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Cover figure: Drilling in the Songliao Basin in China 
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Geothermal field in Iceland including the supercritical 
zone beneath the producing reservoir.

Dear reader,

Backed by broad international agreement, the recent COP23 
climate conference in Bonn paved the road to phase out 
coal-based energy generation to reduce atmospheric carbon 
dioxide. However, regenerative energy resources such as wind 
and the Sun have a limited capacity to supply the necessary 
base load energy. In this issue of SCIENTIFIC DRILLING the 
tapping of new geothermal resources with high potential is 
reported (pages 1 to 12), with the IDDP-2 deep geothermal 
drilling campaign in Iceland reaching supercritical fluids at a 
depth of 4.5 km. Aside from the scientific themes addressed 
by IDDP-2, namely the characterization of a mid-ocean ridge 
submarine black smoker hydrothermal system on land, the 
utilization of supercritical fluids as a sustainable georesource 
for energy generation has the potential to outweigh 
conventional geothermal energy exploitation. 

Geofluids were also the target of a drilling project in the 
western Eger Rift (Czech Republic), where shallow drilling 
into an active gas emanation (Moffette) served to improve 
our understanding of the geo-bio interaction in a CO2-rich 
environment (pages 13 to 27). This drilling also serves as a 
pilot study for an ICDP-supported multi-well campaign in the 
area.  

Scientific drilling for the deep biosphere is notoriously 
hampered by sample contamination. Therefore, tracers 
are deployed to determine influx of surface material. 
Investigations on tracer concentrations from seabed drills 
during IODP Expedition 357 (pages 39 to 46) provided 
important information on the quality of core samples taken for 
deep biosphere exploration and are highly recommended for 
future applications.

Coring under in situ pressure conditions for sampling and 
preservation of submarine sediments is examined on pages 
29 to 37. Deployments of the so-called “MDP” (MeBo pressure 
vessel) during two offshore expeditions resulted in the recovery 
of sediment cores with pressure stages equalling in situ 
hydrostatic pressure, important for many different research 
fields, including gas hydrates, geotechnics, sedimentology, 
microbiology, and several others.

The Ivrea–Verbano Zone as one of the most complete, time-
integrated crust–upper mantle archives worldwide is a unique 
drilling target, as discussed recently in a workshop (pages 
47 to 56). The meeting served to prepare drilling into the 
deep crust and the Moho transition zone and to test several 
hypotheses on the formation, evolution, and modification of 
the continental crust through space and time. A workshop 
on “Scientific Exploration of Induced SeisMicity and Stress, 
SEISMS” (pages 57 to 63) discussed the value of drilling 
where a fault is instrumented in advance of minor seismic 
events induced through controlled fluid injection in areas that 
are feasible from both a societal and scientific standpoint.

We hope to have generated your interest and we hope that 
you will enjoy reading this volume of SCIENTIFIC DRILLING.

Your editors,
Ulrich Harms, Thomas Wiersberg, Jan Behrmann, 
Will Sager, and Tomoaki Morishita
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Abstract. The Iceland Deep Drilling Project research well RN-15/IDDP-2 at Reykjanes, Iceland, reached its
target of supercritical conditions at a depth of 4.5 km in January 2017. After only 6 days of heating, the measured
bottom hole temperature was 426 ◦C, and the fluid pressure was 34 MPa. The southern tip of the Reykjanes
peninsula is the landward extension of the Mid-Atlantic Ridge in Iceland. Reykjanes is unique among Icelandic
geothermal systems in that it is recharged by seawater, which has a critical point of 406 ◦C at 29.8 MPa. The
geologic setting and fluid characteristics at Reykjanes provide a geochemical analog that allows us to investigate
the roots of a mid-ocean ridge submarine black smoker hydrothermal system.

Drilling began with deepening an existing 2.5 km deep vertical production well (RN-15) to 3 km depth, fol-
lowed by inclined drilling directed towards the main upflow zone of the system, for a total slant depth of 4659 m
(∼ 4.5 km vertical depth). Total circulation losses of drilling fluid were encountered below 2.5 km, which could
not be cured using lost circulation blocking materials or multiple cement jobs. Accordingly, drilling continued
to the total depth without return of drill cuttings. Thirteen spot coring attempts were made below 3 km depth.
Rocks in the cores are basalts and dolerites with alteration ranging from upper greenschist facies to amphibolite
facies, suggesting that formation temperatures at depth exceed 450 ◦C.

High-permeability circulation-fluid loss zones (feed points or feed zones) were detected at multiple depth
levels below 3 km depth to bottom. The largest circulation losses (most permeable zones) occurred between the
bottom of the casing and 3.4 km depth. Permeable zones encountered below 3.4 km accepted less than 5 % of
the injected water. Currently, the project is attempting soft stimulation to increase deep permeability. While it is
too early to speculate on the energy potential of this well and its economics, the IDDP-2 is a milestone in the
development of geothermal resources and the study of hydrothermal systems. It is the first well that successfully
encountered supercritical hydrothermal conditions, with potential high-power output, and in which on-going
hydrothermal metamorphism at amphibolite facies conditions can be observed. The next step will be to carry out
flow testing and fluid sampling to determine the chemical and thermodynamic properties of the formation fluids.

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

The Iceland Deep Drilling Project (IDDP) is a long-term
project (https://www.iddp.is) aimed at greatly increasing the
production of usable geothermal energy by drilling deep
enough to reach the supercritical conditions believed to ex-
ist beneath high-temperature geothermal fields in Iceland.
When the IDDP consortium was formed in the year 2000,
three geothermal fields in Iceland were chosen as suitable
locations to search for supercritical resources, Krafla in the
northeast of Iceland, and Hengill and Reykjanes in the south-
west (Friðleifsson et al., 2003; see Fig. 1). The first attempt
to drill into a supercritical reservoir was made in 2008–2009
in the Krafla caldera (IDDP-1), but the well did not attain su-
percritical fluid pressures because drilling was suspended at
too shallow of a depth (Elders et al., 2011). This was because
drilling intercepted 900 ◦C rhyolite magma at a depth of only
2100 m. However, the IDDP-1 was completed with a liner set
above the rhyolite intrusion. When the well was tested, it pro-
duced superheated 452 ◦C steam at 140 bar pressure, and had
a flow rate and pressure sufficient to generate about 35 MWe.
After 2 years of flow testing, repair of the surface installa-
tions was necessary, and the well had to be quenched due
to failure of the master valves. Unfortunately, this caused a
collapse of the well casing and the well was abandoned.

In 2013, as reported previously in this journal (Friðleifs-
son et al., 2013), the IDDP began planning to drill a deep
exploratory/research well, the IDDP-2, in the Reykjanes
geothermal field in SW Iceland, where HS Orka generates up
to 100 MWe of electric power. From a scientific perspective,
this location is of great interest because the Reykjanes penin-
sula is the landward extension of the Mid-Atlantic Ridge
(Fig. 1).

The exposed rocks in Iceland date back to about 16 Ma, the
oldest rocks being exposed farthest to the west and farthest to
the east, and include about 100 central volcanic complexes of
different ages. In Fig. 1 we only show the active central vol-
canoes associated with on-going rifting at a slow spreading
rate of 1.8 cm yr−1. The active rift systems typically show an
evolution characterized by development of central volcanoes
near the spreading segment centers. Central volcanoes often
mature to develop rhyolitic volcanism and calderas over time
frames of about 1 My before drifting out of the active spread-
ing zone and cooling down. Many of the high-temperature
geothermal areas in Iceland are associated with central volca-
noes, for example the Krafla volcano, which displays exten-
sive rhyolitic volcanism and caldera collapse (e.g., Fridleifs-
son et al., 2003), and which was the site of the IDDP-1 drill
hole. The Reykjanes system is in an early rifting stage and
has not developed into a central volcano, while the Hengill
central volcano, the proposed site for IDDP-3 drilling, is con-
sidered to be in an intermediate stage of development as it
has not generated large volumes of felsic rock and has yet to
develop a caldera.

Figure 1. The location of Iceland on the Mid-Atlantic Ridge. The
arrows show the spreading directions on the Reykjanes ridge to
the south and the Kolbeinsey Ridge to the north. Iceland’s neo-
volcanic zone with its active central volcanoes and the location
of the three high-temperature hydrothermal systems of Reykjanes,
Nesjavellir (in the Hengill volcano), and Krafla, targeted for IDDP
deep drilling, are also shown.

The drilling target for each of the IDDP sites is to reach su-
percritical conditions. The critical point of fresh water, which
characterize the Krafla and Hengill fields, occurs at 374 ◦C
and 22.1 MPa. The reservoir fluids currently produced from
the Reykjanes field have a salinity of seawater, which has
a critical point of 406 ◦C at 29.8 MPa (Bischoff and Rosen-
bauer, 1988). As described below, it is already clear that
conditions at the bottom of the IDDP-2 well measured dur-
ing drilling exceed the critical point of seawater. A geother-
mal well producing from a supercritical geothermal reservoir
has the potential to generate power outputs on an order of
magnitude greater than conventional high-temperature wells
(at 240–340 ◦C) assuming the same volumetric flow rate of
steam (Albertsson et al., 2003; Friðleifsson et al., 2014a).

The Reykjanes hydrothermal resource is a two-phase
geothermal system to about 1500 m depth, where tempera-
ture follows the boiling point curve with increasing depth and
both liquid and vapor are present, below which the temper-
atures are approximately constant to about 3 km depth, with
the highest recorded downhole temperature of about 320 ◦C
(Friðleifsson et al., 2014b). The depth to the bottom of the
hydrothermal reservoir is not known, while 3 km depth has
been used in reservoir modeling so far for the convection sys-
tem. The primary motivation for the Reykjanes field operator
to undertake such a challenging drilling operation as IDDP-2

Sci. Dril., 23, 1–12, 2017 www.sci-dril.net/23/1/2017/

https://www.iddp.is


G. Ó. Friðleifsson et al.: The Iceland Deep Drilling Project 4.5 km deep well 3

Figure 2. The locations and tracks of wells in the Reykjanes geothermal field (Weisenberger et al., 2017). The red line shows the track of
well RN-15/IDDP-2. The relative size of the circulation loss zones are shown with circles (see legend). The inset (bottom right) shows the
location of the geothermal fields at Krafla (1), Reykjanes (2), and Hengill (3).

was to address several basic questions important for the fu-
ture development of the geothermal resource:

i. What is the nature and location of the base of the Reyk-
janes hydrothermal reservoir? Is it possibly heated by
superheated steam from below?

ii. Can deeper heat sources be exploited by injecting fluid
into the hot rocks beneath the current production zone?

iii. Will productive permeability be found at these great
depths within the approximate center of the fault-related
upflow zone?

iv. Does a hydrothermal reservoir at supercritical condition
exist at 4–5 km depth under the Reykjanes well field or
does it lie even deeper? Alternatively, will we be dealing
with hot dry rocks at those depths?

v. What is the ultimate heat source of this saline ocean-
floor-related hydrothermal system?

In December 2015, the plans for the IDDP-2 were ac-
cepted as a part of the European Union Horizon 2020 pro-
gram DEEPEGS (Deployment of Deep Enhanced Geother-
mal Systems for Sustainable Energy Business, grant no.
690771). DEEPEGS is a major effort to speed up the devel-
opment of enhanced geothermal systems within Europe and
worldwide, for both high- and low-enthalpy systems.

A drill site was selected on the north side of the Reyk-
janes drill field (Fig. 2) making use of an existing production

well RN-15 as a “well of opportunity”. In 2004, RN-15 was
drilled vertically to a depth of 2500 m with a production cas-
ing cemented down to 794 m, and open hole below. The well
was suitably sited within the Reykjanes geothermal system
for a deepening as an inclined IDDP well, and the potential
risk for affecting other production wells during the drilling
and cementing operations to 3 km depth was relatively small.
Therefore, after serious consideration of the economics as
well, IDDP was offered the opportunity to deepen well RN-
15. The well is now identified as RN-15/IDDP-2. The RN-
15 was cooled down slowly, deepened with a 12 1

4
′′

bit to
3000 m, and a new production casing was cemented in place.
Drilling then continued with 8 1

2
′′

rotary bits towards a target
depth of 5 km. We planned to drill 8 1

2
′′

spot cores over about
10 % of the total drilling interval.

The RN-15/IDDP-2 passed a significant milestone in
geothermal research by reaching a slant depth of 4659 m on
25 January 2017, after 168 days of drilling. Drilling achieved
its initial targets to: (a) drill deep enough to reach supercriti-
cal conditions (4 to 5 km), (b) measure the fluid temperature
and pressure, (c) search for permeable zones, and (d) recover
drill cores.

2 The Reykjanes drill field

Prior to the IDDP-2, the deepest producing geothermal wells
existing at Reykjanes were about 2.5 km deep. Figure 2 is a
map showing the deviated track of well RN-15/IDDP-2, as
it was drilled, together with the tracks of existing wells. Ver-

www.sci-dril.net/23/1/2017/ Sci. Dril., 23, 1–12, 2017
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Figure 3. (a) Conceptual model of the roots of the Reykjanes Geothermal field indicating existing wells (brown) and the planned track
of the IDDP-2 well (blue) to intersect the supercritical zone beneath the producing reservoir. (b) Schematic lithological model of the crust
beneath the Reykjanes peninsula, which, below a thin apron of subaerial lava flows of Holocene age, is mostly composed of subglacial and
marine tuffs, shallow marine sediments, and pillow basalts down to 2–3 km depth, increasingly intruded by dikes with increasing depth. This
culminates in a sheeted dike complex which extends for several kilometers, presumably underlain by a gabbroic lower crust.

tical wells are represented by dots only. Figure 3a is a sim-
plified conceptual model of the Reykjanes drill field, show-
ing the well RN-15/IDDP-2 directionally drilled towards
5 km depth and ending under the main drill field at temper-
atures anticipated to range from 400–500 ◦C. Figure 3b is a
schematic lithological diagram (Weisenberger et al., 2017),
based on lithological logs from about 34 drill holes. Be-
low a pile of several Holocene subaerial lava flows, the rock
formations are composed of shallow marine sediments and
tuffs, with intervals of pillow basalt and breccia, emplaced
in the last ∼ 0.5 Ma (Friðleifsson and Richter, 2010). The
dike intensity increases dramatically with increasing depth
and reaches ∼ 100 % below approximately 3 km depth. This
sheeted dike complex is presumably underlain by gabbroic
lower crust, a model that conforms to typical “classical”
ophiolite (Anonymous, 1971). Although the Reykjanes ridge
is a slow spreading ridge, it is magmatically robust due to
the influence of the Iceland hotspot. Enhanced magmatism
results in much thicker crust (∼ 16 km) compared to normal
mid-ocean ridges (Weir et al., 2001). While the ophiolite con-
ceptual model (Fig. 3b) has been assumed for the Reykjanes
field, the RN-15/IDDP-2 well is the first to confirm the pres-
ence of a thick sheeted dike section (see below). The nature
of the lower crust and the depth to any large gabbroic intru-
sions is unknown.

3 Drilling the RN-15/IDDP-2

The Iceland Drilling Company (IDC) began deepening well
RN-15 on 11 August 2016, using the rig Thor (Þór), a Ben-
tec 350-ton drilling rig with an electric top drive (MH PTD-
500-AC). On 8 September after 29 working days, drilling
to 3000 m depth was completed (Table 1). Well RN-15 had

an existing 13 3
8
′′

production casing cemented from 0 to
793.8 m. An additional production casing (anchor casing) of
9 7

8
′′

(from surface to 445 m) and 9 5
8
′′

(2932.4 m) was run into
the hole and cemented (see Table 1) (Weisenberger et al.,
2016).

The RN-15/IDDP-2 was drilled vertically from 2500 m
down to 2750 m, and below that drilled directionally to the
southwest to intersect the main upflow zone of the Reykjanes
system. The bottom of the well is at a vertical depth of about
4500 m, and is situated 738 m southwest of the wellhead.

Cables with eight thermocouples from Petrospec Engi-
neering were attached to the outside of the casing string as
it was run into the hole. The thermocouples were rated to tol-
erate up to 600 ◦C. They were expected to enable continuous
measurement of temperatures at 341, 641, 941, 1541, 1841,
2141, 2341, and 2641 m depths. The thermocouple at 2141 m
was damaged during insertion of the casing. In addition, a
pressure/temperature sensor was installed at 1241 m depth,
and a fiber optic cable for temperature, strain, and seismic
measurements was installed by GFZ Potsdam (Geoforschung
Zentrum) to 841 m depth, supported by two EU funded pro-
grams (IMAGE and GEOWELL) together with DEEPEGS,
HS Orka, and Statoil. Data from these sensors were used to
evaluate the progress of the cementing operation.

Reverse cementing, with ∼ 150 m3 of cement pumped
down the annulus between the casing and the borehole, was
completed on 6 September, followed by two separate down-
hole cement bond logging trips inside the casing, which in-
dicated that a proper cementing job had been achieved. The
result is the longest production casing ever installed in any
Icelandic high-temperature geothermal field.

Drilling in formations below 3000 m in the production part
of the well began on 17 September (the 38th workday), and

Sci. Dril., 23, 1–12, 2017 www.sci-dril.net/23/1/2017/
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Table 1. Drilling and casing depths in well RN-15 and RN-15/IDDP-2.

ID Drill rig Phase Depth Depth Bit Casing Casing Casing-depth
(m) reference size type depth (m) reference

RN-15 Saga Pre-drilling 86.5 Saga RF 26′′ 22 1
2
′′

84.4 Ground surface

RN-15 Jötunn 1. phase 300 Jötunn RF 21′′ 18 5
8
′′

292.8 Ground surface

RN-15 Jötunn 2. phase 804 Jötunn RF 17 1
2
′′

13 3
8
′′

793.8 Ground surface

RN-15 Jötunn 3. phase 2507 Jötunn RF 12 1
4
′′

RN-15/IDDP-2 Thor 3. phase 3000 Thor RF 12 1
4
′′

9 7
8
′′

0–445 Ground surface

9 5
8
′′

445–2932.4 Ground surface

Table 2. Overview of the 13 core runs attempted in well RN-15/IDDP-2 at Reykjanes. ROP is rate of penetrations.

Cored Drilling Core
Core run Start Coring interval length time ROP recovered

(m) (m) (h) (m h−1) (m)

1 18/09/2016 3068.7–3074.1 5.4 7.12 0.8
2 04/10/2016 3177.6–3179.0 1.4 2 0.7
3 30/10/2016 3648.0–3648.9 0.9 5 0.2 0.52
4 02/11/2016 3648.9–3650.7 1.8 10.25 0.2
5 11/11/2016 3865.5–3869.8 4.3 8.5 0.6 3.85
6 12/11/2016 3869.8–3870.2 0.4 2.5 0.2 0.15
7 22/11/2016 4089.5–4090.6 1.1 2.25 0.5 0.13
8 28/11/2016 4254.6–4255.3 0.7 5.5 0.1 0.28
9 06/12/2016 4308.7–4309.9 1.2 3 0.4
10 07/12/2016 4309.9–4311.2 1.3 8.25 0.2 0.22
11 16/01/2017 4634.2–4642.8 8.6 1.25 6.9 7.58
12 17/01/2017 4642.8–4652.0 9.2 1 9.2 9
13 19/01/2017 4652.0–4659.0 7 0.75 9.3 5.58

Total 43.3 27.31

Core recovery about 63 %

was concluded on 26 January 2017 (the 168th workday) at
4659 m (Fig. 4). Various challenges arose as the drilling pro-
gressed: there were weather delays, problems with hole sta-
bility that required frequent reaming, and the drilling assem-
bly became stuck several times. These instances were suc-
cessfully resolved as they happened. However, the major un-
solved problem was a near-complete loss of circulation just
below the 9 5

8
′′

production casing shoe (2931 m) that could
not be cured with lost circulation materials or by 12 succes-
sive attempts to seal the loss zone with cement. As cementing
was not successful, drilling had to continue without any re-
turn of drill cuttings to the surface from deeper than 3200 m,
except for drill cuttings that were intermittently sampled be-
tween 3000 and 3200 m depth (Weisenberger et al., 2017).

Consequently, the drill cores are the only deep rock samples
recovered from the well.

Figure 4 shows that after the delays attempting to condi-
tion the well by repeated cementing, the drilling itself more
or less followed the scheduled path, despite several problems
on the way down such as stuck drill string, weather delays,
etc.

We had considerable difficulties in recovering drill cores
in most of the first 10 core runs, and only a total of 27.3 m
of core was retrieved in 13 attempts, or about 63 % recovery
of the cored intervals (Table 2). We were using an IDDP-
designed 8 1

2
′′

coring tool, with 9.7 m long core barrel (Skin-
ner et al., 2010), which had yielded good core recoveries in
RN-17B, an inclined 8 1

2
′′

hole from 2800 m depth, and also
from three successive core runs below a 9 5

8
′′

liner in well

www.sci-dril.net/23/1/2017/ Sci. Dril., 23, 1–12, 2017
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Figure 4. Actual drilling progress of the RN-15/IDDP-2 drill hole (blue) compared to the drilling schedule (orange).

RN-30 at Reykjanes from similar depth to RN-17B (Fowler
et al., 2015; Fowler and Zierenberg, 2016). Table 2 gives an
overview of the core recovery in 10 core runs with the IDDP
8 1

2
′′

coring tool and 3 successive core runs with the 6′′ Baker
Hughes tool at the bottom of IDDP-2, beneath the 7′′ liner.
Prior to coring with the 6′′ tools, an 8 m deep 6′′ pilot hole
was drilled with a tri-cone bit from 4626 to 4634 m to clean
out the bottom fill after casing and to condition the well.

A comprehensive analysis of the poor performance of our
8 1

2
′′

specially designed coring tool assembly in the IDDP-

2 will appear elsewhere, but there could be several possible
reasons for its poor performance. The special feature of our
IDDP coring tool is its allowance for much greater water pas-
sage (up to 40 L s−1) for cooling extremely hot rock forma-
tion, an order of magnitude higher flow rate than that pos-
sible using conventional coring tools. Another characteristic
feature of our tool is the relatively soft coring bits, designed
for single use only.

Possible reasons for the poor performance of the 8 1
2
′′

cor-
ing assembly are (a) the inclination of the hole, which in-

Sci. Dril., 23, 1–12, 2017 www.sci-dril.net/23/1/2017/
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creased with increasing depth; (b) possible dog-legs in the
hole, which may have damaged the relatively soft drill bits
banging against the well wall on running in; (c) rapid cool-
ing leading to thermal fracturing of the formation; and (d) the
diameter of the coring tool and reamers, which exceeded the
diameter of the heavy drill collars by an inch. Accordingly,
the coring bottom-hole-assembly (BHA) was stiffer than the
drill collar BHA alone while rotary drilling. Three stabilizers
were put in the BHA above the coring tool. In some cases, the
8 1

2
′′

tri-cone bit may have been slightly under-sized, adding
to the problems. We also often had to ream the hole for con-
siderable lengths before getting to the bottom of the hole;
in other cases, fill in the hole may have hindered good cor-
ing performance. We attempted to overcome the problems by
shortening the core barrel from 10 to 5 m, cutting off all the
stabilizers on the BHA, and using only one stabilizer above
a heavy drill collar and the BHA. After that modification (in
core run 4), we improved the situation considerably and re-
trieved 3.85 m of core in a 5 m long barrel, compared to the
0 to 0.5 m in preceding runs with the 10 m barrel. However,
the situation did not improve sufficiently to satisfy our need
for drill cores. Nevertheless, recovering tens of centimeters
of core from depths in the field that were previously not sam-
pled made a huge difference scientifically, compared to hav-
ing no rock samples at all.

