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Direct Contact Heat Exchange for 
Geothermal Power Plants 

Robert L. Fulton 

A program to develop direct-contact heat exchangers for 
binary-cycle energy conversion processes has been under way 
at Lawrence Berkeley Laboratory since 1976. Binary-cycle 
energy conversion processes vaporize a secondary working 
fluid that is then expanded in a turbine to produce work. In 
direct-contact heat exchange, hot geothermal brine is mixed 
with a hydrocarbon working fluid inside a vertical pressure 
vessel. Heat is exchanged directly between the brine and the 
hydrocarbon droplets, not across the wall of a metallic tube 
or plate, as in a conventional heat exchanger. This mixing 
allows more efficient heat exchange; i.e., smaller economic 
temperature differences, no scale buildup on the heat exchange 
surfaces, and lower-cost heat exchanger units. (We have es
timated that a direct-contact exchanger could cost 80% less 
than a conventional unit and also allow the use of 15% less 

Continued on p. 2 

Ground-Water Dating Comes of Age 

M. C. Michel 

As part of the Earth Sciences Division program on nuclear 
waste isolation, there is considerable work at LBL on the var
ious geochemical, hydrological, and geophysical aspects of 
assessing sites for future nuclear waste repositories. Such 
wastes include fission products and actinide by-products of 
nuclear power plants, research reactors, naval reactors, and so 
forth. The Nuclear Regulatory Commission's site-selection 
guidelines call for retrievable storage for the first 50 years, 
while the most active fission products decay, followed by burial 
in an appropriate form in a geologic setting likely to result in 
no return of the material to the environment for times on the 
order of 10,000 years. This is long enough to allow decay of 
all but a few long-lived materials. 

These waste disposal sites are usually envisioned as rel
atively deep chambers in dry areas, well away from ground 
waters likely to be used for domestic or agricultural purposes, 
and sealed against moisture. The waste itself would be in a 
chemical and/or physical form (such as a glass or ceramic) that 
interacts slowly with the environment, sealed in a container 
that retards interaction, and the container in tum surrounded 
by materials also designed to slow interaction with the rock. 
The proposed system thus consists of multiple levels of pro
tection against the waste material, not all of which are likely 
to fail simultaneously. 

The last line of defense is the dry nature of the rock. 
Although it is not likely that all the other defenses will have 
been breached if ground water does infiltrate rock that has been 
dry for geologic periods, it is important in that event to know 
how long it may take the water, presumably contaminated with 
dissolved radioactive waste, to reach, say, a shallow aquifer 
used for drinking water or irrigation. Since disposal is pre
sumed to be deep, there is gravitational potential to be over
come, and other barriers. It seems quite conservative to assume 
that it will take as long as for the water to reach the surface, 
or recharge area (where it originated as rain water), as it did 
to reach the repository depth in the first place. Thus the "age" 
of the ground waters near a prospective repository is of great 
interest. Such ages reflect the time it took to reach a particular 

Continued on p. 8 



Geothermal (Continued from p. 1) 

brine.) As the brine gives up its heat, the hydrocarbon liquid 
is first heated and then vaporized; the vapor, with a small 
amount of steam from the brine, is separated at the top of the 
vessel and sent to the turbine-generator unit. Figure 1 is a 
schematic of such a direct-contact heat exchange power plant. 

A prototype system using an isobutane working fluid and 
generating 7.5 kW of electricity was tested in 1977 at DOE's 
East Mesa Geothermal Test Facility in the Imperial Valley of 
California. These tests marked the first geothermal electricity 
in the United States to be generated with a binary cycle. The 
tests included 500 hours of operation to assess the effects of 
brine and noncondensable gas carryover on the power turbine. 

Based on the success of these initial tests it was decided 
to design, build, and test a 500 kW direct-contact pilot plant 
that would provide performance data on significantly larger 
components. These data would then be used to estimate the 
cost of electricity generated by this process. 

The 500 kW pilot plant, designed and built under LBL 
subcontract by Barber-Nichols Engineering of Arvada, Colo
rado, was completed in early 1980. An initial test program will 
be finished in March 1981. This testing includes measurements 
on the performance of the direct-contact heat exchanger, non
condensable gas effects on cycle performance, carbonate scale 
buildup, brine carryover and turbine scaling, working-fluid 
recovery, system performance mapping, and overall perform
ance. 

