
core.

We place the lower Cutler beds—Cedar Mesa Sandstone
boundary at the base of the first thick (> 20 m) cross-bedded
sandstone, marking a rather abrupt change from strata dom-
inated by dark reddish-brown siltstone with less common
thin (typically <5m thick) sandstone packages, to thick
(> 10m), predominately cross-bedded light-colored sand-
stones separated by occasional thin reddish-brown siltstones
(all <5 m thick and often less than 1 m thick). This bound-
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ary placement is just above the highest unambiguous marine
unit, a wavy-laminated dark reddish-brown sandy siltstone
between 323 and 318.9 m depth containing abundant disar-
ticulated echinoderm elements. Locating the lower Cutler—
Cedar Mesa boundary above the last marine unit and at the
base of the first thick sandstone sequence is also consistent
with its placement in outcrops by recent stratigraphic stud-
ies (e.g., Stanesco and Campbell, 1989; Loope et al., 1990;
Dubiel et al., 1996, 2009; Jordan and Mountney, 2012; Hut-
tenlocker et al., 2021; Pettigrew et al., 2021). Our boundary
placement is also associated with a noticeable decrease in
magnetic susceptibility, gamma density, and natural gamma
radiation values (Fig. 7), which other authors have observed
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Figure 7. Generalized stratigraphic column of the top 450 m of the ER-1 core. Left to right: color profile from spectrophotometry, lithology,
published biostratigraphic controls (from Nail et al., 1996), core magnetic susceptibility (MS), gamma ray attenuation density (GRA) from
both core (blue) and well log (black), and natural gamma radiation from both core (blue) and well log (black). Though all three lithologic
units are present throughout the core, limestones, siltstones, and sandstones are thickest and most common within the Honaker Trail, lower
Cutler beds, and Cedar Mesa formations, respectively. Moreover, there is a notable negative secular trend in both the magnetic susceptibility
and gamma density values as the lower Cutler beds transition into the Cedar Mesa Sandstone. Note that the geologic timescale uses the
regional terms Virgilian and Wolfcampian, which roughly correspond to the Gzhelian and Asselian stages, respectively. Grey zones between
chronostratigraphic terms indicate uncertainty in boundary placement.

at this contact from wells in the same area (Fig. 8 in Condon,
1997).

Overall, the core is dominated by a relatively small num-
ber of lithologies. Carbonate layers are typically either sandy
to silty limestones containing abundant marine fossils (echin-
oderms, brachiopods, bivalves, fusulinids) or thin carbonate
layers devoid of visible fossils and with mostly nodular tex-
tures. The fossiliferous marine carbonate facies are only ob-
served in the Honaker Trail Formation and lower Cutler beds,
whereas the non-fossiliferous carbonates are found through-
out the core and appear to be mostly non-marine in origin
(i.e., they are associated with pedogenically modified silt-
stones). Carbonate-rich siltstones are often associated with
both of these limestone facies and are also present as thin lay-
ers associated with dark reddish-brown siltstones within the
Cedar Mesa Sandstone. Brown to dark reddish-brown silt-
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stones and sandy siltstones are either parallel-bedded and are
sometimes laminated or massive. The latter are often both
mottled and contain carbonate nodules. These siltstone fa-
cies comprise the majority of the Honaker Trail Formation
and lower Cutler beds but also form thin (< 5 m thick) lay-
ers between the thick sandstones of the Cedar Mesa Sand-
stone. Predominantly orange, tan, and pinkish-grey fine-
to medium-grained sandstones are typically trough cross-
bedded or parallel-bedded, though a small number of units
are apparently massive (acknowledging the restricted lateral
view of a core). Sandstones are rare in the Honaker Trail For-
mation, except for an interval between 440 and 500 m depth,
more common (but still subordinate to siltstone) in the lower
Cutler beds, and dominate the Cedar Mesa Sandstone. In
the latter, they are mostly trough cross-bedded, but parallel-
bedded and massive units are present, particularly just above
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Figure 8. (a) Idealized lithologic sequence and associated response
in MS. In this model lower base levels correspond to more arid con-
ditions, resulting in sandstones composed of relatively weakly mag-
netic to non-magnetic minerals (i.e., hematite). As base levels rise,
conditions become wetter, corresponding to finer and more mag-
netic minerals. However, fully marine environments (limestone)
correspond to a magnetic decrease. As the base level lowers and
arid conditions return, sandstones composed of weak magnetic ma-
terial are deposited once again. (b) ER-1 from 460 to 320 m CSF-B,
with certain cycles highlighted in orange. Note that each cycle is
book-ended by sandstone layers.

and below silty layers. The fact that we often observe gra-
dational transitions between lithologies (i.e., sandy siltstones
between sandstones and siltstones, calcareous siltstones be-
tween carbonates and siltstones) and a lack of observable ero-
sive contacts supports our inference that the core lacks any
significant discontinuities.

This variety of lithologies can be grouped into three infor-
mal lithofacies associations: (1) clastic to silty fossiliferous
limestones; (2) massive to horizontally bedded calcareous
and non-calcareous siltstone; and (3) massive, horizontally
bedded, and cross-bedded fine-grained sandstone (Figs. 6—
7). Siltstones in all three formations show extensive evidence
of pedogenic modification (e.g., mottling, carbonate nodules)
(Fig. 6). Though all three rock types are present within each
formation, limestones become less abundant up-section, be-
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ing most common and thickest in the Honaker Trail Forma-
tion, siltstones are most common in the Honaker Trail Forma-
tion and lower Cutler beds, whereas cross-bedded sandstones
dominate the Cedar Mesa Sandstone.

Cyclic variation both within and among these three rock
types is common throughout the core, regardless of strati-
graphic unit. In the Honaker Trail Formation, this cyclic-
ity is manifested predominantly as siltstone—limestone cou-
plets, whereas in the overlying lower Cutler beds it consists
of siltstone—sandstone couplets, with occasional limestone or
calcareous siltstone layers in the middle of the siltstones.
In the Cedar Mesa Sandstone, the main cyclicity is an al-
ternation between trough cross-bedded sandstone, parallel-
bedded or massive sandstone, and thin siltstone beds. These
lithologic cycles match those observed by other authors in
equivalent outcrops in Paradox Basin (e.g., Ritter et al.,
2002; Mountney, 2006; Williams, 2009; Jordan and Mount-
ney, 2012; Langford and Salsman, 2014; Olivier et al., 2023).
Comparing these lithologic cycles to the geophysical data,
siltstones generally have a much higher magnetic susceptibil-
ity than either sandstone or limestone layers. This results in
a distinct cyclical pattern in the magnetic susceptibility data
(Figs. 7-8), which aligns with corresponding cycles in the
lithostratigraphy. On a larger scale, the magnetic data exhibit
a negative secular trend as the lower Cutler beds transition
into the more sandstone-dominated Cedar Mesa Sandstone
(Fig. 7).

5 Continuing science plans

With initial core processing completed, the micropaleonto-
logical, geochemical, and paleomagnetic properties of ER-
1 are currently being analyzed, the primary goal being the
construction of a robust paleoenvironmental reconstruction
anchored by reliable geochronologic controls. Though no
known volcanic ash layers (and few juvenile detrital zir-
cons) have yet to be identified in the lower Cutler Group,
several approaches are available to date the core effectively.
First, Nail et al. (1996) already recovered biostratigraphically
useful fusulinids and conodonts from several levels within
the core, and polished split core segments of ER-1 revealed
highly fossiliferous carbonate layers in the Honaker Trail
Formation (Fig. 6) and the lower Cutler Group (Fig. 7); to-
gether, this implies that the core can be precisely dated us-
ing biostratigraphic methods. Such an approach has been ap-
plied successfully to the underlying Carboniferous Hermosa
Group (Ritter et al., 2002) as well as outcrop exposures of the
lower Cutler beds in the region, where widespread presence
of conodonts in marine carbonate layers (Figs. 3, 4) allowed
for correlation with well-resolved marine biochronologies
from elsewhere (Fig. 7) (Huttenlocker et al., 2021). Indeed,
conodont biostratigraphy is the gold standard used to define
the C—P boundary at both the Asselian GSSP (Usolka, Ural
Mountains) (Chernykh and Ritter, 1997; Chernykh et al.,
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1997) and North American mid-continental sections (Ritter,
1995; Wardlaw, 2005; Boardman et al., 2009; Wardlaw and
Nestell, 2014; Henderson, 2018). Formal identification of the
C-P boundary within the Cutler Group remains critical for
correlating Utah’s rock record with the geologic timescale as
well as other relevant C—P paleoenvironmental and paleonto-
logical archives across Pangea. Complementary to the bios-
tratigraphic approach, the global marine 87Sr/30Sr record — a
proxy for Phanerozoic seawater Sr (Veizer, 1989; McArthur
et al., 2020) — shows a steep decrease from base-Ghzelian
(latest Carboniferous) values of 0.7081-0.7087 to 0.7079—
0.7081 by the end of the Asselian (earliest Permian) (Korte et
al., 2006; Korte and Ullmann, 2018; Chen et al., 2018). Thus,
a time series of 7Sr/%Sr isotope values from marine car-
bonates and the associated conodont bioapatite should accu-
rately place the Cutler sequence along the C—P strontium ref-
erence curve. Therefore, we sampled all major marine lime-
stone units in the studied portion of the core for conodonts,
fusulinids, and 37Sr/80Sr isotopes.

Previous attempts at dating through paleomagnetic meth-
ods confirmed that deposition of the Cutler Group coincides
with the Kiaman-reversed superchron (Gose and Helsley,
1972; Scott, 1975) (Fig. 1). This interval should also include
the short-lived “Kartamyshian event”, a normal polarity mag-
netozone dated to ~299Ma (Fig. 1), and if found within
this core and outcrop, it would serve as a useful maximum
age constraint and datum for the top of the Carboniferous
(Hounslow and Balabanov, 2016). Previous work (Gose and
Helsley, 1972; Scott, 1975) indicates that the lower Cutler
beds preserve a primary magnetic remanence, and we there-
fore should be able to identify the Kartamyshian event if it is
present.

Furthermore, cyclic sedimentation patterns established in
the Cutler Group (G. S. Soreghan et al., 2002; Jordan
and Mountney, 2012; Golab, 2016; Golab et al., 2018; To-
bey, 2020) strongly suggest that astronomically tuned geo-
chemical and magnetic cyclostratigraphy can provide high-
resolution age models for these deposits. Various stud-
ies have shown that long-term eccentricity cycles (~405-
413 kyr) have been stable throughout Earth’s history (Olsen
and Kent, 1999; Horton et al., 2012; Kent et al., 2017, 2018;
Lantink et al., 2019; Olsen et al., 2019). Indeed, in the
Canyonlands area, Jordan and Mountney (2012) identified
lithologic cycles in the lower Cutler beds, which they hy-
pothesized were reflective of long eccentricity cycles. The
magnetic susceptibility record of ER-1 (Figs. 7-8), along
with previous environmental-magnetic studies of the Hal-
gaito Formation near Mexican Hat (G. S. Soreghan et al.,
2002), demonstrate that cyclic facies changes correspond
to variations in magnetic properties (Fig. 8). This provides
strong evidence that it is possible to construct a magnetic
cyclostratigraphic framework anchored by biostratigraphic,
strontium isotope, and paleomagnetic age constraints.

This high-resolution geochronological dataset will be con-
structed in tandem with the measurement of various geo-
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physical and geochemical paleoclimatic proxies. This will
include the whole-core geophysical data presented in this pa-
per (e.g., MS, NGR, color scans) (Fig. 7), high-resolution
XRF core scans (in progress), and environmental magnetic
(Verosub and Roberts, 1995; Evans and Heller, 2003; Liu et
al., 2012) measurements of discrete specimens. Furthermore,
similar datasets will be collected from outcrop sites (Fig. 3a),
enabling the development of a robust and temporally con-
strained paleoenvironmental framework for this region dur-
ing the C-P transition. Finally, this model will be correlated
with a high-resolution dataset of georeferenced vertebrate
sites and specimens (in progress) as a means of testing the
Vaughn—Olson model (Pardo et al., 2019) and other impor-
tant questions regarding the C—P transition.

1. Do independent paleoenvironmental proxies and mag-
netic mineral assemblages record a secular drying trend
across the lower Cutler bed—Cedar Mesa Sandstone
transition?

2. Is this transition rapid and concurrent with the estab-
lished LPIA maximum (Gzhelian), or does it instead
follow a longer-term trend that matches the paleomag-
netically determined northward drift of North America
into a more arid paleolatitudinal climate belt?

3. What effect, if any, did these paleoclimatic changes
have on the evolution of C-P vertebrate communities?

6 Broader impacts

Our analysis of the ER-1 core will improve the geochrono-
logical and paleoenvironmental context for the important
paleontological and geological archives of the C-P transi-
tion preserved within Bears Ears National Monument. Thus,
these core data enrich and elevate the global importance of
the at-risk scientific resources preserved within the monu-
ment (Gay et al., 2020). By clarifying the processes driving
equatorial climate and biotic change during the Late Pale-
ozoic Ice Age, the study of the ER-1 core strengthens our
ability to use the LPIA and its decline as a natural deep time
analog that can be compared with ongoing anthropogenically
driven global warming and ecological change. Data and con-
clusions from our ER-1 studies will be integrated into all lev-
els of education and public engagement, from informal set-
tings such as public exhibits in local communities in south-
eastern Utah to K-12 public school and higher-education
classrooms. We are working with education experts at the
Natural History Museum of Utah to develop curriculum re-
sources, and the core images and associated data will be in-
vestigated and analyzed by undergraduate students, as one of
us (RBI) has done with similar data from the CPCP project
(Olsen et al., 2018).
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7 Summary

By continuing to analyze the ER-1 core, we expect to gain
further insight into the precise timing of regional late Pa-
leozoic drying and its relationship with the collapse of the
LPIA, ca. 304-280 million years ago. Furthermore, by cor-
relating this new dataset with planned paleontological field
work, we intend to enhance our comprehension of the biotic
impacts resulting from Earth’s last pre-Quaternary icehouse—
hothouse state change. As present-day anthropogenic climate
change threatens to destabilize a multitude of environments,
improvements in our understanding of how major climate
processes have impacted biomes in the past are increasingly
relevant. To this end, the outcome of this study will benefit
climate modelers, policy makers, ecologists, and the many
communities impacted by climate change.
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Abstract. The BASE (Barberton Archean Surface Environments) scientific drilling project aimed at recovering
an unweathered continuous core from the Paleoarchean Moodies Group (ca. 3.2 Ga), central Barberton Green-
stone Belt (BGB), South Africa. These strata comprise some of the oldest well-preserved sedimentary strata on
Earth, deposited within only a few million years in alluvial, fluvial, coastal-deltaic, tidal, and prodeltaic settings.
They represent a very-high-resolution record of Paleoarchean surface conditions and processes. Moodies Group
strata consist of polymict conglomerates, widespread quartzose, lithic and arkosic sandstones, siltstones, shales,
and rare banded-iron formations (BIFs) and jaspilites, interbedded with tuffs and several thin lavas. This report
describes objectives, drilling, and data sets; it supplements the operational report.

Eight inclined boreholes between 280 and 495 m length, drilled from November 2021 through July 2022, ob-
tained a total of 2903 m of curated core of variable quality through steeply to subvertically dipping, in part over-
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turned stratigraphic sections. All drilling objectives were reached. Boreholes encountered a variety of conglomer-
ates, diverse and abundant, mostly tuffaceous sandstones, rhythmically laminated shale-siltstone and banded-iron
formations, and several horizons of early-diagenetic silicified sulfate concretions. Oxidative weathering reached
far deeper than expected. Fracturing was more intense, and BIFs and jaspilites were thicker than anticipated.
Two ca. 1km long mine adits and a water tunnel, traversing four thick stratigraphic sections within the upper
Moodies Group in the central BGB, were also sampled. All boreholes were logged by downhole wireline geo-
physical instruments. The core was processed (oriented, slabbed, photographed, described, and archived) in a
large, publicly accessible hall in downtown Barberton. A geological exhibition provided background explana-
tions for visitors and related the drilling objectives to the recently established Barberton Makhonjwa Mountains
World Heritage Site. A substantial education, outreach, and publicity program addressed the information needs
of the local population and of local and regional stakeholders.

1 Introduction and geologic setting

1.1 The Archean

The Archean eon encompasses the fundamental events of
building a habitable planet, evident from comparing the state
of Earth at the beginning of that eon at 4 Ga and 1500 mil-
lion years later. However, we know little about this critical
time period, such as the temperature and composition of the
oceans and the atmosphere, continental freeboard, nature of
the geomagnetic field, consequences of a high spin rate and
intense solar UV radiation, volcanism, meteorite impacts,
tides, and the role shorelines played as biological laborato-
ries for early life, to name a few (Fig. 1). This is due to a
scarce rock record, considerable degree of deformation and
metamorphism, and poor exposure of existing strata. The few
Paleoarchean marine—terrestrial transitional strata preserve a
unique and potentially valuable record which allows us to
constrain the history of interaction between the geosphere,
biosphere, and atmosphere. This includes conditions of pale-
osol formation, intensity, and type of weathering and pro-
cesses of sediment generation and maturation. The oldest
preserved (microbial) traces of early life on land have a bear-
ing on fundamental geosphere—biosphere interactions such
as the mechanism and degree of nutrient delivery, strategies
of radiation avoidance, and atmospheric composition. Eolian
strata may convey unique environmental parameters such as
local wind strength and atmospheric density, with implica-
tions for aridity and circulatory systems. Lastly, terrestrial
evaporites relate to temperature, evaporation, and groundwa-
ter movement.

BASE (Barberton Archean Surface Environments) set out
to produce a comprehensive data set of unweathered continu-
ous cores from marine—terrestrial transitional strata from one
of the world’s oldest, well-preserved Paleoarchean units, the
Moodies Group of the Barberton Greenstone Belt. The Bar-
berton Greenstone Belt (BGB; Viljoen and Viljoen, 1969a,
b, ¢; Anhaeusser, 1984; de Wit et al., 1992; Lowe et al.,
1999; Lowe and Byerly, 2007; Anhaeusser, 2014) (Figs. 2,
3) of South Africa and Eswatini represents one of the two
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Figure 1. Al-generated visualizations (Image Creator from © Mi-
crosoft Designer, formerly Bing Image Creator) showing surface
environments of the Paleoarchean, inspired by outcrop exposures
from the Moodies and Onverwacht groups of the Barberton Green-
stone Belt (BGB). BASE drilling had the objective to assess
these settings and constraining the environments of early life. Text
prompts to the software read as follows: (a) “An almost flat foggy
dark landscape with a grey pale-orange sky, pale green sea, a sandy
tidal coastline, one volcano, red lava and steam, a tidal estuary and
the moonrise. photorealistic style”; (b) “Lava plain eruption fog
coastline dark no volcanoes”; and (¢, d) “A sandy tidal flat without
mountains with hot springs and pale green microbial mats. Dark;
low moon”.

best-preserved records of the early Earth’s surface environ-
ments, the other being the greenstone belts of Western Aus-
tralia’s East Pilbara Terrane. Strata of the BGB, ca. 3.57 to
ca. 3.21 Ga in age, offer excellent conditions to reconstruct
Paleoarchean (> 3.2 Ga) tectonic processes and surface envi-
ronments.

Because the stratigraphically coherent, mappable strata of
the BGB exposed in good to excellent outcrops have been
studied by numerous industry and government surveys and
academic Honor’s, MSc, and PhD theses, its rocks permit a
deep understanding of local and regional stratigraphy. This,
in turn, allows insights into Archean surface dynamics, e.g.,
weathering and erosion, tides, atmospheric composition and
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Figure 2. Generalized geologic map of the BGB. The inset shows the location in southern Africa. The stratigraphic column to the right
measures ca. 3.7 km in thickness and represents first-order lithology of the Moodies Group strata north of the Inyoka Fault. The area shown

in Fig. 2 is outlined by the grey-dashed rectangle.

Figure 3. Scenery of the central Barberton Greenstone Belt; the
view is along the strike to the northeast. The region is partially cov-
ered by pine and eucalyptus plantations, interspersed by rocky and
grassy hills which in part serve as natural fire breaks.

climate, the record of meteorite impacts, the early biosphere,
and tectonic drivers.
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1.2 Composition, stratigraphy, structure, and
metamorphism of the Moodies Group

The Moodies Group (ca. 3223+ 1 to 3219 +£9Ma; An-
haeusser, 1976, 1984, 2014; Eriksson, 1979; Eriksson et al.,
2006; Heubeck, 2022; Heubeck et al., 2013; Heubeck, 2019;
Heubeck et al., 2022b, and many others) is the uppermost
stratigraphic unit of the BGB. It crops out over ca. 110km
length and 40 km width in the Barberton—-Makhonjwa Moun-
tains range with up to 1700 m relief. Strata reach up to
~ 3.7km in thickness and are dominated by quartzose sand-
stones but locally also include thick sequences of siltstones
and conglomerates. Shales, banded-iron formations (BIFs),
and volcanic units are uncommon. Strata were probably de-
posited within only ~ 1 to 14 Myr (Heubeck et al., 2013;
Heubeck et al., 2022b). They thus constitute a worldwide
unique, very-high-resolution record of Paleoarchean surface
processes, perhaps approximately comparable in overall tem-
poral resolution to many Holocene geologic records.

All strata of the BGB, including those of the underlying
Fig Tree and Onverwacht groups, are tightly folded and cut
by major faults. The metamorphic grade is typically lower-
greenschist facies (Toulkeridis et al., 1998; Tice et al., 2004).
Maximum paleotemperatures from Raman spectroscopy of
organic material reach ca. 320 to 380 °C. Widespread early-
diagenetic silicification preserved microtextures and macro-
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Figure 4. Satellite image (© Google Earth) and geologic map (Anhaeusser et al., 1981) of the northern—central Barberton Greenstone Belt,
showing the drillsite locations. All sites except Site SA and Site 5B lie within about 12 km from Barberton. See the text for site descriptions.

textures in many locations, virtually without strain. Most
Moodies strata are preserved in subvertically dipping or over-
turned limbs of regional-scale (up to 15 km long, up to 5Skm
wide) synclines (Figs. 2, 4; Heubeck and Lowe, 1994b; Lowe
et al., 2012). Regional geologic mapping at the 1:25000
scale has covered the central BGB (e.g., Lowe et al., 2012);
numerous unpublished geologic maps (e.g., Gribnitz et al.,
1961; Herget, 1964; Viljoen, 1963; Biittner, 1983; Paris,
1984; Daneel, 1987; Hose, 1990; Heubeck, 1994; Stuten-
becker, 2014) provide details for areas of special interest. A
fully representative Moodies stratigraphy exists only north of
the greenstone-belt-axial Inyoka Fault because strata south of
that fault are thinner and mostly experienced a higher degree
of hydrothermal alteration (Reimann et al., 2021). All BASE
drill sites are located north of the Inyoka Fault (Fig. 2).

Sci. Dril., 33, 129-172, 2024

2 Scientific objectives

Most outcrops in the BGB, despite appearing fresh, have
been affected by surficial oxidative weathering, the effects
of surface- or near-surface biologic activity (e.g., by en-
dolithic bacteria), and/or near-surface oxic (groundwater) al-
teration. Even seemingly fresh sample locations, usually lim-
ited to steep cliffs and isolated exposures along streambeds,
have been subjected to oxidative alteration. Previous drilling
showed that weathering extends up to ~ 20 m depth. Analyz-
ing short (and usually stratigraphically poorly located) un-
derground drill core provided by producing gold mines along
the northern margin of the BGB has occasionally been suc-
cessful (Hessler et al., 2004; Hessler and Lowe, 2006; Javaux
et al., 2010; Nwaila and Frimmel, 2019), but advanced
and high-resolution geochemical research on mine material
is commonly compromised by poor geographic and strati-
graphic constraints and carries the risk of local hydrothermal
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C. Heubeck et al.: BASE — drilling Paleoarchean coastal strata of the Barberton Greenstone Belt 133

alteration or contamination by drilling fluids (Toulkeridis et
al., 2015).

Analytical work in Moodies strata over the past 20 years,
based on detailed field studies, has identified numerous ge-
ological features related to processes of the Archean bio-
sphere, geosphere, atmosphere, and hydrosphere. These in-
clude extensive microbial mats in tidal and fluvial facies,
concretions and biogenic reaction products in paleosols,
weathering rinds, putative eolian strata, prodeltaic banded-
iron formations, exquisitely preserved microfossils, and de-
tailed reconstructions of shoreline and deltaic processes
(Heubeck and Lowe, 1994a, b; Hessler and Lowe, 2006; Nof-
fke et al., 2006; Javaux et al., 2010; Simpson et al., 2012;
Heubeck et al., 2013, 2016, 2022b; Homann et al., 2015,
2016, 2018; Nabhan et al., 2016a, b; Nakajima et al., 2016;
Stutenbecker et al., 2019; Janse van Rensburg et al., 2021;
Eulenfeld and Heubeck, 2023; Heubeck et al., 2023; see
Heubeck, 2019, for a review). Because of the straightfor-
ward lithostratigraphic correlation possible in Moodies strata
north of the Inyoka Fault between terrestrial, transitional, and
marine Moodies strata, physical, chemical, and biologic pro-
cesses can be traced well beyond the marine record that usu-
ally obscures atmospheric processes.

The drillsite selection was based on previous detailed geo-
logical mapping by Heubeck and his students. Existing re-
gional geophysical data (gravity and magnetics; Burley et
al., 1970; Darracott, 1975; de Beer et al., 1988; de Beer
and Stettler, 2009; Kiitter et al., 2016) are handicapped
by low resolution because the area has a mountainous to-
pography, subvertically dipping strata, strongly varying unit
thicknesses and lithologies, and diagenetic alteration fronts.
Aerial and ground magnetic surveys had been scheduled for
the five drill sites of the BARB International Continental Sci-
entific Drilling Program (ICDP) project conducted in 2011
(Nick Arndt et al.: Peering into the Cradle of Life: Scien-
tific Drilling in the Barberton Greenstone Belt, South Africa,
ICDP Proposal, unpublished, 2009) but were never imple-
mented because geological characterization proved suffi-
cient. Geophysical data will nevertheless be crucial for future
strategic projects intending to constrain the large-scale (e.g.,
shallow or deep, symmetric or asymmetric) structure of the
BGB and to delineate major structural breaks at depth.

The aims of BASE were to study Archean surface environ-
ments which were crucial to forming the foundation of subse-
quent evolutionary, sedimentary, and tectonic processes. Ma-
jor targets of investigations were

1. conformable terrestrial-marine transitions for environ-
mental proxies;

2. diagnostic lithologies (such as various paleosols,
nearshore BIFs, evaporites, and basaltic lavas) for their
environmental significance;

3. the compositional, facies, and morphological variability
of thick and laterally extensive microbial mats; and

https://doi.org/10.5194/sd-33-129-2024

4. sedimentary and mineralogical responses to surface
variables, such as tides, climate, potential meteorite im-
pacts, and radiation.

Principal questions included the following.

1. What were the ecology, 3-D morphology, and
metabolism(s) of abundant (oxygenic photosynthetic?)
microbial mats preserved in minimally compacted
tidal-facies sandstones? Are these properties recorded
in their C-isotope microstratigraphy? What were the
preservation pathways, origins of early-diagenetic
chert, and degrees of thermal overprint? Can we
constrain net O, production rates and the early N cycle?

2. What is the (cyclo)stratigraphic and microfossil record
of fine-grained marine and prodelta sediments? What is
the origin of its clay minerals? How do coastal BIFs and
jaspilites relate to nearby tidal microbial mats? What
does the paleomagnetic record imply about the nature
and strength of the Paleoarchean geomagnetic field?

3. What global surface conditions can be inferred? What
was the redox state (sulfate, redox-sensitive metal iso-
topes), temperature and composition of ocean water, of
early-diagenetic fluids, and of the atmosphere?

4. What can we infer about the role and significance of
terrestrial weathering from proxies of physical and geo-
chemical weathering, the composition of variable pa-
leosols, the architecture of eolian strata, and the traces
of evaporites and microbial metabolism(s) in terrestrial
sediment?

3 Drilling strategy

Site selection

Site selection took place during an ICDP-funded field work-
shop from 5 to 10 October 2017 outside Barberton which
was attended by 48 scientists from 11 countries and 10 local
stakeholders. Sites had to (1) provide information that could
not be obtained from surface outcrops (contacts, unweath-
ered material, facies transitions); (2) record environmental
and geochemical processes related to surface conditions of
the Archaean Earth through key sedimentary and geochem-
ical proxies; (3) be chosen on the basis of significant prior
field studies and laboratory work; (4) minimize structural
complexity and avoid zones of known hydrothermal alter-
ation; and (5) allow technically feasible drilling at economi-
cally reasonable costs.

The full ICDP proposal included detailed site characteri-
zation which spelled out borehole-specific scientific issues,
specific targets, and logistical aspects, along with geologic
strip maps and predicted geologic profiles along the drill
paths. All boreholes were oriented perpendicular to the strike

Sci. Dril., 33, 129-172, 2024




134 C. Heubeck et al.: BASE — drilling Paleoarchean coastal strata of the Barberton Greenstone Belt

of bedding, drilled at an inclination of 45° from the horizon-
tal and against the dip of bedding in order to maximize the
stratigraphic thickness intersected by the borehole. Drilling
in overturned sections was stratigraphically base-up, pro-
gressing from older into younger strata. Because the central
objective of the drilling program was to obtain a continuous
and unweathered core (rather than the identification of fa-
cies from diagnostic sedimentary structures, better done on
outcrop strata), drilling the bulk of the sections was done at
a comparatively thin core diameter (PQ3 = 83 mm diameter
core with a 122.3 mm diameter hole).

The five stratigraphic sections selected for drilling are all
located within a ca. 30 by 20km area close to Barberton
(Fig. 4; Tables 1, 2) and can be stratigraphically correlated
(Fig. 5).

4 Technical operations

4.1 Permitting and stakeholder buy-in

Christoph Heubeck started contacting and briefing local
stakeholders (World Heritage Site administration, mining
companies, local and regional government, and local asso-
ciations) in 2015 and 2016. The briefing was to ensure that
these entities were aware first-hand and early of the scien-
tific and non-commercial objectives of the proposed drilling
program. Stakeholders were invited to and attended the Bar-
berton workshop in 2017. While funding was organized from
2018 through 2021, the coordinator obtained formal letters of
approval from relevant property holders and letters of sup-
port from professional societies and government agencies.
Astrid Christianson at Barberton Community Tourism led a
“grassroots” movement in Barberton by keeping municipal-
ity and district officials informed. Christoph Heubeck held
(usually while conducting yearly field work) public evening
talks to the Barberton Mountain Land branch of the Geo-
logical Society of South Africa, chaired by Chris Rippon.
Drilling was originally planned to begin in winter 2020 to
take advantage of the climate, but obtaining landowner ap-
proval for drilling proved to be more time-consuming than
anticipated. Nic Beukes at the Centre of Excellence for Inte-
grated Mineral and Energy Resource Analysis (CIMERA) in
Johannesburg published a drilling tender, “Scope of Drilling
Services Required”, in June 2021. Bids were received in July,
and a selection was made by a committee in August 2021.

Nic Beukes obtained documents certifying the non-
commercial, tax-free status of the project from the South
African government and set up the accounting infrastructure
at the CIMERA office at the Department of Geology, Uni-
versity of Johannesburg. He also lobbied in Pretoria to have
South Africa rejoin the ICDP.

On 7 and 8 April 2021, approximately half a year prior to
the scheduled start-up, Nic Beukes and Christoph Heubeck
briefed all stakeholders on the objectives and structure of the
drilling program, followed by a field inspection of all eight
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proposed drill sites (Table 1). This also served to clarify prac-
tical questions of access, security, clearing of trees, fencing,
water supply, location of the field office, and crisis protocols.

The Barberton region has had a long history of exploration
for (and mining of) gold from the hydrothermal mineraliza-
tion in deep-reaching subvertical ductile—brittle shear zones,
mostly along the northern margin of the greenstone belt. The
mines make up the economic backbone of the town’s econ-
omy. Many residents are thus familiar with drilling as part
of gold exploration. For these reasons, the scientific, non-
commercial, curiosity-driven nature of this project had to be
made widely known, an unfamiliar concept for many. Be-
cause seven of the eight BASE boreholes were located within
the newly declared Barberton Makhonjwa World Heritage
Site, it was also essential to communicate that this project
was linked to the objectives and philosophy of the World Her-
itage Site. The Education—Outreach—Publicity (EOP) com-
ponent of BASE was large and is spelled out in detail in
the operational report (Heubeck et al., 2024a). The drilling
and scientific crews devoted considerable resources to this
aspect, including a permanent legacy in the form of a new
room added to the Barberton regional museum after the end
of operations.

4.2 Site inspections

Site 1 was located on an active mine property with more than
100 years of continuous operations involving heavy moving
equipment. Site 2A was in a sandy flood retention depression
immediately next to a parking lot adjacent to the paved R40
road. Sites 3A, 4A, 4B, and 4C were on or next to forest roads
in commercial pine and eucalyptus plantations. Sites S5A and
5B were in grassland near an abandoned homestead (Fig. 6).

The Ecological Control Officer (ECO) conducted a base-
line environmental survey for each site, inspected sites using
a previously agreed-upon checklist, inducted drilling staff,
visited the sites during drilling operations to conduct audits,
conducted site visits to clear any remaining issues after com-
pletion of the rehabilitation program, and wrote final reports
on all the sites. (Site 1 did not receive a final report because
its location in a hairpin of a mining road made any changes
moot.) Each site was handed back following a final joint in-
spection by a drilling contractor’s representative, the ECO,
and the landowner’s representative.

4.3 Preparation of core processing and local
infrastructure

Nic Beukes, Christoph Heubeck, and Astrid Christianson
started to actively look for a site to process the core in March
2021. The BIAS (Barberton Iron And Steel Inc.) Hall, a large
former industrial hall in downtown Barberton, caught our at-
tention. The owner, the Department of Arts, Sports and Cul-
ture of Mpumalanga Province, granted free use of about one-
third of the underused central segment of the hall for core
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Table 2. Borehole orientations and depths.

Borehole Final borehole Direction from  Distance from  Borehole tilt from
number position from the true north the origin the horizontal
origin (m) @) (m) (beginning/end)
N W ©)
1A 165.03  346.79 295 384.06 44.7/57.1
2A 180.50  190.90 313 262.72 44.8/49.2
3A 151.74 132.87 319 201.54 44.7/49.9
4A 188.49  149.00 322 240.27 45.8/54.1
4B 24549 108.76 336 268.50 45.4/53.0
4C 236.84 107.75 336 260.20 44.4/52.7
SA 308.16 155.84 27 345.32 45.7/58.7
5B 366.29 87.06 13 376.49 45.0/56.0
Moodies Eurek
Stolzburg Hills Block o' o @ Dycedale Saddleback Striped Hill,
Syncline fg’hrn‘fm"u,r,‘f Syncline Syncline Masenjane
(Luber 2014) 2010, HebL:beck (Grund 2015, Blasing 2015) (Homann th’i,oslsuggqglecker 2014, Block
& g Spenel) Engelhardt 2011)
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S e
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Figure 5. Schematic stratigraphic columns of the Moodies Group, showing the architecture of the Moodies Group and correlation of the
sections (modified after Heubeck et al., 2016).

Sci. Dril., 33, 129-172, 2024 https://doi.org/10.5194/sd-33-129-2024



C. Heubeck et al.: BASE — drilling Paleoarchean coastal strata of the Barberton Greenstone Belt 137

Figure 6. Locations of drill sites (numbered photographs). Site 1 is located in the hairpin turn of a mining road, Site 2 next to a parking lot
of the paved R40 road. Sites 3, 4A, 4B, and 4C are located within commercial plantations, Sites SA and 5B on open grassland.

processing. The hall turned out to be an excellent location
for core processing and outreach.

Christoph Heubeck arrived about a month prior to the start
of drilling to set up accommodation and the processing center
and to speak personally with landowners. Water, electricity,
Internet, and site security were quickly installed in Septem-
ber and October 2021. Nic Beukes arranged for a core rock
saw and associated equipment (tables, a steel cabinet, field
chairs, etc.) to be delivered from UJ stores in September
2021. The front half of our space was set up as an informative
geological exhibition (Fig. 10).

4.4 Initial mobilization, water, accommodation, site
preparation, and crew

The drilling contractor initially assigned two track-mounted
drill rigs (MDX 315 from 15 November 2021, MDX 318
from 26 November 2021) to the task. They were delivered
by flatbed truck to an offloading site as close as possible to
the drill site and then usually driven under its own power to
the drill site along forest roads, up to a distance of a few kilo-
meters. That drill site had been set up a few days before (flag-
ging, limits, safe area, parking, toilets, staffing board identi-
fying responsibilities and contact information, tent; Fig. 7).
Upon arrival of the rig at the site, the geologists marked the
precise drilling direction.

A compact, trailer-mounted Solid Removal Unit (SRU)
was installed at the site to process the drilling mud (Fig. 7e).
The SRU centrifuged the sludge-like cuttings, which were
bagged and removed as solids. They were never studied and
were considered of no use to the project.

The contractor supplied a water truck capable of carrying
5t of water. Each borehole had an assigned water extraction
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point, typically a 15 to 30 min drive away. Water consump-
tion was far higher than anticipated due to the numerous frac-
tures encountered, making more water runs necessary. The
roads, softened by the unusually long and intense rainy sea-
son of 2021/2022, were occasionally too slippery to safely
drive, causing additional delays.

The on-site drilling site manager, together with his rig su-
pervisors, actively searched for crew accommodation close
to the drill sites. SAPPI kindly made some of their forestry
brick houses available. At these sites, the contractor also
parked one or two short containers to store tools, trays, elec-
trical equipment, and occasionally cores.

Each site was cleared of stumps and flammable vegetation.
The site was leveled and delimited with flagging tape; park-
ing, safe area, smoking area, and work area were marked and
the equipment placed and connected. Signs were installed, a
sump was dug, and the toilet was installed. Fifty-five-gallon
drums with secure, clamped lids and oil-absorbent pads were
put ready for oil or solvent spill clean-up. All drums and bar-
rels were placed in a tray. The SRU was installed and hooked
up to the generator.

Each rig was headed by a site supervisor and had a crew
of five with specific functions (operator, rig assistant, scribe,
assistant, safety representative, first aider, snake handler;
Figs. 6-8). Operations, particularly core handling on site,
were done exclusively by the drilling crew; visitors stayed
outside the fenced perimeter. The conspicuous Site 2, next to
the paved road R40 and only a few kilometers from Barber-
ton, was fenced with a construction-site-quality fence by a
local contractor and guarded overnight by security (Fig. 7a).
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Figure 7. Drilling setup at Site 2. (a) Overview of the site: from left, bagged sludge, trailer-mounted Solid Removal Unit (SRU), drill rig
MDX317, and the tressels and workbench for the drill pipes, tented work area, and storage trailer. The entire site is fenced. (b) Site overview.
(¢) Track-mounted drill rig. (d) “Top drive”. (e¢) SRU. (f) Rotary drill bit with a piece of core.

5 Coring and downhole logging

5.1 Coring plan, drilling schedule, and progress

BASE boreholes were drilled using water-based
hydrocarbon-free drilling mud. Drilling at each site
started with PQ3 core size (83mm core and 122.6 mm
hole diameter) to allow installation of surface casing for
groundwater protection. Once the weathered zone had been
drilled through, the casing was set, typically between 60
and 100m depth. Drilling continued from there for some
depth on HQ3 (63.5mm core and 96 mm hole diameter)
before switching to NQ3 (47.6 mm core and 75.7 mm hole
diameter) to improve drilling rates. The contractor’s drilling

Sci. Dril., 33, 129-172, 2024

operations manager decided the depth at which the drill pipe
diameter was changed (Table 3).

The variable core diameters PQ3, HQ3, and NQ3 corre-
sponded to core trays with four, five, and six grooves, re-
spectively, each 1 m long. While trays with four PQ-diameter
cores had to be carried by two persons, the large majority of
core trays handled during processing could be readily han-
dled by a single person because they contained only six half
NQ diameter cores. This significantly eased the workflow.

The core was drilled with conventional diamond-
impregnated bits, giving a core diameter which would fit into
wireline inner tubes (the wireline diamond drilling method).
The core is extracted by sending a wire cable down through
the rod string with a spear-shaped overshot device at the end.
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Figure 8. Core retrieval at Site 2.

Table 3. Drilling and casing plan.

Borehole and rig Casing down PQ3downto HQ3 down NQ2 or NQ3 down to

to (m) (m) to (m) the total depth (m)
BASE 1A (MDX900) 108.44 31.65 108.44 496.85
BASE 2A (MDX901)  138.2 40.9 138.2 367.8
BASE 3A (MDX 317) Lessthan 11  16.65 73.63 280.2
BASE 4A (MDX315) At least 24.15 101.85 340.1
BASE 4B (MDX315)  66.6 28.50 65.9 355.5
BASE 4C (MDX317)  90.84 37.12 92.99 351.49
BASE 5A (MDX901)  107.79 34.46 106.76 451.30
BASE 5B (MDX901)  96.00 17.90 94.71 489.9

This device would clip itself over the swivel head assembly,
essentially a spike at the top of the core barrel. This action
disengages the latches of the inner barrel assembly from the
outer barrel and the drill pipe, freeing the inner tube with the
core inside. Thus, the core barrel could be rapidly winched
up to the surface. Only when the bit needed to be replaced
was the entire rod string brought to the surface (“tripped”).
The initial drilling progress of ca. 5 to 8md~! was far
slower than the contractor had predicted, so that the contrac-
tor assigned a third, new drill rig (MDX 317) on 3 Febru-
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ary 2022. These measures and continuous optimization in
the drilling parameters significantly improved the core re-
covery and drilling rate. However, logistical problems with
moving the rigs between locations due to the low availabil-
ity of flatbed trucks, washed-out tricky roads, and lack of
an adequate water supply, together with the very rainy sum-
mer of early 2022, caused additional delays. Drilling ended
on 26 July 2022, with a total of 3135 m drilled and 2903 m
of core recovered. All scientific objectives of the project
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were achieved; all boreholes had reached their planned total
depths.

