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 Abstraet: The seareh  for 
'`zero

 defects" ice cores  continues  to challenge  thc ice cering
and  dritling cemmunity.  No  singte dri11ing and  coring  device wilr  fi11 all needs.  Each
projeet w'i]1 have special  reqLiirements  and  -'i]1  rcquire  an  initial dccision as  to the most
efTectivc

 drilling system  te be uscd  lls vv'el] as  cnsuring  persona[ and  cnvironmental  safety.

 PICO
 
has

 
developed

 several  types of  drilling and  coring  systems  ftom a  lightweight
hand auger  to more  compticated  electromechanical  dril]s (dry and  fluid-fi]]ed lteles) with

rock-penetrating  capability  and  thermal drills. Logistics considerations  are  important, and
a comparison  is mude  between the  dri[1 types associated  with  system  weight,  expected

powcr and  dritling ]iquid requirements.  and  fuel consumption.

 
Rccent

 technological  develepments  involve hot-watcr  mechHnical  drilling,
improvements

 
in
 antit'rccie  and  thennal drilling. the deve[opment of  dircctiona] dri]ling,

antifi'cczc  dissolution drillinLu, and  vibratory  dri]]ing.

1. Introduction

    The Polar Icc Coring OfTlce (PICO) was  establishcd  by the U.S. National Science
Foundation  (NSF) in 1979 to continue  providing drilling services  for the scientific
community  at the end  ofthe  Ross Ice ShelfProject (RISP) in Antarctica. At the beginning
of  the 1980s, a core  drMing inventory and  capability  was  minimal.  Because  of  this,
attcntion

 was  diverted to building drill systems  that increased depth capability  while

reducing  the logistics burden. The  wide  range  of  ice temperatures  from OOC to -57"C,

physical characteristics  ofthe  ice, and  depth rcquirements  led to the development ofa  suitc
of  drills that made  it possible to obtain  ice cores  under  a  wide  variety  of  natural  conditions.

    
Numerous  ice-core drilling systems  have becn developed and  used  over  the past 30

years (Icc Core Drilling, 1976, 1989; Ice Drilling Technology,  1984). These  systems

pro.dt{ce core  
by

 cutting,  shaving,  or melting  the ice. Physical designs of  the many
vaneties  of  coring  devices vary  considerably.  Each preject has unique  requirements  and
requires

 an  initial decision as  to the most  effective  drilling system  to be used.  Figure 1
schematically  illustrates a decision tree for choice  of  a driliing system  (RINALDT et aL,
1990). The t-'o systems  can  be subdivided  into various  categories. Figure 2 illustrates
several  types of  drilling systems  f}Aom a lightweight hand auger  to thc more  complicated

elcctromechanical  deep jce-coring system  fbr use  in fluid-fi11ed holes, Table 1 further
dcscnbes the capabilities  of  cach  type ofdril]ing  system,  its use,  depth capability,  and  core
size.

 Approximate  weight,  power  requirements,  and  fuel consumption  are  given to
illustrate  thc expectcd  logistic requirements  associated  with  each  ice-coring system.
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Description
 ofPICO dritling sy'stenis sho"Jing  capabilities,  core  siie, weight,  andpower  requirements.

Dri11 type  Depthcapability Usc Core size

 length
System

 "'t

  Pewerrequirement Expected

   fuelconsumptien

Handauger

ElectTornechanical

(dry)

Electrothenmal

Electromechanical

(fluid)

Thcrrnal(hot
 water)

40 .m

 150mbelow

firn ice trunsition
  or300m

 Depthofice

  with  fluid

  Unlimited
  including
}imitcdbedrock

  sampling

 Unlimitcd;

  bedrock

  sampling

(experiments)

  Shallow
sarnpling  f}om a
 remetearea

DeeperdrilLing

 (icc); remote

   area

  warm  lce,

  remote  area

 Sampling into

bedrockrequLres
 major  support

and  25L or  fluid

   perm

 Access  to or

 sampling  of

bedreck. Size et'

  systcm  is a
fUnctionofdepth

 requirement

7.5, IO, l5 cm
   lm

7.S. 10, 13 cm
   ]m

8 cm3m

13 cm6m

30crnIO.m

  1OO kg50

 m  system

1 OOO kg with
  spares

 including

 generater

  20 kg{dri]1en]y)

 5ooO kg

 without

generatoror
  fiuid

Froin 1OOO to

 ]oooo kg

4kW

4kW

35 kW

40 kW

200 L/200 m

300 L/200 m

l5 lh

80 Lthr

gravity) to specific  modulus  (modulus ofelasticityfspecific  gravity)
materials,  aluminum,  and  steel. The  data show  that the com  

'

and  stiffbr than  aluminum  or  steel on  a  per-weight basis.

