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HOT DRY ROCK ENERGY EXTRACTION FIELD TEST: 
75 DAYS OF OPERATION OF A PROTOTYPE RESERVOIR AT FENTON HILL 

SEGMENT 2 OF PHASE I 

Edited by 

Jefferson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW .  Tester 
James N. Albright 

ABSTRACT 

Results from the first extensive field test o f  a man-made 
hot dry rock (HDR) geothermal reservoir in low permeability 
crystalline rock are presented. A reservoir with a small heat 
transfer area was utilized to study the characteristics of a 
prototype HDR system over a shortened lifetime. The resulting 
accelerated thermal drawdown was modeled to yield an effective 
area o f  8000 m2. In  addition to the thermal effects, this test 
provided a n  opportunity to examine equipment operation, water 
permeation into the formation, geochemical interaction between 
the circulating fluid and the rock and flow characteristics in- 
cluding impedance and residence time distributions. Continuous 
monitoring for induced seismic effects showed that no activity 
to a Richter threshold of -1.0 was detected during the 75-day 
experiment. 

1. INTRODUCTION AND SCOPE 

Laboratory's (LASL) Hot Dry Rock concept was achieved. 

duction well, GT-2, at the Fenton Hill site a long a planned trajectory, we inter 

sected a low-impedance hydraulic fracture that directly communicated with the 

injection well, EE-1. It should be emphasized that the redrilling program of 

GT-2 was designed to produce the largest heat transfer surface area possible 

with the inherent geometric limitations of the wellbores and with an acceptable 

initial flow impedance o f  less than 21 bar-&/s (20 psi/gpm). 

this, the Hot Dry Rock (HDR) concept could be tested by establishing a high-flow 

The major prerequisite for full-scale testing of the Los Alamos Scientific 

By redrilling the pro- 

Having achieved 
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rate between wells a t  low wellhead differential pressures. 

and flow was insufficient t o  evaluate the heat-extraction concept. 

extraction loop nearly complete, a preliminary test  of the entire system which 
includes the surface plant and downhole flow paths was conducted. During 96 h 

of closed-loop circulation, fluid total dissolved solids remained low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(<400 ppm), 

water losses continually decreased, and no induced seismic activi ty occurred. 
The operating power level was 3.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt4.4 (thermal), Jnd f luid temperature reached 
130°C a t  the surface. T h i s  test  demonstrated for the f i r s t  time that heat 
could be extracted a t  a usefully h i g h  rate from hot  dry rock a t  depth and 
transported t o  the surface by a manmade system. The test  further indicated a 

h i g h  probability t h a t  no significant problem would be encountered dur ing  sus- 
tained operation of the system. 

Full-scale operation of the loop occurred from January 27 t o  April 13, 1978. 

This pa r t  of Phase I i s  referred to  as Segment 2 and was designed t o  examine 
the thermal drawdown, flow characteristics, water losses, and fluid geochem- 

istry of  the system i n  detai l .  In addition, the experimental area was closely 
monitored for induced seismic activity. 
topic of th is report. 

Because the anticipated effective heat transfer surface area was small 
( < l o  000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 2 ) ,  the Segment 2 test  was structured t o  examine reservoir performance 

i n  a compressed time scale w i t h  accelerated thermal drawdown. 

p o i n t  of  view, a r a p i d  drawdown rate will hasten the  development of thermal 
stress cracks and hence our evaluation of  the concept. 

the fracture surface under the Fenton Hill reservoir stress conditions, an 

excess of 75°C of cooling i s  required t o  produce cracks wide enough t o  provide 
low-impedance flow paths.’ ,2 

maximum values as determined by the system impedance and the maximum possible 

drop across the reservoir. 

(10-15 psi/gpm), circulating flows of about 6-10 C/s (100-150 gpm) were 
anticipated. With this flow rate and an active fracture surface area of 
10 000 m 2 ,  about 90°C of cooling might occur af ter  60 days w i t h  no change i n  

reservoir size due t o  thermal stress cracking or other effects. 

Previously, the only 
communication with EE-1 had been through and between high-impedance fractures, LJ 

In September, w i t h  much of the work on the surface plant of the energy- 

Results of these studies are the major 

From a practical 

To induce cracks i n to  

I t  was planned that circulation flow rates would be maintained a t  their 

With an in i t ia l  impedance of 11-16 bar-s/l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LEJ Consequently, 
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the difference between observed and calculated thermal drawdown could be used 

to identify changes i n  reservoir size. 
water losses, residence time, flow impedance and production zones i n  GT-2 would 
be used to correlate w i t h  observed thermal effects. 

The major purpose of the Phase I tes t  was to evaluate hot dry rock reser- 
voir engineering concepts i n  a prototype system. This evaluation will improve 
reservoir design and modeling capabilities to aid i n  the development of larger 

in-situ surface areas required for future comercial systems. The plans for 
Phase I1 are to enlarge the present reservoir to a capacity of 20-50 M W ( t )  w i t h  

extended lifetime by directionally d r i l l i n g  to a deeper region (~250OC) and pro- 

duce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa mu1 ti ply fractured system between two high-angl e incl ined we1 1 bores. 
T h i s  report is divided i n t o  seven sections. The surface circulation loop 

equipment and instrumentation are described i n  Section 2 .  Thermal behavior of 
the reservoir and associated heat extraction modeling results are presented i n  

Section 3,with flow characteristics and water permeation effects covered i n  

Section 4. Major and trace element geochemistry and kinetic flow models appear 
i n  Section 5,while reconnaissance data for induced seismic effects are discussed 
i n  Section 6. 

of thereservoir. 

cally activated, parallel , natural joints are coupled to a vertical fracture 
system producing the existing flow connections between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 and GT-2B. T h i s  

report assumes t h a t  the reader i s  familiar w i t h  the chronological d r i l l i n g  se- 

quence. I t  also assumes a familiarity w i t h  the geometry of the wellbores includ- 
i n g  the or ig ina l  EE-1 wellbore and the GT-2 wellbore w i t h  i ts  s idet racked trajec- 

tories GT-2A and GT-2B. Readers who need a review of this background information 
should read Section 7 as a further introduction to the preceding sections. 

In addition, changes i n  f l u i d  chemistry, 

Section 7 summarizes the physical, geometric, and chemical behavior 

In order to develop a consistent model the effects of hydreuli- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2. 

2.1 Equipment 

main circulating pumps, the control valve, the heat exchanger, the surface 
piping, the vent system, pressure lock system, and flow meters. 

of the loop (Fig.  2-1) shows the component locations. 

and flow measurements are indicated by P ,  T, and F symbols respectively. 

any makeup water required during the run. The principal feature was a two- 
stage centrifugal pump capable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.2-Rls (130-gpm) flow a t  nu13.1 bar (190 psi). 
The water was drawn from the EE-1 reserve pond w i t h  a capacity of 1.5 x lo6 

l i ters  (400 000 gal). 
(40 gpm) from a 122-111 (400- f t )  deep well. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o f  raising the pressure 41 bar (600 p s i ) .  

EQUIPMENT DESCRIPTION AND OPERATING PARAMETERS (J. H .  Hill , R. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. Hendron, 
E. Horton, B. R. Dennis, and the Geothermal Operations Staf f )  

Equipment used i n  this segment of Phase I included the makeup system, the 

The schematic 

LJ 

Pressure, temperature, 

The makeup system furnished the i n i t i a l  water t o  f i l l  the entire loop and 

Makeup water was supplied a t  a maximum rate of ~ 2 . 5  R/s 

Each centrifugal circulating pump module had seven vertical stages capable 
Two pumps were used i n  series 

HEAT EXCHANGERS 

BY-PASS VENT 

INSTRUMENT 
PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LOCK 

MAKE-UP 

BY- PASS 

GT'2 
BOREHOLE 

BY - PASS 

VALVE MAIN PUMPS 

EE-I 
BOREHOLE 

I 
01 I 

HOT ROCK FRACTURE ZONE 

F ig .  2-1. 
Schematic of the Fenton Hill circulation loop. 
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i t h  an i n l e t  pressure o f  12 bar (175 p s i )  t o  produce a discharge pressure o f  

95 bar (1375 p s i ) .  

the f l a t  p a r t  o f  the performance curve could d e l i v e r  up t o  32 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU s  (500 gpm). 

The f i n a l  con t ro l  element, located a t  the EE-1 wellhead, was a 5.0-cm (2-in.), 

l i n e a r  t r i m ,  high-pressure, hand-controlled valve w i t h  an operat ing character is-  

t i c  Cv o f  14.6. 

d ra f t  across aluminum-finned, carbon s tee l  tubes. The s t ra ight - tube sections 

w i t h  plugged headers may be mechanically o r  chemical ly cleaned i n  the event o f  

scal ing. Design p o i n t  condi t ions were: 172 bar (2500 p s i )  working pressure; 

12.1 M W ( t )  per bay o f  two tube bundles w i t h  an i n l e t  water temperature o f  250°C 

and a 65OC ou t le t ,  a i r  i n l e t  a t  21"C, and a t o t a l  f l o w  o f  18.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR/s (290 gpm) 

per module. 

The louvers were automat ical ly con t ro l l ed  t o  maintain a spec i f i ed  e x i t  tempera- 

ture.  

s tee l  w i t h  a working pressure.of  172.4 bar (2500 p s i ) .  

a t  the EE-1 boreholewas 5-0-cm Schedule 160 and included the con t ro l  valve 

mentioned above. 

wellhead leading t o  the GT-2 pond was included f o r  s t a r t  up, and the 5.0-cm 

l i n e  could i s o l a t e  the f low from the heat exchangers, i f  required. The 
instrument pressure-lock system f o r  the wel l  heads enabled borehole logging, 

t oo l  retrieva1,and r e i n s e r t i o n  o f  a too l  dur ing operation o f  the system. 

equipment used i n  t h i s  system were a 15-cm (6-in.) gate valve, a water-cooled 

sect ion o f  19-cm (7 5/8-in.) casing, and a "contro l  head" t o  pack o f f  the 

Each pump module was dr iven by a 200-hp e l e c t r i c  motor and on 

The water- to-air  heat exchanger u n i t s  were arranged f o r  v e r t i c a l  forced 

Each baywascooled by two a x i a l  f l o w  fans d r i ven  by 30-hp motors. 

The m a j o r i t y  o f  the surface pipingwas 10 cm (4 i n . )  Schedule 160 carbon 

The l a s t  1 m o f  p i p i n g  

The bypass vent system immediately downstream o f  the GT-2 

Other 

cable. Seven ven tu r i  f l ow  meters were placed throughout the loop t o  measure 

flow. I n  add i t i on  a t o t a l i z e r  (water meter) in tegrated the makeup water. 

The Control and Data Acquis i t ion System (CDA) used a Hewlett Packard 

3050 B data a c q u i s i t i o n  system t h a t  consisted o f  a Hewlett Packard 9830 calcu- 

l a t o r  and i t s  per ipheral  equipment as shown i n  Fig. 2-2. 

20 channels of loop informat ion were recorded: 7 f l ow  rates, 8 pressures (3 i n  

l i n e  and 5 d i f f e r e n t i a l  across heat exchanger tube bundles) and 5 temperatures. 

I n  add i t i on  t o  the loop instrumentation, 80 channels o f  thermocouple data were 

recorded. These thermocouples were s t r a t e g i c a l l y  located on the heat exchanger 

t o  study possible sca l ing o r  f o u l i n g  problems. 

During the 75-day run, 
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IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIGHAL 
CHANNELS 

CONTROL AND DATA AQUlSlTlON BLOCK DIAGRAF4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
DATA * PR1iTER 

LOGGER 98668 

I * SCANNER - CASSETTE 

40SlGNAL ,-, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- c t m i i Z F  S K M L  - RECORDER + COND 

1 ~ 98658 
3495A - - -. COND MULTIMETER - SIGNAL 

CONTROL PATCH DATA' PATCH 20 CONTROL 

1 1 

F i g .  2-2. 
Schematic diagram of  Control and Data Acquisition System. 

Flow rates were measured with venturi meters using differential pressure 
Pressures were measured w i t h  pressure transducers, and Chromel- transducers. 

Alumel thermocouples monitored the temperatures. 

All loop signals were hard-wired from the transducers and thermocouples t o  
the signal conditioners, which provided power, s h u n t  calibration,and balance 

networks for the transducers. The o u t p u t s  of the signal conditioner were con- 
nected t o  an HP 3495 A scanner consisting of six decades of low thermal relays 
and two decades of actuators (control relays). 

relay individually allowing the HP 3455 A multimeter t o  read any selected data 

channel. The multimeter then passed the voltage reading upon command t o  the 

calculator via the HP-IB buss. 
necessary calculations and transmitted the reduced data t o  the 59304 A numeric 
displays and the 9971 A line printer, while the raw data  went t o  the HP 9865 B 

cassette recorders. 

The calculators controlled each 

The HP 9830 calculator then performed the 
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I n  addi t ion,  the 80 hea,-exchanger hermocouple channels were hard-wired 

d i r e c t l y  t o  a data logger; which entered the data i n t o  a buf fer .  

i nd i v idua l  thermocouple outputs were t ransmit ted t o  the HP 9830 ca l cu la to r  i n  

A S C I I  code. 

Control funct ions f o r  the Phase I loop dur ing t h i s  run were minimal. The 

CDA operator could manually s t a r t  and stop fou r  fans on the heat exchanger and 

manually stop the makeup pumps and main c i r c u l a t i n g  pumps. 

programed t o  check a l l  measurements for  predetermined minimum and maximum 

values. 

and def ine the problem w i t h  a p r i n ted  statement. 

r e s u l t  i n  damage t o  the pumps, the ca l cu la to r  would a lso t u r n  o f f  a l l  pumps 

automat ical ly.  

recorded on magnetic tape and on the l i n e  p r i n t e r  a t  15-minute i n te rva l s .  

On command, 

The HP 9830 was 

I f  these parameters were exceeded, the ca l cu la to r  would sound an alarm 

I f  the problem could poss ib ly  

The numeric displays were updated every 15 seconds. A l l  data channels were 

I f  

any one o f  the predetermined parameters mentioned was exceeded, the recording 

i n t e r v a l  changed t o  one minute. 

loop operat ion required more frequent output. 

o f  data. 

I n  addi t ion,  c e r t a i n  experiments dur ing the 

An u n i n t e r r u p t i b l e  power supply backed up the l o c a l  power t o  prevent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss 

2.2. Operations 

pond. 

p s i )  and the main c i r c u l a t i n g  pumps were turned on. 

was used t o  avoid f l a s h i n g  i n  the system. F l u i d  was in jec ted  i n t o  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 
borehole, pumped through the f racture system, and ou t  o f  GT-2, where the f low 

was vented t o  the GT-2 pond t o  clean o u t  the system i n  an i n i t i a l  purge. A f t e r  

approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA150 OOOliters (40 000 gal.) o f  water had been vented and the out- 

l e t  t o t a l  d issolved s o l i d s  was ~ 4 0 0  ppm, the f low was then routed through the 

heat exchangers and back t o  the main pumps. The closed loop was then i n  opera- 

t ion.  The i n l e t  pressure t o  the main pumps was con t ro l l ed  by the makeup pump 

pressure,which i n  t u r n  was c o n t r o l l e d  by a back pressure valve. This valve was 

s e t  a t  12 bar (175 psi), and i t  automat ica l ly  d i ve r ted  the makeup f l ow  t o  the 

EE-1 hold ing pond when t h a t  pressure was exceeded. As the r e t u r n  f l ow  from the 

heat exchanger gradual ly  increased, the makeup f l ow  was propor t ionate ly  reduced. 

The EE-1 borehole pressure was kept below 90 bar (1300 p s i )  t o  avoid f r a c t u r e  

extension. As the pressure approached 90 bar, f l ow  was t h r o t t l e d  a t  the con t ro l  

7 

Operation began w i t h  the pumps drawing makeup water from the EE-1 storage 

Wi th in  a few minutes, the output pressure a t  GT-2 reached 12 bar (175 

This l e v e l  o f  back pressure 



valve. After a few days the pressure and flow had stabilized a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% 90 bar  and 

After three weeks of operation i n  this mode, the impedance of the fracture 

7.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR/S (125 gpm). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A  schematic of the surface f a c i l i t y  i s  shown in Fig. 2-3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtp' 

system started t o  decrease. 
rate t o  maintain the wellhead pressure a t  1300 psi. The control valve was opened 
t o  increase the rate. Finally, the control valve was wide open, with the in- 
jection rate a t  approximately 17 R/s (270 gpm), and the 90-bar injection pressure 
could not be maintained as the impedance continued t o  decrease. A t  t h a t  time, 

we decided t o  control the flow rate a t  14.5 R/s (230 gprn). This was a compro- 
mise due t o  our concern for the inordinately h i g h  f l u i d  velocities i n  the 
5.0-cm piping a t  EE-1,  and also for the desired flow and what  could be achieved. 
The loop was operated under these constraints u n t i l  i t  was " s h u t  in" on April 13, 

1978. This condi t ion was maintained for 10 days, and then the system was vented. 

2.3. Operational zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-c Problems 

problems w i t h  a t o t a l  of only 2% down time. 
periods greater t h a n  1 h occurring during the 75-day run. 
of the specific problems. 

were changed i n  the f i e ld  by the pump manufacturer on day 18 and have since oper- 
ated w i t h o u t  mishap. The t o ta l  downtime was 1.6 hours. The seals on the makeup 

pump f a i l ed  near the end of the test ,  and a substitute pump was temporarily con- 

nected t o  carry the operation through the last  3 days. The turbine meter 
failed after 4 days, then operated intermittantly during the remainder of the 
test. 

(> lo  gpm) after 65 days of operation because of progressive degradation caused 

by repeated temperature logging performed almost d a i l y  d u r i n g  t h a t  period. The 
temperature probe had t o  be removed from the hole, and the control head rebuilt. 

Power t o  the s i te  wasfurnished by Jemez Electric COOP. 

was conducted dur ing  the winter months, and there were frequent momentary power 

interruptions, which caused pump failure for short periods. 

power failures occurred on two occasions when power was o u t  i n  excess of 12 

hours. Because these outages occurred during winter storms, special efforts 
were needed t o  prevent freezing the exposed plumbing. 
System Perturbations. 

flow. 

8 

T h i s  created a demand for  a higher injection flow 

The operation of the system for the 75-day period was without major 
Figure 2-4 indicates the shutdown 

Following are some 

The main pump seals f a i l ed  w i t h i n  the f i r s t  few days o f  operation. The seals 

The control head on the pressure lock system leaked excessively >38 R/min 

Most of the run 

More serious 

The loop operation was perturbed a t  times by excessive 

Ordinarily, the fracture system acts as a large (>38,0-m3) accumulator di 
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where the output f lows through a r e s t r i c t i o n  o r  impedance. 

t i o n  i s  suddenly reduced, a higher f low out  o f  the reservo i r  w i l l  r e s u l t .  This 

occurred several times, and twice the change i n  impedance was s u f f i c i e n t  t o  

cause problems i n  loop operation. 

flow from the production wellbore, the f l ow  and temperature t o  the heat ex- 

changer, and the heat exchanger e x i t  f low and temperature. When the pump i n l e t  

pressure exceeds the makeup l i m i t i n g  discharge pressure, the makeup f l ow  ceases. 

When the heat exchanger output temperature (pump i n l e t  temperature) exceeds the 

specif ied l i m i t  f o r  the seals, the pumps are programmed t o  shut down. 

instances, the loop was shut down automat ical ly by these perturbations, a t  

one time f o r  as long as 3 h as shown i n  Fig. 2-4. 

the system running smoothly a f t e r  a large change i n  impedance. 

ad just ing f low rates, makeup pressures, heat exchanger louver settings, and 

t h r o t t l e  valve set t ings.  

To streamline operation and increase i n j e c t i o n  f low capacity, several 

modif icat ions t o  the loop have been made as shown on Fig. 2-5. These are 

(1) the i n s t a l l a t i o n  o f  a new makeup pumping system w i t h  a capaci ty o f  ~ 1 4 . 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE/s 

(225 gpm), (2) the add i t i on  o f  f l ow  con t ro l  valves a t  GT-2 (FCV2 and FCV4) t o  
maintain smooth operation when perturbat ions i n  rese rvo i r  impedance o r  f low 

occur, (3) the i n s t a l l a t i o n  o f  two new mul t is tage cen t r i f uga l  pump u n i t s  t o  

increase c i r c u l a t i o n  r a t e  capaci ty t o  42.6E/s (500 gpm) a t  a d i f f e r e n t i a l  

pressure o f  93 bar (1350 ps i ) ,  (4) the add i t i on  o f  an ant i f reeze c i r c u l a t i o n  

system t o  avoid freeze up dur ing emergency shutdowns, and (5) i n s t a l l a t i o n  o f  a 

l a rge r  capaci ty f l ow  contro l  valve and p ip ing  a t  EE-1 t o  accommodate up t o  40 

E/s. A pressure lock system was a l s o  i n s t a l l e d  a t  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 wellhead t o  a l low 

I f  t h i s  r e s t r i c -  

A t  these times there were increases i n  the 

I n  two 

I t  took many hours t o  get  

This involved 

logging i n  EE-1 dur ing operation. 

1.1 



3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARESERVOIR HEAT EXTRACTION CHARACTERISTICS ( H .  Murphy) 

Injection and production flow rates were measured w i t h  venturi meters and 

3.1. Measurements and Data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALi 

differential pressure transducers. 

tures were measured by thermocouples inserted i n t o  the wellheads. 
a temperature surveying tool w i t h  a 0.05"C resolution employing a thermistor 
was posi t ioned downhole i n  the GT-2B production well for almost the entire 

durat ion of the test. A to ta l  of 58 logs or surveys were taken dur ing the 75- 

day r u n .  Between surveys the tool was stationed a t  2.6 km (8600 f t ) ,  just above 
a l l  the known producing zones i n  GT-2B. In this fashion the mean temperature 
due t o  the mixed fluid flows converging upon GT-2B was continuously monitored. 

