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HOT DRY ROCK OVERVIEW AT LOS ALAMOS 

Michael Berger and Robert H. Hendron 
Hot Dry Rock Program office 

Los Alamos National Laboratory 

ABSTRACT 

The Hot Dry Rock (HDR) geothermal energy 
program is a renewable energy program that can contribute 
significantly to the nation's balanced and diversified energy 
mix. Having extracted energy from the first Fenton Hill 
HDR reservoir for about 400 days, and from the second 
reservoir for 30 days in a preliminary test, Los Alamos is 
focusing on the Long Term Flow Test and reservoir studies. 
C u m t  budget limitations have slowed preparations thus 
delaying the start date of that test. The test is planned to 
gather data for more definitive reservoir modeling with 
energy availability or reservoir lifetime of primary interest. 
Other salient information will address geochemistry and 
tracer studies, microseismic response, water requirements 
and flow impedance which relates directly to pumping 
power requirements. 

During this year of "preparation" we have made 
progress in modeling studies, in chemically reactive tracer 
techniques, in improvements in acoustic or microseismic 
event analysis. 

INTRODUCTION 

The primary objective of the US Hot Dry Rock 
Program is to develop an economical. commercially-usable 
technology for recovering thermal energy from naturally 
heated rock at accessible depths in the earth's crust. While 
other methods are possible in different geologic 
environments, the program has so far concentrated on hot 
crystalline rock of low initial permeability; the use of fluid 
pressure (hydraulic fracturing) to create flow passages and 
heat-transfer surface in that rock; and operation of 8' closed, 
nxirculating, pressurized-water loop to extract heat from 
the ruck and transport it to the earth's surface. Field 
experiments are conducted a! Fenton Hill in the Jemez 
Mountains of northern New Mexico. The program includes 
development of new or irnprbed downhole equipment and 
instruments, fjeld and laboratory experimental and 
observational techniques, and analytical and numerical data 
analyses and modeling procedures. Many of these 
developments have been found useful in other experimental 
programs and in a variety of industrial applications. 

The technical issues faced in HDR development are 
challenging. Wells must be drilled to depths of 3 to 5 km 
where temperatures range from 200 to 35OoC, then fracture 
and formation, to enable fluid flow and heat transfer. 
Since all water must be provided extraneously, losses to the 
country rock surrounding the fractured reservoir must not 
be excessive. The technology development must assure that 
  potentially damaging earthquakes will not be caused by 
downhole accumulation of this water. Geochemical 
'problems, such as scaling of surface equipment with 

precipitated products of aqueous rock dissolution and 
corrosion of surface and downhole piping must be minimal. 

The incentive for meeting these challenges is the 
enormous resource base that HDR energy provides. Even 
if one considers just the high grade resources, Le.. regions 
with geothermal gradients greater than 40°C/km, the HDR 
resource base in the US alone represents a thermal energy 
equivalent to nearly 100 million megawattcenturies. 

EARLY ACCOMPLISHMENTS 

The first hot dry rock geothermal system was 
completkd at Fenton Hill in 1977, enlarged in 1979 by 
additional hydraulic fracturing, and operated successfully 
for more than a year. It was constructed by drilling a hole 
from the surface to a depth of approximately 3000 m, into 
granitic rock at about 185OC; producing hydraulic fractures 
centered at about 2600 m depth; and directionally dril l ing 
to intersect those fractures. Results of reservoir testing are 
provided by Dash et al. j2) and very briefly summarized in 
Fig. 1. 

Thermal Energy Extracted From 
Fenton Hill HDR Research Reservoir 

Total Energy 
26,400,000 k Wh 

Power Level = 2.5 - 5 MWt . 
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To extend the technology to the temperatures and 
rates of heat production required to support a commercial 
p e r  plant, construction of a larger, hotter system was 
initiated at Fenton Hill in 1979. This is referred to 8s our 
Phase I1 system. Two new holes, about 50 m apart at the 
surface, were drilled directionally, the deeper one to a 
vertical depth of 4.39 km - where the rock temperature 
was 327°C. To provide the horizontal separation required 
to thermally isolate a series of fractures, the bottom IO00 
m of each hole was drilled 35O from the vertical. Figure 1 
shows a perspedve view. EE-3 lies 300 m above the lower 
well. EE-2, m the slanted interval. Also shown in Fig. 2 is 
a Phase I reservoir well which contains a geophone sonde. 
This sonde, and Similar seismic sensors emplaced in other 
boreholes, detect and lacate the microearthquakes triggered 
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during hydraulic fracturing. [ 8 j 