Finally, after casing the well with a 7′′ perforated liner, a
Baker Hughes 6′′ coring tool with a PCD bit (poly crystalline
diamond) resulted in very satisfying core recovery at the very
bottom of the well. The immediate lesson learned is that in
the future we should probably use a slimmer coring assembly
in inclined wells, such as drilling 6′′ in an 8 1

2
′′

hole, or 8 1
2
′′

in a 12 1
4
′′

hole, etc.

4 Geophysical and chemical logging during drilling

We had great expectations for temperature data from the ther-
mocouples installed outside the casing (see above). At first,
they seemed to work properly but as time passed, and for un-
known reasons, they ceased to transmit data to the surface
display, although the casing had not heated above 100 ◦C.
The fiber optic cable may still be operational, but will not be
used until the well heats up. A gas spectrophotometer and
sampling device on the flowline was provided and set up
by the ICDP-OSG at GFZ, and conductivity and pH sensors
were set up by ISOR and HS Orka. These devices were kept
operational throughout the drilling of the well. However, they
provided no useful data during drilling because, as explained
above, there was total loss of circulation throughout almost
the entire drilling operation.

Conventional downhole geophysical logs were attained
after drilling to 3000 m depth, and also when the well
was 3648 m deep. Normal resistivity, neutron and natural
gamma, and sonic logs were obtained from a casing depth to
3440 m. A televiewer log was attempted but had poor qual-
ity (Weisenberger et al., 2016, 2017). Close to the end of
drilling, when the well was 4626 m deep, special LWD (log-
ging while drilling) tools were hired from Weatherford Inter-
national and used for the first time in Iceland. The logging
suite consisted of natural gamma, temperature, pressure, and
multi-frequency resistivity from casing to 4615 m. Micro-
resistivity imaging was obtained to 4490 m (good quality)
and acoustic velocity to 3045 m. The results will be described
elsewhere. Following this, and after only 6 days of heating
(3 January 2017), the temperature measured at the bottom
of the well was ∼ 426 ◦C with a fluid pressure of 34 MPa,
and good indications of permeability at depth (at ∼ 3400,
∼ 4375,∼ 4550 m) based on inflections in the downhole tem-
perature profile (Fig. 5). The fluid at the bottom of the well
at that time was inferred to be a mixture of injected water
and formation fluids. Both the temperature and the pressure
indicate that the bottom fluid was at supercritical conditions
during the logging operation. Accordingly, one of the main
objectives of the IDDP drilling project was achieved, i.e., to
drill into supercritical fluid conditions.

In addition to the major loss zone at 3360–3380 m, there
are less permeable loss zones further downhole. There are
several feed points below the 2931 m casing shoe all masked
by a large feed zone near 3400 m and 6 smaller feed points at
3820, 3990, 4100, 4200, 4375, and 4550 m, and possibly also
at the very bottom of the well below the depth of the temper-
ature log (Fig. 5). It is clear from the deepest drill cores that
we had some open space in fractures containing pristine su-
percritical fluid down to the bottom of the well 4659 m.

The 7′′ perforated hanging liner was inserted to the bottom
after the pressure–temperature (PT) logging run of 3 January
2017. Subsequently, a 7′′ sacrificial casing was lowered from
the surface down to 1300 m and cemented up to the surface.
Casing shoes were then drilled out and the well was deepened
using 6′′ bits, ending with three successive coring runs down
to the 4659 m final depth. After the deepest coring run, a 3 1

2
′′

drill string was lowered to the bottom of the hole. The aim
was to enhance the permeability deep in the hole by pumping
in cold water for several months through the 3 1

2
′′

drill string.
There are already some positive indications of enhancement
of injectivity. Tests made after the last coring runs showed
that cold water injection increased the injectivity index from
1.7 to 3.1 L s−1 bar−1. We expect that continued deep stimu-
lation with cold water is likely to further improve the fracture
permeability at depth. While this “soft stimulation” is going
on, a surface test bed, with two parallel flowlines, will be de-
signed and constructed for long-term flow testing. Only after
these fluid handling and flow tests are concluded will we be
able to determine the nature of the formation fluids, their en-
thalpy and flow characteristics, and hence estimate their engi-
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Figure 5. Temperature and pressure log to 4560 m depth in IDDP-2
after only 6 days of heating. As can be seen from the temperature
profile, the well is far from thermal equilibrium because of cold wa-
ter injection. When thermal recovery is complete, it is likely that
temperatures will exceed the estimated 426 ◦C measured at the bot-
tom of the hole. The PT logging was done with a K-10 logging tool,
which was calibrated to only 380 ◦C (Weisenberger et al., 2017).

neering and economic potential. The total loss of circulation
below 3 km depth was unexpected but the existence of large
permeability, a kilometer deeper than the current production
zones at Reykjanes, may have implications for the future de-
velopment of the geothermal resource that are independent
of supercritical production.

5 Lithology and alteration

A detailed description of the lithologic section drilled in
the IDDP-2 well is hampered by total circulation loss be-
low ∼ 3200 m and is based on preliminary observations
of recovered drill cores (Table 2). Despite these limita-
tions, a relatively coherent picture of downhole lithology
and hydrothermal alteration is apparent, and is generally

consistent with observations from the deepest holes drilled
into in situ oceanic crust at fast-spreading ridges by the
Deep Sea Drilling Project (DSDP)/Ocean Drilling Program
(ODP)/Integrated Ocean Drilling Program (IODP), wells
504B (Costa Rica Rift, Galapagos Spreading Center) and
well 1256B (Guatemala Basin, eastern tropical Pacific) (Alt
et al., 1986, 2010; Anderson et al., 1982).

The upper 2500 m of the IDDP-2 well was drilled in 2004
as the former production well RN-15, which is described by
Jónsson et al. (2010). Cuttings recovered during deepening
of the well down to the lost circulation zone at 3200 m are
described by Weisenberger et al. (2017). Here we focus on
the drill core recovered at spot intervals in the depth interval
between 3648 and 4659 m.

6 Primary lithology

Analysis of drill cuttings indicates that the uppermost sec-
tion of RN-15 down to about 1400 m is dominantly volcanic
rock with interbedded zones of basalt flows, basalt breccia,
pillow lavas, and hyaloclastite. Basaltic intrusions increase
in frequency downhole below ∼ 1400 m, and mixed intru-
sive and extrusive rocks continue to at least 3200 m. Vari-
ably rounded cobbles and fragments of volcanic rock derived
from below the casing depth 2940 m were recovered as rub-
ble on top of several of the cores. It is likely that many of
these were derived from an enlarged eroded section of the
drill hole around ∼ 3360 m depth, coincident with a major
circulation loss zone in the well. The zone from ∼ 1400 to
∼ 3500 m depth is, therefore, interpreted as the transition
zone between overlying volcanic rocks and an underlying
sheeted dike complex (Fig. 6). The preliminary interpreta-
tion of the lithological structure and major alteration mineral
zones identified in IDDP-2 compared to DSDP/ODP/IODP
holes 504B (Costa Rica Rift, Galapagos Spreading Center)
and 1256D (Guatemala Basin, eastern tropical Pacific) is pre-
sented on Fig. 6.

The shallowest cored interval extends from 3648.00 to
3648.52 m and recovered sections of three dikes separated by
two chilled margins that indicate that at least the upper two
dikes are half-dikes intruded by the underlying dike. Litho-
logic interpretation based on sparse core recovery is subject
to large uncertainty, however, all of the underlying drill core
can be reasonably interpreted to have come from a sheeted
dike complex with no definitive evidence that they represent
either coarse-grained basalt from flow interiors or thick intru-
sive sills or fine-grained gabbro bodies. Interpretation of the
downhole geophysical logs may provide further evidence of
the nature of the lithologies in-between the cored intervals as
well as orientations of the contacts between intrusive units.
Cores 5 and 6 recovered a relatively coarse-grained diabase
with no apparent systematic grain-size variation extending
from 3865.50 to 3869.95 m. Cores 11–13 provide the most
continuous recovery, with four half-dikes separated by three
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Figure 6. Simplified alteration and lithology logs of RN-15/IDDP-
2 compared to the two deepest DSDP/ODP/IODP drill holes com-
pleted in situ oceanic crust (Hole 504B and Hole 1256D). Maxi-
mum temperature and pressure conditions are indicated. The struc-
ture of the Reykjanes geothermal system differs from 504B and
1256D in that the transition zone between the upper pillow basalt
section and lower sheeted dike section is greatly expanded at Reyk-
janes. On a broad scale, alteration mineral sequences in the active
Reykjanes system vary predictably as a function of depth in the
crust and temperature. Overprinting alteration mineral sequences in
rocks from Holes 504B and 1256D reflect time-integrated changes
in hydrothermal conditions as rocks tectonically migrated away
from active hydrothermal conditions at the spreading center. Data
for DSDP/ODP/IODP holes from Alt et al. (2010); Anderson et
al. (1982); and Marks et al. (2010). Data for shallower portions
of Reykjanes from Marks et al. (2010); Fowler et al. (2015); and
Fowler and Zierenberg (2016).

chilled margins recovered between 4634.20 and 4656.00.
The thickest half-dike extends 14.4 m downhole implying a
minimum thickness greater than 9 m, given the inclination of
the drill hole of approximately 40◦ and assuming the dike is
vertical.

All the recovered dikes show similar primary mineralogy
with subequal concentrations of plagioclase and clinopyrox-
ene accompanied by 3–6 % titanomagnetite. The only appar-
ent exceptions are the uppermost half-dike in core 11, which
appears from hand specimen descriptions to contain ∼ 2 %
euhedral green partially altered olivine crystals, and the half-
dike in the lowermost 1.5 m of core 12, which is described
as containing approximately 15 % dark blocky clinopyrox-
ene (2–3 mm) and 20 % finer-grained beer-bottle brown or-

thopyroxene (∼ 2 mm). Given that all recovered cores are
overprinted by hydrothermal alteration, estimates of origi-
nal mineral percentages are uncertain. Plagioclase tends to
be slightly coarser-grained (3–4 mm), elongated, and more
euhedral compared to clinopyroxenes, which tends to occur
interstitial to the plagioclase matrix.

Irregular patches and vein-like segregations of more dif-
ferentiated felsic melt are a minor component of some of
the dikes and become increasingly common downcore. The
first noted occurrence of these segregations is in core 5,
which shows a few irregular discontinuous lighter colored
veins characterized by an increased abundance of late-stage
igneous plagioclase, some of which appears cloudy due
to symplectic intergrowth with very fine-grained quartz.
Clinopyroxene is less abundant in these veins, and some
formed as thin (≤ 1 mm) elongated prisms up to 5 mm
long. All of the pyroxene in this core interval has been re-
placed by hydrothermal amphibole. Core 10 contains a 3 cm
thick plagioclase-quartz-clinopyroxene-titanomagnetite seg-
regation vein, where quartz occurs as coarser-grained crystal
as well as symplectic intergrowths with plagioclase. Cores
11–13 show an increased abundance of felsic segregation
patches, irregular veinlets and veins up to 5 cm thick (Fig. 7),
and many of these include green to brown biotite as a pri-
mary igneous mineral, which in some veins is more abundant
than clinopyroxene. Preliminary examination of thin sections
reveals that accessory apatite is more abundant in the felsic
segregations. Some felsite veins have euhedral zircon crys-
tals up to 2 mm in length. Rock of rhyolitic compositions,
although common in other Icelandic volcanic centers such as
Krafla (e.g., Jónasson, 2007), have not been observed previ-
ously at Reykjanes.

7 Alteration and hydrothermal veining

The assemblage of alteration minerals observed in cuttings
from RN-15 (Jónsson et al., 2010) and the upper section of
IDDP-2 above the lost circulation zone (Weisenberger et al.,
2017) is consistent with the downhole prograde alteration
assemblages described by Tómasson and Kristmannsdóttir
(1972). Cuttings from the production reservoir of the Reyk-
janes field show epidote-actinolite facies alteration character-
ized by replacement, open-space filling veins, and vug-filling
alteration minerals dominated by chlorite, epidote, actinolite,
albite, and quartz.

The upper-most core samples from IDDP-2 (core 3,
3648 m) are pervasively altered and intensively veined by
epidote, amphibole, plagioclase (with or without quartz) with
chlorite-rich vein selvages. Igneous clinopyroxene is com-
pletely replaced by amphibole and chlorite. Igneous plagio-
clase shows patchy alteration to albite, epidote, and chlorite.
Titanomagnetite is partially replaced by magnetite and titan-
ite. Minor phases include pyrite, pyrrhotite, and intermedi-
ate solid solution Cu-Fe sulfide. Hydrothermal clinopyrox-
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Figure 7. A piece of core from the RN-15/IDDP-2 well from
4634.40 to 4634.55 m depth, showing felsite veins and conjugate
sets of older fractures/veins. The red color of the felsite relates to
hematic stain formed from a mixture of supercritical vein fluid with
cold oxidizing drilling fluid (see text for further discussion).

ene is present in veins and groundmass replacement of the
fine-grained to formerly glassy quenched dike margins. The
epidote veins are somewhat anastomosing and dip in mul-
tiple directions. Some veins show clear cross-cutting rela-
tionships while others merge into composite veins. In con-
trast to alterations observed in overlying cuttings, textures in-
dicative of open-space fracture fillings are absent and quartz
is much less abundant, occurring as a minor phase in the
veins. Actinolite is the dominant amphibole, but is locally
replaced by hornblende. Plagioclase in the veins is calcic,
ranging to near end-member anorthite. The presence of horn-
blende and calcic plagioclase is an indication that rocks have
reached PT conditions of the amphibole alteration facies,
but the rocks have not reached equilibrium. Overprinting of
epidote-actinolite facies by amphibole facies alteration is an
indication of prograde expansion of the hydrothermal system
and/or subsidence of these rocks to higher PT conditions.

The alteration observed in the deeper sections of core,
starting with core 5 at 3865 m, is consistent with amphibo-
lite facies alteration. Epidote and chlorite are not present and
quartz, if present, is a minor phase. In most of the deeper
cores, igneous clinopyroxene is pervasively to completely
altered to amphibole, but igneous plagioclase generally ap-
pears to be unaltered. Actinolite persists at depth, but horn-
blende becomes increasingly abundant downhole. Albitiza-
tion of plagioclase is minor to absent. The dominant vein
minerals are amphibole and calcic plagioclase, which can
occur separately or together. Plagioclase-rich veins may con-
tain minor amounts of quartz, but quartz is absent from most
hydrothermal veins and is most common in and adjacent to
the felsite segregation patches and veins/dikelets. Although
most of the cores show pervasive alteration, cross-cutting
veins are volumetrically a very minor component of the rock.
The veins tend to be thin (1–4 mm), irregular, and discontin-
uous and lack evidence of filling of open space, consistent
with formation in the brittle/ductile transition zone. Trace
amounts of hydrothermal biotite and clinopyroxene are noted
as shallow as core 8 (4254 m).

The most continuous core recovery was achieved at the
bottom of the hole from 4634 to 4659 m. Most of the dikes in
this section show pervasive alteration of igneous clinopyrox-

ene to hornblende, but relict igneous pyroxene is preserved
in some dikes. Hydrothermal biotite is less abundant than
amphibole, but is intergrown with hornblende in the deeper
rocks. Igneous plagioclase retains its morphology and growth
zoning patterns but is locally cloudy and dusted with iron ox-
ide and vapor-rich inclusions. Hydrothermal veining is very
minor for most of this interval but there are local zones of
millimeter scale, cross-cutting hornblende and hornblende
plus plagioclase veins. Thin (1–2 mm wide) discontinuous,
anastomosing veinlets of plagioclase and quartz that may be
accompanied by hornblende and/or biotite branch off the fel-
site segregation veins/dikeletts, and the distinction between
igneous and hydrothermal deposition/alteration is obscure at
present. One mineralized open fracture was recovered along
the margin of a 3 cm wide felsite vein (4637.19 m). The frac-
ture was covered by coarse-grained euhedral hydrothermal
biotite (Fig. 8a) that was overgrown by later, fine-grained
euhedral quartz (Fig. 8b), including doubly terminated pris-
matic crystals. The fracture and the adjacent core surfaces
were stained and locally coated by hematite that, based on
textural relations, clearly formed during the drilling process
by oxidation of ferrous iron bearing formation fluid inter-
acting at high temperature with oxygenated surface water
pumped downhole for cooling. Similar hematite staining is
increasingly abundant in patchy intervals downhole, becom-
ing very common in core 13. The hematite staining is re-
stricted to surfaces cut by the core bit or pre-existing frac-
ture surfaces and is not present on post-coring fractures or
the interior of the core that was cut for examination. Sulfides
(pyrrhotite and/or intermediate solid solution Cu-Fe sulfide)
and hydrothermal magnetite are minor, but commonly ob-
served, alteration phases in the deepest cores.

8 Significance of the IDDP-2

The IDDP-2 cores include the first samples recovered from
active, supercritical geothermal conditions in a seawater-
recharged hydrothermal system analogous to the roots of
deep-sea black smoker systems. The lithological section
underlying the presently exploited hydrothermal system at
Reykjanes is typical of sheeted complexes in oceanic crust
and ophiolites. Logging measurements confirm that perme-
able feed zones are present at temperature and pressure con-
ditions in excess of the critical point of seawater in the deep-
est section of the well.

The geological environment of the Reykjanes geothermal
field is of great interest to the scientific community, situ-
ated as it is on the landward extension of the Mid-Atlantic
Ridge that forms part of the world-encircling system of di-
vergent plate boundaries, or oceanic spreading centers (El-
ders and Friðleifsson, 2010). These are regions of frequent
volcanic eruption, high heat flow, and submarine hot springs.
Base-metal sulfide scales that form in drill holes and pro-
duction pipes are similar to seafloor massive sulfide deposits
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Figure 8. (a) Euhedral hydrothermal biotite books, approximately
1 mm across, coating fracture surface in RN-15/IDDP-2 (4637.81m
depth). Exposed crystals were stained red by hematite during the
coring operation. (b) Open-space filling quartz, up to 4 mm in
length, overgrowing hydrothermal biotite (black crystals) in RN-
15/IDDP-2 (4637.81 m depth). Exposed crystals were stained red
by hematite during the coring operation.

(Hardardóttir et al., 2012). The IDDP-2 is a unique opportu-
nity to examine the roots of a black smoker.

In the future, our demonstration that it is possible to drill
into a supercritical zone could have a large impact on the
economics of high-temperature geothermal resources world-
wide, wherever young volcanic rocks occur (Dobson et al.,
2017). By extending the available economic reservoir down-
wards, we can extend the lifetimes of existing producing
fields. As higher enthalpy fluids have greater power con-
version efficiencies, fewer turbines are required for a given
power output. Similarly, as fewer wells are needed for a given
output, we can increase the productivity of a geothermal field
without increasing its environmental footprint.

More information on the IDDP can be found at www.iddp.
is and at www.deepegs.eu.
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Abstract. Microbial life in the continental “deep biosphere” is closely linked to geodynamic processes, yet this
interaction is poorly studied. The Cheb Basin in the western Eger Rift (Czech Republic) is an ideal place for such
a study because it displays almost permanent seismic activity along active faults with earthquake swarms up to
ML 4.5 and intense degassing of mantle-derived CO2 in conduits that show up at the surface in form of mofettes.
We hypothesize that microbial life is significantly accelerated in active fault zones and in CO2 conduits, due
to increased fluid and substrate flow. To test this hypothesis, pilot hole HJB-1 was drilled in spring 2016 at the
major mofette of the Hartoušov mofette field, after extensive pre-drill surveys to optimize the well location. After
drilling through a thin caprock-like structure at 78.5 m, a CO2 blowout occurred indicating a CO2 reservoir in the
underlying sandy clay. A pumping test revealed the presence of mineral water dominated by Na+, Ca2+, HCO−3 ,
SO2−

4 (Na-Ca-HCO3-SO4 type) having a temperature of 18.6 ◦C and a conductivity of 6760 µScm−1. The high
content of sulfate (1470 mg L−1) is typical of Carlsbad Spa mineral waters. The hole penetrated about 90 m of
Cenozoic sediments and reached a final depth of 108.50 m in Palaeozoic schists. Core recovery was about 85 %.
The cored sediments are mudstones with minor carbonates, sandstones and lignite coals that were deposited in a
lacustrine environment. Deformation structures and alteration features are abundant in the core. Ongoing studies
will show if they result from the flow of CO2-rich fluids or not.

1 Introduction

Microbial processes in the “deep biosphere” and their in-
teraction with geological processes are a matter of ongoing
debate. Microbial habitats extend down to great depths be-
neath the earth’s surface. However, cell counts and detailed
characterizations of the microbial community structure in the
continental deep biosphere are rare and mostly related to in-
vestigations in oil reservoirs (Youssef et al., 2009), geother-
mal aquifers (Alawi et al., 2011; Lerm et al., 2013) or gold

mines (Deflaun et al., 2007; Takai et al., 2001; Trimarco et
al., 2006). A few continental drilling campaigns have fo-
cused on the deep biosphere (Fredrickson et al., 1997; On-
stott et al., 1998; Zhang et al., 2005), though the state of
knowledge reached is still in the early stages. In deep saline
aquifers intended for CO2 capture and geological storage
(CCS), changes in the microbial community caused by in-
jected CO2 can induce mineral dissolution and precipitation
or the formation of biofilms (Onstott, 2005; Mitchell et al.,

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



14 R. Bussert et al.: Drilling into an active mofette

Figure 1. Geological map of the Cheb Basin and surroundings,
based on Flechsig et al. (2008) and Dahm et al. (2013).

2009), and might affect long-term storage efficiency and re-
liability (Morozova et al., 2010; Gulliver et al., 2016; Pelliz-
zari et al., 2016).

In the scope of the International Continental Scientific
Drilling Program (ICDP) project “Drilling the Eger rift:
Magmatic fluids driving the earthquake swarms and the deep
biosphere” (Dahm et al., 2013), one focus is to determine
to which extent the microbial communities are conditioned
by the mantle-derived CO2 degassing and how the micro-
bial activity is potentially affected by seismic events such as
swarm earthquakes. As a pre-examination, a research project
“Microbial processes in the deep biosphere of the CO2-
dominated active fault zone in NW Bohemia” started in 2016
and included a 108.5 m deep drilling (Alawi et al., 2015). We
assume that in active fault zones, due to an intensified sub-
strate support, microbial processes are significantly acceler-
ated compared to other deep subsurface ecosystems. Similar
to black smokers in the deep sea, active fault zones might
represent “hot spots” of microbial life in the deep subsurface
(Alawi et al., 2015). The combination of intense CO2-rich
mantle degassing, ongoing seismic activity including earth-
quakes swarms and microbiological activity that occurs in
the Cheb Basin (western Eger Rift, Czech Republic; Fig. 1)
is exceptional and allows the study of bio–geo interactions
as part of active geodynamic processes in the lithosphere
(Kämpf et al., 1989, 2005, 2007, 2013; Wagner et al., 2007;
Bräuer et al., 2007, 2008, 2011, 2014; Dahm et al., 2013; Fis-
cher et al., 2014, 2017; Alawi et al., 2015; Schuessler et al.,
2016).