A typical set of temperature surveys is  presented i n  Fig. 3-1. Only the 
downhole region where the produced fluid enters the well i s  shown. The upper- 
most survey was obtained on February 4, 1978, 7 days after the start of power 
production, while the middle and lower surveys were obtained after 12 and 16 

days, respectively. Even a cursory look a t  these surveys indicates a complex 
reservoir-to-production well connectivity. The major temperature changes a t  
the depths indicated with arrows are associated w i t h  flow connections identified 
i n  earlier testing. 
tha t  20% and 80% of the flow enter the deepest and next deepest of these four 

main connections whereas the flow rates i n  the upper two were too small t o  be 

measured. 
temperature data were obtained every 0.15 m ,  showed t h a t  even these major con- 

nections seemed t o  have fine structures t h a t  changed w i t h  time. 
both  major connections 1 and 2 actually consist zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  two connections each. A t  

connection 2 ,  a colder flow rate entered a t  the bottom, b u t  2 meters farther 

up,  water a t  least5OC hotter entered the well. 
visibly the third survey show the development of  new flow connections located 
between the previously established major connections 1 and 2, and i n  fact, the 

magnitude of the temperature change a t  2.68 km (8800 f t )  suggests t h a t  a major 
connection has developed there. 

flowing spinner surveys and radioactive tracer logs are used t o  characterize 

the production and injection zones. 

time. As stated earl ier, the measurement i s  made above a l l  the flow connections 

1 2  

Surface injection and production tempera- 
In addition, 

3 
(See Section 4.4 also) .  These earl ier results showed 

The more precise logs taken dur ing  Segment 2,  in which digitized 

For example, 

The second survey and even more 

In Section 4.4 this information along w i t h  

Figure 3-2 presents the variation of temperature a t  2.6 km (8500 f t )  w i t h  

(P( 
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Fig. 3-1. 
Three temperature surveys taken in the bottom section of GT-2B during Phase I .  

TIME (days) 

Fig. 3-2. 
Thermal drawdown of produced fluid measured a t  a 2 . 6  km (8500 f t )  depth in GT-EB. 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso t h a t  the temperature represents the mean temperature o f  the mixed f l u i d  i n  

the production wellbore and thus provides an i nd i ca t i on  o f  the ove ra l l  thermal 

drawdown o f  the reservo i r .  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-2 also shows the predicted drawdown f o r  a 

reservo i r  w i t h  a surface area (one s ide only)  o f  8000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm2 (8.6x104ft2). These 

theoret ica l  r e s u l t s  are described i n  the next section. 

r e s u l t s  from a doubling o f  the production f low rate.  

surface r e i n j e c t i o n  temperature i n  the ca lcu lat ion.  

duct ion temperatures, the increasing f l ow  r a t e  allowed the power t o  be kept 

roughly constant f o r  the l a s t  40 days. 

3.2. Thermal Drawdown Analysis 

To i n t e r p r e t  the drawdown r e s u l t s  o f  Fig. 3-2 i n  terms o f  e f f e c t i v e  heat 

t rans fe r  area i t  was assumed t h a t  the f rac tu re  system could be described as a 

s ing le  c i r c u l a r  f racture.  

need not  be c i r c u l a r ,  and i n  f a c t  m u l t i p l e  f ractures may be p ~ s s i b l e , ~  but our 

The "scal lop" i n  Fig. 3-2 

Figure 3-3 presents the net  thermal power produced using a constant 25°C 

Despite the dec l i n ing  pro- 

Peak power was 5 MW(t ) .  

This i s  indeed an approximation -- the actual  f r a c t u r e  

5 

n 

3 4  

a 
r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 

% 
8 
4 
a 
z 2  
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i 

THERMAL POWER EXTRACTED 
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Fig. 3-3. 
Net thermal power extracted during Phase I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.I 
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i n t e n t  i s  t o  provide an estimate of the f r a c t u r e  area e f fec t i ve  f o r  heat trans- 

fe r ;  thus the assumption o f  a s ing le  c i r c u l a r  f r a c t u r e  i s  reasonable f o r  a f i r s t  

es ti mate . 
Because the hydraul ic f r a c t u r e  i t s e l f  i s  much more permeable than the sur- 

rounding rock, i t  was assumed t h a t  f l u i d  was confined t o  the f rac tu re  and t h a t ,  

heat from the rock was transported t o  the f l u i d  i n  the f r a c t u r e  only by means of 

thermal conduction i n  the rock. (The possible enhancement o f  the heat t rans fe r  

area because o f  thermal stress cracking i s  n o t  considered i n  t h i s  model.) 

fact, a small amount o f  f l u i d  d i d  penetrate the surrounding rock, p a r t i c u l a r l y  

a t  very e a r l y  times as evidenced by the makeup losses. (See Section 4.3.) To 

co r rec t  f o r  t h i s  e f f e c t  f l u i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss was assumed t o  occur un i formly over the 

f racture area. 

on the average, heat was removed from the rese rvo i r  by a l l  o f  the produced water 

flow and h a l f  the d i f f e rence  between the i n jec ted  and produced water flows. 

3.3. Heat Ex t rac t i on  

To model the heat ex t rac t i on  process, several equations re la ted  t o  the 

f l u i d  i n  the f r a c t u r e  and the surrounding rock are important. 

p lant ,  the hor izonta l  coordinate i s  taken as x, the v e r t i c a l  coordinate as y. 

S o l i d  rock heat conduction takes place along the z-coordinate, perpendicular t o  

the x-y f r a c t u r e  plane. Using Darcy's law for  f l ow  i n  the open f r a c t u r e  w i t h  a 

permeabi l i ty  o r  hydraul ic conduc t i v i t y  o f  

the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and y d i rec t i ons  are, respect ive ly :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6.i 

I n  

Thus the permeation e f f e c t  can be approximated by assuming t h a t  

I n  the f r a c t u r e  

W 2  , the f low v e l o c i t i e s  u and v i n  

and 

i n  which 

w = f r a c t u r e  aperture o r  width zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P = pressure 

1.1 = v i s c o s i t y  

t = t ime 
= reference temperature, eg. f l u i d  i n j e c t i o n  temperature 

TO 

Tr 

T = temperature o f  the f l u i d  

= i n i t i a l  equ i l i b r i um rock temperature u 
15  



g = acce le ra t i on  o f  g r a v i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f3 = volumetr ic  expansion c o e f f i c i e n t  o f  f l u i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X = thermal c o n d u c t i v i t y  o f  rock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 = temperature o f  the  rock  

b p = f l u i d  dens i t y  

e = the  f l u x  o f  energy de l i ve red  t o  the  f l u i d  by one rock sur face 

evaluated as e ( t )  = (x,y,z = 0, t )  ae 

c = s p e c i f i c  heat capac i ty  of f l u i d ,  

and where the  l a s t  term i n  the  equation f o r  v represents the  e f f e c t s  o f  buoy- 

ancy. 

By making t h e  Boussinesq approximation, the  equations of conservat ion o f  

mass and energy i n  the  f l o w i n g  f l u i d  are: 

and 

aT aT 
ax aY 

pcwu - + pcwv - - 2e = 0 

F i n a l l y ,  t he  rock  conduction equation i s  

B(x,y,z,t=O) = Tr , 

B(x,y,z=O,t) = T(x,y,t) , and 

B(x,y,z-t..,t) = Tr . 

where pr and cr a r e  the  d e n s i t y  and heat capac i ty  o f  the  rock, respec t i ve l y .  

Equation (3-5) i s  sub jec t  t o  the  i n i t i a l  and boundary cond i t i ons  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3-6)  

(3-3) 

(3-4.) 

These coupled non l inear  p a r t i a l  d i f f e r e n t  , ~ l  equations a re  so lved numerical 1 y f Y 5  

I n  the  ca l cu la t i ons ,  the  observed t ime v a r i a t i o n s  o f  p roduc t ion  and i n -  

j e c t i o n  f l o w  ra tes  as w e l l  as the  r e s e r v o i r  i n j e c t i o n  temperature were used. 

I n i t i a l  e q u i l i b r i u m  rock temperatures and t h e i r  v a r i a t i o n  w i t h  depth were 

determined from borehole e q u i l i b r i u m  temperature surveys. 

t u r e  v a r i a t i o n  was ca l cu la ted  by the  WELLBOR code.6 Heat t r a n s f e r  causes t h i s  

v a r i a t i o n  by r a d i a l  conduction t o  the  convecting f l u i d  as i t  i s  pumped down the  

i n j e c t i o n  we l l .  

The downhole tempera- 

The measured wellhead temperature and i n j e c t i o n  f l o w  r a t e  a t  

16 



EE-1 were us'ed as i m i t i a l  condit ions. The accuracy o f  t h i s  estimate o f  f l u i d  
i n j e c t t o n  €emperature as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi t  enters the reservo i r  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2760 m (9050 ft) can be * 

assessed i n  Fig. 3-2, where the predicted downhole temperature v a r i a t i o n  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G F 2 B  i s  in-good agreement w i t h  measurenients. This calculat'ion' was performed 
usi'ng the measuqed downhole temperature (2.6 km o r  8500 ft) on day 0 and the . : 

production f l o w  rate,  as i n i t i a l  condit ions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. s  

. 

As hot  ' f l u i d  flows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinto the production wellbore and r i s e s  * t o  t h e  surface, 

i t  i s  xoo1ed -as the formation surrounding the wellbore i s  heated. The r a t e  o f  

wel l  bore heat los's decl.ines continuously as the c i r c u l a t i o n  continues. Con- 
sequently if ' f l u i d  enters the production zone a t  a constant temperature, a:' 

mondtomict.increase i n  wellhead temperature approaching the production zone 

temperature i s  observed. When thermal drawdown .occurs, i t  i s  superimposed on 

t h i s  wellbore heat loss e f f e c t .  I n  the present system the production surface 

temperature peaked a f t e r  6 days because o f  the coupled e f f e c t  o f  rese rvo i r  

thermal' drawdown and wellbore heat loss. 

f racture aperture (width), which r e s u l t s  i n  an ove ra l l  f r a c t u r e  impedance o f  

3 bar-s'jll '(% 3 psi/gpm). During the e a r l y  phases o f  the experiment, the i m -  

pedance o f  the to ta l 'sgstem was a c t u a l l y  as high as 16 bar-s/ll ( ? 5  psi/gpm) 
2 before being reduced t o ' t h e  former value. E a r l i e r  t e s t i n g  showed t h a t  the 

t o t a l  system impedance was composed o f  a main f r a c t u r e  impedance o f  4 bar-s/l l 

(3.7 psi/gpm) and a f racture-to-product ion wel l  impedance o f  8 t o  12 bar-s/!L 

(7.3 t o  11 psi/gpm). This l a t t e r  impedance resul ted because the r e - d r i l l e d  pro- 

duct ion hole d i d  no t  d i r e c t l y  i n t e r s e c t  the main f racture.  

t i o n  o f  t o t a l  impedance-may simply r e f l e c t  a reduct ion o f  t h i s  l a t t e r  component, 

ra the r  than a reduct ion o f  f r a c t u r e  impedance i t s e l f .  

connections ind icated i n  the production wel l  tempeiature survey, Fig. 3-1 

the spinner survey r e s u l t s  given i n  Section 4.4 suggest t h a t  the reduct ion 

occurred i n  the f racture- to-wel l  bore impedance. 

assumed f r a c t u r e  r a d i i  u n t i l  the complete thermal drawdown h i s t o r y  could be 

matched. 
the measurements, as prev ious ly  shown i n  Fig. 3-2. 

inef f ic iencies,  on ly  about 75% o f  the f r a c t u r e  area a c t i v e l y  t ransferred heat; 

so the e f f e c t i v e  heat t ransfer  area was on ly  8000 m2. 

'For these rese rvo i r  simulations, a constant value o f  0.2 mm was assumed f o r  

The observed reduc- 

Certainly,  the new f l o w '  

and 

, 

Using the above data and assumptions, the simulator was run f o r  several 

The r e s u l t s  f o r  a 60-m (200-f t )  radius f r a c t u r e  agreed q u i t e  we l l  w i t h  

Because o f  hydrodynamic f l ow  

17 



We emphasize tha t  t h i s  i s  no t  a measure o f  the t o t a l  f rac tu re  area acces- 

Because zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. s i b l e  t o  water. 

v e r t i c a l  separation o f  the f rac tu re  water i n l e t  and o u t l e t  locat ions.  

f racture f low impedances are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 3-4 bar-s/l l buoyant forces w i l l  not  s i g n i f i c a n t l y  

a f f e c t  f low patterns w i th in  the f racture,  and the water on ly  p a r t i a l l y  fans ou t  

between the i n l e t  and o u t l e t  points. 

swept by t h i s  f l ow  i s  a d i r e c t  funct ion o f  the i n l e t  and o u t l e t  spacing. 

the present case the spacing between the i n l e t  located a t  2.76 km (9050 ft) i n  

the i n j e c t i o n  wel l  and the production wel l  connection w i t h  the highest f l ow  

capacity i s  approximately 100 m. 

The e f f e c t i v e  heat t rans fer  area i s  s t rongly  inf luenced by the 

Thus the e f f e c t i v e  heat t ransfer area 

I n  

Roughly speaking, then, the e f fec t i ve  area 

would be defined by a c i r c l e  50 m i n  radius, w i t h  an area o f  7900 m2, very c lose 

t o  t h a t  derived w i t h  the simulator. 

area by means o f  thermal cracking as the reservo i r  cools and contracts were d i s -  

cussed by Murphy.’ Subject t o  large uncer ta in t ies i n  our knowledge o f  the 

maximum horizonal ear th  stress, i t  was estimated t h a t  the e f f e c t s  o f  thermal 

cool ing might be apparent a f t e r  a cool ing o f  about 75°C o r  more. A close scru- 

t i n y  o f  the temperatures i n  Fig. 3-2 shows t h a t  s t a r t i n g  a t  48 days there i s  a 

per iod o f  8 days i n  which the temperature was constant. Addi t ional  constant 

temperature i n te rva l s  are noted s t a r t i n g  a t  day 58, and then again on day 68. 

Each o f  these plateaus was terminated by stepwise decreases i n  temperature. 

Such behavior may have resul ted from thermal stress cracking o r  possibly the 

enlargement o f  the heat t rans fer  area by pore-pressure induced f ractur ing.  

Murphy suggested tha t  a s ta te  might be sustained i n  which continued power pro- 

duction was matched by the cont inual  creat ion o f  new heat t rans fer  area, so t h a t  

the temperature would remain essent ia l l y  constant. To v e r i f y  t h i s  hypothesis, 

an extended c i r c u l a t i o n  per iod a t  the r a t e  o f  14.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl/s (230 gpm) would be re- 

quired. 

ex i s t s  where the decl ine r a t e  i s  very small, making i t  d i f f i c u l t  t o  d iscern 

changes due t o  f rac tu re  extension by thermal cracking o r  other e f fects .  

tes ts  a t  higher c i r c u l a t i o n  ra tes  are planned as we l l  as evaluat ion o f  the 

concept i n  deeper, ho t te r  reservo i rs  where induced thermal s t ress would be 

higher. 

The p o s s i b i l i t i e s  o f  reducing f low impedances and enhancing heat t rans fer  

Furthermore a t  t h i s  drawdown rate,  a quasi-steady s ta te  condi t ion 

Future 
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4. RESERVOIR FLOW CHARACTERISTICS AND MODELS 

4.1. Flow Impedance (R. L. Aamodt and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. M. Pot ter )  

drop through the f r a c t u r e  system connecting two wellbores d iv ided by the f l o w  

rate.  There i s  some ambiguity i n  the d e f i n i t i o n  because the i n jec ted  f l ow  

d i f f e r s  from the produced f l o w  because o f  the f l u i d  permeation r a t e  i n t o  the 

rock surrounding the f racture.  

r a t e  i n  the d e f i n i t i o n .  

through the f r a c t u r e  system was obtained from the measured surface pressure d i f -  

ference between EE-1 and GT-2, corrected f o r  the d i f ference i n  f l u i d  densi ty  

between wel ls.  This buoyancy co r rec t i on  requires a knowledge o f  the tempera- 

t u r e  d i s t r i b u t i o n  i n  each wel l .  The correct ions shown i n  Fig. 4-1 were derived 

from calcu lated wellbore temperatures dur ing the f i r s t  3 weeks o f  operation as 

wel l  as estimates based on surface and downhole temperature measurements a t  

l a t e r  times, with a few per iod ic  checks obtained from GT-2B temperature logs 

over the e n t i r e  we1 1 bore. 

I n  addi t ion,  the i n j e c t i o n  wel l  temperature f luctuated, but  was general ly lower 

i n  the l a s t  6 weeks. As a r e s u l t ,  the buoyancy correct ion remained almost con- 

s t a n t  dur ing t h i s  time. A possible 20% e r r o r  i n  buoyancy i s  r e f l e c t e d  as less 

than 5% e r r o r  i n  impedance, since the buoyancy correct ion was never more than 

25% o f  the t o t a l  measured pressure d i f f e rence  between EE-1 and GT-2B. 

Figure 4-2 shows the measured impedance dur ing the f i r s t  4 hours o f  the 
test .  A f t e r  a few minutes, the impedance o s c i l l a t e s  between 14 and 17.5 bar-s/!t 

(13-16 psi/gpm), very near the steady s ta te  value o f  17.5 bar-s/!t, which was 

observed on the second day through,the s i x th .  This ind icates t h a t  a l a rge  

f r a c t i o n  o f  the i n i t i a l  f l ow  came along a d i r e c t  path w i t h  l i t t l e  o r  no d i f -  

fusion i n  ser ies w i t h  the path. 

Figure 4-4 i s  an ideal ized graph o f  the f l ow  and pressure h i s t o r y  i n  EE-1. The 

maxlmum f l o w  i n t o  EE-1 was l i m i t e d  by surface plumbing t o  less than 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR/s (250 

gpm), and as the impedance dropped, i t  became impossible t o  maintain a constant 

i n j e c t i o n  pressure. Consequently i t  was decided t o  keep the i n j e c t i o n  f l o w  r a t e  

constant a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 14 R/s (Q 230 gpm). This was general ly done dur ing the second 

For the c i r c u l a t i o n  system, the f low impedance i s  defined as the pressure 

Conservatively, we adapted the production f l ow  
* ,  . 

Since there were no downhole pressure gauges, the downhole pressure drop 

The downhole temperature changed slowly a t  l a t e  times, as shown i n  Fig. 3-2. 

As seen i n  Fig. 4-3, the impedance began t o  f a l l  a f t e r  one week o f  f low. 

W 
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CALCULATED BUOYANCY CORRECTION 

I I I I I I I 
IO 20 30 40 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 70 00 

TIME (days) 
Fia. 4-1. 

Calculated buoyancy correction between-the GT-2B production and the EE-1 injection 
we1 1 bores. 

L 

TIME (h) 

Fig. 4-2. 
Early net flow impedance with buoyancy corrections included. 
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p< zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
I '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u 

1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 1 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 . 30 40 50 60 70 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 

TIME (days) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAio 
' Fig .  4-5. 

Net flow impedance between the GT-2B production and ,EE-l i n j e c t i o n  wellbores w i th  
buoyancy corrections i ncl uded . 

Fig.  4-4. 
Idea l i zed  pressure and f l o w  h is to ry  a t  the EE-1 i n j e c t i o n  wellhead. 21 



hal f  of the test, as seen i n  Fig. 4-4. 

day 40 t o  the end o f  the run a t  day 75. 

can occur i n  a mass of rock t h a t  i s  cooled, pressurized, o r  both. Appendix A 

discusses an ideal ized case of the shrl'nkage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof f r a c t u r e  faces away from each 

other, caused by .cool.ing and pressurization. Separation o f  f rac tu re  faces 

should occur gradual ly as heat i s  extracted, rather' than pbruptly. Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 
discusses changes i n  the compressive stresses i ns ide  a spherical region o f  rock, 

caused by uniform cool ing o r  pressurization. When the stresses i n  the rock 

decrease together, so t h a t  the s t ress di f ferences do no t  change, the normal 

stresses across many o f  the f ractures w i l l  decrease, whi le  the shear stress 

remains constant, and one f r a c t u r e  face may s l i p  across the other. Because the 

p r e e x i s t i n g  f ractures were not  t r u l y  planar, t h i s  sl ippage may r e s u l t  i n  a 

p a r t i a l l y  open crack, supported by small i r r e g u l a r i t i e s  along the faces. Such 

an event would cause an abrupt change i n  f l ow  impedance. 

models, w i t h  both i r r e g u l a r  regions o f  cool ing and i r r e g u l a r  regions o f  pres- 

su r i za t i on  (not necessar i ly  the same regions). 

some regions and concentrated i n  others, possibly leading t o  extensive l oca l i zed  

rubb l i za t i on  o f  the rock. 

The impedance decreased t o  less than 

1/3 the o r i g i n a l  value i n  the f i r s t  40 days, but  decreased only  25% more from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcj 

Events o f  continuous o r  abrupt nature, which r e s u l t  i n  impedance changes, 

The r e a l  rese rvo i r  must be much more complex than any o f  these simple 

Stresses w i l l  be re l i eved  i n  

Temperature logs, l i k e  those shown i n  Fig. 4-5, were made i n  the open hole 

po r t i on  o f  GT-2B dur ing the e a r l y  po r t i on  o f  the run. Leakage problems i n  the 

pressure lock system from cable packoff eventual ly  made i t  necessary t o  omit 

these logs. Places where sudden 

changes i n  wellbore temperature occur are assumed t o  be producing zones, and a 

change i n  the magnitude o f  a step increase o r  decrease o f  temperature from one 

l o g  t o  another probably represents a change i n  the f l ow  along a pa r t i cu la rpa th .  

I n  the absence o f  such changes, the shape o f  the logs was q u i t e  reproducible 

from day-to-day, as seen i n  Fig. 4-5, which i s  a c t u a l l y  a superposit ion o f  two 

logs made on successive days. The next day's log, as seen i n  Fig. 4-6, showed 

an increased i n f l u x  o f  hot  water near 2680-m (8800-ft) depth. 

Examination o f  the downhole temperature, surface pressure and produced 

f low data over the time span between the l a s t  two temperature logs showed t h a t  

an increase i n  f low rate,  accompanied by changes i n  EE-1 and GT-2B pressure and 

22 
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Fig .  4-5. 
Temperature logs from the bottom sect ion o f  GT-2B taken on February 17 and 18, 1978. 

2700 m - ..2/19/78 a- 
c 
N tin-. I I '  I 

8400 8500 8600 8700 8800 8900 9ooo 
DEPTH ( f t )  

8 #W - -  

Fig .  4-6. 
Temperature logs from the bottom sect ion o f  GT-2B taken on February 18 and 19, 1978. 
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downhole temperature, occurred w i t h i n  a 15-min time span ( the data-recording 

i n t e r v a l )  j u s t  before 0100 i n  the morning o f  the second log. These changes are 

shown i n  Fig. 4-7 and 4-8. A number o f  such events were found i n  the records. 

