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INTRODUCTION 

The summary papers which follow describe 
fundamental studies addressing a variety of esrth 
science problems in support of the U.S. 
of Energy's missions. They have applications in the storage coefficient. The physical properties 
such diverse areas as geothermal energy, oil 
recovery, in-situ coal gasification, uranium 
resource evaluation and recovery, and earthquake 
prediction. 

Tsang. These papers are primarily concerned 
with the aquifer response to earth tides and 
the meaning of an important reservoir parameter, 

of reservoir rocks when saturated with brine are 
considered by Somerton et al. in the paper on 
rock-fluid systems. 

4 

Department 

Funding for studies described by approximately Mention should also be made of a potential 
half of the papers comes from the U.S. Department 
of Energy Office of Basic Energy Sciences (OBES). 
The U.S. Department of Energy's Divirion of Fossil 
Fuel Extraction (DFFE) and Division of Geothermal 
Energy (DGE), Bendix Field Engineering Corp., 
E. G. & G., Inc., and Lawrence Berkeley Labora- 
tory's Director's Development Fund provide support 
for the remainder. Most of the studies are 
conducted under ongoing projects. For descrip- fossil fuels. One by Radke and Somerton covers 
tions of earlier work, the reader is referred 
to the 1977 Annual Report of the Earth Sciences The other, 
Division (LBL-7028) and the 1976 snd 1975 Annual 
Reports of the Energy and Environment Division 
of Lawrence Berkeley Laboratory (LBL-5982 and 
5299, respectively). 

source of geothermal energy: 
The thermodynamic and transport properties of 
synthetic melts representative of natural magmas 
and the properties of the solid phases that 
crystallize from melts are being studied by 
Carmichael et al. 

Folten mapas. 

Two papers concern the exploitation of 

the subject of increasing oil recovery through 
the use of reactive tension agents. 
by Mangold et al., makes predictions of the 
thermal effects on the surface after in-situ 
combustion of shallow coal seams. 

Uranium resources are evaluated in a paper 
by Strisawer et al. 
are disseminated low-grade deposits found asso- 
ciated with peralkaline intrusive rocks in the 
United States. 
and Strisover on the Geodose Project smmarizes 
the results of a literature search for data on 
uranilrm, thorium, and potassim contents of 
major rock types. 
characterize rock types by their natural gamma- 
ray exposure rates. 

In the following paragraphs, a brief discus- Specifically addressed 
d o n  of the papers is given in order that the 
reader may appreciate the diversity of the work 
being accomplished and find his way to the subjects, 
that interest him most. 

hother paper by Wollenberg 

The most promising geothermal energy resources 
are found in Eo-called "liquid dominated" reser- 
voirs, where the energy is produced through 
the recovery and use of underground hot.vater. 

This was done in order to 

jor problems associated with this process 
the uncertainty of the properties and 

or of the fluid recovered, and (b) the 
tive capacity and duration of the supply 

A paper by Villet and Mitchell, with broad 
implications in several energy fields, covers 
the subject of determining the properties of 
soils and soft rocks by in-situ measurements. 
Reliable information on these geotechnical par- 
ameters is required for the design of structure 
foundations, stable slopes, and underground 
excavations, including those required for energy 
8 torage. 

. 
of hot water from the reservoir. 
Otto et al., Pitzer et al., and Weres et al. 

f geothermal fluids are dis 
tively, the compositional charac- 

In papers b 

teristics, thermodynamic properties, and tendency 
of the fluid to precipitate amorphous silica. 
All of these aspects have an important bearing 
on the choice of design for and configuration 
a geothermal plant, whether for power generati 
or for heating alone. Questions relating to by Berlin. His conclusions with regard to data 
subsurface factors controlling the chemical 
composition of geothermal fluids are considered 
in an ongoing study of rock-water interactions. 
In the paper by Neil and Apps, the rolubility 
of albite, an important rock-forming mineral 
in the aqueous phase at geotherma 
temperatures, is discussed. spectrometer are presented by Michel. This 

The ability to correlate earthquakes with 
the radon content of well waters was investigated 

collected fran two wells near ville, California, 

efforts to increase 
s of the ratios of 

~ 

the heavy isotopes, using a 5-ft-radius mass 

work has important implications in the precise 
age determination of geological materials, and 
In the interpretation of the early history of 
the earth. 

Geothermal reservoir problem 
gated in a series of four fundamental papers 
by Narasimhan and his coworkers, Kanehiro and 

1 



2 

ON THE MEANING OF STORAGE COEFFICIENT 
rasimhan and B. Y. Kanehiro 

INTRODUCTION 

The tern storage coefficient ( S I  and the 
synonymous terms coefficient of storage and 
s torat ivi ty ,  have been used extensively i n  the 
groundwater l i terature .  It has been defined 
(Ferris e t  al., 1962) as  "the volume of water 
which an aquifer releases from or takes into 
storage per unit surface area of aquifer per 
unit change i n  the component of head normal 
t o  the surface." Historically, t h i s  somewhat 
restricted definition appears t o  have been 
introduced to  sa t i s fy  the need for  a coefficient 
occurring i n  the differential  equation describing 
nonsteady groundwater flow. 

ACTIVITIES IN FISCAL YEAR 1978 

The definition and applicability of the 
storage coefficient was examined by the authors. 
The impetus for  t h i s  came from our observation 
of the response of aquifers t o  earth tides. 
The result  of th i s  study was some clarification 
of the assumptions made i n  defining rtorage 
coefficients and a useful comparison of different 
storage coefficients employed by various f ie lds  
involved i n  the study of porouo media. A brief 
summary of the resu l t s  i s  presented below. 

Although the aforementioned definition of 
storage coefficient i s  convenient and adequate 
fo r  applications related t o  well testing, it is 
not adequste for the consideration of a l l  non- 
steady flow in  arbitrary, heterogeneous, three- 
dimensional systems. A more concisely defined 
and more general coefficient i s  specific storage 
(8,) also referred to  as specific storativity.  
It can be defined directly i n  terms of the 
compressibility of the skeleton of the aquifer 
and the compressibility of water. 

In  examining the nature of the coefficients 
used t o  describe change i n  storage, the applic- 
ab i l i t y  of and expressions for  the various 
coefficients used by different f ie lds  were con- 
aidered. 
s t r i c t l y  applicable only t o  situations where the 
to t a l  stress on the porous medium is  constant. 
This corresponds t o  a drainage problem where 
t h e y  is  addition or  removal of f luid from the 
system, a s  i n  the case of pumping tests. 
seemingly different expressions for  the coeffi- 
cients used to  describe change i n  storage 
a r i se  from different choices of normalizing 
volmes. 

The specific storage coefficient i s  

The 

The mass of f luid stored i n  a given volume 
of a porous medium may be expressed as (Uarasimhan 
&d Witherspoon, 1977): 

Hf = vv Pf Sf (1) 

ti 

where 

Hf the mass of fluid, 

Vv = the volume of the voids, t* 

Pf 

Sf 
It i s  known empirically that  Vv, p f r  and 

Sf are a l l  functions of the average fluid pressure 
i n  a given'volume of the porous medium. Hence, 
it is  possible to  define a f luid mass capacity, 
Ug, which expresses the r a t e  of change of 
mass of fluid with respect t o  the change in  
average fluid pressure within the volume. 

the density of the fluid, and 

the saturation of the fluid. 

* Qlf - 5 
dpf dVV dSf (2)  r p  s - + p  - + v  v f dpf f 'f dpf v 'f dpf 

The f i r s t  term on the right-hand side of 
equation (2) represents the change i n  volume 
of the pore fluid. 
the deformation of the skeleton of the porous 
medium, and the third term represents the desatu- 
ration of the medium. 

The second term represents 

A t  least  i n  the f ie lds  of hydrology and 
petroleum engineering, the medium i s  generally 
assumed to  be completely saturated. 
sion for  fluid mass capacity then simplifies t b  

The expres- 

* dpf dVV 
H e - V  - + p  - .  v dPf f dPf 

( 3 )  

The f i r s t  term i s  evaluated by assuming a sl ightly 
compressible fluid of compressibility cw. 
The f luid mass capacity may then be written 
as 

The second term is generally evaluated by assuming 
that  the to ta l  stress on the porous medium i s  
constant. Because the effective s t ress  (0') 
of the skeleton is  generally related to  the fluid 
pressure (pf) and to t a l  stress (U) as  0 '  = U - pf 
for  a saturated system, the magnitude of the 
change in  f luid presdure i s  equal t o  the magnitude 
of change i n  effective stress. 
possible to  write the fluid mass capacity as 

This makes it 

* dVv . - pfvvcw - z 7  
Note, however, that  the expression now refers 
directly only to  situations where fluid i s  
either being removed from or added t o  the system. 

\ 
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This formulation of f d mass capacity is 
elated to an arbitra volume element. For 
onvenience it is generally necessary to have 

ormalization volumes are necessary. First, 
he second term of the expression for Uz must 
e normalized so that it can be expressed in 
terms of some compressibility related to the 
skeleton of the porous medium. 
expression for the fluid mas8 capacity is volume- 
normalized to give a specific fluid mass capacity. 
To conform with the more common practice of using 
specific fluid volume capacity with respect to 
hydraulic head, fluid pressure is converted to 
hydraulic head assuming constant fluid density. 

volpme normalized coefficient . Actually two 
i d  

Then the entire 

& 

It is in choosing various normalizing 
volrrmes that much of the confusion between the 
different coefficients arises. In general, 
there are three choices vailable. These are 
(a) the bulk vblume, vb; (b) the solid volume, 
V,; and (c) the pore volume, Vv. 

0 

The results of choosing various combinations 
ormalizing volumes may be summarized as the 
owing four cases (Narasimhan and Kanehiro, 
I .  

. Bulk volume, vb, used in b 

2. Solid volume, V,, used in both cases, 

storage is defiaed, 

Ss - pf8n [cw + cpl, and 

= n I c w + c  J 
nCt P 

where a,, is the coefficient of compressibility 
defined as 

1 Avv a v = -  Z V g ’  

and cp is the pore volume compressibility defined 
as 

Finally, in view of the definition of the 
storage coefficient (SI specific storage is 
simply the storage coefficient normalized with 
respect to the thickness of the aquifer. That is, 

S - Ssb 
where b is the thickness of the aquifer. 
because nct is change in storage with respect to 
fluid pressure, 

Also, 

ss = PfgnCt 9 

and the commonly used petroleum gineering term, 
present notation) can be 

sS s .  t$ch = n c  b =-b = -  
t Rf8 pfg 

REFERENCES CITED 
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SIGNIFICANCE OF THE STORAGE PARAMETER IN SATURATED-UNSATURATED' 
. 

INTRODUCTION 

The primary phenomenon that distinguishes 
iransient from steady groundwater flow is change 
in storage. The quantity of water stored in a 
groundwater system may change due to expansion 
of water (usually very small), change in w i d  
volme of the skeleton, or change in water 
saturation. These independent phenomena often 
occur simultaneously. In particular, change in 
storage in fully saturated media is usually 
dominated by soil deformation, while the pheno- 
menon of desaturation usually dominates change 
in storage in the unsaturated zone. 
assumption that the skeleton is rigid in a 
desaturating soil is realistic only under those 
conditions when saturation is relatively low. 
The assumption is particularly unrealistic in 
the transition regime between saturated and 
unsaturated flow. 
mation in this transition regime cannot be 
overlooked. 
saturations provides the key bond between saturated 
and unsaturated regimes of transient groundwater 
flow (Narasimhan and Witherspoon, 1977; Narasimhan 
and Bolter, 1978; Narasimhan, 1978). 

The customary 

The importance of soil defor- 

In fact, soil deformation at high 

STORAGE AND CHANGE IN STORAGE 

The quantity of water stored in a small 
elemental volume of a soil is given by: 

Mw = PwVvS (1) 

where H, is mass of water, Pw is water density, 
Vv is void volume, and S is saturation. It is 
known empirically that pw, Vv, and S are functions 
of the fluid pressure head $. Therefore, the 
quantity can be defined as fluid mass capacity, M,., 
which is the derivative %/a$. M, represents 
the quantity of water released from the volume 
element as,the average pressure head is dropped by 
unity. If, for convenience, the compressibility 
of water is neglected, then Mc can be obtained, 
using the chain rule of differentiation: 

(2) 

The term dVv/d$ on the right-hand side of 
equation (2) denotes void volme change as a 
function of $. However, soil deformation is 
properly a function of the effective skeletal 
stress ( 0 ' )  rather than pore pressure (Pwg$). 
Therefore an explicit constitutive law between $ 
and Q'  is required. From the soil mechanics 
literature, this relation is assmed to be 

a' = a - xP,g$ (3 )  

where Q is the total external stress, X 1 in 
partially saturated soils and X = 1 in fully 
saturated soils, and g is acceleration due to 

\ 

gravity. 
be treated as constant and hence, 

In most groundwater problems, Q can 

In view of equation (41, equation (2) can be 
written as 

If we stipulate that the volume element has 
constant volume of solids and normalize equation 
(5) with reference to the solid volume (V,) of 
the elemental volume, then 

where a,, is the coefficient of compressibility 
defined by av = -de/du' . 

In dealing with unsaturated soils, it is 
customary to treat the soil skeleton as rigid 
(that is, a,, = O), and attribute Hc in equation 
(6) entirely to the desaturation phenomenon. 
Conceptually, however, it is more rational to 
consider that in unsaturated soils, X* is extremely 
small, rather than stating that a,, 0. If we 
recall that for a fully saturated soil, X* = 1, 
then it is obvious that X* has to decrease from 
1 when the soil is saturated to nearly zero or 
when saturation is significantly small. 
implies that when the soil has high saturations, 
X* > 0, and hence there will always be some 
deformation accompanying desaturation as pore 
pressure changes. 
important in unifying saturated-unsaturated flows. 
To understand this, suppose for a moment that the 
soil is rigid whenever pore pressure is less than 
atmospheric. As progressive auction is applied 
to a saturated soil, the soil will not begin to 
desaturate unless suction exceeds a critical 
air-entry value, KA. In the pressure range, 
$A < $ A <  0, it is obvious that dS/d$ - 0. 
in this range A,, is also assumed to be zero 
(rigid soil), then Hc = 0 in equation (6) means 
that the soil has no capacity to release water 
from storage and it cannot participate in transient 
flow. 
x* > 0 when $A < $  < 0, and the soil skeleton has 
nonzero av corresponding to its existing stress 
level. 

This 

This perspective is extremely 

If 

Of course this anomaly would not exist if 

An Example 

The fact that x* may not be zero except in 
extremely dry soils implies that soil deformation 
may occur simultaneously with desaturation in 
unsaturated 
deformation 

soils. Although normally one considers 
only in fully saturated soils (e.g., 

e 
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land subsidence) , there i e evidence to suggest 
at deformation of parti saturated Soil8 may 

be responsible for field problems of considerable, 
interest. One such problem is that of large earth 
fissures observed in areas of heavy groundwater 
withdrawal and large water-level declines in the 
arid tracts of Arizona and elsewhere (Davis, 1978). 
To investigate whether or not sufficient 
effective stresses could be mobilized in the 
zone of partial saturation, to cause contractions 
leading to earth fissuring, numerical simulations 
were carried out on a hypothetical soil column 

W 

Y as described below. 

Consider an 85-tall column of soil, 
barely saturated at the initial t h e ,  with 
a hydraulic potential of 85 m of water everywhere 
in the flaw region (Figure 1). For t > 0, water 
is. allawed to drain at the bottom at a constant. 
rate of 2.746 x 10-5 m3fsec. With the onset of . 

inage, desaturation is initiated at the top 
the column. 
investigate if significant volum 

Q, 

The purpose of simulation is 

accompany desaturation. 

Two hypothetical Soils with different 
il moisture characteristics were considered 

but witp essentially the same X-vs-saturation 
relationships (Figure 2). 

qi 
Both soils were 

8 

v 

85 m 

Prescr'i bed 
f l u x ,  t > 0 0 

@ 

0 

assumed to have the same nonlinear deformation 
coefficient, Cc - 0.1, and to have absolute 
permeability, k, given by 

(5.67 x lo-'' m2) 

The effective stress to pore-pressure relationship 
for the two soils is given in Figure 2. 

%e column was subjected to a drainage 
simulation equal to 10 years, with simultaneous 
compaction. The profiles of variation of some of 
the important parameters for Soil 2 at the end of 
10 years are given in Figure 3. 

The computed deformations in the unsaturated 
zone are summarized in Table 1. 

.As can be seen from the table, for both soils 
deformation in the unsaturated regime is over 25% 
of the total volume strain. This leads to the 
inference that, under certain conditions of heavy 
groundwater withdrawal from unconfined aquifers, 
one could expect significant column strains to 
accompany the desaturation process. 
may, if conditions are favorable, cause contrac- 
tions leading to earth fissures. 

Such strains 

Figure 2. Earth fissure problem: variations of 
effective stress with JI for two hypothetical soils. 
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Table 1. Computed deformations in the unsaturated zone. 

x = X(S) Soil assumed 
rigid in un- 
saturated zone Soil 1 Soil 2 

(XI (XI . (XI 

Total volme etrain 
above water table 
after 10 yr 0.95 1.31 1.24 

Volume strain in the 
saturated regime 

Volume strain in the 
unsaturated regime 

0.95 0.96 0.91 

0 0.35 0.33 
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USE O F  AQUIFER RESPONSE TO EART 
AQU tFER CHARACTERISTICS 
T. N. Narasimhan and B. Y. Kanehiro 

S A MEANS OF D 

In the analysis presented here, the aquifer 
is considered to be a closed system with a small 
shut-in well that does not affect the system. 
The well merely provides a means of observing 

s not new. The earth the change in the fluid pressure of the system. 
ields of the sun and Fluid is not being added or withdrawn from 
ect to tidal forces. the system, so the probl s an undrained one. 

