
 

 

 

OTC 27324 

Rapid Access Ice Drill (RAID) for Sampling Antarctic Bedrock 
D. L. Nielson and C. Delahunty, DOSECC Exploration Services, LLC; J. W. Goodge, University of Minnesota-
Duluth and J. P. Severinghaus, University of California, San Diego 

Copyright 2016, Offshore Technology Conference 
 
This paper was prepared for presentation at the Arctic Technology Conference held in St. John’s, Newfoundland and Labrador, 24-26 October 2016. 
 
This paper was selected for presentation by an ATC program committee following review of information contained in an abstract submitted by the author(s). Contents of the paper have not been 
reviewed by the Offshore Technology Conference and are subject to correction by the author(s). The material does not necessarily reflect any position of the Offshore Technology Conference, its 
officers, or members. Electronic reproduction, distribution, or storage of any part of this paper without the written consent of the Offshore Technology Conference is prohibited. Permission to 
reproduce in print is restricted to an abstract of not more than 300 words; illustrations may not be copied. The abstract must contain conspicuous acknowledgment of  OTC copyright. 

 

 

Abstract 
The Rapid Access Ice Drill (RAID) was designed and built to rapidly drill through the Antarctic 

ice cap, and then core the ice-rock transition zone and underlying bedrock.  The system is designed to be 

mobile and to operate autonomously near the South Pole at elevations of 3000 to 4000 m and at air 

temperatures as low as -40
o
C.  The anticipated drilling environment consists of about 100 m of firn that 

must be cased, followed by 2500 to 3300 m of glacial ice before reaching bedrock.  The ice temperature 

at the surface is about -55
o
C warming to near 0

o
C at the base of the ice (warm ice).  Previous work has 

focused on ice drilling and coring, and individual holes have required more than one drilling season.  

Our objective is to drill and complete a hole in approximately two weeks. 

Firn will be drilled using a conventional auger system at 177.8 mm diameter until impermeable 

ice is encountered.  Casing of 114.3 mm outer diameter will be placed in the hole and sealed against the 

ice with an inflatable packer.  The next stage of drilling utilizes a 88.9 mm bit and 69.9 mm flush joint 

NRQ V-wall core rod to drill the ice section with penetration rates of 3 m/minute.  The bottom hole 

assembly includes an outer bit and wireline-retrievable inner bit.  After experimenting with a number of 

designs, we chose an outer bit with steel cutters to optimize penetration through the ice.  In order to 

collect core in the transition zone or bedrock, the inner bit is removed by wireline and replaced with a 

coring assembly that utilizes an impregnated diamond bit. 

The drilling system consists of five modules that will be mounted on skis for traversing the ice.  

These are a Drilling Rig Module, Rod Handling Module, Fluid Recirculation System (FRS) Module, a 

Power Module and a Shop/Inventory Module.  The rig is a Boart Longyear LF-230 that we have 

modified to operate with an electric prime mover.  The drilling fluid is ESTISOL-140 that is recycled 

through the FRS.  The drilling system is powered by a 500 kW diesel generator.  Two of these units are 

mounted in a power module to provide redundancy. 

Introduction 
The development of a mechanical drilling system that is able to drill rapidly to the base of the ice 

sheet is a high priority for the Antarctic scientific community (IDDO, 2012).  The Rapid Access Ice 

Drill (RAID) is a platform that is designed to drill multiple deep holes in one operational season, to take 
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short ice and rock cores, and leave a stabilize borehole suitable for long-term down-hole observations.  

The scientific requirements of the project are as follows. 

 Drill a 2500 to 3300 m borehole to the base of the Antarctic ice sheet as rapidly as possible. 

 Collect short (~50 cm) ice cores while drilling through the ice. 

 Drill through dry, frozen-bed conditions at the basal glacial bed (ice-rock interface). 

 Collect 25 to 50 meters of continuous core in the bedrock.  

 Complete the borehole so it remains open for down-hole logging for up to 5 years. 

The technical requirements of this project are as follows. 

 Design an integrated drilling system that will mount on skis for traversing the ice cap and be 

capable for operating without close logistical support.  

 Build a system that will be capable of operating in the vicinity of the South Pole at elevation up 

to 4,000 m and air temperature as low as -40°C.   

 Minimize borehole fluid volume and rod weight requirements by drilling a hole with a diameter 

of 88.9 mm and clean borehole walls with a constant diameter that are suitable for optical 

logging.  Borehole ice temperature may be as low as -55°C. 

 Maintain a borehole deviation less than 10 degrees from vertical. 