The pilot plant has achieved all design goals except the 
net power level of 500 kWe. This is because actual turbine 
efficiency was 72% to 75% instead of the design target of 83%. 
A redesigned turbine wheel will be installed before the tests 
are completed in order to achieve the 500 kWe performance. 

The direct-contact heat exchanger itself has proven to be 
efficient, reliable, stable, and easy to control. The pilot plant's 
performance has proven the validity of the original design. The 
data being taken will lead to an even clearer understanding of 
the processes taking place inside the direct-contact heat ex
changer, and to even better designs. 

Figure 1. Schematic of geothermal pilot plant using direct-contact heat 
exchanger. [XBL 801-6739) 
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The remaining technical problem is the reduction of work
ing-fluid losses to acceptable levels. There are two sources of 
such losses. First, some working fluid is dissolved in the geo
thermal brine, which is then disposed of or reinjected into the 
ground. Pilot plant data show that approximately 25% of equi
librium solubility is reached in the direct-contact heat exchan
ger. Without recovery efforts, this loss rate would be about 
150 ppm in the pilot plant, or 30,000 pounds per day in a 50 
MW power plant. The pilot plant's operation and other tests 
have shown that working fluid dissolved in the effluent brine 
can be recovered by several processes. Actual losses of less 
than 10 ppm in the spent brine have been demonstrated. 

A second source of working-fluid losses is noncondens
able gases from the brine that join the vapor stream to the 
turbine and must be removed from the condenser. The sepa
ration of working fluid and noncondensable gas from a con
denser vent or from the recovery process has not yet been 
adequately demonstrated. Both mechanical and chemical proc
esses are available to perform this separation, but further work 
is being done to select the best method. 

The effects of noncondensable gases on both working
fluid recovery and condenser pressure have been magnified in 
the pilot plant by the need to change brine supply wells. The 
well currently being used, Mesa 6-2, has a noncondensable 
gas concentration approximately five times that of the original 
supply well, Mesa 8-1. This higher volume of noncondensables 
has exceeded the pilot plant's recovery system capacity and 
prevented reaching the design isobutane recovery level. 

A workshop on geothermal direct -contact heat exchange 
was held at the East Mesa Geothermal Test Facility on January 
20-21, 1981. The objectives ofthe meeting were to review the 
pilot plant performance data and to plan future testing. Some 
25 invited attendees heard presentations on the 500 kW pilot 
plant and on other direct-contact heat exchange activities. They 
all agreed that the performance of the pilot plant had demon
strated the practicality of the process for generating electricity 
from moderate-temperature geothermal brines, and that the 
next step should be several months of continuous operation to 
show the system's reliability. 

Plans are being made to conduct a six-month reliability 
run beginning in April 1981. The plant will be modified to 
permit its electrical output, which is presently dissipated in a 
cooling-tower, to be used at the Geothermal Test Facility to 
power a series of downhole geothermal pump tests, also being 
planned by DOE. 

Data from the present tests, plus the six-month run, will 
provide the basis for a conceptual design and cost estimate for 
a commercial-size geothermal power plant using the direct
contact process. This estimate is expected to confirm the cost 
reductions to be gained from both the lower exchanger cost 
and the higher brine utilization rate that it will allow. 
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Monitoring Underground Nuclear Waste 
Repositories with Acoustic Emission and 

Seismological Techniques 

E. L. Majer 

The isolation of radioactive waste has become· a crucial 
issue in the development of nuclear power. One proposed so
lution is storage in underground repositories. An important and 
incompletely known aspect of underground storage is the in
teraction between the nuclear waste and the host rock. The 
response of the rock to changes in stress from the mining of 
drifts or heat from the waste, the effects of radiation, back
filling, and possible subsidence above the respository must be 
considered. Significant stress or strength changes in the host 
rock may induce fracturing, thus enhancing rock permeability, 
which in turn would increase the accessibility of the waste to 
ground water; this could release toxic substances into the bio
sphere. Also of concern is whether undetected fractures are 
present. All these factors represent potentially serious problems 
in assuring the long-term stability and integrity of a repository. 

A potential monitoring method, which has the advantage 
of concentrating these expected long-term effects into less fre
quent but much larger transient events, is based on acoustic 
emission (AE) and rnicroearthquake (ME) phenomena. Dif
fering only in time (wavelength) and distance scales (AE in
volves kHz frequencies and centimeter distances; ME involves 
Hz and kilometers), both phenomena represent strain relief 
through discrete faults or failure events within the medium. 
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Well-established methods in microearthquake seismology can 
locate and describe such sources of elastic wave radiation, and, 
with proper scaling, these methods should be applicable to the 
investigation of AE events in a stressed underground reposi
tory. This article describes the applicability of both microearth
quake and acoustic emission techniques in monitoring the in
tegrity of an underground waste repository. 

