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Dear reader,

Where Great advances have been made in recent years in the 
understanding of Earth’s composition evolution and processes 
at depth by research drilling. However, innovative research 
frontiers in Earth sciences remain to be addressed by scientific 
drilling. This issue of Scientific Drilling takes a deeper look at 
what has been achieved in the past 15 years of the Chinese 
Continental Scientific Drilling Program, CCSD. The CCSD’s 
story of success began with a 5158 m deep borehole into the 
Sulu ultrahigh-pressure metamorphic terrain, focusing later on 
the rapid-response active fault zone drilling in southern China 
and currently continuing in the Songliao Basin in northeast 
China, where the deepest hole ever drilled with support of the 
ICDP is currently underway (see pages 1 to 18). 

With this issue of Scientific Drilling we also wish to highlight 
exciting new technology and infrastructure developments. A 
test bed facility for ice drilling has been constructed for trials 
of drilling and fluid processing functions under environmental 
conditions as close as possible to those expected in Antarctica 
(pages 29 to 33). State-of-the-art non-destructive X-ray and 
neutron tomographic scanning techniques were applied on 
drill cores from the Deep Fault Drilling Project in New Zealand 
(pages 35 to 42) to assess their potential for future research 
drilling. The “Geophysical Observatory at the North Anatolian 
Fault”, comprising seven 300 m deep boreholes equipped 
with vertical seismic profiling stations and four collocated 100 
m deep borehole strain meters, was recently implemented 
(pages 19 to 28) to monitor the eastern portion of the North 
Anatolian Fault, which is currently late in the seismic cycle and 
estimated to break in a M>7 earthquake.

In preparation for the planned IODP cruises in the South 
Atlantic, 45 scientists from eight countries attended an IODP 
workshop to develop a new proposal for drilling the Argentina 
Passive Volcanic Continental Margin in order to gain new 
insights on basin evolution, the deep biosphere, gas hydrates, 
sediment dynamics and ocean evolution (pages 49 to 61). 
An international group of 25 biologists, paleoecologists and 
geologists came together to discuss how a scientific drilling 
campaign at Lake Tanganyika in Africa, the largest, deepest 
and oldest of the African Rift Valley lakes, might further 
advance our understanding of the lake’s and its watershed’s 
endemic biotic history (pages 43 to 48). 
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Abstract. Continental scientific drilling can be regarded as “a telescope into the Earth’s interior” because it
provides process insight and uncompromised samples of rocks, fluids, and even sampled from the deep biosphere
from the Earth’s surface to great depths. As one of the three founding members of the International Continental
Scientific Drilling Program (ICDP), ICDP China has made great achievements in many scientific drilling-related
research fields. Based on the ICDP participation it attracted global attention of scientists and set up not only
the Chinese Continental Scientific Drilling (CCSD) Program in 2001 but also a growing number of ambitious
drilling projects in the country.

The 5158 m deep borehole of the CCSD project at Donghai County in the Sulu ultrahigh-pressure metamor-
phic terrain demonstrates that large amounts of crustal rocks of the South China Block have been subducted to
at least 120 km, followed by rapid uplift. After successful completion of drilling at Donghai, several continental
scientific drilling projects were conducted with funding of the Chinese government and partially with support of
ICDP, resulting in a total drilling depth of more than 35 000 m. These projects encompass the Continental En-
vironmental Scientific Drilling Program of China, the Scientific Drilling Project of Wenchuan Earthquake Fault
Zone, the Continental Scientific Drilling Project of Cretaceous Songliao Basin, and the Program of Selected
Continental Scientific Drilling and Experiments. On the occasion of the 20th anniversary of the ICDP and the
15th anniversary of the CCSD Program, this paper reviews the history and major progress of the CCSD Program.

1 Introduction

Flying into the outer space, going into the Earth’s interior,
and investigating the deep ocean floor have been dreams of
mankind for the exploration of the nature. Numerous explo-
ration projects to the space and the ocean floor have been
carried out since 1950s. Twenty years have passed since
the foundation of the International Continental Scientific
Drilling Program (ICDP) in 1996. Symbolized as “a tele-
scope into the Earth’s interior”, the ICDP aims to provide
fresh samples from great depths to reveal the complex com-

position and structure of the continental crust, the Earth’s
fluid system, microbiological distribution, geothermal en-
ergy, and earthquake mechanisms. Chinese scientists were
involved in many ICDP projects and contributed to the suc-
cess of the ICDP in many research fields.

The ICDP only supports projects that address fundamental
scientific issues of global significance. One of the most excit-
ing discoveries in the last 3 decades is the global distribution
of coesite- and diamond-bearing ultrahigh-pressure (UHP)
metamorphic terranes, demonstrating that low-density conti-
nental material could be rapidly subducted to depths greater
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2 Z. Xu et al.: The Chinese Continental Scientific Drilling Program

than 100 km and then exhumed to the surface (Zheng, 2012;
Hermann and Rubatto, 2014; Liou et al., 2014). Hence, con-
tinental subduction played a critical role in plate tectonics
and material recycling between the crust and the upper man-
tle. Since the discovery of coesite and microdiamond from
eclogites and their country rocks in the Dabie Mountains
(Okay et al., 1989; Wang et al., 1989; Xu et al., 1992), ex-
tensive studies have shown that the Dabie–Sulu orogenic belt
is one of the largest (∼ 30 000 km2) and best exposed UHP
metamorphic terranes in the world (Liou et al., 2014). As the
first ICDP project in China, the Chinese Continental Scien-
tific Drilling (CCSD) project began to drill the 5158 m deep
borehole in Donghai County (Jiangsu Province) on 4 August
2001, which marked the starting point of the CCSD Program
(Xu et al., 2009a).

Uplift of the Tibetan Plateau in the Cenozoic has had pro-
found influence on the global climate change and inland arid-
ification. In order to study the evolution of Asian monsoon
and its relationship with regional tectonics and global cli-
mate change, the Lake Qinghai Drilling Project was con-
ducted in 2005 to obtain high-quality geological and biologi-
cal core records (An et al., 2006, 2012). On 12 May 2008, the
Mw 7.9 Wenchuan earthquake happened along the Longmen-
shan thrust belt in the eastern margin of the Tibetan Plateau.
In order to better understand the intracontinental earthquake
mechanisms, Chinese scientists started the Wenchuan earth-
quake Fault Scientific Drilling (WFSD) project just 178 days
after the earthquake (Li et al., 2013, 2014). The ongoing Con-
tinental Scientific Drilling Project of Cretaceous Songliao
Basin started in April 2014 and will recover continuous high-
resolution terrestrial achieves and Cretaceous climate change
(Wang et al., 2008, 2013a, b). Besides these ICDP projects,
from 2008 to 2012 the Chinese government also supported
the Program of Selected Continental Scientific Drilling and
Experiments, which consists of seven drilling projects on
some key problems in continental dynamics. These projects
provided scientific and technical preparation for the future
superdeep borehole (over 10 000 m) in China.

On the occasion of the 20th anniversary of the ICDP and
the 15th anniversary of the CCSD Program, we present a
brief review of history and achievements of the CCSD Pro-
gram.

2 The Chinese Continental Scientific Drilling project

2.1 History of the CCSD project

Preparation for the CCSD project can be traced back to 1988.
Encouraged by the drilling projects of the Kola superdeep
borehole and the Kontinentales Tiefbohrprogramm der Bun-
desrepublik Deutschland (KTB), Chinese scientists proposed
a continental scientific drilling plan in mainland China in
1988. The Ministry of Geology and Mineral Resources of
China, which was combined in the Ministry of Land Re-
sources of China in 1998, started to investigate potential sci-

entific drilling sites in 1991. After years of investigation and
discussion, China founded the ICDP with Germany and the
United States in February 1996. In July 1996, Chinese scien-
tists hosted the ICDP workshop in Qingdao, eastern China,
and proposed three UHP localities in the Dabie–Sulu oro-
genic belt from Jiangsu, Anhui, and Shandong provinces.
Based on outcrops of UHP metamorphic rocks, seismic pro-
files, shallow boreholes, and technical feasibility, the Science
Advisory Group of the ICDP agreed to select Maobei village
in Donghai County (Jiangsu Province) as the drilling site of
the CCSD project.

In June 1997, the CCSD project was listed as one of ma-
jor scientific projects in the Ninth Five-Year Plan of China.
This was an important step to get financial support from Chi-
nese government. The first pre-pilot borehole CCSD-PP1 in
the Zhimafang ultramafic massif in Donghai County was ac-
complished at a depth of 432 m in November 1997. Then
in April 1998, the ICDP passed the drilling proposal of the
CCSD project and funded USD 1.5 million in the form of
drilling facilities. Drilling of the second pre-pilot borehole
CCSD-PP2 at Maobei village in Donghai County started in
December 1998, and reached a depth of 1028.68 m in June
1999. The CCSD-PP2 was the first scientific borehole with
complete sampling and logging in China, and succeeded in
core recovery of 92.8 %. Chinese engineers and technicians
also used the CCSD-PP2 to test different drilling techniques
and materials, as well as on-site measurements. In September
1999, Chinese government agreed the budget of the CCSD
project. As the largest and most expensive geoscientific re-
search project ever undertaken in China before 2005, the to-
tal cost of the CCSD project was CNY 176 million (about
USD 21.3 million).

The CCSD project was the first scientific drilling project in
an UHP terrane. The ICDP provided important help by invit-
ing Chinese scientists and engineers to visit the KTB and
attend training courses. Test of all drilling facilities and on-
site measurements for the CCSD main borehole (CCSD-MH)
began on 25 June 2001. Experts from the ICDP came to the
drilling site at Maobei village to provide technical support.
Chinese engineers developed new drilling and core recov-
ery tools. With funding from the Ministry of Science and
Technology, the Ministry of Land and Resources, the Na-
tional Natural Science Foundation of China and the ICDP, the
CCSD-MH was drilled to a depth of 5158 m from 4 August
2001 to 8 March 2005 (Fig. 1). The average core recovery
of the CCSD-MH reaches 85.7 %. Meanwhile, the third pre-
pilot borehole CCSD-PP3 penetrated 705 m into the Gang-
shang ultramafic massif in Ganyu County, with about 90 %
core recovery.

The principal investigator (PI) of the CCSD project was
Chinese Academician Zhiqin Xu, and the drilling project
leader was Da Wang, a professor and senior engineer from
the Geological Survey of China. More than 2000 people were
involved in the CCSD project, including about 120 Chinese
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Figure 1. Drilling site of the CCSD-MH at Maobei village in Dong-
hai County, Jiangsu Province, eastern China.

scientists and technicians and 30 scientists from the United
States, Germany, France, and Japan.

2.2 Geological background and scientific objectives of
the CCSD project

The Dabie–Sulu orogenic belt was formed by northward sub-
duction of the South China Block beneath the North China
Block in the Triassic, and was then separated by the left-
lateral strike-slip Tan-Lu fault into the Dabie Mountains in
the west and the Sulu Terrane in the east (Fig. 2) (e.g., Cong,
1996; Xu et al., 2009a). The wide occurrence of coesite, mi-
crodiamond, UHP hydrous phases, and exsolution textures
in eclogites, garnet peridotites, and their supracrustal coun-
try rocks indicates that the South China Block has been sub-
ducted to depths > 120 km at extremely low geotherms (for
review see Liou et al., 2009). Most UHP metamorphic rocks
in the Dabie–Sulu orogenic belt yield the Neoproterozoic
protolith ages of 780–740 Ma and extremely low δ18O val-
ues, which suggests their tectonic affinity to the South China
Block (Zheng, 2008, and references therein). It is generally
believed that the UHP metamorphism in the Dabie–Sulu oro-
genic belt occurred in the Triassic, but different methods re-
sult in large variations: ∼ 245 Ma from zircon U–Pb ages
(Hacker et al., 1998) or 226± 2 Ma from a mineral Sm–Nd
isochron dating (Li et al., 2000). Sensitive high-resolution
ion microprobe (SHRIMP) U–Pb dating on coesite-bearing
domains of metamorphic zircon bracketed the UHP meta-
morphism between 240 and 225 Ma, and the amphibolite fa-
cies retrogression between 215 and 205 Ma (e.g., Liu et al.,
2004a, b, 2006; Wu et al., 2006). This suggests that the sub-
ducted crustal rocks experienced a rapid syn-collisional ex-
humation at mantle depths.

Both the Dabie Mountains and the Sulu Terrane con-
sist of a series of high-pressure (HP) and UHP metamor-
phic slices bounded by ductile shear zones (Fig. 2a). The

Figure 2. (a) Simplified geological map of the Dabie–Sulu oro-
genic belt and (b) cross section of the Sulu Terrane (modified
after Xu et al., 2009b). The Sulu Terrane consists of four im-
bricate tectonic slices with different temperature (T ) and pres-
sure (P ) conditions: I, southern low-T/high pressure (HP) glauco-
phane zone; II, central mid-T/HP kyanite zone; III, northern mid-
T/ultrahigh-pressure (UHP) supracrustal zone; IV, northern high-
T/UHP granitic zone. The Dabie Mountains consists of five zones
from south to north: i, Susong low-T/HP blueschist facies zone;
ii, south Dabie low-T/UHP zone; iii, central Dabie mid-T/UHP
zone; iv, north Dabie high-T/UHP zone; v, Beihuaiyang low-T/low-
P greenschist facies zone. Star denotes the drilling site of the CCSD-
MH. Open arrows indicate top-to-the-northwest shearing related to
exhumation of the Sulu Terrane, with the starting age of exhumation
for different zones.

drilling site of the CCSD-MH is located in the northern UHP
supracrustal zone in the Sulu Terrane, where eclogites and
garnet peridotites appear as lenses, pods, or layers within
coesite-bearing gneisses, quartzite, mica schists, and amphi-
bolites. The northern UHP granitic zone is dominated by
granitic gneisses and has been strongly modified by Cre-
taceous granitic plutons. Exhumation of the HP and UHP
slices in the Triassic produced top-to-the-northwest (NW)
ductile shear zones in the Sulu Terrane (Fig. 2b). Despite
the post-collisional crustal extension and granitic intrusion,

www.sci-dril.net/22/1/2017/ Sci. Dril., 22, 1–18, 2017
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Figure 3. Simplified lithological profile of the CCSD-MH in Donghai County (Liu et al., 2007).

the structural relationship between the HP and UHP slices
is well preserved in the Sulu Terrane. Therefore, the CCSD-
MH provides us a natural laboratory to investigate physical
and chemical properties and geodynamic processes in a con-
tinental collision zone.

The objectives of the CCSD project were as follows: (1)
to obtain multi-parameter profiles of a 5158 m deep borehole
in the Sulu Terrane, (2) to reconstruct the composition and
structure of a deep continental orogenic root, (3) to reveal
subduction and exhumation processes of UHP metamorphic
terranes, (4) to search deep life in the borehole and constrain
fluid–rock interaction, and (5) to establish a long-term obser-
vation station using the CCSD-MH.

2.3 Outstanding progress of the CCSD project

The CCSD project has produced enormous amounts of data
as well as technical innovation in drilling and core recovery.
Combined with downhole logging, geophysical experiments,
field survey, and laboratory measurements, fresh core sam-
ples from the CCSD project provide a valuable resource to
study the structure, composition, deformation, physical prop-
erties, and material cycling in a continental subduction zone.
These results made the Sulu Terrane a classic example to
other continental collision zones such as the Himalayas and
the Caledonides. In addition, a long-term observation station
was set up in the CCSD-MH with continuous downhole mon-
itoring on seismicity, fluid activity, stress, and temperature.

The main progress of the CCSD project is summarized be-
low.

1. Multi-parameter profiles of the 5158 m deep CCSD-
MH. A full range of physical and chemical measure-
ments of core samples, as well as downhole logging,
cuttings, and fluid measurements were carried out for
the 5158 m deep CCSD-MH. About 60 precise and ori-
ented profiles of the CCSD-MH were established, in-
cluding petrology (Fig. 3), structure (Fig. 4), geochem-
istry, petrophysics, wellbore breakout, mineralization,
fluids, geochronology, oxygen isotopes, heat production
elements, downhole logging, and geophysical experi-
ments. These multi-parameter profiles provide a new
window into the deep root of a continental collision belt
and set up the correlations between chemical and phys-
ical properties of UHP rocks.

2. Evidence of deep subduction of huge amount of
supracrustal materials. Coesite inclusions in zircon
are widely found in eclogites, paragneiss, orthogneiss,
schists, kyanite quartzite, and marbles from the surface
to 5158 m depth in the CCSD-MH (Fig. 3) (Liu et al.,
2007). Combined with the spatial distribution of UHP
rocks in the Dabie–Sulu orogenic belt, huge amounts of
supracrustal materials of the South China Block have
been subducted to depths of > 100 km and experienced
in situ UHP metamorphism.

3. Timing of subduction, exhumation, and uplift of the
Sulu Terrane. The timing of subduction, exhumation,
and uplift, as well as the protolith ages of the core
samples from the CCSD-MH and pre-pilot boreholes,

Sci. Dril., 22, 1–18, 2017 www.sci-dril.net/22/1/2017/
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Figure 4. Simplified structural profile of the CCSD-MH in Donghai County (Xu et al., 2009b). The three southeast (SE)-dipping ductile
shear zones DFa, DFb, and DFc can be traced to the surface according to seismic reflection profiles.

were determined by integrated studies of petrology and
geochronology. Zircon U–Pb dating by the SHRIMP
and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) indicate an inherited mag-
matic core of 790–680 Ma, eclogite facies prograde
metamorphism at 246–244 Ma, UHP metamorphism
at 235–225 Ma, HP eclogite facies recrystallization at
225–215 Ma, and amphibolite facies retrogression at
215–205 Ma (Liu et al., 2001, 2004a, b, 2007; Liu and
Liou, 2011; Zhang et al., 2009). In addition, 40Ar / 39Ar
cooling ages of biotite from ductile shear zones in the
CCSD-MH vary from 218 to 202 Ma, suggesting the ac-
tivation of shear zones during exhumation of UHP meta-
morphic rocks (Xu et al., 2009b). Apatite fission track
analysis indicates an average uplift rate of∼ 35 m Ma−1

during 89–30 Ma (Liu et al., 2009).

4. Origin of seismic reflections and crustal structure of the
Sulu Terrane. The origin of seismic reflections in the
Sulu Terrane was constrained by comparing the litho-
logical/structural profiles (Figs. 3–4), seismic properties
of UHP rocks (Kern et al., 2002; Wang et al., 2005a)
with the velocity profile of the CCSD-MH, and the
seismic reflection profile across the drilling site (Yang,
2009) (Fig. 5) (Xu et al., 2009a). Strong reflections
occur at the lithological interfaces between eclogites
and country rocks (i.e., paragneiss, granitic gneiss, am-
phibolite), as well as between eclogite and retrograde
eclogite, between eclogite and serpentinized peridotite.
Ductile shear zones are extremely reflective. The HP
and UHP slices in the Sulu Terrane occur as an eroded
rootless dome structure and have been thrust along a se-

www.sci-dril.net/22/1/2017/ Sci. Dril., 22, 1–18, 2017
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ries of shear zone over a UHP-free middle-lower crust
(Figs. 2b and 6) (Wang et al., 2005b; Xu et al., 2009b).

5. New tectonic model of the Sulu Terrane. Crustal struc-
ture and pressure–temperature–time–deformation paths
of the core samples and outcrop rocks indicate a
dome-shaped nappe structure and syn-collisional ex-
humation of the HP and UHP slices in the Sulu Ter-
rane (Fig. 6) (Xu et al., 2009b). The upper crust
of the South China Block was subducted northward
to a depth of ∼ 30 km before 253 Ma, and then up-
lifted to the shallow depth at 250–210 Ma (south-
ern low-T/HP glaucophane zone). The supracrustal
rocks continued subduction to ∼ 60 km and began
exhumation at ∼ 240 Ma (central mid-T/HP kyanite
zone). At 240–225 Ma, the supracrustal rocks have
been subducted to at least 100 km and experienced
UHP metamorphism, and exhumed to ∼ 30 km at 215–
205 Ma. Hence, the UHP rocks experienced fast ex-
humation (∼ 5 km Ma−1) at 225–205 Ma at mantle
depths, slow uplift (0.96 km Ma−1) due to Cretaceous
granite intrusion and tectonic extension, and unroofing
(∼ 35 m Ma−1) at 89–30 Ma.

6. Significant 18O depletion and limited fluid activity in
the Sulu Terrane. An O isotope profile of the CCSD-
MH reveals 18O depletion as deep as 3300 m and O
isotope heterogeneity between the different and same
lithologies on scales of 20 to 50 cm, which are consis-
tent with observations of outcrop rocks and demonstrate
limited fluid activity during continental subduction and
UHP metamorphism (Zheng et al., 2009). Retrograde
fluids came from decomposition of hydrous minerals
and the exsolution of structural hydroxyl in nominally
anhydrous minerals such as omphacite and garnet. The
lithological contacts between eclogites and gneisses are
the most favorable place for fluid activity.

7. Bacteria and archaea discovered in the CCSD-MH.
About 20 species of bacteria and 4–5 species of ar-
chaea were identified from eclogites, amphibolites, and
gneisses of the CCSD-MH by DNA analysis. Mi-
crobes show a great diversity including metal reduc-
ers, methanogens, and methanotrophs, but the diver-
sity decreases with depth. The deepest bacteria occur
at 4406.49 m, which gives the bottom boundary for life
under extreme conditions in a deep borehole (Fig. 7)
(Wang et al., 2006).