    Composites and  composite  fibers are  incerporated in most  PICO
]ightweight hand auger  to the deep ice-coring drill. High
high tolerance to damage are  among  the reasons  for the selection
Kevlar, rather  than  stee], is used  in drill system  cables, which  allows  for
by a  factor of  eight-fbld,

                            2. Ice-CoringDrills

2.1. Lightweightauger

    Extensive use  ofglass  epoxy  composites  has resulted  
'

ice without  the use  of  a tripod (Koci, l984; Koq  1989c; Koci and
depths of  approximately  30 m,  or  to 50 m  with  a  tripod to assist  in 

'
 
'

The core  barrei, available  in either  1- or  2-m lengths, is a  piece
15-cm  core  size  also  available) composite  pipe wrapped  with  two
weight  polyethylene spirals  rivetcd  to the barrel. An  aluminum

quick-release pins is used  to connect  the core  barrel to the extensions,  The

      for several composite

posite materials are  stronger

           drills from the
strength-to-weight  ratios and

     of  composite  materials.

          wejght  reduction

in an  auger  capable  ofdrilling  in

          Kuivits'EN. 1984) to

        raismg  the drill string.

    of7.5-cm  diameter (1O- or
         ultrahigh  molecular

      adapter  held in place by
              extenslons  are
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         Fig. 3. Description  qf'specijicstrength to A7)ectfic  moduluh'for  various  materiais

              (So"rce.' Addax, lnc,, Lincoln, iVebraska),

5-cm-diameter composite  pipes cut  to either  1- or 2-m  lengths with  a weight  of  about  1 and

1.5 kg per meter  extension,  respectively.  New  extensions  weighing  400  g/m are  being

fabricated firom graphite and  SPECTRA  (Allied Fibers, Inc,). Extensions are screwed

together, The strength  ofthejoints  and  pipe used  in the lightweight auger  are  more  
tha.n

adequate  fbr all shallow  drilling operations.  Another advantage  ofusing  screw  threads is

that nothing  protrudes beyend the outside  diameter (O,D.) of  the extensions,  thereby

eliminating  the possibility of  ehips  being scraped  eff  the hole wal!.

    Cutting heads incerporate a  tapered  annulus  and  core  dogs to insure positive catching

ofthe  core  after each  run  down  the hole. Adjustment  screws  are  used  to control  the rate ef

penetration and  to ayoidjamming  the drill head in the hole. The use  of  solar power  and  a

small  electric  driye can  be used  to increase drilling rates. Solar power has been used  to

drive an  electric  motor  (Koci and  KulviNEN, 1984). Because only  250  W  are  required  to

drive the drill, the moterlpower  system  is neither  large nor  heavy.

2,2, Electromechanicaldriil

    The  10-cm core  diarneter electromechanicaj  dri11 system  (Fig. 4) is capable  of  drilling

to 300  m  and  serves  as  an  intemiediate drilling system  between shallow  depths and  deep

ice coring  well  below the firn to ice transition. The system  shown  in Fig, 4 was  transported

to the Dunde Ice Cap, China (5400-m elevation),  to drili three cores  to bedrock, each

yielding approximateiy  135 m  of  core.

    A  308-m  core  was  obtained  during the summer  of  1993 frem the Guliya lce Cap
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(6200 m),  China. Retrieval of ice core  from over  200 m  below the firnlice transition
required

 
a
 
change

 ofdrill  type from e]ectromechanical  to therma]  (Koci and  ZAGoRot)Nov,
l994),

 2.3, 77iermalsystems

     Thermal-electric drilling systems  use  drilling heads in which  heating elements  are

 clrcularly
 
embedded

 (Fjg. 5), When  the heated head is lewered into the ice, it me]ts  a

 
circular

 ring and  penetrates deeper into the ice. The  ice core  then moves  deeper into the
 chamber  ofthe  driiling system  (RiNALDI et aL,  l990).

     The  PICO  electrotherrnal  dril1 consists  of  a heating element  attached  to the end  of  a

 
core

 
barrel.

 
The

 
heating

 elernent  is unique  because it is hermetically sealed  and  pressure
 tight to approximately  500 psi, It can  provide power in excess  of40  Wfcmi. Heat-transfer

 
efficiency  is high because the heating elements  are  in direct contact  with  the ice,

 IVtalimum power.dissipation is 8.000 W  in a IO-cm  diameter, O.63-cm-thick ring,  Ifthe

 ice is colder,  the ice core  tends  to fi:acture. This type  of  themial drM  is usefu1  for shallow
 and  intermediate depths (Koq 1985).