Moving rigs between sites from the end of drilling to col-
laring at a new site took approximately 10d, including week-
ends. This included pulling the drilling assembly, flushing the
hole, filling the hole with clean water, conducting geophysi-
cal logging, extracting the surface casing, driving the rig on
its own tracks to a location where a flatbed truck could load
the rig, transferring it to an offloading point, driving it on its
own power to the new site, setting it up there, and properly
orienting the rig.

5.2 On-site core handling

The 3 m long core barrel was laid on tressels and the drill
bit screwed off (Fig. 8). The barrel was opened at its lower
end and its upper end hooked to a cable which was slowly
raised using the winch, causing the core to slide out of the
core barrel under its own weight. The core, usually in sev-
eral pieces and caught by two helpers, slid into a 3 m long
V-shaped angle iron laid on the grooved tressel. All the core
pieces were carefully moved together. The full length of the
core was accurately measured with a steel tape. This length
is the “core recovery” (as opposed to the drilled depth, the
length of which is called the “advance”). Once the core bar-
rel had been emptied, the core was washed and transferred
to a plastic core tray, taking care to maintain the right or-
der and correct orientation of each piece. If the last piece
was too long to fit in the row, it was broken with a hammer
tap. The driller’s depth for each run was demarcated by a
plastic depth-marker block. The driller recorded the end-of-
run depth, drilling advance, and core recovery on this plastic
block and included these numbers in the daily drilling report.

Core was recovered each time the core barrel was full, if
the bit had worn out, or if the water channels in the bit had be-
come blocked. The depths were always calculated on a run-
by-run basis. The core depth was calculated by the “stick-up”
procedure. The data for this calculation were recorded for ev-
ery run, whether it was a full or partial core barrel. The latter
would apply if, for example, the drilling had to be prema-
turely stopped because of a bit failure or water blockage.

Accurate depth measurements were recorded by the rig su-
pervisor in his daily report sheet by adding the lengths of all
rods, couplings, core barrels, shells, and crowns in the hole
and subtracting the length of the rod string protruding from
the hole and above a base reference plate or mark. This sys-
tem worked well.

A drilling rig produced between three and six core trays
per day, amounting to between 12 and 36 m of core. Because
friable cores were particularly susceptible to breaking by vi-
bration during transport, core trays had to be tightly stacked,
covered by a lid, and securely strapped down in the vehicle.
The driver had to drive carefully and take care to avoid the
many potholes.
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5.3 Rock quality

The quality of the drilled cores varied more than antici-
pated for several reasons: (1) the weathering zone was thicker
than predicted, causing the rock to be clayey and friable;
(2) the degree of natural fracturing was higher than predicted;
(3) deep oxidation along fractures and faults reduced rock
strengths, even at depth; (4) the drill crews were inexperi-
enced with this type of rock; and (5) the first cores, already
affected by faults or hairline fractures, were transported over
potholed dirt roads and were not fully secured. This caused
some additional breakage. As a result, a substantial num-
ber of drill cores arrived broken. Such core had to be time-
consumingly rearranged, taped, and marked. The rock qual-
ity index (RQI) was entered into the database to describe an
aspect of rock quality.

5.4 Activities after reaching the total depth; logging

Downbhole geophysical logging was done by Wireline Africa
Inc. A wireline unit logged each cleaned and fluid-filled bore-
hole, usually the day after the rig had pulled the drill string
(Fig. 9a, b). Logging usually took 2d. The final few meters
of casing were left in the hole, and the annulus was sealed
using a viscous bentonite clay mixed with cement. The bore-
hole was then covered by an oval steel cap with the bore-
hole name (Fig. 9¢, d) which was welded on in June and
July 2022. These caps were mounted a few decimeters below
ground level to be completely unobtrusive. At an inspection
in March 2023, no caps or signs of drilling were visible.

After departure of the drilling rig and loading of the re-
maining site equipment, the ground was cleaned and raked
(Fig. 9e, f). Minor spills were taken care of by absorption
material.

6 Scientific operations

6.1 Core handling workflow

We had set up a core processing workflow in BIAS Hall
by stations, arranged clockwise. Each station had at least
one principal attendant, a working area, and a waiting area
(Fig. 10a, b). The regular crew consisted of five scientists
and three operators (Fig. 11).

6.2 Reception, repacking, labeling, mobile Drilling
Information System (mDIS) entry, and photography

After offloading from the vehicle, core trays were briefly in-
spected for completeness and order and stacked by drill site.
Sections and individual core pieces were then moved up to
the last (usually partially empty) core tray of the previous
day. Repacking was done to create a continuum and to avoid
having long empty rows in core trays. The black plastic core
trays were neatly labeled using a white marker (box numbers,
core run numbers, “START”, arrows).
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Figure 9. Post-drilling site operations. (a, b) Logging. (c, d) Site 4B with the cap welded on; the steel grating is yet to be removed. (e) Site 2
with the equipment removed; the site still needs to be raked and the fence removed. (f) Site 4C rehabilitated.

Basic core and section data, e.g., I lengths of each core,
their sections, and their number of pieces were entered into
the ICDP’s mDIS, a database system for capturing and cu-
rating basic data generated during the project’s operational
phase (Fig. 11a). Notably, the mDIS is not based on abso-
lute depth values (which can change during a project’s life-
time due to adjustments) but on “core number” — the “sec-
tion number of the core in the core tray” and “number of a
piece of core within a section”. Only then are core sections
measured and labeled with lengths; the system automatically
adds all section lengths to arrive at dynamic depth values.
Several report forms allow data output in tabular, graphic, or
digital formats and printing of QR code labels for sampling.
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Immediately after repacking, the full core trays were pho-
tographed dry and wet to record presence, core continuity,
and rock quality. The existence of these “book-in” photos
proved helpful later when core segments disintegrated, were
occasionally mishandled, or were misplaced during process-
ing.

The photography station was located on a trolley next to
a lifting frame which had been fabricated from a tripod and
a horizontal outlier, the end of which held a smartphone at
a fixed location and height (Fig. 11d). The trolley could eas-
ily be reoriented to optimize illumination. The core and tray
were wiped clean, and a data bar showing the hole number,
scale, and reference color bar was placed below the core tray.

Sci. Dril., 33, 129-172, 2024
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Figure 10. Workflow of core processing in BIAS Hall. The “reception desk” is visible to the left, staffed by Phumelele Mashele. The
exhibition area and the museum’s ox wagon are visible in the background. Chris Rippon, with his back to the camera, is working on core
orientation, Rod Tucker on basic documentation and fitting. Derick Dludlu and Musa Mavimbela (far right) are slabbing core at the yellow
core saw. Dora Paprika is in front of them, slabbing and labeling the core. The photography stand is out of view to the right. Ryan Tucker is
entering data into the mDIS. The lithology description table in the foreground is usually occupied by Christoph Heubeck.

6.3 Orientation

After returning from book-in photography, core pieces were
taken from their tray and placed on a 4m long V-shaped
angle iron which had been set on nudged bricks between
two tables. The core was rotated and moved together for a
best fit between pieces (Fig. 11b). We oriented core by hand
based on the angle at which the regional bedding inclination
(known from outcrops) intersected the borehole, which was
inclined at 45° below the horizontal. Chris Rippon oriented
all core segments on the angle iron such that the bedding low-
point faced downhole. Where the bedding was poorly distin-
guishable, estimates of proper fits were made from the end
pieces of previous core pieces. Where core was badly bro-
ken, pieces were taped together. Once oriented, a yellow “cut
line” was drawn on top of the horizontally resting core using
a 1 m steel ruler. This defined the left and right halves of the
core. Yellow arrow marks (< < < < <) were drawn on the
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top of the core to indicate the direction to the drill rig. Paral-
lel red and blue lines were drawn on the left and right halves.
Full meter numbers were marked on the outside of the core
in black. The core was returned to its tray and transferred to
the core saw waiting area.

6.4 Slabbing, tray labeling, separation of archive and
working halves, and repeat photography

The core saw operators took a marked core segment from
its tray, shortened it if necessary with a hammer to fit in
the 30 cm long slotted cradle, and placed the core such that
the yellow cut line faced upward. The tray was automati-
cally drawn into the (housed) saw blade by a toothed pulley
(Fig. 11c). An operator retrieved the slabbed core in its cradle
on the other end of the saw blade housing and returned both
halves, still placed next to each other, into the core tray. A
self-made sump with a pool pump, bought from a local hard-
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Figure 11. Stations of core processing in BIAS Hall: (a) re-packing; (b) orientation; (c) slabbing and splitting; (d) photography; (e) data

entry; (f) lithological description and close-up photography.

ware store, circulated water which was laced with a diamond
saw cutting-fluid additive.

Once core from a tray had been completely slabbed, it was
placed on a large table next to an empty core tray. A helper
carefully duplicated all markers from the original core tray
to the other tray using a white permanent marker and added
a “W” (working) and an “A” (archive), respectively, to the
core tray number. Usually, the left half of the split core and
any core pieces too broken to be moved remained in the orig-
inal tray (now labeled “A”: archive). The right half of the
split core was transferred to the new core tray (labeled “W”),
which became the working half destined for shipping to Ger-
many. At this point, both trays also received handwritten la-
bels on the front and depth information on the side. Finally,
and prior to photography, the black full meter markings from
the outside of the core were duplicated on the slabbed core
faces.

Both the archive and working halves and their trays with
the data bar were cleaned and photographed again wet and
dry (Fig. 11d). Then, the tray with the working half moved to

https://doi.org/10.5194/sd-33-129-2024

the storage section, the archive half into the lithology waiting
area.

6.5 Geological core description and close-up
photography

For its initial geological description, a core tray was placed
on a table, illuminated by two high-powered LED desktop
lamps; the core was sprayed with water. A 90° seating ar-
rangement between the describing geologist and the data en-
try operator turned out to be most effective at transmitting the
information while the very noisy diamond saw was running
(Fig. 11e).

Core description used the ICDP’s mDIS. Information
was entered in two categories: lithofacies and special fea-
tures. The lithofacies terminology included lithologic units
(e.g., sandstones, interbedded sandstone-shale couplets, con-
glomerates) combined with specific subsets of sedimentary
structures (laminated, cross-bedded, with microbial mats,
mudchip-bearing, grain size trends, etc.). We attempted to
transfer these terms between boreholes but found that dif-
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ferences in primary depositional facies, degree of weather-
ing and fracturing, cementation, and hydrothermal alteration
were large enough to change lithofacies appearances signifi-
cantly, making new definitions a common necessity. This ap-
proach reduced comparability between borehole lithologies
but allowed detailed recording of subtle lithologic and tex-
tural changes. If workload and core variability allowed, we
identified all lithofacies units > 2 cm in thickness. They dif-
fered from each other by lithofacies, contact type, grain size,
sorting, and/or code from the Munsell rock color chart. Typ-
ical units, however, were 7 to 12 cm thick; unusually thick
units reached up to 40 cm.

The category “Special Features” included non-pervasive
primary sedimentary features of a lithofacies such as iso-
lated clasts of various types and sedimentary structures (e.g.,
mud cracks, mud clasts, rhythmic bedding, shale coatings,
load structures, fluid-escape structures, cross-bedding, ero-
sional scours, slump folds, microbial mats, concretions).
Post-depositional features in this category recorded slump
folds, fractures, faults, veins, and (pyrite) mineralization
which were not or insufficiently included in the defini-
tion of the lithofacies nomenclature (e.g., lithofacies: cross-
bedded medium-grained sandstone; special feature: quartz-
veined). Dora Paprika, our principal data manager, oversaw
the database and kept digital order.

Many close-up photographs of the freshly slabbed and
sprayed core on the lithology description desk were taken
(Fig. 11f). Each photograph included a small handwritten la-
bel stating the borehole, core, section, piece, arrow pointing
in the stratigraphic younging direction, and depth; the stated
depth on that label was always the measured depth which was
marked in handwriting on the core. It constituted the depth
of the label, not of the feature. The text of the label was al-
ways oriented so as to face stratigraphically upward. These
close-up photographs proved to be useful in subsequent core
description.

6.6 Archiving, preparation for shipping, and shipping

Once cores had completely dried again, trays were stacked
about 20 trays high in separate stacks (working, archive). We
checked whether labeling was complete. Inexpensive pallets
were ordered locally. Trays fit snugly on top of each other
such that they immobilized cores. Only the topmost trays re-
ceived a lid. Tight steel band strapping prevented the jostling
of trays during transport.

A total of 29 pallets, each with two stacks of about 12 core
trays each, were shipped to the CGS’s National Core Reposi-
tory in Donkerhoek in August 2022. This archive is the legis-
lated custodian of all geoscience data in South Africa. It pro-
vides accessible, safe storage for the core and is a resource
for future research.

Twenty-eight pallets from the boreholes loaded with 503
core trays plus one pallet with boxed samples from the tun-
nels left Barberton on 30 September en route to Germany and
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arrived at the Berlin Core Repository of the Bundesanstalt fiir
Geowissenschaften and Rohstoffe (BGR), a federal agency,
on 30 November 2022.

The working core is currently stored at the Nationales
Bohrkernlager fiir kontinentale Forschungsbohrungen, Wil-
helmstr. 25-30, 13593 Berlin (Spandau), Germany.

The samples from the probed tunnel sections were shipped
to Jena and processed there. Chips and thin sections are
archived in the departmental archive, care of Christoph
Heubeck.

7 Basic data and preliminary scientific results

7.1 General remarks

The drilling campaign drilled a total of 3135 m, recover-
ing 2903 m of core and yielding a recovery rate of 93 %
(Figs. 12-20). Lost core material consisted of sections in the
weathering zone which were not cored (5-70 m thick) and
core broken due to oxidative weathering or due to extensive
fracturing at depth.

The coring program encountered several surprises.

1. Unexposed strata overlying and underlying the
weathering-resistant Lomati Delta Complex of the
Saddleback Syncline in BASE 4A, BASE 4B, and
BASE 4C did not consist of (deep-water) shale as
predicted, but of friable, cross-bedded tuffaceous
sandstones. This will require a reassessment of facies.

2. Virtually all boreholes encountered a high degree of
fractured rock, resulting in excessive water consump-
tion; oxidation along fractures was encountered up to
250 m depth.

3. The jaspilite unit MdI1 in the Stolzburg Syncline was
found to be significantly thicker at depth than mapped
at the surface (Luber, 2014) because finely interbedded
shale-jaspilite was found to overlay and underlay the
silica-rich central section.

4. BASE 2A encountered a thick association of cobble
conglomerates interbedded with and reworking car-
bonaceous microbial mats, confirming the interpreta-
tions from nearby roadside outcrops (Heubeck et al.,
2016) and supporting previous claims of continental,
not entirely marine sedimentation.

5. BASE 3A, drilling a sandy tidal-flat facies (Homann
et al., 2015), encountered repetitively stacked, ca. —20
—90cm thick, fining-upward genetic units. They con-
sisted of microbial-chip conglomerate at the erosive
base, overlain by massive sandstone, overlain by hor-
izontally stratified and faintly microbially laminated
sandstone, and capped by fully developed “crinkly”” mi-
crobially laminated sandstone.
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Figure 12. BASE 1A drilled 295° from true north and base-up through the eastern, west-facing limb of the Eureka Syncline on the grounds
of Fairview Mine. The borehole spudded in the Sheba Fault Zone at 25°44'2.48" S, 31°5'51.08” E and was drilled from 16 May through
26 July 2022.
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Figure 13. BASE 2A drilled top-down, 313° from true north on the southeast-dipping limb of the Dycedale Syncline. The borehole spudded
just north of the R40 Geotrail “Tidal Sandstone” parking lot at —25.793817° S, 31.083763°E and was drilled from 3 February through

15 March 2022.
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Figure 14. BASE 3A drilled 319° from true north and base-up on the south-dipping southern limb of the NE-SW-trending Saddleback
Syncline. The borehole spudded at 25°49'48.39” S, 31°5/26.88" E and was drilled from 25 November 2021 through 26 January 2022.
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Figure 15. BASE 4A drilled toward 319° from true north and base-up through the overturned southern limb of the Saddleback Syncline.
The borehole spudded at 25°44'2.48” S, 31°551.08" E and was drilled from 17 November 2021 through 26 January 2022.
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Figure 16. BASE 4B drilled toward 336° from true north and base-up through the overturned southern limb of the Saddleback Syncline. The
borehole spudded at 25°51’11.77” S, 31°2'54.81” E and was drilled from 9 February through 23 March 2022.
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Figure 17. BASE 4C drilled toward 336° from true north and base-up through the overturned southern limb of the Saddleback Syncline. The
borehole spudded at 25°51739.38” S, 31°2/3.41” E and was drilled from 11 February through 22 April 2022.
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Figure 18. BASE 5A drilled northward (009°) and top-down on the south-dipping northern limb of the E-W-trending Stolzburg Syncline.
The borehole spudded at 25°54'13.32”' S, 30°50'44.68" E and was drilled from 5 April through 18 May 2022.
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Figure 19. BASE 5B drilled northward (013°) and top-down on the south-dipping northern limb of the E-W-trending Stolzburg Syncline.
The borehole spudded at 25°54'2.80” S, 30°50’49.06” E and was drilled from 3 June through 17 July 2022.
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Figure 20. Legend to Figs. 13-19.

6. Virtually all boreholes encountered some felsic volcanic
tuff (Heubeck et al., 2013, 2022b), but most are very
thin and consisted of off-white fine-grained ash (not ac-
cretionary lapilli); most were slightly to fully reworked.

The preliminary stratigraphic columns of Figs. 12-20 pro-
vide a framework for lithologic and stratigraphic research.
Fault zones, tuffs or tuffaceous horizons, and segments of
abundant microbial mats or of well-developed laminations
are marked. The locations of symbols representing sedimen-
tary structures are approximate. On each log, a thin strati-
graphic column qualitatively illustrates rock quality, thus in-
dicating the extent of weathering near the surface and along
fracture or fault zone networks.

7.2 Brief description of each borehole

Drill site BASE 1A was located in Elephant’s Kloof valley
on the grounds of Fairview Mine, ca. 10 km northeast of Bar-
berton (25°44/2.63” S, 31°5'50.65” E). The borehole probed
the overturned (inner) limb of the arcuate Eureka Syncline
of the northern—central BGB. The drill site had to be moved
from its originally planned location along a mine road due
to space constraints to a stratigraphically lower position in
a wide turnout of a hairpin turn. The hole was collared in
altered schistose ultramafic rocks of the Weltevreden Forma-
tion of the Onverwacht Group in an anticlinal shear zone (lo-

https://doi.org/10.5194/sd-33-129-2024

cally known as the Zwartkoppie horizon of the Sheba Fault
Zone). BASE 1A drilled, after having reached the faulted
base of the Moodies Group at ca. 126 m depth, stratigraph-
ically up-section. Drilling started on 19 May and ended on
27 July 2022, for a total depth of 496.85 m. The true strati-
graphic thickness of cored Moodies strata is approximately
350 m.

This section targeted thick fine-grained siliciclastic strata
of MdS1 and MdS2 in deep-water facies (delta slope tur-
bidites of MdS1 and MdS2, offshore jaspilites and BIFs of
MdI1 and MdI2). These units are also intermittently exposed
in the Clutha Creek drainage ca. 4 km to the north (Christoph
Heubeck, unpublished field notes) and along the slopes and
ridges paralleling Elephant’s Kloof valley. A second target
was the progradational coarsening-upward or shallowing-
upward sandstone complex of MdQ?2, abruptly overlain by
the regional Moodies basaltic lava (MdL2) and in turn over-
lain by jaspilites of unit MdI2 and fine-grained deep-water
strata of MdS2. All targets were reached. The mine geolo-
gists examined all cores before they left Fairview Mine.

BASE 2A (25°47'37.78” S, 31°5'1.50”E) was located
ca. 5km from Barberton next to a parking lot of a geo-
science stop (“Tidal Sandstones”) along the paved R40 route.
This road, the “Geotrail”, winds its way across the cen-
tral BGB from Barberton to the Josefsdal-Bulembu border
post with Eswatini. The borehole targeted a retrogradational
(deepening- and fining-upward) fluvial-coastal-estuarine
section partially exposed on the northern, south-dipping limb
of the Dycedale Syncline, described by Homann et al. (2018)
and Heubeck et al. (2016). This site has spectacular out-
crops in deeply eroded (“badland”-type) friable tuffaceous
sandstones next to the parking lot on grassland slopes ad-
jacent to the drill site and in good but weathered roadside
outcrops north of the drill site; neither of these allows geo-
chemical sampling. The borehole spudded on 3 February and
reached total depth on 15 March 2022. It was drilled using a
tracked rig on its first deployment and drilled for 367.80 m
top-down. The true stratigraphic thickness of cored Moodies
strata is approximately 290 m. This section was of great in-
terest to the paleoenvironment, sedimentary, and life groups:
from base to top, the units included fluvial sandstones with
several intervals of microbial mats in channelized conglom-
erates (“life on land”; weathering rinds on clasts), coastal
(lagoonal, sabkha) sandstones with abundant, partially rock-
forming vadose-zone sulfate concretions (now largely silici-
fied), interrupted by at least one Aridisol (terrestrial weath-
ering) with teepee structures and a single andesitic lava flow
(weathering intensity). These units are overlain by thick es-
tuary sandstones (tidal dynamics) with significant tuffaceous
contributions. Because key marker units known from outcrop
(the top of the thick cobble conglomerate and the 1 m thick
andesitic lava) were encountered ca. 40 m earlier than antic-
ipated from the extrapolation of the surface dip angle, the
post-drill cross section shows numerous out-of-syncline ac-
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commodation thrust faults. At least one such low-angle thrust
fault is prominently visible in roadside outcrop.

BASE 2A was the most conspicuous and visited site of the
drilling campaign; these aspects are described below.

BASE 3A (25°49'48.39” S, 31°5'26.88" E) was located on
the north-facing rocky slope in the central Saddleback Syn-
cline, stratigraphically at the top of unit MdQ1. The bore-
hole had originally been planned ca. 200m further uphill
(further down-section), approximately on top of the ridge,
but had to move downslope (up-section) to the wide dead
end of a forest road on a steep rocky slope to occupy a suit-
able drilling location. From this “platform”, the rig drilled
a 45° inclined borehole in young pine growth in the downs-
lope direction. It spudded on 25 November 2021 and reached
a total depth of 280.2m on 26 January 2022, after having
drilled base-to-top (up-section) through a thick low-relief
tidal platform with abundant signs of microbial life. The
true stratigraphic thickness of cored Moodies strata is ap-
proximately 218 m. The primary objective was to investi-
gate stratigraphic patterns (rhythmicity, stacking) of micro-
bial mats and their sandy host rock, to obtain continuous
sections of microbial-mat-bearing sandstones and to inves-
tigate a thick tidal channel and a ca. 30 m thick unit of abun-
dant calcareous “minimounds” resembling small stromato-
lites within the kerogenous-laminae-laced tidal sandstones
(Heubeck et al., 2023).

All these objectives were reached. The borehole initially
cored slightly gravelly sandstone of a coastal-plain facies (ca.
0-50m) and then reached a sandstone unit (ca. 50-100 m)
of numerous, stacked, ca. 0.2-0.7m thick, fining-upward
units consisting of (base-up) erosionally based microbial-
chip conglomerate, massive sandstone, flat microbial mats,
and tufted microbial mats. A cross-bedded sandstone unit ca.
50 m thick (100-149 m drilled depth) may represent an estu-
arine channel. The “minimound” unit, mapped in the euca-
lyptus plantation at the base of the slope, was encountered at
ca. 199-239m depth. The borehole surprised by its numer-
ous fractures, many of them lined with oxidative halos.

Of all the BASE sites, this core offers the most detailed in-
sight into how early life handled the challenges of exposure,
tides, and abrasion. It is unique worldwide. This section is
of central interest to the scientists interested in early life and
paleoenvironmental conditions.

The three boreholes of Site BASE 4 (A, B, C) inves-
tigated the Lomati Delta Complex (LDC), a wedge-shaped
coarse-clastic body extending over ca. 8 km strike length in
the central Saddleback Syncline, by drilling one borehole
each in its distal (BASE 4A), medial (BASE 4B), and proxi-
mal (BASE 4C) facies. The proximal part of this wedge, ca.
300 m thick, is well exposed as a prominent ridge in grass-
lands southwest of SAPPI plantations; the medial (ca. 150 m
thick) and distal (ca. 12m thick) segments are poorly ex-
posed in extensive, mature pine and eucalyptus plantations
occupying the wide Lomati Valley. The region is easily ac-
cessible by the Ameide Road, a major forestry road along
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the valley axis. The wedge, interpreted as an estuarine delta
complex and named the LDC, was studied stratigraphically,
sedimentologically, and petrographically by Laura Stuten-
becker for her MSc (2014); the results were published in
Stutenbecker et al. (2019). Microbial mats had been mapped
in the distal and proximal outcrop sections, making this
site an ideal candidate for investigating microbial life in a
terrestrial-marine transition zone. The microbial mats in the
distal location drilled by BASE 4A are probably erroneously
identified in outcrop, but microbial mats were newly docu-
mented in BASE 4B and overlying outcrop. Their occurrence
in the proximal outcrops was confirmed by BASE 4C. Ap-
proximately stratigraphically midway in the wedge-shaped
units, a distinct thick yellow tuff provides a sound strati-
graphic marker. Sedimentary structures (mud cracks, mud-
chip conglomerates, cross-bedding, mud coating on ripples,
fluid-escape structures, etc.) abound in outcrop. Overlying
and underlying unexposed and weathering-susceptible strata
had been assumed to be shaly and to represent deep-water
deposits, analogous to stratigraphically equivalent units in
the Stolzburg and Eureka synclines. Preliminary assessment
of the core, however, suggests that these strata represent
highly tuffaceous, poorly cemented sandstones in estuarine
facies. All three boreholes were drilled stratigraphically up-
wards (northwards to northwestwards) but physically down-
wards and at an angle of 45° through the overturned, ca. 70—
75° southward-dipping, northward-younging strata on the
> 3 km thick overturned limb of the Saddleback Syncline
(Heubeck and Lowe, 1994a). Drilling in the fractured, tuffa-
ceous, medium- to coarse-grained tuffaceous sandstones was
accompanied by frequent loss of circulation. As a result,
drilling parameters were occasionally not optimally adjusted.
Long sections of the recovered core, particularly in the fri-
able sandstones, show densely spaced drilling-induced stress
fractures.

The three boreholes at Site 4 were expected to provide
firm proximal-to-distal and marine-to-terrestrial correlations
through a highly dynamic but systematic stratigraphic se-
quence of units to address the questions of microbial life in
the transition zone (exposure to the atmosphere, radiation, re-
silience, metabolism) and basin dynamics (subsidence, sedi-
mentation rates, tides, currents, paleogeography).

BASE 4A (25°49'52.60” S, 31°4'41.69"” E) was the first
borehole of the BASE drilling campaign. The rig arrived on
site on 15 November 2021, and the borehole spudded 2 d later
and reached a total depth of 340.1 m on 26 January 2022. The
true stratigraphic thickness of cored Moodies strata is ap-
proximately 230 m. The rig had to overcome several difficul-
ties: (1) the rig crew was initially inexperienced with the rock
types and the operating parameters required to obtain high-
quality core in friable sandstones; (2) the thickness of the
fully weathered soil zone, assumed to be minor, was ca. 62 m
thick; unweathered core was not reached until 125 m depth
(ca. 90 m vertical depth); and (3) the summer rainy season
was particularly intense. The borehole initially penetrated a
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seemingly monotonous sequence of medium-grained, tuffa-
ceous, horizontal- and cross-bedded friable tuffaceous sand-
stones with thin shale coatings, carrying rare angular shale
mud chips and common white tuff clasts and interbedded
with numerous centimeter-thin (largely aqueously reworked)
air-fall tuff beds. The distal equivalent of the LDC was
encountered between 201.9 and ca. 219m drilled depth.
It is represented by a spectacular repetitive sequence of
very-high-energy coarse-granule sandstone interbedded with
shale—clast conglomerates and some (in-place) mud-cracked
shale beds. In places (e.g., ca. 88—-305 m), green shale lami-
nae, white tuff clasts, and red jaspilite sand grains result in a
colorful sandstone. Rhythmically bedded sandstone—(green)
shale couplets on bedding planes and foresets are common.

BASE 4B (25°51'11.70” S, 31°2/54.70” E) was set up at
the junction of several secondary forest roads just upslope of
(and stratigraphically below) a prominent forested ridge, ca.
1670 m downdip from BASE 4C and ca. 3820 m updip from
BASE 4A. Dirilling started on 9 February 2022 and ended
at 355.5m depth on 23 March 2022. The true stratigraphic
thickness of cored Moodies strata in the borehole is approx-
imately 300 m. Drilling progress was good through evenly
firm rock at ca. 10 to 15md~'. The borehole started cor-
ing after leaving the zone of profound weathering at 27 m.
It penetrated a lithologically similar sequence to BASE 4A.
The high-energy, very-coarse-grained and mudchip-carrying
units extended over ca. 150m thickness (ca. 135-284 m),
with several indications of (reworked?) microbial lamina-
tions. A highly tuffaceous unit, approximately midway in the
target unit, occurred between 175 and 219 m depth. Rhyth-
mic (tidal?) bedding was commonly encountered. The qual-
ity of the core was affected by extensive oxidative alteration
and fracturing between 188 and 288 m and from 315 to 350 m
depth. The reasons for this alteration at significant vertical
depth are unknown; possibly, these are expressions of a wide
alteration zone associated with a brittle shear zone along Lo-
mati Valley, of vertical fractures extending to this depth, or
of a hydrothermal halo surrounding a porphyritic mafic dike
mapped ca. 50 m beyond the location of the end of the bore-
hole in an unusual, approximately bedding-parallel orienta-
tion. Also, the core shows several zones of an unusual, evenly
dark-grey discoloration (e.g., 151-176 m).

The drill site for BASE 4C (25°51'39.40” S, 31°2'3.11” E)
was originally intended to be located in grasslands just out-
side (southwest of) the SAPPI plantation in order to obtain
the best possible correlation with well-exposed sandstone
ridges of the proximal-facies LDC; however, the site was
moved a few tens of meters to the northeast to be located just
within SAPPI property on recently harvested pine plantation
land. This was decided to keep environmental disturbance to
a minimum and to avoid the necessity of negotiations with
the owner MTPA, a provincial state agency. The plantation
stands on the ridge in that section had been recently har-
vested, so that rock exposures were excellent and ubiquitous.
Drilling took place from 11 February through 22 April 2022
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and reached 351.49 m depth. The true stratigraphic thick-
ness of cored Moodies strata is approximately 295 m. The
rock quality was generally good. The base of the LDC was
reached at ca. 105 m; its top is gradational fining-upward and
was not encountered in the core. Key correlative units are as
follows: (1) base of yellow tuff, ca. 25 m thick, at ca. 172 m;
(2) microbial mats, ca. 10m thick, ca. 5m above the top of
the yellow tuff; (3) base of the mud-crack-bearing unit, ca.
10-30 m above the top of microbial mats. Concretions were
recorded between 337 and 349 m.

Site BASE 5 (A, B) cored top-down a ca. 860 m thick sec-
tion; this required two offset boreholes in which the bottom
of BASE 5A correlated with the top of BASE 5B. It targeted a
conformable deepening-upward (transgressive) sequence top
in the eastern Stolzburg Syncline from a fluvial-evaporitic
floodplain at the stratigraphic base to a prodelta facies at the
stratigraphic top (Luber, 2014). The site was chosen to be
located approximately midway between a major, obliquely
crosscutting dolerite dike to the west and the tight curvature
encountered in the fold hinge of the Stolzburg Syncline in
the east; it also attempted to avoid mapped faults of minor
offset and relied on good but weathered and intermittent sur-
face outcrop for stratigraphic and structural control. The true
stratigraphic thickness of cored Moodies strata, combined
from both boreholes, is approximately 740 m. The strati-
graphic base of BASE 5A overlaps the cored stratigraphic
top of BASE 5B by about 20 m (cf. Fig. 28).

BASE 5A (25°54’13.97” S, 30°50'44.83” E) spudded on
5 April 2022 and reached its TD of 451.3m on 18 May. It
started coring at 30 m depth. Basal strata probably overlap
with those at the top of BASE 5B by about 20 m and repre-
sent rhythmically bedded tuffaceous and shaly (green) fine-
grained sandstones with common slump, dewatering, and
load structures. This is indicative of high rates of deposition,
largely below wave base (451-385 m) in a distal delta mouth
bar and upper-prodelta setting. A minor sandy delta lobe
was intersected between ca. 385 m (base) and 320 m (top).
Lower-slope prodelta sedimentation style dominates the re-
maining, overlying section (ca. 320-30 m core depth). Spec-
tacular intervals of rhythmically bedded (e.g., 180-206 m)
and slumped, micro-laminated BIF, jaspilite, and shale oc-
cur between 230 and 290 m. The ferruginous section, strati-
graphically known as MdIl, was significantly thicker than
predicted from its surface exposure of 10 to 15m; it corre-
lates lithostratigraphically with a jaspilitic interval mapped
as MdI1 near 180 m depth in BASE 1A, more than 31 km
to the northeast. The interval 175-295m (MdS1) probably
represents the finest-grained, deepest-water, most distal fa-
cies encountered during the BASE drilling program, along-
side a similarly fine-grained section in BASE 1A at 160—
270 m depth. The true stratigraphic thickness of cored Mood-
ies strata in BASE 5A was approximately 360 m.

BASE 5B (25°54'2.80” S, 30°50'49.06” E) started drilling
on 3 June 2022 and terminated at 489.9 m depth on 17 July
2022. Coring started at 17.9 m depth. The section (base to
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top) begins in tuffaceous, cross-bedded, slightly gravelly
floodplain sandstones with common early-diagenetic silici-
fied sulfate concretions (ca. 500-350 m depth), probably rep-
resenting vadose-zone diagenesis of sulfate-bearing tuffa-
ceous sediments. They contain evidence of microbial sulfate
reduction (“life on land”, Nabhan et al., 2016b). This zone is
overlain by coarse-sandy and gravelly shoreline-facies sand-
stones, ca. 350 to 300 m, possibly interrupted by lagoonal
sediments consisting of reworked tuffaceous (lapilli) silt-
stones (ca. 315-306 m). Overlying thick, green, monotonous
medium-grained tuffaceous sandstones with common load
structures may represent shoreline and upper delta mouth bar
facies with extensive reworking, slumps, load structures, and
shale-free foresets (ca. 306-100 m), gradually grading into
finer-grained sandstones with some rhythmically bedded seg-
ments (150-18 m). Thin shaly jaspilites were encountered at
108 and 93 m depth, the latter reworked as chip clasts. Mi-
crobial mat sandstones were not encountered in either core.
The section is generally rich in tuffaceous material. The true
stratigraphic thickness of cored Moodies strata was approxi-
mately 400 m.

7.3 The tunnel sections

Three tunnels which traverse relevant Moodies strata in the
central BGB at approximately right angles to strike were
made accessible for sampling. They were (1) the Lomati wa-
ter tunnel below Saddleback Hill of the Saddleback Syncline,
ca. 2km south of Barberton (van Wyk, 1985); and (2) the
Ben Lomond (a.k.a. Princeton) and 22-level adits of Agnes
Mine in the Moodies Hills Block, ca. 8 km west of Barber-
ton. The data obtained from those tunnels add significantly to
the stratigraphic extent of unweathered Moodies samples and
can easily be integrated into BASE data. We include a basic
description of this data set in the operational report. A more
detailed description was the topic of two BSc theses com-
pleted in 2023 at the University of Jena under the supervision
of Christoph Heubeck (Seifert, 2023; Bender, 2023). Visual
inspection and point counting of medium-grained sandstones
show that samples from all three tunnels are fresher than vir-
tually all surface outcrop samples above the tunnels. Sam-
ples were relabeled, photographed, packed, and shipped to
the Department of Geosciences, FSU Jena.

7.4 Description of BASE basic data sets

7.4.1 Data sets originating from drilling operations

Table 4 shows an example of the daily Driller’s Report.

7.4.2 Data sets based on the drill core

All basic data sets generated during drilling up to the end
of the second sampling workshop in March 2024 are com-
piled, described, and curated following ICDP conventions
(operational report in Heubeck et al., 2024a; data sets in
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Heubeck et al., 2024b; explanatory remarks to the data sets
in Heubeck et al., 2024c). The basic data sets are avail-
able at https://doi.org/10.5880/ICDP.5069.001 (Heubeck et
al., 2024b). International Generic Sample Numbers (IGSNs)
were assigned to all the holes, cores, sections, and samples
and will be registered. After the expiry of the moratorium on
15 September 2025, 2 years after the end of the first sampling
workshop, all the data sets and IGSNs will become publicly
available.

Photography

BASE photographs are organized by borehole and then by
core tray. All full (unslabbed) cores in their trays were pho-
tographed in wet and dry states unless the core was too
crumbly. Similarly, all working halves and archive halves of
the slabbed core were photographed wet and dry, with a few
exceptions. Each photograph also shows a data bar at its base
(Fig. 21).

At the Spandau core facility, most core trays (containing
five core sections of approximately 1 m each) of BASE 5A,
BASE 2A, and BASE 3A were scanned using a DMT core
scanner to preserve their sedimentary textures in detail. This
generated high-resolution (11000 x 4000 px; ca. 160 MB)
images, which allows 1 : 1-scale printouts of the images with-
out pixelation.

Lithology and structures: conventions, depth, and
lithologic description

Core naming conventions followed ICDP protocol (Expedi-
tion — Site-Hole — Core — Section — Split — Lithology/Facies
Units/Special Geol. Features/Sample).

Expedition  Project name, BASE, 5069
expedition no.

Site One or more boreholes 4
in a specific area

Hole Borehole number A,B,C

Run Drilling run number Run with the core

barrel

Core A single piece of drill core retrieved from the
run (up to 3 m length)

Section A row of core in a core tray or box (up to 1 m
length)

Split A: archive half (to Pretoria)
W: working half (to Berlin)

Advance Run start less run end (hole depths)

Recovery Length of core recovered in a run

Gain/loss Advance — recovery

Depth Drill hole depth below the reference base plate

All depths represent handwritten marked depths (by the
Onsite Geoscience Team) on the core, not the drillers’ depths
marked on the yellow or green plastic blocks. These drillers’
depths usually only deviate by centimeters to several decime-
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Table 4. Daily drilling report (example).
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Date Borehole Reportno. Operator Contract Bitcode Rigno. Machine  Shift
10 June 2022 1A 14571 Thabo Barberton  Grey MDX900 LF90 Day
Run number Units 50 51 52 53 54 55 56
Core size HQ2 HQ2 HQ2 HQ2 HQ2 HQ2 HQ2
Core barrel m 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Quill m 6.00 6.00 6.00 6.00 6.00 6.00 6.00
No. of stands No. 18.00 18.00 19.00 19.00 20.00 20.00 20.00
Odd m 3.00 3.00 3.00
Unit rod length m 6.00 6.00 6.00 6.00 6.00 6.00 6.00
> =total stands m 108.00 108.00 114.00 114.00 120.00 120.00 120.00
> rod strings m 118.00 121.00 124.00 127.00 130.00 130.00 133.00
Stick-up m 245 2.45 2.45 2.45 3.25 2.45 2.45
Hole depth m 115.55 118.55 121.55 124.55 126.75 127.55 130.55
Last depth m 113.90 115.55 118.55 121.55 124.55 126.75 127.55
Drilling advance m 1.65 3.00 3.00 3.00 2.20 0.80 3.00
Core recovered m 1.30 2.35 3.05 2.87 2.20 0.80 3.00
Gain/loss m -0.35 —0.65 0.05 —-0.13 0.00 0.00 0.00
Formation state Broken Broken Solid Solid Solid Solid Solid
Core box no. No. 21 21 21 21,22 22,23 23 23,24
Risk assessment Y Y Y Y Y Y Y
Remarks Broken Broken Solid Solid Solid Solid Solid

ters from measured and marked core depths. We used and ac-
cepted drillers depths, however, where there was core loss or
bad ground. We found that the drillers’ depth and the mea-
sured depth were balanced within a few decimeters at the end
of each borehole, after 280 to 498 m of drilling. Lithologic
descriptions were entered into the mDIS using the predefined
sets of labels described above.

