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ABSTRACT 

A d r i l l i n g  program w a s  conduct-ed by Sandia Laborator ies  and the 
United S t a t e s  Geological Survey i n  December 1978 and January and 
February 1979 to  continue the c h a r a c t e r i z a t i o n  of the so l id  and 
l i q u i d  rock components of the Kilauea I k i  l ava  lake .  Six holes 
w e r e  d r i l l e d  f r o m  the su r face  and t w o  previously d r i l l e d  holes 
w e r e  reentered and deepened for the  purposes of measuring down- 
hole temperature p r o f i l e s ,  recovering samples of s o l i d ,  p l a s t i c ,  
and molten rock, measuring c r u s t  permeabi l i ty ,  and determining 
the performance of conventional and s p e c i a l  d r i l l i n g  techniques.  

Conventional HQ-size (3.78 inches diameter) core d r i l l i n g  equip- 
ment using w a t e r  for cooling and c u t t i n g s  removal w a s  used to  
successfu l ly  d r i l l  dur ing i n i t i a l  e n t r y  i n t o  1052°C formations. 
Conventional d r i l l i n g  i n  r een te r ing  flow-back rock w a s  less re- 
l iable .  The s p e c i a l l y  designed water  jet-augmented drag b i t  or  
water jet-augmented core b i t  w a s  needed t o  d r i l l  r e l i a b l y  i n t o  
the p l a s t i c  flow-back rock and through l i q u i d  rock veins .  

This document contains  the d r i l l  performance d a t a  which w e r e  re- 
corded during d r i l l i n g  i n  the c r u s t  and the plast ic  and molten 
rock zones using both conventional and s p e c i a l  d r i l l i n g  proce- 
du res  and equipment. 
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SUMMARY 

The FY79 Lava Lake Dr i l l i ng  Program which was conducted between November 1978 
and February 1979 w a s  a cont inuat ion of t he  program of the United S t a t e s  Geological 
Survey and Sandia Laboratories.  Its purpose was t o  character ize  the Kilauea I k i  

lava lake and t o  develop methods f o r  d r i l l i n g  i n t o  molten rock bodies.  

Six new holes  were d r i l l e d  from the  surface and two old holes  were reentered 
and extended t o  the cu r ren t  depth of the  molten rock. The holes  were d r i l l e d  t o  
recover core samples a t  var ious loca t ions  on t h e  lake from t h e  su r face  of t h e  lake 
i n t o  the molten o r  p l a s t i c  zone, t o  provide holes  f o r  measuring temperature 
p r o f i l e s  i n  t h e  l a k e ' s  c r u s t ,  and t o  provide holes  f o r  measuring c r u s t  permeabili ty 
a t  several  depths.  The creep s t r eng th  and r e s i s t ance  of the  molten and p l a s t i c  
rock t o  penetrat ion were s tudied i n  two loca t ions .  

Because of d i f f i c u l t i e s  encountered i n  1976 i n  d r i l l i n g  i n t o  l i q u i d  rock, 
s eve ra l  methods of penetrat ing a l i q u i d  rock l ens  were developed f o r  evaluat ion i n  
the  FY79 Lava Lake Dr i l l i ng  Program. One of t he  methods, t he  water jet-augmented 
d r i l l i n g  system, was used success fu l ly  i n  d r i l l i n g  i n t o  p l a s t i c  zones and zones of 
a l t e r n a t e  l i q u i d  and l iquid-sol id  ma te r i a l s .  The high-velocity ( 8 5  f p s )  streams 
which emanated from the  faces  of t h e  b i t  penetrated t h e  l i q u i d  or molten rock, 
cooling it s u f f i c i e n t l y  t o  be d r i l l e d  conventionally by s p e c i a l l y  modified three- 
wing drag b i t s  and face-discharge core b i t s .  Core mater ia l  was not recovered 
during t h i s  type of d r i l l i n g .  

The Insulated D r i l l  S t r ing  (IDS) was'designed t o  withstand temperatures asso- 
c i a t ed  w i t h  molten lava w h i l e  d r i l l i n g  i n t o  l i q u i d  lenses .  Special  high-tempera- 
t u r e  s t r u c t u r a l  ma te r i a l s  and in su la t ion  techniques were used t o  achieve the high- 
temperature c a p a b i l i t y .  The IDS was lab- tes ted using high-temperature furnaces and 
c ruc ib l e s  containing molten rock but  was not f i e l d  t e s t e d  s ince  s i g n i f i c a n t l y  t h i c k  

l a y e r s  of l i q u i d  rock were not encountered i n  t h e  lava lake.  

The values of s eve ra l  parameters descr ibing the operat ion of t h e  d r i l l  were 
recorded during a l l  phases of t h e  d r i l l i n g  operation. In add i t ion ,  a i r  and cooling 
water pressures  and flow r a t e s  were recorded during water j e t  d r i l l h g  operat ions.  
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FY79 LAVA LAKE DRILLING PROGRAM: 
RESULTS OF D R I L L I N G  EXPERIMENTS 

Introduct ion 

Since t h e  formation of t he  Kilauea I k i  lava lake  i n  1960, f i e l d  experiments 
have been conducted on the  lake by the  United S t a t e s  Geological Survey (USGS) t o  
charac te r ize  t h e  so l id  and molten rock of t h e  lake and i t s  cooling h i s to ry .  In t h e  
mid-l970s, Sandia Laborator ies  joined i n  the  study of t he  lake through i t s  Magma 
Energy Research Pro jec t .  Since 1975, Sandia and the  USGS have j o i n t l y  sponsored 
experiments i n  c r u s t a l  d r i l l i n g  and electromagnetic and seismic measurements in-  
tended t o  descr ibe t h e  ex ten t  of t h e  molten body contained i n  t h e  c r a t e r .  The FY79 
Lava Lake Dr i l l i ng  Program, which was conducted between November 27, 1978, and 
February 16, 1979, was designed t o  fu r the r  study t h e  ma te r i a l s  and cooling of t h e  
lava lake and t o  evaluate  conventional and spec ia l  d r i l l i n g  equipment used t o  d r i l l  
i n t o  the  s o l i d  and molten rock zones of t h e  lake .  

Pr ior  t o  1978, t h e  majori ty  of the  d r i l l i n g  a c t i v i t i e s  i n  the  lava lake were 
conducted t o  measure t h e  depth t o  t h e  upper sur face  of t h e  molten rock and t o  re -  
cover upper c r u s t  core  samples. In Ju ly  1976, an attempt was made i n  a j o i n t  
Sandia/USGS experiment t o  d r i l l  i n t o  t h e  molten rock using conventional d r i l l i n g  
equipment.' 
encountered, and addi t iona l  d r i l l i n g  was impossible. This experience l ed  t o  t h e  
development of th ree  spec ia l  techniques f o r  en ter ing  a molten l e n s ,  each of which 
u s e s  d i f f e r e n t  equipment. T h e ' d i f f e r e n t  types of equipnent  used a r e  (1) a l i n e a r  
penetrometer,  ( 2 )  a s p e c i a l l y  designed Insulated D r i l l  S t r ing  (IDS) t h a t  uses high- 
temperature ma te r i a l s ,  and (3)  conventional core and drag b i t s  modified to  provide 
high-veloci ty ,  coherent cooling water j e t s  from the  faces  of t he  b i t s .  The t h r e e  
techniques were developed for  t he  FY79 Lava Lake Dr i l l i ng  Program. 

Approximately 0.54 metre below t h e  molten rock sur face ,  s o l i d  rock was 

Several  ho les  were d r i l l e d  during the  FY79 Lava Lake Dr i l l i ng  Program with 
the  ob jec t ive  of c o l l e c t i n g  geoscience da ta  which would be he lp fu l  i n  broadening 
the  s c i e n t i f i c  understanding of t he  lake  and i ts  cooling h i s to ry .2  
p l e s  i n  the  form of cores  were co l l ec t ed  continuously from t h e  sur face  fo r  each 
hole  d r i l l e d .  Downhole temperature p r o f i l e s  were measured i n  open holes  and i n  one 
s p e c i a l l y  cased hole .  
c r u s t  i n  one hole  by measuring pe r t inen t  water flow and pressure parameters a t  
t h r e e  d i s c r e t e  depths.  The c reep  s t r eng th  of t h e  rock a t  p l a s t i c  temperatures was 

inves t iga t ed ,  and an attempt was made t o  measure the  e l e c t r i c a l  r e s i s t i v i t y  of t h e  
p l a s t i c  o r  l i q u i d  rock. Figure 1 shows t h e  loca t ion  of each hole  entered during 
the  FY79 Lava Lake Dr i l l i ng  Program. 

Mater ia l  sam- 

Formation permeabi l i ty  was in fe r r ed  a t  t h ree  poin ts  i n  t h e  

9 



. A/. . , . ',. . \ 1' 

\ 

/ "- r' CINDER-PUMICE CONE 
I 

I 
I 

I i I 

EDGE OF 
U V A  U K E  

& \ \ .  . . . . . . , / / /  

f 
/ i 

DRILL HOLES 
o ACTUAL 

PLANNED 

Figure 1. Map 

In order t o  Study t h e  d r i l l i n g  

1 

of Kilauea I k i  Crater i 
c h a r a c t e r i s t i c s  of t h e  lava a t  temperatures 

ranging from ambient t o  -1070°C using ava i l ab le  b i t s ,  a s i g n i f i c a n t  e f f o r t  was 
made t o  instrument t h e  d r i l l  and coolant supply systems and record t h e  response 
of the instrumentation during a l l  d r i l l i n g  operat ions.  
on s t r i p  c h a r t  recorders  and a datalogger/casset te  tape system. 

The da ta  were recorded 

An HC-150 hydrau l i ca l ly  driven d r i l l  manufactured by the  Longyear Company 
was a i r l i f t e d  t o  and assembled on the  f loo r  of t h e  c r a t e r .  
crew of t h r e e  ( a  d r i l l e r  and two o i l e r s )  were supplied under con t r ac t  by 
Continental Drilling--Hawaii. 
a i r l i f t  s t a r t e d  and continued through approximately 60 working days, ending 
February 16, 1979. Continental Dr i l l i ng  provided a l l  standard d r i l l  support  
hardware. The USGS provided geologis ts  f o r  core logging and shop system and 
communications support. 
instrumentation and recording systems. 

The d r i l l  and i ts  

Dr i l l i ng  commenced approximately 1 week a f t e r  t h e  

Sandia provided a l l  s p e c i a l t y  system hardware and a l l  

* 
s 
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This report presents  the da ta  recorded during a l l  d r i l l i n g  opera t ions ,  in- 
c luding coolan t  f l o w  during the w a t e r  jet-augmented d r i l l i n g  a c t i v i t i e s .  I n  
addi t ion ,  it provides a s u f f i c i e n t  desc r ip t ion  of  t h e  d r i l l i n g  experiments and 
t h e  instrumentat ion and recording systems t o  permit the reader  t o  analyze and 
i n t e r p r e t  t h e  d r i l l  funct ions recorded. 