The Climax RepOSitory Experiment 

The full-scale spent-fuel test being carried out by the Law
rence Livermore National Laboratory (LLNL) in the Climax 
stock at the Nevada Test Site (NTS) offers a unique opportunity 
to evaluate the utility of AE measurements in defining failure 
details. The general objective of the Climax experiment is to 
test the feasibility of short-term storage of spent fuel assemblies 
from commercial reactors at a reasonable depth in a crystalline 
igneous rock, followed by retrieval of the assemblies. Only a 
summary of the project will be given here. For more details, 
see Ramspott et a1. (1979). 

Figure 1 is a layout of the experimental facility, 420 meters 
beneath the surface, showing the location of the spent fuel 
assemblies and heaters. The center drift is the storage area for 
a linear array of 11 spent fuel assemblies and 6 heaters. The 
waste canisters and heaters are emplaced in steel-lined vertical 
holes in the drift. The experiment simulates, within a 15 m by 
15 m area, the first five years of a repository operation. Elec
trical heaters are included to study the effects of heat alone 
versus heat plus radiation. The initial thermal output of the 
spent fuel canisters and heaters will be 2 kW (that of 2.5-year-
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Figure 1. (a) Plan view of Climax experiment showing waste canisters, 
heaters, and acoustic emission sensors. Signals from the AE sensors 
are hardwired to instrumentation alcove. Output from heaters are ad
justed to decay with the spent fuel canisters. (b) Cross section of mine 
openings showing AE sensor locations in "deep" holes (dashed lines) 
and "surfaces." [(a) XBL 8010-12309); (b) XBL 8010-12310)] 



old spent fuel assemblies). As the spent fuel decays and less 
heat is put out, the heaters will be adjusted accordingly. The 
surface radiation of the spent fuel assemblies is 1.3 x 108 mrem/ 
hr (1.3 x 108 mrem/hr, gamma; 1.6 x 103 mrem/br, neutron). 
The two side drifts each contain 10 smaller heaters on 6 m 
centers. These heaters will produce a temperature field simu
lating conditions in a large repository. Several months after 
emplacement, the maximum temperature in the rock is ex
pected to be 85° C. Rock temperature, stresses, and 
displacement will be monitored continuously with 430 
thermocouples, 18 vibrating-wire stress meters, 116 extenso
meters, and 34 convergence heads. 

Seismological Methods Applicable to Repository 
Monitoring 

In the past 15 years, seismologists have given considerable 
attention to detailed descriptions of seismic sources (Johnson, 
1979). The literature addresses both static and dynamic source 
characterization. Of the static descriptions, the semi-empirical 
approach of Brune (1970, 1971) is the most widely applied. 
This method estimates three independent source parameters 
from the spectrum of either the P or S wave. Brune's hypothesis 
is that the low-frequency level of the spectrum is a measure 
of the strength, or seismic moment, of the source, and that the 
high-frequency character is determined by the source dimen
sion. Two events with identical low frequency levels, but with 
differing high-frequency content, would thus imply different 
stress drops. Recently, spectral analysis has been applied to 
the field of acoustic emissions (Pollack, 1980). Efforts have 
focused on defining different AE source processes by the fre
quency of the signals. J ax (1974) found that even for sources 
with a frequency as high as 500 kHz there was a correlation 
between material properties (in this case, grain size) and source 
duration. Other workers (Wolitz et aI., 1978) have been able 
to categorize types of failure in fiberglass from spectral content. 
Spectral data have also been useful in discriminating signals 
from noise, and in studies of plastic versus brittle deformation 
(Pollack, 1980). 

Other techniques used in earthquake studies include the 
fault plane solution (Byerly, 1928) and "b-value" determi
nation. The fault plane approach determines the principal stress 
direction and geometry of the fracture plane, but AE studies 
have generally ignored it. AE researchers have, however, used 
b-value studies (Log N = a - bM, N = cumulative number 
of events, M = magnitude of events) to infer particle size and 
ductility of materials (Pollack, 1980). For earthquakes, though, 
studies using the b-value to characterize the mode of failure 
have generally conluded that the b-value varies with the dis
tribution of the applied stress field and with the homogeneity 
of the material (Mogi, 1962; Scholz, 1968; and Wyss, 1973). 