Because the motions of these celestial bodies are This implies that the pr re response of the 
very nearly periodic, the strains in the earth aquifer is related to the compressive properties 
related to tidal forces also exhibit periodic of the skeleton and the fluid, and the relative 
variations in time. Because these tidal strains proportions of each. In gro dwater hydrology 
arise from forces Ehat are gravitational in nature, it is c m o n  to combine thes propsrties into a 
they must exist in all parts of the planet. In coefficient called specific orage, S,. Specific 
general, however, tidal forces' only cause readily storage is defined as the volume of fluid removed 
observable responses in the hydrosphere in the from or taken into storage per unit volume per 
form of ocean tides. While tides do exist in the unit change in hydraulic head. Defined as such, ' 

specific storage is basically related to a 
drained problem. If specific storage is to be 
determined from the pressure response of aquifers 
to earth tides, a definition directly relating 
specific storge to the compressibilities of the 
skeleton and fluid will have to be employed. 
Specific storage may be written as 

servation of periodic fluctuations 
of water levels in wells,resulting from aquifer 
response to tidal 

d lithosphere, they are of very small 
or these reasons, a substantial body 
exists on the use of aquifer response 

to ocean tides under various circumstances, but 
comparatively little is known about the response 
to atmospheric (barometric) or lithospheric (earth) 

In the former case, the barometric tide 
ally lost in the daily variations in 

barometric pressure that are not related to tida 
forces. In the latter case, the inability to where 
make accurate measurements in deep wells of small 

Ss iqg(ncw + m,,) 

e-f luid pressure has thwarted pf - density of the fluid, 
antify the response of aqui 

g 9 acceleration due to gravity, 

With the advent of the present generation n = porosity, 
of extremely sensitive pressure transducers using 
quartz crystal sensors, good measurements of small c, - compressibility of the fluid, and 
pressure fluctuations have become possible. 
Further, these measurements can be ma'L in artesian m, = compressibility of the skeleton. 
(flowing) wells that have been shut in where there 
is reason to believe that larger responses to earth 

0 
In this definition, pf, g, and + are reasonably 
well known, leaving n and m,, to be determined. 
The purpose of this study was to estimate rn,,, 
and hence S,. 

which in turn can be to determine a dilatation 
by adopting an earth model. 
and the pressure response as measured at the well, 
it is not possible to determine both the porosity 
and the compressibility of the skeleton. 
however, relatively easy to estimate the porosity 

the skeleton compressibility, or change in volume 
of voids with respect to the bulk volume per 
change in effective stress. 

The earth tide e expressed as a potential, 

Knowing this dilatation aspects of the practical utility of the response 

of aquifer characteristics. 
study was a preliminary means for estimating the 
specific storage of an aquifer. 

0 

result of this 
It is, 

vatio of an aquifer within about 5%. This leaves only 

0 The 
ed on response to earth tides requires that 
fluctuation at a well be related to the tides 

y a theory incorporating coefficienb describing 

That is 

the desired aquifer characteristics. 
complexities of the tide, accentuated by the 
presence of spurious fluctuations, generally 
necessitates the decomposition of the well signal 
into sine-wave components before any theory can Vv - volume of the voids, 
be applied. 
determine the amp s of five tidal components vb - bulk voluine, and 
of the signal at 

The intrinsic 

where 
0 

Finite Fourier analysis is used to 

11 together with the tide 
0' effective stress. 

Q 



With appropriate substi tution t h i s  may be wri t ten 
as 

where everything is  known (or assumed) except 
the t o t a l  s t ress ,  and with the assumption tha t  
for  undrained response, change i n  void volume 
equals change i n  water volume. 1 

The change i n  the t o t a l  stress on the 
aquifer is due t o  the change i n  weight of the 
bverburden and the deformation of the earth.  

i n  weight of the overburden resul 
ange i n  gravity. This effect  cap 
be comparatively small eve0 for  

deep aquifers,  and hence can be 
The estimation of the defonnation neglected. 

of the earth requires some knowledge or  assump- 
t,ion about the nature of the earth. 

I n  spherical coordinates, di la ta t ion is  

where E refers t o  s t ra in .  Near a f r ee  surface 

where P i s  r ig id i ty  o r  shear modulus and 1.1s 
Lami's constant. 

Further, it can be shown that:  

where 

t i =  

z =  
a =  

w2 = 

Love number, 

Love number, 

radius of the earth,  

potential ,  and 

acceleration due t o  gravity. 

Dilatation may therefore be writ ten as 

The s i tuat ion i s  now analogous t o  having a 
canfined sample i n  a lab where the change i n  
f luid pressure and the di la ta t ion result ing from 
an unkncwn change i n  confining pressure are  known. 
Because the problem i s  undrained, the change i n  
fluid pressure is not equal t o  the change i n  
effective stress. 
i s  therefore needed t o  evaluate the compressi- 
b i l i t y  of the skeleton. 

The change i n  t o t a l  stress 

8 

This would seem t o  imply-that the bulk snodulus, 
K, w i l l  have t o  be known or  estimated. 
modulus, however, can be related t o  tr and X as 

The bulk 

K - X + ( 2 / 3 ) ~ .  

Because X and u already appear i n  the equation 
for di la ta t ion,  the change i n  t o t a l  octahedral 
s t r e s s  can be writ ten as 

without introducing arry new coefficients.  
Before accepting t h i s  expression, however, some 
consideration should be given t o  the appl icabi l i ty  
of the previous equation for  di la ta t ion.  The 
change i n  potential  can be calculated for  any 
point on the.earth from-astronomical considera- 
tions. The values for  h, .e, tr, and X, however, 
are estimated fo r  a very large region of the 
ear th  a t  best. The expression for di la ta t ion,  
therefore, r ea l ly  represents a given region of 
the earth.  The question then becomes one of 
using the values of X and u, already inherent 
i n  the expression for  di la ta t ion,  t o  get the 
implied change i n  octahedral s t r e s s  or  estimate 
a bulk modulus that may be more representative 
of the region near'the aquifer. 
conceptually, the di la ta t ion may be thought of 
as the resul t  of measuring a large region of the 
ear th  with s t r a i n  meters. This would seem t o  
indicate tha t  although the di la ta t ion represents 
a regional value, it might be more reasonable 
t o  use an estimate fo r  some local  value of K 
t o  calculate the change i n  t o t a l  stress. 

f i c i en t s  of Takeuchi (19501, K 1 x 10l1 Pa. The 
expected bulk modulus of a deep aquifer would be 
on the order of 1 x 1O1O Pa t o  1 x 10l1 Pa. 
This i s  extrapolated from measured values fo r  
various rocks. Of course, the absolute lower 
l i m i t  is 2 x lo9 Pa, the bulk modulus of water. 

A t  l e a s t ,  

In  practice,  using the earth model and coef- 

Preliminary calculations using a range of 
values fo r  bulk modulus were made fo r  w e l l s  a t  
Raft River, Idaho, and East Mesa, California. 
Although there are data problems associated with 
both areas which are  further complicated by 
ocean loading problems a t  East Uesa, reasonably 
good resul ts  were obtained. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1979 

Final calculations and comparison with a 
nunerical model i s  planned fo r  the f i r s t  quarter 
of the next f i s c a l  year. 
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INTRODUCTION 

The earth i r e t i c a l l y  wi th in  the gravita- 
t ional f ie lds  of ther ce l e s t i a l  bodies and 
as such i s  subje t i d a l  forces. The sun and 
the moon, because of t h e i r  respective s ize  and 
proximity, account f o r  v i r tua l ly  a l l  the t i d a l  

the hydrosphere provide, by f a r ,  the  most 
dramatic evidence of the t i d a l  forces a t  work. 
The same t i d a l  forces also a c t  on the atmosphere 
and the lithosphere generating atmospheric and 
solid earth t ides,  respectively. These t ides ,  
however, are  of small magnitude and are re1 
d i f f i c u l t  t o  measure accurately. . 

rces experienced by the earth. The ocean t ides  

To avoid the problem of having coefficients 
. that  are not invariant under translation, the 

ser ies  may be writ ten as: 

The algorithm actually used t o  calculate 
the ser ies  is based on a Fourier transform scheme 
rediscovered by Cooley and Tukey (196514 
calculational scheme is signif icant ly  f a s t e r  than 
the more direct  calculational scheme of the coef- 
f i c i en t s  based on the equations above. 

This 

The time dependency of the t i des  resul ts  from 
the r e l a t ive  movements of the earth,  

such is very nearly periodic. 
r i od ic i ty  i s  complicated and 
ubstantial  amounts of nonperiodic noise. 

Although the solid earth t i de  and the reservoir 
response t o  t h i s  t ide do not suffer from problems 
l ike  those associated with the period of f r ee  
osci l la t ions of the ocean basins, it i s  st i l l  

0 

The second method of t i d a l  decomposition i s  some preliminary analysis. one specifically designed €or earth-tide analysis 
by Lecolazet (1956). 

analysis. 
specially designed band-pass f i l t e r s  a r e  employed. 
The method allows for the examination of a larger 
number of t i d a l  components and a greater degree of 
accuracy. 

point bf view it is sufficient This method i s  not as direct  
t o  determine the amplitudes and phase relat ions fo r  Or conceptually simp1e as the finite Fourier 
the-five or six largest components of the t ide;  at 
l e a s t  i n  theory, t h i s  should remove much of the 

It is  basically a f i l t e r i n g  scheme where u 
nperiodic noise. 

A s  an offshoot of the above. attempts were ACTIVITIES I N  FISCAL YE& 1978 

made t o  remove t i d a l  noise from data to-be used for  
well-test analysis. Both least-square f i l t e r i n g  
schemes and schemes based on the analysis above 
were t r i ed  with very limited succees. 

Two methods for  analyzing tidal signals were 
ied. 

analysis. 
the f i n i t e  Fourier s e r i e s  for  an odd number of 
ints (2N + 1) may be written as: 

The f i r s t  is the widely used f i n i t e  Fourier Q 
This approach is  based on the fact  

[+ cos (a x) + Bk s i n  ( er analysis presented 
v above has proved t o  be adequate for the present 

ing aquifer response t o  ear th  t ides.  

1 of t i d a l  noise without seriously where F(x) i s  a function that  is defined over the 
s e t  of points {%}, and A,,, Ak, 
f i c i en t s  such that:  . degrading the desired signal i s  not a simple 

problem. Attempts t o  improve metho 

4D 2N 

4 = F(xp) cos 

P=O Cooley, J. W., and Tukey, J. W., 1965. Algorithm 

u Eamming, B. W., 1973. Numerical methods f o r  scien- 
tists and engineers. New Yort, HcGraw-Hill. 

Application a l 'analyse des 
observations de l a  made gravimkrique de l a  
mtthode de H. e t  Y. Labrouste d i t e  par 

with k being the harmonic number and L being the combinaisons l ingaires d'ordonnies, Annales 
length of the  interval  considered (Harming, 1973). de Geophysique, v. 12, no. 1 ,  pp.59-71. 

Lecolazet, B., 1956. 
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BEHAVIOR OF ROCK-FLUID SYSTEMS AT ELEVATED PRESSURES $ND TEMPERATURES 
W. H. Somerton, A. Ghaffari, R. Greenwald, V. Hoang, f .  F. Martrnez-Baez, 
H. j .  Su, and L. Wong 

INTRODUCTION 

The objective of t h i s  project i s  t o  develop 
methods and apparatus t o  measure rock-fluid 
properties a t  temperature, pressure, and f luid 
saturation conditions that may be encountered 
i n  deep high-temperature o i l  and gas reservoirs, 
geothermal reservoirs,  and reservoirs i n  which 
high temperatures are  used i n  the extraction 
process. These properties include porosity, per- 
meability, e l ec t r i ca l  r e s i s t i v i t y  factor,  ihermal 
properties including thermal expansion, pore and 
bulk compressibilities, compressional and shear 
veloci t ies ,  and the dynamic e l a s t i c  properties 
t ha t  may be derived from these properties. 

Methods of measuring most of the above 
properties have been developed as reported i n  
an earlier work (Somerton, 1977). These methods 
permit measurement of only two properties a t  the 
most i n  a single apparatus, and the measurements 
are  limited t o  temperatures of 2OO0C and 1 kbar 
stress. Correlation of the resul ts  of measure- 
ments of properties i n  different  apparatuses, 
using different t e s t  specimens and with the possi- 
b i l i t y  of different  s t r e s s  his tor ies ,  i s  very 
d i f f i cu l t .  A second objective of the present 

efore, i s  t o  develop an apparatus i n  
or  most of the desired properties may 
d a t  the same time under identical  test 

Basic design of t h i s  apparatus has conditions. 
been presented e a r l i e r  (Somerton, 1977). 

Measurement of physical properties and 
behavior of rock-fluid systems a t  elevated tempera- 
tures and pressures is d i f f i c u l t  and very t h e  
consuming. 
i s  t o  develop models and correlations that  w i l l  
make it possible t o  predict properties and behavior 
from more easi ly  measured characterist ics of the 
rock-fluid system. 
made i n  the case of thermal properties. Having 
estimates of such characterist ics as mineral cow 
position, porosity, and grain s ize ,  models have 
been developed fo r  predicting thermal conductivity 
under any f lu id  saturation condition a t  a base 
pressure and temperature. Other correlations 
have been developed t o  permit prediction of 
thermal behavior a t  other pressure and temperature 
conditions. Well-log data may also be useful i n  
t h i s  regard. An investigation is  currently i n  
progress for  predicting r e l a t ive  thermal conduc- 
t i v i t y  by analysis of temperature gradients i n  
wellbores. 

A third objective of the present work 

The greatest  progress has been 

Some applications of data obtained i n  t h i s  
and related projects are a lso currently under 
investigation. One application i s  the ro l e  of 
the so-called heat-pipe e f f ec t  observed i n  e a r l i e r  
work (Somerton, 1975), i n  high-temperature f luid 
flow systems i n  which phase changes may occur. 
Under certain conditions of temperature and pore 
f luid pressure, some shallow formations could 
behave as heat thiefs  from geothermal and steam 
injection wells. 

RESEARCII ACTIVITIES I N  FISCAL YEAR 1978 

Much of the research accmplished during 
f i s ca l  year 1978 is presented i n  reports prepared 
by the s ix  coauthors (Ghaffari, 1978; Martinet- 
Baez, 1979; Hoang, 1978; Su, 1978; Wong, 1978; 
Greenwald, 1978). These a c t i v i t i e s  w i l l  be 
reviewed br ief ly  here. 
on the multirock properties apparatus w i l l  be 
reviewed. 

Following th i s ,  progress 

Thermal Properties and Behavior 

e 

Q 
Ghaffari (1978) has developed h i s  three- 

dimensibnal model of heat conduction i n  porous 
media t o  obtain excellent agreement between 
predicted and experimental thermal conductivities, 
particularly for unconsolidated media. The 
agreement fo r  a nmber of materials i s  shown 

on model results.  
the effective thermal conductivity. 
of model r e su l t s  for  consolidated media i s  not 

i n  Figure 1. Figure 2 i s  a working graph based tu 
From Figure 2, we can predict 

The agreement 

as favorable as for  unconsolidated sands. Some 
additional f la t tening of the cubic packing of 

18 I I I I I I 

. XBL7811-6208 

Figure 1. 
t i v i t i e s  and conductivities predicted from the 
model. 

Agreement between experimental conduc- 

c 

c 
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planes of contact will be applied. 
of flattening will be related to the formation ~ 

resistivity factor. 

The degree 

In addition, a grain-size 
will be incorporated into the model 
s the effects of cont 

with physical properties of the rock-fluid system. 
The best fit to the experimental data was found 
when the following properties were included,in 
the correlations; porosity, median grain size, 
grain size distribution (690/610), and conducti- 
vities of the saturating fluid and the rock soli 
The multiple regression coefficient was 0.924, 
which means that the correlation may be used with 
considerable confidence for similar rocks from 
this 
the s 
with the cores tested showed 
quite consistent results but were at some vat 

evious correlations. Figure 3 shows t 
dification of the correlation would be 
in order to predict the thermal conduct1 

perties within the range of 
The change of conductivity 

with accurac 

Hoang (1978) has studied temperature gradient 
in wells as a means of predicting in-situ thermal 
conductivities. Assuming the earth's heat flux 
through the formations surrounding a well to be 
constant in magnitude and direction, calculations 
have been made to show the effects of differences 
in thermal conductivities of formations on the 
temperature gradients in a well. 
based on initial conditions in the well being at 
a state o f  quasi-equilibrium for fluid flowing at 

Calculations were 

TEMPERATURE 1.F) 
XBLTOIC6162 

Figure 3. Thermal conductivit emperature behavior 
of Cetro Prieto cores. 

110 120 130 140 
mperoture ( 

L781 f-8207 

Figure 4. Calcu emperatures in wells 
various shut-in times with variable thermal 
conductivities. 

a constant prescribe 
-temperature) formation. The well was 
t in and tempera 
ous times, as sh 

apparent that the variat 
gradients after as little as 4 hours shut-in 
time will clearly reflect the variation in 
thermal conductivities of surrounding formations. 
These results are now being tested against actual 
wellbore measurements where thermal conductivity 
data on cores from the well are available. Hoang 
is also developing the modified needle-probe 
technique for measuring themal properties in the 
mu1 tiproperty apparatus. 



Su (1978) is continuing work on the heat- 
pipe effect and is evaluating its importance in 
fluid flaw in porous media at temperatures high 
enough that phase changes may occur. 
thermal conductivity test cell (about 3.28-cm ' 

:long), the apparent thermal conductivity may be 
several times the true conductivity for two-phase 
systems. Some of the parameters that determine 
the magnitude of the heat-pipe effect are known. 
Su has developed an experimental apparatus 
(Figure 5) that should help to evaluate the 
magnitude of the mixing zone and its nature 
properties in a flowing system. 
is important, it will be incorporated into a 
three-dimensional finite-difference model being 
developed by Su for study of fluid flow where 
phase changes occur. 

In the 

If the effect 

In addition to the above thermal work, the 
several investigators have an ongoing program of 
measuring thermal properties of an increasing 
number and range of rock types. 
being used to test the various correlations and 
models and to add to our catalog of thermal data. 

These results are 

To temp cmttol 

Fluid F l p  and Storage Capacitz 

Copper Bbck 

i - 

Work is progressing on the measurement of 
fluid flow and storage capacity of rocks at 
elevated pressures and temperatures. This work 

funded by a grant from industry. 

