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RADON-GAS EXTRACTION AND COUNTING SYSTEM FOR 
ANALYZING RADON AND RADIUM IN GROUNDWATER 

IN SEISMICALLY ACTIVE AREAS 

ABSTRACT 

A high concentration of radon in groundwater has attracted recent 
attention as a precursor of seismic activity. We have constructed a system 
that extracts and counts radon gas from solid, liquid, and gas samples. The 
radon is extracted in a closed system onto activated charcoal. The desorbed 
radon if then measured in a phosphored acrylic cell by scintillation counting 
of gross alpha radiation. Tne efficiency of tne total system (extraction plus 
cour.ting) is 90 + 3% or tetter. Compact design and sturdy construction mane 
the system contpletely portable and well suited to field operations in remote 
locations. Results are given for radon and radium in groundwaters in the 
Liver;nore area. 

INTRODUCTION 

Recently, radon has gained attention as a potential precursor phenomenon 
related no seismic activity. We describe an improved extraction and counting 
system developed to monitor radon in groundwater along the Greenville tault, 
following the seismic events of January 1980. 

At that time, existing equipment was inadequate. There were no extraction 
lines available at the namma-counting facilities in the Nuclear Chemistry 
Division. An extraction ±ine and scintillation counter at Hazards Control had 
been used two years before but had subsequently been dismantled. Furthermore, 
none of the equipment was suitable for field use. Continuous monitors have 
been developed for field use, but they are all prototypes, i.e., not 
commercially available, and typically cost up to $15,000 or more per unit. 
The mote economical method to monitor groundwater radon is via ^iscre-e 
sampling, and1 this is the method we used. 

Our system differs from the old Hazards Control system. The latter 
consisted of a single-pass glass and rubber tubing design, where radon was 
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adsorbed on activated charcoal at dry-ice temperature using helium as a 
o carrier gas. The radon was then desorbed at 400 C and drawn into a glass, 

zinc sulfide scintillation cell (made by Johnson Laboratories, Baltimore, KD' 
by a peristaltic pump. This basic design riad r>een copied more or less 

4 directly fror Lucas. Although the systeir worker reasonably well i~ the 
laboratory, it was not suitable for field J.-e. 

Our new systerr. incorporates some very straightforward design changer,' 
that greatly improve overall efficiency and result in a more rugged, more 
easily operated system. It employs stainless-steel tubing, closed-loop gas 
recirculation, Quick-Connects on the charcoal column ?nd scintillation cell, 
and exponents mounted on a pair of aluminum boards. The new counting system 
uses a commercially available photomul tiplier.'scaler and low-cost acrylic 
plastic scintillation cells, whLch we designed and constructed. 

Althougr. developed initially for a specific application, the equipment 
ha:., a Q'-noi^\ application in monitoring radon. Radon is a naturally occurring 

222 
r a d i o a c t i v e g<is t h a t e x i s t s p r i m a r i l y as the l o n g e s t - l i v e d i s o t o p e Rn, 

238 
with a 3.8-day half-life. It is a member of the U decay-series and is 

226 
the L mined; ate daughter of Ra, with a half-lif..- of 1620 years. As a nobl̂ -
gas, it is chemicalLy inert and hence offers the ability to act as a tracer 
for studying many natural processes in geologv, geochemistry, hydrology, 
meteorology, and oceanography. It has also been used in exploration. This 
repor t gi ye:: example.; *~f these applications, and also presents an hi stor icai 
perspective of the attention given to radon as a potential precursor 
phenomenon related t~ seismic activity. 

DESCRIPTION OF THE APPARATUS 

EXTRACTION BOARD 

Figure 1 shows the extraction Jine. It consists of a closed loop that 
recycles the carrier gas (helium) through the sample. This process requires a 
much smaller volume of gas than does a single-pass system. 

The carrier gas plus other gases exiting the sample bottle contain CO 
and water vapor which must be removed before passage of the gases over the 
charcoal adsorber. For this purpose the line contains an acrylic tube 
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A circulation pump (Metal Bellows Co.j then retjrns the carrier gas is 
the sample oottle. The flow rate is controlled oy a Dypass valve around the 
circulation pump circuit and ij monitored by a hel i oin-cal ibrated flowiret^r 
(Fischer-Porter Co.) and a pressure gauge (Matheson Co./. The systerr ;s a".-
hooked to a helium source and a vacuum pump. 

The system as designed consists primarily of tuning, fittings, and vj' .-< -
r.iade of stainless stee1., with the exception of the acr/lic drying col jrr- •J'VJ X 

short section of thick-wal 1 reinforced Tygon tubing. Vhe latter :s on ^ne ei: 
of the drying col urnn to allow its easy removal. All lines nave been kept ti a 
minimum length for compact design. All components 'including the circulation 
pump) are mounted on an aluminum board measuring 21 in. long ' 24 in. M g h 
which is wel ded to an 8-: n. a] urni nurn base pi at'1. 

TRANSFER BOARD 

Figure '*. ..rioŵ  the t r jnst er i : ne , ;i si nglc—pass system f'T t rar.s f er r I ~#J 
radon t r cm tix- char coal to the .;ci nt 11 lat ion ĉ -i 1 , 
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FIG. 2. Schematic of the transfer line used to transfer radon from the 
activated charcoal column to the sc in t i l l a t ion c e l l . 
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SCiN'l'ILLATlUN-COUNTlNG CELL 

L-uca-s de_- ct . ut.-r, a low-lev*-1 2lpha-r;r,-.t ; , ; ; ' ; T-, c^-il for rsio,-., Tane of a 

Kovai .-;eal anc j quartz window. A 1:1 mj.l 11 iec version of tr,. c c e i l type has 

been designed ' j i acrylic pi ac. t ; c, wni ch gi ves comparable e f f i c i e n c y and only a 

£ l i gh tJy rag^cr background. However, i t can be made at a f r a c t i o n of the cost . 



Figure 3 shows a schematic of the scintillation cell. The cell is 
constructed entirel/ of acr/lic plastic (ultraviolet transmitting) using 
2-in.-o.d. pit-e and 1/4-in. and 1/2-ir.. sheet. The nominal internal volume if 
100 cc. 

The ce'l is constructed by first applying a coatir.c, of optically 
transparent crystal grease tf all inside surfaces. Then, silver-activated 
zinc sulfide powder (nickel-poisoned to reduce afterglow, 20-70 um. Nuclear 
Enterprises, Inc.) is poured into the cell to totally coat t.,e inside. Excess 
powder • s removed by gently tapping by hand and then bj jwing \j t.h a stream of 
helium gas. A Swageijck Quic<-Connect fitting is epoxied in the neck of the 

iM 00 
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FIG. 3. Schematic of ''he sc int i l la t ion-count ing c e l l . The ce l l is 
constructed of acryl ic p l a s t i c . 
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celj. Finally, -he cell :s wrapped with aluminum foil and then black 
electrical tape to make it light-tight. Only the window that rests on the 
photomultiplie*. is left uncovered by foil and tape. 

COUNTING SYSTEM 

During the first month of operation, while the extraction and transfer 
lines were bei;«g debugged and a reliable analytical scheme devised, an uld 
counting system originally used by Hazards Control sc«re years ego was 
resurrected and used for the radon counting. The counter consisted of A 
counting chamber, photomultiplier, preamp, amp, scaler, timer and nigh-voltage 
power supply. After replacing several components vith ones borrowed from 
Instrument Loan, a usable s *:em evolve-;. However, it suffered from a 
spurious noise problem and .. e each sample had to be monitored for many 
shore count periods in order t»- verify a stable count rate. It became obvious 
very rapidly that another counter wouid be required. Forturately, inexpensive 
c mmercic.i counters with th .s basic design are available and one was acquired 
fL• this neu system. 