About 10 km south of the Nový Kostel focal zone epi-
central area (Fig. 1), strong subcontinental mantle-dominated
CO2 degassing occurs in the Bublák and Hartoušov mofette
fields (Bräuer et al., 2003, 2014; Kämpf et al., 2013;
Nickschick et al., 2015, 2017). Mofettes are places where

Figure 2. The major wet mofette in Hartoušov is located in the
direct vicinity of the drill site. At the upper and lower part of the
mofette bubbles of CO2-rich gas are visible.

geogenic CO2 ascends through conduits from the mantle to
the surface (Fig. 2). The CO2 conduits are regarded as im-
portant structures of lithospheric mantle–crust interaction via
mantle fluids. However, both rock-fluid and geo–bio interac-
tions in these structures are hardly understood.

Microbial growth in the deep subsurface is limited by fac-
tors such as temperature, pH, redox potential, gas concentra-
tion, water and substrate availability (Kallmeyer and Wagner,
2014). The conditions for life in the deep biosphere are ex-
treme in comparison to most surface environments: no light
is available for photosynthesis, typically much higher tem-
peratures than in surface habitats prevail, the availability of
water and of organic carbon is severely restricted, and high
gas pressures occur. The exchange of substances is crucially
reduced since it is coupled to water availability and to dif-
fusion processes. Therefore, microbial activities are slowed
and microbial turnover times are strongly decreased (Lom-
stein et al., 2012). However, microbes can survive long pe-
riods of starvation by reducing their metabolism or form-
ing spores (Goldscheider et al., 2006; Hubert et al., 2009).
Interestingly, there are hints that the microbial turnover in
active fault zones is significantly accelerated in comparison
to the ordinary terrestrial deep biosphere. Eight weeks after
an earthquake swarm occurred in the northwestern part of
the Cheb Basin, the amount of microbiologically produced
methane increased significantly and persisted for more than
two years (Bräuer et al., 2005, 2007). The authors assume
that hydrogen was released from a fractured granitic aquifer
during seismic activity and became available for microorgan-
isms. In the same region, Schuessler et al. (2016) explain re-
curring changes in iron isotope signatures of mineral spring
water by a combination of abiotic and biotic processes trig-
gered by swarm earthquakes. CO2 as the dominating gas in
the Cheb Basin might liberate organic compounds (Glomb-
itza et al., 2009; Sauer et al., 2012); enhance the dissolution,
transformation and precipitation of minerals (Rempel et al.,
2011); and could thereby affect the availability of substrates
for microorganisms. These examples lead to the question of
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whether and how geodynamic processes such as earthquakes
can trigger microbiological activity by transport of substrates
and changes in environmental conditions. Our main interests
are to determine to which extend the microbial communities
are conditioned by the mantle-derived CO2, how the micro-
bial activity is potentially affected by seismic activity such
as earthquake swarms, and if active fault zones, due to an
intensified substrate support, lead to significantly accelerated
microbial activity compared to other deep subsurface ecosys-
tems.

The present pilot-hole study that precedes the ICDP
drilling project “Drilling the Eger Rift” (http://web.natur.
cuni.cz/uhigug/icdp; Dahm et al., 2013) focuses on the in-
teraction between lithospheric geodynamic activity driven by
magma generation and magma/fluid escape beneath the Cheb
Basin in the western Eger Rift and the microbial communi-
ties of the deep biosphere in the upper crust.

Here we describe the 108.5 m deep drilling of well HJB-1
into an active CO2 conduit in the Cheb Basin, located at the
northern part of the Hartoušov mofette field. It was intended
to core as continuously as possible down to the bottom of
the lacustrine succession. The operational challenges were
manifold, starting with the logistics and technical feasibil-
ity of the drilling to the high standards we require with re-
gard to assessing sample contamination through infiltration
of drill mud. Because of the potential risk of a spontaneous
gas/fluid blowout during drilling, extra safety measures in-
cluding the application of a blowout gas preventer, high-
density bentonite-based drill mud and gas alarm techniques
had to be employed.

2 Geological background

The Cheb Basin represents the shallow western part of the
Cenozoic Ohře/Eger Rift, the easternmost segment of the
European Cenozoic Rift System that has developed in re-
sponse to intraplate stresses exerted from the Alps, and pos-
sibly to thermal doming (Malkovský, 1987; Rajchl et al.,
2009). The basin is located at the intersection of the ENE–
WSW trending Eger Rift with the N–S striking Regensburg–
Leipzig–Rostock zone respectively its major local segments,
the Počatky–Plesná Fault zone and the Mariánské Lázně
Fault zone (Fig. 1; Bankwitz et al., 2003). It is underlain by
Palaeozoic metamorphics and granites (Hecht et al., 1997;
Fiala and Vejnar, 2004) and bounded on its eastern side by
the morphologically distinct scarp of the Mariánské Lázně
Fault zone (Peterek et al., 2011), and to the west and to the
south by the Fichtel (Smrčiny) Mountains and the Oberpfalz
Forest.

The fill of the Cheb Basin consists of less than 300 m of
continental sediments. Sedimentation started in the Eocene
with the local deposition of clays and sands, possibly in
maars, referred to as the Staré Sedlo Formation (Fm.;
Špičáková et al., 2000; Pešek, 2014). Following a phase of

uplift and erosion, sedimentation commenced with the depo-
sition of gravels, sands and clays of the Oligocene (Chattian)
to Early Miocene (Early Aquitanian) Lower Argillaceous-
Sandy Fm. (Pešek et al., 2014). In the Lower Miocene, the
coal-bearing Main Seam Fm. formed in an alluvial landscape
enclosing extensive wetlands. Subsequently, a large lake de-
veloped in which the clay-dominated Cypris Fm. was de-
posited (Rojik, 2004). After a hiatus, sedimentation started
again in the Pliocene with lacustrine clays, sands and gravels
of the Vildštejn Fm. and continued without an obvious break
into the Quaternary (Pešek et al., 2014).

In the surrounding of the Eger Rift, volcanism was tem-
porarily active during the Cenozoic. In the Quaternary, vol-
canic activity formed two small scoria cones with lava flows
and a just recently discovered explosive maar structure (Mr-
lina et al., 2007, 2009; Flechsig et al., 2015; Ulrych et al.,
2016). Ongoing tectonic activity in the Cheb Basin is man-
ifested by earthquake swarms that concentrate along the
northern segment of the Mariánské Lázně Fault zone (Fig. 1).
The strongest registered earthquakes reached local magni-
tudes of ML 4.5 (Fischer et al., 2014). Active fault zones
very likely represent migration pathways for the degassing
of mantle-derived CO2 that causes intense mofette activity
(Kämpf et al., 2013; Nickschick et al., 2015, 2017), while
the ascent of magmas and the fluid activity probably consti-
tute the forcing mechanisms of the seismic activity (Bräuer
et al., 2003, 2008, 2011, 2014; Dahm et al., 2008; Fischer et
al., 2014).

3 Hydrogeological background

Numerous mineral water springs occur in the Cheb Basin. In
spa towns such as Františkovy Lázně the springs are used
for illness prevention, and rehabilitation and consequently
their catchment areas are safeguarded as protection zones.
The springs are linked to gas-saturated and highly mineral-
ized waters of an aquifer located at the eastern margin of
the Mariánské Lázně Fault zone. Most mineral waters are
of the Carlsbad Spa type, i.e., Na-HCO3(SO4Cl) to Na(Ca)-
HCO3(SO4). Total dissolved solids are highly variable and
range from a few mg L−1 to over 20 g L−1. The components
are of a complex origin with both exogenous (oxidative and
hydrolytic) and endogenous (hydrolytic and possibly fossil
and evaporitic) contributions (Egeter et al., 1984; Dvořák,
1998; Paces and Smejkal, 2004).

4 Microbiological background

Microorganisms involved in all major global biogeochem-
ical cycles exist in the deep biosphere. They are capable
of catalyzing reactions between gases, fluids, sediments and
rocks, thus enhancing mineral alteration as well as precip-
itation. Depending on respective subsurface environmental
conditions, (hyper-)thermophilic and halotolerant microor-
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ganisms were identified. Abundant metabolic groups are for
example methanogenic archaea and sulfate-reducing bacte-
ria, and strains from both of these taxa are able to obtain
their carbon solely from CO2 (Alawi et al., 2011). McMahon
and Chapelle (1991) highlight that more than 90 % of the
16S ribosomal DNA sequences recovered from hydrother-
mal waters circulating through deeply buried igneous rocks
in Idaho are related to hydrogenotrophic methanogenic mi-
croorganisms. Geochemical characterization indicates that
hydrogen is the primary energy source for this methanogen-
dominated microbial community. These results demonstrate
that hydrogen-based microbial communities do occur in
earth’s deep biosphere. Considering increased hydrogen con-
centrations during seismic periods in the Cheb Basin (Bräuer
et al., 2005) one might conclude that the microbial activity is
potentially positively correlated to hydrogen availability, and
therefore increased seismicity. We assume that a proliferating
primary production based on methanotrophic archaea might
provide the starting point for a secondary heterotrophic mi-
crobial community. As Alawi (2014) has shown elsewhere,
such microorganisms produce energy-rich organic polymers
that might be subsequently degraded by fermentative pro-
cesses and thereby can close the carbon cycle by the emis-
sion of CO2 as well as H2. Acetate which is produced by
acetogenic bacteria may then become a valuable substrate
for FeIII, MnIII,IV and SO2−

4 reducing microorganisms as
well as acetoclastic methanogens (Alawi, 2014). In addition,
first analyses of the microbial communities in wetland soils
of the Bublák mofette field in the Cheb Basin show that
both bacteria and archaea are able to incorporate 13C-labeled
CO2 (Beulig et al., 2015, 2016). Hence, an effect of the in-
creased CO2 concentrations on the composition of the mi-
crobial community seems very likely. Despite various indi-
cators for geo–bio interactions in the deep biosphere, it re-
mains to be understood precisely how geological processes
influence microbial activities in the deep subsurface and what
role these processes have played in the geological evolution
of the earth through time.

5 Pre-drilling site surveys

During the last years several geophysical, soil gas and gas
flux analyses were performed to understand the patterns of
CO2 degassing at the Hartoušov mofette field. Well sec-
tions of prior boreholes drilled in the region, made avail-
able by the Czech Geological Survey (http://www.geology.
cz/extranet-eng/services/data), provided provisional infor-
mation on the near sub-surface sediments but detailed data
on the mofette field were first acquired in a scientific drill
campaign in 2007 (Flechsig et al., 2008). The objective of
the pre-drill surveys was to understand the structural and sed-
imentological control of CO2 degassing and to determine an
optimal drill site of intense degassing underlain by a conduit.

Figure 3. Location of the ICDP drill HJB-1 (black star) in the
Hartoušov mofette field, with CO2 gas flux mapping results of
Nickschick et al. (2015). The black rectangle shows the area of pas-
sive seismic noise measurements (Fig. 6 and Sect. 5.3; matched field
processing, MFP). The location of the geoelectrical profile in Fig. 5
is indicated by the orange line. Coordinates are in UTM zone 33N.

5.1 CO2 mapping

Mapping of the temporal and spatial pattern of mantle-related
CO2 degassing in the Hartoušov mofette field (Fig. 3) re-
vealed distinct differences in the spatial pattern of emitted
CO2, with low emission rates in a north–south trending zone
in the southern part of the mofette field and heavy degassing
in the central and northern part (Schütze et al., 2012; Kämpf
et al., 2013; Rennert and Pfanz, 2016; Nickschick et al.,
2015, 2017). This led Nickschick et al. (2015) to hypothesize
that sinistral strike-slip fault movement causes the opening of
pull-apart structures, in which intense mantle-derived CO2
degassing occurs in conduits. For the total area of 0.35 km2

Nickschick et al. (2015) estimate that between 23 and 97 t of
CO2 are emitted each day.

The results of Nickschick et al. (2015) formed a major
basis for the selection of the drill site of HJB-1 (Fig. 3).
Located in the central part of the Hartoušov mofette field,
CO2 emission rates here can vary considerably, but are gen-
erally high (Nickschick et al., 2015). During a test study
in 2012, we measured daily CO2 gas fluxes on the spot
that later became the drill site. Emission rates varied be-
tween ∼ 14 and 43 kg m−2 d−1 (Fig. 4) with a mean rate of
27.5± 9.5 kg m−2 d−1 in the observation period. Because of
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Figure 4. Variations in the CO2 gas flux at the drill site of HJB-1
measured in 2012.

the continuously high CO2 gas fluxes, the site proved an ideal
location for HJB-1.

5.2 Geoelectrical near-surface surveys

The main objective of geophysical surveys in the Hartoušov
mofette field was to detect and characterize subsurface struc-
tures that potentially represent fluid pathways or domains of
fluid–rock interaction. We used preferentially electrical re-
sistivity tomography (ERT), since the resistivity of rocks is
notably sensitive to the presence of fluids. To retrieve a de-
tailed conductivity image of the mofette field, modern ERT
inversion and modeling techniques were applied (Günther et
al., 2006; Günther and Rücker, 2009).

Combined with sedimentological studies and CO2 soil gas
measurements, the ERT surveys provided an image of near-
surface structures down to a depth of ∼ 100 m underneath
the mofette field (Flechsig et al., 2008, 2010; Schütze et al.,
2012; Nickschick et al., 2015, 2017). The detected struc-
tures are, most probably, directly or indirectly caused by CO2
flow because the geophysical subsurface anomalies not only
correlate positively with areas of high CO2 but also with
sediment properties such as elevated organic carbon (Corg)
and pyrite contents, and with the occurrence of dispersed
quartz pebbles in fine-grained sediments. The sedimento-
logical properties are likely related to chemical and physi-
cal conditions caused by high concentrations of CO2 in the
sediments, and to high gas pressure. Near-surface features
such as low-permeability beds seem to influence primarily
the variation in CO2 degassing linked to meteorological con-
ditions. The presence of such beds could cause the temporal
accumulation of CO2 in underlying porous sand layers.

ERT was also used in time-lapse mode to detect temporal
changes in subsurface resistivity, caused by fluctuating rela-
tions of the gaseous to liquid phase, and was combined with
repeated soil gas measurements (Nickschick et al., 2017). To
evaluate the stability of subsurface degassing structures over
time, repeated measurements were carried out (Nickschick
et al., 2017). Two repeated 2D-ERT surveys in 2007 and

2016 at the central mofette (Fig. 5) indicated small-scale
near-surface (< 2 m depth) variations in the resistivity, caused
by meteorological and seasonal influences, while a distinct
anomaly below the central mofette at 45–55 m correlates pos-
itively with a zone of high-intensity soil degassing (Fig. 3).
The detected changes suggest that CO2 degassing sites are
not steady structures; instead, their architecture changes over
time spans of days to years (Nickschick et al., 2017).

5.3 Matched Field Processing (MFP) for noise source
localization

Subsurface CO2 flow is often accompanied by gas bubble
collapses that act as ambient noise sources and produce seis-
mic signals. With the help of dense small-aperture instrumen-
tal arrays and matched field processing (MFP) techniques,
the noise sources can be located (Vandemeulebrouck et al.,
2010; Corciulo et al., 2012; Flores Estrella et al., 2016). The
data are typically displayed as a 3-D probability map that il-
lustrates the distribution of noise sources within and beneath
the array. In this way, degassing spots such as mofettes can be
detected, and their corresponding subsurface feeding chan-
nels can be imaged (Flores Estrella et al., 2016).

In May 2015 we measured continuous seismic noise with
an instrumental array of 25 stations (vertical geophones con-
nected to REF TEK Texan recorders) covering 1 ha surface
area in the Hartoušov mofette field. The normalized MFP
output shows three clearly defined surface maxima (values
∼ 1; Fig. 6a). Including areas with medium MFP amplitude
(values between 0.35 and 0.6), the sources form a NW–SE
trending zone of increased noise activity. While the northern-
most source is only visible down to a depth of 10 m (Fig. 6b),
the other two sources are still recognizable in the 10–18 m
depth interval but continuously decay below 18 m in ampli-
tude and they widen. In the depth interval 18–30 m another
source appears in between, but contrary to the other ones it
shows a steady amplitude increase with depth.

The measurements suggest the presence of two major fluid
channels to the NE of the array that reach from the surface
down to a depth of at least 30 m. Another channel in the
northernmost part of the array is limited to the uppermost
10 m. A fourth channel seems to exist between the two major
channels starting at 18 m depth and continuously increases in
MFP amplitude with depth. The deep-seated channel might
form the main feeder channel for the near-surface channels.

5.4 Shallow wells

The borehole HJB-1 was placed in an area in which the
two exploratory drillings HJ-3 and HJ-4 were conducted
in 1993, exploring the presence of groundwater of deeper
aquifers closer to the crossing of faults. Next, direct informa-
tion on the shallow subsurface sediments in the Hartoušov
mofette field was gained in an exploratory drill campaign in
2007 when five shallow wells reached depths of up to 9 m

www.sci-dril.net/23/13/2017/ Sci. Dril., 23, 13–27, 2017
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Figure 5. Results of repeated 2-D resistivity surveys at the central mofette in Hartoušov, (a) inversion model of the resistivity (�m) distribu-
tion measured in May 2007, (b) inversion model of the resistivity distribution measured in October 2016 (inversion code DC2DInvRes) and
(c) relative change in the subsurface resistivity by inversion of the ratio of data from the initial (2006) and later (2016) data sets. A variation
of 1 means that the resistivity has not changed, a variation of 1.2 represents an increase of 20 %.

Figure 6. matched field processing (MFP) results (normalized) for the array deployed in May 2015 in the Hartouŝov mofette field. (a) Surface
plot. The white triangles indicate the position of stations. The black star shows the location of HJB-1. (b) 3-D depth plot (0–30 m).

(Flechsig et al., 2008). The main objective of the campaign
was to compare near-surface sediments underneath an active
mofette with sediments in reference sites likely not affected
by CO2 emissions. The authors assumed that sediments in
mofette sites are influenced by accelerated silicate weather-
ing due to acidifying and leaching effects of CO2, deceler-
ated decomposition of organic matter, and enhanced preser-
vation and possibly formation of sulfides and sulfates. An-
other purpose of the pilot–hole was to corroborate the inter-
pretation of geoelectrical lines measured at that time.

The drillings showed that the uppermost sediments in the
mofette field consist of Quaternary fluviatile channel and
flood plain deposits of the Plesná river, while the lower sec-
tion is made up of Pliocene lacustrine clays. Drilling in the

central mofette site revealed the occurrence of dispersed peb-
bles in fine-grained sediments and confirmed the presence of
a domal uplift of the Pliocene clays already recognized in
geoelectrical data (Flechsig et al., 2008). Laboratory anal-
yses showed increased Corg and pyrite contents of the sed-
iments in areas of high CO2 degassing. The results of the
drilling campaign supported the hypothesis that in areas of
high CO2 degassing, such as mofettes, physical and miner-
alogical properties of sediments can be significantly influ-
enced by CO2.
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Figure 7. (a) Drill site of HJB-1 in Hartouŝov; (b) core barrel dis-
play after recovery; (c) geophysical logging operations.

6 Drilling and coring, hydraulic and geochemical
analyses, logging operations, and sampling

The drill site of HJB-1 (Fig. 7) is located in the protection
zone of natural healing resources of the spa town of Fran-
tiškovy Lázně (Franzensbad) but likewise in the protected
area of natural water accumulation of the Cheb Basin and
the Slavkovský Forest. Thus, drilling permissions had to be
obtained from the State Land Office of the Czech Republic,
Ministry of Public Health, Regional Authority of the Karlovy
Vary Region (OŽPaZ) and the District Mining Bureau for
the region of Karlovy Vary. Because of difficult terrain con-
ditions, it was necessary to build a gravel track to allow
the heavy drilling lorry to access the drilling location. The
drilling operator was the company SG Geoprůzkum České
Budĕjovice.

6.1 Drilling and coring

Drilling started on 30 March 2016 and lasted until 27 April
2016. First, a steel casing with a diameter of 324 mm was
cemented down to a depth of 8 m. Next, a conductor pipe of
diameter 219 mm was fitted and cemented down to 15.50 m
below surface level. On the inner casing (219 mm) a preven-
tive slide valve (preventer) DN 300 mm was installed. Then
the hole was drilled near-vertically and reached a final depth
of 108.50 m utilizing a core drilling system Drillmec G-25
with a cutting diameter from 450 to 275 mm installed on a
Tatra 815 drilling lorry. For the coring, a Terracore S Geo-
bor wireline core barrel system (Atlas Copco) was used (in-
ner diameter 96.1 mm). Cores were retrieved in PVC liners
of 3 m length. Pure bentonite was used as a drilling mud
additive. Drilling was conducted under strict contamination
control using fluorescein in the drilling mud as a contami-
nation tracer, as tested before at the CO2-sequestration site
in Ketzin (Brandenburg, Germany) (Pellizzari et al., 2013).
The concentration of fluorescein in the drilling mud was kept
constant at 5 mg L−1.

Drilling was performed through the gate valve so that the
drilling crew was able to overcome problems of pressurized
CO2 in the drilling shaft. Pressure signs, which were ex-
pected in the project, occurred in the form of smaller and
larger gas eruptions after drilling through the ceiling formed

by the Cypris Fm. The first eruption of CO2 occurred at a
depth of 78.5 m when about 0.3 m3 of clay was flushed to sur-
face, and acoustic signs of CO2 emission became loud. Af-
terwards, until the final depth was reached, dense bentonite
mud (∼ 1150 kg m−3) was used, while the drilling mud ini-
tially had a density of ∼ 1100 kg m−3. Mud loss was high in
the Quaternary deposits and in the claystones of the Cypris
Fm., and particularly in the interval of 27 to 45 m.

On the 28 April 2016 the drilling string was pulled out of
the hole and geophysical logging was performed. On the 2
May 2016 the first borehole cleaning was realized by using
airlift of debris; an annulus was used for filling the stem with
drinking water and the air was pushed using airlift tubes with
a diameter of 72 mm. The stem was purified from the resid-
ual mud and dressed with a PVC-U casing with a diameter
of 114 mm. In sections 58.50 to 63.50 m, 68.50 to 83.50 m
and 88.50 to 103.50 m a perforated PVC-U casing was fitted.
The bottom of the borehole was equipped with a full casing
with a length of 5 m. Subsequently, the casing was backfilled
using washed gravel. Pressure on the gridiron is monitored
online (on average 510 kPa or 5.1 bar) by H. Woith (GFZ
Potsdam). Today, the wellhead is closed by a gas-tight seal
and flange mounted gauge. During the drilling, the ground-
water level was irregularly monitored. A very shallow aquifer
was reached at 0.60 m below surface, then an aquifer in the
upper part of the Cypris Fm., and finally a deep aquifer below
81.50 m in the Main Seam Fm. 24 h after reaching the final
depth, the groundwater level in the well was at 4.20 m be-
low surface. Hydraulic properties of the aquifer system were
checked using short-time pumping and recovery tests. The
borehole was left open for long-term online monitoring of
the casing-head pressure. Until today, the borehole forms an
active ascent path for gases. Since no cores were recovered in
the uppermost 9 m, a dry drilling (HAR-2R) was performed
immediately after HJB-1 was drilled. The dry drilling al-
lowed the retrieval of uncontaminated shallow-core samples.