,i,i,.ki,, 
',2'.3ms

 ,ilg,h,t:;Fi5gS. ̀.Wi:gh,,:1 
'Ilh,,Ki,X-Aa5,ga,P,Le,,W.ag.ge,VjlLO,PS,d,,fb,:

 
",g?,!:,

 2g\h,g
 
to
 
bedreck

 on  the Quelccaya lce Cap  (14 S, 70 W). A  2-kW  array  of  solar  voltaic  panels

 
was

 
used

 
to
 provide power. An  electromechanical  drill was  used  to make  two  starting

 holes through the firn to a depth of35  m,  Thereafter, a  therrnal drill was  used  to collect

 
cgre

 
to

 
bedrock,

 which  was  reached  at 163 m  and  154 m  (Koa, l985), A similar  system

 
with

 an electromechanical  drill was  used  to drill three holes to bedrock (135 rn) on  the

 Dunde Ice Cap, China.

     
All

 
PICO

 drills can  use  a variety  of  power  sources.  A  2-kW  array  of  Solarex, Inc.,
HE-60

 panels (Fig, 6) was  used  on the  Quelccaya Ice Cap in 1983 to power  the
electromechanical  and  thermal drills.

    
Thermal  electric  drilling is slow  and  power-consuming.  The  presence of water  in the

hole
 
can

 
result

 jn freezing in the drill system.  There is also concern  about  fracturing the
core.  Thermal  drills have limited capabilities  in penetrating dirty ice,

    Hot-water drills are used  extensively  to provide access  holes for instrumentation and
se]slnic

 
investigations.

 The  drill systern  consists  ofa  downhole  hose and  nozzles,  winch,
mixing

 fnanifold, 
and

 
sled-mounted

 standard  car  wash  heaters to provide hot water  (Fig.
7).

 
During

 
the

 
1987-88

 field season,  two ho]es were  drilled (370 m  and480  m)  through the
Crary

 
rce

 
Rise,

 Antarctica (83 S, 170 W),  to install thermistor  cables  (KELLEy and  Koci,
1990).

 
The.hot-water

 drill melted  a hole 25 cm  in diameter at an  average  drilling rate  of
O.5 m  per mmute.  Instrumentation on  the drill stem  included inclinometers to measure  the
tilt

 
of

 
the

 holg, thermistors to measure  the water  temperature  and  hcat loss, and  calipers  to
measure

 
the

 
size

 
ofthe

 hole. Based on  modeling,  hot-i-'ater drilling techniques are  capable
of  reaching  depths greater than 2000 m  (DAs et al,, 1992).

2,4. Deep  ice-coring system

    
Core

 quality rather  than hole closure  limits maximum  drilling depth in a dry hole,
Addition

 ofa  fluig not  Q,nly compensates  for the overburden  pressure, but aids  the drilling
process by enhancing  chip removal  and  damping vibration  in the drill. Beyond  that depth,
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Fig.4. 200-m etectromechanicat  ice coring  system.

  IO-cm ice cores  are  in theforeground,Dunde

 Ice Cap,China,

Fig,5. PICO  electrothermat  drill capahle  qf'taking an  S-cm diameter ice core.

Fig. 6. 2 kMsolar-powered drill system.Quelccaya  lee Cap,Peni,l9S3,
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fi'g, 7.PICOhot-u,aterdriU.A
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Schematic of'PICO deep ice coring  drilL

fluid where  the purpose is to obtain  high-quality cores  fbr glaciochemical analyses.  It has
been    used  successfully  in thermal drilling (ZAGoRoDNev et aL,  1992),

    
PICO

 has also  modified  its deep-coring drill to accept  a rock-drilling  bit to penetrate
the rock  substrate  under  the ice (Fig. 9). A  155-cm length ofrock  core  (3.34-cm diameter)
was  recovered.  The  ice was  frozen to the bedrock.
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TZ ble2. &)ecijic drilling,fiuid requirements.fl),'  PICO drills.

I. Non-toxtc

2, Chcmically clcan

  a, no  saltions

  b. Not  to interft re with  analysis  for/

     i, Al, Pb, Zn, Cu, Cd, Se. As, Sb

     ii. oxygen  isotepe rations

     iiL CO  andC"
          2

3, Hydrophobic {will not  attack  ice)

4. Viscosity (Icss than S cp}

5. Density 920 kg･'ini at  
-50

 to OeC

6. Will not  attack  drill materials

7. Dielectricdesirable

netFrc
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Fig.9. Schematic qf'rock-coring
   drill adaptedjbr  use  on  the

   PICO  deep ice coring  driU,
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2.5. Drill heacts andce{tters

    
Drill

 
heads

 
and

 cutters  currently  are  machined  on  a 4- axis  CNC  milling  machine.
are

 currently  investigating the petroleum industry's use  of  matrix  drM  heads
replaceable

 steel or  carbide  cutters.  An example  ofa  drill head and  cutter  is shown  in Fig,

Wewith10.

