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Editorial preface

Dear Reader,

We would like to invite you to take a break from your usual office
work and disregard the financial crises, the pandemic, and the
brutal war on Ukraine for a moment. Instead, enjoy an informative
plunge into Earth’s history as unveiled by this issue of Scientific
Drilling.

Sedimentary archives formed by monsoonal action, glaciation,
or opening and closing of marine gateways are the focus of three
articles published in this issue of Scientific Drilling.

IODP conducted a series of expeditions between 2013 and 2016
spanning the region from the Arabian Sea to the Sea of Japan
and southward to western Australia. They were designed to
address the long-term development of monsoon climate systems
between Southeast Asia and Australia. Comparisons of the
monsoonal records in the different drilling areas are discussed

in a synthesis paper (p. 1) and indicate drying trends in most
parts of Asia since ~10 Ma, which contrasts with the northwestern
Australian wet phase at 5.0-2.5 Ma. The sedimentary infill

of glacially overdeepened valleys renders an excellent yet
underexplored archive with regard to the age, extent, and nature
of past waxing and waning glaciations. The ICDP project ‘Drilling
Overdeepened Alpine Valleys’, DOVE, highlights paleontological
evidence of overdeepened valleys along the northern front of
the Alps in Switzerland and Germany that preserves sediment
records throughout repeated glacial cycles (p. 51). A report

on a MagellanPlus workshop (p. 93) lays out the ambitious

plan of ocean drilling to elucidate the complex evolution of

the Mediterranean gateways over the past 7 Myr as a driver

of environmental challenges severely impacting marine and
terrestrial biota in Eurasia.

Another science report in this issue addresses the ICDP Eger
Project in the Bohemian (Czech Republic) geodynamic region
(p- 31), where seismic swarms and carbon dioxide emanations
are connected to late-stage volcanism. Five boreholes have so
far been drilled, and ongoing installations serve as an in situ
geodynamic borehole laboratory.

Two articles on technical developments round off this issue: a
study (p. 85) that proposes a method to calculate parameters

of cylindrical concentric folds by considering the point at which

the bedding trend changes as an inflexion point of the fold.
Another one (p. 71) constitutes saw cuttings from core splitting

as a valuable subsample to obtain an average mineralogical and
geochemical composition of a core, as it was applied on the core of
the lower oceanic crust in the Hess Deep rift obtained during IODP
Expedition 345.

With best regards,

the editors of Scientific Drilling

Ulrich Harms, Thomas Wiersberg, Jan Behrmann,
Tomoaki Morishita, and Will Sager

-
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Abstract. The International Ocean Discovery Program (IODP) conducted a series of expeditions between 2013
and 2016 that were designed to address the development of monsoon climate systems in Asia and Australia. Sig-
nificant progress was made in recovering Neogene sections spanning the region from the Arabian Sea to the Sea
of Japan and southward to western Australia. High recovery by advanced piston corer (APC) has provided a host
of semi-continuous sections that have been used to examine monsoonal evolution. Use of the half-length APC
was successful in sampling sand-rich sediment in Indian Ocean submarine fans. The records show that humidity
and seasonality developed diachronously across the region, although most regions show drying since the middle
Miocene and especially since ~ 4 Ma, likely linked to global cooling. A transition from C3 to C4 vegetation of-
ten accompanied the drying but may be more linked to global cooling. Western Australia and possibly southern
China diverge from the general trend in becoming wetter during the late Miocene, with the Australian monsoon
being more affected by the Indonesian Throughflow, while the Asian monsoon is tied more to the rising Hi-
malaya in South Asia and to the Tibetan Plateau in East Asia. The monsoon shows sensitivity to orbital forcing,
with many regions having a weaker summer monsoon during times of northern hemispheric Glaciation. Stronger
monsoons are associated with faster continental erosion but not weathering intensity, which either shows no trend
or a decreasing strength since the middle Miocene in Asia. Marine productivity proxies and terrestrial chemi-

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

suoday aouslog



2 P. D. Clift et al.: A synthesis of monsoon exploration in the Asian marginal seas

cal weathering, erosion, and vegetation proxies are often seen to diverge. Future work on the almost unknown
Paleogene is needed, as well as the potential of carbonate platforms as archives of paleoceanographic conditions.

1 Introduction

Monsoon climatic systems exist in most continents where
large seasonal temperature differences develop between the
continental interior and the surrounding oceans. The Asian
monsoon is the strongest such system because of the great
size of the Asian continent and the height of the topogra-
phy associated with the Himalayan mountains and Tibetan
Plateau, whose development is tightly linked with the climate
(Molnar et al., 1993; Prell and Kutzbach, 1992). The mon-
soon is split into two distinct seasons, one wet and one dry.
In the summer, onshore winds bring moisture from the Bay
of Bengal into South Asia and from the South China Sea and
western Pacific into southern China and former Indochina
(Wang, 2006; Webster et al., 1998). During northern hemi-
spheric winter the winds reverse, with cold dry air blowing
from the atmospheric high-pressure area in Siberia towards
the ocean. The seasonal advance of the monsoon rain front
into the continent represents a migration in the intertropical
convergence zone (ITCZ) and is mirrored by a similar system
that brings heavy rain to northern Australia and parts of In-
donesia during the southern hemispheric summer (Suppiah,
1992).

There has been significant scientific interest in monsoon
climates because the Asian monsoon has come to symbol-
ize the archetypal example of how the solid Earth and at-
mosphere coevolve, with feedbacks between the two over
various timescales (Clift et al., 2008; Whipple, 2009). The
societal significance of the Asian monsoon has also made
it the target of research given the high population density
that is sustained by the agriculture permitted by summer
rainfall today, as well as its role in controlling the rise and
subsequent decline of early urban civilizations (Madella and
Fuller, 2006; Clift and d’Alpoim Guedes, 2021). Although
much is known about the atmospheric physics that controls
the intensity of the monsoon in the present day, the long-term
development of this climatic system is less well character-
ized, especially prior to the Quaternary.

Scientific drilling in the 1980s played a crucial role in
the first attempt to constrain the timing of Asian monsoon
intensification, particularly through records of oceanic up-
welling and productivity along the Arabian margin (Kroon et
al., 1991; Prell et al., 1992), where strong summer winds are
linked to the monsoon in the present day. The winds blow
to the northeast offshore Arabia, bringing nutrient-rich wa-
ter to the surface that causes a seasonal bloom in planktic
foraminifers in the modern Arabian Sea during the summer
(Curry et al., 1992). In turn an oxygen minimum zone (OMZ)
forms in response to the high marine productivity driven by
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monsoon-induced upwelling (Altabet et al., 1995) and be-
cause of limited vertical mixing. This phenomenon is par-
ticularly well developed along the NE margin offshore India
and Pakistan. The OMZ is greater when the productivity is
high and when winter mixing of the water column is shallow
(Reichart et al., 1998). Correlation of these records with ter-
restrial vegetation proxies in the Himalayan foreland basin
played a key role in leading to an estimate for initial inten-
sification at ~ 8 Ma (Quade et al., 1989), which at that time
was believed to correlate with a phase of rapid Tibetan uplift
(Harrison et al., 1992). Subsequently, re-examination of the
Oman margin cores has resulted in recognition of an initial
monsoon wind system starting at 12.9 Ma and intensifying
~7Ma (Gupta et al., 2015). Drilling in the South China Sea
by the Ocean Drilling Program (ODP) Leg 184 in 1999 estab-
lished a contrasting chemical weathering and salinity record
that implied a much earlier intensification of heavy rains in
southern China, starting around 24 Ma and again at 15 Ma
(Clift et al., 2002; Wan et al., 2007) and indicated a drying of
the climate in the late Miocene (Steinke et al., 2010).

It is apparent that a number of different processes control
the strength of the monsoon systems by influencing the tem-
perature of the continent as well as the oceans. In particu-
lar, the development of high topography in central Asia has
been invoked to cause long-term strengthening of the mon-
soon system, and while early efforts focused mostly on the
Tibetan Plateau (Manabe and Terpstra, 1974), greater empha-
sis has recently been placed on the height of the Himalayas
and their role in controlling the South if not East Asian mon-
soon (EAM) (Boos and Kuang, 2010). Climate models have,
however, also invoked the importance of topography in the
Iranian Plateau (Acosta and Huber, 2020), as well as the
opening and closure of marine gateways, most notably in the
western Tethys Ocean between Arabia and Eurasia (Giilyiiz
et al., 2020; Torfstein and Steinberg, 2020). In addition, con-
striction of the Indonesian Throughflow (ITF), the oceanic
gateway between Indian and Pacific oceans, has increased as
Australia collided with Indonesia and New Guinea starting
in the Miocene (Van Ufford and Cloos, 2005). Added to this,
it has become apparent that the monsoon rainfall is sensitive
to global climate in being generally heavier when Earth is
hotter. On shorter glacial-interglacial timescales, it has been
recognized that monsoon rains tend to be stronger during in-
terglacial times in Asia and become drier during periods of
extensive northern hemispheric glaciation. Multi-proxy re-
constructions from recent drilling indicate that coupled ice
volume and greenhouse gas forcing is a critical factor driving
changes in monsoonal rainfall at orbital timescales as well
(Clemens et al., 2021; Gebregiorgis et al., 2018; McGrath et
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al., 2021). On shorter timescales oceanic phenomena such as
the El Nino—Southern Oscillation (ENSO) are often linked
to the strength of monsoon rains in Asia (Wang et al., 2013;
Lau and Wang, 2006).

The Australian monsoon is linked to the Asian system but
has different sensitivities. A positive Indian Ocean Dipole
(IOD), when the western Indian Ocean warms but the sea off-
shore western Australia is colder than normal, is associated
with droughts in SE Asia and Australia, especially in south-
east Australia (Cai et al., 2009). Likewise, the El Nifio state
in the Pacific, when colder waters dominate in the western
Pacific and the eastern Pacific is warmer than normal, weak-
ens spring rains in Australia (Ashcroft et al., 2016). The IOD
in particular has been affected by the closure of the ITF (Ka-
jtar et al., 2015), although ENSO appears to be more depen-
dent on the atmospheric Walker circulation (Sprintall et al.,
2014). Nonetheless, restriction of the gateway is one of the
factors driving long-term aridification of Australia (Krebs et
al., 2011). Both ENSO and IOD are also affected by shorter-
term orbital-related processes that affect the strength and sea-
sonality of the rains and control the environment. El Nifio
conditions and thus weak Australian rains are more com-
mon when the Earth is generally warmer. Likewise, the IOD
has become more positive, and thus Australia has been drier
since the Last Glacial Maximum (LGM; 20 ka) (Abram et al.,
2020).

Model-based testing of what controls monsoon intensity
has been hampered by the lack of long-duration marine
records. Although shallow piston coring has been effective
in collecting sequences to examine how the monsoon has
changed over millennial timescales, scientific ocean drilling
is required to look at how this system has evolved on orbital
(10%) to tectonic (> 10° years) timescales. The work neces-
sarily involves correlation of marine records with terrestrial
sediment archives, as well as tectonic models derived from
studying the mountains, whose uplift has influenced the at-
mospheric dynamics across the continents. Although conti-
nental records are important in providing some local control
over environmental conditions and erosion of mountain belts,
it is the marine depocenters that comprise the more continu-
ous, better dated records that are required to develop sophis-
ticated models of monsoon evolution and its impacts. The
marine record is also critical if we are to relate the conti-
nental environmental conditions with the oceanography of
the surrounding seas because understanding of the modern
monsoon would indicate that they should be tightly coupled
(Fasullo, 2012; Tada and Murray, 2016). Before the start of
this most recent campaign of scientific drilling, there were
major gaps in our data coverage, hampering better under-
standing. Although there were Miocene to Recent records
from the Arabian and South China seas, no high-resolution
records were available over many other parts of the region,
at least spanning the Neogene, let alone the Paleogene. Since
the onset of the monsoon has been estimated to be as old as
the late Eocene (Licht et al., 2014; Sorrel et al., 2017), this
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made the marine record of rather limited use to study long-
term evolution. Although it has long been argued that erosion
and weathering of the mountains might be a primary control
over global climate during the Cenozoic (Raymo and Rud-
diman, 1992), the lack of a long-term erosional record from
either of the large submarine fans in the Indian Ocean, let
alone the major rivers of former Indochina prevented these
models being tested.

2 Regional drilling campaigns

From 2013 to 2016, the International Ocean Discovery
Program (IODP) conducted drilling around Asia and Aus-
tralia that was specifically designed to document varia-
tions in monsoon intensity on millennial and longer tectonic
timescales. This has resulted in significant revision of our re-
constructions of when the monsoon intensified and weakened
across a range of timescales, and in turn this contributes to
our understanding of what the primary driving factors con-
trolling wind and rainfall intensity in South and East Asia
have been.

The drilling campaigns addressed all the marginal seas
around Asia, stretching from the Arabian Sea in the south-
west (Betzler et al., 2017; Pandey et al., 2016) to the Sea of
Japan in the northeast (Tada et al., 2015), continuing south-
ward through Indonesia, to the west coast of Australia (Gal-
lagher et al., 2017) (Fig. 1). As well, both the major Indian
Ocean submarine fans, the Indus and the Bengal (Clemens
et al., 2016; France-Lanord et al., 2016), which together rep-
resent the bulk of the sediment derived from the Himalayan
orogen, were drilled together with the Nicobar fan located
on the east side of the Ninety-East Ridge and thus provide
a relatively complete history of Himalayan erosion, at least
covering much of the Neogene (McNeill et al., 2017). Fur-
thermore, the eastern Indian Margin and Andaman Sea were
drilled to reconstruct the Miocene to present monsoonal pa-
leoclimate and paleoceanography (Clemens et al., 2016). In
the South China Sea, three expeditions recovered sections
of sediment mostly from the northern margin, related to the
Pearl River catchment of southern China (Li et al., 2015; Sun
et al., 2018), enhancing records obtained during the earlier
ODP Leg 184 (Wang et al., 2000). Although drilling was
largely focused on Neogene targets, for the first time the re-
gional character of the campaign provided a wide sampling
of many of the large continental drainage systems of Asia
from which environmental, weathering, and erosion records
can be derived, thus constraining both South and East Asian
monsoons and providing the high-resolution records neces-
sary for comparison between systems. Moreover, these are
now accompanied by similarly high-resolution records from
Western Australia looking at the evolution in climate of this
continent and constraining the development of the monsoon
system in that region, providing a means of comparison with
the Asian monsoons (Gallagher et al., 2017). A related expe-
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Figure 1. Shaded bathymetric map of the regions affected by the Asian and Australian monsoon systems showing the area of operations of
the expeditions completed by IODP in the most recent campaign. Areas of older ODP and DSDP drilling are shown as blue dots. IBR is the
Indo-Burman Range. Route of IFT after Gordon (2005). Dashed pink lines show outline of Indus and Bengal fans. ITCZ locations are from

Yan (2005). Base map is from GeoMapApp.

dition offshore NW Australia and north of New Guinea pro-
vides an important record of the Western Pacific Warm Pool
(WPWP) (Rosenthal et al., 2018), which is closely correlated
with the intensity of the EAM system and additional Neo-
gene records of the NW Australian system. In this study we
summarize the primary findings in each of these critical areas
and then assess how they may be related to one another in or-
der to understand how different parts of the Asian—Australian
monsoon system may be linked.

3 Arabian Sea

Some of the earliest constraints on the geological evolution
of the monsoon were derived in the Arabian Sea through sci-
entific drilling (Fig. 1). This is a particularly good area to
look at the monsoon because of the strong oceanographic
effects that the wind system has on upwelling and marine
production in the area, as well as on the delivery of sedi-
ments from the Indian peninsula and particularly the Indus
River, which represents the largest drainage system in the
NW Himalaya. Prior to IODP drilling, the southwestern In-
dian margin was sampled by Indian National Gas Hydrate
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Expedition 01 Site NGHP-01-01A, located offshore Goa.
Sedimentary and geochemical data indicate stronger water
mass mixing associated with a winter monsoon circulation
after 23.7Ma (Beasley et al., 2021). The same study also
argued for the first summer monsoon after 23 Ma based on
increases in Ti / Ca and dissolution of the biogenic carbon-
ate fraction, as well as formation of an OMZ in the eastern
Arabian Sea.

3.1 Expedition 355: environmental records in the Laxmi
Basin

Expedition 355 recovered two long sections (1109 m penetra-
tion at Site U1456 and 1008 m at Site U1457) from the cen-
tral Laxmi Basin, offshore western India, forming the east-
ern side of the Indus submarine fan. Recovery was 92 % with
the advanced piston corer at Site U1456, 93 % at Site U1457
and 57 %, and 48 % with the Rotary Core Barrel (RCB) at
each site respectively. The occurrence of a large mass trans-
port complex (MTC) disrupted plans to recover sediment
older than around 11Ma (Dailey et al., 2019), but opera-
tions did retrieve a relatively continuous record of continen-
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tal erosion spanning the last 11 Myr and covering the crit-
ical climatic transition around 8 Ma, albeit disrupted by a
number of hiatuses (Routledge et al., 2020). Work within the
NW Himalayan foreland had used carbon isotopes to identify
changes in vegetation (Quade et al., 1989), and these same
methods were applied to detrital organic carbon in the cores
to assess how vegetation had evolved in the Indian penin-
sula and Himalayan foreland since 11 Ma. Studies of sedi-
mentary organic carbon implied a change in the vegetation in
the source regions starting at 7 Ma (Khim et al., 2020). The
813C of long-chain n-C3; fatty acids shifted from —34 %o to
—22 %o between 10 and 6.3 Ma, and this was interpreted to
indicate the progressive increase in C4 grasses at the expense
of C3 plants (e.g., trees), especially between around 8.2 and
6.3 Ma (Suzuki et al., 2020) (Fig. 2d). This climatic transi-
tion was furthermore supported by a high-resolution study
that focused on the period of climatic transition (Feakins et
al., 2020). That study employed a multi-proxy approach in-
volving bulk organic carbon and plant wax alkanes and acids,
as well as a variety of pollen, charcoal, and lignin proxies, to
assess how the vegetation changed under the influence of the
evolving monsoon.

The Feakins et al. (2020) study was able to separate the in-
fluence of the Indus River compared to regional rivers drain-
ing the Indian peninsula. §'3C values from 1n-C3; n-alkanes
together with the other proxies supported the idea of expan-
sion of grasslands through the late Miocene in northwest In-
dia, with change especially noted between 7.2 and 7.4 Ma.
Interestingly, there was no clear change in §D values, which
have been used as proxies for rainfall intensity in the Arabian
Sea (Huang et al., 2007). This implied that there has been a
relatively constant monsoon system across the area that was
not disrupted during the time of transition in the vegetation
and in turn raises the possibility that it was cooling, recon-
structed from TEXgg data, and not drying that was responsi-
ble for the shift in the environment at that time.

Chemical weathering data has also been employed to con-
strain the evolving environment in the Indus catchment.
Hematite / goethite values measured by color spectroscopy
were used to constrain relative humidity, with hematite fa-
vored during times of drier climate. These records indicated
a drying, or at least an increase in the duration of the dry
season, after ~7.7Ma, and while there was a phase of in-
creased humidity between 6.3 and 5.9 Ma, a long-term trend
was towards less chemical weathering and slower and drier
conditions as the Miocene progressed into the Pliocene (Clift
et al., 2020).

Bulk sediment major element geochemical data, color
spectral data, and clay mineralogy confirmed a long-term de-
crease in weathering intensity that is often associated with
drier, colder conditions (Zhou et al., 2021). The role of
hematite in highlighting dry conditions is particularly note-
worthy in implying a long-term decrease in humidity and
thus summer monsoon rains (Fig. 2a). Clay minerals are
sensitive to environmental conditions (Thiry, 2000) but can
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also be used as provenance proxies under certain conditions.
Clays have been used to argue that since 3.7 Ma, changes in
monsoon strength have caused the sediment supplied to the
Indian Ocean to alternate with more supply from the penin-
sula and Deccan Traps during times of heavier summer rains
(Cai et al., 2020). It is noteworthy that there is a disconnect
between monsoon intensity inferred from oceanic productiv-
ity records and those related to the climate. In the modern
day, strong summer winds are associated both with heavy
rain and with upwelling (Curry et al., 1992). This linkage ex-
tends to orbital timescales (Clemens et al., 2021) but does not
appear to have been the case at longer timescales.

Nitrogen isotope compositions of sediment track marine
nitrogen cycling, which can be related to biological produc-
tivity. N isotopes reflect the source of dissolved N to phy-
toplankton, and in nutrient-replete environments, the rela-
tive utilization. In the Arabian Sea, N isotopes reflect the
upwelling of partially denitrified nitrate from the OMZ. In-
creases above the oceanic mean are taken as an increase in
the intensity of the OMZ, often related to oxygen demand
due to monsoon-driven upwelling (Altabet et al., 1995).
N isotope and organic carbon contents of Laxmi Basin
sediments indicate that the first sign of denitrification oc-
curred at 3.2-2.8 Ma and that the modern OMZ was not
established until ~ 1 Ma (Tripathi et al., 2017). Subsequent
higher-resolution studies spanning 800 ka indicated a persis-
tent OMZ in the eastern Arabian Sea but with a breakdown
of the OMZ in the western Arabian Sea during glacial times
when the summer monsoon weakened (Kim et al., 2018).
Geological evidence for marine production and continental
erosion implies that the summer monsoon strengthened at
2.95 Ma, possibly linked to closure of the ITF but then pro-
gressively weakened independently of the glacial climatic
cycles (Sarathchandraprasad et al., 2021). The lack of cor-
relation between the OMZ history and the terrestrial weath-
ering and vegetation proxies is a clue that the paleoceanogra-
phy and terrestrial rainfall are not tightly coupled over the
longer-term geological past. This conclusion is consistent
with a number of recent modeling studies (Nilsson-Kerr et
al., 2021; Acosta and Huber, 2020).

3.2 Expedition 359: Maldives monsoon winds

The Maldives archipelago in the northern central Indian
Ocean has acted for over 25 Myr as a giant natural sediment
trap and contains a record of monsoon-related environmental
changes in that region. The carbonate platforms record sea-
level fluctuations, while the drift and periplatform deposits
carry the record of monsoon-driven changes of the surface
and intermediate water mass current regime and of wind-
driven dust influx.

IODP Expedition 359 cored sediments from eight lo-
cations in the Inner Sea of the Maldives (Betzler et al.,
2017). Penetration was up to 1097 m below the seafloor at
Site U1467, located in the center of the Inner Sea, with
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Figure 2. Temporal evolution in weathering proxies from the Laxmi Basin together with possible forcing factors. (a) 565 spectra intensity
(hematite) and (b) CIA*, from Zhou et al. (2021), (c) s13C of n-Csy fatty acids (Suzuki et al., 2020) and from n-C3; n-alkanes (Feakins et
al., 2020), and (d) 815N and total organic carbon (TOC) from Tripathi et al. (2017).

high degrees of recovery (> 90 %) over many of the intervals
drilled by the APC. The expedition was designed to recon-
struct the evolution of the South Asian monsoon (SAM) and
related fluctuations of sea level. The timing of these changes
is assessed by dating sedimentary alterations that mark strati-
graphic turning points in the Neogene Maldives platform—
basin system. The first turning points, dated as early and mid-
dle Miocene, are related mostly to sea-level changes. These
are reliably recorded in the stratigraphy of the carbonate se-
quences in which sequence boundaries provide the ages of
the sea-level lowstands (Vail et al., 1977).

An abrupt change in sedimentation patterns is recognized
across the entire archipelago at a sequence boundary dated
as 12.9-13.0 Ma (Betzler et al., 2016). At this turning point,
the platform sedimentation switched to a current-controlled
mode when the monsoon-wind driven circulation started in
the Indian Ocean (Fig. 3). Several areas of the platform
drowned in response to physical current effects, i.e., erosion
and sediment re-deposition (Ling et al., 2021; Liidmann et
al., 2018; Reolid et al., 2020, 2019). The similar age of the
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onset of drift deposition from monsoon-wind driven circula-
tion across the entire archipelago indicates an abrupt onset
of strong monsoon winds in the Indian Ocean (Betzler et al.,
2016, 2018). Ten unconformities dissect the drift sequences,
attesting to changes in current strength and/or direction that
were likely caused by the combined impact of changes in
monsoon wind intensity and sea-level fluctuations over the
last 13 Myr. One major shift in the drift packages is dated
with 5.8 Ma and coincided with a long-term sea-level rise
that transformed the focused delta drift deposition to more
widespread sheeted drifts (Fig. 3). A second major shift at
3.8 Ma coincided with the end of stepwise platform drown-
ing and a reduction of the OMZ in the Inner Sea.

The strata of the Maldives platform provide a detailed
record of the extrinsic controlling factors on carbonate plat-
form growth through time. This potential of carbonate plat-
forms for dating Neogene climate and current changes has
been exploited in other platforms drilled by earlier scien-
tific drilling. For example, Great Bahama Bank, the Queens-
land Plateau, and the platforms on the Marion Plateau show
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similar histories with sediment architectures driven by sea
level in their early history (early to middle Miocene) replaced
by current-driven drowning or partial drowning during their
later history (late Miocene) (Betzler and Eberli, 2019). In all
three platform systems, the influence of currents on sedimen-
tation is reported to be between 11 and 13 Ma.

The lithogenic fraction of the Maldives carbonate drifts
provides a unique record of atmospheric dust transport dur-
ing the past 4 Myr because grain size can act as a proxy for
dust flux, as well as wind transport capacity (Lindhorst et al.,
2019). Entrainment and long-range transport of dust in the
medium to coarse silt size range is linked to the strength of
the Arabian Shamal winds and the occurrence of convective
storms that prolong dust transport. Dust flux and the size of
dust particles increased between 4.0 and 3.3 Ma, correspond-
ing to the closure of the ITF seaway and the intensification
of the SAM. Between 1.6 Ma and the Recent, dust flux again
increased but shows higher variability, especially during the
last 500 kyr. Eolian transport capacity based on grain size in-
creased between 1.2 and 0.5 Ma but has slightly decreased
since that time. Dust transport varied on orbital timescales,
with eccentricity control being the most prominent (400 kyr
throughout the record and 100kyr between 2.0 and 1.3 Ma
and since 1.0 Ma). Higher-frequency cycles (obliquity and
precession) are most pronounced in wind transport capacity.

Using XRF scans of the cores recovered at Site U1467,
wavelet and spectral analyses of the Fe /K record show
increased dominance of 100kyr cycles after the Mid-
Pleistocene Transition (MPT) at 1.25 Ma in tandem with the
global ice volume inferred from calculated seawater §'30
data (LR04 record) (Kunkelova et al., 2018). In contrast to
the LRO4 record, the Fe / K profile from Site U1467 resolves
cycles that are similar to 100 kyr cycles around the 130 kyr
eccentricity frequency band in the interval from 1.25 to
2.0 Ma. These cycles similar to 100 kyr cycles likely formed
through the bundling of two or three obliquity cycles, indi-
cating that low-latitude Indian—Asian climate variability re-
flected an increased tilt sensitivity to regional eccentricity in-
solation changes (pacing tilt cycles) prior to the MPT. The
implication of appearance of the 100 kyr cycles in the LR04
and the Fe / K records since the MPT suggests strengthening
of a climate link between the low and high latitudes during
this period of climate transition.

4 Bay of Bengal

4.1 Expedition 353: South Asian monsoon

Expedition 353 (Clemens et al., 2016) drilled the Ninety-East
Ridge, Bengal fan, northeast Indian Margin, and Andaman
Sea. The expedition recovered 4.28 km of sediment from six
sites with 97 % recovery on average. Double and triple cor-
ing was conducted in order to produce complete sections that
would allow for reconstruction of continental erosion and
monsoonal hydroclimate at a range of timescales from sites
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with sedimentation rates ranging 2-15cmkyr~—!' (Robinson
et al., 2016), with recovery spanning Campanian to Recent,
although much of the Eocene was not recovered.

4.1.1 Paleocene-Qligocene: start of Himalayan erosion

Barnet et al. (2020) examined the interval of Earth his-
tory containing the well-known hyperthermal events of the
Paleocene—Eocene Thermal Maximum (PETM) and Eocene
Thermal Maximum (ETM), often studied as potential ana-
logues for future anthropogenic climate change. Trace el-
ement and isotopic records from Ninety-East Ridge IODP
Site U1443 and ODP Site 758 spanning ~ 58-53 Ma place
these hyperthermal events in the context of a long-term
warming of the water column on the order of 4-5°C.
These results are comparable to those reconstructed from the
low-latitude Pacific, demonstrating global-scale synchronous
warming of the low-latitude and high-latitude regions of
deep-water formation. These new findings support the idea
that atmospheric CO, was the primary driver of global cli-
mate during this time of climatic transition.

Ali et al. (2021) used a newly-developed isotope chronos-
tratigraphy from Site U1443 (Liibbers et al., 2019) coupled
with samples from ODP Site 758 (at the same location) to
evaluate the radiogenic Sr, Nd, and Pb isotopic composition
of clay minerals produced from silicate weathering and de-
posited in the Bay of Bengal since 27 Ma, the longest such
marine record in South Asia. They demonstrate remarkable
source consistency, indicating dominance of supply from Hi-
malayan rocks and the Indo-Burman Range, implying that
the spatial pattern of weathering associated with monsoon
rainfall has varied little over the past 27 Ma.

4.1.2 Miocene—Pliocene: changing Himalayan erosion
patterns

A number of investigators have worked to differentiate
provenance, weathering, tectonics, and climate change sig-
nals at Expedition 353 sites, located both in proximal and
distal positions relative to the source drainages and using
both hemipelagic and turbiditic sequences. Bretschneider et
al. (2021) assessed high-resolution records of radiogenic Sr,
Nd, and Pb isotopic composition of clay minerals deposited
on the Ninety-East Ridge at Site U1443 across five time
slices within the middle to late Miocene (15.8-9.5 Ma). This
is the same site where Ali et al. (2021) recorded an increase
in clay mineral abundance at ~ 13.9 Ma that would signify
an increase in physical weathering intensity in the sources,
coincident with middle Miocene global cooling and regional
tectonic reorganization (Fig. 4). Despite Himalayan tectonic
reorganization, the erosional sources remained remarkably
consistent across the five time slices. However, shorter (or-
bital) timescale variability shows significant fluctuations in
all three isotope systems, likely linked to monsoon inten-
sity. Variability within the middle Miocene Climatic Opti-
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Figure 4. (a, e) Global 8180 and §13C from bottom-living (benthic) foraminifera compiled from more than 40 DSDP and ODP sites (Zachos
et al., 2008) representing global ice volume and deep-sea temperature, highlighting the global climate changes of the last 30 Myr. Periods
of global cooling, after Zachos et al. (2008), are marked with blue bars, and the MMCO is marked with a red bar (b, f). Clay mineralogy
of ODP Site 758, relative abundances (% of smectite and kaolinite, illite, and chlorite), I CRAT record of ODP Site 1148 (Clift et al., 2008)
from the South China Sea as a record of East Asian monsoon development, (e) Nd and Pb isotope composition of ODP Site 758 clays,
(g) mineral flux record (Hovan and Rea, 1992) of ODP Site 758 recalculated using updated linear sedimentation rates, and sedimentation
rates from the Bengal fan DSDP Site 218 and IODP Site U1451 (France-Lanord et al., 2016; Galy et al., 2010), and at the bottom a summary
of the regional tectonic events (Allen and Armstrong, 2012). 1 — high Himalayan uplift, Main Central Thrust (MCT); 2 — onset of normal
fault, southern Tibet; 3 — surface uplift, eastern Tibet; 4 — initial thrusting on main boundary Thrust; and 5 — fast exhumation at Himalayan
syntaxes, outward growth of NE Tibet. This figure is from Ali et al. (2021).
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mum (MMCO; 16-15 Ma) and the interval of global cooling
at 13.9-13.8 Ma was larger than during younger intervals,
a change attributed to movement of the precipitation locus
from the high Himalaya to the frontal Himalayan ranges and
to the Indo-Burman Range.

The older intervals from pelagic sections on the Ninety-
East Ridge indicate relatively stable sediment provenance
over long intervals of time. However, reconstructions from
the middle-northern Bengal fan IODP Site U1444A, span-
ning the late Miocene to present (~7-0Ma), do indicate
provenance changes. Chang and Zhou (2019) used optically
and thermally stimulated luminescence (OSL and TL) of
quartz and K-feldspar grains to characterize the sediment
mineral composition through time. These authors interpret a
distinct increase in quartz luminescence sensitivity at ~ 3.5—
0.5Ma as increased hemipelagic contribution from Indian
peninsular rivers relative to Himalayan-sourced pulses of tur-
bidite sediments which dominated at 7-6 and 3.8-3.5 and
since 0.5 Ma. In this case, changes between hemipelagic (In-
dian peninsula) and turbiditic (Himalayan) deposition were
attributed more to changes in tectonic activity in the Hi-
malayan region as opposed to the monsoonal climate.

Peketi et al. (2021) studied the time interval since ~ 6 Ma
at the eastern Indian continental margin Site U1445A us-
ing Sr and Nd isotopic analysis of the lithogenic fraction,
elemental Fe /Al ratios, and clay mineralogy. They doc-
umented variable Ganga and Brahmaputra provenance at
Site U1445A, with little input from the proximal Mahanadi
drainage basin. The interval since 1.8 Ma indicates increased
flux from the Brahmaputra River (supplied by erosion from
the Trans-Himalayan batholiths) during periods of mon-
soon intensification and more from the Ganga during times
of weakened monsoons. Variability within the interval 6—
1.8 Ma was found to be influenced by both climate and tec-
tonic forcings, the relative effects of which could not be dif-
ferentiated.

Dunlea et al. (2020) also investigated the sequence recov-
ered at Site U1445 to assess the expansion of C4 vegeta-
tion, linked to drying of the environment. Their assessment
of provenance was based on major, trace, and rare earth el-
emental concentration data, which were interpreted to indi-
cate a Mahanadi drainage provenance, contrary to the con-
clusions of Peketi et al. (2021). The associated bulk organic
and compound specific biomarkers, whether reflective of the
Mahanadi drainage within the core monsoon zone of India or
larger drainages to the north, document the existence of Ca
vegetation before the end of the Miocene but with an expan-
sion to higher abundances at ~ 3.5—-1.5 Ma, all superimposed
on an overall long-term decrease in monsoon precipitation
since the late Miocene. These findings build upon the exist-
ing evidence for regionally heterogeneous responses in the
timing of C4 expansions and contractions, indicating sensi-
tivity to regional climate changes in addition to global pCO,
forcing (Feakins et al., 2020).
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Hemipelagic sediment from western Andaman Sea
Site U1447 spans the past 10 Myr and was analyzed by
Lee et al. (2020b) for Sr and Nd isotopes, clay mineral-
ogy, and §'3C of sediment organic matter. The Nd and Sr
data indicate sources in the Myanmar region, including ma-
jor river drainages (e.g., Irrawaddy, Salween, Sittang) and
smaller drainages from the Indo-Burman Range. Like the
Ninety-East Ridge Site U1443 studies, the results indicate
no significant changes in provenance since the late Miocene,
and hence clay mineralogical changes can be interpreted in
the context of monsoonal environmental change. A decreas-
ing trend of smectite / (illite 4 chlorite) [S / (I+ C)] implies
stronger physical and weakened chemical weathering since
the late Miocene, consistent with global cooling at that time.
Climatologically, this is interpreted as a strengthening of
the winter monsoon or weakening of the summer monsoon
over this time period. Distinct events at 9.2-8.5, 3.6, 2.4,
and 1.2 Ma were interpreted to result from the combined ef-
fects of global cooling and Tibetan Plateau uplift, the rel-
ative impacts of which cannot yet be differentiated. Initial
results from spectral natural gamma ray (NGR) sediment
core-logging and benthic foraminiferal stable isotope anal-
yses of the upper Miocene record at Site U1447 indicate that
an important long-term increase in physical weathering and
erosion coincided with the globally recognized late Miocene
cooling trend between ~ 7.0 and 5.5 Ma (Kuhnt et al., 2020).