When the logar i thm o f  the number o f  events w i t h  step f l o w  increases above a 

c e r t a i n  s i z e  was,plotted against  the logar i thm o f  the s i ze  o f  the increase 

(Fig. 4-9) ,:a s t r a i g h t  1 i n e  wi th  a slope o f  -1 was obtained. Many small .  events 

must have been missed, bu t  those which were observed were s u f f i c i e n t  t o  account 

for  over ha l f  the f l o w  increaseIobserved dur ing the run. 

events causing impedance changes took place w i t h i n  a shor t  t ime span, possibly 

on l y  f ract ions o f  a second. We concluded therefope t h a t  the rock may have 

undergone considerable d i s l o c a t i o n  dur ing the 75-day tes t .  ~ 

4.2. Fracture System Size and Degree o f  Mixing 

Dye t race r  teciniques developed prev ious ly  were used  t o  character ize the 

f r a c t u r e  system volume and f l u i d  residence-time d i s t r i b u t i o n  (RTD) w i t h i n  the 

rese rvo i r  dur ing c i r c u l a t i o n .  

test ,  a 200-ppm, 4 0 0 - l i t e r  (100-gal) pulse o f  sodium-fluorescein dye was i n j e c -  

ted i n t o  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1  wellhead, pumped down zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 and through the f rac tu red  region, 

and up the GT-EB wellbore. 

monitored spectrophotometrical ly a t  t he  surface as a func t i on  of t ime and volume 

throughput. 

normal izat ion procedures were used. 

t h e i r  s t a t i s t i c a l  analys is  are summarized i n  Table.4-I and Fig. 4-10. 

t r i b u t i o n s  have been characterized using i n t e g r a l  ( f i r s t  moment) mean volumes, 

median volumes, i n t e g r a l  mean volumes using a trimmed sect ion o f  the d i s t r i b u -  

t ion,  and variances o f  the normalized d i s t r i b u t i o n s .  

using the fo l l ow ing  equations and d e f i n i t i o n s :  

Gj 

_. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI * ' 

Thus, many o f  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(J. W. Tester) 

2 '  

I n  the fou r  experiments run dur ing the 75-day 

Dye concentrat ion i n  the produced f l u i d  was 

To evaluate the experimental residence time d i s t r i b u t i o n s  several simple 

The r e s u l t s  o f  the f o u r  experiments and 

The d i s -  

These can be,expressed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
03 

= Ci/ = normalized concentrat ion (4-1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' 0 3  43 

<V> = . [ VCidV/[ t i d y ]  '= i n t e g r a l  mean volume 

0 

(4-2) 
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PHASE I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I  

STEP FLOW INCREASE (gpm) 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 0 

I 1  

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4-9. 
Correlation of the frequency of events to the s ize  o f  the production flow i n -  
crease in GT-2B. 
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Norma zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

PHASE I Na-FLUORESCEIN 

NORMALIZED VOWME 

F ig .  4-10A. 
i ted t r ace r  concentration as a function o f  normalized f racture system volume. 

Na - FLUOR ESCEl N 
TRACER STUDIES 

- PHASE 1-1 (2/9/78) 
PHASE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - 2 (3/1/78) 

PHASE I-  4 (4/7/78) 
H PHASE 1-3 (3/23/78) 

FRACTURE SYSTEM VOLUME (gal) 

Normalized t race r  concentration as a FiP. unction 4-10B o f  f racture system volume. 
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N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE 4-1 

RESIDENCE-TIME DISTRIBUTION RESULTS 

EXPERIMENT 

. dye - Q 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo6 q recovery cV> , Cvl 

gal lons gpmb (%) galc gal 

Phase 1-1 (2/9/78) 2.1 115 69 9089 6753 7728 0.65 

Phase 1-2 (3/1/78) 6.9 2 08 65 9899 7644 81 60 0.62 

. Phase 1-3 (3/23/78) 15.1 220 71a 14446 11904 12218 0.51 
Phase 1-4 (4/7/78) 20.0 240 > 65a 14855 12786 12998 0.47 

*- Id 
Pe 

0.591 0.44 

0.43 0.942 

0.42 0.944 

0.39 1.120 

% 
(90%) 

aEstimated from ex t rapo la t i on  o f  the RTD t a i l  shown i n  Fig. 4-9; actua l  recovery t o  40 000 gal was 63% 
f o r  1-3 and 57% f o r  1-4. 

bl gpm = 6.31 x lo-' l i t e r s / s  (lis). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

'1 gal  = 3.785 l i t e r s .  

dPe*-l = D/uR = inverse Peclet  number. 
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[VI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ V I  = median volume [CidY/[pidV] = 0.5 

V" V* 

IVl = ~ V C . d V / [ ~ i d V ]  1 = trimmed mean volume. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T = <V>/{ = i n teg ra l  mean residence time, and 

0 - - 

0; = Ce d i s t r i b u t i o n  variance = *CidV/ < b 2  CidV - 1 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[[I 

(4-3) 

where 

Ci = 
V = f r a c t u r e  system volume corresponding t o  Ci 

6 = mean f l ow  r a t e  through the f r a c t u r e  system 

V* = t runcat ion p o i n t  i n  the trimmed d i s t r i b u t i o n .  

Flow i n  the f rac tu re  system can be described as well-mixed w i t h  no major 

short  c i r c u i t s .  

account f o r  a l l  o f  the mixing. 

m u l t i p l e  flow paths between EE-1 and GT-2B, the observed shape o f  the RTD i s  

caused by dispersion w i t h i n  i nd i v idua l  f low paths as we l l  as superposit ion from 

mixing o f  various production flows i n  the wellbore (see a lso Section 4.4 and 

4.5). Consequently, several s t a t i s t i c a l  quan t i t i es  are needed t o  describe f l o w  

i n  the system. The median volume probably adequately represents the f l ow  

through the major production paths i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGT-2B, whi le  the increase i n  the spread o f  

the d i s t r i b u t i o n  t o  l a rge r  volumes as evidenced by an increasing i n teg ra l  mean 

and variance are i n d i c a t i v e  o f  longer residence time paths possibly through more 

c i r c u i t o u s  routes i n  the rock. The r e s u l t s  o f  the RTD studies have been incor-  

porated i n t o  a general f low model, which i s  discussed i n  d e t a i l  i n  Section 4.5. 

However a t  t h i s  time, several general comments can be made: 

f low system has grown considerably i n  s i ze  dur ing the 75-day test ,  the integra- 

ted mean f r a c t u r e  system volume <V> increased t o  56 400 R (14 900 gal),  up from 

37 500 R (9900 ga l )  on March 1,and the median volume became larger,  48 500 R 

(12 800 gal )  vs 28 800 R (7600 gal) .  (2) Development o f  addi t ional  f l ow  paths, 

was evident because o f  d i f f e r e n t  a r r i v a l s  o f  dye wi th  smaller and la rge r  r e s i -  

dence times (o r  volumes), increasing the spread o f  the d i s t r i b u t i o n .  

measured output dye concentration 

Dispersion o f  f low i n  a s ing le hydraul ic f rac tu re  does not  

Because o f  t h i s  and the known existence o f  

(1)  The f r a c t u r e  

(3) The 
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apparent degree of mixing or  dispersion ( D )  is virtually unchanged between the 

March 1 and April 7 experiments as shown by the similar shapes of the phase 1-2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-3, and 1-4 curves on the normalized coordinates of Fig. 4-9 and the similar 

inverse Peclet numbers (Pe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= D / u R ,  u = velocity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR = flow path length, and 

D = dispersion coefficient) resulting from homogeneous dispersed porous zone 
f i ts  t o  the data of  0.942 (March 1 ,  1978), 0.944 (March 23, 1978) and 1.120 

(April 7, 1978). 

1-1 and subsequent tests (1-2, 1-3, 1-4) cannot be explained by an increase i n  flm 
rate from 7.3 t o  ~ 1 4 . 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL / s  (115 t o  ~ 2 3 0  gpm). Because we are operat ing i n  the 

freely turbulent region for porous media flow, one would expect a linear depen- 

dence of D on u and therefore a constant Pe*. Additional flow paths or a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 

*- 1 

(4) The increase i n  apparent Pe*’’ observed between the phase 

change i n  the character of flow i n  existing paths i s  a more likely cause of the 
change in apparent Pe* between the early and late tests. 

4.3 .  Fluid Loss and Storage (H. Fisher) 

The water loss, or the difference between the EE-1 injected flow and the 
GT-2B produced flow i s  determined by the fracture geometry, and an appropriate 
average permeabi 1 i ty  and pore (or reservoir) compressi b i l  i ty associated with 

al l  types of porosity accessible t o  the f low. The fracture area involved i s  
not  necessarily the same as the heat transfer area determined by the GT-2B 

temperature drawdown (see Section 3 ) .  

the EE-1 wellbore. The fractures connected t o  the GT-2 and GT-2A wellbore could 

also contribute t o  the water storage and loss t o  permeation. 
directly connected t o  the GT-2B wellbore d i d  not  contribute significantly t o  the 

loss, because they were maintained a t  close t o  hydrostatic pressure dur ing  Phase I .  

The observed permeabil i t y  i s  an average over the large scale permeability opened 
by previous pressurizations, any welded joints, and the microporosity. Simi- 

larly the reservoir compressibility, or the abil ity of the reservoir t o  store 

water, includes the compressibility of the main fractures as well as the micro- 

poros i ty . 
The data from past pressurization and flow experiments can be f i t  by a 

model i n  which the fluid pressure ( P )  i n  the reservoir is  governed by a non- 
linear diffusion equation (Refs. 2 and 7 ) ,  

There are other fractures intersecting 

Any fractures 

v (+.P) = B,, a p  . 
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T h i s  equation can be derived from the conservation of fluid mass and the assump- 
t i o n  of Darcy-type flow in al l  forms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  porosity. 

viscosity can be considered a constant. 

4 4  
The permeability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk and the compressibility f3 are functions of P ,  b u t  the 

The k and &which best f i t  past  data,  

can be obtained from a porosity w i t h  a pressure dependence given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
@O @ =  

The compressibility, 6 = (3@/3P)T i s ,  then 

Sin 

BO B =  
( I -C3P)1*6  

e the permeability i 

(4-8) 

(4-9) 

determined by the confining stress, and the two 

Each is  related t o  some por t ion of the porosity by the Karmen 
horizontal earth stresses are not necessarily equal, two components of perme- 
abil ity are used. 

Kozeny relation for small porosity k i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa @; . Then k , ,  perpendicular t o  the 
minimum earth stress S,, i s  

(4-1 0) 

and k,, perpendicular t o  the intermediate horizontal earth stress S,, is 

(4-11) 

The exponents i n  Eqs. (4-9), (4- lo) ,  and (4-11) have been determined from 
previous experiments,as have C2 and C3.  The best results are obtained for 

C, =: 5.0 Cp.  
approximation t h a t  holds only for P < C3 . True singularities in Eqs. (4-9), 

(4- lo) ,  and (4-11) do not exist because P -t S,, C3,and C2 become functions of P. 

This pressure dependence of C2 and C3 occurs when P contributes significantly 
to  the local value of the total stress, and complete solutions can be obtained 
only if Eq (4-7) i s  coupled w i t h  the stress-strain relations. During much of 

W i t h  C2 and C, constant, Eqs. (4-9), (4- lo) ,  and (4-11) are an 
-1 
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the 75-day t e s t  the pressure was near the minimum estimates o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 3  and some ad- 

justment of C3 i s  necessary t o  obta in  good f i t s  t o  the data. 

As i n  past experiments, the pressure and f l ow  were ca lcu lated f o r  a disk- 

shaped f r a c t u r e  w i t h  the d i f f u s i o n  code AYER.8 Because mu1 t idimensional perme- 

a t i o n  flow was an t i c ipa ted  f o r  long pumping times, two-dimensional a x i a l l y  sym- 

metr ic  problems were used. However, on l y  one-dimensional f l ow  was observed f o r  

the e n t i r e  75-day pumping period. The one-dimensional p o r t i o n  o f  the f low can 

be characterized by the magnitude o f  the d i f f u s i o n  parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = Am a t  hydro- 

s t a t i c  pressure. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIf mult idimensional flow develops, then the time constant 

T = A W k  i s  needed. Here A i s  the e f f e c t i v e  d i f f u s i o n  area o f  the f racture.  

F l u i d  loss data were examined i n  two stages. Figure 4-11 shows the l oss  

r a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and the EE-1 surface pressure P f o r  the f i r s t  10 days o f  t h e ’ t e s t .  For 

analysis purposes, e i t h e r  can be used as input,  and the other r e s u l t s  from the 

ca l cu la t i on .  

proximation o f  the f l u i d  loss r a t e  shown i n  Fig. 4-11. The ca lcu lated downhole 

pressures were then converted t o  equivalent surface pressures by subtract ing 

the hydrostat ic  change o f  pressure i n  the wellbore corrected f o r  temperature 

changes. The f i t  shown i s  f o r  an A- = 8.1 x 105m3MPa - l i 2  (dr 160 cm3 when 

normalized t o  Bo = 2.7 x lO-’MPa-’) a t  hydrostat ic  pressure and a t  C3 

MPa. 

ably due t o  the i n i t i a l  spike i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss r a t e  q t h a t  was not  included i n  the input .  

downhole pressure was used as i n p u t  t o  AYER. 

mated by the s t r a i g h t  l i n e  segments as i n  Fig. 4-12, and converted t o  a downhole 

pressure by adding the temperature-corrected hydrostat ic  pressure i n  the we1 1- 

bore. 

ventur i .  The dashed l i n e  i s  the r e s u l t  o f  the AYER c a l c u l a t i o n  f o r  the model 

described e a r l i e r .  

on the makeup-pump Crane meter. 

vent (5300 m3 o r  140 000 ga l )  on the 23rd day. 

Fig. 4-13 and the i n t e g r a l  data of Fig. 4-14 have been corrected f o r  the EE-1 

annulus leak occurr ing a f t e r  the 35th day. 

r e s u l t  o f  the same AYER c a l c u l a t i o n  as was used t o  match the loss rate.  Because 

o f  the pressure t rans ien t  a t  the s t a r t  o f  pumping, the ca lcu lated l i n e s  i n  Figs. 

4-13 and 4-14, which are a response t o  a step funct ion input,  begin on the t h i r d  

For the f i r s t  5 days, the i npu t  was taken t o  be a l i n e a r  ap- 

- 1  
8.9 

(1 MPa = 10 bar.) Most o f  the discrepancy a t  e a r l y  times (0.5 days) i s  prob- 

For the ca l cu la t i on  o f  longer term water losses (times > 5 days), the EE-1 

The surface pressure was approxi- 

Figure 4-13 shows the f l u i d  loss data as recorded on the makeup pump 

The data of Fig. 4-14 show t o t a l i z e d  makeup f l ow  as recorded 

These data have been corrected f o r  a l a rge  

Both the loss r a t e  data of 

The s o l i d  curve o f  Fig. 4-14 i s  the 
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- 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 The parameters i n  the long-term calculations are A- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.0 x 10 m 

(or  137 cm3 when normalized t o  Bo = 2.7 x 10-5MPa-1) a t  hydrostatic 
day. 

MPa- 

pressure and C;' = 9.3 MPa. 

increased t o  such large values tha t  changes i n  i t  d i d  not  significantly effect 
the results. 

dependence of k and ,!3 i t  is diff icult t o  attach significance t o  the difference 
in the values of A% as used i n  the short- and long-term analysis. We con- 
cluded tha t  only a one-dimensional flow was observed i n  the 75-day experiment. 
4.4. Injection and Production Zones ( R .  M. Potter, H. D. Murphy,and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. Faas) 

The temperature history i n  the open hole region of GT-2B obtained during 
the Phase I operation has shown both numerous production zones and changes i n  

the relative temperatures of the produced fluid (see Figs. 4-5 and 4-6). Un- 
fortunately, because of the complexity of the flow, the specific flow rate i n  

each production zone cannot be determined from the temperature alone. A 

veloci ty-measuring tool (spinner) was purchased from the Worth-We1 1 Company i n  
order t o  measure relative flow a t  various depths  in GT-2B. 

deployment was carried ou t  on April 12,  1978 just one day before shut-in. 
Because of the importance t h a t  any estimate of the relative values of production 
flows would provide, a temporary system of recording the data was devised. 

Three runs were made over the region of interest using a constant downward 

logging velocity of 'L 0.8 m/min (29 ft/min). 

signal from the spinner circuit plotted against depth showed several distinct 
step changes. Actual flow increases could be calculated from the relative 
values of velocity and the measured GT-2B production flow. 

position and magnitude of these detectable flow points.  

detection much below a f low fraction of '~0.05.  

ture log i n  GT-2B during this period (Fig. 4-15) shows tha t  i n  addition t o  the 

steps detected by the spinner, there are several additional temperature steps 
t h a t  are not correlated w i t h  observable flow changes. 

Because flow enters the reservoir behind the casing i n  a poorly cemented 
180-m (600-ft) section of EE-1 from 2740 t o  2930 m,  relative injection flows i n  

this well cannot be measured w i t h  a spinner tool b u t  have been deduced from 

radioiodine injection and flowing temperature logs. 

upper lines represent the radial conduction-dominated recovery of the wellbore 
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The time constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT = ApB/k i n  the calculations was 

Because of the sensitivity of the f i t s  t o  the exact pressure 

I ts  ini t ial  test  

Inspection of the o u t p u t  voltage 

Table 4-11 shows the 

The rather large level of fluctuation in the production zone did not  allow 
Inspection of a typical tempera- 

Figure 4-16 i s  the June 2, 1978 temperature survey of EE-1. The dashed 



40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALn 
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Fig. 4-13. 
Makeup water loss rate as recorded on 
the makeup venturi flow meter. 

GT-2 CABLE DEPTH (ft) 

Fig .  4-15. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GT-2B flowing temperature log taken on 
April 7 ,  1978. 

x d  L51 I I I I 

Fig. 4-14. 
Total accumulated water loss in storage 
as recorded on the makeup Crane meter. 

SELSYN DEPTH (m) 
1 

Fig. 4-16. 
Shut-in temperature log taken i n  EE-1 
on June 2 ,  1978. 
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temperature following s h u t - i n .  
infiltration i n t o  the formation. The principal temperature depression anomalies 

are labeled A through F. Subject t o  certain assumptions, i t  is possible t o  
estimate the relative water flows i n to  each zone corresponding t o  a temperature 
depression simply by measuring the area of each depression and normalizing by 

the total area of a l l  the depressions. 
the results are given i n  Table 4-111. 

(9050 f t ) .  
which  may provide a relatively high-temperature source of dissolved sil ica as 
discussed i n  Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.1. A t  the end of the 75-day test  the net system i m -  

pedance for the combined flow paths between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 and GT-2B was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 psi/gpm. Since 

only 1/20 of the total flow appears t o  be via the 2930-m p a t h ,  the impedance 
between the 2930-m injection zone i n  EE-1 and GT-2B m u s t  have been about 60 psi/ 

9Pm- 
4.5. Flow Models 

Departures from this line are caused by water 

T h i s  was done w i t h  a planimeter, and 

About 81% of the flow goes i n t o  Anomaly E ,  which is centered about 2760 m 
Only 5% enters Anomaly F a t  % 2930 m. I t  is this lat ter  connection, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(R .  M. Potter and J. W. Tester) 

A two-fracture flow model based on the following assumptions has been 

developed. 
a l l  measurable flow increases as indicated by the spinner survey. 
ture of the fluid i n  this fracture with depth will be calculated. 

l ies between GT-2B and EE-1. 

p a t h  t h a t  has several small connecting fractures of h i g h  impedance t h a t  allow 
relatively isothermal flows i n t o  the GT-2B borehole along i t s  length. Assum- 

i n g  a value for the fluid temperature, we can calculate the magnitude of these 
flows. 

First, there is  a h i g h  conductance flow p a t h  (fracture) t h a t  supplies 
The tempera- 
This fracture 

Secondly, there i s  another fracture or secondary flov 

This secondary flow p a t h  l ies  i n  the region beyond GT-2B opposite EE-1. 

The previous analysis of the spinner survey has indicated five distinct 
and measurable flow changes, which are coincident with temperature steps. 

addition, a measured flow near the bottom of the GT-2B borehole requires a t  
least two flows, each with temperatures significantly different. 

ture log taken on April 7 (Fig. 4-15) shows a t  least four temperature steps t h a t  

have no measurable (v ia  spinner survey) accompanying f low changes. 
behavior suggests two sources for the flows, one t h a t  provides relatively h i g h  

flow a t  moderate temperature and another with flows below the l imit of resolu- 

t ion b u t  whose temperatures are great enough to  produce measurable temperature 

changes . 

In 

The tempera- 

T h i s  
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TABLE 4-11 

POSITION AND MAGNITUDE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF GT-2B EXIT FLOWS 

GT-2B LASL GT-2B LASL 
Cable Depth Cable Depth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 (ft) 

2 6 6 0- 26 6 1 8726-8729 

2671-2672 8764-8765 

2686- 2688 881 2-8820 

2705-2706 8876-887 9 

271 9 8920 

To ta l  

Vol tage 
Change 

6.0 

0.8 

3.2 

1.8 

3.9 

0 

15.7 

F1 ow 
Frac- 
t i o n  

.38 

.05 

20 

.12 

.25 

1 .oo 

Absol Ute 
F1 ow 

92 

12 

48 

29 

61 

0 

242 

TABLE 4-111 

POSITION AND MAGNITUDE OF RELATIVE EE-1 INJECTION FLOWS 

Cable Depth Cable Depth 
Anoma 1 y I n t e r v a l  (m) I n t e r v a l  (ft) 

A 2073-21 79 6800-71 50 

B '  2271 -2377 7450-7800 

C 2484-2530 81 50-8300 
D 2606- 2652 8550-87 00 

E 2652-2896 8700-9500 

F 2896-2957 9500-9700 

R/mi  n 

348 

45 

182 

110 

231 

91 6 

Flow 
Frac t i on 

0.05 

0.06 

0.01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.01 

0.81 

0.05 

- 
To ta l  1.00 
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Figure 4-17 provides an explanation f o r  these observations, which use the 

measured f 1 ows and the observed GT-2B we1 1 bore temperature p r o f  i 1 e (Fig. 4-1 5) 

along w i t h  an assumed 180°C temperature i n  the secondary f r a c t u r e  f l ow  path. 