Fig.
 
1O,

 JO-cm d}'iit head and  cutter  used  on  PICO  drill systems.

2.6, Deep-drillhandlingsystem

    
A
 
carousel

 grilr-hgndling system  (Fig. 11) was  designed and  constructed  to support
the

 
deep,ice-coring

 dnll in the Greenland Ice Cap during the GISP-2  Program, The
carousel  is used  to break the 24-m  drill string  into 6-m  sections,

    
Copstruction

 ofthe  drill-handling system  (WuMKEs, 1994a, b) utilizes  aluminum  and
composlte

 
materials,

 Prill components  are stored in fiberglass-epoxy (AMERON)  pipe.These
 pipes also contain  the butyl acetate  wash  system  (GosiNK et al,, l991) used  in the

removal
 
ofchips

 from the well  screen  sections  in the drill. The  chip!slurry  mixture  is
collected

 
in
 a drain pan located under  the carousel.  An auger  removes  the chips  to a

rheOclodvienrgedt.ank
 
Where

 
the

 
butyl

 
acetate

 
drilling

 
fluid

 is removed  by a centrifuge  and

    Handling of  drill-core barrels is accomplished  by use  of  a  tilt-table made  of  an
aluminum

 beam, The only  drill component  that is laid down  is the core  barrel. Once the
core  barrel is in ahorizontal  position, the head can  be serviced  and  the core  removed.  The
core

 
is
 logged and  cut  inte 2-m sectjons,  then placed in a polyethylene tube in 2-m core

trays.

2. 7.Cablefor  cleep  drilling in 
.fluid

 hotes
The use  ef Kevlar as  a  strength member  in ice-dri11ing cables  began in 1983 with  the
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LAll  drill cornponents  are  bandled
in a  vertical  pesition. This

simplifies  the disconnecticennect

precedure  and  minimizes

dripping ofthe  dri]1 fiuid.
Core removal  is efTlcient,  as  is

he servicing  of  dri11 compenents.

Reconfiguring of  the drill can  be

done  while  the drili is being

owered  down the hoLe.

The dri11 is never  dismantled over

the bore hole. This procedure
eliminates  the  possibility  of  a

section  t'ree-fa11ing to the bottom.

Chip removal  is simplified.

Drilling fluid and  soaked  chips

arecontainedclosely.

x

Fig. 11,Deep  ice c'ore drill handling s.vstem.

Quelccaya Expedition. The  7:1 strength  to weight  advantage  oyer  steel  reinforced  
cables

was  the single  advance  that made  that preject possible. Successfu1 use  over  a period of

eight  years suggested  that the use  of  Kevlar cable  in a deep-drilling project would                                                                 keep

downhole weight  to a minimum  while  providing enough  power to run  a drill capable  
of

drilling into bedrock. The Kevlar cable  weighs  400 kg in the drill fluid at 3000 m  
while

 
a

steel  cable  weighs  3500  kg,

    Borehole fiuids eventually  remeve  the cable  lubrication which  degrades the cable

fibers during the many  trips of  the cable  over  a sheave,  More  conservative  
operatmg

standards  must  be used,

    At the beginning of  the GISP-2 project, cable  specifications  were  10 times  expected

tension. Chafing of  the cable  strength  members  resulted  in significant  strength  loss during

the 1992 season  which  halted drilling early.  Subsequent investigations have  shown  that

similar  results  have been ebserved  in cables  immersed in sea  water  working  near  the
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 Spooling problems and  cablejumping  may  have also contributed  te the
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 ,go,ke,hs.ia 
ig
'

,q,uASL
 
t:,p,:12b,g?

should  be 40:1 .
            New  fibers or new  lubricant impregriations may  also  be usefu1,

2.8. Development ofalternative drilling systems

,.,,g".rr,z",lliix･E,Pi,:O,,,`::g,eili'gAaSn,i,2ite,rn,://vs,zxl:::,.to,p.rgd:sg,gijllhiEqx,a,li?',:2es.os2s,

/1

r
'

5

i

s

'

;

tl3.''1i

'x2/

6

i
l

4

t
l

10

9

8

7

i

L/

I2345678910
    DriH Description
dri]iing head
core  catchers

pistoncore
 barrel

antifreeze

fiuid filling inlet
uniyersal  coupling

antltorque

instrumentationpackage
suspension,  cable  termination

    Antifreeze Thermal Electric

       Drill Specifications
Temperature of ice - e to -6o'c
Heatereuterdiameter - 114mm
Heaterinnerdiarneter - 102mm
Borehole diameter - t30-136 mm
Dri11 1ength - 4,5m
Core  length -3m
Drill weight  - 60 kg
Pewerconsumptien  -3kW
Drilling rate - 5 mfh
Penetration rate

C2 shift depth 3000 m)  - 420-650

               mlweek

M'g, 12.Antij}'eere
 77iermal Electricat DriU  Lil 71iQ).
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V,

 
ZAGoRoDNov

consideration:  a  hot-water mechanical  drill (KELLEy and  Koci, 1990; DAs  et aL,  1992) and

a new  version  of  an  antifreeze  thermoelectric drill (ZAGoRoDNov et  aL,  1992, 1994a).