4.1.3 Miocene—Pliocene: monsoon-driven oceanic
circulation

Liibbers et al. (2019) examined the critical interval of time
from 13.5 to 8.2 Ma at Ninety-East Ridge Site U1443 using
O and C stable isotopes from benthic foraminifera, XRF ele-
mental data, and carbonate accumulation rates. At this equa-
torial site, a marked decrease in carbonate deposition took
place between ~ 13.2 and 8.7 Ma, coinciding with the middle
to late Miocene “carbonate crash”. Synthesizing the timing
of this event at a global array of sites led the authors to hy-
pothesize changes in chemical weathering and riverine influx
of calcium and carbonate ions as fundamental mechanisms
driving the carbonate crash and recovery. After 11.2 Ma, el-
emental ratio data (Ba / Ti) implied increased primary pro-
duction and organic carbon burial. This timing, somewhat
earlier than the global onset of the biogenic bloom, is at-
tributed to intensification of upper-ocean mixing associated
with changes in the seasonality and intensity of SAM winds
and precipitation.

Johnck et al. (2020) produced a set of multi-proxy records
from Site Ul448 in the Andaman Sea spanning 6.24-
4.91 Ma. Their benthic and planktic foraminiferal stable iso-
topes, combined with paired planktic carbonate Mg / Ca ele-
mental ratio data, yield the first high-resolution orbital-scale
reconstructions of monsoon variability across the Miocene—
Pliocene transition. They found a 4 °C increase in mixed-
layer temperature between 5.55 and 5.28 Ma, coincident with
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a change from precession-dominated to obliquity-dominated
variability in planktic §'30 and seawater §'30. This suggests
that intensified cross-equatorial heat and moisture transport
paced by obliquity resulted in increased summer monsoon
precipitation during warm stages. In contrast, cold stages
were characterized by colder mixed-layer temperatures and
reduced monsoon rainfall, resembling Late Pleistocene sta-
dials. The interval 5.55-4.91 Ma was one showing strong co-
herence of seawater §'80 with orbital precession, indicating
that seawater §'80 minima lag precession minima by 119°
(7.6 kyr). This lag is consistent with that measured in the
Pleistocene from the same region (Gebregiorgis et al., 2018)
and at Site U1446 on the northeast Indian margin (Clemens
et al., 2021).

Most recently, a study of sediment from Ninety-East Ridge
Site U1443 spanning the period 9 to 5Ma reconstructed
changes in biogenic production at high resolution and high-
lighted variance over cycles of 19-23 kyr, similar to that
seen in the Late Pleistocene (Bolton et al., 2022). This work
confirmed the important of insolation forcing of monsoon
wind strength in the Indian Ocean and demonstrated that the
wind system did not intensify significantly during the late
Miocene.

4.1.4 Pleistocene: orbital forcing of monsoon
productivity and rainfall

Monsoon variability has been assessed across the MPT, as
well as orbital-scale variability over the past million years
and high-resolution variability across marine isotopic stage 5
(MISS). Lee et al. (2020a) evaluated paleo-productivity over
the past 2.3 Myr at northeast Indian margin Site U1445 us-
ing the mass accumulation rate (MAR) of biogenic opal, to-
tal organic carbon (TOC), and total nitrogen to assess links
between productivity and monsoon forcing across the MPT.
These authors identified a regime change from a dominance
of biogenic opal prior to the MPT to biogenic carbonate
after this time. These changes were interpreted in the con-
text of riverine silicate supply, with a strengthened monsoon-
induced supply at 2.3—1.5 Ma, prior to the MPT, resulting in
enhanced biogenic opal productivity. Across the MPT and
thereafter, weakened monsoon runoff reduced stratification
and enhanced nitrate supply from upwelling, leading to a
carbonate-dominated productivity regime. The inferred re-
duction in monsoonal runoff is supported by the 0.19 %o shift
in seawater 880 across the MPT observed at Site U1446
(Clemens et al., 2021).

Orbital-scale investigations of the monsoon at Andaman
Sea Site NGHP-17/U1448 and northeast Indian margin
Site U1446 have used water-related isotopes (speleothem
8180, leaf wax 8D, and seawater 8180), leaf wax §'3C,
and elemental XRF ratios to differentiate changes in the
isotopic composition of rainfall from rainfall amount. Mc-
Grath et al. (2021) showed that variability in leaf wax §D is
strongly coherent with that of speleothem §'30, with vari-
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ability in both proxies being coherent and in phase with
ice-volume minima and pCO, maxima. In contrast, sea-
water 880 from the Andaman Sea (Gebregiorgis et al.,
2018) and Indian margin (Clemens et al., 2021) indicates that
maximum rainfall/runoff occurred significantly later and, in
the case of precession, in phase with maximum summer-
monsoon wind strength proxies. These relationships indicate
that speleothem 880 and leaf wax 8D predominantly reflect
the isotopic composition of rainfall, varying as a function
of changing moisture source areas and transport path dy-
namics, whereas seawater 8'80 predominantly reflects mon-
soonal rainfall and runoff amount.

Nilsson-Kerr et al. (2019) focused on millennial-scale sea-
water 8'80 and elemental ratio reconstructions of ice vol-
umes during Termination II (TII; 139-127ka) in the north-
east Indian margin at Site U1446. They found that the TII
is characterized by a transient monsoon intensification asso-
ciated with the polar seesaw. The deglacial progression is
characterized first by southern hemispheric warming, then
by warming in the tropics, coincident with monsoon intensi-
fication, followed by northern hemispheric warming. These
temporal relationships imply that the monsoon served as a
conduit for the transport of heat across the Equator into the
Northern Hemisphere, promoting deglaciation. This work
was followed by a low-latitude synthesis of MIS 5 (130-
70ka) reconstructions combined with modeling (Nilsson-
Kerr et al., 2021). Results document strong regional vari-
ability beyond that which can be ascribed to simple merid-
ional migration of the ITCZ. Dipole-like patterns are per-
vasive across monsoon regions, highlighting the importance
of mechanisms internal to the climate system, as opposed to
monsoon systems responding simply external radiation forc-
ing.

4.2 Expedition 354: Himalayan erosion and tectonics

Expedition 354 recovered long-duration erosion records go-
ing back to the Miocene in the central part of the subma-
rine fan (Fig. 1). Coring followed a program of short APC
cores, followed by extended core barrel (XCB) and finally
RCB to the base of the section. The 17 holes drilled at Sites
U1449-U1455 penetrated a total of 5167.2m sub-seafloor.
Coring spanned 2889.7 m of this penetration and recovered
1727.12m of sediment and rocks (60 % average recovery).
This expedition was designed to retrieve a complete record
of turbidite deposition spanning the Neogene, together with
more detail over the Pleistocene. The main objectives were
to provide a record of erosion, both in terms of distribution
and rate across the Himalayan arc, and a record of continen-
tal monsoon precipitation and vegetation and to estimate the
impact of Himalayan erosion on the global carbon cycle. The
E-W transect approach employed allowed the migration of
the depocenter through time to be reconstructed and is the
basis for reconstructing the paleo-erosion record (Fig. 5).
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Figure 5. (a) Interpreted seismic section of the Bengal fan at 8° N (Schwenk and SpieB, 2009) with position of the Expedition 354 sites. The
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Lenard et al. (2020a), Cruz et al. (2021), and Reilly et al. (2020).

4.2.1 Turbidites of the Bengal fan

Sediments retrieved at all sites of Expedition 354 are domi-
nated by turbidites composed of massive sand lobes and silty
sand to clayey silt turbidites deposited by channel levee sys-
tems (Adhikari et al., 2018). Hemipelagic, calcareous clay
layers mark intervals with no turbidite deposition. Sand de-
position is estimated to represent up to 60 % of the sed-
iments in the Pleistocene section (Bergmann et al., 2020)
and was already widespread during the Miocene, reflecting
strong erosion under a monsoon climate. In the absence of
sand recovery in the deeper sections, high penetration rates
and hole instability implied the presence of unconsolidated
sand throughout the Miocene (France-Lanord et al., 2016).
Petrologic and geochemical characteristics of turbidites are
very similar to those of modern Ganga and Brahmaputra
river sediments (France-Lanord et al., 2016; Yoshida et al.,
2021). Their Sr—Nd isotopic compositions and heavy min-
eral geochronological characteristics further demonstrate the
Himalayan lineage of these detrital sediments (Blum et al.,
2018; Lenard et al., 2020b; Huyghe et al., 2020), making
them suitable archives of how Himalayan erosion has re-
sponded to the changing climate.
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4.2.2 Erosion of the Himalaya

The geochemical characteristics of the Bengal fan turbidites
demonstrate their Himalayan origin. While this was known
from earlier Deep Sea Drilling Project (DSDP) and ODP
records (Galy et al., 2010) or Pleistocene cores (Hein et al.,
2017; Joussain et al., 2017), for the first Expedition 354 al-
lows for the time study of a complete Neogene to Holocene
record, with minimum gaps in deposition and sediment trans-
port bias. In addition, the abundance of sand layers and their
efficient recovery by the half-length APC allowed for the
sampling of up to 1 kg of sand and so access to dense mineral
extractions for thermochronology or large samples of quartz
grains for cosmogenic isotopes. Such methods are critical to
reconstructing erosion and seeing how this related to mon-
soon intensity.

The distribution of U-Pb ages of detrital zircon reveals
that in addition to the Himalaya, supply by erosion of the
Asian plate, north of the Indus-Yarlung suture, was already
as significant during the early Miocene, as it is today via the
southern Tibetan connection of the Yarlung Tsangpo to the
Brahmaputra (Blum et al., 2018). A multi-proxy reconstruc-
tion of provenance and exhumation rates employed apatite
and rutile U-Pb, mica Ar—Ar, and zircon fission-track data.
For sediments older than 10 Ma, the rutile and zircon fission-
track thermochronometry shows lag times between cooling
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and sedimentation that imply derivation from the Greater Hi-
malaya, which were exhuming rapidly from 17 to 14 Ma, but
then these slowed. Over the interval 5.6-3.5 Ma, lag times
shortened to < 1 Myr, and only these are found since that
time (Najman et al., 2019). This implies a speeding up of ero-
sion since 5.6 Ma, especially from the eastern syntaxis cen-
tered on Namche Barwa. Najman et al. (2019) ascribe varia-
tions in erosion to tectonic forces in the Himalaya and syn-
taxis rather than the evolving monsoon climate, although we
note that the SAM rainfall likely peaked around 15 Ma and
then weakened in the late Miocene (Clift et al., 2008; Yang
et al., 2020; Molnar and Rajagopalan, 2012).

Apatite fission-track lag times are more stable through
time and translate in erosion rate to 1 to 3mmyr~! since
the Miocene (Huyghe et al., 2020). Finally, for the first time
on IODP cores, quartz in situ cosmogenic '°Be concentra-
tions were measured since 6 Ma (Lenard et al., 2020b). This
study reported steady erosion rates of ~ 1 mmyr~! since the
Miocene, implying that the onset of Pleistocene climate vari-
ability had little effect on the erosion regime.

4.2.3 Link to the carbon cycle

Himalayan erosion is potentially a globally significant ac-
tor in the carbon cycle. While silicate weathering is moder-
ate in the drainage basin, the most important sink for car-
bon is thought to be via the burial of organic carbon (Galy
et al., 2007). Detailed study of the weathering history is still
in progress, but shipboard data on major element geochem-
istry and clay mineralogy already show that Bengal turbidites
recovered at 8° N have relatively stable compositions and
reflect essentially moderate intensity of silicate weathering.
Overall K / Al ratios (a proxy for alteration intensity) of tur-
bidites from Miocene to Holocene are similar to or higher
than those of the modern rivers (Lupker et al., 2013), which
indicates comparable to lower weathering conditions relative
to today, consistent with results from the Arabian and South
China seas (Clift and Jonell, 2021a). Similarly, clay mineral
assemblages are dominated by illite and chlorite, which de-
rives from physical erosion, not chemical weathering.
Shipboard organic carbon data confirm the general nega-
tive relationship between grain size and TOC in turbidites.
Previous studies on Bengal fan turbidites demonstrated that
they are dominated by organic matter exported from land and
also carry indications of the evolution of vegetation. Ship-
board data indicate that the organic carbon loading of the
turbidites is slightly lower than observed in recent sediment
in the northern part of the fan (Galy et al., 2008). How-
ever, a number of samples carry millimeter to centimeter
organic particles that locally lead to very high organic car-
bon concentrations (Lee et al., 2019). These are derived from
wood debris, whose §13C composition can be used to con-
strain the dominant vegetation. Miocene 8'3C values have a
mean of —26.6 %o, indicating C3 dominance, but from about
4 Ma to present, the 813C of the wood is —20.5 %o, which
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is 3.3%0 more positive than the most '3C-enriched sam-
ple during the Miocene. This suggests a mixture of C3 and
C4 fragments. More '3C-enriched values appear since 1 Ma,
where §13C wood values are bimodal with a Cs-like clus-
ter (mean = —13.1 %o) as well as the typical C3-like values
(mean = —26.3 %o). This suggests a change in the ecosys-
tems from which the wood is being exported, with one-third
of the wood derived from C4 plants in the last 1 Myr. In addi-
tion to the permanent transfer of organic carbon with fine
grained particles, low-frequency wood export contributed
significantly to the carbon burial in Bengal turbidites.

On shorter timescales, Weber et al. (2018) investigated the
role of orbital forcing in monsoon rainfall since 200ka at
Site U1452. The variability of TOC, total nitrogen, and the
813C composition of organic matter was used to indicate the
marine origin of the organic matter, and this showed that pri-
mary marine productivity likely increased during times of
enhanced NE monsoon during glacial periods. At the same
time, there was faster delivery of sediment to the Bay of Ben-
gal caused by higher soil erosion on land. Similarities be-
tween the sediment record and the Antarctic climate record
spanning multiple glacial cycles imply a close relationship
between high-southern-latitude and monsoonal Asian cli-
mate driven by shifts in position of the ITCZ.

5 South China Sea: chemical weathering and fluvial
runoff

Since the first scientific oceanic drilling in 1999 (ODP
Leg 184) in the South China Sea which focused on the theme
of “Exploring the Asian monsoon”, four more IODP expedi-
tions (349, 367, 368, and 368X) have been completed since
2014. This later campaign was designed to examine the tec-
tonic evolution of the South China Sea (Sun et al., 2018; Li
et al., 2015). Nonetheless, these new expeditions recovered
long sequences of sediment that can be used to study the
Asian monsoon over geologic timescales.

During Expedition 349, a total of 703 and 611 m of sed-
iment/sedimentary rock were recovered at the two deepest
sites, Site U1431 in the central east subbasin and U1433 in
the southwest subbasin (Li et al., 2015). Sedimentary mag-
netic parameters (magnetic susceptibility and ARM, anhys-
teretic remanent magnetization) and hematite / goethite val-
ues of sediment from Hole U1431D were used to infer EAM
variation since 6.5 Ma (Gai et al., 2020). The magnetic results
indicate that the EAM was stable between 6.5 and 5.0 Ma and
intensified between 5.0 and 3.8 Ma, possibly due to closure
of the Central American Seaway, and then weakened gradu-
ally starting after 3.8 Ma in response to the onset of Northern
Hemisphere glaciation (NHG) and global cooling.

Pollen from IODP Site U1433, mainly derived from the
Mekong River, shows a long-term increase in herbaceous
plants since 8 Ma and indicates a persistent drying and
weakening of precipitation in former Indochina (Miao et
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Figure 6. Proxies from land and sea showing the evolution of global climate and East Asian summer monsoon since 25 Ma. (a) Global
deep-sea s180 (Westerhold et al., 2020); (b) chemical index of alteration at ODP Site 1146 (Wan et al., 2010) and 1148 (Wei et al., 2006) in
the northern South China Sea; (c¢) seawater 81830 at ODP Site 1146 (Steinke et al., 2010) and IODP Site U1501 (Yang et al., 2021), as well as
NGR intensity at Site U1501 (Jian et al., 2018); (d) hematite / goethite ratio at ODP Site 1148 (Clift et al., 2008); (e) magnetic susceptibility
of loess—paleosol sequences (Ding et al., 1999; Qiang et al., 2011); (f) pollen-based humidity index from Liupan Mountain (Jiang and Ding,
2008); (g) pollen assemblage evolution at Xining Basin (Sun and Wang, 2005). All drilling sites are located in the northern South China Sea

on the continental margin.

al., 2017). Such an observation parallels trends in chemical
weathering and hematite proxies at the same site (Liu et al.,
2019). Interestingly, it remains debated as to whether the East
Asian summer monsoon (EASM) intensified or weakened
since the late Miocene (see synthesized proxies in Fig. 6).
For example, magnetic susceptibility of loess—paleosol se-
quences suggests a weaker EASM during the Miocene—early
Pliocene relative to late Pliocene—Pleistocene (An et al.,
2001; Qiang et al., 2011; Zhao et al., 2020). In contrast,
pollen assemblages in North China (Jiang and Ding, 2008;
Sun and Wang, 2005) and weathering (Clift et al., 2014; Wan
et al., 2010; Wei et al., 2006) and paleoceanographic prox-
ies in the South China Sea (Holbourn et al., 2018; Steinke et
al., 2010; Holbourn et al., 2021) show a general weakening
EASM since the middle Miocene, possibly linked to global
cooling.

Although IODP Expedition 368 recovered long sediment
cores at Sites U1501 and U1505 on the continental margin
in the NE South China Sea, most related studies are still
on-going. However, at Site U1501 a study of seawater 30
and Mg / Ca ratios in planktic foraminifera has been com-
pleted. Differences between surface and thermocline records
can be used to track the thermal gradient between the surface
and subsurface waters, and the results imply that upper-water
mixing was weaker at 9.4—7.3 Ma, which may have related to
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increased fluvial runoff linked to higher rainfall. These data
also suggest a decrease in the intensity of EASM between
13.6 and 10.2 Ma and an increase during 10.2-7.3 Ma (Yang
et al., 2021). The trend in seawater 8§30 at Site U1501 is a
little different from previous study at nearby ODP Site 1146
(Fig. 6), which shows a rapidly decreasing sea surface salin-
ity (SSS) and weakening of EASM since 7.5 Ma (Steinke et
al., 2010; Holbourn et al., 2018). In any case, a similar long-
term decreasing trend in the intensity of NGR (indicative
of terrigenous clay input) is observed at both sites (Jian et
al., 2018), consistent with a coupled evolution of continental
erosion and monsoonal rainfall. This record implies that late
Miocene rainfall of South China might have become wetter,
while that in South Asia was drying after 7 Ma, a discrepancy
that Yang et al. (2021) linked to formation of the WPWP
at this time influencing East Asia, while Indian Ocean sur-
face water cooling and Tibetan uplift were more influential
in South Asia.

6 Sea of Japan: paleoceanography and Asian dust
records

Expedition 346 targeted the upper Miocene to Holocene
hemipelagic sediments of the Sea of Japan (East Sea of Ko-
rea) and the northern East China Sea (ECS) (Fig. 7). Seven
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sites were drilled in the Sea of Japan, with two closely spaced
sites in the ECS. In total, the expedition recovered 6135.3 m
of core by the APC, with an average recovery of 101 %.

The primary objective was to explore the timing of on-
set and evolution of millennial- and orbital-scale variabilities
of the EAM based on the hypothesis of Tada et al. (1999,
2015) that millennial- and orbital-scale variabilities of the
EAM were recorded in the hemipelagic sediments of the Sea
of Japan. These deposits are characterized by centimeter- to
decimeter-scale alternations of dark and light layers modu-
lated by the fresh-water discharge of the Yangtze River dur-
ing summer that diluted the surface water of the northern
ECS and modulated the SSS and nutrient concentration of
the ocean water flowing into the Sea of Japan through the
Tsushima Strait. Changes in SSS and nutrient content of the
ocean water flowing into the Sea of Japan caused changes in
ventilation and surface productivity of the sea.

Clemens et al. (2018) analyzed §'80 and Mg/ Ca ratios
of G. ruber at Site U1429 in the northern ECS and recon-
structed BISOSW, which reflects runoff-induced changes in
SSS, during the last 400 kyr. They demonstrated that local
SSS changed in association with eccentricity and obliquity
cycles but not with the precession cycle, although preces-
sion is clearly evident in the planktonic §'30. This con-
trasts the work of Cheng et al. (2016), who demonstrated that
8130 of Chinese stalagmites shows a strong precession sig-
nal, with almost no evidence of eccentricity and obliquity.
Hence, the extent to which local precipitation is reflected in
stalagmite §'30 remains in question. Clemens et al. (2018)
also demonstrated the presence of millennial-scale variabil-
ity of 81804y, which Kubota et al. (2019) interpreted to re-
flect changes in precipitation of EASM in association with
Dansgaard—Oeschger cycles during the last glacial period.
Kubota et al. (2019) also demonstrated that §'80y, changes
in the northern ECS are closely associated with the changes
in the gray scale of the sediments in the deeper part of the Sea
of Japan, consistent with the hypothesis of Tada et al. (1999,
2015).

Irino et al. (2018) revised shipboard splices and con-
structed a complete, continuous dark-light sedimentary se-
quence at the seven sites drilled in the Sea of Japan, covering
the last 3 Myr. Tada et al. (2018) used this sequence to ex-
amine centimeter- to decimeter-scale dark layers for the six
sites deeper than ~ 900 m water depth. They confirmed that
it is possible to correlate almost all of the dark layers be-
tween the six sites in the deeper part of the basin, which could
be traced back to 1.45Ma when the first distinct dark layer
was deposited. It was concluded that the Sea of Japan has re-
sponded to the orbital- and millennial-scale climatic changes
as a single system since 1.45 Ma and that intermittent occur-
rences of millennial-scale variability of EAM can be traced
back to at least 1.45 Ma. Based on XRF core scanning, Seki
et al. (2019) demonstrated that gray-scale variation of Sea
of Japan sediments basically reflects marine organic carbon
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content and so in turn reflects millennial-scale variability of
the surface productivity.

Tada et al. (2018) also demonstrated that gamma ray at-
tenuation density (GRA) is controlled by diatom content
and that this changes in association with glacio-eustatic sea-
level changes. Using this relationship, they constructed an
orbitally tuned age model covering the last 3 Myr. Kurokawa
et al. (2019) extended this age model back to 11.7 Ma, al-
lowing for precise dating of paleoceanographic events across
the basin. For example, they identified the occurrence of a
hiatus from 7.3 to 5.3 Ma at Site U1330 on the South Ko-
rean Plateau, at water depths of 1072 m. It is possible that
this hiatus was caused by intensification of the Sea of Japan
Intermediate Water during the late Miocene global cooling
(LMGC) interval from 7.8 to 5.8 Ma (Herbert et al., 2016).

Matsuzaki et al. (2020) examined radiolarian assemblages
at Site U1425 in the middle of the Sea of Japan spanning the
time interval 9.1-5.3 Ma and used these to reconstruct annual
mean sea surface temperature (SST). They found a drastic
decrease in annual SST from 24 to 16 °C from 7.9 to 6.6 Ma,
which they attributed to intensification of East Asian winter
monsoon (EAWM) during the early half of the LMGC. Based
on comparison with NW Pacific high-latitude and midlat-
itude alkenone-based SST (Herbert et al., 2016; LaRiviere
et al., 2012), they speculated that the later half of LMGC is
characterized by summer cooling.

Shen et al. (2018) analyzed 8'3C of black carbon of prob-
able eolian origin in sediments from Site U1430 and found
a drastic increase in 8!3C that started at ~ 5.3 Ma. They ar-
gued that this increase most likely reflects expansion of Cy4
vegetation in Central Asia. However, they used a preliminary
age model which did not take into account the hiatus from
7.3 to 5.3 Ma. According to a new age model of Kurokawa
et al. (2019), the drastic increase in §!3C occurred during the
hiatus between 7.3 and 5.3 Ma. It is likely that expansion of
C4 vegetation in Central to East Asia occurred in association
with LMGC.

Anderson et al. (2020) reconstructed the provenance of
aluminosilicate sediment at Site U1430 since 12 Ma using
multivariate partitioning of the major, trace, and rare earth el-
ement composition of bulk samples. They identified four alu-
minosilicate components (Taklimakan, Gobi, Chinese Loess,
and Korean Peninsula) and demonstrated that the Taklimakan
Desert component was the most abundant component before
7.5 Ma, whereas Gobi + Chinese Loess components became
dominant by 4 Ma (and maybe as early as 7.5 Ma when tak-
ing into account the hiatus between 7.3 and 5.3 Ma) (Fig. 8).
Accumulation rates of these dust components were relatively
high before 7.5 Ma and very low between 4 and 2 Ma and in-
creased again after ~2 Ma. It is possible that expansion of
the Gobi Desert and Chinese Loess Plateau occurred in as-
sociation with LMGC. Because sedimentation at Site U1430
was influenced by bottom current winnowing from 7.5 Ma
to as young as 3.5 Ma, similar provenance studies should be
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Figure 7. Bathymetric map of the area sampled by Expedition 346 with the major bathymetric features labeled as well as the locations of
the drilling site. The red arrows show the major surface currents that affect the region. Modified after Tada et al. (2015).

conducted at other deeper-water sites to evaluate dust flux
during the time interval between 7.5 and 1.5 Ma.

Results of Expedition 346 proved that dark and light alter-
nations of the Quaternary sediments from the Sea of Japan
faithfully recorded millennial-scale variability of EASM.
Changes in salinity and nutrient concentration of the in-
flux through the Tsushima Strait into the Sea of Japan since
1.45Ma controlled surface productivity and ventilation in
the sea so that millennial-scale variability of EAM can be
traced back to that time. The work showed that distinct
precession signals recorded in 8'80 of Chinese stalagmites
were not caused by local precipitation changes of EASM
but more likely reflecting changes in the §'30 of precipita-
tion, whereas millennial changes in §'30 of Chinese stalag-
mites probably reflect changes in EASM precipitation. It is
highly likely that EAWM intensified during the early half of
the LMGC. On the other hand, EASM seems to have been
weakened later during LMGC. It is possible that Gobi Desert
expanded and C3 to C4 transition of vegetation occurred in
Central to East Asia in association with the LMGC. However,
the presence of a hiatus from 7.3 to 5.3 Ma in the sedimen-
tary record of Site U1430 precludes precise dating of their
timings. Similar examinations at Site 1425 are desirable.
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7 Western Australian monsoon

North Australia is influenced by strong summer westerly and
southwesterly winds that source warm, moist equatorial air,
leading to monsoonal rains and cyclonic activity north of the
monsoon shear line (Fig. 9). Seasonal monsoonal runoff de-
livers substantial amounts of fluvial sediment to the shelf via
the Fitzroy, De Grey, Ashburton and Fortescue rivers. In con-
trast, continental wind-blown dust is transported by the trade
winds offshore northwest Australia when the trade winds
dominate during the winter dry season (Fig. 9).

IODP Expedition 356 cored seven sites to determine the
latitudinal variation in climate and ocean conditions from
~30to 18° S over the last 5 myr (Gallagher et al., 2017). The
expedition recovered 5185.15 m of core, with 62 % recovery.
Sites were cored in shelf regions near to the shore to deter-
mine the long-term history of the Australian monsoon and
southwestern Australian climate. Many sites yielded older
sections, revealing a climate archive extending as far back
as ~50Ma. For example, Sites U1461 and U1462 on the
NW continental shelf at ~22° S yielded thick (up to 1km)
sections of upper Miocene to Recent strata that record the
southerly extent of the Australian monsoon and its inten-
sity. Further north, Sites U1463 and U1464 (~ 18°S) cored
middle Miocene to Recent sections with contrasting facies
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Figure 8. Aluminosilicate contribution (wt % of aluminosilicate in-
ventory) at Site U1430 through time. The end-member contribu-
tions are plotted as the total sum, with each color representing the
sum of the specific end-member plus the end-members to the left.
The shaded region denotes a hiatus, and the following box notes a
period in which we did not overinterpret our data to fill the temporal
gap between the end of the hiatus and the start of our Miocene-aged
samples. From Anderson et al. (2020).

ranging from Miocene subaerial, arid, sabkha evaporitic fa-
cies (Groeneveld et al., 2017; Tagliaro et al., 2018), and
Pliocene deep-water carbonates (De Vleeschouwer et al.,
2018) to Quaternary aridity-related oolite facies (Gallagher
et al., 2018). These cores provide an unprecedented oppor-
tunity to investigate the long-term history of the Australian
monsoon and aridity.

Previous studies suggested that at 23—14 Ma, Australia ex-
perienced seasonally wetter, monsoonal rainfall compared to
today when the monsoonal front was in a similar position
(Herold et al., 2011). However, analyses of sediments from
Site U1459 show that arid conditions persisted from 16 to
6 Ma (Groeneveld et al., 2017), transitioning to a wetter pe-
riod with all-year-round rainfall at ~ 5.5 Ma (Site U1463)
(Christensen et al., 2017; De Vleeschouwer et al., 2018; Auer
et al., 2019) that became seasonal (monsoonal) starting at
~ 3.3 Ma. The drying trend exhibited in Miocene NW Aus-
tralia is broadly similar to that seen in the Mekong basin,
and there may be a relationship between the northward mi-
gration of the westerlies from ~ 12 Ma associated with ex-
panded Antarctic sea ice and its abrupt shift back associated
with LMGC (Groeneveld et al., 2017). The onset of humid-
ity in NW Australia occurred seemingly differentially, first
at the more northerly Site U1464 ~ 6 Ma (Groeneveld et al.,
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2017) and later at Site U1463 at ~5.5Ma (Christensen et
al., 2017). However, Karatsolis et al. (2020) suggested the
region was humid, probably since ~7Ma when the ITCZ
moved southward. NW Australia remained in the Humid In-
terval until ~ 3.3 Ma (Christensen et al., 2017) when condi-
tions became drier, although a major SST drop from ~ 3.15
to 3 Ma based on TEXge indicates temperature-driven dry-
ing may have begun slightly later (Smith et al., 2020). NW
Australia achieved arid conditions with a strong winter mon-
soon similar to today by ~ 2.4 Ma at the onset of the Arid
Interval (Christensen et al., 2017) when higher-amplitude
interglacial-glacial fluctuations in SST (Smith et al., 2020)
led to a seasonal (monsoonal) regime. Over the last 2 Myr, in-
terglacial wetter (strong monsoon with clay influx) and arid
glacial (weak monsoon with limestone facies and dust in-
put) conditions persisted in Australia’s northwest (Gallagher
and deMenocal, 2019). Evidence of the Holocene Australian
summer monsoon (ASM) activity has been interpreted at
Site U1461 from K / Ca ratios, with the percentage of potas-
sium constrained from shipboard NGR (Ishiwa et al., 2019).
These data show increased fluvial terrigenous input after
11.5 ka, followed by a maximum at ~ 8.5 ka due to enhanced
ASM-derived precipitation as a response to the southern mi-
gration of the ITCZ. Subsequently, weakening of rainfall af-
ter 8.5 ka was caused by the northern migration of the ITCZ.

8 Western Pacific Warm Pool

As a major source of heat and moisture to the atmosphere,
the WPWP, often defined by the 28 °C isotherm and located
in the heart of the Indo-Pacific Warm Pool, exerts a major
role in influencing climate both in the tropics and globally.
Changes in the SST of the WPWP influence the location and
strength of convection in the rising limb of the Hadley and
Walker cells, affecting planetary-scale atmospheric circula-
tion, atmospheric heating, and tropical hydrology, including
the Asian and Australian monsoons (Neale and Slingo, 2003;
Wang and Mehta, 2008). Likewise, an important control on
the WPWP and east Asian hydroclimate is the change in
the equatorial Pacific zonal and Equator to pole temperature
gradients. A primary goal of Expedition 363 was to assess
changes in regional climate variability, expressed in temper-
ature, precipitation, and biological productivity in the con-
text of the global background state from the middle Miocene
through the Holocene.

Currently, there is an ongoing debate about the evolu-
tion of SST in the WPWP since the late Miocene, due to
substantial disagreement between proxy records, whereas
foraminiferal Mg / Ca suggests stable mixed-layer temper-
atures throughout this period; records of the organic proxy
TEXge, interpreted to reflect SST, argue for a major cool-
ing throughout with a similar magnitude to the change ob-
served in the eastern equatorial Pacific (Zhang et al., 2014b;
Ravelo et al., 2014; Zhang et al., 2014a). These two con-
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Figure 9. (a) Atmospheric circulation for January and July (Gentilli, 1972) with the mean monsoon shear line (McBride, 1986) and in-
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trasting scenarios of the evolution of the equatorial Pa-
cific zonal temperature gradient have very different impli-
cations on the hydroclimate of the Indo-Pacific Warm Pool
and likely the Asian monsoon system. However, using sam-
ples from IODP Site U1488, Meinicke et al. (2021) show
very good agreement between measurements of mixed-layer
and thermocline planktic foraminiferal Mg / Ca and clumped
isotopes (Ay47), two independent foraminiferal proxies of
temperature, thereby supporting the view that the WPWP
mixed-layer temperatures did not cool substantially since the
early Pliocene, while subsurface temperatures cooled more
strongly, a change analogous to a shift from El Nifio-like to
more La Nifa-like conditions, which could have intensified
regional precipitation in the WPWP and east Asia.