A l l  the ca lcu lated f lows from t h i s  secondary zone a re  l ess  than the reso lu t i on  

o f  the spinner survey. I n  addi t ion,  the derived temperature gradient p r o f i l e  

shown i n  Fig. 4-18 appears t o  be consistent w i t h  the drawdown o f  a 100-m-diam 

f rac tu re  . 
This temperature choice comes from the pre- test  unperturbed rock tempera- 

tu re  i n  t h i s  region and from geochemical data t h a t  i nd i ca te  a steady f l ow  w i t h  
a quartz saturat ion temperature o f  ~ 1 8 0 - 1  90°C (see Section 5.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Figure 4-1 9 

shows a temperature l o g  o f  GT-2B a f t e r  shut- in. The maximum temperature a t  a 

depth o f  2640 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Q 8660 ft) coincides w i t h  the p o i n t  o f  maximum f l o w  from the 

assumed second f r a c t u r e  o r  f low path. 

holes dur ing t h i s  experiment along w i t h  ca lcu lated values o f  impedance f o r  the 

various f l ow  connections. It i s  assumed t h a t  there i s  no s i g n i f i c a n t  pressure 

drop i n  the e n t i r e  EE-1 system except a t  the GT-2B connecting f ractures.  Also 

shown are the i n i t i a l  values o f  impedance on January 30, 1978 before the s t a r t  

o f  the major f low tes t .  

( a t  2686-2688 m) t h a t  ca r r i ed  a smaller f r a c t i o n  o f  the t o t a l  f l ow  w i t h  a 

s i g n i f i c a n t l y  smal l e r  impedance. 

The loca t i on  o f  t h i s  secondary f l ow  path o r  f r a c t u r e  system t h a t  provides 

hot f l u i d  enter ing GT-2B i s  uncertain. 

case i n  plan view showing two wellbores (GT-2B and EE-1) connected by main and 

secondary v e r t i c a l  f ractures,  which leave the EE-1 wellbore a t  2758 and 2940 m 

(9050 and 9650 ft) respect ively.  

southwest d i rec t i on .  A number o f  e a r l y  f r a c t u r i n g  experiments i n  EE-1 ac t i va ted  

the f r a c t u r e  zone a t  2940 m,while degradation o f  the casing cement between 2940 

m eventual ly l e d  t o  the a c t i v a t i o n  o f  a lower impedance f l ow  path leav ing EE-1 

a t  2758 m. 

(Q 1000 ft), i t  would come very close t o  the uncased GT-2B wellbore. Furthermore, 

i f  t h i s  f rac tu re  i s  connected t o  GT-2B a t  2690 m (8660 ft) v i a  a h igh angle con- 

duct ive j o i n t ,  i t  would serve as the source o f  "hot water" as shown i n  Fig.4-19. 

time d i s t r i b u t i o n  and geochem s t r y  r e s u l t s  described i n  Sections 4.2 and 5.1 
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Table 4-IV gives the measured average f lows and pressures i n  the two bore- 

This tab le  shows the o r i g i n a l  main f r a c t u r e  i n  GT-2B 

Figure 4-20 presents a hypothet ical  

Both f ractures are or iented i n  a northwest- 

I f  the proposed f r a c t u r e  a t  2940 m extended v e r t i c a l l y  f o r  305 m 

The f l ow  model described above can a lso be used t o  expla in  the residence 
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Fig. 4-17. 
Conceptual flow model for the GT-EBIEE- 
system. 
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Fig. 4-18. 
Derived temperature gradient profile 
for GT-EB. 
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F ig .  4-19.  
GT-EB shut-in temperature log taken on 
April 1 3 ,  1978 bs 

F i g ,  4-20. 
Conceptual model of primary and second- 
ary flow paths in the GT-EBIEE-1 system. 
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TABLE 4-IV 

VARIOUS IMPEDANCES IN EE-l/GT-2B SYSTEM 

M 
2640 

2660 

2670 

2677 

2688 

2703 

2707 

271 9 
2720 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

40 

Fracture Flow Impedance bar-s/R (psi/gpm) 
Depth ( f t )  Jan. 30, 1978 Apr i l  12, 1978 
.In GT-2B Main Secondary flain Secondary 

8660 126 (115) 

8728 8.2 (7.5) 

8760 66 (60) 

8784 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA541 (495) 

8820 22 (20) 16.7 (15.3) 

8882 27.8 (25-4) 

8920 295 (270) 

8925 87 (80) 13.6 (12.4) 

8867 1082 (990) 

Fracture set 17 (16) 3.4 (3.12) 71 (65) 

Entire system 17 (16) 3.26 (2.98) 

On Apri l  12, 1978 EE-1 pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 55.9 bar (810 ps i )  

GT-2 pressure = 14.5 bar (210 psi) 

Buoyancy 

System pressure drop = 49.7 bar (720 ps 
GT-2 flow = 15.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL / s  

= 8.3 bar (120 ps i )  



respect ively.  

primary and secondary f l ow  paths. 

degree o f  d ispersion bu t  widely d i f f e r e n t  residence times i n  the main f r a c t u r e  

between a f i x e d  i n j e c t i o n  p o i n t  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 and the production zone i n  GT-2B. These 

f lows are mixed t o  produce an apparent high l eve l  o f  dispersion. Also, a sec- 

ondary "matr ix- l ike"  f l ow  i s  present, emp i r i ca l l y  characterized by a volume p lug 

f low i n  ser ies w i t h  a well-mixed volume. Thus the ove ra l l  RTD observed dur ing 

the l a t e r  per iod o f  the 75-day t e s t  i s  a combination o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l l  f low paths as shown 

i n  Fig. 4-22. 

the geometric, thermal, and chemical propert ies o f  the f rac tu re  system. A 

unique model consistent w i t h  a l l  the data does no t  ex is t ,  a t  l e a s t  w i t h  the 

informat ion we now have on the propert ies o f  the reservoir .  

selected simple models and tested t h e i r  consistency rather  than try t o  improve 

our f i t t o  the data by adding unnecessary complexity. 

Figure 4-21 presents a s i m p l i f i e d  version o f  the f low model w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W The primary path f lows each have a small 

The discussion has i l l u s t r a t e d  the complex re la t ionships t h a t  e x i s t  between 

I n  fact ,  we have 

FLOW MODEL GT-2B/EE-I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LGT-PB 

ZONE 2760m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9050111 
PRIMARY INJECT~ON r- 

Fig. 4-21. 
Simp1 i f i e d  schematic depic t ing dispersed 
plug f low i n  the main f rac tu re  and 
"matrix-1 i ke" f low i n  secondary f rac tu re  

W system. 

EXPERIMENTAL 
- -- MODEL COMPONENTS 

i 

Fig. 4-22. 
Normalized residence time d i s t r i b u t i o n  
(RTD) w i t h  i nd i v idua l  f low zone c o n t r i -  
butions shown from the model o f  Fig. 
4-21 . 
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5. FLUID GEOCHEMISTRY 

5.1. Major Element Analys is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW. Tester)  

During the  75-day period, a gradual r i s e  i n  the  concentrat ion o f  d isso lved 

(C. 0. Grigsby, J. Abbott, L. B la tz ,  C. Holley, and 

species approached steady s t a t e  l e v e l s  corresponding t o  the  concentrat ions ob- 

served f o r  water which remains i n  contac t  w i t h  the  r e s e r v o i r  f o r  an extended 

per iod.  The effects o f  mix ing among var ious f l ow  paths and mass t r a n s f e r  

s t rong ly  in f luenced the observed concentrat ion change o f  d isso lved species w i t h  

time. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P k O C d U A U  

L i q u i d  samples were c o l l e c t e d  dur ing  Phase I Segment 2 a t  f o u r  po in ts :  

Samples designated "G" were c o l l e c t e d  a t  the  GT-2 producing wellhead by coo l i ng  

the f l u i d  through a 15-m 1.27-cm (50- foot  1/2-in.) 0.0. copper tube, which was 

immersed i n  a 0.2-m3 (55-gal) drum o f  c o l d  water. The sampling tube was open 

t o  atmospheric pressure a t  a l l  times, and the  pressure drop from GT-2 wellhead 

pressure t o  atmospheric pressure was taken across a b a l l  valve. Samples were 

c o l l e c t e d  i n  1-J? nalgene LPE b o t t l e s ,  which were r i nsed  2 o r  3 times w i t h  geo- 

thermal f l u i d  j u s t  p r i o r  t o  ac tua l  sample c o l l e c t i o n .  Before each b o t t l e  was 

r insed, the  sampling tube was f lushed w i t h  3.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR (Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 g a l )  o f  water t o  remove 

the  stagnant water from the  previous sampling. 

the va lve was l e f t  open a t  a f l o w  r a t e  o f  3.8 R/min (% 1 gpm) t o  prevent f reez-  

i n g  i n  the  tube. 

i n s i d e  o f  the  tube, which even tua l l y  plugged the sample tube. The sample tube 

was replaced, and the  new tube d i d  n o t  develop any observable c a l c i t e  scale as 

the danger o f  f r eez ing  had passed, and the  va lve was closed between sample 

c o l  1 ec t i  ons . 

ed i n  Sect ion 2 these samples represent  the  f l u i d  i n j e c t e d  i n t o  the geothermal 

system a t  EE-1. 

Makeup water samples, labe led  "M", were c o l l e c t e d  from t h e  man i fo ld  

a t  the  e x i t  o f  the  100-micron f i l t e r s .  The makeup water was s u k l i e d  from a 

122-m (400- f t )  w e l l  on s i t e  t o  a 1.5 x lo6 R (400 000-gal) ho ld ing  pond near 

EE-1 where the  water was s tored and where i n  emergency s i t u a t i o n s  water from the  

c i r c u l a t i n g  system was discharged. 

open t o  the  atmosphere and exposed t o  ra in ,  snow and r u n o f f .  

For the  f i r s t  month o f  operation, 

This  cont inua l  f l o w  caused the depos i t ion  o f  c a l c i t e  on the  

Samples designated "E" were c o l l e c t e d  between pumps #1 and #2. As descr ib-  

(See Fig. 2-3.) The pond was a t  a l l  t imes 
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About hal fway through the  75-day run, t h e  EE-1 annulus began t o  l e a k  and 

These samples are  l abe led  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" A " .  

The f o l l o w i n g  a n a l y t i c a l  techniques were used i n  the  de terminat ion  o f  chemi- 

standard pH e lec t rode  and meter; HCO;, t i t r a t i o n  

samples o f  t he  f l u i d  were c o l l e c t e d  f o r  ana lys is .  

c a l  composi t ion o f  t h e  f l u i d s :  

w i t h  0.02N H&04 t o  a pH o f  4.5 endpoint  us ing  a pH meter; c o n d u c t i v i t y  w i t h  a 
Hach c o n d u c t i v i t y  probe and meter; F', Orion s o l i d  s t a t e  s e l e c t i v e  e lec t rode  w i t h  

Beckman m i l l i v o l t  meter; Si02, ammonium molybdate spectrophotometr ic technique; 

C1-, argentometr ic  t i t r a t i o n ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASO:, spectrophotometer measurement a f t e r  p r e c i p i -  

t a t i o n  w i t h  BaC1,; and Cay Nay K, S i ,  L i  by atomic absorp t ion  w i t h  a Perkin- 

Elmer Model 460AA. 

kd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R & ! d t A  

The concent ra t ion- t ime h i s t o r y  o f  var ious  d isso lved species c o l l e c t e d  from 

t h e  produc t ion  (GT-2) and i n j e c t i o n  (EE-1) wellheads i s  presented i n  Figs.  5-2 

through 5-11. I n  add i t i on ,  p l o t s  o f  t o t a l  d isso lved s o l i d s  and s o l u t i o n  conduc- 

t i v i t y  a re  a l s o  presented (F igs.  5-12 and 5-13). 

mon t o  a l l  o f  t h e  graphs. F i r s t ,  t h e  i n i t i a l  samples had h igh  concentrat ions o f  

each of  the  species measured. Dur ing the  e a r l y  pumping pe r iod  when makeup r a t e s  

There a re  several  features com- 

were h igh  these h igh  concentrat ions dropped very  r a p i d l y  due t o  d i l u t i o n  and 

m ix ing  w i t h  the  r e l a t i v e l y  pure makeup water (see Figs.  5-1, 5-5, 5-8, 5-9, 5-11, 

5-12, and 5-13). These i n i t i a l  samples r e f l e c t  the na ture  o f  t he  water, which 

had been conta ined i n  t h e  r e s e r v o i r  f o r  approximately 3 months. A f t e r  an i n i t i a l  

f l ush ing  o f  t h e  230 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000-1 ( ~ 6 0  000-gal) system i n  which t h e  water produced a t  

GT-2 was discharged, t h e  system was operated as a c losed loop w i t h  the  makeup 

water f l o w  supp ly ing  water l o s t  t o  pe rmeab i l i t y  s torage i n  the  r e s e r v o i r .  As 

makeup f l o w  r a t e s  dropped, the  d i l u t i o n  e f f e c t  was lessened, and t h e  concentra- 

t i o n s  o f  d i sso l ved  m a t e r i a l  began t o  r i s e  t o  steady s t a t e  values. 

There were severa l  emergencies t h a t  fo rced the  shutdown o f  the  system f o r  

var ious  lengths  o f  t ime.  The most no t i ceab le  o f  these was the  sudden change i n  

downhole impedance on day 21-1/2. A t  t h a t  t ime, the  GT-2 pressure rose r a p i d l y  

causing an unacceptably h igh  i n l e t  pump pressure.  

produced f l u i d  was vented t o  the  EE-1 storage pond t o  c o n t r o l  the pressure. 

However t h e  h i g h  f low r a t e  through the  heat  exchangers r e s u l t e d  i n  an o u t l e t  

temperature t h a t  was t o o  h igh  t o  operate t h e  pumps. 

and a l l  o f  t he  GT-2 flow was vented t o  the  EE-1 storage pond. 

pressure d e c l i n e  i n  t h e  f r a c t u r e  system, water s to red  i n  the  permeable rock  

re tu rned  t o  the  we l l bo re  and then t o  the  sur face c a r r y i n g  more d isso lved m a t e r i a l  
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Consequently a f r a c t i o n  o f  t he  

The pumps were shut  down, 

Because o f  t he  
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40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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E 
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Fig.  5-2, 
Calcium concentrat ion i n  the i n j e c t e d ,  produced, and make-up f l u ids .  
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Fig. 5-3. 
Magnesium concentrations in the injected, produced, and make-up fluids. 
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Fig. 5-4. 
Lithium concentrations in the injected, produced, and make-up f luids.  
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Fig. 5-5.  

Sodium concentration in the produced f lu id .  
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F i g .  5-6. 
Potassium concentration in the produced f luid.  

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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W 
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g .  5-7.  
Hydrogen ion concentrations expressed as pH in the injected and produced f l u i d s .  
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Fig. 5-8. 

kj Chloride concentrations in the injected, produced, make-up, and EE-1 annulus f luids.  
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52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 5-10. 
Fluoride concentrations in the injected and produced fluids. 
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Fig. 5-11 .  
Sulfate concentrations in the injected and produced f luids.  
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Fig. 5-13. 
Solution electrical conductivity for injected and produced fluids.  
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because o f  t he  longer  contac t  t imes w i t h  t h e  rock  and h igher  rock  temperatures. 

This  i s  seen as a l o c a l  maximum on each graph a t  day 23. As the  system was 

res to red  t o  opera t ing  pressures, makeup f l u i d  replaced the  f l u i d  t h a t  had re -  

turned from t h e  pe rmeab i l i t y  storage. This  l a r g e  amount o f  makeup had a s t rong 

d i l u t i o n  e f f e c t  as seen i n  t h e  l o c a l  minimum j u s t  a f t e r  t h e  23rd day. 

"steady s t a t e "  cond i t ions  toward the  end o f  t he  75-day run. 
began t o  l e v e l  o f f  s t a r t i n g  somewhere between day 40 and 50. 

achieved. A 3 R-atm gas sample was separated from 140 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH20 a t  200-mm Hg 

t o t a l  pressure. One l i t e r - a t m  was scrubbed y i e l d i n g  t h e  f o l l o w i n g  ana lys is :  

0.7 mg H2S; 223 mg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO2; 02 and N 2  i n  a normal atmospheric r a t i o  make up the  bulk; 

N20 t race;  and NH3 n o t  detected. 

D isso lu t ion ,  mixing, and t ranspor t  o f  m inera ls  continued t o  approach 

Several curves 

A t  t he  completion of t he  75-day t e s t  o n l y  one successful gas ana lys is  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
?hQ.&hhw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbtetrp/te.ta&ion - RtUt&VO. ih  

When the  s i l i c a  concent ra t ion  exceeded'the quar tz  s a t u r a t i o n  va lue a t  the  

measured temperature o f  t he  f l u i d  en te r ing  t h e  GT-2 wel lbore,  we sought explana- 

t i o n s  f o r  t he  "high" S i O n  concentrat ions.  One mechanism requ i res  t h a t  a small 

f r a c t i o n  of t h e  f l u i d  a c t u a l l y  c i r c u l a t e s  through a p o r t i o n  o f  t h e  reservo i r ,  

which i s  s t i l l  a t  the  i n i t i a l  r e s e r v o i r  temperature as described i n  the  f l ow  

model o f  Sect ion 4.5. 

t i o n  w i t h  t ime f o r  t h a t  f r a c t i o n  o f  t h e  f l o w  corresponds t o  a f i r s t  order  r a t e  

depending on t h e  d i f f e rence  between the  s i l i c a  s a t u r a t i o n  va lue o f  t h e  h ighes t  

r e s e r v o i r  temperature i n  contac t  w i t h  f l ow ing  f l u i d  and the  average s i l i c a  con- 

c e n t r a t i o n  a t  any p a r t i c u l a r  t ime: 

According t o  t h i s  model, the  change i n  s i l i c a  concentra- 

d ( m )  * 
= ka d t  

* 
where ka i s  a constant  t h a t  inc ludes relevan\. mass t r a n s f e r  ra-es, d i s s o l u t i o n  

k i n e t i c s  ra tes ,  and a rock sur face area t o  f l u i d  volume parameter. 

There a r e  two d i s t i n c t  f l ow  paths through the  r e s e r v o i r :  

( ~ 9 5 %  o f  t h e  f l ow)  through t h e  main f r a c t u r e  system w i t h  i t s  connected j o i n t s  t o  

GT-2B, and a secondary pa th  ( ~ 5 %  of t h e  f l ow)  through a h o t  reg ion  t h a t  may be a 

h i g h l y  f r a c t u r e d  m a t r i x - l i k e  sec t i on  w i t h  a l a r g e  e f f e c t i v e  volume and l a r g e  

one major path zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cai 



contact area. Thus  information i n  Figs.  4-17 and 4-21 can be used i n  an equation 
t o  describe the r a t e  of Si02 b u i l d u p .  

t ion occurs i n  the cooler main flow path, then a d i f ferent ia l  ma€erial balance 
shows tha t  the r a t e  of accumulation of Si02 i s  due to  three principal e f fects :  
the re la t i ve  volumes of each flow path, the f l u i d  loss ra te  t o  permeation, and 

the production of Si02 from act ive dissolut ion and/or displacement i n  the hot 
region. T h i s  is approximated i n  the following equation, assuming t h a t  the cir- 
culat ing time t i s  large compared to  the mean residence time T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(V  /;I ) i n  the 
sys tern : 

I f  no fur ther dissolut ion or reprecipi ta-  LiJ 

T T  

where 

qT - qloss qloss CM 
+ Y 

qT qT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5-3) 

and 
=, to ta l  system volume ( f racture and wellbores), 
= to ta l  volume o f  a l l  f racture flow paths = V I  + V2,  

= volume of hot region flow path, 
= (SiO2) makeup = concentration of Si02 i n  the makeup water, 

= (SiO$at)T=Tmax = quartz control led saturat ion concentration of sio2 a t  

vT 
V 

V2 

CM 
C" 

Tmax 9 

T = (m) = average concentration of Si02 a t  time t, 
k = dissolut ion mass t ransfer  coef f ic ient ,  cm/s , 
a* 

9 
- 2  

%ass - %akeup zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T~ 

f 

By assuming a l l  parameters on the right-hand side of E q .  (5-2) are  approximately 

constant except = (Si02), the equation can be integrated analy t ica l ly  t o  y ie ld  

the time dependence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE :  

= rock surface area t o  f l u i d  volume r a t i o ,  cm'', 
= f l u i d  c i rcu lat ion ra te  t h rough  hot region a t  time t, 

= to ta l  f l u i d  c i rcu lat ion ra te  a t  time t ,  
- 
= mean residence time i n  hot region = VJ42 ,  and 
= f ract ion of plug flow conversion = function of dispersion i n  hot region 

= f l u i d  loss r a t e  to  permeation a t  time t, 
!T 

(0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 f 5 1 ) .  

- 

u 
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- 4 2 t / V  (5-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
** c = c 

w i t h  constants : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c** = (c"- B )  (1 - e 

- (c** - CoX)e 

- 4T/42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 
-ka*~2f  

(A-1) - ka*-c2f) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = -  + A (1-e 3 

q 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

= (SiO2) = i n i t i a l  s i l i c a  concentrat ion, and 
cO . 
B = -  qloss CM 

In the extreme case of low water l oss  (A 2 1 ,  B 2 0)  and rapid react ion i n  

the hot region (ka*.c2f >> 1 ) ,  E q .  (5-4) reduces to  

qT 

By u s i n g  the solut ion to  this equation f o r  a negligible water-loss r a t e  and 
= 220 pprn Si02 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACo = f a s t  k inet ics w i t h  5 = 0.04 s- l ,  C" = sio2T,1800c 

Si02 fk;:]al = 80 pprn ( t he  Si02 concentration of the i n i t i a l  EE-1 in jected water), 
the predicted Si02 time history i s  g i v e n  i n  F ig .  5-14. 
same form were applied to  the f luor ide,  sulfate,and the 87/86Sr data ( F i g s .  

5-15, 1-16, and 5-17) w i t h  the same success. Remarkably, the value of 5 is  i n  

each case 0.04 s- l .  Since i n  a l l  probabi l i ty  more than one mineral i s  dissolving 

to  contr ibute Si02, S O ; 2 ,  F-.,and S r  t o  the solut ion;  this would imply t h a t  a l l  

d issolut ion ra tes  were equal. Thus  i t  appears t h a t  mass t rans fe r  r a t e s ,  spec i f i -  
ca l l y  m i x i n g  ra tes  between various flow f rac t i ons ,  control the concentration his- 

tory  of these par t icu lar  species i n  solut ion.  

from the hot region a t  a r a t e  6 2 .  

s ide r  the di f ference between act ive dissolut ion and pore f l u i d  displacement by 

examining 'the time dependence of r a t i o s  of various ions including Na /K /Li+/Cs+ 

and Cl-/Br-/I-. 

