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EXECUTIVE SUMMARY

The field season 2016-2017 at Concordia Station and at the remote site Little Dome C,
located about 40 km away from Concordia, has seen the first-ever deployment of two rapid
access drills: the SUBGLACIOR probe and the RAID system.

Despite technical difficulties encountered on both tools, deployed for the very first time under
the harsh conditions of the East Antarctic plateau, validation of the concepts was achieved.

The SUBGLACIOR probe was mounted in two different configurations, and tested in a
borehole down to 120 m of depth. Many technological solutions proved to be pertinent.
Overall, one can consider that 75% of the probe design is satisfactory. Another 25% requires
additional work, to be conducted during spring 2017 before another test deployment at
Concordia Station anticipated during the 2017-2018 field season.

The RAID system could be deployed down to a depth of more than 100 m, using the remote
camp set up at Little Dome C in the frame of WP2. Chips were successfully collected along
these runs. Precise temperature measurements could then be performed in the borehole. Some
technical problems were encountered, but solutions exist to solve them.

This BE-OI activity conducted under WP3 bears strong links with WP2 and the geophysical
surveys. The interaction between both WPs provide the best chances of success for the whole
BE-OI objectives of defining an optimal drilling site for a 1.5 Myr record of past climate and
atmospheric composition changes.

1. Introduction

BEYOND EPICA 1 OLDEST ICE is based on a collaborative approach with interlinked
work packages and tasks that will make use of synergies among the different activities needed
to reach the objectives. The final goal is to develop the organizational, financial and
technological foundation to carry out a deep ice core drilling to obtain an ice core up to 1.5
Myr old within the coming decade.

WP2 will support the geophysical pre-site survey, comprising the collation of existing and
new geophysical data such as airborne and ground based ice penetrating radar, GPS geodesy,
magnetics, gravimetry, thermometry, as well as satellite ice sheet data. Geophysical
reconnaissance and modelling in WP2 will be able to constrain potential drill sites.

However, given the high costs and logistics demand of a future BE-DRILLING PHASE ,
direct in situ information is deemed essential to make the final decision to start a deep ice core
drilling. Accordingly, such in situ information will be gathered and evaluated in WP3
comprising rapid access drilling techniques without core retrieval, which will enable the
consortium (1) to obtain non-exhaustive climate and chemical information from in situ
measurements during drilling, (2) to obtain a temperature profile through parts of the ice sheet
thickness in the borehole to derive the geothermal heat flux, which controls melting and thus
the age of the ice at the bottom, and last but not least (3) to gain datable ice material from drill
chip collection during the rapid access drilling.
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Anticipated output- Subtask 3.1.1 Rapid access test drilling at DC, Concordia station
(CNRS, NERGBAS, M1-M5) states that :we will first deploy the SUBGLACIOR at
Concordia for testing purposes and RAdIDring the minitraverse for borehole temperature
measurements (T1.1.1 in WP1). The test season for RAID and SUBGLACIOR will take place
in 20162017.

2. Methodology

In order to rapidly access ice to test models of the age-depth profile of candidate sites for the
BE-DRILLING PHASE , we need to develop, test and deploy new drilling technologies. In
the frame of WP3, three rapid access drill are to be deployed: RAID, RADIX and
SUBGLACIOR. For the first field season 2016-2017, only RAID and SUBGLACIOR were
involved.

SUBGLACIOR

The SUBGLACIOR probe is a revolutionary instrument for ice core science. For the first
time, it aims at embarking a laser spectrometer inside a probe, making its own way through
the ice sheet, in order to measure in real time and continuously geochemical information
(water isotopes, methane, dust using a separate Abakus instrument) along depth. Thanks to its
capacity for rapid deployment, the probe will provide within a single field season climate-
relevant information that could be used to date the ice and to evaluate the presence of ice old
enough, and in good stratigraphic order, at target sites of BE-OI.

SUBGLACIOR has been conceived, designed and constructed by a team of 20 scientists and
engineers in the frame of other projects: the European ERC Advanced Grant ICE&LASERS
of J. Chappellaz (partner CNRS), the French National Research Agency (ANR) project
SUBGLACIOR, the “Investissement d’Avenir” project EquipEX CLIMCOR, for a total cost
of about 3.2 M€ (not including all salaries of permanent staff). Additional funding support
was provided by the BNP Paribas foundation and the Mamont foundation. Preliminary tests of
technical solutions at Concordia Station during the field seasons 2013-2014 and 2014-2015
were supported by Partners IPEV and ENEA. Started in 2012, the project saw a major step
forward with the completion of the probe construction in summer 2016. The field season
2016-2017 at Concordia Station in Antarctica represented the very first field test of the whole
probe in its nearly final configuration.