Seasonal to interannual climate variations in the WPWP
are dominated by fluctuations in precipitation associated
with the seasonal march of the monsoons, migration of
the intertropical convergence zone (ITCZ), and interannual
changes associated with variability of the El Nifio—Southern
Oscillation (ENSO). It has been argued that on orbital
timescales, the ITCZ and associated tropical precipitation
belt migrate from a northern- to southern-centered position,
relative to the Equator. These hemispherically asymmetric
shifts are in pace with orbital variability. In contrast, new
XRF geochemical records from Site U1483 and nearby sites
on the northwestern Australia margin, when compared with
published precipitation records from the WPWP, suggest that
precipitation changed nearly in phase between the two hemi-
spheres on the precession band, arguing for expansion and
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contraction in the latitudinal extent rather than migration of
the tropical precipitation belt (Zhang et al., 2020). Further-
more, XRF records from other sites further to the south on
the Australian, including Site U1482, reveal shorter peri-
ods of maximum Australian monsoon in the early Holocene
(~10ka), MIS 5Se (~130ka), MIS 7 (~200, ~ 220, and
~240ka), and MIS 9 (~ 280, ~ 305, and ~ 330ka), when
maxima in atmospheric greenhouse gases coincided with
maxima in Southern Hemisphere insolation (September).
The intensification of the regional monsoon is attributed to
intensely heated low-pressure cells over the Pilbara region
that trigger the southward shift of the ITCZ (Pei et al., 2021).
When compared with sites recovered in the other expedition,
it is clear that the ongoing research on sites recovered dur-
ing Expedition 363 will be important in testing hypotheses
related to regionality and globality of the monsoon system,
both on orbital and shorter timescales.

9 Synthesis

Comparison of the monsoon records in the different drilling
areas targeted in this campaign indicates drying trends in
most parts of Asia since ~ 10Ma, which contrasts with
the NW Australian wet phase at 5.0-2.5 Ma. However, this
area too shows a trend to drier environments after 2.5 Ma
(Fig. 10). Decoupling of the Australian and Asian monsoons
reflects the greater influence of the ITF over regional climate
in the Southern Hemisphere. Even within Asia, drying of the
continent has not occurred in a uniform fashion. While most
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areas have seen increasing aridity, southern China appears to
have become wetter, possibly due to migration of the ITCZ
northwards since the late Miocene (Liu et al., 2019). Dry-
ing trends elsewhere are not synchronous. In the Indus Basin
of SW Asia, drying started after 10 Ma, although the ma-
jor change in vegetation to being C4-dominated after around
7.2-7.4Ma was not linked to changing rainfall but rather
cooling of the Arabian Sea (Feakins et al., 2020). Drying
started later, after 5Ma in former Indochina and especially
after 4 Ma in the Ganges Basin, although carbon isotope evi-
dence from the Himalayan foreland basin indicates that east-
ern parts of the basin have essentially never made the C3 to
C4 transition (Vogeli et al., 2017).

In central Asia, the Taklimakan Desert formed in the early
Miocene (Zheng et al., 2015), but further east desiccation of
the Chinese Loess Plateau appears to have occurred most
strongly in the Pliocene based on records from the Ulle-
ung Basin (Anderson et al., 2020). This migration in arid-
ity may reflect the progressive northeastward growth of the
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Tibetan Plateau, starting in the Eocene (Ji et al., 2017) but
with further uplift at 25-16 Ma and after 10 Ma (Wang et al.,
2022). Lack of correlation between SAM and EAM is con-
sistent with climate models that tie the SAM more closely
with the height of the Himalayan topographic barrier (Boos
and Kuang, 2010) when considering tectonic (> 10° years)
timescales, while the EAM is influenced more by the height
and extent of the Tibetan Plateau and the WPWP, at least
by some studies (Tada et al., 2016). Recent climate models
emphasize how the northern expansion of the plateau has in-
creased rainfall in East Asia, especially during the drier win-
ter season (Li et al., 2021), at the same time that northeast
Tibet and northern China dried (Jiang et al., 2008; Zhang et
al., 2021). In general the topography of Asia, including the
Iranian Plateau, and even East Africa, acts to steer moisture
inland and to focus precipitation, while the monsoon circu-
lation itself reflects seawater temperature gradients (Acosta
and Huber, 2020; Bordoni and Schneider, 2008). Thus, on
shorter timescales when orbital processes dominate there is a
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tendency for the EAM and SAM to wax and wane together,
as the surrounding oceans warm and cool.

The weakening monsoon is more generally caused by pro-
gressive global cooling since the early Miocene, although the
results from the new drilling now indicate that this is not
driven by more chemical weathering flux caused by faster
erosion in either the western (Clift and Jonell, 2021b) or
eastern Himalaya (France-Lanord et al., 2016). Instead, the
erosion of areas such as New Guinea under the influence of
the Australian monsoon may be critical (Macdonald et al.,
2019), adding to the effect of enhanced organic carbon burial
(Galy et al., 2007). However, earlier cooling may yet be re-
lated to Himalayan uplift in the Eocene—early Miocene. The
improved monsoon records clearly show that a simple link
between summer rains and topography in Asia is not viable,
even assuming the latter can be reconstructed, but must in-
stead involve additional tectonic and climatic processes.

Furthermore, combined records from across the region
provide powerful tools for understanding monsoon in a holis-
tic way when combined with onshore records. It is clear that
proxies related to oceanographic productivity do not sim-
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ply track those of continental rainfall. Monsoon rainfall in
South Asia strengthened in the early Miocene (Clift and
Webb, 2019), while the upwelling records show monsoon
winds starting after 13 Ma (Betzler et al., 2016), linked to
the stronger winds of the Somali Jet. This is related to the
Iranian and African topographic rise, while Arabian Sea up-
welling increased as the Arabian Peninsula became more
continental (Sarr et al., 2022). Wind strength and/or strat-
ification of ocean waters are key to controlling biological
production but are less important to supplying moisture to
inland Asia. Warmer oceans result in greater moisture sup-
ply, but the evolving topography diverts this in different di-
rections and focuses precipitation into different areas. While
some areas dry, others receive more rainfall, independently
of how the oceans evolve. Measuring continental rainfall is
not easy and is probably best tracked within limited drainage
basins via the evolving vegetation (i.e., C3 to C4 balance)
coupled with §D measurements. Chemical weathering prox-
ies can play a part but are impacted by both temperature and
seasonality, as well as precipitation, so that they must be ap-
plied with caution and over limited areas (cf., the contrast-
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ing evolution in environments in former Indochina, southern
China, and the Chinese Loess Plateau).

10 Future targets

While the monsoon drilling campaign has significantly ad-
vanced our understanding of how this climate system has
evolved, there remain significant gaps in our comprehension.
The almost total lack of Paleogene sedimentary archives is
especially noteworthy (Fig. 11). This is a serious shortcom-
ing because few of the marine sections even reach the time
of Greater Himalayan exhumation, when monsoon intensi-
fication likely happened, let alone the older sections span-
ning the time of earliest monsoon activity. Climate model-
ing (Farnsworth et al., 2019) supports sparse terrestrial data
(Licht et al., 2014; Sorrel et al., 2017) that indicate the mon-
soon having initiated in the late Eocene or even earlier, but to
date few matching marine records have been cored, although
suitable sequences would be accessible in the distal Bengal
fan, along the Owen Ridge in the western Arabian Sea, and
potentially in the Southwest Indian Margin.

Understanding the evolving continental topography is im-
portant when trying to quantify the links between monsoon
histories and mountain building in Asia. As part of this effort
there has been considerable research done on the evolving
river systems of SE Asia which are sensitive to the growth
of topography in the eastern Tibetan Plateau. Large-scale
drainage capture has been associated with plateau uplift and
the re-tilting of east Asia towards the east during the Ceno-
zoic (Wang, 2004). Such studies are hamstrung onshore be-
cause of difficulties in constraining sedimentation ages and
the lack of long-duration, semi-continuous records. The river
systems of SE Asia, especially the Irrawaddy and Mekong,
are noteworthy in being central to this debate but with few
known sections that record their development studied to date.
Drilling in the delta or fan of these systems would help re-
solve debates about drainage capture while also providing
environmental records for SE Asia.

The published and ongoing studies of IODP Expedi-
tion 359 Maldive cores show that deposits surrounding car-
bonate platforms, in particular carbonate drifts, bear a pre-
viously underestimated potential for the understanding of
the monsoon evolution on million-year timescales but also
over shorter intervals and would add substantial knowledge
to monsoon fluctuations at all timescales. Potential targets
for further research on this topic exist in the Laccadives, the
Mascarene Plateau, or the South China Sea platforms.
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Abstract. The new in situ geodynamic laboratory established in the framework of the ICDP Eger project aims
to develop the most modern, comprehensive, multiparameter laboratory at depth for studying earthquake swarms,
crustal fluid flow, mantle-derived CO, and helium degassing, and processes of the deep biosphere. In order to
reach a new level of high-frequency, near-source and multiparameter observation of earthquake swarms and
related phenomena, such a laboratory comprises a set of shallow boreholes with high-frequency 3-D seismic
arrays as well as modern continuous real-time fluid monitoring at depth and the study of the deep biosphere.

This laboratory is located in the western part of the Eger Rift at the border of the Czech Republic and Germany
(in the West Bohemia—Vogtland geodynamic region) and comprises a set of five boreholes around the seismoac-
tive zone. To date, all monitoring boreholes have been drilled. This includes the seismic monitoring boreholes
S1, S2 and S3 in the crystalline units north and east of the major Novy Kostel seismogenic zone, borehole F3
in the HartouSov mofette field and borehole S4 in the newly discovered BaZina maar near Liba. Supplementary
borehole P1 is being prepared in the Neualbenreuth maar for paleoclimate and biological research. At each of
these sites, a borehole broadband seismometer will be installed, and sites S1, S2 and S3 will also host a 3-D
seismic array composed of a vertical geophone chain and surface seismic array. Seismic instrumenting has been
completed in the S1 borehole and is in preparation in the remaining four monitoring boreholes. The continuous
fluid monitoring site of HartouSov includes three boreholes, F1, F2 and F3, and a pilot monitoring phase is un-
derway. The laboratory also enables one to analyze microbial activity at CO, mofettes and maar structures in the
context of changes in habitats. The drillings into the maar volcanoes contribute to a better understanding of the
Quaternary paleoclimate and volcanic activity.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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1 Main goals, overview processes and settings

What are the physical and chemical processes leading to
earthquake activity and fluid mobility? What are the path-
ways of fluids through the crust and how are they influenced
by tectonic stress variations? How can geological processes
influence the deep biosphere and the evolution of early life
at depth? These are the open questions tackled by the ICDP
project aimed at drilling in the Eger Rift region.

The western Eger Rift, cutting the Bohemian Massif in
the westernmost part of the Czech Republic and the adjacent
area in Germany, represents the West Bohemia—Vogtland re-
gion, which is one of the most unique European intraconti-
nental geodynamic areas (Fig. 1). The geodynamic activity
is represented by active magmatic underplating, mid-crustal
earthquake swarms and massive diffuse degassing of mantle-
derived CO; (e.g., Briuer et al., 2003; Horalek and Fischer,
2008). The region is also characterized by numerous mineral
springs, mofettes, Tertiary—Quaternary volcanism, and neo-
tectonic crustal movements located at the intersection of ma-
jor intraplate fault and tectonic zones around the Cheb Basin.
The close proximity and intensity of the different geody-
namic processes in an intracontinental massif far from plate
boundaries are outstanding, and it is likely that all of these
phenomena are related to a common driver in the lithospheric
upper mantle. Currently, it is well accepted that many earth-
quake swarms are driven by fluids in the crust. Nowadays,
fluid migration and its control by tectonics are recognized
in many regions worldwide under different tectonic and vol-
canic settings. The ICDP Eger Rift project provides extraor-
dinary observations that help to unravel the relations between
magmatic underplating, trans-crustal CO, flux, earthquake
swarms and their relation to volcanism and microbiology.

The evolution of the Eger Rift, a 300km long, 50km
wide, ENE-WSW-trending zone and an active element of
the European Cenozoic Rift System (Prodehl et al., 1995),
is connected with the post-orogenic extension and the alka-
line magmatic activity during the Cenozoic. The Cheb Basin
developed at its southwestern end and dips to ~ 300 m depth
towards the east, where it is delimited by the escarpment of
the Maridnské Lazn€ Fault. The basement of the Cheb Basin
and its surroundings include the crystalline schists of the
Saxothuringian unit and the granitoids of the Smréiny Plu-
ton, whereas the sedimentary fill of the Cheb Basin consists
of Paleogene to Quaternary sediments (Kvacek and Teodor-
idis, 2007). Quaternary intraplate alkaline volcanism is doc-
umented at the western flank of the Cheb Basin in small vol-
canoes dated to 0.78-0.12 Ma (Mrlina et al., 2007; Wagner
et al., 2002), whereas the CO;-dominated hydrothermal ac-
tivity is dated to 0.23—0 Ma (Vylita et al., 2007). They com-
prise two Quaternary scoria cones (Zelezna hiirka/Eisenbiihl
and Komorni hirka/Kammerbiihl) and two volcanic maars
(Mytina and Neualbenreuth), where the eruptions are asso-
ciated with phreatomagmatic and phreato-Strombolian activ-
ity (Geissler et al., 2005; Mrlina et al., 2009; Flechsig et al.,
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2015; Rohrmiiller et al., 2017; Lied et al., 2020). The crustal
structure of the area is complex with a wide zone of increased
reflectivity at the crust-mantle transition (e.g., Tomek et al.,
1997; Hrubcova et al., 2005, 2013; Hrubcova and Geissler,
2009). These lower crustal features may be interpreted as
low-angle shear zones partly filled with fluids and/or small
magmatic intrusions or partial melting as confirmed by man-
tle xenoliths (Geissler et al., 2005). In the upper crust, very
distinct and highly reflective features (“bright spots”) were
identified (Klemt, 2013; Schimschal, 2013; Mullick et al.,
2015; Hrubcova et al., 2016), which can be related to the
spatial-temporal behavior of seismic swarm activity and its
fluid-driven origin.

The seismicity in the area is characterized by earthquake
swarms, intensive long-lasting and low-magnitude seismic-
ity, which contrasts with more typical mainshock—aftershock
sequences. Such seismicity can be felt by the population
and sometimes causes damage to buildings. It has been rec-
ognized in different areas worldwide, such as volcanic and
geothermal fields (e.g., Dahm and Brandsdottir, 1997; Wyss
et al., 1997; Lees, 1998; Dreger et al., 2000) and at the mar-
gins of tectonic plates (e.g., Einarsson, 1991), and can occur
as a precursor to larger earthquakes, such as during the recent
L’ Aquila 2009 earthquake in Italy. However, the controlling
processes and possible consequences of this kind of seismic-
ity are still not fully disclosed.

In the western Eger Rift, the highest concentration of
earthquake activity and CO, degassing occurs in the area of
the Cheb Basin, at the intersection of major tectonic lines
with four Quaternary volcanoes. The ENE-WSW-trending
Eger Graben and the N-S-trending earthquake zone between
Vogtland and Leipzig (Griinthal et al., 2019), the Cheb-
DomaZzlice Graben, and the morphologically expressed Mar-
ianské Lazné Fault intersect at one location close to the main
seismically active Novy Kostel (NK) zone (Fig. 1). It seems
that the earthquake activity is related to the reactivation of
a complex system of faults and tectonic zones, triggered by
the ascent of magmatic fluids caused by ongoing magmatic
process (Fischer et al., 2014; Bréuer et al., 2014) in which
fluid channels to depth (CO; conduits) play an important role
(Kampf et al., 2019). However, the understanding of mag-
matic activity, fluid ascent and earthquake-stimulating pro-
cesses as well as their interconnections are not clear.

Fluid degassing of CO; in the Cheb Basin and surround-
ing areas is in the form of wet and dry mofettes and mineral
springs. High portions of mantle-derived helium and CO;
indicate a magmatic origin and fluid transport from the de-
pleted lithospheric mantle (Weinlich et al., 1999; Briuer et
al., 2009), possibly related to active magmatic underplating
(Hrubcova et al., 2017). On their way to the surface, flu-
ids penetrate through faults, interact with the medium and
are related to earthquake activity (Kampf et al., 2013, 2019;
Nickschick et al., 2015, 2019; Fischer et al., 2017; Liu et al.,
2020). Subsurface life, protected from the intense radiation in
the atmosphere, represents an ambience of the Earth’s early
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Figure 1. The West Bohemia—Vogtland geodynamic region in the westernmost part of the Eger Rift: the epicenters of earthquakes from 1991
to 2021 are marked by red circles; cyan circles represent CO, degassing; blue squares represent mofettes; the white triangle marks the Novy
Kostel (NK) focal zone; the positions of five Quaternary volcanoes are indicated.

biotopes; on the other hand, the microbial ecosystems abun-
dant in the subsurface react to changes in the composition of
fluids or to their long-term exposure.

Because of these phenomena (and their concentration in a
rather small region), the West Bohemia—Vogtland (the west-
ern Eger Rift) area is a unique site worldwide and offers an
ideal possibility for interdisciplinary study. The earthquake
swarms and long-term degassing of mineral-rich waters and
gases in granitic and sedimentary layers makes this area per-
fectly suited to study the fluid composition and fluid-induced
source processes along with the effect of CO, on the deep
biosphere and the development of early life at depth. Long-
term monitoring of the smallest signals and trend changes
is essential to understand these phenomena and their inter-
actions. This points to establishing a new level of multi-
disciplinary investigation. A modern, comprehensive, high-
resolution observatory at depth with unique multiparameter
observation can interconnect fields of primary research; ad-
vance the interactions among earthquakes, fluids, rocks and
the biosphere; and contribute to answering related questions.

2 Current state, scientific aims and experimental
approach
The seismicity in West Bohemia—Vogtland, also documented

in macroseismic observations, occurs in the form of earth-
quake swarms, with the largest local magnitudes not exceed-
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ing Mp, 5 (e.g., 1875 or 1908). The largest instrumentally
recorded earthquake occurred in the 1985-1986 swarm and
reached a magnitude of My 4.6 (Vavrycuk, 1993). Since
1985, seismicity has been concentrated in the Novy Kos-
tel (NK) focal zone, where more than 80 % of seismic en-
ergy has been released within the last 30 years (Fischer and
Michélek, 2008). The seismicity is generally shallow, with
the event hypocenters occurring in the upper and middle
crust, mainly between 5 and 15km (Horédlek and Fischer,
2008). Since 1997, the seismicity cluster beneath NK has
been slowly but steadily growing, laterally more to the north
and upwards, along a nearly planar structure (see Fig. 2).

The surface earthquake recordings are of excellent quality
(e.g., Fischer et al., 2014); however, they suffer from high-
frequency wave damping by the near-surface weathered lay-
ers and site scattering, resulting in a smoothing of the wave
signal details. A monitoring depth of a few hundred meters
will avoid high-frequency attenuation and significantly im-
prove the possibility of studying low-magnitude earthquakes
in the crust and of resolving small-scale heterogeneities. This
offers the possibility of analyzing the fluid-induced source
processes and the anatomy of earthquake swarms and their
migration in unprecedented detail. The fact that earthquake
swarms in the Eger Rift region occur regularly and persis-
tently in known spots of activity with known radiation pat-
terns offers the opportunity to design and tune a borehole-
based monitoring network for optimized analysis.
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Figure 2. The drilling sites and their prime scientific targets: S1 — Landwiist, S2 — Tisovd, S3 — Studenec (seismological monitoring), S4
— Liba (seismological monitoring, volcanology and the deep biosphere in volcanic maar crater), F1-3 — Hartousov (fluid, earthquake and
deep-biosphere monitoring) and P1 (a planned borehole for paleoclimate and biosphere investigation). The time of realization is indicated
in parentheses. Red circles represent the seismicity of the main Novy Kostel (NK) focal zone; blue circles represent mofettes and mineral
springs with a gas discharge of more than 1 Lmin~!; Quaternary volcanoes are indicated by black triangles.

Systematic fluid probing and analyses at springs and
mofettes in the western Eger Rift region have been performed
for decades (Weise et al., 2001; Briuer et al., 2003, 2005a, b,
2008, 2014; Schuessler et al., 2016). The results of the fluid
isotope systematic monitoring have been capable of detecting
trend changes in *He / “He, which may indicate silent mag-
matic intrusions in the lower crust and upper mantle (e.g.,
Briuer et al., 2009; Kampf et al., 2013). However, the data
obtained have not been sufficient to reach the objectives. The
well-studied sites of massive CO, degassing in mofettes of-
fer the possibility of building a new generation of continuous
real-time fluid monitoring systems at different depth levels.
Such monitoring can separate the effects of surface and deep
processes related to the composition and rate of fluids. It can
also demonstrate the correlations between isotope compo-
sition and seismic activity (e.g., Briuer et al., 2003, 2008,
2014) or reveal the link between an earthquake swarm and
microbial activities (e.g., Brduer et al., 2008).

Microbiological studies show the existence of diverse and
active microbial ecosystems in the deep subsurface (e.g.,
Parkes et al., 1994, 2000; Lehman, 2007). This is a vast am-
bience, as between 75 % and 94 % of all microbes on the
Earth occur in deeply buried marine and terrestrial sediments
(Kallmeyer et al., 2012). Moreover, the deep subsurface har-
bors a huge carbon reservoir, equivalent to that of all plants
on the Earth; thus, deeply buried microbial communities are
very important for driving carbon and nutrient cycling as
well as catalyzing a multitude of reactions among sediments,
rocks and fluids. The Eger Rift area hosts a diverse lithology
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of surficial sediments overlying crystalline rocks as well as
active CO; degassing and high flow rates of mineral-rich flu-
ids and gases (e.g., methane). The first studies of its mineral
water and fluids (Alawi et al., 2015; Schuessler et al., 2016;
Krauze et al., 2017; Liu et al., 2018, 2020) have indicated
that the active fault systems of the Eger Rift area can be clas-
sified as a “hot spot” for microbial subsurface life. Microbial
ecosystems abundant in the subsurface may react to changes
in the composition of fluids. Thus, the long-term degassing
of mineral-rich waters and gases in granitic and sedimentary
layers makes this area ideally suited to study the effect of
CO; on the deep biosphere and the development of life at
depth (Bussert et al., 2017). The maar-diatreme volcanos, as
paleoconduit structures, are considered to be important path-
ways of magmatic fluids to study past activities under condi-
tions in which the first biological molecules and later the first
life forms originated (Schreiber et al., 2012). Thus, the Eger
Rift area provides an environment for geo-microbiological
studies and studies on the origin of deep life.

Such goals can be fulfilled by the development of a mod-
ern, comprehensive laboratory at depth to study the intercon-
nected areas of primary research. Specifically, such a lab-
oratory comprises the novel concept of 3-D seismic arrays
with a set of shallow boreholes in order to reach a new
level of high-frequency, near-source and multiparameter ob-
servation of earthquake swarms, real-time fluid monitoring
at different depths and related phenomena. Such a network
brings a new high detection capability, which improves the
earthquake and fluid recordings. This offers the possibility
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to study extremely low-magnitude earthquakes and analyze
the fluid-induced source processes. Repeated fluid probing
at the surface can be complemented by a new generation of
continuous real-time fluid monitoring in a safe and logisti-
cally accessible area. The variability in the local geological
site conditions can meet the interdisciplinary targets for vol-
canologic, microbiological and paleoclimate research.

This initiative was introduced and discussed by Dahm et
al. (2013) during the second ICDP Eger Rift workshop, re-
sulting in a conceptual drilling approach to address the key
scientific questions related to these processes. It was dis-
cussed among approximately 50 scientists from Germany,
the Czech Republic, the USA, the UK and Poland; from these
scientists, three scientific groups were identified based on
their interests: (i) a seismological group, (ii) a fluid group,
and (iii) a group interested in volcanology/petrology, paleo-
climate and microbiology. Although each group is responsi-
ble for its field, together they comprise the unique interdis-
ciplinary laboratory with a potential to better understand the
following:

— fluid-rock interactions and the mechanism of fluid-
induced earthquake swarms,

— the structure of fluid pathways from the upper mantle to
the surface,

— physical, chemical, and biological interrelations be-
tween geological processes, mantle-derived fluids and
the biosphere down to 400 m depth,

— the “fault-valve” mechanism and its relevance for earth-
quake triggering, seismic hazard, degassing and the ac-
tivity of the deep biosphere,

— the impact of COj-rich mantle-derived fluids on the
geo-bio interaction in the western Eger Rift,

— the Quaternary paleoclimate and volcanic activity in the
western Eger Rift region.

3 Description of drillings, monitoring and scientific
concepts

The in situ Eger comprehensive laboratory is currently be-
ing established by the International Continental Scientific
Drilling Program (ICDP) in the framework of the interdis-
ciplinary project “Drilling the Eger Rift: Magmatic Fluids
Driving the Earthquake Swarms and the Deep Biosphere
(EGER)”. Specifically, this laboratory at depth comprises a
set of five new, distributed, shallow (less than 500 m deep)
boreholes (Fig. 2). The drilling sites were selected to be dis-
tributed around the Novy Kostel (NK) focal zone; geophysi-
cal and geological surveys contributed to the selection of the
exact locations. The drill holes are denoted S1-S4 (seismo-
logical monitoring) and F1-F3 (fluid monitoring), indicating
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the primary field of interest of each well (Fig. 2). The planned
drill hole P1 will be the main record for paleoclimate studies.

The drillings S1-S4 are designed for seismological moni-
toring in order to reach a new level of high-frequency, near-
source observations of earthquake swarms and related phe-
nomena, like seismic noise and tremors generated by fluid
movements. The drilling of S1 (Landwiist, depth 402 m),
which is the only drill hole located in German territory,
was completed in August 2019 and is supplemented by a 3-
D high-frequency seismic array. The S2 site (Tisovd, depth
460 m) was finished in November 2017, and the S3 site (Stu-
denec, depth 408 m) was completed in December 2018; both
S2 and S3 are planned with borehole seismic arrays. The
drilling of S4 (Lib4, depth 400 m) was accomplished in De-
cember 2021 in the recently discovered maar crater near the
Czech—German border and will be equipped with a borehole
seismometer.

The drill holes F1-F3 are primary designed for fluid mon-
itoring in the framework of a multilevel gas monitoring sys-
tem built in the HartouSov mofette field. This mofette repre-
sents a gas emission site where CO; ascends through crustal-
scale conduits from as deep as the upper mantle; thus, the
site can provide a natural window into ongoing magmatic
processes at the mantle depth level. It is located at the cross-
ing of the Eger Rift with the Pocdtky—Plesnd zone (PPZ)
tectonic lineament, which is the fault possibly related to the
main Novy Kostel focal zone (Fig. 1). In particular, two ex-
isting monitoring wells, F1 and F2 (Bussert et al., 2017; Fis-
cher et al., 2020), were complemented by the F3 drill hole;
these three adjacent boreholes, F1 (30m), F2 (70m) and
F3 (230 m), provide continuous monitoring of fluids at high
sampling rates to acquire fluid parameters (gas flow, water
temperature and water level/pressure) as well as chemical
(CO3, Ar, N3, Oy, He, Hy and CHy) and isotopic (& ]3Cc02,
8800, and ?*2Rn) gas content (Woith et al., 2020). Addi-
tionally, samples for laboratory analysis of He, Ne and Ar
isotopes are taken repeatedly (roughly every 2 months), as
theses isotopes are useful tracers for constraining the fluid
origins and mixing ratios of mantle components. Moreover,
the fluid monitoring at different depths separates the effects
of surface and deep processes related to the composition and
ascent rate of fluids. The drill site is also prepared for seismo-
logical monitoring to complement the monitoring network.

All boreholes were cored; the coring in Tertiary—
Quaternary sedimentary sequences (S4, F2 and F3) is utilized
for paleoclimate research and microbiological investigation
(Bussert et al., 2017). The coring of solid rocks outcropping
at the surface (S1 and S3, phyllites) is utilized for struc-
tural and tectonic investigation. Moreover, the core of drill
hole S4, located in the maar crater, also targets volcanology
and the evaluation of the neotectonic evolution of the maar.
The final supplementary borehole, P1 (~ 150 m), in another
maar volcano near Neualbenreuth, Germany, at the Czech—
German border is planned to support paleoclimate research
and is scheduled for early 2023.
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4 Drilling and specific characteristics of individual
drill holes

4.1 Pre-drilling site surveys

Several geophysical experiments were conducted to map
deeper and shallow crustal structure. From reflection and
seismic source data, distinct and highly reflective features
(bright spots) were found in the upper crust close to the main
NK focal zone (Mullick et al., 2015; Hrubcova et al., 2016).
Local earthquake tomography showed clear indications of a
mid-crustal intrusive body beneath the NK focal zone from
increased P-wave / S-wave (V,, / V;) ratios (Alexandrakis et
al., 2014; Mousavi et al., 2015). Magnetotelluric investiga-
tions found highly conductive channel-like structures above
the focal zone (Mufioz et al., 2018) that were complemented
by highly attenuating bodies beneath and north of NK to
11km depth (Mousavi et al., 2017). All of these features
point to fluid pathways and interconnections between seis-
micity and fluid degassing.

The exact positions of the drill holes were investigated by
local geophysical surveying to control the quality of wave-
forms, the signal-to-noise ratio (SNR), and to provide struc-
tural and geological constraints for fluid pathways and their
movements. This comprised electric resistivity tomography
and high-resolution reflection and refraction seismic survey-
ing along the resistivity profile, as well as seismic noise mea-
surements (Umlauft and Korn, 2019) at the HartouSov site,
both completed in late 2017 (Nickschick et al., 2019).

4.2 Dirilling and coring

The drill sites are located in a natural mineral spring and spa
resource protection zone and required specific permissions to
meet the strict governmental requirements prior to the com-
mencement of work. Drilling works were performed by the
German drilling company Pruy KG with the HD110 drilling
rig (the S1 site and the pre-drill of F3) and the Czech drilling
company Geonémec — vrty, s.r.o. with the Christensen 140C
drilling rig (sites S2—S4). The drilling of F3 was conducted
within the Swedish national research infrastructure for sci-
entific drilling (Riksriggen) at Lund University, Sweden,
with the Atlas Copco CT20C drilling rig (crawler mounted).
Due to potential CO, blowouts in the region, the drillings
were performed through a blowout preventer to overcome
the problem of pressurized CO, in the drilling shaft; how-
ever, none of the sites faced such issues during drilling. The
drillings were conducted under strict site contamination con-
trol conditions; after the termination of works, all sites and
access roads were restored (Fig. 3). Furthermore, the well-
heads were secured by a concrete head casing, and the cased
peduncle was secured by a lock (Fig. 4).
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The parameters of the drilling sites are summarized in
Table 1. Some innovative approaches were applied during
drilling and subsequent logging to meet the specific re-
quirements of multidisciplinary research. All boreholes are
nearly vertical, reaching depths <460 m, and they were all
steel cased. After casing, the drillings were cleared (redrilled
within the casing) to ensure clear passage from the head to
the bottom, which is necessary for subsequent successful in-
stallation of fluid and seismic monitoring instrumentation.
Seismological drill holes S1, S3 and S4 were cemented to
ensure seismic coupling. The quality of the cementing was
controlled by well logging, and an innovative approach using
a fiber-optic cable was additionally applied to monitor the ce-
menting at S1. Wireline coring was applied to all boreholes,
and the cores were retrieved and organized in wooden boxes
(Fig. 5) before being stored (except for S2) at the Research
INfrastructure for Geothermal ENergy (RINGEN) center in
Litoméfice and the Federal Institute for Geosciences and
Natural Resources (BGR) core repository in Spandau, Berlin
(S1). The core of drill hole S2 is not available to the scien-
tific community, as the drill hole was an in-kind contribution
from the Golden Pet s.r.0. exploration company to the ICDP
Eger project.

Well logging was provided for all drilling sites except for
S2 (the in-kind contribution from the Golden Pet s.r.0. ex-
ploration company). It comprised a complex of methods, in-
cluding borehole geometry, caliper, sonic logging with full
waveforms, and acoustic images to localize cracks, fractures,
and/or tectonic and geological features. Gamma—gamma log-
ging was applied to sample rock densities, neutron—neutron
logging was applied for porosity and water content, natural
gamma logging was used for the detection of unstable iso-
topes, and resistivity logging was used for the degree of rock
deformation. For the records of well logging in individual
boreholes, see Sect. 5.

Due to the specific requirements of microbiological re-
search, drillings F3 and S4 were conducted under strict con-
tamination control conditions, following the approach of
Bussert et al. (2017). In the case of F3, the cores were re-
trieved in 3 m long polyvinyl chloride (PVC) liners to pro-
tect them from biological contamination; in the case of S4,
the cores were encapsulated in aluminum. In both cases, the
microbiological samples were frozen at —80 °C and sent for
further analyses.

4.3 Seismological drillings — high-frequency 3-D arrays

Seismological monitoring requires the drillings to be dis-
tributed and optimized for detection, location, source mech-
anism and seismic wave scattering studies. The technical ob-
jectives of being able to analyze M, > —1 earthquakes (and
nonvolcanic tremors) need to be addressed by taking a step
up from the current short-period seismic monitoring network
to a high-frequency 3-D seismic array. Boreholes S1-S3 in-
volve deploying vertical seismic arrays combined with a sur-
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(a

37

Figure 3. The Eger Rift drilling setup, showing (a) the drilling rig with drilling rods at the S3 site, (b) the wellhead after the termination of
work at the S3 site and (c¢) an example of a diamond drill head designed for drilling in hard rocks.

(b)

Figure 4. Panel (a) shows the HartouSov mofette field, and panel (b) presents the F3 borehole in Hartousov after the completion of drilling

works, with the concrete head casing secured by a lock.

face small-aperture high-frequency array; a pilot observatory
has already been deployed at S1. Such a configuration al-
lows for detailed high-resolution study (at a 1 kHz sampling
rate) of earthquake migration, short-term anomalies in the
beginning phase of swarms, mixed-mode rupture processes,
near-source scatterers, the depth distribution of events and
the detection of microearthquakes along fluid channels. The
location in unaltered rocks not affected by fluid ascent as-
sures the recording of high-frequency signals of the smallest
earthquakes (My, > —1) and is supported by the pioneering
tests of Hiemer et al. (2012) from a small-aperture array of
short-period stations at the surface (the 6-month eight-sensor
test-array deployment near S1 at Rohrbach borehole VO1-
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V08 detecting microearthquakes from M, > —1.2 from the
NK focal zone).

Borehole S1 (depth 402 m, inner diameter (i.d.) 92 mm)
is located in Landwiist (Germany) about 10 km northwest of
the Novy Kostel (NK) focal zone in a forest area with base-
ment rocks outcropping at the surface (metamorphosed Cam-
brian sediments — phyllites with quartzite layers). The test
array installations and test measurements in the nearby Bad
Brambach 80 m hole indicated the appropriate site conditions
and excellent signal-to-noise ratios (SNRs) for weak mi-
croearthquakes with a significantly reduced S-wave damping
effect. The S1 instrumentation comprises the ASIR bottom-
hole broadband seismometer and a vertical array of 3C bore-

Sci. Dril., 31, 31-49, 2022




38

Table 1. Parameters of the drill holes.