As seen i n  F i g .  5-8 chlor ide concentrations a l s o  show a marked increase i n  

time possibly indicat ing displacement and/or mix ing  w i t h  "saturated" pore f l u i d  
because no so l i d  mineral source of chlor ide should exist with these reservoir 

s a t  

Rate equations of the 

The poss ib i l i t y  remains t h a t  saturated pore f l u i d  is  merely being displaced 
Further invest igat ion i s  under way t o  con- 

+ +  
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Observed and predic ted f l u o r i d e  concentrat ions i n  the  produced f l u i d .  
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PRODUCED FLUID GT-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Observed and predicted sulfate concentrations in the produced f luid.  
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Fig. 5-17. 

Observed and predicted 87'86Sr concentrations in the produced f luid.  
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condit ions. 

model proposed t o  explain Si02 bui ldup i f  a var iab le concentrat ion source o f  C1- 

i s  being supplied t o  the f low path through the ho t  region. 

We a re  determining the d i s t r i b u t i o n  o f  ch lo r ide  i n  the GT-2 core samples 

by microprobe. 

C1- concentrat ion i n  so lu t i on  could be dependent on c a l c i t e  d isso lut ion.  The 

presence o f  C1- i n  f ractures would i nd i ca te  the C1- accompanied the carbonate- 

r i c h  water, which migrated i n  and f i l l e d  the f ractures w i th  c a l c i t e .  

p reva i l .  

has a retrograde s o l u b i l i t y  w i t h  temperature a t  constant Pco .' Hence the lowest 

temperature o f  the rese rvo i r  may contro l  the bicarbonate d isso lut ion,  and t h i s  

lowest temperature i s  encountered i n  the main f low path as shown by temperatures 

measured a t  the EE-1-to-fracture system connection. As the f l u i d  passes through 

the reservoir ,  however, i t  heats up and possibly reprec ip i ta tes c a l c i t e .  

fact ,  there i s  some evidence o f  Ca deplet ion (see Fig. 5-2). I f  p r e c i p i t a t i o n  

occurs, the highest temperature i n  the major f low connections w i l l  be the 

"equi l ibr ium temperature" f o r  Ca++ and HCO; i n  so lu t ion.  

o f  observed (HCO;) h i s t o r y  along w i t h  the t i m e  dependent (HCO;)sat a t  the EE-1 

f rac tu re  connection temperature (see Section 3) and (HCO<)sat a t  the measured 

2621-m (8600-ft) temperature i n  the producing wel l  bore GT-EB. Possibly, only 

minor amounts o f  c a l c i t e  are avai lab le t o  the f l u i d  as i t  passes through the 

wellbore, and therefore the average reservo i r  temperature may con t ro l  c a l c i t e  

s o l u b i l i t y .  

be con t ro l l ed  by the temperature o f  the mixed production f l ow  i n  GT-2B. The 

changes i n  bicarbonate concentrat ion w i t h  t ime can be f i t i n t o  Eq. (5-5) employed 

previously w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=0.04 s-' and HCO; sat = 325 ppm (determined by the rese rvo i r  

drawdown temperature a t  70 days). During the l a s t  40 days o f  t h i s  run, however, 

the bicarbonate concentrat ion approaches sa tu ra t i on  corresponding t o  the EE-1 

calculated i n j e c t i o n  temperature. The change i n  bicarbonate concentrat ion w i t h  

time a f t e r  26 days can be f i t  t o  the empir ical r a t e  i n  Eq. (5-5) i f  the t i m e  

constant i s  changed t o  0.07 s-' w i t h  a saturat ion concentrat ion o f  540 ppm 

(Fig. 5-19). 

species, thexhange i n  the r a t e  o f  (HCO;) bu i ldup may be caused by the s h i f t  

t o  a new c o n t r o l l i n g  mechanism. 

t r o l  of the c a l c i t e  s o l u b i l i t y  t o  the EE-1 i n j e c t i o n  temperature i s  the major 

I n  addi t ion,  the r a t e  o f  increase o f  C1- agrees w i t h  the empir ical 
w 

I f  ch lo r ide  i s  concentrated along c a l c i t e - f i l  l e d  f ractures,  the 

I n  the case o f  the bicarbonate concentrat ion vs t ime ,  d i f f e r e n t  condit ions 

Ca lc i t e  (CaC03) -- the p r inc ipa l  cont r ibutor  o f  CO; i n  so lu t i on  -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

I n  

Figure 5-18 i s  a graph 

In the f i r s t  35 days o f  the run the c a l c i t e  s o l u b i l i t y  appears t o  

Since t h i s  behavior was not observed f o r  o ther  major so lu t i on  

One p o s s i b i l i t y  f o r  the apparent s h i f t  i n  con- 
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Fig.  5-18. 

Observed and preducted Ca+* and HCO; concentrat ions i n  the produced f l u i d .  
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F i g .  5-19. 

Observed and predic ted bicarbonate concentrat ion i n  t h e  produced f l u i d .  
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change i n  downhole impedance and a doubling of the EE-1 flow ra te  tha t  was ob- 
served dur ing  this period. 
ex is t ing f rac tu res ,  the s t ra teg ic  position of c a l c i t e  as a primary f racture- 
f i l l i n g  material could cer ta in ly  increase the amount of ca l c i t e  exposed t o  the 

f lu id .  

Calcium concentrations i n  equilibrium w i t h  c a l c i t e  and (HCO;) were calcu- 
lated i n  the following manner from the thermodynamic data (equilibrium constants 

from Garrels and Christ)  assuming u n i t  ac t i v i t y  coef f ic ients :  

I f  the impedance change i s  due t o  opening u p  of pre- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 

HCO; ppm 

61 x [HCO;] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 

61 (40.1) 10 2-PH 

Ca++ DDm = . .  
H C O ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAppm x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o m 6  

(5-6) 

(5-7) 

(5-8) 

(5-9) 

(5-1 0)  

Temperature correct ions a r e  made according t o  Frear and Johnston." Ca ++ DDm 

corresponding t o  values of HCO; observed and saturat ion concentration of HCO; 

a t  the GT-2 production temperature a r e  a lso  plot ted i n  F ig .  5-18. Notice tha t  
++ observed at day the calculated Ca++ based on observed HCO; approaches the Ca 

45. U n t i l  t h a t  time, however, the  Ca i s  much higher than the Ca 
every 3 ppm COT i n  solut ion contributed by c a l c i t e ,  there a re  2 ppm Ca++ by 

stoichiometry. Assuming t ha t  a l l  the HCO; or ig ina l ly  came from ca lc i t e ,  the 

observed Ca++ i s  an order of  magnitude too low dur ing  the f i r s t  25 days of oper- 
a t ion.  This could be the r e s u l t  of precipi tat ion of a noncarbonate calcium-rich 

mineral such as ph i l l i ps i te  (K2,Na2,Ca)Al2Si4OI2 4.5 H 2 0 .  Charles *'" observes 
phi l l ips i te  a s  an overgrowth on plagioclase i n  his experimental apparatus a t  

2OO0C, and Deer, Howie, and Zussrnan" l i s t  ph i l l i ps i t e  w i t h  other ca lc ic  zeo l i tes ,  

observed. For 
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which occur i n  e i t h e r  undersaturated o r  saturated Si02 environments. I f  p h i l -  

l i p s i t e  i s  indeed p r e c i p i t a t i n g ,  we might see the e f f e c t s  o f  i t s  p r e c i p i t a t i o n  

i n  the N-K-Ca r a t i o s  i n  the f l u i d .  

the Na-K-Ca r a t i o s  f o r  the produced Fenton H i l l  f l u i d .  The t ime h i s t o r y  moves 

along a constant K l i n e ,  and although they become r i c h e r  i n  Ca r e l a t i v e  t o  Na 

w i t h  time, the sense o f  the t rend  cycles up and down as i f  c a l c i t e  i s  dissolved 

(and therefore increasing the Ca/Na r a t i o )  fo l lowed by d i s s o l u t i o n  o f  a l b i t e  

(which lowers the Ca/Na r a t i o  along the constant K l i n e ) .  

d i s s o l u t i o n  and p r e c i p i t a t i o n  i n  t h i s  system have no t  been examined t o  see i f  

p h i l l i p s i t e  i s  indeed stab le under these condi t ions,  and there i s  inconclus ive 

evidence t h a t  p h i l l i p s i t e  e x i s t s  i n  the Fenton H i l l  r ese rvo i r .  

mineral compositions w i t h  t ime a re  shown. I n  addi t ion,  composition changes were 

observed by Char1 es 2’11 i n  a laboratory  c i r c u l a t i n g  system a t  200°C using a b io-  

t i t e  granodior i te  from GT-2 and i n i t i a l l y  d i s t i l l e d  water. 

system, the f l u i d  composition changes away from the Na-K-Ca r a t i o s  o f  the whole 

rock toward the s t a r t i n g  s o l u t i o n  values f o r  t he  Fenton H i l l  r ese rvo i r .  Appar- 

ent ly ,  t he  laboratory  rock-water system has no t  achieved the same degree o f  

reac t i on  completion as i s  observed a t  the Fenton H i l l  rese rvo i r .  

changes i n  s o l i d  phases may correspond t o  e a r l y  changes i n  the s o l i d  phases i n  

the Fenton H i l l  rese rvo i r .  

Figure 5-20 i s  a t r i a n g u l a r  diagram showing 

The thermodynamics o f  

I n  the Na-K-Ca t r i a n g u l a r  diagram o f  Fig. 5-21, the changes i n  f l u i d  and 

I n  h i s  c i r c u l a t i n g  

Therefore, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PhtLtinknW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlntaptretation - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASwrdace zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEquipment 

There were no i nd i ca t i ons  o f  any s o l i d  deposi t ion o r  corros ion i n  any sur- 

However, he does mention the  presence of a “chalky” 

face p ip ing  dur ing the Phase I, Segment 2 run. This statement i s  based on v i sua l  

observation by J. Skalski .  

mater ia l  produced by evaporation on some e x t e r i o r  components, which dissolves i n  

ac id  w i t h  effervescence and i s  presumed t o  be c a l c i t e .  

7.94-mm (5/16-in.) s ta in less  s tee l  l i n e ,  which had no t  y e t  been used f o r  gas 

sampling. (The l i n e  had been l e f t  running t o  prevent i t s  freezing.) The mater- 

i a l  was analyzed by x-ray d i f f r a c t i o n  and by e lec t ron  microprobe and was found 

t o  be c a l c i t e  w i t h  minor amounts o f  S r  (probably s u b s t i t u t i n g  f o r  Ca). 

s i l i c a  was found. 

According t o  Johnston and Williamson13 the s o l u b i l i t y  o f  c a l c i t e  i n  water 

a t  16°C a t  Pco2 = 7.63 x lo- ’  atm i s  0.040 g / l .  Frear and Johnston” r e p o r t  

t h a t  “the temperature c o e f f i c i e n t  of s o l u b i l i t y  i s ,  w i t h i n  t h e  accuracy o f  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
64 

During the week o f  February 20, a c r y s t a l l i n e  mater ia l  had f i l l e d  the 
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IO No zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 5-20. 
Na-K-Ca ratios observed in the produced fluid during Phase I .  

No zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
STARTING 
COMPOSITION 

A I MONTH 
2MONTHS 

v 4MONTHS 

9MONTHS SOLUTION (CHARLES) 

PHI LLl PSITE 

Fig. 5-21. 
Comparison of laboratory and field measurements for rock and solution samples 
using biotite granodiorite as the starting material. t*r 
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measurements independent of the par t ia l  pressure of carbon dioxide par t icu lar ly  

i n  the range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  0.003 t o  1 atm; consequently i t  suf f ices t o  give the ra t i o  r 

of the so lub i l i t y  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT to  tha t  a t  25°C." The r a t i o  r i s  calculated by the 

formula: 

log r = (830/T°K) - 2.78 . (5-11) 

By assuming Eq .  (5-11) to  hold a t  the measured P i n  the Fenton Hill geother- 

mal f lu id  of 6.152 x lo-' atm, fo r  T = 140°C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr = 0.17. The so lub i l i t y  of  ca l -  

c i te  a t  Pcoz = 7.63 x lo-' atm and 25°C i s  0.0323 g/L, therefore,  the so lub i l i t y  

of c a l c i t e  a t  140°C and Pco2 = 7.63 x 10m5atm i s  0.00548 g/L. The calculated 

Caf+ concentration i s  then 0.00219 g / l  o r  2.19 ppm. The measured Ca++ concen- 

t ra t i on  a t  day 20 is 3 .3  ppm (see Fig. 5-2). According to  the c a l c i t e  equi l ibr ia  

c i ted  e a r l i e r ,  the following equations develop: 

co 2 

. [CaC03] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10-l' *3[HCO;] 

[CO;] = = 10- 
10.3 10-6 .4  10,1.47 pc02 

C H + l  [H+l2 

CH 2 co 3 1 
[HCO;] = .4 

CH+1 

(5-12) 

(5-1 3) 

(5-14) 

1 .47  
[H2CO,] = 10- pc02 (5-1 5) 

o r  

(5-1 6) 
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I f  a t  constant pH and constant [Ca"], the P 

phase separates from geothermal f l u i d  a t  an expansion valve); the CaC03 solu- 
b i l i t y  would also have to'drop enough t o  cause precipi tat ion.  

5.2. Trace Element Analysis (T .  Beddoe, I .  Binder, E.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  Bryant, A .  J. Gancarz, 

drops (as i t  would when the gas con W 

3. S. Gilmore, R.  3. Vidale, and R. A .  Williams) 

Precise, sens i t ive chemical analyses fo r  t race  elements found i n  the f l u i d s  

flowing through the Fenton Hill reservoir were conducted to  provide reconnaisance 

information concerning changes w i t h i n  the system tha t  might  be useful i n  deter- 
m i n i n g  the extent of rock-water interact ion.  Neutron act ivat ion analysis was 
chosen because of i t s  great sens i t i v i t y  for some elements and i t s  capabi l i ty  of 
y ie ld ing data on many elements from the analysis of one sample. 

This method involves exposing a sample t o  a h i g h  dose of neutrons, such a s  
can be obtained i n  a nuclear reactor,  and then measuring the resulting radio- 

a c t i v i t i e s  to  determine what was produced and how much. 
one can ca lcu late the amounts of  elements present fo r  those tha t  produce su i tab le 
radioisotopes. 

taken a t  Fenton Hill t o  a so l id  mass tha t  could be conveniently i r radiated i n  

the Omega West Reactor a t  LASL. 

t race species i n  the sample to  increase sens i t i v i t y  b u t  also may introduce some 
contamination and inhomogeneity. All sampling and processing apparatus was 

carefu l ly  washed before use, Polyethylene equipment was used t o  reduce the 
introduction of additional inorganic elements. Freeze drying removes water by 

sublimation and reduces the chance tha t  any so l id  will redissolve. 
In addit ion t o  the Fenton Hill l i q u i d  samples, a 500-9 rock core obtained 

a t  a depth of 2714 m (8904 f t )  was treated to  obtain samples of the component 

minerals. 
cooling t o  the l i q u i d  nitrogen temperatures (-196OC), followed by rapid warming 
to  room temperature. The mixture was sieved t o  obtain a 50-200 mesh f ract ion 
between several of the cycles. The properly sized mixture was then separated 

by use of a hand magnet, a Frantz magnetic separator a t  several f i e ld  strengths,  

and heavy l i q u i d s  t ha t  separate f ract ions according to  density dif ferences by 
a s ink-f loat  technique. 

b io t i t e ,  magnetite, combined plagioclase and quartz, potassium feldspar, and 
sphene. An opt ical  examination of  the f ract ions showed the mineral puri ty t o  
range from bet ter  than 50% to  exceeding 95% for  the desired component. 

From this information 

Freeze drying has been used t o  reduce approximately a 200-ml f l u i d  sample 

This method increases the concentrations of 

The rock was i n i t i a l l y  disaggregated by numerous cycles of rapid 

The six resulting mineral f ract ions represent apat i te ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
bd 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Either about 100 mg of freeze-dried so l ids o r  20-350 mg of mineral sepa- 

ra tes were loaded in to a special polyethylene vial fo r  the reactor i r rad iat ion.  
These very clean p las t i c  v ia ls  show a s ign i f icant  amount of chromium-51 radio- 
ac t i v i t y  following i r rad ia t ion ,  causing a background t h a t  accounted fo r  a1 1 the 

chromium found i n  most of the samples. The i r rad iat ions were carried ou t  i n  
the Thermal-Column-Rabbit-2 posit ion of the Omega West Reactor for  approximately 

7 h .  The neutron dose received by the sample was monitored by an accompanying 
chromi um wire. 

After allowing the intense a c t i v i t i e s  t o  decay t o  an acceptable level,  the 

samples were indiv idual ly examined u s i n g  a ca l ibrated,  large-volume Ge(Li) 

gamma-ray detector coupled to  a mu1 ti-channel pul se-height analyzer. The spec- 
t r a l  data were immediately analyzed by computer program RAYGUN and recorded on 

magnetic tape fo r  l a t e r  computer evaluation with GAMANAL.14 Such spectral 
measurements were made several times for  each sample. 

t ions and measurements were converted in to  the mass of each element found i n  the 
sample, and the f ract ion of the to ta l  so l id  mass was i r rad iated and analyzed. 
I n i t i a l  results are  given i n  the accompanying tab les for several f l u id  samples 

(Table 5-1) and the mineral separates (Table 5-11) fo r  the 2714-111 (8904-ft) 
core sample. 
as well a s  wet chemical analysis. Individual mineral compositions fo r  the 
2714-m (8904-ft) core sample a r e  given i n  Table 5-111. 

t o  determine uranium concentrations i n  the produced GT-2 f l u i d .  

ranged from 0.1 to  2.0 ppb. 

limited data presently avai lable,  b u t  we are  encouraged a t  the general con- 
s istancy for the concentrations of  several elements and s imi lar  results obtained 

fo r  in jected EE-1 and produced f l u i d  GT-2 col lected a t  s imi lar  times. Two 
samples i n  par t icu lar  stand out as not  conforming to  the general pattern: 

N-lb and 666. For N-lb this is l i ke l y  due t o  the extended residence time i n  

contact w i t h  rock for  the water tha t  f irst was produced a t  GT-2. 

does not apply to  sample 666, which was obtained d u r i n g  continuous operation. 

Measurements will be repeated for 666 a ong w i t h  others col lected shor t ly  

before and afterwards. 

-Using pub1 ished neutron-capture cross sect ions,  the resulting i den t i  f ica- 

Values fo r  the whole rock are  a lso given fo r  neutron act ivat ion 

In addit ion, delayed neutron counting on act ivated l i q u i d  samples was used 
Concentrations 

I t  i s  premature to  a r r i ve  a t  any s ign i f icant  conclusions based upon the 

However, this 
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CONCENTRATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF ELEMENTS I N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Sarnpl eb 

N-lb 

33G 

366 

566 

666 

756 

84G 

130E 

1306 

1376 

141 E 

1416 

l ime 
to1 1 ected 

28 Jan 78 
1845 

2 Feb 76 

3 Feb 78 

6 Feb 78 
2300 

10 Feb 78 
0700 

13 Feb 78 
1500 

16 Feb 78 
1500 

19 Feb 78 
1500 

6 Mar 78 
1200 

6 Mar 78 
1200 

13 Mar 78 
1200 

17 Mar 78 
1200 

17 Mar 70 

1500 

1500 

Na Ca -- 
8.224 

107.100 4.505 

6.890 

25,200 12,900 

5.400 

333.000 78.840 

363.000 42.900 

349.000 45.400 

TABLE 5-1 

GEOTHERMAL WELL FLUID SAMPLES AS DETERMINED BY NEUTRON ACTIVITIES~ 

5c - 

0.46 

0.050 

0.25 

0.057 

Fe co Zn 

1.860 0.27 1,270 

- - -  

50 0.75 11 

85 9.9 

1.9 

459 0.16 131 

21 9 

563 0.13 

373 

As Br - -  
5,603 

60 440 

/ 
445 

386 382 

524 

437 

324 1.460 

224 1,606 

266 1,670 

S r  

1,223 

- 

125 

747 

156 

210 

356 

220 

221 

637 

801 

585 

t!41 Sb - -  
1.88 

14.3 1.85 

1.5 

1 . I 5  

1 .3 

114 

1.3 

1.5( 

55 

46 

45 

cs 

1,043 

- 

178 

195 

184 

183 

169 

228 

239 

400 

423 

429 

8a Eu - -  
87 0.080 

29 0.016 

0.015 
\ 

62 

0.015 

48 0.010 

0.016 

41 0.018 

132 

No entry does not necessarily indicate a non-detectable concentration. Additional results w i l l  be added t o  th l s  tabulations bared on further 
analysis a t  spectra. 
Sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI's correspond t o  major e lmcn t  sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI except N-lb which was taken between 96 and 1OG a t  the producing GT-28 wellhead. 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-11 

ELEMENTAL COMPOSITION OF MINERAL SEPARATES 
AND WHOLE ROCK FROM CORE 2714 M (8904 FT) 

PPm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Ils/s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Yhole Av. 8iotite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ro:k Granodiorlt~ 

22.800 

71,000 

38.m 
20.000 

1.310 

109 
570 

27.700 

45.9 

7.29 

1 -38 
88.9 

14 
430 

19 
10.1 

4 
0.263 

4.115 
1.520 

145 

68.0 

48.5 

1.30 

1.80 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.a 
4.57 

1.75 

9.50 

3.38 

11.7 

14 
13.2 

24.600 

8,380 

76.600 

35.000 

22.200 

705 

43.4wb 

.- 

372 

- 

- 
- 
- 

Zircon 

202 

10 

14 

262 

54.4 

14 
14 
19 
* 
10.6 

14 

495.000 

298 

14 

14 
14 
14 
14 

19 
443 

8.13 

3.76 

35.5 

14 
399.0 

47.1 

2.880 

56 .O 

39.4 

49.5 

Sphene 

10 

14 
176,000 

348 

1.520 

15.400 

14 
11.7 

19 
14 
14 

378 

19 

1.69 

1.77 

4 

1.030 

1 .om zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.860 

3.270 

179 

950 

1.920 

143 

88.6 

91.2 

63.8 

206 

14 
458 

Apati te 

1,260 

14 
375.000 

35.2 

727 

4.470 

14 

276 

14 
14 

24.800 

275 

10 

14 

14 
896 

336 

981 

321 

0.86 

4.99 

1.83 

19 

63.6 

24.3 

6.71 

80.2 

1.040 

183 

172 

Plagioclase 

63.150 

14 
41,500 

53.1 

367 

4.530 

1.76 

4.47 

54.3 

19 

303 

14 
14 

1.43 

0.41 

2.18 

14 
17.3 

14 
a 
14 
a 
14 
14 

19 

19 

13.0 
6.68 

14 

14 

T-feldspar 

8.830 

130.000 

2.590 

7.15 

122 

1.030 

14 
14 
14 

735 

14 

0.18 

4.62 

14 

14 
3.00 

6.700 

3.54 

0.85 

0.19 

0.25 

1 .42 

0.11 

2.79 

0.23 

10.2 

128 

14 
1.36 

0.66 

a From Laughtin and Eddy (1977) ’ Large variation frm sample to sample. 
lo entry mans that the element was not detected because i t s  concentration was below the sensitivity of the method. - Not observable with this method. 