In monitoring AE/ME for a nuclear waste repository, sev
eral different stress field perturbations will exist. The fairly 
uniform lithostatic stress field caused by overburden will be 
affected by the mine geometry to produce a varying stress field. 
Thermal effects (from, e.g., cool water seeping into warmer 
areas) will superimpose an additional stress field. Radiation 
degradation and medium inhomogeneity will also influence 
failure rates and mechanisms. The Climax experiment is de-
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signed to separate these factors, if possible, and to estimate 
their relative significance. 

There is also the problem of overall mine stability and 
safety. AE has had limited success in predicting failure in 
metals and alloys (Pollack, 1980), and better results in pre
dicting rock bursts and roof falls in mines (Blake et aI., 1974; 
Brady, 1978). Methods applied in AE/ME studies include 
monitoring the variations in source locations, number and am
plitude of events, time between events, event duration, energy 
release, and spectral content. By far the most generally used 
techniques have been event location and counting (Hardy and 
Leighton, 1980). This is mainly because the available equip
ment has not been capable of the fast on-line processing re
quired for sophisticated real-time analyses. A principal aim of 
the Climax study is to provide such sophisticated analyses, 
using ME methods scaled to the experiment. 

The Climax Seismic Experiment 

After considering the frequency content of the background 
noise, the attenuation properties of the granite, and source 
dimensions of the expected cracking, it was decided to con
centrate on the 1 kHz frequency range. In Brune's static model, 
these frequencies correspond to source radii on the order of 
several centimeters. Although much higher frequencies will be 
generated by smaller fractures, it was felt that such sources 
would not be significant for monitoring repository stability, nor 
would the higher frequencies be detectable in an array the size 
ofthe experiment. We also decided that, in the lower frequency 
range, sources larger than those emitting 1 kHz (i.e., several 
meters in wavelength) probably would be infrequent at the 430 
m depth. There would also be interference from the noises of 
vehicles and construction activities. 

The equipment for monitoring the AE/ME activity in
cludes Columbia 5002 piezoelectric accelerometers, Columbia 
9021 charge amplifiers (40 dB gain) and a IS-channel Physical 
Data 515-A transient waveform recorder system interfaced to 
a microprocessor-based automated seismic processor (ASP). 
The specifications of the equipment are listed in Table 1; the 
frequency response of the system and a system diagram are 
shown in Figure 2a and 2b. 

TABLE 1. Specifications of monitoring devices for the Clima~ seismic 
experiment. 

Columbia 5002 Transducer 

Sensitivity: 
Freq. Response: 
Resonant Freq.: 
Capacitance: 
Output Resistance: 

Columbia 9021 Charge Amplifier 

Source Impedance: 
Charge Gain: 
Output Impedance: 
Freq. Response: 

g = acceleration of gravity 

\3 pcoul/g 
2 Hz to 10 kHz, ± 5% 
50 kHz 
850pF 
2 x 1010 ohms 

Capacitive device, 500 pF max 
100 mV/pcoul 
125 ohms 
1 kHz to 10 kHz, ± 5% 



z 
o .1 

f-
<l 
a:: 
w 
...J 
W 

~ .01 
<l 

( b) 

(0) 

TRANSDUCER CHARGE 

'0 

AMPLIFIER A-D,IOBll 

.NY . " 
'0 

DATA 

NPUTS 

SYSTEM RESPONSE 

FREQUENCY 

TRANSIENT WAVEFORM ANALYZER 

IF 1: of 8 ~ 

THRESHOLD, 

THEN TRIGGER 

ALL 15 

I- 1-8 

AS. 

CtfId/1II' 

TAPE 

15 

Figure 2. (a) System response (acoustic emission sensor mounted on 
stainless steel plus preamplifer), obtained by placing the mounted sensor 
on a block of granite and pulsing the system with a 1 jl.Sec pulse to 
simulate a delta function. The result was then Fourier transformed 
(source deconvolved) to give the shown results. Although in situ sam
pling rate is only 5 to 10 jl.S9C, it is felt that the rock acts as an effective 
ariti-alias filter. Units are in Hz and relative acceleration response. (b) 
Total system showing the AE sensor (transducer), preamplifiers (mounted 
as close as possible to the sensor), transient waveform analyzer (Phys
ical Data 515-A), and data handling device [either a tape recorder or 
the automated seismic processor (ASP)]. 