6.2 Hydraulic and geochemical analyses

A 24 h pumping test was performed after a mechanical gas-
separator and an automatic measuring station were fitted to
the wellhead to monitor groundwater level and flow, conduc-
tivity and temperature of pumped water. Subsequently, short-
time hydrodynamic tests with a maximum tapping phase of
22 h were completed using a submersible pump (Grundfos
SQ 2 70). The effective yield value of the liquid phase was
0.15 L s−1, while the yield of the gaseous phase was sig-
nificantly higher, on average 0.5 L s−1, with a maximum of
2.92 L s−1. The coefficient of determination between the wa-
ter level and the yield of the gaseous phase amounted to 0.67;
the coefficient of determination between the yields of liq-
uid phase and gaseous phase yields was at 0.89 during the
short-term tests. The specific yield value amounted to 2.9 ×
10−5 m2 s−1. Transmissivity was around 7.8 × 10−6 m2 s−1

during non-steady flow at the end of the short-term hydro-
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Table 1. Comparison of the chemical parameters of the recovered mineral water in HJB-1. The sampling date was 10 May 2016 (20:00 LT,
end of recovery test). A comparison to the chemistry of two typical mineral waters from western Bohemia is shown (Karlovy Vary: spring
Vřídlo (Sprudel), borehole BJ-35, 55.2 m deep and Františkovy Lázně: spring Adler, borehole 33 m deep).

Water source K Na Ca Mg Cl SO4 HCO3 Fe Mineralization
(mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1)

HJB-1 44.2 1080 411 85.1 229 1470 2420 13.7 5870
Karlovy Vary 90.2 1670 118 42.9 592 1610 2180 1.3 6422
Františkovy Lázně 21.9 921 48.4 11.2 398 1119 671 14.3 3306

dynamic test, just before eruption. Thus, the Variscan mica
schists and basal Cenozoic sediments seem to be weakly to
slightly permeable. Less permeable rocks were reached after
approximately 10 h of pumping. The tests suggest the pres-
ence of a major fluid ascending channel located in a per-
meable fault zone. Reaching a significant fault in basal lay-
ers of the basin and its fundament is also supported by a
large spreading of the gas phase after penetrating the ceiling
formed by less permeable strata of the Cypris Fm.

Starting at a depth of approximately 78.5 m, after penetrat-
ing a carbonate-rich layer approximately 30–40 cm in thick-
ness, significant circulation of gas-saturated groundwater
was observed, and bursts of gaseous CO2 and water occurred
at the wellhead. Gas analysis measured 99.90 vol. % CO2,
0.0831 vol. % N2 and 0.00558 vol. % O2. We assume that the
sand-bearing sediments directly underneath this caprock-like
structure form a reservoir for mantle-derived CO2. Physic-
ochemical parameters of groundwater recovered from the
basal aquifer (approximately at a depth of 79–85 m) were
measured during the pumping tests (Table 1). After cleaning
the borehole, samples were taken for chemical and microbio-
logical analysis of liquid and or gaseous phases. The subther-
mal mineral water had a temperature of up to 18.6 ◦C. The
water was highly gas-saturated with about 1892 mg L−1 of
free dissolved CO2, and heavily mineralized with an electri-
cal conductivity of around 6800 µScm−1. The pH was about
6.4.

The content of H2SiO3 in the groundwater of the basal
aquifer is very high, with up to 112 mg L−1, as is the Fe con-
tent with up to 13.7 mg L−1. The groundwater of the basal
aquifer is of the Na-Ca-HCO3-SO4 type, typical of the Fran-
tiškovy Lázně Spa and its mineral waters. Its composition is
mainly influenced by intense hydrolysis of aluminosilicate
minerals probably caused by CO2, and, given the relatively
high concentration of chloride ions, by a fossil component
(Na-Cl) related to an evaporitic closed lacustrine basin rep-
resented by the claystones of the Cyris Fm. (unit 3 in Fig. 8).
A high content of sulfate is typical of Karlovy Vary Spa min-
eral waters and might reflect, at least partly, the dissolution
of evaporites such as Na2SO4 (Paces and Smejkal, 2004).

6.3 Logging operations

Logging data were acquired in eight runs to ensure com-
plete well coverage without losing data due to sensor off-
sets in stacked tool strings. Most tools were combined with a
gamma ray (GR) probe to allow an accurate depth alignment.
Since borehole stability was a concern, the spectral GR was
run before pulling out the drill pipe, logging downwards at
2 m min−1. A bismuth germanate (BGO) scintillation crys-
tal within the tool allowed us to determine the amount of
natural radioactivity within the formation and additionally a
splitting into thorium (Th), potassium (K) and uranium (U)
based on discrete energy peaks. After run 1, the drill pipe
was pulled and all consecutive measurements were acquired
in open hole. Run 2 consisted of a probe recording the en-
vironmental parameters of the borehole fluid including tem-
perature, pressure, conductivity, salinity, pH, oxygen satura-
tion and chloride content. A magnetic susceptibility probe
was run in combination with GR in runs 3 and 4 in two
intervals. An overlap was logged to allow for proper depth
alignment and splicing of the two runs. In run 4, a different
gain was used for the susceptibility probe. To compensate
for the difference between both measurements, a multiplier
was utilized to homogenize the data before splicing. Due to
the presence of a conductor pipe at approximately 15 m, no
open hole data could be gained above that depth. Since the
data of run 3 and 4 were acquired logging upwards and in
open hole, they were used as depth reference. All other mea-
surements were matched with these runs using either a linear
or an interactive depth shift. Run 5 provided a focused elec-
tric resistivity measurement followed by formation velocity
in run 6. The sonic data were reprocessed by picking the first
arrivals of the near and far detectors and recalculating delta
time compressional and primary velocity (Vp). A dipmeter
probe was logged in run 7 providing four pad conductivi-
ties in four directions, caliper data and borehole navigation
data. Microsusceptibility was the last measurement proving
to be a higher-resolution log than the standard susceptibility
in runs 3 and 4, with a vertical resolution of about 2 cm. It
will be used in the future for a better correlation with core
data. To complete the logging suite, Prague University ac-
quired gamma density and neutron porosity data.

The composite log is presented in Fig. 8 together with a
lithology obtained from core data. The core depth and litho-

Sci. Dril., 23, 13–27, 2017 www.sci-dril.net/23/13/2017/



R. Bussert et al.: Drilling into an active mofette 21

logical boundaries were adjusted on the basis of the logging
data, especially in areas of low core recovery. The borehole
was drilled vertically with a slight north trend and a devia-
tion of 1–2◦. The GR log indicates a gradual decrease in clay
content towards the surface. Especially the weathered schists
near total depth feature high thorium contents. Susceptibility
is generally low but shows several peaks throughout Miocene
deposits. Within the weathered Paleozoic schist an increase
in gamma ray, sonic velocity and resistivity can be noted in-
dicating higher clay content and likely a higher compaction.
The dipmeter shows several conductivity spikes within the
Miocene that could be related to minor fractures or cracks.
The sonic wavelets indicate several chevrons that probably
developed for the same reason.

6.4 Sampling

At the well site, the laboratory container of GFZ Potsdam
(BUGLAB) was installed to allow subsampling under opti-
mal conditions. Equipped with refrigerators as well as with
−80 ◦C freezers, the container permitted optimal storage
conditions for biological samples. Below 20 m depth, the
sediment was too consolidated for subsampling with cutoff
syringes and consequently whole round cores (8 cm long,
still in plastic liner) were cut. To preserve the samples,
different techniques were used. Core material assigned for
cultivation-based analyses were stored in CO2-flushed gas-
tight bags, while samples intended for geochemical analy-
ses were stored in N2-flushed bags, and samples reserved
for molecular biological studies were frozen in the field at
−80 ◦C. By now, segments of the core have been transferred
to project partners to analyze the microbiology, sedimentol-
ogy and mineralogy as well as to perform geochemical anal-
yses. Because the perimeter of the core most likely was con-
taminated by drilling mud, it was discarded. This so-called
inner coring was performed under aseptic conditions at the
GFZ Potsdam. More than 300 samples are currently pro-
cessed in this way. From each core meter about 60 cm were
retained as whole round cores for sedimentological and min-
eralogical analyses and to perform core logging. All cores
were photographed at the GFZ (Fig. 9).

6.5 Contamination control

To assess drill-mud penetration into cores the tracer fluores-
cein was extracted from the cut-off rim and the inner core ac-
cording to the protocol from Pellizzari et al. (2013; Fig. 10).
Sediment samples were ground using a mortar so that 0.250 g
of the powder was mixed with 600 µL buffer (50 mM TRIS,
pH 9) in a 2 mL reaction tube. The tubes were placed on a
vortex and mixed for 30 min at maximum speed. Then, the
sediment samples were centrifuged at 20 800× g for 10 min
and the supernatant was transferred to a 1.5 mL reaction
tube. The extraction procedure was then repeated. The su-
pernatants were combined, centrifuged and transferred to a

clean tube. The fluorescein content was measured in tripli-
cate using 96-well plates processed using a filter fluorometer
(CLARIOstar® OPTIMA, BMG LABTECH, Germany). The
quantification of fluorescein indicates that 5 out of 45 inner
core samples (after inner-coring) were contaminated by drill
mud. Generally sandy (highly permeable) samples showed
a higher degree of contamination in comparison to clay-rich
samples.

7 Initial core description

In total, 85 % of the 108.5 m hole was available in the form
of core halves for inspection and sampling. Major gaps ex-
ist primarily in the uppermost 30 m. The core was split in
half lengthwise and subsequently photographed at the GFZ
Potsdam, followed by a visual core description. The recov-
ered core is severely affected by drilling disturbance. Partly,
it shows a conspicuous banding composed of relatively dark
mudstones typically 2–5 cm thick and of lighter colored ho-
mogeneous and comparatively soft mud mostly 0.5–2.5 cm
thick (Fig. 9g and f). Although the banding resembles rhyth-
mic bedding, close inspection reveals that it results from the
injection of drilling mud along preexisting bedding planes.
Drilling mud was also injected into the core along sub-
vertical, natural and drilling-induced fractures, while in the
basal interval of the core the mud has intruded highly-altered
or weathered mica schists. Thus, careful examination of the
core is vital to identify artificial “false bedding” and to differ-
entiate natural and drilling-induced deformation structures.

The core is composed of five units (Fig. 9):
The lowermost unit 1 from ∼ 108.5 to ∼ 89.8 m con-

sists of highly altered or weathered Palaeozoic mica schists
(Fig. 9a). According to preliminary XRD measurements,
the schists are principally composed of kaolinite, mus-
covite/illite, siderite and quartz. Kaolinite likely has formed
under near-surface weathering conditions during Mesozoic-
Early Cenozoic time (Störr, 1976). The common presence of
siderite might either be related to an alteration under reduc-
ing conditions and elevated pCO2, hence possibly to fluids
rich in CO2, or to a formation during the influence of an over-
lying freshwater swamp.

Unit 2 from ∼ 89.8 to ∼ 79.0 m is made up primarily of
massive to crudely bedded grey to brown and sandy to peaty
mudstones with abundant mottles and nodules (Fig. 9b). The
mineralogy is dominated by kaolinite, siderite, quartz and
anatase. Thin lignite layers and abundant lignite coal frag-
ments as well as the presence of root structures and pos-
sible soil horizons suggest deposition in a swamp environ-
ment. The unit might represent the Main Seam Fm. (Lower
Miocene).
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Figure 8. Logging data of well HJB-1 and summary stratigraphy based on initial core description results. Positions of cores in Fig. 9 are
indicated by corresponding labels (a–h) and arrows.

Upward, following unit 3 from about 79.0 to ∼ 15.5 m is
dominated by grey to green mudstones. The relatively hetero-
geneous lower part of the unit consists of calcareous, sandy
or peaty mudstones that are interbedded with thin peloidal
or bioclastic carbonates, dolomite beds and gypsum layers
(Fig. 9c, d, e). The overlying part up to∼ 37.5 m consists pri-
marily of laminated or thin bedded mudstones (Fig. 8, while
the uppermost part of the unit up to ∼ 15.5 m is made up
of massive to crudely bedded mudstones. Laminated mud-

stones were most likely deposited in a relatively deep lake
with dysoxic to anoxic bottom-water conditions. The planar
lamination from a few millimeters up to 2 cm thick might
have formed due to seasonal changes in the bioproductivity
or in the water stratification, whereas thin detrital carbonate
beds up to 5 cm thick possibly represent event layers such
as turbidites. The mudstones of the whole core interval are
made up of clay minerals such as muscovite/illite, kaolinite,
smectite and mixed-layers, and of quartz, K-feldspars, pyrite,
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Figure 9. Representative lithologies in core HJB-1. (a) Palaeozoic schists with siderite concretions (104.16–104.66 m); (b) sandy mudstone
with lignite coal (79.50–80.00 m); (c) interbedded sandy mudstones, calcareous mudstones and carbonates (78.50–79.00 m); (d) calcareous
mudstones with gypsum layers and injection structures (77.61–78.11 m); (e) interbedded laminated mudstones and peloidal to bioclastic
carbonates (69.56–70.06 m); (f) “false bedded” mudstones (light colored regular banding represents injected drilling mud) with natural
injection structures (64.55–65.05 m); (g) laminated mudstones with natural deformation structures and “false bedding” (∼ 42.00–42.46 m
and (h) massive mudstones (∼ 35.15–35.60 m). Scale is in centimeters.

Figure 10. Contamination assessment of drill mud in cores. The
grey area indicates the background noise of the fluorometric mea-
surements of fluorescein (evaluated with core material obtained at
the same site but without addition of fluorescein). 5 out of 45 inner
core samples (red squares) are contaminated by drill mud.

zeolites, gypsum and analcime. Greigite occurs in several
layers in the middle part of the mudstone interval according
to petrophysical well site observation (magnetic susceptibil-
ity), but its presence is not yet confirmed by XRD. The pres-

ence of gypsum and analcime suggests a saline-alkaline la-
custrine depositional environment, while the common occur-
rence of pyrite implies suboxic conditions during early dia-
genesis. However, the formation of these minerals might also
be influenced by CO2-rich fluids or microbial activity during
diagenesis (e.g., Chen et al., 2016). The whole mudstone-
dominated unit 3 likely correlates to the Cypris Fm.

Unit 4 between ∼ 15.5 and ∼ 7.2 m consists of green to
brown clay and of minor gravel probably correlative to the
Vildštejn Fm. Unit 5, representing the uppermost sediments
down to a depth of ∼ 7.2 m, is made up of predominantly
moderately to poorly sorted sand to gravel with minor peat,
most likely Quaternary channel and floodplain deposits of
the nearby Plesná river.

Natural deformation structures such as microfaults, dikes
and sills as well as irregular intrusions are abundant in several
core intervals but are best visible in the laminated mudstones
of unit 3. Most of the structures seem to have formed by hy-
drofracturing, sediment fluidization and injection as a result
of excessive pore fluid pressure. Carbonate and gypsum ce-
ments are infrequently associated with the deformation struc-
tures and the host rock in the surrounding partly has changed
its color or is bleached. Whether the deformation structures,
cements and color changes are related to the flow of CO2-rich
fluids is the subject of ongoing investigations.

8 Conclusions, ongoing studies and open questions

Pilot hole HJB-1 drilled into an active mofette has proved
as a successful test for upcoming well projects planned
in the scope of the ICDP project “Drilling the Eger Rift”
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(http://web.natur.cuni.cz/uhigug/icdp). First microbiological
investigations including activity tests for microbial methane
production, DNA extractions and cultivation experiments are
ongoing. Microbial DNA was extractable from all samples
and is currently analyzed through Illumina MiSeq 16S rDNA
sequencing and quantitative PCR. A new procedure for the
recovery of DNA from deep subsurface sediment samples
was recently established by Alawi et al. (2014). With this
method, DNA can be extracted from sediments with a low
bacterial abundance, where commercial DNA extraction kits
fail. Furthermore, with this technique it is possible to sep-
arate extracellular and intracellular DNA, and therefore to
distinguish between fossil and modern microbial communi-
ties. Additionally, it is planned to perform community analy-
ses based on Shotgun metagenomic sequencing for selected
samples (in cooperation with P. Kyslik, Academy of Sciences
of the Czech Republic). This method allows the identifica-
tion of genes from all organisms present in the sediment, re-
gardless of their taxa and specificity of PCR primers. For
anaerobic culturing, the focus is set on methanogenic ar-
chaea and sulfate-reducing bacteria. Both metabolic groups
are cultivated in a liquid anaerobic media and are inoculated
inside an anaerobic chamber (glovebox). Growth is moni-
tored by methane production and changing sulfate concen-
trations. Using different media compositions and temper-
atures, defined enrichment cultures have already been ob-
tained and will be further characterized physiologically in
detail. Pure cultures are a prerequisite for further laboratory
experiments to gain deeper insights into the link to miner-
alogical processes such as mineral precipitation and alter-
ation under varying conditions. Further on molecular biolog-
ical analyses will be complemented by biomarker analyses
at the Deutsches GeoForschungsZentrum GFZ (K. Mangels-
dorf). Diversity of soil fungal communities will be analyzed
by P. Baldrian (Academy of Sciences of the Czech Republic).

The core shows many features that might result from the
flow of mantle-derived CO2 e.g., deformation structures and
alteration features, which are the subject of upcoming petro-
graphic and geochemical studies. Further pending questions
are to distinguish between Mesozoic–Cenozoic deep chemi-
cal weathering of Palaeozoic mica schists and alteration due
to CO2 flow or hydrothermal influence, the contribution of
pyroclastics to the basin fill, and the palaeoenvironmental in-
formation contained in the Cenozoic lake sediments, in par-
ticular in the finely laminated (varved) interval of the Cypris
Fm.

Ongoing geophysical studies, notably seismic (TU
Freiberg), geoelectric (University of Leipzig) and magne-
totelluric surveys (GFZ Potsdam) focus on examining the
subsurface structure beneath the Hartoušov degassing area.
The drill core from well HJB-1 provides essential informa-
tion on the basin’s sediments for these studies whereas the
geophysical surveys will help to better understand the find-
ings of the drill.

Data availability. The data used in this paper that stems from pi-
lot hole HJB-1 are in the process of being interpreted in detail for
various research targets. When these analyses are finished, and the
related publications are submitted, the data will be deposited in reli-
able public depositories for access. However, at the current state of
the projects the raw data cannot be made accessible for public use.
When available, details of the data depositories can be obtained by
contacting the corresponding author.
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Abstract. Pressure barrels for sampling and preservation of submarine sediments under in situ pressure with the
robotic sea-floor drill rig MeBo (Meeresboden-Bohrgerät) housed at the MARUM (Bremen, Germany) were de-
veloped. Deployments of the so-called “MDP” (MeBo pressure vessel) during two offshore expeditions off New
Zealand and off Spitsbergen, Norway, resulted in the recovery of sediment cores with pressure stages equal-
ing in situ hydrostatic pressure. While initially designed for the quantification of gas and gas-hydrate contents in
submarine sediments, the MDP also allows for analysis of the sediments under in situ pressure with methods typ-
ically applied by researchers from other scientific fields (geotechnics, sedimentology, microbiology, etc.). Here
we report on the design and operational procedure of the MDP and demonstrate full functionality by presenting
the first results from pressure-core degassing and molecular gas analysis.

1 Introduction

Pressure coring is currently the only method that enables
precise off-site analysis of gas and gas hydrate volumes
contained in marine sediments. Because the manufacture of
pressure-coring tools and their operational application are
technically challenging, pressure vessels have only been in
use for the last few decades. A review of pressure-coring sys-
tems used for offshore research from various platforms in the
past and today is presented elsewhere (Abid et al., 2015 and
references cited therein). These include the Dynamic Auto-
clave Piston Corer (DAPC) which is frequently in use for
pressure coring of shallow (down to 2.65 m below the sea
floor, hereafter m b.s.f.) gas-hydrate-bearing sediments at the
MARUM – Center for Marine Environmental Sciences since
the early 2000s (e.g., Abegg et al., 2008; Heeschen et al.,
2007; Pape et al., 2011a).

In 2005, the sea-floor drill rig MARUM-MeBo70
(acronym for Meeresboden-Bohrgerät, German for sea-floor

drill rig), initially designed to obtain non-pressurized sedi-
ment cores from a depth of up to 70 m b.s.f., was operated for
the first time (Freudenthal and Wefer, 2007, 2013). MeBo70
is a robotic drill remotely controlled from conventional re-
search vessels via an umbilical cable that allows for sam-
pling of the sea bed by push core or rotary core drilling.
Compared to those of drilling vessels, the advantages of sea-
floor drill rigs are optimal control over the drilling process
at the sea floor, great flexibility in use from various ves-
sels, and time and cost efficiency. For lowering sampling
tools and measurement devices into the well, the comparably
fast wireline drilling technique is used (Freudenthal and We-
fer, 2013). In 2014 the second MeBo generation, MARUM-
MeBo200, which allows core drillings to be conducted down
to 200 m b.s.f. by means of wireline technology, was addi-
tionally taken into use. Gas-hydrate-bearing sediments from
depths exceeding 10 m b.s.f. in the eastern Black Sea (unpub-
lished data) and in the Gulf of Guinea (Sultan et al., 2014;
Wei et al., 2015) were recovered in 2011 with MeBo70 for
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Figure 1. (a) Scheme and working principle of the MeBo pressure vessel (MDP; not in scale). BHA = bottom hole assembly. (b) Photograph
of the MDP (left: top part; right: bottom part).

qualitative analysis. However, during both sampling cam-
paigns, sediments below the maximum penetration depth of
the DAPC eluded analysis of accurate gas volumes since ap-
propriate techniques were unavailable.

Recently, a pressure-core barrel has been developed
within the German collaborative project “SUGAR” for use
with both systems, MeBo70 and MeBo200. The pressure-
core barrel, called MDP (German for MeBo-Druckkern-
Probennehmer), is employed like a wireline inner core barrel.
Pressure coring with the MDP was successfully carried out
during two subsequent deep-sea cruises with MeBo200 (east
of New Zealand) and MeBo70 (west of Spitsbergen) in 2016.
Hence, a system is now available that allows for the recovery
of pressurized sediment cores with both MeBo systems and
for subsequent quantitative sampling of gas from these. Here
we report on the design and deployment of the MDP and
demonstrate their complete functionality by presenting first
results from pressure coring and pressure-core processing.

2 Design and deployment

2.1 Design, specifications, and operational procedure

The MDP principally consists of (a) a cutting shoe or core
head cutting the sediment core with the required core diam-
eter, (b) a floating piston using hydrostatic pressure to force

the penetration of the sediment core into the core barrel, (c) a
core catcher that inhibits loss of sediment before the valve is
closed, (d) a pressure housing and a valve that closes after the
coring process in order to keep the in situ pressure within the
core barrel, and (e) a latching device that ensures the cor-
rect position of the pressure-core barrel within the MeBo
drill string and that activates the closing of the valve when
the core barrel is pulled with an “overshot” using the wire-
line technique (Fig. 1). Titanium was used to manufacture
all pressure-holding parts, which facilitates future imaging
of pressurized sediment cores by computerized tomography.