The new commercial counter, which has been in use since June 1980, is a 
two-channel radon counter (DRC-MK6, Applied Techniques Co.). vnis system 
consists of two separate counters, eacn comprised of: courting chamber with 
cloth hood ar.i3 PVC cap, RCA 6342A photomultiplier tube, Tennelec 155A preamp, 
and a power supply and 7-decade counter. Thes* two counters have a common 
crystal-controlled 7-decade timer. The unit was designed by Bob Lupton of 
Lamont-Doherty Geological Observatory of Columbia University. Figures 4-5 
illustrate the operating characteristics of the photoraultipl: T S and high-
voltage power supply. The two-channel counter is compact (17 « 17 * 16 in.J 
and lightweight il5 lb), and is enclosed in a case with handles. Ir. addition 
to being completely portable, it may be battpry-operated for fie)d use in 
remote areas. 

The principle of operation is as follows. The alpha particles produced 
222 218 

from the decay cf Rn and its daughters lo (J.05-min half-life) and 
214 

Po (163.7-us half-life) produce scintillations in the phosphor coating 
on the inside of the counting cell. Photons of light are emitted which excite 
the photocathode of the photomultiplier tube, yielding an electron. For each 
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electron given off, approximately six electrons are released from each of the 
photomultiplier tube's ten dynodes. This electron amplification releases a 
shower of electrons collected by the anode, and in this way a pulse forms. 
The preamp amplifies the pulse from the photomultiplier tube anode, and the 
output is a long-tailed pulse, 0-4 V positive. The counters are set to reject 
pulses less than 250 mV and they can resolve single pulses up to a counting 
rate of 10,000 pulses/s. 

OPERATION 

SAMPLE COLLECTION 

Gas samples may be acquired in any appropriate vessel containing an inlet 
and an outlet to allow circulation of the helium carrier }as. Alternatively, 
on vessels with only one port, the gas may be expanded into an evacuated 
extraction board and then circulated. The extraction board contains a sample 
bypass toggle valve for this purpose. In this case, J,:.e extraction efficiency 
will naturally be somewhat lower. 

Liquid samples or solutions resulting from the dissolution of solids may 
be conveniently acquired and analyzed in the aluminum bottles previously 
described. 

Groundwater samples are collected by drawing the sample into an evacuated 
sample bottle. At springs, this is accomplished by submerging the Tygon inlet 
tube. At well sites, a port and valve are installed directly at the w^ll 
head. Water is passed through a Nalgene bottle which is kept gas-free by 
introducing the water at the bottom and allowing only a small opening at the 
top. The water sample is then taken from this bottle in the same manner as 
for a spring site. Wells are pumped for 20 min prior to sampling to empty the 
well casing and provide a representative sample. 

EXTRACTION PROCESS 

The sample bottle, with hose clamps still on, and the U-tube are attached 
to the board and the line is alternately evacuated and filled with helium three 
times, in order to flush the system. The tog9les to the sample are closed and 
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the hos° clamps removed. The U-tube is then cooled for 10 min in the dr j - ice 
bath. The pressure i s returned to 1 atm with helium and then the toggles to 
the sample are opened. The circulat ion pump is turned on and the flow ra te 
adjusted to 2 1/min, and the s t r ipping process i s continued for 30 min. 

After s t r ipping, the toggles to th3 sample are closed and the U-tube is 
evacuated for 10 s while s t i i l cold. The evacuated U-tube is then disconnected 
from the extraction board. 

TRANSFER PROCESS 

While the extraction process is taking place, the s c i n t i l l a t i o n ce l l is 
attached to the transfer board and flushed three times with helium. I t is 
then evacuated for 30 min. The four-way valve is turned and the in le t toggle 
closed so as to i so la te the cel l from the res t of the l ine . The res t of the 
l ine is left open to vacuum. 

The U-tube i s brought to room temperature and attached to the board and 
evacuated for 1 min in order to remove a i r . L i t t l e or n< radon is lost iy 
evacuating the charcoal at room temperature, provided the evacuation is nade 
through the column out le t . The column out le t is the end of t^ie column through 
which radon gas exited during the extract ion process. 

The U-tube is inserted in the preheated oven for 10 min and brought to 
o 500 C. The inlet toggle i s opened and the system allowed to stand for an 

additional 5 min. The radon is slowly backflushed from the U-tube into the 
s c i n t i l l a t i o n ce l l with helium carr ier passing through the metering valve. 
During th i s f i l l ing process the flow of helium through the U-tube is reversed 
from i t s direction during extract ion. Immediately upon f i l l i n g , the 
s c in t i l l a t i on cel l is removed from the transfer board. 

o After the ce l l is removed, and while the U-tube i s s t i l l at 500 C, the 
charcoal i s further flushed with helium for 5 min in c d e r t^ assure that a l l 
radon is desorbed prior to the next sample extract ion. The U-tube i s then 
brought to room temperature and reattached to the extraction board. Both 
boards are flushed three times with helium and evacuated for at leas t 1 h 
before running the next sample. Both boards are pressurized to +5 psig with 
helium overnight to assure they remain g->s-tight. 
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SCINTILLATION COUNTING 

T;,e s c i n t i l l a t i o n c e l l s a r e p l aced in the c o u n t i n g chamber and reir.air. 

t h e r e for 2 -1 /2 h p r i o r t o c o u n t i n g . This a l lows t h e two a l p h a - e m i t t i n g Po 

daugh te r s t o grow i n t o t r a n s i e n t e q u i l i b r i u m wi th t h e Rr. i n the c e i l . I t a l s o 

r l l ows t h e e f f e c t s of s t r a y l i g h t on t h e s c i n t i l l a t i o n c e l l t o d i x i n i s n and 

the c e l l t o s t a b i l i z e wi th r e s p e c t t o the n e g a t i v e charge induced by the 

p o t e n t i a l on the pho toca tnode of the p h o t o m u l t i p l i e r t u b e . Because the 

coun t ing chambers a re covered w i th a heavy b lack c l o t h , no l i g h t from the room 

may s t r i k e the p h o t o m u l t i p l i e r . Th is a l lows the high v o l t a g e t o remain on a t 

a l l t i m e s . 

The f i n a l count i s i n i t i a t e d 2-1/2 h a f t e r f i l l i n g "-he c e l l . The 

d u r a t i o n of each f i n a l count depends on t h e sample a c t i v i t y , but i s r o u t i n e l y 

between 30 and 120 min. Recordings of t o t a l coun t s and t ime e l a p s e d art.- rrade 

p e r i o d i c a l l y over t h i s t ime i n t e r v a l t o v e r i f y a s t a b l e count r a t e . 

After the f i n a l c o u n t , the s c i n t i l l a t i o n c e l l s a r e f l u s h e d r e p e a t e d l y 

with helium and then evacua ted for a t l e a s t 1 h. The c e l l s a r e r o t a t e d ir. 

sequence such t h a t a t l e a s t one day e l a p s e s between removal of the l a s t sample 

and i n i t i a t i o n of the c e l l background d e t e r m i n a t i o n p r i o r t o t h e next sample . 