 ESTISOL-140 was specified as the drilling fluid.  It has a low freezing point and is not ice-

reactive (“hydrophobic”) and has a density similar to ice (0.917 g/cm
3
) to provide hydrostatic 

pressure compensation at the maximum borehole depth.  It also has a refractive index similar to 

that of ice to permit optical borehole logging. 

 Design and build a drilling-fluid recirculation system that effectively separates ice and recycles 

the drilling fluid. 

 Operate with a drilling staff that can drill and core safely on a 24/7 schedule. 

 

The Antarctic ice sheet presents a number of difficult and challenging drilling environments.  

The top of the section is firn, or snow that is older than one year (Bentley, 2009).  Firn is very permeable 

at the surface but permeability decreases with depth as the density approaches that of ice.  The rate of 

densification is related to temperature and pressure and can be modeled using the Herron-Langway 

model (Herron and Langway, 1980).  If we assume a surface temperature of -51
o
C, a temperature that 

we expect near the South Pole, this model shows that firn has a density of 0.907 g/cm
3
 at 120 m, but it 

does not reach the density of ice (0.917 g/cm
3
) until a depth of 200 m. 

Below the firn-ice transition, the ice maintains a constant density, but it is affected by heat flow 

from the underlying continental crust.  The ice warms with depth and can reach its melting temperature 

at depths of about 2500 m.  Although the project will be designed to avoid areas with a wet bed (water at 

the ice-bedrock contact), a number of previous projects have encountered problems drilling this 'warm 

ice' (Augustin et al., 2007a, b).  

The drilling process can produce a sufficient amount of mechanical energy to melt ice at the bit 

and then re-freeze on down-hole components.    This issue has been addressed in the design of drill bits 

(Azuma et al., 2007) as well the fluid circulation system.   

At the bottom of the ice sheet, we expect heterogeneous conditions that may involve a sharp 

transition from ice to rock or a variety of basal moraine materials and lithologies.  These zones will be 

continuously cored using wireline retrievable assemblies. 
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Drilling Methodology 

Firn Drilling 
Because of the high permeability of the firn, casing must be used to conduct the drill fluid from 

the surface past the firn and into the impermeable section of the ice sheet. In order to set casing and 

secure it with an inflatable packer into impermeable ice below the firn, a hole of about 178 mm in 

diameter will be drilled using a continuous auger.  Although augers are cumbersome due to their weight 

and size, we will use 1.5 m auger sections to drill into impermeable ice.  HWT casing (114.3 mm) will 

be set from this depth to the surface and secured in the hole using an inflatable packer.   

Ice Drilling 
Once casing has been set and secured in competent ice, the principal drilling activity can start.  

The objective is to drill as rapidly as possible while maintaining a straight, vertical hole of constant 

diameter.  Care must be taken to avoid warm circulating fluid that will melt the ice or overpressures that 

can propagate fractures.  Drilling will use a pressure reverse circulation method where drilling fluid is 

pumped down the annulus between the borehole wall and the drill rods.  The fluid passes across the 

cutting face of the bit and returns to the surface through the center of the drill rods, carrying with it ice 

cuttings.  We have chosen this approach to reduce the probability that ice chips will pack off in the 

narrow annulus between the borehole wall and drill string. 

The rate of penetration is determined by the time required to add new joints of rod to the drill 

string.  However, it will be important to control the mechanical energy at the bit face.  In warm ice, the 

cutting action may raise the temperature at the bit face by an amount sufficient to melt ice.  Water would 

then refreeze, blocking the return fluid flow and requiring a trip to clear the obstruction. 

The RAID system has three primary drill bits used for ice drilling and coring section of the hole.  

The outer bit, that will remain down hole during the entire drilling/coring sequence, has an outer 

diameter of 88.9 mm and an inner diameter of 57.2 mm through which different tools can be deployed.  

Within the outer bit, either a face-centered bit or coring assembly can be positioned.  The face-centered 

bit is used for drilling (non-sampling) through the ice.  The bit’s cutting surface is made of sharpened 

steel that has a history of ice drilling in Antarctica. 

Transition and Bedrock Coring 
In order to core the transition zone at the base of the ice sheet and the underlying bedrock, we 

will be using a modification of a drilling and coring assembly we have used to successfully sample 

modern lake sediments (Nielson, 2003).  The face-centered bit used to drill the ice will be removed from 

the BHA by wire line and a coring assembly will be installed.  This allows us to change from drilling to 

coring without pulling the entire drill string. 

RAID Components 
Figure 1 shows the overall configuration of the RAID components.  These consist of the 

following modules: Drilling Rig, Rod Handling, Fluid Recirculation System, Power, and 

Shop/Inventory.  Additional equipment needed to support the drilling operations (tractors, housing and 

catering, fuel etc.) will be provided by the National Science Foundation's  Antarctic Support Contractor.  