[(a) XBL 8010-12308; (b) XBL 8010-12374] 

In all, 15 sensors form a three-dimensional array around 
the canister row. The amplified signals from the sensors are 
sent to the instrument alcove and digitized to lO-bit accuracy 
at 100,000 samples/sec by the transient waveform analyzer. 
If the signals rise above a preset threshold, a 4096-point data 
window is captured by the waveform analyzer and played back 
at 20 samples/sec to a slow-speed 14-channel tape recorder 
(frequency response D.C. to 40 Hz) or to the automated pro
cessor at 400 samples/second. A triggering module also mon
itors 8 of the 15 stations. If signals from up to 3 of of these 
stations rise above a preset threshold, the playback for the 4096 
data window is triggered on all 15 channels at the reduced rate. 
Between events the raw data are sent real-time to the recorders 
and processor. Except for the transient waveform analyzer, the 
system is identical to that used for monitoring and recording 
earthquakes. The waveform analyzer allows the scale-down 
from earthquake work. 
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If a large number of events occur, the full processing of 
the data is tedious, time-consuming, and far more expensive 
and labor-intensive than desired. We had encountered a similar 
problem in applying passive seismic techniques to geothermal 
exploration (Majer and McEvilly, 1979). For that study. to 
process fully a data set of 100 events recorded at 12 stations 
required several months' work. We therefore designed and 
fabricated an automated seismic processor (ASP) for in-field 
processing and virtual real-time display of seismic event source 
parameters. ASP is a microprocessor-based, parallel-process
ing computer. It is self-contained, low-power (CMOS, 1 watt 
channel), capable of providing sophisticated data analysis, and 
eliminates the need for peripheral data storage devices or com
puters. Basically, a set of real-time algorithms perform event 
detection, P- and S-wave timing, and amplitude functions; then 
Fourier transforms are calculated and processed to calculate 
source parameters for the events. The present modes of cal
culation are: 

• Event count, number of events from tum-on which have 
met amplitude and occurrence criteria. 

• Event location, (x,y,z,t), residuals. 

• b-values, cumulative and interval, for P- and S-wave 
amplitudes (maximum likelihood method). 

• Source properties from spectral data; Le., using D.C. 
level, comer frequency, and high frequency slope, to es
timate the moment, source area, displacement, and stress 
drop. 

• First motion polarity for fault plane solution. 

• Debug mode, all raw data are printed out. 

A more detailed description of the ASP can be found in 
McEvilly and Majer (1980). 

Preliminary Results 

Continuous monitoring of AE/ME activity in the Climax 
stock began on January 11, 1980. Several experiments were 
carried out to obtain a velocity model necessary for event 
location. For sources near the mine floor, the accuracy of the 
locations appears to be about ± 1 m. For sources outside the 
array (e.g., on the outer drift walls), the travel paths are ob
scured by the drifts and the location accuracy decreases sig
nificantly. We expected this to occur, however, and our interest 
lies mainly in the events induced by the heaters and canisters, 
which are all within the array. Our precision is a function of 
sample interval (10 J.Lsec) and P-wave velocity. If a point source 
is assumed, our basic distance uncertainty is 5.5 x 105 cm/sec 
x 10- 5 sec = 5.5 cm. However, deviations from the homo
geneous whole-space assumption in rock properties introduces 
the observed errors in the locations. We expect to achieve an 
accuracy of a few tens of centimeters by using repeated cali
bration sources and station corrections with the assumption that 
the velocity model is both time- and space-dependent. 



• After waste emplacement and heater tum-on, discrete 
seismic events were detected in the previously quiet can
ister drift, in both the concrete and rock surrounding the 
canisters. The spectral characteristics of the seismic waves 
resulting from these events indicate source dimensions of 
the discrete fractures to be on the order of several centi
meters. The mechanism governing the failure process has 
not yet been established. 

• There was no evidence that strong ground motion in 
the repository from nearby underground nuclear explo
sions induced cracking or otherwise enhanced the mi
crofracturing process. 

These preliminary results are encouraging and confirm the 
experimental concept. The automated processor should provide 
the desired monitoring and sophisticated analysis necessary to 
characterize the response of the repository rock to the imposed 
thermal and radiation sources. The experiment will now study 
ongoing physical processes in the mine through observation 
of their effects on acoustic emission and microearthquake ac
tivity. 
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point from the recharge area. We also can determine the rate 
of flow from the difference in age between two points, and, 
knowing the type of material and distance to be traversed, 
estimate the time to reach the environment at the closest or 
most likely place. 