PERFORK.iiCv CHARACTERISTICS AND EFFICIENCY 

We determined the o v e r a l l system e f f i c i e n c y s e p a r a t e l y for each 
226 

scintillation cell by using an NBS standard Ra solution as a radon 
source. Three such standards were made up using distilled water in the same 
type of aluminum bottles used for groundwater samples. T.V s overall 
efficiency includes: the extraction efficiency, the transfer efficiency and 
the counting efficiency. The overall system efficiencies for three 
scintillation cells are shown as follows: 

Efficiency (%) 
88.9 + 1.7 (n = 4) 
B9.7 + 2.3 (n = 4) 
91.3 + 3.3 (n = 4) 
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There is no relat ionship between equi l ibrat ion time { i . e . , length of time 
between extractions during which the radon grows in toward secular equilibrium) 
and the derived overall system efficiency. This offers an indication that the 
sample bott les are quant i ta t ively retaining the radon within them for periods 
even up to one month. 

We determined the extraction efficiency by making two successive 30-min 
extractions from the same standard solution and comparing the recovered radon 
a c t i v i t i e s . I t was found that the f i r s t 30-min extraction had removed 98.8% 
of the radon. 

The transfer efficiency was determined by sweeping the radon gas desorbed 
at 500 C from the charcoal column used in a standard extraction into two 
successive sc in t i l l a t ion ce l l s and comparing the recovered radon a c t i v i t i e s . 
I t was found that the f . r s t transfer had swept 99.4% of the radon from the 
charcoal. Apparently, the bulk of the efficiency loss i s due to the counting 
ef f i r ; ency of the s c in t i l l a t i on cel l and counter and not to the extraction or 
transfer processes. 

The cell backgroundr are constantly monitored by f i l l i n g the ce l l s with 
helium and counting overnight prior to each sample run. The background is 
that part of the measured ac t iv i ty due to the counting ce l l i t se l f , and to a 
very small degree, to the electronic noise inherent to the photomultiplier 
tube. I t is due to any alpha-part icle-emit t ing substance present in the 
crystal greas.?, zinc sul f ide , acryl ic p l a s t i c or other construction mater ia ls , 
or in the counting chamber i t s e l f . The ce l l backgrounds for these counting 
ce l l s are .35 + .04 counts per minute (cpm). 

There are two types of blanks: a system blank and a bot t le blank. The 
system blank refers ' the radon ac t i i ty contributed by thr extraction and 
transfer boards themselves. The bot t le blank refers to the radon ac t iv i ty 
contributed by the sample bo t t l e . These blanks are due to material containing 
trace amounts of Ra or through which radon can diffuse into the system 
from the atmosphere. 

The system blank was determined by shor t -c i rcu i t ing the sample in le t and 
out le t toggles (there is a bypass toggle for t h i s purpose). I t should be 
noted that the sy-tem blank was measured in such a way so as to assess the 
memory effect of the board. Any radon present in the system i s extracted by 
following, step by s tep , the normal operational procedure. A standard 
solution was run f i r s t , the board was flushed ?_.d evacuated for 1 h and then 
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SCINTILLATION COUNTING 

T;.e s c i n t i l l a t i o n c e l l s a r e p l a c e d i n t h e coun t ing chamber a-d remain 

t h e r e for 2 -1 /2 h p r i o r t o c o u n t i n g . This a l lows t h e two a l p h a - e m i t t i n g Po 

daugh te r s t o grow i n t o t r a n s i e n t e q u i l i b r i u m wi th the Rr. in the c e i l . I t a l s o 

a l lows t h e e f f e c t s of s t r a y l i g h t on t h e s c i n t i l l a t i o n c e l l t o d i ro in i s r and 

the c e l l to s t a b i l i z e w i th r e s p e c t t o the n e g a t i v e charge induced by t h ? 

p o t e n t i a l on the pho toca thode of t h e p h o t o m u l t i p l i e r t u b e . Because the 

coun t ing chambers a re covered w i th a heavy b lack c l o t h , no l i g h t from the room 

ma/ s t r i k e the p h o t o m u l t i p l i e r . Th i s a l lows the high v o l t a g e t o remain on a t 

a l l t i m e s . 

The f i n a l count i s i n i t i a t e d 2-1/2 h a f t e r f i l l i n g t h e c e l l . The 

d u r a t i o n of each f i n a l count depends on t h e sample a c t i v i t y , bu t i s r o u t i n e l y 

between 30 and 120 min. Recordings of t o t a l coun t s and t ime e l a p s e d a r e trade 

p e r i o d i c a l l y over t h i s time i n t e r v a l t o v e r i f y a s t a b l e cour.<- r a t e . 

After the f i n a l coun t , the s c i n t i l l a t i o n c e l l s a r e f l u s h e d r e p e a t e d l y 

with helium and then evacua ted for a t l e a s t 1 h. The c e l l s a r s r o t a t e d ir. 

sequence such t h a t at l e a s t one day e l a p s e s between removal oZ the l a s t sample 

and i n i t i a t i o n of the c e l l background d e t e r m i n a t i o n p r i o r t o the nex t sample . 

PERFORMANCE CHARACTERISTIC^ AND EFFICIENCY 

We d e t e r n i n e d t h e o v e r a l l sys tem e f f i c i e n c y s e p a r a t e l y for each 
226 s c i n t i l l a t i o n c e l l by us ing an NBS s t a n d a r d Ra s o l u t i o n as a radon 

s o u r c e . Three such s t a n d a r d s were made up us ing d i s t i l l e d water in t h e same 

type of aluminum b o t t l e s used for groundwater s amples . This o v e r a l l 

e f f i c i e n c y i n c l u d e s : t h e e x t r a c t i o n e f f i c i e n c y , t h e t r a n s f e r e f f i c i e n c y and 

t h e coun t ing e f f i c i e n c y . The o v e r a l l system e f f i c i e n c i e s for t h r e e 

s c i n t i l l a t i o n c e l l s a r e shown as f o l l o w s : 

E f f i c i e n c y (t) 

88.9 +_ 1.7 (r. = 4) 

89 .7 + 2 . 3 [n = 4) 

91 .3 *_ 3.3 (n = 4; 

C e l l 

A 

B 

C 
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There is no relat ionship between equi l ibrat ion time ( i . e . , length of time 
between extractions during which the radon grows in toward seci lar e q u i l i b r i a ) 
and the derived overall system efficiency. This offers an indication that the 
sample bot t les are quant i ta t ively retaining the radon within t lem for periods 
tven up to one month. 

We determined the extraction efficiency by making two successive 30-min 
extractions from the same standard solution and comparing the recovered radon 
a c t i v i t i e s . It was fcund that the f i r s t 30-min extraction had removed 98.8% 
ol the radon. 

The transfer efficiency was determined by sweeping the radon gas desorbed 
at 500 C from the charcoal column used in a standard extraction into two 
successive s c in t i l l a t i on ce l l s and comparing the recovered radon a c t i v i t i e s . 
I t was found that the f i r s t transfer had swept 99.4% of the radon from the 
charcoal. Appai sntly, the bulk of the efficiency loss is due to the counting 
efficiency of the s c i n t i l l a t i o n ce l l and counter and not to the extraction or 
tr ansfer processes. 

T.'ic- cei l backgrounds are constantly monitored by f i l l i ng the ce l l s with 
helium and counting overnight prior to each sample run. The background is 
tnat part of the measured ac t iv i ty due to the counting ce l l i t se l f , and to a 
very .-jTiaii degree, to the electronic noise inherent to the photomultiplier 
tube. I t IL, due to any alpha-part icle-emit t ing substance present in the 
crystal grease, zinc sul f ide , acryl ic p l a s t i c or othe: construction mater ia ls , 
or in the counting chamber i t s e l f . The cel l backgrounds for these counting 
cel ls are .35 + .04 counts per minute (cpm). 