In designing the drilling system, we focused on components that were available off-the-shelf.  

This approach has advantages over designing components from scratch that include cost savings, proven 

track record and availability of spare parts.  However, because of the mission and requirements of 
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operating in an extreme environment, many components have been specifically designed or modified to 

meet application requirements. 

 

Figure 1. RAID set up for drilling. 1. Joined rod and drilling modules with environmental tent deployed. 2. Fluid Recirculation 
System, 3. Power Module and 4. Shop and Inventory Module. 

Drilling Rig Module (DRM) 
A Boart Longyear LF230 drill rig was selected from a number of candidate rigs.  The rig has a 

telescoping mast that can handle up to 10 m rods.  The rods are rotated by a chuck that can develop the 

high rotation speeds necessary for hard rock coring.  The standard prime mover of the drilling rig was a 

diesel engine that was replaced by a 300 hp electric motor.  Replacing the diesel engine allows us to 

reduce the number of internal combustion engines at the drill site and also reduces the size of the LF230 

frame.  The rig was installed on a skid that will provide stability and environmental protection for 

equipment and operating crew.  The skid is a custom built frame made of high-strength, low-carbon steel 

to reduce the potential for fracturing at low temperature.  The module is enclosed by retractable roof and 

walls to provide environmental protection. 

Rod Handling Module (RHM) 
Our drilling plan requires three different tubular strings that will be housed in the Rod Handling 

Module.  The first of these is a 177.8 mm continuous auger that will be used to drill the firn.  The second 

is 114.3 mm HWT casing that will be set with a packer to stabilize the firn section.  All drilling and 
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coring will use NRQ V-wall core rod.  This string has a published capacity of 3360 m.  The rod has an 

outer diameter of 69.9 mm; a minimum inner diameter of 62.2 mm and a weight of 6.81 kg/m.  We will 

be handing this rod in 10 m lengths. 

The function of the Rod Handling Module is to organize the tubulars, transport them and stage 

them for the drilling operations.  The auger flights will be stored vertically on one side of the module, 

while casing and NRQ rods are laid flat. 

Following transport across the ice as an independent unit, the RHM will be physically connected 

to the Drilling Rig Module and enclosed by the same retractable walls that are present on the drilling rig 

module.  We have also based the rod handling module on a high-strength, low-carbon bent steel frame 

similar to that of the DRM. 
 

Fluid Recirculation System (FRS) 
The FRS is a critical design component that must deliver ESTISOL at as low a temperature as 

possible to the annular space of the drill hole, and handle the returning drill fluid and ice chips in a 

continuous process.  Because of the environmental sensitivity of Antarctica and costs associated with 

using ESTISOL, we have chosen as small a borehole diameter as possible and engineered a system to 

recover and re-circulate as much ESTISOL as possible.  The FRS is mostly housed in a high-cube 40-

foot shipping container. 

ESTISOL is transported to the site in bladders and is transferred to the FRS and stored in a tank 

of 3785 liters capacity.  The drill fluid is then pumped to the supply tank that maintains a low positive 

pressure to ensure that the fluid flows to a Bean pump on the drill platform.  The fluid is then pumped 

into a diverter on the well head and circulates down the annulus of the hole.  It passes across the drill bit 

and is returned with ice cuttings up the center of the drill rods.  The ice + ESTISOL slurry passes 

through a swivel at the top of the rods and is returned to the FRS.  The slurry flows onto a shale shaker 

where free ESTISOL will fall through the screen and the ice chips are transported to a melting tank.  

Experiments show that about 15% of the ESTISOL adheres to ice chips, and additional processing is 

required for its recovery. 

The free ESTISOL will be pumped through a filter bag to remove any impurities and ice chips.  

This filtered ESTISOL will be returned to the supply tank ready to be re-injected to the hole.  The ice 

with ESTISOL will circulate in the melting tank until the ice is melted and the water and ESTISOL 

separate.  The liquid mixture will be skimmed off of the top of the tank and pumped through a different 

set of filter bags, and pushed through a coalescing medium to separate the water and ESTISOL.  Water 

will be pumped out to a waste pit, and ESTISOL will be cooled in a heat exchanger and returned to the 

supply tank for re-injection.  These functions will all be run by a programmable logic controller that has 

a human/machine interface (HMI) at the drill console.  If the system runs into problems, the HMI will 

alert the driller and personnel can be dispatched to investigate. 