3 The Continental Environmental Scientific Drilling
Program of China

In the late 1990s, Zhisheng An and his group at the Insti-
tute of Earth Environment, the Chinese Academy of Sci-
ences proposed to carry out environmental scientific drilling

Figure 5. Interpretation of seismic reflection profile across the
CCSD-MH (Xu et al., 2009a). A, B, C, D, E and F represent slices
of UHP rocks. Ductile shear zones (DFa, DFb, DFc, DFd, and DFe)
are recognized according to lithological/ structural profiles and re-
flectivity. Ec: eclogite; PGn: paragneiss; rGn: granitic gneiss.

in China. The Continental Environmental Scientific Drilling
(CESD) Program of China started in 2001 under joint sup-
port from the Ministry of Science and Technology, Chinese
Academy of Sciences, National Natural Science Foundation
of China. This program aims to obtain high-quality geolog-
ical and biological core records in different environments
in China. The core samples will allow scientists to investi-
gate the evolution of Asian monsoon and inland aridifica-
tion and its relations with regional tectonics and global cli-
mate change, and to predict the climate trend in the future.
Zhisheng An is the PI of the CESD Program.

The first borehole of the CESD Program was drilled in
2001 in the Heqing Basin in Yunnan Province, to obtain
lacustrine deposits for glacial–interglacial Indian summer
monsoon dynamics. In 2003 and 2004, ∼ 2000 m core sam-
ples in total (including two deep boreholes: 751.98 m deep
Ls1 and 1050.60 m deep Ls2) were retrieved from Lop Nor,
a former salt lake in the Tarim Basin. In 2005, Lake Qing-
hai Drilling Project was co-funded by the ICDP, Chinese
Academy of Sciences and the Ministry of Science and Tech-
nology, to investigate the correlation between Asian mon-
soon and inland aridification during uplift of the Tibetan
Plateau.

In addition, late Cenozoic eolian loess–red clay sequences
on the Chinese Loess Plateau contain abundant paleoclimatic
and paleoenvironmental information, which have been re-
garded as indicators of paleomonsoon changes and inland
Asia desertification. In 2006, two boreholes (555.7 m deep
ZL1 and 308.5 m deep ZL2) were obtained at Zhuanglang
County in the western Chinese Loess Plateau and mainly
consist of red clay sediments. Since then, a series of drilling
projects on loess and lacustrine deposits have been carried
out in the Chinese Loess Plateau (e.g., Luochuan, Jingbian)
and Xinjiang (e.g., Ili Basin, Junggar Basin). So far the
CESD Program has obtained over 10 000 m core samples

Sci. Dril., 22, 1–18, 2017 www.sci-dril.net/22/1/2017/
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Figure 6. Subduction and exhumation history of the Sulu Terrane
(modified after Xu et al., 2009b).

from the Tarim Basin and the Ili Basin in the western arid
area, Lake Qinghai and the Loess Plateau in semiarid area,
the Heqing Basin in the Indian monsoon area, and the Jiang-
han Plain in the eastern monsoon area. Great advances have
been made in recent years. Here we briefly summarize the re-
sults of the Heqing Basin and Lake Qinghai drilling projects.

3.1 Heqing Basin Drilling Project: glacial–interglacial
Indian summer monsoon dynamics

The modern Indian summer monsoon (ISM) is characterized
by exceptionally strong interhemispheric transport, indicat-
ing the importance of both Northern and Southern hemi-
spheres processes driving monsoon variability. The first bore-

Figure 7. Bacteria and Archaea species from core samples of the
CCSD-MH.

hole of the CESD penetrated 666 m sedimentary sequence in
the Heqing paleolake in the southeastern margin of the Ti-
betan Plateau in 2002. It is so far the longest high-resolution
continental record for the ISM evolution.

High-resolution continental record from the Heqing Basin
demonstrates the importance of interhemispheric forcing in
driving ISM variability at the glacial–interglacial timescale.
Interglacial ISM maxima are dominated by an enhanced In-
dian low associated with global ice volume minima. In con-
trast, the glacial ISM reaches a minimum, and actually be-
gins to increase, before global ice volume reaches its max-
imum (Fig. 8). An et al. (2011) indicated that the changing
ISM was driven by the relative dominance of the northern
low-pressure and southern high-pressure systems during the
Pleistocene; both are indispensable for understanding mon-
soon dynamics. They attribute this early strengthening to
an increased cross-equatorial pressure gradient derived from
Southern Hemisphere high-latitude cooling. This mechanism
explains much of the non-orbital scale variance in the Pleis-
tocene ISM record. The new insight into the ISM on the geo-
logical timescale is important for our understanding of global
climate evolution in the past. It also provides background
information for present and future monsoon changes under
global warming (An et al., 2006).

3.2 Lake Qinghai Drilling Project: interplay between the
Westerlies and Asian monsoon

As the second ICDP project in China, Lake Qinghai Drilling
Project was conducted in 2005. A total of 323.23 m cores
were acquired with GLAD800 drilling system by US Lake
Drilling Company (DOSECC) at different sub-basins in Lake
Qinghai. In addition, two onshore sites were drilled success-
fully at Erlangjian (1108.9 m with core recovery > 90 %) and
Yilangjian (628.5 m) on the southeastern shore of the lake
using Chinese equipment (An et al., 2006).

Lake Qinghai is located in the northeastern margin of the
Tibetan Plateau. It is extremely sensitive to climate changes
because it lies in a critical transitional zone between the hu-
mid climate region controlled by the East Asian monsoon
and the dry inland region affected by westerly winds. High-
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Figure 8. Proxy ISM records since 2.60 Ma from the Heqing Basin,
southwestern China (An et al., 2011).

resolution magnetostratigraphy of Yilangjian core samples
provides a chronological record back to ∼ 5.1 Ma (Fig. 9).
Analysis of lithofacies and depositional environments reveal
that the change from eolian to lacustrine facies occurred
∼ 4.63 Ma, corresponding to a shift from an arid/semi-arid to
a more humid climate, which resulted in the origin of Lake
Qinghai (Fu et al., 2013). Changes in sediment lithology and
mean grain size indicate that the lake level fluctuated con-
siderably, superimposed on a long-term trend from higher to
lower levels in response to East Asian Monsoon variations.
This archive provides important information on regional and
global environmental change, because so far records from
northern China are mainly based on analysis of loess.

The longest core in the Lake Qinghai was obtained in the
depositional center of the southwestern sub-basin. The re-
sults, constrained by high-resolution AMS 14C dating (An
et al., 2012), show the variability of both the Westerlies
and the Asian summer monsoon (ASM) since 32 ka. These
records document the anti-phase relationship of the West-
erlies and the ASM on both glacial–interglacial and glacial
millennial timescales (Fig. 9). During the last glaciation, the
influence of the Westerlies dominated. Prominent dust-rich
intervals, correlated with Heinrich events, reflect intensified
Westerlies linked to northern high-latitude climate. During
the Holocene, the dominant ASM circulation, punctuated by
weak events, indicates linkages of the ASM to orbital forc-
ing, North Atlantic abrupt events, and perhaps solar activity
changes (An et al., 2012).

Figure 9. Comparison of Lake Qinghai records with other records
during the last 32 kyr (An et al., 2012). (a) NGRIP δ18O26; (b)
North Atlantic ice-rafted hematite stained grains; (c) Lake Qinghai
Westerlies climate index (WI, flux of > 25 µm fraction); (d) Lake
Qinghai Asian summer monsoon index (SMI); (e) δ18O record of
ostracods from Lake Qinghai; (f) Dongge cave speleothem δ18O21;
(g) atmosphere 114C38.

4 Wenchuan earthquake Fault Scientific Drilling
project

4.1 Geological background and scientific objectives of
the WFSD project

On 12 May 2008, the Mw 7.9 Wenchuan earthquake hap-
pened along the northeast (NE)-striking Longmen Shan
thrust belt in the eastern margin of the Tibetan Plateau and
caused death of over 69 227 people and enormous economic
loss. In contrast to extremely low GPS shortening rate in
the Longmen Shan thrust belt before the earthquake (Zhang
et al., 2004), the Wenchuan earthquake is characterized by
> 4 m coseismic slip with comparable magnitude of reverse
and right-slip components. It produced 270 km long sur-
face rupture along the NE-striking Yingxiu–Beichuan fault,
and 80 km long surface rupture along the Anxian–Guanxian
fault simultaneously (Li et al., 2008; Liu-Zeng et al., 2009)
(Fig. 10).

In order to better understand the fault mechanism and the
physical and chemical characteristics of the eastern margin
of the Tibetan Plateau, Chinese scientists carried out the
WFSD project just 178 days after the earthquake, as an ex-
tremely rapid response to the devastating Wenchuan earth-
quake. The PI of the WFSD project was Zhqin Xu from Chi-
nese Academy of Geological Sciences. The WFSD project
eventually drilled six boreholes along the two main earth-
quake faults (Fig. 11). The first hole (WFSD-1) started on 6
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Figure 10. Recent large earthquakes along the eastern margin of the
Tibetan Plateau. Red lines show two surface rupture zones caused
by the Mw 7.9 Wenchuan earthquake.

November 2008 and was completed on 12 July 2009, with a
total depth of 1201.15 m.

The scientific objectives of the WFSD project are as fol-
lows: (1) to determine the composition, texture, and structure
of the fault zones; (2) to reconstruct the physical and chem-
ical properties of the fault zones during the earthquake (fric-
tional coefficient, pore pressure, stress, permeability, seismic
velocities, mineral, and chemical compositions), energy bud-
get, and rupture processes; (3) to improve our understand-
ing of the transpressional behavior of this fault zone; (4) to
provide key information for the early warning system of fu-
ture large earthquakes; and (5) to establish a long-term earth-
quake monitoring station by putting instruments the bore-
holes.

4.2 Main progress of the WFSD project

So far the main results from the WFSD project are as follows:

1. Based on petrological and structural analysis of the
core samples from the WFSD project, fault-related
rocks (fault gouge, cataclasite, and fault breccia) in
the Yingxiu–Beichuan fault and the principle slip zone
(PSZ) of the Wenchuan earthquake were determined.
Twelve of the 12 fault zones were identified in the en-
tire core profile. At least 10 fault zones, including the
Yingxiu–Beichuan fault zone, show a minimum thick-
ness of ∼ 100 m. All major fault zones are character-
ized by high magnetic susceptibility, low density, and
high porosity, with mostly low resistivity, high natural
gamma ray, and sound wave velocity (Fig. 12). The high
magnetic susceptibility values most likely result from
the transformation of magnetic minerals by frictional
heating due to the earthquake (Li et al., 2013).

2. The PSZ of the Wenchuan earthquake was found at a
depth of 590 m with 1 cm wide fresh fault gouge, as

Figure 11. Drilling sites of the Wenchuan Seismic Fault Scientific
Drilling along the Longmen Shan thrust belt.

determined by logging data, such as temperature, nat-
ural gamma ray, P-wave velocity, and resistivity, com-
bined with the fresh appearance, magnetic susceptibil-
ity, and microstructure of the gouge (Fig. 12). The high
gamma radiation, porosity, and P-wave velocity, as well
as low resistivity, temperature anomalies, and clay min-
eral anomalies indicate that the Wenchuan earthquake
fault zone is located at depth of 585.75–594.5 m, with
an average inclination and dip angle of 305◦ N and
71◦, respectively (Li et al., 2014; Si et al., 2014). The
Wenchuan earthquake slip plane has a dip angle of 71–
65◦ in the WFSD-1, showing the high-angle thrust fea-
ture.

3. The dominant fractures in the core samples of the
WFSD-1 above 600 m are dipping south with a dip an-
gle of 60◦, and change to the NE dipping with a dip an-
gle of 61–83◦ below 780 m, which represent the fracture
characteristics in the Pengguan Complex and the Xu-
jiahe Formation, respectively. Hence, the hanging wall
and footwall of the Yingxiu–Beichuan fault have differ-
ent stress fields, implying that the Pengguan Complex is
allochthon (Li et al., 2014).

4. Deformation experiments and microstructural observa-
tions of core samples from the fault slip zone of the
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Figure 12. Cross section, logging, and core data of the WFSD-1. The physical anomalies in logging data (b–g) correspond to the fault gauge
(h–k) related to the principle slip zone (PSZ) of the Wenchuan earthquake (Li et al., 2013).

Figure 13. Microstructural characteristics of experimentally de-
formed black gouges at 15 MPa (Kuo et al., 2014). (a) Photograph
of highly reflective surface of the principle slip zone (PSZ) lined by
slicken lines and grooves that track the rotary motion of the gouge
holder. (b) Backscattered scanning electron microscope (SEM) im-
age of a thin section. The fine-grained PSZ developed adjacent to
the stationary side of the gouge holder. Inset backscattered SEM
image shows occurrence of small graphite particles by heating of
carbonaceous materials (mainly anthracite) during experiments.

WFSD-1 indicate gouge graphitization and dynamic
fault weakening (Fig. 13). This suggests that the Long-
men Shan fault was extremely weak at borehole depths
during the Mw 7.9 Wenchuan earthquake, and that en-
richment of graphite along localized slip zones could be
used as an indicator of transient frictional heating dur-
ing seismic slip in the upper crust (Kuo et al., 2014).

5. Permeability controls fluid flow in fault zones and is
a proxy for rock damage after an earthquake. The
tidal response of water level in the WFSD-1 was used
to track permeability variations for 18 months in the
damage zone of the Mw 7.9 Wenchuan earthquake
(Fig. 14). The unusually high hydraulic diffusivity of
2.4× 10−2 m2 s−1 implies a major role for water circu-

Figure 14. Hydrogeologic properties of the well–aquifer system
over time for the WFSD-1 (Xue et al., 2013). (a) Permeability and
transmissivity; (b) storage coefficient. Values were inverted from
the phase and amplitude of each 29.6-day segment based on the an-
alytical model. Segments that overlap the remote earthquakes (ver-
tical dashed lines) were not inverted. The black dots denote an un-
constrained inversion; the red dots are the results of inversion with
the storage coefficient fixed to a single value. The best-fit linear
trends between each set of permeability data are shown as light gray
dashed lines.

lation in the fault zone. For most of the observation pe-
riod, permeability of the rocks decreased rapidly as the
fault healed. The trend was interrupted by abrupt per-
meability increase due to shaking from remote earth-
quakes. The continuous permeability measurements re-
veal a process of punctuated recovery as healing and
damage interact in the aftermath of a large earthquake
(Xue et al., 2013).
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Figure 15. Location of boreholes of Program of Selected Continental Scientific Drilling and Experiments.

5 Program of Selected Continental Scientific Drilling
and Experiments

5.1 Scientific objectives

The SinoProbe Program is the Chinese government-funded
Earth science program with the overall aim of exploring
the composition, structure, and evolution of the continental
lithosphere beneath China and the processes causing geo-
hazards and natural resources (Dong et al., 2013). As one
part of the SinoProbe Program, the Program of Selected Con-
tinental Scientific Drilling and Experiments (SCSDE) con-
sisted of seven drilling projects in critical tectonic and min-
eral resource regions from 2008 to 2012. It includes the
Jinchuan Cu–Ni sulfide deposits in Gansu Province, the Lu-
obusa chromitite deposits in Tibet, the Tengchong volcano-
thermal tectonic zone in Yunnan Province, the boundary of
the North China and South China blocks in the Laiyang Basin
of Shandong Province, the Yudu–Ganxian polymetallic de-
posits in South China, the Tongling polymetallic deposit, and
the Luzhong volcanic basin and mineral deposit district in
Anhui Province (Fig. 15). The PI of the SCSDE Program is
Jingsui Yang from Institute of Geology, Chinese Academy of
Geological Sciences.

5.2 Progress of the Luobusa Scientific Drilling Project

Ophiolites along the 2000 km long Yarlung Zangbo su-
ture zone in the Tibetan Plateau mark the collision bound-
ary between the Indian and Eurasian plates. These ophio-
lites mainly consist of harzburgites and dunites, with mi-
nor gabbro dikes and basalts. The Luobusha ophiolite massif
contains significant podiform chromitites, which appear as
lenticular boudins of high-chrome chromite within dunites
(Zhou et al., 1996). This ophiolite massif is believed to have
formed initially at an oceanic spreading center at 176 Ma and

then been modified by melt–rock reaction in a suprasubduc-
tion zone at 126 Ma. However, discovery of diamond and
some UHP minerals in the Luobusha ophiolite challenges the
traditional formation theory of ophiolites (Yang et al., 2007).

The Luobusa Scientific Drilling Project aims to reveal the
formation conditions of the deep mantle minerals, the met-
allogenic mechanism and prospecting criteria of ophiolite-
type chromite deposit. The first borehole LBSD-ZK1 ended
at a depth of 1478.8 m with the average core recovery of
94 %. The second borehole LBSD-ZK2 has reached a depth
of 1600 m with the average core recovery of > 90 %, and the
target depth is 2000 m.

The lithological profile of the LBSD-ZK1 indicates that
the upper 70 m is composed of Triassic sandstones, mar-
bles, and chlorite schists, which are in a fault contact with
the underlying ultramafic massif. Beneath the fault, there are
1400 m thick ultramafic rocks. The rest over 100 m cores are
cumulates of dunites and pyroxenites, suggesting that the Lu-
obusha massif is a tectonic slice with a reversed strata se-
quence (Fig. 16).

Recent studies found abundant diamonds from peridotites
and chromitites in ophiolites along the Yarlung Zangbo su-
ture zone, the early Paleozoic Ray–Iz ophiolite in polar Urals
(Russia), and in Myanmar (Fig. 17). Chromitites from ophio-
lites contain crustal minerals such as zircon, and some highly
reducing minerals such as carbides, nitrides, and metal al-
loys (Yang et al., 2014). Some of the minerals are very high-
pressure phases, implying their origin depth near the top of
the mantle transition zone. These new results suggest that
crustal materials may be subducted to mantle transition zone
and subsequently exhumed during the initiation of new sub-
duction zones.
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Figure 16. Lithological profiles of the LBSD-ZK1 at the Luobusha ophiolite massif in Tibet.

Figure 17. Locations of ophiolite-type diamonds discovered so
far. Six locations, including Dongbo, Purang, Dangqiong, Xigaze,
Zedang, and Luobusa, and are situated along the Yarlung Zangbo
suture zone. One location is at Dingqing in the Bangong–Nujjiang
suture, Tibet, one in Myanmar, one in Sartohai in Xinjiang Province
(China), and one (see inset map) in the polar Urals, Russia.

6 Continental Scientific Drilling Project of
Cretaceous Songliao Basin

6.1 Geological background and scientific objectives

The Songliao Basin in northeastern China is one of the
largest oil- and gas-bearing basins in China. Above a pre-

Figure 18. Tectonic scheme of the Songliao Basin with the location
of SK-1 and SK-2 boreholes. The tectonic scheme is according to
Zhou and Littke (1999). SK-1s and SK-1n are the north and south
hole sites of SK-1, respectively, while SK-2e and SK-2w are the
east and west hole sites of SK-2, respectively. A–A′: the SE–NW
cross-seismic profile.

Mesozoic basement, the Songliao Basin was filled predom-
inantly with volcanoclastic, alluvial fan, fluvial, and lacus-
trine sediments of Late Jurassic, Cretaceous, and Paleogene
ages. It can be divided into the six tectonic units: western
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Figure 19. High-resolution sequence stratigraphy of Upper Cretaceous in the Songliao Basin. The figure on the right side of each segment
is the number of cycles in each member or formation. Modified from Gao et al. (2009) (Wang et al., 2013b).
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Figure 20. Cyclostratigraphic interpretation and sedimentary accumulation rates of the SK-1 south core in the Songliao Basin (Wang et al.,
2013b). The numbers at the member column are the astronomical timescale ages in “Ma” for the strata boundaries. The “e” (blue) and “E”
(red) represent 100 kyr short and 405 kyr long eccentricity cycles, respectively.

ramp region, northern plunge region, central depression re-
gion, northeastern uplift region, southeastern uplift region,
and southwestern uplift region (Fig. 18) (Wang et al., 2013a).

There is an increasing likelihood that our world is mov-
ing toward a greenhouse state due to increases in anthro-
pogenic carbon dioxide in the atmosphere (Hay, 2011). This
change provides a powerful motivation for understanding the
dynamics of Earth’s past “greenhouse” climate. Cretaceous
is characterized by long-term climate stability with warm
equable climates due to a higher atmospheric greenhouse

gas content, and punctuated by rapid climate events related
to global carbon and hydrological cycle (Bornemann et al.,
2008). The Continental Scientific Drilling Project of the Cre-
taceous Songliao Basin, composed of SK-1 and SK-2 bore-
holes, was proposed to recover almost full Cretaceous strata
in the Songliao Basin in eastern China (Feng et al., 2013).
The PI of this project is Chengshan Wang from China Uni-
versity of Geosciences (Beijing).
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Figure 21. Cretaceous paleoclimate evolution of the Songliao Basin. Spore/pollen relative abundances, paleotemperature zones, and paleo-
humidity are from Gao et al. (2009). Those of the Far East are from Zakharov et al. (1999). The oxygen isotope data are from Chamberlain
et al. (2013). The red bars indicate warming stages, the blue bars indicate cooling stages, and the yellow bars indicate semiarid stages.

6.2 Preliminary progress of the Songliao Basin Drilling
Project

The newly finished SK-1 borehole has recovered Upper Cre-
taceous strata in the Songliao Basin, which offered an un-
precedented chance to decipher the Cretaceous terrestrial cli-
mate change. The core samples reflect many facets of pale-
oenvironmental and climate changes during the Late Creta-
ceous in eastern China, which have attracted a wide range of
Earth scientists to compare with other areas in the world.