FRACTURING THE NEW RESERVOIR 

In 1982, hydraulic fracturing experiments were 
conducted at the deepest depths in the two new wells. The 
stimulated zones produced were three-dimensional, ralher 
than planar and inclined rather than vertical. according to 
location of microseismic events, and did not meet each 
other or connect the two wells hydraulically. 

In December 1983, a massive hydraJulic fracturing 
operation was conducted in which 2 1,000 m of water were 
injected at 3.5 km in the lower well at downhole pressure 
and average flow rate of 83 MPa and 100 I/s. Details are 
provided by Dreesen and Nicholson[5) and House. Kepler. 
and KaiedaIlj. Fig. 3 shows the locations of some 
microearthquakes induced. The sensitivity of lhe downhole 
seismic sensors enabled detection of events with body wave 
magnitudes as low as -5, on an extrapolation of the relative 
Richter scale, but Fig. 3 shows only 850 high-quality 
events with magnitudes from -3 to 0. Note that seismicity 
is induced over a rock volume that is ahout 0.8 km high, 
0.8 km wide in thejN-S direction, and about 0.15 km thick, 
or about 0.05 km of slimulated rock volume. This rock 
volume is 3000 times greater than the water volume 
injected. House[ 8) concluded that: 
1. First motions of the microearthquakes and the fault 
plane solutions determined from the surface array of 

U 
Figure 2 

L '  ' ' ' ' I  Seen from Above 

Figure 3 

seismometers indicated a shear-slip motion, probably along 
existing rock joints. This suggests that tensile source 
mechanisms may generate only very weak seismic signals. 
2. The fiiiite thickness, 0.15 km, of the zone of 
seismicity and its spatial growth imply the creation of a 
zone of joint stimulation, rather than a single fraclure. 

Fehlerl'l) performed spectral analysis of many of the 
microearthquake coda. and found power spectral densities 
consistenl with usual earthquake mechanics, Le., shear 
slippage. Comer frequencies were of the order of 300 Hz, 
and based upon lhe work of Brune,[ I I Fehler found that the 
characteristic dimension of the rock surface mobilized for 
each shear-slip event was of the order of IO m. comparable 
to the spacing of the major joints observed in well surveys. 

The above results indicate a fracturing mechanism 
which is inconsistent with conventional theories of hydraiilic 
fracturing[6,91, which predid the propagation of a single 
fracture caused by tensile failure of the rock. However. the 
HDR results are consistent with Lockner and ByerleellOJ, 
who observed a transition from tensile to shear fracturing 
when low flow rates were injected into laboralory rock 
specimens; and our observations were confirmed at the 
British Hot Dry Rock reservoir in Comwall where it was 
observedll2J that fracturing occurred as a zone of multiple 
fracteres, and that shear slippage along existing joints was 
the dominant mechanism. Because these joints are pre- 

ctures, it is appropriate to refer lo the 

important role played b 
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also for stimulation of oil and gas reservoirs. So important 
is "shear stimulation" that it is a key research issue in the 
US and HDR projects, and serves as an important basis for 
collaborative research. For example, the FRlP code (Fluid 
Rock Interaction Program), developed for the British HDR 
project by Peter Cundall, is also used at Los Alamos, and 
recent improvements have been cost-shared by both HDR 
projects. 

Other recent work with microseismic analyses using 
the massive hydraulic fracture data, while still being 
developed. provide exciting prospects. The first step, by 
Fehler and House[ 131, was an analysis of microseismic 
event locations to identify possible planar accumulations of 
events within the three-dimensional envelope. This was 
done with the high quality events only and there was good 
correlation between planes so identilied and flow locations 
in the wellbores. The confirmation is based on temperature 
logs, drilling information, and drill-cuttings analyses. 
Further development of the planar identification computer 
analysis is continuing. The second effort to better utilize 
the wealth of microseismic data is to improve (i.e., further 
automate) the selection and location of events for input to 
the plane identification calculation. 