Background 

Development and evaluat ion of  geophysical techniques i n  the Kilauea I k i  
l ava  lake  a r e  important i n i t i a l  s t eps  f o r  subsequent e f f o r t s  t o  l o c a t e  and 
cha rac t e r i ze  deep magma bodies  as p o t e n t i a l  magma energy sources.  Dr i l l i ng  i n t o  
t h e  lake  has  been performed i n  the past to  confirm t h e  r e s u l t s  obtained from the 

geophysical measurements and t o  obta in  thermal and chemical d a t a  a t  var ious  
loca t ions  within the c r u s t  fo r  geothermal system modeling. Unfortunately,  it 
has  not  been possible i n  t h e  p a s t  t o  d r i l l  i n t o  o r  through t h e  molten l e n s ,  a 
procedure which i s  necessary t o  confirm the geophysical measurements and to  
develop a realist ic cool ing model of  the lake.  U n t i l  1976, d r i l l i n g  was l imi t ed  
to  loca t ing  the depth of  the uppermost Liquid zone and to  recovering core from 
var ious  loca t ions  i n  the upper c r u s t  o f  the lake .  

In  spite of  the many measurements made i n  and around the lake ,  a 
un ive r sa l ly  accepted model has  not  emerged, p r i n c i p a l l y  because d r i l l i n g  
techniques and equipment have no t  been developed t o  confirm the  dimensions of  
the molten lens .  Confirmation o f  the l ake  model a t  any one t i m e  w i l l  involve 
d r i l l i n g  and coring not on ly  the upper c r u s t  bu t  a l s o  the lower c r u s t  and the 

\ molten and p l a s t i c  zones i n  between. 

A primary goal  of  the FY79 Lava Lake Dr i l l i ng  Program was t o  d r i l l  a 
s i g n i f i c a n t  dis-tance (-20 f e e t )  i n t o  the molten zone by one o r  more s p e c i a l l y  

W 

designed d r i l l i n g  methods. 

Experiment Descr ipt ion 

B o t h  geoscience and d r i l l i n g  experiments w e r e  performed during the FY79 
Lava Lake D r i l l i n g  Program. The geoscience experiments w e r e  conducted t o  
cont inue t h e  cha rac t e r i za t ion  o f  the c r u s t  and the molten l e n s  of  t h e  lake.  In  
add i t ion ,  d r i l l i n g  experiments w e r e  conducted (1) t o  develop d r i l l i n g  components 
and procedures which w i l l  be necessary t o  pene t r a t e  magma bodies  and ( 2 )  t o  
support  cu r ren t  and fu tu re  geoscience experiments ' in  the l ava  l ake  and i n  other 
near-surface bodies  of molten rock. 

Geoscience Experiments 
f 

The major geoscience experiments W e r e  conducted during the FY79 Lava Lake 

1. Measure thermal p r o f i l e s  through the c r u s t  o f  t h e  lake ,  
Dr i l l i ng  Program t o  
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2. 

3.  

4. 
5. 
6. 

Study the  s t rength of t h e  rock a t  p l a s t i c  temperatures under  rapid and 
slow loadings,  
Measure c r u s t  permeabili ty a t  selected depths i n  the  c r u s t ,  
Measure t h e  e l e c t r i c a l  r e s i s t i v i t y  and conductance of t h e  molten rock, 
Measure the thermal conduct ivi ty  of t h e  molten rock, and 
Obtain mater ia l  samples through continuous core d r i l l i n g  from t h e  c u r r e n t  
surface t o  the pre-1959 lake surface.  

The geoscience experiments were conducted by Colp and o t h e r s  during t h e  FY79 

2 
Lava Lake Dr i l l i ng  Program and a r e  described b r i e f l y  i n  Table 1. De ta i l s  of t h e  
geoscience experiments are reported by Colp. 

Table 1 

Geoscience Experiments Conducted during 
t h e  FY79 Lava Lake D r i l l i n g  Program 

Physical Parameter 
of I n t e r e s t  

Temperature vs.  depth 
i n  open and closed 
holes  

C r u s t  permeabili ty 

Composition of s o l i d  
rock l aye r  beneath 
l i q u i d  layer  encountered 
i n  Ju ly  1976 d r i l l i n g  
Long-term creep s t r eng th  
of lower c r u s t  

E l e c t r i c a l  r e s i s t i v i t y  
of l i q u i d  rock 

C r u s t  thermal p r o f i l e s  

C r u s t  composition with 
depth 

Experiment 
Description 

Measure temperature vs.  depth 
i n  temperature-stabil ized open 
hole.  I n s e r t  closed-ended, 
small-diameter pipe,  stem hole  
with sand, and r epea t  tempera- 
t u r e  vs.  depth temperature 
measurements. 
Measure c r u s t  permeabili ty a t  
t h r e e  d i s c r e t e  depths. 
Core s o l i d  c r u s t  through zone 
a t  which s o l i d  rock was en- 
countered i n  1976 beneath 
l i q u i d  l a y e r .  
Observe the  creep of a spec ia l  
weighted probe i n t o  t h e  lower 
c r u s t  over a period of seve ra l  
months. 
I n s e r t  e l e c t r i c a l  contacts  
i n t o  t h e  l i q u i d  rock a s  a 
p a r t  of t he  penetrometer probe. 
Measure temperature vs . depth. 

Core d r i l l  hole  from the  
cu r ren t  surface t o  the pre-59 
su r face  

Test 
Hole 

75-1 

79-1 

76-2/79-2 

79-1 

79-3 

75-1 79-3 
76-2 79-4 
79-1 79-5 
79-2 79-6 
A l l  holes  

Energy Extract ion Experiment 

An energy ex t r ac t ion  experiment was designed and readied on the  premise t h a t  
the water jet-augmented d r i l l i n g  operat ions would be successful  i n  forming porous 
s t a l a c t i t e s  i n  the l i q u i d  lenses  and the  bottoms of Holes 79-3 and 79-4. 

The energy ex t r ac t ion  experiment w a s  t o  be conducted i n  two phases. During 
the  f i r s t  phase, a s t a l a c t i t e  of porous rock was t o  be formed a s  water jet-augment- 
ed d r i l l i n g  proceeded i n t o  the  l i q u i d  l e n s  i n  Hole 79-3. Water would be in j ec t ed  

i 

L, 
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periodically into the stalactite and then allowed to return to the surface as 
steam. (This was referred to as the "Huff-n-Puff" experiment.) During the second 
phase of the water jet-augmented drilling activities, a second stalactite, at the 
bottom of Hole 79-4, would be created to overlap the one previously formed at the 
base of Hole 79-3. Water continuously injected into one of the holes (79-3) would 
then produce steam continuously at the surface from Hole 79-4. 

The amount and quality of steam produced was to be measured to evaluate the 
simple heat exchange system. 

b 
c 

.fi 

Dr i 1 ling Experiment s ' 

In addition to geoscience experiments previously mentioned, three experi- 
ments classed as drilling experiments were planned and conducted for the FY79 Lava 
Lake Drilling Program. They were the plastic zone penetrometer experiment, the IDS 
drilling experiment, and water jet-augmented drilling with special drag and core 
bits. The three drilling experiments represented attempts to enter a molten rock 
layer by the three methods listed below: 

1. Enter the molten zone using a linear thrust only, as might be required in 
the insertion of an instrumentation package with a number of trailing 
electrical conductors (penetrometer), 

2. Survive and operate in the liquid rock environment through the use of 
special high-temperature staructural an nsulating materials and design 
techniques (IDS), and 

3. Using special cooling techniques, modi the environment of the molten 
zone sufficieptly to enable drilling to be conducted with conventional 
materials and hardware (water jet-augmented drilling). 

Penetrometer -- The penetrometer experiment was conducted in Hole 79-3 in 
conjunction with the attempted electrical resistivity measurement. Figure 2 de- 
picts the penetrometer/resistivity experiment as it was conducted. The penetro- 
meter used contained the electrical contacts which were to be immersed in the 
molten rock to measure the resistivity of the molten rock. The long-term, plastic 
zone creep test used a similar but blunted penetrator with a steady load applied 
over several months. 

The object of the high-loading-rate penetrometer experiment was to investi- 
gate the feasibility of thrusting a pointed, high-temperature, high-strength, 
corrosion-resistant rod into the plastic and liquid body which was assumed to 
underlie the lake crust. The penetrometer had to penetrate a layer of cooler 
crust: the layer was required to prevent the underlying plastic or liquid layers 
from flowing up the hole and hardening while the penetrometer was being lowered 
into the hole. ,An additional purpose of the penetrometer experiment was to confirm 
the existence of the free liquid lens and obtain a measure of its thickness. 

Four electrical contacts were located in an insulating insert near the tip of 
the penetrometer. High-temperature conductors passed through the hollow center of 
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the penetrometer to  a spec ia l  junct ion a t  the penetrometer 's  top. 
the t r a n s i t i o n  w a s  made t o  conventional, organic,  i n su la t ed  conductors passing 
through the cen te r  of the water-filled d r i l l  s t r i n g  t o  the surface.  Two thermo- 
couples i n  the penetrometer t i p  w e r e  intended t o  measure the temperature near the 
r e s i s t i v i t y  measurement. 1 

A t  t h i s  po in t ,  

HIGH TEMPERATURE 
ELECTRICAL CONDUCTORS n x 

RA 333 PENETRATOR 

1-3/4 IN, D I A ,  
10 FT LONG 3 iff FT 

PENETRATOR 

CHIMNEY 

\\\v - 

NSULATOR \\ RESISTIVITY CONTACTS I N  - \\ 
HIGH TEMPERATURE 11 

Figure 2 .  Liquid Penetrator  w i t h  R e s i s t i v i t y  Contacts 

In su la t ed  D r i l l  S t r i n g  -- The IDS w a s  conceived as  a r e s u l t  o f  the experience 
gained during the d r i l l i n g  program conducted i n  1976. During t h a t  program, a hole 
(76-1) was d r i l l e d  to  a depth o f  about 45.4 metres (149 f e e t )  i n t o  what appeared t o  
be a f r e e  l i q u i d  l aye r  about 54 c m  (21  inches)  t h i ck .  A l m o s t  immediately, the 

l i q u i d  froze around the b i t ,  preventing f u r t h e r  r o t a t i o n  or v e r t i c a l  movement o f  
the d r i l l  s t r i n g .  The next day, when the temperature of the d r i l l  s t r i n g  had r i s e n  
to  the temperature o f  the surrounding l i q u i d  and t h e  rock frozen t o  the d r i l l  
s t r i n g  had melted, the d r i l l  s t r i n g  could be ro t a t ed  and moved v e r t i c a l l y .  The 
basic concept of the IDS, taken from the r e s u l t s  o f  t h i s  experiment, w a s  t o  a l l o w  
the  ou te r  su r f ace  of the d r i l l  s t r i n g  to  operate a t  l iquid-rock temperature,  w h i l e  
an inner  torque tube was kept  a t  a l o w  enough temperature, through i n s u l a t i o n  and 
cool ing,  t o  r e t a i n  s u f f i c i e n t  s t r eng th  for d r i l l i n g .  In add i t ion ,  a three-wing 
drag' b i t  w a s  f ab r i ca t ed  from a high-temperature super a l l o y  w h i c h  r e t a i n s  h igh  

s t r eng th  a t  l iquid- lava temperatures (-1100°C). 