:
'

g,ule,,!2,e,e･,icg:
'b.e%`,h.e,R'.o.toly,2LA:IIe,r:}}Eig,iss.o'://g･2,d/jX,ka,ZOi･gt,Or.Y,rl.Pe,r,ir:,Z".`S,XgO,,),?I

promise to penetrate 
"dirty"

 ice and  has low power consumption  and  
low

 
logistical

 
support

cost,

    The  principle of operation  of  the antifi'eeze  thermal electrical  drill (ATED) is that the

drill is immersed in an  antifreeze  solution,  e.g., ethanoVwater,  glycols, etc., in the borehole.

The  drill is fitted with  a  heating element  that melts  the ice, The  melt  water  mixes  with  the

antifi:eeze  solution.  The  concentration  ofthe  antifreeze  maintains  the freezing point equal

to the temperature of  the surrounding  ice.

    The  new  design ATED  offers  simple  mechanical  structure  that may  ot:fer greater

decrease in thermal  shock  to the ice core  than  previous ATEDs, as  well  as  incrcased travel

speed  in high-viscosity solutions.  Numerical modeling  based on  experimental  data shows

that the magnitude  of  thermal  elastic  stresses  in the ice core  due to the drilling-melting

                                                           is should  allow  fbr
process can  be reduced  from 5 to 6 times (NAGoRNov et  al,, 1994). Th

high-quality ice cores to be obtained  from glaciers that are at  
-600C.

     Penetration rates  are expected  to increase over  older  models.  The  ATED  can  also  be

 used  fbr dircctional dnlling. Drilling costs may  be substantially  reduced  for deep and

 intermediate drilling, compared  to other  methods.

     A  recently  designed device called  a  whipstock  (Fig, 13) was  used  to defiect an  
ATED

 in a previously drilled borehole (ZAGoRoDNov et al., 1994b). The test demonstrated 
tha.t

 
a

 whipstock  deployed in the main  bQrehole perrnits directional drilling to obtain  
extra

 
ice

 cores.  The whipstock  was  placed 25 cm  above  the bottom ofa  4.5-m deep borehole. The

aL

/!

'geIi.Stl

  Whipstock : a - Los-'ering (initial) stage,

          b 
-
 w{)rking  stage,

          c-neck,

          d - heating releas  mechanism.

Fig. 13. IVthipstoc'k usedfor  the  directional driUing.
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ATED

 
was

 inc]ined in the previously prepared cavity  to an  angle  of up  to 30, When  the

  
second

 borehole reached  a depth of  about  6 m  from the whipstock,  it had no  inclination.

 
The

 
distance

 between axes  of  the main  and  secondary  boreholes was  about  O,3 m.  The

 lil:,iPhS,tO.Ct,kd:la,S,tfr.1,Z,eSyi,".tOd 
t,h,e.

 IS,i"d 
bfrO.ri;htOil,ehd."1//?g

 
directional

 drilling, and  afterwards,  it

     Results of  the test ofthe  whipstock  showed:

  
i)

 g.h,e.W,,hilP,S.t:.,C.k ,P,'?:.2tilg,e,i,S,P:a9`al,a,1,[i/l.r.a,1`GCIIfiftz.e,lhemio'eiectric 
ice
 
coring.

 No extra

 
2)
 40nh5Yuresi)ghetf 

ethXetr(1,Ri9pUsriocWkeirne

 
tnheeebdoePehfborieRiacernent

 (about 4 hours) and  recovery  (about

 
3)
 
The

 secondary  borehole regajns  its vertical  trajectory about  6 m  down  firom the
    whipstock.

 
4)
 giheearliVhiPStOCk 

can
 
be
 
recovered,

 
even

 
when

 
the

 borehole freezes or is deformed by

 
5)
 
The

 angle  of  deflection of  the secondary  shaft  depends on  cavity diameter, not  the

    
slopp

 
angle

 
ofthe

 upper  surface  ofthe  whipstock.  The maximum  angle  ofdirectional

    drillmg (DD) with  the antifreeze  thermal drill is estimated  to be 400 to 500.