Applied 
Vertical Stress 

P+ Insulation 

Multi-polnt 
Tempemtam 
Recorder 

XBL 7811-6aO 

Figure 5. Experimental apparatus for evaluating 
the magnitude of the heat-pipe effect in flawing 
systems. ' 

c 
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Wong (1978) has measured the permeability of 
a number of sandstones and has shown that perme- 
ability decreases sharply with increase in 
temperature. 
effect for a Cerro Prieto sandstone. Three 
possible causes of this effect are being investi- 
gated. . The first of these is the effect of 
thermal expansion in closing pore necks to 
fluid flaw. This is being investigated using 
a network model of porous media in which tube 
diameters are decreased by thermal expansion of 
the matrix. However, this is not believed to 
be a very important effect since porous media not 
containing clay, quartz, or water as the flawing 
fluid do not show any significant reduction in 
permeability with increased temperature. Second, 
the dissolution of quartz with subsequent plugging 
by the redeposition of silica in pore necks has 
been proposed as a cause of permeability reduction. 
Since much of the permeability is recovered upon 
cooling, the' latter factor cannot be considered 
of major importance. Analysis of silica in the 
effluent water has not disclosed any conclusive 
evidence. 
clay welling and migration. 
a cause of permeability reduction, clay swelling 
and migration would have to be greatly increased 
at elevated temperatures. 
clay swelling pressures at elevated temperatures 
may shed some light on this matter. 

Figure 6 shaws an example of this 

The third possible cause is that of 
For this to be 

A current study of 

An apparatus for measuring pore and bulk 
compressibilities at elevated temperatures has 
been designed by Greenwald (19781, constructed 
in LBL shops, and is now being tested. 
compressibility part of the apparatus makes use 
of three deflection sensor cartridges (DSC) 
transducers, which are able to measure deflections 
up to 0.015 in. and operate at temperatures as high 
as 480OC. The pore volume compressibility portion 
of the apparatus makes use of a high-pressure 
Jergesen sight gauge. This latter component is 
somewhat limiting and will be replaced in the multi- 
properties apparatus by a gas-pressure balanced 
displacement cylinder (displacement being measured 
by a linear potentiometer). 
in the system have hindered the calibration of 
the apparatus and its application to measurements 

The bulk- 

Problems with leaks 

v r I 1- 
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Figure 6. 
of a Cerro Prieto sandstone. 

Effect of temperature on the permeability 
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rogress has been made 
1 that  w i l l  attempt 

t o  duplicate the volume changes i n  a two-component 
rock system (sol id  framewor ubjected t o  confining 

and sof ter  inner po l ining subjected t o  

tant  in  analysis of the fluid-flow capacity 
fed temperatures. It rhould f ina l ly  be 
a t  bulk and pore thermal e*ansions may 

ressure). This two-component modelmay also 

also be measured w i t  
described above. 

he experimental apparatus 

Electr ical  Resis t ivi ty  Factor 

Wong (1978) has designed a new control system 
fo r  measuring the e l ec t r i ca l  r e s i s t i v i t y  factor a t  
elevated temperature. 
structed i n  the electronic shop of the U.C. 
Berkeley Mechanical Engineering Department. 
This new control systemmakes it pos 
impose a constant alternating curren 
levels across a radial  electrode sys 
current i s  imposed only long enough t o  obtain 
a constant voltage across the system and a t  speci- 
f ied intervals.  
be varied over a wide range, making it possible 

valuate any frequency-dependent effects.  
preliminary t e s t s  have been made using the 

control system. Good contact of the center 
trode with the rock test specimen was found 

This sytem has been con- 

The frequency of the current may 

t o  be very important i n  order t o  obtain useful 

During t h i s  period, Palen (1978) completed 
h i s  thesis  dealing with the measurement of P- and 
S-wave veloci t ies  i n  fluid-saturated rocks a t  high 
temperatures and pressures. H i s  most significant 
r e su l t s  *ere the substantial  effects  or temperature 
i n  reducing both compressional and shear-wave 
veloci t ies .  Fram these data, he calculated e l a s t i c  
moduli with the expected r e su l t s  that  bulk and 

creased w i t h  temperature. 
Is0 decreased with temperature. 
ing i n  t h i s  work was the nearly 

twofold difference i n  Poisson's r a t i o  between 
dry and liquid-saturated cores, a s  may be seen 

eks a t  LBL during 

He dealt  i n  particular sonic measuring equipment. 
with special design problems associated with the 
multiproperties measuring apparatus. 
confident that  w e  w i l l  be able t o  measure P- and 
S-wave veloci t ies  with good pre 
other properties concurrently. 

We now f e e l  

Multiproperties Testing Apparatus 

Considerable progress has been made on th  
new rock-properties test f ac i l i t y .  Having 
received the assurance of industry participation 
i n  funding of the f a c i l i t y ,  a design engineer was 

EFFECTIVE STRESS (Kg/c&) 
XBL 7812-13610 

Figure.7. Effect of temperature, stress, and f luid 
saturation on Poisson's r a t i o  fo r  Cerro Prieto,  
sandstone. 

retained t o  complet 
supervise the construction and in s t a l l a t ion  of 
the apparatus, The pressure vessel w i l l  soon 
go out for  bids and the pressuring system has 
been obtained on loan from Lawrence Livermore 
Laboratory. 
peripheral equipment and f a c i l i t i e s  a r e  well 
under way. 
measuring components are  being made fo r  t e s t ing  
i n  our present pressure vessels. 
date fo r  running the f i r s t  t e s t  with th i s  new 
apparatus i s  July 1, 1979. 

he f ina l  design and t o  

Preparations for space, power; and 

Mockups of the various control and 

The target 

PLANNED RESEARCH PROGRAM, FISCAL YEAR 1979 

w i l l  be continued i n  f i s c a l  year 1979, with 
particular emphasis on the multiproperties 
measuring apparatus. 
s tar ted.  
project with Greenwald's research, i n  which pore 
and bulk thermal expansions w i l l  be measured 
during the heating period of the pore and bulk 
compressibility runs. These t e s t s  w i l l  be run 
a t  constant confining stress and pore-fluid 
pressure. 
attempt t o  correlate sonic veloci t ies  with thermal 
conductivities. 
possible t o  deduce in-situ thermal properties from 
sonic i t y  

Two new projects will be 
The f i r s t  of these w i l l  be a cooperative 

The second new project w i l l  be,an 

Such a correlation may make i t  

I a r  a1 properties, c t ion 
of the thermal conductivity model is planned by the 
end of f i s ca l  year 1979. We expect enough progress 
on the ane-dimensional heat-pipe experiment and the 
three-dimensional finite-difference model f o r  f luid 
flaw with phase changes t o  begin construction of a 
laboratory model t o  confirm these effects .  I n  the 
wellbore temperature-gradient studies, the e f f ec t s  
of convective heat transfer i n  the wellbore and 
i n  the surrounding fgrmations w i l l  be studied. 
Thermal conductivity measurements with the steady- 
state comparator apparatus w i l l  be continued as 
core and dr i l l -cut t ing samples become available. 
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In the fluid flow and reservoir storage 
capacity studies, we plan to measure permeabilities 
and compressibilities on wellbore core samples at 
reservor conditions. 
these tests will be used to test the theoretical 

The data obtained from 

ow being developed. 

e multiproperties measuring apparatus will 
be in the final testing and calibration stage by 
the end of fiscal year 1979. The target date 
for installing the apparatus is July 1, 1979. 
Before this date, each of the measuring components 
will have been tested in the present pressure 
vessels. 

REFERENCES CITED 

Al-Khafaji, A. E., 1975. The effect of temperature 
on shear wave propagation in dry and liquid 
saturated rocks. H.S. thesis, Berkeley, 
University of California. 

Predicting thermal conductivity of formations 
Anand, J., Somerton, W; E., and Gomaa, E., 1973. 

om other known properties. 
ut., v. 13, no. 5, p. 267. 

Sac. Pet. Eng. 

Gaffari, A., 1978. Thermal conductivity of porous 
systems. Berkeley, University of California, 
Pet. Eng. Lab., progress report. 

measuring compressibilities of reservoir type 
rocks at elevated temperatures. Berkeley, 
University of California, Pet. Eng. Lab., 
research progress report. 

Greenwald, B., 1978. Design of apparatus for 

THERMODYNAMICS OF HIGH-TEMPERATURE BRINES 
K. S. Pitzer, D. 1. Bradley, P. Z. Rogers, and]. C. Peiper 

INTRODUCTION 

An understanding of brines is essential to 
the exploitation of many geothermal resources. 
Consequently, a study of the solution thermody- 
namics of brine systems, both simple and complex, 
weak and strong, covering a wide temperature 
and pressure range, and combining both modeling 
and experimental work, began in 1975. 

The initial work involved analysis of 
existing thermodynamic data on simple electrolyte 
systems using equations developed by Pitzer and 
coworkers (Pitzer, 1973; Pitzer and Mayorga, 1973, 
1974; Pitzer and Kim, 1974). 
modeling was to provide a compact set of equations 
capable of reproducing, at various temperatures 
and pressures, the existing data within experi- 
mental error up to practical concentrations (-6g) 
in terms of parameters having physical significance. 

The program to measure heat capacities arose 
because of inadequate literature data on electro- 

. lyte systems. The primary goal of the experimental 
program is to supply data on simple and complex 
electrolyte systems at high temperatures and 

The goal of the 

Eoang, V. T., 1978. Estimation of in-situ thermal 
conductivities from temperature gradient 
measurements. Berkeley, University of 

Eng. Lab., research project 
c 
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-of core samples from the Cerro Prieto geo- 
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San Diego. Berkeley, Lawrence Berkeley 
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and dynamic elastic moduli of reservoir 
sandstones. H.S. thesis, Berkeley, University 
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hl 

-’ 1977. Apparatus for measurements of proper- 

Heat transfer in porous media 
e 

e 

pressures, both along and away from the liquid- 
vapor saturation curve. 
use of these data, they will provide a base for 
checking and refining various models. 

In addition to the direct 

Though the modeling and experimental work 
relate directly to electrolyte systems c m o n  to 
geothermal brines, the results are applicable to 
such areas as biological fluids, battery electro- 
lytes in aqueous and nonaqueous solvents, plating 
baths, waste effluents, materials corrosion from 
electrolyte systems, and marine chemistry. 

PROGRAM,IN FISCAL YEAR 1978 

During the period of this report, modeling 
calculations were undertaken for several areas of 
interest. 

Of most general interest is an expression for 
the Debye-Ecckel parameters for aqueous electro- 
lytes over the full range of temperature and 
pressure. 
voltmetric and dielectric properties of water. 
In connection with this program, Silvester and 

This requires equations for both the 

c 

c 

G 

i 
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where 

(2) 

The temperature, T, and the pressure, P,'have units 
of Kelvin and bars, respectively. The uncertainty 

The values 
e f i t  i s  approximately 0.1% below 70% and 
r than 1% a t  higher temperatures. 

1 t o  ug are as follows: 

U1 3.427932 u6 -1.828932 

U2 -5.08663-3 U7 -8.032533 

U3 9.46903-7 

0 U4 -2.0525 

U s  = 3.115933 

With the volumetric equation of Keenan et a1 
sion f a r  the dielectr ic  properties 
ebye-liickel parameters for ac t iv i ty  
f f i c i en t s ,  enthalpy, heat capacity, 

apparent molal volume, compressibility, and expan- 
s iv i ty  were calculated oyer the range from Oo 
35OoC, and saturation pressure t o  1,000 bars. 
Values of the various parameters have been c 
with those believed t o  be r e l i ab le  from the l i t e r a -  

0 

& 

ry 

published (P i t t e r  and Si lvester ,  1978). By 
combination of both enthalpy and Gibbs ener 
data with theoret ical  guidance, previously 
confused resul ts  have been given a sa t i s f ac  
interpretation. 

c3 

Par t i a l ly  i n  preparation fo r  the treatment 
of our own experimental r e su l t s ,  the l i t e r a tu re  
data fo r  both volumetric and thermal properties 

C 1  and K C l  solutions were modeled fo r  the 

obtained, the l imitations of accuracy and range 
of data were also most apparent. I f  our own 
measurements can be added soon, that  w i l l  Be 
done before publishing on these topics. 
interim equations are available i f  desired. 

However, 

nstruments are described 
w. Each is now i n  operation and b 

Calorimeter 

The flow calorimeter follows the basic design 
of Picker e t  a l .  (1971). Water flaws through stain- 
less  s t e e l  tubing past a w i r e  resistance heater, 
and the temperature rise of the water is measured 
using a platinum resistance thermometer. 
is displaced at the same r a t e  through a second unit 
of identical  construction. Either the difference 
i n  the two temperature r i s e s ,  or the change i n  
heating power needed t o  balance the temperature 
r i s e s ,  can be measured t o  yield the heat capacity 
difference between water and solution. Because 
platinum resistance thermometers are used as the 
temperature sensors, the absolute temperature 
r i s e  can also be determined, giving an accurate 
measurement of the power loss  of the heaters. 
Heat capacity measurements accurate t o  0.1% or  
bet ter  can be obtained: 

Solution 

The calorimeter i s  en i n  an evacuated 
copper block, which can be heated t o  over 3OO0C 
by a fluidized bath. A f luid pump designe 
use i n  high-pressure liquid chromatography 
provides constant flow ra t e s  a t  pressures up 
t o  10,000 psi. 
as a function of both pressure and temperature 
can be taken over these rangss. 

Thus, heat capacitymeasurements 

densimeter of t he  type 
s been constructed. 

The only major design change from E l l i s ' s  i s  that '  
the volume of d i sdaced  mercurv is measured with 
a cathetometer anh a precision-b 
rather t weighin 

i s  desiined for  use at tempera- 
d pressures to  600 bars. 

nickel-based alloy, which 
has been constructed of a 

should be suitable fo r  investigating the densit ies 
s a l t s  l i ke  MgC12. 

ccuracy of the measurements depends on 
the accuracy of the volumetric data for  water, 
which i s  used t o  calculate the volume of the 
sample chamber. 
ature and pressure range t o  be investigated i s  
accurate t o  approximately 100 ppm. 
i s  designed t o  give a precision of approximately 
15 ppm et 2OO0C, and 30 ppm a t  30OoC. 

The data on water over the temper- 

The equipment 
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s t  p r io r i ty  w i l l  be given t o  experimental 
apacity and density measurements fo r  the 

primary brine components, N a C l ,  MgC12, Na2SO4, ' 
and KC1. The resul ts  fo r  NaCl and KC1 w i l l  be 
added t o  the data bases from the l i t e r a tu re  t o  
complete the already well-advanced modeling pro- 
grams for  these substances. 
w i l l  follow f o r  MgC12 and Na2S04. Thereafter w e  
w i l l  examine mixed electrolytes and other special 
topics such as carbonate solutions. 

Similar modeling work 
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SOLUBILITY OF ALBITE IN THE AQUEOUS PHASE AT 
1. M. Neil and I .  A. Apps 

INTRODUCTION 

Albite, NaAlSijOS, is a common rock- 
forming mineral belonging to  a group of mknerals 
called the feldspars. 
variety of rock types, including such diverse 
types as saline lake beds, limestones, altered 
tu f f s  and basalts,  and many igneous and metamor- 
phic rocks. 
formed over a wide range of temperatures and 
pressures. Albite is, therefore, of interest  
not only because of its common occurrence, but 
a180 because of the diverse range of environ- 
ments i n  which it forms. 

It crystal l izes  i n  a 

These different rock types are 

The purpose of t h i s  study is to find aut bow 
a lb i t e  affects  the groundwater composition over 
a range of temperatures from 25* t o  400% 
and from pressures from 1 t o  500 bars. This 
temperature-pressure range encompasses the con- 
di t ions l ikely to  be found i n  a l l  exploitable 
geothermal resources, waste isolation sites, 
hot-water storage aquifers, o i l  reservoirs, and 
uranium resources. The study is  designed to  
investigate not only the equilibrium relations 
between the a lb i t e  and the groundwater, but also 
the rates of equilibration expected under dif-  
fering conditions of pH and sal ini ty .  

The most stable a lb i t e  structure a t  lw 
temperatures consists of a framework of ordered 
s i l i c a  and aluminum atoms each surrounded by a 
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FT, properties of 

Si lvester ,  L. F., and Pi tzer ,  K. S.,.l977.-Thermo- 

ELEVATED TEMPERATURES 

tetrahedron of oxygen atoms. 
tetrahedral framework contain sodium atoms. 
Hwever, most naturally occurring a lb i t e s  are 
subject both to  disordering of the s i l icon and 
alumiuum atoms and substi tution of potassium and 
calcium for  sodium. Charge is conserved i n  the 
l a t t e r  substi tution by additional aluminum i n  
place of si l icon. 

Inters t ices  of the 

For a precise evaluation of the kinet ics  of 
solution and equilibrium relations,  the a l b i t e  
must be well characterized so that  the effect  of 
Solid solutions and ordering can be determined. 
For this  reason, care was taken to  analyze and 
measure the crystallographic properties of 
several a lb i t e s  before beginning the experimen- 
tal  program (Apps and N e i l ,  1978). A metamor- 
phic a lb i t e  from the, Franciscan formation a t  
Cazadero i n  northern California was f ina l ly  
selected on the basis of i ts  purity and Qgree 
of ordering. 
the equipment and experimental techniques used 
to  measure aqueous solubi l i ty ,  the characteriza- 
tion of the s t a r t i ng  materials, and preliminary 
resul ts  so f a r  achieved. 

The following is a description of 

ACTIVIXLES I N  FISCAL YEAR 1978 

G 

c 

i 

t 
Equipment 

The heart of the system is a I-liter auto- 
clave manufactured by Autoclave Engineers, Inc., 

G 
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b which can be ope 
a t  temperatures up to  400%. It is fabricated 

to pressures of 7,500 psi ,  

Y 

ci 

out of Baste1loy-C 276, an alloy that  is highly 
resis tant  to  corrosion by hot brines. 
autoclave is equipped with an air-driven 
s t i r r i n g  system with a magnetically 
sealed shaf t ,  thereby eliminating c 
from the bearing packing. The sampling system 
allows u s  to  sample e i t h e r  the vapor phase a t  
the top of the vessel or the l iquid phase 2 in. 
from the botLom of the vessel. 