c 
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The downhole p a r t  of t he  I D S  system consis ted of t he  spec ia l  three-wing drag 
b i t ,  a spec ia l  instrument sec t ion ,  s i x  10-foot lengths  of insu la ted  d r i l l  rod, a 
c e n t r a l  coolant  p ipe ,  a thermal expansion j o i n t ,  and a t r a n s i t i o n  t o  standard 
HO-size (3.5 inches)  rods. Cooling a i r  and water supply and cont ro l  systems were 
a t  the  surface.  Figure 3 i s  a schematic of t h e  IDS system, including the  coolant  
cont ro l  and casing pressur iza t ion  systems. Figure 4 shows t h e  c ros s  sec t ion  of t h e  
I D S .  Figure 5 is  a photograph of t he  spec ia l  drag b i t .  

The insu la ted  d r i l l  rod consis ted of  an ou te r  d r i l l  rod 4-1/2 inches i n  d ia -  
meter constructed of RA 330 high nickel/chromium content  s t e e l .  
rod was not t o  be cooled b u t  allowed t o  operate  a t  t he  f u l l  temperature of t h e  
surrounding l i qu id  rock. An inner ,  3-inch-diameter d r i l l  rod of RA 310, of s imi l a r  
composition, was t o  be cooled t o  a maximum temperature of about 100°C. 
e f f i c i ency  in su la t ion  system of a l t e r n a t e  Kaowool* and nickel  f o i l  l aye r s  secured 
by an ou te r  l aye r  of 302 s t a i n l e s s  s t e e l  shim stock (0.002 inch)  wrapped with 24- 
gauge Nichrome wire was used between the  inner  and o u t e r  d r i l l  rods. A t h i n  f i lm 
of cooling water was supplied t o  t h e  in s ide  of t h e  inner  d r i l l  rod through per iodic  
spray holes  i n  a c e n t r a l ,  1/2-inch-diameter water tube.  The cooling water was sup- 
p l i ed  a t  a pressure of about 30 p s i  above t h e  pressure i n  t h e  d r i l l  s t r i n g  and a t  a 
t o t a l  flow r a t e  of about 4 gpm. The center  of t h e  inner  d r i l l  rod was pressurized 
with a i r  t o  a pressure of about 220 p s i ,  s l i g h t l y  above t h e  expected l i q u i d  rock 
l i t h o s t a t i c  pressure.  
prevent t h e  l i q u i d  rock from flowing i n t o  and plugging t h e  nozzles i n  t h e  face of  
t h e  drag b i t .  Upon completion of t he  d r i l l i n g  operat ion,  a measure of t h e  l i t h o -  
s t a t i c  pressure would have been obtained by noting t h e  inner  rod a i r  pressure a t  
which the  l i t h o s t a t i c  pressure was ab le  t o  force  the  l i q u i d  rock i n t o  the  b i t  d i s -  
charge po r t s ,  thereby stopping t h e  a i r  flow. 

This outer  d r i l l  

A high- 

This pressur iza t ion  of t h e  c e n t r a l  d r i l l  rod was required t o  

1 

A longi tudina l  s l i p  j o i n t  a t  the  top  of t h e  60-foot insu la ted  d r i l l  rod sec- 
t i o n  permitted the  inner  and ou te r  d r i l l  rods t o  be coupled mechanjcally i n  t h e  
face of t he  approximately 1-foot d i f f e r e n t i a l  thermal expansion. 

A spec ia l  lava s e a l  (Figure 6) was an i n t e g r a l  p a r t  of the IDS. The lava 
s e a l ,  coupled with a i r  pressure exceeding l i t h o s t a t i c  pressure appl ied t o  the  annu- 
l u s  between t h e  d r i l l  rod and casing,  Was needed t o  prevent t h e  pressurized l i q u i d  
rock from moving up the  hole  in s ide  e casing and around the  d r i l l  rod when the  
l i q u i d  l e v e l  was penetrated.  When t h i s  outflow occurred i n  t h e  p a s t ,  t h e  l i q u i d  
rock quickly cooled t o  the temperature of t he  surrounding mater ia l  ( rock,  cas ing ,  
d r i l l  rod ) ,  s o l i d i f i e d ,  and prevented f u r t h e r  d r i l l  rod and b i t  movement. 

The lava  s e a l ,  a s  it was planned fo r  use during the  FY79 Lava Lake D r i l l i n g '  
Program, consis ted of a series of four s t a i n l e s s  s t e e l  r i ngs  sea l ing  o f f  t h e  volume 
between the  lower p a r t  of t he  casing and the  ou te r  d r i l l  rod. The lower 18 inches 
of  t he  casing were made of Inconel 617 t o  minimize r a d i a l  creep from the  i n t e r n a l  

pressure load.  The diameters of the  lower r ing  and the  t h i r d  r ing  from the  bottom 

------- 
Kaowool i s  the  t r ade  

Babcock and Wilcox Company. 
name of a f ibrous  in su la t ion  manufactured by t h e  

\ 
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Figure 5 .  Special  Drag B i t  

17 



A I R  PRESSURE 
' 201) PSI 

INCONEL CASING 
SEAL SEGMENT 

1 KI 

  DRAG BIT -E 

-INCONEL CASING 
SEAL SEGMENT 

-PINNED SEAL RING 

-GROOVED SEAL RING* 

--'SPLIT SEAL RING 

-TAPERED SEAL RING* 

k DRILL ROD 

'INTERFERENCE FIT AT 
OPERATING TEMPERATURE 

Figure 6. IDS Lava Seal Schematic 

w e r e  configured i n  such a way t h a t ,  when t h e  Inconel casing sec t ion  w a s  ho t  and t h e  
r i n g s  were cold,  assembly clearance ex is ted .  As t h e  temperature of  t h e  r i n g  
reached about 2 6 0 ° C ,  t h e  d i f f e r e n t i a l  thermal expansion between s t a i n l e s s  steel  and 
Inconel would cause in te r fe rence  between the  s t a i n l e s s  steel r ing  and t h e  Inconel 
casing. In t h i s  manner, an a i r t i g h t  seal along t h e  i n s i d e  diameter of  t h e  casing 
was a t t a i n e d .  S p l i t  r i n g s  a t  t h e  second and four th  p o s i t i o n s  above t h e  bottom w e r e  
sprung around t h e  d r i l l  rod, which expanded ,or contracted a s  t h e  o u t s i d e  diameter 
of  t h e  d r i l l  rod var ied.  

p a r a l l e l  a s  possible .  The leak paths  which r e s u l t e d  cons is ted  of  only t h e  r a d i a l  
s p l i t \ i n  the  s p l i t  r i n g s  and the  c i rcumferent ia l  mismatch between t h e  i n s i d e ' d i a -  
meter of t h e  s p l i t  r i n g s  and t h e  o u t s i d e  diameter of  t h e  d r i l l  rod. A leak  r a t e  
less than the  capac i ty  of two of t h e  t h r e e  a v a i l a b l e  compressors was expected when 
t h e  casing annulus was pressurized t o  j u s t  above t h e  l i t h o s t a t i c  pressure a t  t h e  
bottom of the  casing. 

The hor izonta l  sur faces  of each of  t h e  r i n g s  w e r e  made as 

I 

Water Jet-Augmented D r i l l i n 9  -- The concept of water jet-augmented d r i l l i n g ,  
as it was applied to  the  FY 79 Lava Lake D r i l l i n g  Program, consis ted o f  forcing co- 
herent  high-velocity streams of water forward from t h e  face of s l i g h t l y  modified con- 
vent ional  b i t s  i n t o  t h e  expected p l a s t i c  or l i q u i d  rock a t  such a r a t e  t h a t  t h e  rock 

f 

I 

i 
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would be s o l i d i f i e d  a t  a reasonable d r i l l i n g  r a t e  ahead of t h e  b i t .  The use of t h e  
term " jet-augmented d r i l l i n g "  should not  be confused with t h e  more conventional 
" j e t  d r i l l i n g , :  i n  which very high-veloci ty ,  high-pressure j e t s  a r e  formed t o  
abrade t h e  rock ahead of t h e  d r i l l  and wash t h e  r e s u l t i n g  small rock p a r t i c l e s  away 
from the  bottom of the  hole ,  With conventional j e t  d r i l l i n g ,  t h e  rock i s  not  
mechanically d r i l l e d  a t  any t i m e  i n  t h e  operat ion a s  it i s  with t h e  "jet-augmented 
d r i l l i n g "  described i n  t h i s  document. 

The water jet-augmented d r i l l i n g  systems developed fo r  t he  FY79 Lava Lake 
Dr i l l i ng  Program involved two types of b i t s .  One was a simple,  inexpensive,  three-  
wing drag b i t ,  2-3/8 inches i n  diameter,  with carbide cu t t i ng  sur faces .  The cool- 
ing-water o r i f i c e  was modified t o  provide a coherent high-veloci ty  j e t  on t h e  cen- 
t e r l i n e  of t h e  b i t ,  which would produce a desired flow r a t e  of  about 8 gpm a t  a 
50-psi p ressure  drop across  t h e  o r i f i c e .  The flow r a t e  produced corresponded t o  
the  amount of water required t o  cool  t he  molten rock ahead of t he  b i t  a t  a reason- 
ab le  r a t e  o f  d r i l l i n g  (1/2 t o  1 inch per minute). In addi t ion ,  s u f f i c i e n t  momentum 
was a t t a ined  t o  pene t ra te  the  l i q u i d  o r  p l a s t i c  rock f o r  a reasonable depth.  Thus ,  
t h e  l i q u i d  rock would be s o l i d i f i e d  a t  a known r a t e  ahead of  t h e  b i t ,  and t h e  
s o l i d i f i e d  r9ck would then be d r i l l e d  ,with the  drag b i t .  