T. Fischer et al.: ICDP drilling of the Eger Rift observatory

Inner
Numb N Lat Long Depth di : Tilt Casi Cori c ¢ Well- Monitori Additional
umber ame WGS 84 WGS 84 [m] iameter 1 asing oring | Cemen logging onitoring research
[mm]
. L 3-D array
s1 Landwiist 50.2579 12.3291 402 92 5.0 + + + + Seismic i )
Fibre optic cable
S2 Tisova 50.3491 12.4948 460 76 6.4 + Seismic 3-D array
S3 Studenec 50.2579 12.5185 401 76 9.0 + + + + Seismic 3-D array
F1 Hartousov 50.1329 12.4629 28.2 115 + + - - Fluid
F2 Hartousov 50.1329 12.4629 108.5 100 + + + Seismic, fluid Microbiology
F3 Hartousov 50.1329 12.4629 239.3 78-80 1.1 + + + + Seismic, fluid Microbiology
Microbiology
s4 Liba 50.1601 12,2160 400 77 1.9 + + + + Seismic Paleoclimate
Valcanology
Paleoclimate
P1 Neualbenreuth 49,9667 12.4667 ~150 + + .
Microbiology

Figure 5. Panel (a) presents an example of drill cores stored in wooden boxes that have been marked and labeled, showing phyllitic core
from S1. Panel (b) presents an example of different lithologies in hard rocks, showing (from top to bottom) granite from S4, granite from S4,

basalt from S4 and phyllite from S3.

hole sensors between 180 and 400 m; additionally, a surface
array of 3C seismic sensors is installed around the borehole
(Fig. 6). The fiber-optic cable was cemented behind the bore-
hole casing to monitor the microearthquakes as well as the
quality of cementing.

Borehole S2 (depth 464 m, i.d. 76 mm) is located near Ti-
sové (Czech Republic) about 15 km north of the Novy Kostel
(NK) focal zone in weakly metamorphosed Ordovician sedi-
ments (phyllites). The thickness of the overlying weathering
products (debris with rock fragments) did not exceed several
meters. The noise characterization from a test array deployed
indicates good SNR conditions. The instrumentation, array
design and configuration are planned to be the same as for
borehole S1, except for the fiber-optic cable.

Borehole S3 (depth 400 m, i.d. 76 mm) is located in Stu-
denec (Czech Republic) about 7 km northeast of the Novy
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Kostel (NK) focal zone in a dynamic landscape with a min-
imally weathered uppermost crust on metamorphosed Cam-
brian sediments (phyllites). The site is in a remote area with
a good SNR; this is confirmed by long-term monitoring, as
the site also coincides with one seismic station (STC) of the
WEBNET surface monitoring network (Horalek et al., 2000).
Moreover, this coincidence provides the opportunity to com-
pare results from both networks and use the existing opera-
tion hut. A Giiralp Radian bottom-hole seismometer (Gtiralp
Co.) is currently installed and tested at the hole bottom.

4.4 Maar drilling — seismic monitoring, paleovolcanic
and microbiological research

Borehole S4 (depth 406 m, i.d. 77 mm) is located in BaZina
near Liba (Czech Republic), about 17.5 km southwest of the
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Figure 6. Surface and borehole 3-D high-frequency seismological arrays and the types of sensors realized at the S1 site. Red color denotes

the S1 borehole with a surface sensor.

Novy Kostel (NK) focal zone, in a newly discovered volcanic
maar structure penetrating the surrounding granitic rocks.
The borehole sits in a conic maar crater and penetrates the
alternating Quaternary siliciclastic and highly organic sedi-
ments of the crater. At 60 m depth, it reaches the basaltoids
inside the crater; at a depth of 170 m, it reaches the contact
of the crater with the surrounding granitoids (the host rocks),
which continue until the bottom at 400 m depth. Because
of its uppermost volcanic character, borehole S4 provides
the record for combined paleovolcanic, magmatic, paleocli-
mate and deep-biosphere studies. As a detailed geophysical
pre-site survey indicated good SNR conditions in granites,
a bottom-hole seismometer is planned to be deployed in the
solid granitic rocks at the bottom of the hole, along with a
surface reference station.

4.5 Fluid and seismic monitoring and microbiological
research — continuous sampling at different depths

Boreholes F1-F3 are located in the Hartousov mofette field
(Figs. 4, 7) in the Tertiary—Quaternary sedimentary succes-
sions of the Cheb Basin. The site appears well suited to ex-
ploring the relation between the swarm seismicity and CO»
degassing, as a massive coseismic increase in CO; release
has been observed here twice — in the case of the 2008 and
2014 earthquake swarms (Fischer et al., 2017). Three ad-
jacent boreholes, F1 (depth 28 m, i.d. 115 mm), F2 (depth
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108 m, i.d. 100 mm) and F3 (depth 239 m, i.d. 78 mm), sup-
plemented by measurements in the nearby mofette (Fig. 7)
allow continuous fluid monitoring at different depth levels
within the basin sediments or in the CO;-permeated weath-
ered crystalline basement (F3). The site survey comprised
seismometers and a weather station installed on-site in order
to quantify the impact of earthquakes as well as the environ-
mental effects on the fluid regime. The multilevel gas mon-
itoring system is being installed at three wells tapping the
CO; horizons at 20, 65 and 229 m. Continuous radon mea-
surements while drilling revealed a promising CO, horizon,
which was later chosen for perforations of the steel casing.
Further hydraulic tests at F3 are needed to confirm whether
the perforation was successful.

The F2 borehole already hosts the ASIR broadband SiA
seismometer at 70m depth. Ultimately, a borehole seis-
mometer will be installed at the bottom of F3 and will be
complemented by a capillary tube to collect “fresh” gases
from the CO; horizon at depth, directly at the point where
the fluids enter the borehole to avoid possible contamina-
tion or impact from external processes. Further details on the
instrumentation of this mofette field with massive CO, de-
gassing (up to 97 td ') as well as the first monitoring results
are summarized in Fischer et al. (2020), Woith et al. (2020)
and Daskalopoulou et al. (2021). Once the novel monitor-
ing system is fully operational, fluid transients will be able
to be observed in great detail. We expect new insights into
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Figure 7. Fluid and seismic monitoring in the HartouSov mofette
field (after Woith et al., 2020), showing boreholes F1-F3 and a
mofette site with the sensors and types of monitoring. BB denotes
a broadband seismometer (borehole and/or surface), and SP repre-
sents a short-period 4.5 Hz 3C borehole sensor.

the physical processes that control the complex interplay be-
tween earthquakes, deep degassing and permeability varia-
tions along the path to the surface.

Seismic monitoring in F1-F3, located about 9 km south of
the Novy Kostel (NK) focal zone (Fig. 2), complements the
network of shallow boreholes. Borehole F2 (108.5 m depth)
is equipped with a broadband borehole seismometer at 70 m
depth; a similar sensor will be installed at the bottom of F3
(239 m depth). Moreover, a broadband surface seismic sta-
tion is installed at F1 (Fig. 7).

The microbiological investigation at the HartouSov
mofette field was accomplished at the F2 and F3 drill holes.
The pilot hole, F2 (HJB-1), was drilled in spring 2016, af-
ter extensive pre-drill surveys to optimize the well location
(Bussert et al., 2017). The drilling through a thin caprock-
like structure triggered a CO, blowout, indicating a CO;
pathway. Pumping tests revealed a Na—Ca—HCO3-SO4-type
groundwater with a total mineralization of 5870 mgL~!,
which is typical for the mineral waters of FrantiSkovy Lazné
Spa that is located about 8 km to the west of the drill site
(Bussert et al., 2017). The first microbiological investiga-
tions included activity tests for microbial methane produc-
tion, DNA extractions and cultivation experiments as well
as testing of the microbial DNA extracted from samples
(Bussert et al., 2017). These steps were supplemented by the
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investigation of the F3 borehole which involved testing for
microbiological life on samples from different depths. Fur-
ther analyses of F3 microbial samples are ongoing.

4.6 Drilling for paleoclimate and microbiological
research

Borehole P1 is planned in the Neualbenreuth Quaternary
maar structure (in Germany, at a site located about 3 km
southeast of the Mytina maar) down to ~ 150 m depth. It
will penetrate a succession of lake sediments of at least
100 m depth with varying lithologies, surrounded by Paleo-
zoic metamorphic rocks and underlain by the diatreme. Bore-
hole P1 will be the main record for paleoclimate studies,
as it will overlap an existing 100 m drill core obtained in
2015 (Rohrmiiller et al., 2017), thereby enabling the develop-
ment of continuous time series. Apart from paleoclimate, the
site will be exploited for microbiological and deep-biosphere
studies. Due to groundwater protection issues, the well has
to be closed after drilling. The geophysical pre-site survey
of maar structures indicates that shallow sedimentary suc-
cessions of maar craters are not suitable for high-frequency
seismic monitoring; thus, the deployment of a seismic sensor
in this borehole is questionable.

5 Lithologies and well logging of boreholes

The downhole logging measurements for the Eger Rift
project have been performed in four of five boreholes (S1
Landwiist, S3 Studenec, S4 Liba and F3 Hartousov). In
this paper, we present the results of three seismological
boreholes: S1 Landwiist, well logged by BLM Company
in 2019 (Fig. 8); S3 Studenec, well logged by Aquatest
in 2018 (Fig. 9); and S2 Tisov4, which has not been well
logged and only a stratigraphy profile is provided (Fig. 10).
The following downhole logging measurements have been
acquired: gamma ray, neutron—neutron, density, resistivity,
temperature, P- and S-wave velocity, focus electrical resistiv-
ity (FEL), electrical conductivity, caliper, borehole deviation,
and borehole azimuth direction. All logging measurements
have been depth matched using the gamma ray as the refer-
ence logging present in all sondes. As the other two bore-
holes, S4 and F3, are the subject of further focused research,
their profiles are presented in individual studies. Moreover,
all records of stratigraphy and well logging in boreholes S1—
S4 and F3 are depicted in Fischer et al. (2022) and in the
upcoming Operational Report.

The S1 Landwiist borehole (Fig. 8) was drilled to 402 m
depth and shows a southward deflection with a small devia-
tion up to 5 © at the bottom. The borehole encounters mono-
tone silt—phyllite rocks with different stages of fracturing.
All logs show a constant trend except at two main frac-
tured intervals: one zone was identified from around 12.0
to 57.8 m, and the second zone was identified between 134
and 165 m. In these fractured zones, gamma ray, FEL, den-
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Figure 8. Logging data of the S1 Landwiist borehole and a stratigraphy profile based on the initial core description. The abbreviations used
in the figure are as follows: Neutron neutr. — neutron—neutron; WU — water unit; Electr. cond. — electrical conductivity; FEL — focus electrical
resistivity; Vp and Vs — P- and S-wave velocity, respectively.
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S3 Studenec borehole
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sity, neutron—neutron, P- and S-wave velocity, and caliper
logs show abrupt changes. In particular, in the second frac-
ture interval, the electrical conductivity shows constant val-
ues of around 0.2 uS cm™! up to 115 m that slightly increase
from 0.2 to 1.8 uScm™! between 115 and 140 m. The frac-
turing becomes more intense between 140 and 155 m, where
the electrical conductivity reaches the maximum values of
around 1.8puScm™!; the values then gradually decrease to
0.7uScm™! at 165 m before reaching a constant value of
0.2uScm™! at the bottom. These two main fracture zones
were also detected by the caliper, which indicates an open-
ing from 155 to 200 mm. The temperature in the borehole
increases continuously from 7°C at 25 m to 13.5 °C at 400 m
depth.

The S3 Studenec borehole (Fig. 9) reached a total depth
of 402.5 m, with the deviation increasing smoothly up to 9°
at the bottom and with deflection to the southeast. The bore-
hole encounters a sequence of phyllite rocks up to 221 m,
and a quartzitic phyllite formation is then predominant in
the bottom part. The variation in lithology along the bore-
hole is well recorded by the gamma ray log. The gamma
ray shows average values of 50 uR h~! for the phyllite rock
formation, mainly related to the higher content of clay min-
erals compared with the quartzitic phyllite formation which
shows average values around 39 uR h~!. A slight enrichment
of the clay component is observed between 330 and 402.5 m.
Around 139-141 m, the borehole encountered a tectonic fault
that fragmented the rock of the borehole wall and caused the
collapse of the section between 140 and 142.5 m. Only down-
hole logging measurements with nuclear sources (such as
neutron—neutron and density measurements) have been run
inside the pipe from 0 m to the bottom of the hole, whereas
P- and S-wave velocity, caliper and resistivity logs were pro-
vided only in shallow part between 30 and 140 m. Several
fracture intervals have been identified around 59, 71.0, 100,
111 and 135 m. They are detected by resistivity, P-wave ve-
locity and gamma ray logs, showing a decrease in values
compared with the general trend, whereas the caliper records
show an increase in the hole size (spikes).

6 Temperature measurements and the heat flow

Due to the persistent tectonic activity and the existence of
thermal springs, places with increased heat flux (Cermak,
1994) can be expected in the area. However, due to the ab-
sence of deeper boreholes penetrating sedimentary succes-
sions of the Cheb Basin to the basement crystalline rocks, de-
tailed information is missing. For this reason, precise temper-
ature well logging was performed in all boreholes (Fig. 11).
The temperature recordings allowed for the determination
of the temperature gradients, and topographic corrections
were subsequently calculated for each well using 3-D nu-
merical models. To determine the heat flow density, knowl-
edge of the thermal conductivity of the rocks intersected by
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Figure 11. Temperature logs of the individual boreholes.

the boreholes was necessary. The thermal properties (ther-
mal conductivity, thermal diffusivity and volumetric heat ca-
pacity) were measured using a high-resolution optical scan-
ning method on several samples from each borehole. The
anisotropy of the thermal properties was also assessed, which
turned out to be very significant especially in the case of
boreholes (S1, S2 and S3) intersecting the metamorphic
rocks. Based on the above, we calculated the heat flow, which
ranged from 75 mW m~? for borehole S2 near Tisova to more
than 100 mW m~2 for S1 in Landwiist.

7 Seismic monitoring concept - the 3-D
high-frequency seismic array at the S1 site

The 3-D high-frequency seismic array at the S1 site has been
accomplished as a pilot array for the seismic part of the
ICDP Eger Rift project. The S1 instrumentation comprises
the ASIR bottom-hole broadband seismometer and a vertical
array of 3C borehole sensors between 180 and 400 m; addi-
tionally, a surface array of 3C seismic sensors is installed
(Fig. 6). A fiber-optic cable was cemented outside of the
borehole casing to monitor the microearthquakes and will
provide comparison with the borehole chain. Moreover, it
was also used to check the quality of the casing cementation.

7.1 Borehole array

The downhole array consists of two major parts: a 10-level
high-frequency borehole chain and one additional bottom-
hole seismometer. The borehole chain is assembled with
high-frequency geophones for one vertical and two horizon-
tal directions at 10 depth levels. We identified 10 Hz HG-7
geophones as the optimum sensors (little or no tilt sensitivity,
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high spurious and low corner frequencies and, thus, a large
usable bandwidth). In order to increase the output voltage,
the geophones are in sets of two sensors connected in series
for each direction and depth level, which results in a total of
30 analogue channels to be handled. The analogue signals
are converted by five six-channel Earth Data EDR-209 digi-
tizers at a rate of (up to) 1kHz. The bottom-hole equipment
consists of a newly developed ASIR SiA broadband seis-
mometer with a passband of 200s to 1.5 kHz bundled with
a 3C 4.5 Hz geophone. The analogue signals are converted
by one six-channel Earth Data EDR-209 digitizer at a rate
of (up to) 1kHz. The example of waveforms of an My, 0.1
microearthquake recorded with a borehole chain at S1 Land-
wiist is presented in Fig. 12.

7.2 Surface array

A small-aperture array of short-period stations at the surface
consists of three rings around a central borehole station. The
aperture of the first ring is 10 m, and it comprises three 3 m
deep postholes that are not yet fully equipped. The second
ring has an aperture of 100m and comprises five sensors.
Ring 3 is equipped with seven sensors with an aperture of
400 m. The surface sensors are positioned in shallow (50 cm
deep) holes and powered by solar panels. The sensors of
rings 2 and 3 are of the same type (4.5 Hz HG-6 geophones
with a gain of 27.7 Vsm™"). The sampling rate of 1 kHz is
used with seismological data loggers (EDR-209) and near-
real-time transmission of the data. The data are transmitted
via mobile connection.

7.3 Fiber-optic cable — the quality of cementing

After drilling S1, a fiber-optic cable was installed behind
the casing down to a depth of 397.5m on the western
side of the well. The fiber-optic cable had a tight buffer
design. It contained one single-mode optical fiber (ITU-T
G.652.D/657.A1) preserved in a stainless-steel metal tube
and embedded in a polyamide sheath with a structured sur-
face (outer diameter 3.2 mm) to increase the mechanical cou-
pling between cement and cable. The cable was attached to
the casing using cable ties and tape. Two fixations were used
per tube joint. To improve the cement deposition and reduce
the risk of micro-channels between cable and cement, 4 mm
separators were installed between the cable and the casing.
Figure 13a shows the fiber-optic cable (and its fixing with
separators) prepared for the deployment in the well.

To verify cable integrity during installation, optical time-
domain reflectometry was performed after cable installation
and prior to cementation. Afterwards, the well cementation
was performed to ensure the best possible coupling of the
casing and the surrounding rocks. The quality of cementation
was controlled by the distributed fiber-optic strain measure-
ments along the cable with an optical backscatter reflectome-
ter (Luna OBR 4400) previously used in borehole applica-
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beneath the tape to improve the cable coupling. Panel (b) presents the fiber-optic distributed strain rate measurements during cementing of
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fluid (blue) are schematically depicted for the time of 26 min.

tions (e.g., Lipus et al., 2018). The OBR interrogator is based such measurement is depicted in Fig. 13b, showing the strain
on the optical frequency domain reflectometry (OFDR) prin- change between two successive measurements.

ciple, following Froggatt and Moore (1998). The measure-

ment resulted in a strain section recorded every 60 s over a

time span of 2 h during the cement pumping. An example of
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8 Data management

The ICDP Eger project comprises a large number of contin-
uously operating sensors for recording seismic, gas-related
and meteorological data streams. In future, additional sen-
sors also are planned for the detection of infrasonic and/or
rotational seismic signals. As the project represents a long-
term monitoring effort and shall be operated for at least 10—
15 years, a vast amount of data has to be considered.

The major part of these data is represented by seismic
monitoring at the S1-S4 and F1-F3 sites, where the 3-D
arrays at the S1-S3 sites play a particularly crucial role.
Each of these sites, equipped with 25 geophones/seismome-
ters (3C instruments in all cases) with both borehole (9
geophones and 1 seismometer) and surface installations (15
geophones), produces a data stream of 75 seismic channels.
With the continuous sampling rate of 1 kHz, the amount of
data produced at each 3-D 3C array installation at S1-S3
will be in the order of 16 GBd~! (75 channels x 1000
samples / (channel x s) x 86400sd~! x 2.5B per sam-
ple=16.2GBd™!). This sums to 50 GBd~' (including S4),
i.e., ~1.5TB every month accumulating to 180 TB over a
10-year operating period. Data streams will be transmitted
to Potsdam and/or partner institutions in Prague and Leipzig
via 4G mobile phone standard to an open VPN server with
SeedLink. The amount of data produced from gas sensors
and meteorological data will be much smaller and can safely
be estimated to be in the order of 1 % of the seismic data.

9 Summary

The new in situ geodynamic laboratory established in the
framework of the ICDP Eger project involves five borehole
sites aimed at long-term monitoring of seismic activity and
CO; degassing in the West Bohemia—Vogtland geodynamic
region (western Eger Rift). At each of these sites, a borehole
broadband seismometer will be installed, and sites S1, S2
and S3 will also host a 3-D seismic array composed of a ver-
tical geophone chain and surface seismic array. To date, all
of the monitoring boreholes have been drilled. This includes
the seismic monitoring boreholes S1, S2 and S3 in the crys-
talline units north and east of the major seismogenic zone
of Novy Kostel (NK), borehole F3 in the HartouSov mofette
field south of NK and borehole S4 in the newly discovered
BaZina maar near Liba west of NK. An additional borehole,
P1, is being prepared in the Neualbenreuth maar, Germany,
and is aimed at paleoclimate research. Seismic instrumenting
has been completed in the S1 borehole and is under prepara-
tion at the four remaining monitoring borehole sites (S2, S3,
S4 and F3). The continuous fluid monitoring site HartouSov
includes three boreholes, F1, F2 and F3, and a pilot monitor-
ing phase is underway.

It is expected that the Eger Rift laboratory will result in
an increasing sensitivity and discrimination capability with
respect to seismic monitoring. Thanks to fluid sampling at
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different depths, which removes near-surface contamination,
it will allow for enhanced monitoring of ongoing deep mag-
matic processes. This will improve our understanding of the
relationships among mofette degassing, gas composition and
swarms. The Eger Rift borehole laboratory also enables one
to analyze microbial activity at CO, mofettes and maar struc-
tures in the context of changes in habitats. Last but not least,
drillings into the maar volcanoes contribute to a better under-
standing of the Quaternary paleoclimate and volcanic activ-

1ty.

Data availability. After a 3-year embargo period, beginning on the
date of sampling party, the downhole logging and stratigraphy data
will be available at the ICDP repository database (https://nextcloud.
gfz-potsdam.de, last access: 7 June 2022; Fischer et al., 2022).
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Abstract. The sedimentary infill of glacially overdeepened valleys (i.e., structures eroded below the fluvial base
level) is an excellent but yet underexplored archive with regard to the age, extent, and nature of past glaciations.
The ICDP project DOVE (Drilling Overdeepened Alpine Valleys) Phase 1 investigates a series of drill cores from
glacially overdeepened troughs at several locations along the northern front of the Alps. All sites will be investi-
gated with regard to several aspects of environmental dynamics during the Quaternary, with focus on the glacia-
tion, vegetation, and landscape history. Geophysical methods (e.g., seismic surveys), for example, will explore
the geometry of overdeepened structures to better understand the process of overdeepening. Sedimentological
analyses combined with downhole logging, analysis of biological remains, and state-of-the-art geochronologi-
cal methods, will enable us to reconstruct the erosion and sedimentation history of the overdeepened troughs.
This approach is expected to yield significant novel data quantifying the extent and timing of Middle and Late
Pleistocene glaciations of the Alps. In a first phase, two sites were drilled in late 2021 into filled overdeepenings
below the paleolobe of the Rhine Glacier, and both recovered a trough filling composed of multiphase glacial
sequences. Fully cored Hole 5068_1_C reached a depth of 165 m and recovered 10 m molasse bedrock at the
base. This hole will be used together with two flush holes (5068_1_A, 5068_1_B) for further geophysical cross-
well experiments. Site 5068_2 reached a depth of 255 m and bottomed out near the soft rock—bedrock contact.
These two sites are complemented by three legacy drill sites that previously recovered filled overdeepenings be-
low the more eastern Alpine Isar-Loisach, Salzach, and Traun paleoglacier lobes (5068_3, 5068_4, 5068_5). All
analysis and interpretations of this DOVE Phase 1 will eventually lay the ground for an upcoming Phase 2 that
will complete the pan-Alpine approach. This follow-up phase will investigate overdeepenings formerly occupied
by paleoglacier lobes from the western and southern Alpine margins through drilling sites in France, Italy, and
Slovenia. Available geological information and infrastructure make the Alps an ideal area to study overdeepened
structures; however, the expected results of this study will not be restricted to the Alps. Such features are also
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known from other formerly glaciated mountain ranges, which are less studied than the Alps and more problem-
atic with regards to drilling logistics. The results of this study will serve as textbook concepts to understand a
full range of geological processes relevant to formerly glaciated areas all over our planet.

1 Introduction

Overdeepened valleys and basins are commonly found be-
low the present landscape surface in areas formerly affected
by glaciations. As overdeepened structures reach below the
fluvial base level (Fig. 1, left), they are interpreted as be-
ing of glacial origin, presumably formed by pressurized sub-
glacial meltwater and ice-contact processes (e.g., Alley et al.,
2019; Huuse and Lykke-Andersen, 2000). Limited aware-
ness of subglacial erosion features historically posed severe
challenges such as the accident in 1908 in the Bernese Alps
(Switzerland) when a tunnel engineering project unexpect-
edly drilled into unconsolidated Quaternary sediments full
of pressurized groundwater in an unknown overdeepening,
causing 25 casualties (Fig. 1, right). In the Alps, overdeep-
ened features are mainly associated with tectonic structures,
weak lithologies, and/or Quaternary ice confluence and dif-
fluence situations. Overdeepenings occur in buried elongated
valleys, mainly oriented parallel to former ice flow, and in
basins in the ablation area of glaciers (Preusser et al., 2010).
The role of tectonics is still to be assessed, as regional differ-
ential uplift, fold growth, and active thrusting might induce
drainage changes and promote or prevent overdeepening.

The sedimentary fillings of overdeepened structures are
excellent archives of glaciations and environmental history
but have received relatively little scientific attention so far,
despite some initiatives on the southern margin of the Scan-
dinavian Ice Sheet (e.g., Gabriel et al., 2003; Jgrgensen and
Sandersen, 2006; Buechi et al., 2018). In particular, contro-
versy surrounds the age of overdeepening. Buried, deeply in-
cised valleys on the southern side of the Alps likely formed
during the Messinian salinity crisis (Bini et al., 1978; Finckh,
1978), but this mechanism actually represents fluvial incision
caused by base-level drop. In comparison, beneath the former
Scandinavian Ice Sheet, the first overdeepening apparently
occurred during the Elsterian glaciation (Kuster and Meyer,
1979). For the Alps, lithostratigraphic records and prelim-
inary dating suggest that some overdeepened valleys were
repeatedly occupied and excavated by glaciers (Preusser et
al., 2010; Ellwanger et al., 2011; Pomper et al., 2017). Cor-
ing and dating first glacial events represent a starting point in
the reconstruction of the history of subsequent overdeepen-
ing phases. However, only few drill cores have been investi-
gated in detail with regards to the age of original formation
(e.g., Dehnert et al., 2012; Fiebig et al., 2014; Schwenk et
al., 2022), and the subsequent depositional and erosional his-
tory of overdeepened structures in the Alps remains largely
unknown.
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The question of the age of overdeepening is causally
linked to the controversy of when Alpine glaciers first
reached into the foreland and how often (Fig. 2). Penck
and Briickner (1901) distinguished four glaciations during
the Quaternary, and wiggle matching to deep-sea records
predicts the onset of glaciation at ~650ka (van Husen
and Reitner, 2011). For the Rhine Glacier lobe, Ellwanger
et al. (2011) suggest the first glaciation reached this area
~ 1 Ma, but major overdeepening occurred only during three
glaciations of the Middle and Late Pleistocene. An age of
870ka for the onset of glaciation is proposed in northern
Italy (Muttoni et al., 2003), with a total of nine glacial ad-
vances identified in the Ivrea Morainic Amphitheatre (Gi-
anotti et al., 2015). In Bavaria, gravel deposits of potential
glacial origin imply the onset of glaciation during the Early
Pleistocene and a minimum of six glaciations, part of which
probably comprise more than one glacial advance (Doppler
et al., 2011; Fiebig et al., 2011). In northern Switzerland, at
least 15 glaciations, starting around 2.5-2.0 Ma ago, are pos-
tulated (Preusser et al., 2011). In the Western Alps, infor-
mation on Early and Middle Pleistocene deposits is scarce.
Overdeepening seems to be limited to Alpine valleys and
mainly filled with deposits of the last glaciation (Nicoud et
al., 2002; Buoncristiani and Campy, 2011); the last max-
imum of glaciation is expected to date at ~65ka (e.g.,
Gribenski et al., 2021). At this time, glaciers were appar-
ently much smaller in Switzerland but still reached the fore-
land, while in the Austrian Alps, glaciers are expected to have
barely reached the main inner-Alpine valleys (cf. Ivy-Ochs et
al., 2008).

The apparent differences regarding the timing and extent
of glaciations in the Alps are stunning and need to be ver-
ified and explained — a main objective of this project. A
potential explanation is a different pattern of atmospheric
circulation over Europe during glacial times (Florineth and
Schliichter, 2000; Kuhlemann et al., 2008; Monegato et al.,
2017). DOVE will provide primary data from ice-proximal
sites from overdeepened structures and establish a broad-
scale picture by integrating published information from dis-
tal, non-glaciated basins in the sphere of the Alps and
by comparison with the global marine ice-volume record
(Fig. 2). In addition, overdeepened troughs are important for
applied aspects such as groundwater-resource management,
geothermal exploitation, and radioactive waste disposal. In
this regard, geophysical imaging will play an important role
in upscaling the information gained in boreholes. In partic-
ular, a multi-method approach (Hellman et al., 2017), with
modern numerical techniques (Jordi et al., 2018), to integrate

https://doi.org/10.5194/sd-31-51-2022



F. S. Anselmetti et al.: Drilling Overdeepened Alpine Valleys (ICDP-DOVE) 53

Kandertal
Marine records

(global ice volume) | | 2000 2000
B
@
£
ial overdeepened valley Continental Basins - 1000 1000+
(direct glacial signal) (sediment pathways)

= DOVE DOMAIN

maxima

2 site of accident
ce-extent

1
Distance (km)

Figure 1. Left: schematic sketch (not to scale) of the formation of overdeepened valleys by erosion below glaciers (dashed blue line)
reaching deeper than fluvial base level. After glaciation, troughs either are filled with sediment (red) or remain unfilled, thus forming lakes.
Together with the distal non-glaciated basins (yellow) and the marine ice-volume records, they provide the sedimentary archives of glaciation
history and are the targets of this project. Right: schematic cross-section through Gastern Valley (Bernese Alps, Switzerland) where in 1908
during a railway-tunnel construction, an overdeepened valley was unexpectedly encountered. The breakout of the water-saturated pressurized
Quaternary sediments caused 25 casualties (after Preusser et al., 2010).
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Figure 2. Present knowledge of the Quaternary glacial history of the Alps. Correlation of glaciation evidence with marine isotope record
(Lisiecki and Raymo, 2005) is tentative; i.e., there is partly little confidence in presence and age as indicated by unfilled time spans and “?”.
“Adjacent glacier lobes” indicate glacial catchments not directly targeted by DOVE but in the same Alpine domain that likely responded in a
similar manner. Data for W-Alps: Mandier (1988), Nicoud et al. (2002), and Buoncristiani and Campy (2011); N-Alps: Preusser et al. (2011),
Ellwanger et al. (2011), and Dehnert et al. (2012); E-Alps: Gabris and Nador (2007), van Husen and Reitner (2011), and Salcher et al. (2012);
S-Alps: Bavec et al. (2004), Scardia et al. (2006), Pini et al. (2009), and Gianotti et al. (2015).
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borehole data with surface geophysics is desired. Investiga- 2 Obijectives of the drilling program

tion of overdeepened phenomena in the densely populated

Alps is hence timely from both a scientific and applied per- On 3—4 April 2013, the ICDP Workshop DOVE *“Dirilling

spective. Overdeepened Alpine Valleys” was held at Villa del
Grumello, on the southwestern shore of Lake Como (north-
ern Italy), followed by a field trip on 5 April 2013. The meet-
ing, organized by CNR-IDPA Milan, was attended by 46 sci-
entists from nine European nations (Austria, Denmark, Ger-
many, France, Italy, Slovenia, Sweden, Switzerland, and the
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Netherlands) and the USA. The outcome of the workshop
was a series of hypotheses and scientific questions as well as
a drilling strategy for the DOVE drilling program, consisting
of a novel approach by investigating several complementary
sites along the foreland around an entire mountain range. In
the Alps, geophysical surveys and previous boreholes pro-
vide a comprehensive picture of the distribution and geom-
etry of overdeepened structures that is not available for any
other mountain range. However, available borehole descrip-
tions are not detailed enough for thorough sedimentologi-
cal interpretation. Furthermore, dating the sedimentary infill
has not been possible until very recently, due to the lack of
suitable methods. By using a multidisciplinary approach to
decipher sedimentary facies and past environmental condi-
tions, and in combination with state-of-the-art dating meth-
ods, DOVE will address the following major scientific ques-
tions.

— (Q1) What were the timing and extent of past Alpine
glaciations?

The questions of how many glaciations occurred in
the Alps and when they started are highly controver-
sial but of fundamental importance to understand the
Quaternary dynamics of natural climate and environ-
mental change. Investigating cores will provide major
new insights, as they comprise sediments and erosional
features that are rarely accessible in outcrops. Further-
more, the timing and extent of past glaciations could
vary substantially along and across the Alpine arc. To
date, very few projects have applied multidisciplinary
approaches, and collaboration between scientists from
different regions has been rather limited. Consequently,
only an international initiative comprising various case
studies on the scale of an entire mountain range will
yield sufficient (“non-local”’) homogenous information.
The key will be to identify cycles of erosion, glacial de-
position, and post-glacial infill by carrying out sequence
stratigraphy, establishing reliable age control, and relat-
ing them to regional and global records (i.e., marine iso-
tope stages, MISs).

— (Q2) How did atmospheric circulation patterns control
ice flow across the Alps?

During glacial periods, the Alps were situated in a par-
ticular setting with regards to past atmospheric circu-
lation, and a southward shift of the polar front turned
the northern foreland into an Arctic desert, while the
southern foreland still received sufficient precipitation
to support local forests. This likely caused substan-
tial differences in glacial advances, on both temporal
and spatial scales that are still poorly understood (e.g.,
Luetscher et al., 2015; Monegato et al., 2017). Hin-
derer et al. (2013) suggest that higher humidity led to
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stronger glacial conditioning and topographic accentu-
ation of the Western Alps, which is reflected in a mod-
ern erosion rate approximately 3-fold higher, with re-
spect to the Eastern Alps. Comparison of the timing and
extent of past glaciations through multiple boreholes
around the Alps will provide new insights into the re-
gional temperature and precipitation conditions and the
related changes in circulation patterns at the temporal
scale of several glacial-interglacial periods. The evi-
dence of varying area-specific precipitation patterns col-
lected in this project will then allow for reconstruction
of moisture pathways during past glacial periods that
will be cross-checked with climate and ice-flow models
(e.g., Seguinot et al., 2018).

— (Q3) How were mountain ranges and their foreland
shaped by repetitive glaciations?

There is a gap between established timescales of post-
glacial sediment transfer and exhumation rates that pro-
hibits elucidating the response of erosional systems to
repeated glaciations (Wittman et al., 2007; Salcher et
al., 2014, 2021). An expanded circum-Alpine chronol-
ogy of Quaternary sediments will fill this gap, identify
times of high and low erosion rates, and compare them
with climate forcing and with the timing of the topo-
graphic evolution of the Alps. Repetitive glacial load-
ing and unloading may have caused a flexure of the
lithosphere and/or reactivation of basement faults, thus
affecting long-term landscape evolution. While numeri-
cal modeling provides a useful tool to estimate slip rates
along major faults, it needs to be validated by geolog-
ical records, in order to localize and quantify deforma-
tion. The influence of peripheral lithospheric forebulges
and ice loading on the reactivation of faults and struc-
tures will be evaluated in the context of landscape evolu-
tion on glacial-interglacial timescales. Investigating the
bedrock contact will help to illuminate the process of
overdeepening. Observations so far have distinguished
simple or multiple-phase bedrock-erosion surfaces that
are characterized sometimes with pieces of dislocated
bedrock and/or massive diamicts (LGRB, 2015). DOVE
will build upon these results with systematic investiga-
tions and by integrating sedimentological and geophys-
ical data.