There are two types of blanks: a system blank and a bot t le blank. The 
system blank refers to the radon ac t iv i ty contributed by the extraction and 
transfer boards themselves. The bot t le blank refers to the radon ac t iv i ty 
contributed by the sample bot t le . These blanks are due to material containing 
trace amounts of Ra or through which radon can diffuse into the system 
from the atmosphere. 

The system blank was determined by shor t -c i rcui t ing the sample in le t and 
out le t toggles (there i s a bypass toggle for th i s purpose). I t should be 
noted that the system blank was measured in such a way so as to assess the 
memory effect of the board. Any radon present in the system is extracted oy 
following, step by s tep, the normal operational procedure. A standard 
solution was run f i r s t , the board was flushed and evacuated for 1 h and then 

12 



the system blank was determined. This should approximate the effect observed 
by the second sample run on any particular day. The system blank was found to 
be approximately 0.14 decays pec minute (dpm), ^hich represents about 0.15% of 
the total sta.idard activity. This percentage is the relative memory effect of 
the extraction board. A system Dlank run on an extraction board which had not 
just been previously used should have considerably less than this activity, 
possibly as low as 0.05 dpm, which would approximate the contribution to radon 
activity due to the charcoal alone. 

The bottle blank is determined by filling an aluminum bottle with 
distilled water, fl ishing the radon out and then measuring the radon tnat 
grows in over a 1-month period. After subtracting the cell background and 
system- bl an k activity determi ned above, an addi tional 0.20 dpir. remains, which 
is the radon activity contrlbuted by the bottle and distilled water. 

Tabl» I ̂ Ltfnmar ize.c the per formance ch«racter I sties for this analyt ical 
system. 

TABLE 1. Per formance characteristics of the radon extricticn and 
counting system. Ceil background is expressed as counts per 
minute 'cpm), valjes for blanks as decays per minute (dpm). 

Overail efficiency, % 
Extraction efficiency, % 
Transfer efficiency, % 

CeJ. 1 background, cpm 
System blank, dpm 
Bottle blank, dpm 

89-91 (depending on cell. 
98.8 
99.4 
0. 35 
0.14 or less 
0.20 

CALCULATIONS 

1. Calculation of overall efficiency (E) 
222 a. Calculate cpm (counts per minute at time of extraction of ~"Rn) 

cpm - (bkg + blks), cpm -Xt 1 

13 



where: cpm = f i n a l count r a t e , commencing 2 - 1 / 2 h a f ter f i l l i n g 

c e l l , 

bkg = c e i l background count r a t e , 

b lk s = count r a t e s of the system blank p l u s the b o t t l e 
b. ank, 

>. = .007553 h~ , 

t = time in hours between end of radon extraction and 
midpoint of final count. 

Calculate cpm (cpm corrected for fraction of equilibrium). o x 
cptn 

1 - e 

where: t , = time in hours between f l u s h i n g , 

c . Overa l l e f f i c i e n c y (E) 

cpm 

^std 

where: q = a c t i v i t y in decays per minute (doni of NBS 
s t d 226 

Ra s t a n d a r d . 
226 226 

C a l c u l a t i o n of the amount of Ra in a sample rdpm Ra) 
222 a. F lush sample of any Rn i t c o n t a i n s . 222 D. Let a second g e n e r a t i o n of Rn grow i n . 

222 
c . Measure Rn. 

d. C a l c u l a t e cpn and cpm as shown above. 

dpjn Ra = -——r 
where: a l l terms are p r e v i o u s l y de f ined . 

3. C a l c u l a t i o n of the amount of excess Rn in groundwater ( Ra 
uppor ted) 

a. C a l c u l a t e cpm as shown above. 
x 222 

b. Determine dpm (total Rn at time of first extraction). 
C p m x 
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the system blank was determined. This should approximate the effect observed 
by the second sample run on any particular day. The system blank was found to 
be approximately 0.14 decays per minute (dprni, wnich represents about 0.154 of 
the to\;al standard activity. This percentage is the relative memory effect of 
the extract ion r^ard. A system Diank run on an extract ion boa*-a wr.ich had not 
jjst been previously used should have considerably less than tnis activity, 
possibly as low as 0.05 dpm, which would approximate the contribution tc radon 
acti vi ty due tc. the char coal alone. 

The bottle nlank is determined by filling an aluminum bottle with 
distilled water, flushing tne radon out and then measjring the radon that 
g rows in over a 1-month per:od. After subtracting the cell background and 
system-bi an* JC'. i vi ty cetermi ned above , an add ltnnal 3.20 dpm rema*. .is, which 
is the radon v:t:vity contributed by the bottle and distilled water. 

TaL>l& 1 sjiranrizf-r tne performance characteristics for this analytical 
system. 

TABLE .. Performance characteristics of the radon extraction a 
counting system. Cell Dackground is expressed as counts per 
xi nut*1 (cpmi , vainer, tor blanks as decays per minute ,'dpm, . 

Overall efficiency, « 
Extraction et ficiency, \ 

Transfer efficiency, % 
Ce 11 haekground, cpm 
System biann, dpm 
Bott 1-- bi an«;, dpm 

89-91 depending on ee l 

98.9 

99.4 

0. 35 

j . 1 4 or l e s s 

: . 20 

CALCULATIONS 

1. Calculation of overall efficiency (E; 
a. Calculate cpm icounts per minute at time of extraction of Rnj . 

cpm cpm - (bkg •*• blks) , 
-\t 



where: cpin = f i n a l count r a t e , commencing 2 - 1 / 2 h a f t e r f i l l i n g 

c e l l , 

bkg = ceil background count rate, 
oiks = count rates of the system blank plus the bottle 

blank, 
- i 

- = .007553 h \ 
t ~ time in hours between end of radon extraction and 
1 

Tiidpoint of f i n a l c o u n t . 
b . C a l c u l a t e cpm {cpm c o r r e c t e d for f r a c t i o n of e q u i l i b r i u m ) . o x 

cprn 
cpm 

where: t = time in hours between f l u s h i n g . 

Overa l l e f f i c i e n c y (E) 

cpm 

q r 

where-: q , = activity in decays per minute (dpm) of NBS 
226 ^ J Ra standard. 

226 , 226 
Calculation of the amount of Ra 1 n a sample (dpm Raj 222 a. Flush sample of any Rn it contains. 222 D. Let a second generation of Rn grow in. 

222 
c. Measure Rn. 
d. C a l c u l a t e cpm and cpn as shown above. 

226,, dpm Ra 
cpn 

where: ell terms a r e p r e v i o u s l y de f i ned . 

~i. C a l c u l a t i o n of the amount of excess Rn in groundwater ( Ra 
unsupported) 

a. C a l c u l a t e cpm as shown above. 
X 222 

b. Determine dpm (total Rn at time of first extraction) 

dpm = E x 3 
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* r.t r :>'.->*. _;: -jppr p r o r J . er .s :.: ' ; « : s r o l o g y . One a p p r o a c h t o t h i s p r n r . i e r h a s beer , 

* . \ - j d y v a r r - L ^ p h e n o m e n a w h . c h r e f l e c t chang*-.: *n t n e ^ t i e n s s t a f ' - ->f r o c - ; . 

: :. l e g i ^ r i r of p o t e n t i a- : e i s m i c c e n t e r s . 