Base-level cycles are driven either by relative sea level or
by tectonic changes. In marine basins eustasy alters accom-
modation space as sea level rises and falls. In intracontinen-
tal basins tectonics drive both basin subsidence and depo-
sitional cycles. Core samples from the SK-1 indicate that
the Songliao Basin was isolated from the ocean except for
two brief periods in the late Turonian of the Qingshankou
Formation and in the early Campanian in the lower part of
the Nenjiang Formation (Xi et al., 2011). Paleoclimate re-
search has shown that astronomical forcing drove global cli-
mate change in the Earth’s history and may be recorded in
both continental and marine sedimentary strata. The orbitally
forced cycles are recorded in Cretaceous marine successions

around the world, which provide a calibration tool of the Cre-
taceous timescale. Milankovitch cycles were recently identi-
fied in Late Cretaceous terrestrial strata in the Songliao Basin
(Wang et al., 2013a).

High-resolution sequence stratigraphy of the Upper Cre-
taceous section cored in the SK-1 (Fig. 19) was based on
centimeter-by-centimeter description integrated with well
logs, seismic data, and well-to-well correlation in the
Songliao Basin. Upper Cretaceous of the Songliao Basin can
be subdivided into sequences of 2 second order, 6 third order,
72 fourth order, 527 fifth order and 1601 sixth order (Gao et
al., 2009; Wang et al., 2013b).

Cyclostratigraphic analyses on the Quantou, Qing-
shankou, Yaojia, and Nenjiang Formations in the SK-1 south
well confirmed the excellent preservation of astronomically
driven sedimentary cycles, including long and short eccen-
tricity, obliquity, and precession cycles constrained by four
high-resolution SIMS U–Pb zircon ages (Fig. 20).

The climate history of the Songliao Basin is based on
pollen and spore ratios (Fig. 21) using more than 20 000 sam-
ples from more than 500 cores. The Cretaceous vegetation
landscape of the basin fluctuated between a conifer forest and
an herbaceous-broadleaved forest. Climates of the Songliao
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Basin are compared with the marine oxygen isotopic data of
Far East (Zakharov et al., 1999) (Fig. 21). The classification
of temperature zones is based on the species of spore/pollen
spectra that define the tropical, tropical–subtropical, subtrop-
ical, tropical–temperate, and temperate, as well as the oxygen
isotopic trends of the Songliao Basin. The dryness and hu-
midity are based on species of parent plants of spore/pollen
fossils subdivided into xerophyte, mesophyte, hygrophyte,
helophyte, and hydrophyte, which correspond to arid, semi-
arid, semihumid and semiarid, semihumid, and humid, re-
spectively.

Partially based on the successful SK-1 borehole, the ICDP
approved the SK-2 drilling proposal in September 2009. The
SK-2 borehole is to recover Lower Cretaceous strata with an
estimated drilling depth of nearly 7000 m. Hence, the SK-
1 and SK-2 boreholes can provide continuous sedimentary
records of the Cretaceous in the Songliao Basin. The drilling
operation of SK-2 started in April 2014, because Chinese en-
gineers developed new drilling equipment for a superdeep
borehole of ∼ 10 000 m. The SK-2 borehole also adopted
“one-well, two-hole” design (Fig. 18). The west hole SK-2w
is located in Changyuan of Daqing City and will recover the
Quantou–Denglouku Formation. The east hole SK-2e is lo-
cated in the Xujiaweizi Fault Depression, and will recover
the Yingcheng Formation–Huoshiling Formation. The two
holes will be interconnected and correlated by the T4 seis-
mic reflection interface. The east and west holes of SK-2
will become the main wells of the proposed deep under-
ground laboratory. The target depth of the east hole SK-2e is
6400 m, which will be the deepest one in the Songliao Basin
and in eastern China. More comprehensive understanding of
paleoenvironmental and climatic change for the Cretaceous
Songliao Basin would be achieved after the accomplishment
of the SK-2. Compared with drilling projects in the ocean,
loess plateau, and modern lakes, scientific drilling projects
in giant paleolakes should be an indispensable part to under-
stand the paleoenvironments and climatic changes from the
terrestrial realm.

7 Conclusions

Accompanied with growth of the ICDP, each project of the
CCSD Program has a struggle history with expected and un-
expected difficulties, and recorded the development in sci-
ence and technology. The increasing international coopera-
tion in the CCSD Program demonstrates that curiosity of sci-
entists has no borders, and the science-driven policy of the
ICDP is highly appreciated.

Data availability. Data used for this work can be found in An et
al. (2011, 2012), Li et al. (2013), Xu et al. (2009b), and Xue et
al. (2013).
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Abstract. The Marmara section of the North Anatolian Fault Zone (NAFZ) runs under water and is located less
than 20 km from the 15-million-person population center of Istanbul in its eastern portion. Based on historical
seismicity data, recurrence times forecast an impending magnitude M>7 earthquake for this region. The perma-
nent GONAF (Geophysical Observatory at the North Anatolian Fault) has been installed around this section to
help capture the seismic and strain activity preceding, during, and after such an anticipated event.

GONAF (Geophysical Observatory at the North Anato-
lian Fault) is currently comprised of seven 300 m deep verti-
cal seismic profiling stations and four collocated 100 m deep
borehole strainmeters. Five of the stations are located on the
land surrounding the Princes Islands segment below the east-
ern Sea of Marmara and two are on the near-fault Princes
Islands south of Istanbul. The 300 m boreholes have 1, 2, and
15 Hz 3-C seismometers near their bottoms. Above this are
vertical, 1 Hz, seismometers at ∼ 210, 140, and 70 m depths.
The strainmeter boreholes are located within a few meters of
the seismometer boreholes and contain horizontal strain ten-
sor sensors and 2 Hz 3-C seismometers at their bottoms. This
selection of instruments and depths was made so as to ensure
high-precision and broad-frequency earthquake monitoring
and vertical profiling, all under low-noise conditions.

GONAF is the first ICDP-driven project with a primary
focus on long-term monitoring of fault-zone dynamics. It
has already contributed to earthquake hazard studies in the
Istanbul area in several ways. Combining GONAF record-
ings with existing regional seismic stations now allows mon-
itoring of the NAFZ offshore of Istanbul down to magni-

tudes M<0. GONAF also improves the resolution of earth-
quake hypocenters and source parameters, better defining lo-
cal fault branches, their seismicity, and earthquake poten-
tial. Using its vertical distribution of sensors, it has directly
measured depth-dependent seismic side-effects for ground
shaking studies. GONAF is starting to address fundamental
questions related to earthquake nucleation, rupture dynam-
ics, temporal changes in material properties and strain.

1 Tectonic context: the Marmara seismic gap

The continental North Anatolian Fault Zone (NAFZ) spans
some 1200 km, from eastern Anatolia to the northern Aegean
Sea (e.g., Barka, 1992; Sengör et al., 2005; Bohnhoff et al.,
2016a). It forms the plate boundary between the Anatolian
plate in the south and the Eurasian plate in the north. It
is one of the most active plate-bounding strike–slip faults
in the world, slipping at a rate of 20–30 mm yr−1, with
the largest rates at its western end (McClusky et al., 2000;
Reilinger et al., 2006). Its kinematic framework is driven
by the northward-pushing Arabian plate in the east and the
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Figure 1. The Marmara region in northwestern Turkey with the main strand of the North Anatolian Fault Zone (NAFZ). The offshore
Marmara section (red) is bounded by the two last major ruptures of the region, the 1912 Ganos event to the west and the 1999 Izmit event to
the east (both indicated in black). The Marmara section is the last segment of the entire NAFZ that has not been activated since 1766. It hosts
the potential of generating an earthquake magnitude M of up to 7.4 in the near future and within a distance of only 20 km to the Istanbul
metropolitan area. The location map on the lower right shows the main tectonic plates and their average GPS-derived horizontal velocity
with respect to fixed Eurasia.

southward-pulling rollback of the Hellenic subduction zone
in the west, forcing the Anatolian plate to rotate counter-
clockwise (Flerit et al., 2004; Bohnhoff et al., 2005; Bulut
et al., 2012).

In the last century, almost the entire NAFZ ruptured in a
series of M>7 earthquakes, starting with the 1912 Ganos
event west of the Sea of Marmara. The next major event then
occurred in Erzincan, eastern Anatolia, in 1939, and was fol-
lowed by a systematic westward propagation of earthquakes
(Stein et al., 1997; Sengör et al., 2005). This sequence ended
with the M7.4 İzmit and M7.1 Düzce earthquakes in 1999,
just east of the Sea of Marmara (Tibi et al., 2001; Barka et
al., 2002; Bohnhoff et al., 2016b).

Currently, the NAFZ section below the Sea of Marmara is
the only portion of the entire fault zone that has not failed in
a major earthquake since 1766 (Fig. 1). The Marmara section
has produced several earthquakes as large as M ∼ 7.4 in his-
toric times, at an average recurrence time of 200–250 years
(Parsons, 2004; Bohnhoff et al., 2016a). It would appear then
that it is currently in the final stage of its seismic cycle, with
a 35–70 % probability of a M>7 earthquake occurring by
2034 (Parsons, 2004; Murru et al., 2016).

Unfortunately, the eastern part of this section – the Princes
Islands segment – runs within 20 km of the 15+ million
inhabitants of the Istanbul metropolitan area. Aside from
the potential for a tragic loss of lives, this region also ac-
counts for about 45 % of the national production and about
23 % of the total Turkish gross national product. For these
reasons, significant efforts are being made by the Turkish
authorities to assess these earthquake hazards and mitigate
their risks. Current estimates of damage from an expected
M = 7.5 earthquake below the Sea of Marmara suggest up to

90 000 fatalities. Up to 800 000 people might be affected and
immediate economic losses could be up to USD 40 billion
(Bas and Yagci, 2008).

In such a complex natural and urban setting, high-
resolution seismic monitoring under low-noise conditions is
of central relevance. It presents a critical need to conduct
research in refining potential rupture scenarios, identifying
potential nucleation points, and rupture directivity models
for the pending earthquake. In this paper we summarize the
objectives and implementation of the GONAF observatory.
We also document our achievements in earthquake detection,
waveform quality improvement, and detection of strain by
using the downhole seismic arrays and strainmeters.

2 Scientific objectives

The NAFZ is a right-lateral strike–slip fault. However, the
transtensional setting of the broader Marmara region also
produces surprisingly large normal faulting events, e.g., a Ms
6.3 earthquake along the Çınarcık segment below the eastern
Sea of Marmara in 1963 (Ayhan et al., 1981). There is an on-
going debate on whether the pending Marmara event will be
pure strike–slip or might include a normal component with
consequent tsunami potential (Yalciner et al., 2002; LePi-
chon et al., 2001; Armijo et al., 1999, 2005). Accordingly,
for all the risk factors we have cited, it is a pressing matter
to resolve the dominant kinematic setting along the Marmara
section. This is especially true for the Princes Islands seg-
ment just offshore from Istanbul.

Two equally important objectives are to identify poten-
tially creeping and locked fault patches (asperities) – the
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latter as potential nucleation points for a large rupture with
subsequent directivity effects and ground shaking. The in-
stallation of seismometer arrays in boreholes allows not only
relatively noise-free waveform recordings, but also studies
of near-surface ground motion amplification effects. Fault
creep observed on borehole strainmeters provides strong con-
straints on the accumulation of unreleased strain, both in
terms of the amount of fault slip and its areal distribution.

The fact that the entire Marmara section of the NAFZ
is under water makes high-resolution seismic and geodetic
monitoring of its seismicity and potential creep a challeng-
ing task. Our first step in this regard was to install the surface-
based PIRES seismic network on the Princes Islands in 2006.
The PIRES network has lowered the magnitude of complete-
ness for local microseismicity by 1 order of magnitude to
∼ 1.7 (Bulut et al., 2009, 2011). Based on a 4-year PIRES
seismicity catalog, Bohnhoff et al. (2013) were able to iden-
tify a ≥ 30 km long aseismic fault patch along the Princes
Islands segment extending down to a depth of 10 km. The
authors concluded that this segment is currently locked and
thus represents a potential nucleation point for the next Mar-
mara event. This view is also supported by Global Position-
ing Satellite (GPS) data (Ergintav et al., 2014).

Beyond the PIRES network, better monitoring of the east-
ern Sea of Marmara and the Princes Islands segment would
be difficult to achieve with surface instruments due to the
area’s ubiquitous anthropogenic noise. Moreover, near-fault,
subareal locations only exist on the Princes Islands. Given
these boundary conditions, the GONAF concept of borehole-
based geophysical instrumentation surrounding the eastern
Sea of Marmara region was conceived and developed in
the context of an International Continental Drilling Program
(ICDP) project.

Overall, the goal of the GONAF project is a substantially
better characterization of the seismic gap first identified by
the PIRES and other associated networks. In the long run,
outside of any pending significant earthquake, this objective
will allow scientific correlations with the findings of other
strike–slip faults, such as the San Andreas fault in Califor-
nia. In addition to the study of brittle failures in the form of
seismic events, GONAF is also addressing the role of aseis-
mic deformation processes through strain monitoring. These
processes included fault creep and slow earthquakes, which
are now recognized as playing equally fundamental roles in
the seismomechanics of the earth’s crust.

3 Strategy

GONAF is a joint research venture between GFZ in Potsdam,
Germany, and the AFAD Disaster and Emergency Manage-
ment Presidency of Turkey, headquartered in Ankara. It is
co-funded by GFZ, AFAD, the Turkish Ministry of Develop-
ment, the International Scientific Drilling Program (ICDP),
the German Helmholtz Association (HGF), and the NSF

through UNAVCO, a non-profit US university-governed con-
sortium dedicated to supporting geodetic studies. Key as-
pects of a scientific and technical program for a long-term
geophysical observatory for the NAFZ were discussed at an
ICDP-funded workshop in Istanbul in 2007 (Dresen et al.,
2008). A consensus was reached that the eastern Marmara
NAFZ is unique as a segment of a major transform fault, one
that is nearing the end of its seismic cycle. It was also con-
sidered a worthy technical challenge, in that deep borehole
observatories represent the only possibility of obtaining low-
noise geophysical data in such a densely populated region.

Following the workshop, an implementation plan was
developed that resulted in an ICDP full proposal (Bohn-
hoff et al., 2010). This was followed by further refine-
ment of the borehole observatory concept, all pointing to-
wards a first ICDP-driven “fault zone seismic monitoring
project”. Significantly, the initial concept of one or two 2 km
deep instrumented boreholes was modified towards a multi-
borehole network of several 300 m deep vertical seismic
arrays (Fig. 2). The aim of this revision was that even a
2 km deep borehole would not have allowed one to measure
crustal stresses of sufficient quality due to the influence of
the ∼ 1 km escarpment down to the Cinarcik Basin a few
kilometers offshore of the near-fault islands and to allow
for homogenous low-detection threshold seismic monitoring
throughout the eastern Sea of Marmara following the con-
cept of, e.g., the Parkfield High Resolution Seismic Network
(HRSN). Following several years of GONAF downhole seis-
mic monitoring along the Princes Islands segment, the poten-
tial for eventually drilling individual deeper drill holes will
then be re-evaluated.

The first GONAF borehole station was drilled and com-
pleted in 2012 on the Tuzla peninsula in eastern Istanbul
(Fig. 2). This site combined good access to a secure loca-
tion on land and the vicinity of a prominent seismicity clus-
ter (Bulut et al., 2011; Prevedel et al., 2015; Raub et al.,
2016; Fig. 3). Further GONAF stations were then imple-
mented during 2013–2015. The current seismic observatory
now consists of seven borehole seismic stations. Each station
is equipped with a vertically distributed array of seismome-
ters, including a selection of different natural-frequency seis-
mometers at the bottom of the boreholes (Figs. 2 and 4). Two
of the GONAF borehole arrays are located on the islands of
Sivriada and Büyakada. These two sites are less than 5 km
from the Princes Islands segment of the NAFZ. The remain-
ing four GONAF stations are located on the Armutlu Penin-
sula south of the Cinarcik Basin (Fig. 2). This network of
borehole stations provides a nearly complete azimuthal cov-
erage for microseismicity occurring below the eastern Sea of
Marmara.

In addition to the seven 300 m wells drilled for the seis-
mic arrays, four 100 m deep boreholes were drilled for the
installation of UNAVCO Plate Boundary Observatory instru-
ments. These are collocated with four seismometer array sta-
tions: Sivriada, Büyükada, Esenköy, and Bozburun (Fig. 2).
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Figure 2. The eastern Marmara region with the Princes Islands segment as the main NAFZ fault trace in this region. Bold red dots indicate
locations of the ICDP-GONAF observatory where seismometer arrays were deployed in 300 m deep boreholes. Brown dots indicate locations
with additional 100 m deep strainmeter wells. The inset on the lower left shows the sensor distribution in the GONAF wells including multiple
seismic sensors of different natural frequencies to sample the entire frequency band of the seismic wavefield (see text for details). Open red
circles are surface-based stations of the PIRES seismic network on the Princes Islands.

Figure 3. Seismicity map for the eastern Sea of Marmara region for
the time period 2006–2010 from surface recordings of the PIRES,
AFAD and KOERI stations (Bohnhoff et al., 2013; Prevedel et al.,
2015). The yellow star indicates the location of the 2013 microseis-
mic swarm recorded by GONAF-Tuzla seismometers (Prevedel et
al., 2015; Raub et al., 2016). The yellow circle indicates the location
of the Yalova 25 June 2016 Mw4.2 earthquake of which waveforms
obtained at the GONAF-Tesvikiy (TESV; see Fig. 2 for location)
vertical seismic array are shown in Figs. 5–7.

These instruments were added to the GONAF plan in order to
extend its sensitivity to the long-period deformations of fault
creep and slow earthquakes, both below the passband of the
seismic sensors. The final monitoring concept foresees that
each of the GONAF stations will also be equipped with a set
of short-period, broadband, and strong motion sensors at the
well head (Fig. 2).

4 Site selection, sensors, installation, and well
completion

Borehole seismic installations have to take into account bore-
hole diameter and tilt, temperature profile, and lithology.
Long-term permitting, accessibility, and the availability of
electrical power and mobile data transmission infrastructure
complete the requirements for a permanent observatory such
as GONAF.

In the case of GONAF, with target depths of 300 m and a
regional geothermal gradient of ∼ 30 ◦C km−1, temperature
was not an issue with respect to long-term functionality of the
downhole equipment. Bottom hole temperatures found dur-
ing logging were around 25 ◦C, well below the 50 ◦C limit
beyond which standard operation of the 1 and 2 Hz sensors
could become an issue. Conventionally drilled boreholes are
claimed to be vertical, but are commonly found to deviate
by as much as 5–15◦. Accordingly, the drilling company was
contracted to keep all GONAF boreholes within 3◦ from the
vertical. This deviation was then checked as part of the log-
ging program.

To find sites in the study area that could provide a more-
or-less uniform detection threshold, approximate locations
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Figure 4. Upper part: GONAF downhole seismic instruments prior
to deployment at the Kurtkoy station on the Armutlu Peninsula. The
300 m deep, gimbaled 1 Hz 3-C L4 seismometer sonde is on the
right. In the middle is the combined 300 m deep 3-C 15 Hz DS200
and gimbaled 2 Hz HS-1 sonde. The other three sondes are the ver-
tically distributed, gimbaled 1-C 1 Hz L4 seismometers. For redun-
dancy each sonde has its own waterproof signal cable with an inter-
nal Kevlar stress member. Lower part: the 10 ft containers used to
cover each station and to house the special low-noise Guralp CMG-
DM recorders, telemetry systems, and their support equipment.

for GONAF stations were pre-defined on maps. The center
pieces of this exercise were the Princes Islands, the only lo-
cation with short distances to the NAFZ. The island sites on
Sivriada and Büyukada were decided upon based on their
closest proximity to the target fault section (Fig. 2). The re-
maining five on-land sites were then optimized after pre-site
surveying. For these sites we sought hard-rock conditions to
ensure good coupling of the sensors and therefore more faith-
ful recording of the seismic wave field. Permitting issues re-
lated to land ownership as well as local electricity and data
communication infrastructure were then evaluated.

On the northern shore of the Sea of Marmara, the Tuzla site
is located outside the main Istanbul population center but still
in an urbanized area. It is the closest station to the Tuzla seis-
micity cluster (Fig. 3). Along the southern shore of the Sea

of Marmara – the northern shore of the Armutlu Peninsula –
remote spots were easy to find. However, well-consolidated
rock conditions were rare. As a result, their locations were
determined primarily by sites that seemed to provide the best
rock within the spacing and azimuths needed for the overall
network.

The seismic sensors deployed in the GONAF borehole are
all passive sensors and were selected to cover the entire fre-
quency range intended to be studied. This is primarily de-
fined by the local seismicity that occurs down to the base
of the seismogenic layer at ∼ 18 km, resulting in signal fre-
quencies up to a few tens of Hertz (Bohnhoff et al., 2013).
However, it is also intended to cover higher frequencies of
events occurring near individual wells as well as to detect
potentially occurring low-frequency events. All GONAF sta-
tions are equipped with a 24-channel Guralp 24-bit data log-
ger with variable gain and integrated pre-amplifiers.

The Tuzla station as the first completed GONAF array has
three Sercel 1 Hz L4 vertical component sensors placed at
depths of 71, 144, and 215 m, and also Geospace 2 Hz HS-
1 and 15 Hz DS2500 three-component sensors at a depth of
288 m. (The L4 sensor were formerly manufactured under
the name of Mark Products.) The other six stations with verti-
cally distributed seismic arrays include three vertical 1 Hz L4
seismometers at nominal 70–75 m spacing starting at ∼ 70–
75 m downhole. At the bottom of each well, at 285–295 m
depths, are 3-C, gimbaled 1 Hz L4s, gimbaled Geospace 2 Hz
HS-1s, and fixed Geospace 15 Hz DS2500s (Figs. 2 and 4).
The L4s were selected as they are widely used in local and
regional surface seismic networks worldwide, forming some-
thing of an international standard. In order to achieve suc-
cessful installation of them, both a large diameter, internally
gimbaled pressure case, and even a larger drill hole were
needed. The former requirement is due to the tilt sensitiv-
ity of all seismographs with natural frequencies below about
12 Hz. At 1 Hz, even 1◦ of tilt effectively removes a horizon-
tal component from scientific analysis due to signal distor-
tion.