DOVE will be accompanied by a series of geophysical in-
vestigations, before and after the coring, that will be carried
out to extend the punctual information provided from bore-
holes into 2D/3D. In the last years, the sites Tannwald and
Basadingen were already covered by high-resolution reflec-
tion seismic surveys that imaged a rich seismic stratigraphic
architecture of the trough fill and allowed for ideal drill-site
location (Burschil et al., 2018, 2019, 2020; Brandt, 2020).
Additional geophysical exploration work, comprising com-
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plementary methods and investigations at other sites, will
be closely linked to borehole information. Thus, DOVE will
contribute to a deeper insight into the origin of geophysical
signatures. For instance, it can be studied how major un-
conformities, which are related to the general development
of overdeepened structures, are imaged in reflection seismic
data (e.g., Biiker et al., 1998; Burschil et al., 2018) or how
depositional environments are imaged by different seismic
facies (e.g., Biiker et al., 1998; Reitner et al., 2010). In ad-
dition, electrical resistivities can distinguish between differ-
ent sediment facies (e.g., Rumpel et al., 2009; Reitner et al.,
2010). Geophysical surveys will allow for upscaling of the
parameters gained in the boreholes to the entire valley extent
using structural constraints and geostatistical information for
geophysical inversion and contribute towards a better under-
standing of valley formation and sedimentological processes.
This knowledge will also help to improve the interpretation
of data from sites where no boreholes are available.

Within DOVE, a series of additional research goals is also
foreseen:

1. It is planned to investigate, through pollen analysis,
changes in Alpine vegetation structure, plant biodiver-
sity, and phylogeographic patterns, which are likely
driven by glacial-interglacial cycles and region-specific
climate variability. Within the first DOVE phase, the tar-
get is to identify suitable sections in the cores by screen-
ing for the biotic content (pollen grains, spores, pollen
slide charcoal fragments, algae, and other organic parti-
cles).

2. This project also provides the unique opportunity to
identify present-day subsurface biological activity (cf.
Lee et al., 2010), which will be addressed in more de-
tail, depending on the results of the screening.

3. Once the data acquisition part of the overall DOVE
project has reached an advanced stage, separate projects
will address modeling landscape response, glacial ero-
sion, and climate.

3 Proof of concept: the Niederweningen site

DOVE uses a multi-method approach by combining geo-
physics, core sedimentology, laboratory sediment characteri-
zation, geochronology, and biological proxy (mainly pollen)
that has seen little application in glacial settings so far. To
prove the suitability of this concept, a pilot study is described
here in some detail that has been executed on cores from
Niederweningen (Figs. 3, 4 and 5). This village, located north
of Ziirich in northern Switzerland, is well known for its rich
finds of Pleistocene faunal and floral remains, including sev-
eral bones of wooly mammoth (Furrer et al., 2007). It is lo-
cated just 2 km outside the maximum limits of the last glacia-
tion of the foreland (Fig. 6). The gentle valley of Nieder-
weningen is embedded between the easternmost spur of the
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Figure 3. Top: seismic survey data along a NW-SE profile parallel
to the main valley axis. Bottom: sedimentary facies model of the
overdeepened trough of Niederweningen (modified after Dehnert et
al., 2012).

Jura Mountains to the south (buildup of limestone) and a
ridge of Molasse sandstone to the north, which is covered
by older Pleistocene glacial deposits. After a first core with
a length of 30 m was investigated (Anselmetti et al., 2010),
reconstruction of the sedimentary history was executed on a
second 93.6 m deep scientific drilling (Dehnert et al., 2012).
First, a sedimentary facies model of the subsurface was con-
structed, based on seismic surveys conducted using an ex-
plosive source (Dehnert et al., 2012) and a number of avail-
able geotechnical drill holes (Fig. 3). This revealed the pres-
ence of a trough carved into Molasse bedrock, reaching al-
most 200 m below the present surface. As the eastern part
of the trough is apparently filled by subglacial deposits and
deltaic sediments, the longest sequence with lacustrine de-
posits was the target of coring using a combination of rotary
and of percussion drilling techniques. A large coring diame-
ter of 326 mm was used at the surface part, slimming down
to 145 mm at the bottom part of the core. The applied cor-
ing techniques allowed for an almost complete recovery and
excellent quality of the cores.

After drilling, the liners were cut into 1 m segments and
split. The surface of one half-core was carefully prepared,
digitally photographed, and described macroscopically to de-
fine lithotypes and stratigraphic units. Smear slides (two for
each 1 m segment) were prepared to identify the major litho-
logic constituents, and shear strength was measured every
30cm using a manual Eijkelkamp vane shear device. The
second half-core was used for further subsampling and U-
channel extraction. The latter were used to measure bulk
magnetic susceptibility and wet bulk density (gamma-ray-
based '37Cs source) with a multi-sensor core logger MSCL).
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Figure 4. Core photograph, grain-size coded stratigraphic column, geochronology, and interpretation of depositional environment of the
Niederweningen site (modified after Dehnert et al., 2012) with indicated marine isotope stages at the bottom (Bassinot et al., 1994) and
lithofacies interpretation of the stratigraphic units. Pollen concentration data are shown on the right: white areas represent exaggeration x 10
of the pollen concentration curve. LPAZ indicates local pollen assemblage zones: LPAZ 1 — reworked pollen; LPAZ 2 — Alpine meadow,
initial phase of Late Glacial reforestation; LPAZ 3 — Eemian or second Early Wiirmian interstadial; LPAZ 4 — increasingly inundated by

water; LPAZ 5: very wet Cyperaceae/moss peat.

Laboratory analyses included determining total inorganic
carbon, total organic carbon, total sulfur, and total nitrogen
content as well as laser optical grain-size measurement. The
U-channel material was also used to measure the directions
and intensities of the natural remanent magnetization. A to-
tal of 372 sediment samples were taken, of which 99 were
analyzed for their pollen content. From the consolidated (la-
custrine) sediments, where the inner parts of the core had
not been exposed to light, 29 samples were taken for lumi-
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nescence dating. The nature of the sediment required appli-
cation of the fine-grain technique (using silt-size grains 4—
11 pm; cf. Preusser et al., 2008). Both optically stimulated
luminescence (OSL) of the quartz and infrared stimulated
luminescence (IRSL) of the polymineral (feldspar) fraction
were used for dating.

The macroscopic description in combination with labora-
tory sediment analyses allowed for the identification of 10
lithological units within the core (A-J in Fig. 4). This com-

https://doi.org/10.5194/sd-31-51-2022



F. S. Anselmetti et al.: Drilling Overdeepened Alpine Valleys (ICDP-DOVE) 57

Figure 5. Landscape reconstruction with glacial advance and retreat sequences, based on drill-core analysis at Niederweningen (modified

after Dehnert et al., 2012).
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Figure 6. Location of primary DOVE Phase 1 sites (black), Nagra QBO sites (11 sites within the blue areas), Phase 2 sites (grey), and bonus
sites (green) in the Alpine region, with limit of the Last Glacial Maximum (pink line), maximum limit of Pleistocene glaciation (black line),
location of overdeepened structures (red) and pathways of major moisture sources (red arrows) (after Preusser et al., 2010). Indicated are
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distal continental basins that lie in the fluvial sediment pathways (arrows) and provide a more continuous but indirect record of glaciations.

prises direct glacial (till) and proglacial lacustrine deposits drop-stones. Pollen extracted from the sediments has a good
as well as peat and alluvial sediments in the upper part of to excellent stage of preservation and allows five main lo-
the sequence. The lithological units were attributed to certain cal pollen assemblage zones to be defined, including some
facies based on general appearance and characteristic prop- sub-zones (Fig. 4). The luminescence ages reveal some scat-

erties such as the state of consolidation and the presence of ter and offset between OSL and IRSL ages, the latter being
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mainly higher than the first. This can be explained by the
presence of partial bleaching, leading to overestimation of
the IRSL age estimates (Dehnert et al., 2012). Hence, the
chronology is based on the quartz OSL ages, in combina-
tion with information derived from palynology and sediment
properties (i.e., unconformities).

The entire dataset gathered during the project was inte-
grated and eventually transferred into visual snapshots of the
environmental history, carried out by artists that were ad-
vised by members of the scientific team (also available online
at http://www.mammutmuseum.ch, last access: 24 Septem-
ber 2022). Figure 5 shows visual snapshots that summarize
the glaciation and environmental history of the region, as
deduced by the full suite of drill-core analysis. The earli-
est phase recorded is till resting directly on top of molasse
bedrock, which indicates that the glacier either carved out a
new basin or at least completely removed all previous Qua-
ternary deposits. Melting of the ice body is reflected by lake
sediments, showing the transition from a proximal, drop-
stone-dominated facies towards a more distal facies, domi-
nated by silty dropstone-free deposits. According to quartz
OSL ages, the area became ice-free around 180ka. Two
breaks in sedimentation are observed within the lake deposits
and have major implications for the glaciation history of the
area. The first break is identified by disturbed sediment struc-
tures, a gradual increase in shear strength, and an offset in
both the OSL and IRSL ages. The latter imply this event
dates to ~ 150-140ka, which is interpreted as the ground-
ing of ice by a cold-based glacier (Dehnert et al., 2012).
The second break in sedimentation is indicated by the ab-
sence of thermophile pollen that represents the Last Inter-
glacial (Eemian), in concert with a gap of some 10 000 years
recorded in the age data (Fig. 4). Luminescence dating and
palynology point towards the deposition to be attributed to
the second Early Wiirmian interstadial (Odderade). However,
it is not clear whether the gap represents either no deposi-
tion or an erosional phase. The upper part of the sequence is
composed of peat dated to ~45ka, hence representing the
layer dated in outcrops (Hajdas et al., 2007; Preusser and
Degering, 2007) and accompanied with faunal remains (Fur-
rer et al., 2007). The environment is interpreted as wetlands,
which represent the final phase of lake development that is fi-
nally covered by alluvial deposits transferred downslope dur-
ing periglacial conditions (Fig. 5). While these artistic recon-
structions are based on evidence observed at the site and its
surroundings, the visualization includes a certain degree of
interpretation.

4 DOVE approach

The DOVE program is designed to be executed in two phases
(Fig. 6), with Phase 1 comprising boreholes along the North-
ern Alpine front and Phase 2 targeting the western and south-
ern margin of the Alps, thus allowing for a complete trans-
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Alpine dataset. Eventually, a series of drilling and research
proposals were funded and integrated with activities inves-
tigating the storage of nuclear waste disposals in the Swiss
Alpine foreland (National Cooperative for the Disposal of
Radioactive Waste) as well as with the geological surveys of
Austria, Baden-Wiirttemberg, and Bavaria. Funding granted
by ICDP and other partners in 2021 allowed the drilling of
two sites (5068_1 (TANN) and 5068_2 (BASA)) and the re-
visiting of three legacy cores previously drilled at two sites
in Bavaria (5068_3 (SCHA) and 5068_4 (FREI) and in an
inner-Alpine overdeepening (5068_5 (BADA)). Information
from these sites will be complemented by similar drilling
programs in glacial overdeepenings in northwestern Switzer-
land (Fig. 6; QBO — Quaternary drill holes: Gegg et al., 2021;
SNF-Bern: Schwenk et al., 2022), and DOVE Phase 1 will
eventually comprise more than 20 sites. In addition, ICDP
has indicated they will provide funding for the remaining
four DOVE sites along the southern transect (DOVE Phase
2), if DOVE Phase 1 is successful and matching funds can be
secured.

4.1 ICDP Site 5068 1 (TANN)

Site 5068_1 is situated to the north of Lake Constance, in an
area previously covered several times by ice of Rhine Glacier
but outside the limits of the last glaciation (Figs. 6, 7). A re-
search drilling in the area carried out in the early 1990s, lo-
cated ~ 1300 m south of Site 5068_1 and described in Ell-
wanger et al. (2011), reached molasse bedrock at a depth
of ~209 m. The sequence comprises 13 m of allochthonous
molasse underlain by gravel and diamicts of presumed sub-
glacial origin. The ~ 150 m on top represents bottomsets,
which turn into foresets of a lake filling sequence. The mid-
dle part of the fine-grained sediments contains pollen reflect-
ing the Holsteinian Interglacial, which implies the formation
of the basin is assigned to the Hosskirchian glaciation (Ell-
wanger et al., 2011).

Detailed geophysical surveys have contributed to decipher
the geometry of the overdeepened structure (Fig. 7; Burschil
etal., 2018) and to define the drilling location of Site 5068_1.
Drilling began on 6 April 2021 and finished on 3 Decem-
ber 2021. Two flush boreholes (5068_1_A+B) and one core
drilling (5068_1_C) were drilled to depths of 163, 155 and
165 m, which reached the base of the Quaternary valley at
153, 154, and 155 m, respectively. The reason for the three
boreholes being just 28—40 m apart, which were all subse-
quently finished as wells with 80 mm PVC casing, is their
availability for cross-hole seismic experiments as well as wa-
ter sampling. The core drilling began using a ramming sys-
tem, but, especially in the upper 40 m, it was found that ei-
ther the crown of the corer wore down very quickly or/and
a large number of hammer counts were made to achieve
a meter of core. Finally, after trying unsuccessfully to ram
through highly consolidated sand at 82 m, the coring method
was changed to rotary coring. The core drilling took nearly
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Figure 7. Top: maps displaying the location of the DOVE Phase 1 site 5068_1 (TANN) with relation to different generations of overdeepened
basins (after Ellwanger et al., 2011). Bottom: interpreted seismic section and superimposed interpretation of profile 1 across the Tannwald
basin (from Burschil et al., 2018). Elevation (black line) and faults with offsets > 2 m (dark blue). D3 (base of basin) and D2 are regional dis-
continuities that separate major sedimentological units. Seismic facies: M upper freshwater molasse, M’ allochthonous molasse, A lodgement

till, B basin fines, C till sequence, and E fluvial deposits.

15 weeks. Drill cores were recovered and stored in opaque
PVC liners. During the core drilling, the core catchers were
sampled for noble-gas analysis, and geomicrobial samples
were taken to study the deep biosphere.

The core-catcher-based lithologic succession (Fig. 8)
shows the upper ~39m of Hole 5068_1_C consisting of
coarse gravelly and partly diamictic sediments interpreted to
partly represent direct ice contact from an overriding Rhine
Glacier. This coarse succession is underlain by finer grained
clayey-silty sediments with occasional sandy layers. These
fine-grained lithologies extend downcore to 143 m and are in-
terpreted to have been deposited in a lacustrine setting. From
there to the bedrock contact at 159 m, variable lithologies in-
cluding diamictic and gravelly layers indicate again an ice
contact at the base of the overdeepening. Overall, the succes-
sion confirms that the trough and its filling represent multiple
glacial stages, as supported by the seismic data (Fig. 7).
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4.2 ICDP Site 5068_2 (BASA)

Drill site ICDP 5068_2 is located on the Basadingen trough,
which is part of the local overdeepened channel system that
was formed by the Rhine Glacier during multiple Middle—
Late Pleistocene glaciations (Figs. 6, 9). A seismic sur-
vey in 2019 (Brandt, 2020) revealed a narrow valley with
steep flanks that reaches a maximum depth of up to 300 m
(Fig. 9). The seismic sequence analysis indicated a multi-
phase stacked sedimentary fill, which was targeted with the
selected drill site near an old flush drilling from the 1980s.
Drilling operations took place from 25 May to 13 October
2021. The final depth of 253 m was reached using a com-
bined approach of percussion drilling in the upper 60 m and
a triple-tube wireline setup below. Bedrock was not reached,
but bedrock fragments occurring towards the lowermost me-
ters of the drill core indicate close proximity to the base, as
supported by the seismic data. All drill cores were recovered
and stored in opaque 1 m long PVC liners. Immediately after
recovery, sediment samples were taken from selected cores
from the core catchers for geomicrobial and noble-gas pore-
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Figure 8. Core-catcher-based lithologic logs of ICDP Site 5068_1_C (Tann-C) and 5068_2_A (Basa-A) with indications of drilling tech-

nologies.

water analysis. Afterwards, all cores were sealed with caps
and labeled and scanned on-site with a MSCL for wet bulk
density, magnetic susceptibility, P-wave velocity, and natural
gamma radiation. After scanning, the cores were transported
to the University of Bern, where they will be stored at 4 °C
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until opening. When drilling operations were completed, a
comprehensive wireline logging campaign was carried out in
the borehole.

A first core-catcher-based lithologic succession (Fig. 8)
of Hole 5068_2_A shows a complex stratigraphy with nu-
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Figure 9. Left: location of primary DOVE Phase 1 site 5068_2 (BASA; yellow dot) in the overdeepened trough with a sediment thickness
of up to 300 m (bedrock model by Pietsch and Jordan, 2014). The parallel and partly crosscutting overdeepenings likely represent glacial
erosional pulses of different ages. They all belong to the western lobe of the Rhine Glacier. Right: seismic Line 2 crossing the Basadingen
trough (Brandt, 2020). Note the complex Quaternary sequences (A—G) composing the trough-filling stratigraphy. Bedrock (M) is at ~255m

depth.

merous changes between coarse gravelly and partly diamic-
tic sections with sandy lithologies. Only minor amounts of
silty lithologies are observed in the core catchers, indicating
a rather ice-proximal depositional environment throughout
the trough infill. In general, as at Site 5068_1, these initial
results and observations support the seismic interpretation,
i.e., the occurrence of the proposed multiphase glacial cycles.
However, detailed analysis of the cores with a wide range of
different proxies, core log, and wireline log data will help
to refine the depositional and chronostratigraphic interpreta-
tion.

4.3 ICDP Site 5068_3 (SCHA)

This location is situated at the northern edge of the former
Isar-Loisach Glacier, just within the limits of the maximum
ice extent of the last glaciation. Overdeepening in the region
was investigated by Jerz (1987), who identified a basin struc-
ture below the present town of Wolfratshausen and adjacent
glacial basins in its surroundings. In order to better constrain
the detailed shape of these glacial basins, the relative position
of the core within the basins and its depositional structures,
further geophysical data will be acquired by the Leibniz In-
stitute of Applied Geophysics (LIAG).

Drilling was performed in 2017 by the Bavarian Environ-
ment Agency (LfU) and recovered 198.8 m of core. Coring
operations had to be stopped for financial reasons, but the
base of the Quaternary is assumed to be near the base of
the core at ~ 200 m below the surface. The preliminary sed-
imentological logging of the core was based on cuttings and
investigated the top and bottom parts of the sections. Accord-
ing to these observations, the upper 15 m of the core consist
of till, followed by ~ 100 m of gravel of presumably Rissian
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and Mindelian age. The lower part of the sequence comprises
basin deposits (mainly silt), which is tentatively correlated
with either the Mindelian or Giinzian glaciation. The cores
remained closed until July 2021, when DOVE investigations
started. First, all closed cores were scanned at the facilities of
the Federal Institute for Geosciences and Natural Resources
(BGR) in Berlin Spandau. Subsequently, the cores were cut
into two half sections and transported to the sampling repos-
itory of the LfU in Hof (Bavaria). Based on the first analy-
sis of core cuttings, the infill of the Schéiftlarn Basin spans
several glacial cycles. Very recently (late November to early
December 2021), the detailed core logging and first sampling
of the sequence was started by the DOVE team in the core
repository. In 2022, the whole sequence will be sampled and
investigated.

4.4 ICDP Site 5068_4 (FREI)

This site is located near the border between Germany and
Austria, in an area formerly covered by ice of the Salzach
foreland glacier. The research drilling was carried out by
the Bavarian Environmental Agency (LfU) in a Quaternary
branch basin that was diverted from the main Salzach Glacier
basin to the NW. The drilled sequence was first described
by Fiebig et al. (2014). The drilling sequence covers 136 m
of cores; the Quaternary base was reached at 116 m below
the surface. A distinct discontinuity in sedimentation was
discovered at ~25m depth below surface. First age dating
was conducted using quartz- and feldspar-based lumines-
cence dating techniques (Fiebig et al., 2014). While these
investigations yielded a reliable chronology up to 57 + 6 ka
for the part of the core above the discontinuity, method-
ological limitations prevented a reliable chronology being
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established for the part of the core below the discontinuity.
Both quartz and feldspar luminescence signals indicated sig-
nal saturation, providing only limited age information as all
ages beyond 200 ka have to be interpreted as minimum ages.
However, methodological progress, especially the develop-
ment of single-grain luminescence dating techniques using
potassium-rich feldspar, may now provide better age control
for the older part of the core, with first tests conducted at the
Vienna Laboratory for Luminescence dating (VLL) show-
ing promising results. To create a cross-check and an over-
lap of independent dating methods, additional samples from
the lower fine-grained part of the drilling will also be inves-
tigated using cosmogenic isotopes.

In addition to the numerical dating approaches, the core
will also be reinvestigated in detail with regard to sedimentol-
ogy, especially including a detailed analysis of the laminated
fine lake sediments to further improve the knowledge about
the infill and environment of the Pleistocene lake of Freilass-
ing/Neusillersdorf in the Salzach foreland glacier area. Fur-
ther unconformities in the sequence will be especially ad-
dressed by sediment logging and dating in 2022.

4.5 ICDP Site 5068 5 (BADA1)

This site is located in the former Traun Glacier area, inside
the limits of the Alps and ~80km SE of the site 5068_4.
The core was first described by van Husen and Mayer (2007)
and was subdivided into two sections, with the upper section
comprising ~ 200 m of cover sediments (including glacial di-
amictons and coarse gravels — interpreted as “VorstoBschot-
ter” — below) and the lower section consisting of ~700m
of lake sediments from a glacial delta situation. Based on
geophysical data (Steinhauser et al., 1985), the Quaternary
basin — situated in the midst of the Austrian Alps — is about
1100 m deep and thus reaches a depth below surface com-
parable to the present-day level of the Dead Sea. Van Husen
and Mayer (2007) proposed the formation of this very deep
trough below Bad Aussee to be related to dissolution of
Alpine salt deposits that are mined near by. A scientific inves-
tigation concerning the chronology and mechanism of forma-
tion is planned. A new geophysical survey to resolve under-
ground geometry is planned by the Leibniz Institute of Ap-
plied Geophysics (LIAG) to investigate the geometry of this
dramatically overdeepened structure. The core will be sedi-
mentologically reinvestigated during sample retrieval for age
dating starting in early 2022. The start of detailed logging
of the cores and sampling for luminescence and cosmogenic
dating began in January 2022.

5 Scientific analysis

5.1 Geophysical investigations

Data retrieved from drill core or borehole logging data pro-
vide important, vertically highly resolved information of the
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valley fill but only for a limited spatial region. Geophysical
measurements are able to project the borehole information
(lithology, stratigraphic contacts, and physical properties)
into cross-sections and longitudinal sections of overdeepened
valley structures. This has already been done by P-wave re-
flection seismic data for 5068_1 (Burschil et al., 2018) and
5068_2 (Brandt, 2020), providing a very good resolution to
image the valley base and some prominent unconformities.
For 5068_2, S-wave data (Burschil and Buness, 2020) and
two small 3D seismic surveys (P- and S-waves) were also
carried out (Buness et al., 2020, 2022; Burschil and Buness,
2020; Burschil et al., 2020, 2022). Aiming to compare the
different sites and, thus, catchment areas, 2-D seismic P- and
S-wave surveys at the 5068_4 and 5068_5 site are envisaged.

5.1.1  Geophysical downhole logging

For most of the main DOVE and bonus sites (at the legacy
sites 5068_3, 5068_3_4, and 5068_3_5, the borehole are
not accessible anymore), a geophysical logging program ac-
quired the spectral natural gamma radiation, electrical resis-
tivity, magnetic susceptibility, and acoustic velocity (sonic)
logs of the sediments. At the 5068_1 site, further parame-
ters were logged, for example, porosity and density. Depth
control and correction of core deformation that results from
the process of coring itself (stretching and compression, core
loss) will be achieved by comparing data from the multi-
sensor core logger with logging data. Therefore, compos-
ite lithological profiles of the borehole sites, based on high-
resolution core measurements and wireline-logging data, will
be used to characterize and interpret the depositional se-
quences at the individual sites. Advanced geostatistical meth-
ods, such as factor and cluster analysis, will support sediment
characterization and correlation, especially where complete
coring cannot be obtained (Hunze and Wonik, 2009; Hunze
et al., 2012; Baumgarten et al., 2014).

The characterization and interpretation of petrophys-
ical properties include sediment composition and tex-
tures, cyclicities (if analyzable), and sequence stratigraphy.
Gamma ray, magnetic properties, and porosities, etc. are sen-
sitive to changes in clay content and grain size and thus
can provide direct textural information; the significance of
specific parameters as a proxy for climate or environmental
change in these highly dynamic systems needs to be eval-
uated. The complementing approaches help to identify un-
conformities and glacial sediment boundaries. The dipme-
ter, if deployable, provides information about the orienta-
tion of sedimentary structures and thus might help to better
understand the sedimentation processes. For selected bore-
hole sections, the acoustic borehole televiewer may provide
insight into sediment structures. Vertical seismic profiling
(VSP) ties borehole information to the acquired surface seis-
mic data. The compaction of the sediments caused by sedi-
ment and glacial load will also be analyzed with information
from the logs. For instance, trends in compaction might be
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related to individual glacial cycles. Based on the basic data
and derived lithologs, the sediment characteristics of the var-
ious drill sites can then be compared with data from existing
boreholes and surface geophysics and correlated to identify
lateral variations of the sedimentary facies. Finally, the log-
ging data will help to improve the interpretation of surface
geophysical data.

5.1.2 Seismic cross-hole tomography

At the 5068_1 site, seismic tomography experiments, funded
by the Deutsche Forschungsgemeinschaft, will help to reveal
sediment properties and the sedimentation processes during
the fill of the basin in more detail. Sedimentation processes
may generate an anisotropic sedimentological setting. Dif-
ferent mechanisms that lead to seismic anisotropy of the sed-
iments can be (1) fine layering, (2) clast alignment of flu-
vial sediments, (3) glacio-tectonic overprint, and (4) over-
consolidation by glacial loading. Since seismic near-surface
methods lack the resolution of seismic anisotropy to date,
we conduct the seismic cross-hole experiment. Site 5068_1
provides a unique opportunity and the ideal setting of three
boreholes (~ 160 m deep) at optimized distances of 28—40m
for such an approach. For the experiment, different source
systems that are able to generate P-waves as well as differ-
ently polarized S-waves will be deployed. Polarization anal-
yses will give evidence of shear wave splitting and direct ac-
cess to anisotropy and allow us to identify the arrivals of dif-
ferent wave types. The first arrivals of each wave type are the
input for isotropic travel time tomography between the adja-
cent boreholes. Isotropic full waveform inversion will further
increase the resolution and accuracy of seismic velocities.
Since the three boreholes enable a comparison of three az-
imuths of the average P- and S-wave velocities for each sed-
imentary unit, observed differences in the SV- and SH-wave
velocities can give information about seismic anisotropy. Us-
ing borehole data, core analysis, and sedimentological inter-
pretation, sedimentological and seismic anisotropy will be
integrated to derive sedimentation processes. The findings
will be included in a methodical assessment of anisotropic
VSP and surface data analysis that can be used at other
DOVE locations, where only one borehole is present.

5.1.3 Combined inversion of seismic and resistivity data

Geophysical imaging greatly benefits from a combination of
methods that are sensitive to different properties. Electrical
resistivity is a parameter that is highly sensitive to groundwa-
ter salinity, porosity, and clay content and can thus comple-
ment seismic images effectively and efficiently. At 5068_1,
an electrical or electromagnetic survey is envisaged for this
purpose. The limited resolution inherent in the imaging can
be overcome using structural constraints in the inversion
(Giinther et al., 2011; Doetsch et al., 2012). Furthermore,
the ambiguities in the imaging of different parameters can be
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greatly reduced by coupled cooperative inversion (e.g., Ron-
czkaetal., 2017).

5.2 Core description and sedimentology

Initial analysis at the borehole site and the core repository
followed standard ICDP protocols: at the 5068_2 site, a
MSCL scanner was used, and at 5068_1 and 5068_2 sites,
cores were opened and initially described. Available infras-
tructure ensures core storage in cold rooms and allows for
multi-sensor core logging, cutting, scanning, and sampling,
which will be carried out in a consistent manner for all drill
cores. A general stratigraphy will be established, and all gen-
erated data will be uploaded to the mDIS (ICDP Digital In-
formation System). The data will be integrated with well-
log, core-log, and site-survey data, so that all scientists can
use them for their respective research topics. After the usual
moratorium, data will be available for non-involved scien-
tists, who may submit sample requests to the DOVE opera-
tional committee, complemented by the repository curator.
Various sediment properties will be collected to recon-
struct the depositional history through lithological, geochem-
ical, physical, and geotechnical investigations. To correlate
various sites in different catchment areas, the glacially in-
fluenced sediment records will be analyzed, interpreted, and
integrated by sequence stratigraphic concepts of a glacial se-
quence that represents a genetic unit formed during an ad-
vance and meltdown cycle (Ellwanger et al., 2011; Powell
and Cooper, 2002). These sequences will be recognized by
identifying characteristic lithological and geophysical sig-
natures. Combined with the geochronological data, this se-
quence stratigraphic approach will allow us to correlate sites
and sediment provenance, thus addressing the key scientific
goals. The proximal sites allow us to identify the direct ev-
idence of glacial advances in the record, i.e., erosional sur-
faces that mark the transition from erosion to accumulation.

5.2.1 Physical and geotechnical properties

The basic sedimentological description generated during the
core-opening sessions by the scientific team will be refined
by detailed lithological analysis. Cores will be described
using standard sediment classification schemes. Grain-size
analysis, combined with observations of sedimentary struc-
tures, yields information meltwater volume and flow veloc-
ity during deposition. Sedimentological data will be inte-
grated with the data from the multi-sensor core-logger com-
prising wet bulk density, P-wave velocity, magnetic suscep-
tibility, and natural gamma ray (5068_2 only) in order to
define a detailed lithological succession and separate it into
various lithotypes. Establishing the glacial sequence stratig-
raphy in particular requires the recognition of unconformi-
ties, which relies on a detailed analysis of potential ice-
contact sediments (till layers), including their geotechnical
properties. Ice-contact sediments are expected at the base of
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the overdeepening, where they may be used to reconstruct
the mechanisms of bedrock erosion, or within the sedimen-
tary infill, where they can be studied for the mechanisms
of basin reactivation. Micromorphological sediment analy-
sis using large thin sections will provide data to evaluate
the coupled or decoupled state of the glacier bed that led
to the deposition of tills and sorted gravel and sands (Men-
zies, 2000). This analysis will be matched with X-ray com-
puter tomography of selected half-cores that has proved ex-
tremely valuable in analyzing diamictic fabrics and bedrock
deformation (Buechi et al., 2017a; Gegg et al., 2020). Glacial
sequence boundaries will be identified by investigating the
geotechnical properties, such as consolidation state, which is
an important parameter to determine whether the sediment
was overridden by a glacier. Vane shear testing at regular in-
tervals on the freshly opened surface will provide a quick
evaluation of shear strength. Interesting areas may be se-
lected for further geotechnical testing in the laboratory on
the basis of the initial measurements. In addition to physico-
sedimentological and petrophysical signatures, geochemical
and mineralogical patterns provide further criteria to iden-
tify major breaks or changes in sedimentation. Total organic
and inorganic carbon analysis will be routinely carried out
in order to identify potential “warm-climate” lacustrine de-
posits. Depending on lithology, cores may be analyzed with
XRD (X-ray diffraction) for mineralogical patterns and/or
XRF (X-ray fluorescence)-scanned for elemental geochem-
ical analysis that may reflect changes in the hydrogeologi-
cal catchment (Anselmetti et al., 2010; Dehnert et al., 2012).
Moreover, provenance studies (heavy mineral analysis and
radionuclide compositional analyses) may show changes in
the main drainages that could have been triggered by glacial
erosion, piracy, or tectonic disturbance.

5.2.2 Screening for biologic proxies

The ultimate aim is to use biogenic remains (e.g., pollen,
diatoms) to refine Pleistocene biostratigraphy, the history
of mountain life, and the climatic history of the Alps and
to trace fluvial erosion and glacial abrasion (reworked bio-
logical remains). As previous projects (e.g., Dehnert et al.,
2012) have shown, not all fine-grained deposits are suitable
archives in this context. In the initial stage we will sample
only selected units to test their potential for such analysis.
Detailed investigations will be carried out within follow-up
proposals, once promising core sections have been identified.

5.3 Sediment dating

A key issue will be to establish reliable and independent
chronologies for the different sedimentary records. While bi-
ological remains (pollen) may allow us to some extent to
determine a stratigraphic setting for the investigated strata,
this approach is problematic for the Middle Pleistocene due
to the lack of characteristic pollen assemblages. Radiocar-
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bon dating will be applied where appropriate, but most of
the scientific questions of this project are very likely beyond
its range. Magnetostratigraphy uses the “barcode” pattern of
magnetic polarity reversals registered in sediment succes-
sion (Opdyke and Channell, 1996). Successful application of
magnetostratigraphy to sediments relies on the detection of
a number of magnetic polarity reversals or shorter-scale ge-
omagnetic excursions in field intensity, declination, and in-
clination (secular variations; e.g., Channel, 2006). The main
limit of the method is the presence of suitable material, i.e.,
fine-grained cohesive deposits. To establish a robust chrono-
logical framework, magnetostratigraphy will support the ap-
plication of independent geochronological approaches. The
two most promising methods for the present project are lumi-
nescence dating and terrestrial cosmogenic nuclides (TCNs).
In addition, noble-gas analysis in the porewater might pro-
vide information on the age of deposition. We will cross-
check results using the three approaches and amend the sam-
pling density as appropriate. Multiple glaciation events and
reworking will not substantially reduce the dating accuracy,
as recent progress in dating technology allows for the iden-
tification of at least the glacial-interglacial period during
which sedimentation occurs.