The water jet-augmented core b i t  i s  s imi l a r  t o  t h e  water jet-augmented drag 
b i t  except t h a t  e igh t  o r i f i c e s  a r e  d i s t r i b u t e d  around the  periphery of t he  face  yf 
a conventional,  NQ-size (1.87 inches ) ,  face-discharge core b i t .  A standard NW core 
b a r r e l  was used i n  an e f f o r t  t o  recover core  from the  rock s o l i d i f i e d  ahead,of t h e  
b i t .  The t o t a l  water flow of about 8 gpm was divided between t h e  o r i f i c e s  i n  t h e  
face of t h e  b i t  ( -80 percent)  and through the  core b a r r e l  (-20 percen t ) .  Figure 7 
shows t h e  water jet-augmented core b i t  used during t h e  d r i l l i n g  i n  Hole 79-1 ( l e f t )  
and an unused b i t  ( r i g h t ) .  Note t h a t  t h e  p i l o t  l i p  has  been worn away completely 
and t h a t  considerable  wear has  occurred along t h e  ou t s ide  of t h e  b i t  and shank. 
Figure 8 i s  a c lose r  view of  t he  erosion suffered by t h e  b i t  matrix.  

Figure 9 is a ph o of the t w o  water jet-augmented drag bits used i n  Hole 

79-4. The carb ide  i n s  t t i p s  have been? badly worn. Figure 10 shows t h e  drag b i t  
shank deeply scoured by t h e  c u t t i n g s  generated and pushed up t h e  s i d e  of t h e  d r i l l  
rod. 

I 

Coolant Supply and Control System 

Both the  I D S  and the  water jet-augmented d r i l l i n g  concepts required high 
water and a i r  flow r a t e s  and extensive pressure cont ro l .  The I D S  system used a 
f i n e  spray of water from the cen te r  water pipe t o  produce a t h i n  f i lm of cooling 
water on t h e  in s ide  sur face  of t h e  inner  d r i l l  rod. The annulus between t h i s  
cen ter  pipe and the in s ide  diameter of t he  inner  d r i l l  rod was pressurized by a i r  
t o  a point  above l i t h o s t a t i c  pressure t o  keep t h e  b i t  discharge nozzles f ree .  
annulus between the  casing and the  ou t s ide  of t he  d r i l l  s t r i n g  was a l s o  pressurized 

with a i r  i n  excess of  t he  expected l i t h o s t a t i c  pressure  during both t h e  I D S  and 
water jet-augmented d r i l l i n g  operat ion t o  prevent t he  molten rock from r i s i n g  i n  
the  casing. An excess of water on t h e  in s ide  of t h e  insu la ted  d r i l l  s t r i n g  would 
have overcooled the  outs ide  of t he  d r i l l  s t r i n g ,  causing the  molten rock t o  f reeze  

The 

, 

19 



Figure 7. Water Jet-Augmented Core Bits in Hole 79-1 
(L. -- used, R. -- unused) 

Figure 8. Closeup of Water Jet-Augmented Core Bit 
Used in Hole 79-1, Showing Extensive Wear 
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Figure 9. Water Jet-Augmented Drag Bits 
Eroded during Drilling in Hole 79-4 

Figure 10. Scoured Water Jet-Augmented Drag Bit Shank 
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on the  d r i l l  s t r i n g  and s top  i t s  ro t a t ion .  Excessive pressure i n  the  annulus 
around t h e  center  water pipe would have prevented cooling water from enter ing  t h e  
center  water pipe.  During water jet-augmented d r i l l i n g ,  monitoring and ad jus t ing  
of t h e  cooling water were required i n  order  t o  ad jus t  t h e  rock cooling r a t e  and 
hence the  d r i l l i n g  r a t e .  

Eigures 11 and 1 2  schematical ly  i l l u s t r a t e  the  water and a i r  cont ro l  systems 
required by the  IDS and water jet-augmented d r i l l i n g  a c t i v i t i e s .  

Instrumentation and Recording Systems 

The HC-150 d r i l l  used i n  the  Fy79 Lava Lake Dr i l l i ng  Program was instrumented 
for  t he  four bas i c  d r i l l i n g  funct ions:  d r i l l  rod torque, b i t  load,  b i t  r o t a t i o n a l  
ve loc i ty ,  and l i n e a r  d r i l l i n g  r a t e .  In  addi t ion ,  cooling water and a i r  p ressures  
and flow r a t e s  were recorded during a l l  water jet-augmented d r i l l i n g  operat ions.  

The HC-150 r i g  by Longyear uses a hydraul ica l ly  dr iven d r i l l .  The main power 
un i t  d r ives  th ree  hydraul ic  pumps. 
wi re l ine  h o i s t ,  t he  main dr i l l - rod- turn ing  powerhead, t h e  chuck jaws, and the  
pull-down cyl inder ,  which r a i s e s  and lowers and v e r t i c a l l y  loads t h e  d r i l l  rod. 

The pumps supply hydraul ic  pressure t o  t h e  

Pressure t r ansmi t t e r s  were i n s t a l l e d  i n  the  hydraul ic  l i n e s  t o  the  powerhead 
which app l i e s  r o t a t i o n a l  force t o  t h e  d r i l l  rods. Similar  t r ansmi t t e r s  a l s o  w e r e  
i n s t a l l e d  i n  the  hydraul ic  l i n e  t o  the  "down" . s ide  of t h e  pull-down cyl inder .  The 
torque-producing pressure was d i r e c t l y  conver t ib le  t o  torque i n  foot-pounds appl ied 
t o  the d r i l l  rods. Figure 13 i s  a p l o t  of turning pressure versus  torqu-e fo r  t he  
d r i l l  used. B i t  load was measured by measuring t h e  pressure i n  t h e  pull-down cyl- 
inder  and converting t o  load. 

, 
* 

A magnetic.-pulse generator  was posi t ioned t o  d e t e c t  t he  r o t a t i o n  of a l a rge ,  
c a s t e l l a t e d  c o l l a r  which ro t a t ed  with t h e  d r i l l  rod. The pulse  r a t e  observed was 
d i r e c t l y  proport ional  t o  the r o t a t i o n a l  ve loc i ty  of t h e  d r i l l  rod. 

The v e r t i c a l  d r i l l i n g  r a t e  was measured by f ix ing  a reel- type displacement 
t ransducer  t o  the mast above the powerhead and a t tach ing  the  r e e l  cab le  t o  the  
powerhead. As t he  powerhead t r ans l a t ed  v e r t i c a l l y ,  t h e  r e s u l t i n g  change i n  vol tage 
with time indicated d r i l l i n g  r a t e .  

Flow r a t e s  and pressures  fo r  the  water and a i r  which were supplied during 
water jet-augmented d r i l l i n g  and planned fo r  I D S  d r i l l i n g  were recorded during 
those operat ions.  Impeller-type flowmeters ca l ib ra t ed  appropr ia te ly  f o r  water and 
a i r  flows were used. Pressure t r ansmi t t e r s  were a l s o  i n s t a l l e d  i n  a i r  and water 
l i n e s  t o  record pressures .  

> Pressure gauges on the d r i l l  console monitored hydraul ic  pressures  t o  the  
dr i l l - rod- turn ing  motor and the  pull-down cyl inder .  The gauges provided real- t ime 
guidance t o  the d r i l l  operator .  The pressures ,  t h e  r o t a t i o n a l  ve loc i ty  ind ica ted  

cd 

hd 
* 
From the Longyear repor t  descr ibing the  HC-150 d r i l l .  
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Figure 12. Casing Air Pressure Control System 
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Figure 13. Spindle Torque System Pressure Curves f o r  HC-150 
D r i l l  with Standard Speed-Change Gears i n  Powerhead 

by the  magnetic pickup, and t h e  voltage-versus-time-indicating powerhead pos i t i on  
were a l s o  recorded on 12-volt ,  dc-powered, two-channel s t r i p  c h a r t  recorders.  The 
s t r i p  c h a r t s  provided real-time r o t a t i o n a l  ve loc i ty  and d r i l l i n g  rate information 
t o  the  d r i l l i n g  operat ion,  a s  well a s  a permanent record f o r  reference a f t e r  t h e  
d r i l l i n g  program was completed. A 12-v0l t l  dc-powered datalogger was used t o  
sample each channel of da t a  recorded and t o  s t o r e  t h e  information on a c a s s e t t e  
magnetic tape.  

Frequency response of the  da t a  recorded on t h e  s t r i p  c h a r t  recorders was on 
the order of a few h e r t z  maximum. The sampling r a t e  of t h e  datalogger  ranged from 
about 10 samples per  minute when only d r i l l  functions were being recorded t o  about 
3 samples per  minute when d r i l l  functions and coolant  flows and pressures  were 
being recorded. 

Figures 14 and 15 show the  recording system e l e c t r i c a l  schematics f o r  t h e  
d r i l l  functions and coolant-monitoring instrumentation. Figure 16 i s  t h e  schematic 
of the instrumentation and recording system assembled t o  measure t h e  quan t i ty  and 
q u a l i t y  of steam produced during the  energy ex t r ac t ion  experiments. 
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' Approximately 1,250 f e e t  of r e l a t i v e l y  cool ,  c r u s t a l  d r i l l i n g  w a s  performed 
during t h e  FY79 Lava Lake D r i l l i n g  Program i n  preparing holes  for  t h e  geoscience 
and d r i l l i n g  technology experiments. HQ-size wire l ine  coring equipment was used 
for  a l l  c r u s t a l  d r i l l i n g .  Diamond core  b i t s  w e r e  used predominantly, with occa- 
s:.onal s h i f t s  t o  carbide core b i t s  when high-temperature, s o f t  rock was encountered. 