To achieve a borehole-tilt tolerance of up to ∼ 8◦, a gim-
baled case with an outer diameter of∼ 205 mm was required.
To allow for a comfortable amount of space for this sonde
plus a 60 mm outer diameter (OD) cementing trim tube, a
349 mm borehole was selected for the borehole inner di-
ameter (ID). With the available space and novelty of plac-
ing 1 Hz sensors at 300 m, it was decided to include the 2
and 15 Hz units, both for comparison and backup. All sen-
sors were cemented in the boreholes to ensure good coupling
and long-term cable stability. The seismic waveform data are
currently sampled at 500 Hz by 18-channel Guralp CMG-
DM recorders. These recorders are specially equipped with
0.1× 10−6 V self-noise pre-amplifiers in order to exceed the
self-noise of downhole sensors. The data are then transmit-
ted in real time to GFZ and AFAD headquarters for archiving
and analysis.
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Figure 5. Vertical component seismograms of the Yalova 25 June 2016 foreshock (∼ 05:31) and Mw4.2 (∼ 05:40) earthquakes as recorded
at the Tesvikiye (TESV) borehole station of the GONAF network. The depth and natural frequency of the TESV sensors are shown on
the left. The seismograms were recorded at 500 samples / second and have a usable bandwidth of 0.1 to 200 Hz. The amplitudes of each
trace have been normalized to matching maximum values. The times of some near-surface noise (nsn) and smaller earthquakes (meq) are
shown with upward and downward facing brackets. These two signals can be easily identified by comparing their signal-to-noise ratios
(S/Ns) as a function of 1 Hz sensor depth: near-surface noise ratios decrease with depth, while earthquake ratios increase. For example, the
microearthquakes that took place just before and above the left end of the 8 min bar are clearly evident on the ∼ 300 deep sensor, but are
buried in near-surface scattering noise at ∼ 75 m. The S/N for the near-surface noises just after these events is reversed: the large signals at
∼ 75 m are nearly gone on the∼ 300 m sensor. In between the latter times are a number of events with roughly equivalent S/Ns (∼ 1) at both
depths. As is shown in Fig. 6, in many cases it is possible to determine their origin by comparing frequency contents at ∼ 75 and ∼ 300 m.
The 8 min long bracket along the time axis shows the data window used for this analysis in Fig. 6.

All the seismic sensors were tested prior to deployment.
Individual sensors were then attached to the 60 mm cement-
ing trim tube and lowered into the borehole. Once the entire
string was lowered into the borehole, the entire well was ce-
mented from the bottom up. Each GONAF station is covered
with a 10 ft container to house the 18-channel data logger and
its support equipment (Fig. 4).

The four GONAF strainmeter installations were com-
pleted after the seismic stations were in place. The main
sensors in these installations are GTSM strainmeters, each
with three horizontal strain gauges placed at 120◦ separa-
tions along with a fourth redundant gauge offset 30◦ from the
principal axis (Gladwin, 1984; Gladwin and Hart, 1985). A
3-C Geospace 2 Hz HS-1 seismometer is included as a stan-
dard part of these systems. Their 100 m deep wells were first
logged to find the most competent rock sections. Then, us-
ing the same installation methods as developed for the US
Plate Boundary Observatory, the sensors were lowered into a
pre-loaded slug of expansive grout at the selected depth.

5 Technical and first scientific achievements

The scientific goals set for GONAF required successful com-
pletion of its promised improvements in event detection and
waveform quality – all dependent on the technical aspects
of the still-emerging field of borehole seismology for earth-
quake research. The first indication that these goals were
likely to be met came from the Tuzla site (e.g., Prevedel
et al., 2015). This site detected, along with the existing re-
gional surface network, an M ∼ 1.6 event immediately to its
south. Using this event as a correlation template, the Tuzla
data in the days surrounding this event were checked for ad-
ditional weaker events missed by the surface stations. A total
of 114 additional events from the same location were identi-
fied in the Tuzla GONAF downhole data by these means, all
with relative coda magnitudes less than M ∼ 1.6. The small-
est of these events was found to be about M ∼−1. Subse-
quently, at the Tesvikiye GONAF station on the southern
Sea of Marmara shore, a pair of events, one with M ∼ 0
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Figure 6. Seismograms and spectrograms illustrating the increasing attenuation of near-surface noise with depth and the increasing mi-
croearthquake signals with depth. The depth and natural frequency of the vertical component sensors used to record these motions are
shown on the left. The data window is for the 8 min between the main foreshock and the Mw4.2 Yelova earthquake, as shown in Fig. 5.
The 500 samples / second seismograms have been band pass filtered between 0.1 and 50 Hz, and normalized to matching maximum values.
The spectrogram bandwidths shown are also between 0.1 and 50 Hz, and their color scales were adjusted to matching maximum values and
ranges. Examples of the difference between downgoing near-surface noise (nsn) and upcoming microearthquake signal (meq) attenuation
are labeled. For example, the near-surface noise recorded during the lower time bar on the ∼ 75 m deep 1 Hz vertical is nearly absent on the
∼ 300 m deep sensors; likewise for the signals on either side at the time of 05:33:00. In contrast, the high-frequency microearthquake signal
at the beginning of the record on the ∼ 300 m 1 Hz is similarly reduced on the ∼ 75 m deep sensor. Potential smaller microearthquakes not
evident on the ∼ 75 m deep recording are indicated by black arrows on the ∼ 300 m 1 Hz spectrogram, and are at the detection limit of the
GONAF stations. The self-noise floor and sensitivity of the 1 Hz sensor are clearly evident in these plots: the higher-frequency sensors pick
up the first microearthquake event, but the other events are buried by their overall system-response characteristics.

and the other with M ∼−1, were also recorded. Except for
their amplitudes and signal-to-noise ratios, the initial half
seconds of the waveforms of these two events are nearly
identical (Prevedel et al., 2015). Judging from their S–P time
of ∼ 0.3 s, these events occurred roughly 2.5 km away. So,
based on the smaller event’s signal-to-noise ratio of ∼ 10, it
would appear that the detection limit of the 300 m deep 1 Hz
sensors approaches a relative magnitude M ∼−1.3 to −1.4
event at this distance.

The occurrence of a Mw4.2 (AFAD Earthquake Depart-
ment) event several kilometers northeast of the Tesvikiye
GONAF station on 25 June 2016 also helped establish sev-
eral GONAF seismic station technical achievements, includ-
ing (1) the improved detection threshold of the∼ 300 m deep
sensors, (2) the near-surface noise discrimination value of
the vertical array, and (3) the relative performance of the
three different natural frequency sensors, 1, 2, and 15 Hz
(Figs. 5, 6, and 7).

None of the Tesvikiye sensors appears to have clipped dur-
ing either the foreshock or main event, which were roughly
15 km away based on their S–P times of ∼ 2 s. The relative
sizes of the aftershock events show that the detection thresh-
old for earthquakes at this distance from this station is around
M ∼ 0. This suggests that the combined detection, location,
and unclipped dynamic range of the seven-station network
will be at least between M ∼ 0 and 4.5 or so. By comparing
signals and signal-to-noise ratios between the near-surface
and deep sensors, the task of separating microearthquakes
from cultural noises is greatly facilitated, as demonstrated by
the waveform examples shown in Figs. 5 and 7.

Comparison of the codas of the foreshock and the Mw4.2
event as recorded on the three different frequency sensors
at ∼ 300 m shows the well-known apparent “reverse disper-
sion” of scattered seismic waves: the higher frequencies of
the coda cut off earlier than lower ones. The relative signal-
to-noise ratios between these sensors accords mainly with
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Figure 7. This figure shows the times of earthquakes identified at the∼ 300 m deep 1 Hz GONAF-TESV sensor by their spectra in the 15 min
interval from 05:00:00 to 05:15:00 on 25 June 2016. The solid arrows indicate events with S–P time within 0.1 s of the fore- and main-shocks,
the latter arriving at 05:30:56 and 05:40:15. The dashed arrows are events that do not have this S–P time or could not be confidently identified
and measured in the waveform data themselves.

their generator constants. Because of its size and consequent
combination of coil and magnetic proof mass, the 1 Hz sen-
sor puts out several times the voltage for equivalent motion
as the other two sensors. Hence this sensor overcomes many
of the electrical interferences generated by the signal cable
and recorder. Ordinarily one would hence select this type of
sensor, until one recalls the size of the internally gimbaled
sonde and drill hole needed to successfully install them.

Several earthquake research studies have been performed
with data from the PIRES and more recently also from the
GONAF stations over the last few years. One study focused
on using the improved detection limit of these stations to
study the microseismic activity along the Princes Islands seg-
ment (Bohnhoff et al., 2013). Consistent with previous stud-
ies, but now with a much more definitive result, the conclu-
sion is that this crucial portion of the Marmara seismic gap
is indeed locked. This view has also been confirmed by GPS
data (Ergintav et al., 2014). Therefore, the need to consider
it as a potential nucleation point of the pending M>7 earth-
quake has been further substantiated due to better network
resolution (Raub et al., 2016). Data from the Tuzla GONAF
site have allowed determination of the near-surface structure
around the borehole, a key prerequisite for local seismic haz-
ard and risk assessment (Raub et al., 2016). These studies are
being extended to all other GONAF sites.

As shown in Fig. 7, the downhole data from the 25 June,
2016, Mw4.2 event have revealed microearthquakes – poten-
tially triggered aftershocks – hidden in the coda of the near-
surface Tesvikiye sensor. As this also appears true for the ob-
served foreshock, all the GONAF seismic data are currently
being examined for the time interval surrounding the Mw4.2
mainshock.

6 Conclusions

The recently implemented Geophysical Observatory at the
North Anatolian Fault (GONAF) in northwestern Turkey
aims at monitoring the eastern portion of the NAFZ below the
Sea of Marmara. This section of the North Anatolian Fault is
currently overdue for a M>7 earthquake and runs underwa-
ter at less than 20 km from the 15-million-person population
center of Istanbul. GONAF provides low-noise recordings
covering the entire frequency band of signals generated by
seismic and creeping processes.

The GONAF observatory currently comprises seven 300 m
deep vertical seismic profiling stations and four collocated
100 m deep borehole strainmeters. Five of the stations are lo-
cated on the land surrounding the Princes Islands segment
below the eastern Sea of Marmara; two are on the near-fault
Princes Islands south of Istanbul. The 300 m boreholes have
1, 2, and 15 Hz 3-C seismometers near their bottoms. Above
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this are vertical, 1 Hz, seismometers at ∼ 210, 140, and 70 m
depths. The strainmeter boreholes are located within a few
meters of the seismometers and contain horizontal strain ten-
sor sensors and 2 Hz 3-C seismometers at their bottoms.

GONAF is the first ICDP-driven project with a primary
focus on long-term monitoring of fault-zone dynamics. It
has already contributed to earthquake hazard studies in the
Istanbul area in several ways. Combining GONAF record-
ings with existing regional seismic stations now allows mon-
itoring of the NAFZ offshore of Istanbul down to magni-
tudes M<0. This has improved the resolution of earthquake
hypocenters and source parameters, better defining local fault
branches, their seismicity, and earthquake potential along
the Princes Islands fault segment. Thus, GONAF contributes
to addressing fundamental questions related to earthquake
nucleation, rupture dynamics, temporal changes in material
properties and strain along active transform faults.

7 Data availability

Seismic waveform data from the GONAF project will be
made available with a 3-year retention period. Strainmeter
data are available in real-time through UNAVCO. The wave-
form recordings shown in Figs. 5–7 are freely available.
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Abstract. The Rapid Access Ice Drill (RAID) is designed for subsurface scientific investigations in Antarctica.
Its objectives are to drill rapidly through ice, to core samples of the transition zone and bedrock, and to leave
behind a borehole observatory. These objectives required the engineering and fabrication of an entirely new
drilling system that included a modified mining-style coring rig, a unique fluid circulation system, a rod skid,
a power unit, and a workshop with areas for the storage of supplies and consumables. An important milestone
in fabrication of the RAID was the construction of a North American Test (NAT) facility where we were able
to test drilling and fluid processing functions in an environment that is as close as possible to that expected in
Antarctica. Our criteria for site selection was that the area should be cold during the winter months, be located
in an area of low heat flow, and be at relatively high elevation. We selected a site for the facility near Bear Lake,
Utah, USA.

The general design of the NAT well (NAT-1) started with a 27.3 cm (10.75 in.) outer casing cemented in a
152 m deep hole. Within that casing, we hung a 14 cm (5.5 in.) casing string, and, within that casing, a column
of ice was formed. The annulus between the 14 and 27.3 cm casings provided the path for circulation of a
refrigerant. After in-depth study, we chose to use liquid CO2 to cool the hole. In order to minimize the likelihood
of the casing splitting due to the volume increase associated with freezing water, the hole was first cooled and
then ice was formed in increments from the bottom upward. First, ice cubes were placed in the inner liner and
then water was added. Using this method, a column of ice was incrementally prepared for drilling tests. The
drilling tests successfully demonstrated the functioning of the RAID system. Reproducing such a facility for
testing of other ice drilling systems could be advantageous to other research programs in the future.

1 Introduction

Characterizing and mapping continental bedrock beneath the
Antarctic ice sheets is a fundamental objective of the US Na-
tional Science Foundation’s Antarctic Program (Goodge and
Severinghaus, 2016). However, drilling through thick ice us-
ing existing ice-coring equipment is a slow process that has
required multiple working seasons, and these systems were
not designed for recovery of sub-glacial bedrock samples.
The development of a mechanical drilling system that can
rapidly drill through ice and core the base of the ice sheet
and underlying bedrock is a high priority for the scientific
community (Clow and Koci, 2002; Gerasimoff, 2012). Other
priorities include finding the oldest ice in Antarctica in order

to enhance our understanding of past global climate changes
by linking changes recorded in the polar ice sheets with com-
plementary marine sediment records.

The goal of the Rapid Access Ice Drill (RAID) is to rapidly
drill a thick section (up to 3300 m) of Antarctic ice and to
collect core samples of the transition zone and underlying
bedrock. We expect to drill five or six holes in a 2-month
drilling season. To accomplish this, we need to achieve pen-
etration rates through the ice of 3 m min−1. In addition, ex-
isting equipment is only designed to core ice, whereas RAID
is the first system to focus on coring the transition zone
and underlying bedrock. RAID will operate autonomously
in remote regions of Antarctica and therefore must be highly
mobile. It includes five different components: drill skid, rod
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skid, fluid re-circulation system (FRS), power unit, and shop
and supply container.

To mitigate the risks associated with the performance of
this new drilling system, a series of bench and field tests
were designed to evaluate individual components and sys-
tem integration before deployment to Antarctica. The North
American Test (NAT) was the first integrated RAID system
test where drilling and fluid circulation functions were tested
under conditions that were as close as possible to those ex-
pected in Antarctica. The RAID is designed to use ESTISOL-
140 (ESTISOL) as a drilling fluid because it has a density
similar to that of ice, it has a low freezing point, and it has
good transparency, allowing the hole to be logged optically
following drilling (Sheldon et al., 2014). The FRS processes
the returned ESTISOL and included ice chips, separates the
ice, and re-circulates the ESTISOL down the hole. RAID uti-
lizes pressurized reverse circulation to drill through the ice;
i.e., ESTISOL is pumped down the annulus between the rods
and ice, and the returned fluid and ice cuttings flow up the
inside of the drill rods. This is done to mitigate the risk of
cuttings freezing in the small annulus between the ice and
the drill rod. The FRS is a key component of the fluid circu-
lation system, and is a unique development under this project.
As with all prototype equipment, it requires comprehensive
testing under expected operating conditions.

In order to accomplish the RAID system test, we designed
and built a facility where we could drill ice and test the rig’s
drilling and coring capabilities as well as the functioning
of the FRS. In brief, the NAT facility consisted of a hole
where we froze a column of ice and conducted a series of
system tests. Other test facilities for testing ice drilling in-
clude a 60 m deep hole at CRREL (National Research Coun-
cil, 1986) and a 13 m deep facility at the University of Alaska
(Das and Jois, 1994). A 76 m deep well at the University
of Wisconsin was established as part of the IceCube devel-
opment and was used in early 2016 to test the ASIG drill
(K. Slawney, personal communication, 2017).

The NAT facility was established on private land near Bear
Lake, Utah, and was permitted through the Utah Division
of Oil Gas and Mining. This site met a number of criteria.
First, this region is often one of the coldest areas in the lower
continental United States. We wanted to replicate tempera-
tures that the equipment and personnel would experience in
Antarctica. Second, operations in Antarctica are expected to
take place at elevations of 3000 to 4000 m. These elevations
will impact the performance of both machinery and person-
nel; the elevation at the NAT site is 1824 m above sea level.
Lastly, since we wished to freeze a column of ice to a depth
of 137 m, we were working against natural heat flow. There-
fore, we chose a region in northeastern Utah that has rel-
atively low heat flow (60–80 mWm−2; Edwards and Chap-
man, 2013; Nielson et al., 2016).

Figure 1. Schematic diagram of the North American Test facility.

2 Facility construction

Drilling was initiated in January, 2015, by augering a 61 cm
(24 in.) hole to a depth of 12 m (40 ft). A 40.6 cm (16 in.) di-
ameter conductor casing was cemented in place. A 37.5 cm
(14.75 in.) hole was then drilled to total depth of 155 m by
an Atlas Copco RD-20 rotary drill, utilizing air and foam.
Then, a 27.3 cm (10.75 in., L-80, 45.5 lb ft−1) high-strength
low-carbon steel casing was cemented in place to 152 m.
The 27.3 cm casing was designed to separate the test hole
from the bedrock to eliminate the possibility of contamina-
tion from ESTISOL. Throughout the planning process, we
were concerned about the behavior of steel at very low tem-
perature, and the volume change associated with the water to
ice transition that could potentially split the casing. As a re-
sult, we chose casing that was as strong as practical. Charpy
V-notch testing confirmed an average toughness rating of
177.6 J at −50 ◦C.

A 14 cm (5.5 in., L-80, 17 lb ft−1) casing string was de-
signed to host the ice, and a cement plug at the bottom simu-
lated the ice–bedrock transition. The Charpy V-notch testing
on this casing produced 99.8 J at −50 ◦C. The 14 cm cas-
ing was centralized and hung inside the 27.3 cm casing us-
ing a standard oil field wellhead. The annular space between
these two casing strings formed the space for the circulation
of coolant. A diverter was attached to the 5.5 in. casing to
control the flow of the circulation fluid. Figure 1 shows the
final, as-built NAT facility.
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Figure 2. Cooling process diagram for the NAT facility.

A thermistor string was critical for monitoring the tem-
perature of the well during the testing activities. A Geokon
thermistor string with digital read-out at 15 m intervals was
installed in the annular space between the 27.3 and 14 cm
casing strings.

Liquid CO2 (LCO2) was selected as the refrigerant after
an extensive review of different options. The basis of this se-
lection was that LCO2 is relatively inexpensive, readily avail-
able, and pumps easily. The wellhead had choke and kill lines
through which we introduced LCO2 and allowed CO2 vapor
to exit. By controlling the pressure at the outlet, we were able
to manage the temperatures during the cooling process. The
cooling system for the facility (Fig. 2) included a 17 690 kg
(39 000 lb.) insulated LCO2 storage tank that held LCO2 at
−20 ◦C and 1.72 MPa (250 psi). From this supply tank an
insulated 2.5 cm line was connected to the suction side of
the LCO2 pump. The pump could generate up to 8.27 MPa
(1200 psi) and moved the liquid from the supply tank to the
inlet of the wellhead. Prior to pumping LCO2 into the well,
a vapor line was connected to the well from the top of the
supply tank allowing the hole to flood with CO2 vapor. This
removed oxygen and moisture from the annular space and
started the cooling process. The supply temperature and pres-
sure were monitored at the pump using analog gauges. The

pump had a maximum pressure relief valve on the distribu-
tion manifold that was set to 2.76 MPa (400 psi). The first
time we loaded the hole with LCO2 and exceeded 3.10 MPa
(450 psi), we experienced pressure that was large enough to
lift the 14 cm casing out of the hanger wedges. This broke
the seal around the 14 cm casing, and CO2 leaked from the
annular space. To correct this issue, we used a set of chains
and binders to hold the diverter down, which in turn held the
14 cm casing in place.

As LCO2 was introduced into the well, it absorbed heat,
flashed to vapor, and the surrounding area experienced a tem-
perature drop. Therefore, the hole cooled from the top down
(Fig. 3). Once the temperature of the well was lowered to
the saturation curve (equilibrium between liquid and vapor),
the CO2 will remain in a two-phase liquid–vapor state. Cy-
cling the injection allowed the annular space to be flooded by
LCO2. Releasing the pressure on the hole allowed the LCO2
to flash, resulting in a decrease in temperature. Using this
method, we were able to cool the entire hole. Due to the nat-
ural heat flux, it was necessary to constantly introduce LCO2
into the hole to maintain the temperature required.