The probe includes the following components from bottom to top: (1) a drill head combining
electromechanical machining with 3 blades and thermal drilling with a 20 mm diameter finger
including 400 W of power brought to a ceramic head, (2) a motor and electronic compartment
driving the drill head, (3) a sampling line to extract the melt water sample from the thermal
head, to depressurize the water/gas mixture down to atmospheric pressure, to separate water
and gas, to feed the laser spectrometer with the gas sample, and to re-inject the water — after
compression — into the borehole, (4) an embarked laser spectrometer and its electronics, able
to continuously measure in real time the water isotopic composition and the methane
concentration in trapped bubbles, (5) an electronic compartment transforming 900 V DC
power supply from the surface into 180 V and 24V DC power for the probe components, (6) a
slip ring and anti-torque section, (7) a drill fluid circulation along an outer stainless steel skin
surrounding the probe. The probe is attached to a 3500-m long electromechanical cable
providing power and transmitting the laser spectrometer and probe information from the
probe to the surface, with commands traveling reverse-wise. It is also attached to a 3500-m
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long aramide hosepipe of 42 mm diameter, feeding the probe with clean drilling fluid
(silicone oil BLUESIL 47V3). At surface, the probe is handled through a command room
installed inside a maritime container, including the electromechanical cable on its winch.
Another maritime container includes the hosepipe. Two masts allow the surface handling of
the probe between horizontal and vertical position. A complex system of drill fluid circulation
is set up next to the two containers. It includes a high pressure pumping skid, providing 2
m?*/h of clean drill fluid toward the probe, a large chamber to recover the drill fluid and ice
chips from the borehole, a centrifuge machine and sets of filters to separate the drill fluid from

the ice chips.

Figure 1: The SUBGLACIOR probédofg cylinder on top of the wooden table) fully mounted inside the ERlldiAg tent
at Concordia Station. Its length is 11 m here (without including the suspension). The weight is approximately 450 kg. The
diameter is 106 mm. Photo: J. Chappellaz, CNRS/IGE/IPEV.

A team of 9 persons from LGGE and DT-INSU (Partner CNRS) contributed to this first
deployment, with additional support from logistic staffs on site provided by Partners IPEV
and ENEA: carpenter, mechanics, electrician, heavy-duty vehicle driver,... The first two
SUBGLACIOR persons (E. Lefebvre and P. Possenti) arrived at Concordia Station on
November 18", 2016. Another 5 persons (O. Alemany, J. Chappellaz, R. Grilli, L. Piard and
G. Teste) reached the station on November 21%. The last 2 persons (M. Calzas and C.
Guillerm) arrived on December 7". At the end of the field season, 2 persons (Calzas,
Guillerm) departed on January 7™, 2017, 3 persons left on January 22" (Alemany, Grilli,
Piard), and the last 4 persons departed from Concordia Station on February 3™ (Chappellaz,
Lefebvre, Possenti, Teste).
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Figure 2: Members of the SUBGLACIOR test drilling team in front of the surface equipment deployed at Concordia Station
during the summer field season 2€A®@L7. From left to right: J. Chappellaz, C. Guillerm, P. PossebtiAlemany, M.
Calzas, G. Teste, E. Lefebvre, R. Grilli, L. Piard. Ph@oDangoisse, European Space Agency / IPEV.

The start of the season was devoted to attempt obtaining leak-tightness at the bottom of the
casing, previously installed through the firn column (120 m of thickness) during the 2014-
2015 and 2015-2016 field seasons. This required a relatively large amount of time, related
with defects in the quality of the machined ice at the bottom of the borehole. The team used
diethylphtalate (DEP) as a sealant between the ice and the PEHD casing. This proved to work
well when the casing was then put under high pressure using compressed air. However when
electromechanical drilling of the DEP plug at the bottom of the casing was performed, it
created weak points in the sealing, that we could not fully eliminate afterwards.