ACH IEVl NG HYDRAULIC COMMUNICATION 

Despite the huge volume of water injected in the 
lower well during the 1983 massive hydraulic fracturing, 
the stimulated zone did not propagate into the vicinity of 
the upper well. Another large operation was conducted, 
this time in the upper well, but the two stimulated zones 
did not overlap and again no communication was 
observed.l3] Consequently, in March of 1985, the upper 
well was sidetracked at a depth of 2.9 km, and directionally 
drilled as shown in Fig. 2 through the fracture zone 
associated with the lower well. This redrilled well is 
referred to as EE-3A. 

Signs of an impending connection were observed 
when water flowed into the redrilled well when the other 
well was pressurized to 12 MPa. To improve the hydraulic 
communication, a specially-developed, high-temperature 
packerlr)) was set at a depth of 3.52 km, where the drill 
hole was reasonably smooth. and then water was injected 
into the entire open-hole interval between the packer and 
the bottom of the hole, which yas located at 3.72 km at 
this time. A volume of 1670 m was injected, primarily at 
rates of 15 to 27 I/s, and at downhole pressures ranging 
from 66 to 75 MPa. A rapid rise in pressure occurred at 
EE-2, and two hours after the commencement of pumping 
into EE3A, EE-2 was put on production and water flowed 
out. At first the outflow was small, but by repetilively 
surging the well, i.e.. by shutting it in for a while and then 
quickly venting it, the outflow rate was steadily increased, 
and at the end of the test it attained a value of IO I/s. A 
post-connection temperature survey taken in EE-SA on May 
30th showed that several new joints had been stimulated 
which served as flow entries from EE-3A to the reservoir. 

Following this successful connection the redrilling 
continued and three additional stiniulations were conducted 
with open-hole packers. 

In summary. the two shallower, and successful, 

stimulations were more centrally located within the zone of 
seismicity induced during the 1983 massive stimulation of 
EE-2. The injection depths of the two deeper, unsuccessful 
stimulations were still within but closer to the perimeter of 
the 1983 seismic zone. While the seismic zone induced by 
these two unsuccessful stimulations tended to grow down 
and away from the 1983 seismic zone, nevertheless, there 
was sufficient overlap of the zones that hydraulic 
connection of the wells would have been expected. This 
illustrates the complex nature of stimulation of jointed rock. 
Hence, one needs to examine carefully the complete three- 
dimensional nature of the seismic zone, and track its 
development with time. Of particular promise are the 
recent developments at both of techniques, as mentioned 
above, for detecting lineaments in the seismic zones which 
may reveal the presence of those natural fractures most 
successfully stimulated. 

TESTING THE NEW RESERVOIR 

In March and April of 1986, the new reservoir was 
readied for preliminary testing by cementing-in a liner in 
well EE3A; finishing the surface piping system; readying 
the water-to-air heat exchanger used previously for the 
Phase I reservoir; and hiring a service company to pump 
water (injection capability of 30 I/s and 35 MPa). It was 
also decided at this time to proceed with the test even with 
known damage present in the deep casing-tubing 
configuration in EE-2. The well would still produce but a 
restriction prevented logging entry below 3.2 km. 

The Initial Closed-Loop Flow Test was begiin May 
19, 1986 and completed June 18, 1986. Cold water was 
injected into EE-3A, and hot water produced from EE-2. 
The hot water was cooled to 20°C in the heat exchanger 
before being reinjected. Major flow parameters are 
presented in Table I ,  and these are compared with values 
measured in the enlarged, earlier Phase I reservoir and the 
British program. 

During the course of the 30-day test, the flow 
impedance of the reservoir declined and at the end was 
about half its initial value. Furthermore, the final 
impedance was nearly equal to that measured in the Phase I 
reservoir after a comparable period of time, despite the fact 
that, on average, the effective confining stress acting to 
close joints is over three times higher in the new reservoir. 
Two tracer experiments were conducted during the 30 days, 
and the modal volume, a characteristic measure of the void 
volume@'major fractures and joints, increased from 270 to 
350 m . This is quite promising, as a reduction of 
impedance could be the result of flow channeling. Le., the 
tendency for the water to sweep through fewer fractures of 
larger aperture, resulting in smaller modal volumes and 
heat production, rather than the increased modal volume 
actually observed. 