I t r.ar. b - ^ r o o s e r v e d t r . a t v a r i o u s f l u i d ~ p ; . a - ^ e c o n s t : K F - : ' : r , eor t o 

! '•:' I - -c t c . a n g e s i n t he- s t r e s s s t a t e of r o c k s pr e c e d : n g a n d a c c o m p a n y i n g 

e a r t nqjc K ^ S . The R u s s : a n s o b s e r v e d a n o m a l i e s i n t h e g r o u n d w a t e r c o n t e n t n f : 
2 I i . . . 226 

r a a o r , ' d:.> , r a c i a r r . f Ra> , 
h e i i u m a s s o c i a t e d w i t h t h e m a g n i t u d e 5 . 3 T a s h k e n t e v e n t f196 6 ? a n d t .ne 

6 -9 
m a g n i t u d e 5 . 2 G e o r g i a e v e n t (1973 . The C h i n e s e s u c c e s s f u l l y p r e d i c t e d 

t h e 1 ar g e , mag.ni t u d e 7 . 3 H a i c h o n g e v e n t f 1 9 7 5 • m p a r t *• hr o u g h t he o b s e r v a t i o n 

of g r o u n d w a t e r r a d o n a n o m a i i e s . The J a p a n e s e o b s e r v e d pr e c u r s c r y c h a n g e s 

i n g r o u n d w a t e r r a d o n c o n c e n t r a t i o n p r i o r t o t h e m a g n i t u d e 7 . 3 I s u - O s h i m a - K i u k a i 

e v e n t ( 1 9 7 8 ] . A r a d o n i n c r e a s e was o b s e r v e d i n an I c e l a n d i c t h e r m a l w e l l 
12 

p r l o r t o an e a r t n q u a ^ e . I n t h i s c o u n t r y , s h o r t - t e r m c h a n g e s i n r a d o n 
e m a n a t i o n , i n d u c e d a p p a r e n t l y by s e i s m i c a c t i v i t y , h a v e b e e n o n s e r v e d i n a 

13 
g e o c h e r m a l r e s e r v o i r d u r i n g p e r i o d s of s t e a d y g e o t h e r m a L f l u i d p r o d u c t i o n . 

A l a r g e r a d o n i n c r e a s e o c c u r r e d p r i o r t o t h e m a g n i t u d e 4 . 8 B i g B e a r L a k e 
12 e a r t h q u a k e swar .T. 
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These p r e c u r s o r y e f f e c t s a p p a r e n t l y >ccjr be fo re many, and perr.aps a l l , 

snal low e a r t h q u a k e s . ROCK d i i a ta r . cy - ine.'.as-.i j v o l u m e t r i c i n c r e a s e p r i o r t o 

f a i l u r e ; i s accompanied by tne i orrr.dt i on ar.d p r o p a g a t i o n of cracKS. Wa^er 

f LOWL *: rorr, nearby pores and crac*~ i n t o the newly lornipu c r a c k s . This 

d i . a t a r . c y mode, contain; , ..orr.e 1 r . terer t i r.g f e a t u r e s . I t r e q u i r e s -ha t tne 

d j r a t i o n of the d j l a t a n c y anomaly he a fjr.cti.on of t h e ^.z*- of the ea r thquake 

t r.ar f oi Lrrwz : t . A i :>•">, i t provi QOL '.WO pete.*. 11 al Tech in: s r s to e x p l a i n the 

observed radon i n c r e a s e s p r e c u r s o r y t<* e a r t n q '"tues. The f i r s t , i n c r e a s e in 

s jr i ace area :n the c u l a t a n t r eg ion , i s an j r . l i < e l y e x p l a n a t i o n of e l e v a t e d 

ladon content of wel l water due to tne d i s t a n c e co the source {6-12 km) and 

tnt- r,nort h a l t - l i f e ol radon. The- ."ecrod nechanism, i n c r e a s e d f l u i d flow in 

the d i l a t an i . zone-, -nay sugges t t n j t , .-imply t y c o n t i n u i t y , t h e l a r g e - s c a l e 

a c c e l e r a t i o n of t l . i i flow i s - • an "I"-* t t e d upward t r th«- ••jrface l a y e r s sampled 

oy w c l ^ and s p r i n g s . In t h i s way : he lose of radon by r a d i o a c t : ve decay 

dec r - . j *o" , c o n t r i b u t i n g t o the obser ved r, 1 -jher concent. ' ar ions . 11 has all" D 

L>C ?r. sugges ted t h a t the f a :. *• gouge zone :r, mechanical i y compl i ant and s t r a i n 

changes ir.ay c o n c e n t r a t e in the f a j l t zone over long d i s t ^ . c . r , . * ' This may 

pro vi de yet another mechan 4 sm for e^hanci ng t r.e -.oca 1 sour ce f unct ion . * 

D e s p i t e t h e f a c t t h a t t h i s f i e l a of s tudy i s r e l a t i v e l y new, . t i s of such 

impor tunce t h a t perhaps as many as a dozer, groups a re now wor *i ng "n var IOUS 
17-20 

r.vrtr ) 4 ug i cai ana geochemicai s t u d i e s c i r ^ c t e u a t ear tr.quake p.: e v i c t i o n . 

.-ACO'. LEVELS III LIVERMORE GROUNDWATER 

r o l lowing the Januar y 1980 ear thquarce.., we cons t r J C - ed the r a d o n / r a d i urn 

system and performed a s e a r c h t o i d e n t i f y p o t e n t i a l sample p o i n t s . Wells were 

s e l e c t e d for a number of r e a s o n s , i n c l u d i n g : p rox imi ty t o the G r e e n v i l l e 

and/or Las P o s i t a s F a i n t s , w e l l - u s e (pumping 1 p a t t e r n , a n i l i t y to a c c e s s l i n e 

a t well head ( to a c q . n r e r e p r e s e n t . i t i v e water for gas a n a l y s i s ) , we l l not 

l o c a t e d in v a l l e y - f i l l a l luv ium, ar d some anomalous behavior a s s o c i a t e d wi th 

the Janua ry e v e n t s . Since May 1980, four w e l l s have been r o u t i n e l y moni tored 
222^ . . 226 „ J 234 238 

ror radon { Rn), raaium r Ra) , and uranium i s o t o p e s ' _ and U). 

Trie w e l l s being moni tored are b r i e f l y d e s c r i b e d in t h e Appendix. To the 

e - t r i o r ' J knowledge a t t h i s t ime , no o the r workers a re moni to r ing p o t e n t i a l 

•=rt.-.quake p r e c u r s o r s in t h i s a r e a . Dr. C. Y. King (U .S .G .S . , Menlo Park) has 

-:'.-.-. . -or . i to r ing s o i l gas radon on the Ca lave ras F a u l t near the Ca lave ra s 

<••.(-.: r.,r, and t h i s i s the n e a r e s t po in t t o us on h i s sampling network. ~ 
16 
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Eaced on the wor k OL Schol z e t a i. i t was <nown r ror. tr.e ernpi r i c a . 

r ' . la t : - : nship t e t v e e n d u r a t i o n t i r o of va r ious p r e c u r s o r y phenomena and 

e a r t h q j a k e magnitude t h a t a s e r i - r . o n t h l y sample i n t e r v a l would s u f f i c e t c 

1 dent if y even t s g r e a t e r than magni t ude 4 t o 4 . 5 , assuming a d e t e c t a b l e s igi .ai 

13 a c t u a l l y g e n e r a t e d . Her.ce, amples were t a k e n , in the .Tanner p r e v i o u s l y 

d e s c r i b e d , twice a front::, and analyzed a f t e r d e l a y , of 3 t c 5 days , depending 

on t.ne: r a c t l v i t y . Th i - d e l J V a i l owe the r aden a c t i v i t y t c d ^ c r e a t e t o l e v e l " 

it wr-i ch -.o dead- tirr.e c r r e c t i en is neces sa ry . 

The r e s j i t" , fcr racier, and radium a r e p re r^ r . t eo : -. Tao le Z rtr.d r i g , 6. 