Figure 3 shows the cooling history of NAT-1 starting on 5
February 2015 and following completion of the test facility.
On 9 February, CO2 vapor was introduced into the annulus to
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Figure 3. Temperature with depth showing the cooling history of
the North American Test facility.

displace air and begin the cooling process. On 12 February,
we began introducing LCO2 and cooling the hole from the
top. The curve from February 23 shows the temperature pro-
file of the hole just before we started to grow ice in the 14 cm
casing. The final curve from 3 March shows the temperature
profile once ice was formed in the 14 cm casing.

On several occasions we ran out of LCO2 from the main
supply tank, or needed to stop cycling in order to do mainte-
nance. This resulted in the temperature in the hole rebound-
ing rapidly, and the cooling process had to be repeated.

Freezing water produces roughly 207 MPa
(30 000 lbs in.−2) of force on the walls of a confining
vessel. We were concerned that if the 14 cm liner burst
during the freezing process, we might only get one oppor-
tunity to drill the ice. In addition to selecting steel that was
as strong as possible, we decided to introduce cubed ice
from the surface and then add liquid water to fill the gaps
between the cubes. Although time-consuming, we believed
this method would efficiently establish an ice column and
reduce the strain on the liner by about 75 % compared to
filling it with water alone.

To calibrate the process, we added 3.2 kg of cubed ice to a
piece of 14 cm casing and then added water. Together, 3.2 kg
of ice and 2.5 L of water filled approximately 50 cm of the
14 cm casing. In the borehole, ice cubes were allowed to free
fall to the bottom. The water, however, was a more difficult

problem since it needed to be delivered to the bottom of the
hole without freezing to the casing. A simple fluid dispenser
was devised based on a reverse-bailer concept that would in-
troduce approximately 53 L of water to the bottom of the hole
using the drill’s wireline. Impact of the fluid dispenser with
the top of the ice released a rubber plug, and the water flowed
into the ice. The freezing process then took place in 3.3 m in-
crements, and the duration of a complete freezing cycle was
3 to 4 h. A video log was run at the end of each ice–water
loading cycle to verify placement and the correct depth of
the ice.

3 Testing and lessons learned

Details of the testing procedure will be covered separately;
however, the principal objectives were to evaluate bit de-
sign, to exchange a face-centered bit for coring assembly, to
drill at different rates, and to confirm the functioning of the
FRS. The RAID is designed to be capable of drilling rapidly
through the ice in order to maximize the number of holes
that can be drilled in an Antarctic summer field season. To
achieve this objective, the rate of penetration is of paramount
importance. The range of components that affect the pene-
tration rate introduces too many variables to accurately de-
termine the rate mathematically and therefore must be tested
to see how hard the systems can be pushed to maximize ice
drilling speed while ensuring a high degree of safety. The
drilling process used an 88.9 mm bit and NRQ V-wall core
rod (69.85 mm; 2.75 in. OD). The main parameters that have
a direct effect on penetration rate are rotation speed, flow rate
of the fluid circulation system, capacity of the FRS system
to process debris and ice cuttings and return a clean drilling
fluid, pressure exerted on the borehole to maintain the fluid
flow required, and the cutting capacity of the drill bit.

Achieving progressively higher penetration rates was the
chief factor guiding our testing sequence. The underly-
ing rationale for this testing approach was that if the drill
can operate successfully at its maximum penetration rate
(3.0 m min−1), then all supporting systems are in fact func-
tioning within specifications. A step-wise approach with
progressively higher penetration rates allowed us to vali-
date operation of each sub-system. Phase I tests at a quar-
ter of the desired maximum speed (0.75 m min−1) were in-
tended to first establish successful drilling into the ice col-
umn, and to become familiar with the system before push-
ing its limits. Succeeding phases were designed to validate
operation at successively higher penetration rates: at half-
speed (1.5 m min−1) and at full speed (3.0 m min−1). The
next phase focused on coring into the cement plug at the bot-
tom of the ice in order to simulate bedrock coring.

Video logs were run in the hole following each test. The
logs revealed an unanticipated problem with the ice-forming
process. In the process of adding ice cubes and then satu-
rating the ice with water, we observed that the top 50 % of
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the 3.3 m segment formed compact ice, and the bottom 50 %
of the volume was loosely bonded ice cubes. Attempting to
freeze a 3.3 m section was too aggressive. Water did not flow
completely through the cubed ice, resulting in a section of
completely frozen ice that drilled smoothly and an under-
lying section where the ice would break off in pre-formed
cubes during drilling.

After completion of the half-speed testing segment, we re-
froze the hole using only water so that we could attempt to
drill the full-speed test in as pristine ice as possible. We did
this in increments of about 1.5 m, and the time to freeze these
segments was about 4–5 h.

Frequently, the drill bit came into contact with the casing
wall, resulting in damage to the cutters on the bit. Drilling
with an 88.9 mm outer-diameter bit in a 124.2 cm inner-
diameter casing provided too little space for the bit to wan-
der, and any future work should consider using a larger inner-
casing string.

The coring tools were tested and we were able to re-
trieve core, though not of the length we desired. The con-
crete placed at the bottom of the 14 cm casing was powdered
by the extreme cold and was not an appropriate analog for
hard rock.

Designing NAT-1 devoted a considerable amount of study
to determine the best mechanism for cooling the hole. We
considered the option of using a mechanically pumped
coolant, such as Dynalene, in place of LCO2. LCO2 was
chosen because of lower cost and ability to reach lower tem-
peratures through the control of pressure. However, LCO2
proved difficult to handle, and a long-term test site should
consider use of a circulating refrigerant. Despite the chal-
lenges and lessons learned during experimentation, we view
the creation of the NAT facility as a success that allowed for
the validation of the drilling and fluid circulation components
of the RAID. At the completion of the testing, the facility was
plugged and abandoned. The RAID system has been shipped
to Antarctica and will undergo field trials at Minna Bluff in
November–December, 2016.
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Abstract. It is now commonplace for non-destructive X-ray computed tomography (CT) scans to be taken of
core recovered during a drilling project. However, other forms of tomographic scanning are available, and these
may be particularly useful for core that does not possess significant contrasts in density and/or atomic number
to which X-rays are sensitive. Here, we compare CT and neutron tomography (NT) scans of 85 mm diameter
core recovered during the first phase of the Deep Fault Drilling Project (DFDP-1) through New Zealand’s Alpine
Fault. For the instruments used in this study, the highest resolution images were collected in the NT scans. This
allows clearer imaging of some rock features than in the CT scans. However, we observe that the highly neutron
beam attenuating properties of DFDP-1 core diminish the quality of images towards the interior of the core. A
comparison is also made of the suitability of these two scanning techniques for a drilling project. We conclude
that CT scanning is far more favourable in most circumstances. Nevertheless, it could still be beneficial to take
NT scans over limited intervals of suitable core, where varying contrast is desired.

1 Introduction

The value of core obtained in drilling projects can be signif-
icantly enhanced through the application of non-destructive
tomographic scanning techniques. These techniques permit
high resolution imaging of the internal structure of the core
and allow the identification of features that would not be ap-
parent during visual inspection of the core alone. They may
also allow assessment of bulk material properties, such as
porosity and permeability (e.g. Grader et al., 2000; Wennberg
et al., 2009; Voorn et al., 2015), and act as a historical record
of the core once it has been subsampled. For these reasons
and others, it is now common to obtain X-ray computed
tomographic (CT) scans of core upon its recovery during
drilling projects (Rothwell and Rack, 2006; Withjack et al.,
2003).

Tomography refers to the cross-sectional imaging of an
object through the transmission or reflection of an incident
wave penetrating the object from multiple directions. In the
case of CT scanning, the internal structure of an object is vi-
sualised based on the extent to which it attenuates X-rays.
Data like these have demonstrably contributed to the sci-
entific outcomes of drilling projects (e.g. Keren and Kirk-
patrick, 2016; Sills, 2013; Withjack et al., 2003). However,
the applicability of CT scanning can be limited. For exam-
ple, if the core does not contain materials that possess signif-
icant contrasts in X-ray attenuation, then features within the
core will not be observed in the scans. In these cases, other
forms of non-destructive tomographic core scanning may be
more useful, such as neutron tomography (NT) or nuclear
magnetic resonance (NMR) imaging. These techniques use
different incident waves from CT scanning, so they are sen-
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Figure 1. Location of the Alpine Fault and the DFDP-1 boreholes
in the context of the Australian–Pacific plate boundary through New
Zealand.

sitive to different material properties. Therefore, they can im-
age features that may be poorly resolved in CT images.

In this contribution, we compare and contrast CT and NT
scans taken of core collected from phase 1 of the Deep Fault
Drilling Project (DFDP-1) through New Zealand’s Alpine
Fault zone (Fig. 1). Previous assessments have been made
of the quality of images derived from CT and NT scanning
of geologic materials (Schwarz et al., 2005; Vontobel et al.,
2005), including drillcore (Christe et al., 2007). Herein, we
provide the first comparison of (1) CT and NT images in
samples from an active fault zone and (2) the practicality of
these scanning techniques within the constraints of a drilling
project.

2 Experimental set-up of CT and NT scanning of
DFDP-1 core

The Alpine Fault accommodates approximately 70 % of the
motion between the Australian and Pacific plates in the South
Island of New Zealand (Fig. 1). Several criteria, such as its
late interseismic state (Berryman et al., 2012; Sutherland et
al., 2007), well-determined Quaternary slip rates (Norris and
Cooper, 2001), and the fact that it currently exhumes a suite
of deformed rocks with features representative of deforma-
tion processes still occurring today, make the Alpine Fault a
globally unique target for scientific drilling (Townend et al.,

2009). The Alpine Fault Deep Fault Drilling Project (DFDP,
http://alpine.icdp-online.org) was initiated in 2011 with its
first phase, resulting in the completion of two vertical bore-
holes, DFDP-1A and DFDP-1B, drilled to depths of ∼ 100
and 152 m respectively. Both holes intercepted the principal
slip zone gouges of the Alpine Fault (Sutherland et al., 2012).

Within several weeks of the completion of the DFDP-1
boreholes, 23.2 m of PQ (i.e. diameter 85 mm) core from
DFDP-1A and 50.5 m from DFDP-1B were CT scanned. In
this technique, the attenuation of the X-ray signal is mainly a
result of interaction between the X-ray photon and the elec-
trons of an atom’s shell (Schwarz et al., 2005; Vontobel et al.,
2005). Attenuation reflects the density and the atomic num-
ber (Z) of the material it passes through. The raw intensity
data are converted linearly to a CT number, which are typi-
cally represented visually by a greyscale value (Ketcham and
Carlson, 2001).

CT scans were collected at the Oncology Department of
Dunedin Hospital, New Zealand. A Philips accolade scan-
ner was operated at 200 mA and X-ray tube voltage 120 kVp,
which gives a half value layer of 8.4 mm. The horizontal slice
spacing was 1 mm, the field of view was 250 mm, and the
image size was 1024× 1024 pixels. This results in a voxel
size of 0.244× 0.244× 1 mm in the x, y, and z directions
respectively. To reconstruct the CT image stack into three-
dimensional images and two-dimensional slice images of the
core, OsiriX imaging software (http://www.osirix-viewer.
com/) was used.

NT scans of DFDP-1 core were collected using the thermal
neutron tomography instrument, DINGO, at the Australian
Centre for Neutron Scattering, Australian Nuclear Sciences
and Technology Organisation (ANSTO) in Sydney, Australia
(Garbe et al., 2011). Neutrons mainly interact with matter
through absorption and scattering with atomic nuclei, so neu-
tron beam attenuation is strongly affected by the presence
of light atoms, which present a small cross-sectional area to
the neutron flux (Christe et al., 2007). Therefore, NT scans
are able to resolve features that contain contrasts in the con-
centration of light elements, such as hydrogen, boron, and
lithium.

The set-up used to scan DFDP-1 core is shown in Fig. 2.
Core was wrapped in aluminium foil, which is highly trans-
parent to neutrons. During the scan, the core was rotated
around its axis through 180 or 360◦ while the neutron beam
was passing through it. The scintillation screen of DINGO,
and thus the field of view, is 20 cm× 20 cm. The 100 µm
thick scintillation screen consists of an aluminium sheet,
which is coated with a thin layer of the scintillation material
ZnS/6LiF (Garbe et al., 2011). It is possible to translate the
sample stage in the z direction (up and down) so that scans
are taken in two separate fields of view. In this way, it is pos-
sible to scan a core of < 40 cm in length or two different core
samples of < 40 cm in total length at one time (e.g. Scan 1,
Table 1). In these cases, two separate scans are collected that
later require stitching together.
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Figure 2. Set-up of DINGO for NT scanning of DFDP-1 core. The field of view is approximately 2.5 m across.

We selected ten subsamples of DFDP-1 core of < 25 cm
in length. The selection of these samples was based on
(1) whether they contained noteworthy fault rock fabrics
and (2) ensuring that a range of the lithologies described in
DFDP-1 core (Toy et al., 2015) was scanned. Nine samples
were whole core and, for comparison, one was split along
its length. In 5 days, we were able to perform nine scans (Ta-
ble 1), which amounted to a total length of 2.26 m of scanned
core.

All core samples were scanned with a low-intensity,
low-divergent neutron beam with a collimation ratio of
L/D = 1000, where L is the collimator length and D is
the neutron aperture diameter (ASTM, 2013). For com-
parison, two scans of core were also taken with a high-
intensity and more divergent beam (L/D = 500). When al-
lowing for the collection of reference images of the empty
beam, the typical run time for < 20 cm of core was ∼ 5 h.
For scanning intervals of core from 20 to 40 cm, which re-
quired the automated height adjustment of the scintillation
screen, the run times were ∼ 10 h. The raw image files col-
lected from the scan were reconstructed into an image stack
comprising slices perpendicular to the rotation axis using
Octopus Reconstruction (https://octopusimaging.eu/octopus/
octopus-reconstruction). In this step, a beam hardening cor-
rection was applied to the images. The actual correction ap-
plied was chosen subjectively, since noise can be added to
images in which a beam hardening correction is too harsh.
Image stacks were then viewed using the software Avizo
(http://www.fei.com/software/avizo3d/), after the application
of Avizo’s Non-Local Means smoothing image filter.

3 CT and NT image comparison

Broadly speaking, the DFDP-1 cores scanned comprise two
types of lithology: ultramylonites (Units 1 and 2 of Toy et al.,
2015) and cataclasites (Units 3, 4 and 6 of Toy et al., 2015).
Ultramylonites contain a foliation defined by alternating

millimetre–centimetre quartzofeldspathic and phyllosilicate-
rich (biotite, muscovite, and chlorite) layers. Cataclasites are
found to contain millimetre–centimetre quartzofeldspathic
clasts surrounded by a phyllosilicate matrix. All lithologies
are cross-cut by millimetre–centimetre thick clay-enriched
fractures, which contain quartz, albite, muscovite, chlorite,
calcite, and smectite, that constitute the damage zone of the
Alpine Fault (Caine et al., 1996; Schleicher et al., 2015; Toy
et al., 2015; Williams et al., 2016).

Figures 3 and 4 present a comparison of CT and NT scans
of ultramylonite units and cataclasite units respectively. In
addition, we include 180◦ of unrolled Geotek images of the
same interval of core. Both scanning techniques are capable
of imaging the core features described above, in particular
clay-enriched fractures. In NT scans, these fractures appear
bright white, indicating high neutron attenuation and there-
fore relatively high concentrations of hydrogen. This may re-
flect the fact that the clays contain bonded water in their min-
eralogical structure. Open and partially open fractures were
more successfully imaged by CT scanning (Fig. 3c).

The voxel size in NT scans is 0.000870 mm3 (3 s.f.), which
is ∼ 70 times smaller than the voxel size of the CT scans
(0.0595 mm3 3 s.f. – significant figures). This allows better
characterisation of the morphology of the fractures, the iden-
tification of some fractures not identified in the CT scans
(e.g. Fig. 3b), and more precise imaging of the cataclastic
fabric (Fig. 4a). However, we note that industrial CT instru-
ments may permit higher spatial resolution (100–200 µm)
than the medical CT instrument used in this study (Kyle and
Ketcham, 2015; Masschaele et al., 2013). In addition, the res-
olution of the CT scans will depend on core diameter and
density. Therefore, the higher resolution of the NT scans in
this study will not necessarily be realised in all cases.

DFDP-1 core was found to be highly neutron attenuating
and therefore posed considerable challenges in imaging the
centre of the drillcore, even after the application of a beam
hardening correction. In Fig. 4c and d, it can be observed
that it is difficult to trace features that are well defined near
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Table 1. Summary of core samples and acquisition parameters for the NT scans performed on DFDP-1 core on the NT instrument DINGO
at ANSTO.

Scan Sample a Sample b Rotation (◦) Rotation Intensity Images Exposure (s) Length of core
increment (◦) scanned (cm)

1 DFDP-1A 1A_55-2 DFDP-1B_35-1 180 0.25 Low 721 20 15
2 DFDP-1B_35-1 180 0.25 Low 721 20 20
3 DFDP-1B_49-1 DFDP-1A_58-1 180 0.225 Low 1602 22 42
4 DFDP-1B_43-1 180 0.225 Low 801 22 23
5 DFDP-1A_63-2 DFDP-1B_58-2 180 0.225 Low 1602 22 35
6 DFDP-1A_59-2 DFDP-1B_66-1 180 0.225 Low 1602 22 35
7 DFDP-1B_65-2 180 0.225 Low 801 22 23
8 DFDP-1A_63-2 360 0.2 High 1801 4 20
9 DFDP-1A_63-2 DFDP-1A_55-2 360 0.2 High 1801 4 13

Table 2. A comparison of the practicality of CT and NT scanning in the framework of a drilling project.

X-ray computed tomography scanning Neutron tomography scanning

(i) Applicability to geologic materials Broadly applicable to all geological materials Not recommended for wet (i.e. H-rich) samples;
Better suited to dry, dense geological materials

(ii) Availability and portability of scanner Widely available at major hospitals and scientific institutions; Requires neutron source, limited availability
Portable, so can be brought onto a drill site or ship

(iii) Scanning rate 12 m h−1
∼ 50–200 cm day−1, depending on scanner set-up

(iv) Maximum length of core scanned ∼ 1.5 m 40 cm

(v) Resolution 100–1000 µm, depending on direction ∼ 25–200 µm, independent of direction

(vi) Sensitive to Contrasts in density and atomic number Presence of hydrogen and other light elements

(vii) Penetration 10–50 cm, depending on sample composition, 10–50 cm, depending on sample composition
X-ray energy and desired image quality

(viii) Cost, per metre of drillcore USD 15/ma USD 2640–10 560/mb

a Calculated assuming that it is possible to scan 12 m of core per hour (i.e. each scan of a 1 m core section takes 5 min); pricing structure at the Dunedin Hospital Oncology
Department.
b Based on a scanning rate of 50–200 cm day−1 and the commercial pricing for use of the DINGO facility at ANSTO
(http://www.ansto.gov.au/ResearchHub/Bragg/Users/Requestingbeamtime/CommercialPrices/index.htm).

the outer surface of the core, into its centre. This problem is
exemplified in Fig. 5., which shows unrolled images of the
CT and NT scans generated using a script in Fiji (https://fiji.
sc/). To obtain these, the image stack is loaded in Fiji and
a circle is drawn around the core in an axial-perpendicular
slice. This is then used to a define a path around which the
image is constructed for all slices perpendicular to the core
axis. In this way, we can generate circumferential images of
the outer surface of the core and also of surfaces within the
core interior.

In the case of the NT scans, this shows that it is possible
to resolve more features that are closer to the outer surface
of the core, where there has been less absorption and scat-
tering of the neutron beam, than in an interior surface of the
core (Fig. 5). This result was found regardless of whether
the core was scanned using a low- or high-intensity neutron
beam. Therefore, the most successful imaging of the interior
of highly neutron attenuating core will be acquired in split
core samples, such as in Fig. 4a, with a thickness of 3.5 cm.

Similar problems with neutron penetration were also encoun-
tered by Christe et al. (2007); however, a correction to ac-
count for neutron scattering could mitigate this to an extent
(Hassanein et al., 2005, 2006). No such penetration issues
were found when CT scanning DFDP-1 core.

4 Applying CT and NT scanning during drilling
projects

Table 2 outlines a list of criteria that may be applied when de-
ciding which scanning technique to employ during a drilling
project. Based on these criteria, CT scanning is more advan-
tageous than NT scanning. For example, whereas CT scan-
ning is suitable for a wide range of geological samples, NT
scanning may not be appropriate for wet samples as the high
amounts of H they contain will mean they have strongly neu-
tron attenuating properties (Table 2i). Furthermore, whereas
CT scanners are widespread and portable – to the extent that
they can be brought onto a drill site or ship (Freifeld et al.,
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Figure 3. Comparison of 180◦ unrolled Geotek images and 2-
D core axial-parallel CT and NT slice images of DFDP-1 for
ultramylonite intervals. For core section intervals (borehole_core
run and section_depth interval from the top of the core section
in cm) (a) DFDP-1A_55-1_82-95 (depth interval 75.82–75.95 m),
(b) DFDP-1B_49-1_35-50 (115.85–116.00 m), and (c) DFDP-
1B_35-1_70-88 (102.57–102.75 m). Arrows in (b) identify a clay-
enriched fracture in the NT image that is not identified in the CT
images. Greyscale refers to NT images, and all CT images have a
greyscale of CT 500–4000.

2006) – NT scanners require a neutron source, of which only
a handful are available worldwide (Table 2ii).