As a consequence of required implementations of several
activation and lifting mechanisms, the MDP core barrel has a
shorter length and a smaller diameter compared to conven-
tional MeBo core barrels (Table 1), resulting in a smaller
liner volume. In order to support sediment intrusion into the
liner, a piston system has been developed which allows the
cutting of a core that has a relatively small diameter com-
pared to the borehole diameter. This system is based on using
the physical principle of the increasing hydrostatic pressure
when lowering the MeBo from the vessel to the sea floor.
A sealed atmosphere within the MDP generates a differen-
tial pressure, which at the time of coring drives the piston
upwards with the relative downward movement of the drill
string. Usage of the differential pressure to support sediment
intrusion while coring soft sediments is a unique method
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Table 1. Specifications of the conventional core barrels and the MDP operated with MeBo70 or MeBo200.

Specification Conventional barrel – MDP –
MeBo70/MeBo200 MeBo70/MeBo200

Barrel outer diameter (mm) 73/73 73/73
Barrel length, approx. (mm) 3400/4300 3400/4300
Core diameter (mm) 55/55 45/45
Maximum core length (mm) 2500/3500 1300/1300
Maximum core volume (L) 5.94/8.32 2.07/2.07
Operating pressure (MPa) n/a / n/a 20/20

n/a = not applicable

(Hohnberg, 2010, patent pending). The piston is locked me-
chanically before operation and released when a touch sen-
sor strikes the sediment at the drill-hole bottom at the be-
ginning of the coring process. During coring the piston is
driven upwards by the hydrostatic pressure at the depth of the
borehole. This procedure allows the application of a drilling
speed that is higher than that of conventional corers and sup-
ports receipt of high-quality cores with comparably high re-
covery rates (see Sect. 3.2). It adopts the advantages of pis-
ton coring but minimizes the adverse impact on the recover-
able core-length-to-tool-length ratio. A damping system po-
sitioned above the piston regulates the raising velocity of
both the piston and the incoming sediment core. After the
core has been cut, the overshot is lowered into the drill string
in the same way as in the recovery procedure of conventional
MeBo core barrels. Once the overshot is latched onto the
MDP locking mechanism, the wireline is pulled. Before un-
locking the MDP the sealing mechanisms are released by an
additional axial lift in the upper part of the tool. Closing of
valves at the top and the bottom section of the pressure cham-
ber assures pressure-tight recovery of the core under near in
situ pressure. Furthermore, a special pre-configured accumu-
lator is activated in order to compensate for potential changes
in pressure due to temperature fluctuations throughout the
recovery process and to ensure pressure tightness of the sys-
tem, thus preserving near in situ pressure during recovery and
storage. During pre-configuration the internal pressure of the
accumulator is adjusted to as close to the hydrostatic down-
hole pressure as possible. A significant higher initial pressure
(“overcharge”) should be avoided since it lasts on the core
and may lead to sample alteration and misinterpretations of
core properties.

2.2 Deployments and operations with MeBo200 and
MeBo70

The MDPs were successfully deployed, with both MeBo200
and MeBo70, during two campaigns in deep-sea areas in
2016. Cruise SO247 with the German RV Sonne in spring
2016 off New Zealand (Huhn, 2016) provided excellent op-
portunities for trial-and-error tests and to adjust the MDP
for pressure coring with MeBo200 within sediments consid-

ered to partially host gas hydrates (see Table A1 in the Ap-
pendix for core specifications). During that cruise the capa-
bility to achieve excellent core recovery rates as well as pres-
sure cores with the MDPs was proven (see Sect. 3). MDP
coring was additionally performed during cruise MSM57/1
with RV Maria S. Merian in summer 2016 off Spitsbergen
(Bohrmann et al., 2017). Before deployment parts of the
MDPs were modified after consideration of the test results of
drillings conducted during SO247 and of technical require-
ments for usage with MeBo70. During MSM57/1, MDPs
were used three times at two sites (Table A1 in the Ap-
pendix). While MeBo station GeoB21613-1 was carried out
at a reference site expected to be virtually devoid of gas hy-
drates, GeoB21616-2 was performed within an active pock-
mark and assumed to contain gas hydrates.

2.3 Handling of MDP core barrel after recovery and
core processing

After the MeBo has been recovered and the MDPs were re-
moved from the magazine, mechanical components above
and below the pressure chamber were dissembled in order
to make the MDP’s pressure-bearing parts accessible. An as-
sembly of gas-tight valves and ports (modified after Dickens
et al., 2003; Heeschen et al., 2007; and Shipboard Scientific
Party, 1996) and a pressure sensor for continuous monitoring
of the internal pressure were connected to the MDP pressure
chamber. During cruise MSM57/1, pressurized fluid (gas and
water) was released incrementally from the pressure cham-
ber into a gas-tight, scaled syringe for gas sub-sampling and
determinations of fluid volumes. Quantification of released
fluids was carried out on-deck at atmospheric pressure and
ambient temperature (ca. 2 to 6 ◦C).

Repeatedly, after release of a certain gas volume, gas sub-
samples were taken and transferred into glass serum vials for
analysis of molecular compositions (C1–C6 hydrocarbons,
N2, O2, Ar; Pape et al., 2010a). Subsequent to degassing
(when pressure inside the pressure chamber has dropped to
atmospheric pressure), the core liner containing the depres-
surized sediment core was removed from the pressure cham-
ber through the lower valve. Since the technical principle
of the MDP does not comprise a transparent core liner for
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subsequent core description, the sediment core needed to be
transferred into a suitable liner. A piston system was used
to push the core into a liner in a sliding motion. Finally, the
core was processed like a conventional core (e.g., through
splitting, lithological description, photography, and storage).

3 Results and discussion

The main objectives of the MDP deployments during SO247
were to identify best practice and settings for MDP pressure
coring, to technically meet the requirements of both MeBo
systems (MeBo70 and MeBo200), and to fit for accomplish-
ing the main goals of cruise MSM57/1. The major objectives
of that cruise were to recover cores under pressure and to
subsequently carry out a controlled pressure reduction. This
degassing procedure would allow for a quantitative determi-
nation of the gas in situ amount, which is largely lost when a
core is recovered by conventional means.

3.1 Proof of functionality – deep-water deployments

MDPs have been deployed with MeBo200 during SO247
nine times and with MeBo70 three times during MSM57/1
(Fig. 2, Table A1 in Appendix). During SO247, recovery
rates with the MDP of more than 82 % where obtained dur-
ing five deployments, of which two exceeded 97 %. Virtually
no sediments were recovered during two deployments only.

Two pressurized samples (GeoB20802-6 (2P): sediment
core (99 % recovery rate) and GeoB20846-1 (13P): fluid
sample from overconsolidated silt section) were received
during SO247, both with pressure higher than in situ val-
ues (Fig. 2). Although quantitative degassing of the pres-
sure core GeoB20802-6 (2P) could not be executed properly
due to technical issues, the two main technical aspects of the
MDP (piston coring, preservation of in situ pressure) have
been proven to work during SO247. It should be pointed out
that the deepest sediments at stations GeoB20803-2, 20824-
4, 20831-3, and 20846-1 were collected with the MDP.

During and after cruise SO247, an intense evaluation of
the MDP system with regard to core recovery and opera-
tion was carried out. Modifications on the sealing concept,
the lifting and unlocking mechanisms, and the downstream
degassing procedures as well as minor changes of the float-
ing piston led to improvements in handling and operation of
the pressure-core barrel and in core analysis. The improve-
ments resulted in an increase of the core barrel’s overall re-
liability and performance, which has been proven through-
out MSM57/1 (Fig. 2). Standardized procedures and com-
prehensive documentation enabled repeated deployment of
the MDP on a routine basis. This will facilitate to establish
the MDP deployments as a “near conventional” operation in
MeBo coring.

During MSM57/1, MDPs have been deployed three times
with MeBo70 (Table A1, Appendix). During all operations
pressurized samples (two sediment cores and one fluid sam-

Figure 2. Overview of sediment recovery rates (in percentage of
liner volume) and recovery pressure (in percentage of hydrostatic
pressure at the drill site) obtained in the course of MDP deploy-
ments and modifications during cruises SO247 and MSM57/1. ∗ =
Pressure inside pressure vessel higher than hydrostatic pressure due
to initial overcharge by the pressure accumulator. Specifications of
drill sites are provided in Table A1 in the Appendix.

ple) were recovered. The average sediment recovery of the
two pressurized sediment cores was 47.0 %. The deepest sed-
iments at stations GeoB21613-1 and 21616-1 were collected
with MDPs (sections 30P and 6P, respectively). The lack of
sediment in barrel GeoB21613-1 (29P), which was initially
prepared for operation during preceding stations, most likely
resulted from a technical malfunction of the piston system.
This was probably caused by periodically changing pressure
regimes over the course of four lowerings and three liftings
of MeBo before final deployment of the MDP.

3.2 Core recoveries

Except for single MDPs at three sites (GeoB20803-2 (3P),
20802-6 (3P), and 21613-1 (29P)) and both MDPs recovered
from site GeoB20846-1, core recoveries with the MDP ex-
ceeded average recoveries calculated for all barrels (conven-
tional core barrels plus MDP) retrieved from that site (Fig. 3).

These results suggest that the floating piston system of the
MDP supports the core intrusion process and, thus, leads to a
relatively higher core recovery. However, since different sed-
iment properties and drilling parameters might have affected
core recoveries, further investigations are required to evalu-
ate the overall functionality of the MDP piston system.
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Table 2. Degassing characteristics of pressure cores (total fluid volume = total water volume + total gas volume).

GeoB Section Core Core Total water Total gas Total fluid Volumetric fluid –
no. length volume volume released volume released volume released sediment ratio

mm L L L L L L−1

MSM57/1

21613-1 30P 550 0.8747 0.646 0.511 1.157 1.323
21616-1 6P 390 0.6203 0.249 0.351 0.600 0.967

Figure 3. Comparative overview of average core recovery rates
at individual drill sites (considering conventional core barrels and
MDP, in red) and recovery rates of single MDPs at same drill sites
(in blue).

3.3 Degassing of MDP cores

Both pressure cores obtained during MSM57/1 were de-
gassed quantitatively while the evolution of pressure inside
the MDP pressure chamber was recorded (Fig. 4). Degassing
characteristics of these cores are given in Table 2.

For both pressure cores degassed during MSM57/1, a
slight saw-tooth-like shape of the pressure-time profile was
observed at the initial stage of incremental gas removal (time
span ca. 5–40 min). This pattern has been attributed to the
presence of gas hydrates in earlier studies (e.g., Dickens et
al., 2000, 2003). However, fluid-to-sediment ratios of ca.
1.3 and 1.0 L L−1 (Table 2), are low compared to those in
gas-hydrate-bearing sediment cores (e.g., Pape et al., 2010b,
2011a, b) and do not support the presence of hydrates in these
cores. Instead, temporal small-scale pressure increases dur-

ing core degassing may be attributed to sudden formation of
migration pathways.

Analysis of molecular composition demonstrated that
gas released from 30P nearly exclusively consisted of
light hydrocarbons, which predominantly originate from
thermocatalysis of organic matter in the deep subsurface
(C1 / (C2+C3)= 253; Whiticar, 1999, Table 3). In contrast,
nitrogen, oxygen, and argon were found in relatively high
portions in the gas released from core GeoB21616-1 (6P).
The presence of these components in the released gas was
most likely due to atmospheric air that is generally required
for the functionality of the MDP piston system and might be
partially trapped inside the pressure chamber. Air is meant to
be quantitatively released prior to the sealing of the pressure
vessel, but residual amounts may still remain inside. Nev-
ertheless, molecular compositions clearly showed that mi-
crobial hydrocarbons (C1 / (C2+C3)= 1000) were prevail-
ing at that depth. Void gas samples prepared from shallower
sediments recovered with conventional MeBo barrels at both
sites showed very similar molecular hydrocarbon composi-
tions (data not shown), thus demonstrating the high quality of
the gas obtained with the MDP. Preliminary calculations con-
sidering fluid volumes released during degassing, methane
percentage in the fluid, and assumed sediment pore volume
in the core suggest that the released methane exclusively re-
sulted from exsolution caused by pressure reduction.

The results obtained during MSM57/1 substantiate that
pressure vessels with full functionality are now available for
the sea-floor drill rigs MeBo70 and MeBo200.

4 Conclusions and perspectives

Pressure vessels that enable sampling of deep-sea sedi-
ments under hydrostatic pressure with the sea-floor drill rigs
MeBo70 and MeBo200 were successfully deployed during
two cruises in 2016. Core recovery rates usually exceeded
those of the conventional corers and core preservation under
pressure was achieved for three cores. Successful quantita-
tive degassing and the quality of light hydrocarbons origi-
nating from processes in the subsurface clearly demonstrate
that the MeBo pressure vessels are now suitable for routine
operations.

The MDPs were mainly designed for the recovery and
preservation of gas-hydrate-bearing sediments and also for
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Figure 4. Degassing characteristics of two pressurized sediment cores collected with MeBo70 during cruise MSM57/1. (a) Pressure and
cumulative fluid volume released vs. time during degassing of section GeoB21613-1 (30P). (b) Pressure and cumulative fluid volume released
vs. time during degassing of section GeoB21616-1 (6P).

Table 3. Average molecular composition of gas released from pressure cores during MSM57/1 (100 mol % = all volatiles stated).

GeoB Section no. CH4 C2H6 C3H8 C1 / (C2 + C3) N2 O2 + Ar

21613-1 30P 79.88 0.31 0.01 253.0 16.58 3.23
21616-1 6P 43.92 0.04 b.d.l. 1000.0 46.59 9.45

b.d.l. = below detection limit (< 0.005 mol %)

the precise determination of true gas amounts. However,
comparably low volumetric gas–sediment ratios obtained
from pressurized cores so far show that the MDPs are not
only applicable for the retrieval of gas and gas-hydrate-rich
sediments but are also appropriate for collecting sediments
hosting relatively small gas amounts.

Relevant components of the MDP were manufactured
from titanium, which allows for the scanning of undisturbed
pressure cores with non-destructive techniques (e.g., with X-
rays, gamma rays, sonic waves) during future operations, as
has already been done on cores retrieved with other pressure-
coring tools (e.g., Riedel et al., 2006; Suzuki et al., 2015). In
addition, a MDP subsampling and transfer system will enable
segmentation of pressure cores and storage of core segments
in smaller pressure cells for the analysis in spatially high res-
olution and further processing methods in the future.
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Appendix A

Table A1. Overview of sections cored with MDP during SO247 (MeBo200) and MSM57/1 (MeBo70) (in chronological order). Further
information on cores collected during the cruises are provided in the cruise reports (Huhn, 2016; Bohrmann et al., 2017).

Station Latitude Longitude Water Core top Core bottom Sediment Recovery Remarks
depth depth depth recovery pressure

GeoB (section no.) (◦ S) (◦ E) (m) (m b.s.f.) (m b.s.f.) (%) (MPa)

20803-2 (3P) 38◦49.19′ S 178◦27.86′ E 670 7.40 8.70 0.2 0.00 clayey silt
20803-2 (26P) 38◦49.19′ S 178◦27.86′ E 670 80.90 82.20 98.0 0.00 clay-rich silt
20824-4 (3P) 40◦2.04′ S 178◦9.71′ E 670 7.40 8.70 18.0 0.00 overconsolidated silt
20824-4 (13P) 40◦2.04′ S 178◦9.71′ E 670 35.40 36.70 92.0 0.00 overconsolidated silt
20831-3 (23P) 38◦49.77′ S 178◦28.56′ E 718 77.40 78.70 85.0 0.00 clayey silt
20802-6 (2P) 38◦45.93′ S 178◦29.01′ E 546 23.15 24.20 99.0 11.9* clayey silt
20802-6 (3P) 38◦45.93′ S 178◦29.01′ E 546 24.20 24.90 83.0 0.00 clayey silt
20846-1 (12P) 40◦01.50′ S 178◦10.70′ E 550 38.90 40.00 10.0 0.00 overconsolidated silt

and tephra
20846-1 (13P) 40◦01.50′ S 178◦10.70′ E 550 40.00 41.00 0.0 9.93* overconsolidated silt

and tephra

average 53.9

21613-1 (29P) 78◦59.81′ N 6◦57.81′ E 1200 60.30 61.40 0.0 11.38 Deployed after several
down- and uplifts of the tool

21613-1 (30P) 78◦59.81′ N 6◦57.81′ E 1200 61.40 62.50 55.0 12.00 silty clay
21616-1 (6P) 79◦00.42′ N 6◦54.25′ E 1210 12.80 13.90 39.0 10.71 clay

average 31.3

∗ Pressure inside pressure vessel higher than hydrostatic pressure due to an initial overcharge by the activated accumulator.
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Data availability. All data reported are made publicly avail-
able through the PANGAEA information system (Data Pub-
lisher for Earth and Environmental Science) sustained by the
World Data Center for Marine Environmental Sciences (WDC-
MARE). Data from research cruises SO247 and MSM57/1 are
publicly accessible through the PANGAEA information system
via https://www.pangaea.de/expeditions/cr.php/Merian and https://
www.pangaea.de/expeditions/cr.php/Sonne_2014.
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Abstract. IODP Expedition 357 utilized seabed drills for the first time in the history of the ocean drilling pro-
gram, with the aim of collecting intact sequences of shallow mantle core from the Atlantis Massif to examine
serpentinization processes and the deep biosphere. This novel drilling approach required the development of a
new remote seafloor system for delivering synthetic tracers during drilling to assess for possible sample con-
tamination. Here, we describe this new tracer delivery system, assess the performance of the system during the
expedition, provide an overview of the quality of the core samples collected for deep biosphere investigations
based on tracer concentrations, and make recommendations for future applications of the system.

1 Introduction

IODP Expedition 357 “Atlantis Massif Serpentinization and
Life” aimed to collect intact sequences of shallow mantle
core for examining serpentinization and deep biosphere pro-
cesses (Früh-Green et al., 2015, 2016). As such, collection
of high-quality core material for geochemical and microbi-
ological analysis was a priority, and methods for assessing
the quality of the core material were needed. The use of syn-
thetic tracers in drilling fluids to monitor for potential con-
tamination of drill core samples for microbiological analy-
sis has become fairly routine during microbiology-focused
expeditions (Inagaki et al., 2015; Lever et al., 2006, 2013;
Smith et al., 2000; Friese et al., 2017; Sauvage et al., 2016).
Perfluoromethylcyclohexane (PFC) has been identified as an
ideal tracer because of the large range of concentrations that
are detectable (i.e., across 6 orders of magnitude) with a gas
chromatograph equipped with an electron capture detector
(GC-ECD) (Smith et al., 2000; Lever et al., 2006; Sauvage
et al., 2016). Recent reports have also demonstrated the use
of other fluorescent solutions (Friese et al., 2017; Kallmeyer,
2017). Particulate tracers, such as fluorescent beads, are used

less frequently due to problems with dispersion, dilution, and
false negatives (Lever et al., 2006; Smith et al., 2000).

During seafloor drilling with a drillship such as the
JOIDES Resolution or Chikyu, drilling fluids (muds) are pre-
pared at the sea surface and injected into the drill pipe, and
the concentration of PFC tracer delivered into the flush wa-
ter can be closely monitored and adjusted to reach saturating
conditions (roughly 1 mg L−1), as described in detail else-
where (Sauvage et al., 2016; Lever et al., 2006). Similar ap-
proaches were also recently used for platform drilling in the
relatively shallow waters of the Baltic Sea on IODP Expedi-
tion 347, where PFC tracer was added to drilling muds at the
platform prior to injection into the borehole (Andrén et al.,
2015).

In contrast, seabed drills are remote drilling platforms that
directly use bottom seawater as flushing fluid, without ad-
dition of muds or fluid connection to the surface (Freuden-
thal and Wefer, 2007). Therefore, in order to use PFC tracers
for contamination testing with seabed drills, a new system
was required for delivery of PFC tracer into the drill rig suc-
tion line for bottom seawater being injected into the bore-
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hole during seabed drilling (Früh-Green et al., 2017e). Here,
we describe such a drill-independent system and how it was
used during seabed drilling by two seabed drill systems – the
RD2 from the British Geological Survey, and the MARUM-
MeBo70 from the Center for Marine Environmental Sciences
at the University of Bremen (MARUM; Germany) – during
IODP Expedition 357 at the Atlantis Massif.

2 Tracer delivery system

The seabed drill tracer delivery system was designed to
deliver approximately 50 µL min−1 of pure PFC solution
(Sigma Aldrich) directly into the stream of flushing water to
achieve a saturating concentration of 1 mg L−1 for a flush-
ing rate of 50 L seawater min−1. The system consists of a
micro annular gear pump integrated into a filter-pump-valve
module with short, direct connections for precise and repro-
ducible dosing (Fig. 1). The pump is driven by an electric
motor. The flow rate is controlled by motor speed using an
S-BL programmable controller. The tracer fluid is provided
within a disposable intravenous solution bag. The ON/OFF
2/2 shift valve is opened when the pump is operated, and
closed in off mode to prevent the tracer from accidentally be-
ing sucked out of the reservoir in the unlikely case of under-
pressure in the suction line for flush water. The electronics
were housed in a one-atmosphere pressure housing. A system
was mounted onto each drill and controlled from the surface
via a dedicated RS232 serial communication link to the sub-
sea tracer controller. The tracer solution was injected into the
suction line of the drill mud pump. The flow rate of PFC de-
livery was adjustable from 0.015 to 5 mL PFC min−1, and it
was set at a fixed rate during each deployment (Table 1). The
flushing rate on the rock drills varied throughout operations
but tended to range from 20 to 50 L min−1.

Pumping rates were initially calculated based on the flush
rate of the drill and the required concentration of tracer to be
injected into the system. However, subsea trials of the system
were not possible prior to the expedition to confirm this func-
tionality. Tests for PFC concentrations on samples obtained
from the first holes revealed that the concentrations achieved
were below those expected and required (as described be-
low). Accounting for blockages in lines and long flow paths
from the pump to the suction pump, pumping rates were in-
creased to try to improve concentrations, without initial suc-
cess (Table 1). One pump was then taken apart, and the in-
ternal rubber paddle, responsible for opening and closing the
valve supplying the PFC tracer, was found to have swollen to
almost twice the size it should have been, thus blocking sup-
ply. To evaluate this situation, a different rubber paddle was
immersed in PFC tracer in controlled conditions in the lab-
oratory to see if the swelling was an adverse reaction to the
tracer itself, but there was no discernible change in size of the
paddle after 24 h. Nevertheless, it is likely that this swelling
was a long-term reaction of the valve rubber material in deep-

Figure 1. The drill-mounted tracer injection system during IODP
Expedition 357. The top panel shows a plate on the MeBo seabed
drill with the filter-pump-valve (F-P-V) module (A) in an electron-
ics housing, pressure canister with micromotor controller (B), and
oil compensator. The lower panel shows a schematic of the tracer
system as mounted on the MeBo drill rig. A flexible bag with a
tracer was connected to the F-P-V (A), with pumping controlled by
the motor (B), to deliver the tracer to the suction and mixing cham-
ber (star) for mixing with bottom seawater before being injected into
the borehole via a displacement pump. Top panel image courtesy of
Tim Freudenthal, and reproduced from Fig. F17 in Früh-Green et
al. (2017e) with permission.

sea contact with either the tracer or seawater. Since the valve
was only added as a safety measure to prevent uncontrolled
loss of tracer during off-mode of the tracer pump, the paddle
was shaved to reduce its size and allow the valve to be left in
the permanently open position. Concentrations in fluid sam-
ples acquired after these changes were much improved, and
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Table 1. Summary of PFC tracer system operations during IODP Expedition 357 organized by hole, including water depth in meters,
drilling sequence order, drill rig, speed of delivery pump (revolutions per minute) and laboratory lower detection limits (in pg cm−3) for the
quantification method. a by drilling order number indicates deployments after the tracer delivery pump modification as described in the text.
Two different detection limits for Hole 71C samples (indicated by b) indicates two different labs where samples were collected, with the
lower value indicating the blank for the lab where sensor package and liner fluid samples were collected. Pump speeds previously reported
elsewhere (Früh-Green et al., 2017e).