D r i l l i n g  r a t e s  of  up t o  6 inches per  minute w e r e  achieved i n  t h e  upper, c r u s t ,  
using c l e a r  water a s  a d r i l l i n g  f l u i d .  Ci rcu la t ion  of  t h e  d r i l l i n g  f l u i d  w a s  los t  
t o  t h e  formation wi th in  6 inches of t h e  sur face  a f t e r  each hole  w a s  s t a r t e d .  G e l s ,  

and 'o ther  l u b r i c a n t s  w e r e  used only i n  holes  75-5 and 75-6, when 
i s s i o n  was obtained t o  u s e  a l ightweight  o i l  t o  l u b r i c a t e  t h e  d r i l l  

r "  

jet-augmented drag b i t  system was used t o  d r i l l  approximately 15 
i n ,  low-viscosity ve ins  of rock i n  H o l e  79-4. D r i l l i n g  through t h e  * 

l i q u i d  l a y e r s  proceeded s t e a d i l y  when the  a i r  pressure surrounding. the  d r i l l  rod 
could be held above local l i t h o s t a t i c  pressure.  D r i l l i n g  with t h e  drag b i t  i n  t h e  
hardened, g lassy ,  flow-back mater ia l  was not successful .  Considerable b i t  wear 
r e s u l t e d  under these  condi t ions.  D r i l l i n g  with t h e  water jet-augmented core  b i t  i n  
the p l a s t i c  flow-back rock i n  Hole 79-1 proceeded s t e a d i l y  f o r  about 20 f e e t  a f t e r  
d r i l l i n g  with t h e  standard wire l ine  equipment was ha l ted  by t h e  p l a s t i c  rock. Core 
mater ia l  was not recovered during the  water jet-augmented core d r i l l i n g .  Although 
the  water jet-augmented core d r i l l i n g  proceeded smoothly and s t e a d i l y ,  considerable  
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b i t  wear r e s u l t e d  f r o m  t h e  high temperatures encountered. Table 2 summarizes the 
r e s u l t s  of t h e  d r i l l i n g  experiments conducted. 
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Figure 16. Steam Output Recording System Schematic 
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03 Table 2 

Drilling Technology Experiments 

Hole Purpose Depth Bit Coring 
Designation of Hole Interval Type system Comments 

75-1 Thermal Well 135 to 143 ft HQ diamond core, Wireline Extremely rough drilling in glassy flow-back chimney. 
-10 stones/carat 

-10 stonedcarat 

Cores -- badly fragmented black nodules. 
143 to 173 ft HQ diamond core, Wireline Good drilling with good core-recovery rate. 

79-1 crust 0 to 165 ft HQ diamond core, Wireline Good drilling with good core-recovery rate. 
permeability -10 stones/carat 
measurements: 
creep strength HQ diamond core, Wireline Goad drilling in very soft basalt. Good core-recovery 

-10 stones/carat: rate. Drilling suspended by higher priority activity. 
alternated with 
carbide core bit 

165 to 202 ft 

76-2 IDS drilling -40 to 165 ft HQ diamond core, Wireline Good initial drilling. Drill string stuck at -165 ft 
-10 stones/carat by metal particle in hole. Abandoned. 

. 79-2 IDS drilling 0 to 165 ft HQ diamnd core, Wireline Good initial drilling. Hole collapsed overnight. 
-10 stones/carat Abandoned. 

79-3 Energy 0 to HQ diamond core, Wireline Good drilling to initial melt penetration. Good core 
extraction 172 ft 6 in. -10 stones/carat recovery. 

154 ft 9 in. HQ diamond core, Wireline Good drilling first flow-back chimney. Core recovered. 
to -10 stonedcarat 

171 ft 7 in. 
160 ft to HQ diamond core, Wireline Good drilling second flaw-back chinmey. Core recovered. 
170 ft 5 in. -10 stones/carat 
166 ft 8 in. HQ diamond core, Wireline Good drilling third flow-back chimney. Core recovered. 

to -10 stones/carat 
169 ft 10 in. 

79-4 Energy 0 to 40 ft HQ carbide core Wireline Good drilling with good core recovery. 

40  ft to HQ diamond core Wireline Good drilling with good core recovery. 
extraction bit 

172 ft 6 in. bit 
172 ft 6 in. NQ diamond bit Standard Experienced difficulty in getting bit through bottom 12 

to NW core ft of Casing. Tapped liquid layer for casing seal. 
173 ft 3 in. barrel 
171 ft 10 in. NQ-piloted, Standard Failed to get care bit and core barrel to pass through 

water jet- NW core lower part of casing. 
augmented barrel 
core bit 

diameter, water encountered. 
J et-augmented, 
three-wing drag 
bit 

171 ft 10 in. 2-3/4-in.- None Drilled to 179 ft 9 in. when liquid layer was 

167 ft 3-1/2 in. 2-3/4-in.- None Drilling flow-back chimney. Drilling difficult with 
to 168 ft diameter, water 

jet-augmented, 
three-wins dras 

drag bit. 



Table 2 (Continued) 

Hole Purpose -Pa Bit Coring 
Designation of Hole Interval Type System Comments 

168 ft to BQ diamond 5-ft BQ Drilling out flow-back chimney. 
174 ft 3 in. core bit wireline 

174 ft 3 in. 2-3/4 in,- None Drilling halted occasionally by liquid layers. 

185 ft 11 in. jet-augmented, 
to diameter, water Drilling rate very slow -- 0.2 to 0.5 in./min. Drilling 

more sure when casing pressure was held. 
three-wing drag 
bit 

BQ diamond 185 ft 11 in. 

186 ft 5-1/2 in. 

5-ft BQ Drilling for core samples in apparently cool rock. 
to core bit wireline 

79-1 Core through 165 ft to HQ diamond Wireline Thin glass layers evident intermittently. 
Reentry rake 178 ft core bit 

172 ft 10 in. HQ diamond Wireline Drilling in flow-back rock. 

180 ft 6 in. 

180 ft 6 in. HQ carbide core Wireline Core recovered -- 26 in. long. 
to core bit 

to bit 
181 ft 10 in. 

181 ft 10 in. HQ carbide core Wireline Lost face of bit. Very soft rock. 

183 ft 4 in. 

179 ft 10 in. HQ diamond ~ Wireline Drilling to recover bit face. Very soft rock. 

183 ft 7 in. 

180 ft 8 in. NQ-piloted, Standard Water pressure at pump -- 150 to 200 psi. Drilled to 

188 ft 1 in. augwnted barrel thick in end of bit/core barrel. 

188 ft 1 in. NQ-piloted, Standard Attempted to recover core. Unsuccessful. 

192 ft 5 in. augmented barrel 

to bit 

to core bit 

to water jet- NW core 188 ft 1 in. No core recovered. Surd1 plug -1 in. 

core bit 

to water jet- NW core 

core bit 

79-5 Core through 0 to 342 ft HQ diamond Wireline Continuous drilling. Erratic wall drag dictated 
lake core bit lubricating hole. Continuous core recovered to depth 

of 342 ft, at which time the lower crust had been 
intercepted. 

79-6 LOcate melt 0 to 192 ft HQ diamond Wireline Continuous drilling to depth where high-pressure 
zones core bit liquid was encountered. 

142 ft to HQ diamond Wireline Redrill flow-back chimney. Liquid encountered rising 
188 ft core bit to about 150 ft. Hole abandoned. 

c 
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Analyses and i n t e r p r e t a t i o n  of  t h e  r e s u l t s  of  t h e  FY79 Lava Lake Dr i l l i ng  
Program a r e  expected t o  continue for some t i m e  a t  severa l  l oca t ions  within t h e  DOE 

and the  USGS. Appendices A through D contain plots o f  t h e  d r i l l  funct ions recorded 
for  each of the experimental holes d r i l l e d .  P lo t s  of  the da ta  f o r  H o l e  79-1 reen- 
t r y  were obtained d i r e c t l y  from the strip c h a r t  recordings,  w h i l e  those f o r  t h e  re- 
maining holes  came from the da ta  sampled by the datalogger .  The datalogger  sam- 
pl ing r a t e  w a s  much lower (0.05 t o  2 . 0  h e r t z )  than t h a t  of  t h e  s t r i p  c h a r t s  (sev- 
e r a l  hundred h e r t z ) .  Therefore,  where the c h a r a c t e r i s t i c  o f  a high-frequency 
component is important t o  the  i n t e r p r e t a t i o n  of  r e s u l t s ,  c a re  must be taken t o  
use da ta  from the o r i g i n a l  paper record.  

Conventional D r i l l i n q  

Although t h e  b i t  load, displacement,  and d r i l l  speed w e r e  he lp fu l  i n  control-  
l i n g  t h e  d r i l l i n g  operat ion and i n  in t e rp re t ing  o the r  d a t a ,  the d r i l l i n g  torque was 
the most useful  parameter i n  evaluat ing d r i l l i n g  performance. 

Regarding the d r i l l  funct ions,  no s i g n i f i c a n t  d i f f e rence  was recorded between 
d r i l l i n g  with conventional HQ w i re l ine  equipment i n  the cool  (100'C) upper c r u s t  
and in the high-temperature rock j u s t  above t h e  l i q u i d  o r  m e l t  zones. However, 
t he re  was a sharp d i f f e rence  between t h e  torque s igna tures  observed during d r i l l i n g  
of  t h e  hard,  f rac tured ,  g lassy  rock of  the old flow-back chimney i n  Hole 75-1 
(Figure 17)  and those observed during d r i l l i n g  of  t h e  s o f t e r ,  h o t  rock ( n o t  y e t  
l i q u i d )  encountered during d r i l l  back i n t o  H o l e  79-1 (Figure 18a) .  I t  was a l s o  
noted t h a t  there w e r e  s i m i l a r i t i e s  among torque s igna tures  obtained under d i f f e r i n g  
circumstances. The s igna ture  obtained from the flow-back chimney (Figure 17)  
during d r i l l i n g  with t h e  conventional HQ b i t  w a s  s imi l a r  t o  t h a t  obtained during 
d r i l l i n g  i n  l i q u i d  or p l a s t i c  ve ins  i n  H o l e  79-4 w i t h  the water jet-augmented drag 
b i t  (Figure 18c). These resembled t h e  s igna ture  obtained during d r i l l i n g  i n  the  
p l a s t i c  region of Hole 79-1, using t h e  water jet-augmented co re  b i t  (Figure 18b). 

The rough d r i l l i n g  i n  Hole 75-1, ind ica ted  by the high-frequency component 
superimposed on t h e  bas i c  torque value,  was caused by t h e  h ighly  f rac tured ,  g l a s s y  
rock i n  the  flow back. The hard fragments tended t o  r o l l  around beneath t h e  b i t ,  

causing the rough d r i l l i n g .  In t h i s  case,  a number of  the fragments w e r e  r e t a ined  
i n  the  core b a r r e l ,  obstructed by a sho r t  plug of complete core encountered a s  t h e  
d r i l l i n g  proceeded beyond t h e  g lassy  flow-back mater ia l .  This observat ion leads  t o  
the  assumption t h a t ,  during the  water jet-augmented d r i l l i n g ,  t h e  high-veloci ty  
cooling water was forced i n t o  t h e  rock, cool ing it so r ap id ly  t h a t  it was sha t t e red  
j u s t  ahead of t h e  b i t .  In the  case of  t h e  w a t e r  jet-augmented core  d r i l l i n g ,  a 
"solid" plug of mater ia l  below t h e  g lassy  rock was not ava i l ab le  t o  r e t a i n  the par- 
t i c l e s  of  f rac tured ,  g lassy  rock i n  the  core b a r r e l ,  and t h e  core was ground i n t o  
cu t t i ngs .  