When designing a core flow plan for a drilling project, it
is often critical that the rate of core scanning is equal to or
exceeds the rate at which core is recovered. This is in order
to prevent the accumulation of unscanned core, which can
lead to delays in other aspects of the core flow plan. In this
respect, CT scanning is preferable as core can be scanned
more rapidly than the rate at which it is recovered (Table 2iii,
assuming an average core recovery rate of 1 m per hour). In
CT scanning, the X-ray source and detector can be moved
rapidly around the long axis of a fixed sample (Ketcham and
Carlson, 2001; Schwarz et al., 2005). Conversely, in the case
of NT scanning, the neutron source and detector are fixed

whilst the sample is rotated through 180 or 360◦. In addition,
once the NT scans have been taken, further processing of
the raw sinograms is required to construct the image stack.
Moreover, in our experience of scanning DFDP-1 core, it was
also necessary that the core be quarantined for 1–2 weeks at
the scanning facility before their radiation decayed to safe
background levels.

The current set-up of DINGO limits the maximum length
of core that can be scanned to 40 cm (Table 2iv). This limit
is imposed by the maximum vertical movement of the sam-
ple stage relative to the scintillation screen. In future, it is
conceivable that a continuous scan of whole core sections
> 40 cm in length may be carried out on DINGO if core is
mounted on a horizontal axis rotation stage (as opposed to
the current vertical rotation set-up, Fig. 2) so that core is
translated horizontally past the scintillation screen between
measurements. In such a set-up, the field of view will still be
20 cm, so the generation of a continuous image stack of the
entire core section will require that the individual scans be
stitched together.

Given the above considerations, in the framework of a
drilling project, CT scanning is more desirable than NT scan-
ning. However, instances exist when it would be desirable to
take NT scans, given that they are more sensitive to different
material contrasts than CT scans (Table 2vi). We therefore
propose the following strategy for scanning core. On site,
or immediately after core recovery, all core should be CT
scanned. This will provide an excellent “bulk” dataset of the
core and, along with visual core descriptions, allow the de-
termination of noteworthy intervals. We advocate that these
selected intervals should then be imaged by NT as this al-
lows the identification of features that may not have been
resolved during CT scanning. The most successful NT imag-
ing will be performed for core samples that contain localised
amounts of hydrogen or other light elements, which are sur-
rounded by only weakly interacting materials, such as in the
case of DFDP-1 core. In cases of cores that contain a rela-
tively high amount of strongly neutron attenuating elements,
successful imaging can still be achieved if the core is split
before NT scanning or if smaller diameter core is collected
at the outset.

5 Conclusions

We have reviewed the use of X-ray computed tomography
(CT) and neutron tomography (NT) to scan core recovered
during the first phase of the Deep Fault Drilling Project
(DFDP-1) through New Zealand’s Alpine Fault. Both scan-
ning techniques successfully imaged millimetre–centimetre
core features, such as clay-enriched fractures and catacla-
site fabrics. The morphology of these features was more ade-
quately captured by the NT scanning as it is capable of higher
resolution imaging than the CT scans; however, because of
the highly neutron attenuating properties of DFDP-1 core,
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Figure 4. As for Fig. 3, but for cataclasite units. For core section intervals (borehole_core run and section_depth interval from the top of
the core section in cm) (a) DFDP-1B_58-2_0-8 (depth interval 127.93–128.01 m), (b) DFDP-1A_63-2_47-70 (86.48–86.71 m), (c) DFDP-
1A_59-2_8-27 (80.01–80.20 m), and (d) DFDP-1B_66-1_40-53 (138.50–138.63 m). Note that (a) is the split core sample.

Figure 5. Comparison of unrolled images of core taken from CT and NT scans. Outer and inner core images are constructed from the NT
scans to depict the difference in image quality between the outer core surface and the core interior. For core section intervals (borehole_core
run and section_depth interval from the top of the core section in cm) (a) DFDP-1B_49-1_35-50 (depth interval 115.85–116.00 m), (b) at
low-intensity mode DFDP-1A_55-1_82-95 (75.82–75.95 m), and (c) at high-intensity mode DFDP-1A_55-1_82-95 (75.82–75.95 m).

these features are poorly resolved towards the centre of the
core in NT scans.

In the workflow typically encountered during a drilling
project, CT scanning offers considerable advantages in terms
of scanning rate, availability of scanners, applicability to a
wide range of geologic materials, and cost. We thus recom-
mend that this is used to generate a bulk dataset of the 3-D
internal structure of the core. Nevertheless, NT scans have
the potential to provide a complementary dataset to these CT
scans over limited intervals of core.

6 Data availability

Data are available on request from the corresponding author.
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Abstract. We report on the outcomes of a workshop held to discuss evolutionary biology, paleobiology and
paleoecology questions that could be addressed by a scientific drilling project at Lake Tanganyika, the largest,
deepest and oldest of the African Rift Valley lakes. Lake Tanganyika is of special significance to evolutionary
biologists as it harbors one of the most spectacular endemic faunas of any lake on earth, with hundreds of unique
species of fish, molluscs, crustaceans and other organisms that have evolved over the lake’s long history. Most
of these groups of organisms are known from fossils in short cores from the lake, raising the possibility that both
body fossil and ancient DNA records might be recovered from long drill cores. The lake’s sedimentary record
could also provide a record of African terrestrial ecosystem history since the late Miocene. This 3-day workshop
brought together biological and geological specialists on the lake and its surroundings to prioritize paleobiolog-
ical, ecological and microbiological objectives that could ultimately be incorporated into an overall drilling plan
for Lake Tanganyika and to consider how biological objectives can effectively be integrated into the paleoclimate
and tectonics objectives of a Lake Tanganyika drilling project already considered in prior workshops.

1 Introduction

Understanding how ecosystems are assembled and altered
through time, and understanding how the interplay between
speciation, dispersal and extinction shapes species assem-
blages and communities, have been fundamental problems
in both ecological and evolutionary sciences going back to
the time of Darwin (1859). Evolutionary – in many cases
adaptive – radiations in quasi-insular settings provide out-
standing laboratories to address these questions (Losos and
Ricklefs, 2009). Integral to advancing our understanding of
the dynamics of the processes that underlie diversification is
a need for long and highly resolved time series of community
and habitat structure and individual species characteristics
(morphological and genetic) that can supplement the short-
term “snapshots” we obtain from studying extant species and
species interactions alone (e.g., Vermeij, 1994). It has long

been understood that the incorporation of fossil information
fundamentally improves the accuracy of phylogenetic trees,
and our testable hypotheses of how groups of organisms have
diversified (or disappeared) through time (e.g., Donoghue,
1989), while in-depth knowledge of past environmental con-
ditions allows the identification of possible triggers of diver-
sification events. Fossil records from the deposits of ancient
lakes provide an important way to obtain such information.
With their combination of long-term, continuous sedimenta-
tion providing environmental context and in situ speciation,
the fossils and sediments of ancient lakes are ideal building
blocks for making fundamental advances in understanding
the processes underlying adaptive radiation, extinction and
the development of complex species interactions (Rossiter
and Kawanabe, 2000; Cohen, 2012; Wilke et al., 2016).

Among the ancient lakes of the world, Lake Tanganyika
stands out as an ideal site for such a study. It is the oldest
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Figure 1. Taxonomic diversity of the African Great Lakes. The figure illustrates the unique characteristics of Lake Tanganyika’s endemic
diversity, where the age and persistence of the lacustrine environment is reflected in the large numbers and percentages of endemic genera
among many groups of organisms in comparison to other lakes.

( ∼ 9–12 Ma, Cohen et al., 1993), deepest (∼ 1470 m), and
most voluminous (18 900 km3 volume, 32 600 km2 area) of
the African Rift Valley lakes. The combination of its antiq-
uity and size probably accounts for its extraordinary biodi-
versity, not only in sheer numbers of species found nowhere
else in the world, but also in their morphological and be-
havioral distinctiveness and phylogenetic distance from their
nearest relatives (Salzburger et al., 2014 and Fig. 1). This
endemic biodiversity cuts across multiple large groups of an-
imals, notably the cichlid fishes, and various groups of mol-
luscs and crustaceans. Furthermore, all of these organisms
have left interpretable records in fossils buried in the lake’s
sediments (e.g., Palacios-Fest et al., 2005).

Lake Tanganyika has previously been identified as a prime
target for scientific drilling, and is the highest priority ancient
lake still undrilled in Africa, based on its potential to also
yield a unique and long record of tropical paleoclimate and
tectonic processes in a very seismically active portion of the
rift. Prior workshops have been held to consider these other

science objectives of a Lake Tanganyika drilling campaign
(Russell et al., 2012; McGlue and Scholz, 2016 workshop re-
port). The combination of a long tectonic and climatic history
of this lake has created an environmental framework of basin
evolution and lake-level changes that in turn are likely pri-
mary drivers of the fascinating biological evolution observed
in this lake.

2 Workshop goals

Over the course of a 3-day workshop held at the University of
Basel, Switzerland, an international group of 25 biologists,
paleoecologists and geologists considered the specifics of
how a scientific drilling campaign at Lake Tanganyika might
further advance our understanding of the lake’s and its wa-
tershed’s biotic history, and in turn make fundamental and
transformative advances in our more general understanding
of evolution in isolation and adaptive radiation among organ-
isms. The workshop, sponsored by the Swiss National Sci-
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ence Foundation and the University of Basel, provided a first
opportunity for specialists to consider specific strategies for
drilling, core recovery and sampling of Lake Tanganyika’s
sedimentary record that would maximize the scientific im-
pact of such an endeavor.

3 Evolutionary biology and paleoecology objectives
of a Lake Tanganyika Scientific Drilling Project

An initial set of talks laid out some of the major paleobio-
logical themes that could be pursued by a Lake Tanganyika
Scientific Drilling Project (LTSDP) and set the stage for
intensive discussions that occupied most of the workshop.
Andy Cohen (University of Arizona) provided an overview
of the project and the synergistic relationship of evolution-
ary biology/paleobiology objectives of the project to its other
goals in paleoclimatology (Russell et al., 2012) and tecton-
ics (McGlue and Scholz, 2016). Chris Scholz (Syracuse Uni-
versity) discussed our current understanding of subsurface
seismic stratigraphy in Lake Tanganyika, which will be crit-
ical for identifying appropriate drilling targets to answer pa-
leobiological questions (which are not necessarily the same
as those optimal for paleoclimatology), as well as practical
considerations for a drilling project in that lake. Because
of its great depth and lack of seasonal overturn, Lake Tan-
ganyika today is a stratified lake, oxygenated only within
its upper layer (100–250 m), which limits the depth of ben-
thic animal biodiversity. Besides, it has a surprisingly sim-
plified pelagic ecosystem in comparison to the extraordi-
nary diversity near its shores. Thus identifying drilling tar-
gets, which have regularly experienced lake floor oxygena-
tion yet also are zones of quasi-continuous sedimentation,
will be of paramount importance. James Russell (Brown Uni-
versity) discussed the potential of Lake Tanganyika as a long
paleoclimate record of the Afrotropics. Lake Tanganyika’s
sensitivity to regional/global climate variability is well docu-
mented (Tierney et al., 2008; Otto-Bliesner et al., 2014), and
this variability also forces changes in the lake’s ecosystem
over long timescales.

Walter Salzburger (University of Basel) focused on the ci-
chlid fish fauna of the lake, which, while not the most di-
verse in terms of numbers of species within a single African
lake, undoubtedly contains the greatest breadth of morpho-
logical, ecological and behavioral variation of any lake in the
world, rendering Lake Tanganyika’s cichlids iconic examples
of evolution in isolation and adaptive radiation (Fryer and
Iles, 1972). The availability of a continuous paleoecoologi-
cal record of the lake and of fish fossils, which are abundant
in the lake’s sediments, raises the possibility that our un-
derstanding of cichlid evolution could be greatly enhanced
through scientific drilling. An especially exciting prospect,
the collection of ancient DNA from fossil fish or other organ-
isms in Lake Tanganyika, was discussed by Moritz Muschick
(EAWAG). Obtaining an ancient DNA (aDNA) record of ci-

chlids from older species, especially with an accompanying
high-resolution paleoenvironmental record, would allow sci-
entists for the first time to truly understand the dynamics and
drivers of adaptive radiation. This would be a truly transfor-
mative advance for all of evolutionary biology. Although the
current temporal range of successful aDNA studies is only
a small fraction of the age of Lake Tanganyika, the field is
advancing rapidly and progressively older analyses are being
regularly reported (Hofreiter et al., 2014; Wade, 2015). An-
other promising direction for incorporating fossil materials
into phylogenetic studies from Lake Tanganyika may also
come from the emerging field of fossil protein sequencing
(Service, 2015). Ellinor Michel, Jon Todd (Natural History
Museum, London), and Bert Van Bocxlaer (Ghent Univer-
sity) discussed the scientific potential of a fossil record of the
extraordinary diversity of molluscs (especially gastropods)
of Lake Tanganyika. Understanding the timing and environ-
mental drivers of diversification, and whether other groups
of snails have dominated past communities and the context
of the innovations in traits (some thought to be the product
of coevolution between snails and their predators), would all
provide fascinating questions for evolutionary studies. Philip
Barker (Lancaster University) discussed the potential for
evolutionary ecology studies of diatoms in Lake Tanganyika.
While the levels of endemism are lower among single-celled
algae compared to animals, diatoms will be critical for un-
derstanding the ecosystem dynamics of the lake, and particu-
larly from the standpoint of nutrient cycling, pelagic produc-
tivity and potentially in concert with changes occurring in
the lake’s watershed (i.e., silica delivery as affected by grass-
land development). The evolution of the pelagic ecosystem
and how it might be tracked with a drill core record was dis-
cussed in detail by Peter McIntyre (University of Wisconsin)
and Catherine Wagner (University of Wyoming). The mod-
ern simple pelagic ecosystem actually involves highly spe-
cialized and endemic species. Whether this evolved early or
late in the lake’s history is as yet unknown.

A drill core from Lake Tanganyika would not only inform
us about the lake’s aquatic biological history, but also that of
its watershed through pollen, phytolith and charcoal records.
Sarah Ivory (Brown University) discussed how a vegetation
record from the lake could give us a much clearer picture of
the timing and dynamics of biogeographic assembly of tropi-
cal African vegetation. This is not only of theoretical interest,
but could also help inform conservation biology strategies
for these endangered communities in the future (e.g., Ivory
et al., 2016). Rick Potts (Smithsonian Institution) also dis-
cussed the importance of a terrestrial environmental record
extending back to the late Miocene for improving our under-
standing of the context of human evolution in Africa. Lake
Tanganyika drill cores could provide a continuous record of
environmental variability from the time of the human (ho-
minin)/African ape evolutionary split, at a central location
between the two major theaters of the hominin fossil record,
in southern and eastern Africa. Ishmael Kimirei (Tanzania
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Fisheries Research Institute) discussed ways in which a sci-
entific drilling project at Lake Tanganyika could enhance
training and collaborative research opportunities for African
scientists. It is critical for this project’s success and in en-
hancing its broader impacts to involve African scientists as
full partners from its inception.

4 Recommendations of the workshop

The breakout and plenary discussions that followed the pre-
sentations provided an opportunity for the group to make
specific recommendations on key hypotheses that could be
tested in paleoecology and evolutionary biology by drilling
Lake Tanganyika and integrating drill core data with ex-
isting information from existing biogeographic and phylo-
genetic information. Specifically, attendees discussed favor-
able drilling localities and sampling and analytical strate-
gies required to evaluate the hypotheses. Lake Tanganyika
is comprised of three major basins (and several additional
subsidiary basins, Ebinger, 1989), which may have played a
critical role in structuring diversification and biogeography
within the lake. Cycles of isolation and reconnection of pop-
ulations may have been very important as drivers of specia-
tion. Collection of drill cores from more than one basin could
allow us to test the idea that the development of these three
basins left a biogeographic imprint on evolution that per-
sists today through faunal isolation during low lake stands.
Also, it would let us examine how terrestrial vegetation has
evolved not only in the southern parts of the basin, where
vegetation is dominated by miombo woodland, but also fur-
ther north, where a record of tropical wet forest typical of
the Guineo-Congolian vegetation region is more likely to be
obtained. Collecting drill cores over this north–south spa-
tial range (Tanganyika is the longest freshwater lake in the
world, extending from ∼ 3 to 9◦ S) would have to be weighed
against the likelihood that better chronological control on in-
dividual cores will be possible further south in the lake in
closer proximity to the Rungwe volcanic field, which gener-
ates volcanic tephras found in the lake (Tiercelin and Mon-
deguer, 1991). Considerable discussion centered around the
critical need to accurately date interbasinal faunal changes,
either directly through tephras and other materials, or by cor-
relation from the more tephra-rich sediments of the southern
part of the lake towards the northern basins far from volca-
noes. The extent to which additional drill sites for paleobio-
logical objectives can be added into a drilling program will
need to be weighed against the necessity for recovery of mul-
tiple cores per site to ensure a high-quality chronology for the
most stratigraphically continuous sites.

Extensive discussions were also focused on how to best
obtain useful paleobiological samples from the drill cores.
This may involve approaches to sampling and core han-
dling that are quite different to the more traditional ap-
proaches emphasizing paleoclimatic records from lakes. One

very promising approach may be continuous computerized
tomography (CT) scanning of drill cores to search for well-
preserved fossils (Fig. 2). Without prescreening the cores
by CT prior to splitting, articulated fish skeletons on bed-
ding planes and macromolluscs throughout the core are both
likely to be damaged or unlikely to be observed during
core splitting and description. CT scans could also be enor-
mously valuable to this project as a tool for directly quanti-
fying fossil abundances, particularly if automated counting
methods can be developed for image analysis of the scans.
They may also offer a means of obtaining extremely high-
resolution paleobiological data throughout the core records
on par with the geochemical and physical properties data
that are now routinely obtained from core scanning. Tur-
bidites, which are typically considered a nuisance in lake
cores by paleoclimatologists, may actually yield important
shallow-water fossils from intervals that are otherwise rep-
resented by deep-water sediments devoid of shallow-water
taxa. Also, the large amount of core anticipated for a Lake
Tanganyika drilling project, coupled with the large num-
ber of taxonomic specialists interested in obtaining samples
from these highly fossiliferous sediments, will certainly re-
quire a different workflow in fossil processing than has oc-
curred in past lake drilling projects. Lake Tanganyika sed-
iments are likely to yield an extraordinary range of fos-
sils (fish, molluscs, diatoms and other siliceous algae, os-
tracodes, pollen, phytoliths, macroplants, charcoal, chirono-
mids, sponges, crabs and bryozoans are all well documented
from the lake as fossils already). Considerable discussion
therefore focused on appropriate sampling intervals for the
science questions of interest that would allow comparative
studies between taxonomic and ecologic groups at identi-
cal timescales and resolutions. This would greatly improve
our ability to address broader issues such as the evolution of
ecosystem complexity in Lake Tanganyika, pelagic/benthic
or lake/terrestrial ecosystem coupling, and co-evolutionary
questions. Our ability to do this will critically depend on
developing a plan for sampling, processing, sharing and al-
locating limited core materials in an efficient and timely
way and ensuring that data management is well organized
for the large numbers of sample splits that will inevitably
be generated. LacCore (where initial core description will
likely be done) already utilizes sample tracking following
System for Earth Sample Registration (SESAR) and Inter-
national Geosample Number (IGSN) standards, but it will be
imperative that downstream labs distributing more special-
ized sample splits also follow these same protocols. Because
of the large amount of core expected to be recovered (sev-
eral kilometers are likely), the group recognized the need
for a stratified sampling approach with some evolutionary
questions addressed with lower-resolution sampling through-
out the record, whereas questions about ecological turnover
would be studied at high resolution over targeted but short
intervals (e.g., Jackson et al., 2015).
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Figure 2. CT scan of a short core from Lake Wohlen (Wohlensee),
Switzerland. The image courtesy of Hendrik Vogel and Flavio
Anselmetti, and taken by Nicole Schwendener, was taken using
the CT scanner at the Institute of Forensic Medicine, University of
Bern. High-density bivalve shells appear as light, curved cross sec-
tions, whereas low-density voids appear dark, and the homogenous
sediment matrix is intermediate in tone. (a) Cross-sectional view of
the core. (b) and (c): lateral views of the core.

Discussions about aDNA and geomicrobiology compo-
nents were focused on the practicalities of doing these types
of studies on Lake Tanganyika cores. A roadmap for geomi-
crobiology studies exists from prior work at the Dead Sea,
Lake Towuti, and other recent projects (e.g., use of fluores-
cent pigments in drilling fluids to track contamination and
a GFZ mobile, on-site laboratory for sediment and porewa-
ter collection; see Ariztegui et al., 2015, for a detailed dis-
cussion). However, aDNA studies on lake cores are still in
their infancy, and preliminary work is needed to determine
the effective maximum age of fossil material that can be ex-
pected to yield aDNA from these types of tropical lake sed-
iments. In the lead-up to drilling, pilot studies will therefore
need to be done to assess the potential of obtaining aDNA
from fossils other than fish, to determine ways to minimize
the destructive aDNA sampling of valuable fossils, and to
develop sequencing data for modern, closely related refer-
ence taxa (currently only comprehensively available for ci-
chlid fish). These pilot studies will be critical for defining
the exact science questions that can be realistically addressed
with this approach as well as the appropriate sampling strate-
gies. Also, aDNA and geomicrobiology samples will fall un-
der a different set of international regulations regarding the

export of biological samples than do typical core materials
(e.g., the 2010 Nagoya Convention on Biological Diversity,
in-country export regulations on biological materials), ne-
cessitating careful advance planning. This might provide a
stronger impetus for in-country sample processing of geomi-
crobiological materials if possible. Obtaining optimal (i.e.,
large/intact) fossils for aDNA research probably should not
rely on routine sieved macrofossil sampling of core splits, but
should be more targeted. Locating these critical fossils from
CT scans for both aDNA and morphological studies would
not only ensure obtaining of the best samples for study with
the least contamination, but would also avoid compromising
the integrity of core materials for other purposes. Sample ex-
traction for aDNA will require cleaner conditions than the
initial core description (ICD) norm, involving surface decon-
tamination with UV and bleach and UV treatment of water
if sieved samples are to be used. Museum involvement will
be critical for ensuring the long-term storage of unique fossil
material collected by this project.