7.4.3 Data sets based on downhole logging

All boreholes were geophysically surveyed (log depth, true
depth, hole tilt and azimuth, axial and polar coordinates)
to check for agreement with planned azimuth and inclina-
tion. We initially intended to do most geophysical logging
(GR, magnetic susceptibility) on the core and thus did not
log the first two boreholes BASE 4A and BASE 3A, except
for surveying. We soon realized, however, that this approach
was erroneous because the fractured and broken core in core
trays would have made laboratory logging difficult or im-
possible. All subsequent boreholes (BASE 1A, BASE 2A,
BASE 4B, BASE 4C, BASE 5A, BASE 5B) were there-
fore logged with GR, magnetic susceptibility, temperature,
caliper, and a borehole acoustic televiewer (ATV) (Tables 5,
6). ATV logging provided continuous, high-resolution ultra-
sound images of the borehole wall for detection and charac-
terization of fracture-network and geologic characterization.
Porosity and resistivity logs were not run because they did
not contribute recognizably to the objectives of the drilling
campaign. The geophysical contractor, Wireline Africa, pro-
vided log data in raw and processed format.
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7.4.4 Geochemical reference data set

All working halves were sampled in January and February
2023 at the BGR core repository in Berlin, Germany, to con-
struct a combined geochemical reference data set composed
of major elements, trace elements, and mineralogy using
X-ray fluorescence (XRF) scanning (Spandau, Brest), XRF
bulk rock fusion disk analysis (Utrecht), and X-ray diffrac-
tion (XRD) on pressed powder pellets (Paris), respectively
(Table 7).
A brief description of each method follows.

1. All cores were scanned using the Avaatech core scan-
ner at the BGR core repository in Spandau. This in-
strument records characteristic X-ray spectra of a ca.
1 cm? sized area for elemental composition. Core sam-
ples were therefore selected about 1 m apart (i.e., about
one sample per core box groove or approximately five
samples per tray) and sequentially arranged in the in-
strument tray. In regions of medium interest, scanning
was done in steps of 5 to 10cm and, in the zones of
highest interest, in steps as low as 3 cm. Measurements
took about 6 weeks of full-time work. Table 7 shows
the chosen intervals of high, normal, and low sampling
density.

2. At the same facility, core was (destructively) sampled
for powdering and bulk rock geochemical analysis. Seg-
ments ca. 10cm long were selected approximately ev-
ery Sm (i.e., approximately one sample per core box)
and slabbed in half, cutting parallel to the core long axis
using a core saw. The unused half of the slab (a quar-
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Figure 21. Examples of core photographs. (a) Slabbed and wet core of box 57 of borehole BASE 2A, showing ca. 2.5 m of core 101, all 3m
of core 102, and 0.4 m of core 103. The stratigraphic top is to the upper left. The data bar provides information about the depth, date, and
staff. (b) Examples of handheld close-up photographs of the same core tray, showing textures of the cobble conglomerate and composition
of individual clasts, mostly latite (“feldspar porphyries”) and chert.

ter core) was returned to the core tray. Selected sam- 3. Whole-rock powders were analyzed at Utrecht Univer-

ples were crushed and powdered by two technicians at
Brest in April 2023. Because the powders were more
voluminous than anticipated, aliquots of the reference
set and some remaining rock chips from the saw cut are
available upon request from Stefan Lalonde (Brest) and
Paul Mason (Utrecht). Amandine Migeon processed the
pressed powders for high-precision whole-rock trace-
element analysis by high-resolution inductively coupled
plasma mass spectrometry (HR-ICP-MS).
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sity for major elements by XRF. Wavelength-dispersive
XRF measurements for major elements were carried out
sequentially using a Thermo Scientific ARL Perform’X
4200W. Loss on ignition (LOI) was measured by ther-
mogravimetric analysis at 1000 °C. Fusion beads were
prepared using 0.6 g sample and 6 g flux consisting of
66 % lithium tetraborate, 34 % lithium metaborate, and
0.5 % lithium iodide.
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Table 5. Logging tools deployed.
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Borehole Gamma ray from Magnetic Borehole fluid  Three-arm  Borehole acoustic
the three-arm caliper  susceptibility temperature caliper televiewer
GRC MSUS GTMP CCO1 ATV
1A
2A
3A
4A
4B . . ° ° °
4C . . . ° °
S5A . . . . .
5B . . . . °
Table 6. Logging depths. where the top of the conglomerate was encountered about
30m earlier than predicted from outcrop data. This offset
Borehole  Steel casing Toplog Logging was interpreted in the BASE 2A post-drill cross section by
to (m) (m) to (m) postulating a series of nearly horizontal, out-of-syncline ac-
1A 108.44 9 496.85 commodation faults, each with a minor offset. At least one
oA 138.2 9 36720 such fault is well documented in roadside outcrop north of
3A 280.20 the drill site (cf. Heubeck et al., 2016; their Fig. 7).
4A 320.01
4B 66.60 9 355.00 Stratigraphic logs
4C 90.84 9 351.49
5A 107.79 9 451.00 The overview lithostratigraphic logs (Figs. 12-20) are based
5B 96 9 48992 on the evaluation of core tray and close-up photographs.

4. Stefan Lalonde wrote MATLAB code to plot large num-
bers of core-scan XRF data points usable for custom
plots, e.g., for choosing a core interval to plot geochem-
ical profiles as high-quality Adobe Illustrator-editable
PDF files.

5. Powders were analyzed for quantitative mineralogy by
X-ray diffraction at the Museum d’Histoire Naturelle in
Paris in May and June 2023.

7.4.5 Borehole and wellsite documentation
Pre- and post-drill geologic cross sections

Detailed geologic maps of the regions around the drill site
had provided the basis for predictive cross sections which
were updated and annotated as drilling progressed. Their
principal purpose was to check the progress in reaching bore-
hole objectives by correlating the stratigraphic sequence en-
countered in the borehole with surface geology. Once to-
tal depth was reached, final cross sections were prepared
(Figs. 22-28).

The final borehole sections generally differ from the pre-
dictive boreholes by showing (usually unexpectedly thick)
weathering zones and much greater stratigraphic detail. They
do not contain major inconsistencies, except at BASE 2A,
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The scale of each log is such that the entire log occupies
a single A3-sized printed page; the vertical resolution is
thus approximately 2 m. Thinner units are not or only se-
lectively represented. Because five of the eight BASE bore-
holes were drilled stratigraphically upwards (base to top), the
depth scale increases upwards on these logs, so that the strati-
graphic column can be displayed in the correct (youngest unit
on top) orientation.

Hyperspectral data set

The three-camera hyperspectral scanner at the Donkerhoek
National Core Storage Facility was used to image the com-
plete core in 2023. The RGB camera provides natural color
images at high spatial resolution, while the spectral cam-
eras provide mineralogical information in the visible near-
infrared (VNIR), shortwave infrared (SWIR), and longwave
infrared (LWIR) electromagnetic spectra. We are currently
trying to make this data set accessible from the BASE ICDP
webpage.

7.4.6 Subsequent analyses

A first sampling workshop was conducted at the BGR
core repository facilities in Berlin—Spandau from 11 to
14 September 2023; it was attended by 41 scientists. Ample
space and favorable weather allowed us to lay out all 503 core
boxes in the spacious parking lot. This made for efficient and

Sci. Dril., 33, 129-172, 2024




BASE — drilling Paleoarchean coastal strata of the Barberton Greenstone Belt

C. Heubeck et al.:

160

Table 7. Locations of the samples and intervals taken for the geochemical reference data set.

Borehole information

XRF scanning

Reference powders

High-resolution

Medium-resolution

Low-resolution

High-resolution

Medium-resolution

Low-resolution

intervals (3 cm intervals (50 cm steps) sampling (ca. sampling (ca. sampling (ca.
steps) (8 cm steps) every 2.6 m) every 6 m) every 14.5m)
Borehole  Drilled Length | Length of Intervals Length of Intervals Length of Total Intervals (m)
depth  analyzed sections  (m) sections  (m) sections no. of
(m) (m) (m) (m) (m) | samples
1A 497 399 27  175to 180, 17 387 to 404 355 37 17510 180, 387 to 404 98 to 175,
404 to 426 404 to 426 180 to 387,
404 to 497
2A 368 264 21 140to 161 39  161to210 204 28 140to 161 161 to 210 104 to 140,
210 to 368
3A 280 269 35 215t0250 234 22 - 215 to 250 11 to 215,
250 to 280
4A 340 264 8 154to 162 256 19 - 154 to 162 76 to 154,
162 to 340
4B 355 150 7 85t092 143 11 - 851092 50 to 85,
92 to 200
4C 350 306 24 208 to 232 282 23 - 208 to 232 44 to 208,
232 to 350
5A 451 411 117 178 to 295 294 64 178 t0 295 40 to 178,
295 to 451
5B 490 460 145 300 to 445 315 46 - 300 to 445 30 to 300,
445 to 490
Total 2523 165 275 2083 250
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convenient sampling on the following days. About 1100 sam-
ples were taken. Documentation for internal use was placed
on the BASE ICDP webpages. For each sample an IGSN was
automatically generated in the mDIS and also printed on the
sample label. All IGSNs for holes, cores, splits, and samples
will be registered and publicly available after the moratorium
period has ended.

8 Conclusions

The project ended slightly under budget because the
education—outreach—publicity activities had been lower than
estimated and because no borehole had drilled beyond 500 m.
Drilling took about 9 instead of the estimated 6 months be-
cause of frequent rig breakdowns in the first 6 weeks of op-
erations and weather-related delays during an unusually wet
summer rainy season. The primary objective, to obtain a sig-
nificant length of continuous and unweathered core through
sections of siliciclastic sedimentary facies changes and per-
taining to the surface conditions of early Earth, was fully
reached. Surficial weathering reached deeper, and fracturing
of the rock was higher than predicted. Initial inspection of
core and logs does not show evidence of major deviations
from predictions but rather confirms and clarifies several as-
sumptions. The project had a high and lasting societal im-
pact.
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Figure 22. Post-drill geological cross section of Site 1 (Fairview Mine, Eureka Syncline).
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Figure 23. Post-drill geological cross section of Site 2 (Dycedale Syncline).
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Appendix A: Glossary

Al Artificial intelligence

BARB Barberton Drilling Project

BASE Barberton Archean Surface Environments
BGB Barberton Greenstone Belt

BIAS Barberton Iron and Steel

BIF Banded-iron formation

CGS Council for Geoscience (South Africa’s national geologic survey)
CIMERA Centre of Excellence for Integrated Mineral and Energy Resource Analysis
DSI-NRF  Department of Science and Innovation, National Research Foundation

ECO Ecological Control Officer
EOP Education—outreach—publicity
FSU Jena  Friedrich-Schiller-Universitit Jena
GR Gamma ray
GSSA Geological Society of South Africa
HSE Health, safety, and environment
ICDP International Continental Scientific Drilling Program
IGSN International Generic Sample Number
KLCBT Kruger Lowveld Chamber of Business and Tourism
LDC Lomati Delta Complex
MTPA Mpumalanga Tourism and Parks Agency
mDIS mobile Drilling Information System
PI Principal investigator
ROP Rate of penetration
SRU Solid Removal Unit
TUT Tshwane University of Technology
uJ University of Johannesburg
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Abstract. Fault slip is a complex natural phenomenon involving multiple spatiotemporal scales from seconds to
days to weeks. To understand the physical and chemical processes responsible for the full fault slip spectrum, a
multidisciplinary approach is highly recommended. The Near Fault Observatories (NFOs) aim at providing high-
precision and spatiotemporally dense multidisciplinary near-fault data, enabling the generation of new original
observations and innovative scientific products.

The Alto Tiberina Near Fault Observatory is a permanent monitoring infrastructure established around the
Alto Tiberina fault (ATF), a 60 km long low-angle normal fault (mean dip 20°), located along a sector of the
Northern Apennines (central Italy) undergoing an extension at a rate of about 3mmyr~!. The presence of re-
peating earthquakes on the ATF and a steep gradient in crustal velocities measured across the ATF by GNSS
stations suggest large and deep (5—12 km) portions of the ATF undergoing aseismic creep.

Both laboratory and theoretical studies indicate that any given patch of a fault can creep, nucleate slow earth-
quakes, and host large earthquakes, as also documented in nature for certain ruptures (e.g., Iquique in 2014,
Tohoku in 2011, and Parkfield in 2004). Nonetheless, how a fault patch switches from one mode of slip to an-
other, as well as the interaction between creep, slow slip, and regular earthquakes, is still poorly documented by
near-field observation.

With the strainmeter array along the Alto Tiberina fault system (STAR) project, we build a series of six
geophysical observatory sites consisting of 80-160m deep vertical boreholes instrumented with strainmeters
and seismometers as well as meteorological and GNSS antennas and additional seismometers at the surface.

By covering the portions of the ATF that exhibits repeated earthquakes at shallow depth (above 4 km) with
these new observatory sites, we aim to collect unique open-access data to answer fundamental questions about
the relationship between creep, slow slip, dynamic earthquake rupture, and tectonic faulting.

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

1.1 TABOO NFO - the infrastructure

The Alto Tiberina Near Fault Observatory (TABOO NFO;
Chiaraluce et al., 2014; Caracausi et al., 2023) is a state-
of-the-art geophysical network, managed by the Istituto
Nazionale di Geofisica e Vulcanologia (INGV), composed
of modern seismological, geodetic, and geochemical stations
placed along an extending sector of the Northern Apennines
of Italy containing fault systems recently activated by a series
of moderate magnitude earthquakes (5 < M, < 6.5; Fig. 1).

The fault system monitored by TABOO NFO is dominated
at depth by the Alto Tiberina fault (ATF), an east-dipping
low-angle normal fault (mean dip 20°; see the topmost sec-
tion in Fig. 1), which, if activated along its entire surface
(60 x 40km, reaching 15km of depth), could generate an
earthquake of magnitude up to 7. It is worth noting that such
an event is not present in the Italian catalog of historical
earthquakes for that portion of the Northern Apennines, and
this range of magnitude can be considered complete for the
past 900 years (Visini et al., 2022).

Along the ATF, in the last 40 years, in terms of instrumen-
tal earthquakes, we have only recorded events smaller than
M,, 3, occurring at a high and almost continuous rate (Chiar-
aluce et al., 2007; Valoroso et al., 2017; Cattaneo et al., 2017;
Vuan et al., 2020), whilst on its hanging wall, along shallower
and minor syn- and antithetic splays dipping at higher an-
gle (up to 45-60°), we detect seismic sequences with main-
shocks reaching up to My, 4.5.

With a mean inter-distance of about 8 km between the sites
(Fig. 2), starting from 2010, TABOO’s multidisciplinary sen-
sors deployed both at the surface and within shallow bore-
holes (<250m) collect near-fault data to capture a very
broad range of signatures related to tectonic deformation
processes. All TABOO NFO’s seismic, geodetic, and geo-
chemical sensors record and transmit in real time, via dedi-
cated Wi-Fi technology. Seismic and geodetic raw data are
discoverable and accessible in standard formats on ded-
icated repositories (e.g., https://eida.ingv.it/it/, last access:
17 June 2024, and https://gnssdata-epos.oca.eu/#/site, last
access: 17 June 2024), while meteorological and geochem-
ical data (Rn, CO») and all the derived multidisciplinary sci-
entific products are discoverable on open-access thematic
portals and accessible via dedicated web services on the-
matic portals (http:/fridge.ingv.it, last access: 17 June 2024,
and https://www.epos-eu.org/dataportal, last access: 17 June
2024).

1.2 ATF system and STAR project

Consistent with the existing TABOO NFO geodetic data
(Vadacca et al., 2016), the interpretation of the seismic
reflection profiles provided by the CROP03-NVR survey
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(Crosta Profonda Project Near Vertical Reflection; Pialli
et al., 1998; Pauselli et al., 2006) shows that a signifi-
cant amount of Neogene—Quaternary extension within the
Northern Apennines brittle upper crust is accommodated by
a system of east-dipping LANFs (low-angle normal fault)
with associated high-angle antithetic structures. The ATF
is the most easterly and most recently formed among the
LANFs contributing to the distributed faulting responsible
for a significant portion of the documented tectonic exten-
sion within the Apennines belt. A long-term aseismic slip
rate of 1.7mmyr~! is reported by geodetic data, contribut-
ing to the total amount of 3 mm yr~! of extension ongoing in
this sector of the Apennines (Anderlini et al., 2016).

Existing data from TABOO NFO support the hypothesis
that portions of the ATF creep aseismically.

Seismicity data reveal microseismic release at a consis-
tently high rate occurring along the ATF plane, including
repeating earthquakes (REs; Valoroso et al., 2017; Vuan et
al., 2020). A steep gradient in crustal velocities measured by
GNSS (Vadacca et al., 2016) and interpreted as the signature
of creeping occurring below 5km of depth along the ATF
plane and transient motion detected by GPS arrays lasting for
a few months and coinciding with seismic swarms (Gualandi
et al., 2017).

Recent studies document that any given patch of a fault can
creep, nucleate slow earthquakes, and host large earthquakes
(e.g., Iquique earthquake, Ruiz et al., 2014; Tohoku earth-
quake, Kato et al., 2012; and Parkfield earthquake, Veedu
and Barbot, 2016). The hypothesis that a fault patch would
switch from one sliding mode to another is contrary to or-
dinary theory. Thus, these observations are forcing a revolu-
tion in our way of thinking about how faults accommodate
slip. However, the interaction between creep, slow, and reg-
ular earthquakes is still poorly documented by observation.

With STAR (strainmeter array along the Alto Tibe-
rina fault system; https://www.icdp-online.org/projects/
by-continent/europe/star-italy, last access: 17 June 2024),
a project co-founded by ICDP, NSF-US, and INGV, we
aim to collect the data required to address these topics. By
installing a set of six strainmeters that will be part of the
existing TABOO NFO infrastructure, STAR will provide
unique open-access data to answer fundamental questions
about the relationship between creep, slow slip, dynamic
earthquake rupture, and tectonic faulting. The strainmeter
array (STAR) instruments can resolve the full horizontal
strain tensor for deformation on the order of the nano-strain,
with temporal sampling (> 20Hz) shorter than timescales
typically explored by GNSS. TABOO NFO instrumentation
will thus resolve the spatiotemporal pattern of slip on the
ATF with sufficient resolution on timescales (minutes to
days to months) that appear to characterize transient aseis-
mic slip worldwide. Our goal is to obtain high-resolution
observations of deformation processes to better understand
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Figure 1. Map of the sector of the Northern Apennines, currently extending at about 3 mm yr—
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in the NE-trending direction. The southern

portion was hit both recently and in historical times (light-blue squares represent historical earthquakes from CPTI15; Rovida et al., 2022)
by a series of moderate magnitude earthquakes. From south to north, the seismic sequences are L’ Aquila, 2009 (dark blue); the most recent
2016-2017 central Italy sequence (yellow); Norcia, 1979 (celestine); Colfiorito, 1997, and Gualdo Tadino, 1998 (blue); and Gubbio, 1984
(light blue). These sequences activated a 150 km long extensional fault system over the last 25 years. The TABOO study area is located
north in the region highlighted in green where, differently from the southern area, we have no large historical earthquakes and a continuous
release of microearthquakes with no events larger than M 4, occurring along an east-dipping fault at a very low angle (15-20°). This large
and misoriented fault continuously generates microearthquakes along a structure dipping in the opposite direction relative to all the other

segments activated during the large seismic sequences (see cross-sections).

the physical processes that enable both seismic and aseismic
slip on a single fault patch, with potentially revolutionary
implications for seismic hazard and risk assessment. More-
over, given the very local scale of our observatory network,
we may bridge the gap between laboratory and natural-scale
observations. Each observatory site is also equipped with
surface GNSS, meteorological instruments, and additional
seismic sensors. Moreover, the two deepest boreholes host
fiber-optic cables for temperature and strain. Four out of six
holes host pressure transducers to correct the strainmeter
data.

An additional motivation for STAR is the presence in the
ATF system volume of deep fluid circulation. The observed
flux of natural CO; in central Italy, where the ATF is located,
is comparable to that from worldwide active volcanic sys-
tems, making the ATF an ideal site for studying the rela-
tionship between fluids that move from the whole crust to-
wards the atmosphere (e.g., Italiano et al., 2009), seismicity
pattern, strain, and faulting. The existence of fluid transport
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processes is supported, as already highlighted, by the evi-
dence that within deep boreholes drilled in this area and lo-
cated in the ATF footwall (Pieve Santo Stefano 1 and San
Donato 1; Fig. 2), fluid overpressure (CO;) at about 85 %
of lithostatic load has been encountered. In addition, the iso-
topic signature of fluids emitted in many local springs with
gaseous emissions indicates that the whole area is affected
by an extremely large flux of CO, from a deep source (e.g.,
Rogie et al., 2000; Chiodini et al., 2004; Italiano et al., 2009).
The over-pressurization from below by deep derived CO» is
proposed as being one of the primary triggering mechanisms
of the Apennines earthquakes (Chiodini et al., 2004). That is
why TABOO hosts four Rn and four CO, geochemical sta-
tions (Caracausi et al., 2023) that measure the output of these
volatiles at high frequency and monitoring the high flux of
CO» gas emissions at low frequency in order to investigate
the sources of fluids (mantle vs. crust) and how secondary
processes (e.g., rock—water—gas interaction) during the trans-
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Figure 2. Map of TABOO NFO infrastructure and station distribution with respect to the ATF (blue line) and Gubbio fault (red line).
Orange triangles are seismic stations deployed at the surface and within shallow boreholes. Blue squares and turquoise pentagons are GNSS
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boreholes are reported with yellow hexagons. The six observatory sites (STAR project, TSM1 to TSM6) are instead represented as black
upside-down triangles. Figure generated with GMT (Generic Mapping Tools).

port and storage of the fluids within the crust can modify the
chemistry of the fluids (Ventura Bordenca, 2020).

Thus, with the new observatory sites, TABOO NFO will
acquire novel high-precision data, allowing for a quantita-
tive characterization of ATF creep (~ 1 mm over < 1 km),
enhanced monitoring of microseismicity (below M. 0.5),
and investigation of possible correlation between degassing
(CO2, Rn) measurements and subsurface deformation. Such
unique near-fault data may illuminate the spatiotemporal
characteristics of creep on the ATF, permitting detailed anal-
ysis of potential stress interactions with the overlying hang-
ing wall faults known to host larger earthquakes. The inter-
disciplinary observations are needed to address key questions
of global importance in the seismic hazards and risk assess-
ment community about the physics that allows for both seis-
mic and aseismic slip on a single fault patch.

After presenting the field campaigns, we give an overview
of the new strainmeter and seismometer data, showing how
they enable us to detect dynamic and static strain otherwise
missed by other existing in situ instruments.

Sci. Dril., 33, 173-190, 2024

2 STAR field campaign

2.1 Site selection

The six boreholes of the STAR project (Fig. 2) were drilled
in northern Umbria, in an area between the High Tiber
Valley, bordered by the east-dipping ATF, and the western
flank of the main ridge of the Umbria-Marche Apennines, a
NE-verging, arc-shaped foreland fold-and-thrust belt, repre-
senting the eastern part of the Northern Apennines of Italy
(Fig. 3a; Barchi, 2010).

The NNW-SSE-trending compressional structures (folds
and thrusts) of this region were formed in the Late
Miocene (Tortonian—Messinian age) and involve a Jurassic—
Paleogene carbonate succession (Umbria-Marche succes-
sion; e.g., Cresta et al., 1989), deposited on the south-
ern (African) margin of the Western Tethys, overlain by
a thick succession of Neogene turbidites, marls, and sand-
stones, deposed in the foreland ramp and in the foredeep of
the syntectonic, foreland basin of the Northern Apennines.
The compressional structures are cut and displaced by later
(Late Pliocene—Quaternary) normal faults, responsible for

https://doi.org/10.5194/sd-33-173-2024
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and B-B’ illustrate the geometry at depth of the major, contractional and extensional, tectonic structures affecting the study area, relative to
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major seismic marker. Figure modified from Mirabella et al. (2011).

the present-day seismicity of the region, whose study and
characterization are the main objective of the STAR project.

In the central part of the area, the Mesozoic carbonates
are exposed at the core of the prominent Gubbio anticline,
whose back limb is downthrown by the SW-dipping Gubbio
fault, representing the most important antithetic splay of the
ATF (e.g., Mirabella et al., 2004, 2011).

The stratigraphy of the six boreholes and their location
with respect to the main geological structures are summa-
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rized in Table 1 and illustrated in the geological section of
Fig. 3b.

Two sites (TSM1 and TSM2) were drilled across the late
Mesozoic—early Tertiary carbonates, cropping out along the
crest of the Gubbio anticline, which represents the maximum
structural culmination of the study area. All the other wells
were all drilled in the Neogene marls and sandstones: TSM4
is located at the ATF footwall block, west of the Tiber Val-
ley; TSM2 and TSM6 were drilled in the ATF hanging wall

Sci. Dril., 33, 173-190, 2024
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Table 1. List of key depths for the six boreholes.

Site 219 mm 190.5mm 177.8mm  Bottom of hole
conductor drilled casing (152.5 mm
casing depth  depth depth below casing)

TSM1 9m 99m 99m 133m

TSM2 9m 97m 97m 160.9m

TSM3  9m 32m 32m 80m

TSM4 8m 79.4m 79.4m 100.5m

TSMS 7m 82.4m 82.4m 117m

TSM6 8m 79m 64 m 1155m

block, in the northern part of the study area; and TSMS was
drilled in the northeastern part, close to the western flank of
the Umbria-Marche ridge (Fig. 3b).

Within the ATF seismicity, we observed that REs occur
within the geodetically recognized creeping portions of the
ATF, around an apparent locked asperity located in the north-
ern portion of the fault placed between the settlements of
Citta di Castello and Gubbio (Valoroso et al., 2017; Anderlini
et al., 2016). The rate of occurrence of REs has also been ob-
served as synchronous with hanging wall swarms, suggesting
that creeping may guide strain partitioning in the ATF system
(Vuan et al., 2020). In detail, the seismic moment released
from the ATF seismicity only accounts for about 30 % of
the observed geodetic deformation, confirming the need for
aseismic deformation (Gualandi et al., 2017). This implies
that the ATF seismicity pattern is consistent with a mixed-
mode (seismic and aseismic) slip behavior (as defined by
Avouac, 2015). As pointed out above, the occurrence of slow
and fast earthquakes on the same fault patch has revolution-
ized our thinking about how faults accommodate slip. How-
ever, the interaction between creep, slow, and regular earth-
quakes is still elusive, primarily due to the dearth of high-
resolution observations across the spectrum of slip phenom-
ena. In this context, the ATF is a particularly fruitful location
for such an investigation at the local scale, as demonstrated
in Gualandi et al. (2017), where the dense GNSS network al-
lowed for the detection of a very small amplitude transient
deformation signal, correlated in both space and time with
an intense seismic swarm (maximum My, 3.7) that occurred
in the ATF hanging wall in 2013 (Vuan et al., 2020). Thus,
the northern portion of the ATF that hosted the aseismic de-
formation, located primarily in the footwall of the antithetic
(SW-dipping) Gubbio fault (Fig. 2), was identified as a STAR
target zone for drilling and instrument deployment.

2.2 Drilling operations

We drilled the six 80—160 m deep boreholes surrounding the
creeping portion of the ATF (named TABOO borehole strain-
meter, acronym TSM1-6; see locations in Fig. 2), to deploy
Gladwin Tensor strainmeters and short-period seismometers,
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in a two-step fieldwork campaign: during the fall of 2021 and
spring of 2022.

Boreholes were drilled using a Casagrande C8 rig using
mud rotary drilling. Mud was made using a polymer drilling
fluid. The preferred method of drilling a strainmeter borehole
is to use an air hammer for the cased section of the borehole
and an air rotary for the open section of the borehole. Tra-
ditional bentonite mud can be difficult to clean out of the
borehole and can leave a thin layer on the walls of the bore-
hole, which can prevent the strainmeter from properly cou-
pling with the host rock. Using the polymer drilling fluid al-
lowed for a smaller drill rig while enabling complete flushing
of the borehole.

Boreholes are drilled in two phases. Phase 1 consists of
drilling to 7-9 m and setting 219 mm conductor casing to pre-
vent loose surface material from falling into the borehole. Af-
ter the conductor casing is set, a 190.5 mm section is drilled
to a depth where the rock appears to be stable (32-99 m). Af-
ter reaching our casing target depth, the drill rod is removed,
and 177.8 mm steel casing is lowered into the borehole. Be-
fore casing, the inclination of the borehole was checked us-
ing an EZDip inclinometer, with a goal of maintaining no
more than 5° vertical deviation. The casing protects the bore-
hole from collapsing and is critical for the installation of the
strainmeter. After the casing is installed, the anulus was ce-
mented using Portland cement. After the downhole work is
complete, the casing is used as a stable GNSS monument.

Phase 2 of the drilling uses a 152.5 mm tricone drill bit to
drill down to the installation zone. While the boreholes are
being drilled, the operation is closely monitored. We look for
excessive vibration, changes in drilling speed, and water pro-
duction. These can indicate fractures or changes in lithology.
We also collected cutting samples every 9 m. Once we had
passed through several sections of what appears to be consis-
tent material (smooth drilling and lack of water production),
we stopped drilling and prepared to log the hole. Before log-
ging, the borehole is flushed with clean water while moving
the drill rod up and down. Water is sampled until polymer
is no longer be detected. After the borehole was cleaned, we
ran geophysical logging gear in the open borehole.

2.3 Downhole logging

Upon completion of the drilling operations, a suite of down-
hole logging measurements was performed in each borehole.
The main purpose of these acquisitions was to select the most
ideal section of rock formation to deploy at depth seismome-
ters and strainmeters. The selected interval had to be as sta-
ble as possible with unfractured, competent rocks and with a
very smooth borehole wall for coupling between instruments
and rock formation. Thus, it was crucial to detect fractures/-
faults and weak zones intersecting the boreholes as well as
their spatial distribution, characteristics, and connection with
the geological structures mapped on the surface. Therefore,
knowledge of petrophysical properties of drilled rock forma-
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Table 2. Depth interval recorded by downhole logging sondes for each STAR borehole.

Site Gammaray Acousticimage Optical image Full wave sonic E-log Fluid temperature Caliper

(GR) (ABI) (OBI) (FWS) (Res and SPR) conductivity (CAL)

(FTC)
Downhole logging interval (m)

TSMI 0.9-132.5 97.8-132.4 98.4-132.0 97.0-132.0 - 1.8-133.3  96.1-130.7
TSM2 1.3-159.5 92.7-159.6 96.2-147.0 144.5-159.0 - 2.1-160.3  96.7-157.9
TSM3 1.1-79.9 31.6-79.9 30.9-79.4 33.0-78.0 33.0-78.0 1.8-80.8 29.4-77.8
TSM4 0.9-99.4 79.7-100.3 - 81.9-100.6 77.2-100.2 1.7-100.3  79.7-100.3
TSMS5 0.7-116.2 82.2-117.1 79.5-117.1 80.7-117.5 80.1-116.9 1.5-117.0  82.2-117.1
TSM6 1.1-116.9 62.8-116.1 - 61.3-116.4 60.4-117.4 1.9-117.8 62.8-116.1

tion (i.e., Rider and Kennedy, 2011; Pierdominici and Kiick,
2021) became key parameters for deep subsurface character-
ization, especially because no core material was available for
further and more detailed geomechanical and structural anal-
yses in laboratory.

Downbhole logging measurements were acquired in fall
2021 and summer 2022 by a logging contractor (GEOLO-
GIN). All six shallow boreholes were logged by slim-hole
sondes (Table 2), and the following downhole measure-
ments only cover the open hole (OH; uncased): acoustic tele-
viewer (ABI), optical borehole imager (OBI), full waveform
sonic (FWS), E-log (resistivity, Res, and single-point resis-
tance, SPR), fluid temperature conductivity (FTC), three-arm
caliper (CAL), and total gamma ray (GR). The latter also ran
in the cased hole (CH; Fig. 4). All logging measurements
were depth-matched using the gamma ray as the reference
logging present in all sondes.

Within this paper, a brief and preliminary analysis of
the downhole logging data is presented (Table 3), which
will be the main focus of a separate contribution. Down-
hole logging in the OH carbonate units of boreholes TSM1
(Fig. 4b) and TSM2 (Maiolica and Scaglia Rossa forma-
tions) shows no significance in the gamma ray (values less
than 15 cps). P- and S-wave velocities have mean values of
53 and 2.9kms™!, respectively, for the Maiolica formation
(TSM1) and 4.8 and 2.5 km s~ ! for the Scaglia Rossa forma-
tion (TSM2). E-log has been not executed due to time con-
straints. In the sandstone—marly units (Marnoso-Arenacea
formation), encountered in three boreholes (TSM3, 4, and 6),
the gamma ray measurements provide higher values (about
80-100 cps), which are mainly correlated to marly intervals.
In these three boreholes, P-wave velocities are similar, with
values between 3.0 and 3.4kms™!, as are the S-wave ve-
locities, which show constant values of about 1.9kms~!. E-
log shows values less than 20 2m (Res) and 80 2m (SPR),
with the exception of the TSM3 borehole, where a very
hard and competent interval was encountered. In TSMS5, the
hemipelagic marls of the Schlier formation are characterized
by a high gamma ray (mean value of 80 cps), by an aver-
age P- S wave velocity of about 3.5 and 1.9kms™!, and by
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low Res and SPR values. All six boreholes show fluid tem-
peratures (T') between 12 and 10 °C. The fluid conductivity
log (COND) has revealed values between 380uScm™! in
the carbonate formations of TSM1 and 694 uS cm™! in the
Marnoso-Arenacea formation of TSM4. The high value of
COND recorded in TSM4 was ascribed to the proximity of a
local spring (Fig. 4b, Table 3),

The televiewer and optical imager tools have delivered
high-resolution images of the borehole wall. OBI was not
performed in TSM4 and TSM6 boreholes. The televiewer
sonde provides two 360° color-coded unwrapped images re-
flecting the roughness and shape of the borehole wall and
its acoustic properties (Zemanek et al., 1969; Pierdominici
and Kiick, 2021). The analysis and evaluation of the OBI and
ABI images allowed us to detect orientation and geometry of
structures such as open or filled fractures and bedding planes
but also additional geological features such as stylolites and
cherts (Fig. 4c). Open and filled fractures were distinguished
using purely OBI images, except for TSM4 and TSM6. For
these two boreholes, the distinction between open and filled
fractures was based on comparison of AMPL and TT images.
Well-developed fractures visible in both images were classi-
fied as open, whereas those visible only in the AMPLs were
defined as filled. Both fractures have on average a higher dip
angle (Table 4) with a mean orientation of around NE-SW,
while the bedding planes show a generally low dip angle and
similar orientation.

The logging evaluation enabled the identification of inter-
vals at depth not affected by fractures or weak zones that
could affect the deployment of the instruments but especially
the acquisition of seismic and deformation data.

2.4 Instrumenting

The primary STAR instrument is the Gladwin Tensor Strain-
meter (GTSM). This instrument uses a capacitance bridge as
a strain gauge to measure changes in length across a sens-
ing volume. There are four horizontal strain gauges. The up-
per three gauges are oriented 120° from each other. The last
gauge is 90° from the second gauge and 30° from the other
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Figure 4. Downhole logging measurements executed in the borehole TSM1. (a) Lithological column with associated GR log acquired in
both CH and OH. The GR shows a low signal in the carbonate rock (Maiolica formation) and higher values at the Marne a Fucoidi formation,
especially between 60 and 70 m, where the GR reaches the highest values (around 60-70 cps) due to the higher clay contribution. (b) Geo-
physical logging measurements only in the OH: optical imager (OBI); borehole televiewer with amplitude and travel time images (Ampl and
TT, respectively); Vp and Vs obtained from the analysis of the FWS, fluid temperature, and conductivity (7 and Cond, respectively); and
borehole geometry that includes the caliper (CAL) of the borehole calculated from TT, the hole azimuth (HAzi), and tilt from the three-arm
caliper sonde. (¢) An enlargement showing the geological structures identified on the borehole images. The tadpoles display their dip (colored

dot) and dip azimuth (black tail).

Table 3. Geophysical properties of the rocks.

Sites ICDP ID GR Vp Vs RES SPR T COND

cps kms! kms! Qm Qm °C uS em~!

CH OH

TSM1 5070_1_A 1794133 84+44 53+£03 2940.1 - - 123+0.6 380.9+39.9
TSM2 5070_2_A 11.7+£54 134+56 48+02 25£05 - - 147£13 456.4£61.5
TSM3 5070_3_.B 61.5+127 1042+159 32+£02 1.8+£0.1 292447 1043£104 13.6+£0.2 451.6 7.4
TSM4 5070_1_A 61.5+10.0 85.1+132 304+02 19+£0.1 8.6+1.0 422+46 162+03 694.3+£91.7
TSMS5 5070_5_A 48.6 £8.7 81.2+93 35£02 19+£0.1 11.5+£32 534+72 16507 634.0+8.2
TSM6  5070_6_A 624192 99.9+10.5 34+03 19401 192441 70.1+139 16704 584.0+£1879

two. This provides redundancy if a gauge fails. For proper
coupling, the GTSM needs to be installed in competent rock
without fractures and below any active aquifers. Once the
suitable installation zone is selected based on the logging
analysis, the borehole is prepared for installation. If the in-
stallation zone is more than a meter above the bottom of the
borehole, it has to be lifted with Portland cement. If it is less
than a meter above the bottom, gravel is used.

Sci. Dril., 33, 173-190, 2024

To properly couple the GTSM to the host rock, we used
a cement able to expand. The preferred grout is BASF Mas-
terFlow 1206 expansive grout (0 %—0.2 % expansion). The
grout is mixed in a standard mortar mixer until completely
hydrated with no lumps (20 s flow cone test). The grout is
transferred to a dump baler. This is a 10.15 cm ID aluminum
tube (9—12.5 m depending on rig tower height) with a valve
on the bottom. The valve is opened when the baler hits the
bottom of the borehole. The grout is released with minimum
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Table 4. Structural analysis from OBI and ABI image logs.

181

Sites Open fractures ‘ Filled fractures ‘ Bedding planes

strike dip | strike dip | strike dip
TSM1 N3203+18.6 24.0+19.5 | N119.9+26.6 30.84+20.5 | N328.24+08.4 8.0£4.5
TSM2 N331.1+10.1 469+17.8 | N129.34+08.8 50.3+14.5 | N327.6+01.7 27.3+8.6
TSM3 - - - - - -
TSM4 N126.6+244 3284125 | N076.9+20.1 344+159 - -
TSM5 N325.84+06.7 484+17.0 | N130.5+07.1 3584179 - -
TSM6 N3509+16.7 36.7+19.6 | NO31.0+154 27.5+13.2 | N047.94+02.1 7.0+5.3

mixing with the fluids in the borehole. After the baler is re-
moved from the borehole, the GTSM is lowered inside the
hole using the same cable that carries the signal. Once the
GTSM is lowered to the installation zone, its cable is tied
off to the wellhead, and the installation equipment is cleaned
up. No downhole work is done for the next 24 h to allow the
grout to set.

The secondary instrument installed in the borehole is a
three-component 2 Hz seismometer (see installation interval
in Fig. 5), lowered on 50 mm PVC pipe. A section of slotted
PVC is placed above the seismometer to sample an aquifer
that is located using the geophysical logging data, usually
9-15 m above the seismometer. The seismometer is lowered
until it reaches the top of the strainmeter grout. It is then
pulled up by 1 m and finally cemented using the PVC pipe.
The amount of cement is calculated to come up to the screen.
The PVC is flushed with water to clear out the screen. TSM 1
and TSM2 also have a loop of fiber-optic cable attached to
the PVC pipe. Cement is allowed to cure until the next day.
The final borehole work involves placing a sand pack around
the screened section and a bentonite seal above the sand. Af-
ter the bentonite hydrates, the hole is cemented up to the sur-
face.

The top of the borehole is completed with an adapter and
GNSS antenna. After several weeks to months, the water
level is measured in the PVC tube. A pressure sensor is low-
ered in the PVC 3-4 m below the water level. Surface sen-
sors include rain and barometric pressure sensors and a seis-
mometer.

In Table 5 we report the key depths of the strainmeters and
seismometers at installation.

3 Data acquisition

3.1 Strainmeters

Currently, about a year after installation, all strainmeters
demonstrate signs of proper functionality. Following instal-
lation, initial grout curing transitions toward long-term bore-
hole “relaxation”, which typically manifests as a logarithmi-
cally decaying areal compression that persists through the
lifetime of the station (Gladwin et al., 1987; Fig. 6). On the
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Figure 5. Schematic of the hole showing the strainmeter deployed
in the deepest portion of the hole with the seismometer on top (see
on the right side for details). The schematic also reports the adopted
drilling techniques (see left side for details). The curved blue line
represents the fiber-optic cable deployed only in the two deepest
holes (see text for details).

timescale of hours to days, the strainmeters respond to earth
body tides and ocean loads, as well as atmospheric pressure
changes, rainfall or groundwater flow (Fig. 6). The instru-
ments likewise demonstrate superb capability for detecting
high-rate dynamic strains, as depicted in Fig. 7 at TSM3 for
the Umbertide My, 4.3 earthquake ~ 10 km away.

It is important to mention that the raw gauge signals must
be properly calibrated to accurately represent rock formation
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Figure 6. Demonstration of gauge strains for all STAR instruments. Plots on the left show the transition from initial grout curing following
installation to long-term borehole relaxation. Plots on the right show the linearly detrended gauge strains, which are dominated by changes in
atmospheric pressure changes and tidal strains. Pressure data from surface sensors and pore pressure sensors (TSM4, 5, and 6 because TSM3
was not recording pore pressure data at that time) are plotted on a separate y axis for comparison. All raw gauge data have been converted
to units of linearized strain and plotted with different colors according to the figure legend shown in the bottom left. The pore pressure and
barometric pressure data are plotted as solid and dashed teal lines, respectively. All data have had the first value of the time series subtracted.