The penet ra t ion  of  t h e  l i qu id  iayer  a t  the bottom of Hole 75-1 afforded the 

f i r s t  opportuni ty  to  observe changes i n  t h e  d r i l l  funct ions which ind ica ted  d r i l -  
l i n g  i n t o  l i q u i d  rock. Subsequent planned experiments, such a s  t h e  I D S  d r i l l i n g  
and the  experiment t o  determine minimum plast ic  l aye r  th ickness  f o r  a s t a b l e  hole ,  
would depend upon the  a b i l i t y  of  t h e  experimenters t o  sense i f  d r i l l i n g  was taking 
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Figure 17. Drilling Out Glassy Flow-Back Chimney with Conventional 
HQ Core Bit (Hole 75-1) 

place in a component rock or in liquid or plastic rock. Figure 19 shows the change 
ih turning torque which was recorded during the first penetration of the liquid 

5-1. This type of change wa 1 of those noted during suc- 
tions of liquid rock. 

The following sub-sections contain a detailed description of the reaults of 
the drilling activities and the penetrometer experiment. 

. Penetrometer Experiment _ "  -. 

During the penetrometer experiment, a peak load of about 1.1,lOO pounds was 
applied to the penetrometer. The load components consisted of a 9,300-pound down- 
ward drill load, about 1,300 pounds of rods, and about 500 pounds of water. Cycled 
and steady loads were applied as shown in Figure 20. 

The available load was not sufficient to force the penetrometer through the 
chilled cap at the top of the flow-back chimney, and therefore, the liquid layer 
was not penetrated. 
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Figure 19. I n i t i a l  M e l t  Encounter a t  173 f t  1 inch (Hole 75-1) 

Examination of t he  penetrometer t i p  a f t e r  it "was removed from the  hole  re-  
vealed no change i n  the  appearance o r  shape of t h e  t i p  a s  a r e s u l t  of t he  t e s t .  
Its sharp p o i n t  was i n t a c t  and s t i l l  possessed i t s  as-machined l u s t r e .  There were 
no s igns  of frozen rock adhering t o  the  t i p .  The in su la t ing  i n s e r t  between the  
e l e c t r i c a l  con tac t s  of t r a n s i t e  was blackened and, except fo r  one c rack ,  was in- 
t a c t .  After  the  t e s t ,  contact  e l e c t r i c a l  i s o l a t i o n  was 200 kilohms. Open c i r c u i t s  
t o  both thermocouples precluded taking bottom-hole temperatures during the  t e s t .  

The following is  a sequent ia l  i n t e r p r e t a t i o n  of t h e  displacement/pressure re- 
cords made during the  penetrometer experiment; b i t  loads and displacements a r e  
shown i n  Figure 20. 

t 1. I n i t i a l  point  -- b i t  load equals  zero displacement a t  s t a r t i n g  
poin t  of about +3 inches.  

t 2. B i t  load is increased i n  s t eps  t o  a maximum. The displacement 
ind ica t e s  about 3 inches downward t r a v e l .  This represents  t h e  

taken up i n  the  d r i l l  and some l i f t i n g  of t h e  f r o n t  of 
The cause of t h e  displacement was confirmed by v i sua l  
of t he  d r i l l  rod pos i t ion  r e l a t i v e  t o  the  lake  sur face  

. during loading.  
Point 3. , load is  removed. 
PQint 4. powerhead and chuck a r e  l i f t e d  r e l a t i v e  t o  the  d r i l l  rod fo r  

Point 5 .  B i t  p ressure  is  appl ied again and held a t  a s teady load fo r ' a lmos t  
b e t t e r  g r i p .  

3-1/2 minutes. 
s i g n i f i e s  s lack being taken up i n  the  d r i l l . .  

Point  6. A t  po in t  6 ,  t h e  b i t  load i s  cycled a s  r ap id ly  a s  is p r a c t i c a l  (once 
every few seconds) between zero and maximum poss ib le .  

Point  7. B i t  load cyc l ing  and a t tendant  r a i s i n g  and lowering of d r i l l  

Point  7a. The chuck jaws s t a r t  t o  s l i p  on t h e  d r i l l  rod u n t i l  added pressure  
i s  appl ied t o  increase  t h e i r  g r i p  on the  rod. 

Poin t  8. Steady maximum pressure i s  appl ied for  approximately 10 minutes. 
Point  9 .  B i t  load i s  removed, and penetrometer i s  l i f t e d  a few inches off 

I n i t i a l  downward ind ica t ion  of  about 1 - 1 / 2  inches 

aga ins t  i t s  hold-down chains  and s lack  removal take place.  - -  

bottom. 
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Insu la ted  D r i l l  S t r i n g  D r i l l i n g  

The I D S  w a s  conceived t o  provide a means of  en ter ing  and d r i l l i n g  through a 
r a t h e r  t h i c k ,  h igh ly  l i q u i d  l aye r  o f  lava.  The d r i l l i n g  experience i n  Holes 79-4 
and 79-1 and ' thermal  p r o f i l e s  ind ica ted  t h a t  a l o w  v i s c o s i t y  17ens was no t  present .  
This l ack  o f  a l o w  v i s c o s i t y  li i d ,  changes i n  l o g i q t i c s  due t o  i n i t i a l  r e s u l t s ,  
and l i m i t a t i o n  of  funds r e s u l t e  i n  cance l l a t ion  o f  t h e  I D S  experiment. 

I 

Water Jet-Augmented D r i l l i n g  Experiment 

The water jet-augmented d r i l l i n g  opera t ions  were conducted i n  Hole 79-4 and 
during t h e  r e e n t r y  i n t o  H o l e  79-1. H o l e  79-4 (and i t s  companion 79-3) was loca ted  
about 7 f e e t  east of Hole 75-1 and 3 f e e t  w e s t  o f  H o l e  79-3. Hole 79-4 was d r i l l e d  
to  a depth est imated t o  be 6 inches above the l i q u i d  rock l aye r  encountered during 
d r i l l i n g  i n  H o l e s  75-1 and 79-3. The ho le  was cased to  within 6 inches of  i t s  
bottom, t h e - l i q u i d  l aye r  was pene t ra ted ,  and t h e  l i q u i d  rock flowed around the 
bottom of the cas ing ,  .creat ing a s e a l  between the casing and the l i q u i d  lens .  The 
casing was pressured . Subsequently, t h e  ho le  w a s  entered with t h e  water 
jet-augmented core b i t  core b a r r e l  to  d r i l l  the g l a s s  plug ou t  of t h e  
b o t t m  of the cas ing  and e n t e r  the l i q u i d  layer .  In te r fe rence  between the cas ing  
and t h e  core b a r r e l  (poss ib ly  caused by a crooked l o w e r  s ec t ion  o f  t h e  hole)  pre- 
vented d r i l l i n g  i n  the cased hole  w i t h  t h e  water jet-augmented core  d r i l l  and 
b a r r e l .  The forces  required t o  p u l l  the water jet-augmented core  b i t  and core  
b a r r e l  from the cas ing  w e r e  excessive,  and t h e  glass-to-metal s e a l  a t  the bottom o f  
the casing w a s  broken. The s e a l  loss prevented pressur ing  t h e  cas ing ,  and allowed 

to rise around and f reeze  the d r i l l  s t r i n g  i n  place. ' 

ter  jet-augmented drag b i t  was in se r t ed ,  
e purpose of t h i s  opera t ion  was to  

repuncture- the l i q u i d  zone and r e e s t a b l i s h  the s e a l  a t  the bottom of the casing.  
Af te r  d r i l l i n g ' a b o u t  2 f e e t  t o  a depth of  about 174 f e e t  (about 1 foo t  below pre- 
v ious ly  encountered l i q u i d ) ,  the casing s e a l  was rees tab l i shed .  I t  w a s  a l s o  appar- 
e n t  by t h i s  t i m e  t h a t  the several-foot- thick l i q u i d  l aye r  w h i c h  had been 'expected 

e x i s t  a t  t hese  depths .  Figure 21 shows the d r i l l  funct ions as d r i l l i n g  
d through the &expetted l i q u i d  hori n a t  173 f e e t  3 inches. ' 

" -  ~- 
. L .  

- Water jet-augmented b i t  d r i l l i n g  con nued< i n  Hole 79-4 t 
86 f e e t  2-1 1 2  inches.  o f  cas ing  pressure was impossible,  o r  s 

a t  best, between 173' ,feet  and 174 f e e t  6 inches (See Appendix C, Figures C-12a, 
C-i3a, C-14, k2-15). During t h i s  period, l i qu id - rock  under pressure  forced t h e  drag  
b i t  t o  be'withdrawn a t  least  three t i m e s .  Between 174 fee t  and 186 f e e t ,  f a i r l y  
uniform cas ing  pressure w a s  maintained, and j e t  drag b i t  d r i l l i n g  proceeded smooth- 
l y  t o  a 186-foot depth (see Appendix 28a through C-45a). 

Figure 22  i s  a record of  t h e  four  d r i l l i n g  func t ions  during a s h o r t  i n t e r v a l  
i n  the j e t  drag of  p las t ic  or l i q u i d  lava  w a s  encountered 

a t  a depth of  -18 

about 1.3 inches per minute u n t i l  the l aye r  was encountered, a t  which t i m e  cool ing 
without b i t  advance was conducted. Shor t ly  a f t e r  d r i l l i n g  was resumed, t h e  l a y e r  
was once again encountered, and add i t iona l  cool ing w a s  required.  D r i l l  r o t a t i o n a l  

ure ind ica t e s  t h e  d r i l l  advance r a t e  was 
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ve loc i ty  was maintained a t  about 500 rpm. As the s o f t  area w a s  en te red  i n i t i a l l y ,  
t h e  torque increased sharply 30 t o  40 f t - lb .  The torque then  'slowly increased 
during the next  few inches of  d r i l l i n g ,  a t  which t i m e  w i l d  excursions i n  the torque 
indicated t h a t  t h e  p l a s t i c  rock w a s  r i s i n g  around t h e  wings of  t h e  drag b i t  and 
impeding i ts  ro t a t ion .  The system' s maximum' working-hydraulic-pressure of  about 
2,000 psi  produces a turn ing  torque of about 300 f t - l b ,  which, on t h i s  record, i s  
exceeded about 7 minutes from t h e  s t a r t i n g  poin t .  A t  t h i s  t i m e ,  b i t  advance was 
ha l ted ,  b u t  t h e  r e s i s t ance  t o  turn ing  pe r s i s t ed  f o r  a s h o r t  t i m e  w h i l e  the r i s i n g  
p l a s t i c  rock was c u t  away. Note the s i m i l a r i t y  of  t h e  torque ' record during drag 
b i t  d r i l l i n g  and t h e  torque record, shown i n  Figure 17,  w h i c h  was recorded during 
d r i l l i n g  w i t h  conventional equipment a t  145 f e e t  i n  t h e  o l d  g l a s sy  chimney i n  Hole 
75-1. Since core (or information about the formation) was not  being obtained and 
the  d r i l l i n g  advance rate was s l o w ,  t h i s  experiment was terminated. 