Biotite 

1Q 

u.200 

29 

1,360 

6.790 

18.000 

1,120 

14 
14 
14 
14 
14 
14 

69.7 

1.29 

43.1 

549 

60.0 

14 

14 
14 
14 
14 
14 
14 
14 

42 .O 

a 
10 

6.17 

Maanetite 

294 

443 

29 

20 

- 
1.420 

730.000 

44 

70 

1 .o 
(1.97 

638 

44 .Ooo 

14 

19 

14 

14 
14 

38.6 

14 

0.43 

2.0 

7.8 

0.90 

26 

14 

2.0 

2.16 

14 
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TABLE 5-111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ccd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

MINERAL COMPOSITION OF GT-2 CORE SPECIMEN FROM 2714 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm (8904 FT) 

Quar tz  

P1 ag i o c l  ase 

K- f e l  ds pa r 

B i o t i t e  

Sphene 

C h l o r i t e  

Magnet i te  

Z i r con  

Apa ti t e  

Cal c i  t e  

Epi do te  

Mo da 1 
Volume % 

26 

37 

20 

10 

2 .o 
0.2 

1.5 

~ 0 .  05 

2.0 

0.3 

2.2 

Calcu lated 
Weight % 

26 

37 

19 

11 

2.6 

0.2 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 

QO.1 

2 .o 
0.3 

2.8 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsubstantial amount of data remains t o  be evaluated to supplement 
presently available resul ts ,  and further water samples will be processed and 
analyzed. Of special in terest  will be water samples collected for  both EE-1 and 
GT-2 a t  the same time and a sample of the makeup water. 

A more accurate cal ibrat ion for  the neutron activation of various elements 
will be made by i r radiat ing and analyzing a U .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS .  Geological Survey standard 

rock sample for which the composition has been well determined. 
the elements detected i n  the water samples have been precisely measured i n  the 

USGS standards, and for  these elements individual standards will have t o  be 
prepared. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.3. Strontium Isotope Ratio Measurements ( A .  J. Gancarz) 

Different minerals have d i f ferent  rubidium-to-strontium (Rb/Sr) ra t ios ,  and 
as a consequence of the radioactive decay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  87Rb they have d i f ferent  87Sr/86Sr. 

T h i s ,  coupled w i t h  the evidence of the rock-water chemical interaction i n  the 

actual f ie ld  operation and the di f ferent ia l  react iv i ty  of minerals observed i n  
laboratory experiments, ‘,” suggests tha t  i t  m i g h t  be possible to  detect i n  the 
f ie ld  experiment which minerals are reacting preferential ly by monitoring the 

Not a l l  

isotopic composition of Sr i n  the c i rculat ing water. Strontium isotopic data were 
measured for water collected dur ing the 75-day operation. 
cation, S r  has been used apparently for  the f i rs t  time as a hydrologic t racer.  
Mixing of f lu ids  from dif ferent sources and the interactions of the water w i t h  

the rocks were observed by monitoring the isotopic compositions. 

heated water produced a t  GT-2, designated G ;  ( 2 )  a mixture of cooled water and 
makeup water, designated E ,  which i s  pumped back i n t o  the hot-rock reservoir;  
and (3) f i l te red  makeup water from the holding pond, designated M. 

a l l  three types of samples were collected simultaneously a t  various times through-  

out the 75 days. Thirty-ml al iquots were evaporated and processed t o  separate 

the Sr  sample. The Sr  was analyzed on a National Bureau of Standards type 
15.2-cm (6- in.)  mass spectrometer. 
IV and i l lus t ra ted  on F i g .  5-22. 

Strontium isotope aata for  each of the three types of f luids ( G ,  E ,  and 

M )  are  presented i n  Fig .  5-22. For any set of samples collected a t  a aiven 
time, we observe i n  a l l  cases tha t  the 87Sr/ S r  i n  the f lu id  produced from the 
hot-rock reservoir i s  greater t h a n  t h a t  i n  the cooled injected f l u i d  being cycled 
back down into the rock reservoir.  
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In this unique appli- 

Three types of water samples were analyzed for S r  isotope rat ios:  (1) 

In general, 

The analytical data are presented i n  Table 5- 

86 

Furthermore, the 87Sr/86Sr i n  the injected 



Day 

0 

13 

13 

13 

19 

1 9  

1 9  

22 

23 

23.25 

23.5 

23.5 

Sample 

N-1 a 

56E 
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56M 

75E 

7 56 

7 5M 

846 

886 

966 

l l O E  

1106 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, . ~ ~ ~ _ _  . . . . .  . . .  ........ _. . . . . . . . . . . . . . .  . . . . .  

TABLE 5-IV 

FENTON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHILL SR ISOTOPIC DATA 

8 7 ~ r / 8 6 ~ r  

0.72678 - + 3a 

0.72385 + 6 

0.72525 - + 8 

0.71250 - + 18 

0.72481 - + 4 

0.72542 - + 8 

0.71582 - + 14  

0.72561 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 12 

0.72578 - + 5 

0.72578 - + 2 

0.72556 - + 17 

0.72571 - + 10 

aAccuracy expressed a s  0.72678 - t 0.00003, 

Day Sampl e 8 7 ~ r / 8 6 ~ r  

23.5 l l O M  0.70987 - + 7 

37 130E 0.72579 - + 12 

37 1306 0.72630 - + 12 

43 137E 0.72622 - + 11 

1376 0.72668 - + 26 43 

50 144E 0.72678 - + 12 

50 

54 

59 

65 

69 

73 

446 0.72741 - + 11 

486 0.72676 - + 1 3  

0.72689 + 4 536 - 
586 0.72704 - + 11 

626 0.72700 - + 8 
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f l u i d  i s  greater than tha t  i n  f i l t e r e d  makeup water. Because the in jected f l u i d  

i s  a mixture of  produced f l u i d  and makeup water, i t s  intermediate value of  87Sr/ 

86Sr is the r e s u l t  of m i x i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA87 Sr-r ich produced f l u i d  w i t h  87Sr-poor makeup 
water. 
reasonable agreement w i t h  the G/M water volume m i x i n g  r a t i o s  expected i f  the Sr 
concentrations a r e  approximately equivalent. 

Figure 5-23 i s  an enlargement of par t  of F i g .  5-22 included t o  show i n  de- 

t a i l  the relat ionship between the produced, G ,  and in jected,  E ,  waters. The G 

data a r e  indicated by squares and the E by c i r c l e s .  Again the 87Sr-rich nature 
of the G water re la t i ve  to  the E water i s  apparent. The mean residence time of 
water i n  the reservoir  i t se l  f determined by Na-fl uorescei n dye t race r  experiments 
is  1 t o  2 h compared t o  a to ta l  c i rcu la t ion time of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t o  4 h (see Section 4.2). 
Because this i s  a continuously c i rcu la t ing system, two e f fec ts  a r e  apparently 

causing the enrichment of 87Sr: (1)  the reaction between the c i rcu la t ing f l u i d  

and the reservoir  rock and ( 2 )  material balance e f fec ts  caused by interact ions 
among the permeation water loss r a t e ,  the main c i rcu la t ing flow, and a cer ta in  

small f ract ion of flow, which mixes w i t h  indigenous pore f l u i d  contained i n  a 
hot region of the reservoir .  

A t  the beginning of the c i rcu la t ion experiment, the f i r s t  produced f l u i d  

had been i n  the f racture system for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%3 months and had a h i g h  87Sr/86Sr of 
0.72678 - + 0.00003. I n i t i a l l y  before rec i rcu lat ion,  the in jected f l u i d  was f i l -  

tered well water stored i n  the EE-1 pond and had 87Sr/86Sr = 0.70981 - + 0.00008 

(see Fig .  5-22). Dur ing the f i r s t  10 days, the in jected 87Sr-poor water inter- 
a c t s  w i t h  the reservoir  and i s  enriched i n  87Sr, b u t  because of the h i g h  makeup 
r a t e  a large f ract ion of the in jected f l u i d  i s  87Sr-poor makeup water, and a net 
decrease i n  the 87Sr/ Sr from i n i t i a l  values was observed i n  the produced f l u i d  

between successive c i rcu la t ion cycles d u r i n g  th is ear ly  period. T h i s  i s  consis- 
t e n t  w i t h  observations fo r  other chemical species (see Sections 5.1-5.2). 

be enriched i n  87Sr a s  i t  i n te rac ts  w i t h  t he  reservoir .  

the e f fec t  of addit ion of 87 Sr-r ich S r  from the reservoir  is s u f f i c i e n t  t o  
cause a net increase i n  87Sr/86Sr of the produced f l u i d .  

the percentage of 87Sr-poor makeup water has decreased rapidly from 100% a t  day 0 

t o  5% a t  day 25, and i t  remained a t  about the 5% level d u r i n g  the r e s t  of the 

operation (see also Section 4 . 3 ) .  The paral le l  nature of the in ject ion E and 

production G curves from days %25 to  50 suggests a quasi-steady-state regime i n  

Calculated G/M-Sr-atom mix ing  r a t i o s  range from 0.05 t o  0.1 and a re  i n  

86 

Dur ing  the succeeding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%40 days, the in jected 87Sr-poor f l u i d  continues t o  
However, i n  this case, 

T h i s  is reasonable as 
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87Sr’86Sr r a t i o  h i s  

F i g .  5-22. 

iry dur ing  Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI f o r  i n j e c t e d ,  produced, and make-up f l u i d s .  

F i g .  5-23. 
87Sr/86Sr r a t i o  h i s t o r y  du r ing  Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI i n  t h e  i n j e c t e d  and produced f l u i d s .  
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which the ra te  of addit ion of 87Sr-rich Sr from the reservoir  is constant. T h i s  

implies a constant net r a t e  of chemical in teract ion between rock, c i rcu la t ing 

f l u i d ,  and indigenous pore f l u i d .  

the E curve. A t  The in jected f l u i d  datum fo r  day 23 i s  not included i n  

this time a sharp drop i n  impedance occurred and because of 
dif f icul t ies the injected water p l u s  a s ign i f i can t  f ract ion 

returned u p  GT-2, was passed through the heat exchange modu 

associated pumping 

of permeation flow 

es,and was directed 
into the EE-1 holding pond. Consequently, the 23E sample does not represent 
produced water mixed w i t h  makeup water a s  slcipplied by the  722-m-deep water well. 

Between days 50 and 55 there i s  a decrease i n  the 87Sr/86Sr of  G water. 
In this period there were no s ign i f icant  changes i n  flow ra tes  o r  impedances. 
B u t  as pointed out e a r l i e r  i n  Section 4.3, the decl ining average f racture i n -  

f la t ion  pressure caused a flow-back phenomenon from permeatioq w h i c h  reduces the 
nominal water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss ra te  and provides a new source of f lu id . .  The observed 87Sr/ 

86Sr decrease may indicate a change i n  the rock-pore f l u i d  in teract ion.  
more, other e f fec ts  such as pore pressure induced fractur ing and/or thermal 

Further- 

s t ress  cracking may expose a f ract ion of the  c i rcu la t ing f l u i d  t o  new rock sur- 
faces as well as indigenous pore f l u i d .  

may result i n  this case i n  the preferent ia l  d issolut ion of 87Sr/ 
consequently, low Rb/Sr mineral zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( s ) .  The apparent rapid change i n  the Sr r a t i o  

86 a f t e r  day 55 suggests t ha t  t h e ~ e ~ ~ S r /  Sr-poor minerals react  rapidly w i t h  the 

water, and by day 55 a d i f fe ren t  rock-water in teract ion regime i s  establ ished. 

lated e f fec ts  should be viewed w i t h  an appropriate degree of caution. The only 
unequivocal f ac t  t h a t  remains from the Sr  isotope data i s  t ha t  dis t inct  changes 

occurred i n  87Sr/ Sr d u r i n g  the 75-day experiment and these appear t o  corre la te 

well w i t h  other observed changes. 

of segment 2 was only 90°C as compared to  an i n i t i a l  value of 175OC. Laboratory 
experiments on rock samples conducted a t  300 and 200OC show not only slower d i s -  

solut ion ra tes  and so lub i l i t i es  a t  the lower temperatures b u t  a lso  changes i n  

the order of the reac t iv i t y  of the minerals. 2y11 

below 200°C, these data may suggest t h a t  changes i n  the i sotop ic  ra t i os  could 
occur so le ly  because of temperature e f fec ts .  

Unresolved i s  the following question: what mineral-water in teract ion is 
dominating the observed rock-water S r  isotopic e f fec ts?  The average of 
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"Fresh" rock exposed by the cracking 
Sr-pcjor and 86 

However, because of the complexity of the downhole environment these postu- 

86 

As noted ea r l i e r  the average temperature of the produced f l u i d  a t  the end 

Extrapolating t o  temperatures 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
hd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA87Sr/86Sr of  15 "whole-rock" b i o t i t e  granodiori te samples from the cores i s  

0.7255 - + 40. T h i s  value and i t s  error  include the whole range of 87Sr/ Sr f l  l id  

values observed. 

symbol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA on Fig. 5-23), then we conclude tha t  the Sr from rock-water in teract ions 
i s  dominated by minerals w i t h  87Sr/86Sr greater  than the average rock. 
i s  a l i k e l y  candidate and the measured 87Sr/86Sr of b i o t i t e  separated from the 

rock i s  0.80278 - + 0.000010. T h i s  i s ,  however, i n  marked contrast  t o  the laboratory 
experiments, which  indicate b i o t i t e  is  among the l e a s t  react ive phases. Another 
possible mineral i s  potassium feldspar,  w h i c h  i n  some rocks is  enriched i n  

87Sr/86Sr r e l a t i v e  to  the average rock. Laboratory experiments show this mineral 
i s  among the most react ive and thus would appear more reasonable as the mineral 
providing the Sr and dominating the isotopic e f fec ts .  

In summary, the Sr  isotopic measurements have successful ly been used t o  
monitor mix ing  of f l u i d s  from d i f f e ren t  sources and t o  indicate when rock-water 
interact ions i n  a continuously c i rcu la t ing system a r e  i n  "steady-state" w i t h  re- 
spect to  the production and depletion of Sr.  
t h a t  S r  data record changes i n  rock-water in teract ion regimes due t o  temperature 

changes or  exposure, o r  b o t h ,  of "fresh" rock due t o  thermal o r  mechanical 
cracking. 

Experiments t o  determine Sr element abundances i n  the water and minerals 

and t o  determine the isotopic composition o f  S r  i n  the minerals composing the 
Fenton Hill reservoir  rock a r e  i n  progress. These data will f a c i l i t a t e  quanti- 

t a t i v e  mass balance calculat ions for rock-water interact ions i n  the reservoir .  
5.4. Radon (P .  Kruger*, L. Semprini*, G.  Cederberg", R.  Pot ter )  

( 1 )  st ructura l  propert ies of the reservoir  as they a f f e c t  the 

86 

I f  we accept 0.7255 as the whole-rock value ( indicated by the 

Biotite 

Furthermore, there i s  some evidence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 

Radon measurements a r e  useful for obtaining two types of geothermal reser- 
voir  data: 
emanation of radon from rock t o  pore f lu ids,  and (2) f l u id  flow propert ies of 
the reservoir  a s  they a f f e c t  radon transport  t o  the wellhead. 

Radon has a set of properties which  make i t  a useful internal  reservoir  

, 

* Stanford University, Stanford , California 

tracer. First, radon i s  the radioactive noble gas produced i n  nature from decay 
of  radium dispersed i n  the e a r t h ' s  crust. The principal isotope of radon is 
3.83-day 222Rn resulting from alpha-part ic le emission from 1600-yr 226 Ra, which  

i n  t u r n  i s  produced i n  the natural uranium series originat ing w i t h  a 4.5 x l o9  

238U. Since radon i s  produced essen t ia l l y  "forever" i n  the reservoir b u t  decays 
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w i t h  i t s  c h a r a c t e r i s t i c  3.83-day ha1 f -1  i f e  when separated from i t s  radium parent  

rad ionuc l i de  i n  t h e  formation, i t  in t roduces a " t ime element" i n  t r a c e r  s tud ies .  

This  p roper ty  o f  radon con t ras ts  sharp lv  w i t h  the  s t a b l e  gas components o f  geo- 

thermal f l u i d s ,  such as CO2, H2S, and 02 isotopes.  

Radon concent ra t ion  i n  geo f lu ids  depends on severa l  r e s e r v o i r  parameters, 

p r i m a r i l y  t h e  concent ra t ion  and d i s t r i b u t i o n  o f  radium i n  t h e  r e s e r v o i r  forma- 

t i o n ,  t he  cond i t i ons  f o r  emanation and d i f f u s i o n  i n t o  the  pore and c i r c u l a t i n g  

f l u ids ,  and t h e  t r a n s p o r t  p roper t i es  o f  t h e  convect ing f l u i d s  from the  r e s e r v o i r  

emanation s i t e s  t o  t h e  producing wellhead. These parameters, i n  tu rn ,  a r e  re -  

l a t e d  t o  d i f f e r e n t  geolog ic  fac to rs .  Radium i s  found r a t h e r  un i fo rm ly  d i s t r i -  

buted i n  sedimentary and igneous rocks a t  an average concent ra t ion  o f  about 

1 pg/g. I t s  d i s t r i b u t i o n  depends on t h e  l o c a l  thermodynamic and hydrochemical 

h i s t o r y  o f  the  format ion.  Since radium i s  a chemical homolog o f  the  a l k a l i n e  

e a r t h  elements calcium, s t ront ium,  and barium, i t  can become r e d i s t r i b u t e d  w i t h  

these elements i n  hydrothermal reg ions.  

s t r u c t u r a l  , and thermodynamic p roper t i es  o f  the  rock .  

"'Rn on alpha decay o f  226Ra i s  86 keV, s u f f i c i e n t  t o  m ig ra te  about 1 p i n  

rock .  The emanation from t h e  rock  i s  thus s t r o n g l y  dependent on the  sur face  

area exposed, the  po ros i t y ,  and t h e  composi t ion o f  t he  cementing m a t e r i a l s  i n  

t h e  rock,  as noted by Andrews and W00d.l~ It i s  a l s o  dependent on t h e  pressure, 

temperature, and d e n s i t y  o f  t h e  pore f l u i d  i n  the  format ion.  

radon depends on i t s  s o l u b i l i t y  i n  the  convect ing f l u i d  and t h e  hydrodynamic 

p roper t i es  o f  the  r e s e r v o i r ,  such as permeab i l i t y - th ickness ,  r e s e r v o i r  pressure 

grad ien ts ,  and f l ow  r a t e .  

Two general types of i n fo rma t ion  may be obta ined w i t h  radon as an i n t e r n a l  

r e s e r v o i r  t r a c e r .  

w i l l  r e s u l t  i n  changes i n  radon concent ra t ion  i n  the  produced geo f lu ids .  Under 

steady emanation cond i t ions ,  changes i n  f l ow  regime w i l l  a l s o  r e s u l t  i n  changes 

i n  radon concent ra t ion .  

can be obta ined f rom radon measurements was g iven by Kruger, Warren, and Honey- 

man.16 The chal lenge of  success fu l l y  app ly ing  radon t r a n s i e n t  ana lys i s  t o  geo- 

thermal r e s e r v o i r  engineer ing r e s t s  w i t h  t h e  a b i l i t y  t o  show t h e  r e l a t i o n s h i p s  

between changes i n  r e s e r v o i r  o r  f l o w  p roper t i es  and changes i n  radon concentra- 

t i o n .  

The emanation o f  radon i n  rock  mat r ices  depends on the  chemical, m inera l ,  

The r e c o i l  energy o f  

The t r a n s p o r t  o f  

Under steady flow cond i t ions ,  changes i n  r e s e r v o i r  p roper t i es  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A d iscuss ion  o f  some o f  t he  types o f  i n fo rma t ion  t h a t  

S u f f i c i e n t  data a r e  needed t o  separate the  changes due t o  each e f f e c t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

bi 
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In a par t icu lar  case, radon measurements were used t o  study changes i n  f racture 

permeability i n  geothermal systems a s  noted by Stoker and Kruger. 
T h i s  sect ion reviews the experimental radon data obtained d u r i n g  the f i rst  

75 days of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALASL Phase I experiment and is the f i rst  attempt t o  study radon 

emanation i n  a hydraul ical ly-fractured geothermal reservoir .  Dur ing the 75-day 
period, f i ve  samples were col lected a t  the producing wellhead and shipped t o  
the nuclear c iv i  1 engi neeri ng laboratory a t  Stanford, where the radon concentra- 

t ion was measured by t he  method developed by Stoker and Kruger.” The system 
was shut i n  f o r  11 days a f t e r  the flow test period and then vented. Two samples 
of wellhead f l u i d  were col lected d u r i n g  this l a t t e r  venting period. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATo obtain 
a background value of radon due t o  radium dissolved i n  the makeup water, one 
sample of makeup water was col lected d u r i n g  the flow t e s t  period. 

The concentration of 226Ra i n  the formation rock was reported by L .  M. 