Many methods of measuring such "ages" have been pro
posed and many appear to have merit. No one method has as 
yet proved to be reliable by itself, but use of more than one 
can give a good idea of the age or velocity of the water. Extreme 
accuracy is not important, but confidence in the approximate 
numbers is. For many relatively nonporous aquifers, the ages 
are proving to be surprisingly long, with times of several 
hundred thousand years not uncommon. All such ages are 
consistent with other hydrologic data. These ages, however, 
are beyond those accessible to carbon-14 dating, and thus force 
us to exclude this well-known method. Younger reservoirs have 
been dated with 1"C, but the reliability of these dates is subject 
to more uncertainty than dates for solid objects. This is because 
of the possibility that carbon isotopes have exchanged with 
ancient (and therefore 1"C-free) carbonate in the rocks. Other 
proposed methods for dating ground waters generally, but not 
universally, involve the decay of other naturally occurring 
radionuclides. The time scale is measured either by the ac
cumulation of the "daughter" nuclide (often stable) or, as in 
radiocarbon dating, by the disappearance of the primary parent 
nuclide. 

Although the decay process itself is not affected by en
vironmental conditions and therefore is accurate under all con
ditions, use of such radionuclide "clocks" requires knowledge 
of the initial conditions (setting of the clock) and of any effects 
that may partially reset the clock at a later time. This latter 
problem is solved if one can show that the system is closed 
to gains or losses of the element providing the clock nuclide. 
As one might expect, our knowledge of real geologic systems 
is rarely complete enough to be absolutely certain that an 



aquifer is closed. Thus all dating methods ultimately stand or 
fall on this issue , even if all other problems of interpretation 
can be solved. This is also the primary reason why no single 
method can be relied upon alone . However, if several different 
methods-all depending on the degree of isolation of the aqui
fer with respect to different elements-all give similar ages, 
the probability of error is reduced to a very low level , especially 
when other hydrogeologic data for the site are considered. 

One very promising method for dating ground waters or, 
more precisely, for determining the differential age between 
two points along an aquifer path, is the use of the naturally 
occurring disequilibrium in the uranium-238 decay chain with 
respect to the great-granddaughter 234U . Natural uranium con
sists of three isotopes , 238U comprising the bulk (99 .3%), 235U 
making up 0.7% (it is the basis for fission nuclear power and 
some fission weapons) , and 234U which , in uranium deposits 
and in intact rocks , has a fixed ratio of 1/18 ,000 relative to 
238U, being in secular equilibrium with that parent isotope. That 
is, one 234U nucleus is formed by every 238U nucleus that decays . 
Uranium-234 itself is unstable, decaying with a 250,000-year 
half-life . (The half-life of 238U is about 18,000 times longer-
4.5 billion years.) If 234U were stable, it would accumulate at 
an almost linear rate , in times short compared with the half
life of 238U. And if 234U decayed at the same rate as 238U , the 
amount of 234U would increase until there were equal amounts 
of both isotopes, at which time they would both be disappearing 
at the same rate, the relative amounts of each remaining con
stant, but the absolute amounts decreasing with the half-life 
of 238U. Attaining this equilibrium would take a time on the 
order of several times the half-life of 234U (which in this ex
ample is considered equal to the half-life of 238U). 

For the real half-life of 234U (250,000 years), we would 
predict that equilibration should require on the order of a mil
lion years, and that the relative abundance of 234U should be 
proportional to its half-life, or about one part in 18,000. The 
return to equilibrium from any other concentration follows a 
known equation as a function of time, and can therefore be 
used as a clock. Fortunately, nature has provided us with such 
nonequilibrium situations in abundance . Almost all ground 
waters are slightly out of equilibrium and deep waters are often 
strongly so. 

This disequilibrium is possible because of the strong recoil 
of the nucleus that occurs when an atom of 238U, like a rifle 
firing a bullet, emits an alpha particle. The recoil energy in 
this decay is very large compared to crystal lattice or chemical 
bond energies, so that the precursors of 234U and therefore the 
234U itself is in a different and generally nonequilibrium position 
(in the chemical or crystallographic sense) and therefore subject 
to separation from the rest of the 238U by purely chemical 
means. Normally, chemical reactions do not materially distin
guish isotopes of the same element. 