The water loss rate, expressed as a fraction of the 
injected flow rate, was higher than the Phase I value after a 
Comparable period. This is now understood to be the result 
of pumping rates and pressures which extended the 
reservoir -- requiring more storage and more far-field 
diffusion area. Many shut-in experiments were conducted, 
as well as changes of injection flow rate and production 
well pressure, thus precluding the attainment of Quasi- 
steadystate water losses. 
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Seismicity during this experiment was quite low, and 
the largest event registered about 0.4 on the extrapolated 
Richter body wave scale. Observation of coupon test 
specimens indicate very low corrosion (15 niilslyr or 0.38 
mm/yr) Finally, this short test was designed to measure 
hydrological and volume properties, and so was not run 
long enough to measure potential thermal drawdown. Full 
reporting of this test has been edited by Z. Dash.[ 141 

With successful completion of this preliminary flow 
test of the reservoir, plans could be formulated for a Long- 
Term Flow Test (approximately one-year duration) for 
thorough evaluation including a reservoir life test. 
Accurate lifetime evaluation will refine the energy and 
economic predictions for HDR -- an important goal for the 
US program. The first step was to plan and execute repair 
of EE-2 so that full evaluation of the reservoir, without 
piping restrictions, including logging of the producing 
zones could be accomplished. This decision was also 
intluenced by evidence of water losses to upper zones. 

The repair included many steps to sidetrack, redrill 
and complete the well, now to be known as EE-2A. The 
basic plan emulated the previous successful operation at 
EE-3A but included additional remedial cementing work for 
the remaining 244-mm casing and installation of 178-mm 
liner from reservoir to the surface. This liner would be 
entirely cemented and replace the 140-mm tubing 
previously used. The sidetrack, redrill and some cementing 
was accomplished from September to November 1987. 
The redrilling provided the opportunity to test the 
developing microseismic analyses mentioned with very 
encouraging results.[ 161 The drilling path had been 
selecled to stay close (15 to 30 m) to the original borehole 
with the expected higher probability of intersecting the 
proven reservoir connections. The connections were 
observed during drilling and a short flow test added further 
confirmation. Completion, Le., installation of the 178-nim 
liner awaited procurement. The casing was manufactured 
to Los Alamos specifications by Nippon Steel and delivered 
to Fenton Hill on schedule in early May 1988. Installation 
and final cementing was completed promptly. Details of 
the operations are reported by Dreesen, et all 151. Drilling 
was accomplished on schedule and as budgeted. These 
results included no fishing, an average penetration of about 
100 ft per day, and footage costs were a fraction ot that 
experienced in early drilling at Fenton Hill. 

SU PPORTI N G ACTIVlTI ES 

In addition to the drilling and stimulation activities 
described above. the following activities have continued. 
These activities are expected to have significant impact on 
the continuing development of HDR technology. 

I .  In a cooperative program with Westfalische 
Berggewerkschaftskasse of Bochum, FRG, a high- 
temperature borehole acoustic televiewer has been designed 
and fabricated. and was field tested in EE-2A in May 1988. 
A televiewer measures the travel time of ultrasonic pulses 
reflected from the borehole wall to map irregularities in the 
reflecting surface -- such as natural or hydraulic fractures -- 
with a high degree of resolution. In addition to a number 
of acoustic and thermal design improvements, this new 
instrument is of modular construction to facilitate field 

assembly and maintenance, and incorporates a downhole 
microprocessor to control data collection and produce a 
digital signal for transmission to the surface. 

2. In addition to conventional analyses of microseismic 
data collected during pressurization tests, special studies 
have been made of low-frequency, long-period events that 
occur early in pressurization. which may represent tensile 
fractures. Software has been developed for a Masscomp 
computer that has greatly increased the speed and accuracy 
of on-line event location during stimulation and flow 
experiments. This system will be employed for a more 
comprehensive look at earlier data. Good progress has 
been made in correlating fault-plane solutions with the 
locations of seismic events. 