Raw strain records and pressure data are downloaded from EarthScope.
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Figure 7. Demonstration of a high-rate (20Hz) strain observa-
tions from the 9 March 2023 Umbertide My 4.3 earthquake at
TSM3. The tidally calibrated regional strains are plotted for the
areal (eEE + eNN), differential (¢EE-eNN), and engineering shear
(2eEN) strains according to the figure legend. The pore pressure
data are plotted on the secondary y-axis in teal. Raw strain records
and pore pressure data are downloaded from EarthScope.
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Table 5. Instruments’ depths of deployment.

Site Strainmeter ~ Seismometer Screen  depth
depth depth depth  sensor
(m) (m) (m)  (m)
TSM1 132 127.3 114-123  No water
TSM2 158.1 152.5 139.5-148 No water
TSM3 78.6 73 60-69 23
TSM4 100.3 95.1 85-91 20.12
TSMS 116.1 111 90-96 21.43
TSM6 115.5 110 82-91 17.6

strain, and additional signal corrections can further aid in iso-
lating non-tectonic signals, depending on the timescale of in-
terest. The long-term trend is easily filtered or removed from
the strain record. The measured tidal signals (Fig. 6) are use-
ful for calibrating the four-gauge system response to rock for-
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Figure 8. Small event recorded at the station TSM6 seismic instruments. (a) Three-component velocity signals recorded at the surface sensor.
(b) Displacement spectrum of the expected (same time window observed in panel (¢)) S-wave signal (blue circles) and of the noise (gray
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(INGV catalog); the epicentral distance is 15.65 km, and the event depth is 1 km. The reference time in panels (a) and (c) is 30 April 2023

02:49:18 UTC.

mation strains in the east—north reference system by compar-
ing the observed and modeled tides, which are approximately
well-known (e.g., Canitano et al., 2018; Hodgkinson et al.,
2013). These calibrations typically provide a more accurate
characterization of tectonic strain than the standard manu-
facturer’s calibrations (Hodgkinson et al., 2013; Roeloffs,
2010). The modeled tides can be removed from the time se-
ries, along with an estimated barometric pressure response
derived from collocated surface atmospheric pressure data.
Rain gauges at all stations and pore pressure transducers at
TSM3, 4, 5, and 6 provide additional information related to
strains induced by hydrologic changes (Figs. 6 and 7).

All strain data and data relevant to correcting the strain
time series prior to geophysical analysis is available from the
IRIS DMC (https://service.iris.edu/fdsnws/dataselect/1/, last
access: 20 June 2024). Metadata for proper calibration and
corrections are currently hosted by UNAVCO for each sta-
tion (https://www.unavco.org/data/strain-seismic/bsm-data/
bsm-data.html, last access: 20 June 2024).

3.2 Seismometers

We report an example of a small earthquake (M;=0.7) in
Fig. 8, detected by the 2 Hz seismometers deployed within
the TSM6 borehole. We can appreciate how the event is
barely visible at the surface sensor (Fig. 8a) but provides a
high signal-to-noise ratio (SNR) signal at depth (Fig. 8c).
Such a clean signal allows us to constrain the earthquake
source parameter seismic moment from the S-wave displace-
ment spectrum (Fig. 8d), computed with the probabilistic ap-
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proach of Supino et al. (2019). The estimated moment mag-
nitude is My =1.0£+0.1.

3.3 GNSS antennas

Before the STAR project, the continuous GNSS (cGNSS)
network across the Alto Tiberina fault zone was already
dense with respect to the surrounding Italian regions (e.g.,
Devoti et al., 2017; Serpelloni et al., 2022), with average
baselines among stations lower than the national average of
20km. This is due to a relatively high number of GNSS
stations, belonging to the INGV Rete Integrata Nazionale
GNSS network (RING; http://ring.gm.ingv.it, last access:
20 June 2024), realized since the early 2000s (D’ Agostino
et al., 2009). When integrated with data from commercial
and regional cGNSS networks, the spatial and temporal den-
sity allows for an estimate of high-resolution strain-rate mea-
surements (e.g., Serpelloni et al., 2022), with important seis-
motectonic implications (Anderlini et al., 2016). However, it
was necessary to improve the cGNSS network, which was
originally designed as a linear array oriented in a direc-
tion perpendicular to the Apennine chain (D’ Agostino et al.,
2009). The implementation serves to increase both the spa-
tial resolution of interseismic elastic coupling (see Anderlini
et al., 2016) and our ability to detect small transient deforma-
tions of both tectonic and nontectonic origin (Gualandi et al.,
2017; Mandler et al., 2021). Together with STAR, we bene-
fit from the TECTONIC ERC project (https://cordis.europa.
eu/project/id/835012, last access: 20 June 2024) that gives
us the opportunity to deploy an additional 10 GNSS instru-
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Figure 9. Map of the GNSS infrastructure. The cyan arrows show horizontal velocities, in an Apennines fixed reference frame for stations
with more than 3.5 years of observation time span. Not all the blue stations are currently providing data.

ments with the goal of improving the geometry of the RING
network in the area (see Fig. 9). Six instruments have been
installed in correspondence with the borehole strainmeters,
with the GNSS antenna mounted on top of the well heads. An
additional four sites have been installed following the semi-
continuous scheme developed and described in Serpelloni
and Cavaliere (2010). Once dismounted, only the geodetic
marker remains fixed in the substrate (bedrock or building).
The four semi-continuous stations are powered by solar pan-
els, and data are delivered to the acquisition center through an
LTE modem. For the six stations installed on top of the strain-
meters, data are instead transmitted through satellite carriers.

Table 6 lists the locations, GNSS instruments installed,
and monument type for the 10 new cGNSS stations. Fig-
ure 10 shows photographs of the two types of installations
adopted, while Fig. 11 shows the displacement time series
obtained by processing the raw GNSS observations with
the GAMIT/GLOBK software following the procedures de-
scribed in Serpelloni et al. (2022). Given the still very limited
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temporal coverage (< 1.5 years) of the observations, the es-
timation of seasonal (annual, semi-annual, and multi-annual)
components is still not accurate.

3.4 Pore pressure and meteorological data

As previously mentioned, several additional sensors have
been deployed at each station to collect data useful in gen-
erating post-processed corrections for the strainmeter data.
In addition to the four strain gauges, the GTSM instrument
records 30 min sampled environmental channels including
barometric pressure and rainfall. Additionally, Paros 8000
Series pressure transducers are installed in four of the bore-
holes to record 1 sps pore pressure and temperature. The full
complement of extra sensors at each station is described in
Table 7.

Pore pressure sensors were installed in a PVC pipe with a
diameter of 5 cm, with a screened section (sampling depths
listed in Table 4) sand-packed and capped with bentonite.
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Table 6. Description of the 10 continuous GNSS stations; the first six stations are installed on top of the borehole strainmeter well, whereas
the other four stations (AT07, AT08, AT09, and AT10) are installed on bedrock or stable buildings. Note that AT07 was first realized in the
framework of the RETREAT project (Bennett et al., 2012) and measured in repeated campaigns in 2005, 2006 and 2007. The first epoch
reported in the table refers to the first measurement collected as a continuous station.

Station Longitude °’E ~ Monument type Receiver model Antenna model  Antenna  First epoch
ID Latitude °N height  (yyyy/mm/dd)
Height (m) (m)
ATO1 12.5976  Top of BSM well head TRIMBLE ALLOY TRM115000.00 0.0083  2022/07/21
43.3453
600.42164
AT02 12.4899  Top of BSM well head TRIMBLE ALLOY TRM115000.00 0.0083  2021/12/02
43.3962
676.53991
ATO03 12.3545 Top of BSM well head TRIMBLE ALLOY TRM115000.00 0.0083  2021/12/01
43.3830
386.52252
AT04 12.3046  Top of BSM well head TRIMBLE ALLOY TRM115000.00 0.0083  2022/12/31
43.3087
316.08221
ATO05 12.6025 Top of BSM well head TRIMBLE ALLOY TRM115000.00 0.0083  2022/11/08
43.4797
425.98607
AT06 12.3328  Steel mast on bedrock = TRIMBLE ALLOY TRM115000.00 0.0083  2022/11/08
43.4724
449.71935
ATO07 12.9595  Steel mast on bedrock ~TRIMBLE ALLOY TRM115000.00 0.5 2022/04/20
43.3944
836.99836
ATO08 12.2311  Steel mast on building TRIMBLE ALLOY TRM115000.00 0.3 2022/06/22
43.4668
330.51957
AT09 12.6711  Steel mast on bedrock =~ TRIMBLE ALLOY TRM115000.00 0.5 2022/05/26
43.5203
619.52707
AT10 12.1534  Steel mast on bedrock ~TRIMBLE ALLOY TRM115000.00 0.5 2022/05/19
43.3635
627.04682
Table 7. Location and sample rates of pore pressure and meteorological data. n/a — not applicable.
Site Paros 8000 Paros 8000 Paros 8000  Barometer Barometer Rain gauge  Rain gauge
sampling sensing depth  sensing depth  sampling sensing depth  sampling sensing depth
rate (m) (m) rate (m) rate (m)
TSM1 n/a n/a n/a  30min Surface 30 min Surface
TSM2 n/a n/a n/a  30min Surface 30 min Surface
TSM3 1Hz 60-69 23 30min Surface 30 min Surface
TSM4 1Hz 85-91 20.12 30 min Surface 30 min Surface
TSM5 1Hz 90-96 21.43 30 min Surface 30 min Surface
TSM6 1Hz 82-91 17.6 30 min Surface 30 min Surface
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)

Figure 10. Photographs of GNSS station AT0S (a) installed on the well head at TSM3 site and GNSS station AT10 (b). AT10 is installed as
a semi-continuous station on bedrock with a 50 cm tall antenna mount fixed on a ~ 50 cm founded and epoxide geodetic marker.
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Figure 11. Displacement time series obtained from the analysis of GNSS observations using the GAMIT/GLOBK software, following the
procedures described in Serpelloni et al. (2022). The horizontal components are rotated in a Eurasian fixed frame. Weighted root mean square
(WRMS) values, from a linear fit of the time series, are indicators of daily repeatability for the east, north and vertical components.

Unfortunately, borehole conditions did not permit pore pres-
sure installations at TSM1 and TSM2. The Paros sensors are
connected to small board computers, which log 1sps data
into daily ascii files transmitted to EarthScope for archiv-
ing and distribution. The 30 min pressure and rainfall data
are collected by the GTSM data logger and written into the
daily bottle files. These data are translated to miniSEED and
available as miniSEED or ascii formats from the EarthScope
DMC. Figure 12 shows a time series of the currently avail-
able strain and correction data from each station.

Sci. Dril., 33, 173-190, 2024

4 Discussion and conclusions

The ATF is probably the best place in the world to under-
stand the mechanisms and implications of the stress transfer
process between seismic and aseismic fault segments at the
local scale. By adding STAR to the existing TABOO NFO
infrastructure, we realized one of the most complete and ad-
vanced system to investigate the complexities of fault slip
processes at the local scale.
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Figure 12. Time series of availability of data per station.

The ATF is an active low-angle normal fault that is directly
related to the decades-long debate regarding the existence
and mechanics of such structures in nature (e.g., Wernicke,
1995; Collettini and Sibson, 2001; Collettini, 2011).

The ATF is arguably the best location in the world for a
BSM deployment targeting slip in a normal fault system be-
cause both steep and low-angle faults are present, and creep
and episodic slip behavior are both known to occur (Chiar-
aluce et al., 2007; Hreinsdottir and Bennett, 2009; Gualandi
et al., 2017; Anderlini et al., 2016). The greater ATF system
is already among the best-instrumented fault systems in the
world (e.g., Collettini and Chiaraluce, 2013; Chiaraluce et
al., 2014). Consequently, the ATF has generated significant
scientific interest internationally (e.g., MOLE workshop and
report; EPOS NFO).

In addition to the ATF hazard problems of locally con-
fined (even if crucial) importance, the STAR borehole array
will allow us to address the global question of how aseismic
slip relates to seismic slip. STAR data will also have impli-
cations for fault friction and crustal geodynamics that should
be directly related to aseismic versus seismic fault slip more
generally, including slip on transform faults, thrust and re-
verse faults, and subduction interfaces (e.g., Avouac, 2015).
We anticipate that the strainmeter and other data we collect
will have a broad impact on the global fault slip community,
as testified by the international and definitively high profile
of the colleagues ready to collaborate in the framework of the
STAR scientific team. All data from TABOO are open to the
international scientific community in standard format, avail-
able to inform studies of fault systems around the world. Data
from STAR and other TABOO instruments will guide the in-
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terpretation of fault friction experiments from the laboratory
(e.g., Collettini and Chiaraluce, 2013).

Data availability. The data collected within the STAR project are
available to the scientific community. Seismic raw data are avail-
able at https://eida.ingv.it/it/ (EIDA, 2024). Geodetic raw data are
available at https://gnssdata-epos.oca.eu/ (EPOS, 2024). Meteoro-
logical and geochemical data are available at http:/fridge.ingv.it
(Chiaraluce et al., 2022). The seismic data used in this study were
provided within the framework of the Induced Seismicity Euro-
pean Plate Observing System (EPOS) under the data access por-
tal https://www.epos-eu.org/dataportal (last access: 17 June 2024).
Deformation data are available at https://service.iris.edu/fdsnws/
dataselect/1/ (SAGE, 2024). Metadata for calibration and correc-
tions are available at https://www.unavco.org/data/strain-seismic/
bsm-data/bsm-data.html (GAGE, 2024). GNSS network data are
available at https://doi.org/10.13127/RING (INGV RING Work-
ing Group, 2016). Catalogo Parametrico dei Terremoti Ital-
iani (CPTI1S) is available at https://doi.org/10.13127/cpti/cptil5.4
(Rovida et al., 2022). All data related to drilling, cuttings, and lithol-
ogy acquired during the drilling operations can be found on the
ICDP website: https://www.icdp-online.org/projects/by-continent/
europe/star-italy/public-data (International Continental Scientific
Drilling Program, 2024).
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Abstract. The Alpine region was shaped by repeated glaciations during the Quaternary, which led to the for-
mation of overdeepened valleys and basins. These features today, hidden below the present-day land surface,
host multiple stacked and nested glacial sequences and offer valuable insight into the environmental history and
geomorphological evolution of the region. The project Drilling Overdeepened Alpine Valleys (DOVE) of the
International Continental Scientific Drilling Program (ICDP) is dedicated to investigating such overdeepened
structures around the Alps. Within DOVE, we here focus on the Tannwald Basin in southern Germany. Situ-
ated distally within the area formerly occupied by the Rhine Glacier piedmont lobe; it was shaped by multiple
glaciations, yet it is located outside the Last Glacial Maximum (LGM) ice extent. Previous seismic imaging
and the presence of interglacial pollen sequences indicate a multi-phase infill history. The complex sedimentary
architecture observed in a newly drilled core allows for comparison with seismic data and lithological evidence
from other sites. On the basis of a lithofacies model that introduces 17 lithotypes, we propose that the basin fill
is composed of three lithostratigraphic units that reflect the glacial history of the basin. After the erosion of the
Tannwald Basin, a cold-climate, stacked basin-infill sequence recorded sedimentation of two glacial advances,
before it was covered by LGM outwash. The sedimentary record includes an extensive basal glacial shear zone
with deformed bedrock and several overlying diamict horizons. Further upcore, deformation structures under-
score the role of gravitational processes as well as profound glaciotectonics, deforming the sediment deep within
the subsurface. While the sedimentary record indicates a rather rapid infill of the depression, further age con-
straints and detailed investigations of ice-contact sediments will clarify open questions regarding the temporal
classification of the deposits.

1 Introduction

The northern Alpine foreland witnessed repeated glacial cy-
cles during the Quaternary period, comprising glacier ex-
pansion and decay (e.g., Doppler et al., 2011; Ellwanger
et al., 2011; Preusser et al., 2011). By eroding and rede-
positing large rock and sediment masses, glaciers created
landscape features such as polished bedrock surfaces, high

valley flanks, moraine ridges, and outwash terraces. More-
over, large-scale features of this dynamic landscape include
overdeepened valleys and basins that are hidden below the
present-day surface in the Alpine valleys and the Alpine
foreland (Preusser et al., 2010; Gegg and Preusser, 2023).
These overdeepened structures mainly represent deep and
elongated troughs eroded by glaciers into the bedrock below
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the fluvial base level (Cook and Swift, 2012). The forma-
tion process of overdeepening is under debate but presum-
ably is a combination of ice-contact processes (i.e., abrasion
and plucking) and pressurized subglacial (melt)water erosion
(Huuse and Lykke-Andersen, 2000; Alley et al., 2019). Sub-
stantial overdeepening is not limited to topographically con-
fined, inner-Alpine valleys with steep gradients but is also
found in the lower-relief Alpine foreland (Preusser et al.,
2010; Ellwanger et al., 2011; Ellwanger, 2015). An increased
availability of basal water is believed to have enhanced the
subglacial erosional potential far into the Alpine foreland,
thus becoming a driving force for erosion (Alley et al., 1997;
Diirst Stucki et al., 2010; Diirst Stucki and Schlunegger,
2013; Gegg et al., 2021).

Foreland overdeepenings offer large accommodation
space upon deglaciation, capable of hosting multiple stacked
and nested glacial sequences within subglacial to proglacial
sediment successions, as well as post-glacial deposits
(Schliichter, 1989; Preusser et al., 2005; Anselmetti et al.,
2010; Dehnert et al., 2012; Buechi et al., 2018). These for-
mations serve as valuable archives that provide insight into
the timing and extent, as well as the subglacial conditions
and processes, of past glacier advances in the northern Alpine
foreland (Preusser et al., 2010; Ellwanger et al., 2011; Gegg
and Preusser, 2023). To unravel the complex glacial dynam-
ics that produced overdeepened landforms and their sedimen-
tary fillings, a combination of coring and geophysical analy-
sis has proven indispensable (e.g., Dehnert et al., 2012; Pom-
per et al., 2017; Buechi et al., 2018; Gegg et al., 2021). Re-
cent studies have also benefited significantly from advances
in dating techniques, such as optically stimulated lumines-
cence (OSL) dating, revolutionizing our ability to precisely
determine the timing of glacial advances (e.g., Preusser et al.,
2005; Dehnert et al., 2012; Fiebig et al., 2014; Buechi et al.,
2018; Schwenk et al., 2022).

Unfortunately, such scientific investigations of sedimen-
tary successions are still scarce, while records of commer-
cial drillings, usually with cuttings only, often lack the nec-
essary detail for comprehensive sedimentological interpreta-
tion and geochronological constrains. To address this gap,
the pan-Alpine project Drilling Overdeepened Alpine Val-
leys (DOVE) was initiated, co-funded by the International
Continental Scientific Drilling Program (ICDP). DOVE aims
to conduct detailed investigations at several complementary
sites along the northern (and potentially southern) Alpine
foreland (Anselmetti et al., 2022). The primary objective
of DOVE is to determine the timing and extent of past
Alpine glaciations and to contribute to broader discussions
on climate teleconnections and synchronization of glacia-
tions across the Northern Hemisphere. This study aims to
contribute data to evaluate patterns in glacial—interglacial pa-
leoclimates and landscape evolution from a key overdeepen-
ing of the Alpine foreland: the Tannwald Basin. This basin
stands out in several distinct aspects, leading to its identi-
fication as a high-potential location for the DOVE project
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(Anselmetti et al., 2022). Situated in the region that formerly
occupied the Rhine Glacier piedmont lobe, it has been repeat-
edly covered by ice; however, this was without experiencing
the direct impact of the Last Glacial Maximum (LGM) (Ell-
wanger et al., 1995, 2011; Ellwanger, 2015).

2 Geological setting

2.1 Lake Constance amphitheater

The Rhine piedmont—glacial landscape, which stretches from
the northern Alpine front to the Swabian Jura, bears the
distinct imprint of Quaternary erosion and deposition pro-
cesses. These dynamic geological forces have sculpted the
terrain into an amphitheater-like topography within the
Alpine foreland Molasse Basin (Ellwanger et al., 1995, 2011;
Lammermann-Barthel et al., 2003), with Lake Constance
at the heart of it. While different Quaternary stratigraphic
systems are in use in the countries that border Lake Con-
stance (Doppler et al., 2011; Preusser et al., 2011), a strati-
graphic framework for the Lake Constance amphitheater
has been introduced (Fiebig, 1995; Ellwanger et al., 1995,
2011; Geyer et al., 2011). This approach comprises four re-
gional unconformity-bounded units that represent the three
distinct generations of basin formation: the Steinental Fm.,
Dietmanns Fm., Illmensee Fm., and Hasenweiler Fm. The
formation boundaries of the youngest three correlate with
pleniglacial conditions during the Hosskirch, Riss (both Mid-
dle Pleistocene), and Wiirm (Late Pleistocene) glaciations,
respectively (Ellwanger et al., 2011; Fig. 1). These lithos-
tratigraphic investigations, in addition to the morphostrati-
graphic concept, have furthermore increased knowledge of
changes in the erosion pattern and the identification of the
reorientation of the branch glacial basins over time. While
alignment of branch basins was originally northward towards
the Danube, the direction later shifted into a westward direc-
tion towards the “Hochrhein” Rhine. This change in glacial
direction also modified the fluvial drainage network orienta-
tion, i.e., the Alpine Rhine was connected to the lower parts
of the Rhine drainage system (Ellwanger et al., 1995, 2011).

2.2 Previous drillings and geophysical surveys in the
Tannwald Basin

Within the Lake Constance amphitheater, some overdeep-
ened basins have been influenced by multiple glaciations
(Ellwanger et al., 2011). One notable example of an
overdeepened structure that has witnessed multiple glacia-
tions is the Tannwald Basin, a distal overdeepened branch
basin located ca. 45km north of Lake Constance. It be-
came of significant importance when pollen indicative of
the Holsteinian Interglacial, the equivalent of Marine Iso-
tope Stage (MIS) 11, were identified in a fine-grained lacus-
trine sediment succession of a research drilling in 1993/1994
(“‘Schneidermartin™ drilling; Ellwanger et al., 1995, 2011;
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Figure 1. (a) Map illustrating the Quaternary overdeepened structures within the German (differentiated) and Swiss (undifferentiated) Lake
Constance area of the Rhine glacial landscape in the northern Alpine foreland. The location of the Tannwald Basin is indicated by a black area
with hatching. Shown are the maximum ice advances corresponding to the respective glaciations (regional unconformities 1-3); modified
after Graf (2009) and Ellwanger et al. (2011). (b) Locations of seismic survey and new drill site (ICDP DOVE 5068_1_C) with respect
to the outermost terminal moraine of the last glaciation (equivalent to unconformity 2, modified after Burschil et al., 2018). (¢) Seismic
section displaying interpreted geological structures based on the stratigraphy of the Schneidermartin core. Seismic facies abbreviations: M
(purple lines) represents molasse, M’ (blue lines) represents slabs of allochthonous molasse, A (light green lines) represents waterlain till, B
(dark green lines) represents fine-grained deposits, C (lines of same color as unconformity 2) represents till and sand units, E (orange lines)
represents fluvial sand and gravel. Blue vertical line: faults with offsets > 2 m. White square: foresets. White triangle: seismic transparent
regions. Modified after Burschil et al. (2018).
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Hahne et al., 2012). The Schneidermartin drilling is located
just outside the terminal moraine ridge of the LGM (Fig. 1b)
and reached the Molasse bedrock at the base of the basin,
at 209 m depth. Similar pollen assemblages were identified
in the Wattenweiler drilling, situated ~ 3500 m northwest
of the Schneidermartin drilling within the LGM terminal
moraine (Hahne et al., 2012; Ellwanger, 2015). The pollen
findings were used to assign the Tannwald Basin to the pre-
Holsteinian (pre-MIS 11) advance of the Hosskirch glacia-
tion (Ellwanger et al., 2011). A detailed revision of the sed-
imentary succession of the Schneidermartin core projected
the erosional unconformity 2 of the Riss glaciation (MIS 6)
to a depth of 29 m (Ellwanger, 2015; Burschil et al., 2018).
Consequently, the Tannwald Basin was interpreted to contain
sedimentary deposits representing two generations of basins
(Dietmanns Formation, [llmensee Formation) and two glacial
cycles (Riss, Hosskirch).

The infill of the Tannwald Basin at the Schneidermartin
drilling (Ellwanger et al., 2011) comprises thin layers of
sheared fine-grained sediments above the undisturbed Mo-
lasse bedrock. These are overlain by a 13 m thick glacially
sheared block of Molasse, containing several shear horizons.
Based on seismic data, this block has been interpreted as
an allochthonous bedrock slab (Burschil et al., 2018). It is
overlain by gravel layers with Molasse components, followed
by diamictic fines, which were interpreted to represent ice-
proximal sediments of the Hosskirch glacial period. Above,
a succession of delta bottomsets hosts the previously men-
tioned pollen assemblages assigned to the Holstein Inter-
glacial. Upcore, these sediments transition into foresets that
are capped by a till layer, exhibiting stratification and grad-
ing, evolving into a matrix-supported diamict and fines. This
layer is separated from topmost coarse gravels, which rep-
resent meltwater deposits of the Wiirm glaciation, by an un-
conformity.

Five P-wave seismic reflection profiles were acquired
in the northeastern section of the Tannwald Basin during
2014/2015 (Burschil et al., 2018). Based on the seismic data
and the Schneidermartin drill core description, Burschil et
al. (2018) identified six seismic facies and traced them across
the five profiles (Fig. 1c). Furthermore, the seismic cam-
paigns revealed a 50m deep and several 100 m wide de-
pression inside the basin, marking its deepest parts. Several
faults with offsets > 2 m were identified within the upper
100 m of the basin fill (Burschil et al., 2018). A complemen-
tary acquired 3D multicomponent S-wave dataset allowed
us to visualize more reflections and lead us to the identi-
fication of glacial tectonics, including additional faults and
shallow glaciotectonic cuspate—lobate folds (Buness et al.,
2020, 2022).
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3 Methods

3.1 Drilling operations

Drill site ICDP DOVE 5068_1, located on the western flank
of the overdeepened Tannwald Basin, was the first of the
DOVE sites to be drilled in April 2021 (Fig. 1c; Anselmetti
et al., 2022). To facilitate correlation, it was strategically po-
sitioned near the seismic profiles and the Schneidermartin
drill site (Fig. 1b). Besides the core drilling ICDP 5068_1_C,
two flush drillings (ICDP 5068_1_A and -B), arranged in a
triangle with side lengths of 28 m, were drilled to allow for
a later cross-hole seismic campaign. The primary challenges
encountered during the drilling of the Tannwald Basin were
caused by large variations in grain size and the unconsoli-
dated nature of the sediments. To address these challenges,
the drilling team adopted a combined approach, utilizing
percussion coring techniques down to a depth of 83 m, be-
low which a wireline rotational core system was used that
reached the final depth of 166.25m. For a comprehensive
overview of the drilling and logging operations, core-quality
assessment, and technical parameters (such as borehole ge-
ometry and casing deployment), see the DOVE operational
report (DOVE-Phase 1 Scientific Team, 2023a).

The core drilling ICDP DOVE 5068_1_C successfully
retrieved 200 individual core sections, each stored within
opaque PVC liners with an inner diameter of 104 mm. The
overall recovery rate was 95 %, some core loss occurred pri-
marily in unconsolidated coarse gravels and cobbles above
39m depth. Additionally, the unconsolidated nature of the
sediments led to the mobilization and partial loss of sandy
and fine sediments, for example at depths between 70 and
115 m. Both at the drill site and university storage facilities,
the cores were refrigerated at 3-5 °C.

3.2 Core logging and sampling

The core workflow defined in the DOVE project follows
mostly the guidelines developed during the Quaternary
drilling campaign of the National Cooperative for the Dis-
posal of Radioactive Waste of Switzerland (e.g., Schuster et
al., 2020), which has been successfully applied in numerous
drilling campaigns within the Swiss Alpine foreland (e.g.,
Gegg et al., 2021; Schaller et al., 2023). We conducted non-
destructive, whole-core scanning to measure wet bulk density
and magnetic susceptibility, using a multi-sensor core logger
(MSCL; Geotek Ltd.) at 5 mm resolution. Any disturbed seg-
ments encountered during drilling or described in the litho-
logical analysis were later manually excluded. A baseline
correction was applied to the magnetic susceptibility data.
Subsequently, the cores were split into archive and working
halves (A-half and W-half) under subdued orange light to fa-
cilitate luminescence dating at a later stage.

The initial core description (ICD) was carried out on the
A-half with a primary focus on specific sedimentological ob-
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servations, including grain size, character of contacts (e.g.,
erosional or deformed), clast characteristics (e.g., shape and
roundness), clast-surface features (e.g., striations and cal-
cite precipitations), and sedimentary structures (e.g., cross-
bedding, lamination, and grading). High-resolution line-scan
images were generated with the Geotek scanner to sup-
port the ICD. Additionally, we conducted minimally invasive
measurements using a vane-shear tester to systematically es-
timate the undrained shear strength, where the sediment was
suitable (i.e., dominantly sand or finer). We selected specific
cores, primarily those suspected to contain ice-contact sed-
iments, for X-ray computed tomography (CT) scanning at
the Institute of Forensic Medicine, University of Bern. Sub-
sequently, observations from geophysical logs, ICD, and CT
scans were integrated to define lithotypes, following Eyles
et al. (1983) and Schaller et al. (2023). On the basis of the
sedimentary characteristics and context, the lithotypes were
grouped into seven lithofacies assemblages (LFAs). These
LFAs then serve as building blocks to establish three lithos-
tratigraphic units, which in turn constitute the foundation of
the geological interpretation.

The W-half was used for destructive sampling under sub-
dued orange light, while all cores were otherwise stored in
lightproof tubular film. Geochemical samples were taken im-
mediately upon opening the cores at a 1 m resolution. These
samples were also used to determine water content. Subse-
quently, the fine fraction (< 63 pm) of the geochemical sam-
ples was analyzed for their carbon content, including total
organic carbon (TOC) and total inorganic carbon (TIC), us-
ing a Thermo Scientific Flash 2000 Smart (Thermo Fisher,
Waltham, MA, USA). The concentrations of carbonates and
organic matter (weight percent) were calculated by multi-
plying TIC and TOC values by the stoichiometric factors of
8.3 and 1.8, respectively (Meyers and Teranes, 2001). Po-
tential downcore variations in carbonate phases, such as the
dolomite/calcite ratio, were, however, not accounted for. For
further information on the curated samples, analysis, and
data, see the operational dataset (DOVE-Phase 1 Scientific
Team, 2023b) and explanatory remarks (DOVE-Phase 1 Sci-
entific Team, 2023c¢).

4 Identification and interpretation of lithotypes and
lithofacies associations

Seventeen lithotypes (facies codes in italic) were identified in
the ICDP DOVE 5068_1_C core (Fig. 2), 11 of these follow
those introduced by Schaller et al. (2023), while 6 lithotypes
are unique to the Tannwald drill core. These lithotypes are
presented as core photos (Figs. 3 and 4) and detailed descrip-
tions in the Appendix (Table A1). The broad range of litho-
facies encountered in the ICDP DOVE 5068_1_C core was
reduced by grouping commonly associated lithofacies into
seven lithofacies associations (LFAs; Fig. 2 and Table 1).
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The bottom of the ICDP DOVE 5068_1_C core consists of
moderately consolidated, partly friable sand- and siltstones,
and marls, all representing Molasse bedrock (B, Fig. 3a). The
Molasse was identified as the Upper Marine Molasse (tOM
according to the nomenclature of Ellwanger, 2015; Bach-
mann et al., 1987) as opposed to the interpretation of the seis-
mic data (Upper Freshwater Molasse; Burschil et al., 2018).
A sharp, planar bedrock contact at 155.90 m depth marks the
erosional base of the Tannwald overdeepening in the core.

LFAT1 is located directly above the bedrock and predom-
inantly comprises both unconsolidated (Fig. 3b) and con-
solidated (Fig. 3c) Molasse bedrock rafts (Mgr). Glauconite
grains identify the bluish sand of the unconsolidated Mo-
lasse rafts as Upper Marine Molasse (Fischer, 1987). The
consolidated Molasse rafts show in situ crushing and breccia-
tion. The Molasse bedrock rafts are intercalated and locally
sheared into stratified diamicts (Dms). Dms of LFA1 con-
tains glacially striated clasts of Alpine lithologies and sub-
stantial amounts of friable bedrock fragments. LFA1 is de-
fined by low density (2 g cm™>) and shear-strength values be-
low 50 kPa of the unconsolidated Molasse bedrock rafts. The
deformation structures and weak mechanical properties are
interpreted as evidence of the shearing of subglacial till and
bedrock rafts (Benn and Evans, 1996; Hiemstra and van der
Meer, 1997; Buechi et al., 2017). Carbonate content reaches
below 20 wt %, which further reflects the incorporation of lo-
cal Molasse sediments into LFA1. Therefore, LFA1 is clas-
sified as a Type B glaciotectonite (Benn and Evans, 1996;
Evans et al., 2006).

LFA2 comprises brownish-colored, matrix-supported,
massive, and stratified diamicts (Dmm, Dms) associated with
well-sorted, fining-upward sediments that contain frequent
dropstones (Flr(d), Fl(d), SI). The stratified fines located be-
tween the basal diamicts do not exhibit macroscopic defor-
mation features at the core scale. The number of dropstones
generally increases near the diamicts, indicating the pres-
ence of floating ice (Bennett et al., 1996; Eyles et al., 1983).
Both dropstones and diamicts frequently contain clasts with
glacial striations, providing further evidence for the proxim-
ity of the glacier. Even though the organic matter content is
very low (mostly < 0.5 wt %) throughout the core, it abruptly
increases from 0.1 to 0.3 wt% at the emplacement of the
matrix-supported diamicts (Dmm; Fig. 3d) of LFA2. Further-
more, Dmm exhibits both high values of density (2.4 gcm™3)
and shear strength (200-270kPa), with low water content
(10 %—13 %). A similar shift of shear-strength values mea-
sured in drill cores from a glacial overdeepening has previ-
ously been interpreted as the result of temporary ice load-
ing (Anselmetti et al., 2010; Dehnert et al., 2012). Along-
side frequent glacial striations, this observation likely indi-
cates subglacial lodgement processes. Consequently, Dmm
is interpreted as subglacial till (Evans et al., 2006), suggest-
ing that LFA2 was emplaced subglacially or submarginally
with intermittent glacier—bed coupling. The association with
stratified fines (Fir(d), Fl(d)) and diamicts (Dms) further sug-
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Figure 2. Summary profile of the ICDP DOVE 5068_1_C core with sedimentary characteristics and acquired petrophysical data.

gest deposition during ice-bed decoupling in confined sub-
glacial cavities or infilling of accommodation space created
under a floating glacier tongue (Ravier et al., 2014; Buechi et
al., 2017).

LFA3 consists of fine-grained Dmm deposits of dark grey
color with frequently occurring glacially striated clasts
(Figs. 2, 3e). The Dmm deposits show increasing density up-
core (peak at 56 m; 2.4 gcm~>), which reflects a gradual in-
crease in clast size upcore (Fig. 2). Upcore-increasing shear
strength (peak at 57 m; 270kPa) additionally indicates in-
creasing compaction. Water content reaches its lowest values
of 14 % at 58 m. Thus, LFA3 is interpreted to be similar to
LFA?2 as a mud-dominated subglacial till (Evans et al., 2006).
The fine-grained character and dark grey color are attributed
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to the predominant incorporation of underlying glaciolacus-
trine deposits.

LFA4 consists of fine-grained deposits with gradual lami-
nations and beds, often containing dropstones (FIr, Fir(d), Fl,
Fl(d); Fig. 4d, g, c, f) and rarely interbedded with soft, dark-
colored, and fine-grained diamicts (Dmm, Fig. 3e). Frequent
glacial striations on both dropstones and diamicts suggest
the proximity of a glacier. The diamicts show low density
values (2.2 gecm™3) and relatively low shear strength (com-
pared to the overlying fines) and are interpreted as subaque-
ous debris flows with a proglacial sediment source (Eyles
et al., 1983; Mulder and Alexander, 2001). LFA4 is inter-
preted as deposits from an ice-contact proglacial lake. The
fines of LFA4 at around 70 m depth of the ICDP DOVE
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Figure 3. Line-scan images of cores (1 m sections), showing rep-
resentative lithotypes. (a) B: interbedded mottled siltstone and
sandstone of the Molasse bedrock (163—-164 m). (b) Mgt: uncon-
solidated and deformed (faulted) medium sand of the Molasse
bedrock (153-154m). (¢) Mgt: consolidated and deformed Mo-
lasse siltstones and sandstones associated with small amounts of
diamict (mélange type) (152-153m). (d) Dmm: highly consoli-
dated, brownish-colored diamict with both Alpine and Molasse
clasts (144-145m). (e) Dmm: soft, fine-grained, dark-colored di-
amict (57-58 m). (f) Dms: soft, light-colored diamict (23-24 m).
(g) Gms: moderately sorted gravel with sandy matrix (10-11m).
(h) Gmf: poorly sorted gravel with silty and sandy matrix, likely
partly washed out during coring (10-11 m).

5068_1_C core show a slight upcore-increasing trend in den-
sity and shear strength (if a trend is visible at all), while
water content decreases upcore. Increasing amounts of drop-
stones upcore illustrate the shift from more distal, well-sorted
clay and silt facies to a proximal, dropstone-dominated facies
with frequent glacial striations. This typical upward succes-
sion can be interpreted, similarly to LFA2 and LFA3, as evi-
dence of glacial approaching and overriding. However, the
trend in density and shear strength might alternatively re-
sult from an upcore decrease in clay content. Multiple meter-
thick beds of fine-grained lake sediments (Flr(d)) at a depth
of 119-115 m show similar petrophysical characteristics and
are moreover above-average consolidated (Fig. 4g). This also
suggests compaction from ice contact, indicating a glacial
advance (Anselmetti et al., 2010; O’Regan, 2010; Dehnert et
al., 2012). The fines in the lower part of the core locally ex-
hibit soft-sediment deformation along several horizons, rang-
ing from centimeter-thick slumps to meter-thick deformed
sections (Fig. 4d). Deformation mechanisms include both
faulting and folding and, within water-saturated fines on a
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Figure 4. Line-scan images of cores (1 and 0.5 m sections) show-
casing representative lithotypes. (a) Sh/Sc: partly deformed (ho-
mogenized), brownish-colored, (cross-)bedded fine to medium sand
(78=79 m). (b) Sh/SI: dark-colored, fine sand interbedded with dark
silt and clay laminae (53-54 m). (¢) FI: mottled laminations in clay
and silt (lighter greenish and darker grey shades) with bright sand
laminae and sand lenses (106107 m). (d) Flr: deformed silt and
clay rhythmites of varying thicknesses (126-127 m). (e) Fm(d):
massive fines with dropstones (66—67 m). (f) FI(d): mottled lamina-
tion in clay and silt with sandy laminae, soft sediment deformation
and dropstones (64-65m). (g) Fir(d): highly consolidated rhyth-
mites with dropstones and strong soft sediment deformation (118—
119 m). (h) Mcc: fine to medium sand with horizontally aligned silt
and clay lenses (107-107.5m). (i) SI: oversteepened beds of lami-
nated fine sand (94-94.5 m). (j) Fm: massive fines (84.5-85 m).

depositional slope in subglacial to proglacial beds, likely in-
dicate gravitational slumping (Visser et al., 1984).

LFAS is characterized by intercalated meter-thick succes-
sions of stratified and massive fine-grained deposits (Fm, FI,
LFAS.1) and greyish-colored, partly laminated sands (Sm,
SI; LFAS.2). The intercalation results in varying density val-
ues and a significant scatter in shear-strength values in beds
of cohesive fines and uncohesive sands. Carbonate content
varies between 20 wt % and 40 wt %, indicating varying sed-
iment sources (Alpine and Molasse origin). Post-sedimentary
deformation occurs throughout LFAS is in the form of fold-
ing, faulting, and inclined bedding. Fm and FI are inter-
preted as the product of turbidity currents and suspension
settling in an ice-proximal lake (Eyles et al., 1993; Smith
and Ashley, 1985), while the sand-dominated facies is at-
tributed to density flows (Mulder and Alexander, 2001) and
subaqueous channel fills in a higher energy setting. The re-
peated shifts between LFA5.1 and LFAS5.2 are attributed to
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transitions to a more proximal or laterally shifted deltaic
setting (Dehnert et al., 2012). The dark grey laminations
in the sand beds (Fig. 4b) suggest that this process oc-
curs not only on the meter scale but also on the centime-
ter scale. The post-sedimentary deformation features along
multiple failure surfaces, which are likely the result of re-
duced slope stability during interglacial periods. A similar
phenomenon of slope instability that resulted from geomor-
phological changes during rapid deglaciation has been doc-
umented by Fernandes et al. (2020) in the Central Pyrenees.
Furthermore, LFAS contains horizontally aligned, decimeter-
thick beds of mud-clasts, which are interpreted as reworked
fine lacustrine sediments eroded by subaquatic mass move-
ments (Li et al., 2017). These beds were also identified as
mud-clast conglomerates (Mcc; Fig. 4h) in the ICDP_5068_2
core (Schaller et al., 2023).

LFAG is characterized by well-sorted, massive, and strati-
fied sands (Sh, Sc) of brownish color that are weakly consol-
idated and rarely interbedded with moderately sorted gravel
(Gms; Fig. 3e). LFAG6 is strongly deformed in the lower
part of the core, mainly through steep to near-vertical bed-
ding (Fig. 2). These sands and gravels are interpreted as
glaciodeltaic deposits, formed by underflows from the re-
treating glacier front during deglaciation (Buechi et al.,
2018). This interpretation is supported by a change in color
(Fig. 4a), indicating a shift in the primary sediment source of
basinal fines.