The i n i t i a l  resul ts  of a search for  a chem- 
The i ca l ly  pure a lb i t e  have been described elsewhere 

(Apps and Neil, 1978). The reported analyses of 
a Franciscan vein a lb i t e  from Oregon (Coleman, 
1978, unpub. data) did not contain calcium a t  
the level reported i n  the provisional analyses 
(1.1 w t  %). 
chemical analyses of the selected Cazadero al-  
b i t e  with an electron microprobe to check the 
bulk chedca l  analyses and to  identify and 
determine the chemical composition of coexisting 
phases. 

Therefore, we decided to make point 

A recharge system has been assembled so that  

The 
the autoclave can be r e f i l l ed  while maintaining 
pressure and temperature within the vessel. 
principal components of the system consist of a The analyses were made with an ARL, ,cdght 
1:150 air-driven Sprague pump, a 112-liter oi l -  channel, electron microprobe (Model SEMQ), using 
water separator, and an adjustable (5 ,000 t o  standards of similar composition t o  the un- 
10,000 psi)  r e l i e f  valve. The pump and r e l i e f  knowns. A l l  resul ts  were corrected for  back- 
valve work against each other to  balance the ground and machine d r i f t ,  and the empirical 
pressure i n  the autoclave when it is r e f i l l ed .  matrix correction of Bence and Albee (1968), and 
Auxiliary plumbing permits r e f i l l i ng  of the oi l -  of Albee and Ray (1970) were applied to  a l l  
water separator. Figure 1 is a schematic dia- results.  The a lb i t e  analyses are l i s t ed  i n  
gram of the system. Table l. 

normalized t o  32 oxygens using the method of 
Deer et al. (1966) and are tabulated i n  Table 

furnace. A Leeds ti Northrup recorder with I 2. An Amelia Courthouse a lb i t e  analysis from 
D.A.T. controller is used to operate the furnace ) is  included for comparison. 
and provide a record of the temperature i n  the 
autoclave. The temperature-sensing element is a With the exception of two points on a tra- 
chromel-alumel thermocouple, which is located i n  
a thermocouple well that is the same length as 
the liquid-phase sampling tube. 

Althbugh the autoclave meet 
for manned-area safe operations 
of 1/4-in. iron plate with 314-in. plywood lin- 
ing has been erected around it. 
cations are recomeuded by Roll 
high-pressure systems. In addi sonite, omphacite, quartz, and an unidentified 
ture disk instal led by the manufacturer on the 
autoclave, a second rupture disk yssemby has 
been added t o  the high-pressure l ine from th 
separator. Both rupture disks are rated 10% 
over the maximum working pressure of the auto- 
clave. 

The a lb i t e  analyses have been 

Heat is provided by an external resist 

verse across a twinned a l b i t e  where the calcium 
concentration attained 0.26 and 0.24 wt% 
(Ab-o07C), the calcium analyses were 0.06 w t  % 
or less. The normalized analyses give the mo- 
lecular percentage of a lb i t e  i n  the range of 

, 98.8 t o  99.8, which indicates that  the material 
being used for the Study is  almost pure a lb i t e .  

The accessory minerals observed include law- 

phyllosil icate.  Lawsonite is the probably 
calcium contamination i n  the bulk 
In the future, heavy liquid separa- 
be used to x'emove traces of t h i s  

phase from the a lb i t e .  

Air motor J High pressure Cooling H20 
for stirrer + air kne I ! 

1. (' Schematic diagram of the 1-liter autoclave and its support 
XBL 794 - 1237 

system. 
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Ion-beam-thinned sec tions of the Cazadero 
a lb i t e  were also examined by transmission elec- 
tron microscopy a t  magnifications up to  100,000 
i n  ordpr to  determine whether or not the a l b i t e  
i s  homogeneous (consists of one phase only). 
Phase 'homogeneity was confirmed. However, the 
a lb i t e  has a very large number of dislocations 
(108/cn? of exposed surface) and bent twins, 
which is indicative of a high stress and is un- 
usual for a lbi te .  Currently, samples of a lb i t e  
growing into vugs from the same location are 
being prepared f o r  analysis of dislocations and 
single crystal  diffract ion studies are being 
conducted t o  confirm the degree of A1-Si order i n  
the sample. 

Experimental Procedure 

So far,  f ive preliminary solubi l i ty  experi- 
ments have been successfully completed on the 
saturation curve of the aqueous phase at temper- 
atures of 125O and 250OC. 
verify the experimental plan, t o  identify prob- 
l e m s ,  and to  develop and verify analytical  pro- 
cedures on typical solution samples. 
particularly important to  determine the appro- 
p r i a t e  ra tes  of reaction since t h i s  infomation 
a l l w s  US to  estimate the time needed to achieve 
equilibrium between the a lb i t e  and the aqueous 
phase . 

" 

They were run to 

It is 

The generalized procedure of a run is to  
load 25 grams of -65 + I00 mesh a l b i t e  i n to  the 
autoclave, and add the appropriate volume of 
0.1 N NaCl solution to  it (usually 700 m l ) .  
Once the closure is secured, the autoclave takes 
approximately 45 min. to  reach the operating 
temperature, and approximately 2 additional 
hours for  the temperature to s tabi l ize .  The 
controller functions as a c r i t i c a l l y  damped 
osci l la tor  once it has reached the temperature 
of the run. 

After the temperature has stabil ized, a 
sample is taken and the s t i r r ing  is started.  . 
I n i t i a l l y ,  samples were taken w e t y  2n min. 
When n = 12, the time between samples became 
excessive and subsequent samples were taken 
approximately every 1 1/2 days. 
a t ing the resul ts  of t h i s  strategy, we decided 
t o  sample a t  5-hr or 10-hr intervals  i n  order t o  
c l a r i fy  fluctuations i n  component concentrations 
during the l a t t e r  part of any ruu. 

After evalu- 

A run is completed when sufficient samples 
have been taken for  the purposes of the test or  
when the water level drops below the end of the 
liquid-phase sampling tube. After the autoclave 
has cooled to  room temperature, the water and 
a l b i t e  are removed. 
sure-filtered, and f i l t r a t e  is divided into 
three aliquots for  ver i f icat ion of the analyt- 
i c a l  procedures. The f i l t e r  cake and residual 
a lb i t e  is retained for  scanqing electron micro- 
scopy to  identify any secondary phases that may 
have formed and to  observe the amount of cor- 
rosion of the s tar t ing material. 

The aqueous phase is pres- 

Solution samples were i n i t i a l l y  analyzed by 
atomic absorption spectroscopy for Si,  A l ,  Ha, 

cr 
20 

and Ca concentrations. Additional confirmatory 
analyses for aluminum and s i l i c a  have been made 
using respectively an aluminon method (Packham, 
19581, and the molybdosilicate method (American 
Public Health Ass . ,  1975). 

employed henceforth for  aluminum and s i l i c a  
analyses of the solutions. 

These colorimetric 
techniques have proven sat isfactory and w i l l  be b 

The pH of the solution samples are measured 
with a Vanlab standard combination glass pH 
electrode as soon as they cool to room tempera- 
ture. 
before the sample pH is determined. The pH of 
samples have' been observed to  change during the 
pH determination and probably r e f l ec t  the dis- 
equilibirum state of the solution at the time of 
the measurement or uptake of atmospheric carbon 
dioxide. 
c l a r i fy  pH measurements. 

The electrode is standardized immediately 

Further studies are under way to 

Because of some concern regarding corrosion 
of the autoclave due to the presence of residual 
oxygen, the autoclave atmosphere is purged of 
oxygen with nitrogen. During one run, the auto- 
clave was flushed with nitrogen for 5 min., and 
0.5 m l  of hydrazine was added. However, the 
hydrazine raised the pH. In  succeeding runs, 
the autoclave was flushed with nitrogen only. 

A s  a r e su l t  of the preliminary runs, the 
sampling procedure has been modified t o  include 
the following steps: 

1. The agi ta tor  of the autoclave is stopped for 
one minute before sampling. 

2. The sample is taken a f t e r  rejection of the 
i n i t i a l  5 m l  of solution. 

3. The sample is centrifuged for 5 min., and 
the.20 m l  of clear solution is drawn off and 
mixed with 5 ml of 0.01 N KOH solution. 

4. The remainder of the solution is used t o  
measure pH. 

In  th i s  way we hope to avoid some current 
uncertainties regarding the s t a b i l i t y  of the 
solutions between sampling and analysis. 

Preliminary Results 

Figure 2 i l l u t t r a t e s  the resul ts  of one run 
a t  24OoC showing analyses for s i l i c a  and alu- 
minum. The r a t i o  of s i l i c a  t o  aluminum that  has 
entered solution exceeds the stoichiometric 
r a t i o  i n  a lb i t e ,  which indicates that  dissolu- 
t ion is incongruent. 

Five hours a f t e r  agitation comenced, it 
appears that  aluminum saturated the solution, 
although s i l i c a  continued to increase i n  concen- 
t ra t ion for another 25 hours. 
aluminum and s i l i c a  concentrations declined, 
suggesting precipitation of a secondary phase. 
Further study is required to determine i f  and 
when a l b i t e  reaches saturation i n  the 0.1-N N a C l  
solution . 

Thereafter, both 
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Figure 2. The dissolution of 25 g of -65 + 100 
mesh Cazadero a lb i t e  i n  0.1 N NaCl at 25OoC. 

A comparison of scanning electron microscope 
images of the a l b i t e  charge, both before and 
a f t e r  the dissolution study, indicates that  the 
a l b i t e  cleavage fragments suffered minor cor- 
rosion or erosion through rounding of the edge 
and scalloping and p i t t i ng  of the faces. There 
is no evidence of epi taxial  growth of .secondary 
phases, or any indication that  the f iner  frac- 
t ions of the particulate material is  other than 
dust originally adhering to  the charge. 

FUTURE WORK u 
The immediate need w i l l  be to  continue 

solubi l i ty  measurements of a l b i t e  along t h  
saturation curve of water between 125O and 

cient  experience has been gained i n  sampling and 
analyzing the solutions, an extended study w i l l  
be made of solutions of -varying NaCl concentra- 
t ion between 0.001 N and 1.0 N, and o f  NaOH 
between 0.001 N and 0.1 N. 
measurements wil l .be made along the saturation - 
curve of water. 
system operated at 500 bars w i l l  be tested,  
further solubi l i ty  measurements made up t o  
4OO0C at  that  pressure. 

OO°C i n  0.1 N NaCl solutions. After suffi-  

Bs 
A l l  solubi l i ty  

A t  t h i s  point the pressurized 

b 
Data reduction and evaluation w i l l  con- 

tinue. 
coefficients of the species i n  solution a t  
elevated temperatures w i l l  be inve 

A refined model t o  describe ac t iv i ty  

improved themodynadc a a t a  :for a l t e r a t ion  prod- 
ucts  and aqueous species w i l l  be calculated 
from recent calmimetric dat 
published : l i terature.  

The equilibration studies currently under 
way and projected w i l l  provide much valuable 
semiquantitative information on reaction r a t e s  
between a l b i t e  and the aqueous phase. 
information w i l l  be evaluated with the objec- 
t ives  of identifying the mechanisms of a l b i t e  
dissolution and precipitation, and of pred+cting 
rates  of a l b i t e  growth under a wide range of 
environmental conditions. 

Such 
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THERMODYNAMIC PROPERTIES OF SILICATE MATERIA 
1. S. E. Carmichael, M. S. Ghiorso, 1. Moret, and S. A. Ne 

I ,  

INTRODUCTION 
cate liquids are dly known at  a l l .  This pro- 
ject was designed to  r ec t i fy  th i s  s i tuat ion,  and 
a l so  to  contribute to the more extensive knawl- 
edge of the sol id  phases which i n i t i a l l y  satur- 
a t e  a cooling s i l i c a t e  l iquid e i t h e r  on or below 
the surface. 

w 
The liquid s t a t e  is the essence of igneous 

act ivi ty  and therefore a significant par t  of the 
way the earth works. 
of the composition of natural  liquids, but the 
physical and thermodynamic properties of sili- 

A great deal is now known 

_ _  
v 
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I n  siliceous liquids, one of the e a r l i e s t  
phases to precipitate is quartz (Si02) .  
t h i s  phase is accompanied by others, it is pos- 
s ib l e  to calculate ,the pressure a t  which the 
crystal  assemblage equilibrated. This pressure, 
equivalent to  depth, places a l imiting value on 
the source region of a particular si l iceous 
magma. Thus quartz crystals  occurring as early 
crystal l iz ing phases (phenocrysts) i n  a wide 
variety of Zavas were examined to  determine the 
extent of solid solution, the variation i n  the 
temperature of the a+ transit ion (-848 IC), the 
enthalpy associated with t h i s  transit ion,  and 
the heat capacity of bothaand Bquartz. 

I f  

We found that  the a-$ inversion temperature, 
T 
of-quartz, which ranged between 17 and 380 ppm. 
The enthalpy associated with the a-$ t ransi t ion,  

was measured Over a range of 9.0°C by 
d i f f e ren t i a l  scanning calorimetry (DSC), but 
there is no measurable compositional effect  on 
k - 8 .  
crushed, the smaller the value of 4 - 6 .  
observed decrease i n  A+ 

energy of 682 ergs/cm2. 
quartz requires 107.7 f 1.4 cal/mole for  the 

6, is  strongly influenced by the A 1  content 

However, the finer the samples are 
The 

as a function of 
grain size could be a t t r i  d uted to  a surface 

A single piece of 

interval of 842 t o  851 K, which in- 
enthalpy associated with the a-$ 

The heat capacity of two samples of quartz 
were measured by heating cn the DSC, and there 
is a marked premonitory effect ,  which s t a r t s  
about 2OO0C below Tu* (Figure 1). Values 
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of Cp a t  100 intervals are given i n  Table 1, 
but a t  smaller i n t e ra l s  as %+ is approached 
because Cp r i s e s  to  very h i& values on both 
sides of the inversion interval.  

b 

Table 1. Molar heat capacity of a-quartz and B-quartz (Cp i n  cal/mole.deg.). 
Q 

crquar t z r q u a r  t z 

T(%) Cp T ( W  CP T ( W  CP T(%) Cp 

400 12.9 610 15.5 820 19 .o 85 1 18.3 
410 13.0 620 15.6 8 22 19 . I  852 17.2 
420 13.2 630 15.8 824 19.2 854 16.7 
430 13.3 640 15.9 826 19.3 856 16.5 
440 13.4 650 16 .O 828 19.4 858 16.5 
450 13.6 660 16.1 , 830 19.6 860 16.4 
460 13.7 670 16.2 832 19.7 870 16.3 
470 13.8 680 16.4 834 19.8 880 16.2 
480 14.0 690 16.5 836 20.0 89 0 16.2 
490 14.1 700 16.6 900 1 
500 14.2 7 10 16.7 
510 14.3 720 16.9 842 22.8 
520 14.4 730 17 .O 
530 14.6 740 17.2 
540 14.1 750 17.3 
550 14.8 760 17.5 
560 14.9 770 17.7 
570 15.0 780 17.9 

790 18.1 I 

800 18.3 
600 15.4 810 18.6 

bd 

G 

G 

bi 
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-B t ransi t ion 

v 

( cal  /mole) 

~h id report : 107.721.4 7,891 Y 
Kelley (1960): , 290 8,090 

Robie et  1978): 114 7,330 

43 
obtained by ,integrating the area under the Cp 

adding the measured value of obtained I 

over the range of 842 to  851 K. Our values are  
compared with published 
the agreement with the 
excellent. This study 

' curve from 400 to  842, and from 851 t o  900, then 

V 
measurement of lattice parameters and cel l  

umes of 52 specimens of quartz phenocrysts 
ich grew i n  the pquartz  s t a b i l i t y  f i e ld )  i s  

presently i n  press (Ghiorso et al., 1979). 

.p..:!:!.y...s.: ..:. :>.:r ..... > :::. . .  :.: .::.:: p:. .......... . ..... . ........ : ..... mi ,  I 

The density, or specific volume, of 12 sili- I 
@ te l iquids of widely varying composition have 1300 14bO 1500 . ' 

"C XBL 795-9587 
been measured over the temperature range of 
l , l O O o  t o  1,550°C. 
s tar t ing glassy material f r ee  of gas bubbles, 
which would strongly affect  the measured den- Figure 2. Pa r t i a l  molar volumes of oxide com- 
s i ty ,  involves care and considerable time a t  ponents (labeled) i n  silicate l iquids obtained 
high temperature i n  the furnace. The density from 91 compositions. The width of the shaded 
was measured by weight loss of a Pt  '$ob of known areas represents 22 standard errors about the 
volume that was suspended just  above the sili- mean. 
cate liquid, and then .iPnnersed a known distance (Bottinga and Weill, 1970) are represented by 
in to  it. Surface tension corrections for t sol id  c i r c l e s .  

The preparation of 

Published values of these quant i t ies  0 

ion program i n  the SPSS 
Figure 2 shows that  pub- package version 7.0. 

pa r t i a l  molar volumes may l ie outside the 95% 
confidence l i m i t s ,  particularly for A12O3. 
Least squares analysis of the pa r t i a l  molar vol- 
umes with temperature leads to the value given 

cs lished values (Bottinga and Weill, 1970) of the 

l a r  molar volumes for Ti02 have not 
been given, a s  these are notably composition- 
dependent, and a t  1,400°C MY vary between 
22.5 and 28.8 cm3/m~le. 

dVTi0,ld.t has a posit ive 
presence of A1203 t h i s  

Y 

In AlqO3-free 

The interactions of Ti02 
with other components i n  s i l i c a t e  liquids are  

yd presently being investigated. 

the pa r t i a l  molar volumes of these oxide com- 
ponents are plotted i n  Figure 2, together with 
error bars representing plus or minus twice the 
standard error.  Included i n  these data are pub- 
lished measurements, and a l l  data w e r e  regressed 

PLANNED ACTIVITIES FOR FISCAL YEAR 1979 

The density of s i l i c a t e  l iquids with FeO and 
Ti02 a s  additional components w i l l  be measured 
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Table 3. Preliminary values of pa r t i a l  molar 
volumes of oxide components i n  
s i l i c a t e  l iquids without FeO or TiOp. 
Applicable range i s  1,523 t o  1,873 K, 
and data are i n  cG/mole. 