Although two samples were taken at each s i t e p i : or f~ 6 / 2 7 ' 3 J for. v..'3C 'SC and 

6/13/SOj t.v:-> vc-;c counted on the o ld c o u n t e r , whicn proved t o DO racher 

j,i . :ti .oi ' .- , a..c: so are not ir.cl uded h"*"e. In th<="- f .g -ir e s , the "'ear. va lue ' so l i d 

. i.nc" an J ::.*• . tar .dard d e v i a t i o n :n the Tear. t-r^<c-r l i n e s . -a-T- oeer. 

i d e n t i f i e d ; t ne arrow i n d i c a t e s the da te (8/2 4 fiO.> of t h e xa-jni tude 3.9 e v e n t , 

wi t:i ar, 'rp-c^.nt er on the Vii . e Fa'Ji t 1 oca t ed * per ox: .fa' '••I y "n the s o j t .oer n end 

of 2 ?i ' - i . i t - Pe.-jer voi r , seme '.2 r, l i e s soutr . 2 . verm-ore . 

" ne r jaor data r in go frnc 6>) t c 4000 dpir. <g r.o* ween cr.e four . . . t e s . 

riowove: , t.v- va. ues at each ~ i t e at e r el a t ; ve ly sta.nl*--, with a :ta.ndar d 

•jvVi at ion ir. rr-an val uf or sorr-- ; o- 4% over t n*- i-mcr.t h p e r i o d . Th*1 

di f •'_-." ericas ^e rwoei -. s i t e s r e f l e c t not only d i : fe r ine- -" in . : : r c e func t ion 

(parent uranium d i s t r i b u t i o n , - ^ t a l so d i f f e r e n c e : .n r.e-jn r e s : dene* t . x e and 

fi.ow r a f - s in t r c immediate v i c i n i t y of each w e l l . 3 T . r we l l 3T ano 3r are 

red j c i ng in n a t u r e ; i . e . , they cor.t ui n obvious am ~< -nt -: -ji . . ss ,1 ve i H. 3 , and 

upen exposure t o oxygen m the atmosphere t h e \ p ' e c i p : t a t e r ^ t r . i t ' - . 

The radi im a n a l y s e - conf i rT the f a c t t h a t radon in ne : n -J i - r e c * ' 1 i 

d i r e c t l y f r or. rock t o groundwater . .- ince the ; adi urn val ue" a.:-- r.niy f r or 

0. 02% t o u. 4% of the cor r espond! ng r adon •. j 1 :^r , n.:>" r a dor. . : nnt r ad : jm-

s u p p u r t e o . This fact, s i m p l i f i e s the exce r s radon c a l c u l a t i o n hy ma-::-.:: i t 

l e s s c r i t i c a l . ' . y dependent upon t i r e de lay :n ana lyse . : , a t ;*.s-;t - ,r delays on 

t h e order of a few radon h a l f - 1 i ve s . However , t ne low re d: ur va l jeu a l so 

imply t h a t , un le s s l a r g e r sampl es are t aken , t ne r adi z.. cor.t-r. t cannot oe 

moni tored as a p o t e n t i a l p r e c u r s o r . The 2 C - l i t e r f l i n t g l a s s c s t t l - . : j sed for 

surf a c e - t e a w a t e r radium ana lyses - ay oe adequa te for t h i s t j j i o o s e . ^ 
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TABLE 2. Radon and radium con ten t of groundwater i n four w e l l s i n t h e 

Livermore a r e a . Samples were taker, a t semi-monthly i n t e r v a l s from June t o 

September 1980. C o n c e n t r a t i o n s are e x p r e s s e d as decays per minute per 

ki logram (dpm/kg). 

Well Date Radon c o n c e n t r a t i o n (dpm/kgj Radium <dpm/kgi 

764.3 

762.9 

772.4 

699.9 

733.0 ± 0 .21 

699.9 

Mean: 7 3 8 . 7 + 3 2 . 9 (4.4%) 

638 .2 

649.0 

637.4 

688.6 

641.2 3.10 

641.2 

Mean: 649 .3 ± 19 .7 (3.0%) 

6/27 1529.2 

7/11 1381.0 

7/25 1460.7 

8/14 1495.8 

8/29 1539.6 0.44 

9/12 1529.1 

Mean: 1489.2 + 60.4 (4.1%) 

6/27 3908.0 

7/11 3762.8 0.28 

7/25 4051.5 

8/14 3922.7 

8/29 4114.1 0.59 
9/12 3836.2 

BP 6/27 

7/11 

7/2 5 

8/14 

8/29 

9/12 

BR 6/27 

7/11 

7/2S 

8/14 

8/29 

9/12 

Mean: 3932.6 + 131.1 (3.3%) 
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FIG. 6. Radon concentrations in water from four sample welln ir. t'nn Liv-rmorp 
area. Arrows indicate the date, August 24, 1980, of a seismic event of 
magnitude 3.9. There is an association between the seisr.ic ev^nt and radon 
concentration. Radon concentration i s expressed as decays per minute per 
kilogram (dpnv'kg). Solid l ines represent mean concentration; broken lines 
represent standard deviation in the mean. 

Of primary in te res t in a study of t h i s nature is the temporal variation 
in radon at each s i t e and the re la t ionship , if any, between these variations 
and seismicity. For the data presented herr the observed radon •concentration 
at each s i t e remains jus t within plus or minus two standard deviations of the 
mean value. Hence, no single observation may be considered s t a t i s t i c a l l y 
anomalous in the simplest sense. In many cases documented to date, long term 
(seasonal?) cycling i s noted in the radon content of groundwaters, and so 
an observation period of only three months is c lear ly inadequace to es tabl ish 
the "normal" variat ion to be expected at these s i t e s . Long-term monitoring i s 
required to identify these cycles, if they exis t here, and then they may be 
easi ly f i l t e r ed from the data. 
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Even c o n s i d e r i n g a l l t h e s e c a v e a t s , i t i s most i n t e r e s t i n g t h a t t h e r e i s 

a h in t of some a s s o c i a t i o n wi th the on ly s i g n i f i c a n t s e i s m i c event o c c u r r i n g 

dur ing t h i s 3-month i n t e r v a l . Three of t h e four s i t e s d i s p l a y some s l i g h t 

change in radon con ten t in samples taken from one t o s i x weeks be fo re the 

evtint . The most noteworthy case i s t h a t of Well BR. There i s a marked 

i n c r e a s e (a l though j u s t a t the two-sigma l e v e l ) in the radon c o n t e r t ot the 

sample taken JG days be fo re t h e e v e n t . Th is s i t e i s i n s o l i d bedrock ( the 

T e r t i a r y Cii-rbo Fm) and i s a c t u a l l y a s p r i n g , so t h e r e a r e no problems wi th 

w e l l - u s e p a t t e r n s . The o the r two s i t e s (Wells BP and TGJ d i s p l a y some s l i g h t 

d e c r e a s e in radon from one t o t h r e e samplings p r i o r t o the e v e n t , a l t hough 

c e r t a i n l y no s t a t i s t i c a l s i g n i f i c a n c e can be a t t a c h e d t o t h e s e v a r i a t i o n s . 