Marple and R .  M .  Potter as 1.7 - + 0.18 pCi /g  determined by gamma-ray spectroscopy 
a t  LASL. To determine the f ract ion of radon due t o  dissolved radium i n  the re- 
c i rcu la t ing f l u i d ,  double-extraction measurements of radon were made i n  one of 

the f i ve  f low-test samples and i n  the makeup water sample. 
the f ract ion of radon i n  the or ig inal  wellhead sample due t o  dissolved radium 

i s  determined by complete i n i t i a l  removal of the radon from the sample, then 

allowing radon t o  reestabl ish equilibrium w i t h  the dissolved radium, and re- 
moving the radon a second time for  measurement. 

The wellhead conditions and the radon concentration values f o r  the samples 
analyzed d u r i n g  the Phase I t e s t  a r e  given i n  Table 5-V. Readily apparent over 

17 

In this method. 

the 73 days of the flow period is  the marked increase i n  radon concentration 
coupled w i t h  the continuous decrease i n  wellhead f l u i d  temperature and the con- 
tinuous increase i n  flow ra te .  A l s o  apparent i n  the data is the rapid decrease 
i n  radon concentration d u r i n g  the 3 days of v e n t i n g  the system. Table 5-V a lso  

shows t h a t  the radon concentration due t o  dissolved radium i n  the GT-2 produced 
sample of day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA65 was 0.0083 nCi/L compared t o  a to ta l  radon concentration of 

1.7 nCi/L. Thus dissolved radium accounts fo r  only 2% of the to ta l  radon ob- 

served i n  the wellhead f l u i d .  The double-extraction method for  radon i n  the 

makeup water sample showed a to ta l  radon concentration of 0.0075 nCi/& (corrected 
t o  time of sampling) w i t h  dissolved radium contr ibuting 0.0018 nCi/C (~24%). 

concentration i n  the recirculated f l u i d  over the 75-day flow t e s t  period, a 

The experimental data i n  Table 5-V  show a quasi-exponential growth of radon 

U 
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Test 

0.3 

18.9 

38.2 

65.9 

73.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Day 

86.1 

89.2 

65.9 

65.9 

TABLE 5-V 

RADON DATA - PHASE I TEST 
JANUARY 28 - APRIL 27, 1978 

CIRCULATING SYSTEM 
(GT-2 PRODUCING WELL SAMPLES) 

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq Qa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 l / m i n  (gpm) 1 0 6 ~  ( l o 6  ga l )  
‘ ~ 1 7 0  208 ($55) 0.08 (0.02) 

130 424 (112) 10.6 (2.8) 

100 852 (225) 35.2 (9.3) 

90 897 (237) 69.3 (18.3) 

90 927 (245) 77.6 (20.5) 

VENTING SYSTEM (GT-2 WELL SAMPLES) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
80 416 (110) 80.3 (21.2) 

80 - <95 (525) 85.2 (22.5) 

MAKEUP WATER 

RADIUM CONTENT (RADON DUE TO DISSOLVED RADIUM) 

80 897 (237) 69.3 (18.3) 
( for  GT-2 produced f l u i d )  
65.9 - - - - 
( f o r  makeup) 

(Rn) 
(nci zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/l) 

0.17 - + 0.02 

0.10 - + 0.10 

0.58 - + 0.05 

1.7 - + 0.2 

2.8 - + 0.3 

2.3 - + 0.2 

0.50 0.06 

0.0075 

0.0083 

0.0018 

a Total produced f l u i d  volume. 
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rapid decrease i n  radon concentration d u r i n g  the venting period, and a low con- 
centration of dissolved radium i n  both the makeup and circulat ing f l u i d .  

history dur ing the venting period are shown i n  F i g .  5-24. 

collected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 h af te r  in i t ia t ion  of the flow t e s t  period, represents water that  was 
resident i n  the fracture system dur ing  the ~3-month s h u t - i n  period prior t o  the 

tes t .  
day hal f - l i fe of 222Rn),  the radon concentration should have been i n  equilibrium 

w i t h  the radon emanation from the fractured rock surface. The in i t i a l  concen- 
t rat ion of 0.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.02 nCi/L can be considered representative of the radon con- 
centration i n  the main fracture volume of the large hydraulic fracture system. 
The second sample was collected a f te r  20 days of flow d u r i n g  which time the flow 
rate increased by a factor of two and the average reservoir temperature declined 
steadi ly from 170 to  13OOC. This sample showed a radon concentration of 0.10 2 
0.10 n C i / t ,  smaller than the i n i t i a l  sample. The uncertainty of this sample i s  
very large (5100%) due t o  an unfortunate delay i n  s h i p p i n g  between col lect ion 
and analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, result ing i n  an alpha-particle mexurement close to  counter back- 
ground and a large-decay correction factor to  sampling time. 

measured concentration may be correct, and the lower value of 0.1 n C i / t  may 
represent the ef fect  of dilut ion of the s h u t - i n  volume of water w i t h  makeup 
water, which is noted d u r i n g  this period t o  have exceeded 151 L/min (40 gpm) 

when the flow ra te  was reaching 379 t / m i n  (100 gpm). 

steady s ta te ,  shows the in i t ia t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a rapid r i se  i n  radon concentration u p  to  
the end of the Phase I flow t e s t  a t  day 75. The r i se  i s  shown i n  Fig .  5-25 as 
an exponential growth, given by the equation 

The radon concentration growth history d u r i n g  the flow period and the decay 

The f i rs t  sample, 

Since the s h u t - i n  period was longer t h a n  1 month ( large compared to the 3.83- 

However t h e  

The t h i r d  sample, collected on day 38 when the system dynamics were reaching 

+k t [ R n l  = [Rn], e Y (5-1 7) 

where [Rn], = i n i t i a l  fracture-volume concentration (0.17 n C i / t )  uncorrected for 
d i l u t i o n  w i t h  makeup water, and k = growth constant for  the system function of 

( Q s  T, P I .  
Although the radon concentration exh ib i ts  an exponential growth pattern 

dur ing  the test period, i t  cannot continue to  rise indef in i te ly,  b u t  must reach 

some steady-state concentration given by maximum emanation of radon from the 
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c 
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0 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 
a: 

0 20 40 6 0  80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIO0 

Time (days) 
F ig .  5-24. 

Radon concentrat ion i n  the  produced fl u i d .  

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 1075 b = 0.080 day-' 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

K 
c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 -  I 

c 

F ig .  5-25. 
Observed and p red ic ted  radon concentrat ion i n  the  produced f l u i d .  
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radium concentration i n  the formation rock. The trend toward saturat ion i s  noted 

i n  the nonconstancy of the growth constant, k ,  and i t s  counterpart, the growth 

ha l f - l i fe ,  T ,  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ln2/k, as shown below: 

Sample Range 

1 - 3  

1 - 4  

1 - 5  

3 - 4  

4 - 5 .  

k 
(day- ) (diys 

0.032 21.8 

0.035 19.9 

0.038 18.1 

0.039 17.8 

0.071 9.7 

Several mechanisms could potent ia l ly  explain the observed quasi-exponential 

rise i n  radon concentration over the 75-day Phase I flow period. They include: 

(a )  continuous dissolut ion of radium from the exposed rock surfaces in to the 

rec i rcu lat ing water, ( b )  increase i n  so lub i l i t y  of radon i n  the c i rcu la t ing f l u i d  

as the temperature of the  rock-water system decreases, (c)  increase i n  the ema- 

nating power of the radon by recoi l  o r  dif fusion from the fractured rock t o  the 
c i rcu lat ing f l u id ,  and (d) increase i n  the area of the fractured rock surface 

( a t  constant emanating power) through increased fractur ing o f  the formation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby 

the recirculat ing f l u i d  pressure and temperature d i f fe ren t ia l .  

Table 5-V showed tha t  the dissolved radium concentration i n  the day 65 well- 

head sample accounted fo r  only about 2% of the to ta l  radon present i n  the sample; 

the value was not much larger than the radium i n i t i a l l y  present i n  the makeup 
water. Both radium valu'es are su f f i c ien t ly  small t o  preclude the dissolut ion 

of radium from fractured rock as the reason fo r  the observed growth i n  radon 

concentration over the Phase I flow test period. 

creases rapidly w i t h  temperatures above O0C.l8 The value of 86 cm3/L a t  7OoC 

and 1 atm pressure does not change great ly i n  the temperature range of 90 t o  

170OC. 

d u r i n g  the 75-day flow test .  
centrat ion i n  two ways: 

crease i n  i t s  so lub i l i t y .  Since the emanating power is expected t o  increase 

with the larger  dif fusion coeff ic ients a t  increased temperature ( a t  constant 

pressure and pore f l u i d  densi ty) ,  i t  i s  d i f f i c u l t  t o  accept the inverse 

The so lub i l i t y  of radon i n  water i s  s ign i f icant  a t  low temperature and de- 

Table 5-V notes the decrease i n  wellhead temperature from 170 t o  90°C 

This temperature drop might af fec t  the radon con- 

an increase i n  emanating power o f  radon and an i n -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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relat ionship. And unless there i s  a stagnant volume i n  the system where de- 
gassed gaseous components can accumulate or  bypass the wellhead col lect ion s i t e ,  

i t  is d i f f i cu l t  to visual ize how a potential for degassing i n  the closed re- 
circulat ion system could occur. Therefore, the growth i n  radon concentration 
over the flow t e s t  period cannot, a t  this time, be at t r ibuted to the decrease 
i n  reservoir temperature. 

The dist inct ion between increased emanating power and increased fracture 

surface area i s  d i f f i c u l t  to  make. There are few experimental data available 
on emanating power of radon from geothermal rock mediums. Research is currently 
underway as part of the Stanford Geothermal Program t o  determine the dependence 
of radon emanation power on the thermodynamic conditions of pressure, temperature, 
and pore f lu id density i n  fractured rock formations. 

A reasonable speculation a t  this time i s  that  the most l ike ly  factor con- 
t r i b u t i n g  to  the observed increase i n  radon concentration is the increase i n  

new surface area created d u r i n g  the experiment. Based on downhole spinner and 
temperature measurements i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG T - E B  and compositional changes occurring i n  other 
c r i t i ca l  chemical species such as S O 2 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 1 ,  Na, K ,  and HC03, a fract ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the 

c i rculat ing f lu id  i s  being exposed t o  additional surface area by newly created 
flow paths, which apparently penetrate into hot regions of the reservoir rock 

containing indigenous pore f l u i d .  A t  this time, i t  i s  d i f f i cu l t  to  say 
whether pressure fracturing, thermal s t ress  cracking, or permeation is  the 

source of these new flow paths. 
paths increases a t  a ra te  greater than the increase i n  fracture volume (and 

assuming even a constant emanating power under these conditions), the radon con- 
centration i n  the recirculat ing water would be expected to increase. 

ear l ie r ,  however, a saturation Concentration would eventually be reached, given 

by a log is t ics  equation 

If the surface area of new fractures or flow 

As noted 

(5-1 8) 

where 

[Rn] = in f in i  te-time steady-state radon concentration for  f i n i t e  radium 

a , b  = empirical constants. 

concentration and constant emanating and thermodynamic conditions 
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An attempt t o  f i t  the measured radon concentrations w i t h  an estimated 

[Rn]" value i s  shown i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-25. The value f o r  [Rn]" was obtained from the 

re1 a ti on 

(5-1 9) 

where 

[Rn] = radium concentrat ion 

(EP) = emanating power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cp = poros i ty .  

From the LASL value o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.7 pCi/g f o r  the radium concentrat ion i n  the rock, and 

assumed values o f  (EP) = 0.1 and 

radon concentrat ion i n  the f r a c t u r e  volume would be [Rn] = 42.5 nCi/L. 

d i l u t i o n  based on values o f  the main f r a c t u r e  volume = 54 883l (14 500 gal )  and 

t o t a l  c i r c u l a t i o n  volume = 208 175L (55,000 gal ) , the radon concentrat ion i n  the 

wellhead f l u i d  would be [Rn]" = 11.2 nCi/L. 

A l e a s t  squares f i t  o f  Eq. (5-18) t o  the data i n  Fig. 5-25 gives values t o  

the two empir ical  constants o f  a = 1075 and b = 0.080 day-'. The curve, based 

on the estimated value o f  [Rn]" = 11.2 nCi / l ,  ind icates t h a t  equi l ibr ium would 

have been achieved i f  the t e s t  had run an add i t i ona l  2 months. It w i l l  be 

i n t e r e s t i n g  t o  conf i rm the  values o f  t he  empir ical  constants a and b i n  fu tu re  

f low tes ts  i n  the EE-l/GT-2 system. 

the vent ing p a r t  o f  the Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI t e s t .  

represents water i n  the main f r a c t u r e  on day 86 o f  the t e s t  w i t h  pressure main- 

ta ined i n  the shut- in  system. 

value of 2.3 nCi/L 11 days a f t e r  shut i n ,  as contrasted t o  an expected value of 

0.67 nCi/L based on rad ioac t i ve  decay o f  the dissolved radon i f  the mechanism 

f o r  the growthdi l r ing the  f low per iod were c u t  o f f  w i t h  shut- in  o f  the system. 

The i m p l i c a t i o n  i s  t h a t  the source o f  radon continued under the pressure con- 

d i t i o n s  reached dur ing the  f low per iod t o  shut- in. 

on day 89, c o l l e c t e d  a f t e r  f l u i d  pressure reduct ion shows a radon concentrat ion 

of 0.5 n C i / l  consistent w i t h  rad ioac t i ve  decay t o  pre-f low condit ions. 

head water obtained for  t h i s  sample however may n o t  represent f l u i d  from the f rac-  

t u r e  system due t o  gas f rac t i ona t ion  a t  the wellhead r e s u l t i n g  from depressur- 

i zat ion.  

= 0.01, a rock densi ty  o f  2.5 g/cm3, the 

For a 

Figure 5-24 also shows the r e s u l t s  o f  the radon measurements made dur ing 

The f i r s t  o f  t he  two post-f low samples 

The radon concentrat ion remained a t  an elevated 

However, the second sample 

The wel l -  

85 



An explanation fo r  the sustained h i g h  value of Rn may be a flow from 
permeation i n t o  the GT-2B open hole ex i t ing then t o  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEE-1 annulus through the 

main flow system. T h i s  permeation flow would carry  addit ional Rn to  compensate 
par t ia l l y  for the decay of Rn i n  the wellbore f l u i d .  

Downhole samples taken l a t e r  i n  the vent period on July 27, 1978 showed 
considerably higher Rn concentrations of  3.3 n C i l 1 .  

the downhole water sampler a t  the 2590-m (8500-ft) depth i n  GT-2B which i s  46 m 
(150 f t )  above the highest producing zone.2 T h i s  was done t o  avoid the long 

borehole residence time and subsequent decay a t  the low v e n t i n g  r a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  8 1 / m i n  

( ~ 2  gpm). 
vented, and another sample was taken; this time the Rn concentration had de- 

creased to  1.4 n C i / 1 .  Because the experimental e r ro r  i s  zlO%, the dif ference i n  

concentration between the two samples i s  rea l .  One possible mechanism i s  d i l u -  

t ion between EE-1 we1 bore f l u i d  and f l u i d  wh ich  has equi l ibrated w i t h  the frac- 

ture system. Because the venting Rn concentration of 3.3 nCi/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  dras t i ca l l y  
higher than the i n i t i a l  Rn concentration of  0.17 nCi/L, an a l te rna te  source of 

Rn i s  suggested. Dur ing  the l a t t e r  venting period, a very small return f low 

r a t e  of 8-19 l!/min (2-5 gpm) was observed i n  the GT-2B wellbore. T h i s  f l u i d  

is  returning as permeation stored f l u i d  quite l i ke l y  i n  contact w i t h  the fine- 

grained rock matrix of the reservoir ,  whereas the or ig inal  flow sample col lected 
on day 0 (see F ig .  5-24) consisted of f lu id  contained i n  a self-propped hydraulic 
f racture system w i t h  l i t t l e  o r  no returned flow from permeation. 
the higher Rn concentration observed i s  probably caused by a higher e f fec t i ve  
emanation power of radium exposed to  f l u i d  returning via matrix flow. 

Samples were taken w i t h  

In addi t ion,  19001 (600 ga l )  of f l u i d  was pumped i n to  EE-1 w i t h  GT-2 

Consequently, 
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6. MONITORING FOR INDUCED S E I S M I C  EFFECTS (C .  Newton, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  A l b r i g h t ,  R. Pot te r ,  
and R. B u t l e r )  

Dur ing Phase I, Segment 2 o f  the HDR geothermal demonstration, seismic moni- 

t o r i n g  was done t o  de tec t  l o c a l  seismic sources and t o  d i sc r im ina te  among severa l  

poss ib le  source types , such as man-made disturbances, earthquakes , and rock  

f a i l u r e  induced by the  pressur ized f l u i d  i n j e c t i o n  i n t o  the  i n l e t  w e l l  o f  t h e  

HDR system. 

The mon i to r ing  a r r a y  consis ted of seven sur face  s t a t i o n s  a t  d is tances up 

t o  750 m from t h e  we l ls ,  two shal low borehole s t a t i o n s  (~125-m deep) a t  about 

1 and 3 km, and s t a t i o n s  o f  t he  LASL reg iona l  seismic network -- t he  nearest  o f  

which i s  about 10 km away. 

meters below the  Permian sandstone - Quaternary t u f f  i n t e r f a c e .  

The two borehole s t a t i o n s  were pos i t i oned  a few 

The o n l y  l o c a l  earthquakes i d e n t i f i e d  du r ing  the  l oop  opera t ion  were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo-  

cated by the  reg iona l  a r r a y  near a f a u l t  15 km west o f  t h e  HDR geothermal s i t e  

(see F ig.  6-1). These th ree  events, and a f o u r t h  t h a t  occurred i n  May, were 

i n  t h e  same ep icen t ra l  zone as a swarm o f  earthquakes t h a t  were observed i n  l a t e  

September 1975. The l a r g e s t  event observed t o  date had a l o c a l  magnitude, 

ML = 3.2. These small earthquakes may be premonitory a c t i v i t y  t o  a much l a r g e r  

earthquake (whose magnitude and t ime o f  occurrence a r e  n o t  y e t  p red ic tab le )  , 
which migh t  occur sometime i n  the  nex t  few years.  F igure  6-1 shows the capabi- 

l i t y  o f  t h e  reg iona l  network t o  l o c a t e  microearthquakes i n  the  v i c i n i t y  of 

Fenton H i l l .  

ep icenter  (F ig .  6-1 a,b,d), b u t  as t h e  magnitude approaches -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O t he  e x i s t i n g  

network i s  c lose  t o  i t s  l o c a t i o n - l i m i t i n g  th resho ld  (F ig .  6-1 c ) .  

t a n t  ep icenters .  Some of  the  smal ler  o f  these acous t ic  s igna ls  needed p o s i t i v e  

i d e n t i f i c a t i o n  by the  seismograms o f  t he  reg iona l  network. 

The background no ise  was genera l l y  h igh  dur ing  the  day, beginning w i t h  sun- 

r i s e  thermal expansion of t he  metal  bu i l d ings  , which she1 t e r  the  sur face  seismic 

s ta t i ons .  

For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAML > 0.0 more than f i v e  s t a t i o n s  can be used t o  l o c a t e  the  

There were many b las ts ,  sonic booms, and earthquakes observed wi th  more d i s -  

These amplitudes o f  no ise burs ts  f requen t l y  exceeded l e v e l s  expected 

f o r  ML = 1.0 earthquakes. A t  n igh t ,  however, t h e  background no ise  was near l y  

always below s igna l  l e v e l s  f o r  ML = -1 .O earthquakes. 

Although i t  i s  l i k e l y  t h a t  ML < 0.0 earthquakes would n o t  have been i d e n t i -  

f i e d  du r ing  the  daytime, the  absence o f  detectable,  induced earthquakes w i t h  ML > 

-1.0 a t  n i g h t  i s  reasonable evidence t h a t  none w i t h  ML > 0.0 occurred du r ing  the  

l oop  operat ion.  Al though t h e  s t ress  a l t e r a t i o n s  t o  the  r e s e r v o i r  dur ing  t h e  
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nearly 3 months of the loop operation were signi f icant b u t  not overwhelming 

s t a t i c ,  and nearly 250 MW-days of thermal energy removed] the absence of detec- 

table earthquakes ( i .e. ,  ML zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> -1.0) is an encouraging observation. The seismic 

monitoring w i  11 continue w i t h  an improved network d u r i n g  future flow experiments. 

D677 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5001 (1 500 000 gal)  of water i n  situ, pressures to  1400 psi above hydro- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

21 JAN, 78. 1327:04 

-L 5-% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-50 0 50 100 
Y 

w a. 36OOI'N. 106"54'W, MiO.0 b. 35"54". 1W50' W. M i  0 5  
a 

F ig .  6-1. 
Calculated epicenters for  four earthquakes near SeRori t a ,  New Mexico. 
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7. SUMMARY OF SYSTEM PERFORMANCE AND MODELS (J. W .  Tester and J. N .  A l b r i g h t )  

A brief review of the redr i l l ing program a t  Fenton Hill, which culminated 

i n  the completion of the present GT-ZB/EE-l connected fracture system, i s  pre- 
sented i n  Figs.  7-1 through 7-4. 

EE-1 and GT-2 w i t h  GT-2A and GT-2B, the sidetracked hole sections, are shown i n  

Figs. 7-1 and 7-2. The redr i l l ing was completed i n  the following sequence: 
GT-2 (December 1974), EE-1 (November 1975), GT-2A (May 1977), and GT-2B (June 
1977). A complete description of the dr i l l i ng  act iv i ty  between 1975 and 1977 

is contained i n  Project reports (LASL HDR Project S ta f f ,  1978'). GT-2B i s  cased 
through the sidetrack points from GT-2 and GT-EA. Figure 7-3 is  a horizontal 
projection to a vert ical plane parallel to the most probable direction of a main 
hydraul ical l y  induced fracture (NW-SE) and perpendicular to the leas t  principal 
horizontal stress. A low impedance flow between wells was f ina l ly  achieved by 
the redri l l ing, which entered a region of the reservoir w i t h  increased perme- 

ab i l i t y  due t o  hydraulic fracturing. Because of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe low formation breakdown Dres- 
sures (100 bar or 1500 psi)  encountered, previously sealed natural fractures were 

probably opened. 

i n  Fig.  7-4. GT-2B terminates a t  2707 m (8882 f t )  and EE-1 a t  3050 m (10 007 
f t ) ,  a greater dep th  than represented i n  the figure. Both wells penetrate base- 
ment rocks a t  approximately 732 m (2400 f t )  and terminate i n  biot i te  granodiorite. 
Four fractures i n  GT-2B account for 90% of production. In order of decreasing 
flow, the fractures are located a t  2661 m (35%), 2719 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(25%), 2687 m (20%), and 
2706 m (12%). GT-EB is  cased to  2603 m (8541 f t )  and openhole from there to  the 
bottom. The bottom o f  the casing i n  EE-1 is a t  2919 m (9578 f t ) ,  b u t  90% of the 
flow moves behind casing i n  a poorly cemented region from 2919 to  2759 m (9578 
to  9050 f t )  where i t  enters the reservoir through a hydraulic fracture. Water 
then moves ver t ica l ly  64 m (210 f t )  before the lowest entry point i n  GT-2B is 
reached. Several other fractures over the depth interval of 2134-2941 m (7000- 
9650 f t )  accepted water on pressurization of EE-1, b u t  this accounts for only a 
small percentage of the inject ion into the  reservoir. The inject ion zone a t  

2941 m (9650 f t )acceptsup t o  5% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the flow. 