Hole Water depth (m) Drilling order Drill rig Pump speed Detection limit

68A 1103 1 RD2 50 0
68B 1102 13a RD2 100 75
69A 851 2 RD2 50 0
70A 1141 3 MeBo 55 0
70B 1141 7 RD2 1500 15
70C 1141 12a MeBo 100 30
71A 1391 4 MeBo 55 20
71B 1380 11 RD2 1500 25
71C 1390 14a MeBo 50 75/500b

72A 820 5 RD2 100 20
72B 820 6 RD2 100 15
73A 1430 8 MeBo 1500 15
74A 1550 17a MeBo 50 85
75A 1568 15a RD2 50 75
75B 1568 16a RD2 50 85
76A 768 9 RD2 1500 15
76B 768 10 RD2 1500 15

pumping rates for tracer injection were thus reduced to the
calculated values (Table 1).

3 Tracer monitoring, sample collection, and analysis

To monitor PFC delivery during drilling operations, a vari-
ety of samples were collected from the seabed drills after
drilling: core liner fluid samples, sensor package Niskin bot-
tle samples, and exterior and interior core samples, as de-
scribed in detail elsewhere (Früh-Green et al., 2017e). The
sample type referred to as “liner fluid” represents a mixture
of bottom water that was in the core barrel prior to being
replaced by core, as well as flushing water entrained during
coring. Liner fluids were collected outside on the ship deck
by draining fluid from the ball valve at the top of the core
prior to opening the core barrel to recover the core inside,
or by draining at the lower end of the core before remov-
ing the core liner from the core barrel. In both cases, fluids
were collected into a sterile 50 mL centrifuge tube, and then
10 mL of this fluid was immediately transferred to a 22 mL
glass headspace vial and crimp sealed. For sensor package
“Niskin water” samples, 10 mL fluid samples were collected
from each of three drill-mounted Niskin bottles, which sam-
pled the fluids flushed out of the borehole near the break-
out table and bottom seawater, as described elsewhere (Früh-
Green et al., 2017e). However, it is important to note that
these fluid samples were often collected minutes to hours af-
ter active drilling (and flushing of the borehole) ended, so
the samples likely represented a lower end-member of tracer

concentration. For shipboard core samples, when cores were
transferred to the shipboard laboratory to select whole-round
cores for ephemeral microbiological analyses (Früh-Green
et al., 2017e), 1–5 cm3 of core in the form of small frag-
ments was transferred to 22 mL glass headspace vials con-
taining 5 mL of distilled water and crimp sealed. These rep-
resented the “exterior” of the core. After flame-sterilization
of the exterior surface whole-round core pieces (following
the principle described elsewhere, Lever et al., 2006), “in-
terior” samples for PFC analysis were collected in a similar
manner using a flame-sterilized hammer and chisel to gen-
erate fragments from the interior of the flamed whole-round
core piece. Care was taken to conduct the flame-sterilization
step (which would volatilize the PFC tracer into the labo-
ratory atmosphere) in a separate laboratory from where the
samples were prepared and measured, to minimize the risk
of false positives.

After shipboard collection of the above samples, the ex-
teriors of the crimped headspace vials were rinsed with co-
pious amounts of water, dried, and heated in a 70 ◦C oven
for several hours prior to analysis. At the same time, a set of
PFC standards was prepared under a fume hood in the same
type of vial and also heated in the oven, following established
tracer dilution protocols (Smith et al., 2000). It is important
to note that the fume hood on the RRS James Cook vented
into the laboratory after passing through a charcoal filter (i.e.,
it did not vent to the exterior of the ship), and both the oven
and the GC-ECD used for analysis also vented into the room;
this led to a small buildup of PFC tracer in the atmosphere of
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the analysis laboratory over time. Care was taken to conduct
thorough analysis of the atmospheric concentration of PFC
tracer in all laboratories during analyses, both from air sam-
ples collected directly into syringes during GC-ECD analysis
and from headspace vials closed in the laboratories during
sample collection, to account for the possibility of false pos-
itives.

Shipboard PFC tracer analysis followed established proto-
cols (Smith et al., 2000; Lever et al., 2006; Sauvage et al.,
2016). Using a heated (70 ◦C) disposable plastic 3 mL sy-
ringe fitted with a two-way stopcock and a 51 mm, 22-gauge
Hamilton needle, a 2 mL headspace sample from either sam-
ple or standard vials was injected into the splitless injector
on Agilent 7890A GC system GC-ECD, kindly provided by
Douglas Connelly of the University of Southampton. The
GC-ECD was equipped with a 30 m length × 53 µm inner
diameter × 15 µm coating thickness Agilent HP-AL/M col-
umn run with ultrahigh-purity nitrogen carrier gas at 4.7 psi
(57 mL min−1) with an initial column temperature of 120 ◦C
for 0.5 min, followed by a 50 ◦C min−1 ramp to 200 ◦C for
2.2 min. The injector temperature was set at 175 ◦C. Under
these parameters, the PFC peak eluted at roughly 3.4 min
as monitored with Agilent ChemStation Rev B.03.03 soft-
ware. The concentrations of PFC tracer in samples were de-
termined by comparing the peak area to a standard curve
of peak area versus PFC tracer injected from the standards.
Based on duplicate analysis of standards, the limit of detec-
tion was 2 × 10−12 g (2 pg) PFC, which is in the range of
what was determined previously (Smith et al., 2000; Lever
et al., 2006). Samples collected throughout the expedition
were measured shipboard in batches against the same stan-
dard calibration curves. Laboratory atmosphere blanks are
also reported to define lower detection limits; these values
varied throughout the expedition due to buildup of volatilized
tracer in the shipboard laboratory. Because of the variability
in tracer pump delivery, it was not possible to convert PFC
concentrations observed in the samples into the volume of
flushing water potentially contaminating the core, as is com-
monly done. For this expedition, concentrations are reported
simply as the amount of PFC tracer per volume, with PFC
concentrations for samples reported in picograms PFC per
cubic centimeter of sample and laboratory blanks reported as
picograms PFC per milliliter air (Table 1).

In addition to shipboard assessment of tracer concentra-
tions, frozen core samples collected for deep biosphere in-
vestigation were further subsampled for PFC tracer levels
several weeks after the end of the shipboard work in shore-
based laboratories (at the Kochi Core Center, Kochi, Japan,
and at the Bigelow Laboratory for Ocean Sciences, Maine,
USA). In some cases, the exterior of the core sample had
been flame sterilized on the ship prior to freezing. Depend-
ing on the quality of the frozen core sample (i.e., an in-
tact core whole-round versus rubbly, broken pieces), the
core was treated as follows: (1) if intact, the exterior of the
core sample was removed via a steam-sterilized band saw

Figure 2. Example of cutting of a frozen whole-round core sam-
ple with the ultraclean diamond band saw with frozen stage inside
a filtered air clean booth, available at the Kochi Core Center. Pho-
tograph by Beth Orcutt.

on a frozen stage (Fig. 2), generating “exterior” and “in-
terior” fractions of the frozen core that were then subsam-
pled; and (2) if rubbly, the core pieces were serially rinsed
10 times in ultrapure water within a combusted glass con-
tainer. For the exterior fraction, roughly 1 cm3 of rock was
transferred directly to a glass headspace vial with 5 mL wa-
ter and crimp sealed. For the interior and rinsed fractions,
the entire sample was first homogenized into a sand us-
ing autoclaved and/or flame-sterilized stainless-steel chis-
els, plates, percussion mortars, mortars, pestles, and spatu-
las while working between a KOACH benchtop laminar flow
system (Fig. 3), and then approximately 1–2 g of sand-sized
powder was transferred to a glass headspace vial with 5 mL
of water and crimp sealed. It is important to note that all sam-
ple processing, as well as steam- and flame-sterilization of
implements, occurred in the same laboratory, which lead to a
buildup in ambient PFC concentrations in the atmosphere as
assessed by collection of regular laboratory air blank sam-
ples. All of the frozen core subsamples were analyzed on
a Shimadzu GC-17A system GC-ECD with a splitless in-
jector, kindly provided by Steven D’Hondt at the University
of Rhode Island Graduate School of Oceanography, follow-
ing methods described elsewhere (Sauvage et al., 2016). The
GC-ECD was equipped with a 15 m length × 53 µm inner di-
ameter × 15 µm coating thickness HP PLOT Al/M column
run with ultrahigh-purity nitrogen carrier gas at 30 mL min−1

with an initial column temperature of 120 ◦C for 3.0 min, fol-
lowed by a 20 ◦C min−1 ramp to 150 ◦C and held for 1 min.
The ECD injector and detector temperatures were 185 and
195 ◦C, respectively. Vials were heated prior to injection for
at least 30 min at 70 ◦C. As there was no discernable trend in
the concentration of PFC in the blank samples, the limit of
detection for these batches of samples were determined from
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Figure 3. Example of sample homogenization within the KOACH
benchtop laminar flow system at the Kochi Core Center. Photograph
by Beth Orcutt.

the averages of the laboratory blanks, which ranged from 10
to 1000 pg PFC per cm3 air, depending on the laboratory.

4 Assessment of tracer delivery

Shipboard analysis of PFC tracer concentrations in core
liner fluids and water samples collected with seabed drill-
mounted Niskin bottles from the seabed drill breakout tables
revealed variable success in achieving saturating PFC tracer
concentrations, as documented elsewhere (Früh-Green et al.,
2017a). Figure 4 provides a representative example of tracer
concentrations measured in samples from Hole M0068B;
similar data for other Expedition 357 holes are provided in
the Supplement (Supplement Figs. S1–S16). During drilling
operations at the first dozen holes, PFC delivery as mea-
sured in the fluid samples was generally low, with concen-
trations ranging from below the detection limit to hundreds
of picograms of PFC per cm3. The exceptions to this were the
deployments at holes M0070A and B (Supplement Figs. S4
and S5), which achieved higher concentrations of thousands
of picograms of PFC cm−3. Prior to the twelfth drill deploy-
ment, the tracer delivery pump internal mechanism was re-
paired as described above, and the subsequent tracer concen-
trations in the fluid samples increased by orders of magni-
tude. In some cases, PFC tracer was saturated in the recov-
ered fluid samples (i.e., Hole 75B; Supplement Fig. S14). As
these fluid samples represent a mixture of fluids flushed out
of the borehole as well as bottom seawater, these concen-
trations should be viewed as lower estimates of the actual
concentration of tracer in the flush waters.

Volumetric PFC concentrations on the rock samples were
generally equal to or higher than the concentrations in the
water samples (Fig. 4, Supplement Figs. S1–S16). High
PFC concentrations were observed on exterior rock sam-

Figure 4. Summary of PFC tracer concentrations (in pg cm−3

on logarithmic scale) in samples collected during IODP Expedi-
tion 357 from Hole M0068B, as compared to the lithology logs
from the site according to legend (Früh-Green et al., 2017a). For
this figure (and all figures in the Supplement), symbols are as fol-
lows. PFC concentrations measured in fluid samples from the sen-
sor package Niskin bottles (“PFC Niskin water”, grey shaded box)
and the core liner fluids (“PFC Liner fluid”, match mark box) pre-
sented as the range of lower and upper concentrations measured in
samples from each hole. PFC concentrations measured on whole-
round core (WRC) samples: PFC_EXT_U (cross), exterior piece
of unflamed whole-round core sample (WRC); PFC_INT_U (tri-
angle), interior piece of unflamed WRC; X_PFC_U (arrow), ho-
mogenized unflamed WRC after serial rinsing with ultrapure water;
PFC_EXT_F (circle), exterior piece of flamed WRC; PFC_INT_F
(diamond), interior piece of flamed WRC; X_PFC_F (star), homog-
enized flamed WRC after serial rinsing with ultrapure water. Values
on right-most edge of axis represent values above the maximum de-
tection limit (> 1 mg cm−3), and values on left-most edge of axis
represent values below the minimum detection limit (as shown in
Table 1).
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ples from holes M0068B (Fig. 4), M0070A/B/C (Supple-
ment Figs. S4–S6), M0071A/B/C (Supplement Figs. S7–S9),
M0075A/B (Supplement Figs. S13–S14), and M0076A/B
(Supplement Figs. S15–S16). Exterior rock samples from
holes M0069A (Supplement Fig. S3) and M0072A/B (Sup-
plement Figs. S10–S11) were generally lower in PFC con-
centration. PFC concentrations in the one sediment core col-
lected from M0074A were low (Supplement Fig. S12). Core
samples were not collected from Hole M0073A (no core re-
covery).

5 Assessment of sample quality for deep biosphere
investigations

The primary motivation for designing the tracer delivery sys-
tem was to enable assessment of the quality of the core
samples for deep biosphere investigations, and the degree to
which samples might be compromised by exposure to bot-
tom seawater or other sources. Various strategies were em-
ployed during the expedition to assess the intrusion of tracer
into the interior of the core samples, including flaming of
the exterior of the whole-round core with a handheld bu-
tane torch (to volatilize the PFC tracer on the exterior of
the core, and presumably destroy any contaminating micro-
bial cells), and/or physical removal of the exterior of the core
with a diamond-tipped band saw (Fig. 2), and or serial rinsing
of the core exterior with distilled water. Given the variable
nature of the core recovered, which ranged from coherent
pieces to rubble (Früh-Green et al., 2016), these strategies
had varying degrees of success. Interior core samples from
Hole M0068B still had high PFC concentrations, even after
flaming or physical removal of the core exteriors (Fig. 4),
which was expected given the very crumbly and talc-rich na-
ture of the serpentinized samples from this core (Früh-Green
et al., 2017a). By comparison, serial rinsing of whole-round
cores from this hole with ultrapure water resulted in very low
PFC concentrations (Fig. 4). Interior core pieces from Site
M0070 holes often had lower PFC concentrations than in
the exterior samples (Supplement Figs. S4–S6), suggesting
limited intrusion of the tracer into the basalt breccias at this
site (Früh-Green et al., 2017c). Flaming of the core material
from Site M0071 was generally effective at preventing PFC
intrusion into the interior of the core samples (Supplement
Figs. S8–S10), which was expected considering that many
of these samples were coherent (Früh-Green et al., 2017d).
Site M0075 samples were very rubbly (Früh-Green et al.,
2017d), and interior PFC concentrations were generally el-
evated while washing again seemed to have a positive effect
(Supplement Figs. S13–S14). Although core samples from
Site M0076 tended to be coherent, they were often rich in
veins (Früh-Green et al., 2017b), which likely allowed trans-
fer of PFC into the interiors of some samples (Supplement
Figs. S15–S16).

6 Conclusions

Overall, the principle and implementation of a tracer in-
jection system for seabed drill systems were proven to
work. Following shipboard modification of the designed sys-
tem, saturating concentrations of perfluoromethylcyclohex-
ane were achievable in the drilling fluids used by the seabed
drills during IODP Expedition 357, and PFC concentrations
on the exterior and interior of core samples could be used as
a measure to assess the quality of the sample material for de-
tailed microbiological and geochemical analyses. With fur-
ther minor developments, the system would be a reliable for
use with any subsea system that required a controllable, low
volume fluid injection system. One tempting new alterative
for core contamination testing is the use of aqueous fluores-
cent particles as drill fluid tracers, which are cheaper and eas-
ier to quantify as compared to the volatile PFC tracer used in
this study (Friese et al., 2017; Kallmeyer, 2017).

Data availability. PFC concentration data are provided in the Sup-
plement. Supplement Table S1 details the concentrations in the rock
samples, and Supplement Table S2 details the minimum and max-
imum concentrations in the fluid samples. Data are plotted by hole
in Supplement Figs. S1–S16.

The Supplement related to this article is available online
at https://doi.org/10.5194/sd-23-39-2017-supplement.
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Abstract. The Ivrea–Verbano Zone is the most complete, time-integrated crust–upper mantle archive in the
world. It is a unique target for assembling data on the deep crust and the Moho transition zone and testing
several hypotheses of formation, evolution, and modification of the continental crust through space and time
across the Earth. The ICDP workshop Drilling the Ivrea–Verbano zonE (DIVE), held in Baveno, Italy, from 1 to
5 May 2017, focused on the scientific objectives and the technical aspects of drilling and sampling in the Ivrea–
Verbano Zone at depth. A total of 47 participants from 9 countries with a wide variety of scientific and/or drilling
expertise attended the meeting. Discussion on the proposed targets sharpened the main research lines and led to
working groups and the necessary technical details to compile the full drilling proposal. The participants of the
workshop concluded that four drilling operations in the Val Sesia and Val d’Ossola crustal sections represent the
scientifically most promising solution to achieve the major goals within DIVE to unravel the physico-chemical
properties and architecture of the lower continental crust towards the crust–mantle (Moho) transition zone.

1 Introduction

The Drilling the Ivrea–Verbano zonE (DIVE) project aims at
unravelling the chemistry, physics, and microbiology of the
roots of the Earth’s continental crust and the crust–mantle
transition or Moho transition zone in the most complete,
time-integrated crust–upper mantle archive in the world: the
Ivrea–Verbano Zone (IVZ). The IVZ and the adjacent “Serie
dei Laghi” (Boriani et al., 1990) expose a crustal section of
the southern Alpine basement and is a southwest–northeast
elongated body in the western Alps of Italy and Switzerland
(Fig. 1). This body was the first region interpreted as an ex-
posed cross section of the entire continental crust (e.g. Berck-
hemer, 1968; Fountain, 1976), with the lowermost part repre-
senting the laminated lower crust, known from seismic sec-
tions all over the world and characterised by multiple densely
packed sets of reflectors referred to as seismic lamellae (e.g.
Fountain, 1976; Rutter et al., 1993; Weiss et al., 1999).

A team of 47 scientists gathered for a workshop held in
Baveno, Italy, to discuss scientific aims, drilling sites, and
the technical and societal aspects of the DIVE project. Exper-
tise of the participants ranges from petrology, geochemistry,
geophysics, field geology, microbiology, scientific drilling,
and drilling engineering. A series of introductory talks, ple-
nary discussions, and working group meetings allowed ideas
to be assembled and sharpened that will be used for the full
drilling proposal.

A major issue that has sparked worldwide interest is the
Ivrea geophysical body, a large gravimetric, magnetic, and
seismic anomaly indicating that dense, mantle-like rocks are
located at fairly shallow crustal levels (locally ∼ 3 km depth;
Berckhemer, 1968; Lanza, 1982; Kissling, 1984; Wagner et
al., 1984; Diehl et al., 2009; Figs. 2–3). The Ivrea geophysi-
cal body, in its northern part, has a surface exposure, known
as the Ivrea–Verbano Zone. Although some of the results on
this zone are uncertain and the subject of continuing debate,
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Tectonic Transect (Fig. 2)
1

2

Figure 1. Overview of the geology of the IVZ and adjacent units, simplified after a compilation of James (2001) and Brack et al. (2010).
The blue circles indicate the discussed drilling sites for the DIVE project. The inset figure showing the location of the IVZ in Italy is from
Rutter et al. (2003).

it was clearly pointed out by the participants that work in the
IVZ has played and still plays a fundamental role in shaping
the debate on the origin of the lower continental crust and
its transition into the mantle. Indeed, it makes an interest-
ing case since the exposed Ivrea continental crustal section is
made by two quite different sections both in composition and
time. Hypotheses based on the Ivrea lower crust and crust–
mantle transition zone have clearly delineated the need for
additional data to resolve some fundamental yet complemen-
tary questions. This report presents the results of the work-
shop.

2 DIVE manifesto: project goals of the ICDP in the
Ivrea–Verbano zone

The goals of the planned research are summarised below:

i. identifying the major characteristics of the deep struc-
ture and composition of the continental crust–mantle
transition zone (this requires complete characterisation
of the rock properties such as mineral and bulk compo-

sition, alteration, shear zones and faults, the relation of
permeability to alteration, and fluid characterisation)

ii. systematic compositional study of complete sections of
the lower continental crust and the crust–mantle transi-
tion zone, with emphasis on crucial transitions between
peridotite and metasedimentary and gabbroic rock inter-
faces

iii. characterisation of physical properties of the drilled
sections to refine techniques used in studies of the
continental crust to improve the identification and na-
ture of seismic reflectors (this is fundamental for up-
and down-scaling observations from the kilometre-scale
geophysics to centimetre-scale observations on core
samples)

iv. study of fluid–rock interaction in pristine rocks, and
fluid flow and permeability along major tectonic struc-
tures such as shear zones and faults (this investigation
also allows the study of the beginnings of serpentiniza-
tion processes in nearly pristine mantle peridotite)
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Figure 2. Northwest–southeast geological–tectonic transect (NFP 20 western transect; Schmid et al., 2017) and seismic profile (Diehl et al.,
2009) across the western Alps. The two profiles are superimposed with and partly based on vertical cross sections across the final P-wave
velocity model of Diehl et al. (2009), indicated by red dashed lines. The Moho (blue line in the geological-tectonic profile) is taken from
a combination of controlled-source seismology (CSS), local earthquake tomography (LET), and receiver function (RF) analysis (Wagner et
al., 2012; Spada et al., 2013). Data sources and traces of the profiles are reported in Schmid et al. (2017). The vertical white dashed line in
the seismic profile indicates the proposed core location (up to 4 km depth) of Balmuccia site (Fig. 1). Note that the tectonic profile (NFP 20
western transect) is shifted by 18 km to the southwest with respect to the seismic profile.

v. unravelling the extreme niches for hosting microbial life
in planetary interiors, the fluid flow conditions that sus-
tain life, as well as the hydrosphere and atmosphere on
Earth, and the geochemical contexts of organic com-
pound synthesis at depth

vi. detailed and direct downhole geophysical monitoring
of natural and human-induced seismicity, evaluation of
seismic hazards near the major suture zone of the Alpine
orogeny, and new insights on geothermal energy explo-
ration

vii. The development of a permanent educational, touris-
tic, and research centre in the IVZ (“The ear into the
Earth”).

To achieve these goals, drilling operations at three key
sites in the area of the IVZ (Fig. 1) have been discussed and
prioritised.