Once we have 234U out of equilibrium (it can be either 
depleted or enriched depending on the specific mechanism and 
local conditions), its return to equilibrium depends only on 
time and can be used as a clock, with a characteristic period 
of 250 ,000 years. This is just the right time scale to account 
for the decay of most waste products from fission reactors . 

An example of a possible situation where 234U disequili
brium dating could be used is in a crystalline rock aquifer in 
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which flow is along fractures in the rock. If the flow and 
fracture system has been unchanged for over a million years , 
the 234U will be in secular equilibrium at all points along the 
flow path . If some natural process, such as the stress preceding 
an earthquake, creates new fractures which then remain un
changed, the 234U that has been deposited over a long time 
(several times 250 ,000 years) suddenly goes into solution 
(along with a much smaller amount of238U) , leading to a rather 
sudden enrichment of 234U. Enrichments of as much as 25 times 
have been observed. 

This enrichment will return to equilibrium at points down
stream at the rate determined by the half-life of 234U. That is, 
half of the remaining excess 234U (initially defined as the en
richment minus one) will disappear every 250,000 years. Thus, 
if two points on an aquifer have 234U excesses differing by a 
factor of 2 , then it took the water 250 ,000 years to travel 
between the two points. It is also clear that any process that 
continuously adds excess 234U to the aquifer will partially reset 
the clock and lead to an erroneously low age , or fast travel 
time . The most probable errors therefore lead to underestimates 
of age, a trend that must be remembered when evaluating waste 
disposal sites . 

Loss of uranium by precipitation does not affect the age 
determined . This is an important point because the solubility 
of uranium often decreases with depth, where the more strongly 
reducing conditions tend to form the much less soluble four
valent uranium compounds . A significant gain in uranium of 
normal or equilibrium composition (as in rocks) would lead 
to over-estimation of age, but this can be detected by noting 
the concentration in the water, and limits can be set if the 
uranium content of the rock and some estimate of the surface 
area exposed to the water is available from other data . Because 
of the rather large 234U enrichments available in deep waters , 
it is easy to detect when enough uranium to seriously affect 
the calculated ages has been added . A special case, ion ex
change without the addition of uranium , can occur with certain 
minerals and lead to erroneously short ages, but proper analysis 
of the host rock can either rule it out or warn of possible errors 
in the age. 

It must be emphasized that because of the need for the 
aquifer to be closed with respect to the addition of uranium or 
dilution by other ground waters, other hydrogeologic data for 
the aquifer are required to give confidence in this or any dating 
method . 

The best example of the use of the uranium disequilibrium 
method for water dating is in the cooperative Swedish-Amer
ican project at Stripa, Sweden, in which many Division per
sonnel have participated. In the Stripa project , the effects of 
storing nuclear waste in a geologic repository are being sim
ulated by thermomechanical heating experiments. The site is 
an abandoned iron mine in which the surrounding rock is gran
ite. 

Through the use of geochemical and hydrogeologic data 
it was easy to establish that a series of water samples in a hole 
drilled from about the 400 meter depth were all related and 
essentially isolated from outside interference. In these samples 
the total uranium concentration decreased steadily with depth; 
the enrichment of 234U also decreased with depth , following 
the general direction of water travel in the fracture system. 



Assuming nothing but precipitation of uranium as reduction 
became more complete , workers at the University of Waterloo , 
Canada, found that the difference in age, or the time to traverse 
the approximately 400 meters of vertical distance represented 
by the samples, was on the order of 300,000 years . 

The concentrations of uranium in the Stripa water were 
high (several hundred parts per trillion , or ppt) , and samples 
of several to many liters of water were available from these 
relatively shallow drill holes . Much deeper exploratory holes 
are likely to be drilled at potential waste disposal sites , and 
samples will have to be recovered from depths of several thou
sand feet . Present methods of recovery if the water is not 
flowing (not unlikely since dry areas are to be considered) is 
to retrieve the water with a cable-operated swab. Such a crude 
method casts doubt on the sample and its representativeness 
of a particular depth. Future samples are more likely to be 
taken with remote samplers now being developed in many 
places, including LBL. These devices generally capture a 
fixed-size sample at chosen depth and preserve it by closing 
valves during recovery. 