- 
Vsio, = 27.138 + 9.939 x 10-5 T 

? ~ 1 ~ o ~  27.500 + 5.095 x T 

- 
v ~ g o  9.608 + 1.406 x 10-3 T 

- 
V N ~ ~ O  = 17.831 + 6.340 T 

- 
V K ~  = 26.982 + 10.839 x T 

over a range of temperatures, and thus the 
p a r t i a l  molar volumes of these two components 
w i l l  be derived. 
glasses, made of Na20-Al203-si02, w i l l  
be measured i n  an attempt t o  identify any coor- 
dination change of A 1  from four-fold to  six-fold 

The heat capacity of densified 

as a function of pressure. 
heat content of compositions i n  the system 
NdullsigO8-Cdul12Si208-CaMgSi206 w i l l  be measured 
i n  order t o  obtain heats of fusion of these three 

thermal expansion of silicate glasses of various 
compositions, as a function of temperature,  w i l l  
allow any compositional e f f ec t  on the galss 
transformation temperature to  be isolated.  

The high-temperature 

components. We ant ic ipate  tha t  a study of the 4 
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DEVELOPMENT OF A DATA BASE FOR AQUEOUS SOLUTIONS 
R. 1. Otto, H. Ozbek, and S. L. Phillips 

INTRODUCTION 

The research and development of geothermal 
energy depends an the avai labi l i ty  of adequate 
transport and thermodynamic reference data. 
However, the necessary data are widely scat- 
tered, varying i n  quali ty and generally uneval- 
uated. 
Informatian Resource is to  provide a single, 
comprehensive data base on the basic energy prop- 
per t ies  of aqueous solutions t o  elevated pres- 
sures and temperatures. To t h i s  end, a bibli-  
ographic data base containing references t o  over 
1,000 articles and reports providing basic phys- 
iochemical data relevant to geothermal energy 
has been estbalished (Phi l l ips  et al., 1978; 
Fair  and Phi l l ips ,  1976). The computerized bib- 
liography is maintained by the Berkeley Database 
kfanagement System (BDMS) . 

One  objective of the National Geothermal 

The primary objective o f  the aqueous solu- 
t ions data base is to  provide evaluated and cor- 
related transport and thermodynamic data, compi- 
la t ion,  and recommended interpolating equations 
for generating tables of smoothed values. 
i n i t i a l  focus has been on properties of aqueous 

The 

sodium chloride solutions i n  the temperature 
region between 0 and 350°C and having pres- 
sures between vapor saturation and 50 MPa. The 
compilation, evaluation, and correlation cover- 
ing viscosity,  thermal conductivity, solubi l i ty ,  
density, enthalpy, and heat capacity is nearing 
completion and w i l l  consti tute a data book of 
current information on NaCl for research, devel- 
opment, modeling, and construction for both 
e l e c t r i c a l  power and d i r ec t  use of geothermal 
energy. In addition, the r e su l t s  of t h i s  work 
include ident i f icat ion of areas where data are , 

e i the r  lacking or inadequate, and recommenda- 
t ions for research designed to  provide the 
needed data. 

The data  base is  compiled from the following 
principal sources of information: ( a )  eqer i -  
mental values and correlations i n  the published 
l i t e r a tu re ;  (b) reports from U. S. lkpartment of 
Energy contractors; (c) reports from other 
government agencies and the i r  contractors, €or 
example, U. S. Geological Survey; (d) data from 
the CODATA system; and (e)  data synthesis and 
correlation from computer-assisted interpolation 
and extrapolation, 
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per t ies  of  aqwdus El solutions: density, 
enthalpy, heat capac 
thermal conductivity, and solubi l i ty .  The 
resu l t  of the evaluations are 
tione that  reproduce the data, 
35OoC, 50 MPa pressure, and to  
centrations. We expect t o  begin cr i t ical  evalu- 
a t ion and correlation for the scale-causing sub- 

, viscosi ty  (revision) , 

,and represent com- 
Y 

concentrations is s t r ikingly apparent. -New es and silica, ca lc i te ,  and 
resu l t s  on the heat capacity and heat of solu- 
t ion  up t o  300% have become available 
since the most recent and comprehensive thermo- 
dynamic compilation of Si lvester  and Pi tzer  
(1977). These data have been r e f i t ,  and a new 
revised set of values Lor the t o t a l  enthalpy an 
heat capacity of * has been generated i n  Establishment of a computer data base 
tabular form. 
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ICA FROM AQUEOUS 

0 
sil ica of well-defined properties), and the 
formation of new colloidal s i l i c a  par t ic les  data has been generated on the  kinet ics  of the  

conversion of dissolved si l ica i n  geothermal- 
brine-like aqueous solutions to  sol id  amorphous 

cess of homogeneous nucleation. 

i l i ca  (AS). 
tudied: molecular deposition of dissolved for pract ical  applications, the rate of molec- 

Two processes have been separately We found tha t ,  within the accuracy required 

0 
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ular  deposition is ful ly  determined by the con- 
centration of dissolved s i l i c a ,  temperature, pH? 
and concentrations of univalent anions i n  solu- 
tion. In geothermal practice, only chloride and 
fluoride need to  be considered. Most of these 
data have already been reduced and the resul ts  
are rea preliminary form., 

The geneous nucleation depends 
upon the free energy of a colloidal s i l i c a  
pa r t i c l e  of c r i t i c a l  nucleus size,  and the rate  
of molecular deposition. The nucleation-free 
energy is a function of the surface tension of 
the H20/Si02 interface,  dissolved s i l i c a  
concentration, and temperature; the surface 
tension is i t s e l f  a function temperature, saUn- 
i t y ,  dnd pH. Our approach to  analyzing the 
homogeneous nucleation data is to  model the . 
process numerically, and adjust the value of 
surface tension un t i l  the calculated curve of 
dissolved s i l i c a  vs. time, under any given con- 
dit ion,  matches the experimental curve. 
sophisticated computer code has been developed 
for t h i s  purpose and data reduction has been 
completed. The code i t s e l f  and i t s  documenta- 
tion w i l l  be publicly released. 

A 

ACCOMPLISHMENTS I N  FISCAL YEAR 1978 

Mechaxksms of S i l i ca  Precipitation 

It appears that  under most conditions, 
s i l i c a  precipitates as relat ively pure amorphous 
s i l i ca .  
thermal f i e ld  experience; laboratory research, 
and theoretical  considerations. 
our study was rest r ic ted accordingly. 

This conclusion is supported by geo- 

The scope of 

The process of amorphous s i l i c a  precipita- 
tion from supersaturated bulk aqueous phase con- 
s i s t s  of the following steps: 

1. Growth of polymeric s i l i c i c  acid complexes 
to c r i t i c a l  nucleus s i z e  

Nucleation of an amorphous s i l i c a  (AS) phase 
i n  the form of colloidal par t ic les  

Growth of the supercrit ical  AS par t ic les  by 
further molecular deposition of s i l i c i c  acid 
on t he i r  surfaces 

Coagulation or flocculation of colloidal 
par t ic les  to give a gel 

Cementation of the par t ic les  i n  the gel by 
chemical bonding and further deposition of 
s i l i c a  between the par t ic les  

2. 

3. 

4. 

5 .  

r a t i o  (concentration d - 
solubi l i ty)  of 2 or greater.' I f  t h i s  condition 
is m e t ,  massive precipitation occurs. 
the case with the residual (flashed) brine at 
Niland, California, Cerro Prieto,  Mexico, and 
Wairakei, New Zeland. Dealing with the conse- 
quences of precipitation presents the greatest  
technical problems encountered a t  these sites. 

This is 

I f  the concentration'of d solved s i l i c a  is  
too low for massive homogeneous nucleation to  
occur, re la t ively slow molecular deposition upon 
sol id  surfaces becomes the major precipitation 
mechanism. 
t i a l l y  step 3 of the above scheme alone) is a 
dense vitreous s i l i c a .  This material has been 
observed to form i n  portions of the surface 
piping a t  Cerro Prieto a t  a ra te  of about 1 
mm/yr. 
vitreous s i l i c a  is almost impossible to  remove 
once formed. 

The product of t h i s  process (essen- 

This is a very small rate,  but the 

The goal of t h i s  study has been to  generate 
suff ic ient  experimental data and theoretical  
analysis concerning steps 1 t o  3 to- enable us 
quantitatively to  predict and interpret  t he i r  
phenomenology and kinet ics  
range of pract ical  concern. 

Bomogeneous Nucleation of Colloidal AS 

6. Barely, growth of a secondary phase i n  the 
in t e r s t i ce s  between the AS par t ic les  (Such 
secondary deposition of FeS and 9f ca l c i t e  
has been reported, but is uncommon.) 

The above process occurs when the concentra- 
t ion of dissolved s i l i c a  is high enough for 
homogeneous nucleation to  occur a t  a significant 
ra te .  Very roughly, t h i s  requires a saturation 

The voluminous gel-like deposits encountered 
a t  Niland, Cerro Prieto,  and Wairakei consist of 
flocculated colloidal AS. 
white scales associated with the gel-like 
materials are cemented colloidal aggregates. 
This colloidal s i l i c a  is produced by homogeneous 
nucleation i n  the liquid phase, that  is, nuclea- 
t ion by growth of polymers to  c r i t i c a l  nucleus 
size without the participation of some preexist- 
ing sol id  par t ic le .  

The crumbly grey and 

With moet substances, heterogeneous nuclea- 
t im  is dominent, and homogeneous nucleation i s  
very,slow, rare i n  nature, and d i f f i c u l t  to  
study i n  the laboratory. The precipitation of 
AS i s  an apparent exception to th i s  because of 
the very low surface tension of the si l ica-water 
interface-between 35 and 50 ergs cm-2 over 
the range of major practical  interest .  (By 
comparison, the surface tension of the water-air 
interface i s  about 70 t o  80 ergs em-2.) 
means that  enormous numbers of par t ic les  can be 
produced b homogeneous nucleation (on the order 
1017 t o  10y9 per l i t e r ) ,  and th i s  completely 
swamps the effects  of heterogeneous nucleation. 

A pract ical  consequence of the dominance of 

This 

homogeneous nucleation is that  the precipitation'  
of AS i s  experimentally reproducible and 
predictable. This is because the rate of homo- 
genous nucleation i s  determined by basic thermo- 
dynamic and chemical variables (concentration, 
surface tension), 
trace contaminants, as is the case with hetero- 
geneous nucleation. 

and not by often unknown 

. Figure 1 shows some typical experimental 
resul ts ,  which depict the decline of 

t 
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Figure 1. Decrease of dissolved s i l i c a  concentra- 
t i on  with t i m e  under conditions of homogeneous 
nucleation a t  75OC, pH 7.0, and sodium ac t iv i ty  - 
0.069 E. Numbers indicate  i n i t i a l  dissolved 

i ca  concentrations. 

ca with t i m e  v i a  the homogeneous nucleation 
anism. These experiments were performed at  

various pH's i n  a law-salinity buffered medium 
i n  which the sodium ion ac t iv i ty  was approxi- 
mately 0.069 M, and the t i m e  scales were shifted 
to  convert a lT data to a nominal pH of 7.0. 
These conditions are approximately equivalent t o  
an 0.088 M (= 5,200 ppm) NaCl solution a t  pH 7. 
Note that the t i m e  scale i n  Figure 1 is loga- 
rithmic. With an i n i t i a l  concentration of 1.1 
g / l  of Si02, the reaction runs most of the way 
t o  completion i n  less than 10 min. 
elsewhere i n  this paper, concentrations expressed 
i n  terms of grams o r  moles/l i ter  r e fe r  t o  room 
temperature. Therefore, t h i s . s o l u t i  
t a i n  1.1 g / l  Si02 i f  cooled t 
but not necessarily a t  75OC). 

Y 

(Here and 

w 

reaction takes about 5,000 min. I n  other 
a large i n i t i a l  saturation rat io ,  amorphous 

and associated piping. This is 
ca gels may form within the process equip 

o Prieto and Niland 
os (0.7 g / l  corresp 
erature),  massive precipitation 

occur within the process equipment, 
cer ta inly w i l l  occur somewhere further down- 

Q 

49 
during which the con- 

able to  model and predict  rocess quantita- ~ 

bonding of dissolved s i l i c a  mo 
onto solid surfaces. 

100 OC, homogeneous nuc lea  t ion 
dominant precipitation mechan- ' 

i s m .  The major significance of molecular 
-deposition here is that it is the molecular 
mechanism of the growth of colloidal par t ic les  
and of the conversion of gel-like deposits t o  
so l id  scale. However, at higher temperatures 
molecular deposition from solution may, by 
i t s e l f ,  produce scale a t  a s ignif icant  ra te .  
Although the deposition rate  is very small 
(about 1 mm/yr i n  the flashed brine pipes close 
to the s t e a m  separators at Cerro Prieto) ,  t h i s  
scale is almost indestructible once formed. 

We posit ion process 
by adding known amount 
known specific surface area to  the solutions. 
Deposition.rates at pH 7, pa'] - 0,069 and 
various temperatures and dissolved s i l i c a  con- 
centrations were calculated (and extrapolated) 
from our experimental data and are presented i n  
Figure 2. The dashed l ine represents the 
approximate concentration l i m i t  above% which 
homogeneous nucleation supersedes deposition on 

oidal s i l i c a  of 

perature ("c) 
WILTOll-lZ772 

Figure 2. 
s i l i c a  on a f l a t  surface a t  pH 7.0 and sodium 
ac t iv i ty  - 0.069 H. 
tions corresponding to  each curve indicated i n  
g / l  refer  t o  room temperature. 

Rates of molecular deposition of 

Dissolved s i l i c a  concentra- 
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added par t ic les  as the dominant mechanism. 
data dctually cover only the range between 50° 
and 100°C and below the dashed line. However, 
we believe the extrapolated values to  be good 
enough for practical  application. 

Our 

A t  any given concentration, there is a 
temperature a t  which the deposition rate has a 
maximum value. 
of deposition increases with temperature i n  the 
usual way. Above t h i s  temperature, the rate of 
deposition decreases because the increasing 
solubi l i ty  of s i l i c a  causes the r a t e  of the 
back-reaction (dissolution) t o  increase even 
more rapidly. 
any given concentration, the deposition rate  
goes to  zero. 
is that the molecular deposition rate  is a weak 
function of temperature a t  lower than 15OC 
below the saturation temperature. However, the 
r a t e  varies strongly with s i l i c a  concentration. 
(Our data are best  f i t t e d  by an apparent fourth- 
order rate law.) 

Below t h i s  temperature, the rate 

A t  the saturation temperature fo r  

The practical  consequence of t h i s  

Effects of pH and Sal ini ty  

It has long been believed that the r a t e  of 
AS deposition is proportional t o  the surface 
density of ionized s i lanol  groups on the silica 
surface. 
of the rate  proved th i s  hypothesis conclu- 
sively. 
pH calculated from our data matched surface 
charge vs. pH data i n  the l i t e r a tu re  to  within 
experimental error. 

Our experiments on the pH dependence 

We found that  the rate as a function of 

The rate  of molecular deposition as a func- 
t ion of pH for pNa+] = 0.069 is presented i n  
Figure 3. 
the rate  at any given pH re l a t ive  to  the r a t e  at 
pH 7. 
increases the rate  by th i s  factor. 

increase in  proportion to  surface change a t  
about pH 8 .  
effect  of the increase of s i l i c a  solubi l i ty  with 
increasing pU. Our data suggest that  a constant 
pH correction factor of about 2.7 is adequate 
between about pH 8 and 9 .  The resul ts  presented 
here should not be used above pH 9. 

The function plotted i n  Figure 3 is  

Increasing the pH a t  constant s a l in i ty  

We found that  the reaction rate ceases t o  

This is due to  the offset t ing 

Dissolved s a l t s  have two important e f f ec t s  
upon these processes: (a) the s a l t s  decrease the 
solubi l i ty  of amorphous silica and, thereby, 
increase the rate  of homogeneous nucleation; and 
(b) increasing the s a l t  concentration at con- 
s tant  pH increases the surface charge density 
and, thereby, the rate  of molecular deposition. 

The second effect  increases the rates of 
molecular deposition and homogeneous nucleation 
by the same factor. The first effect  increases 
only the rate  of homogeneous nucleation. 

Except at very law sal ini ty ,  most of the 
dissociated silanols on the s i l i c a  surface have 

ound to them-in our experiments, 
This means that  sodium and hydrogen ion 

ac t iv i ty  does not have independent effects  upon 

I I I I I I 
6 7 8 

PH"0fI-l 
XBLtell-l2fTI 

Figure 3. 
r a t e  with pbom. 
a function of pbOm re l a t ive  t o  the r a t e  at 
p h O m  = 7.0. 
the value of the pH correction factor is 2.7. 
When sodium ac t iv i ty  = 0.069 E, pHnm = pH. 

Variation of molecular deposition 
Curve gives the rate  as 

A t  panom greater than 8, 

t 

c 

L 

c 

cu 

the rate.  Rather, it is the r a t i o  of sodium t o  
hydrogen ac t iv i ty  that is important. 
Figure 3 may be used to  calculate the effect  of 
s a l in i ty  upon the molecular deposition rate  as 
well. 

To do th i s ,  calculate a "nominal pH value" 

Therefore, 

defined by 

~Hnom = Pa + log J&g * (1) 

k and then read off the pH correction factor from 
Figure 3 using the nominal pH value instead of 
the r ea l  one. 

For example, t o  calculate the,molecular 
deposition rate a t  100°C, pH 6.5, [Na+] = 0.69 
and 0.7 g l l  dissolved s i l i c a ,  follow t h i s  procedure. 
F i r s t  read the deposition r a t e  at  pR 7.0 and 

0.22 pmlday. Second, calculate pQom using 
equation (1). This is 7.5. Third, read the pH 
correction factor for pH 7.5 from Figure 3. 
This is 1.8. Finally, multiply the two numbers 
together to obtain the deposition rate ,  which is 
0.40 pmlday. 