LFA7 consists of moderately sorted gravels with sand-
dominated matrix (Gms) and poorly sorted gravels with pre-
dominantly fine-grained matrix (Gmf; both LFA7.1) with
intercalated soft matrix-supported light-colored diamicts
(Dmm, Dms; LFA7.2). Both the gravels and the diamicts
frequently show glacially striated clasts, which indicate
a glacier-proximal depositional environment. Thus, LFA7
is interpreted as proglacial fluvial and glaciofluvial sedi-
ments, representing alternating meltwater outwash and sub-
aerial debris flows, possibly sourced in ice-marginal and
supraglacial sediments (e.g., Lawson, 1982; Buechi et al.,
2018). Dmm and Dms exhibit comparatively low shear-
strength values that support interpretation of a non-subglacial
origin (< 200kPa). Thus, they partly exhibit characteristics
of subglacial till (massive nature, glacial striations), but they
lack consolidation (low density and shear strength). Thus, di-
amicts of LFA7 are interpreted as short-distance redeposition
by slumping of diamicts, originally deposited at the LGM
glacier front on the inclined outwash plain (Fig. 1b; ElI-
wanger et al., 2011). Gmflikely represents sedimentation in a
more chaotic setting, possibly during a more proximal glacier
position or during floods (Eyles et al., 1983; Siegenthaler
and Huggenberger, 1993). The upcore-increasing occurrence
of Gmf correlates with an increase in carbonate content and
occurrence of cobble-sized clasts, reflected in an increase
in density (Fig. 2), which might indicate an overall shift to
a more ice-marginal position in a fluvial and glaciofluvial
proglacial outwash plain.
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5 Discussion

The lithostratigraphic and petrophysical observations of the
sedimentary infill in the Tannwald Basin are integrated with
existing seismic data (Burschil et al., 2018; Buness et al.,
2020, 2022), morphostratigraphic data, and previously pub-
lished drill-core data (Ellwanger et al., 2011; Hahne et al.,
2012). To facilitate this integration, the Quaternary sedimen-
tary infill was categorized into three lithostratigraphic units:
A, B, and C (Fig. 2). These units represent distinct episodes
of basin infill separated by stratigraphic breaks (Figs. 5
and 6).

The facies evolution in Unit A is interpreted as basin
erosion and subglacial traction processes (LFA1 and LFA2;
Fig. 5a), followed by ice-proximal sedimentation in a
proglacial lake (LFA4; Fig. 5b), and eventually a glacier re-
treat leading to the formation of a stacked delta succession
(LFAS and LFAG6; Fig. 5c). The bedrock rafts of LFA1 can
be correlated with mobilization and transport of much larger
(> 10 m) rafts reported from the Schneidermartin core (Ell-
wanger et al., 2011; Hahne et al., 2012) and seismic facies
M’ of the seismic survey at deeper positions of the Tannwald
Basin (Burschil et al., 2018; Fig. 6). The overlying LFA2 was
probably still emplaced in a subglacial to submarginal set-
ting, as indicated by the intimate association of subglacial
traction till with sorted fines and stratified diamicts. The in-
terbedding is likely to represent first a coupled and then a
decoupled ice-bed interface, as a result of an oscillation of
the ice-margin position, intermittent floating of the glacier
tongue, or opening and closing of more confined subglacial
cavities (Fig. 5a). LFA2 correlates with seismic facies A on
the western slopes of the Tannwald Basin (Burschil et al.,
2018; Fig. 6). The overlying LFA4 represents typical fine-
grained, dropstone-bearing basin fill observed in ice-contact
proglacial lake, representing turbidity flows on a subaque-
ous fan (Fig. 5b). They can be correlated with finer basin-
floor bottomsets of the Schneidermartin drill core 1 km SW
further away and seismic facies B (Ellwanger et al., 2011;
Burschil et al., 2018; Fig. 6). The organic matter content does
not indicate interglacial sediments, suggesting the filling of
the overdeepening under still periglacial conditions, which
is a common phenomenon (Gegg and Preusser, 2023). Indi-
vidual beds of above-average consolidated fines at the top of
LFA4 might result from compaction by ice contact, indicat-
ing glacial advance (Anselmetti et al., 2010; O’Regan, 2010;
Dehnert et al., 2012). However, the role the glacier played
within this lake remains an open question, especially because
of the lack of coarse-grained deposits that are expected at the
front of a moving glacier. One possible explanation might
be the reported inability of such re-advances to carve basins
into fine-grained, soft lake sediments with low permeability
(e.g., Menzies, 1989). The onset of delta propagation might
be associated with continuing and larger-scale gravitational
slumping on the depositional slopes of the basin, leading to
faulted and folded sediment beds. This correlates with the
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Figure 5. Schematic block diagrams to illustrate the geological evolution of the Tannwald Basin. Glacier ice is illustrated in light blue,
water level in transparent light blue, and (oscillating) ice-flow direction with dark blue (bi)directional arrows. (a) Advancing glacier from S
(Hosskirch glaciation), basin erosion and transport of bedrock rafts and subglacial diamict, filling of subglacial cavities at decoupled ice—
bed interfaces. (b) Ice-contact sedimentation in proglacial lake with mass movements on basin slopes. (¢) Glacier retreat and stacked delta
formation. (d) Glacier re-advance from SW (Riss glaciation) and erosion of second-order inlaid basin. (e) Glacier retreat and stacked delta
formation. (f) Glacier advance from SW (Wiirm advance, LGM), emplacement of LGM terminal moraine with mass movements on outwash

plain, glaciotectonic deformation of sedimentary strata of Unit A.

transition from fine-grained bottomsets to foresets inferred
from the Schneidermartin core at the top of seismic facies B
(Ellwanger et al., 2011; Burschil et al., 2018; Fig. 6). The
facies evolution from LFAS to LFA6 with fluvial channel
fills of different color indicates the transition to a more prox-
imal sediment source, for example, by development of al-
luvial fans by more local, secondary stream-networks after
glacial retreat (Fig. 5c). Finally, Unit A is identified as the
Dietmanns Formation (Ellwanger et al., 2011; Hahne et al.,
2012).

Facies evolution of Unit B indicates glacier re-advance,
likely coupled with secondary shallow basin erosion (LFA4
and LFA3; Fig. 5d), subsequent glacier retreat, and, in anal-
ogy to Unit A, delta formation (LFAS and LFAG6; Fig. 5e).
In contrast to the Schneidermartin core, where coarsening-
upward foresets announce glacier advance (Ellwanger et al.,
2011), the ICDP DOVE 5068_1_C core shows the transition
back to fine-grained lacustrine sediments. The characteristics
(dropstone occurrences, density) of LFA4 indicate gradual
glacier advance, infilled into a newly eroded, possibly rather
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shallow, basin, stacked on top of the main valley fill (Fig. 5d).
This is supported by the fact that overlying LFA3 correlates
with unconformity 2 (Fig. 1c) and can be followed in the
seismic profiles of Burschil et al. (2018) from the Schnei-
dermartin core at ~30m depth (Ellwanger et al., 2011) to
the ICDP DOVE 5068_1_C core at ~60m depth (Fig. 6).
Hence, Unit B is identified as the Illmensee Formation (ElI-
wanger et al., 2011; Hahne et al., 2012).

Unit C indicates the development of a fluvial and glacioflu-
vial proglacial outwash plain with mass movements from
the close glacier margin (LFA7; Fig. 5f). LFA7 morpho-
logically correlates with the outwash plain associated with
the LGM terminal moraine ~ 100 m to the southwest of the
ICDP DOVE 5068_1_C drilling (Figs. 1b, c and 6). The basal
contact of LFA7 can be followed in the seismic profiles of
Burschil et al. (2018) to the Schneidermartin core (Ellwanger
et al., 2011), where it correlates to the topmost 22 m of flu-
vial coarse gravels with diamicts. The decreased thickness at
the Schneidermartin drilling might be due to the greater dis-
tance from the LGM terminal moraine. The LGM glacier,
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Table 1. Summary table of lithofacies associations (LFAs).

Lithofacies associa- Facies codes Short description Base contact Interpretation
tion
LFA1 Diamicts Mgt, Dms Tectonically sheared bedrock fragments and matrix-  Sharp Glaciotectonized bedrock,
with bedrock supported stratified diamict of brownish color rang- proto-till
fragments/rafts ing to Molasse color
LFA2 Diamicts with Dmm, Dms, Flr(d),  Brownish-colored and highly consolidated diamict Gradual Subglacial till with subglacial
sorted interbeds Fl(d), Sl with glacial striations intercalated with graded sand, cavity fills
silt and clay with lamination and frequent dropstone
occurrences
LFA3 Matrix-rich Dmm Dark-colored fine-grained consolidated massive di-  Unclear Subglacial till
diamicts amict
LFA4 Laminated silt Flr, -(d),Fl, -(d), Well-sorted dark-colored silt and clay with lamina-  Gradual Proglacial lake deposits with
and clay with Fm, -(d), Dmm tions and frequent dropstones, rarely associated with rare proglacial subaqueous de-
diamictic interbeds dark-colored fine-grained soft massive diamict bris flows
LFAS Distal fan LFAS.1 Fm, Fl Well-sorted massive to crudely laminated fines Sharp or gradual ~ Distal fan deposits
deposits
LFAS5.2 Sm, SI Moderately sorted dark-colored sands with repeated  Sharp or gradual  Distal to proximal fan
laminae and beds of dark-colored silt and clay deposits
LFAG6 Proximal fan Sh, Sc, Gms Well sorted brownish-colored cross-bedded and hor- ~ Gradual Proximal fan or subaqueous
deposits izontally bedded sands with gravel interbed channels deposits
LFA7 Gravels within- LFA7.1 Gms, Gmf Moderately to poorly sorted gravels Sharp Glaciofluvial outwash
terbedded diamicts
LFA7.2 Dmm, Dms Light-colored fine- and coarse-grained soft diamicts ~ Sharp Terrestrial debris flows
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Figure 6. 3D block image showing simplified core profiles (of
DOVE 5068_1_C (supplemented with the lithostratigraphic units of
this study) and Schneidermartin (Ellwanger et al., 2011)) and their
spatial relationship to seismic lines 1 (front) and 4 (left side) includ-
ing the seismic facies (capital letters and colored lines; see Fig. 1c
for legend; Burschil et al., 2018). Inferred bedrock morphology in
brown, modern topography in grey.

which evidently created push-moraines in the Lake Con-
stance area (Ellwanger et al., 2011), caused cuspate—lobate
folding that was documented in 60 m depth in the vicinity
of the ICDP DOVE 5068_1_C drilling (Buness et al., 2022).
Seismic reflections of seismic line 1, however, seem to be
displaced and inclined at an even greater depth of ~ 100 m
(Fig. 1c). This effect can be correlated to sedimentary de-
formation in the form of faulting, folding, and oversteep-
ening of sedimentary strata in LFA5 and LFA6 of Unit A
(Figs. 2 and 6). Hence, glaciotectonic deformation caused by
the Wiirm (LGM) glacial advance presents an alternative ex-
planation to syn-sedimentary gravitational slumping. The re-
sulting stresses might have further contributed to the above-
average consolidation and severe deformation of fines at the
interface of LFA4 and LFAS of Unit A, as well as the mottled
character of lamination of fines throughout Unit A.

6 Conclusions

Drilling the overdeepened Tannwald Basin revealed key ge-
ological and sedimentological features, including a basal
5.4 m thick glacial shear zone of deformed bedrock as well
as recurrent ice-contact sediments. Frequent evidence of sed-
iment deformation indicates the pivotal role of gravitational
and glaciotectonic processes on the western slope of the
basin. Detailed sedimentological investigations, combined
with petrophysical data from the ICDP DOVE 5068_1_C
core, led to the definition of seven lithofacies associations
that were grouped into three lithostratigraphic units. Unit A
represents an initial basin infill cycle following subglacial
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erosion and deformation, followed by the development of
a delta. Unit B provides evidence for a glacier re-advance,
once again followed by the development of a delta similar
to Unit A. Unit C indicates the development of a glacier-
proximal glaciofluvial outwash plain. Hence, the sedimen-
tary sequence of the Tannwald Basin reflects a multi-phase
stacked infill, indicative of at least three distinct glacial ad-
vances. However, without independent age control, the tim-
ing and relevance (glacial fluctuations or independent glacia-
tions) of these advances remains uncertain.

The identification of potential ice-contact sediments (sub-
glacial till) and indirect evidence of glacier overriding (sed-
iment deformation and compaction) are crucial to interpret
glacial sequences (not only within the Tannwald Basin). This
task is particularly challenging in overdeepened basins, of-
ten accessed through drilling, which limits the scale and
lateral continuity of observations and has rarely been car-
ried out in detail (e.g., Buechi et al., 2017). In this context,
3D analysis, such as computer tomography (CT) scanning,
will provide a powerful tool to identify and quantify sedi-
mentological features and systematically characterize poten-
tial ice-contact sediments. To address the architecture of the
sedimentary infill at the drill site, particularly in terms of
shear-wave anisotropy and its sedimentological significance,
a high-resolution cross-hole seismic survey has been con-
ducted. Furthermore, luminescence and cosmogenic nuclide
dating offer the potential of numerical age determination.
The availability of such data will allow for an integration of
the results into the broader context of the glacial evolution of
the Lake Constance amphitheater.
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Appendix A: Lithofacies description

Table A1. Summary table with the 17 lithotypes identified in the Tannwald drill core presented, along with their corresponding sedimento-

B. Schuster et al.: Shaped and filled by the Rhine Glacier

logical descriptions and interpretations. Respective core photos are shown in Figs. 3 and 4.

No: abbreviation

core photo Lithofacies

Description

Interpretation

1: B Fig. 3a Molasse bedrock

Strongly to moderately consolidated siltstones
and sandstones with decimeter-thick marl se-
quences.

Upper Freshwater Mo-
lasse (tOS) as found in
the study area in previous
drillings (Ellwanger et al.,
2011) and seismic survey
(Burschil et al., 2018)

2: Dmm Fig. 3d, e Diamict, massive

Matrix-supported and poorly sorted diamict,
slightly to very sandy silt matrix (70 %-95 %)
and occasional cobbles; angular to rounded
components with glacial striations, Alpine and
local Molasse clast lithologies

(1) Subglacial traction till
(Evans et al.,, 2006) or
(ii) terrestrial or subaque-
ous cohesive debris flows
(Mulder and Alexander,
2001; Eyles et al, 1983)

3: Dms Fig. 3f Diamict, stratified

Matrix-supported to clast-supported and poorly
sorted diamict, bedded by centimeter- to
decimeter-thick variations in matrix composi-
tion and clast size; bedding locally inclined or
graded; with slightly to very sandy silt ma-
trix (50 %-95 %) and occasional cobbles; an-
gular to rounded components with glacial stria-
tions, Alpine and local Molasse clast lithologies
(strongly varying proportions)

Melt-out till (Evans et
al., 2006) or proximal
hyperconcentrated density
flow deposits (Mulder and
Alexander, 2001)

Consolidated and unconsolidated Molasse
sand- and siltstone fragments showing in situ
crushing and brecciation.

Deformed bedrock rafts
(Benn and Evans, 1996;
Hiemstra and van der
Meer, 1997)

Horizontally aligned accumulations of well-
sorted fines in a coarser, mostly sandy matrix;
often show soft sediment deformation

Reworked fine lacustrine
sediments eroded by sub-
aquatic mass movements
(e.g., Lietal., 2017)

Clast-supported and moderately sorted gravel
with cobbles and fine sandy matrix; massive to
crudely bedded; subangular to rounded compo-
nents, Alpine and Molasse clast lithologies, lo-
cally glacial striations (33.09-32.28 m depth).

Distal fluvial to
glaciofluvial deposits

Clast-supported and poorly sorted gravel with
cobbles and silty coarse sand matrix (prone to
coring-induced deformation); massive; suban-
gular to rounded components, Alpine and Mo-
lasse clast lithologies

Proximal fluvial to
glaciofluvial deposits

4: Mgt Fig. 3b, ¢ Mélange

5: Mcc Fig. 4h Mud-clast
conglomerate

6: Gms Fig. 3g Gravel, sandy

7: Gmf'Fig. 3h Gravel, silty

8: Sm Sand, massive

Well-sorted fine to medium sand; massive to
crudely bedded by localized millimeter- to
centimeter-thick variations in silt content and
dominant grain-size fraction

Hyperconcentrated den-
sity flow deposits (Mulder
and Alexander, 2001)
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Table A1. Continued.

No: abbreviation

core photo Lithofacies Description Interpretation
9: Sh Fig. 4a, b Sand, horizontally Well to moderately sorted fine to medium sand; ~ Subaquatic channel fills
bedded bedded by centimeter- to decimeter-thick vari-

ations in silt content and dominant grain-size
fraction, locally with silt and clay laminae

10: Sc Fig. 4a Sand, cross-bedded Well-sorted fine to medium sand; centimeter-  Subaquatic channel fills
thick cross-bedding by silt content and varia-
tions in dominant grain-size fraction

11: SI Fig. 4h Sand, laminated Well-sorted fine to medium sand, laminated Proximal turbidity de-
(mottled) by varying silt content and dominant  posits (Bouma, 1962).
grain-size fraction ranging from silty sand up to
silt and clay

12: Fm Fig. 4j Fines, massive Very well-sorted silt and clay, massive to lo-  Suspension settling (Eyles
cally crudely interbedded by fine sand laminae et al., 1993).

13: Fm(d) Fig. 4e  Fines, massive, Fm with dropstones locally showing glacial Suspension settling in a

dropstones

striations

proglacial lake with ice
rafting (Bennett et al.,
1996).

14: Fl Fig. 4c  Fines, laminated Very well-sorted clay and silt bedded by Distal sedimentation of
millimeter- to centimeter-thick variations in turbidity currents in a
dominant grain-size reflected in slight changes  proglacial lake (Smith and
of color Ashley, 1985).

15: Fi(d) Fig.4f Fines, laminated, ...with dropstones locally showing glacial Distal sedimentation of

dropstones

striations

turbidity currents in a
proglacial lake with ice
rafting (Bennett et al.,
1996)

16: Fir ~ Fig.4d Fines, laminated, Very well-sorted clay and silt bedded by normal  Proximal turbidity de-
rhythmites graded laminae and beds with strongly varying  posits (Eyles et al., 1993;
thickness (mm to dm thick) of varying domi- Bouma, 1962: Bouma
nant grain-size fraction ranging from fine sand  divisions C-E)
to clay
17: Fir(d) Fig. 4g  Fines, laminated, ...with dropstones showing glacial striations Proximal turbidity de-
rhythmites, posits  floating in a
dropstones proglacial lake with ice

rafting
1983).

(Eyles et al,
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Data availability. The DOVE operational dataset is published un-
der https://doi.org/10.5880/ICDP.5068.001 (DOVE-Phase 1 Sci-
entific Team et al, 2023b) together with the operational
report (https://doi.org/10.48440/ICDP.5068.001, DOVE-Phase 1
Scientific Team et al., 2023a) and the explanatory remarks
(https://doi.org/10.48440/ICDP.5068.002, DOVE-Phase 1 Scien-
tific Team et al., 2023c). Furthermore, the dataset is ac-
cessible via the ICDP website: https://www.icdp-online.org/
projects/by-continent/europe/dove-switzerland/ (ICDP, 2024). In-
formation on the project and the data is also available
on the ICDP DOVE project website: https://www.icdp-online.
org/projects/by-continent/europe/dove-switzerland (DOVE-Phase
1 Scientific Team, 2024).
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Abstract. Rifts and rifted margins form when continents break apart and shape the continent-to-ocean transi-
tion on much of our planet. The sedimentary basins that result from continental rifting host unique sedimentary
archives of palaeo-environmental and palaeo-climatic change required to understand complex natural processes.
Rifts and rifted margins are key sites for natural resources (e.g. geothermal and hydrogen potential, critical
metal resources, and CO, storage) and have an important societal relevance in the mitigation of geohazards
such as earthquakes and volcanic activity. However, knowledge on the tectonic structure, sedimentary architec-
ture, rapid palaeo-environmental change, fluid flow and hydrothermal circulation, deep subsurface biosphere,
and their impacts on biogeochemical fluxes in rift basins remains poorly understood. Considering their large
scientific potential and societal relevance, understanding the formation and architecture of rifts and rifted mar-
gins is now critical. The Afar rift is a world-class natural field lab where continental breakup can be directly
observed. The northern part of Afar, the Danakil Depression, especially represents a unique snapshot in space
and time when the continent ruptures and new seafloor and adjacent rifted margins form. However, deep sub-
surface records are missing in the basin. The ADD-ON project aims at deep drilling in the Danakil Depression
to provide a unique sedimentary record in an active rift basin paced by global environmental fluctuations and
their interplay with volcanic and tectonic events. To explore drilling targets and address scientific drilling objec-
tives, an International Continental Scientific Drilling Program (ICDP) workshop was organized in Addis Ababa,
Ethiopia, in August 2023. In total, 64 participants from 10 countries and all career stages respecting diversity
and inclusion joined the workshop. They represented a wide range of scientific disciplines including govern-
ment agencies, industry, local universities, and communities to discuss the overall ADD-ON science plan during
several workshop sessions. One target drilling site has been flagged, covering the unique Pleistocene full syn-
rift sedimentary record in the Danakil Depression. This unique sedimentary archive will allow us to (1) unravel
complex palaco-environmental change in a rift basin, (2) understand incipient and intermittent dynamics through
punctuated volcano-tectonic events in a rift transitioning from continental rifting towards seafloor spreading and
adjacent rifted margin development, (3) test the origin and limits of life in the deep biosphere under poly-extreme
conditions, (4) better understand fluid flow and fluid—sediment interaction in an active hydrothermal system, and
(5) use the drilling site to develop a downhole Earth observatory to improve hazard-related monitoring capacity
(earthquakes, gas/fluid flux, ground motion).

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




208

1 Introduction

Since the early days of the continental drift theory, the Afar
Triangle developed into the archetypal field lab where the
breakup of continents and potential future ocean spreading
can be subaerially observed and studied. The Afar Depres-
sion is situated at the boundaries of the Nubian, Arabian,
and Somalian plates and forms a triple junction related to
the opening of the Afro-Arabian rift system (McKenzie et
al., 1970; Viltres et al., 2020). The Danakil Depression is
the northern portion of the Afar Depression, bordered by the
western plateau and the Danakil Horst to the east. Rifting in
the region started in the Oligocene, with extension localiz-
ing in the Danakil Depression since Middle to Late Miocene
times due to the rotation of the Danakil Block (Arrata Mi-
croplate) (Rime et al., 2023) (Fig. 1).

Kinematic modelling supported by geological and geo-
physical observations suggest the Danakil Depression has
formed in faulted, stretched, and thinned continental crust
that has been heavily modified by mafic intrusions and flow
of volatiles (Bastow and Keir, 2011; Rime et al., 2023). This,
in combination with the potentially thick, young syn-rift
evaporites and basaltic lava flows in a near-sea-level basin,
makes it one of the few modern analogues for the develop-
ment of a classic magma-rich rifted margin (Bastow et al.,
2018; Rime et al., 2023). Accelerated subsidence rates in the
central axis of the Danakil Depression over at least the last
120 kyr, resulted in the accumulation of an exceptional strati-
graphic and sedimentary record (Foubert et al., 2018; Rime et
al., 2024). Several cycles of marine flooding with transgres-
sion of the Red Sea into the Danakil Depression resulted in
the formation of kilometre-thick evaporite successions in the
subsurface of the depression composed of halite intercalated
with gypsum, anhydrite, and potash-bearing deposits of eco-
nomic significance (Warren, 2016; Rime et al., 2024). With
that, the Danakil Depression is one of the youngest salt gi-
ants on planet Earth. The central part of the Danakil Depres-
sion hosts the Dallol volcano formed through the direct inter-
action between magmatism and sedimentary processes. The
associated hydrothermal brine pools, sulfuric acidic springs,
and fumaroles form an ideal test case to understand the limits
of life in poly-extreme conditions (Belilla et al., 2019). This
unique set of geo-physico-chemical conditions may open a
new window on the origin of life and function as an ana-
logue for potential extra-terrestrial life. As such, the Danakil
Depression is a unique setting in which the interplay between
tectonic, sedimentary, volcanic, fluid flow, and environmen-
tal processes during the formation of a magmatic rifted con-
tinental margin can be studied.

1.1 Historical backbone

Research during the last 2 decades largely focused on tecton-
ics, volcanology, and geophysics to understand mechanisms
and controls of rifting. Only a few studies dating back nearly
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half a century ago focused on the sedimentary deposits and
mostly on the rich record of northern Afar. They were ini-
tiated as a result of early potash exploration (Holwerda and
Hutchinson, 1968; Bannert et al., 1971) and resulted in the
first structural and stratigraphic mapping of the area (e.g.
Bannert et al., 1971; Brinckmann and Kiirsten, 1971; Bar-
beri et al., 1971; Varet et al., 1975; Bonatti et al., 1971).
Then, little was done until 2013, with the start of recon-
naissance field actions in northern Afar exploring the car-
bonate sedimentary record at the basin margins (COCARDE
research networking programme) (Atnafu et al., 2015). Re-
cently, projects such as SERENA (“Sedimentary Record of
the northern Afar: Insights in the flooding history of the
Danakil Depression”, 2016-2022) and CONNECT (“Paleo-
Connectivity and Paleo-Hydrological change in an initial rift
basin”, 2023-2027) started to focus on the unique Middle to
Late Pleistocene and Holocene sedimentary archive (Atnafu
etal., 2015; Foubert et al., 2021, 2018; Jaramillo-Vogel et al.,
2019) and have resulted in new geological maps of the wider
Afar region and the Danakil Depression (Rime et al., 2022a,
b, 2023). More recent exploration and exploitation surveys
led by the potash industry during the last decade resulted in
an additional set of subsurface data, which have been further
scientifically explored within the framework of the above-
mentioned research projects (e.g. Rime et al., 2024; Bastow
et al., 2018; Hurman et al., 2023).

1.2 Unique syn-rift sedimentary record: the need for
drilling

In the Danakil Depression, pre-Cambrian, Palacozoic, and
Mesozoic pre-rift series are diachronously overlain by
Palacogene to Neogene Afar flood basalts or trap volcanics
ranging from basalts to alkaline rhyolites (Barberi and Varet,
1970; Watts et al., 2020), followed and intertwined with
Cenozoic syn-rift sediments (Fig. 2a). Syn-rift sediments
are characterized by fluvio-lacustrine siliciclastic sediments
since the Neogene (Belekiya and Sabba formations). The
Middle to Late Pleistocene record witnessed episodic marine
flooding and desiccation resulting in the deposition of marine
carbonate sediments at the margins (Zariga Formation) and
evaporites in the centre of the depression (Dallol Formation)
(Atnafu et al., 2015; Foubert et al., 2018; Jaramillo-Vogel
et al., 2019). Currently, the surface of the Danakil Depres-
sion, featuring elevations as low as 120 mb.s.l,, is covered
by lacustrine sediments, seasonal terminal saline lakes, saline
pans and geothermal pools.

Auvailable industrial core sections provide relatively good
constraints on the expected lithologies and allow for correla-
tions with carbonate outcrops at the margin of the depression
(Rime et al., 2023, 2024) (Fig. 2b). Seismo-stratigraphic in-
terpretations, based on industrial seismic section, core, and
borehole data, evidence the presence of evaporite units until
the depth of about 800 m below the Dallol salt pan (e.g. Bas-
tow et al., 2018; Foubert et al., 2018; Hurman et al., 2023).

https://doi.org/10.5194/sd-33-207-2024
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T T
Magmatic rock 2.5 - 0 Ma

Magmatic rock 19 - 2.5 Ma
Magmatic rock 35 - 19 Ma

Syn-rift sediments
Pre-rift rocks

Rift segment

Velocity relative to Nubia (mm/yr)

Figure 1. Afro-Arabian rift system with indication of the Red Sea Rift, Gulf of Aden Rift, Main Ethiopian Rift, and the Afar Rift. The
central Afar domain is mainly characterized by magmatic rocks, while the northern Afar represents a unique archive of syn-rift sediments.
Yellow star represents ADD-ON drilling location. Modified after Rime et al. (2023).

However, to date no sedimentary records are available from
the central part of the rift basin filled with more than 2.2 km
of sediments which record the basin evolution.

2 Workshop structure

After funding was granted in 2020, a first online Interna-
tional Continental Scientific Drilling Program (ICDP) ADD-
ON workshop was initiated from 29 to 30 June 2021 with
70 participants from 10 countries and representatives from
the ICDP Operational Support Group (OSG). This workshop
resulted in a first set of scientific ADD-ON drilling objec-
tives and a selection of drilling scenarios that served as a
base for subsequent discussions. To keep momentum during

https://doi.org/10.5194/sd-33-207-2024

the COVID-19 era, a European Geosciences Union (EGU)
splinter meeting was held on 25 May 2022. The in-presence
ICDP ADD-ON workshop was finally organized from 28 to
31 August 2023 in Addis Ababa, Ethiopia, at the Ambas-
sador Hotel and at Addis Ababa University (Fig. 3). The
workshop was attended by 64 participants from Ethiopia,
Germany, United Kingdom, USA, Switzerland, France, Italy,
Belgium, Israel, and Japan. More than half of the participants
were from Ethiopia, including scientists and delegates from
Addis Ababa University, Addis Ababa Science and Technol-
ogy University, Mekelle University, and Semera University.
There were representatives from the potash, geothermal, and
petroleum exploration sectors; the national and regional gov-
ernment; and a number of non-government agencies active
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Figure 2. (a) W-E cross-section through the Danakil Depression indicating pre-rift and syn-rift sediments (Belekiya Formation, Sabba
Formation, Zariga Formation, and Dallol Formation). Please note that this schematic cross-section only represents the lithostratigraphy.
Structural features (faults, fractures) are not represented. (b) Lithology of the upper syn-rift sedimentary record. The upper units are mainly
consisting of an alternation of halite and clay/silt (“Clastic Overburden”), below which there is a thick unit of mainly halite (“Upper Halite
Unit”). This is followed by a layer of potash-bearing minerals (“Houston Formation™), another major halite unit (“Lower Halite Unit”), and
then sandstones locally enriched by anhydrite (“Basal Clastic Unit”). Those sandy units can be correlated, based on seismic sections, with
the carbonate outcrops (Zariga Formation) at the margins of the depression and identified as belonging to the Middle to Late Pleistocene
(Foubert et al., 2018; Rime et al., 2024).

Sci. Dril., 33, 207-218, 2024 https://doi.org/10.5194/sd-33-207-2024



A. Foubert et al.: Workshop report ADD-ON

in the Afar region. The principal investigators (PIs) encour-
aged the participation of early-career scientists by inviting
around 20 post-graduate (both local and international MSc
and PhD) students. A wide range of disciplines was repre-
sented and included sedimentology, stratigraphy, structural
geology, volcanology, geochemistry, geophysics, hydrology,
palaeo-climate, biology, biogeochemistry, and engineering.

The official workshop opening started with a meet-and-
greet event and an ice-breaker event on 28 August 2023. For-
mal sessions started on 29 August with welcome addresses
by the ADD-ON PI team, delegates from the Ethiopian Min-
istry of Mines, and Addis Ababa University, as well as an
introduction to the ICDP from the ICDP executive director.
The first scientific session set the state of the art for geolog-
ical, sedimentological, basin dynamics, and biological back-
ground of the Danakil Depression. The afternoon sessions
opened with lightning talks on research background and in-
terests by workshop attendees, followed by talks on indus-
trial drilling experience in Ethiopia from the potash, geother-
mal, and petroleum industries. The day concluded with a pre-
sentation by the ICDP OSG on guidelines for writing a full
drilling proposal, followed by an open discussion around the
25 posters presented by workshop attendees.

The 30 August started with presentations by the PI team on
the draft science plan and three potential drilling strategies
followed by discussions on science objectives and drilling
strategy by all workshop participants during break-out ses-
sions of three groups with a balanced mix of disciplines,
background, and experience. The second half of the morn-
ing was devoted to discussions on the societal relevance of
the drilling project and opened with a presentation on the
hydrogeology in Afar and an overview of the permanent
seismic monitoring network managed by Addis Ababa Uni-
versity. Further talks included local Afar community-based
schemes that promote education about, and sustainable de-
velopment of, geothermally sourced energy compatible with
their lifestyle and culture (the green geothermal village con-
cept). After an introduction on core, sample, and data han-
dling; ICDP geophysical downhole logging capability; and
gas/fluid monitoring, a second break-out session was or-
ganized in the afternoon. Groups that were organized by
broad discipline (stratigraphy, biology, palaco-climate, tec-
tonics, volcanology) discussed required sampling material,
analyses, and datasets. A geophysics/monitoring group dis-
cussed post-drilling downhole and surface geophysical mon-
itoring infrastructure. The day finished with a final discus-
sion on matching funds, funding resources, and time plan
for the compilation of the full drilling proposal. Future av-
enues were explored for an integrative cross-border regional
seismic monitoring initiative and a LEAP (Ocean Drilling
Legacy Assets Project) initiative for including existing Deep
Sea Drilling Project (DSDP) and Ocean Drilling Program
(ODP) core records in the Red Sea and Gulf of Aden.

On 31 August, the full ICDP ADD-ON team made a trip
through Addis Ababa with a visit to Unity Park and the Na-
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tional Museum of Ethiopia. The day finished at Addis Ababa
University with a session on education and public outreach
as well as possible links with local education activities inside
and outside the academic environment. Key delegates in the
discussion were from Addis Ababa University, Semera Uni-
versity, and Mekelle University (Ethiopia). Local MSc and
PhD students from Addis Ababa University were invited to
join the session and participate in the discussion. Different
ideas on how to actively involve local Afar communities and
Afar authorities in the drilling project were levered, as well
as the potential of recognizing Danakil as a national heritage
site.

3 Dirilling site

The ADD-ON project aims at deep drilling in the Danakil
Depression to provide a unique sedimentary record in an
active rift basin paced by global environmental fluctuations
and their interplay with volcanic and tectonic events. During
the ADD-ON workshops, different drilling sites have been
discussed along a basinal transect going from west to east
(Fig. 4). Due to financial and technical constraints, it has
been decided to only focus on one drilling site in the cen-
tral part of the Danakil Depression between the Dallol vol-
cano and the Erta Ale volcanic range, i.e. Dallol-01A. This
strategic choice avoids major faults and fault zones, as well
as gas pockets. The target depth is 2.2km, aiming to in-
tercept the full syn-rift sedimentary record through contin-
uous coring until the rift basement (Fig. 4). Available site
survey data at the potential drill site show the presence of
four distinct seismo-stratigraphic units covering the Middle-
to-Upper Pleistocene to Holocene (~ 500 kyr) (Fig. 4). After
drilling, we aim to keep the hole open for seismic monitoring
and develop a downhole Earth observatory.

4 ADD-ON project strategy

During the workshop discussion, five thematic challenges
were flagged, covering the major aim and objectives of
the ADD-ON drilling project: the understanding of rapid
palaeo-environmental change in rift settings, unravelling the
complex interaction between basin dynamics and volcanics,
unveiling the deep geo-biosphere in poly-extreme environ-
ments, characterizing hydrothermal systems and mineral re-
sources in active rift settings, and developing a downhole
Earth observatory to monitor seismic and volcanic hazards
(Fig. 5). These are outlined below.

4.1 Rapid palaeo-environmental change in rift settings

Rift basins are characterized by heterogeneous sedimenta-
tion patterns varying at very short temporal scale, result-
ing in complex palaeo-environmental change. The interac-
tion and feedback between tectonics, surface processes, vol-
canic events, climate variations, and eustasy on sediment
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Figure 3. Impressions from the workshop discussions, presentations, and group picture of the workshop participants at Addis Ababa,

Ethiopia.

flux, sediment deposition, and basin dynamics explain their
complex stratigraphic architecture. Drilling in the Danakil
Basin will provide keys to understand the complex palaeo-
environmental change in a rift basin near breakup and how
this is modulated by climate, tectonic, and volcanic events.

Until now, only the more recent desiccation record has
been recovered from the central part of the basin, while out-
crops at the basin margin witnessed at least four flooding cy-
cles during which the Red Sea transgressed into the basin.
It is hypothesized that the four flooding cycles represent a
high-resolution record of approximately 500 kyr. However,
how these cycles of flooding and desiccation are expressed
in the central Danakil Basin is not known. Having the full
syn-rift sedimentary record will help to understand complex
sedimentation patterns since the onset of rifting, including
the complex transitional phase from continental sedimenta-
tion towards the first marine incursion events.

Sedimentation rates in the Danakil Depression are not
well constrained due to the lack of deep subsurface data.
Detailed stratigraphy will allow for calculating sedimenta-
tion rates and their variability through time. This will help to
constrain and quantify the non-linear sedimentation rates in
an active rift setting.

Sci. Dril., 33, 207-218, 2024

The last desiccation cycle in the Danakil Depression re-
sulted in the formation of thick halite units (Rime et al.,
2024). However, the formation mechanisms of these evap-
orites as well as the palaeo-hydrological balance of the basin
are poorly constrained. Understanding how the Danakil evap-
orites may form a deep subsurface salt giant remains debat-
able. Understanding the formation of those evaporites will
also help us to understand other salt giants on planet Earth,
e.g. the Messinian.

Finally, having access to the high-resolution palaeo-
environmental record in the Danakil Depression may also
elucidate new insights into regional palaco-climatic change,
especially precipitation patterns, in northeast Africa, influ-
enced by global monsoonal variations and Atlantic driven os-
cillations. Palaeo-climatic records in northern Afar are lack-
ing — despite it being a critical zone in the corridor between
Africa and Eurasia. The combined effects of climate change
and the volcano-tectonic evolution of the Afar may have had
an influence on the out-of-Africa migration of Homo sapiens.

4.2 Interaction between basin dynamics and volcanism

The Danakil Depression is a unique zone where the final tran-
sition from continental rifting to seafloor spreading is well
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Figure 4. (a) Location of the ADD-ON drilling site Dallol-01 (Landsat-8 image). Red line indicates the location of the seismic profile
presented in panel (b). (b) Seismic section with an indication of the planned drilling site Dallol-01. Seismic profile provided by former
Allana Potash Ltd.

exposed subaerially. Constraints from the drill core will sig- time during the final stages of splitting a continent. This will
nificantly aid the interpretation of other datasets such as the provide key insights to interpret the structure and processes
surface geology and subsurface seismic images of the basin. that form magmatic rifted passive margins flanking much of
Combined datasets will show a 4D picture of how the tec- the oceans.

tonics and magmatic/volcanic processes unfold in space and
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Traditionally, it was thought that extension via magma in-
trusion increases during the breakup process (e.g. Ebinger,
2005). However, recent studies of the Danakil Basin show
evidence of significant subsidence caused by plate thinning
and faulting and thus contradicting standard models (Bastow
and Keir, 2011; Rime et al., 2023). A well-dated core record
will directly constrain subsidence rates and enable quantita-
tive interpretation of fault slip rates from subsurface seismic
images, as well as modelling of associated plate thinning. We
will address when did rapid subsidence and fault slip rates
initiate and how do these processes vary in space and time.

In addition to the longer-term evolution of basins during
the rift to drift transition being uncertain, the short-term in-
teraction between faulting, subsidence, volcanism, sea level,
and the sedimentary environment is not well understood. The
development of a unique sedimentary record will enable us to
develop conceptual and numerical modelling schemes to ad-
dress what is the sedimentary record of short-term episodic
events (volcanic eruptions, earthquakes, flooding) and how
do these interact with long-term rift processes.

4.3 Geo-biosphere in poly-extreme environments

The unique Dallol brines and associated hydrothermal fields
in the Danakil Depression are ideal natural labs to (1) under-
stand the limits of life in poly-extreme conditions; (2) dis-
criminate biotic from abiotic signatures, using those areas
for deriving implications for habitability and life in extra-
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terrestrial environments; and (3) study the role of archaea
and bacteria in mediating mineral precipitation and dissolu-
tion. At this stage, it is not yet fully deciphered how extreme
halophiles evolved their unique adaptations and if they are
also present in brines in the deep anoxic subsurface. Brines
and evaporites in the Dallol-Danakil region impose physic-
ochemical, biophysical, and biochemical stress on life that
has not been experienced and studied in detail before. More-
over, the interactions of the deep halophilic biosphere with
the geosphere are to be unveiled, as well as how metabolic
processes affect elemental and biogeochemical cycles.

Having access to the core records will allow us to un-
derstand the deep unknown biosphere experiencing poly-
extreme conditions, testing the limits of life and opening up
a window on the origin of life and/or life in extra-terrestrial
environments. Moreover, the recovered pristine records will
allow us to study how the deep biosphere interacts with brine
circulation in an active rift hydrothermal system.

4.4 Hydrothermal systems and resources

The Danakil Basin has one of the most vigorous hydrother-
mal systems globally (e.g. Varet, 2017), with fumaroles,
hot springs, steam vents, and hot grounds common in the
rift and on its flanks. Previous studies suggest the region
has all the key component conditions for the development
of high-enthalpy geothermal fields, including shallow mag-
matic heat sources, fault and fracture permeability, and po-
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tential aquifers from infiltration of meteoric water from the
Ethiopian Plateau into the basement and Mesozoic to Quater-
nary sediments. However, we lack subsurface petrophysical
observations including rock, microfracture, fluid properties,
and heat flow data to build realistic models of ground wa-
ter and hydrothermal fluid flow. The data from the core will
constrain how fluid flow in the basin impacts the sedimen-
tary record and fracture/fault evolution. Data from the core
should also be combined with other datasets (such as surface
gas/fluid flux and chemistry, microseismicity, and surface de-
formation), along with surface geology, as key inputs to 3D
models of fluid and heat flow and geochemical exchanges.
The active hydrothermal circulation through evaporites also
raises the possibility of commercially viable concentrations
of metals such as lithium that are required for global soci-
ety to transition to renewable green sources of energy. Over-
all, drilling will allow us to understand better active high-
enthalpy geothermal systems and associated green-energy-
related resources and directly determine whether there is a
major deep aquifer in the basin.