A final set of discussions focused on innovative funding,
training and outreach opportunities for the biological aspects
of a Tanganyika drilling project. As Ishmael Kimirei reit-
erated, early and continuous involvement with local part-
ners will be critical, particularly given that many of the po-
tential local biology and environmental science collabora-
tors and institutions have no prior experience with scientific
drilling. Participants in the workshop already have existing
training and research partnerships with a number of institu-
tions that could benefit from knowledge transfer and training
opportunities related to this drilling project (e.g., the Tanza-
nian Fisheries Research Institute, The Hydrobiology Labo-
ratory in Uvira, DRC, the University of Dar es Salaam De-
partments of Geology and Aquatic Sciences and Fisheries,
the University of Zambia in Lusaka and the Department of
Fisheries in Zambia, and the University of Burundi). The
project would also develop new partnerships with organiza-
tions like the new Tanzanian National ICT Broadband Back-
bone (NICTBB http://www.nictbb.co.tz/index.php), the Tan-
zania Petroleum Development Corporation, the Nelson Man-
dela Institution of Science and Technology in Arusha, and the
Tanzania National Parks Authority. Involving several of these
applied agencies will help introduce the findings of conser-
vation paleobiology obtained from core records into both ter-
restrial and lake management research strategies. There is
also a potential for funding from large international donors
for this component since the project is so highly interdisci-
plinary. Summer schools and training programs drawing on
this interdisciplinary approach have already been very suc-
cessful in training the upcoming generation of African en-
vironmental scientists (e.g., the Nyanza Project, www.geo.
arizona.edu/nyanza/, and the Volkswagen Foundation Sum-
mer School series, http://www.geo.uni-potsdam.de/summer_
schools_en/articles/1805.html). These could have drilling
science as a focus during the field campaign and ICD work.
Numerous outreach/informal education strategies were also
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discussed. A Lake Tanganyika drilling project will be a large
and highly visible endeavor and will need a strong and com-
prehensive outreach component that is integrated into project
planning from the beginning. Target audiences will include
local rural, urban African and international (US/European)
people, and outreach strategies could include online multi-
media platforms, film or video projects, local (lakeside) mu-
seum support, art displays and children’s books. The project
can draw on lessons learned in the region from prior outreach
efforts related to scientific drilling and Lake Tanganyika
(e.g., www.youtube.com/watch?v=B1iU0fBTfUw and https:
//vimeo.com/78232028).

Over the next few years the team members involved in this
workshop are looking forward to developing the exciting sci-
ence prospects that would be provided by a Lake Tanganyika
drill core record and developing strong interdisciplinary col-
laborations with the paleoclimate and tectonics teams of this
project. Such an integrated study would truly transform our
understanding of the long-term biological and environmental
evolution of complex ecosystems.
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Abstract. The Argentine margin contains important sedimentological, paleontological and chemical records of
regional and local tectonic evolution, sea level, climate evolution and ocean circulation since the opening of
the South Atlantic in the Late Jurassic–Early Cretaceous as well as the present-day results of post-depositional
chemical and biological alteration. Despite its important location, which underlies the exchange of southern- and
northern-sourced water masses, the Argentine margin has not been investigated in detail using scientific drilling
techniques, perhaps because the margin has the reputation of being erosional. However, a number of papers pub-
lished since 2009 have reported new high-resolution and/or multichannel seismic surveys, often combined with
multi-beam bathymetric data, which show the common occurrence of layered sediments and prominent sediment
drifts on the Argentine and adjacent Uruguayan margins. There has also been significant progress in studying the
climatic records in surficial and near-surface sediments recovered in sediment cores from the Argentine margin.
Encouraged by these recent results, our 3.5-day IODP (International Ocean Discovery Program) workshop in
Buenos Aires (8–11 September 2015) focused on opportunities for scientific drilling on the Atlantic margin of
Argentina, which lies beneath a key portion of the global ocean conveyor belt of thermohaline circulation. Sig-
nificant opportunities exist to study the tectonic evolution, paleoceanography and stratigraphy, sedimentology,
and biosphere and geochemistry of this margin.
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1 Introduction

The Argentine Continental Margin (ACM), one of the largest
margins worldwide, is a complex geological feature where
geotectonic evolution, as well as the post ocean-opening his-
tory, configured three types of margins (Fig. 1): passive vol-
canic rifted (red line), transcurrent (orange line) and mixed
convergent, and sheared (yellow line). Apart from its impli-
cations for the evolution of the Southern Ocean, the ACM
constitutes a key region in the global oceanographic–climatic
system as it is the only place in the Southern Ocean with a
net water-mass exchange between the equatorial and south-
ern polar regions (Fig. 2). Strong Antarctic-sourced cur-
rents run along the Argentine margin, driven by the Coriolis
force, from 56◦ S and reaching to at least 34◦ S, or even far-
ther north. Also, waters of Northern Hemisphere origin flow
south along the Argentine margin north of about 38◦ S. The
ACM evolution has been affected by climate, current, sea
level, and tectonic processes, as well as by sediment input
patterns and history along the roughly 5000 km long coast
line of Argentina. All of these characteristics, coupled with
the fact that this is a critically important, yet under-sampled
portion of the World Ocean, makes the ACM an important
region for using IODP (International Ocean Discovery Pro-
gram) scientific drilling to explore and discover the potential
benefits of such operations within the “passive” sector of the
margin (here called the Argentine Passive Volcanic Conti-
nental Margin – APVCM).

2 Workshop event, topics, sponsorship and seismic
Data

The IODP workshop event, Developing Scientific Drilling
Proposals for the Argentina Passive Volcanic Continental
Margin (APVCM) – Basin Evolution, Deep Biosphere, Hy-
drates, Sediment Dynamics and Ocean Evolution, was held
in Buenos Aires on 8–11 September 2015. The 3.5-day event
was conducted in the Ministerio de Relaciones Exteriores
Comercio Internacional y Culto (Ministry of Foreign Af-
fairs, International Trade and Worship) in the city of Buenos
Aires, comprising 45 scientists from 8 countries and 34 or-
ganizations or institutions, who discussed scientific drilling
on the APVCM (Fig. 1) to determine the composition of
and reconstruct the history of the sedimentary deposits under
the impact of climatic and tectonic events. Breakout discus-
sion groups were dedicated to tectonics, paleoceanography,
sedimentology and seismic stratigraphy, and deep-Earth life
forms, biosphere and geochemistry.

The workshop aimed to bring together a diverse group of
scientists to explore and discover the merits of and thereby
develop a strategy for scientific drilling operations on the
APVCM. The goal of a scientific drilling campaign along and
across the APVCM is to significantly contribute to our un-
derstanding of the evolution of the South Atlantic and its role
and influence on global ocean circulation and the climate his-

Figure 1. The character of the Argentine Continental Margin. Red:
passive volcanic rifted margin; orange: transcurrent margin; yel-
low: mixed convergent and sheared margin. The passive volcanic
rifted margin is termed the APVCM. Red dots indicate DSDP (Deep
Sea Drilling Project) sites, gray dots indicate ODP (Ocean Drilling
Program) sites. The figure was constructed in GeoMapApp (http:
//www.geomapapp.org) using the Global Multi-Resolution Topog-
raphy (GMRT) synthesis (Ryan et al., 2009).

tory of our planet. Sediments on the APVCM margin range
from Late Jurassic–Cretaceous to Holocene in age, and depo-
sitional units from approximately the Eocene to Pliocene are
particularly well developed. Records from this margin ob-
tained through scientific drilling will be important to resolve
key questions of the evolution of Earth’s oceans and climate
through this period.

IODP workshop topics were introduced to the audience
through key note presentations on

– the evolution of the southwestern Atlantic Ocean;

– the structure of the APVCM;

– the nature and timing of rifting and thermal evolution of
the margin;

– the nature of sedimentary processes and facies that
shaped the margin;

– the margin construction, stability and evolution;

– the climate records, ocean circulation and paleoceanog-
raphy;

– the history and character of surface and deep circulation
along the Argentine margin;
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Figure 2. Location of Argentine Basin with regional bathymetric map and general circulation of surface and deep-water masses indi-
cated (after Hernández-Molina et al., 2010). Legend for the physiographic reference points, in alphabetical order: BB: Burdwood Bank;
BMC: Brazil–Malvinas Confluence; DP: Drake Passage; M/FI: Malvinas–Falkland Island; M/FE: Malvinas–Falkland Escarpment; M/FP:
Malvinas–Falkland Passage; M/FR: Malvinas–Falkland Ridge; GB: Georgia Basin; GP: Georgia Passage; MEB: Maurice Ewing Bank; NGP:
Northeast Georgia Passage; NGR: Northeast Georgia Ridge; SG: South Georgia; SFZ: Shackleton Fracture Zone; SRP: Shag Rocks Passage;
and SSI: South Sandwich Island. Legend for the water masses: ACC: Antarctic Circumpolar Current; AABW: Antarctic Bottom Water.

– the opportunities for deep biosphere studies on a com-
plex passive margin;

– the data needs for IODP proposals, the capabilities of
the R/V JOIDES Resolution and the IODP proposal pro-
cess.

Workshop sponsorship was provided by the National Sci-
ence Foundation US Science Support Program (USSSP), Ar-
gentina’s Ministry of Science, Technology and Productive
Innovation (MINCYT-CONICET), the Argentine Ministry of
Foreign Affairs, COPLA (National Commission of the Outer
Limit of the Shelf – CONVEMAR), the Pampa Azul Initia-
tive, YPF S.A. (Argentina’s National Petroleum Company),
and CIG (Geological Research Center, University of La Plata
– CONICET), Argentina. This was also a European Consor-
tium for Ocean Research Drilling (ECORD) MagellanPlus
workshop.

Seismic data are particularly important for planning and
executing scientific drilling programs, and for the Argentine

margin it is appropriate to mention early on in this report that
three significant seismic data sets were shown and discussed
at the workshop. The primary data set for the Argentine mar-
gin consists of mostly dip lines collected by BGR (Bunde-
sanstalt für Geowissenschaften und Rohstoffe) in Hanover,
Germany. The second primary data set consists of the primar-
ily dip seismic lines collected by COPLA, which build on the
BGR lines by extending the BGR lines offshore and by filling
in between the BGR lines where they are widely spaced. The
COPLA lines were collected in support of Argentina’s appli-
cation to set the outer limit of the Argentine continental shelf
and there will be limited access to these lines, at least until
that process has been concluded. Workshop organizers met
with members of COPLA several times before the workshop
to discuss the goals of the IODP workshop and the kind of
data needed to support IODP scientific drilling. We were told
that portions of the lines were expected to be available to sup-
port scientific drilling on a case-by-case basis. Indeed, four
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Figure 3. Location of sites proposed by IODP proposals 903-Pre
“Argentine margin seaward dipping reflectors” and 911-Pre “Ar-
gentine margin paleoceanographic transects”. Also shown are the
location of core VM12-46 and the location of the seismic profile in
Fig. 4. The figure was constructed in ArcMap using the ETOPO1
basemap (http://dx.doi.org/10.7289/V5C8276M).

potential drill sites were proposed during the meeting based
on the COPLA lines, and a pre-proposal currently active in
the IODP system uses COPLA and BGR lines to define two
potential sites (903-Pre, Fig. 3). The ArgentineSPAN-(TM)
lines collected on the Argentine margin by ION Geophysi-
cal, Inc., were the third set of lines presented and discussed.
These deep-penetration, proprietary lines are both strike lines
and dip lines, and may also be available to support scientific
drilling. Indeed, 911-Pre (Fig. 3) uses ArgentineSPAN-(TM)
and BGR lines to define several sites. Other important data
sets may exist on the margin, but they were not discussed at
this meeting.

3 Background and geological setting

The Argentine margin contains important sedimentological,
paleontological and chemical records of regional and local
tectonic evolution, sea level, climate evolution and ocean cir-
culation that date from the opening of the South Atlantic in
the Late Jurassic–Early Cretaceous as well as of the present-

day results of post-depositional chemical and biological al-
teration. Despite its important location, which underlies the
exchange of southern- and northern-sourced water masses,
the Argentine margin has not been investigated in detail us-
ing scientific drilling techniques (Fig. 1). This low level of
scientific drilling activity in the region may in part be due to
the reports of Maurice Ewing and co-workers (e.g., Lonardi
and Ewing, 1971), which, based on widely spaced and low-
resolution seismic profiles, noted that the margin had an ero-
sional character as it was crossed by numerous large canyon
systems, some of which were likely altered by strong cur-
rents. However, a number of papers published since 2009 re-
ported new high-resolution and/or multichannel seismic sur-
veys (Fig. 4), often combined with multi-beam bathymetric
data, which show the common occurrence of layered sedi-
ments and prominent sediment drifts on the Argentine and
adjacent Uruguayan margins (e.g., Hernández-Molina et al.,
2009, 2010, 2015; Violante et al., 2010, Krastel et al., 2011;
Lastras et al., 2011; Muñoz et al., 2012; Grützner et al.,
2011, 2012, 2016; Preu et al., 2012, 2013; Voigt et al., 2013;
Uenzelmann-Neben et al., 2016; see also Hinz et al., 1999).
There has also been significant progress studying the climatic
records in surficial and near-surface sediments recovered in
sediment cores from the Argentine margin (e.g., Chiessi et
al., 2007; Bozzano et al., 2011; Govin et al., 2012; Bender et
al., 2013; Razik et al., 2013; Razik, 2014; García Chapori et
al., 2014, 2015), demonstrating that this margin also contains
important modern sedimentary deposits.

Encouraged by these recent results, our 3.5-day IODP
workshop in Buenos Aires (8–11 September 2015) focused
on opportunities for scientific drilling on the APVCM as a
significant contribution to several of IODP’s research themes
described in the program’s Science Plan (IODP-SP) for
2013–2023 Illuminating Earth’s Past, Present and Future
(http://www.iodp.org/program-documents). Future drilling
in this region is likely to be of high priority because this mar-
gin lies beneath a key portion of the global ocean conveyor
belt of thermohaline circulation (Broecker, 1991).

Interest is high in the southern South Atlantic Ocean, and
there is currently much being learned about the details of
the evolution of this key ocean basin (Torsvik et al., 2009;
Moulin et al., 2010; Heine et al., 2013; Granot and Dyment,
2015). The rift phase of the Gondwana breakup extended
from the Triassic/Jurassic(?) to the Early Cretaceous. Sea-
ward dipping reflectors (SDRs) are observed on seismic pro-
files near the continental–ocean boundary (COB), indicating
the presence of massive volcanism (a large igneous province,
or LIP) at the transition from rifting to drifting (Gladczenko
et al., 1997; Hinz et al., 1999). The volcanic layers that make
up the SDRs may be subaerial and interbedded with terres-
trial sediments. Slumps are observed in the prograding Cre-
taceous sediment off the Colorado Basin that may thin the
sediments over SDRs in some areas. Cretaceous shelf sedi-
ments here are expected to be black shales, sandstones and
coarser-grained deposits (Loegering et al., 2013) while Cre-
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Figure 4. Interpreted seismic line across the Argentine margin featuring distinct drift deposits, channels, and thickness of deposits. Ocean
current distribution within the water column: AABW is Antarctic Bottom Water; LCDW is Lower Circumpolar Deep Water; UCDW is Upper
Circumpolar Deep Water; NADW is North Atlantic Deep Water (see Grützner et al., 2012). Predicted age and character of the sediment
deposits need to be determined through sampling to understand in detail the evolution of the margin in response to climate changes.

taceous sediments in deeper water are likely to be pelagic
shales, marls and fine-grained sands (R. Gerster, personal
communication, 2015). At about 95 Ma the Equatorial At-
lantic Gateway opened, and the gateway continued to enlarge
allowing for enhanced exchange of southern waters with the
North Atlantic Basin, perhaps leading to a global cooling of
bottom water and the end of the Cretaceous greenhouse pe-
riod (Friedrich et al., 2012; Granot and Dyment, 2015). How-
ever, basin-to-basin differences in water properties are not
well resolved, including the character of the South Atlantic
waters that flooded the North Atlantic Basin (Friedrich et al.,
2012).

Hernández-Molina et al. (2010) and Grützner et al. (2012)
suggested that sediments from about the Cretaceous–Tertiary
boundary to the Eocene–Oligocene boundary are thick along
the margin and are characterized by being parallel to sub-
parallel reflections of low to moderate amplitude. This is gen-
erally a time of low to moderate bottom current activity and
a warm climate.

Lastras et al. (2011) and Muñoz et al. (2012) sampled
relatively thick sections of fine-grained Eocene sediments
at about 45 to 47◦ S outcropping at water depths of from
900 to 2500 m in the walls of large canyons. Eocene sedi-
ments found in cores from this section of the slope consist
of benthic diatoms to the south and a carbonate facies to the
north. Ewing and Lonardi (1971) also noted the presence of
Eocene sediments in this region of large canyons, as well as
canyons on the southern Argentine margin, which may be
particularly well developed because they are cut into thick,
fine-grained Eocene sediments by persistent, strong currents.
Cursory analysis of the ArgentineSPAN-(TM) seismic lines
in the area suggest that these layered sediments also exist in
somewhat shallower water south of the zone of canyons.

Hanna et al. (1976) and Ross (1976) described several
new, non-reworked Eocene diatom species from Vema cores
collected in this area. Core VM12-46 (47.483◦ S, 59.35◦ W;
water depth 1167 m), described by D. Ericson and avail-
able on GeoMapApp (http://www.geomapapp.org), contains
a fine-grained Eocene sediment with abundant coccoliths, di-
atoms, silico-flagellates, radiolarian and sponge spicules as
well as common benthic foraminifera.

Eocene sediments on the upper slope are overlain by a
prominent but now buried sediment drift in deep water, which
is likely of Oligocene to early late Miocene age (Fig. 4; the
“giant drift” of Hernández-Molina et al., 2010 and Grützner
et al., 2012). This drift is buried to the west by the flanks of
younger and shallower deposits (termed “mounded drifts”)
of mid- to late Miocene age, which developed sequentially
within the south-central portion of the Argentine margin.
Sediments likely of Pliocene to the Holocene age overlay
the mounded drifts, although they are often more localized.
These younger sediments are generally interpreted as drifts,
perhaps associated with the levees of channels, or deposits
within channels, where the channels intersect flow along the
margin. Drifts are also present farther north along the mar-
gin (e.g., Hernández-Molina et al., 2015) with drifts appar-
ently associated with flows of Antarctic Intermediate Water
(AAIW), Upper Circumpolar Deep Water (UCDW), North
Atlantic Deep Water (NADW), Lower Circumpolar Deep
Water (LCDW) and Antarctic Bottom Water (AABW).

Violante et al. (2010) and Grützner et al. (2011, 2012,
2016) suggested that increased sediment flux to the margin
during the Miocene may in part be related to an uplift in
the Andes that in turn is due to increased Miocene Pacific
Ocean crustal spreading and subduction rates, which peaked
at about 10 to 20 Ma (Pardo-Casas and Molnar, 1987; Mar-
tinod et al., 2010). However, the routes or processes by which
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Andean sediments reach the margin and are redistributed
within the margin are not well understood.

The shift in deposition from primarily shallow-water
Eocene sediments to deep-water, drifted Oligocene sedi-
ments appears to mark the deepening of the Antarctic Cir-
cumpolar Current (ACC) in the Oligocene (Katz et al., 2011)
and the first entry of northward-flowing deep waters into
the Argentine Basin (Uenzelmann-Neben et al., 2016). The
establishment of a shallow ACC in the Eocene played an
important role in isolating Antarctica and allowing for the
growth of continental ice sheets (Katz et al., 2011), and the
thick, shallow-water (now the upper slope) Eocene sediments
described along the southern Argentine margin may have ac-
cumulated in response to the formation of a shallow ACC
and associated shallow northward flow along the Argentine
margin. The ACC apparently strengthened and deepened into
the Oligocene as the Tasman Gateway and then the Drake
Passage deepened, leading to the development of the mod-
ern four-layer structure as well as deep northward flow in the
Argentine Basin (Katz et al., 2011; Figs. 2 and 4).

The mid–late Miocene is a particularly important time in
terms of climate history and global ocean circulation. During
the early Miocene, the Antarctic Ice Sheet (AIS) appears to
have fluctuated in size, with concomitant changes in sea level
of about ±20 m (e.g., Foster et al., 2012). The mid-Miocene
was characterized by the mid-Miocene Climatic Optimum
(MCO), which extends from about 17 to 15 Ma. This was
a time of reduced AIS volume (∼ 10–25 % of the modern
AIS), high pCO2 (up to ∼ 450 ppm) and global tempera-
tures warmer than today. Following the MCO, more com-
plex oceanic circulation patterns developed during the mid-
Miocene Climatic Transition (MMCT) from about 14.2 to
13.8 Ma. Possible important events that occurred at that time
include the emplacement of large volcanic complexes (such
as the Columbia River Basalts, CRB), which would have af-
fected pCO2 (Armstrong McKay et al., 2014), the Andean
uplift with an impact on atmospheric circulation and weath-
ering patterns (Violante et al., 2010; Grützner et al., 2011 and
2012), and the closing of the Tethys seaway, which changed
global ocean circulation patterns (Hamon et al., 2013). Cli-
mate deterioration continued into the late Miocene, leading
to the initiation and growth of the West Antarctic Ice Sheet
(Shevenell et al., 2004). Climatic deterioration has contin-
ued into the Pleistocene although the major current systems
that were established between the end of the Miocene and
the late Pliocene appear to have continued to the present day
(Hernández-Molina et al., 2009; Preu et al., 2012, 2013).
However, factors other than ocean currents have also been
important to the development of the margin, including sea
level change, climate variability and glaciation and uplift in
the Andes (Violante et al., 2010; Grützner et al., 2011 and
2012). These kinds of factors can also control the timing,
locations and rates of sediment input, which can also affect
margin evolution.