A synthesis of geophysical logging data, core studies, and pertinent resul ts  
of the pressure, temperature, and flow measurements acquired to  date a t  Fenton 

Hill are presented i n  F ig .  7-5. Shown is the projection o f  the four wellbore 
sections onto a northeasterly striking vert ical plane. B u l k  rock properties of 
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t h e  r e s e r v o i r  

cores,19 and 

i n g  o r  produc 

f low f r a c t i o n  

have been determined through pressure and f l o w  t e s t i n g ,  ana lys i s  o f  

geophysical logs  .2 The p roper t i es  o f  i n d i v i d u a l  f r a c t u r e s  accept- 

ng f l u i d s  were establ ished,  where and when poss ib le ,  i n  terms o f  

temperature, t r a c e  o f  w e l l  bore i n t e r s e c t i o n ,  and probable second- 

a r y  m i n e r a l i z a t i o n .  

i t i c  gneiss and g r a n o d i o r i t e  l i t h o l o g y ,  which e f f e c t i v e l y  caps the  reg ion  o f  

heat  ex t rac t i on .  

access t o  a system o f  a t  l e a s t  two de f i nab le  se ts  o f  p rev ious l y  e x i s t i n g  f rac -  

t u res  fo r  use as heat  exchange surfaces. The f i r s t  may c o n s i s t  o f  v e r t i c a l  

f rac tu res  t h a t  a re  para1 l e 1  , u n i f o r m l y  spaced ( ~ 1 0  m) , and nor thwester ly  s t t i  k- 

i n g .  They a r e  charac ter ized  by low f l o w  impedance a t  i n t e r s e c t i o n s  w i t h  w e l l -  

bores as we l l  as low i n t e r n a l  impedance due t o  s e l f  propping. I n j e c t i o n  i n t o  

t h e  r e s e r v o i r  i s  p r i n c i p a l l y  through an incomple te ly  i s o l a t e d  member o f  t h i s  set .  

A second s e t  o f  f rac tu res ,  as s teep as 60°, a r e  rough ly  coplanar w i t h  the  gneiss- 

g r a n o d i o r i t e  con tac t  and have an o rde r  o f  magnitude h igher  impedance t o  f low.  

GT-2B produc t ion  comes f r o n  severa l  o f  these h igh  angle f r a c t u r e s .  

i s  known about t h e  s p a t i a l  r e l a t i o n s h i p s  between f r a c t u r e s  n o t  penetrated du r ing  

d r i l l i n g  because o f  t he  i nhe ren t  complex i ty  o f  t he  r e s e r v o i r ;  t he re fo re  

The p r i n c i p a l  geolog ic  fea tu re  i n  t h e  r e s e r v o i r  i s  a con tac t  between gran- 

Hydrau l i c  s t i m u l a t i o n  o f  t he  r e s e r v o i r  has r e s u l t e d  i n  ga in ing  

Very l i t t l e  

ow between w e l l s  i n  the  f r a c t u r e  system can o n l y  be i n f e r r e d .  

c u r r e n t  p roduc t ion  (F ig .  7-5, dashed l i n e s )  s a t i s f i e s  estab- 

I n  a d d i t i o n ,  temperature logs ,  f l u i d  geochemistry, and f l u i d  

res idence t ime s tud ies  suggest t h a t  a secondary f l o w  path e x i s t s ,  w i t h  a poss ib le  

entrance passing through a hyd rau l i c  f r a c t u r e  o r i g i n a t i n g  a t  2940 m (9650 f t )  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
EE-1. This  secondary flow path may prov ide  a source o f  h o t  f l u i d ,  which conta ins  

a r e l a t i v e l y  h igh  concent ra t ion  o f  s i l i c a ,  ch lo r i de ,  b icarbonate,  and radon thus 

exp la in ing  t h e  r i s e  i n  concent ra t ion  observed du r ing  the  75-day run .  Because t h e  

f i n a l  s i l i c a  concent ra t ion  was sa tura ted  w i t h  quar tz  a t  approx imate ly  185 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200°C, f l u i d  o f  a t  l e a s t  t h i s  temperature must be en te r ing  the  GT-EB we l lbore .  

The h i g h  c h l o r i d e  concent ra t ion  suggests a mechanism o f  pore f l u i d  displacement 

and m ix ing  be fore  en te r ing  t h e  GT-2B wel lbore,  because t h e  o r i g i n  o f  c h l o r i d e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i s  most l i k e l y  n o t  caused by d i s s o l u t i o n  o f  t h e  rock.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I and e a r l i e r  experiments cannot be s p e c i f i e d  a t  t h i s  t ime, t h e  r e s u l t s  o f  t he  

75-day t e s t  have prov ided an extremely va luab le  exper ience w i t h  a p ro to type h o t  

Al though a model t h a t  un ique ly  descr ibes a l l  face ts  o f  t h e  data from Phase 

d e t a i l s  o f  t h e  f 

The pa th  f o r  t h e  

l i s h e d  c r i t e r i a .  
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dry rock system i n  low permeability rock, and i t  will f a c i l i t a t e  expansion t o  a 
much larger  capacity Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1  system. 

dry rock. 

(15 psi-gpm) to  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 3  bar-s / l  ( 3  psi/gpm) by both continuous and discontin- 

uous drops i n  impedance w i t h  an increase i n  reservoir  volume as shown by t racer  
studies.  
( 3  gpm) which i s  <1-1/2% o f  c i rcu lat ion ra te  and could be modeled by one-dimen- 
sional t rans ient  flow i n  a homogeneous reservoir .  Geofluid chemistry is most 

acceptable, w i t h  1550-2000 ppm to ta l  dissolved so l ids and no evidence of scal ing 
i n  main f low passages i n  the reservoir  o r  surface equipment. Thermal drawdown 
for  the f i rst  small prototype system followed the theoretical prediction for  an 

8000-m2 system. The surface f a c i l i t i e s  and data acquis i t ion systems proved suf- 
f i c ien t  fo r  a short-term test. 
induced a t  the si te.  

The main observations, i n  f ac t ,  suggest a very opt imist ic future for  hot 
Reservoir flow impedance decreased from an i n i t i a l  16 bar-s / l  

Permeation water-loss ra te  quickly decreased t o  less than 0.19 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl / s  

There i s  no evidence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  any measurable seismicity 

From ear ly  experience a t  Fenton Hill, we t h o u g h t  t ha t  flow impedance was 
go ing  t o  present a formidable problem because h i g h  mass flows of >9.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl/s 

(>150 gpm) were not possible w i t h  impedances of 11 bar-s/ l  (10 psi/gpm) and a 

formation breakdown pressure of 100 bar ( ~ 1 5 0 0  psi). The 75-day t e s t  demon- 
s t ra ted  tha t  extended periods of f l u i d  pressurization could s ign i f icant ly  lower 
the impedance without an increase i n  flow short-c i rcui t ing.  The dye t racer  

indicated tha t  well-mixed flow occurs i n  the fractured region and tha t  the 
average s i z e  or  volume of the system increased. Periodic i n i t i a t i on  and ac t i -  
vation of new flow paths from pore-pressure-induced cracking or thermal stress 
cracking or both may have caused the observed decl ine i n  impedance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas well as 
the change i n  the apparent system volume. 
has responded i n  a dynamic manner. 

sent s ign i f i can t  changes i n  e i the r  the ef fect ive heat t ransfer  o r  e f fect ive 
f l  uid-permeating area. Thermal drawdown and f lu id  permeation were adequately 

modeled w i t h  one-dimensional heat and f l u i d  dif fusion in to  the rock from the 
two-dimensional pressurized f racture of fixed area. Because permeating areas 
inferred from an acceptabl e range of average compressi b i  1 i ti es and permeabi l i  ti es 

for the reservoir  a re  much larger  than the 8000-m2 ef fect ive heat t ransfer  area 

and because flow communication was observed from a hotter region of the reservoir ,  

the potent ia l  heat exchange area must be considerably greater.  

Whatever the mechanism, the reservoir  
The impedance changes d i d  no t  however’repre- 

- 
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Further tests zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the present reservoir will be aimed a t  characterizing 

methods for activation o f  this larger region o f  hot rock. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

96 



ACKNOWLEDGMENTS 

The authors would l i k e  t o  acknowledge M. Brown, G. Nunz and the l a t e  A. 

B l a i r  f o r  t h e i r  he lp fu l  suggestions and comments i n  reviewing the manuscript. 

B. Ramsay and D. Elsner are thanked f o r  t h e i r  a i d  i n  the preparation. 

REFERENCES 

1 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

H. D. Murphy, "Thermal Stress Cracking and the Enhancement o f  Heat Extrac- 
t i o n  from Fractured Geothermal Reservoirs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,I' Los Alamos S c i e n t i f i c  Labora- 
t o r y  r e p o r t  LA-7235-MS ( A p r i l  1978). 

LASL HDR P ro jec t  Staf f ,  "Hot Dry Rock Geothermal Energy Development Pro ject  - Annual Report FY 1977," Los Alamos S c i e n t i f i c  Laboratory r e p o r t  LA-7109- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PR (February 1978). 

H. D. Murphy and R. M. Potter,  "Fracture and Borehole Mapping Technique 
Development,'' i n  Hot Dry Rock Geothermal Energy Development Pro ject  - Annual 
Re o r t  FY 1977, (Los Alamos S c i e n t i f i c  Laboratory r e p o r t  LA-7109-PR ,h, pp . 126-128. 

R. D. McFarland and H. D. Murphy, "Ext ract ing Energy from Hydrau l i ca l l y  
Fractured Geothermal Reservoirs ,I' Proceedings o f  11 t h  In te rsoc ie ty  Energy 
Conversion Engineering Conference, State Line, Nevada, 1976. 

F. H. Harlow and W. E. Pracht, "A Theoretical Study o f  Geothermal Energy 
Extraction," Journ. Geophy . Res , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA77, (35), 7038 (1 972). 

R. G. Lawton, "WELLBOR - Wellbore Heat Transmission Code," unpublished 
resu l  t s  (1 976). 

H. N. Fisher, "An I n t e r p r e t a t i o n  o f  the Pressure and Flow Data f o r  Two 
Fractures of the Los Alamos Hot Dry Rock (HDR) Geothermal System," Proc. 
o f  the 18th U. S. Symposium on Rock Mechanics, Keystone, Colorado, June 22, 
1977. 

R. G. Lawton, "The AYER Heat Conduction Computer Program," Los Alamos 
S c i e n t i f i c  Laboratory r e p o r t  LA-561 3-MS (May 1974). 

R. M. Garrels and C. L. Chfiist, Solut ions,  Minerals and E q u i l i b r i a  (Harper 
and Row, New York, 1965), pp. 403-428. 

G. L. Frear and J. Johnston, J. Am. Chem. SOC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA51, 2082-2093, i n  S o l u b i l i -  
t i e s  o f  Inorganic and Metal Organic Compounds, Vol. I, 4 th  ed. (A. Siedel l ,  
Am. Chem. SOC., Washington, D. C.,1958),p. 539. 

R. W. Charl-es, "Experimental Geothermal Loop: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ,  295OC Study," Los Alamos 
S c i e n t i f i c  Laboratory r e p o r t  LA-7334-MS (July 1978). 

W. A. Deer, R. A. Howie, and J. Zussman, In t roduc t i on  t o  Rock Forming 
Minerals (John Wiley and Sons, Inc., New York, 1966)s pp. 400-401. 

97 



13. 

14. 

15. 

16. 

17. 

18. 

19. 

3. Johnston and E. D. Williamson, J. Am. Chem SOC. 38, 975-983, i n  S o l u b i l i -  
t i e s  o f  Inorgan ic  and Metal  Organic Compounds, V o l . 7 ,  4 t h  ed. (A. S i e d e l l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Am. Chem. SOC. , Washington, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. C., 1958). 

R .  Gimnink and J. B. Niday, "Computerized Q u a n t i t a t i v e  Analyses by Gamma- 
Ray Spectrometry ," Lawrence Livermore Laboratory  r e p o r t  UCRL-51061 (March 
1972). 

J. N. Andrews and D. F. Wood, "Mechanism o f  Radon Release i n  Rock Matr ices 
and En t ry  i n t o  Groundwaters," I n s t .  o f  Mining and Me ta l l u rgy  Trans/Sec. B y  
- 81 , No. 792 (November 1972). 

P. Kruger, G. Warren, and B. D. Honeyman, "Radon as an I n t e r n a l  Tracer i n  
Geothermal Reservoirs ,'I paper presented a t  3 rd  I n t e r n a t i o n a l  Conf. on 
Nuclear Methods i n  Environmental and Energy Research, ANS/ERDA, Univ. of 
Missour i  (October 1977). 

A. Stoker  and P. Kruger, "Radon i n  Geothermal Reservoirs,' ' i n  Proc. Second 
Un i ted  Nat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASymp. on t h e  Development and Use o f  Geothermal Resources 
San Francisco , Cal i f o r n i a  , 1975. 

A. S. Rogers, "Physical  Behavior and Geologic Contro l  o f  Radon i n  Mountain 
Streams," USGS Bul le t in-1052-E (1958). 

A. W .  Laugh l in  and A .  Eddy, "Petrography and Geochemistry o f  Precambrian 
Rocks from GT-2 and EE-1 ,'I Los Alamos S c i e n t i f i c  Laboratory  r e p o r t  LA-6930- 
MS (August 1977). 

98 



APPENDIX A 

FRACTURE OPENING BY COOLING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. INTR03UCTION 

When a f racture i s  cooled, thermal s t ress  cracking normal t o  the fracture 

In addition, there is a shrinkage o f  the rock normal face will probably occur. 

t o  the fracture face which produces no s t ress  over most o f  the fracture face 
because i t  is free t o  move. 

I f  the fracture i s  unpressurized, then a f te r  some l ong  time, proportional 
I f  how- 

begin to 
ated i n  

to  the fracture radius, this cooling will cause the fracture t o  open. 
d t h  will 
i s  calcu 

ever, the pressure i s  h i g h  enough t o  open the fracture,  i t s  w 
increase immediately. The time required t o  open the fracture 

this appendix under the following assumptions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 1 )  The fracture is  penny shaped. 
( 2 )  Heat is withdrawn a t  the same rate over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  The heat flow is considered t o  be one-d 

ture face. 
(4)  The rock i s  impermeable. 

the entire fracture surface. 
mensional, normal t o  the frac- 

A . l  Thermal Contraction of Rock Face 

face i s  proportional to  the total  heat withdrawn. 

power extraction per u n i t  volume a t  time, t ,  a t  a distance x i n t o  the rock from 

the fracture face. The change i n  temperature of an element o f  u n i t  area and 
thickness dx about x ,  a t  time t ,  is  

When rock i s  cooled under these assumptions, the contraction of  the rock 
Let { ( x , t )  be the net ra te of  

the shrinkage of dx i s  

t 
t r d t  Y 

and the to ta l  shrinkage from o t o  x i s  

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6dx = - $ l x a  { d t  dx = - 

0 PC 

where, i f  x i s  s u f f i c i e n t l y  la rge ,  Q i s  t h e  t o t a l  energy ex t rac ted  per u n i t  area 

o f  t h e  f r a c t u r e  face. Thus, i f  energy Q i s  withdrawn per u n i t  area, t he  thermal 

con t rac t i on  o f  t he  rock  face i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6W = - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa pc (A-2 1 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa i s  t he  thermal expansion c o e f f i c i e n t  o f  t h e  rock  and p and c a re  i t s  

d e n s i t y  and s p e c i f i c  heat , respec t i ve l y .  

The equations o f  e l a s t i c i t y  a re  independent o f  the  s i g n  o f  t he  s t ress,  and 

s ince  the  d e f l e c t i o n  o f  t h e  wa l l s  o f  t h e  p i l lbox-shaped c a v i t y  i n  F ig.  A-1 

w i l l  d i f f e r  o n l y  i n f i n i t e s i m a l l y  from t h a t  o f  t he  penny-shaped f r a c t u r e  when 

P > (I t h e  theory  o f  t h e  penny-shaped f rac tu re ’  may be app l i ed  t o  c a l c u l a t e  the  

inward d e f l e c t i o n  o f  t he  w a l l  when P < 0. This d e f l e c t i o n ,  which must be over- 

come by thermal con t rac t i on  be fore  t h e  f r a c t u r e  opens i s  b = 4 (o-P)(1-v2)R/(~E), 

where P i s  the  i n t e r n a l  pressure, (I t h e  normal e a r t h  s t ress ,  v i s  Poisson‘s r a t i o ,  

R t h e  rad ius ,  and E, Young’s modulus. A f r a c t u r e  w i l l  begin t o  open when 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 + 4(a-P)(1-v2)R = 
PC ITE 

Some t y p i c a l  values o f  these constants f o r  g r a n i t e  a re  as f o l  

a re  t y p i c a l  acous t ic  log values i n  EE-1 and GT-2; a and C are  

E = 8 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI O 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMPa 

a = 8 x 10-6K-1 

v = 0.25 

c = 1000 J kg-’K-l 

p = 2700 k g ~ n - ~  

. Using these values, (A-3) becomes 

Q = 5.04 (a-P)R . 

(A-3)  

ows (E, v, and p 

taken from Clark  ) :  2 

(A-4 1 

100 



I f  cold water enters near the center of the f racture,  a t  temperature Tw, and 

the rock temperature i s  TR, then a reasonable approximation for Q i s  

(A-5) 

from the standard formula for  l inear  heat di f fusion w i t h  a step function change 
i n  temperature. The thermal conductivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX of grani te i s  near 2.7 w/m-kS3 so 

A u s i n g  the def in i t ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK = - , w i t h  the values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp and C given above, Eq.  (A-5) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PC 

becomes : 

A = 2725 (TR-Tw) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. (A- 6 1 

We may equate Eqs. (A-4) and (A-6) and solve for  the r a t i o  R/(TR-Tw) vs (a-P) 

a t  fixed t. 

of  the order 100, the most in terest ing times are those w i t h  R/(TR-Tw)-1. 

P - 0 ( i .e . ,  o-P<105Pa) - cooling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI helps on the f irst day. I f  P = 0 ( i .e. ,  
a-P>107 - Pa) i t  takes 2r5 years t o  open the f racture by cooling. 

Some resu l ts  a r e  given i n  F ig .  A-2. Since both R and TR-Tw are  

I f  
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C =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEARTH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
/ STRESS 

PILL BOX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CRACK CLOSED OPEN SHAPED OPENltlG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P - = C  P > C  P < C  

F i g .  A-1.  
Cavi ty  geometries . 

C - P  (Po) 

F ig .  A-2.  
Curves f o r  d e r i v i n g  t ime f o r  unpressurized f r a c t u r e  t o  open by coo l i ng .  

Id 
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAPPENDIX B 

THERMAL EFFECTS IN SPHERICALLY COOLED REGIONS 

B.  INTRODUCTION 

Appendix A discussed the opening of a cooled and pressurized penny-shaped 
crack. 
cracking when a spherical portion of a large homogeneous mass of rock i s  cooled 
below the surrounding rock temperature by an amount zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIATI , and pressurized above 
the pressure of the surrounding rock by an amount P - Po where Po i s  the pore 
pressure. 

As before i n  Appendix A ,  E i s  Young's modulus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv is Poisson's ra t i o ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa i s  
a stress i n  the rock matrix, posi t ive i n  compression, and a i s  the thermal ex- 
pansion coef f ic ient  of the rock. 
A . l  Displacement a t  r - a 

I t  is convenient t o  consider the mass o f  rock in two parts.  The external 
rock may be modeled as a very thick-walled hollow sphere of internal radius a ,  

w i t h  a normal stress u on the outside and normal s t ress  01 on the inside. The 
remainder of the rock may be t reated as a homogeneous sphere o f  radius a ,  sub-  

jected to  a noma1 s t ress  a1 o n i t s s u r f a c e  and cooled by an amount ] A T l .  

requiring the displacements 6a for the external and internal  rock to  be equal, 

we may solve fo r  01 fo r  any given I A T ~ .  

expression 

T h i s  appendix gives an exact solut ion fo r  the onset of thermal s t r e s s  

By 

The displacement o f  the inner surface of the external rock i s  given by the 
1 

The displacement of the surface of  the inner sphere ar is ing from the normal 
stress u1 i s  easi ly  derived from the compressibi l i ty, 

so 
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! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-2v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 6a = -o1 T-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

from compression. The displacement due t o  cooling i s  - 6alAT1, so the total  d is -  

placement i s  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M I A T ]  . 1-2v a - \ 6a = - 

By equating (B-1) and (B-2), we have 

In th is  expression, o1 represents the s t ress  acting on the rock matrix inside 
the cooled region. To open an existing fracture under this s t ress ,  an internal 
pressure P = crl must be applied t o  the fracture. I f  a uniform pore f l u i d  pres- 

sure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPo i s  present throughout the rock, then P - Po must equal o1 i n  order t o  
open the fracture, i .e.,  P = o1 + Po = SI,  where SI  i s  the to ta l  s t ress  inside 
the cooled region. The expression, Eq. (8-3), may a lso be written as ,  

\ 

- 2 ciE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 + Po - (a1 + Po) = s - s1 - -- 3 1-v IATI a 

In conclusion, the requirement for a preexisting fracture t o  open i n  a 

region where the f l u i d  pressure i s  P is  

!AT! = s , 2 a E  p + - -  
3 1-v 

the total  s t ress i n  the surrounding rock. In a rock w i t h  many weakly cemented 
fractures, this condition may be considered as describing the onset of thermal 
s t ress cracking . 
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