5.3.1 Luminescence dating

This method has already been applied to date the sediment
infill of valleys in the foreland of the Alps (e.g., Preusser
et al., 2005; Anselmetti et al., 2010; Buechi et al., 2017b).
An internal check for reliability is available by comparing
ages determined for quartz and feldspar, as the minerals have
different physical properties (e.g., Dehnert et al., 2012). De-
pending on dose rate, standard optically stimulated lumines-
cence (OSL) of quartz and infrared stimulated luminescence
(IRSL) of feldspar may be used to date back to about 200 ka.
In addition, several luminescence techniques have recently
been suggested to be capable of dating older sediments of
which the post-IR (pIR)-IRSL method has shown the high-
est potential to produce reliable ages for the time window
back to ~400-500 ka (Buylaert et al., 2012). This approach
has also been used in the Upper Rhine Graben, revealing an
onset of coarse debris accumulation, presumably related to
Alpine glaciations, at at least 450 ka (Preusser et al., 2021).
In general, luminescence ages are associated with uncer-
tainties of ~ 10 %, and accuracy will be verified by cross-
checking different techniques and by comparison with in-
dependent approaches; furthermore, interlaboratory compar-
isons will evidence the reliability of ages. Sampling will
be done by using chips of fine-grained material or sam-
ples from opaque liners (as planned for all DOVE cores),
opened under red-light conditions. Well-established tech-
niques (IRSL/OSL, pIR-IRSL) will be applied using mul-
tiple and single-grain approaches and test the performance
of different protocols, by carrying out experiments to char-
acterize the luminescence properties (standard tests such as
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dose recovery, thermal transfer, thermal stability/lifetime,
and fading). Based on age estimates from previous dating
studies (partly unpublished), samples from the region can be
dated back to at least 200 ka (possibly to 500 ka) using both
quartz and, in particular, feldspar-based methodological ap-
proaches.

5.3.2 Terrestrial cosmogenic nuclides (TCNs)

The determination of burial ages has been used to success-
fully assign ages to quartz-rich sediments washed into cave
systems, for example, in Switzerland by Haeuselmann et
al. (2007a, 2015). In addition, glaciofluvial deposits (Deck-
enschotter) from northern Switzerland were dated to an age
range from ~ 1 to 2Ma (Claude et al., 2019; Knudsen et
al., 2020). In Slovenia, Mihevc et al. (2016) were able to
date pebbles from a cave in conglomerate to ~ 1.8 Ma. In
addition, classical sites of Mindelian and Giinzian in the
Bavarian Alpine foreland have been investigated and found
to be between 0.6 and 2.3 Ma years old (Haeuselmann et al.,
2007b). Cosmogenic depth-profile ages have been presented
for northern Switzerland (Claude et al., 2017), reaching back
to 1.5Ma. The isochron technique (Balco and Rovey, 2008)
will be applied to specific samples collected in the project.
The actual dating strategy will depend on the sediment suc-
cession of each drill core.

5.3.3 Noble gases in porewater

Environmental tracers in the pore fluids of unconsolidated
sediments indicate that the porewater that was incorporated
during sedimentation can be quantitatively trapped for up to
several 100ka (e.g., Hendry et al., 2005; Hendry and Wasse-
naar, 2011; Wassenaar and Hendry, 2000). Recently, Tomon-
aga et al. (2022) demonstrated that fine-grained sediments
in overdeepened valleys may preserve porewater that was
trapped during sediment deposition; i.e., the sediments and
originally deposited (i.e., co-eval) pore fluid were not “sep-
arated” and behave as a closed system. Due to their low re-
tention, radiogenic noble gases such as *He or *°Ar (pro-
duced within the solid matrix by the decay of U and Th or
40K, respectively) accumulate in fluids, such as porewater.
Therefore, concentrations of radiogenic noble gases (4He,
40Ar) can yield information not only on the residence time
of the porewater, but also on the duration of porewater en-
trapment and thus on the sediment deposition (Brennwald et
al., 2013; Tomonaga et al., 2014, 2017). We aim to test this
novel technique to porewaters of aquitards to reconstruct the
conditions under which the porewater was embedded in these
low-permeable sediments.
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5.4 Synthesis DOVE Phase 1

Once the drill holes have been analyzed and information on
nature and age of infilling and erosional phases are avail-
able, data will be compiled and assembled along the north-
ern Alpine transect of Phase 1. Data from the surrounding
non-overdeepened landscape, such as tills, wall moraines, or
glaciofluvial accumulations, will be integrated into this con-
cept, offering a morphogenetic land-system approach (Ell-
wanger et al.,, 2011; LGRB, 2015; Fig. 6). The identified
(a)synchronicities will be interpreted in terms of lateral vari-
ability of glacier activities along the front of the Alps over the
last glacial cycles back into the Middle Pleistocene. These
patterns then will be used as constraints for climate and
glacier simulations in order to understand the regional dy-
namics of past atmospheric circulation patterns and their con-
sequences for ice buildup and glacial variations. This new
understanding of paleoenvironmental signatures of the past
glacial epochs then will serve as a first milestone that will, if
successful, justify the planning of DOVE Phase 2.

6 Conclusions

The ICDP project DOVE will apply a so far infrequently used
approach to decipher the origins and environmental context
of overdeepened structures in the Alps and their foreland.
A key element of the project is investigating a series of
drill cores taken from all around the Alps. These will be in-
vestigated using unified scientific protocols to allow for di-
rect comparison of the data, which will be stored in online
databases. Focus of the first phase of DOVE is the northern
foreland of the Alps, where five locations will be addressed
in great detail. This comprises the application of classical
sedimentological approaches in combination with support-
ing laboratory analyses (e.g., grain-size determination, mi-
cromorphology, X-ray computer tomography). Constraining
the age of the sedimentary filling will be done using state-
of-the-art geochronological methods, mainly luminescence,
TCNs, and noble-gas porewater dating. Suitable sediments
will be screened for pollen content that will give insights into
environmental conditions but possibly also allow us to estab-
lish a biostratigraphy. In addition, two of the recently drilled
cores have been sampled to check for potential subsurface
biological activity. A key element of DOVE is the applica-
tion and refinement of geophysical methods that will allow us
to identify the subsurface geometry of overdeepened struc-
tures. By doing so, this will allow for the upscaling of high-
resolution point information gained by analyzing of the sed-
iment sequences of the cores. Once the first phase of DOVE
has proven the effectiveness of its approach, it is intended to
include cores from the western, southern, and eastern parts
of the Alps and by this accomplish a full circum-Alpine ap-
proach.

DOVE includes a series of connected objectives. For ex-
ample, investigating the contact between bedrock and the
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basal part of the sedimentary filling is expected to add new
insights into the mechanisms of formation of overdeepening.
Analyzing the facies and age of the sedimentary filling of the
structures will allow us to unravel the environmental context.
Since several of the overdeepenings remained under-filled
for quite some time after their formation, they will also pro-
vide information about phases subsequent to the glaciation
in which the structure was initially formed. Hence, all this
information will help to improve our understanding of the
glaciation history of the Alps that, according to recent pub-
lications, appears much more complex than often assumed
previously. Overall, the data gained during the DOVE project
will help to better understand how mountain ranges and their
foreland have been shaped by glaciers during the Quaternary.
In addition, it has been shown during the past 2 decades that
changes in atmospheric circulation very likely had a decisive
impact on the glaciation pattern in the Alps. While this is to
some extent understood for the Late Pleistocene, knowledge
beyond this time is rather limited. Identifying regional differ-
ences in the glaciation history during the DOVE project may
help to better understand the nature of climate change and its
impact during the Quaternary.
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Abstract. We report a new sampling strategy for collecting representative samples of drill core. By splitting the
core with a diamond saw into working and archive halves, the saw cuttings constitute a “channel” sample, the
best subsample from which to obtain an average mineralogical and geochemical composition of a core. We apply
this procedure to sampling core of the lower oceanic crust in the Hess Deep obtained during Expedition 345 of
the Integrated Ocean Drilling Program (now International Ocean Discovery Program).

Our results show that particles produced by sawing range from sand to clay sizes. Sand- and silt-sized cut-
tings can be sampled with a spatula, whereas clay-sized particles remained in suspension after 12 h and could be
collected only by settling, aided by centrifuge. X-ray diffraction (XRD) analysis and Rietveld refinement show
that phyllosilicates were fractionated into the clay-sized fraction. Thus, collection of both the sedimented frac-
tion and the clay-sized suspended fraction (commonly > 15 wt % of the total) is necessary to capture the whole
sample. The strong positive correlation between the recovered sample mass (in grams) and length of core cut
demonstrates that this sampling protocol was uniform and systematic, with almost 1.4 g sediment produced per
centimeter of core cut. We show that major-element concentrations of our channel samples compare favorably
with the compositions of billet-sized samples analyzed aboard the JOIDES Resolution, but the results show that
individual billet analyses are rarely representative of the whole core recovered. A final test of the validity of our
methods comes from the strong positive correlation between the loss on ignition (LOI) values of our channel
samples and the H,O contents calculated from the modal mineralogy obtained by X-ray diffraction and Rietveld
refinement. This sampling procedure shows that grain-sized fractionation modifies both mineralogical and chem-
ical compositions; nevertheless, this channel sampling method is a reliable method of obtaining representative
samples of bulk cores. With the ever-increasing precision offered by modern analytical instrumentation, this
sampling protocol allows the accuracy of the analytical results to keep pace.
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1 Introduction

Fundamental questions about the dynamics of plate tectonics
require the most statistically robust knowledge of the com-
position of the oceanic crust produced with variable spread-
ing rates. Slow spreading rates may produce more alkali-rich
magmas, whereas fast spreading may produce more mafic
magmas with higher percentages of melting (e.g., Regelous
et al., 2016). In addition, the state of alteration to hydrated
minerals may play an important role in defining the density
and seismic properties of the oceanic crust. An understand-
ing of the consequences of the destruction of oceanic crust
during subduction at convergent plate margins requires de-
tailed knowledge of the extent of hydration and related alter-
ation mineralogy of the recycled slab. These variables con-
trol the flux of fluids returned to the mantle. This in turn af-
fects both petrologic (e.g., hydration melting) and geophysi-
cal (e.g., dehydration embrittlement) behavior of these rocks
(e.g., Raleigh and Paterson, 1965; Meade and Jeanloz, 1991;
Hacker et al., 2003; Bourdon et al., 2003; Manning, 2004;
Ranero et al., 2005).

Progress in defining the properties of the oceanic crust has
been stymied by the lack of knowledge of the composition
of the lower oceanic crust. Our knowledge of the chemical
and mineralogical composition of the oceanic crust is biased
toward the more accessible volcanic rocks and sheeted dikes
from mid-ocean ridge basalt (MORB) (e.g., Stewart et al.,
2002, 2005; Blackman et al., 2011; White and Klein, 2014).
Analysis of lower crustal lithologies by core and dredged
samples provides some answers (e.g., Mével and Stamoudi,
1996; Natland and Dick, 1996; Pedersen et al., 1996; Dick
et al., 1999; Manning et al., 1996; Lissenberg et al., 2013),
but such studies are limited by small individual sample size
and by lack of structural context. In particular, the chem-
ical composition and especially the modal mineralogy of
lower plutonic oceanic crust at fast-spreading axes are not as
well known as slower spreading centers (Arai and Matsuk-
age, 1996; Coogan et al., 2002; Arai and Takemoto, 2007;
Gillis et al., 2014e). There is a large body of literature on
the use of reflectance spectroscopy for determining the min-
eralogy of rocks from the planetary scale (e.g., remote sens-
ing of Mars and Earth) to the microscopic scale. For exam-
ple, micro-imaging infrared spectroscopy as applied to the
Samail ophiolite, Oman (Kelemen et al., 2020), is an advance
in detecting whole-core mineralogy but is so far only semi-
quantitative. Greenberger et al. (2021) used the X-ray diffrac-
tion (XRD) data from Kelemen et al. (2020) to map mineral
distributions in oceanic crust from Oman. They were able
to determine spatial distributions of a number of minerals
and mineral groups in core, with claimed accuracy of 68 %—
100 % compared with XRD identifications. Micro-imaging
infrared spectroscopy can identify mineral families (Green-
berger et al., 2021) with a spatial resolution of ~ 250 pum, but
the method does not discriminate well among important min-
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eral groups (e.g., quartz from two feldspars, phyllosilicates,
oxides, sulfides, zeolites).

This gap in data from the lower crust was one of the pri-
mary motivations for drilling the lowermost ocean crust at
the fast-spreading East Pacific Rise on Expedition 345 to the
Hess Deep (Gillis et al., 2014e). First-order questions ad-
dressed there included (1) what are the compositions of the
primitive plutonic rocks that comprise the lower magmatic
crust, and (2) what is the state of alteration of that crust? Dif-
ferent approaches used to calculate the bulk major-element
compositions of oceanic crust (e.g., Gillis et al., 2014a) are
presently still debated (White and Klein, 2014). The major
point of contention relates to the composition of the lower
oceanic crustal component of the total crust (e.g., Coogan,
2014). Here the lack of quantitative data for the gabbroic
lower oceanic crust leads to additional uncertainty.

In this study we describe a sampling strategy that allows
us to acquire representative samples of all the cores of lower
crustal rocks recovered from Expedition 345 to the Hess
Deep. We provide results demonstrating the viability of the
sampling method, we present data on the modal mineralogy
and major-element compositions of these cores, and we com-
pare our results with those of traditional methods of analyz-
ing centimeter-sized billets subjectively sampled from parts
of cores. Deasy et al. (2021) presented the quantitative chem-
ical results of our study and applied them to interpreting mag-
matic processes in the lower crust and in an updated estimate
of the composition of fast-spreading oceanic crust.

2 Background on sampling protocols

Samples of oceanic crustal rocks are available from limited
coring, dredging, and collecting from submersible dives, but
sample size and sample density are typically small, yielding
to the conflicting interests and needs of different scientific ex-
periments, as well as to the preservation of the archival half
of the core. In the absence of other analytical data, sample se-
lection for chemical analysis is necessarily subjective and as
such can be statistically unsystematic. The analysis of a small
specimen may be representative of only that particular sam-
ple, and extrapolations to the composition of a related out-
crop, core, igneous unit, and especially crustal segment can
only be made with increasing uncertainty (e.g., Potts, 1987).

Small sample sizes employed for the analysis of hy-
drothermal alteration are especially limiting. Reactions and
structures responsible for alteration have been identified
(e.g., Lecuyer and Reynard, 1996; Manning and MacLeod,
1996; Manning et al., 1996; Frost et al., 2008; Meyer et al.,
2013; Deasy et al., 2014; Nozaka and Fryer, 2011; Marks
et al., 2013, 2014; Nozaka et al., 2016, 2017), but their net
effect on modifying the bulk mineralogy of the protolith is
not well understood (e.g., Gillis et al., 2005) and stands to
be improved. In fact, no analyst, with even the best analyt-
ical methods, will be able to correct data for errors related
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to unsystematic sampling (Heinrichs and Hermann, 1990).
An analysis of an entire core comes much closer to produc-
ing the data needed to assess the effects of alteration on bulk
compositions.

Representative sampling strategies are well established in
geochemical ore prospecting (e.g., Heinrichs and Hermann,
1990). Linear sampling, i.e., channel sampling, provides rep-
resentative samples for mineralogy and chemical analysis
(Sinclair and Blackwell, 2002), and such linear sampling has
been widely applied in the metal mining and coal industries
(e.g., Agterberg, 2012; Stanton, 1986; Swanson and Huff-
man, 1976). In surface exposures this involves cutting a lin-
ear channel, typically 10cm deep, across the fresh outcrop
face (Cornish, 1966). The exact shape of the channel has lit-
tle influence on the sample quality, but a uniform volume of
sample needs to be guaranteed over the total length of the
channel (Heinrichs and Hermann, 1990). An additional rep-
resentative sampling method in ore prospecting equivalent to
a channel sample is the “Bohrmehlprobe”, where the fine-
grained material obtained from drilling rock-blasting holes
is collected for analysis (Heinrichs and Hermann, 1990).
NASA has recently used a similar drilling sampling strat-
egy with the Curiosity rover on Mars for quantitative mineral
compositions with the CheMin instrument (Bish et al., 2004,
2013). Finally, Hart et al. (1999) followed the philosophy of
a linear channel sample within the scientific drilling commu-
nity by trimming a 1 cm wide wedge off the edges of several
lengths of Ocean Drilling Program (ODP) core. Their highly
successful “strip” sample did produce representative samples
of core, but it also consumed a large percentage of the pre-
cious core recovered and so was never repeated within the
ocean drilling programs.

Identifying a sample representative of the mineral or
chemical composition of an entire length of core was es-
pecially challenging for the recent IODP Expedition 345,
Site U1415, to the Hess Deep for several reasons. First, the
billets (typically 2 x 3 x 3cm, 15 to 30 g) used in chemical
analysis (Gillis et al., 2014d) are too small to adequately
sample the many varieties of gabbroic rocks that contained
oikocrysts of clinopyroxene up to 5 cm in diameter. The same
is true for samples with modal variations and layering that
occur on the scale of up to 10 cm (Gillis et al., 2014d; Koepke
et al., 2013). The most limiting property of the core is the
heterogeneous distribution of alteration. It is typically asso-
ciated with fractures and faults whose occurrence is equally
heterogeneous, and the scales of alteration vary from mi-
crometers to meters in width. The scale and distribution of
these structures is much too large to be captured propor-
tionally in typical IODP sample pieces, and the alteration
typically dismembers the core into irregular-sized pieces.
Moreover, billets are typically cut from well-indurated core,
thereby biasing sampling against altered material. Thus, the
analysis of billets cannot be representative of the bulk rock
or even the drilled units.
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Another uncertainty in the study of IODP cores stems from
the method of obtaining modal mineralogy. Modal miner-
alogy is typically determined by “visual core descriptions”
(VCDs; Gillis et al., 2014¢), where a scientist estimates by
eye the volume percent of each magmatic and alteration min-
eral. These are subject to uncertainties derived from the sev-
eral scientists involved in both identifying the mineralogy
correctly and in estimating modal percentages of each min-
eral accurately. These errors are not systematic, because six
or more scientists may be involved in the estimate of mag-
matic and alteration mineralogy of the many pieces of core.
In addition, it is often difficult, if not impossible, to obtain an
accurate identification let alone an accurate modal estimate
of fine-grained alteration minerals. It is well known from oil
reservoir characterization studies that visual estimates are of-
ten twice as high as point-counted values (Lucia, 2007). As
a result, visual estimates can be inaccurate if not calibrated
with point-counted methods.

Here we describe a new method of obtaining a representa-
tive sample of hard-rock core: a channel sample of the drill
core. These samples were obtained by meticulously collect-
ing all of the cuttings, slurries, and rinse water from the lin-
ear or “channel sample” of the core produced by the saw as it
cut each of the 42 cores into working and archive halves on
IODP Expedition 345 to the Hess Deep (Gillis et al., 2014c¢).
A distinct advantage of this method is that it did not con-
sume any new volume of core. These representative samples
were then used to determine (1) the modal mineralogy by
collecting X-ray powder diffraction data and using Rietveld
refinement methods to determine the total wt % of each min-
eral (Wintsch et al., 2013), (2) the major- and trace-element
compositions (Deasy et al., 2021), and (3) Sr isotopic com-
positions (Deasy et al., 2014; Wintsch et al., 2019). This new
method has distinct advantages over traditional methods used
in past IODP expeditions as described below.

3 Methods

In this section we provide detail on new methods of chan-
nel sampling, i.e., the systematic collection of rock mate-
rial removed during the separation of cores into working
and archive halves. The chemical analytical methods are de-
scribed in Deasy et al. (2021). During IODP Expedition 345,
42 cores were recovered “in situ” with the label “R.” Other
samples were of rock that collapsed into the hole and com-
monly produced “pebbly” material, having been ground by
the rotary drilling process. These “ghost” or “G” samples
(Gilles et al., 2014c) were maintained but were not systemat-
ically sampled in this study, because their position in the hole
could not be firmly established. The results of these miner-
alogical and chemical analyses confirm that this is a robust
method of sample collection.

Sci. Dril., 31, 71-84, 2022




74 R. P. Wintsch et al.: A channel sampling strategy for drill cores

supernatant
is filtered

The >10 um
sampl? is
. retained for
1200k /10 um e individual
Yime filter analysis if
itis>0.1g.
X A2 liter split
Cuttings & of filtrate is
10 to 70 liters of srocessed
wash water from === tl:nroug,h the
sawing core 6__ 3 centrifuge
suspension isolating the
0 .| “suspended
Sedimented sample.
‘cuttings-mud” . fV(wlllnwe of
sample is filtrate ] remaining
dried and . filtrate was
retained for <10 um measured.
analysis (b) (9 ——

Figure 1. A schematic diagram showing the processes involved in
collecting the channel sample of the drill core. Larger particles pro-
duced in cutting the core (a) are sedimented in the plastic hous-
ing, whereas smaller particles are flushed into a large carboy (b). A
coarser-grained sedimented subsample is produced by allowing the
sample to settle for 12 h. Clay-sized particles remaining in suspen-
sion (c) are isolated by using a centrifuge.

3.1 Sample collection

In accordance with IODP procedures (see Gillis et al.,
2014c), all 42 cores recovered during IODP Expedition 345
were cut in half lengthwise to produce an archive half and
a working half. The sawing process cut a channel ~ 1.5 mm
wide in the 57 mm diameter core. The fragments produced
by sawing were typically <200 pm in diameter. Some frag-
ments were up to 2 mm in diameter, and many particles were
reduced to clay size. The standard procedure aboard the D/V
JOIDES Resolution (JR) had been to discard these cuttings
back to the ocean, thereby wasting the opportunity to acquire
this precious and otherwise “free” sample.

Our sampling procedure on the JR was as follows: after
the core was removed from its plastic casing, the core pieces
were thoroughly washed and rinsed of all drilling mud using
the distilled water produced on the JR. Beyond cleaning the
core of contaminants, it had to be optically clean for digital
imaging purposes. The samples were then cut on a new dia-
mond saw that was enclosed on five sides by a plastic hous-
ing (Fig. 1a). Together with the spray guard at the front of
the saw, all water and cuttings sprayed from the sample were
contained within the housing or collected through a drain into
buckets or carboys (Fig. 1b).

After all pieces in any one core (typically 0.5 to 1.5m
long) were cut, we collected all of the particles pro-
duced from sawing the slot. The coarser grains, including
millimeter-sized fragments, sedimented to the bottom of the
plastic housing of the saw, and as much as possible of this
sedimented material was collected using a plastic spatula.
Any remaining particles were collected by rinsing the shut-
tle, mounts, and farther reaches of the housing with a strong
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spray of distilled water and capturing this rinse water through
the drain into buckets or carboys (Fig. 1b). Final rinsing en-
sured the complete capture of all particles of all grain sizes
in any given section of core. This procedure effectively col-
lected all of the material in the 1.5 mm wide saw cut, aver-
aged over the entire 0.5 to 1.5 m core. Furthermore, the final
wash left the saw and housing clean for cutting the next sec-
tion of core and for the collection of the next channel sample.

The resulting slurry of particles, or cuttings and rinse wa-
ter was left to settle for at least 12h to allow all silt-sized
and larger particles (those greater than ~4pum) to settle
to the bottom of the 37 cm tall bucket (e.g., Lewis, 1984;
Fig. 1b). The supernatant suspension was then decanted from
the bucket, leaving a thick slurry of particle sizes ranging
from ~ 4 um up to several millimeters. This slurry was then
air-dried, weighed, and retained for X-ray diffraction and
chemical analysis.

The suspension, then free of silt-sized particles, was
passed through a 10 um sieve to capture any lingering coarser
particles (Fig. 1c). In practice the material on the sieve never
exceeded 0.1 g. This material was later added to the sedi-
mented 4 to 200 um subsample. A 2L aliquot of the remain-
ing 5 to 35L of suspension was then decanted into 50 mL
centrifuge tubes, which were centrifuged at 2000 rpm for
10 min, removing particles <4 pm. This clay-sized material
was then washed in alcohol, dried in air, and weighed, pro-
ducing the yield of <4 um material in grams per 2L. The
volume of the remaining suspension was then measured in a
burette to =5 mL. Excess suspension water could then be dis-
carded, minimizing the need to store more than a few buckets
of rinse water at a time. The total mass of clay-sized particles
was then calculated. The final weight of the bulk samples of
each core was calculated by weighted averages of the sed-
imented and suspended subsamples; that is, bulk sample =
suspended sample + sedimented sample.

3.2 X-ray diffraction

Sedimented subsamples for this analysis were reground un-
der acetone to a fine powder using an agate mortar and pes-
tle. Powdered samples were loaded into Ti mounts with cavi-
ties 35 mm x 28 mm x 1 mm depth and analyzed on an auto-
mated Bruker D8 diffractometer with a Cu anode and a SolX
energy-dispersive detector at room temperature and ~ 20 %
relative humidity. Samples were measured from 2-70° 26
with a step size of 0.02°. Rietveld refinements (Bish and Post,
1993) were performed using the TOPAS 5 software package
(Bruker AXS). The limits of detection by XRD methods are
~ 1 wt %m depending on the mineral and the count time used
for data collection.

The Rietveld method allows for the independent refine-
ment of modeled mineral properties, including the preferred
orientations of grains in the sample mount as well as com-
positional parameters such as Fe / Mg occupancy in olivine,
pyroxenes, amphibole, and chlorite, and the Ca / Na ratio in
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plagioclase. To maximize the fit of the model to the measured
diffraction signal, the effects of crystallite size and crystal
strain on peak shape were also considered.

3.3 Loss on ignition (LOI)

Each sample was first dried for 10-12h at 100°C. Next,
2.5 and 0.1200 g of the sedimented and suspension subsam-
ples, respectively, were weighed on a Mettler Toledo™ bal-
ance. Ignition at 1000 °C took place for 2h within a Car-
bolite™ 1100 °C chamber furnace. The weight difference in
percent between the pre-ignited powder and the ignited ma-
terial is reported as loss on ignition (LOI). The 2.5 g proce-
dure is routinely used at the Bergen Geoanalytical Facility
of the University of Bergen for igneous rocks. The analyti-
cal quality control for the 0.1200 g sample material method
was performed while measuring two commercially available
international reference materials: basalt BIR-1 (—0.5 wt %)
and gabbro MRG-1 (1.2 wt %). These data overlap with re-
ported reference values for these materials within the Geo-
ReM database (http://georem.mpch-mainz.gwdg.de, last ac-
cess: 21 October 2021).

4 Assessment of methods and results

In the sections above, we report in detail the methods by
which we collected and processed channel samples of drill
core. In this section we analyze the results of our sampling
in several ways to evaluate whether our methods have been
appropriate, systematic, or even necessary. We follow this
by exploring mineral and chemical fractionation between the
sedimented and suspended subsamples, and we then com-
pare our analyses of major elements in channel samples with
those obtained by analyzing selected billets on board the JR.

4.1 Recovery of cuttings

To evaluate whether our sampling methods were systematic,
we compare the total recovered channel sample (sedimented
+ suspended subsamples) with the length of core cut using
data from all 42 cores. As most pieces of core were cylin-
drical, measurements of the length of core are a good proxy
for the volume of core consumed by the cut. The correlation
of the mass of sample recovered with the length of core cut
(Fig. 2) is rather good with an R? value of 0.86; the best cor-
relation is with cores longer than ~ 1 m. There is a weak cor-
relation of length of core to total alteration, and that could ex-
plain the higher yield of grams recovered from these crumbly
cores. The good correlation demonstrates that our methods
were systematic, leading to a surprisingly large ~ 1.3 g of
sample recovered per centimeter of core cut. With a 1.5 mm
slot cut into the 57 mm diameter core, the amount of material
recovered is 3.3 % of the core.
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Figure 2. The relationship between total grams of sample collected
and centimeters of core cut, illustrating that the sampling methods
were systematic and that ~ 1.3 gcm_1 of cut core was recovered
from this process.
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Figure 3. Graph comparing the weights of sedimented and sus-
pended fractions in 42 core samples from Site 1415, Hess Deep.
Equal weight fractions would follow the 50 % line. The data show
that the suspended sample was generally > 10 % of the total sam-
ple, but some samples produced a suspended subsample that was
> 30 % of the sedimented subsample.

4.2 Sedimented vs. suspended subsamples

To determine if collection of the suspended sediment in addi-
tion to the sedimented sample is quantitatively necessary, we
compare the mass of sedimented particles recovered (Fig. 1b)
with the mass of clay-sized suspended particles (Fig. 1c) for
all 42 cores recovered. This comparison (Fig. 3) shows that
a typical core produced between 30 and 200 g of sedimented
sample. It also shows that between 5 and 40 g of suspended
subsample were extracted from the suspension. This consti-
tutes between 5 and 20 % of the total sample and over 33 %
of the bulk in very short cores. There is a weak correlation
between short cores and percent alteration minerals, which
could explain the higher yield of suspended material in the
short cores. We conclude that the relative amount of sus-
pended material can be significant, and its collection is nec-
essary for the characterization of the total sample.
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4.3 Potential contamination

Several sources of contamination of our samples are possi-
ble. Cuttings created by the active drilling were flushed into
the ocean with seawater and did not interfere with ship-board
analyses. Cores were brought to the surface in plastic pipes,
insulating them from the metal drill stems. After the core was
extracted from the plastic pipe, it was thoroughly washed and
rinsed with distilled water produced on board the JR. In addi-
tion to avoiding contamination, the cores needed to be devoid
of particles to allow for whole-round photographic recording.
We employed a new saw with new blades to eliminate con-
tamination from samples cut on prior expeditions. The lubri-
cating fluid for the saw was distilled water that provided no
inorganic contaminants. A comparison of the concentrations
of Ni vs. V (Fig. 4d) measured in our channel samples and
in the billet samples shows that the range of channel sample
compositions lies within the field defined by the billet con-
centrations. Neither data set shows outliers that could suggest
contamination by any drilling or sawing tools that would con-
tain these metals.

One last source of contamination could be the drilling mud
that was used in “mud sweeps” to flush out sidewall frag-
ments that may have fallen into the hole. To explore this pos-
sibility of contamination by drilling mud that might have sur-
vived washing of the core, we tested for the presence of Ba
in the suspended and sedimented subsamples. Given the high
concentration of barite in the mud, its presence would sig-
nal lingering contamination in the core. We expected barite
to fractionate into the sedimented subsample because of its
high density. Evidence that density contributes to fraction-
ation between the sedimented and suspension subsamples
comes from the higher concentration of Cr (Fig. 4c) and V
(Fig. 4a), presumably in oxides, by up to a factor of 2 into
the sedimented sample (Fig. 4c). Barium, however, does not
follow this fractionation relationship. In contrast its concen-
tration in the suspended fraction is more than 2 times that in
the sedimented faction (Fig. 4a). Furthermore, the concentra-
tions are not larger than found in billets analyzed on board the
JR (Gillis et al., 2014b, their Table T1). We infer from these
results that neither barite nor drilling mud contaminated our
samples (see also Sect. 4.6).

4.4 Mineral fractionation between suspended and
sedimented samples

To determine whether any mineral fractionation occurred be-
tween the coarser sedimented subsample and the suspended
clay-sized subsample, mineral modes of both size fractions
were determined by X-ray diffraction and Rietveld refine-
ment (Fig. 5). The results of these analyses show that the
same suite of minerals is present in both the sediment and
the suspension fractions, but that the magmatic minerals are
fractionated into the coarser sedimented subsample. Plagio-
clase and clinopyroxene are enriched by 50 % in the sedi-
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ment, whereas olivine (modeled as Fe-forsterite in the Ri-
etveld refinement) is 2 to 5 times more abundant in the sed-
iment. In contrast, the phyllosilicates are fractionated into
the suspension. Chlorite and serpentine are nearly twice as
abundant in the suspension, and talc and amphibole can be
more than 5 times as abundant. Prehnite analcime and Ca-
thomsonite show the least tendency to fractionate.

Such fractionation is not unexpected. Phyllosilicates
would predictably cleave easily along their basal cleav-
age planes, producing thin, small-diameter platelets. These
would thus dominate the clay-sized fraction in the miner-
alogy of the suspension. Fragments of plagioclase, clinopy-
roxene, and olivine with weaker or no cleavage would re-
main coarser and would dominate the sedimented sample.
Prehnite, where abundant, might be expected to follow these
magmatic minerals as it also has only one good direction of
cleavage, but it fractionates into the suspended sample where
it is present in low concentrations. This might be explained
by its fine grain size in some samples where it is associ-
ated with plagioclase alteration (e.g., Frith-Green et al., 1996;
Frost et al., 2008; Fig. 6). The conclusion from these results
is that the collection of the suspended subsample is impera-
tive to recover representative samples of these altered mafic
rocks to avoid bias against the alteration minerals.

4.5 Chemical fractionation between suspended and
sedimented samples

With the identification of the phyllosilicate fractionation into
the suspended subsample, a sympathetic chemical fraction-
ation is expected. Both FeO and MgO occur in magmatic
and alteration minerals, but the phyllosilicates are concen-
trated in the suspended subsample. A comparison of the con-
centrations of these elements (Fig. 7a, b) shows no signifi-
cant fractionation in olivine gabbro and troctolite in Hole P.
However, in rocks from the more highly altered Hole J, FeO,
MgO, Co (Fig. 4a), Eu (Fig. 4b), and Ni (Fig. 4c) do frac-
tionate into the suspension to varying degrees. The Mg# (
atomic MgO / (MgO + FeO)) is also higher in the suspended
subsample, likely due to its higher concentration of serpen-
tine (see Fig. 5). This is obvious where Mg#s of suspended
and sedimented subsamples are compared (Fig. 7c). Never-
theless, the Mg# of the bulk rock is largely determined by the
sedimented sample (Fig. 7d).

A comparison of CaO with NayO concentrations shows
that CaO is fractionated into the sedimented subsample
(Fig. 8a), whereas NayO is concentrated into the suspended
subsample (Fig. 8b). This reflects the higher concentrations
of Ca-rich plagioclase, clinopyroxene, and prehnite in the
former and of Na-rich clay minerals in the latter. This inter-
pretation is consistent with the fractionation of V, Sc, Cr, and
most rare-earth elements (REEs) also into the sedimented
subsamples and of Ba and Eu into the suspended fraction
(Fig. 4). The modest fractionation of Sr into the sedimented
sample (Fig. 4a) is a surprise given that its likely host, pla-
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the possible exception of Eu into the suspended subsample. (c) Little fractionation occurs with Ni, but Cr is fractionated into the sedimented
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shows that magmatic minerals fractionated into the sedimented sub-
sample whereas phyllosilicates fractionated into the suspended sub-
sample.
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sured in our channel samples and in the billet samples is very good,

Figure 6. Cross-polarized light images of minerals from Hole J,
Site U1415. (a) A sample of troctolite from Unit III (JI9R1_39-
45), showing prehnite (Prh) replacing plagioclase (P1) and serpen-
tine (Srp) replacing olivine (Ol), forming a mesh texture in a pla-
gioclase + clinopyroxene (Cpx) host. (b) A prehnite vein cutting PI
and Cpx in gabbro from Unit IT (J8R3_114-116). (c¢) Ca-thomsonite
(Th, very low birefringence) replacing Pl in gabbro Unit II (JSR3
114-116). (d) The alteration of Ol by amphibole (Amp) and by ser-
pentine + magnetite (Mt) and the alteration of P1 4+ Ol by chlorite
(Chl) in sample J7G1 44-46.
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Figure 7. A comparison of the concentrations of MgO and FeO* (total) in sedimented and suspended fractions of the channel samples. Solid
line: 1 to 1, no fractionation. Dashed lines: 1 % envelope. (a) Graph showing that there is no systematic fractionation of FeO* between
sedimented and suspended samples. (b) Graph showing that MgO tends to be fractionated into the suspended sample, reflecting the relatively
high concentration of MgO-rich phyllosilicates. (¢) The comparison of the Mg# between suspended and sedimented samples shows the effect
of phyllosilicates raising the Mg# in the suspended sample. (d) Graph showing that the larger mass of the sedimented sample dominates the

Mg# of bulk sample.

gioclase, is fractionated into the sediment (Fig. 5). The Sr
content of prehnite and zeolite partially fractionated into
the suspended sample probably contributes to this behav-
ior. Figure 8c shows the corresponding higher Ca#s (atomic
Ca/(Ca+ Na)) in the sedimented subsample. However, as
was found in the Mg system, the Ca# is dominated by the
sedimented sample because of the relatively low concentra-
tion of CaO and NayO in the suspended subsample. Conse-
quently, the Ca# of the bulk sample follows that of the sedi-
mented sample (Fig. 8d).