Compressed air may be required to lift return fluids by injecting in the interior of the drill pipe to 

lower the fluid column density.  Calculations of down hole pressure losses show that for the major 

portion of the drilling through “cold” ice the fluid can be circulated in the reverse manner by pumping 

against the annulus with a standard mining industry style triplex Bean pump and maintaining a pressure 

differential ceiling of 1.0 MPa.  The primary concern of drilling with pressure losses occurs lower in the 

hole as we move into “warm” ice regions where decrease in pressure can result in rapid plastic flow of 

the ice.   
 

Power Module (PM) 
The RAID system relies on diesel-powered electrical generators to provide all of the power for 

the drilling operations.  We have two 500 kW generators to provide redundant power in the event of 
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mechanical failure.  The generators are mounted in a 40-foot shipping container.  The doors at each end 

of the container are opened to allow access to a power panel.  In addition, the generator fans are located 

at each end to allow access to outside air.  A louvered chimney on the top of the container has been 

install to control air circulation and optimize operating airflow and temperature for the system. 

Shop/Inventory Module (SIM) 
The RAID system includes a shop module for storage and maintenance of drilling tools.  Since 

this is an autonomous system, it is necessary to carry the tools and supplies to make all needed repairs in 

the field.  This module is also based on a 40-foot shipping container. 

System Integration 
Although transported separately, the drilling rig and rod handling modules will be joined for the 

drilling process.  A tent structure will be supported by the rig's mast but will also tie down to the rod 

handling module.  The tent will provide environmental protection to the crew and equipment during 

drilling activities.  

Risk, HSE and Regulatory 
We have dealt with risk on the RAID project on a number of different levels.  During the design 

and fabrication of the system, we specified products that were rated for low-temperature operation.  For 

support skids for the Drilling Rig and Rod Handling Modules, high-strength steel was selected to 

prevent fracturing when these heavy components were towed over uneven snow. Critical individual 

components, such as seals and o-rings were bench-tested for their ability to function in cold 

environments and to withstand contact with ESTISOL.  Following assembly of the system, we 

performed an integrated system test at a North American Test Facility that we constructed in Utah 

(Nielson et al., submitted).  Finally, the system was commissioned at our yard in Salt Lake City before it 

was shipped to McMurdo.  Following its arrival early in 2016, the system was inspected for shipping 

damage and then prepared for winter storage.  During this time, we also ran field trials on augering firn 

and setting casing since these are critical aspects for the success of the reverse circulation of ESTISOL.  

In late 2016, we will be conducting field trials at Mina Bluffs.  This is an area near McMurdo where we 

will test all of the functions of the RAID before it is deployed to the South Pole. 

Antarctica is a unique environment that requires specific precautions for personnel and 

environmental health and safety.  Many of the general HSE precautions are outlined in the Participant 

Guide for the US Antarctic Program (USAP, 2014-2016).  Some of the unique environmental 

characteristics of Antarctica are as follows. 

 Altitude.  The system will be operated at elevations of 2,500 to 4,000 m.  When working at these 

elevations, crews must be very aware of both mental and physical fatigue. 

 Humidity.  Antarctica is a desert, with the relative humidity at the South Pole often as low as 

0.03%.   

 Wind.  The strongest winds in Antarctica are a result of cold, dense air flowing out of the polar 

plateau down steep drops along the coast.  These can be expected during our field trials at Mina 

Bluffs; however, the highest winds recorded at the South Pole were 88.5 kph. 

 Temperature. The mean annual temperature at the South Pole is -49
o
 C and during the summer 

months, the temperature may reach -18
o
 C. 

The majority of injuries for people operating in Antarctica are snow blindness, dehydration, altitude 

sickness, frost bite, fatigue and the response time required for higher level medical care. 

Our HSE requirements also include those that are normally related to drilling operations.  

However, this project also has unique requirements associated with the handling of ESTISOL.  The 
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compound is not toxic, however, handing it at low temperatures can result in serious burns if it comes 

into contact with the skin.  Additional levels of protective clothing and eye protection are mandatory. 

No nation owns Antarctica or has regulatory authority over activites.  The continent is reserved 

for scientific research by the Antarctic Treaty that has been recognized by 50 countries.  The USAP 

Environment, Health and Safety Division manages the HSE aspects of all project work 

(www.usap.com). 

Conclusions 
The RAID drill and FRS have undergone field testing at a facility we built to test ice drills 

(Nielson et al., submitted).  During this test, the system functioned as designed.  The RAID has been 

transported to McMurdo in Antarctica and will undergo additional field testing at Mina Bluffs in late 

2016.  Full deployment to South Pole Station is expected in 2018. 
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