[Na+]-O.O69 from Figure 2. This value is ru 

i 

c 



is  procedure is ade- 
ta in  up to  at l e a s t .  

1 M Mac1 and may be adequate a t  even higher 
s a b i t i e s .  
procedure for use a t  s a l i n i t i e s  mu 

Y ppm. A t  very low s a l i n i t i e s ,  d i s s  
out ion pairing becomes important, 
assumption of the equivalent and o 
effects  of hydrogen and sodium ac t iv i ty  collapses. 

’ 

However, we cannot recommend t h i s  

The dissolved sol ids  i n  r e a l  geothermal 
brines are usually predominantly sodium 
chloride, but’other s a l t s  are also present. 
have found that ,  i n  most cases, it is suff ic ient  
to  use an “effective sodium ion act ivi ty” calcu- 
lated as 0.77 times the (molar) concentration of ‘ 
chloride. I f  bicarbonate is present a s  a major 
ion, use the sum of the chloride and bicarbonate 
concentrations i n  place of chloride alone.’ The 
rationale for  t h i s  procedure is that  the various 
other major eations that may be present have 
essent ia l ly  the same effects  as sodium, and the 
activity-lowering effects  of divalent anions 
approximately compensate for  the concentration 
of the cations that accompany them. 

We iu 

Some Practical  Examples 

Consider a hypothetical geotherm 
d e v e E t  a t  which the spent brine contains 
5,200 ppm NaC1, 0.5 g / l  dissolved Si02, and i 
delivered to the reinjection well at 75% and 
pH 7.  The brine ‘delivered to the reinjection 
well is completely clear and goes r ight  through 

w a membrane f i l t e r .  The decision 
reinject .  Reinjection couunences 
into an aquifeic of 2 0 0 0 ~  i n i t i a l  temperature, 
Q = 0.1, h - 20 m, and v o l v e t r i c  solid-r 
heat capacity = 2,460 W/m3 C. After ab 
12 days, the thermal front is about 60 m 
the formation, and the f luid t ravel  time 

llbore to thermal front is about 50 h r  
= 3,000 d n . ) .  Referring to  Figure 1, 

hat there is now ample t h e  for homogeneous 
nucleation to  occur before the f luid rea 
thermal front. The resul t  is that  the in j ec t  
a b i l i t y  of that  horizon is damaged by si1 
precipitation. Furthermore, well treatm 
with caustic or HF ,are not effective because 
damage is 30 t o  60 m away from the wellbore 

V 
Case 1. 

0 

U 

Case 2. Can one reinjec ght from the - 
e a m  separators ro Pr ie tol  

29 
Assume the following typical brine conditions a t  
-the injection w e l l :  160°e, 0.95 g/1 dissolved 
SiOp, effective [Na+] = 0.25, and negligible 
suspended solids.  The brine pH a t  inject ion 
temperature is not known, but is approximately 
7.8 a t  riwm temperature. This gives a nominal 
pH of about 8.3 (which is within the range of 
weak pH dependence) and a pH factor of 2.7 (from 
Figure 3). The p h O m  7.0 deposition rate ,  
from Figure 2, is about 1.3 um/day. Correcting 
€or pH, we obtain the actual deposition r a t e  of 
3.5 pm/day. Correcting for pH, we obtain the 
actual deposition rate  of 3.5 pm/day (= 1.3 
nnn/yr). This is consistent with the observed 
r a t e  of vitreous s i l i c a  deposition near the 
separators a t  Cerro Prieto. Because pore perme- 
a b i l i t y  is dominant a t  Cerro Prieto,  it is clear 
that  injecting t h i s  brine would rapid 
injection w e l l .  

’ We hope that such akes w i l l  be avoided. 
However, we emphasize that  both of these brine 
streams would be injectable under the c r i t e r i a  
presently i n  vogue. 
freely through, a micron-sized membrane f i l t e r  
and would not cause vis ible  fouling of metal 
surfaces during f i e l d  t e s t s  of a few days d k a -  
tion. It is precisely the refinement of such 
c r i t e r i a  that  @e hope to  have accomplished with 
the work sumnarized 

They would be able t o  pass 

D FOR FISCAL YEAR 1979 

. Our group is presently engaged i n  three . 

areas of act ivi ty .  
reduction of the experimental data generated 
during f i s ca l  year 1978. 
ing the chemistry of s i l i c a  i n  the spent brines 
at the Cerro Prieto power plant by means of 
laboratory simulation. 
toward developing a prereinjectim’ brine treat-  
ment for  Cerro Prieto.  
Cerro Prieto project a t  LBL. 
develbping a computer model of a surface con- 
denser i n  a geothermal power plant. The goal of 
t h i s  work is to  enable the chemical operating 
character is t ics  of such a condenser to be inter-  
preted and predicted. 
applied to studying The Geysers Unit 15, which 
is the f i r s t  geothermal power plant t o  be equip- 
ped with a durface condenser. 

F i r s t ,  we are completing the 

Second, we are study-’ 

This work is oriented 

It is supported by the 
Third, we are 

This model w i l l  f i r s t  be 

This work is  
Electr ic  

m 
ENHANCED OIL REC 
C. 1. Radke and W. H. Somerton 

IVE TENSION AGENTS 

NTRODUCTION a question remains as to  its displacement 

of the present study are: 
conditions required for tertinary-mode displace- 
ment of acidic o i l s  with high pH agents; and (2) 
to  elucidate the dominant recovery mechanisms, 

u3 effectiveness (Johnson, 1976). The objectives 
Use of alkaline solutions t o  recover select  

cid crude o i l s  has considerable economic 
dvantage over couunercial surfactant solutions. 

(a)  t o  es tabl ish the 

In sp i t e  of the longevity of the 

Y 
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I *  I I I I I I I I I  - The native-state cores were extracted i n  
s i t u  using toluene followed by an acetone wash. 

pHi;12.5(A-2)------ (Because acetone was contributing to  fa i lure  of 
the p l a s t i c  tubes, the cleaning procedure was 

0 - l a t e r  changed to  use Chevron 4108 solvent 
followed by isopropyl alcohol.) After extract- l.0- 0 /..------ - 
brine and the brine was displaced with crude o i l  
t o  irreducible water saturation. The water 

SERTIARY FLOOD S ' E C ~ N ~ R Y  'RCXX) 

e pHpl2.l (C-l)----= 
COREA-2 0% 

0 CORE c-I 

,/- CORE C-I 
ing and drying, the cores were saturated with 0 

flooding and caustic flooding procedures were as 

: 0.8- e-----#- F-------"' - 
a 0 E 0.6 - 
0 
3 k;. c 

---- #I-- Table 1. Ranger-zone core floods. 

t 
cAusnc 

K Swi Soi Erw Erc INJECTED 
Test Condition 4 md 

e permit development of an improved 
caustic flooding package, 
includes studies on core displacements from 
synthetic and natural systems, interfacial  
tensions, emulgion rheology and s t a b i l i t y  i n  
porous media, and caustic loss. 

The overall  project 

CORE DISPLACEME 

Caustic flooding tests have been run a t  
reservoir temperature on a number of Ranger-zone 
cores using Ranger crude o i l  and simulated for- 
mation water. The t e s t  apparatus is similar t o  . 
tha previously (Radke and Somerton, 1977) 
exc a t  the core is mounted i n  a waterj,ath 
mai d at a constant temperature of 125O f 
1 9  ing saturation of the cores with 
Ran ne crude, the temperature of the system 
is  increased to 180- t o  ensure that a l l  the 

I3 

12 

II 

lopH 
- 9  

8 

- 7  

asphaltenes are i n  solution i n  the crude, since 
these constituents may play an important role  %in 
the crude-oil behavior. This high temperature 
has led to  fa i lure  of several types of p l a s t i c  
core hokders, which have been used t o  minimize 
the corrosive effects of the caustic solutions. 
Currently, a thick-walled Teflon tube is used a s  * 
the core holder with moderate success. 

given above, following THUMS planned procedure 
for f ie ld  t e s t s  (City of Long Beach, 1977). 

Results of several of the t e s t s  are summa- 

By 
rized i n  Table 1. The ea r l i e r  t e s t  cores (A and 
B) had high porosit ies and permeabilities. 
improved packing techniques i n  l a t e r  cores (C), 
the porosity and permeability were greatly 
reduced. The resaturated core, A-2, recovered 
46% of the o i l  i n  place by water flood and an 
additional 20% by caustic flood, for  a t o t a l  
recovery efficiency of 66%. The second resatu- 
rated core gave much lower recovery efficien- 
cies: 27% by water flood and an additional 10% 
by caustic. The large difference i n  the 
behavior of these two similar cores can probably 
be attr ibuted to the lower i n i t i a l  o i l  satura- 
tion i n  the latter case. 

Test core C-1 was prepared by a modified 
packing procedure giving much lower porosity and 
permeability, 
without running native s t a t e  tests. The high 
recovery by both water flooding and caustic 
flooding (51% and 31%, respectively) was sur- 
prising for t h i s  low permeability core. 
tion of the core a f t e r  the test confirmed the 
low residual o i l  saturation of 18%. 

The core was extracted i n  s i t u ,  

Extrac- 

Figure 1 shows the recovery history of core 
C-1 plotted a s  a fraction of i n i t i a l  o i l  i n  
place recovered as a function of pore volumes of 
water and caustic injected. 
t o  note that no t e r t i a r y  o i l  was recovered un t i l  
nearly 2-112 pore volumes of caustic had been 
injected. 
u n t i l  a f t e r  the f i r s t  t e r t i a ry  oil was recov- 
ered. 
tion of caustic (probably most of it being 
adsorbed by the fine-grained, clayey reservoir 
rock) before any o i l  was'produced. Thereafter, 
the pH and recovery curves tend to be paral le l .  
The o i l  was produced i n  slugs with no sign of 
emulsification un t i l  the very l a s t  o i l  produc- 

It is interest ing 

The pH of the effluent remained low 

This would indicate a very large consump- 

c: 
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t ion increment, which was i n  the form o 
o i l  slug followed by a very di lute  o i l  i n  water 
emulsion. t a b i l i t y  gradients. . 

tube. 
involve wettabil i ty 

The recovery mechanism in  th i s  case may 
rsal  with sharp wet- 

In  Figure 2, the prodltction performance of 
Y core A-2 is compared with C-1, Recalling tha t  Synthetic System 

the A-2 core was much more bermeable than C-1, 
the much ear l ie r  recovery (from a porevolume 
standpoint) might be expected for the A-2 core. 
The caustic consumptiw i s .a l so  much lower i n  
the case of the more permeable core, although 
the pH and oil-recovery curves are again paral- 
l e1  with o i l  production, ceasing as the effluent 
pH approaches the value for  the injected fluid. 
A possible difference between these two 'cores is 
that  A-2, the lower caustic consumer, was pre- 

To understand the complicated chemistry 
involved i n  a lka l i  flooding, we are studying the 
displacement of oleic  acid-doped mineral o i l  
(1.5 cp and acid #2) from Ottawa sand packs 
(about 5 darcy) a t  a scaled rate  (7 ft/day). 
Details of the experimental apparatus and pro- 
redures~ are available (Radke and Somerton, 1977). 

' 

L 

Experimental resul ts  for the percentage 
recovery of o i l  remaining af te r  water flooding 

o residual, as a function of pH a t  two NaCl 
s a l t  contents, are shown i n  Figure 3. Without 
s a l t ,  no recovery of te r t ia ry  o i l  is found. As 
discussed previously (Radke and Somerton, 1977) 

th i s  limited number of tests on nonsaline, high-pH (about 12) solutions lead to  
cores. However, cer ta in  observations seem core plugging but not to  te r t ia ry  o i l  recovery. 
irrefutable.  It is clear  that  with suff ic ient  However, high-saline solutions exhibit recovery, 
i n i t i a l  o i l  saturation, o i l  can be recovered i n  . which is a strong function of pR. A t  pH values 
the te r t ia ry  mode by caustic injection, a t  aw about 11, the alkaline solutions are buf- 
least  under laboratory conditions. Consumption ide sufficient neutralizing 
of caustic by the fine-grained, clayey reservoir 
rock is high, especially for  the law-permeabil 
i t y  cores, 
f i e ld  cores and f luids  does not appear to  
involve emulsification. The vast majority o ary numbers less than loe3. Hence recovery 
the o i l  produced was emulsion-free so i f  emu 
sions were formed i n  the core, they must have 
been-of the  unstable variety. No large changes 
i n  pressure gradients were noted and th i s  would 

looded with caustic i n  the native ' 

sorption may not have b 

No sweeping conclusions can 

U 
The recovery mechanism with the Interfacial  tensions for the solutions i n  

igure 3 are a l l  above 0.1 dyne/cm giving Icapil- 

annot be explained by the low-tension mecha- 
nism. 
insight into the underlying surface chemistry. 
For s a l t  solutions below 1 wt%, emulsions are of 
the oil-in-water type, whereas above 1% they 
i w e r t  to  the water-in-oil type. 

. 

Figure 4, however, provides considerable 

3 
lsion entrapment were 

Also above 1 

The recovery of t e r t i a ry  o i l  appears to be 
t i c  consumption. No o i l  i s  
effective caustic concentra- 

P eeds a c r i t i c a l  level. A t  I I I - 
th i s  point some o i l  is accumulated and produced 
i n  a minf-bank. This process continues i n  a .. 0.50b . *  

Y 
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Crude O i l  180 

I60 Spinning drop (Cayias et al . ,  1975) inter-  
f a c i a l  tensions of Ranger-zone crude o i l  against  
d i f f e ren t  sodium hydroxide Solutions are'shown 

- w  0 i n  Figure 5 at  ambient temperature. As 
0 3 previously observed (Radke and Somerton, 

120 2 McCaffey, 19761, acid crude-oil tensions show a 
0 4 dynamic minimum. For the ultralow tensions, the 

il 

I 
& 
.6.l2.4 

return t o  high tension is not experimentally 
available.  This is because the contracting drop 
succumbs t o  inevi table  external disturbances and 
breaks in to  s a t e l l i t e  drops. -80 .& 

n 

-60 
m m 

-40  ' 

- 20 caust ic  pH. Here the narrow range of ultralow 

--t 
(0 

Figure 5 a l s o  indicates  the s e n s i t i v i t y  of 
the minimum dynamic tension t o  small changes i n  
hydroxyl ion concentration. 
pH is  fur ther  accenturated i n  Figure 6 ,  which 
gives the minimum tensioh a s  a function of 

UI This s e n s i t i v i t y  t o  

The e f f e c t  of aqueous s a l t  con 
Ranger-zone crude o i l  minimum dynamic tension i s  
portrayed i n  Figure 7. 
chloride s h i f t s  the 
sions less than (10-5> dyne/cm t o  lower 

Addition of sodium 
H fo r  dynamic minimum ten- 

Figure 4. 
and contact angle. 

The e f f ec t  of s a l t  on emulsion type 

through the water-phase against quartz) show a 
reversion t o  oil-wet. 
is a function of solution pH. 
degree of o i l  wet tabi l i ty  exactly pa ra l l e l s  the 
recovery e f f i c i enc ie s  i n  Figure 3. 
system, only solutions tha t  fonn water-in-oil 
emulsions and that  exhibit  strong oil-wet 
c o d i t i o n s  give t e r t i a r y  o i l  production. 

The degree of o i l  wetnesa 
Note that  the 

I n  t h i s  

. 

Displacement Modeling 

The displacement of acidic  crude o i l  from a 
porous medium by an alkal ine solution is s imilar  
t o  an immiscible displacement process with 
chromatographic separation of the surfactant  
species among the o i l ,  water, and rock phases. 
I f  the flow properties i n  an alkal ine flood can 
be represented empirically by the r e l a t ive  per- 
meability concept, then it is  possible t o  extend 
the Buckley-Leverett water flood theory by 
allowing the r e l a t ive  permeability t o  be a func- 
t i on  of saturat ion and concentration of the sur- 
factant  generated by the in-situ a lkal ine chem- 
i c a l  reaction. 
Buckley-Leverett equation have been developed 
for  enriched gas drives,  detergent, polymer, 

,alcohol, carbonated water, surfactant,  and 
micellar flooding (Welge et  a l . ,  1961; layers  
and Perrine,  1959; Patton et  al . ,  1971; 
Wachmann, 1964; Claridge and Bondor, 1974; 
Larson and Hirasaki, 1976; and Kremesec and 
Treiber, 1976, respectively).  

Similar extensions of the 

c 

c, 

values. 
the 10-3 dynefcm isotension well broadens. 
Similar general conclusions can be drawn from 

Also for  the Lwer s a l t  concentrations, 

I 
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for  Ranger-zone crude o i l .  

Dynamic tensions a s  functions of pH 
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Figure 7. 
varying pH and s a l t  contents. 

Constant dynamic minimum tensions for  

data of Jennings (1975). 

d design does not appear to  f a l l  i n  the 

One importa 

ower tension composition region (i.e..s pH may be possible with very low acid concentra- 
12.5 andmacl] = 1 wt%>.  t ions i n  the o i l  phase. However, i f  a f t e r  the 

minimum, the tension rapidly rises back t o  a 
high value, propagation of the entrained drop- 

. lets cannot take place except through the larger  
pores or  by coalescence i n t o  an o i l  bank. 
low-tension minimum followed by a rapid rise t o  
a high-equilibrium tension seems well suited t o  

A 
Previous reports (Radke and Somerton, 19771, 

as well as l i t e r a t u r e  work show t h a t  dynamic 
tensions can exhibi t  a sharp minimum 
(HcCafEery, 1976; Farmanion e t  al . ,  1978; 
Mansfield, 1952; England and Berg, 1971). This 
minimum is  especial ly  dramatic when an acidic  
California crude o i l ,  or synthetic o i l s  
containing an oil-soluble hydrolyzable 
surfactant ,  are brought i n  contact With an 
aqueous alkal ine solut iou (Figure 5 ) .  