P recur so ry radon dec rea se s in groundwaters have been observed p r e v i o u s l y , and 

i t has been sugges ted t h a t the d i r e c t i o n of change i s r e l a t e d t o t h e s e i s m i c 
22 quadran t (compression or d i l a t i o n ) . The event occur red on t h e V a l l e F a u l t 

which i s s u b p a r a l l e l t o t h e G r e e n v i l l e , T o s l a , and O r t i g a l i t a F a u l t s , a l thougn 
23 some 6 or more mi t o the went and not d i r e c t l y l i n k e d t o them. This 

r a t h e r weak a s s o c i a t i o n wi th t h e G r e e n v i l l e F a u l t may cause the poor 

c o r r e l a t i o n , 

CONCLUSIONS 

A complete system has been c o n s t r u c t e d t o i s o l a t e and measure radon gas 

from s o l i d , l i q u i d , and gas s amples . The system has been c a l i b r a t e d us ing NBC 

s t a n d a r d s , and c o n s i s t e n t l y m a i n t a i n s a t o t a l e f f i c i e n c y ( e x t r a c t i o n p l u s 

count ing) of 90 + 3% or b e t t e r . The compact des ign and s t u r d y c o n s t r u c t i o n 

make t h e whole system p o r t a b l e and s u i t i b l e f o r f i e l d o p e r a t i o n s in remote 

? r e a s . 

The system has been used t o monitor groundwater radon and radium i n the 

Livermore a r e a . P r e l i m i n a r y r e s u l t s sugges t the p o t e n t i a l of t h i s approach in 

mon i to r ing changes i n t h e s t r e s s s t a t e of rocks i n the a r e a . The use of 

groundwater radon as a p o t e n t i a l ea r thquake p r e c u r s o r i s but one of many 

impor t an t ways t h a t radon measurements have been a p p l i e d i n the g e o l o g i c a l 

s c i ence ! : . Seme o t h e r ways i n c l u d e : 
24 • D e t e r m i n a t i o n of r echa rge t empera tu re s for hydrothermal sys t ems . 
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• De te rmina t ion of t r a n s p o r t t i m e s , f r a c t u r e p e r m e a b i l i t y , p o r o s i t y , 

fiow c h a r a c t e r i s t i c s , and volumes of geothernial r e s e r v o i r J . 
• De t e rmina t ion of gas exchange r a t e s between s u r f a c e wa te r s and t h e 

2 6 

a tmosphere . 

• De te rmina t ion of mixing r a t e s and c i r c u l a t i o n p a t t e r n s in s u r f a c e 
27 

w a t e r s . 
• D e t e r m i n a t i o n of mixing r a t e s ard c i r c u l a t i o n p a t t e r n s in the 

28,29 a tmosphere . 
30 

• De te rmina t ion of the age of groundwaters v i a He/Rn r a t i o s . 
• E x p l o r a t i o n for new geothermal r e s o u r c e s and d e l i n e a t i o n of 

31 r e s e r v o i r s . 

• E x p l o r a t i o n for new uranium o re bodies and d e l i n e a t i o n of t h e i r s i z e 
32 and e x t e n t . 

• D e t e r m i n a t i o n of the l o c a t i o n of f a u l t s covered by t h i n a l l u v i a l 
33 cover or which a r e o t h e r w i s e masked. 

The system d e s c r i b e d in t h i s r e p o r t may be used t o a d d r e s s these, and many 

o the r types of problems in the g e o l o g i c a l s c i e n c e s where measurements of radon 

and radiurn a re r e q u i r e d . 

ACKNOWLEDGMENTS 

Encouragement and suppor t were provided by Jim Scheimer . Ter ry Erven 

p rov ided the t e c h n i c a l c o o r d i n a t i o n , and Lar ry Marsh f a b r i c a t e d and assembled 

the e x t r a c t i o n and t r a n s f e r b o a r d s . Jack D e l l i s a d v i s e d on the c o n s t r u c t i o n 

of the s c i n t i l l a t i o n c e l l s . C a r l Lindeken and Ray Szidon p rov ided t e c h n i c a l 

a d v i c e , a commercial Lucas c e l l , and t h e NBS radiur . s t a n d a r d s . Jene and 

I s a b e l l e Dupzyk loaned the o ld counte r and prov ided a vacuum pump f-«r the 

sys tem. Al l a r e thanked for t h e i r h e l p i n t h i s p r o j e c t . 

21 



REFERENCES 

1. Smith, A.R., Bowman, H.R., Mosier , D . F . , Asa ro , F . , Wol lenberg , H.A., and 

King, C.Y. , Inv* i t i - j a t i o n of radcn-222 i n s u b s u r f a c e w a t e r s as a-

earthciuake p r e d i c t o r , Lawrence Berke ley L a b o r a t o r y , Be rke l ey , C a l i f . , 

LBL-4445 (1975) . 

2. Noguchi, M. and Waki ta , H. , "A method for con t inuous measurement of rarior. 

in groundwater for ea r thquake p r e d i c t i o n , " J . Geophys. Res . 82, 1353-1357 

(1977) . 

3. S h a p i r j , M.H., Melvin , J .D . and Tombre l lo , T.A. , "Automated radon 

mon i to r ing a t a hard- rock s i t e in t h e s o u t h e r n C a l i f o r n i a T r a n s v e r s e 

Range : , " J . Geophys. Res. 35 , 3058-3064 (1980) . 

4. Lucas, H . F . , "Improved l ow- l eve l a l p h a - s c i n t i l l a t i o n coun te r for r a d o n , " 

Rev. S c i . I n s t r u . 28_, 680-683 (1957) . 

5. Mathieu, G . I . , " Rn- Ra t echn ique of a n a l y s e s , " in T r a n s p o r t and 

Trans fe r Ra t e s i n t h e Waters of t h e C o n t i n e n t a l She l f , U.S. Department of 

Energy, EY-87-S-02-2185 (1977) . 

6. Gorbushina , L. V. , Tyminskiy, V.G. and S p i r i d c n o v , A. I . , " S i g n i f i c a n c e of 

r a d i o h y d r o g e o l o g i c a l anomal ies in a s e i s m i c a l l y a c t i v e a r ea for 

p r e d i c t i n g e a r t h q u a k e s , " I n t e r n a t . Geology Rev. IS , 380-383 (1971) . 

7 . Mavlyanov, G.A., Sul tankhodzhayev, A.N., Gorbushina , L.V., Tyminskiy, 

V.G., Sp i r idonov , A . I . and Khasavova, L.A. , "Role of r a d i o i s o t o p e 

i n d i c a t o r s of grour.dwater in de t e rmin ing ea r thquake p r e c u r s o r s , " Sov ie t 

Hydrology 1, 94-97 (1971) . 

8. S h i s h k e v i s h , C , "Ear thquake r e l a t e d v a r i a t i o n of microcomponents in 

thermal water of t h e Tashkent a q u i f e r , " Geosc iences B u l l . S e r i e s A 2^, 

69-91 U 9 7 1 ) . 

9. Zverev, V.L . , D o l i d z e , H . I . , S p i r i d o n o v , A . I . , Cheshko, A. L . , and 

Chkenke l i , Sh. M., "An anomaly i n t h e even-numbered i s o t o p e s of uranium 

in s u b s u r f a c e wa te r s of s e i s m i c a l l y a c t i v e r e g i o n s of G e o r g i a , " 

Geokhimiya 1 1 , 1720-1724 (1975) . 

10 . R a l e i g h , B . , Benne t t , G. , C r a i g , H., Hanks, T . , Molnar , P . , Nur, A., 

Savage, J . , Scho lz , C , Turner , R . , and Wu, F . , " P r e d i c t i o n of the 

Haicheng Ea r thquake , " EOS Trans . AGU 58 , 236-272 (1977) . 

22 



1 1 . Wakita , H., Nakamura, Y., Notsu , K., I l og jch i , M., and Asada, T . , "Radon 

anomaly: a p o s s i b l e p r e c u r s o r of the !978 Izu-Cshima-Kiukai e a r t h q u a k e , " 

Sc ience 207, 882-883 (1978) . 