However, despite the problem of leak-tightness of the casing, everything was prepared on site
to test as many technological solutions as possible in the probe and in the surface equipment.
On December 5", 2016, the first IPEV logistic traverse delivered on site 5 maritime
containers with SUBGLACIOR equipment: (1) winch, electromechanical cable and control
panel, (2) winch with hosepipe, (3) mast and other equipments to handle the probe, (4)
drilling fluid (silicone oil), (5) spare material including wood for the platforms. About two
weeks were then required to mount this equipment, to prepare the power supply from the
main generators of Concordia Station, to prepare wooden platforms around the site for the
probe and for drill fluid handling. This amount of time was also used to work on the
embarked laser spectrometer, optimizing its tuning inside a warm laboratory of the EPICA
infrastructure.

The SUBGLACIOR probe was mounted in the EPICA drilling tent with two versions: a
simplified one and a complete one. The simplified version included a limited sample handling
line where the sample pumped from the thermal finger at the tip of the probe was immediately
reinjected in the borehole after being pressure/flow-controlled; in addition the simplified
version lacked the embedded laser spectrometer, therefore making this version about 7 m
long, instead of 12 m of length for the complete version. The latter included the embedded

Page 7 of 14



BE-Ol — GA 730258 Deliverable D3.1

laser spectrometer as well as a more complex sample handling line, including an Abakus dust
counter and a sample gas delivery system for the spectrometer.

Figure3: The OFCAS embarked laser spectromgtest pelowthe compter screen) and the sample handling line of
SUBGLACIOR being prepared and tested by R. Grilli in a warm EPICA laboratory. Photo: J. Chappellaz, CNRS/IGE/IPEV.

RAID

The RAID tool developed by NERC-BAS is designed to allow us to rapidly drill down to 600
m depth within about 8 days and to recover at the surface a continuous sequence of ice chips.
The chips can subsequently be used to provide a profile of water isotopes, dust and chemistry,
validating in particular the depth horizon of the last glacial maximum, and possibly the AIM
event at ~38 kyrs BP. In addition, the RAID drilling does not disturb the ice sheet internal
temperature profile, and its borehole can be used to accurately measure this profile. NERC-
BAS developed its DTS borehole temperature system to recover the ice sheet internal
temperature structure, which in combination with pRES measurements in WP2 will allow us
to estimate geothermal heat flux and basal temperature with good precision. This is critical to
the site selection: a warm base and a high geothermal heat flux is likely to lead to loss of the
oldest ice layers due to melting.

The RAID drill deployed in 2016/17 season was a prototype system that had been tested in
Antarctica in 2015/16 under the NERC-BAS logistic operations in West Antarctica. The
system had proved capable of drilling shallow boreholes in warm ice, and the experience had
driven further development of the drill system for further testing at candidate BE-OI sites in
2016/17.
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Figure 4: SolidWorks design of the RAID system. Source: Julius Rix, BAS.

The RAID system is a new concept in drilling deep ice boreholes, though based on shallow
auger technology for drilling access holes through frozen lakes. The 7m long drill comprises
a motor-gear section driving a rotating hollow outer barrel which carries the auger drill head
at its lower end to cut the borehole in the ice. Ice chips generated at the drill head are carried
up a stationary spiral shaft inside the hollow barrel driven by friction against the rotating outer
barrel — effectively an Archimedes action. The torque from the drilling operation is countered
by a novel anti-torque device as the upper section of the drill. Power is carried from the
surface to the drill motor via an armoured load-carrying steel cable with both conductors for
power and for carrying the control data from the
surface controller to motor control electronics inside
the drill. A winch system enables the drill to trip from
surface to depth quickly, then drill ice in a controlled
manner until the barrel is full of ice chips, then then
return the drill quickly back to the surface. At the
surface, the barrel is rotated in reverse, and the chips
are ejected into a trough for sampling for water isotope
and chemical analysis.

The borehole is available at the end of the drilling for
~ supporting geophysical measurements. NERC-BAS
- developed a new borehole temperature system for
measuring the thermal structure of the ice sheet. It
-~ comprises a laser and fibre-optic cable based DTS
system with a depth resolution of 1m, together with a
discrete thermistor cable and a single PT-100 sensor
cable. The thermistor and PT-100 cables provide the
calibration of the highly depth-resolved DTS

il PP 8 B e " measurements.
Figure5: The RAID system deployed next to the
Little Dome Ctest camp.
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3. Results and Discussion