0 

Porous Media Flow 

ropriate  explanation of t h i s  tens aimum 
important not only i n  the proper interpreta-  

aims that have been suggested t o  alkali flood- 
ing involved emulsions (Johnson, 1976). 
are emulsification and entrainment and emulrifi-  

potent ia l  exploi ta t ion of cat ion and entrapment. The former was f i r s t .  
discussed by Subkow (19421, who believed t h a t  
the crude o i l  is emulsified i n  s i t u  by lowering 

These 
0 

of i n t e r f a c i a l  tension measurements, but in 

anced o i l  recovery. 

A minimum i n  dynamic t ens i  
period when surfactant concentration a t  the alkal ine water phase. This 
interface reaches a maximum value (Radke and 
Somerton, 1977). During t h i s  period, emulsifi- 
cat ion i n t o  small o i l  droplets can occur with 
negligible shear energy input (e.& , spontaneous 

f a c i a l  tensions is  long enough, emulsification 

nsion, and then entrained as a 

0 mechanism precluded any increase i n  recovery 
before caust ic  breakthrough, and the o i l  
recovery is as an emulsion, flowing with the 
caust ic  front.  
posed by McAuliffe (1973a,b), who noted tha t  the 
s i z e  of the emulsion droplets  generated i n  s i t u  

The latter mechanism was pro- 
. emulsification).  I f  the duration of low inter- 

0 



is not small enough to penetrate through all 
small pore-throat constrictions. Instead, 
entrapment occurs between sand grains. This 
causes a reduction of water mobility and leads 
to an increase in sweep officiency and oil 
recovery in the low-permeability zones of the 
reservoir. 
no significant reduction in ultimate residual 
oil saturation, but rather reduces the water-oil 
ratio required to reach this residual oil 
saturation. The oil recovered from this 
mechanism is as a separate phase. 

The entrapment mechanism results in 

The primary differences between these t v o  
mechanisms are the interfacial tension and the ' 

ratio of drop sizes to pore sizes. High inter- 
facial tension and large drop-size to pore-size 
ratio will result in the entrapment mechanism. 
Low interfacia1,tension and small drop-size 
ratio will exhibit the entrainment mechanism. 
Thus, the purpose of this work is to study the 
effect of interfacial tension and drop-size to 
pore-size ratio on emulsion flow through porous 
media. 

An experimental system has been constructed, 
as described previously (Badke and Somerton, 
19771, to obtain the relation of pressure-drop 
to flow rate for dilute stable emulsion flow in 
consolidated and unconsolidated porous media. 
Further, a quantitative model, based on deep-bed 
filtration theory, has been developed to 
describe the bed permeability. The rudiments of 
this theory have been published (Radke and 
Somerton, 1977) and the details will be avail- 
able in a forthcoming manuscript. 

Caustic Loss 

In this work, caustic consumption by 
reservoir rock is measured by frontal-analysis 
chromatography using a liquid chromatograph. 
This allows determination of both equilibrium 
consumption and band-broadening resistances in 
the same experiment. 
obtained from the solute-residence time of an 
input concentration step-change and an overall 
solute material balance (Wang et al., 1978). 
Experimental determination of adsorption of 
sodium hydroxide on oil-free Ranger-zone sand at 
2OoC is shown in Figure 8. 
and hydrogen ion concentrations are never 
independent, the adsorption in Figure 8, r, is 
actually the difference between hydroxyl ion 
adsorption (rea- - I'H+), and not the 

Equilibrium loss is 

Because hydroxyl 

ion adsorption alone. Further, Ar is 
relative to water of pH 7, since 

hydroxyl ion concentration in water is always 
finite. Experimental data in Figure 8 include 
those obtained after reflushing the colwm to 
neutral pH, thus indicating reversible caustic 
adsorption at ambient temperature. The alkali 
adsorption loss given in Figure 8 falls in line 
with other reported reservoir data (Jennings 
et al., 1974). However, Figure 8 shows the 
strong influence of hydroxyl concentration. 

The elutiotl curve also gives information on 
adsorption kinetics. 
transfer and control1ed.adsorption in the linear 

For simple external mass 

. OH 34 
,lis l2,.3 12;s 12,.7 12i6 Qi9 

ci 

0.6c 

CONCENTRATION (Moledliter) 

XBL 786-$284 

Figure 8. 
functian of hydroxyl concentration on Banger- 
z m e  reservoir sand. 

Equilibrium caustic adsorption as a 

Henry law isotherm region, Thomas' analytical 
solution is applicable (Sherwood et al., 1975). 
Figure 9 compares the experimental caustic 
elution curve with the theoretical calculation, 
with the mass transfer coefficient estimated 
from the work of Newman and Tiedemann (1978). 
Clearly, external mass transfer (and/or axial 
dispersion) cannot explain the observed spread, 
and additional resistances must be considered. 
The most likely, but unexpected, candidate is an 
internal-particle mass-transfer resistance sug- 
gesting porous solids in the Ranger-zone sand. 
This possibility is strengthened by the high 
s ecific surface area of this sand (about 7 

between 10 and 100 um. 
m 1 g'l by nitrogen BET) with particle sizes 

t 

Ir 

e 

c 

e 

Figure 9. 
compared to external mass transfer theory. 

Experimental caustic elution curve 
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k aspects of the temperature dependence of a l k a l i  
loss using f rontaI-analysis chromatography. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1979 

In f i s c a l  year 197 
emphasis on alkal ine t e r t i a r y  flooding of 
Wilmington reservoir  sands, including studies on 
the e f f ec t s  of pH and salt  content, use of 
buffers,  flooding rate, mobili ty control,  and 
cheap surfactant  addi t ives  
ing apparatus w i l l  be a l te  
uous operation and, a f t e r  
mercury in j ec t ion  pump, another complete flood-. 
ing apparatus w i l l  be constructed. 
modifications w i l l  reduce the long times t h a t  

u 

These $3 

graphic tests i n  order t o  decide the importance 

begin analysis o 
reservoir  sand. 

cru of reservoir sand dissolut ion.  We w i l l  a l s o  

The .emulsion s tudies  of t h i s  ‘coming yea 
w i l l  be directed towards the  use of d i l u t e  
emulsions for  mobili ty control.  Secondary 
displacement tests of viscous o i l s  i n  both 
homogeneous and heterogeneous cores w i l l  be used 

emulsion mobili ty control,  
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U R A N I U M  IN ALKALINE ROCKS 
B. Strisower, H. A. Woll M. Murphy, H. Bowman, 5. Flexser, and 1. S. E. Carmichael 

INTRODUCTION 

Uranium ores mined i n  the United States  
date have come primarily from sedimentary 
deposits; crystall ine rocks have yielded much of 
the uranium mined i n  the rest of the world. 
Among these crystall iue rocks are the alkaliue 
intrusive rocks, known to contain uranium as a 
resu l t  of exploration i n  Greenland and of mining 
i n  Brazil and Canada. A single alkaline intru- 
sive Occurrence i n  the United States,  the Itoss- 
Adam deposit i n  peralkaline granite a t  Bokan 
Mountain, Alaska, has been $red for uraniup. 
Other alkaline intrusive occurrences i n  the 
United States might be expected to  add to  
uranium resources. 
l ine igneous rocks are peralkaline nepheline 
syenites, alkaline-peralkaline granites,  and 
carbonatites. Funded by Bendix Field Engineer- 
ing Corp. for the U. s. Department of Energy, 
Lawrence Berkeley Laboratory completed a preli-  
minary study of the potential  for the occurrence 
of uranium i n  alkaline intrusive rocks. Results 
are detailed i n  a report by Murphy et al .  (1978). 

Within the category of alka- 

ACTIVITIES I N  FISCAL YEAR 1978 

The principal alkaline igneous occurrences 
of known uranium resource potential  were charac- 
terized by on-site v i s i t s .  
were made of uraniferous nepheline syenites at 
Il&aussaq, Greenland, and POGOS de Caldas, 
Brazil. These alkaline intrusive occurrences, 
together with the uraniferous peralkaline 
granite at Bokan Mountain, Alaska, and the 
niobium-uranium occurrence i n  carbonatites of 
the Ottawa Graben of southeastern Canada, were 
used as  type-localities. 

On-site inspections 

Information gained from on-site v i s i t s  and 
published reports dealing with the four type- 
loca l i t i es  was used to develop a se t  of criteria 
which were used for  comparing other alkaline 
igneous Occurrences i n  the United States. 

The characterist ics considered for  compar- 
ison of alkaline intrusive areas included: 
petrology, mineralogy, tectonic set t ing,  age of 
implacement, farm of implacement, country rocks, 
late-stage hydrothermal act ivi ty ,  pathfinder 
elements, uranium mineralization, and radio- 
activity.  

the United States vere 
Potential  uranium resource areas i n  

f computer l i t e ra ture  
f relevant reports, These 
i n  Table 1 and the 

accompanying map on page 183. 

Or the 69 s lkal ine intrusive occurrences 
shown on the map, only 40 had enough reported 
data to  be judged using the type-locality c r i t e r i a .  
Based on these criteria, nine areas showed the 
most promise for  exploration. There 
are: ~ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Alkaline-carbona 
Cove and Potash Sulphur Springs, Arkansas 

Carbonatite-pyroxenite nepheline syenitic 
Powderhorn intrusion near Gunnisdn, Colorado 

Rocky Boy hydrothermally altered carbonati- 
t i c  stock i n  the Bearpaw Mountains, Montana 

Lujavrit ic stocks and si l ls  of the Diablo 
Plateau, west Texas 

Lujavritic-tinguaitic dike near Beemerville, 
New Jersey 

Pegmatitic veins i n  riebeckite granite near 
Quincy, Massachusetts 

Peralkaline pegmatites i n  the alkal ic  Quanah 
granite of the Wichita Mountains, Oklahoma 

Hydrothermally altered shear zones a t  the 
contact between alkal ic  granite and Precam- 
brian granite near Jamestown, Colorado 

Sheared and altered granite and pegmatites 
of M t .  Rosa, Colorado 

Because of the presence of secondary hydro- 

b 

t 

(1 

i; 

thermal a l terat ion combined with deep l a t e r i t i c  
weathering, a t t r ibu tes  of the Pofos 
uranium Occurrence, the Magnet Cove/Potash 
Sulphur Springs area is considered the top- 
pr ior i ty  exploration target of the nine areas. 
Uore detailed descriptions of the areas are 
presented by Murphy et al. (197814 

A second l ine of i 

de Caldas 

of potential  pathfinder elements-those occur- 
ring with uranium i n  the minerals contained i n  
alkaline intrusive rocks. The question was: I f  
no radioelement data existed i n  the l i t e ra ture  

other elements to  indicate the presence 
appreciable uranium? 

on a given occurrence, could one use dat (v 

Trace-element and radioelement data from 
reports on the alkaline intrusive occurrences 
were collected for several elements-Zr, a, Be, 
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, rare earths, L i ,  Zn, Mo-as well as for  U 
d Th i n  the same rocks. The compilation 

included data from (a) peralkaline granites of 
Bokan Mountain, Alaska; (b) peralkaline intru- 
sives a t  Magnet Cove, Arkansas; 11 
Greenland; and Lovozero, Soviet Uni 
alc-alkalic intrusives of New Engl 
ierra  Nevada batholith. Concentrations of each 
lement were plotted against uranium or uranium- 
lus-thorium contents, using availab 

u 

v t r y  rock surrounding 
ized occurrences, Z r  had the strdngest relation- 
ship to  U + Th. The log-log plot  (Figure 1) 
i l l u s t r a t e s  t h i s  correlation. After Z r ,  the 
next best correlation was La + C e  with U + Th 
as shown i n  Figure 2. 

.Qiz Relationships between other 
radioelements were weaker, 6r data were too 

arse to  be useful. 

re  semiquantitative, which may acc 

In many cases the analyses 
trace elements reported i n  the l i t e ra ture  

lack of strong correlations.  XDLTEIU-IU 

Quantitative analyses were done 
samples of country rock from col lect  
Poc,os 
Nemegos, Ontario; and Magnet Cove, Arkansas. 
Mean concentrations and ranges for major and between the radioelements U + Th and the rare- 
trace elements are given for several alkaline earth elements La + Ce (Figure 3). 
intrusive rocks from these sites (Table 2). The same data, there is essentially no correlation 

between U + Th and Zt. It is possible tha t  i n  
these rocks the minerals containing Z r  are not 
necessarily those containing the radioand rare- 
earth elements. 

l i terature .  
Y 

de Caldas, Brazil; Ilfmaussaq, Greenland; 
In these data, a good correlation is evident 

Using the 

43 

ranges are remarkably small. These relationships suggest that  Z r  and 
rare-earth elements may be used as qual i ta t ive 
pathfinders for radioelements. The usefulness 
of these and other elements as pathfinders can 
be confirmed by more petrologic and chemical 

e 

-6 

u3 

0 
Zirconium ( ppm) U+Th (ppm) XBLT82-2381 

1oLTal-Iol 

Figure 1. Figure 3. 
ature. analyses. 

Z r  vs. U + Th; data from the liter- La + Ce vs. U + Th; data from LBL 

Q 



TABLE 1 

MASTER LIST OF U.S. ALKlLINE 

ALAslu 

GRANITE M- (2) 

DRY CANYON CREEll (3) 

EKIEK - (4) 

CHIcIuooF IsLaND (5) 

SELAWIK HILLS (1) 

BOlUN X U l " A I N  (6) 

ST. LA- 1- (67) 

SlWoH BAY (68) 

C.B. Box ESTATEF, 
-s COUNTY (37) 

MICHIGAN 

LOUISANA 

ATUNTIC &AN (53) 

-. - 
(44) COUNTY 

XBL 7812-14096 
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Table 2. Mean values and ranges of major and trace elements in rock types 

PERCENT 

si02 
A1203 
FeO 
us0 
CaO 
NaqO 
K20 
Ti02 
MNO 

TOTAL 
Agpaitic 
Ratio* 

P W  

U 
Th 
Zr 
Ta 
Nb 
Rf 

La 
Ce 
Nd 
Sm 
Eil 
Tb 
Yb 
Lu 

Rb 
Sr 
CS 

' Ba 

Cr 
co 
Ni 
Mo 
SC 
Zn 

n -  

- 

NEPHELINE 
SYENITES 

X Range 
- 

53.5 
19.1 
4.3 
0.2 
2.3 
7.5 
7.9 
0.6 
0.6 

49.9-54.3 
15.2-21.8 
2 -2-8.3 
<0.1-0.9 
1.2-5.8 
5.2-10.0 
3.6-11.7 
0.2-1.2 
0.2-1.4 

95.8 

1.07 0.97-1.23 

16.5 5-26 
84.5 *18-170 

2566.4 240-7100 
8.8 4-18 

362.1 135-761 
46.7 ' 8-131 

397.6 
479.3 
91.6 
10.8 
2.6 
1.3 
6.5 
1.1 

60-870 
5 9 -10 10 
13-180 
1.1-21 
0.3-4.8 
0.2-2.4 
0.9-15.5 
0.2-2 .o 

293.5 70-630 
1811.8 700-4500 

4.4 1.0-8.5 
765 .O 100-3000 

8.6 <5-15 
3.1 el-12 

<20 , 
13.5 <5-30 
2.1 <1-16 

422.7 110-2000 

11 

TINGUAITES 

X Range 
- 

53.4 
20.7 
3.4 
0.1 
2.8 
7.9 
7.6 
0.5 
0.3 

52 .O-54.6 
19.6-22.2 
3.1-3.9 

<O. 1-0.3 
1.9-4 -0 
6.5-8.9 
7.3-8.2 - 
0.3-0.6 
0;2-0.4 

96.1 

1.00 0.81-1.13 

7.3 5-9 
22.8 12-29 
722.5 390-1030 

128.8 63-189 
10.9 5.7-20 

111.3 30-210 
154.5 40-310 
36.3 13-77 
4.9 1.6-10 
1.1 0.4-2.5 
0.4 0.2-0.3 
1.7 0.8-3.3 
0.4 0.3-0.4 

201.3 180-240 
1752.5 950-2400 

4.2 1.9-6.8 
1625 .O . 500-3300 

2.6 1.5-5.4 

- - 
2.0 1-4 

18.3 <10-40 
0.5 0.2-0.7 

162.5 130-200 

d - 

4 

LUJAVRITES- 
GREENLAND 

- 
X Range . , 

58.1 
11.4 
11.2 
eo.1 
0.4 
9.3 
2.7 
0.7 
0.6 

93.9 

1.56 

57 -7-58.5 
10.5-12.3 
10.3-12.0 
eo.1 
0.53-0.4 
8.1-10.4 
1.8-3.5 
0.3-0.5 
0.4-0.7 

1.35-1.77 

4 30 420-440 
1510 1350-1670 

5.3 4.5-6 

11.5 10-13 

- - 
- - 

5850 
7950 
2100 
245 
14.5 
26.5 
50.5 
19.5 

5400-6300 
7300-8600 
1900-2300 
240-250 
14-15 
26-27 
50-51 
19-20 

485 340-630 

2.5 1.5-3.4 
3500 1000-6000 

- - 

50 50 
4.5 C1-4 - - 
- <20-400 - el-3 

2400 1900-2900 

2 

LUJAVRITES 
POCOS DE CALDAS 

- 
X '  Range 

53.6 52.6-54.2 
14.9' 13.0-17.0 
8.3 6.7-9.9 
0.19 eO.1-0.4 
2.5 2.4-2.5 
7.9 7 -9-8.0 
6.1 5.5-6.9 

0.4-0.6 0.5 
0.5 0.3-0.8 

94.5 

1.29 1.18-1 -44 

13.3 . 11-18 
54 .O 17-82 

6766.7 3800-9200 
12.1 8.3-17 
458.3 
137.3 72-190 

313.3 160-410 
348.7 125-546 
58.3 20-100 
6.6 2-12 - 
1.6 0.5-3.0 
2.9 0.2-1.5 
6.8 4.5-9.8 
1.2 0.9-1.8 

216.7 210-225 
2410 1570-3700 
10.5 1.5-25 
250 200-300 

- <lo-26 
1.4 1.2-1.8 

4 5  <lo420 
<lo <lo 
a . 0  0.8-1.3 
180 150-220 

3 14 - 6 16 

3 

IJOLITES NEMEGOS 

X Range 
c - 

43.0 
14.9 
7;8 
2.3 
7.4 
6.3 
4.3 
0.1 
0.5 

. 86.6 

38.8-47.1 
14.2-15.5 
6.1-9.4 
1.2-3.4 
4.3-10.5 
5.3-7.2 
3.5-5.1 
0.1 
0.3-0.7 

0.97' 0.97-0.98 

5.7 4.1-7.3 
25.5 20-31 
615 610-620 
6.5 5-8 

127.0 107-147 
7 .O 7 

72.5 

65 .O 
13.0 
3.5 
1.0 
5.2 
1.1 

,140.0 

175 
875 

1050 
1.4 

- - 
9.0 6-9-11 - - 

<lo e10 
0.7 0.5-0.8 

200 150-250 

2 

50-95 
80-200 
30-100 
7-19 
1.9-5 
0.6-1.4 I 

4.2-6.2 
1.0-1.1 

100-250 
720-1030 
0.7-2 
600-1500 

* 
Agpaitic ratio calculated from(Na+K)/Al)where Na, K, and Al are molecular abundance8 of sodium, potassium, and aluminum. 
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PUNS FOR FISCAL YEAR 19 ium i n  alkaline rocks. 