– Balmuccia, Val Sesia (peridotite sliver and gabbros of
the lower crust in proximity of the Insubric Line, the
structure depicted with a brown line in Fig. 1): deep
drilling into the roots of a large-scale Permian magmatic
system from the lower crust to the surface, with the main
goal to approach the crust–mantle transition zone and
benchmark it against geophysical data

– Premosello, Val d’Ossola (peridotite sliver, high-
temperature shear zones): drilling into the pre-Permian
continental lower crust with high lithological variabil-
ity, in the fold hinges of large-scale folds to investigate
peridotite–gabbro–metasedimentary interfaces

www.sci-dril.net/23/47/2017/ Sci. Dril., 23, 47–56, 2017
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Figure 3. Cross section of the Ivrea body (“Bird’s Head model”) according to Berckhemer (1968), as determined by seismic wave velocities
and gravity anomalies. Black squares are magnetically differentiated rocks with a magnetic susceptibility contrast of 5 × 10−1 CGS EMU
(electromagnetic units in the centimetre–gram–second system) with respect to the surrounding lithologies (Lanza, 1982). Blue dashed grid
indicates 2-D spatial seismic resolution achieved in the past (25 km × 25 km[horizontal] × 15 km[vertical]; Diehl et al., 2009). Orange dashed
grid indicates 2-D spatial seismic resolution (5 km × 5 km × 5 km) to be applied in the forthcoming geophysical investigations. The higher
spatial seismic resolution will allow improvements of existing 3-D geophysical models (e.g. iso-velocity surface models of Diehl et al., 2009)
to image the Ivrea body at depth.

– Ornavasso, Val d’Ossola (amphibolite-facies, metased-
imentary sequence in the Massone antiform): drilling
into the pre-Permian heterogeneity of the intermediate
to lower crust in the fold hinges of metasedimentary se-
quences.

In an initial phase (Phase I), each of the proposed drilling
operations is planned to generate ∼ 1 km of continuous cor-
ing of rocks and to sample representative sections of the Ivrea
continental lower crust. A fourth drilling operation (Phase II)
aimed at coring deeper into the crust–mantle transition zone
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(up to 4 km) is planned as part of the second stage of drilling.
The preferred site for deep drilling is the Balmuccia site but
might be modified according to the results of the Phase I of
drilling.

Each of these proposed sites are carefully studied by pre-
drilling investigations, which include target-oriented geolog-
ical site surveys aimed at determining the main structural ar-
chitecture, pressure gradients in space and time across meta-
morphic sections, fluid and heat budgets of the crust, petro-
physical properties of the lower crust, and several-kilometre-
deep geophysical characterisation of the IVZ structure.

The participants of the workshop agreed that drilling is
essential because drilled cores provide complete sections of
the continental crust–mantle transition zone that can be com-
pared to existing data. The outcrops of the IVZ have been
investigated by the worldwide scientific community in the
last 50 years, and for many models on the lower continental
crust the IVZ is a reference case (e.g. Salisbury and Fountain,
1990). Specifically, the overall picture and the deep three-
dimensional structure are sufficiently well known to docu-
ment beyond any doubt that, in the IVZ, at shallow depth,
and possibly even at the surface, representative sections of
the continental lowermost crust of the Adria plate are ex-
posed (Figs. 2–3). This, combined with continuous drilling
in key sites of the IVZ, would allow unravelling the complex-
ity of a complete lower crustal section and contributing sub-
stantially to refining hypotheses on the genesis and dynam-
ics of the Earth’s continental lower crust and Moho transition
zone, on continental extension, and on the deep structure of
crustal-scale magmatic plumbing systems. Continuous sam-
pling across a number of kilometre-long drilling sections will
provide access to hitherto the inaccessible, deepest portions
of the continental crust, which are not exposed in the IVZ.
This will in turn provide the opportunity to unravel the ar-
chitecture and chemistry of the composite Moho transition
zone, and, therefore, calibrate current tectonic, geophysical,
and petrological models.

This ICDP workshop addressed the aspects and chal-
lenges of drilling targets, in situ well loggings, core anal-
ysis, and scientific collaborations and partnerships as well
as operations, logistics, funding, permissions, outreach, ed-
ucation, and cooperation with national, regional, and mu-
nicipal authorities. It was envisioned that drilling will be
funded by the ICDP, industry, national and international sci-
ence funding agencies such as the European Research Coun-
cil (ERC), Swiss National Science Foundation (SNF), Ital-
ian Research Council (Consiglio Nazionale delle Ricerche
or CNR), National Institute of Volcanology and Geophysics
(Istituto Nazionale di Vulcanologia e Geofisica or INGV),
German Research Foundation (Deutsche Forschungsgemein-
schaft or DFG), Deep Carbon Observatory (DCO) Task
Force 2020, US National Science Foundation (NSF), US Na-
tional Aeronautics and Space Administration (NASA), Euro-
pean Space Agency (ESA), and Italian Space Agency (Agen-

zia Spaziale Italiana or ASI). The DIVE research plan is sub-
divided into five main themes as follows.

3 Petrology, geochemistry, and structural geology

The IVZ is a unique target for assembling direct data on the
deep crust and the crust–mantle transition zone and testing
several hypotheses of generation, construction, and evolu-
tion of the continental crust through space and time across
the Earth. Drilling in Balmuccia should ultimately provide a
deep borehole up to 4 km depth to approach the crust–mantle
transition determined by geophysical imaging (e.g. Diehl et
al., 2009; Fig. 2), or even reach it. Drilling in Premosello
and Ornavasso (Fig. 1) will be planned in order to system-
atically cross interfaces, such as the intercalations of am-
phibolite to granulite facies metasedimentary and metavol-
canic rocks, the transition into denser rock types (pyroxenites
and/or restitic garnet-rich gneisses), and eventually the peri-
dotitic rock types to characterise the continental Moho tran-
sition zone. Planning will be constrained by compiled site
survey based on detailed geological investigations.

Petrologists and geochemists of the ICDP workshop pro-
posed the following research themes to explore by deep
drilling investigations.

1. The first theme is correlation of crustal lithostratigraphy
and seismic structures with new integrated petrological
and geophysical models. In continental areas the inter-
pretation of seismic, density, and magnetic structures
have largely been based on correlations with exposed
lower crustal rocks. Similarly, the continental seismic
Moho has been interpreted as a transition from lower
crustal to mantle rocks. The IVZ provides sections of
the lower continental crust with different compositions
(mafic versus metasedimentary) where inter-fingering
of mantle and crustal rocks are observed and, there-
fore, it is unclear where the seismic transition to the
mantle might be found and how lateral differences in
lower crustal compositions can seismically be detected
(Fig. 4). Downhole variations in rock types, physical
properties and alteration degree might help to better cal-
ibrate seismic models.

2. The second theme is the evaluation of budgets of car-
bon and heat-producing elements (U, Th, and K) of the
metapelitic crust, to establish (a) similarities and differ-
ences between amphibolite facies (Kinzigite) and gran-
ulite facies (Stronalite) rocks in statistical samples along
cores, and (b) mass balance of heat-producing elements
from compositional and logging data, whose distribu-
tions vary within the Kinzigite formation, granulites,
and the contact aureole around the Mafic Complex. The
deep carbon cycle, the heat budget, and the IVZ crustal
dynamics in the pre-Permian, as well as Permian pe-
riod (i.e. before and after the emplacement of the Mafic

www.sci-dril.net/23/47/2017/ Sci. Dril., 23, 47–56, 2017



52 M. Pistone et al.: Report on the ICDP workshop DIVE

Complex and generation of granitic systems in the up-
per crust and volcanoes at the surface), will help re-
construct the influence of geochemistry on the potential
ecology of extreme environments and determining the
prohibitive and unrestrictive conditions for microbial
life in the Earth’s interior (e.g. Morrison et al., 2017).

3. The third theme is the identification and size-frequency
distribution of shear zones and fractures to distinguish
low temperature features related to exhumation from
high temperature structures during accretion and/or
crustal thinning.

4. The fourth theme is deformation-assisted fluid
extraction processes and fluid percolation during
emplacement and cooling of the lower crust.

5. The fifth theme is the quantification of chemical and
physical differences and similarities between mafic and
metasedimentary lower continental crust.

6. The sixth and final theme is the testing of emplacement
models of deep crustal intrusions (e.g. “gabbro glacier”
model; Sleep, 1975; Quick et al., 1994) or sills (e.g. “sill
emplacement” model; Annen and Sparks, 2002; Solano
et al., 2014). Observations along drilling transects by
determining the compositional and textural variability
of the gabbros in the lower crust and linking them to
downhole geophysical logs will provide crucial data that
will aid understanding of the mechanism of emplace-
ment of lower crustal mafic bodies across the Earth.

4 Geophysics

During the ICDP workshop, geophysicists of different disci-
plines addressed the following research targets to be inves-
tigated during pre-drilling surveys, drilling operations, and
complementary field experiments:

1. The geometry of mantle-derived ultramafic bodies and
their transition or connection to lower crustal rocks (i.e.
high-resolution refinement of the “Bird’s Head model”
reported in Berckhemer, 1968; Fig. 3);

2. Quantitative assessment of the nature and scale of min-
eralogical variations and fabrics along a finely banded
sequence;

3. The size-frequency distribution of fractures and veins
and relationships to the geometry of Alpine thrusts and
pre-Alpine faults, including the subsurface continuation
of the Insubric Line;

4. The hydration evolution of crustal rocks with depth.

The larger-scale research objectives will be tackled in com-
bination with the ongoing European AlpArray project (Het-
ényi, 2012; Hetényi and AlpArray Working Group, 2012a, b;

Molinari et al., 2016; www.alparray.ethz.ch), and a targeted,
10-station broadband seismological array operated from June
2017 (Scarponi et al., 2017).

In terms of crustal structure, the currently highest and most
uniform resolution seismological image and interpretation
of the IVZ is provided by Diehl et al. (2009) and subse-
quent works (Fig. 2). Their investigation is carried out us-
ing a 25 × 25 (horizontal) × 15(vertical) km grid (Fig. 3). If
a finer-scale local earthquake P- and S-wave tomography is
attempted, a dense local network with a minimum of 2 to 3
years of operation and inversion on a 5 × 5 × 5 km grid is re-
quired (Fig. 3). In addition, this will be completed by existing
surface tectonic studies of the IVZ (Fig. 2).

High-resolution geophysical investigation is of primary
importance to approach the scale of geological knowledge;
nevertheless, cross-scale connection of physical properties is
not necessarily granted (see Fig. 4 for a comparison of vari-
ous exposed lithologies and similar seismic wave velocities).
Therefore, a multidisciplinary combination of shallow and
deep geophysical investigations was proposed, ranging from
active seismics (especially pre-site surveys in the Balmuc-
cia site), passive seismology (a 10-station broadband array
to investigate the Bird’s Head with receiver functions (Scar-
poni et al., 2017), magnetotellurics, and gravity anomalies (to
map the three-dimensional buried morphology of the Ivrea
geophysical body; Fig. 3) in the period 2017–2020. Drilling
into the geophysically imaged volume can provide an addi-
tional approach: any fracturing process, likely enhanced by
fluid circulation in and around the borehole, will be the in-
duced source of micro-earthquakes, which is aimed at being
recorded with a dedicated, targeted seismic network. In addi-
tion, once the borehole is considered complete, vertical seis-
mic profiling (i.e. a technique devoid of blasting, employed
in the recent ICDP-COSC project in Sweden; Lorenz et al.,
2015) will provide an outstanding controlled-source comple-
ment to the dataset.

5 Well logging and rock physics

An international consortium of scientists will analyse the
cores and conduct downhole geophysical experiments to in-
vestigate permeability, state of stress, and fracture distribu-
tion, as well as the magnetic, seismic, and resistivity prop-
erties of the lithological types in the continental lower crust
and Moho transition zone.

Comprehensive downhole logging will provide a contin-
uous, in situ, highly resolved record of key physical, chem-
ical, and structural rock information along the entire length
of the drilled lithological sequences. This, in turn, will al-
low for the linking of micro- to centimetre-scale observa-
tions from drill core samples to field-scale geophysical ob-
servations of the continental crust in general and in par-
ticular the IVZ. Downhole logging permits the compen-
sation, in part, for the inevitably incomplete retrieval of
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Figure 4. Schematic lithological, seismic, and density properties of bulk rocks from the main geological locations of the IVZ where the
ICDP DIVE project will be targeted. Lithological data are from James (2001), Quick et al. (2003), Sinigoi et al. (2011), and Klötzli et
al. (2014). Average bulk rock seismic P-wave and S-wave velocity (VP and VS) and density (ρbulk) data are from Khazanehdari et al. (2000).
The white dashed line indicates the pathway of plotted bulk rock seismic velocity and density data for each different lithology along the cross
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lithologies at the drilling sites displayed in Fig. 1.

core material, although hard-rock drilling is often charac-
terised by excellent coverage (up to 100 %). Important rock
physical properties to be measured by downhole logging
are P- and S-wave velocities in the sonic frequency range
and the electrical conductivity. The sonic measurements will
be complemented by P-wave vertical-seismic-profile (VSP)-
type surface-to-borehole measurements in the higher seis-
mic frequency range. Together, these observations can then
be correlated with results from corresponding crustal-scale
geophysical investigations as well as petrophysical labora-
tory measurements on the retrieved core material.

Additional pertinent rock physical properties provided by
downhole logging will be natural radioactivity, density and
porosity, possibly in conjunction with neutron–neutron log-
ging. Panoramic (360◦) televiewer logging will generate
high-resolution images of the structural fabric along the bore-
hole. This does not only offer a highly resolved continuous
record of key structural parameters along the entire borehole,

such as the strike and dip of the fractures, fabrics, and litho-
logical interfaces, but also enables the construction of digital
pseudo-cores, which can then be visually correlated with the
retrieved core material. Combined with the standard caliper
logs, such televiewer images will further permit the detection
and orientation of breakouts, which, in turn, will critically
constrain the nature and orientation of the prevailing present-
day stress field. Petrographic studies on cores will be used to
learn how geophysical logs record information about igneous
rocks and interlayered metasedimentary rocks or septa in the
lower continental crust and the crust–mantle transition zone,
yielding a continuous record of layer spacing from the geo-
physical logs even where core is not recovered. This can be
combined with geophysical data to identify septa-related re-
flectors. Finally, flow-meter logging and downhole fluid sam-
pling and temperature measurements will provide constraints
with regard to fluid flow and permeability, as well as the com-
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position and origin of the fluids prevailing the pores and frac-
tures of the probed lithologies.

Advanced packer systems could be used during the drilling
process to assess possible fluid or gas discharge from per-
meable layers to analyse the relation between prevailing hy-
draulics and fluid composition with the petrology and the
texture of the fluid-bearing rocks. In particular, noble gases
and other transient tracers (e.g. 3H and 14C) will be anal-
ysed to trace the geochemical origin of the fluids (i.e. mantle-
derived vs. crustal) and determine the water residence time.
The lesson from scientific drilling in the context of nuclear
waste disposal and geothermal exploration is that such fluid
analyses during the drilling process are essential to analyse
rock–water interactions. During the discussion, considera-
tion was also given to keeping the boreholes open, allowing
later fluid and water sampling under natural conditions after
re-equilibration of drilling process disturbances.

6 Geohazards and long-term monitoring

The DIVE project will provide the opportunity to implement
long-term seismic monitoring after coring (> 10 years), and
possibilities for additional monitoring are being investigated
(e.g. downhole temperatures, new heat flow data, dynamics
of freshwater, downhole pressures, Earth magnetism, in situ
microbiological tests at high pressure). Scientifically long-
term seismic monitoring is necessary for an in-depth under-
standing of microfractures, fault reactivation, and rupturing.
Data retrieved from greater depths are needed for validating
existing geophysical, petrological, and geomechanical mod-
els. In situ and laboratory biological data are also an essen-
tial aspect of the drilling project, which can potentially reveal
the extent and limits of the deep biosphere in the continen-
tal lower crust. Very limited data from boreholes in marine
and terrestrial environments have been collected so far. The
greater depth and temperature limits of the biosphere have
not been reached in any borehole studies that have included
a microbiological component, and the factors controlling the
abundance and activities of microbes at depth and the lower
depth limit of life are still poorly understood. Last but not
least, the DIVE project should trigger a large-scale interna-
tional network of collaborations and partnerships that could
lead to the generation of a research and teaching centre of ex-
cellence in the IVZ in the long term. Specifically, it is of great
importance to establish a novel international observatory in
which scientists of different expertise from all over the world
can visit the IVZ and integrate fieldwork, modelling, experi-
ments, and theories to advance knowledge and technology in
our society.

7 Societal impact and relevance of the IVZ

The research themes of the proposed DIVE project are col-
lectively recognised as major focus areas for understanding

crustal processes, with implications for societal challenges
such as natural hazards, energy and mineral resources, deep
fluids, biosphere, and ecosystem evolution. With monitoring
of the seismic activity during drilling, potentially enhanced
by natural fluid circulation in the underground, the commu-
nity will gain new experience from a context that is different
from classical geothermal investigations such as those cur-
rently carried out in sedimentary basins. Drilling operations
can represent a precious source of investment in developing
education platforms for schools, university students, forma-
tion of the next generation of researchers, and the larger pub-
lic. The public activities could include open days at drilling
sites, press releases, and presentations in schools, universi-
ties, and interested municipalities, outlining the results of
both the drilling and the subsequent work related to the core
samples, as well as “Ask me anything!” or “Scientist is in”-
type events. The proposed drilling sites will have a great im-
pact on the general public, as well as the local population
since all the drilling sites are within the Sesia–Val Grande
geopark, which also includes the UNESCO World Heritage
site of the Sesia Magmatic System, and the National Park of
Val Grande. Therefore, the new data and consequent mod-
els obtained during the DIVE project will make the IVZ an
even more attractive geopark for Earth sciences education
and might provide unprecedented new insights into geother-
mal energy resources. A website will also be constructed to
highlight any news of the ICDP-sponsored drilling opera-
tions “on air”.

8 Concluding remarks

Numerous issues were discussed in detail during the work-
shop that cannot be covered in this brief report. However,
all relevant information discussed during the workshop will
be used to compile the full proposal. Practical but crucial
issues on sampling and coring will be elaborated during
the preparation of the full drilling proposal. All discipline
groups will use standardised analytical methods and will
also work on a generally applicable system for data man-
agement and evaluation. More information on DIVE and its
progress can be found on the ICDP DIVE project’s website
(http://www.icdp-online.org/projects/world/europe/Ivrea/).
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Abstract. Several major fault-drilling projects have captured the interseismic and postseismic periods of earth-
quakes. However, near-field observations of faults immediately before and during an earthquake remain elu-
sive due to the unpredictable nature of seismicity. The Scientific Exploration of Induced SeisMicity and Stress
(SEISMS) workshop met in March 2017 to discuss the value of a drilling experiment where a fault is instru-
mented in advance of an earthquake induced through controlled fluid injection. The workshop participants ar-
ticulated three key issues that could most effectively be addressed by such an experiment: (1) predictive under-
standing of the propensity for seismicity in reaction to human forcing, (2) identification of earthquake nucleation
processes, and (3) constraints on the factors controlling earthquake size. A systematic review of previous in-
jection experiments exposed important observational gaps in all of these areas. The participants discussed the
instrumentation and technological needs as well as faults and tectonic areas that are feasible from both a societal
and scientific standpoint.

1 Introduction

Understanding how earthquakes nucleate, propagate, and ar-
rest is one of the major outstanding challenges in Earth sci-
ence. The difficulty with making progress on this challenge
stems from our inability to directly observe faults deep in the
Earth where earthquakes nucleate, as well as our inability to
test existing theory at the field scale, where we expect com-
plex feedbacks between stress, pore pressure, and slip. These
parameters could be measured by borehole and surface-based
instruments during an earthquake if they were deployed near
the rupture source. Previous fault zone drilling projects have
probed the earthquake source soon after large events (e.g.,
following the 1995 Kobe, 1999 Chi Chi, 2008 Wenchuan,

and 2011 Tohoku earthquakes), and have enabled estima-
tions of important parameters like stress during the earth-
quake (Ikeda, 2001; Ma et al., 2006; Fulton et al., 2013; Li et
al., 2013). However, capturing the dynamics of an earthquake
can only be achieved by instrumenting a fault prior to fail-
ure and monitoring it before, during, and after slip. Because
earthquakes cannot be predicted, planning for a near-source
deployment is extremely challenging. One possible method
to ensure success is to induce failure through controlled fluid
injection, similar to earthquakes induced by wastewater in-
jection and recent small-scale (i.e., within meters of a fault
zone), controlled experiments (e.g., Guglielmi et al., 2015).
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Installing instruments inside the fault through fault zone
drilling is the only way to obtain the small signals deep in the
Earth necessary to investigate earthquake physics. An earth-
quake induced on a known fault through targeted fluid injec-
tion would provide an opportunity to obtain near-field infor-
mation with a dense network of instruments deployed prior
to the experiment. The fault could be fully characterized be-
fore the experiment with active source seismology, borehole
geophysics, surface geology, and core-based investigations.
An observatory of boreholes containing strain, pore pres-
sure, temperature sensors and down-hole seismometers con-
structed in advance of the experiment would collect real-time
data over a large frequency band (i.e., mHz to kHz) close to
the source from initiation to arrest.

The recent escalation in induced earthquakes in North
America makes an investigation like this a community prior-
ity. By defining the conditions necessary to induce an earth-
quake, the results would demonstrate how to prevent unin-
tentionally induced earthquakes. A project of this scope re-
quires significant community discussion and buy-in before
going forward. The Scientific Exploration of Induced Seis-
Micity and Stress (SEISMS) workshop was a first step in
this direction. The overall goal of the workshop was to de-
fine the most significant scientific questions that could be ad-
dressed by in situ measurements of an earthquake with bore-
hole observatories. In addition, we discussed technological,
logistical, and societal hurdles, as well as how to overcome
them. The outcome of this workshop includes focused under-
standing of the unanswered questions in earthquake and fault
mechanics, as well as which questions could be addressed
through fault zone drilling. Here, we outline the current state
of understanding of earthquake physics, as articulated at the
workshop, and provide a roadmap of questions that could be
addressed through future fault zone drilling.

2 SEISMS meeting

2.1 Itinerary

The SEISMS workshop was held at Lamont-Doherty Earth
Observatory, New York, USA, over 3 days from 29 to 31
March 2017. Attended by 86 participants from 10 countries,
including representatives from industry, academia, and ed-
ucation, the workshop was sponsored by the International
Continental Scientific Drilling Program (ICDP), the United
States Geological Survey (USGS), and the Southern Cali-
fornia Earthquake Center (SCEC). The workshop included
a series of keynote talks from experts in earthquake physics,
borehole instrumentation and observatories, induced earth-
quakes, and active earthquake experiments (Table 1), as well
as group discussions concerning the need for an earthquake
experiment, the scientific value of such an experiment, and
the potential risks associated with inducing earthquakes.

2.2 Knowledge gaps between earthquake
theory and observation

The primary goal of the SEISMS workshop was to out-
line and prioritize critical unresolved questions in earthquake
physics. The majority of these questions are centered on our
current inability to scale theory based on laboratory experi-
ments to natural faults, as well as our inability to incorporate
real-world complexity into lab experiments and models.