 
6)

 
The

 
access

 hole in the center  of  the  whipstock  aliows  scientific equipment  to be
    lowered for simultaneous  use  in one  or  more  secondary  boreholes.

 
7)
 
Borebole

 lggging equipment  can  be deployed with  the whipstock  placement device to
    permit DD  m  specific  azimuth  direction,

 8) Special heaters can  be depleyed to melt  the cavities in O,5 to 1 hr,

 
9)

 The whipsteck  can  be deptoyed with  a rubber  packer, which  permits use  of  the ATED

    
in
 
borgholes

 fi11ed with  hydrophobic liquids (DFA, kerosene, butyl acetate),
 
10)Com.bmed

 geployment of an  electric  thermal drill, a whipstock,  and  placement of
    Iogging equipment  will  make  the foIIowing possible:
   

.
 Additional ice cores  from any  depth and  azimuth;  and

   
.

 
"Fresh"

 ice cores  from 
"old"

 boreholes: Camp  Century (1966);
     Byrd  Station (1968); Dye-3  (1981); GISP; GRIP

    Directional drilling technology  can  provide additienal  boreholes and  ice core  from
any  desired depth at any  time.

. . , 
Recently,

 the Antarctic Muon  and  Nutrino Detector Array (AMANDA)  Program  was

bz:,'g.`e.d,,e,t,,gp,".t8,,P:,ie,ll,`:･:`g,p,.･ 2,21a,'.cS,c,1,w.h,ir?,se;:y`r.'f,,:kzcl,"g,.s.tg:gs,:A,Z,O
out

 
by

 hot-water techniques.  Drilling a largc-diameter hole in ice that is -500C  to the
bottom requires  1 MW  of  heat, which  places a large logistics burden on  the South Pole
Station.

 PICO  is investigating the use  ofsolar  conccntrators,  which  can  ease  or  eliminate
this burden and  provide electricity fbr the station  during the summer  months.

   . 
An

 expansion  of  this drill type into coring  operations  is possible for basal ice and
suPice,

 
sampling,

 Tbe usg  of  water  as  a drilling fluid is environmentally  clean,  and  by
usmg

 
it
 
as

 a hydraylic fluid with  downhole  mud  motors  or  vibrators,  many  new  areas  of
coring  beneath the               ice  become availab)e,

    The  study  of  snow-firn  sequences  of  glaciers by pit excavations  takes a considerable

raMtgeeU-ndtiaOmfettieMtev'ibrRa7oPryiddPri:StratiOn 
Of
 
SnOW-firn

 
layers

 
can

 
be
 
accomplished

 by using  a
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    The vibratory  drill (Fig, 14) includes a core  barrel with  a hardened steel  tip and  
a
 
1
 
.5

kW  electrical  motor-  vibrator.  The  vibrator  provides vertical  vibration  to the core  barrel

with  50 Hz  frequency. The  penetration of  the drill into the glacier occur,s  as the tip

                                                     by the tip causes  adisplaces snow  or  firn. Displacement of  some  of  the  material

gm.g,a:ke.d,,Lage,Lo,",gee,i".rgi,ts,e:･#,lh,zc,:',e,w,X'gmer,ekSf,S,,fr,11g//Oe,PS,`Pf,i:gld,e,?f,th?.C?A:
tube and  makes  the extraction  process easier,  An  electric  winch  and  cable  are  used  

to
 
raise

and  lower the drill in and  out  ofthe  borehole,

    Field tests show  a drill penetration rate of6  to 8 m!min  in a snow-firn  layer at -50eC.

One complete  drilling cycle  requires  1 to 5 minutes  and  includes:

    . Iewering the drill,

    . penetrating the core  barrel into the firn,

    .  breaking the cere,  and

    . extracting  the core.

    The  depth of  the borehole is increased 1.2 m  with  each  drilling cycle.  
Although

 
the

vibrator  should  be operated  during core  breaks and  extraction  of the core  
from

 
the

borehole, it does cause  destmction of  one-third  of  the top and  the bottom of  the core.

                                                              ine speed
    A  winch  capable  of  producing a line tensile fbrce of3000  N  with  a  variable  

1

for both penetration and  hoisting is necessary  to avoid  destruction of  top and  bottom

12345
     Dri11Descnption
- hand steel tip

- core  barrcl
- shock  absorber

- electrical motor-vibrator

- armered  cable

Vibratory

DrillSpecifications

Outerdiameter

Snow or  firn core  diameter
DrilltCore length

Powerconsumptlon
Vibrator frequency
Drilling rate

Penetration rate

Weight

. O,4m-
 O.38m-
 2,2/12m
- 1.S kW-
 50 Hz-
 6-8mlmin
. 12-20mfh
- 8U kg

5

..... 4

`t3

   o
   !-'- ev

t'
----1

Fig. 14.Vibrator), drill for drilling targe-diameter borehotes in snow  and.firn.
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sections
 of  the core. Power  requirements  for O,8- to 1.0-m diameter boreholes in snow  

and

2t.e.
St2oga"