4 Drilling to investigate the tectonic,
paleoceanographic, sedimentation, and biosphere
history of the APVCM – recommendations from
the workshop

Workshop participants agreed that scientific ocean drilling
off Argentina (both in deep and shallow water) will con-
tribute to the understanding of the role that the southern re-
gion has played in climate evolution and associated processes
and will provide opportunities for focused studies.

The APVCM provides outstanding targets for investigat-
ing sedimentation and paleoceanographic conditions from
the Cretaceous to the Holocene. The unique setting in the
target region is linked to the tectonic evolution of Antarc-
tica, the Southern and South Atlantic oceans, and the Andes.
Specific questions and hypotheses were discussed in groups
regarding several main sub-topics.

4.1 Tectonic evolution

One sub-topic discussion group was focused on developing
a strategy to identify targets that highlight the opening of
the South Atlantic and allow for testing the various mod-
els for the breakup of Gondwana and emplacement of shear
zones, for example as expressions of transcurrent boundaries.
SDRs and associated magnetic/gravity anomalies are impor-
tant volcanic and geophysical features that can constrain geo-
tectonic models of the opening of the South Atlantic and
the evolution of its margins. We need to better understand
the structure, fragmentation and thermal evolution of SDRs,
which can be identified in seismic lines. We need to collect
in situ samples for age dating and we need to determine the
likely depths of events related to SDR emplacement and evo-
lution. We also need to better characterize the geochemical
composition and mineralogy of the SDR layers to better per-
ceive their emplacement and thermal evolution. Drilling and
sampling the SDRs of the Argentina Basin (deep-water realm
of the APVCM) will allow us to address the following scien-
tific objectives related to challenges 8, 9 and 10 of the Earth
connections theme in the IODP Science Plan for 2013–2023
(IODP-SP):

– What is the age and composition of the SDRs?

– What was the source of magma (asthenosphere vs.
deep mantle plumes) for the initial melts emplaced
during the early opening of the South Atlantic, and
what does this tell us about models of continental rift-
ing/fragmentation?

– What was the nature of magma and continental crust
interactions during SDR emplacement, and what does
this indicate about crustal anatexis, crustal lithology,
and composition of gases delivered to the ocean and/or
atmosphere during emplacement?

Sci. Dril., 22, 49–61, 2017 www.sci-dril.net/22/49/2017/



R. D. Flood et al.: Argentine Continental Margin 55

– How has the structural, tectonic and thermal evolution
of the margin influenced the both large-scale and local
sedimentation patterns on the margin over time?

4.2 Paleoceanography and stratigraphy

This sub-group engaged in a discussion of the opening of
the South Atlantic and how the changing configuration of
the ocean basins and distribution of landmasses affected the
evolution of the ocean and climate. Since the age of the
APVCM allows one (in theory) to tap into sediments back
as far as the mid-Late Cretaceous, it may be possible to
sample sediments that record the successive oceanic-anoxic
events (OAEs) that occurred during the mid-Cretaceous “Su-
per Greenhouse” (Aptian–Turonian), a time with characteris-
tically high atmospheric CO2 concentrations and very warm
deep-ocean and polar surface temperatures. These kinds of
records from this region (and time period) exist (e.g., DSDP
(Deep Sea Drilling Project) sites 327, 511) but they are lim-
ited with enigmatic findings. The stratigraphic evolution of
the Argentine Basin during the Eocene through to the present
day, as demonstrated in seismic profiles, and its relation-
ship to the global ocean conveyor belt circulation and paleo-
climate at that time and forward into modern times, is far
from understood. While many key circulation events are in-
terpreted from layering patterns on seismic profiles, the ori-
gin of the seismic layering and the ages of significant seismic
reflections are yet to be directly determined. This is an im-
portant step in order to fully exploit the seismic signature of
margin evolution. However, it is likely that sediment records
obtained from this margin (from both shallow and deep wa-
ter) will provide important and possibly expanded and con-
tinuous sequences for detailed biostratigraphic and magne-
tostratigraphic studies during important time periods. Analy-
sis of these records can help to illuminate questions relevant
to challenges 1 and 4 of IODP-SP’s climate and ocean change
theme such as

– When did marine sedimentation begin, how rapidly
did the South Atlantic deepen and when did northern-
sourced water impact this region?

– How are Cretaceous OAEs expressed in this area and
does this expression change as the South Atlantic
widened and deepened during the Late Cretaceous?
What is the importance of circulation changes vs. pro-
ductivity in the formation of OAEs?

– What was the nature of the deep-water mass in the South
Atlantic during the Late Cretaceous “Super Green-
house”? At what point is there evidence for a sig-
nificant contribution from southern-sourced (Antarctic)
deep water?

– Can depth transects of sites representing different times
in the evolution of the South Atlantic circulation be

found at different latitudes along the margin to deter-
mine the spatial and temporal evolution of circulation
along the margin?

– Can scientific drilling help to further decipher the pecu-
liar and significant impact of the Miocene on the atmo-
spheric evolution of our planet? How was the Neogene
shaped globally through processes taking place on or
recorded in sediments of the APVCM?

4.3 Sedimentology

This sub-group considered the sediment record from a some-
what different perspective than the “Paleoceanography and
sedimentology” topic, and questions were raised related
to links between climate, sediment accumulation, atmo-
spheric circulation and the Andean orogeny, which is the
most prominent tectonic feature in the Southern Hemisphere
(Ghiglione et al., 2016). One particular example is that
records from the continental margin will extend and com-
plement records of wind-blown sediments recovered from
Argentine loess deposits and Patagonian lakes (Heil Jr. et
al., 2010; Lisé-Pronovost et al., 2015). These kinds of top-
ics pertain to IODP-SP’s climate and ocean change theme
challenges 1 and 3:

– Does a signal of Andean orogeny exist in the sedimen-
tary record of the Argentine margin? If so, what does it
look like and how should it be interpreted?

– Can we identify connections between paleo-climate and
sedimentation patterns and rates in the region?

– Did processes in this region have an impact on global
sedimentation rates and patterns?

– Can we identify and track material in a “source-to-sink”
framework from the Andes to the Argentine margin as
well as to the various basins?

– How did Andean tectonics affect the global ocean and
atmospheric circulation (wind) patterns and conditions?

– Has Andean dust/loess affected primary bio-
productivity during the Neogene, and might that
signal also be reflected in CO2 uptake/release signa-
tures imprinted in the sediment deposits?

– What can we learn about how Andean volcanism
evolved and how those volcanic process and the record
of uplift and erosion help us understand the subduction
processes here?

– What can the sediment recorded in margin sediments
tell us about temporal variability of the sources of ma-
terial to the margin and in the nature of along-slope and
across-slope transport processes?
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4.4 Biosphere and geochemistry

This sub-group was focused on discussing the variable
presence, quality and quantity of organic matter along the
APVCM, because reactions related to organic matter decom-
position provide the energy needed by subsurface biosphere
communities. In many areas microbial life and the cycling
of elements is studied in steady-state environments while
seismic profiles from the Argentine margin demonstrate a
dynamic sedimentary environment. The APVCM is thereby
considered and treated as a temporal and spatial non-steady-
state depositional system, which is highly impacted by com-
plex and dynamic sediment reworking processes (Hensen
et al., 2003; Riedinger et al., 2014; Razik, 2014). Gravity-
driven sediment deposition, sea level variations, strong cur-
rents and complex paleo-productivities across the short-to-
long-term timescales are all contributing factors to gener-
ating complex geochemical cycling and biosphere activity.
Buried organic-rich layers can be re-activated under cer-
tain temperature and pressure changes, thus providing food
for subsurface microbial communities. Organic substrates
can diffuse into adjacent, often organic-lean, sediment lay-
ers, and this new energy source can cause strong alteration
of the sedimentary record long after deposition. Since little
data exist for a non-steady-state sediment depositional sys-
tem along and across a passive margin, the APVCM repre-
sents a perfect playground to examine the diversity and activ-
ity of subsurface microbial communities and their responses
to dynamic changes in their sedimentary environment. Geo-
microbiological and bio-geochemical (in conjunction with
detailed physical-property) studies in such deposits could be
pursued with a modest addition of the appropriate shipboard
personnel and relates to challenges 5 and 7 of IODP-SP’s
biosphere frontiers theme:

– How does the diversity and activity of microbial life
vary with depth, geochemistry, and sediment composi-
tion and age across the APVCM?

– Furthermore, does microbial activity change with non-
steady-state sedimentation?

– How do the amounts and fluxes of carbon change in
time and space across the APVCM in relation to vari-
ations in primary external parameters? Are carbon and
nutrients preferentially stored in sediment during times
of rapid sediment accumulation and returned to the
ocean during times of slow sedimentation? How does
that affect the CO2 input/release from the sediments?

5 Augmenting data and data management methods

Development of APVCM-specific drilling proposals to ad-
dress the objectives cited above will require the acquisition
of additional data sets. Specifically, the following was sug-
gested during the workshop:

Priority no. 1: obtain additional seismic data sets, includ-
ing cross-lines to complement existing seismic data, for pos-
sible target sites. Such new seismic lines should be acquired
using methods that resolve deeper sedimentary structures in
addition to the upper sedimentary sequences. These data can
be used to develop several drilling transects at different lat-
itudes to target the collection of important Paleogene and
Neogene sequences as well as to support drilling to deeper
targets such as SDRs and Mesozoic sediments.

Action no. 1: augment existing high-quality seismic data
(e.g., Grützner et al., 2012), for example through GE-
OMAR’s three-dimensional (3-D) P-Cable (Planke et al.,
2009; Planke and Berndt, 2002) and/or using other seismic
systems, such as provided through the U.S. National Science
Foundation (NSF) or other research grants.

Action no. 2: evaluate existing sediment samples and col-
lect new gravity and piston cores near potential drill sites to
document the age, nature and character of the near-surface
material to support the potential transect-oriented IODP pro-
posals.

Priority no. 2: coordinate with Pampa Azul, a strategic
project of scientific research along the Argentine margin sup-
ported by the Argentine state (http://en.mincyt.gob.ar/accion/
pampa-azul-9465). As stated on the Pampa Azul web site,
the main objective of Pampa Azul is to help deepen scientific
knowledge as the basis of conservation policies and man-
agement of natural resources, promote technological innova-
tions applicable to the sustainable exploitation of natural re-
sources and the development of industries related to the sea,
strengthen the maritime awareness of Argentine society and
support with scientific information and presence the coun-
try’s sovereignty in the South Atlantic area. The Pampa Azul
initiative was a one of the workshop sponsors and several of
the attendees were associated with Pampa Azul. We encour-
age linkages between any scientific drilling campaign on the
APVCM and Pampa Azul investigators. Argentina provides
an excellent example for developing a vibrant, highly ambi-
tious ocean research program (Pampa Azul). Coordinating
with Pampa Azul through this IODP-sponsored workshop
provided an important mechanism to begin important collab-
orations between the Argentine ocean research community
and IODP investigators.

Priority no. 3: encourage the development of continent–
ocean transect drilling proposals for joint evaluation
by IODP and ICDP (International Continental Scientific
Drilling Program). Important and complementary records
come from both continental and marine settings, and a full
understanding of margin evolution and requires working in
both settings.

6 Outcomes of the workshop

The main outcome of this workshop is the formation of sev-
eral working groups addressing the various scientific top-
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ics briefly outlined in this report, and committed to prepar-
ing several pre-/full proposals to IODP that are appropri-
ate for the R/V JOIDES resolution. As of January, 2017
two preliminary proposals are active in the IODP system
and full proposals for these proposals have been invited; see
https://www.iodp.org/proposals/active-proposals for full de-
tails. The 903-Pre “Argentine margin seaward dipping reflec-
tors” considers the early opening of the South Atlantic and
especially the sampling of the SDRs that formed in a non-
hotspot setting and the overlying Cretaceous and Cenozoic
sediments. Secondary objectives include the evolution of at-
mospheric circulation and the diversity and activity of micro-
bial life under non-steady-state conditions. 911-Pre “Argen-
tine margin paleoceanographic transects” develops a “tran-
sect” approach to better understand the evolution of South-
ern Ocean water structure over a broad vertical and tempo-
ral range. Secondary objectives include how the passive mar-
gin architecture responds to Cenozoic climate and tectonics
and the microbial variability through time under different cli-
mate, deep-water circulation and sediment-flux regimes. De-
veloping these and other pre-/full proposals for the time win-
dow when the R/V JOIDES resolution is likely to operate
in the South Atlantic will probably require the collection of
additional data and coordination amongst the international
partners.

7 Relationship to IODP Science Plan for 2013–2023
and beyond

The scientific objectives for potential IODP drilling propos-
als are central aspects of the International Ocean Discovery
Program as formulated in the Science Plan for 2013–2023
Illuminating Earth’s Past, Present, and Future. Knowledge
acquired as a result of this drilling project will significantly
advance the IODP theme “climate and ocean change: read-
ing the past, informing the future”, specifically challenges 1
“how does Earth’s climate system respond to elevated lev-
els of atmospheric CO2?”, 3 “what controls regional pat-
terns of precipitation, such as those associated with mon-
soons or El Niño?” and 4 “how resilient is the ocean to chem-
ical perturbations?”, as well as the “Earth connections: deep
processes and their impact on Earth’s surface environment”
theme, specifically challenges 8 “what are the composition,
structure, and dynamics of Earth’s upper mantle?”, 9 “how
are seafloor spreading and mantle melting linked to ocean
crustal architecture?”, and 10 “what are the mechanisms,
magnitude, and history of chemical exchanges between the
oceanic crust and seawater?” Throughout the workshop we
have been learning how to integrate objectives related to bio-
sphere frontiers with those of other themes. This has been
very successful and drilling resulting from this workshop will
significantly advance the IODP theme “biosphere frontiers:
deep life, biodiversity, and environmental forcing of ecosys-
tems”, specifically challenges 5 “what are the origin, compo-

sition and global significance of subseafloor communities”
and 7 “how sensitive are ecosystems and biodiversity to en-
vironmental change?”

8 Societal relevance and responsibility

The interconnection of this IODP project with Pampa Azul
and corresponding initiatives (for example with the German
DFG-BMBF) provides opportunities for early-career scien-
tists among the various countries. ICDP at the German Re-
search Centre for Geosciences (GFZ) in Potsdam actively
fosters and sponsors such efforts and incentives via financial
and logistical support. We also encourage syndicated, per-
haps educational television, documentaries about scientific
drilling on the Argentine margin as projects develop. This
type of activity can help to inform the general public, whose
tax dollars finance these studies, and raise favorable aware-
ness for these types of international collaborations at a time
of significant geo-political and economic challenges. This is
just one aspect of interacting with the public at all levels in
order to generate a deeper understanding and appreciation for
the importance of scientific drilling both on land and in the
ocean.

9 Conclusions

The evolution of the Argentine Continental Margin has been
affected by climate, current, sea level and tectonic processes,
as well as by sediment input patterns and depositional his-
tory along this roughly 5000 km long coast line. All of these
characteristics, coupled with the fact that this is a critically
important, yet under-sampled, portion of the World Ocean,
makes the Argentine Continental Margin an important region
for IODP scientific drilling. Workshop participants agreed
that scientific ocean drilling off Argentina will contribute to
the understanding of the role that the southern region has
played in climate evolution and associated processes and will
provide opportunities for focused studies. The APVCM pro-
vides outstanding targets for investigating sedimentation pat-
terns, climatic, paleo-circulation and paleoceanographic con-
ditions, biosphere and geochemistry from the Cretaceous to
the Holocene. The evolution of this important setting is also
linked to the evolution of the World Ocean as well as to the
tectonic evolution of Antarctica, the Southern and South At-
lantic oceans, and the Andes.
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Take part in a MagellanPlus 
Workshop in 2017 
The MagellanPlus Workshop Series Programme 
is designed to support scientists in developing 
new and innovative science proposals for sub-
mission to IODP and ICDP. 
 Granted  2017 MagellanPlus Work-
shops will cover topics such as Tyrrhenian 
Magmatism and Mantle Exhumation (5–7 June, 
Bologna, Italy), Santorini-Kolumbo Marine 
Volcanic System (Athens, Greece, 21–23 No-
vember) and Carbon Cycling at the Ultraslow 
Arctic Spreading Ridge System (dates and 
location to be determined). The Australasian 
Regional Workshop for building new IODP 
Proposals will be organised in Sydney, Austral-
ia (13–16 June). A workshop granted in 2017 
“Structure and Evolution of Magmatic and 
Hydrothermal Volcanic Systems in offshore 
collapse/resurgent calderas – Development of 
an IODP Drilling Proposal at Campi Flegrei 
linking to active ICDP Drilling Initiatives” was 
already held from 25–28 February 2017. 
 Scientists  who are interested to take 
part in a 2017 MagellanPlus workshop will find 
detailed information on the MagellanPlus web-
site: http://www.ecord.org/science/magellan-
plus/

IODP and ICDP at EGU 2017
A joint ECORD/IODP-ICDP exhibition booth 
had been organised at the EGU General As-
sembly 2017 in Vienna, Austria. The exhibition 
booth served as a focal point to catch up with 
the latest news and achievements from both 
IODP and ICDP programmes. Scientists and 
visitors also had the opportunity to get involved 
in both programmes by meeting ECORD and 
ICDP representatives and leading scientists and 
learn more about logging and petrophysical ac-
tivities achieved during recent ICDP projects 
and IODP expeditions. 
 Two joint IODP-ICDP science ses-
sions (“ICDP-IODP Townhall Meeting”  and 
“Achievements and Perspectives in scientific 
ocean and continental drilling”)  were also well 
attended. 

 

Call for IODP-ICDP 
Sessions at AGU fall 
meetings
Following discussions with the AGU Fall Meet-
ing Program Chair, Denis-Didier Rousseau, a 
three-year plan (2017–2019) for IODP-ICDP 
sessions at the AGU has been defined, culminat-
ing with the celebration of the AGU Centennial 
in 2019. We have highlighted three overarching, 
societally relevant themes that are well aligned 
with both IODP and ICDP science plan themes. 
They fit with the AGU “SWIRLS” which help 
to find interdisciplinary solutions through the 
sharing of research, discoveries and approaches 
across disciplines. These themes (and examples 
of topics; identified priorities are underlined) 
are the following:
1. Georesources, Storage, and Sustainability 
(fits with AGU SWIRLS: “natural resources” 
and “Science and Society”) 
• Unconventional Energy: Supercritical and 

magma geothermics, EGS, methane and 
gas hydrates, hydrogen resources and stor-
age

• Deep Carbon fluxes and storage
• Water resources: Groundwater vs. 
Seawater
2. Climate, Environment and Ecosystem (fits 
with AGU SWIRLS: “Climate”  and “Earth 
Processes”)  
• Life in extreme environments: the hidden 

biosphere
• Links between geological and biological 

systems at depth
• Analogs and models of recent climate 

changes in geological archives
• Impact of climate and ocean changes on 

ecosystems
• Impact of Earth processes on Earth’s en-

vironment
3. Geological Hazards (fits with AGU SWIRL: 
“Extreme events and Hazards”) 
• Monitoring and mitigating man-
made geohazards? (e.g., induced seismicity, 
landslides)
• Hazards in the geological record: 
from improving risk assessment and prediction 
of catastrophic events towards mitigation
• Underlying mechanisms of geolog-
ical hazards: faulting, earthquakes, volcanoes, 
impacts

We seek potential conveners (who must be 
AGU members) to submit AGU session pro-
posals on these three overarching themes. 
Please keep us informed so that actions and 
proposal submissions can be coordinated. The 
deadline for proposal submission for AGU 2017 
has already expired, but the call is still open for 
the AGU 2018 and AGU 2019 fall meetings.

Jamie Austin (IODP Forum; jamie@ig.utexas.
edu), Gilbert Camoin (ECORD; camoin@cere-
ge.fr), Uli Harms (ICDP; ulrich@gfz-potsdam.
de), Denis-Didier Rousseau (AGU; fallmeet-
ingchair@agu.org)

 



Schedules

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

USIO operations Platform Dates Port of origin

1  367 South China Sea A JOIDES Resolution 7 Feb–9 Apr 2017 Hong Kong /

Hong Kong

2  368 South China Sea B JOIDES Resolution 9 Apr–11 Jun 2017 Hong Kong /

Shanghai

3  371 Tasman Subduction JOIDES Resolution 27 Jul–26 Sep 2017 Townsville / 

Hobart 

4  369 Australia Cretaceous 

    Climate and Tectonics

JOIDES Resolution 26 Sep–27 Nov 2017 Hobart / 

Fremantle

ICDP – Project schedule http://www.icdp-online.org/projects/

ICDP project Drilling dates Location

1  Songliao Basin Apr 2014–Jul 2017 Songliao Basin, China

2  Oman Dec 2016–Apr 2017 Oman

3  Koyna Dec 2016–May 2017 Koyna, India

4  DSEIS Apr–Oct 2017 Orkney, South Africa

5  Sustain Jul–Sep 2017 Surtsey Volcano, Iceland 
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Topographic/bathymetric world map courtesy of NOAA (Amante, C. and B.W. Eakins, 2009. ETOPO1 1 Arc-Minute Global Relief 
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NOAA. doi:10.7289/V5C8276M).
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