4.5 Hazards: towards a downhole Earth observatory

The Danakil region is seismically and volcanically active,
and it experiences ground deformation caused by tectonic,
magmatic, hydrothermal, and anthropogenic processes (Pagli
et al.,, 2012; Battaglia et al., 2021; La Rosa et al., 2023).
Specifically, we aim to understand where and when earth-
quakes, ground deformation, and fluid flow occur and what
controls these processes, gaining a better understanding of
controls and links between these processes to improve fore-
casts and manage the associated hazards.

After the drilling phase is complete, we aim to use the new
borehole site as a platform for a downhole Earth observatory
for improved capacity in Ethiopia for short and permanent
long-term monitoring of seismic activity, ground deforma-
tion, and gas/fluid flux. To this end, a permanent broadband
borehole seismometer should be installed in the borehole,
combined with a surface GPS station, which will use real-
time data transfer into the national monitoring centre at the
Addis Ababa Geophysical Observatory. During drilling, we
plan to populate the basin with temporary dense networks of
these instruments for improved spatial mapping.

5 Societal relevance and public outreach

A major component of the workshop involved presentations
and open discussions about the societal relevance of ADD-
ON; who the stakeholders in the project are; and how to
effectively engage with them before, during, and after the
project. Potential stakeholders such as the Energy Office of
the Afar National Regional Government; the Afar Geother-
mal Alternative Power (AGAP) company; representatives
from the potash and geothermal sectors; and representatives

https://doi.org/10.5194/sd-33-207-2024

215

from the universities of Addis Ababa, Mekelle, and Semera
universities led the conversation.

ADD-ON is a research project led by academics with
a strong desire and need to engage with local commu-
nities. Opportunities were identified to link with ongoing
community-based projects to exploit geothermal systems in
ways not normally pursued by traditional large-scale com-
mercial projects. The intensive time required to develop and
implement the project in the field has offered and offers op-
portunities to invest in sustainable-geoscience-related educa-
tional activities/material for local government, schools, and
commercial activities including geo-tourism. The universi-
ties expressed a strong desire to use the links, knowledge,
data, and drill site developed through ADD-ON to strengthen
student training in subsurface characterization as well as us-
ing the drill site as a future focus for a field camp, along with
archiving core samples and downhole data locally. Using the
borehole post-drilling to permanently house a downhole seis-
mometer, linked real-time to the national earthquake moni-
toring system, provides a mechanism to help support ongo-
ing maintenance of the drill site and also aids hazard and risk
assessment for the Afar region.

ADD-ON will further deliver knowledge directly relevant
to the wider economic and societal development in Afar and
Ethiopia. Deep drilling offers an opportunity to identify and
better quantify potential water aquifers, and it also informs
on the hydrothermal fluid flow needed for commercial-scale
development of geothermal energy. Deep drilling is of direct
interest to potash exploration, since the project aims to char-
acterize past marine flooding cycles and therefore potentially
identify deeper potash deposits or tap into metal resources
key for the global green transition.

Data availability. The map data used in this paper are available
at https://doi.org/10.5281/zenodo.7351643 (Rime et al., 2022a) and
https://doi.org/10.5281/zenodo.7351765 (Rime et al., 2022b). The
seismic profile and core data presented in the paper are courtesy of
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Abstract. Drilling target locations of the International Continental Scientific Drilling Program (ICDP) project
Drilling the Ivrea—Verbano zonE (DIVE) have been initially proposed based on geological knowledge of surface
outcrops and the structural context of the Ivrea—Verbano zone (IVZ) and of the Insubric Line. For the determina-
tion of the exact locations of drilling sites as well as for drilling geometry planning, we have carried out a series
of active seismic experiments to image the subsurface at high resolution. The two drilling sites of project DIVE
in Ossola Valley, one near Ornavasso and the other in Megolo di Mezzo, in the central part of the Ivrea—Verbano
zone have been surveyed with site-specific velocity models and a seismic data processing chain. The findings
have been interpreted in relation with the outcropping structures. These suggest a reasonable continuity from the
surface. They also guide the planned borehole orientations: near-vertical at DT-1B (Ornavasso) into the tightly
folded Massone Antiform and at 15-20° from the vertical in Megolo across a flank of the broad Proman Anti-
cline. The seismic surveys indicate that the sedimentary overburden is up to 50 m deep at the specific drill sites
and can be minimized by relocating the proposed locations. The seismic surveys also indicate that the center of
the Ossola Valley contains about 550 m of sedimentary infill, defining the interface of bedrock and Quaternary

glacial sediments at about 300 m below sea level.

1 Introduction

The geology of the Ivrea—Verbano zone (IVZ) has been ex-
tensively studied for over a century and is arguably one of
the most complete exhumed cross sections of the lower con-
tinental crust (LCC) and its transition into the uppermost
mantle (Fig. 1) in the world. Consequently, these exposed
sections in the Western Alps of Italy have been a prime lo-
cality to gain insights into the composition, structure, and
evolution of the continental lithosphere from surface samples
(e.g., Brodie and Rutter, 1987; Fountain, 1989; Quick et al.,
1995). Furthermore, prominent geophysical anomalies ob-

served over the IVZ, such as seismic, gravimetric, and mag-
netic anomalies, have sparked worldwide interest (e.g., Nig-
gli, 1946; Berckhemer, 1968; Lanza, 1982; Kissling et al.,
1984; Kissling, 1993; The ECORS-CROP Gravity Group,
1989; The ECORS-CROP DSS Group, 1989; Diehl et al.,
2009; Lu et al., 2018; Scarponi et al., 2020, 2021). The com-
mon interpretation of the causative structure is a sliver of the
Adriatic lower crust and upper mantle, the so-called Ivrea
Geophysical Body (IGB), which was finally exhumed dur-
ing the collision with the European plate (e.g., Schmid et al.,
2017).
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Figure 1. (a) Location of the Ivrea—Verbano zone (black rectangle) in Italy. (© OpenStreetMap contributors 2024. Distributed under the
Open Data Commons Open Database License (ODbL) v1.0.) (b) Overview of the IVZ geology (modified from Brack et al., 2010), with the
Insubric Line as the major boundary between the Adriatic and Eurasian plates. Marked by black rectangles are the locations of geologic
maps enhanced in panels (c) and (d). Refer to Legend 1 for the geologic unit description of (b). Geologic units of the Sesia zone west of the
Insubric Line are not shown. Panels (¢) and (d) show the local geology (modified after Burlini, 2008) of the DT-1A and DT-1B drill sites.
The proposed drill locations are marked by red dots and a drill rig symbol. The Sesia zone geologic units and the Insubric Line mylonites are
not fully described. Refer to Legend 2 for the geologic unit description for areas in panels (c¢) and (d). The dashed red line indicates the strike
of the Proman Anticline, which dips ESE at 20°in Megolo. The dotted—dashed red line indicates the orientation of the Massone Antiform
axial plane. The southern geology in panel (¢) and the insert in panel (d) have been mapped by DIVE.

Based on the intense interest in deepening our understand-
ing of the lower crust, the Drilling the Ivrea—Verbano zonE
(DIVE) project has been approved and co-funded by the In-
ternational Continental Scientific Drilling Program (ICDP).
Drilling is the only way to analyze the deepest, non-exposed
portions of the IVZ crustal sections in a continuous man-
ner by means of fresh rock cores. Using this method, the
DIVE project aims at unraveling long-standing fundamen-
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tal questions on the nature of the LCC and the character-
istics of the underlying physical and chemical rock proper-
ties across a broad range of spatial scales and investigating
potential microbiological niches; these will ultimately pro-
vide unique insights into the architecture of the LCC and the
processes that have formed it. For a detailed description and
motivations to initiate project DIVE, we refer to Pistone et
al. (2017). Scientific drilling is planned to have two phases.
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DIVE phase I, in the future, is planned to be in Sesia Valley
(Liu et al., 2021; Ryberg et al., 2023), with the promising tar-
get of drilling through the crust-mantle transition zone, the
Moho (Fig. 1), whereas the approved and funded DIVE phase
I plans to drill two boreholes that are 1km in length, DT-
1A (5071-1A, IGSN ICDP5071EH10001; Miintener, 2024a)
and DT-1B (5071-1B, IGSN ICDP5071EH30001; Miintener,
2024b), into two portions of an archetypal lower crustal sec-
tion in the central IVZ (Fig. 1) that have been selected pri-
marily based on the geological structure (see details in Pis-
tone et al., 2017). The recovered rock cores in combination
with a comprehensive downhole logging program and high-
resolution geophysical studies will significantly advance our
knowledge with respect to the geological information col-
lected at the surface.

In preparation for the borehole location and orientation as
well as for post-drilling interpretation of the DIVE phase [, a
set of active seismic surveys has been planned with the aim
to image the subsurface structure at and around the targeted
borehole locations. This is highly needed to cover the gap
in spatial scales between the regional geophysical structure
(known from broadband seismology and gravity results) on
the 1-10 km scale and the future borehole geophysics dataset
at the 0.1-1 m scale. Furthermore, although the surface geo-
logical structure is mapped in detail and topographic relief
and deformed structure allow for some level of downward
extrapolation, it is essential to perform an actual site char-
acterization by high-resolution active seismic methods. This
was planned not only with the departure hypothesis that sur-
face geology is reasonably continuable downward and to ver-
ify that there are no unexpected subsurface discontinuities at
the drilling target locations, but also to precisely locate and
optimally orient the borehole for the DIVE scientific targets
to be reached, such as reaching the deepest structural layers
possible during drilling.

With these objectives in mind, the corresponding active
seismic surveys have been carefully planned and completed.
These investigations concentrate on transects within the Os-
sola Valley to characterize the vicinity of the DT-1A and DT-
1B drill hole locations in Megolo and Ornavasso (Fig. 1),
respectively. Here we present the results of our so-called
MicrO-SEIZE (SEismic imaging of the Ivrea ZonE; MOS)
active seismic campaigns. The observations are discussed
with respect to the prevailing structure and planning of the
drilling operations. An ancillary goal is to determine the
bedrock—Quaternary sediment interface, which provides ad-
ditional constraints when defining the precise drill sites. The
overall findings will ultimately serve for the interpretation of
the rich program of borehole geophysical results of both drill
holes.
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2 Geological setting of DIVE phase | drilling targets

The central IVZ consists of highly variable amphibolite
to granulite facies rocks (e.g., Schmid and Wood, 1976;
Sills, 1984), dominated by garnet-bearing metasediments,
enriched in U, Th, and K, intercalated with minor marble and
mafic rocks (e.g., Redler et al., 2012) and locally cut by al-
kali syenites, carbonatites, and ultramafic pipes (e.g., Schal-
tegger et al., 2015; Galli et al., 2019; Garuti et al., 2001). It is
characterized by large-scale folds, Permian to Jurassic high-
temperature shear zones, low-grade Alpine deformation, and
past partial melting represented by migmatites (e.g., Rutter et
al., 2007; Ewing et al., 2015; Wyatt et al., 2022). The dom-
inant Paleozoic deformation was responsible for the forma-
tion of large-scale folds (Massone Antiform; Rutter et al.,
2007), whilst Alpine tilting resulted in the general orienta-
tion of the foliation that dips steeply northeast or southwest.
Previous deformation is documented by small- to large-scale
tight folds (Candoglia Antiform; Rutter et al., 2007). Alpine
shortening and back-thrusting followed by dextral strike-slip
deformation caused the formation of the large-scale Pro-
man Anticline (Schmid, 1967; Rutter et al., 2007), local-
ized greenschist facies fabrics, cataclasites, and pseudotachy-
Iytes (Obata and Karato, 1995; Souquiere and Fabbri, 2010;
Pittarello et al., 2012; Garde et al., 2015).

The Ornavasso borehole is expected to intersect the pre-
Permian dominantly felsic heterogeneous upper part of the
lower crust in the hinge of the tightly folded Massone An-
tiform. Site surveys indicate that intercalations of amphibo-
lite facies, metasedimentary, and metamafic rocks are present
and there is a reasonable chance to investigate the transi-
tion into denser rock types. At Megolo, an inclined bore-
hole is planned to intersect the Proman Anticline, a pre-
Permian part of the continental lower crust characterized by
peridotite—gabbro—metasedimentary interfaces, dipping ap-
proximately 20° east-southeast. Together, these two sites will
provide a comprehensive section of Ivrea LCC lithologies
and may encounter the transition into deeper mantle rocks.

3 MicrO-SEIZE surveys

MicrO-SEIZE (MOS) surveys were conducted over a pe-
riod of 12d in mid- to late June 2019, utilizing a 26 000 1b
(12247 kg) EnviroVibe 2™ vibrator source. A total of four
seismic reflection surveys, one in Megolo, two in Ornavasso
(Ornavasso primary, OP; Ornavasso secondary, OS), and a
transect crossing from Premosello-Chiovenda south toward
Megolo (PCM), make up the database (Fig. 2). The Ossola
Valley is a deep glacial valley bounded by steep (ca. 25-30
degree), densely vegetated mountain flanks. Consequently,
the valley hosts agricultural pastures, the Toce River, major
arterial roads, water canals, and rail lines, which impose ma-
jor constraints on seismic survey design and generate anthro-
pogenic noise. In addition to these constraints and to avoid
drilling thick Quaternary sedimentary overburden, the DT-

Sci. Dril., 33, 219-236, 2024




222

1A and DT-1B drill sites are located very close to the val-
ley sides, further complicating the coverage obtainable with
surface seismic arrays. Nonetheless, survey planning utilized
existing roads, pathways, and open grass fields to cover as
much area as possible around the borehole sites, to reduce
the environmental impact on cultivation, and to ease oper-
ation logistics. In the Megolo survey, between 446750 and
447000mE (Fig. 2b), in order to maintain better geophone
coupling, it was decided to plant geophones along an old
disused highway, whilst the EnviroVibe followed the cur-
rent road, which navigates over a large stormwater culvert
spanned by a bridge and gentle ramps.

Seismic equipment and operational support for the surveys
were supplied by the Montanuniversitit Leoben (MUL), the
University of Lausanne (UNIL), the University of Pavia, the
University of Trieste, and the vibrator source supplied by
Geo2X SA. Geophones with a nominal resonant frequency of
15 Hz were used in conjunction with two cabled distributed
seismic systems: (1) SUMMIT X One™ system, with 240
channels (MUL) nominally spaced at 10 m along in lines and
(2) Geometrics Geode system (UNIL and Geo2X), with 144
channels nominally spaced at 5m deployed along supple-
mentary and crosslines. The EnviroVibe produced a broad-
band vibroseis sweep of 12.5 to 150 Hz over 12s. The seis-
mic records were recorded at 1kHz with a 4s correlation
time. This ensured the recording of both low-velocity layers
of variable thickness and steeply dipping (greater than 45°)
reflections that may have been produced by far-offset source
points. A Pelton vibrator controller and a GISCO radio trig-
ger were used to synchronize the vibrator sweep and the two
seismic acquisition systems. A summary of acquisition pa-
rameters is provided in Table 1.

In the anticipation of complex and steeply dipping struc-
tures, the surveys were designed to capture potentially 3D
cross-dipping reflections whilst maintaining a wide-angle re-
flection profile orthogonal to the strike of the target struc-
tures, the Proman and Massone antiforms. This is achieved
using the crossed array method (Figs. 2 and 3), whereby the
principle seismic coverage across strike is attained along a
central (2D) receiver line, the in line, with long offsets of
up to approximately 2 km and complemented by shorter or-
thogonal crosslines to help constrain structural dips oblique
to strike. Vibrator points (VPs) were along both the in- and
crosslines, and along nearby farm tracks where possible.
This greatly increases the common-midpoint (CMP) cover-
age, providing a sparse 3D coverage (Fig. 3). Where large
segments of profile have co-located sources and receivers,
the fold is as high as 70, and up to 195 in the center of the
OP profile. Figure 3¢ shows linear areas of high fold in or-
thogonal orientations due to the crossed array method.

In addition to the aforementioned MOS surveys, a very
shallow penetrating seismic survey, nanO-SEIZE, utilizing a
1.5 m geophone separation and a 35 kg ELVIS VII portable
vibrator (Table 1) was conducted to extend the northwest ex-
tent of the OS profile. This allowed a very near-surface char-
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acterization of the immediate vicinity of the DT-1B drill site
by placing a high density of sources and receivers up to the
adjoining cliff face.

4 Processing

A standard processing sequence for the MOS datasets is ap-
plied based on parameters derived from P-wave reflection
processing of the PCM transect. Importantly, this transect is
processed first to understand the overlying Quaternary sedi-
mentary cover in the Ossola Valley. Moreover, the PMC pro-
file is the simplest of the profiles to process due to the hori-
zontal layering of the valley infill, and it is relatively noise-
free due to the profile being somewhat away from roads, rail-
ways, and the Toce River. Following this, processing flows
are adapted to the more complex scenarios in Megolo and
Ornavasso.
Processing typically involved the following procedures:

— vibroseis correlation (pilot trace),

— applying geometry to the seismic records (UTM 32 co-
ordinate system),

— bad trace editing,

— trace conditioning and amplitude corrections (band-
pass filtering, spherical divergence correction, and trace
equalization),

— vertical stack (stacking of shot records),

— spiking deconvolution,

— crooked-line common-midpoint (CMP) binning,
— first-break picking and refraction analysis,

— static corrections,

— S-wave removal (time-variant bandpass filtering and f—
k filtering),

— first arrival removal (top mute),

— normal moveout (NMO) correction and CMP stacking
(NMO stack),

— velocity modeling,
— post-stack filtering and amplitude corrections.

The conditioned NMO stacked sections are then reviewed
for the refinement of processing parameters and updating ve-
locity models. Subsequently, flow procedures are re-run and
pre- and/or post-stack time migration applied to the result-
ing NMO-corrected data. RadexPro© professional seismic
processing software is used to process all MOS data, and
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Figure 2. (a) Location of the MOS active seismic surveys within the Ossola Valley. Seismic receiver lines are indicated by blue lines and the
geology overlay maps and lithologies are as described in Fig. 1. Common-midpoint (CMP) maps for (b) the Megolo primary (MP) profile,
(c) the Premosello Chiovenda—Megolo (PCM) profile, (d) the Ornavasso primary (OP) profile, and (e) the Ornavasso secondary (OS) line.
CMPs are shown as green dots, whereas source and receiver locations are displayed as red and blue dots, respectively. For reference, the
Proman Anticline and Massone Antiform are indicated by dashed and dotted—dashed red lines, respectively (refer to Fig. 1). CMPs that
were removed from the Premosello-Megolo profile processing are indicated with a dashed grey oval. (d) displays the crossed array method
whereby the receiver lines are approximately orthogonal to each other and oriented to be orthogonal and parallel to the main strike.

MATLAB®© scripts are used to develop 3D velocity mod- 5 Results

els outside of RadexPro. Additional profile-specific process-

ing, such as static corrections and velocity modeling, are de- 5.1 Data quality and refraction analysis
scribed in the following sections along with the results of

each profile. Data quality for the MOS profiles is mixed, whereby the near

offsets are generally of good quality and far offsets strongly
affected by constant road noise. This is improved by sweep-
ing twice (or more) at each VP. However, in the MP pro-

https://doi.org/10.5194/sd-33-219-2024 Sci. Dril., 33, 219-236, 2024
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Table 1. Acquisition parameters.
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Profile Megolo Ornavasso primary Ornavasso secondary Premosello transect nanO-SEIZE
Spread type Static — crossed array Static — crossed array Static — 2D Static — 2D Static — 2D
Number of channels 340 294 79 78 96
In line 195 142 79 78 96
X line 48 +72+ 13412 65+87 - - -
Receiver type 15Hz, 1C 15Hz, 1C 15Hz, 1C 15Hz, 1C 15Hz, 1C
Spacing in line 10m 10m 12m 12m 1.5m
Spacing X line Sm Sm - - -
Source 260001b (12247 kg) 260001b (12247 kg) 260001b (12247 kg) 260001b (12247 kg) 35kg ELVIS
EnviroVibe 2 EnviroVibe 2 EnviroVibe 2 EnviroVibe 2 portable vibrator
Source spacing 20m 20m 12m 12m 1.5m
Source points 126 394 80 88 96
In line 110 176 80 78 4 10 far offset 96
X line 11 16+ 11 - - -
Sweep parameter 12, linear, 12-150Hz 125, linear, 12-150Hz 125, linear, 12-150Hz 125, linear, 12-150 Hz
Sample rate 1 ms 1 ms I ms 1 ms 0.5ms
Record length 12+4s 12445 12+4s 12445 10+1s
Sweeps per source point 24 2-3 1-2 1-2 2
Near-offset/skid Om/2m Om/2m Om/2m Om/2m 0m/0.5m
Maximum offset 2192m 1590 m 848 m 929-1218 m 125m
Recording instrument
In line SUMMIT X SUMMIT X SUMMIT X SUMMIT X GEODE
X line SUMMIT X and SUMMIT X and - - -
GEODE GEODE

file, both source and geophone coupling were variable due
to the diversion around the aforementioned stormwater cul-
vert. This resulted in variable data quality, data gaps, and
low fold between 446750 and 447000 m E. In an exemplary
example of good data from the OS profile collected away
from noise sources, seismic refraction energy reaches the far
offsets, and near-surface reflections are clearly observed be-
tween 100 and 300 ms in the raw shot records (Fig. 4). How-
ever, shot records over crystalline rock, such as the northwest
end of the OP profile, no such reflections are observed.

The first-break arrival times of refracted phases were man-
ually picked for each profile and displayed in MATLAB for
quality control. This, in general, showed very linear refracted
phases within the valley, which is consistent with a topo-
graphically flat and homogeneous sedimentary cover. Simple
refraction analysis using the generalized reciprocal method
(Palmer, 1981) (Easy Refraction module; RadexPro) is per-
formed and results in a simple two-layer case, with aver-
age velocities of 200 and 1520ms~!, respectively, for the
two layers (Fig. 5b). It should be noted in Fig. 5a that the
refracted phase already arrives at the nearest receivers, in-
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dicating a very shallow interface. The two layers are inter-
preted to be dry and saturated sediments, respectively. The
non-saturated zone above is on average only approximately
5-10m thick (Fig. 5) and agrees with the approximate height
above the nearby Toce River. Thus, the elevation and refrac-
tion static corrections were negligible for all areas. Deeper,
second refractive layers, in general, were not observed, ex-
cept in the MP profile, and this supports the assumption of
thick valley sediment infill away from steeply dipping valley
walls.

5.2 Velocity modeling

Velocity models are developed for each profile and are pre-
sented with the results of each profile. The classic 1D ve-
locity semblance analysis of NMO-corrected CMP panels
(e.g., Yilmaz, 2001) is not applied, as the nominal 10 m re-
ceiver separation used results in poor imaging of the first
50-100m (100-200 ms two-way travel time). However, the
basic principle of applying NMO corrections in a series of
velocity panels to determine the correct stacking velocity
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Figure 4. Exemplary shot records without topographic correction
from the OS profile, annotated with the first arrivals (green), the
airwave arrival (330ms~! red), and the very slow ground roll
(200ms~! magenta). The vertical axis is two-way-travel-time in
milliseconds. Only the first 800 ms out of 4000 is shown. Trace nor-
malization has been applied for display.

is applied. To resolve the uppermost sediment layer, veloc-
ities from the refraction analysis are used as a starting point,
and constant-velocity stacks (CVS) using a small range of
velocities (1400-1600ms~! at 20ms~! intervals) centered
around the first refractor velocity (determined in the pre-
vious section) are applied to the data. For the PCM pro-
file, the optimal near-surface stacking velocity is 1480ms~!,
which is slightly slower than the average refractor velocity
observed in the OS profile. To resolve horizontal reflectors
below 100 ms, a series of velocity gradients is then trialed.
A gradient of 0.00167 ms™! is found to coherently resolve
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Figure 5. Generalized reciprocal method of refraction analysis
from the OS profile. (a) First-arrival offset-travel-time curves from
every fifth source point of the Ornavasso secondary profile. (b) Two-
layer velocity model derived from travel time curves in panel (a).

horizontal reflectors at times up to 500 ms (ca. 500 m) and is
used for subsequent velocity models for the valley sediments
and delineating the sedimentary basement contact. From this
contact, more advanced velocity models are developed to ac-
count for the crystalline crustal rocks. In general, higher-
velocity areas are graphically picked from the basement con-
tact and a gradient is applied to smooth the boundary. Various
boundary gradients and upper velocity limits are tested. The
upper velocity in the PCM and OS profiles that returns the
best images is 5500ms~!. These simple 2D models accu-
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rately resolve the sedimentary basement contact in the PCM,
OP, and OS profiles, which are generally perpendicular to the
basement contact. However, the MP profile is (sub)parallel to
the local valley walls, which dip to the north, and the Proman
Anticline, which dips to the west. Thus, a 3D velocity model
is developed for the MP profile.

5.3 Premosello—Chiovenda to Megolo

To increase the CMP coverage of the PCM profile in the
south, where access is restricted (Fig. 2b), far-offset VPs are
acquired past the termination of the geophone line. These
long-offset VPs are offset from the projected receiver line,
resulting in laterally offset CMP positions. To reduce the ef-
fects of the non-collocated CMPs, a selection of the offset-
CMPs is removed before stacking. Results from the PCM
profile are shown in Fig. 6. These consist of an NMO stack
and a pre-stack time migration (PSTM) section, derived us-
ing a gradient velocity model, as described in Sect. 5.2. A
weathered crystalline contact with a velocity of 4500 ms~!,
which increases to 6000 ms~!, has been assumed (Fig. 6b).
The sections are converted from time to depth (T2D) using
only the gradient velocity, thus preserving the depth to the
base of the valley. The velocity model is considered reli-
able, as reflectors within the Quaternary sediments are well
imaged and typically flat-lying, with many coherent reflec-
tions down to 500 m, i.e. the base of the sediments (Fig. 6¢).
These sedimentary reflections often show local variation and
changes in continuity, indicating potential movement within
the sediments and paleo-erosion surfaces (e.g., ca. 100 ms
highlighted in green). Shallow reflections in the southern end
of the profile are affected down to approximately 300 ms by
the large and lateral displacement of CMPs. Automatic NMO
stretch-muting has also been applied in the upper portion of
this zone and along the profile, reducing the resolution in the
upper 50-100 ms. The sedimentary bedrock interface is gen-
erally well imaged (highlighted), indicating a wide U-shaped
valley, the center of which is at approximately a 300 m pro-
file distance, which is equivalent to the center of the Ossola
Valley at this location.

PSTM imaging (Fig. 6d) improves the coherency of the
Quaternary sediment crystalline interface and structure of
the U-shape valley. Coherent reflections below this contact
within the crystalline basement, however, are not observed,
and migration smiles dominate below 600 m.

5.4 Megolo

The Megolo DT-1A drill hole is planned to intersect a
crystalline rock sequence of garnet-bearing metagabbros,
charnockitic granites, pyroxenites, and potentially peridotites
within the IVZ. The dominant metagabbro (pyriclasite in
Fig. 1d) dips approximately 20° east-southeast and forms
part of the Proman Anticline (Fig. 1c). The survey consists
of a central 2.3 km long receiver line (in line, across strike)
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that follows the F. M. Beltrami Road which connects Megolo
to Pieve Vergonte and Ornavasso and a section of old disused
road that crosses a water channel to the east of Megolo di
Fondo as well as two closely spaced short crosslines placed
within the nominated DT-1A drill site (Fig. 7a).

5.41 Xline

Along the crosslines, the data are of extremely high qual-
ity due to the short offsets and excellent coupling of both the
EnviroVibe and geophones, with a shallow dipping reflection
that is very apparent in the raw data (Fig. 7b). The data are
processed to produce a simple depth-converted NMO stack
(Fig. 7c). Again, due to stretch-muting and the survey ge-
ometry, the upper 100 m of the section has poor resolution.
However, the processed stack locates the prominent reflector
at 45-50 m depth below the proposed drilling location dip-
ping approximately 30° toward north-northeast. This is in-
terpreted as the contact between the Quaternary sediments
and metagabbros of the valley basement rocks, which out-
crop some tens of meters south of the drill site (Fig. 2).
When this section is placed in line with the PCM transect
(Fig. 8), it is obvious that the dipping reflector conforms with
the glacial valley structure seen in the PCM transect. Again,
reflections within the crystalline basement rocks are not well
observed, partially due to the short extent of the crossline
profile, although it is expected that more energy is transmit-
ted through the Quaternary sediment—crystalline basement
interface in this area due to the better coupling and thinner
sedimentary cover.

5.4.2 Inline

Refraction depths and velocities varied from west to east with
variable near-surface conditions. Additionally, the western
end of the profile is slightly topographically elevated and
crosses over a shoulder protruding from the southern val-
ley flank.

Refraction analysis of the Megolo in line profile is shown
in Fig. 9. This clearly shows the elevated high-velocity sec-
tion in the west corresponding to the subsurface extension
of the southern valley flank, the slow valley sediments in the
center, and a higher-velocity near-surface feature at the east-
ern end of the profile. Corresponding elevation and refraction
static corrections are applied to the inline dataset. Processed
results are shown in Fig. 10 and consist of NMO, PSTM,
and post-stack time migration (PostSTM) sections presented
in two-way travel time. Within these processed sections, the
contact at the base of the Quaternary sediments is reasonably
well mapped and agrees with the refraction analysis (Fig. 9)
and the assumption that the crystalline rock is closer to sur-
face in the west and gently dips to the east. At the eastern
end of the profile, a shallow horizontal reflector is promi-
nent in the PSTM image (Fig. 10b and e), coinciding with the
higher-velocity zone exposed in the refraction analysis. Here
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Figure 6. Premosello-Chiovenda-to-Megolo seismic section. (a) CMP map overlaying the aerial photo showing the extent of the receivers
(blue dots) and source points (red dots), CMPs (green dots), and CMPs that are excluded from the stack (grey oval). (b) Velocity model
showing a gradient from 1480-1850 m s~ down to 500 ms in the sedimentary deposits and a weathered contact from 4500 to 6000 ms~1.
(¢) NMO stack derived from the velocity model in panel (b). The survey geometry is displayed above the profile indicating where the out-of-
plane CMPs have a negative influence on the stack and where fold decreases at the edges of the profile. (d) Pre-stack time migration derived
from velocity model. (b) Low-fold and offset CMPs in the south end of the profile result in many migration smiles. The green line indicates
a potential paleo-surface within the Quaternary sediments, whilst the yellow line is the contact between the sediments and valley basement
rocks.

a complex overburden is also observable. Within the crys- lack of coherent reflectors being present. However, the seis-
talline rock, there is little reflection energy received, and each mic character is consistent for approximately 400 ms below
of the processed sections reveals different seismic features. the sediment contact, indicating a shallow dip to the east.
The NMO stack maps the strong reflection from the sed- The PSTM profile (Fig. 10c and f) over-migrates the near-
imentary basement well, indicating discontinuities and ter- surface, with many smiles evident; however, a weaker shal-
minations (Fig. 10a and d). Below this, however, the stack low (100 ms) reflector in the east has become more coherent
is particularly bland. The PostSTM profile (Fig. 10b and e) (marked with a blue arrow Fig. 10d—f), and the dipping seis-
similarly shows little below the Quaternary—basement con- mic character has been enhanced in the west updip of the
tact and progressively smears the seismic energy into smiles origin of the crystalline rock.

beyond 500 ms, an artifact of the migration process due to a

https://doi.org/10.5194/sd-33-219-2024 Sci. Dril., 33, 219-236, 2024




228 A. Greenwood et al.: Drilling the Ivrea—Verbano zone

® Source location Dipping reflector £
® CmP Refracted wave arrival (1350 m/s) ‘g_
® Receiver location e Air wave arrival (340 m/s) 2
100
1 2 3 4 5 Raw shot records 8 9 10 11

200

Figure 7. Megolo high-resolution (5 m geophone spacing) crossline profile. (a) Plan view of DT-1A site area and the short crossline. (b) Raw
shot records after correlation of the vibroseis sweep. The first-arrival (yellow), airwave (magenta), and shallow dipping reflector (highlighted
in yellow) are clearly visible. (¢) NMO reflection profile after simple processing. A near-surface dipping reflector (highlighted in yellow) has
been imaged at a depth of 45 m, dipping at 30° to the north.

Maps Data: Google, Image ©2023 Maxar Technologies

Figure 8. Premosello—Chiovenda-to-Megolo transect and Megolo crossline profile projected into a cut-through of the Ossola Valley. The
geology, yellow, and green lines are as described in Figs. 1, 5, and 6.
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Figure 9. Megolo refraction tomography analysis. (a) CMP (green)
plot of the Megolo survey, including data from all receiver lines
(blue). The refraction profile is taken along the main receiver line
approximated by the dashed black line. (b) Travel time plot of the
first arrivals for all shot records along the main profile. (¢) Travel
time tomography results showing very slow sediments (blue) over-
lying fast hard rocks (red) in the west and a valley structure to the
east with faster sediments. Grey-shaded area depicts the area with
no ray-path coverage.

The strong velocity contrast between the sediments and
crystalline rocks distorts T2D-converted images and im-
poses an interface in the depth—velocity model; thus, a
20° southeast dipping smoothed velocity gradient (1500 to
6500ms—!) from the base of the sediments until 2500 ms
is used. Depths to the Quaternary—metagabbro contact are
assumed accurate, although depths below this are likely un-
derestimated and features within the crystalline rocks deeper
than indicated.

An attempt at improving imaging within the crystalline
basement is made using the MOS sparse 3D seismic data
collected. To generate a 3D depth—velocity model represen-
tative of the sedimentary cover and basement topography,
the valley boundary is determined from aerial photographs
(Google Earth) and topographic maps, and the slope of the
valley determined in the short crossline is used to extend the
crystalline structure below ground level. A lack of coherent
reflectors within the crystalline rock mass prevents the per-
formance of a classic semblance velocity analysis, and a ve-
locity of 7000m s~ is used as a representative metagabbro
velocity. This velocity is established by a field sample anal-
ysis and values from the literature (e.g., Khazanehdari et al.,
2000; Salisbury et al., 2003; Weiss et al., 1999). To avoid pre-
imposed sharp boundaries in reflection images, the velocity
model is smoothed. The complete 3D depth—velocity model
is shown as depth slices in Fig. 11a—d.

Additional processing is applied to the NMO data us-
ing the 3D velocity model developed, predictive deconvolu-
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tion to remove near-surface multiples, and post-stack FX de-
convolution to improve coherency of reflection events. The
advanced processing greatly improves imaging of the sedi-
mentary crystalline basement contact, sedimentary layering,
and the structural dip of the metagabbro facies. This image
(Fig. 12) is offset approximately 100 m north of the planned
DT-1A location and inserted into a combined topographic
and geologic collage.

5.5 Ornavasso

The DT-1B drill hole at Ornavasso targets the center of
the tightly folded Massone Antiform (Fig. 1) to inter-
sect metasediments; amphibolite; and, potentially, metagab-
bro units. An irregular sparse 3D survey pattern was used
(Fig. 2), consisting of a long central primary receiver line
across strike, two short receiver crosslines, and multiple VP
lines on and around the receiver lines wherever access was
possible. Near the end of the MOS campaign, a second 2D
line, progressing away from the DT-1B drill site and parallel
to the OP line as well as a short very high-resolution profile
(nanO-SEIZE) across the DT-1B drill site were acquired. The
drill site is located within close proximity to a near-vertical
cliff face, exposing metasediments and amphibolites.

5.5.1 Secondary line

The OS profile is processed first due to its high data quality,
as it is away from the main road, and its proximity to DT-1B.
The imaging results are shown in Fig. 13. The results clearly
show multiple flat-lying to sub-horizontal reflectors in the
first 250 ms. These are associated with the valley sediments,
which seemingly do not reach the northwest edge of the pro-
file and roughly terminate at a 45° angle from the start of
the profile (Fig. 13a and b). This termination line is the basis
for a simple steeply dipping layer velocity model (Fig. 13c),
assuming that the crystalline valley walls are directly to the
west-northwest of the profile. This velocity model is applied
to produce time-to-depth-converted NMO, PSTM, and Post-
STM profiles (Fig. 13d and e). Each profile shows different
seismic features, with the sediment layers having been en-
hanced in the migration profiles; however, due to the lack
of seismic coverage at the edge of the profile, the migration
process smears energy at the edge of the profile and falsely
enhances dipping events, and the seismic characteristics per-
taining to the terminating western edge are easier to interpret
in the NMO stack. A broader-scale interpretation of the OS
profile is conducted using the results of the nanO-SEIZE and
OP profiles.

5.5.2 The nanO-SEIZE profile

The nanO-SEIZE profile is a short, very high-resolution (Ta-
ble 1) north-northwest extension of the OS profile up to the
cliff edge of the DT-1B drill site. The resulting NMO pro-
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Figure 10. (a) NMO stack, (b) PSTM, and (c¢) PostSTM profiles of the Megolo inline seismic survey. Panels (d), (e), and (f) show annotated
plots in panels (a), (b), and (c), which show the depth to the local crystalline basement rocks (blue line). A shallow reflector within the
sediment cover is indicated by a blue arrow. Note that the profiles are shown oriented west to east, as acquired in the field.
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Figure 11. (a) Depth slices through the Megolo 3D depth velocity model showing the near-surface 50 m topology transition from slow (blue)
valley sediments to fast (red) metagabbro—pyriclasite rocks. The valley walls are modeled as dipping 30° to the north, as indicated by the
sediment—metagabbro interface (yellow contour) progressing northward in depth slices of (b) 100 m, (¢) 200 m, and (d) 300 m. Also modeled
are the westward dipping metagabbros, with a gradient from 6000-7000 m s—1 (light red to dark red) also visible in panels (b), (c), and (d).
The velocity model is displayed as oriented obliquely east to west looking from the Ossola Valley to the south.
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Figure 12. (a) Megolo primary profile using the 3D velocity model developed, predictive deconvolution to remove near-surface multiples,
and post-stack FX deconvolution to improve coherency of reflection events. (b) Megolo in line, post-processed, time-to-depth-converted
NMO stack, inlaid onto the Ossola Valley with 3D topography and geology displayed. The general dip of the metagabbro (dashed light-grey
line) conforms with the prominent dip of the metagabbro mapped at approximately 21°. For reference, the Megolo crossline profile (refer to
Fig. 6) is displayed as an insert (right) and as an inlay in oblique view to the primary inline. The location and orientation of the proposed of
DT-1A drill path are indicated as a solid red line, and its location, relative to the inline profile, is indicated as a dashed red line.

file is shown in Fig. 14. Thickness of the sedimentary cover
at DT-1B is indicated as being 30-50 m thick at 40 m pro-
file distance (Fig. 14c). Additionally, it is ascertained that the
near-surface crystalline rock dips at approximately 22° and
then terminates at about 100 m profile distance, where an in-
ternal reflection within the crystalline structure is observed.
This termination indicates a very steep progression of the
valley walls at this location. A high-energy near-surface re-
flection causing a large step in the near-surface reflections
is evident in the data between O and 12m. This is inter-
preted to be a block or rock debris from the adjacent cliff
face. Many diffraction tails observed as very steeply dipping
events are evident in the profile and indicate the presence of
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either near-surface point sources, such as buried boulders, or
sharp edges.

Combining the results of the nanO-SEIZE and OS pro-
files in Fig. 15a shows a very good continuation of the near-
surface reflections and agreement of the general interpreta-
tions observed in both profiles. These observations are also
supported by the results of the OP profile.

5.5.3 Primary line

The OP profile is processed using crooked-line geometry
with a swath of 50m to increase the CMP fold with data
from nearby VPs. Although data quality suffered from traf-
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Figure 13. Ornavasso secondary profile constant velocity NMO stack (a) before and (b) after the application of refraction statics; (¢) smooth-
gradational-dipping (45°) velocity model for stacking, migration, and T2D conversion; and (d)—(e) T2D-converted PostSTM and PSTM

profiles after the application of the velocity model in panel (c).
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Figure 14. Results of the nanO-SEIZE profile collected at 1.5m geophone spacing using an ELVIS VII wheelbarrow 35kg vibrator.
(a) Planned location of DT-1B in relation to the Massone Antiform (Fig. 1) and steep topography. (b) CMP stack. (¢) Interpretation overlay
showing the depth extent of Quaternary sediments (yellow) and underlying kinzigite.

fic noise and required significant trace editing, energy from
the EnviroVibe over two sweeps is sufficient to maintain en-
ergy for up to 1200 m offsets. Elevation and refraction static
corrections were minimal, as the Ornavasso site is in a flat
open part of the Ossola Valley (Figs. 1 and 2). Processing
adapted the parameters and velocity model determined from
the OS profile. The results are similar to that of the OS pro-
file, with, however, some lateral coverage over the outcrop-
ping Massone Antiform. The OP and OS T2D NMO profiles
have been interpreted together in Fig. 15, whereby the as-
sumed lithologies of the Massone Antiform have been over-
laid. There is a clear termination, observed as a change in
seismic character, of the Quaternary valley sediments at the
western end of the profiles where metasedimentary rocks
outcrop. The sediments within the valley are largely hori-
zontal, showing local variability and character changes with
depth. There is seemingly no sharp reflector at the Quater-
nary metasediment interface like that observed in the PMC
transect. This is likely due to a steeper profile of the val-
ley walls. The crystalline section is indicated by a change
in seismic character, with the presence of scattered energy
and lack of specular reflections. Inference of any lithologi-
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cal changes within this section is speculative and interpreta-
tion can only be guided by a priori knowledge (expected ge-
ology) and the existence of diffraction events such as those
highlighted by the arrows in Fig. 15a, which is evidence of
steeply dipping irregular surfaces. Like the depth observa-
tions in Megolo, the smoothed gradational velocity model
used for T2D conversion in Ornavasso is assumed to have ac-
curately determined the depth of the Quaternary sediments;
however, any observations within the crystalline section are
underestimated in depth.