,i'lw.:,Sg"

X,l2fkOh[l'e5qL?p8mkeX(,fo):V'fSS,t-af,,t.h2ti,bgZtP,Illl.rgi:',?me.ee,b2,IP.Ol,eOP.kg,
                           Acknowledgments

    The Polar Ice Cering Othce (PICO) is operated  at the University of  Alaska Fairbanks
under  National
            Science Foundation Contract DPP-8820948, Photographs were  taken and
supplieq

 
by

 
B.ruce

 Koci, We  gratefu11y acknowledge  the editorial  and  manuscript
preparation assistance of  Genelle Tilton and  Alma  Davis of  the institute of  Marine Science
Acadeipic

 Services Department, School of  Fisheries and  Ocean Sciences (SFOS). We  also

eep.3eb
c,i

e,l･g,lh,z,2;,:?gle:.t,cg?geg,aYAo,:,,elge:,t£,S,l･S,O,2;,:2g,Sg}hso,1,:f,g,"gg
'

g,xe,gi'w,･
association  and  cooperation  o                      four Danish colleagues,  particularly Dr, N. GuNDEsTRup,  and
our

 
Swiss

 
colleagues,

 particularly Mr. H, RuFLI. This paper js contribution  #CP-93-04
from the Polar Ice Coring Ocace)

References

D"S'

 
D..'

 :i(llr,L',?d,a",,dhKil:ihE,','iinJ, ,(;:9.'ld?,e,V,C.i.O,PdM,e,",t,O,f,a,t,h,e,f:,:L;lfc,h, 
a,n,i,ca-kd,:i]

 
tor
 
satnpting

 ice and  rock

 
GOSiNlil'Rl[sgA.2flu9n8i9v)ersAtt;igefrgtl:arsek:UFrvtfrYbaOnfkg,ri;lotnpg

 
fluids

 
and

 
densLfiers

 
Polar

 Ice cortng otfice Tech Rep,

GosrNK,
 T. A., KELLEy, J. J., Koct. B. R,, BuRToN, T. W. and  TuMEo. M. A. (1991)/ Buty] acetate,  

an
 
a]tcrnative

    drilling fiuid for deep ice coring projects, J. G]aciol., 37, 17U-l76.
HANC?

 
sKu'e)Yig%619797f)/

 
]nStrurnentatiOn

 
for
 
the

 
PICO

 
deep

 
ice
 
coring

 drm. Mem, Natl Inst, polar Res,. spec.

HANcocK,
 
W..H.

 and  Kocl, B, (1989}: Ice dnllmg msttumentation.  Ice Core Drillmg; Proceedings ofthe  Third

    iZ,/e.:D",

a･,t

e?:
"A."

x
it,o,il[cle.h

l,l,E:
O

:t".bl,:.l,cD,ll

`

/ige8,:h.:OikO,grsRG,r::gP,i:uZF8iZC.:;-fiEl:tE,i,O.-,i.t',,19,eihgdG,Zy,,gf.:s,D,o,
ICe-CO,rde.

 ?y"Jlli"Fg. gl,9,7,6?g..P,r,O,C,e,e,di:g,,S,.O]f,a, uS,Y,T,T',g,O,SlyUM.}NU,ngy.e,r:i,,Yp,e,f,,llEbsrgasptsa, 
Linco]n,

 
28-30

 
August

 
1974,

[ceCo.rp,.D.L'l,ilns,g,i8,i9.'t,,er8-CfSl1",ZS,,Og,th8,T,h,ikd,S`Zr,",a`E9",a,11.Y,,?,I5.%h."?,9,:,]gf,P6,'L:,g.T,:i,h.",Yig,gla

,,, .,lt,e, :h,e+C,h,e,,S.Ci.e,"Yi 
fiS,",ea

 )L, 
age,ra,tg

 L'e,d,e, 
,G.
 
iRc,'bo.lo,g2

 r,e,1 
(?s,op,hysique

 
de
 
i'
 
Environm

 
cnt,

 
2os

 p.

KELLE;,lihE'dae"vdic5e`'?hBe'gtL9?8tL'rnI::nPaOii2'foLCfe'rEi?Ee`"gnOsfefiaCfctP:nCdOt//eDoekZe{ltZPkMsee:10Mf8mhec7sW.,1"agad:,e72LCS

Koci,
 
B.
 R, (t984): A  lightweight hand coring auger.  CRREL  Spec. Rep., 84-34, 55-S9.

KOCi'
 GB{a5io(1938fi)i68n-Sl:llT]ientS 

and
 
Methods/

 
Ice

 
cere

 
drilling

 at S700 m  powered by a solar  voltaic  array, J.