12. C r a i q . H. , Chung, Y . , Lupton, J . , Damasceno, S. , and Poreda , R. , 

I n v e s t i g a t i o n of radon and helium as p o s s i b l e f l u i d phase p r e c u r s o r s t o 

e a r t h q u a k e s , U.S. Geo log ica l Survey, Menlo Pa rk , C - l i f . , Tech. Rpt . No. 11 

(1979) . Gran t No. 14-08-0001-G-470, t o Cnivre r s i ty of C a l i l . v n i s , San 

D i e g o , Cal if . 

13. Kruger , P. and Warten, G. , "Radcn i n geothermal r e s e r w i r e n g i n e e r i n g , " 

in Proc . Second Workshop, Geothermal R e s e r v o i r E n g i n e e r i n g , S t a n f o r d 

" n i v e r s i t y , Pa lo A l t o , 1976, p p . 61 -65 . 

14. Scho lz , C.H. , Sykes, L .R. , and Aggarwal, Y . , "Earthquake p r e d i c t i o n : a 

p h y s i c a l . . a s i s , " Sc ience 181 , 803-810 (1973) . 

15 . King, C .Y. , "Radon emanation j n San Andreas F a u l t , " Na tu re 271, 516-51~ 

( 1 9 7 8 , . 

16. Andrews, J .N. and Wood, D . F . , "Mechanism of radon r e l e a s e in roc< 

m a t r i c e s and e n t r y i n t o g r o u n d w a t e r s , " T rans . I n s t . Mining Metal 6 1 , 

B19B-B209 (1972) . 

17. King, C.Y., "Geochemicai measurements p e r t i n e n t t o ea r thquake p r e d i c t . ^ r , " 

J . Geoph/s . Res . 85, 3051 (198P) . 

16. Taiwan!, P . , Moore, W.S. , and Chiang , J . , "Radcr. anomal .es and 

mic roea r thquakes a t Lake J o c a s s e e , South C a r o l i n a , " J . Geophys. Res. 8 5 , 

3079-3085 (1980) . 

19. Mogro-Campero, A., F l e i s c h e r , R.L. , and L i s e s , R. S. , " . 'hanger m 

s u b s u r f a c e radon c o n c e n t r a t i o n a s s o c i a t e d witr. e a r t h q u a k e s , " J . Geophys. 

Res . 85 , 3053-3057 (1980) . 

20. Teng, T. L. , "Seme r e c e n t s t u d i e s on groundwater radon conten t as ar. 

ea r thquake p r e c u r s o r , " J . Geophys. Res. S5_, 3089-3099 (1980) . 

2 1 . King, C.Y., " E p i s o d i c radon changes in s u b s u r f a c e s o i l gas nlong a c t i v e 

f a u l t s and p o s s i b l e r e l a t i o n t o e a r t h q u a k e s , " J . Geophys. Res. J S , 

3065-3078 (1980) . 

22. Liu, L. P. , Kun, W.D. , and Mln, W.T., " S t u d i e s on f o r e c a s t i n g e a r t h q u a k e s 

in t h e l i g h t of abnormal v a r ' a t i o n in Kn c o n c e n t r a t i o n in g roundwate r , " 

Acta Geophys. S i n i c a 18 , 279-283 (1975) . 

23 

http://anomal.es


23. California Department of Water Resources, Reevaluation of seismic hazards 
for Clifton Court Forebay, Bethany Dams and Reservoir, Patterson 
Reservoir, Del Valle Dam and Lake Del Valle, State of California, 
Department of Water Resources, Sacramento, Calif. (1979). 

24. Mazor, E., "Noble gases in a section across the vapor-dominated geothermal 
field of Lardarello, Italy," Pure Appl. Geophys. 17, 262-275 (197B). 

25. Kruger, P., Stoker, A., and Umana, A., "Radon in geothermal reservoir 
engineering," Geothermics 5, 13-19 (1977). 

26. Broecker, W.S. and Kaufman, A., "Near-surface and near-bottom radon 
results for the 1969 North Pacific Geosecs station," J. Geophys. Res. 75, 
7679-7661 (1970). 

27. Rogers, A.S., Physical behavior and geological control of radon in 
mountain streams, U.S. Geol. Surv. Bull. 1052E, pp. 187-211 (1958). 

28. Rama, "Using natural radon for delineating monsoon circulation," £. 
Geophys. Res. 75_, 2227-2229 (1970). 

29. Wilkening, M.H., "Radon 222 concentrations in the convective patterns of 
a mountain environment," J. Geophys. Res. 75, 1733-1740 (1970). 

4 222 
30. Torgerson, T., "Controls on pore-fluid concentration of He and Rn 

4 222 
and the calculation of He/ Rn ages," J. Geochem. Expl. 13, 57-75 
(1980). 

31. Nielson, D.L., Radon emanometry as a qeothermal exploration technique, 
Earth Science Laboratory, University of Utah Research Institute, ESC-14 
(1978). 

32. Dyck, VJ. and Smith, A.Y., "Use of radon-222 in surface waters for uranium 
geochemical prospecting," Can. Mining. J. 64, 100-103 (1968). 

33. Israel, H. and Bjornsson, S., "Radon and thoron in soil air over faults," 
Zeitschritt. Geophys. 33, 48-64 (1966). 

JCC/jmp 

24 



APPENDIX 

FOJR SAMPLE WELLS IN THE LIVERMORE AREA 

1. we l l 3P 

Locati on is on Mor -jar. Ter : * c.ry Road in IS.2E-31. The WP 11 1s 
situated on the Marsh Creei • Diar-lo) Fault, approximately 1 2 mi east of 
U.S.G.S. seismometer CMO. It wa3 drilled tc 150 ft in 1363 and ;s 
entirply in bedrocK (mainly sandstone. Cretaceous Shasta Fmi . The well 
is pmnped daily for domestic use. Water quality and flow rate were 
affected by the January 24, 1980 event. 

2. WelL_BR 
Location is off N. Vasco Road in 2S'2E-22, approximately 1 itu ear.t M 

LLNL station CL03. It is situated ./ithin the Greenville Fajit system, 
approximately 1/4 mi west of eneche1m crackina across N. Vasco Rd. 
resulting fron: the January 24, 1980 event. This well if- 100 £T jeep ana 
is artesian; it was actually drilled over an existing sprang. It is 
entirely within bedrock, mostly c .glomerate i Tertiary Ciernc Fm! . rhf-
we 11 is pumped daily for domestIC and 1ivestock use. Water qua iity and 
flow rate were affected by the January 24, 1980 event. 

3. Well TG 
Location is off Patterson Pass Road in 3S/3E-"*, near LLNL station 

PIGS. The well is situated within the Greenville Fault system at the 
intersection with the Las Positas Fa-:it, and within tr.r Livermore 
syncline at a point adjacent to the Livermore oil field iolder Quaternary 
alluvium at surface, Tertiary Cierbo Fm at depth). It was drilled to 
130 ft in 1951. The water is used for watering stock ana i: pumped daiiy. 
A high boron con ten •• makes it unfit for human consumption. Tne holding 
tank contained oily residue, apparently pumped from the well immediately 
after the January 24, 1980 event. 

4. Well KD 
Location is on Cross Road in 3S/3E-17. The well is situated within 

the Greenville Fault system on a short faulted segment transverse to the 
Greenville Fault trend, but suoparallel to the Las Posi tas Fault (older 
Quaternary alluvium at surface, Livermore Fm gravels at depth). The well 
is 240 ft deep and the well pipe was broken during the January 24, 1980 
event. 
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