6 Discussion and limitations

A large contrast in the seismic response between the Quater-
nary valley sediments and the Permian basement metasedi-
ments is observed throughout the MOS profiles. Within the
sedimentary infill, horizontal reflectors are prominent, and
one would expect a simple infill of the last glacial cycle to
be preserved; however, the layering is quite irregular and on-
lapping horizontally, which is indicative of thick lacustrine
proglacial sediments from preserved older fills and evidence
of paleochannels from the Toce River meandering. These soft
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Figure 15. Reflection profiles of (a) the Ornavasso secondary and nanO-SEIZE profiles and (b) the Ornavasso primary profile after CMP
stacking. Panels (c¢) and (d) include an interpretation overlay showing the Quaternary sediments as yellow, whilst the expected crystalline
sequences of the Massone Antiform are shown as green, pink, and purple colors (Legend 2). The dashed black lines indicate the boundary
between the valley sediments and Massone Antiform units. Black arrows in panel (¢) identify diffraction tails that are synonymous with a
steeply dipping irregular surface. For reference, the geographic location of the seismic lines is indicated in panel (e), with DT-1A located at

the near-vertical western boundary of the secondary line.

sediments are in high acoustic impedance (Al) contrast to the
basement rocks, resulting in a strong reflection at the con-
tact, which is well observed in the PMC transect as well as
the Megolo crossline extension. The shape is consistent with
a wide U-shaped glacial valley with its trough at the center
of the Ossola Valley, and the bottom is estimated at approxi-
mately 550 m (e.g., ~ 300 m b.s.l.). However, whilst the high
Al sedimentary—basement boundary results in a clear defini-
tion of the glacial valley, there is a lack of coherent specu-
lar reflections within the basement rocks, which is problem-
atic in the MOS data and quite typical of crystalline environ-
ments (e.g., Salisbury et al., 2003). The problem is primar-
ily due to the very low Al contrast of conformable bound-
aries within the lower crustal Ivrea rocks, which generate
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very weak reflections, with reflection coefficients of less than
0.05 for Ivrea metagabbros and metasediments (Barberini et
al., 2007). Accordingly, very low-reflectivity features within
the crystalline basement will need to be extensively laterally
continuous, at least a Fresnel zone width (ca. 200 m at 50 Hz,
5500m s}, and 500 m in depth), and be no more than mod-
erately dipping (ca. 35°) to be observed within the seismic
sections. Such events can only be observed in the primary
Megolo profile, where the Proman Anticline is known to be
broad and dipping approximately 20° east-southeast. This is
observed in the western end of the profile, where the target
rocks are closer to the surface and exhibit a shallow east-
dipping fabric. Any highly dipping (> 45°) metasedimentary
layering, such as that expected in the Massone Antiform,
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cannot be significantly imaged by the surface seismic reflec-
tion method below shallow depths. In such instances, we rely
on secondary geological features within the crystalline base-
ment rocks to ascertain the geological structure. Only fea-
tures with high contrast to the surrounding rock mass are ex-
pected to produce observable reflections, such as cataclastic
and fault zones, large open fractures or fracture sets, or sharp
terminations. Sharp terminations are recognized by diffrac-
tion tails, such as those detected in the western edge of the
Ornavasso secondary profile, and anomalies such as small
fault/joint offsets or apexes and terminations of continuous
reflectors may be evident in the Ornavasso primary profile
through the recognition of weak diffraction events. However,
there are no shallow-dipping strong, short, continuous reflec-
tors observed in any of the crystalline sections in all profiles,
indicating that there are likely no major cataclastic zones,
faults, or fracture planes with open porosity at shallow an-
gles. We, however, cannot exclude the possibility of such
zones and structures at high angles. These commonly ex-
hibit as dislocated reflections (faults), often separated with
null-energy zones. Small dislocations, with very limited null
zones, can be observed in the MP profile (Fig. 12a), and it
would be reasonable to assume the presence of high-angle
faults and fractures in Megolo.

7 Conclusions

The high-resolution MicrO-SEIZE active seismic campaigns
have been carried out to characterize the subsurface struc-
ture at two planned borehole locations of the ICDP project
DIVE. The processed and interpreted profiles have confi-
dently imaged the Quaternary sediment—basement contact of
the Ossola Valley, placing the base of the valley at approx-
imately 550 m depth at its center and clearly showing the
continuation of the topographic slopes observed at the ad-
jacent mountain flanks, which are sloping at approximately
25-30°. The sediments within the valley show signs of sev-
eral proglacial fill cycles older than the last glacial cycle.
The sediments in Ossola Valley have a relatively low velocity
(1500-1800 ms~!), which cause a large acoustic impedance
contrast at the contact point with the underlying crystalline
crustal rocks. Below this contact, the majority of sections
show little to no specular reflections due to the very low Al
contrast of Ivrea rocks. Shallow dipping reflectors that would
suggest large open-fracture or fault systems are not observ-
able; however, a steeply dipping structure is not imaged with
the geometry of the surveys, and the existence of steep faults
or fractures cannot be excluded. However, such features are
not thought to be extensive, and it is reasonable to consider
that the lithological progression is in continuous succession
of the geological structures mapped at the surface at both
sites, i.e., at DT-1B (Ornavasso; narrow antiform) and at DT-
1A (Megolo; dipping layers).
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Sedimentary overburden is established to be at least 30—
50 m at the Ornavasso and Megolo drill sites, respectively. At
DT-1B (Ornavasso), the seismic survey has prompted mov-
ing the borehole location approximately 20 m closer to the
exposed bedrock cliff in order to minimize the Quaternary
overburden and to approach the axis of the narrow Massone
Antiform. At DT-1A (Megolo), the borehole location plan is
confirmed and the seismic survey results are the primary sub-
surface constraint to orient the borehole’s inclination to be at
15-20° in order to orthogonally cross the flank of the broad
Proman Anticline and reach the deepest layers of the crust.

Future deployment of longer seismic profiles and larger
seismic sources may aid the delineation of the broader ge-
ology in the area; however, these are not necessary to plan
the borehole geometries, which are determined and agreed
on, and enable the start of drilling. Further analysis of the
MOS seismic data with respect to fracture reflectivity, and
anisotropy effects of metasedimentary layering will be con-
ducted after the rock-core physical property analysis (density
and P- and S-wave velocity), borehole geophysics, seismic
analysis while drilling, and seismic anisotropy modeling be-
come available. Conversely, the MOS seismic database will
also help interpret the forthcoming comprehensive borehole
logging program’s dataset. Passive seismic data from the DI-
VEnet monitoring network, which are composed of 12 con-
tinuously operated stations over 2 years, covering an area of
up to 10km distance around the boreholes, may further aid
the interpretation at a broader scale.

Code availability. All data have been processed with RadExPro
commercial seismic processing software. 3D velocity models were
generated in MATLAB using generic MATLAB functions. The
MATLAB script is available upon request from the author.

Data availability. The data collected within the DIVE project are
available to the scientific community. Seismic raw data are available
at https://doi.org/10.5880/ICDP.5071.002 (Greenwood et al., 2024).
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Abstract. Glaciers have shaped the Alpine landscape by carving deep valleys and depositing sediments to form
overdeepened basins. Understanding these processes provides information on the evolution of the climate and
landscape. One such overdeepened structure is the Tannwald Basin (ICDP site 5068_1) north of Lake Con-
stance, which was formed by the Rhine Glacier in several glacial cycles. In order to study these sediments
and their seismic properties down to about 160 m depth, we conducted seismic crosshole experiments between
three boreholes, obtaining compressional (P) wave data. The P-wave data are generated by a sparker source and
recorded by a 24-station hydrophone string. We present the data acquisition and review our approach for future
optimization, suggesting a finer time sampling interval and a separate registration of borehole and surface re-
ceivers. Travel-time tomography of the P-wave first-arrival picks under geostatistical constraints yields initial
subsurface models. The tomograms correlate well with cased-hole sonic logs and the lithology derived from the
core of one of the boreholes. These results will be further investigated in future research, which will include

full-waveform inversion (FWI) to obtain high-resolution subsurface models.

1 Introduction

Within the International Continental Scientific Drilling Pro-
gram (ICDP) project 5068 “Drilling Overdeepened Alpine
Valleys” (DOVE), we study overdeepenings in the Alps in
order to understand climate and landscape evolution in Qua-
ternary times. The valleys were excavated by glacial ero-
sion and form elongated structures that usually correspond
to the recent ice flow directions. Typically, these structures
are quickly filled by various deposits. These deposits may
then be eroded again by another glacial advance. The sedi-
mentary infill of the valleys results in a complex system of
aquifers with different permeabilities, so groundwater levels
can vary greatly within short distances. Knowledge of the

sedimentary structure is therefore crucial for water supply
and shallow geothermal facilities. The rather soft sediments
also play a decisive role in local site effects of earthquakes,
which are common in the Alpine region. The DOVE project
addresses these topics through a suite of geological, geo-
chemical, geotechnical, and geophysical methods that heav-
ily depend on the information obtained from cores as well as
in and around the boreholes that were drilled for the project
(Anselmetti et al., 2022).

At site 5068_1, the Tannwald Basin in southern Germany,
not just one but three boreholes were drilled to conduct seis-
mic crosshole experiments. Our seismic crosshole measure-
ments are unique in that, to our knowledge, this acquisition
geometry has never been used to investigate glacial sedi-

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

suoday aouslog



238 S. Beraus et al.: A comprehensive crosshole seismic experiment in glacial sediments

ments at depths down to about 160 m. However, the method
is commonly used in the industry to investigate and char-
acterize oil and gas reservoirs at depths greater than 500 m
(Van Schaack et al., 1995; Bauer et al., 2005; Zhang et al.,
2012; Liu et al., 2012) as well as geothermal sites (Mar-
tuganova et al., 2022; Gaucher et al., 2020); von Ketelhodt
et al. (2018) applied the method to study aquifers in the up-
per 40 to 50 m by travel-time tomography.

Surface seismic methods, where the source frequencies are
usually limited to below 200 Hz and strongly attenuated by
the low-velocity weathering layer, which prevents high fre-
quencies from penetrating the subsurface when shot at the
surface, often lack the desired resolution. Crosshole seismic
methods, which deploy high-frequency sources and receivers
below the surface, can thus bridge the resolution gap between
borehole methods (core analysis and logging) and surface
seismic data. In addition, the transmission geometry samples
horizontal travel paths, while surface seismic acquisition ge-
ometries predominantly treat vertical travel paths of seismic
waves and local heterogeneities impair amplitude-variation-
with-offset/angle (AVO/AVA) methods. This often prevents
the study of complex geology, including the phenomenon of
seismic anisotropy.

Here, we present the crosshole experiments we conducted
in a glacially overdeepened basin of the Rhine Glacier. By
a comprehensive discussion of the strengths and limitations
of the data, we aim to encourage the application and im-
prove the implementation of crosshole tomography in other
projects. We are convinced that such measurements can pro-
vide crucial high-resolution information on sediment struc-
tures that cannot be derived from surface measurements. This
is corroborated by the results of isotropic travel-time tomog-
raphy, which can be linked to geological features observed in
the lithology of the boreholes, demonstrating the value of the
data.

2 Study site: 5068_1 (Tannwald)

Our study area is ICDP site 5068_1 in the Tannwald Basin
and located about 45 km north of Lake Constance (Fig. 1a).
The Tannwald Basin is a distal glacially overdeepened valley
of the Rhine Glacier that is about 1 km wide and up to 250 m
deep, and it is part of the Lake Constance amphitheater. Ac-
cording to Ellwanger et al. (2011), the Rhine Glacier incised
into the Tertiary Upper Freshwater Molasse and the Upper
Marine Molasse down below the fluvial base level during the
Hosskirchian. Subsequently, the sediments transported in the
glacial system refilled the basin during the Middle to Late
Pleistocene. The study site lies beyond the maximum ice ex-
tent and thus beyond the terminal moraine of the Last Glacial
Maximum (LGM) (Burschil et al., 2018).

Prior to drilling, the LIAG Institute for Applied Geo-
physics carried out intense pre-site surveys using surface
seismic methods. These included five compressional wave
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(P-wave) seismic reflection lines distributed over the north-
eastern part of the basin. Using the high-resolution surface
seismic data, Burschil et al. (2018) were able to characterize
the sediments by reflection seismic imaging and facies char-
acterization. A 3D survey at the drill site revealed additional
faults and a glaciotectonic feature referred to as cuspate—
lobate folding, which provides information on local stress
regimes in the past (Buness et al., 2022). Based on the infor-
mation from the seismic profiles, ICDP drilling site 5068_1
was selected.

In comparison to the other DOVE sites, at site 5068_1 not
just one but three boreholes (sites 5068_1_A, 5068_1_B, and
5068_1_C,; hereafter referred to as A, B, and C) were drilled,
all of which reached the base of the Quaternary overdeepened
basin between 153 and 158 m depth (DOVE-Phase 1 Scien-
tific Team et al., 2023b; Schuster et al., 2024). The boreholes
are cased with a PVC pipe with a diameter of 80 mm. The
backfill consists of bentonite and filter sand (DOVE-Phase 1
Scientific Team et al., 2023b). The boreholes are arranged in
an isosceles triangle with short edges of 28 m that are ori-
ented in N-S and W-E directions (Fig. 1b). This setup was
found to be optimal for conducting seismic crosshole exper-
iments in the glacial sediments. A detailed description of the
drilling and the core recovered from borehole C can be found
in Schuster et al. (2024) and DOVE-Phase 1 Scientific Team
et al. (2023b, c). Cuttings from the flush drilling of bore-
holes A and B and core catcher information from the cored
borehole C provided a preliminary lithology at each bore-
hole location (Fig. 2; lithology: Bennet Schuster, personal
communication, 2021). The top layer consists of gravel, fol-
lowed by mainly fines (silt/clay), interrupted by some sand
layers in the cored borehole C, indicating that the sand was
flushed out during the flush drilling of boreholes A and B. In
addition, wireline logging data were acquired by LIAG dur-
ing and after drilling (DOVE-Phase 1 Scientific Team et al.,
2023b), providing information such as the borehole trajecto-
ries (Fig. 1b).

3 Seismic crosshole experiments

3.1 Data acquisition

High-resolution P-wave data were acquired in all three bore-
hole planes, i.e., AB, BC, and AC (Figs. 1b and 2), in two
surveys. The first survey covered the shorter borehole planes
between boreholes A and B and boreholes B and C, and the
second survey covered the longer borehole plane between
boreholes A and C. In both surveys, we used a sparker source
in boreholes A and B, which requires a high-voltage power
supply that is powered by a generator. The seismic waves
were recorded with a 24-station hydrophone string. The hy-
drophones are omnidirectional pressure sensors which are
spaced every 2 m along the receiver string. Both the source
and the receiver string rely on them being placed below the
groundwater level (GWL) (Table Al in AppendixA) and be-
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ing free to move laterally at depth, i.e., not coupled to the
borehole walls. The shot and receiver depths are listed in
Table 1. We shot eight times at each position to increase
the signal-to-noise ratio (SNR). For the two short borehole
planes, we chose a time sampling interval of 0.5 ms to ensure
the required measurement progress. For the long plane be-
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tween A and C, we decreased the time sampling interval to
0.125 ms.

Furthermore, we deployed up to 112 three-component
(3C) geophones at the surface. For the short plane measure-
ments, we placed the stations every 1 m (plane BC) and ev-
ery 2m (plane AB) along the profiles connecting the wells to
improve the polar coverage and, thus, the area of the bore-
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Table 1. P-wave acquisition coverage of plane AB, plane BC, and plane AC. The source and receiver spacing within the layouts is 2 m.
Layouts with double letters, e.g., “aa”, are referred to as the staggered scheme. The effective receiver spacing is 1 m. Note that for layout 3b
of plane AC the planned receiver positions (in brackets) differ from the actual positions because the string was not moved downwards. The

uncertainties of source and receiver positions are discussed in Sect. 3.3.

Plane AB \ Plane BC \ Plane AC

Layout Receiver depth  Source depth | Receiver depth  Source depth ~ Source spacing Receiver depth  Source depth

(in m) (in m) (in m) (in m) (in m) (in m) (in m)
Lla 40-86 36-64 28-74 37-125 2 36-82 42-121
Llaa 40-86 37-91
L1ib 41-87 37-65 29-75 37-125 2 37-83 42-122
L1bb 41-87 38-92
L2a 63-109 38-136 76-122 60-146 1 71-117 42-156
L2aa 63-109 63-109
L2b 64-110 37-137 77-123 61-146 1 72118 42-156
L2bb 64-110 64-106
L3a 109-155 66-147 115-161 66-147 1 | 118-164 (117-163) 74-156
L3b 110-156 67-147 116-162 67-147 1 118-164 74-156

hole plane that is illuminated by the seismic waves. Addi-
tionally, we set up 48 receivers evenly distributed in a cir-
cle of radius 28 m around borehole B to sample the seismic
wave field with azimuth. In the additional P-wave survey
for plane AC, we deployed 56 three-component geophones
along a line starting 1 m from the shot borehole A and going
in the direction of the receiver borehole C with a spacing of
1 m. The surface station locations compiled from all surveys
are shown in Fig. 1b, and the crosshole survey coverage is
depicted in Fig. 2. We acquired approximately 40 GB of data
in about 10 working days with a crew of three to four using
borehole and surface receivers.

3.2 Raw data

The P-wave data have an overall excellent signal-to-noise
ratio regarding environmental noise. However, they are
also characterized by two distorting features: first by tube
waves, which are often the most significant noise in cross-
hole sparker surveys (Daley, 1977), and second by aliasing
(Fig. 3).

The tube waves, which appear as linear noise in both the
shot gathers and the receiver gathers, mask other late arrivals
because of their high amplitudes. The steeply dipping events
in the shot gathers (Fig. 3a) are associated with tube waves
that originate at discontinuities in the source borehole and
have velocities of about 1430 ms~!, depending on the casing
and formation discontinuities (Galperin et al., 2012). In the
receiver gathers (Fig. 3b), the waves forming the linear events
either travel through the subsurface and are then converted
to tube waves at the receiver well or have already propa-
gated as tube waves through the source well, radiated towards
the receiver borehole, and are converted to tube waves once
again. These waves can also be identified in the frequency—
wavenumber (denoted fk) spectrum of the data (Fig. 4),
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where they appear as separate lines originating from k = 0.
Tube waves can be removed, e.g., by fk or t — p filtering.

In order to prevent temporal aliasing, an anti-aliasing fil-
ter was applied during recording. However, it deteriorates
the data quality in such a way that the P-wave first arrivals
are not sharp but show precursors. These precursors are
also offset-dependent and become stronger the shorter the
source—receiver distance is. Spatial aliasing, caused by the
source and receiver spacing of 1 m, however, could not be
avoided, such that seismic events dip in two different direc-
tions simultaneously.

The fk spectrum of the field data from plane BC (Fig. 4)
shows that most of the energy is concentrated in a triangle
that is symmetrical to the frequency axis at k = 0. However,
a considerable amount of energy is aliased at about 270 Hz,
resulting in a wrap-around effect in the fk spectrum. In addi-
tion, we can identify unusually dipping events in the fk spec-
trum that originate at the minimum and maximum wavenum-
bers.

The frequency spectra from plane BC (Fig. 5a and b, red)
show large peaks below 20 Hz. Another significant peak can
be found at about 200 Hz. The cumulative spectrum, i.e., the
normalized sum of the spectra of all shots, has its overall
maximum at 345 Hz. Frequencies at 830 Hz, which corre-
sponds to 83 % of the Nyquist frequency, are attenuated by
—3dB by the anti-aliasing filter applied during acquisition.
Frequencies above 650 Hz already contribute less than 50 %
to the signal energy. The normalized amplitude spectra of
plane AB (Fig. 5a and b, orange) show a narrower peak at
around 200 Hz and higher values at high frequencies. For
plane AC (Fig. 5c and d, purple), where a finer sampling
interval of 8 kHz was used, we observe several peaks be-
low 500 Hz in the amplitude spectrum and another peak at
about 1100 Hz. Frequencies above 1500 Hz contribute less
than 30 % to the signal energy.
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1000 would be sufficient to record first arrivals and reflections in
Figure 4. fk spectra of P-wave sparker data from plane BC show- our crosshole setting with short borehole spacings of 28 and
ing tube wave energy, a wrap-around effect, and unusually dipping 40m (Liu et al., 2012). Later arrivals are too attenuated in the
events originating at the minimum and maximum wavenumbers. sediments to be visible in the data. Consequently, the record-
For presentation purposes, we plot the spectrum to the power of ing time was adjusted in the acquisition of data in the plane
0.1 and apply a 95 percentile clip to the color map. between boreholes A and C. In addition, we would record
the data at the surface seismic stations independently of the

crosshole data, as the additional 336 channels are the main

3.3 Discussion factor in the long listening time.
In retrospect, we recommend focusing the P-wave surveys Although we additionally deployed 3C geophones along
profiles at the surface between the boreholes, these data are

solely on the high-resolution imaging using horizontal travel
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not expected to be able to fully compensate for the limited
angular coverage of the crosshole data due to the noise level
caused by environmental noise. This includes factors such as
vehicles passing directly by the site, trains commuting in the
nearby river valley, and agricultural and forestry operations
— all of which also cause a significant amount of downtime.
Regarding the noise identified in the fk spectra of the P-
wave data, we interpret the unusually dipping events at the
minimum and maximum wavenumbers in the fk spectrum
as related to the interlacing of the receiver strings according
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to Watanabe et al. (2005). However, definitive verification is
not possible, because we do no see systematic shifts in every
second receiver depth. It seems reasonable to conclude that
this is a display problem as a consequence of the temporal
undersampling.

To avoid the spatial aliasing, a source and receiver spacing
of 0.1 m would have been necessary. Thus, the depth errors
of the borehole tools would be of a similar magnitude or even
greater. These location errors include cable extension (up to
0.1 m), erroneous depth markers (up to 0.1 m), and smaller
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errors (up to 0.05m) due to clamping of the source and the
receiver string. For the three to five deepest shot positions in
borehole B, we estimate a position error of up to 0.5 m due
to buoyancy caused by remaining drilling mud, depending on
both the depth and the type of source and receiver.

4 Travel-time analysis

4.1 First arrival travel-time tomography and resolution
test

In order to obtain preliminary subsurface models based on
the P-wave first arrivals from the sparker data, we perform
travel-time tomography. The method uses the phase picks
and the acquisition geometry to invert the subsurface model.
Synthetic travel times are computed based on Dijkstra’s
shortest path method, using secondary nodes to improve ac-
curacy, as detailed by Giroux and Larouche (2013). Given the
highly nonlinear nature of this geophysical inversion prob-
lem, an iterative optimization approach is employed to mini-
mize the misfit between the field data and the simulated data.
Here, we apply the damped Gauss—Newton algorithm with
global regularization (Glinther et al., 2006), which is imple-
mented in the inversion code pyGIMLi (Riicker et al., 2017).
It minimizes the objective function

O = dy4(m)+ A Op(m) — min, €))]

where ®4(m) is the data misfit and where ®,(m) is the
model sharpness. The parameter A is the damping or trade-
off parameter, which controls the relationship between data
fit and model smoothness. Once the optimal model parame-
ter updates, §m, have been identified, the algorithm updates
the model on an unstructured mesh after each iteration step
until it reaches the abort criterion. The latter is defined as the
%2 value, which is construed as the mean of the sum of the
squared data errors weighted by the misfit. Thus, reaching
this criterion avoids both overfitting and underfitting of the
data.

Since we expect a predominantly horizontally layered
structure, we also apply geostatistical constraints to the in-
version. This additional regularization uses the model co-
variance matrix to define a correlation ellipse, which is con-
strued over the horizontal and vertical correlation lengths and
the dip with respect to the horizontal direction (Jordi et al.,
2018). Here, we choose a horizontal correlation length of
50m and a vertical correlation length of Sm for all three
borehole planes without any dip.

We choose the initial model as the slowness, p, of the me-
dian apparent P-wave velocity, i.e., p =1 /l935ms_1, de-
rived from the data of the borehole plane AC. The damping
or trade-off parameter, A, is set to 2000 so that the inversion
quickly reaches the target data fit, and any systematic pattern
in the residuals is removed.

Furthermore, we check the resolution of the tomography
by means of a synthetic test model with Sm thick layers
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(Fig. 6a and c), which differ in their velocity by 5 %. We
forward calculate the travel times between the sources and
receivers based on the model with a relative noise level of
1% and an absolute noise level of 0.125 and 0.5 ms, cor-
responding to the respective temporal sampling interval and
estimated picking error. Afterwards, we use a homogeneous
initial model of 2050 ms~! and perform an inversion with
the same parameters used to invert the field data.

4.2 Tomography results

The resolution test shows that 5 m thick layers could be well
distinguished in plane AC using an unstructured mesh with
a triangular area of 2m? (Fig. 6a) if we assumed the ac-
tual picking error of this part of the dataset. The inverted
high-velocity layers are thicker than the low-velocity layers
(Fig. 6b), except in the central part at about 110 m depth,
where the low-velocity layers are thicker. Furthermore, the
layers extend all the way from the sources to the receivers.
Nevertheless, a high-velocity zone is also recovered near
the source positions. For plane BC (Fig. 6¢), the layers are
less well resolved in terms of the velocity contrast and their
planar interfaces, which appear convex above 90m depth
(Fig. 6d). In general, layers that are above and below the sen-
sor depth range are not resolved.

The inversion runs of the field data stop after a few iter-
ations because they reach the abort criterion of x2<1d(e.,
the inverted models explain the data within the assigned error
of 0.5 ms). Figure 7 shows the obtained velocity distributions
(tomograms) for all three borehole planes. The areas that re-
main white are those that are not traversed by the simulated
seismic rays.

All tomograms in Fig. 7 show a low-velocity
(< 1800ms~!) structure at the very top of the model
down to about 54 m (label a). In plane AC, this low-velocity
zone is interrupted by a layer of a slightly higher velocity
at about 40m depth (b). Below this, we can identify an
approximately 9m thick layer with P-wave velocities of
above 2000ms~! that extends over all three planes (c). This
is followed by another layer, about 5 m thick, with a velocity
of about 1900 ms~! (d). At depths from about 75 m down to
about 138 m, we see more layers, but they are not continuous
in their extent or their velocities. Distinctive features in this
depth range are a low-velocity zone at about 90 m depth,
which is concentrated near borehole C and more pronounced
in plane AC (e), and a high-velocity zone between 110
and 120 m depth on the same side of plane AC (f). Below
138 m, the tomograms show a high-velocity zone of about
2300ms~! (g), followed by a layer, about Sm thick, with
velocities of 2200ms~' (h). The former is more concen-
trated on the source sides of the short planes, while it is
continuous in the long plane. The overall highest velocities
are found at the bottom of the model with velocities of up to
almost 2600m s~ (i).
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From the tomograms of the field data inversion, P-wave
velocity profiles are extracted along the borehole trajectories.
They reasonably match the cased-hole sonic logs (Fig. 8),
where the samples represent an averaged value over 0.5m
and which are smoothed over 5 m to make the datasets com-
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parable. Along well A, the long-period trend is consistent.
The profiles obtained from the long plane AC look like a fur-
ther smoothed version of the sonic log. The profile from the
shorter plane BA fits both the sonic log and the other profile
at intermediate depth, but it has an overall trend from too fast
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Figure 8. P-wave velocity profiles from smoothed wireline sonic logs vs. profile from travel-time tomography model for borehole C (a),

borehole B (b), and borehole A (c).

to too slow from top to bottom. For borehole C, we observe a
greater discrepancy between the tomography profiles and the
sonic log, including an anticorrelation at about 90 m depth.
There, the log indicates a high-velocity zone, while the to-
mograms show a low-velocity zone. Moreover, the velocity
profiles from the tomograms exhibit a shift of approximately
200ms~! towards higher velocities at depths of about 55 to
145 m. Furthermore, the low-velocity zone at depths from
114 to 144 m forms a less pronounced contrast than that ob-
served in the sonic log. Additionally, the tomograms indi-
cate a reduction in P-wave velocity at depths below 160 m,
in contrast to the sonic log, which shows a strong increase of
about 1000 ms~!. The velocity variations along borehole B
are considerably less pronounced in the tomograms than in
the sonic log, so many minima and maxima cannot be iden-
tified and correlated. The tomography profiles also show a
trend of increasing velocity with depth, which is not evident
in the sonic log above 135 m. Nevertheless, the velocities are
of a comparable magnitude.

4.3 Discussion

The resolution test confirms that we can distinguish lay-
ers of 5m thickness with 5 % velocity difference. However,
the high-velocity layers become thicker as the rays prefer
to minimize the travel time. First-arrival travel-time tomog-
raphy therefore favors arrivals from fast media. Thus, the
low-velocity zones are sampled less densely with respect to

https://doi.org/10.5194/sd-33-237-2024

the phase arrival picks and appear thinner, especially when
the geostatistical regularization is applied, which effectively
smooths the velocity field over 5 m in the vertical direction.
Furthermore, the larger error estimate of the short planes re-
sults in a poorer resolution. However, the bending effect on
the layers in the upper part cannot be observed in the field
data tomography results of planes AB or BC.

Comparing the tomograms of the long plane AC with the
two short planes AB and BC, the former shows more details,
while the latter depict smoother velocity distributions. This
can be explained by the higher picking accuracy of about a
factor of 4 in plane AC, where a 4 times finer time sampling
interval was chosen. The effect becomes evident when we
compare the low- and intermediate-velocity zones above the
high-velocity layer located at about 54 m (Fig. 7c). While the
horizontally bedded sand layer (Sh) just below 40 m depth
can be identified in plane AC as a zone of intermediate ve-
locities (b), this is not the case in the two shorter planes.
However, the weakly decreasing velocities in the layer to-
wards borehole C might also indicate that the geostatistical
regularization distributes the intermediate velocity informa-
tion further than it actually reaches. The tomogram of plane
BC also suggests that the layer might not continue into the
direction of the plane but is interrupted by low-velocity ma-
terial, which is not present in plane AC. This explanation is
further supported by the tomogram of plane AB, where we
see an intermediate-velocity zone close to borehole A but
a low-velocity zone close to borehole B, indicating that the
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structure is interrupted halfway between borehole A and B,
i.e., in the north—south direction. The complete absence of
the intermediate-velocity zone, despite the correlation with
the sand layer in the core, leads us to assume that the sand
reaches only very little into plane BC and is smoothed out by
the regularization. The shallow part of the tomograms from
the short planes should be treated with care not only because
of the coarse time sampling interval, but also because of the
higher noise level at the shallow source and receiver posi-
tions. The high-velocity layer (c) below the just discussed
shallow part clearly corresponds to a diamict found in the
core at depths of about 54 to 63 m and extents over all three
borehole planes. The next low-velocity layer (d) is associ-
ated with the fines found in the core. The discontinuities and
velocity changes in depths from 75 to 138 m indicate a com-
plex subsurface structure, which is confirmed by the alter-
nating layers of sand and fines in the core lithology. Again,
plane AC shows larger velocity contrasts, while the tomo-
gram of plane AB depicts the layering down to about 118 m
very well, including the layer boundary with the layers of
only fines. The continuous high-velocity layer (g) at the bot-
tom of the model correlates well with the massive diamict
(Dmm). The thick low-velocity zone at the bottom of the
short layers (j) is mostly an artifact of the smoothing, lim-
ited ray coverage, source mislocations due to the buoyancy
of the remaining drilling mud in borehole B, and again in-
accurate picks due to both the temporal sampling interval
and the increased noise level because of the inert fluid at
the bottom of the boreholes. In plane AC, this intermediate-
velocity zone (h) is much thinner and correlates with the
mélange (Mgt) “consisting of consolidated and unconsoli-
dated molasse, sandstone, and siltstone fragments showing
in situ crushing and brecciation” according to Schuster et al.
(2024). The high-velocity layer at the very bottom (i) of
plane AC eventually shows the molasse bedrock. A compre-
hensive sedimentological interpretation of the core lithology
can be found in Schuster et al. (2024).

The overall trend of the profiles from the sonic logs and
the tomographic models is similar (Figs. 7 and 8). The larger
variations along boreholes C and B suggest that the forma-
tion close to those boreholes shows more variation than along
borehole A. This near-field effect is well sampled by the
sonic log, which inspects only a few decimeters of the for-
mation around the borehole. The crosshole experiment, on
the other hand, covers the plane between the boreholes and
is sensitive to structures from the entire Fresnel volume with
aradius of about 5 m. Furthermore, the geostatistical regular-
ization with its horizontally extended correlation ellipse fa-
vors the inversion of layered structures and leads to smooth-
ing of the velocity field. Differences in the velocity profiles
obtained from different planes are related to picking inaccu-
racies, the geostatistical regularization, and location errors of
the tools. The former is most obvious for borehole A, where
the good-quality data from plane AC give an impressive fit to
the sonic data, while the temporally undersampled data from
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plane BA show a larger deviation. In general, deviations of
the velocity profiles at minimum and maximum depth are re-
lated to the reduced ray coverage in the tomography.

5 Conclusions and outlook

The crosshole data acquisition showed that the sparker
source excites seismic waves with frequencies in the order
of kilohertz (kHz). Therefore, the wave field has to be sam-
pled very finely both in time and space, which increases the
acquisition time and requires precise shot and receiver posi-
tioning. In this context, we discerned that the low-pass filter
effect of the glacial sediments is much smaller than estimated
from literature and anticipated during survey planning. We
can clearly identify these effects in the data in the form of
aliasing effects. Furthermore, the data are dominated by first-
arrival P-waves and strong tube wave noise.

The travel-time tomography models, which show discon-
tinuous layers in intermediate depths despite the application
of a geostatistical regularization assuming horizontal layer-
ing, depict complex seismic wave fields indicating a hetero-
geneous basin infill. This is also reflected in the highly vari-
able GWL over short distances of less than 40 m.

The velocity profiles extracted from the tomography mod-
els along the trajectory of the boreholes are in good agree-
ment with the available sonic log data and the lithology of
borehole C. However, we believe that this preliminary result
can be further improved by full-waveform inversion (FWI),
which considers not only the arrival time of a seismic phase,
but also the entire waveform. This will require a thorough
removal of the tube waves, yet it will increase the resolu-
tion to the decimeter scale, thereby bridging the gap between
conventional surface seismic and core-scale information. To-
gether with additional information from the core, the seismic
subsurface models will be geologically interpreted.
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Appendix A: Groundwater levels

Table A1. Groundwater level (GWL) changes in boreholes A, B,
and C during the time of the crosshole campaigns. Due to the in-
struments in the boreholes, the GWL in B and C was only measured
at the beginning and the end of the survey. Note: NA represents not
available.

Date A B C
(dd.mm.yyyy)

22.03.2022 42.18 3530 28.60
23.03.2022 4237 3534 28.80

24.03.2022 38.05 3492 2850
25.03.2022 38.39 3446 28.01

26.03.2022 38.72 3556 2798
31.03.2022 4340 3559 27.88
01.04.2022 43.30 40.24  30.75
03.05.2022 4222 3562 2781
05.05.2022 42.17 NA NA
06.05.2022 42.14 NA NA
07.05.2022 42.09 NA NA
13.05.2022 4197 3825 30.76
06.10.2022 40.59 36.04 2791
12.10.2022 4170 36.54 28.93

Data availability. Upon completion of the project, the
seismic data is accessible via the GFZ data services
(https://doi.org/10.5880/ICDP.5068.002, Beraus et al.,
2024). The DOVE operational dataset is published under
https://doi.org/10.5880/ICDP.5068.001 (DOVE-Phase 1 Sci-
entific Team et al., 2023a), together with the operational
report  (https://doi.org/10.48440/ICDP.5068.001, DOVE-Phase
1 Scientific Team et al., 2023b) and the explanatory remarks
(https://doi.org/10.48440/ICDP.5068.002, DOVE-Phase 1 Scien-
tific Team et al., 2023c).
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Abstract. During the last 5 million years (Pliocene—-Holocene), the Earth climate system has undergone a se-

ries of marked changes, including (i) the shift from the Pliocene warm state to the Pleistocene cold state with
the intensification of Northern Hemisphere glaciation; (ii) the evolution of the frequency, magnitude, and shape
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of glacial-interglacial cycles at the Early Middle Pleistocene Transition (~ 1.25-0.65 Ma); and (iii) the appear-
ance of millennial-scale climate variability. While much of this paleoclimate narrative has been reconstructed
from marine records, relatively little is known about the impact of these major changes on terrestrial environ-
ments and biodiversity, resulting in a significant gap in the knowledge of a fundamental component of the Earth
system. Long, continuous, highly resolved, and chronologically well-constrained terrestrial records are needed
to fill this gap, but they are extremely rare. To evaluate the potential of the Fucino Basin, central Italy, for a
deep-drilling project in the framework of the International Continental Scientific Drilling Program (ICDP), 42
scientists from 14 countries and 32 institutions met in Gioia dei Marsi, central Italy, on 24-27 October 2023 for
the ICDP-supported MEME (the longest continuous terrestrial archive in the MEditerranean recording the last 5
Million years of Earth system history) workshop. The existing information and unpublished data presented and
reviewed during the workshop confirmed that the Fucino Basin fulfils all the main requisites for improving our
understanding of the mode and tempo of the Plio-Quaternary climatic—environmental evolution in a terrestrial
setting at different spatial and temporal scales. Specifically, the combination of the seismic line evidence with
geochronological and multi-proxy data for multiple sediment cores consolidated the notion that the Fucino Basin
infill (i) is constituted by a sedimentary lacustrine succession continuously spanning at least 3.5 Myr; (ii) has a
high sensitivity as a paleo-environmental—paleoclimatic proxy; and (iii) contains a rich tephra record that allows
us to obtain an independent, high-resolution timescale based on tephrochronology. Considering the typical half-
graben, wedge-shaped geometry of the basin, four different potential drilling targets were identified: MEME-1,
located in the middle of the basin, should reach the base of the Quaternary infill at ~ 500 m depth; MEME-2,
located west of MEME-1, has sedimentation rates that are lower, with the base of the Pliocene—Quaternary at
~ 600 m depth; MEME-3b has the same target as MEME-2 but is located further west, where the base of the
Pliocene—Quaternary should be reached at ~ 300 m; and MEME-3a (~ 200-300 m depth) is located, for tectonic
purposes, on the footwall of the basin master fault. Overall, the MEME workshop sets the basis for widening
the research team and defining the scientific perspectives and methodological approaches of the project, from
geophysical exploration to the development of an independent chronology and to the acquisition of multi-proxy

records, which will contribute to the preparation of the full MEME proposal.

1 Introduction

During the last 5 million years, from the Early Pliocene to the
Holocene, the Earth system has undergone a series of promi-
nent changes in its abiotic and biotic components. Over-
all, global climate shifted from the Pliocene warm state to
the Pleistocene cold state (Filippelli and Flores, 2009; Hay-
wood et al., 2009; Lisiecki and Raymo, 2007; Westerhold
et al., 2020) with changes in global ice volume and atmo-
spheric greenhouse gas concentrations (Fig. 1). Global mean
temperatures during the Pliocene were ~ 2-3 °C higher than
during the pre-industrial Holocene (Haywood et al., 2009),
peaking at temperatures up to 4 °C higher (e.g. Haywood
et al.,, 2016) during the so-called mid-Pliocene Warm Pe-
riod (mPWP; 3.26-3.02 Ma), with atmospheric carbon diox-
ide values ranging between 350-550 ppm (Stap et al., 2016;
de la Vega et al., 2020; Guillermic et al., 2022) (Fig. 1) and
a global sea level that was likely to be 12-20 m higher than
today (Miller et al., 2020). In light of these climatic features,
the Pliocene (and, in particular, the mPWP) represents a po-
tential analogue for current and future anthropogenic global
warming scenarios (Haywood et al., 2020; Allan et al., 2021;
Burke et al., 2018).

Later, during the Pliocene—Pleistocene transition (PPT),
the Northern Hemisphere glaciation intensified (Ravelo et
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al., 2004; Westerhold et al., 2020) (Fig. 1), and Earth’s cli-
mate entered a new stage dominated by the quasi-periodic
expansion and contraction of the major Northern Hemisphere
ice sheets, driven by variations in the Earth’s axial incli-
nation and orbital geometry (Milankovitch, 1941) that af-
fect the seasonal and latitudinal distribution of incoming so-
lar radiation. However, the frequency, amplitude, and shape
of the glacial-interglacial cycles were not uniform, and the
~ 41 kyr periodicity that dominated the first part of the Early
Pleistocene gradually turned into the longer ~ 100 kyr high-
amplitude and strongly saw-toothed cycles seen during the
Early Middle Pleistocene Transition (EMPT; Head and Gib-
bard, 2015) between ca. 1.25 and 0.65Ma (e.g. Berends et
al., 2021) (Fig. 1). In addition to orbital-scale variability,
North Atlantic and polar records revealed the extreme and
pervasive nature of millennial-scale climate variability over
the last 1.5 Myr (McManus et al., 1999; Jouzel et al., 2007;
Barker et al., 2011; Raymo et al., 1998; Hodell et al., 2008,
2023b; Naafs et al., 2013; Hodell et al., 2023a).