4.6 Comparison of chemical compositions of channel
samples and billets

We compare the chemical compositions of billets (typically
2 x 3 x 3cm) from Hole J analyzed aboard the JR (Gilles
et al., 2014b) with the chemical compositions of bulk chan-
nel samples analyzed by Deasy et al. (2021). Instrumen-
tal analytical analysis in both studies was similar with the
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method on the JR and ICP-AES (major ele-
ments) with inductively coupled plasma mass spectroscopy
(ICP-MS, trace element) measurements reported in Deasy et
al. (2021). This comparison for SiO; (Fig. 9), MgO (Fig. 10),
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and two trace elements (Fig. 11) shows a general agreement
between the two data sets, in spite of the differing sampling
strategies. The agreement improves where averages of billet
compositions are compared to the respective channel sample
of the same core. In particular, the average concentrations
of Si0y, MgO, Sr, and V of five billet compositions from
Core 8R come close to recovering the composition of the
channel sample (Figs. 9, 10, 11). The results for Sr and V
from Core 8 (Fig. 11) also show that where five billets are
analyzed their average more closely approaches the concen-
trations in the channel sample. The results also support the
conclusion in Sect. 4.3 that there is no evidence for contami-
nation in the concentration of trace elements analyzed in the
channel samples.

On the other hand, individual billets are the only way to
target anomalies in bulk compositions. For example, two bil-
lets from Core 13R sampled anorthosite and troctolite with
very different MgO contents (Fig. 10) and moderately differ-
ing SiO, contents (Fig. 9), while the average of MgO con-
centration did come close to the concentration in the channel
sample. Clearly, the advantage to analyzing billet-sized sam-
ples of a core is to identify heterogeneity in the composition
of a core. However, the average of these local compositions
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Figure 8. A comparison of the concentrations of CaO and NayO in sedimented and suspended fractions of the channel samples. Solid
line: 1 to 1, no fractionation. Dashed lines: £1 % envelope. (a) The higher concentration of CaO in the sedimented subsample reflects the
higher concentration of CaO in plagioclase, clinopyroxene, and prehnite. (b) NayO is fractionated into the suspended subsample, reflecting
its phyllosilicate host. (¢) Graph showing the higher Ca# in the sedimented subsamples, consistent with the higher concentration of Ca in
magmatic minerals. (d) A comparison of the Ca# in the sedimented subsample with the Ca# in the total sample. The similarity snows that

the sedimented subsample dominates the Ca# in the total sample.

does not necessarily produce a representative composition of
a longer length of core.

The agreement between values of loss on ignition (LOI)
measured in billets with H,O calculated from crystallogra-
phy is not good (Fig. 12). In this case the LOI of the billets
is significantly less than the values measured for the chan-
nel samples. This relationship is probably best explained by
the fact that the billets were selected for the cohesive nature
of the material being sampled. By avoiding veins and altered
fractures, these billets provide a better estimate of the com-
position of the unaltered igneous rocks. However, if the goal
is to estimate the composition of a lithology as captured in
the core, alteration and all, then the channel sample provides
a better estimate by sampling more of the altered material.
Still, the core did separate during drilling along some altered
fractures and even the analyses of the channel samples gives
a minimum estimate of the altered material and the LOI that
would have been sampled by the full core.

https://doi.org/10.5194/sd-31-71-2022

4.7 Correlation of modal mineralogy with geochemistry

One goal of the channel sampling described here is to ana-
lyze the bulk mineralogy and the bulk chemical composition
independently. To determine if the chemical and XRD meth-
ods employed are consistent with each other, we compare
their results. Unfortunately, this comparison is not straight-
forward, because the XRD methods with Rietveld refinement
provide quantitative estimates of the wt % of each mineral
and the compositions of many solid solutions. An exception
is plagioclase in which the unit cell volumes of albite and
anorthite differ by less than 1 %, such that X-ray peak po-
sitions are not sensitive to composition. The H,O content,
however, offers an exception that does allow this compari-
son. The wt % of each hydrated mineral can be used to cal-
culate the wt % of H,O in that mineral. We compare the sum
of these values with the LOI for the same sample as reported
by Deasy et al. (2021) in Fig. 13. The comparison does show
a strong correlation but with the LOI slightly higher than the
H,O calculated from crystallography. It is possible that small
amounts of hydrated minerals below the detection limit of
XRD methods (< 1 wt %) are present but at such a low con-
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Figure 9. The comparison of bulk SiO; analyses of channel sam-
ples (x axis) from core from Hole J with the analyses of billets
(y axis) analyzed aboard the JR from the same cores. Where more
than one billet was analyzed from a single core, they are joined
by dotted vertical lines that correspond to the SiO, concentrations
of the channel samples. Average compositions of the billets are in-
dicated by the bolder symbols. The close correspondence among
many samples shows a general agreement of the two sampling
methods. However, the averages or single billet compositions of 6
out of 11 samples lie outside a 1.0 wt % band (yellow), showing that
average compositions of billets do not yield representative compo-
sitions of the whole core.

centration that their presence could not explain the discrep-
ancy in Fig. 13. However, a comparison of the LOI with the
actual measured H»O on the JR (Gillis et al., 2014b, their Ta-
ble T1) shows the same higher value for LOI. This demon-
strates that the LOI is responding to the weight loss of not
only structural H,O but also of CO», SO3, halogens, and H,O
adsorbed on surfaces. Thus, the good fit of LOI with wt %
H,O calculated from crystallographic data supports a con-
clusion that each method is responding to the same material
equally.

5 Recommendations

In order to make collection of this valuable channel sample of
core more efficient and less labor intensive, we recommend
the following modifications to the methods described above.
The volume of water used to capture the suspended fine frac-
tion should be minimized. This can be accomplished by re-
cycling and filtering the (distilled) lubricating water from the
bottom of the saw housing with a pump. Although rinse wa-
ter for washing the saw and housing would still be required,
recycling would minimize the volume of water holding the
suspension by as much as 75 % for a long core. For ease in
cleaning, the saw housing should be coated with Teflon.
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Figure 11. A comparison of the concentrations of Sr and V in chan-
nel samples from Cores 3 and 8 in Hole J with the analyses of bil-
lets analyzed aboard the JR from the same cores. The average con-
centrations of Sr and V in five billets from Core 8 approaches the
concentrations in the channel sample more closely than does the
average of the concentrations in three billets from Core 3.

A major rate-limiting step in sampling was the time
needed for collection of the suspended material using a nor-
mal tube centrifuge. When the rate of core recovery was high,
the rate of production of rinse water was much higher than
could be processed by filtering and centrifuging the water.
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Figure 13. A comparison of the measured weight loss on ignition
(LOI) with the wt % H»O calculated from the sum of the wt % of
each hydrated mineral calculated using the Rietveld refinement (this
study). The diagram shows that LOI values slightly exceed the cal-
culated H>O contents (see text).

Use of a continuous-flow centrifuge would greatly increase
the efficiency of the onboard collection of the suspended ma-
terial. The slow recovery of core on Expedition 345 gave us
time to collect the suspended samples, but this situation will
hopefully not be repeated.

Staffing would also need to be increased. During Expe-
dition 345, scientists from petrology and geochemistry took
on double shifts to accomplish this sampling. With a greater
rate of core recovery, a minimum of three scientists would be
necessary for 24 h sample recovery. A fourth scientist would
probably be necessary with continuous core recovery. If an-
alytical work were to be performed on board, then one sci-
entist would be sufficient to conduct all the XRD studies, but
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three geochemists would be needed for the greatly increased
number of samples to be analyzed.

Improvements in our analytical instruments are giving us
ever-increasing precision in the compositions of rocks and
minerals, even to the parts per trillion (ppt) levels of detec-
tion. However, without improvements in our sampling pro-
tocol, the accuracy of any analytical result will not improve.
We have presented here a sampling strategy that will keep
pace with advancements in analytical capabilities that will
lead to both a more precise and a more accurate understand-
ing of Earth materials in general, as well as to a deeper un-
derstanding of the mineralogical and chemical composition
of the lower oceanic crust.

6 Discussion and conclusions

The results above show that the method of channel sampling
produces a reliable, representative data set of the core in-
volved without consuming any new split of the valuable core.
In fact, the yield is a significant ~1.3gcm™! of cut core
(Fig. 2), a recovery of 3.3 vol % of the core. We find no evi-
dence for contamination of our channel samples (Figs. 4, 9,
10, 11). Bulk chemical compositions of core are not attain-
able through an average of the compositions of subjectively
selected billet-sized samples (Figs. 9, 10). An important re-
sult of this work is the discovery that there is significant min-
eral and thus also chemical fractionation between the sedi-
mented material and the suspended clay-sized particles pro-
duced during cutting the core; thus, both size fractions must
be sampled and analyzed to produce a representative sample
of the bulk core. The collection of the suspended subsam-
ple is time-consuming, but because it commonly makes up
> 10% of the bulk sample (Fig. 3) and because phyllosil-
icates are selectively fractionated into it (Fig. 5), it cannot
be ignored. Thus, neither the sedimented subsample nor the
suspended subsample alone is representative of the bulk core
composition. The results also show that the proportion of the
sample in the suspension cannot be predicted, because there
is no correlation between the mass of the sediment and sus-
pended fractions. Added together, however, there is a good
correlation between the total grams sampled and the centime-
ters of core cut (Fig. 2). Thus, the data demonstrate that only
the weighted average of the two size fractions yields a repre-
sentative bulk sample.

Data availability. The data from this research are available in
Deasy et al. (2021, https://doi.org/10.1093/petrology/egab019).
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Abstract. Folds and fractures are important structures that preserve information on the past stress evolution;
however, folds remain largely unexplored. Studying folds remains challenging, as no simple and unified method
can be used to evaluate fold parameters, which include the fold axis, axial plane, and interlimb angle with depth.
In this study, we propose a method to calculate the fold parameters of cylindrical concentric folds by considering
the point at which the bedding trend changes as an inflexion point of the fold. The inflexion point is identified
from the analysis of bedding orientation, which can be obtained by borehole image log. The orientation of the
fold axis and the axial plane were geometrically calculated based on the inflexion surfaces at both ends of the
folds. The application of this method is illustrated using a simulated fold model. It is shown that these fold
parameters are calculated using the depth of the fold and are reliable to a certain extent, despite the uncertainty
of the inflexion points. Although the extraction method assumes cylindrical concentric folds, it can be applied to
symmetric folds to estimate the orientation of the fold axis and axial planes. The method developed in this study
is expected to have a wide range of applications in structural geology as it can estimate the fold parameters of

each fold traversed by a borehole.

1 Introduction

Borehole imaging is a logging technique for the azimuthal
surface scan of a borehole wall (Zemanek et al., 1969). It
provides information on strikes and dips on features, such as
bedding, lithology, grading, fractures, and breakouts. They
are utilized in a wide range of geological disciplines includ-
ing sedimentology, structural geology, metamorphic and vol-
canic petrology, and geomechanics (e.g. Prensky, 1999). The
structural interpretation using stratigraphic orientation data
is fundamental for the understanding of the geology around
a drilling site. It is a common practice to reconstruct 2D/3D
geological structures from the bedding or fracture orienta-
tion that is obtained from borehole images and compare them
with those obtained by seismic exploration (log-seismic in-
tegration; Goldberg, 1997; Moore et al., 2014). Furthermore,
geological modelling methods that consider structures such

as folds and faults have also been proposed (Etchecopar and
Bonnetain, 1992; Etchecopar and Dubas, 1992; Yamada et
al., 2016). On the other hand, the resolution of borehole im-
ages has developed in recent years, and it is presently pos-
sible to recognize sedimentary facies down to a few cen-
timetres. Hence, a borehole can be regarded as a continuous
outcrop without the influence of vegetation or topography.
This has led to field-like fracture analysis and geological in-
terpretation (Ienaga et al., 2006; Blake and Davatzes, 2012;
Lai et al., 2018). However, as for folds, which record past
and present stresses, as well as fractures, such mesoscale and
outcrop-scale descriptions and analyses have not been com-
monly performed, which is contrary to the aforementioned
extension to large-scale structures.

In borehole images, folded structures are recognized from
eye-shaped structures and continuous changes in the orien-
tation of bedding planes on tadpole plots (Vickerman and
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Spratt, 2011; Crow and Ladeveze, 2015). By extracting this
series of changes in orientation and processing statistically
on stereographic plotting, the orientations of the fold axes
and axial planes can be derived similar to geological outcrop
surveys (Holdsworth, 1988). As the eye mark represents the
hinge of the fold obliquely aligned with the borehole, it is
possible to determine the fold axis azimuth simply by mea-
suring the direction of the eye. Note that this method cannot
be used if the hinge line is parallel to the borehole, as the eye
mark will not appear. The fold axes, axial planes, and inter-
limb angles are measured by these methods; however, these
methods lack information on the depth of each fold and their
spatial variation. Although the small-scale fold is a powerful
indicator of the stress orientation (Ramsay and Huber, 1987,
Mayer and Albat, 1990; Scott and Selley, 2004), this conven-
tional approach does not focus on their location and is not
suitable for investigating local-regional stress evolution. Due
to the limited exposure of continuous folds in the field and the
measurement of fold parameters being time-consuming, it is
important to obtain fold parameters effortlessly in continuous
borehole images.

Therefore, this study aims to develop a simple and contin-
uous method for obtaining fold parameters such as the fold
axis, axial plane, and interlimb angle based on borehole im-
age data. The proposed method was applied to a folded geo-
logical model to examine its effectiveness and feasibility.

2 Method

The fold structure in the borehole image is observed as a con-
tinuous change in the strike and dip of the bedding on the
tadpole plot and eye marks (Fig. 1). Although the eye ori-
entation indicates the azimuth of the fold axis and that the
axis surface is almost orthogonal to the borehole, the plunge
of the axis and the axial plane orientation cannot be obtained.
The bedding dip and strike trend on the tadpole plot represent
more detailed information on the folds. At the point where
one wave of a fold ends and the next one begins (red circle
in Fig. 1), the trend of the strike and dip changes. The key to
obtaining the fold parameters is to describe this point as the
inflexion point of the fold and to identify the inflexion sur-
face at this point. In the case of a symmetric fold, the axial
plane is represented as the bisector of the inflexion surface,
and the interlimb angle is the angle between two bedding
planes at the inflexion point. To formulate them, we consider
a cylindrical concentric fold, as shown in Fig. 2. The top of
the borehole was set to [0, 0, 0] for simplicity. The borehole
and an inflexion point on stratum A of this fold intersect at i s
[x1, y1, z1]. In addition, another inflexion point on stratum B
intersects the borehole at Ig [x7, y2, z2]. The normal vector of
the bedding plane at point i s is n1, and similarly, the normal
vector of the bedding at point /g is n. The normal vector is
expressed as follows, using the strike (/) and dip (¢) of the
bedding planes at the inflexion points that can be extracted
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Figure 1. Example of fold appearance in a borehole wall image.
Bedding planar interpretation, fold inflexion points, and eye marks
are interpreted in the electrical resistivity image of the interior of
the accretionary complex that was acquired from the IODP (Inte-
grated Ocean Drilling Program) Expedition 348 (Tobin et al., 2015).
Green lines in the dynamic resistivity image are fitted using a bed-
ding plane, and its orientations are plotted in tadpole plot. The pink
line in the static image is the shallow resistivity value. The folds ap-
pear as a systematic increase or decrease in the dip of the bedding.
The eye, the hinge of the fold, can also be observed. The orientation
of the fold axis is orthogonal to the eye direction and is indicated by
the dotted line in the lower column.

from the borehole image.
nj= [nxh nyi, nzi]
. TN . i g
= [sm¢>,- cos (9,- + 5) , sing; sin (Gi + E> , —cosqbi]. @))
Note that the normal vector is a unit vector that does not in-
clude the spatial coordinates of the measured point. The di-

rection vector of the fold axis e appears as the intersection of
the following two planes:

e=n| Xn. ()
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= TOB: [0,0,0]

Figure 2. Schematic illustration of a cylindrical concentric fold and
a borehole. TOB is the top of the borehole. A and B represent folded
bedding planes. n and p are the normal vectors of the bedding plane
and inflexion surface, respectively. e is the direction vector of fold
axis. S is the axial plane. i5, I, and Zg are the intersection points
of the borehole and A, B, and the axial plane. 6, ¢, and & indicate
strike, dip, and interlimb angle, respectively.

The interlimb angle of a fold (£), the angle between the bed-
ding planes, can be expressed as follows:

§=arccos< 12 ) (3)

In||nz]

Thus, the fold and interlimb angles can be easily inferred by
identifying the inflexion points on any bedding plane. The
axial plane and its location can be calculated if the inflexion
points are identified on the same bed. However, such cases
can only occur when the axial plane is perpendicular to the
borehole, and it is rarely possible to calculate the axial sur-
face in a simple way. To identify an axial plane, we consider
an inflexion surface p that is perpendicular to the stratum sur-
face at the inflexion point and parallel to the fold axis (Fig. 2).
The normal vector of plane p and the equation of the surface
are expressed as follows:

pi =|Pxi pyi-pzi] =exn; “4)
X —X;

pi-| y—vyi |=0. (5)
z—2z

Due to the assumption of concentric folding, the inflexion
surface p is the plane that passes through the inflexion points
on all bedding planes and not just on bedding planes A and
B. The axial plane is the bisector plane of p; and p;. Thus,
the equation of the axial plane s is expressed as follows:

X — X1 X — X2
tpi-| y=y1 |[+p2-| y=—x2 |=0. (6)
7—21 -2
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The strike (63) and dip angle (¢3) of the axial plane are as
follows:

+p,
63 = arcsin M @)
|s|sings3
+
¢3 = arccos (%) . ®)

Note that there are two bisecting surfaces. One of these is
the axial plane. As the axial plane passes between inflexion
points, it is sufficient to confirm that the intersection point Z;
of the drilled hole and the axial plane are included between
ia and Ig. If the borehole is considered to be vertical (x; =
x3 =0 and y; =y =0 at all times), then the coordinates of
the intersection of the axial plane and borehole (z3) can be
calculated as follows:

i3 = Epz21 +1712Z2' )

Ep:1+p2

The distribution of folds along the borehole can be obtained
by calculating the location of the axial planes in the borehole
for each fold.

3 Example of the application for a simulated fold
model

To check the feasibility of the proposed method, an artifi-
cial fold was created, and the fold parameters were calcu-
lated and compared to a conventional method. A schematic
geological model with loose folds was used to illustrate the
application of the method proposed in this study. The geo-
logical model, including folds, was created based on the arc
method described by Busk (1929; Wojtal, 1988), for map-
ping cylindrical concentric folds, and extended to three di-
mensions. First, we draw several spherical shells, L, centred
at an arbitrary point O in space. The folded stratum surface is
obtained by calculating the tangent surfaces at each intersec-
tion of L and an arbitrary line / and projecting them onto a
line segment that simulates a borehole (Fig. 3). The intersec-
tion of the outermost spherical shell and the inner spherical
shell (L11 and L13 in Fig. 3) with [ becomes the inflexion
point of the fold. For the next deeper fold, the spherical shells
and line are arbitrarily set and projected into the borehole in
the same manner. To simulate the continuous development of
folds, these two folds were set up to share an inflexion point
(the layer enclosed by the square in Fig. 3).

In this study, 10 folds were created to examine the pro-
posed method. In total, seven spherical shells corresponding
to the seven strata were utilized for each fold. There were two
structural units with significantly different trends established
for each of the five folds, and the fold structures were non-
continuous between these units. Figure 4a and b display the
stratigraphic model and the tadpole plot of the bedding strike
and dip obtained from the interpretation of the borehole im-
age logging. In Fig. 4b, the green line in the cross section
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Figure 3. Schematic diagram of the procedure for creating a sim-
ulated fold model. The grey hatch in the figure represents a fold
created based on an arbitrary point O, and the green lines are the
stratigraphic surface projected onto the borehole.

indicates the bedding plane, and the grey dotted line and red
points in the tadpole plot exhibit the inflexion plane and in-
flexion points of the folding strata, respectively. The fold axis
is simply calculated by applying the Bingham axial distribu-
tion method (Fisher et al., 1987) to the unit-by-unit strike and
dip data of this formation. The results of the general calcu-
lation, the azimuth, and plunge of the fold axis for units A
and B were obtained to be 345, 13.3, and 282.1, 27.7, re-
spectively.

The fold axis, axial plane, and interlimb angle were cal-
culated for each fold according to its depth by applying the
proposed method to the model data (red points in Fig. 4c).
The axes calculated by the general Bingham axial distribu-
tion method are also plotted as grey rectangles in the plot
of the fold axis in Fig. 4c. The proposed method provides
considerable information on the fold components than the
previous method. With the availability of axial planes, it is
possible to estimate the stress direction in three dimensions
(Fig. 4d). In addition, the amount of fold shortening can be
determined from the interlimb angle. As each piece of infor-
mation can be obtained continuously in the depth direction,
it can also be used to detect the presence of local stress dis-
tribution or an overprinting fold by capturing changes in the
axis or axial plane in a certain direction, as seen in unit B
(Fig. 4d).

On the other hand, inflexion points do not always appear
on the image log because of missing data or thick strata. For
such cases, we also examined the way the estimated fold in-
formation would be affected by picking incorrect inflexion
points. We performed calculations when the true inflexion
point (red point) in Fig. 4b did not appear in the log, and
the blue point was interpreted as the inflexion point. In this
case, the shifting of an inflexion point causes a certain fold to
contain a shortened section or to include strata of a different
fold trend. The calculation results (blue points in Fig. 4c),
however, exhibit no significant difference between the case
where the wrong inflexion point is identified, and the case
where the true inflexion point is selected. In particular, there
is little change in the trend with depth or the value of the dip
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angle. However, it should be noted that the calculated depth
of the folds may change, the interlimb angle can be overes-
timated (resulting in loose folds), and the observation error
at this inflexion point may be difficult to estimate in practice.
The values of the orientation of the simulated bedding planes
and the evaluated fold parameters in the above calculations
are provided in the Supplement.

4 Discussion

The proposed method focuses only on the inflection points of
the folds (maximum and minimum values in tadpole plots)
and aims to mainly extract the fold parameters along the
borehole. In this respect, it differs from the graphical repre-
sentation of 2D/3D fold structures, including the Busk (1929)
method, which uses continuous bedding data (e.g. Yamada et
al., 2016). The advantage of our method is that, unlike pre-
vious methods aimed at reconstructing structures, it is sim-
ple and allows numerical data on continuous folds in the
direction of the borehole to be calculated, even for small
structures. The proposed method for deriving fold parame-
ters assumes cylindrical concentric folds and can be applied
to other cylindrical folds to some extent. In the case of par-
allel and symmetrical folds, the folding parameters can be
calculated in the same way as for concentric folds, since the
characteristics of the inflectional surfaces are the same as for
concentric folds. In the case of a similar fold, the orientations
of the fold and axial planes calculated by the same process
would be equal to the actual fold parameters. The intersection
of the axial plane and the borehole, corresponding to the cal-
culated location of the fold, will be somewhat off, although it
will be limited to between the inflexion point depths (see the
Supplement). However, most folds in nature are cylindrical
or conical folds, as pointed out by Wilson (1967). When this
method is applied to conical folds, it results in the identifica-
tion of meaningless axes. However, if the fold is symmetric,
it is possible to evaluate a plausible axial plane. Other situ-
ations where this method is difficult to apply include those
where the angle between the axial plane and the borehole is
small, and those where the interlimb is nearly 0°. This is be-
cause the variation in the bedding orientation due to folding
is difficult to capture, and the frequency of crossing inflex-
ion points may decrease. Very fine folds, such as those found
in outcrops (e.g. Alexander and Watkinson, 1989) may be
overlooked, or the heterogeneity of the stratum surface can
be picked up in borehole images. In addition, errors can be
introduced by incorrectly selecting inflection points (Fig. 4),
and pseudo-folds can be identified due to the assumption that
the strata are continuous. Caution should be exercised in at-
tempting to estimate a wide range of precise fold structures
using single borehole wall images. It may be necessary to
identify several folds to focus on trends and perform statisti-
cal processing in these situations.
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Figure 4. Results of applying the proposed method to the simulated fold model. (a) Schematic image of the simulated fold model. (b) Cross
section of the simulated fold model, structural units, and a tadpole plot of the orientation of bedding planes that would be interpreted if the
simulated formation is drilled. Points identified as inflexion points are indicated by red/blue circles. (¢) Fold axes, axial planes, and interlimb
angles obtained by applying the proposed method. The grey squares represent the orientation of the fold axes calculated using the Bingham
axial distribution for each unit. The difference between the red and blue circles is the same as the colour of the inflexion points used in the
calculation. (d) Stereonet of calculated fold parameters. The mean direction (Fisher et al., 1987) of the poles of the axial planes is shown in
red and that of the fold axis in blue, representing the direction of maximum principal stress and intermediate stress during fold formation,
respectively. Curves of the same colour as the mean vector represent 95 % confidence cone for the mean direction (Fisher et al., 1987).

The proposed method will become even more effective for
its use in detailed fold analysis by considering the seismic
images and surrounding tectonics. Seismic imaging, how-
ever, may not be able to illustrate significant geological struc-
tures for the following reasons: lack of resolution, high dip
angle of the bedding planes, and small differences in acoustic
impedance (Serra, 2003). The proposed method using bore-
hole and logging data will also be effective, especially in
such cases, to clarify the invisible formation. The strength of
this method is in the fact that it uses borehole images to quan-
titatively determine the location of the folded structures in
the borehole. This can be utilized to create more realistic ge-
ological models, geological interpretation focusing on struc-
tural changes at depth, and structural geological interpreta-
tion, such as the estimation of present and past stress direc-
tions. Comparisons with other structural exploration meth-
ods, such as seismic reflection methods, and the use of data
from multiple boreholes will enable the above strengths to be
more robustly exploited.
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5 Conclusions

The method described herein enables the determination of
the azimuth and plunge of the fold axis, the strike and dip
of the axial plane, the interlimb angle, and their depths from
the bedding orientation acquired from the borehole image.
To apply this method, we require marking the position of the
inflexion point in the depth profile of the dip/strike of the bed-
ding. It was confirmed that these fold parameters did not vary
significantly, even when the inflexion points could not be re-
liably determined. This method was designed to be applied to
cylindrical concentric folds, and it is also appropriate for the
calculation of the axial plane orientation of symmetric folds.
As it is difficult to limit the type of folds in borehole images,
the method should be implemented with an understanding of
the type of error that will occur if the actual formation is not
a cylindrical fold. This method, which can obtain fold pa-
rameters continuously in the depth direction, will develop a
geological interpretation using borehole image logs. If com-
bined with other methods that can add information from a
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tadpole plot with regards to whether a fold is similar or not,
then the result will be more advanced and user-friendly.

Data availability. All data, including simulated dip and strike data
used for fold calculations and the results of fold parameter evalua-
tions, are shown in Sect. 3 and the Supplement.
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Abstract. The MagellanPlus workshop “BlackGate” addressed fundamental questions concerning the dynamic
evolution of the Mediterranean—Black Sea (MBS) gateway and its palaeoenvironmental consequences. This gate-
way drives the Miocene—Quaternary circulation patterns in the Black Sea and governs its present status as the
world’s largest example of marine anoxia. The exchange history of the MBS gateway is poorly constrained be-
cause continuous Pliocene—Quaternary deposits are not exposed on land adjacent to the Black Sea or northern
Aegean. Gateway exchange is controlled by climatic (glacio-eustatic-driven sea-level fluctuations) and tectonic
processes in the catchment as well as tectonic propagation of the North Anatolian Fault Zone (NAFZ) in the
gateway area itself. Changes in connectivity trigger dramatic palaeoenvironmental and biotic turnovers in both
the Black Sea and Mediterranean domains. Drilling a Messinian to Holocene transect across the MBS gate-
way will recover high-amplitude records of continent-scale hydrological changes during glacial-interglacial
cycles and allow us to reconstruct marine and freshwater fluxes, biological turnover events, deep biospheric
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processes, subsurface gradients in primary sedimentary properties, patterns and processes controlling anoxia,
chemical perturbations and carbon cycling, growth and propagation of the NAFZ, the timing of land bridges
for Africa and/or Asia—Europe mammal migration, and the presence or absence of water exchange during the
Messinian salinity crisis. During thorough discussions at the workshop, three key sites were selected for poten-
tial drilling using a mission-specific platform (MSP): one on the Turkish margin of the Black Sea (Arkhangelsky
Ridge, 400 m b.s.f., metres below the seafloor), one on the southern margin of the Sea of Marmara (North Im-
rali Basin, 750 m b.s.f.), and one in the Aegean (North Aegean Trough, 650 mb.s.f.). All sites target Quaternary
oxic—anoxic marl-sapropel cycles. Plans include recovery of Pliocene lacustrine sediments and mixed marine—
brackish Miocene sediments from the Black Sea and the Aegean. MSP drilling is required because the JOIDES
Resolution cannot pass under the Bosporus bridges. The wider goals are in line with the aims and scope of the
International Ocean Discovery Program (IODP) “2050 Science Framework: Exploring Earth by Scientific Ocean
Drilling” and relate specifically to the strategic objectives “Earth’s climate system”, “Tipping points in Earth’s

history”, and “Natural hazards impacting society”.

1 Introduction

Marine gateways are lifelines for restricted basins like the
Mediterranean and Black seas, as they govern the regional
and global expressions of first-order hydrologic, climatic,
and environmental change (Thunell et al., 1988). They play a
critical role in the exchange of water, heat, salt, and nutrients
between oceans and seas; hence, they impact regional and
global climate and marine and terrestrial biodiversity (e.g.
Flecker et al., 2015). The complex evolution of the Mediter-
ranean gateways over the past 7 Myr caused environmental
challenges that severely impacted marine and terrestrial biota
in Eurasia. During the Messinian, the Black Sea gateway
opened, and the Atlantic gateway progressively closed as
the Mediterranean developed into a largely desiccated saline
basin and later into a brackish water “lake-sea” (Lago Mare)
during the Messinian salinity crisis (MSC; 5.97-5.33 Ma)
(Roveri et al., 2014; Andreetto et al., 2021). Two-way ex-
change with the Black Sea probably persisted (Vasiliev et
al., 2013; Grothe et al., 2020), and its brackish water fau-
nas expanded over the entire Mediterranean as far west as
the Malaga Basin adjacent to Gibraltar (Guerra-Merchan et
al., 2010). The exact hydrologic fluxes remain uncertain be-
cause the dimensions of the Black Sea gateway are poorly
constrained (Fig. 1).

The global importance of dynamic Mediterranean con-
nectivity changes is realized by the scientific community,
and several projects are currently directed at a better un-
derstanding of the Mediterranean gateway system: the Eu-
ropean Training Network (ETN) SALTGIANT initiative,
funded by the European Union (EU), focuses on the forma-
tion of thick evaporite units in the Mediterranean; the In-
ternational Ocean Discovery Program (IODP)-International
Continental Drilling Program (ICDP) amphibious IMMAGE
(Investigate Miocene Mediterranean—Atlantic Gateway Ex-
change) project will be directed at the evolution of the
Mediterranean—Atlantic connection; and the IODP project
“DEMISE of a salt giant: climatic-environmental transi-
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tions during the terminal Messinian Salinity Crisis” aims
to unravel halite deformation of the eastern Mediterranean
salt deposits. The missing link for a comprehensive under-
standing of the Mediterranean hydrologic and environmen-
tal evolution is the poor comprehension of the hydrolog-
ical fluxes from the Black Sea domain. For example, the
Mediterranean—Black Sea gateway determines the freshwater
flux for continental Eurasia (from the Alps in Germany to the
Himalayas in western China), which may significantly influ-
ence salinity, temperature, and stratification in the Mediter-
ranean. At the same time, these gaps limit our understand-
ing of Black Sea evolution and its broader value in stud-
ies of abrupt marine—non-marine transitions and widespread
anoxia through history. The gateway influences circulation
patterns in the Black Sea (< 2000 m deep) and its status as
the world’s largest modern example of marine anoxia. This
condition dominated the global ocean for the first 90 % of
Earth’s history as well as intermittently over the last 500 Myr
(Lyons et al., 2014), including ocean-scale anoxic events
(OAESs) that are often marked by mass extinction.

2 Gateway impact on the Mediterranean and Black
Sea

The Mediterranean region is one of the most vulnerable and
rapidly responding areas to present-day climate change. Fu-
ture warming will likely enhance its salinity and reduce its
deep-water formation, all leading to water column stratifi-
cation and higher mass mortality in marine fauna (Coma et
al., 2009). MBS gateway dynamics impact the Mediterranean
circulation system as well (Sperling et al., 2003; Filippidi et
al., 2016). Salinity variations of Aegean water, largely reg-
ulated by lower-salinity-water inflow from the Black Sea,
are known to have displaced Mediterranean bottom waters
upwards, creating Mediterranean deep-water ventilation and
overturn perturbations (Roether et al., 1996; Incarbona et al.,
2016). The onset of modern Mediterranean ventilation most
likely occurred in the Quaternary, but the influence of Black
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Figure 1. Late-Miocene palacogeography of Eurasia showing the context of BlackGate (after Palcu et al., 2021). The inset shows the

palacogeographic configuration during the Last Glacial Maximum.

Sea ingressions on Mediterranean hydrology is still largely
unknown. The late-Miocene Mediterranean is characterized
by the cyclic development of organic-rich sapropelic lay-
ers that reflect climatic and hydrological changes resulting
in water column stratification and episodes of anoxic con-
ditions in the deep basins (Rohling et al., 2015). A strati-
fied Mediterranean water mass is also envisaged during the
enigmatic Messinian salinity crisis (MSC) halite and gyp-
sum precipitation when the Mediterranean was transformed
into a saline basin (Garcia-Veigas et al., 2018). Decipher-
ing the palacoenvironmental evolution of the Mediterranean—
Aegean gateway basin over the past 10 Myr will be crucial
to understanding the critical thresholds of ancient and mod-
ern corridors, and thus our ability to make environmental and
biotic projections for the ocean in the near future under in-
creasing anthropogenic influence.