3. Recent reservoirengineering activities have included 
numerical and analytical studies of fluid flow in deformable 
joints: estimations of fracture apertures from hydraulic data 
and of fractured-reservoir size from the results of hydraulic- 
fracturing experiments; and modeling of thermal effects 
during a variety of pressure-transient tests, and 
development of a three-dimensional stress code which can 
be coupled to pressure or temperature. Continued stress 
studies from stimulation and microseismic data are reported 
by D. Brown.( 171 

4. Geochemical studies have included investigations of 
the degradation of sepiolite drilling muds at high 
temperatures, corrosion and calcite deposition in surface- 
system components. More recent emphasis has been to 
study a variety of chemically-reactive tracers, and the 
adsorption of such tracers on rock surfaces. The reactive 
tracer technique will use the extreme temperature 
dependence of chemical reaction rates lo map the progress 
of the thermal front in an HDR reservoir during long-term 
energy extraction. Derivatives of bromobenzene are 
excellent candidates for reactive tracers in high-temperature 
geothermal reservoirs from 200 to 300°C. Contamination 
of the sample by other organics and the toxicity of the 
reactants and products demands a highly-sensitive detection 
technique. 

CONCLUSIONS 

Seismic monitoring provides a view of fracture 
systems which is unobtainable by any other means at the 
depths of interest here. These seismic observaliuns, 
supported by results in Britain as well as from the rock 
mechanics lab, indicate that injecting low viscosity fluid, 
like water, into jointed rock results in multiple joint 
stimulation caused by shear-slippage, not the single tensile 
fracture of conventional theory. Guided by 
microearthquake maps, existing we19 were hvice 
sidetracked and redrilled into the 0.05 km stimulated zone 
created by earlier massive hydraulic injections at EE-2. 
The first redrilled well encountered zones of permeability 
induced by the early stimwlatiosl but it required 
supplementary stimulation before good flow 
communications could be established bdwem the two 
wells. Two of the four supplemmtary sirnukttims wlere 
successful in making hydraulic comemom - , and tibe neul 
reservoir appears promising. In May arsd June e# 1%- we 
completed an initial closed-loop flow est EO m p i ~  
preliminary information on reservoir behavim, and as 
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6. Daneshy. A.A., "On the Design of Vertical Hydraiilic 
Fractures," J. Petr. Tech., January 1973. 

Fehler, M., "Source Properlies of Microearlhqiiakes 
Accompanying Hydraulic Fracturing." EOS. Trans. 
of Amer. Geophys. Union, 65, 101 I ,  1984. 

Table I 

Comparison of three HDR 
Reservoirs after one Entaged Enlarged Rosemanowes 81 Month of Operation 

Fenton Hill 

Reservoir Reservoir 7. 

Depth of Reservoir (m) 
Temperature of Reservoir fC) 
Modal Volume (nP) 
Surface Temperature pC) 
Thermal Power (MW) 
Production Flow Rate (Vs) 
Injection Well Preoouk (MPa) 

8. House, L., Keppler, H. and Kaieda. H., "Seismic 
Studies of a Massive Hydraulic Fracturing 
Experiment, "Geothermal Resources Council Annual 
Meeting, Kona, HI, August 26-30, 1985. 

160 350 270 
135 191 76 
3 9 1 
7 13 4 
10 30 4 

Conected Impedance (GPa dm') 
Water Loss Rate at 30 Days (Us) 

shown in Table I, the new reservoir represents a 
considerable improvement over the old Phase I reservoir. 
Following the initial reservoir test, redrilling and 
completion of well EE-2A was successfully accomplished 
and plans and preparations for a long term flow test are 
being made. Armed with these results. as well as 
complementary results in Europe and Japan, the stage 
should be set for successful commercial adaptation of HDR 
technology. 

9. Huhbert, J.K. and Willis, D.G.. "Mechanics of 
Hydraulic Fracturing, "Trans. AIME, 210, 153-168. 

1.7 22  1 .o 
1.1 (IS%) 6.0 (33?4.) 0.4 (10%) 
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