The most relevant information and data for many of these
events and processes that have marked the overall evolu-
tion of the Earth’s climatic system during the last 5 Myr
are derived from marine records (Ronge et al., 2020; West-
erhold et al., 2020). However, the knowledge that can be
gained from these records is reliant on astronomical tun-
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Figure 1. Main features and evolutionary processes of the last 5 million years of climate history. (a) LR04 benthic 8180 stack from Lisiecki
and Raimo (2005). (b) Global sea surface temperature change (ASST) from Clark et al. (2024) (light blue represents 1o uncertainty, while the
long-term average is in dark blue). Black circles represent ASSTs for the Pliocene KMS5c interglaciation, the mid-Piacenzian stage (36), and
the Last Glacial Maximum. (¢) Simulated (red line) and §11B-based (black dots) atmospheric CO, concentrations from Stap et al. (2016).
Abbreviations: PPT — Pliocene—Pleistocene transition, M2 glaciation — Marine Isotope Stage (MIS) M2 (3.312-3.264 Ma) glaciation, mPWP
— mid-Pliocene Warm Period, EMPT - Early Middle Pleistocene Transition.

ing for its chronological framework, largely lacking inde-
pendent radiometric constraints and, apart from a few excep-
tions, missing the terrestrial dimension. Some of the knowl-
edge gaps are targeted by recent or proposed IODP (Inter-
national Ocean Discovery Program) projects, such as [ODP
Expedition 397 to the Iberian Margin; Expedition 401, which
is constituted by the study of the Mediterranean—Atlantic
Gateway Exchange since the Late Miocene; or IODP Pro-
posal 1006, which focuses on the Mediterranean—Black
Sea Gateway Exchange (see https://www.iodp.org/proposals/
active-proposals, last access: 18 October 2024). Ice core
records, on the other hand, provide high-resolution chrono-
logical and environmental information from the terrestrial
realm, but they are limited to the last ~ 800 kyr and to po-
lar regions (Jouzel et al., 2007).

From the terrestrial realm, lake sediments have shown
the potential to provide long, highly resolved, and precisely
dated records, shedding light on climate-driven ecosystem
and biodiversity changes. Outstanding examples of lake sed-
iment records from Eurasia are the Pliocene—Pleistocene
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records of Baikal and El’gygytgyn (Williams et al., 1997
Melles et al., 2012; Fig. 3). Lake Baikal was the first record
drilled within the framework of the ICDP (International
Continental Scientific Drilling Program) in the mid-1990s,
and research on this material is still ongoing (Alexander
Prokopenkov, personal communication, 2023). On the other
hand, the record from Lake EI’ gygytgyn nicely demonstrated
a polar amplification of climate extremes that has not other-
wise been documented in marine records so far (Melles et
al., 2012). From the Mediterranean region, which is charac-
terized by high biodiversity and a high human population to-
day, ICDP drilling targets have included the Dead Sea, Lake
Van, and Lake Ohrid (Fig. 3a). Although these records have
broadened our general understanding of changes in ecosys-
tems (Sadori et al., 2016; Donders et al., 2021), biodiver-
sity, and endemism (Wilke et al., 2020), they are limited to
~ 1.4Ma and do not cover the PPT and, in particular, the
mPWP.

In the framework of western Eurasia, the Pliocene—
Quaternary lacustrine successions hosted in the central
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Apennine intermountain tectonic depressions (e.g. Galadini
et al., 2003) are among the few sedimentary archives that
can fill these knowledge gaps back to the mPWP, or even
beyond, in an unprecedented way. Indeed, the high sensitiv-
ity of these archives to climatic change and the occurrence
of a rich record of “*Ar/3°Ar dated tephras from the adja-
cent ultra-potassic peri-Tyrrhenian volcanic centres (Figs. 2,
3) are well documented (e.g. Giaccio et al., 2015a; Regat-
tieri et al., 2015, 2016, 2019; Mannella et al., 2019; Bertini et
al., 2023). However, many of the central Apennine Pliocene—
Quaternary successions are discontinuous and often cover
only relatively short intervals.

The Fucino Basin, which is the largest basin in the core
of the central Apennine (Figs. 2, 3), is an exception. Accord-
ing to our present knowledge, it is the only central Apen-
nine basin hosting a continuous and well-resolved lacus-
trine succession from the Early Pliocene to historical times
(e.g. Cavinato et al., 2002), unique in the European realm.
New (unpublished) tephrochronological paleomagnetic and
pollen data of a 270 m long sediment core from the marginal
part of the basin, coupled with high-resolution seismic data,
suggest that the sediment succession in the lake may reach
back to ~ 3.0-3.5 Ma. Furthermore, recent investigations re-
ported the presence of ~ 130 volcanic ash layers in a com-
posite ~98 m long sediment core (Fig. 3c—d) from the Fu-
cino Basin spanning the last 430 kyr (Giaccio et al., 2017,
2019; Monaco et al., 2021, 2022; Leicher et al., 2023, 2024).
They confirmed the outstanding potential of this sedimen-
tary succession to provide us with the most intensely and
independently dated record of the entire Mediterranean re-
gion, setting benchmarks in the regional tephrostratigraphic
framework, as well as in dating global climato-stratigraphic
and paleomagnetic event boundaries (Fig. 4). Although high-
resolution investigations of the Fucino Basin are limited at
present to the last 430 kyr, evidence from the discontinuous
successions of the adjacent basins of Sulmona and L’ Aquila
(Figs. 1, 3) indicate that the occurrence of tephra layers ex-
tends to as far back as at least 2 Ma (Bertini et al., 2023);
volcanological records from Pontine Island (Fig. 3b) indi-
cate that explosive activity in the region can extend back to
4.2Ma (Conte et al., 2016). Therefore, its long and contin-
uous geological history and its proximity to peri-Tyrrhenian
volcanic centres (distance: 100 to 150 km; Fig. 3b) indicate
that the Fucino Basin is ideally located to provide an excep-
tional record of Pliocene—Quaternary environmental changes
underpinned by a precisely dated “°Ar/3? Ar-based chrono-
logical framework.

Ultimately, the aim of MEME is to gain insights into
the mode and tempo of Pliocene—Quaternary climatic—
environmental changes at different spatial (e.g. from global
climate variability to regional tectonics and explosive vol-
canism) and temporal (long-term, orbital, and millennial—
centennial climate variability) scales by extending the inde-
pendently dated “°Ar/3° Ar chronology of the Fucino lacus-
trine record back into the Pliocene. In particular, the Fucino
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chronology can eventually provide a template for key marine
sequences such as the new IODP Expedition 397 Site U1385
on the Iberian Margin, extending to ~5.3Ma (http://
publications.iodp.org/proceedings/397/397title.html, last ac-
cess: 22 September 2024). In addition, the Fucino record
has the potential to form a bridge between IODP initiatives
focusing on the Mediterranean—Atlantic Gateway Exchange
(IODP Expedition 401) and the Mediterranean—Black Sea
Gateway Exchange (IODP Proposal 1006; see https://www.
iodp.org/proposals/active-proposals, last access: 14 Septem-
ber 2024) while offering a continental perspective on changes
in climate and biodiversity. By using suitable paleoclimatic
proxies and/or globally synchronous events (e.g. cosmogenic
nuclide peaks related to the geomagnetic field reversal), the
tephrochronology from Fucino Basin can eventually also be
transferred to the Antarctic ice core records, potentially pro-
viding a radioistopically based timescale for investigating
the EMPT at this iconic site (e.g. https://www.beyondepica.
eu/en/publications/beyond-epica-publications/, last access:
8 August 2024). Finally, the project will offer basic new
data on the tectonic evolution of the Apennine, where Fu-
cino represents a pivotal area, being of the largest and most
tectonically continuous active Quaternary basins. In order to
explore the suitability of the Fucino sedimentary succession
for a deep-drilling project in the framework of the ICDP and,
thus, to unlock its full potential, an ICDP-supported work-
shop took place in Gioia dei Marsi (Fig. 3c) on 24-27 Octo-
ber 2023.

2 Current knowledge and potential of the Fucino
sedimentary succession

2.1 Geological and climatic setting of the Fucino Basin

The Fucino Basin is a morpho-tectonic extensional basin lo-
cated in central Italy at ~650ma.s.l. It is surrounded by
Mesozoic to Cenozoic carbonate platform rocks that con-
stitute the highest peaks of the central Apennine (Fig. 2),
which hosted mountain glaciers during glacial periods (e.g.
Giraudi and Giaccio, 2015). In historical times, the Fucino
Basin hosted Lake Fucinus, which covered a surface area of
~ 150km? until the first partial drainage took place during
the 1st—2nd century CE. At the end of the 19th century, the
drainage of the basin was completed.

At present, the Fucino Basin is characterized by a Mediter-
ranean climate with warm and dry summers, a mean annual
temperature of ~ 12.5°C, and an average annual precipita-
tion from 600 to 750 mm in the plains to 900 to 1200 mm
in the piedmont zone (e.g. Lionello et al., 2006). From mid-
dle spring to early autumn, monthly average temperatures are
over 10 °C, peaking in July and August (18 to 21 °C). From
early autumn to middle spring, monthly average tempera-
tures are below 10 °C, with January being the coldest month
(=5to —2°C; e.g. Mannella et al., 2019).
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Figure 2. Geological map of central Italy, with the location of the Fucino Basin (from Caielli et al., 2023).

The opening and the Pliocene—Pleistocene evolution of
the Fucino Basin were driven by the two main transver-
sal normal fault systems of the Tremonti fault and the San
Benedetto-Gioia dei Marsi (SB-GdM) fault system (Fig. 3a;
Cavinato et al., 2002). The SB-GdM fault system is com-
posed of three 110-140° N primary segments subtended in
relation to their 130-140° N hanging-wall synthetic and an-
tithetic splays (Fig. 3c; Galadini and Galli, 2000). The SB-
GdM fault is currently active and was responsible for the
most devastating central Italian earthquake that occurred on
13 January 1915 (M, 7.0, Io 11 MCS grade; ~ 33 000 fatal-
ities; e.g. Galli et al., 2016).

The subsurface architecture of the Fucino Basin is well
defined by 11 commercial and scientific seismic lines that
cross the basin, both longitudinally and transversely with re-
spect to the NW-SE trends of the tectonic structures com-
posing the SB-GdM fault (Fig. 3c; Cavinato et al., 2002; Pat-
acca et al., 2008; Patruno and Scisciani, 2021; Mancinelli et
al., 2021; Caielli et al., 2023). The seismic lines depict a half-
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graben geometry with increasing thickness of the Pliocene—
Quaternary sedimentary infilling from the west to the east
(i.e. toward the SB-GdM) and from the northwestern and
southwestern tips of the SB-GdM fault to its central part,
which is the depocentre of the basin, located a few kilometres
northwest of San Benedetto village (Fig. 3c). Specifically,
Cavinato et al. (2002) distinguished four unconformity-
bounded seismic facies: Meso-Cenozoic substratum (Seq. 1),
Messinian flysch deposits (Seq. 2), Pliocene continental de-
posits (Seq. 3), and Quaternary continental deposits (Seq. 4),
separated by the major unconformities A, B, and C (Fig. 3d).
In the depocentre, Seq. 4 forms a well-defined and regularly
stratified sedimentary wedge that will be targeted within the
MEME deep-drilling project. In particular, the E-W-trending
line 1, crossing the depocentre of the basin, shows that no
significant tectonic deformations or sedimentary unconfor-
mities affect Seq. 4, which, in this sector of the basin, reaches
a maximum two-way travel time of ~ 700 ms, equivalent to a
thickness of ~ 700 m (Cavinato et al., 2002) (Fig. 3d). More
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Figure 3. Reference map of the Fucino Plain with a representative seismic line crossing the basin. (a) The Fucino Basin in the context
of some relevant Northern Hemisphere ICDP and IODP sites and other reference Quaternary paleoclimatic records, including the quoted
U1385 core, Lake Ohrid, Tenaghi Philippon, L’ Aquila Basin, Sulmona Basin, Lake Baikal, and Lake El’gygytgyn. (b) Details of the location
of the Fucino Basin relative to the peri-Tyrrhenian volcanic systems of central-southern Italy. (¢) Fucino Basin with locations of recently
investigated sediment cores F1-F3 , F4-F5, F6-F7, SP, SPE, and Avezzano S3-S4 (Giaccio et al., 2015b, 2017, 2019, and unpublished data)
and of previously investigated sediment cores. Isochrones of the Plio-Quaternary basin infill, traces of seismic lines (the solid one is that
shown in panel d), Quaternary master faults responsible for the asymmetrical (half-graben) geometry of the basin, and the epicentre of the
last strong earthquake (1915 CE) are also shown. The continuous green line represents the traces of the seismic profiles shown in panel (c).
The village of Gioia dei Marsi, where the workshop took place, is located in the southeastern corner. (d) Seismic line 1 showing the internal
architecture of the Pliocene—Quaternary continental deposits of the Fucino Basin along a W-E profile. The projected locations of the S3-S4,
SPE, F3-F4, F1-F3, and F6-F7 boreholes are marked. Seq. 1: Meso-Cenozoic marine carbonate; Seq. 2: Messinian foredeep sediments;
Seq. 3: Pliocene lacustrine—fluvial deposits; Seq. 4: Quaternary lacustrine—fluvial deposits A, B, C (main unconformities). This figure and
its information were compiled with modifications from Cavinato et al. (2002), Galli et al. (2012), Patacca et al. (2008), Giaccio et al. (2019),

and Monaco et al. (2021).
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Figure 4. Tephrochronology, selected proxy data, and general chronological framework for the F1-F3 and F4-F5 (see location in Fig. 3c)
composite records (from Giaccio et al., 2017, 2019; Mannella et al., 2019; Monaco et al., 2021, 2022; Leicher et al., 2023, 2024) in relation

to the LR0O4 (Lisiecki and Raymo, 2004).

details of the existing high-resolution seismic lines are pro-
vided in Sec. 3.2.2. Several holes have been drilled in the
Fucino half-graben basin for scientific and geotechnical pur-
poses in the past decades (Fig. 3a). The longest of these bore-
holes is the 200 m long GeoLazio core (GL in Fig. 3c), for
which only sparse geochronological and stratigraphic data
exist (e.g. Follieri et al., 1986, 1991; Narcisi, 1994). More
recently, four new sediment cores (F1-F3, F4-F5, F6-F7,
and Avezzano S3-S4) were retrieved from the Fucino Basin,
allowing more detailed insights into the stratigraphic and
chronologic framework of its sedimentary infill.

2.2 Results from the deep-drilling pre-siting
investigations: F1—-F3, F4—F5, and F6—F7 sediment
cores

In the framework of an international consortium, a ~ 82 m
long sediment succession from the eastern-central area of the
Fucino Basin (F1-F3 in Fig. 3c) was recovered in June 2015.
The aims of the consortium were as follows: (i) assess the
lithology and continuity of the lacustrine sedimentary suc-
cession; (ii) document the presence of widespread tephra lay-
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ers mandatory for regional to extra-regional correlations and
their suitability for *CAr/3° Ar dating; (iii) evaluate the mean
sedimentation rate and, thus, the potential temporal extent of
the Fucino lacustrine succession; and (iv) explore the sen-
sitivity of different paleoclimatic proxies for this site. With
the same aims, but on a longer time interval, a second, 98 m
long sediment succession was retrieved in 2017 from a differ-
ent area of the basin within the project FUTURE, funded by
the Italian Research Ministry (MUR, PRIN 2017, grant no.
20177TKBXZ_003, coordinator Giovanni Zanchetta). Here,
based on seismic line evidence, the sedimentation rate was
expected to be lower than at the F1-F3 drill site (Fig. 3c).
Collected sediments from both drillings were all fine-grained
lacustrine sediments (Giaccio et al., 2017, 2019).
Multi-proxy investigations, including tephrochronology
(geochemical analyses and “°Ar/3°Ar dating); paleomag-
netic analyses; scanning XRF (X-ray fluorescence) element
geochemistry; CaCOj3 content analyses; carbon, nitrogen,
and sulfur (CNS) analyses; 8'8O¢aicire analyses; and pollen
analyses, have been carried out and are ongoing on both
sediment successions. Tephrochronological results, based on
40Ar/3Ar dating of K-rich crystals extracted from Fucino
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tephras and robust geochemical correlation with the well-
dated proximal counterparts, indicate that the F1-F3 and
F4-F5 successions span the last ~ 190 and ~ 430 kyr, re-
spectively. Mean sedimentation rates are on the order of
~0.43mmyr~! for F1-F3 and ~0.23mmyr~! for F4-F5
(Giaccio et al., 2017, 2019). Detailed information on MIS 12-
11, MIS 10-9, MIS 8-7, and MIS 7-1 tephrostratigraphy
is reported by Monaco et al. (2021), Leicher et al. (2023,
2024), Monaco et al. (2022), and Giaccio et al. (2017). Over-
all, ~ 130 tephra layers have been detected for both suc-
cessions, 40 of which were either directly dated or corre-
lated to their respective proximal, dated units, resulting in
the richest and most intensely dated Middle—Upper Pleis-
tocene Mediterranean tephra record (Fig. 4). Preliminary pa-
leomagnetic data documented Laschamp, Blake, and Ice-
land basin geomagnetic excursions (Giaccio et al., 2019,
Fig. 4). Published proxy data, e.g. scanning XRF element
geochemistry and CNS data, show the high sensitivity of
the Fucino sediment in providing high-resolution paleo-
environmental records as a regional expression of the orbital-
and millennial- to centennial-scale climate variability (Man-
nella et al., 2019; Monaco et al., 2022). Ongoing pollen anal-
yses of the interglacials documented in the Fucino succes-
sion, carried out as part of PhD projects at La Sapienza Uni-
versita di Roma (MIS 12-11c, Vera-Polo et al., 2024) and the
University College of London (MIS 5e-MIS 1) and as part
of the NERC project VARING (Polychronis C. Tzedakis, co-
ordinator) (MIS 9e and MIS 7e-a), reveal a close correspon-
dence with climate changes recorded in deep-sea cores from
the Iberian Margin (e.g. see Tzedakis et al., 2018).

In early 2022, two additional overlapping and ca. 33 m
long cores (F6-F7) were retrieved to the east of the F1-F3
drilling site, where a higher sedimentation rate was expected.
Preliminary results of the ongoing investigation confirmed
that the depths of some marker tephras recognized in cores
F6-F7 are deposited 2 times and 4 times deeper than the
equivalent layers recognized in F1-F3 and F4-F5, respec-
tively.

Overall, the results of the multi-proxy investigation on the
F1-F3 and F4-F5 sediment successions confirm the great
potential of the Fucino succession in providing us with de-
tailed proxy records of the last 430 kyr supported by a robust
chronology based on high-precision *° Ar/3° Ar dating, which
enables an exploration of the role of climate drivers, avoid-
ing any circularity that may arise from astronomical tuning.
Moreover, the independent Fucino chronology can eventu-
ally be transferred to sediment sequences from the Iberian
Margin on the basis of paleoclimatic alignments using ho-
mologue terrestrial proxies (e.g. pollen), documenting the
vegetation response to abrupt climate change (see, for ex-
ample, Tzedakis et al., 2018; Regattieri et al., 2019; Bajo et
al., 2020).
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3 The MEME workshop

3.1 Participants and motivation

The MEME workshop was attended by 42 scientists (Fig. 5)
from 14 countries and 32 institutions, as summarized in Ta-
ble 1.

The main aims of the MEME workshop were as follows:

i. evaluate the existing seismic data and discuss the poten-
tial to extend the seismic information with new profiles
to better define the basin architecture, ensuring the fea-
sibility of an ICDP drilling project;

ii. discuss the existing stratigraphic, dating, and
paleoclimatic—environmental data of the Fucino
sediment succession and their potential for reaching the
aims of the MEME project;

iii. based on (i) and (ii), determine overarching scientific
objectives and establish and plan for further investiga-
tions in preparation for a full ICDP drilling proposal;

iv. discuss drilling logistics and cost estimates mandatory
for the full proposal,;

v. based on (ii), identify scientific aspects not yet covered
by the current team and propose invitations to additional
selected experts;

vi. establish a well-coordinated interdisciplinary ICDP re-
search group.

3.2 Programme and discussion
3.2.1 Sessions 1 and 2: state of the art

During the afternoon of 24 October, the research teams in-
volved in past and ongoing studies on the Fucino Basin pro-
vided short presentations about the current results and meth-
ods relevant to a potential deep-drilling campaign. These
included (i) a summary of the state of the art with re-
gard to previous and ongoing investigations in the Fucino
Basin (Biagio Giaccio); (ii) a general overview on the Ital-
ian Pliocene—Quaternary volcanism in the framework of the
complex Mediterranean geodynamic setting (Sandro Conti-
celli); (iii) a discussion regarding the tectonic architecture of
the sedimentary infill of the Fucino Basin (Gian Paolo Cav-
inato); and (iv) a general overview of the FUTURE (FUcino
uniTes QUaternary REcords) project (Giovanni Zanchetta),
including the main results of **Ar/3° Ar geochronology (Se-
bastien Nomade), tephrostratigraphy (Niklas Leicher), pollen
(Chronis Tzedakis, Alessia Masi), and mitochondrial DNA
and lipid (Cindy De Jonge) investigations performed during
the project.

Finally, Fabio Florindo and Adele Bertini presented the
unpublished lithostratigraphical, *°Ar/3° Ar, paleomagnetic,
and pollen data from the Avezzano S3-S4 sediment core,
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Table 1. Participants of the MEME ICDP workshop.

ICDP-supported Affiliation Country
Adele Bertini University of Florence
Gian Paolo Cavinato National Research Council
Giulia Cheli University of Pisa
Fabio Florindo Istituto Nazionale di Geofisica e Vulcanologia
Biagio Giaccio National Research Council Ttal
Luigi Improta Istituto Nazionale di Geofisica e Vulcanologia y
Alessia Masi Sapienza University of Rome
Eleonora Regattieri National Research Council
Laura Sadori Sapienza University of Rome
Giovanni Zanchetta University of Pisa
Christine Heim* University of Cologne
Niklas Leicher University of Cologne

. . o . . . Germany
Mathias Vinnepand Leibniz Institute for Applied Geophysics
Bernd Wagner University of Cologne
Leon Clarke Manchester Metropolitan University
Alice Paine Oxford University
Helen Roberts Aberystwyth University UK
Chronis Tzedakis University College London
Dustin White University of York
Paul Albert Swansea University
Alison Pereira™ Paris-Saclay University France
Sebastien Nomade CEA-CNRS-UVSQ
Cindy De Jonge ETH Zurich .
Camille Thomas University of Bern Switzerland
Marta Marchegiano University of Granada Spain
Jose Eugenio Ortiz Menendez  Universidad Politécnica de Madrid P
Sofia Pechlivanidou University of Bergen Norway
Grisha Fedorov National Academy of Sciences of the Republic of Armenia  Armenia
Ivan Razum Croatian Natural History Museum Croatia
Vitor Azevedo Trinity College Dublin Ireland
Julieta Massaferro National Scientific and Technical Research Council Argentina
Alexander Franke™* University of Adelaide Australia
Martin Danisik Curtin University
Anders Noren University of Minnesota USA

Elizabeth Niespolo*

Princeton University

Deniz Cukur

Korea Institute of Geoscience and Mineral Resources

South Korea

Other participants

Paolo Boncio

Edi Chiarini
Angelo Cipriani
Sandro Conticelli
Roberto De Franco
Roberto Martini

University “G. D’Annunzio” of Chieti—Pescara

Istituto Superiore per la Protezione e Ricerca Ambientale
Istituto Superiore per la Protezione e Ricerca Ambientale
University of Florence — National Research Council
National Research Council

Private company — Drilling engineering design

Italy

* Unable to attend, contribution presented by colleagues.
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Figure 5. MEME workshop participants at the panoramic-view stop during the short field trip on 26 October. The Fucino paleolake basin
can be seen in the background. All participants gave their consent for the publication of the group photo.

continuously cored until a depth of ~ 185 m and discontin-
uously reaching ~ 270 m. This core was recovered from the
western margin of the basin in 2019 as part of a project
concerning seismic microzonation led by the University of
Chieti—Pescara (Paolo Boncio coordinator) (for location, see
Fig. 3). These preliminary data consistently provided ev-
idence for a very long, though discontinuous, terrestrial
record, likely extending back to ~ 3.0-3.5 Ma.

3.2.2 Combining geophysical, stratigraphic, and
chronological information to estimate the integrity
and temporal extent of the Plio-Quaternary
lacustrine succession

The interpretation of the available seismic reflection profile
across the Fucino Basin allowed us to highlight a wedge-
shaped basin fill architecture and stratigraphy. The best im-
age of the wedge-shaped architecture of the Fucino Pliocene—
Quaternary continental infill is shown in a high-resolution
E-W seismic line (line 1, Figs. 3d, 5). Line 1 highlights
the Pliocene—Quaternary growth geometry of the strata char-
acterized by continuous eastward-divergent reflectors across
the SB-GdM fault plane, indicating a Pliocene—Quaternary
sedimentary accumulation in a fault-controlled basin (Fig. 6).
In the eastern part of seismic line 1, the total thickness of
Pliocene—Quaternary deposits along the hanging wall of the
SB-GdM fault can be estimated to be 0.9-1.0 s two-way time
(TWT), corresponding to ~ 900—1000 m sediment thickness
(Fig. 6).

According to the seismic stratigraphy and tectonic setting
of the basin, the tectonic subsidence has been very low at
the Avezzano drilling site. Specifically, seismic line 1 reveals
that the town of Avezzano coincides with the thinner part of

Sci. Dril., 33, 249-266, 2024

the sedimentary wedge that characterizes the architecture of
the Fucino sedimentary infilling (Fig. 6). The Avezzano S3—
S4 drilling site is, in fact, far from the Tremonti and SB-GdM
fault systems (Fig. 6), which were and are responsible, at dif-
ferent times and in different ways, for the opening and evolu-
tion of the Fucino Basin (Cavinato et al., 2002), thus result-
ing in limited accommodation space and highly condensed,
as well as possibly discontinuous, sedimentary succession.
In agreement with this tectonic—sedimentary framework, the
tephrochronological, paleomagnetic, and pollen evidence in-
dicates that the 270 m long Avezzano sediment core could
span the last 3.5 Myr, with a resulting mean sedimentation
rate of 0.08 mm yr’l, i.e. a rate much lower than the accu-
mulation rates in the cores drilled closer to the SB-GdM fault
(Fig. 6).

While the Avezzano core has provided an opportunity to
explore the temporal extent of the Fucino sediment succes-
sion within a short stratigraphic interval, confirming the ex-
traordinarily long history of sediment accumulation in the
basin, its marginal setting and lithology, also including inter-
vals of relatively coarse sediments, contradict a complete and
continuous sediment succession that is stratigraphically and
lithologically suitable for high-resolution investigation. Nev-
ertheless, the Avezzano S3-S4 sediment core can be used to
calibrate seismic line 1 by translating the chronological infor-
mation from this succession towards the depocentre (Fig. 6).
Accordingly, at the sites F6—F7, F4-5, and F1-F3, the same
stratigraphic time interval recorded in the Avezzano S3-S4
core should be represented by ~ 800, ~ 700 and ~ 500 m
thick successions, respectively, reaching ~ 1000 m or more
in the depocentre (SRmax. in Fig. 6). Therefore, at these
sites, the Plio-Quaternary sedimentary successions should be
more expanded (up to 1 order of magnitude), more highly re-
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Figure 6. Aerial view of the Fucino Basin (© Google Maps), with the locations of the investigated Fucino sediment cores F1-F3, F4-F5,
F6-F7, SPE, and S3-S4 (Giaccio et al., 2015b, 2017, 2019, author’s unpublished data) and stratigraphical-chronological calibration of the
seismic line 1 using the constraints provided by the Avezzano S3—-S4 core.

solved, and characterized by finer sediments with respect to
the Avezzano S3-S4 core. Thus, it should be ideally suited
to recovering a complete succession for detailed and high-
resolution multi-proxy investigations.

3.2.3 Concluding remarks for sessions 1 and 2

In summary, the evidence presented in sessions 1 and 2
shows that the Fucino Basin fulfils all the main requisites for
achieving the aims of the MEME project to improve our un-
derstanding of the mode and tempo of the Plio-Quaternary

https://doi.org/10.5194/sd-33-249-2024

climatic—environmental evolution at different spatial and
temporal scales. This evidence includes the following:

1. long and continuous sedimentation of fine lacustrine
sediments since at least 3.5 Ma;

paleo-environmental—
with regional and

2. high sensitivity of the
paleoclimatic  multi-proxies,
extra-regional relevance;

3. an independent, high-resolution timescale based on
tephrochronology.
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3.3 Session 3: participant self-presentation

A total of 20 contributions were presented during session 3,
with topics ranging from geophysical exploration, drilling
operations, and geochronological methods to physical and
bio-geochemical proxies (Table 2).

3.4 Field trip

On the morning of 26 October, a short field trip headed
by Paolo Boncio and Gian Paolo Cavinato took place. Dur-
ing the field trip, the main morpho-tectonic features of the
eastern side of the Fucino Basin (Fig. 6), some outcrops of
the SB-GdM fault system affecting recent deposits, and the
co-seismic fault scarp related to the 1915 earthquake were
shown.

3.5 General discussion

Based on current insights into the subsurface of the Fucino
paleolake and the paleo-environmental information recorded,
the general discussion included the following topics:

1. overarching scientific and societal objectives of the
MEME project;

2. location, depth(s) of the borehole(s), and technical and
management aspects, reflecting the constraints of scien-
tific and societal needs;

3. involvement of the public and private companies;

4. matching funds and compositions of the Co-PI and Co-I
teams.

3.5.1 Objectives

Recovering and investigating a long continuous succession
from Fucino Basin will provide unprecedented insights into
the evolution of the Earth system during the Pliocene—
Quaternary, i.e. the last 3.0-3.5 Myr.

Our proposed multi-method dating approach, including di-
rect **Ar/3% Ar, tephrochronology, zircon double-dating, lu-
minescence and amino acids, and a multi-proxy analysis of
sediment physical and bio-geochemical properties, has the
potential to provide a detailed radiometric chronology for
reconstructing the timing and dynamics of the Pliocene—
Quaternary geo-bio-environmental and climatic processes in-
dependently of any a priori assumptions regarding response
times to climate forcing and feedbacks. By studying the in-
teraction between climate and environmental changes, these
insights will allow a better understanding of the impact of
ongoing and future climatic—environmental changes in the
highly populated Mediterranean area. Eventually, the Fucino
record will be linked to reference marine records by con-
structing a tephro-stratigraphic and pollen stratigraphic lat-
tice.
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The specific objectives of the deep drilling into the Fucino
Basin are outlined below.

A. Stratigraphy, paleoclimate, and biodiversity
A1. Event stratigraphy

We assemble a regional to global stratigraphic reference
record deep into the Pliocene, including and combining a
unique time series of orbital- to millennial-scale climate
events and cycles and tephrostratigraphic and magnetostrati-
graphic cosmogenic nuclide events.

A2. Sequence, timing, duration, and dynamics of
Pliocene—Quaternary climatic events

i. We reconstruct climate conditions during the warm
Pliocene and during the transition to the colder Pleis-
tocene.

ii. We evaluate the timing and differences of the termina-
tions of glacial periods;

iii. We assess interglacial structures, namely their internal
variability, initiation, development, and demise.

iv. We constrain hydrological changes in the central
Mediterranean at times of sapropel formation, specifi-
cally their links to low- and high-latitudes climate.

v. We explore millennial-scale variability during glacial
times within the central Mediterranean.

vi. We evaluate the longitudinal influence of changes in
North Atlantic circulation patterns by means a west—
east transect including the records of U1385; Fucino;
Lake Ohrid; Tenaghi Philippon; and, potentially, other
records across the Eurasian continent, including the
Lake Baikal record.

A3. Changes in terrestrial ecosystems and biodiversity
across main climatic transitions and events since the late
Pliocene

i. We reconstruct the response of Mediterranean environ-
ments and biomes to global changes during the warm
Pliocene, including the mPWP; the progressive expan-
sion of the Northern Hemisphere ice sheets during the
Plio-Pleistocene transition; and the change in periodic-
ity, magnitude, and shape (symmetrical vs. asymmetri-
cal) of the glacial-interglacial cycles during the EMPT
and after the Mid-Brunhes Event.

ii. We establish the timing and causes of the progressive
extinction of forest species in the Mediterranean.

iii. We consider the intra-lacustrine diversity dynamics of
different biological groups through time.

https://doi.org/10.5194/sd-33-249-2024



B. Giaccio et al.: ICDP Fucino paleolake project

Table 2. List of the participant presentations in session 3.
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Name Presentation title

Luigi Improta
and data quality

A new high-resolution seismic reflection experiment in the Fucino Basin acquisition geometry

Sofia Pechlivanidou

From surface processes modeling to high-resolution drilling record resolving key controls on sediment

production and stratigraphic development in active rifts

Deniz Cukur Geophysics

Anders Noren Drilling operations

Elizabeth N iespolol 40Ar/ 39Ar geochronology

Paul Albert Tephra (cryptotephra) studies

Vitor Azevedo

Tephrochronology — machine learning models

Ivan Razum Statistical treatment of tephra data

Martin Danisik

Zircon double-dating applied to tephras

Helen Roberts Luminescence dating of calcite
Dustin White Malacology and amino acid dating
Alice Pine New geochemical proxies

Alexander Franke?

Novel (trace metal) isotope methods to infer Quaternary environmental change

Leoan Clarke Bio-geochemistry

Eleonora Regattieri

Stable isotope and other geochemical proxies

Marta Marchegiano

Carbonate clumped isotope (A47) paleothermometry

Jose E. Ortiz Menendez

Organic molecules, amino acid geochronology, and lipid biomarkers

Grisha Fedorov Sedimentology

Mathias Vinnepand Sediment physical properties

Julieta Massaferro Paleoecology, insects

1

iv.

Not attending, presented by Biagio Giaccio. 2 Not attending, presented by Bernd Wagner.

We generate a reference site of a vegetation-based
record to assess the paleo-environmental background
for early hominin migration and occupation in western
Eurasia.

B. Geodynamics

B1. Volcanology and magmatic evolution

i. We reconstruct the history and recurrence time of ex-

plosive volcanism in the peri-Tyrrhenian region.

ii. We define the chronology and timing of the transi-

tion between the calc-alkaline and ultra-potassic (late
Pliocene—earliest Pleistocene) peri-Tyrrhenian volcan-
ism.
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ii.

iv.

We explore the possible relation between glacio-eustatic
sea level change and explosive peri-Tyrrhenian volcan-
ism.

We evaluate the evolutionary petrological processes as
related to the mantle—crust magma source dynamics.

We assess the impact of the large explosive eruptions on
local- and regional-scale ecosystems.

B2. Tectonics

I

il.

We consider the tempo and dynamics of the opening and
development of the Fucino Basin in relation to the sur-
rounding fault systems in the framework of the Mediter-
ranean geodynamic field.

We conduct an assessment of seismic hazards in relation
to seismic amplification phenomena.
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3.5.2 Location and depth of drilling(s) and technical and
management aspects

Parallel drilling is needed and envisaged to obtain a continu-
ous sediment succession. Drilling in the area of the maximum
sedimentation rate would be the best location to obtain a full,
expanded (~ 1000 m deep drill hole; SRmax in Fig. 6), and
continuous succession of the Fucino lacustrine infill, provid-
ing the ideal setting for very high-resolution investigations.
Despite these eligible conditions, this option was noted to
be challenging to the drilling engineers because of the neces-
sary casing strings, the mud composition for pressure control,
the borehole stability, and the management of swelling clays.
Altogether, much higher costs and risks are associated with
this approach. However, the basin fill architecture (Figs. 3d
and 6) offers an alternative option with multiple shallower
drill holes drilled along an east—west transect, each of which
recovers a section of the basin fill.

In order to overcome drilling-related risks and to provide
a cost-efficient drilling operation, the participants discussed
three drilling sites with different targets and maximum drill
depths of < 500 m. The first selected drilling site, MEME-1,
is in the central part of the basin, not far from F4-F5 site.
Here, according to the seismic reflection data, the base of the
lacustrine succession should be around 500 m depth (Fig. 6).

The second site, MEME-2, is further to the west, where
sedimentation rates are lower (Fig. 6). Here, a drilling of
~500m would allow us to recover almost the entire sedi-
ment succession down to the bedrock and to provide the full
Pliocene—Quaternary history of the Fucino Basin, although
this would be at a lower resolution compared to MEME-1. A
further site was considered for tectonic purposes. It could be
shallower (200-300 m) and located on the footwall of the SB-
GdM fault system, where relatively low sedimentation rates
are expected (MEME-3a; Fig. 6).

Depending on the outcomes of MEME-1 and MEME-2, as
a contingency plan, the third shallower drilling could be also
placed further toward the MEME-2 site, where, according to
seismic data, the whole Quaternary or Pliocene—Quaternary
succession should be recovered in 200-300 m (MEME-3b,
Fig. 6). This option is relevant in terms of the strategy and
success of the MEME project as, in case of technical prob-
lems at MEME-1 and MEME-2, MEME-3b would warrant
recovering the whole lacustrine succession and would thus
reach the target of the MEME project, although this would
be with a shorter sediment core, which, theoretically, is tech-
nically easier to recover.

Based on the experience from past drilling campaigns in
the Fucino Basin, the optimal approach will include the use
of soft-sediment coring tools deployed in numerous ICDP
lake-drilling campaigns for the upper ~200m at each site,
with standard industry tools used for the remainder of each
profile. Budget estimates produced by local drilling contrac-
tors provide the basis for this plan, with additional costs to
be added for soft sediment coring.
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3.5.3 Societal, economic, and industrial aims

Scientific deep drilling has not only scientific and economic
relevance but also a great educational potential.

A local professional photographer and videographer par-
ticipated in the workshop to discuss the best strategies for
engaging the local community and identifying effective com-
munication channels for spreading the news. Workshop par-
ticipants were interviewed to create a video explaining the
importance of the Fucino Basin and the MEME research
project in layperson’s terms, which was then sent to the local
press; uploaded to YouTube; and shared on social media plat-
forms such as X, Instagram, and Facebook. A short report of
the workshop, including the future research plan, was shared
with the Italian National Research Center that published it on
their website.

In the future, we plan to involve both the local community
and the general public in our research. This will be done at
different levels. For the local community, preliminary meet-
ings will be planned in cooperation with local authorities and
organizations to illustrate the aims and the methods of the re-
search.

During the drilling operation, visits to the drilling site will
be organized for local schools and committees. To involve the
general public, we also plan to have a media release for ev-
ery step of the project, both through local and national press
avenues and through the use of social networks. In addition,
as many of the PIs are enrolled in universities, specific field
trips and training involving university students from bachelor
level to PhD level will be planned prior to, during, and after
the drilling.

MEME drilling will also give the opportunity to measure
the local geothermal gradient and to evaluate the potential for
low-enthalpy geothermal resources, eventually with the use
of the holes for pivotal heat exchanger systems. Moreover,
after drilling, the borehole(s) will be equipped with specific
probes to measure geochemical parameters such as conduc-
tivity, pH, Eh, dissolved CO,, and temperature in addition to
facilitating water sampling. These geochemical parameters
may indeed constitute indicators of seismic cycles or even
earthquake precursors (Skelton et al., 2014).

3.5.4 Time frame, Co-Pl and Co-I team, and matching
funds

The workshop included small-group and whole-group dis-
cussions regarding potential sources of funding available to
supplement the costs of scientific drilling and also of fund-
ing to support post-drilling science. The steps and timeline
involved in preparing a full proposal for submission to the
ICDP for deep drilling in the Fucino paleolake were consid-
ered. In order to develop a well-coordinated research pro-
gramme and to prepare an ICDP full proposal, the partici-
pants committed themselves to providing all the information
required to support more detailed project planning, includ-
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ing (i) a detailed budget plan; (ii) a detailed operations plan,
including a permission plan with a list of authorities to be
contacted; (iii) a project management plan; (iv) a plan for
data and sample management and long-term core curation;
and (v) an education and outreach plan.

The constitution of the Co-PI and Co-I teams was dis-
cussed with regard to the proposers of the workshop, as well
as with the participants as a whole, considering the contribu-
tions and the interests of the workshop participants. All par-
ticipants agreed on modifications to the PI- and Co-PI teams
to meet the ICDP balance requirements and to support equal-
ity, diversity, and inclusion (e.g. gender, age, nationality, ex-
pertise).

4 Concluding remarks

The ICDP-supported MEME workshop provided the oppor-
tunity to enlarge the spectrum of expertise, opening new re-
search perspectives for the geophysical exploration needed
for the drilling site location and for the development of
a multi-method and independent chronology, consisting of
40Ar/3Ar; tephrostratigraphy; paleomagnetism; U series;
luminescence and amino acid dating methods; and multi-
proxy records, such as sediment physical properties, sta-
ble isotopes, clumped isotopes, inorganic and organic bio-
geochemistry, pollen, and insects. As a matter of fact, the
Fucino sedimentary archive brought into focus the broad in-
terests expressed by participants, who enthusiastically ex-
pressed their commitment to continue collaborating, either
as Co-PIs or Co-Is or as external collaborators. Therefore,
the next steps will be the constitution of the Co-PI and Co-
I teams together with collecting the data and information
needed for the writing of a full MEME proposal.

Data availability. No data sets were used in this article.
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