The Black Sea is the world’s largest modern anoxic basin
(Arthur and Dean, 1998). This condition results from an
estuarine-type circulation driven by riverine inputs and ma-
rine Mediterranean inflow through the Bosphorus Strait. The
present-day gateway is marked by bottom inflow of dense
Aegean water below a surface outflow of fresher Black Sea
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water. The salty northern Aegean inflow sinks to the deeper
parts of the basin and does not mix with the oxygen-rich
upper water column. The result is a strongly stratified ver-
tical structure in the Black Sea water column, with 90 % of
the deep basin consisting of an anoxic dead zone (Fig. 2;
Eckert et al., 2013). A ~100m thick oxygenated surface
layer isolates the strongly sulfidic deep waters from the at-
mosphere. Bacteria producing hydrogen sulfide (H,S) at high
rates make the Black Sea the world’s largest H»S (euxinic)
body, a condition rare today but common in Earth’s past.
Recent studies have shown that the thickness of the oxy-
genated layer in the Black Sea is strongly influenced by
freshwater fluxes, increasing temperature, and the ingression
of Mediterranean seawater (Capet et al., 2016). Relatively
minor changes in connectivity may cause wholesale turnover
in basin hydrology, bringing sulfide into the surface waters.
Moreover, the geological archives from the Black Sea show
multiple episodes of isolation from the Mediterranean dur-
ing the Messinian to Quaternary (Schrader, 1978; Popov et
al., 2000).

Change in climate and associated sea-level variation, in
phase with glacial-interglacial cycles, have been suggested

Sci. Dril., 31, 93—-110, 2022
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as the main drivers of dynamic connectivity, with connec-
tions occurring during interglacial sea-level high stands (e.g.
Cagatay et al., 2019; Hoyle et al., 2021). The recent sedi-
mentary archives of the Black Sea document its sensitivity
to rapid climatic change across a large part of the Eurasian
interior (e.g. Fig. 1; Badertscher et al., 2011; Wegwerth et
al., 2020). Over the past 7 Myr, however, the Black Sea has
experienced a highly dynamic hydrologic history, including
episodes during which its catchment tripled in size, incor-
porating both low-latitude monsoonal systems and high- to
mid-latitude glacial cyclicity. The terrestrial signal in sedi-
ment cores from this region provides a rare continental record
of hemisphere-wide orbital and millennial-scale variability
on a scale suitable for robust modelling of the hydrologi-
cal cycle, a widely acknowledged weakness in general cir-
culation models (GCMs). The long-term records of sea-level
change and concomitant consequences for connectivity and
coupled biogeochemical processes, like carbon cycling and
the development of anoxia, are so far only speculative. In the
absence of recent drilling, most of the focus to date is placed
on the last glacial-interglacial transition.

In addition, the MBS gateway region is deeply affected
by plate tectonic processes of the Africa—Europe collision
zone. Subsidence and uplift in the Bosphorus—Marmara—
Dardanelles region is strongly driven by North Anatolian
Fault activity, a major east—-west-running strike-slip fault be-
low the metropolis of Istanbul that shows a record of almost
continuous activity throughout the last 7 Myr (Sengor et al.,
2005). Tectonically induced palacoenvironmental changes
in the Aegean and Black Sea basins over million-year
timescales are not well understood.
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3 BlackGate MagellanPlus workshop

The BlackGate workshop was a sequel to the previously
funded Magellan workshop BlackSink (2014), which aimed
to identify the most suitable drill sites in the Black Sea
for exploring the temporal relationships of recurring re-
striction events, their impact on regional palaeoclimate and
palaeoenvironment, and the complex hydro-interactions with
the Mediterranean Sea and the global ocean over the last
15Myr. This prior workshop was an unqualified success,
and most attendees (~ 40 scientists) concluded that drilling
the Miocene to Holocene Black Sea is long overdue and
that it would have global importance in our understanding
of large-scale anoxia and the causes and consequences of
millennial-scale climatic and palaecoenvironmental variabil-
ity, including implications for the deep biosphere. The work-
shop was followed by detailed investigations of the old Deep
Sea Dirilling Project (DSDP) cores (Grothe et al., 2014; Van
Baak et al., 2015, 2016; Vasiliev et al., 2015, 2020; Feur-
dean and Vasiliev, 2019; Golovina et al., 2019; Hoyle et al.,
2021) and several field studies of the scattered outcrops in the
Black Sea region (Rybkina et al., 2015; Popov et al., 2016;
Stoica et al., 2016; Vasiliev et al., 2019), but the key scientific
questions about gateway exchange remained. Therefore, we
considered it timely to reinvestigate the possibility of drilling
the northern Aegean—Marmara—Black Sea transect to com-
prehensively reconstruct, in a fully interdisciplinary way, the
impacts of the east Mediterranean gateway.

The BlackGate workshop was hosted by the Senckenberg
Biodiversity and Climate Research Centre in Frankfurt, Ger-
many, and was co-sponsored by the United States Science
Advisory Committee (USSAC) for Scientific Ocean Drilling
(five scientists from the USA) and SALTGIANT (four early-
stage researchers from the EU). It took place from 21 to
24 September 2021. A total of 30 scientists personally at-
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tended the workshop (and 7 participated online) from 12 dif-
ferent countries. The participants also represented multiple
disciplines, spanning geology, palaeoclimatology, palaeon-
tology, biogeochemistry, tectonics, and reflection seismol-
ogy, including 11 early-career scientists. The workshop in-
volved numerous scientists with expertise specifically in
Black Sea—Mediterranean geology, tectonics, palaeoclima-
tology, palaeoenvironments, and fundamental biogeochem-
ical processes in the system linked, for example, to chang-
ing redox (anoxia), primary production, and salinity. The
workshop followed the standard format of concurrent top-
ical breakout sessions on scientific, technical, and funding
themes that subsequently reported back to the main group.
Breakouts were designed to include complementary dis-
ciplines and broadly mixed expertise, but they were also
planned with focused expertise in some cases, particularly
to address very specific technical questions.

4 BlackGate preliminary proposal

Riding on the success of the BlackGate workshop, we
quickly prepared and submitted a preliminary proposal for
the IODP 1 October 2021 deadline with the following three
themes:

— generation of high-resolution integrated records of
continental-scale climate, sea surface temperature,
salinity, anoxia, and thermohaline circulation;

— impact of Black Sea—Aegean gateway connectivity on
biogeochemical processes and sub-seafloor microbial
communities; and

— reconstruction of the detrital provenance and tectonic
history of the gateway basins and the surrounding
mountains.

To achieve these scientific goals, we propose the use of a
mission-specific platform (MSP) to drill three sites: one on
the Turkish margin of the Black Sea, one on the south-
ern margin of the Sea of Marmara, and one in the north-
ern Aegean. All sites target Quaternary oxic—anoxic marl—
sapropel cycles. Pliocene lacustrine sediments and mixed
marine—brackish Miocene sediments will be recovered from
the Black Sea and Aegean (Fig. 1).

The gateway is linked to a wide array of critical obser-
vations and remaining questions. For example, a recent re-
evaluation of the late-Miocene faunal evolution in the north-
ern Aegean basins exposed new palaecogeographic scenarios
strikingly different from conventional views, illustrating the
need to improve our understanding of the timing and loca-
tion of critical gateways (Krijgsman et al., 2020). There are
no continuous Miocene—Quaternary successions exposed on
land in the northern Aegean and Black Sea region. Previous
DSDP holes in the Black Sea (Leg 42B) are all disturbed by
core breaks and erosional events, and they also include sub-
stantial mass transport complexes (Tari et al., 2015), which
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have only recently been identified and mapped on industrial
seismic data. Consequently, there are currently no Miocene—
Quaternary cores available for continuous, high-resolution
climate reconstruction before the penultimate glacial (Weg-
werth et al., 2014). Therefore, the long-term records of hy-
drology and sea-level change as well as the concomitant con-
sequences for connectivity and coupled biogeochemical pro-
cesses, carbon cycling, and the development of anoxia are
largely speculative. We currently have very little understand-
ing of the impact of major climate events such as the mid-
Pliocene warming and the onset of Northern Hemisphere
glaciation, locally or regionally. Thus, we are targeting sites
on both sides of the MBS gateway because its unique geo-
graphic, hydrographic, oceanographic, and tectonic position
makes these cores particularly suited to assessing and even
quantifying Eurasian palacoenvironmental processes.

4.1 Theme A: generation of high-resolution integrated
records of continental-scale climate, sea surface
temperature, salinity, anoxia, and thermohaline
circulation

The objectives of Theme A are as follows:

1. to understand the role of global climate and gateway
morphology on northern Aegean and Black Sea surface
temperature, salinity, anoxia, and thermohaline circula-
tion; and

2. to quantify the time lag between the arrival of Atlantic
waters in the Aegean, Marmara, and Black seas at the
onset of marine connectivity and evaluate its environ-
mental consequences.

Hydrological exchange between water masses is primar-
ily controlled by salinity and temperature contrasts, but gate-
way morphology and net evaporation also play roles. Dur-
ing the Miocene—Quaternary, the MBS region experienced
repeated, rapid basin-wide salinity fluctuations (e.g. Wegw-
erth et al., 2014; Cagatay et al., 2019). These reflect the in-
teraction of tectonics, climate, and eustasy as well as chang-
ing catchments that at times incorporated both positive and
negative water budgets (Gladstone et al., 2007). The pro-
cess and extent to which these interrelated drivers of gateway
exchange interacted remains unquantified. We will explore
MBS hydrological interactions by reconstructing the follow-
ing (Fig. 3):

1. hydrological variations (aquatic vs. terrestrial using
biomarker-based compound-specific §2H);

2. sea surface temperatures (alkenone-based U3K7 and
isoprenoidal glycerol dialkyl glycerol tetraether
(isoGDGT-based) TEXge proxies. Analysis of clumped
isotopes (A47), a novel proxy for palaecotemperature re-
constructions that, unlike traditional §'80 approaches,
is independent of § 1 8Owater);
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records reveal regional and global climate change (Cagatay et al., 2019).

3. continental temperatures (primarily soil-derived 6. water sources and connectivity proxies (37Sr/%Sr for
branched (br) GDGTs), with sea surface temperatures continental vs. marine influx; Cagatay et al., 2006;
(SSTs) and mean annual air temperatures (MAATS) Grothe et al., 2020);

established in parallel to quantify sea—land temperature . o 13
contrasts during connectivity changes (e.g. Vasiliev et 7. env1rc1>;1mental change within the water cplumr113 (6°C
al., 2013, 2019, 2020); and 6 °O on ostracods and, during connection, §'°C and

8180 on foraminifera; Bahr et al., 2005, 2008);

4. vegetation composition (compound-specific §'3C and

82H of terrestrial plant-derived long-chain n-alkanes as

well as palynology coupled with micro-charcoal; Feur-
dean and Vasiliev, 2019);

8. 1“3Nd/!'*Nd of foraminifera to constrain deep-water
circulation under different climate and hydrographic
forcings (Bialik et al., 2019); and

9. continuous geochemical measurements via core-

5. anoxia, stratification, and sapropel formation (e.g. isore- scanning X-ray fluorescence (XRF) for intervals of

nieratene; extended archaeol; archaeol; total organic

interest.
carbon, TOC; C/N; 813C; §"°N; and Mn, Fe, Mo, V, TI,
and abundances of other redox-sensitive metals and, in Further, a robust chronology for the MBS system is essen-
many cases, their isotope relationships; Rohling et al., tial. Although biostratigraphic correlations over the MBS
2014, 2015); gateway are hampered by the endemic character of Black
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Sea biota, calcareous nannofossil and dinocyst biostratigra-
phy coupled with isotope geochemistry can provide ages dur-
ing marine incursions (Karatsolis et al., 2017; Cagatay et al.,
2019; Hoyle et al., 2021). Magnetostratigraphy, radiometric
dating, and tephrochronology have all successfully provided
age constraints for parts of these sedimentary successions
(e.g. Van Baak et al., 2015, 2016; Nowaczyk et al., 2012,
2021; Cagatay et al., 2019; Liu et al., 2020; Wegwerth et
al., 2020). We propose the utilization of all of these methods
to construct a robust chronological framework for the MBS
gateway system over the last 7 Myr.

4.2 Theme B: impact of Black Sea—Aegean gateway
connectivity on biogeochemical processes and
sub-seafloor microbial communities

The objectives of Theme B are as follows:

1. tounderstand the linkage between the hydrological con-
nection in the MBS gateway and widespread anoxia, bi-
ological turnover, and organic carbon burial in the gate-
way region;

2. to interrogate environmental variability in the highly
sensitive, restricted Black Sea on various timescales
ranging from years (varves) to glacial-interglacial (or-
bital) to millions of years, driven by the interplay of cli-
mate, local and global sea level, nutrient inputs, tecton-
ics, macro- and micro-ecology, and the regional water
balance; and

3. to elucidate the effects of variations in bottom water
oxygen, salinity, and input of organic carbon on mi-
crobial communities and biogeochemical processes in a
deep-biosphere environment that is strongly influenced
by organic-rich sedimentation and pronounced upward
fluxes of methane.

The BlackGate drill cores will use state-of-the-art biogeo-
chemical proxies to provide the first reconstruction of wa-
ter column salinity, redox conditions, temperature, nutrient
(re)cycling, primary productivity, (micro)biological commu-
nities, and organic matter burial over the entire Miocene—
Quaternary interval. While many of these proxies have been
developed or refined using samples from the present-day
Black Sea often with strong anthropogenic overprints, they
have not been applied to the deeper record because of a
lack of suitable core samples. Hence, essential aspects of
the pre-anthropogenic baseline are missing. Key parameters
extracted from sediment records using biogeochemical tools
that will complement palacoenvironmental data collected in
Theme A will include the following (Fig. 4):

1. palaeoredox from reactive iron, sulfur, and manganese
speciation (Canfield et al., 1996; Poulton and Can-
field, 2005; Lenstra et al., 2021); other redox-sensitive
trace metals (e.g. molybdenum; Scott and Lyons, 2012;
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Figure 4. Simplified schematic of methane, sulfur, iron, and phos-
phorus diagenesis in Baltic Sea and Black Sea sediments, illustrat-
ing the location of key redox and chemical fronts relevant to post-
depositional alteration of both lake and marine sediments (after Di-
jkstra et al., 2018).

Matthews et al., 2017; Chiu et al., 2022); sulfur iso-
tope systematics (Calvert et al., 1996; Lyons, 1997); car-
bon / phosphorus ratios (C/P) (Algeo and Ingall, 2007);
and metal isotopes (Arnold et al., 2004; Owens et al.,
2017);

2. palaeosalinity from alkenones (Huang et al., 2021),
carbon—sulfur relationships (Lyons and Berner, 1992),
and chloride concentrations (Soulet et al., 2010);

3. productivity from organic C and barium where possible
(Henkel et al., 2012); and

4. the presence of specific phytoplankton/microbial
groups, including those recorded as biomarkers from
anoxygenic photosynthetic sulfur oxidizers (Sinninge
Damsté et al.,, 1993) and evidence of anaerobic
ammonium oxidation (Kuypers et al., 2003).

Previous IODP drilling has shown that subsurface seafloor
sediments contain a wealth of microorganisms that are
metabolically active and drive a range of diagenetic reac-
tions, albeit at low rates (Orcutt et al., 2014). This deep bio-
sphere comprises an important fraction of Earth’s total living
biomass. We still know relatively little about the metabolism
of the microbial groups in the subsurface, including their
carbon sources and electron acceptors and donors. These
relationships are particularly relevant in gateway regions,
where redox, salinity, and other chemical fronts can develop
within sediments leading to changes in microbial communi-
ties (Marshall et al., 2018), new mineral formation, and dia-
genetic overprinting of primary depositional signals (Fig. 4;
Jgrgensen et al., 2001, 2004; Dijkstra et al., 2018). Impor-
tantly, although geochemical profiles of solutes and solids
can provide key insights into net rates of biogeochemical
processes, they do not reveal the specific microbial drivers
nor do they reveal cryptic processes in which substrates or
products of reactions (e.g. transient intermediates) have short
half-lives. For example, methane oxidation in the subsurface
may be coupled to reduction of iron oxides, but whether such
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a reaction truly occurs cannot be proven without insight into
the specific microbes involved (Riedinger et al., 2014; Egger
et al., 2017).

We will study the impacts of abrupt variations in bot-
tom water oxygen, salinity, and organic carbon input on mi-
crobial communities and biogeochemical processes/cycles in
the deep subsurface. Detailed geochemical analyses of sedi-
ments and porewaters (including C, H, and O isotopes) will
reveal the positions of active redox fronts, allowing the sep-
aration of primary and secondary signals. Microbiological
analyses will include cell counts (Jgrgensen et al., 2020),
metagenomics (Zinke et al., 2017), measurements of en-
zyme activities (Schmidt et al., 2021), and the use of vari-
ous single-cell technologies to link function and genetic iden-
tity (Coskun et al., 2018). Our ultimate goal is to determine
which microbes are active; how they function; and how they
drive geochemical processes in the subsurface, including car-
bon cycling.

4.3 Theme C: reconstruction of the tectonic evolution of
MBS gateway basins and surrounding mountains

The objectives of Theme C are as follows:

1. to unravel the tectonic history of the MBS gateway in
Messinian—Quaternary times; and

2. to determine how growth and propagation of strike-slip
faults in the continental domain affect gateway dynam-
ics and geohazards.

The MBS gateway is located in a tectonically active re-
gion that has been dominated by the westward growth and
propagation of the NAFZ over the past 5 Myr (Sengor, 1979;
Taymaz et al., 1991; Armijo et al., 1999). Gateway basin ge-
ometries and inferred kinematics vary laterally and are heav-
ily affected by NAFZ activity (Fig. 5). The basins in the
northern Aegean domain have seen a rapid increase in tec-
tonic activity and opening rate since the late Miocene (Brun
et al., 2016), generating increased accommodation space in
the past 3—-5 Myr (Beniest et al., 2016), coeval with the prop-
agation of the NAFZ into the north Aegean domain (Sakel-
lariou and Tsampouraki-Kraounaki, 2018). Various methods
have been used to estimate the age of the gateway sediments
in the Aegean domain, including onshore basin stratigraphy
(Beniest et al., 2016; Karakitsios et al., 2017), interpolating
a Messinian age for large unconformities (Rodriguez et al.,
2018; Sakellariou et al., 2018), and using seismic stratig-
raphy from the deep-sea drilling in the South Aegean Sea
(Hsii et al., 1978); however, a robust chronological frame-
work is absent for this region. Recovering sediments that
accumulated in the gateway basins will reveal unique in-
formation about the evolution of the transform fault system,
palaeo-earthquakes associated with their growth (Jolivet and
Brun, 2010; Royden and Papanikolaou, 2011), and how they
propagate through normal continental and thinned continen-
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tal crust. Large strike-slip faults like the NAFZ pose a seri-
ous threat to society because the gateway region and the ge-
ography associated with those faults have been the focus of
human activity and urban development for millennia. Specif-
ically, two major population centres, Istanbul and Izmir in
north-western Turkey, are located on this fault. A thorough
understanding of the gateway’s dynamic behaviour with po-
tential temporal patterns is essential for the effective mitiga-
tion of seismic hazards.

We will use sediment chronology developed for our
cores to ground truth the existing but tentative seismic-
stratigraphic framework for the Marmara Trough (Sorlien
et al., 2012). These surfaces, which are a sequence of low-
stand deltas, have been traced throughout the Sea of Mar-
mara basins and linked to glacial-interglacial cycles. IODP
drilling through these strata, in both the Aegean and Marmara
domains, coupled with extensive seismic data grids, will pro-
vide the chronology necessary for interpretation of transform
basin subsidence and fault slip analyses. These results, in
turn, will constrain the geometry, kinematics, and segmen-
tation of the main fault branch over the long term, providing
a much improved understanding of transform faulting and
associated basin evolution. Greater knowledge of the geody-
namic context of the MBS gateway basins will eventually
shed new light on Miocene plate tectonics, controls on local
uplift and subsidence, and active large-scale fault displace-
ments that may lead to slope instability and subsequent mass
transfer deposits and earthquake activity.

5 Conceptual drilling and coring strategy

We have identified three primary and five alternative sites on
seismic lines in the northern Aegean (AEG-01A and AEG-
02A), the Sea of Marmara (MAR-O1A and MAR-02A),
and the Black Sea basin (BSB-01A, BSB-02A, BUL-01A,
and BUL-02A). Core recovery must be sufficient for high-
resolution sampling with minimal gaps. Therefore, we pro-
pose the use of an advanced piston corer (APC) to refusal
at each site, followed by a rotary core barrel (RCB). Lim-
ited core recovery in the single/double sites will be mitigated
by the acquisition of downhole logs under open-hole condi-
tions (see below). These data will also be used to generate
comprehensive cyclostratigraphic records. More detailed in-
formation on the sites used is given in the following:

— Aegean — primary site is the North Aegean Trough
(AEG-01 with ~ 650 m penetration; one hole down to
650 m and one hole down to 100 m), yielding a total ex-
pected core recovery of 750 m, and the alternative site is
AEG-02, which involves a lateral shift in location that
shows smaller stratigraphic thickness;

— Sea of Marmara — preferred site is the North Imrali
(MAR-01; one hole down to 400 m), and the alterna-
tive site is the MAR-02, which involves a lateral shift in
location that shows smaller stratigraphic thickness; and
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Figure 5. The Sea of Marmara—Aegean Sea transform system (map after Sakellariou and Tsampouraki-Kraounaki, 2018), where MS denotes
the Sea of Marmara. The red arrows and lines indicate branches of the North Anatolian Fault (NAF) system that are observed on bathymetry

and are considered active today.

— Black Sea — preferred site is the Arkhangelsky Ridge
(Turkey) (BSB-01A with ~ 400 m penetration with one
hole down to 400m and two holes down to 200 m),
yielding a total expected core recovery of 800 m, and
the alternative site is the Bulgarian margin (BUL-01A
and BUL-02A, ~ 750-650 m).

Downbhole logging measurements will be important as they
can be used to fill gaps in the sedimentary records. More-
over, they offer in situ determinations of the physical prop-
erties. At each site, we plan to acquire through-pipe gamma
ray logs followed by the following logs collected under open-
hole conditions: spectral gamma ray, formation resistivity
and magnetic susceptibility, sonic, borehole fluid tempera-
ture and conductivity, caliper logs, and vertical seismic pro-
files (VSPs).

6 Site descriptions

6.1 North Aegean Sea: AEG-01A (primary) and
AEG-02A (alternative)

AEG-1A is located on a relative plateau in the southern part
of the North Aegean Trough (Fig. 6). At the proposed lo-
cation, the seismic profile shows a continuous, undisturbed
section (AEG-01A; Fig. 6¢) at a water depth of 1120 m (see
Fig. 6b for details). AEG-2A occupies a plateau in the cen-
tral deep part of the North Aegean Trough, just south of
the Sithonia Peninsula. At the proposed location, the seismic
character shows parallel, continuous, undisturbed reflectors
(AEG-02A; Fig. 6d) at a water depth of 960 m (see Fig. 6b
for details).

https://doi.org/10.5194/sd-31-93-2022

6.2 Sea of Marmara: MAR-01A (primary) and MAR-02A
(alternative)

MAR-01A is located on a flat plateau in the eastern Imrali
Basin near the southern margin of the Sea of Marmara. At
the proposed location, the seismic character shows parallel,
continuous, undisturbed reflectors (MAR-01A; Fig. 7d) at a
water depth of 346 m (see Fig. 7b for details). MAR-02A
is located in the western part of Imrali Basin. At the pro-
posed location, the seismic character shows parallel, contin-
uous, undisturbed reflectors (MAR-02A; Fig. 7d) at a water
depth of 346 m (see Fig. 7b for details).

6.3 Black Sea: BSB-01A (primary) and BSB-02A
(alternative)

The sites are located on the south-eastern end of the
north-west—south-east-extending Arkhangelsky Ridge at wa-
ter depths of 375 and 370 m. The proposed drilling/coring
site likely received minimum terrigenous input because it is
situated on a relatively high plateau. The existing interpreta-
tions include the Messinian unconformity and other signifi-
cant seismic surfaces in deeper parts of the eastern Black Sea
basin (BSB-01A/-02A; Fig. 8c). The geometric relationships
between the reflectors and the known geological history of
the area were considered when selecting horizons at the pro-
posed drill site.

6.4 BUL-01A and BUL-02A (alternative sites)

The sites are located on the southernmost part of Bulgar-
ian deep-water slope. A large modern 3D seismic data set is
available. Few mass transport complexes (MTCs), perhaps at
305-325 mb.s.f., within the Miocene—Quaternary sequence
(Tari et al., 2015, 2016; Tishchenko et al., 2021) are ex-
pected. Potential drilling location BUL-01A/-02A (Fig. 8g,
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Figure 6. Existing seismic data coverage in the North Aegean Sea (the background bathymetry map is sourced from Sakellariou and
Tsampouraki-Kraounaki, 2019). High-resolution bathymetry in the northern Aegean Sea with seismic data (Sakellariou et al., 2018). Panel (c)
shows seismic line 103 from the North Anatolian Fault in the Aegean Sea (NAFAS) expedition (2017) as well as primary site AEG-01A; the
shooting direction was N184°, the acquisition speed was close to 4.1 knots, the streamer length was 288 m (24 traces, 12.5 m spaced), the
offset maximum was 400 m, the shot interval was 12.5 m, the sample rate was 1 ms, the trace length was 5500 ms, and the final bin spacing
was 6.25 m. The data were processed with a Kirchhoff post-stack time migration. Seismic units have been identified down to the Messinian
(Rodriguez et al., 2018). Panel (d) shows seismic line 13-14, from the YPOTHER/Aegean expeditions (2013-2015) as well as alternative
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given but not verified (Sakellariou et al., 2018). The abbreviations used in the figure are as follows: Q — Quaternary, PI — Pliocene, and M —
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h) has been selected because of the relatively undeformed
sequence between the seafloor and the Messinian uncon-
formity. There is an unconformity at 446 mb.s.f. (Fig. 8h),
which may represent up to 20-30 m of missing section within
the Pliocene.
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this article.
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A Boost for Geothermal
Energy Research by ICDP

Driven by a couple of proposals re-
ceived and reviewed by the Interna-
tional Continental Scientific Drilling
Program, ICDP in the past years, a
new strategy was developed to guide
international ~ geothermal  research
groups towards ICDP support. This
strategy was published by ICDP in the
short brochure ‘Support for geother-
mal drilling projects’ (https://www.
icdp-online.org/fileadmin/icdp/media/
doc/ICDP_Geothermal.pdf)

Until recently, ICDP focused on pro-
jects in the high and ultrahigh temper-
ature fields including e.g., supercritical
fluids (Iceland Deep Drilling Projects
1 and 2). However, the global soaring
need for utilizing heat from Earth is un-
covering the necessity to open addition-
ally new research avenues in enhanced
geothermal energy production as well
as in low-enthalpy heat utilization.
ICDPrecognizes the need for additional
research in the respective fields by ex-
pending its funding priorities: World-
Class Science and World-Class Site
remain of course valid criteria but are
now being supplemented with World-
Class Opportunity. The latter counts
for opportunities to incorporate scien-
tifically outstanding experiments in
public or industry funded geothermal
projects. Such piggy-backing must en-
able scientists to understand underlying
processes of key scientific significance.
Furthermore, it must address demands
that are transferrable to other sites and
data acquired must be made fully avail-
able to science and public.

The open-access ICDP and IODP journal

In terms of methodological approaches,
the new geothermal strategy of ICDP
highlightsfour fields including

* Monitoring — high resolution, long-
term, in situ observations on rock and
fluid parameters, stress and strain, and
alike

¢ Simulation — addresses the needs of
modelling to illuminate complex cou-
pled processes by using high-quality
data

* Technology Challenges — require
development of monitoring, sampling,
and borehole integrity equipment with-
standing hostile conditions over ex-
tended time periods

* New Horizons — are completely new
pathways in the geothermal sector such
as ultradeep drilling

Finally, Societal Aspects and public
acceptance issues should be a vital part

of any proposal submitted to I[CDP.

Uli Harms

www.scientific-drilling.net
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Obituary for Prof. Leanne
Armand 1968-2022

We are deeply saddened to report the
passing of Prof. Leanne Armand, the
Director of the Australian and New Zea-
land IODP Consortium (ANZIC), on
January 4th after a valiant battle with a
highly aggressive cancer. Leanne was a
major force in [ODP from 2017 to 2021,
both as ANZIC Program Scientist, and
later as ANZIC Director, and through her
engagement and questioning on com-
mittees including the JRFB. Her contri-
butions to scientific ocean drilling were
profound, as she ably guided the ANZIC
Program Member Office through a crit-
ical period of setting a post-2024 vision
for scientific ocean drilling. This in-
volved the planning and implementation
of ANZIC’s Ocean Planet Workshop in
April 2019, a multidisciplinary effort
that identified key themes of interest to
the ANZIC ocean drilling community,
and which provided significant scien-
tific and conceptual input into the IODP
2050 Scientific Framework.

Leanne was a micropaleontologist. She
undertook her PhD on marine diatoms
from the Southern Ocean at the Aus-
tralian National University (ANU) and
Bordeaux University. Her PhD, awarded
in 1998, focused on using fossilised di-
atom species assemblages to determine
past changes in sea-surface temperature
and sea-ice extent in the Southern Ocean
— the topic she then devoted the rest of
her career to, contributing significantly
to our understanding of the paleocean-
ography of the Southern Ocean.

After finishing her PhD, Leanne worked
at the University of Tasmania. She re-
turned to France in 2007 as the first Aus-
tralian recipient of a European Union
Incoming Marie Curie Fellowship, stud-
ying at the Centre d’Océanographie de
Marseille, before moving back to Aus-
tralia in 2009, where she joined the De-
partment of Biology at Macquarie Uni-
versity in Sydney. She rose to the level
of Deputy Director of the MQ Marine
Research Centre at Macquarie, where
she remained until assuming the first of
her ANZIC roles in 2017.

Over her career Leanne participated and
lead a number of international research

voyages to the Southern Ocean and
Antarctica, published over 100 papers,
supervised a large number of students,
and mentored many more early/mid/late
career researchers (especially women
in marine science). She was the driving
force in the creation of the Collaborative
Australian Postgraduate Sea Training
Alliance Network (CAPSTAN), serv-
ing as its first Director. In 2007, she
was awarded the Australian Academy
of Science’s prestigious Dorothy Hill
Medal. She received a U.S. Antarctic
Service Medal in 2014 for the Sabrina
Coast Mission on the RVIB Palmer, and
was the first Chief Scientist to conduct
an Antarctic expedition on Australia’s
then-new research ship, RV Investigator,
in 2017. In 2020, Leanne was promoted
to Professor of Marine Micropalacontol-
ogy at ANU.

Leanne’s service as leader of the ANZIC
Program Member Office was marked by
a keen scientific and managerial eye and
her tireless support for diversity within
IODP. Her expertise, energy, personal
warmth, and enthusiasm were infec-
tious. She is greatly missed.

Carl Brenner, Mike Coffin and Henk
Brinkhuis, Clive Neal, Helen Bostock
Information from Obituary- Profes-
sor Leanne Armand, ANZIC Director
(1968-2022) | ANU Research School of
Earth Sciences

Leanne Armand’s obituary https://doi.
org/10.1016/j.marmicro.2022.102095.
Leanne Armand - Wikipedia

Post-2024
Scientific Ocean Drilling

The end of the International Ocean
Discovery Program on 30 September
2024 will mark major change in the
organization of international activi-
ties related to scientific ocean drilling,
with a transition from a single interna-
tional program operated by independ-
ent platform providers to independent
and collaborative programs. The 2050
Science Framework (http://www.iodp.
org/2050-science-framework), ~ which
represents a new and innovative ap-
proach for conducting science using a
portfolio of offshore drilling platforms,
must be the foundation of such future in-

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

itiatives.

A major outcome of bilateral meetings
between current IODP partners was the
decision by ECORD and Japan to build
a combined post-2024 program based on
Mission-Specific Platform (MSP) expe-
ditions, while keeping their own func-
tioning and identity. At the IODP Forum
that was held in Lamont-Doherty Earth
Observatory, Palisades, New York, in
September 2022, ECORD and Japan
have presented the progress made to for-
malize their partnership. They also invit-
ed other international entities to join this
initiative and share overarching resourc-
es, such as proposal and data manage-
ment (the main responsibility of the cur-
rent Science Support Office — SSO-) and
the proposal review process (the remit
of the current Science Evaluation Pan-
el — SEP - and Environmental Protection
and Safety Panel - EPSP -). ECORD and
Japan anticipate that this joint program,
inspired by the 2050 Framework, will
begin immediately after the conclusion
of the current IODP. Communication
plans to inform international ocean drill-
ing science communities about the rap-
idly evolving situation of the post-2024
plans will develop in the next months.
The development of post-2024 initia-
tives will also require continuity of core
and data legacies, in order to maintain
one of the key basic principles of the
successive international scientific ocean
drilling programs. The related agree-
ments among current IODP partners will
be formalized to ensure the continuity of
legacy activities throughout the transi-
tion between the current IODP and fu-
ture scientific ocean drilling initiatives.

Gilbert Camoin,

Director of the ECORD
Managing Agency

Nobu Eguchi,

Director of Operations

Dept MarE3 JAMSTEC

On behalf of the

ECORD-Japan Scientific Ocean
Drilling Working Groups



Schedules

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

IODP - Expedition schedule http://www.iodp.org/expeditions/ ‘l‘ |O DP
‘,, DISCOVERY PROGRAN .
USIO operations Platform Dates Port of origin
@ Exp 397: Iberian Margin JOIDES Resolution | Oct 11-Dec 11, Lisbon
Paleoclimate 2022
@ Exp 398: Hellenic Arc Volcanic JOIDES Resolution | Dec 11, 2022- Tarragona
Field Feb 10, 2023
B Exp 399: Building Blocks of Life, JOIDES Resolution | Apr 12-Jun 12, Heraklion
Atlantis Massif 2023
icdp |
ICDP - Project schedule http://www.icdp-online.org/projects/ A
ICDP project Drilling dates Location
1 Drilling the Ivrea-Verbano ZonE (DIVE) Oct 2022-May 2023 Northern Italy
(Ornavasso, Megolo)
2 Trans-Amazon Drilling Project (TADP) Feb-Jul 2023 Brazil (Acre and
Marajo Basins)
3 Bushveld Drilling Project (BVDP) Spring—Fall 2023 South Africa
(Mpumalanga, Limpopo)
4 Eger Rift Drilling Project (EGER) Spring 2023 Germany
(Neualbenreuth)
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Topographic/bathymetric maps courtesy of NOAA (Amante, C. and B.W. Eakins, 2009. ETOPO1 1 Arc-Minute Global Relief Model:
Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical Data Center,
NOAA. doi:10.7289/V5C8276M).
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