Much of our understanding of earthquake nucleation is
based on the rate-and-state friction laws, which predict that
an earthquake will begin by slipping aseismically until the
rupture reaches a critical size, h∗:

h∗
∼

µL

(b− a)(σ −p)
, (1)

where µ is rock shear modulus, L is the critical slip distance,
σ is normal stress, p is pore pressure, and a and b are rate-
and-state parameters (Rice, 1993; Scholz, 1998; Ampuero
and Rubin, 2008). Because we do not know how some pa-
rameters, such as L, scale from laboratory to natural fault,
the nucleation patch size is unknown, but might range in size
from 0.1 to 10 m and will vary significantly depending on the
effective stress resolved along the fault. It is unknown at this
point whether the final earthquake size is a function of h∗. If
it was, this would indicate that there is a fundamental differ-
ence between small and large earthquakes, as has been sug-
gested when estimating other earthquake parameters such as
fracture energy (Viesca and Garagash, 2015). Measurements
of the nucleation length scale, accelerations, or moment re-
lease during the initial stages of slip are needed to understand
the growth of earthquakes. In order to capture these signals,
instrumentation would need to be essentially within meters
of the slip surface. Such observations could never be made
from the surface.

In addition to earthquake initiation, the processes or con-
ditions that cause earthquakes to either arrest or propagate to
larger magnitudes remain unknown, which is primarily why
earthquake magnitude cannot be predicted. Structural com-
plexity is an aspect of faults whose effects on earthquake dy-
namics are unknown. Geometric complexities such as non-
planarity have been invoked to serve as nucleation sites (as-
perities) as well as boundaries to rupture propagation. Fault
complexity also affects the slip during an earthquake, effi-
ciency of energy dissipation mechanisms, and the radiation
of seismic energy (Dunham et al., 2011). Furthermore, hy-
draulic diffusivity changes within both the fault core as well
as damage zones may have significant control on pore pres-
sure gradients throughout the rupture, and may aid in rupture
arrest and the promotion of slow aseismic slip rather than fast
seismic slip. In addition to geometric complexity, the con-
trols of materials properties on different regions of the fault,
such as regions of preseismic, coseismic, and afterslip, may
not be constant through time or along strikes.
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Table 1. SEISMS keynote talks.

Title Speaker

Topic: Central Questions in Earthquake Physics

The Knowns and Unknowns of Earthquake Physics Eric Dunham
Lessons From Rangely Barry Raleigh
Current Understanding of Induced Seismicity: Surface Observations Elizabeth Cochran
Current Understanding of Induced Seismicity: Theory and Observations at Depth Mark Zoback

Topic: Fault Zone Drilling and Instrumented Boreholes

Fault Zone Drilling Experiences Stephen Hickman
Borehole Observatories Patrick Fulton

Topic: Drilling/Instrumentation Capabilities and Needs

Downhole Logging Tools Douglas Schmitt
In-Situ Experiments Yves Guglielmi

Topic: What Would Make an Ideal Drilling Site?

Oklahoma, USA Brett Carpenter
British Columbia, Canada David Eaton
Basin and Range, USA Steven Wesnousky
Oceanic Transforms Jeffrey McGuire and James Mori

2.3 Small- to large-scale in situ experiments and the
accidental experiment of induced seismicity

Planning for the SEISMS experiment will lean heavily on the
lessons learned from the Rangely experiment conducted dur-
ing the 1970s (Raleigh et al., 1976). At Rangely, in situ stress
measurements and measurement of the frictional strength of
the faults led to successful prediction of the pore pressure
needed to induce earthquakes, thereby supporting the use of
the effective stress law to the scale of earthquakes and fault-
ing. However, not all aspects of the experiment were well ex-
plained, for example, the occurrence of earthquakes far from
the target fault, which required extreme hydraulic parameters
using the conventional explanation. Modern thinking about
elastic stresses could potentially solve these problems; how-
ever, the lack of geodetic data for the original experiment
prevents a detailed analysis. Rangley also demonstrated that
a well-characterized site, including tens to hundreds of ob-
servation wells, is an imperative. This included the analysis
of the size of faults within the field area and minimized the
risk of triggering a large earthquake. Armed with new tech-
nology in fault zone drilling and geodesy, a new-generation
earthquake experiment could more directly measure fault slip
and fluid pressures within both the fault core as well as the
surrounding damage zone, which should enhance our ability
to determine where and when failure will occur.

Recent borehole experiments have successfully induced
small earthquakes (−4.5<Mw<− 3) in a controlled way
(Derode et al., 2015; Guglielmi et al., 2015; De Barros et al.,
2016). Observations of the induced earthquakes have demon-
strated that the physical processes that lead to runaway slip

are complex and depend on the hydromechanical and fric-
tional characteristics of both the fault and the surrounding
rock. These experiments show that a small amount of dilatant
aseismic slip can occur before seismic slip, and that earth-
quakes can be generated even in velocity strengthening ma-
terial, which laboratory experiments suggested was unlikely
(Guglielmi et al., 2015). Furthermore, several current mi-
croseismic experiments in underground mines are providing
insights into the complexity in small earthquake nucleation
(e.g., Yabe et al., 2015). Despite the exciting results of these
studies, the earthquakes generated were limited to a small
number of small magnitude events. Any change in physics
from small to large earthquakes could not be captured in
these experiments, and the effects of cumulative wastewater
injection remain unconstrained.

Finally, the recent surge of earthquakes associated with
hydrocarbon production and wastewater disposal offers new
lessons. The frequency of earthquakes occurring in seismi-
cally quiet areas such as the Midwestern US and western
Canada is greater than has ever been previously recorded
(Ellsworth, 2013), and even moderately sized earthquakes
could prove hazardous in areas that are unprepared for seis-
mic activity. Many of the recent earthquakes are induced by
human activity, but although we know that fluid injection
causes induced seismicity (Raleigh et al., 1976), we cannot
predict exactly when and where a particular earthquake will
occur – just as with tectonic earthquakes. The scientific com-
munity should be able to contribute to this problem by defin-
ing the stress and fluid pressure conditions that are necessary
to cause earthquake slip, but the measurements necessary to
make these predictions do not exist. Talks and discussions on
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induced seismicity at the SEISMS workshop mostly focused
on the role of inherited structures and stress field character-
istics in making an area more inclined to have induced seis-
micity. Some of the questions included the following. Are
stress drops low in induced events (Sumy et al., 2017) or no
different than tectonic earthquakes (e.g., Huang et al., 2017;
Clerc et al., 2016)? What are pre-stress conditions on the
fault within its seismic cycle, and how do they affect induced
events? What role do fault damage zones play in communi-
cating fluid pressures over large distances (Hennings et al.,
2012)? What metrics are there for tracking how close a fault
might be to failure during fluid injection?

2.4 Necessary components for an “active”
earthquake experiment

2.4.1 Essential instrumentation

Recent fault zone drilling and other drilling projects have re-
sulted in significant advances in borehole observatories and
drilling capabilities. For instance, borehole instruments rou-
tinely include seismometers, thermistors, pore pressure sen-
sors, and strain meters (Fulton et al., 2013; Chiaraluce et al.,
2014). Increasingly, fiber optic cables are being emplaced
within borehole casing and utilized as seismometers (Con-
stantinou et al., 2016), strain meters and pressure meters
(Cappa et al., 2006). To capture length scales appropriate for
both the rupture tip region and fault slip patch dimension, ob-
servatory coverage across a wide range of scales will likely
be required, so this type of instrumentation would be ideal
for an active earthquake experiment. Finally, borehole obser-
vatories that exist on longer timescales (months–years) will
need to carefully consider temperature and fluids at depth,
including precursory monitoring.

2.4.2 Feasible sites

Preliminary site discussion at the SEISMS meeting focused
on what would make a site feasible from both a scientific and
safety standpoint. As a group, a list of criteria was developed
that would be necessary for a successful site, including

1. faults that are well oriented in the current day stress field
and possible to activate;

2. detailed subsurface characterization, including 3-D seis-
mic imaging, determination of the stress and pore pres-
sure fields, combined with surficial geologic mapping;

3. an area with low population density yet developed in-
frastructure (such as an oil field);

4. pre-existing and ongoing site monitoring; and

5. potential for collaboration from industry to take advan-
tage of existing infrastructure and develop science pri-
orities that can meaningfully contribute to hazard miti-
gation.

The specific sites discussed included places where in-
duced seismicity is already occurring, like Oklahoma and
British Columbia, as well as the Basin and Range, USA, and
oceanic transform faults. Both terrestrial and oceanic sites
were viewed favorably for an earthquake experiment (Fig. 1).
Active experiments on the ocean transforms where frequent
repeating events occur (McGuire et al., 2005), and continen-
tal faults where events occur much less frequently, can ad-
dress different aspects of the initiation and rupture process.
Also, logistical and observational constraints are very differ-
ent for the two types of settings. Since there are different
advantages and disadvantages for these two types of experi-
ments, there were recommendations that proposals for both
types of experiments should be worked on in parallel. Al-
though discussion was not focused on a specific site at this
time, the importance of picking a site where detailed under-
standing of fault structure, including the role of the damage
zone in transmission of fluid pressures, number and thickness
of localized slip zones, as well as friction strength, could be
established before the active phase of the experiment.

2.5 Societal concerns

Safety and societal issues regarding potential induced earth-
quake experiments in various regions were prominent dis-
cussion topics throughout the workshop. The concept for the
project would be to induce earthquakes through fluid injec-
tion, which would represent a hazardous outcome. However,
there was recognition that understanding the causes of the
many current human-induced earthquakes is an important is-
sue for scientists to undertake. Given the largely unmoni-
tored and uncontrolled way in which earthquakes are being
induced in some regions, an experiment such as this would
provide a valuable opportunity for the scientific community
to provide some constraint on how to limit unintentionally
induced seismicity.

Past examples of active geologic experiments show that
communication with local officials and the public will be
central to a successful project, as well as evaluation of safety
risks, which would be essential for any project that might
produce felt earthquakes. Outreach and education efforts will
be important for any active experiment because this will
likely be a high-profile project in the public eye. This should
be viewed as an opportunity to provide information about
earthquakes and seismic hazards. Plans for outreach activ-
ities should be started along with development of science
objectives, for example by engaging local members of the
public to invest in the project by helping to articulate which
questions should be answered with the experiment.

3 Workshop outcomes and future directions

Participants identified three key questions at the workshop
that should be targeted by the SEISMS project. They all de-
pend on the measurement of stress, deformation, and pore
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Injection 
well

Observation
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Ocean bottom 
seismometers

Drilling vessel
(a) (b)

Figure 1. Potential target faults. (a) Continental fault observatory. Fluids pumped at the injection well will trigger an earthquake that can be
recorded with seismometers, temperature sensors, strain meters, etc., at the observation holes. (b) Oceanic transform fault observatory. Fluid
injected from a ship would trigger an earthquake on the fault that would be recorded by a network of ocean bottom seismometers (OBS in
grey pyramids). Observation holes may also be drilled in advance of the injection.

pressure in the ultra-near field of an earthquake, and which
therefore require a borehole observatory positioned close to
the earthquake source.

3.1 Can we accurately determine when and where
an earthquake is going to occur once fluid
pressure is elevated?

Many induced earthquakes are associated with wastewater
injection or hydraulic fracturing operations, both of which
elevate fluid pressure and reduce the effective stresses at
depth, promoting earthquake occurrence. However, many in-
jection wells do not appear to induce seismicity (e.g., Cor-
net, 2016; Rivet et al., 2016), some wells appear to induce
earthquakes at significant distances from the injector (e.g.,
Yeck et al., 2016; Goebel et al., 2017; Keranen et al., 2014),
and some wells that directly penetrate faults have little effect
on stability (Hauksson et al., 2015). These results show that
even though the Rangely experiment in the 1970s seemed
to demonstrate that the effective stress hypothesis describes
fault failure under in situ conditions, it is still currently im-
possible to predict where and when an earthquake will oc-
cur, even within regions where fluid injection is taking place.
This is partly because the mechanisms by which stress and
pore pressure are transmitted to a fault are poorly understood.
Direct fluid pressure increase and elastic stress perturbation
have both been shown to be important for triggering earth-
quakes (e.g., Deng et al., 2016; Segall and Lu, 2015; Barbour
et al., 2017), but which is more efficient, and therefore po-
tentially more hazardous, is unknown. Induced earthquakes
that occur far from an injection well indicate that fluid pres-
sures are transmitted rapidly, highlighting the importance of
complex fault zone hydrogeological structures. Furthermore,
there is currently no consensus on how to predict what mag-
nitude of earthquake could arise given a known stress or pore

pressure perturbation to a fault (e.g., McGarr, 2014; van der
Elst et al., 2016). An experiment to test the response of a
fault to a controlled perturbation affecting a known volume
in the subsurface could elucidate the conditions necessary
to induce earthquake slip, and therefore determine the lim-
its of water injection operations appropriate for preventing
unwanted induced seismicity. Important advances in technol-
ogy have occurred in the nearly 50 years since the Rangely
experiment. Rangely included no geodetic instrumentation
and therefore could not assess the role of elasticity or creep in
inducing earthquakes. Modern, digital and dense instrumen-
tation could provide a much higher-resolution image of the
earthquake locations that could address outstanding quan-
daries, such as the apparent location of the induced earth-
quakes kilometers away from the injection well.

3.2 How do earthquakes nucleate?

Laboratory-derived friction laws such as the rate-and-state
equations imply that a small amount of aseismic creep should
precede an earthquake. Such a precursory phase has long
been sought in observational data, including foreshock se-
quences (e.g., Kato et al., 2012; Chen et al., 2017). More
recently, geodetically measured slow slip events have been
one of the more promising avenues for identifying an im-
pending mainshock (e.g., Uchida et al., 2016). However, the
scale of the precursory slip patch may be quite small, 10 m
or less, and the ability to measure such a signal therefore
likely depends on in situ measurements. In such a case, the
larger-scale slow slip and foreshock sequences that are some-
times measured with surface instruments would be the result
of more complex interactions between slip on the future rup-
ture interface, the surrounding damage zone, potential fluid
pressure changes, and heterogeneity of all of these properties
along the fault (e.g., Savage et al., 2017).
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3.3 What controls earthquake propagation and arrest?

All earthquakes nucleate, but not all grow to large magni-
tudes. This implies that some earthquakes do not propagate
significantly and arrest at small magnitudes instead. Rupture
propagation is thought to be a function of the initial condi-
tions in the source region, the constitutive laws that govern
frictional sliding, and the geometrical properties of the host
fault. The stress field and pore pressure distribution in and
around a fault are heterogeneous, and the physical character-
istics of faults such as roughness and damage zone character-
istics are spatially variable. Constraining all of these parame-
ters prior to an induced earthquake would be challenging, but
near-field observations of the rupture tip zone would provide
an unprecedented view of the underlying physical processes.

Because the answers to the three questions outlined at the
SEISMS meeting are fundamental to predicting when and
where large earthquakes will occur, the workshop partici-
pants were in agreement that an earthquake experiment by
fluid injection should be pursued. The next order of business
is to establish potential industry partners and have a more
complete discussion of potential drilling targets. More imme-
diately, the discussions begun at the SEISMS meeting are be-
ing continued at larger conferences, including the Continen-
tal Scientific Drilling Coordination Office (CSDCO) annual
meeting and the 2017 American Geophysical Union (AGU)
Fall Meeting.
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ECORD mid-term renewal 
Since January 2017, ECORD has entered into a 
three-step process that should lead the ECORD 
member countries to commit to the second 
phase (2019–2023) of IODP. The success of 
the ECORD mid-term renewal should primarily 
rely on ECORD’s scientific and operational ex-
cellence in the international research landscape 
during the first phase of IODP (2013–2018), as 
well as the operational plans defined for MSPs, 
the JR, and the Chikyu in the second phase of 
IODP (2019–2023).
 The first step of this process was 
represented by an ECORD evaluation that was 
conducted from January to June 2017 by the 
ECORD External Evaluation Committee (EEC) 
during a meeting that was held on 6–8 June 
2017, in Bremen, Germany. The report that 
was delivered soon after this meeting covers 
all aspects of ECORD activities (science, tech-
nology, management, education, and outreach) 
and especially highlights the excellent ECORD 
scientific achievements within IODP, the need 
to sustain this unique and global research struc-
ture, and the need for ECORD to maintain its 
strengths in being able to finance and imple-
ment high-profile MSP expeditions. This report 
also includes a series of recommendations con-
cerning various fields (science, education, and 
outreach) that the ECORD Council considered 
at its spring meeting that was held on June 29, 
2017 in Amsterdam, the Netherlands. Among 
these recommendations, the ECORD Council 
has decided that the ECORD Managing Agen-
cy (EMA) and ESO will be administered by the 
Centre National de la Recherche Scientifique 
(CNRS) and the British Geological Survey 
(BGS) respectively until the end of the current 
programme, i.e. 2023.
 The second step of this process in-
cludes a revision of the ECORD Memoran-
dum of Understanding, based on an internal 
reappraisal of ECORD functioning during the 
first phase of IODP (2013–2018), as well as 
recommendations made by the EEC. The dif-
ferent ECORD entities have started to revise 
their Terms of Reference and a first draft of the 
new ECORD MoU should be completed soon 
after the upcoming ECORD Council–ESSAC 
meeting that will be held in Southampton, UK, 
on October 24 and 25, 2017. The 2019–2023 
ECORD MoU should then be finalized be-
fore the end of the year and distributed to the 
ECORD funding agencies for approval and sig-
nature in 2018.
 The third step of the ECORD mid-
term renewal consists of a revision of the MoU 
between ECORD and the US National Science 
Foundation (NSF) defining the financial and 
operational agreement regarding the ECORD’s 
membership in the JR Consortium and, in rec-
iprocity, access to MSP expeditions for our 

partners’ scientists. Preliminary discussions 
between ECORD and NSF started in late 2016, 
have continued throughout 2017, and have led 
to a formal agreement between ECORD and 
NSF on a draft that will be finalized soon. There 
will be no significant change in ECORD scien-
tists’ participation in the JR expeditions during 
the second phase of the current programme, 
when the JR is expected to operate up to 10 
months a year in the eastern Pacific and then in 
the Atlantic Ocean, the Mediterranean, Caribbe-
an, and the Gulf of Mexico, depending on the 
proposal pressure concerning these regions. 
 No revision will be considered for the 
MoU linking ECORD and the Japan Agency for 
Marine-Earth Science and Technology (JAMS-
TEC) as this MoU was signed in 2013 for the 
whole duration of IODP. The scheduling of an 
engineering riserless expedition (380 “NanT-
roSEIZE Frontal Thrust Borehole Monitoring 
System”) in early 2018 and of a riser drilling 
expedition (359 “NanTroSEIZE: Riser Hole at 
C0002”) in late 2018–early 2019 respectively 
will create a continuity in Chikyu operations 
throughout the renewal time window.

U.S. convenes facility 
assessment workshop
On September 26–27, 2017, the U.S. Science 
Support Program (USSSP) sponsored the 
JOIDES Resolution Assessment Workshop, a 
2-day meeting aimed at reviewing and assessing 
the role of the JOIDES Resolution drilling plat-
form in enabling the IODP research community 
to carry out the objectives of the 2013–2023 
IODP Science Plan, Illuminating Earth’s Past, 
Present and Future. The workshop was attend-
ed by over 80 participants, including interna-
tional observers, and will result in a report that 
provides community guidance to the National 
Science Foundation (NSF) as it seeks renewal 
of the JOIDES Resolution facility from the U.S. 
National Science Board (NSB). Responses to a 
wide-ranging community survey of IODP sci-
entists were analysed by the workshop attend-
ees both prior to and during the workshop, and 
will form the backbone of the report, which will 
review achievements and future goals by IODP 
theme. It will also catalogue increased efficien-
cies and cost-effectiveness introduced during 
the International Ocean Discovery Program as 
a result of regional operational planning and a 
streamlined advisory panel structure and pro-
posal review process.

Petrophysics Summer
School 2017
For the second year running a week-long sum-
mer school in petrophysics was hosted at the 
University of Leicester (2–7 July 2017) as a UK 
International Ocean Discovery Program (IODP) 
knowledge exchange initiative.  Building on 
the success of the first summer school in 2016, 
this year’s course brought together 30 partici-
pants from 10 countries (by institution; 18 by 
nationality) from as far away as Australia.  The 
participant group, while predominantly com-
prised of graduate students, included a number 
of post-docs and more senior scientists, most of 
whom had little or no experience with petro-
physics.  The 6-day course combined lectures, 
practicals, software training, and site visits to 
Weatherford and the British Geological Survey 
(BGS) Core Store, to provide a well-rounded 
grounding in the fundamentals and applications 
of petrophysics. There was also an opportuni-
ty for participants to introduce themselves and 
present their research during a mini-conference 
held on the first day.  The course received inde-
pendent continuing professional development 
(CPD) accreditation, meaning that participants, 
on completion of the course, received a formal 
certificate indicating receipt of 36h of accred-
ited CPD. 
 A pool of 14 instructors from both 
academia (European Petrophysics Consortium 
(EPC, comprising the Universities of Leicester 
and Montpellier), Imperial College London, 
JAMSTEC, Lamont-Doherty Earth Obser-
vatory of Columbia University, University of 
Leicester) and industry (ALS Petrophysics, BP 
(UK), Schlumberger Information Systems) pro-
vided training throughout the week, drawing on 
their many and varied experiences and includ-
ing real-world examples from both commercial 
and IODP projects (notably, but not exclusively, 
Expedition 346 Asian Monsoon).
 The 2nd Petrophysics Summer 
School was made possible via funding from the 
UK IODP (funded via the Natural Environment 
Research Council (NERC)), the European Con-
sortium for Ocean Research Drilling (ECORD), 
the Aberdeen Formation Evaluation Society 
(AFES), and the London Petrophysical Society 
(LPS).  Significant in-kind contributions were 
also made by EPC, Weatherford (Reeves Wire-
line Services, East Leake) and the BGS Core 
Store. Over half of the participants’ attendance 
was supported via generous scholarships/bur-
saries from the United States Science Support 
Office (USSSP, 9 bursaries), ECORD (5 schol-
arships), and UK IODP (2 bursaries).
 It is anticipated that a 3rd Petrophys-
ics Summer School will be held in 2018 – fur-
ther information will be available in January 
2018 via www.iodp.rocks. 
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Schedules

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

ECORD operations Platform Dates Port of origin

1  381 Corinth Active Rift Development MSP Oct–Dec 2017 Corinth 

USIO operations Platform Dates Port of origin

2  372 Creeping Gas Hydrate Slides 

and Hikurangi LWD

JOIDES Resolution 26 Nov 2017–4 Jan 2018 Fremantle

3  374 Ross Sea West Antarctic Ice 

Sheet History

JOIDES Resolution 4 Jan–8 Mar 2018 Wellington

   375 Hikurangi Subduction  
Margin Observatory

JOIDES Resolution 8 Mar–5 May 2018 Wellington

CDEX operations Platform Dates Port of origin

4  NanTroSEIZE Frontal Thrust  

Borehole Monitoring System 

Chikyu 12 Jan–24 Feb 2018 Shimizu

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

ICDP project Drilling dates Location

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

2  Oman Phase II Nov 2017–Apr 2018 Oman

3  DSEIS Apr 2017–Mar 2018 Orkney, South Africa

4  DOVE May–Oct 2018 Alpes

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