SUBGLACIOR

The two versions of the SUBGLACIOR probe were successfully deployed in the prepared
borehole equipped with a PEHD casing, from December 27", 2016, until January 13", 2017.
The tests provided important validation of several technological choices (most often fully
innovative ones with respect to state-of-the-art engineering in this domain) made to design
and build this revolutionary probe:

- general geometry of the probe handling at surface,

- master/slave link between the two winches,

- choice of the hosepipe material,

- FSK and ADSL communications between the probe and the command room,
- drilling fluid properties,

- fluid/chip circulation from the surface to the probe and back to the surface,
- fluid/chip handling at surface,

- leak-tightness of the probe joints,

- thermal regulation of the different probe compartments,

- high voltage DC power delivery from surface,

- DC/DC converter embedded in the probe,

- OFCEAS laser spectrometer behaviour when immersed in the borehole,

- general principles of the sample handling and water injection,

- drill head design and power demand,

- thermal finger ability to melt the ice in a rapid manner.

In practice, our tests have notably demonstrated that (1) the principle of combined
electromechanical /thermal drilling is efficient, (2) the ice chip evacuation from the bottom of
the borehole up to the surface using the drill fluid circulation works very well, even for big ice
particles, (3) the embarked spectrometer keeps excellent analytical behaviour even under the
strong constraints of an external temperature near -55°C and of vibrations generated by the
probe, (4) the power budget of the whole probe remains in the ballpark of expectations, (5) it
is possible to maintain a good drilling control while the probe is attached at the same time to
two different winches through the hosepipe and the electromechanical cable.
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Figure 6: Left: the complete version of the SUBGLACIOR probe in front of the EPICA drilling tent, just before its f
test. Right: part of the surface equipments used to deploy the probe, including the pumping skid, the IBCs of silico
the centrifuge machie to remove the ice chips from the drill fluid, the container including the electromechanical cabl
its winch, and the mast to handle the probe. Photo: J. Chappellaz, CNRS/IGE/IPEV.

However, some items / technological choices of the probe still require some additional
engineering work in order to provide optimal behaviour of the SUBGLACIOR probe during a
deployment at great depths:

- if possible,to slightly reduce the probe length for easier handling at surface,

- improvement of the FSK and ADSL communication reliability,

- easier and more efficient chip/fluid separation for small particles,

- better temperature control along some parts of the sample line,

- improved design of the thermal finger.

Regarding the latter, the main problem was related with the machined ring encircling the
ceramic heater element. Two versions were tested: one made of ceramic (zirconium oxide)
and another one in tungstene carbide. The first version did not penetrate well the ice. The
second one unfortunately broke during one of the probe test sequences. Part of it remained at
the bottom of the borehole. We attempted to recoved the tungstene carbide ring using a
mechanical drill system but without success. Therefore no further progress in the test borehole
could be made with the probe afterwards and we had to stop the tests at about 125 m of depth.

——

o Y e A"
Figure 7: The tip of the thermal finger of the SUBGLACIOR probe at the end of the test period at Concordia Station. One
can visualize the ceramic head embedding a heating element of 400W. The tungsten carbide ring supposed to encircle the
ceramic head is broken and part of it remained at the bottom of the test borehole, precluding drilling progress. A redesign o
this partis anticipated before further attempt during the next field season. Photo: J. Chappellaz, CNRS/IGE/IPEV.
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Following this situation, we plan to design a dedicated short drill module allowing us to
recover potential probe parts that could fall down in the borehole during the next test
deployments.

Considering these needs for improvement of some items/technological choices for the probe,
the SUBGLACIOR team considers safe to use the coming 2017/2018 field season as an
additional test season at Concordia Station, before deployment at Little Dome C in
2018/2019.

RAID

The RAID drilling system was set up at the primary BE-OI candidate site Little Dome C on
22" December 2016, and drilling continued until January 6. The drilling operation was not
continuous, and in total drilling took place on 9 of the available days. The total depth
reached was 105m which takes the drilling through the full firm column and into dense ice.
619 samples of ice chips, giving a average depth resolution of 17 cm, were collected for later
analysis in the NERC-BAS laboratory in Cambridge.

While the overall concept of drilling with an auger style drill was proven to be effective,
several engineering and performance issues limited the depth achieved in the time available.

1. The main engineering issue was the power and torque available at the drill barrel.
Two barrels were deployed. A short barrel for the initial drilling to around 50m was
completely successful, and we consistently filled the barrel to capacity with ice chips
with a typical run lenght of 0.4m. A long barrel was deployed from 50m to 105m: this
was less successful, with typically only 0.75m drilled (against a design depth of 2m
per run). The limited torque available from the motor caused the drill to stop rotating
before the barrel was filled.