B i t  load records and, i n  p a r t i c u l a r ,  b i t  load t r a n s i e n t s  are d i f f i c u l t  t o  
i n t e r p r e t  because of  t h e  na ture  of  t h e  bit-pull-down hydraul ic  system qnd because 
hydraul ic  pressure i s  t h e  parameter which i s  measured t o  i n d i c a t e  b i t  load. Com- 

pensat ing hydraul ic  pressure i s  appl ied t o  both s i d e s  of t h e  pull-down p i s ton  under 
zero bit-advance condi t ions.  The desired advance rate i s  achieved by bleeding 
pressure  from the  l i f t i n g  s i d e  of  the p is ton .  As t h e  b i t  then advances i n t o  t h e  
hole, the pressure  on the "down" s i d e  o f  the p i s ton  i s  maintained by the hydraul ic  
pump. In  m o s t  ins tances ,  rap id  o r  temporary d r i l l  r a t e  changes were made by merely 
changing t h e  hydraul ic  selector valve from DOWN t o  OFF or U P  without changing t h e  
needle valve: t h e  needle valve changes the r a t e  o f  bleeding pressure  from t h e  
l i f t i n g  s i d e  of  the p is ton .  W i t h  t h i s  system, b i t  loads  recorded under steady- 
s t a t e  condi t ions can be assumed to  be accura te  r ep resen ta t ions  o f  t h e  b i t  load,  and 
t r a n s i e n t  a c t i v i t i e s  a r e  meaningful f o r  very sho r t  t i m e s .  Ind ica t ions  o f  flow 
build-up i n  b i t  load (between 7 and 10 minutes i n  Figure 20) are s o m e t i m e s  errone- 
ous ly  in fe r r ed  from t h e  b i t  p ressure  record.  Combining the b i t  p ressure  d a t a  w i t h  
the displacement da t a  permits c o r r e c t  i n t e r p r e t a t i o n ,  a s  f o r  example i n  Figure 20, 
which shows b i t  displacement t o  be zero during the t i m e  when t h e  b i t  load appears  
to increase.  B i t  load during s teady d r i l l i n g  is  meaningful, a s  f o r  example i n  
Figure 2 2 ,  when, a t  about 10-1/4 minutes,  increas ing  pressure  w a s  appl ied  t o  ' 
r e s t a r t  d r i l l i n g .  

Because of  t h e  in t e r f e rence  o f  the j e t  core d r i l l  and core  barrel w i t h  the 

casing i n  H o l e  79-4, the planned j e t  core  d r i l l i n g  was not  performed i n  t h a t  ho le .  
However, when d i f f i c u l t y  was experienced i n  r een t ry  d r i l l i n g  with convent ional  
equipment i n  H o l e  79-1, t h e  j e t  core  b i t  and NW core  b a r r e l  were used t o  d r i l l  
about 15 f e e t  i n t o  the  p l a s t i c  zone. Two i n t e r v a l s  w e r e  d r i l l e d :  however, core w a s  
not  recovered from either i n t e r v a l .  

The f i r s t  j e t  core d r i l l i n g  i n t e r v a l  i n  H o l e  79-1 began a t  a depth of 180 
f e e t  8 inches and proceeded to  a depth of 188 f e e t  1 inch f o r  a t o t a l  of  7 f e e t  5 
inches.  Figures 23 and 24 show t h e  four d r i l l  funct ions a t  two depths  when d r i l -  

l i n g  i n  p l a s t i c  rock was evident.  Since the hole  w a s  no t  cased,  a i r  pressure  could 
not  be appl ied t o  the  bottom of the hole  t o  suppress t h e  upward surge o f  p l a s t i c  
rock when it was encountered. Charac t e r i s t i ca l ly ,  a s  a l i q u i d  zone w a s  en te red ,  
t he  b i t  pressure increased s l i g h t l y  and continued t o  rise a f t e r  the b i t  advance w a s  

V- 
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ha l t ed .  While the  tu rn in  rque decreased, t he  water pressure a t  t he  output  s i d e  
of t he  pos i t i ve  displacement pump rose ,  ind ica t ing  t h a t  t h e  water o u t l e t s  w e r e  
plugging in  the  face of t h e  b i t  and i n  the  annulus around the  inner  core  b a r r e l .  
A s  t he  water pressure increased t o  severa l  hundred p s i  (400 t o  600), t h e  mater ia l  
blew out  of t he  o r i f i c e s  and the pressure dropped t o  normal. When the  j e t  core  
d r i l l i n g  commericed, water pressure a t  t he  pump was adjusted t o  about 150 p s i ,  
r e su l t i ng  i n  a pressure of about 230 p s i  a t  t he  b i t .  This pressure was allowed t o  
increase t o  a maximum of about 250 p s i  a t  t he  sur face  (-330 p s i  a t  t h e  b i t ) .  Nor- 
mal operat ing pressure was between 150 and 200 p s i  a t  the  surface.  

Upon removal of t h e  core  b a r r e l  a t  188 f e e t  1 inch, 1 t o  2 inches of frozen 
rock were found i n  the  bottom of the  core b a r r e l .  The remainder of t he  core  b a r r e l  
was empty. 

A second i n t e r v a l  was d r i l l e d  t o  a depth of 192 f e e t  5 inches.  Once again 
t h e  core  b a r r e l  was empty. 

After the  second i n t e r v a l  was d r i l l e d ,  t he  d r i l l  was r e s t ed  i n  the  bottom of 
the  hole  and water flow was begun. Suddenly, a downhole pressure  excursion l i f t e d  
the  d r i l l  s t r i n g  about 15 f e e t  t o  the  t o p  of t he  d r i l l  mast. I t  was bel ieved t h a t  
the  pressure excursion was caused by the  pressure of severa l  f e e t  of d r i l l  c u t t i n g s  
i n  the  bottom of the  hole.  

Since Hole 79-1 was s t a r t e d  i n  HQ s i z e  (-3-1/2 inches diameter) and the  j e t  
core  b i t  was NW s i z e  (-2-7/8 inchee d iameter ) ,  t h e  p robab i l i t y  of t h e  d r i l l  be- 
coming hopeless ly  plugged with s e t t l e d  cu t t i ngs  a s  t he  flow of cooling water was 
stopped t o  add another length of rod t o  t h e  d r i l l  s t r i n g  was thought t o  be high. 
Also, no core was being obtained,  so j e t  d r i l l i n g  i n  Hole 79-1 was abandoned. 

W a t e r  jet-augmented 
t o  a depth of a t  l e a s t  30 

Conclusions and Recommendations 

d r i l l i n g  i n t o  the l i q u i d  and p l a s t i c  zones w a s  successful  
f e e t  below t h e  f i r s t  depth a t  which molten rock was 

encountered. Pressurizing the  annulus around the  d r i l l  rod t o  a pressure g rea t e r  
than t h e  l o c a l  l i t h o s t a t i c  pressure was he lp fu l  i n  d r i l l i n g  i n  a zone of t h i n  
l i q u i d  ve ins  with the  water jet-augmented drag b i t .  Casing pressure appeared not  
t o  be necessary during d r i l l i n g  with t h e  water jet-augmented co re  b i t  i n t o  t h e  
higher  v i s c o s i t y  p l a s t i c  zone encountered during the  r een t ry  of Hole 79-1. 

The torque records ind ica t e  t h a t  d r i l l i n g  with t h e  conventional HQ core  b i t  

i n t o  the  known, f r ac tu red ,  o ld  g lassy  plug i n  Hole 75-1 and with t h e  j e t  drag and 
j e t  core  b i t s  i n  Holes 79-4 and 79-1 were s imi la r .  The conclusion was reached 
t h a t ,  during j e t  d r i l l i n g  with e i t h e r  t he  drag o r  core  b i t ,  a highly f rac tured  
g lassy  mater ia l  was formed ahead of t h e  b i t  by t h e  sudden c h i l l i n g  of t h e  l i q u i d  o r  
p l a s t i c  rock. 
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Special care must be taken in the design of core catchers to assure the 
recovery of core while jet drilling in the quickly frozen liquid or plastic materi- 
al. Experimentation should continue to determine the best coolant flow rates for 
optimization of drilling rates and core configuration. 

Attention should be given to the design of jet bits for both drilling and 
coring Pn order to improve bit cooling, cuttings flow, and wear characteristics. 
Upper crust drilling rates should be improved to reduce the time required to reach 
the hot-rock zones of interest. 

Study should continue on alternate drilling systems such as the IDS, the 
operation of which is not dependent upon freezing the rock ahead of the bit. 
Special drilling systems which are devised for future use in drilling into molten 
lenses should be designed to be less sensitive to the accuracy of the postulated 
physical models of the molten lens and to the interface between the molten lens and 
the solid crust. 

Future attempts to drill into molten or plastic regions should employ an 
instrumented drill which has a higher torque capacity (at low rotational velocity) 
than was available with the Longyear HC-150 drill. 

Linear penetration of a liquid zone can probably be accomplished by combining 
the penetrometer with a wireline core barrel latching mechanism, thereby reducing 
the time between drilling into the soft rock and applying the load to the penetro- 
meter. Instrumentation of drilling functions should be continued during all devel- 
opmental drilling. 
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Hole 75-1 was d r i l l e d  i n i t i a l l y  t o  a depth of 130 t o  140 f e e t  i n  1975 t o  pro- 
v ide  the  means of  making e l e c t r i c a l  contact  with the  molten rock f o r  a sur face  geo- 
physics '  experiment. Since t h e  hole  ex is ted  t o  t h i s  depth and was located near t h e  
geometrical  cen ter  of  t h e  l a k e ' s  sur face ,  t h e  ex i s t ing  hole  was extended t o  t h e  
melt and used for  t he  enclosed thermal well  experiment. 

Dr i l l i ng  i n  Hole 75-1 began on December 8, 1978, a t  which time t h e  hole  was 
reamed t o  ex i s t ing  depth. Between December 8, 1978, and December 11, 1978, t h e  
hole  was d r i l l e d  t o  a depth of 173 f e e t  1 inch, where a low-viscosity l aye r  of  
l i q u i d  was encountered. In preparing the  hole  f o r  a penetrometer t e s t  t o  determine 
t h e  minimum thickness  of s o l i d  rock t h a t  could be penetrated i n  t h e  bottom of  t h e  
ho le ,  one of t he  d r i l l ' s  chuck jaws was inadver ten t ly  dropped i n t o  t h e  hole .  D r i l -  

l i n g  was then suspended i n  Hole 75-1, and t h e  enclosed thermal w e l l  was i n s t a l l e d .  