Koci,
 
B.
 (1989a)' Design ofa  dnll to work  m  a fiuid-fi11ed hole, Ice Core Dnlling, Proceedings ofthe  Third

    iA,/e.

rn

,D,

"

,

`

kre･:
a

x
iDiEIi31i,e,h

S,i:n:e".bl,:.i,cDS,:l//'g,
gN.:S,:2"aPZOeg'i5RGer::OeP,]he,'Zra,,2e.:ifO,e,VLO,-b]",h,L9iSih,el']iZY,,:i.:;)",O,

Koci,
 
B.
 (1.989b): Design and  logistie requiTements  for ice coring and  sampie  return from remote  high altitude

    
Iocations

 
Icc

 Core Drilling; Proceedings ofthe  Third International Workshop  on  lce Drilling Technolegy,

NII-ElectronicMbraryService



National Institute of Polar Research

NII-Electronic Library Service

NationalInstitute  ofPolarResearch

40 J,J, KELLEy, K. S'vANFoRD, B. Koq  M. WuMKEs  and  V, ZAGoRebNov

   Grenoble. France, Oct. 1e-14, 1988, ed.  by C. RADe  and  D. BEAuDotNG. Grenoble, Centre National de la

..,,,Ile:?e,',C,h,e)Sc,'e",ltfi,q,,",eri.L,a:e,',a.t,O,i[,d,e,G,:",Cl::e,g,i:,:`,G,;e,P,h.'Siq,",r,"e,,'IE,",Vil,O,"M.eSi`a,2`i2,K,,,,,.-,,.

Keci.iA.UfiIiVaenrgitll:fNS[Ilii.::EaKF.ac'iib(aingksSa)4.4.
 7fistrumcnts and  methods/  The pico  lightweight coring  auger･  J･

Koci
 Il]aaCA:i2A3G06R2ct4D-NgC,? 

'v,
 (igg4): The Guliya ice cap, china: Retrievai and  return  ofa  3os-rn ice core  from

   ,

             Mern. Nat] Inst, Pelar Res., Spec, Issue, 49, 371-374.   6200  m  altitude.

NAGoRNov,  O. V., ZAGoRoDNov,  V, S, and  KF[ LEy,  J. J. (1994): Effect ofa  heated drilling bit and  
borehole

 
liquid

   on
 thermoelastie stresses  in an  ice core.  Mem.  Natl Inst, Polar Res., Spec, Issue, 49, 314-326. ,

PRoENz,s, L. M., KELLEy, J. J., Koq  B,, SoNDER[,p, J and  WuMKEDs.  M, {1990): Shallow an9  
degp

 
ice

 
cormg

   deyices developed by the Polar lce Coring Oence. Polar Ece CoringOrnce, CP-90-OZ, 
Umversity

 
ofAlaska

RiNALDF,aiRt?aERk, 
Si

 l)2i?'B. R, and  soNDERup, J, M,  a ggo): EvaLuation of  deep icc core  drming systerns,  pelar Ice

.,..C,O,i"£iE 2g)C4C,gl,eC lb i,e,P,i6.',{t19.0.',2ihlll,:i:,e,rgit.Yf7:,"ui"isEadFeaeSrbcao"rkiXg2i2ePhriii. Mem.  Nati inst, poiar Res,,

wupt{iPsfCM' IS(SUi geg' 2b9i/52D-e5v6Eiopment ofthe  u,s. deep coring  ice drm  Mem,  Nati inst. poiar Res･, spec･ !ssue,

zAc+oR4)9SN4-llJ,SVL,
 KELLEy, J,, sTANFoRD, K., Ko(･], B, and  coLL[Ns, J. agg2): Antifreeze thermal  clectrical  drill-

    Po}ar Ice Coring Offlce Tech. Note, TN-92-3,  University ofAlaska  
Fairbanks.

 
2
 p.

ZAGoRoDts'ov,  V. S.. KELL.Ey. J, J., and  NAGoRNov,  O. V. {1994a)/ DrMing  of  glacier bereholes with  
a
 
hydrophilic

z,.."gq,".id,
 
'.
 
,Mve.gl.L

 
NK",`IJ,"..Sl

 
'J??la,r.Rd

 
eK'

 &E.,?eBC,' kiS("teg g4496)l 
5D3i;g,6t2-6.,i

 drming. Mem,  Nati inst. peiar Res., spec.

    Issue,49,16S-171.

                    (ReceivedApril 20, l993; Revised manuscript  received  Januat:y' 
14,

 
199"

NII-ElectronicMbrary  