2. Motor controller AC/DC and DC/DC convertors failed unexpectedly, or output lower
power than specification. New convertors types will be sought.

3. Winch speed was about 25% lower than design — this is a simple controller
programming issue, but was not possible in the field.

4. Cutters were insuffiently hardened, and did not remain sharp during drilling,
decreasing chip size and chip transport efficiency, which impacts on the torque
required to rotate the barrel.

Once the drilling was complete, the NERC-BAS borehole temperature system was deployed
into the borehole. Over three consecutive days, the borehole profile was measured
continuously with a 30 second repeat of the full profile on the DTS cable, and on each of the
thermistor and PT-100 sensors. This technique allows us to monitor the settling of the
borehole temperature towards equlibrium with the ice sheet temperature after any drilling
disturbance, while repeated measurements improve the precision of the temperature profile.

After recovering the temperature system cables, a ‘coffee-can’ experiment was deployed into
the borehole by Partner ENEA. The system comprises a steel cable anchored to the base of
the borehole by freezing in a steel weight at the cable end. The steel cable is brought to the
surface and anchored against a reference aluminium tube set into the upper one meter of the
borehole. Measurement of the change in length of the steel cable protuding from the tube
over the following years will enable the determination of the vertical compression of the ice
due to compaction and strain thinning.
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4. Conclusion and Outlook

The first-ever field test of the revolutionary SUBGLACIOR probe proved to be mostly a
success. Many innovative technological solutions appeared well thought and working. A
landmark result of our tests is clearly to have shown that in-situ measurements with a cutting
edge instrument such as a embarked laser spectrometer, while conducting drilling and
penetration of the ice in a combined mechanical and thermal approach, is possible. Once the
remaining technological limits will have been addressed, and through a new test deployment
at Concordia, we will confidently deploy the probe on one of the target sites for BE-OlI,
hopefully providing the true ground truth down to bedrock of the existency of ice as old as 1.5
Myr, and in good stratigraphic order. More, this deployment will already provide a continuous
record of Antarctic climate change over the time scale covered by the target site, as well as
key parameters: the atmospheric methane evolution, being the best Antarctic proxy of
Northern hemisphere climate variability, and the dust concentration, impacting the radiative
balance and being an excellent tracer of glacial-interglacial cycles and strength.

Through the RAID system test, the novel concept of drilling an ice borehole and collecting
the chips for subsequent analysis in the laboratory proved to be successful. We did not drill
as deep or as rapidly as the design brief required: this was largely due to inadequate motor
power and torque. The drill system has been returned to the NERC-BAS workshops in
Cambridge, and the engineering design team are currently working on a higher powered
version of the drill. This requires changes to the drill motor and gear components, and to the
drill controllers on both the surface and in the drill sonde. We have identified candidate
components already, and work is underway now to improve the drill system performance in
time for the 2017/18 Antarctic field season. We expect to deply the RAID system effectively
in recovering deeper ice and temperature profiles at the cnadidate BE-OI site in 2017/18.

5. Outreach activities

The SUBGLACIOR probe test at Concordia has been communicated on a regular basis
through the Facebook web site of the project coordinator
(http://www.facebook.com/jerome.chappellaz). Updates once a week were posted, with
progress reports.

In addition, the Pl of the IPEV SUBGLACIOR project, Jérome Chappellaz (WP3 leader),
contributed to several outreach events over the winter 2016-2017 and spring 2017:
- Videoconferences from Concordia Station, notably with Italian museums and Italian

TV channels,
- Lecture for the 10™ anniversary of the European Research Council (ERC),
- Radio interview in France,
- Live TV interview in France,
- Seminar at the astronomy observatory of Nice, France.
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6. Acronyms
RAID — Rapid Access Isotope Drill
NERC-BAS — Natural Environment Research Council - British Antarctic Survey
DTS - Distributed Temperature System
PRES - phase-sensitive Radio Echo Sounder
AIM — Antarctic Isotope Maxima
BE-OI — Beyond EPICA — Oldest Ice
ENEA - Agenzia Nazionale per le Nuove Tecnologie, L'Energia e lo Sviluppo Economico
IPEV — Institut polaire francais Paul-Emile Victor
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