Samples will rarely be over one liter and may be used for 
other measurements; we must therefore be able to measure the 
uranium isotope ratios on samples of less than one liter. The 
simplest and least expensive technique is to measure the ratio 
of alpha decay rates in an alpha particle spectrometer. Unfor
tunately, because of background problems , this technique re
quires a minimum of about 0 .1 microgram, which corresponds 
to one liter of 100 ppt water or 10 liters of 10 ppt water and 
requires at least two days' counting time. Better would be 
1 J.1g-which would be 10 times the sample size, and totally 
impractical to recover by remote sampling. 

For this reason , under sponsorship of the Department of 
Energy 's Office of Nuclear Waste Isolation, we have developed 
chemical and other techniques to make such measurements by 
mass spectrometry, an inherently more sensitive method for 
such isotopes. Because the mass ratio is 18,000, one must be 
able to detect and measure quantities of 234U that are 18,000 
times lower than the sample uranium content, and this content 
must be well below 1 J.1g to be competitive with alpha spec
trometry. In addition, most mass spectrometers have problems 
when the ratio of intensities-i.e., abundances---of two nearby 
isotopes exceeds 10,000, although special instruments have 
been built to minimize this difficulty. 

One of these instruments is the large isotope separator at 
LBL. Figure 1 shows a view of the separator and its size. It 
is essentially a very large radius mass spectrometer using very 
high accelerating voltages and extremely high vacuum, all fea
tures that minimize the problem of measuring large isotope 
ratios . LBL also developed a thermal ion source for it (con
ventional sources were not compatible with its ion optical re
quirements) . This source has the highest efficiency of ionization 
we know of. 

The ion source and the 100% transmission of the ion optics 
give very high sensitivity, samples of 10 - 15 gram of uranium 
being at the detection limit and samples of one picogram 
(iO- 12g) being quite usable for data of moderate precision. 
Thus samples containing a total of one nanogram of total ura
nium (- 5 X 10- 14 g of 234U) can easily be used . This cor
responds to a sample of 10 ml of ground water containing 100 
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ppt of uranium. Samples one-tenth as large can be run with 
somewhat lower precision, but this is acceptable since only 
moderately enriched samples are used, and slight differences 
are not important considering the errors inherent in the as
sumptions. Generally, a precision of 1 or 2% in the isotope 
ratio is quite satisfactory and can easily be achieved with the 
sample volumes discussed. 

The greatest difficulty so far has been separating such 
small amounts of uranium from ground waters containing sub
stantial dissolved solids . Too much of other elements that would 
interfere with the ion source must not be retained, and uranium 
must not be inadvertently added from other sources. The task 
has been further complicated by the discovery that many in
dustrial materials, particularly plastics, are contaminated at 
very low levels with enriched 235U containing substantial 
amounts of 234U. These levels are too low to be detected by 
their activity, but are occasionally large enough to distort the 
disequilibrium data . The ion exchange resin (a polystyrene 
derivative) used in the chemistry is one of the worst offenders 
because this material is our choice for making the very good 
chemical separations needed on such small samples. The source 
of this 235U is not yet understood but we have been able to 
prepare samples of resin in which the contamination introduced 
into a ground-water sample of one nanogram of uranium is 
negligible. This is not so for a sample one-tenth as large, 
although a correction based on the excess 235U can be made 
at the risk of adding more error to the measurement. The 
chemical separation itself is very simple . Two gaseous reagents 
are added to the sample. (The reagents are not likely to con
tribute uranium contamination as most of the sample's common 
compounds are quite nonvolatile .) This is followed by adsorp
tion on an ion exchange column, subsequent desorption in 0.1 
M HCl , and evaporation of the resultant solution into the ion 
source. The amount of 234U added by this technique is usually 
less than 10 - 15 g. 

The mass spectrometric method has the disadvantages of 
requiring a large capital investment (unless one already has the 

Figure 1. The large (5-loot radius) LBL isotope separator lor mass 
spectrometry. [CBB 785-6669] 



instrument) and a slightly higher cost per sample than alpha 
spectrometry, but it gives us the ability to handle the very small 
samples that will be yielded by most remote samplers. 

Finally, recent developments in the field indicate that we 
may be able to use the other members of the 238U decay chain 
to tell us something about the recent history of the sample, 
independently of the uranium. We may also be able to tell 
which of several 234U enrichment mechanisms has operated and 
whether this enrichment is continuing. 

Along with equally promising results from other dating 
methods, we seem to be nearing the ability to make predictions 
of ground water movements for periods as far in the future as 
a million years or more. 
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