Hole 75-1 w a s  t h e  f i r s t  d r i l l e d  o r  reentered during t h e  FY79 program. One o r  
more of t h e  d r i l l  funct ions were not  monitored because of gauge or recording system 
malfunctions.  During the  f i r s t  day ' s  d r i l l i n g ,  t h e  datalogger  was not i n  opera- 
t i on .  Consequently, d i g i t i z e d  p l o t s  of  t h e  d r i l l i n g  funct ions a r e  not  ava i lab le .  

When the  hole  had been reamed t o  a depth of about 138 f e e t ,  a metal ob jec t  
was encountered. 
fo r  about 1 2  inches,  a f t e r  which t h e  metal ob jec t  appeared t o  have been drawn i n t o  
the  core  ba r re l .  However, t h e  torque ind ica t ions  and rough d r i l l i n g  d id  not  become 
smooth fo r  about 8 more f e e t .  Dr i l l i ng  continued about 6 inches more a f t e r  smooth 
d r i l l i n g  was encountered. 

Dr i l l i ng  c h a r a c t e r i s t i c  of  d r i l l i n g  through metal was experienced 

Examination of t h e  contents  of t he  core b a r r e l  revealed a l a rge  (-2 inches 
diameter by 24 inches long) brass  weight, followed p r i n c i p a l l y  by a zone of h ighly  
rubberized, g lassy ,  black rock. F ina l ly ,  a plug (-6 inches long) of t y p i c a l ,  slow- 
l y  cooled c r u s t  ma te r i a l  c losed the  end of t h e  core  ba r re l .  

Normal, r a t h e r  smooth d r i l l i n g  was conducted from below t h e  o ld  g lassy  chim- 
ney t o  a low-viscosity l i q u i d  l aye r  a t  a depth of 173 f e e t  1 inch. 
crease i n  turning torque indiFated penetrat ion of t h e  l iqu id .  
the  water pressure  t o  the  d r i l l  s t r i n g ,  caused by t h e  molten rock flowing i n t o  and 
plugging the  water flow from the  b i t ,  confirmed the  encounter with t h e  l i qu id .  

A rapid in-  
A sudden increase  of 
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Hole 79-3 w a s  d r i l l e d  between January  8 ,  1979, and January  11, 1979. The 
f i r s t  l i q u i d  l a y e r  w a s  encountered on January  10,  1979. A f t e r  l i q u i d  w a s  encoun- 
t e r e d ,  a t  a d e p t h  o f  172 f ee t  6 i n c h e s ,  l i q u i d  rock rose t o  a d e p t h  o f  154 fee t  10 
i n c h e s  (17 f e e t  8 i n c h e s  f low back) .  This  p lug  w a s  t h e n  d r i l l e d  o u t .  Liquid w a s  
encountered a t  171 fee t  17  i n c h e s ,  and t h e  l i q u i d  rock rose 11 f e e t  7 i n c h e s  t o  a 
new d e p t h  o f  160 feet. As d r i l l i n g  cont inued  t o  a depth  of 170 f e e t  5 i n c h e s ,  m o l -  
t e n  rock ,  which rose 3 f ee t  3 i n c h e s  t o  a d e p t h  o f  166 feet  8 i n c h e s ,  w a s  encoun- 
t e r e d  a g a i n .  The f i n a l  d r i l l i n g  l e f t  a p l u g  3 feet  t h i c k  above the o r i g i n a l  l i q u i d  
d e p t h  of 172 f ee t  1 0  inches .  

F i g u r e s  B-1 th rough B-8 are t h e  records o f  t h e  d r i l l  f u n c t i o n s  ( d r i l l i n g  
ra te ,  RPM, t o r q u e ,  b i t  l o a d )  d u r i n g  t h e  d r i l l i n g  from 155 f e e t  i n  H o l e  79-3 through 
t h e  f i n a l  m e l t  encounter  and subsequent  flow-back chimney d r i l l i n g .  These r e c o r d s  
w e r e  o b t a i n e d  b y  sampling t h e  o u t p u t  o f  t h e  t r a n s d u c e r s  w i t h  a d a t a l o g g e r  and 
r e c o r d i n g  the sampled data. The sampling ra te  was about  one set of data p o i n t s  

, every  6 seconds.  (Note: A se t  of d a t a  p o i n t s  i n c l u d e s  one p o i n t  for each o f  the 

f o u r  d r i l l  f u n c t i o n s . )  Occas iona l ly ,  t h i s  rather s l o w  sampling rate r e s u l t e d  i n  
some t r a n s i e n t  d a t a  be ing  missed. F igure  8-6 is a d u p l i c a t e  of the s e c t i o n  of t h e  
s t r i p  c h a r t  made d u r i n g  the i n i t i a l  m e l t  p e n e t r a t i o n  a t  about  1150 on January  10,  
1979. D r i l l  f u n c t i o n s  were not  recorded d u r i n g  t h e  d r i l l i n g  i n  the second and 
t h i r d  flow-back chimneys. 
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The d r i l l i n g  of Hole 79-4 s t a r t e d  on January 12 ,  1979, and ended on January 
24, 1979, when t h e  j e t  d r i l l i n g  i n  t h e  l iqu id  s t r inger  zone was stopped. Dri l l ing 
from the surface through the upper c r u s t  t o  within 6 inches of the expected l iquid 
in te r face  was completed on January 16. The hole then was cased with NW casing. 
The lower 40 f e e t  of casing was 3-1/2-inch OD 316 s t a i n l e s s  s t e e l .  Standard 
3-1/2-inch OD carbon s t e e l  casing was used for  the remainder of the  casing, which 

reached the surface. After casing was completedl an excellent glass-to-metal sea l  
was obtained by d r i l l i n g  i n t o  the  l iqu id  rock uJhich flowed up around the  bottom of 
the  casing. 

Attempts t o  d r i l l  with the  je t  core b i t  and standard l0lfoot-long NW core 
b a r r e l  were unsuccessful because the core b a r r e l  tended t o  bind ins ide  the  casing. 
A s l i g h t  bend i n  the  lower 10 t o  20 f e e t  of the hole was the probable cause of the 
binding. The j e t  drag b i t  was then used t o  d r i l l  approximately 13 f e e t  through 
several  t h i n  layers  of liquid-rock and p l a s t i c  zones. I t  was concluded t h a t  the  
a b i l i t y  of t h e  j e t  drag b i t  system had been demonstrated by t h e  d r i l l i n g  completed 

t o  date.  It was fur ther  concluded tha t  the  probabi l i ty  of encountering a thick 
l iqu id  layer  required for  the  formation of a so l id  s t a l a c t i t e  of porous rock i n  a 
l iqu id  zone was poor, and therefore,  the  hole should be abandoned i n  favorlof 
recovering the  continuous core from Hole 79-5. 

Figures C-1 through C-7 show the  d r i l l  functions which were recorded as the  
hole was being d r i l l e d  with conventional equipnent t o  the  i n i t i a l  casing depth. 

Figures C-14 through C-50 show the  d r i l l  functions recorded during j e t  drag b i t  
d r i l l i n g  through the  s o l i d ,  p l a s t i c ,  and l iqu id  layers  below the If3-foot depth. 
Figures C-13b. C-15bI C-17, C-18, C-Zla, C-22aI C-31bI & C-43b are  de ta i led  p l o t s  
showing the  high-frequency components of the  torque and the RPN function. 

Figures C-12al C-14aI C-15al C-28aI C-29a, C-30a, C-31a1 C-32a1 C-33al C-34a1 
C-35aI C-363, C-37a, C-38aI C-39aI C-40aI C-41aI C-42al C-43aI C-44aI C-4Sal C-48aI 
C-49aI and C-50a show the  casing a i r  pressure and cooling water flow r a t e s  during 
the j e t  d r i l l i n g  operations,  

- 
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APPENDIX D 

D r i l l i n g  R e c o r d s  for R e e n t r y  Jet D r i l l i n g  
i n  H o l e  79-1 
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Hole 79-1 was d r i l l e d  to a depth o f  202 feet between December 20. 1978, and 
January 1, 1979, us ing  convent ional  HQ wi re l ine  cor ing  equipnent.  A t  202 f e e t ,  
some d i f f i c u l t y  was encountered i n  d r i l l i n g ,  and the hole w a s  abandoned for m o r e  
p rgss ing  work. On January 24, 1979, the ho le  w a s  reen tered ,  and d r i l l i n g  commenced 
a t  a new bottom-hole depth o f  165 f e e t  1 inch ,  C o r e  d r i l l i n g  w i t h  convent ional  HQ 
wire l ine  proceeded slowly ( < 5  f e e t  pe r  day n e t )  t o  183 f e e t  7 inches  on January 24, 
when equipment was changed t o  commence the je t  core d r i l l i n g .  The convent ional  HQ 

wi re l ine  d r i l l i n g  was f r equen t ly  i n t e r r u p t e d  by plast ic  or l i q u i d  rock plugging 
water  passages and forc ing  the d r i l l  s t r i n g  to  be withdrawn f o r  c l ea r ing .  It w a s  
dur ing  t h i s  per iod  t h a t  core  l eng th  cons iderably  i n  excess of the d r i l l e d  i n t e r v a l  
was recovered as the plastic rock oozed i ts  way i n t o  t h e  r o t a t i n g  co re  b a r r e l .  

During the j e t  core b i t  d r i l l i n g ,  the pressure  o f  the h igh-ve loc i ty  cool ing  
water  stream w a s  suppl ied  t o  the b i t  and con t ro l l ed  by varying the speed of the 
p o s i t i v e  displacement  pump used t o  supply d r i l l i n g  water. The water p re s su re  ind i -  
ca t ed  by the pump s i g h t  gauge was hand-recorded. The d r i l l  func t ions  w e r e  recorded 
on the s t r i p  chart r o r d e r s  only.  
inch  per minute) b u t  t e a d i l y  €or about  15 f e e t ,  a t  which p o i n t  the accumulation o f  
c u t t i n g s  threa tened  t o  s t i c k  the d r i l l  rod,  and j e t  d r i l l i n g  was stopped. 

Jet  core d r i l l i n g  proceeded s lowly (112 t o  1 

Figures  D-1 through D-17 s h o w  t h e  recordings o f  the d r i l l  func t ion  d a t a  for 
t h e  per iod  when convent ional  d r i l l i n g  w a s  performed. 
show the recorded d r i l l  func t ions  a f t e r  switching to  the je t  core d r i l l .  

Figures  D - 1 8  through D-26 
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