Berkeley Laboratory, 
The project was 

WFERENCES 

Murphy, M., Wollenberg, E., Strisower, B., 
w 

Bowman, H., Flexser, S. and Carmichael, - I. 

GEODOSE PROJECT 
H. A. Wollenberg and B. Strisower 

, 
INTRODUCTION 

Under the auspices of EWG 
chemical l i t e ra ture  was search 
uranium, thorium, and potassium contents of the 

project is to  characterize rock and so i l  types 
by the i r  natural gama-ray exposure rates. 

gamma-ray exposure rates  measured on radiolog- 

Measurements System. 

t' w major rock types. The primary purpose of the 

B This 
information helps us predict lind interpret  the 

i ca l  surveys by a i r c ra f t  of the WE/EWG Aerial 

'6 
B 
u. 

c 

Total Exposurr Rote Bosic intrusives 

No. of $amplor = 109 
Arithmetic meon = 2.71 
Standard deviation - 3.01 

ACTIVITIES I N  FISCAL YE4R 1978 0 
a - 

From radioelement contents, the computer 
program DOSECAL calculated gama-ray exposure 
rates  and radiogenic heat production. 
ra tes  for an elevation of 1 m ab 
were calculated using the equati 
de Planqw (19681, re lat ing the radiation f ie ld  
to  distributed, gama-ray ~ o u r c e ~  in ' the  ground. 
Results of analyses of wet 2,400 rocks are sum- 
marieed i n  Table 1. Histograms of exposure i c  intrusive rocks. 
rates comprise Figures 1, 2, and 3 
igneous rocks, the a lka l i  f e l  

Exposure 

I ~ L  m-mn Micro R per hour t 
stogram showing the to t a l  exposure - 

_ -  
Figure 3. Histogram showing the to t a l  exposure 
ra te  for  acid intrusive rocks. Note that  the 

ean of t o t a l  exposure rate  for the acid intru- 
shes is a factor of 10 higher than the mean for  

Figure 1. Histogram showing ultrabasic rocks. Basic intrusives have inter-  
ra te  for ultrabasic rocks. mediate values. 

Y 



Table 1. sumnary of uranium, thorium, and potassium concentration, gama-ray exposure rates ,  and radiogenic heat production for 16 major rock types. 

(rr) Tb (rr) K (2)  

m u 8  ILu Up m ) I u  Up UIR 

leu ht-im b + l  0.8-1b.b 11 11.9 1.141.0 11 1.1 l . M . 2  6 
k i d  z0t.ri.r 4.5 0.1-30.0 U* 25.7 0.1-253.1 493 1.b 0.1-1.6 b93 
In-m 
mm- 1.1 0.2-2.6 21 1.4 0.b-b.b 21 1.1 0.01-2.1 S 
-U 

mh 0.8 0.03-1.1 55 2.2 0 . 0 5 4 8  55 0.7 O.oC2.b  55 

VltnLUh 0.3 0-1.6 31 1.b 0-7.5 30 0.3 0 4 . 8  28 

1.C.rl.l 1.1 0 . 1 4 3 ~  271 12.2 o.Ci01.0 t i 3  1.1 0.1-4.~ 211 

b h  z 0 U r i . r  0.8 0.01-5.7 119 2.3 0.0l-15.0 110 0.8 0.01-2.67 in 

Ubli n-* 
0- 7sur.d- 
iaU n . 7  1.H2rO 1Y Ul.9 93-265.0 139 b.5 2.0-9.0 I6 

.1L.li - 
m&l- 

LU.11 ?a- 
z 0 C m m  55.8 0.3-llO.O 75 l U . 6  O.b-680.0 11 b.2 1 .04 .9  b1 

l-ul PIOmp urn (Warn) 

V 
uDIop.Icnu 

n C loul (ul d 3  r1-F 

. I L u  UO. m I I w  UIP m ) I u  U I P m I I Y U l R .  

2.1 0.5-10.1 11 . 3.6 0.3-11.b 13 5.1 l.ClO.2 6 10.2 4.2-16.5 6 b.6 1.8-10.7 6 
2.9 0.1-19.6 4 M  7.9 0.03-71.1 b93 5.6 0.2-12.5 493 16.4 2.14.3 u) 10.5 1.7-58.7 u1 

0.1 0.2-1.1 21 0.8 0.1-2.0 21 1.9 O.W.1 6 4.1 2.1-1.1 6 2.8 1 .54 .1  6 

2.1 0.05-15.1 171 3.1 0.1-11.5 211 1.1 0.1-10.2 in 9.4 0 . ~ 1 . 2  z i i  6.1 o.sn.6 m 

0.5 0.01-1.7 119 0.7 0.014.6 110 1.1 0.1-10.3 129 2.7 0.m6.4 io9 1.8 0.1-10.0 tm 
0.5 0.02-2.2 55 0.7 0.02-2.1 5 5 '  1.1 0 .14 .0  55 2.3 0.1-8.7 55 1.5 0.1-54 55 

0.2 *l.l 31 0.4 *2.3 IO 0.4 0.1.) 28 1.1 0 .14 .0  21 0.7 0.147.1 lb 

19.b 1.240.1 1 s  bl .1  2.9-Sl.4 139 10.7 3.b-U.9 Y 71.5 16.8-117.1 35 b8.b 1 1 . 1 4 . 1  I5 

c. 
Y.5 0.2470.9 15 40.7 0.1491.2 75 6.9 1.7-U.b 61 42.7 3.l-lZ3.1 61 3o.b 2.1-239.1 61 

*i&l mi; 
m-i. .- mlc 
Intrui... 

C-Y u.* 

Ubli bl&?ub- 

B.dul ad- 

-t.. 

m r i U l  ad- 
ur)r b c b  

1- - 
Z?" 

nu-- -- 

I" 

2.4 0.5-l2.0 20 8.2 2.140.0 20 1.9 0.2-4.9 20 1.3 0.3-7.9 20 2.5 0.CU.b 20 1.2 0.l-1l.b 20 7.2 2.CY.l 10 4.8 2.0-21.9 20 

, 2 J  0.b-5.b 8 8.4 2.8-19.b 8 1.8 0.W.8 8 1.1 0.3-3.5 8 1.6 O.M.0 8 1.0 0.5-7.9 8 7.1 1.6-17.4 8 4.1 1.0-11.4 8 

3.6 O.Ol-26.1 U 3  14.9 0.03-132.0 139 0.6 0.02J.b 42 1.4 0.02-0.5 2b1 b.6 0.0140.5 239 0.9 O . O S U . 9  42 5.2 0.245.3 U 1.5 0.1-27.0 38 
1.0 0.03-U.0 141 1.3 0-10.8 131 0.3 0.01-3.5 35 1.3 0.01-11.8 141: 0.6 0-3.3 131 0.5 0.02-5.8 35 1.9 0.2-4.b 32 1.b 0 .14 .0  P 

6.8 0 . 1 4 0 . 0  412 12.4 0.1-362.0 411 1.5 O.Ol4.1 298 1.1 0.05-52.1 b12 3.8 0.1-U1.1 411 2.5 0.01-16.1 nb 8.9 0.4-146.6 m 6.a 0 2 4 5 . 1  m 

4-0 0.1-U8.5 128 lb.8 0.1-lM.2 128 2.5 0.1-6.1 128 2.6 0.1-91.1 128 b.b 0.02-lZ.0 U8 4.2 0.240.0 118 11.1 O.CUb.6 128 1.1 O.b-lO@.* lZE 

3.0 0.1-53.4 207 11.0 0.1-9l.b i(* 1 .1  0.01-5.3 2M 2.0 0.05-14.9 207 1.1 0.1-28.1 208 1.b 0.024.7 i(* 9.1 0.b-50.5 201 6.0 0.142.1 ZOl 

QI 191-7832 

t i  c cc I c F 
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y-'nepheline syenites) are highest 
n radioelement content, whereas basic to  ulEra- 

basic rocks (basalts,  gabbro, periodotite) have 
exposure rates  and heat production an order 
magnitude lower. 3 

Detr i ta l  sedimentary rocks (sandstone, 
shale, conglomerate) are re la t ively radioactive 
compared with chemical sedimentary rocks, 
especially the carbonates (limestone and 
dolomite). Within the metamorphic rocks, radio- 
act ivi ty  depends primarily on the composition of 
the i r  igneous or sedimentary predecessors, 
secondarily on the degree of metamorphism which 
the rocks have undergone. 

PLANNED WORK I N  FISCAL YEAR 19 

Additional data are being included as new 
ished. Histograms and tabular 
e prepared and a f ina l  report 

REFEBENCE 

and de Planque, G., 1968. The 
radiation f ie ld  i n  air  due to  distributed 
gama-ray sources i n  the ground. USAEC . 
Health and Safety Lab. Rept. HASL-195. 

THERMAL EFFECTS IN OVERLYING SEDJMENTARY ROCK FROM IN-SITU 
COMBUSTION OF A COAL SEAM 

Y 

D. C. Mangold, H. A. Wollenberg, and C. F. Tsang 

INTRODUCTION w 
The purpose of th i s  investigation was to  

determine the times a t  which significant differ-  
ences i n  temperature would occur, a t  varying 
depths i n  overlying sedimentary rock, i n  
response to combustion of a coal seam. 
resul ts  may be important for interpretation o 
airborne thermal infrared surveys, such as th  
flown by EG&G, fnc., over the U. S. Departmen 
of Energy's Hanna, Wyoming, in-situ coal gas 
cation experipental f ac i l i t y ,  
description of the study is presented by Mangold 
et a l .  (1978). 

The 

bJ 

A more detailed 

The duration of the experimental ."burns" ( i n  
0 excess of one-half year) associated with U 

coal, oil-shale, or tar-sand combustion e 
ments raises the following questions.- Wh 
might the surface temperature be affected 0 

the high temperatures a t  depth? 
temperature effects  be detectable 

Would sur 

aerial-survey equipment 
liminary investig 
m a l  conduction a iiv 

mechanism. 
vection within the overlying sedimentary roc 

Heat transfer to the surface by con- 

g f issures  or cracks was not addressed. 

NUMERICAL 

si gasif c 
ro  id w h i  

was 1,200°c, sing at 
0.3  mfday along a hurieonta 
a t  an average depth of 62.5 

The i n i t i a l  temperatures of the s e a m ,  rock, 
and surface were assumed to  be 2OoC, and the 
surface temperature was maintained at 20°C as  
a boundary condition for  the calculations. 
movement of the thermal front was simulated by 
assuming a flaw through the seam of a fluid 
whose temperature is maintained a t  1,200°C and 

c;, 

The 

ys 

whose density is the same as the  seam i t s e l f ,  
Heat transfer to the overlying rock was assumed 

c (Lippmann et a l .  a 

the calculations, 
Results were tabulated for the i n i t i a l  column of 
elements, whose nodal centers are a l l  located 
0.5 m horizontally from a l i n e  direct ly  above 
the s tar t ing point of the coal-seam "burn." Th- 
heights of the nodal centers of the rock layers 
are 0.5, 2.5, 7, 22.5, and 47.5 m, respectively, 
above the top of the coal seam. The tempera- 

of two-year intervals are shown 
te r  eight years, the temperature 
ich is i n  contact with the sur- 

and af te r  10 years, it 
face would reach only 0.2OC above the i n i t i a l  

eltvotlon (m) 

XBL789- 2056 

Figure 1.Temperature distribution i n  overlying 
rock a t  various elevations above a progressively 
heated seam, obtained by numerical model CCC. 



efore, i n  the model of a progressive 
f appreciable thermal effects  were 

observed a t  the surface (60 m above the seam) 
less  than eight years a f t e r  combustion began, 
they would be due to  leakage of heat along vents 
or cracks, or t Q  convection within the overlying 

were also made for the model 
with a closed boundary (no flaw of heat) a t  the 
surface. The resul ts  were identical  to  the 
20°C-boundary case i n  the 10-year period 
covered by both simulations. 

‘ANALYTICAL MODELS AND RESULTS 

To further check on the numerical calcula- 
t ions,  an analytical  model was used (Carslaw and 
Jaeger, 1959) assuming sudden, uniform heating 
of a rectangular slab of f in i t e  thickness, over 
an i n f in i t e  length. P l w  of heat is allowed at  
the upper boundary of the layered system. Under 
these conditions, of instantaneous uniform heat- 
ing to  1,2OO0C and a boundary maintained at 
2U°C, the t i m e  of a r r iva l  of the 2OC thermal 

was calculated for various levels 
top of the seam. The resul ts  are 
i n  Figure 2. A further refinement in- 

corporating a denser mesh i n  CCC yielded numer- 
i c a l  resu l t s  ident ical  with those of the analyt- 
i c a l  calculations. 
order of 0.1% or  less.) 

(Discrepancies were on the 

In addition, another calculation was made 
using a model that  assumes no flaw of heat a t  
the boundary and a variable overburden thickness 
(Carslaw and Jaeger, la%, pp. 308-310). For a 

lc slab,  it takes approximately 5.5 
achieve a t  2OC temperature rise a t  
ove the seam, and approximately 8. years 

for a 2OC rise to  reach the upper boundary ( in  
contact with the surface). A similar model was 
used by Greene et al .  (1969) to  calculate 
thermal e f fec ts  i n  s t ra ta  overlying a coal-mine 
f i re .  
or more before the temperature increase a t  the 
surface could be observed for a 100°C temper- 
ature r i s e  a t  60 a~ below the surface. 

They concluded that  it may be two decades 

CONCLUSION 

This numerical and analytical  investigation 
has shown that,  even under the most favorable 
circumstances, it would be 5 to  8 years before 
an appreciable rise i n  temperature ( i .e .  ,-OC) 
would occur 60 m above a burning coal seam from 
effects  due to  conduction alone. I f  such a r i s e  
is detected earlier, it indicates that  heat i s  
being transferred along cracks and joints,  
and/or by convection i n  the overlying rock. 

- 

20 - 
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tlevatlon (m) 

XILIe8-2OS2 

Figure 2.%Temperature distriburion i n  overlying 
rock at various elevations above a uniformly 
heated seam, obtained from analytical  
calculations. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1979 

On the basis  of these resul ts ,  a further 
investigation is planned, t o  examine heat trans- 
fer by convection as well as by conduction. 
Further research may also be performed to  study 
the e f fec ts  of f issures and cracks i n  heat 
transfer i n  the overlying sedimentary rock. 
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S COLLECTION SYSTEM FOR H 

SPECTROMETRY 

our 5-ft-radius isotope separator to very high 
prekision measurements of isotope ra t ios  of 
in te res t  to geochronology (for example, Sr and 
Nd). We f e l t  that  conventional techniques, 
involving sequential measurement of isotope 
beams, had been developed as much as possible 
and that  exploiting the apparent advantages of 
collecting isotope beams simultaneously was a 
possible way of extending the precision. For 
pract ical  reasons , th i s  requires a relat ively 

6 

0 

XBL 783415 

oped among researchers i n  geochronological tech- 
as more sophisticated measurements are 

i t h  familiar systems such as  Rb-Sr, and as  
t i l i t y  of new systems such as Sm-Nd becomes 
ent (Carter et a l . ,  1978). 

Y 

previous report (Michel , describ 
f the preliminary work leading up to t 

f i r s t  tes t ing of the complete system during 
year. A s  is often the case, the i n i t i a l  per 
mance is somewhat below expectations, but it 
shows every evidence of responding to  attemp 
a t  improvement. 
qui te  similar to  some of the b 

Figure 1. 
system. 

Block diagram of four-channel data 

0 
The present performance is Calibration of the amplifier gains, made 

before each measurement , indicates s t ab i l i t y  of 
a few ppm for several days or longer, allowing 
one calibration per day to be sufficient.  The 
limitation on calibration repeatabil i ty is the 
s t ab i l i t y  of the amplifier zero offset  and 
averages about & 6, almost independent of the 
calibration signal level. 
variation i n  the calibration of the three- 

anal techniques. 

IES Ik? FISCAL Y M  1978 
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primary accomplishment of th i s  year's 
work has been the actual construction, debug- 
ging, and use of the four-channel data readou 
system shown i n  Figure 1. 
three of the channels are i n  use, corresponding 

Table 1 shows the 

ystem Over a three-month period. As 
(At present only 

opic standard run on 
four different  days. 

0.710113 f 0.00003 4 (20) 

3 

4 0.710124 f 0.00003 (2U) 
and are l inear t o  the desired precision, i n  
order to  supply data to  the sample and hold Average 0.710135 f 0.00024 (2U) 
c i rcu i t  (which is capable of giving the desired 
precision). Tf the sample and hold c i rcu i t  does 
not introduce further discrimination, and i f  the 
digi t iz ing device has the appropriate precision, 
the ent i re  system should function as desired. 

Certif ied value = 0.71014 

*Corrected for fractionation. 



shown i n  the table,  the calibration w i l l  not 
precision except t o  levels of one part 
less ,  and the use of higher calibra- 

improve t h i s  by a t  least  a 

mplifier system has been used to  
measure the National Bureau of Standards stron- 
tium isotopic standard to  evaluate the system. 
Generally the resul ts  are satisfactory but much 
work can still  be done to  improve the results.  
The p r b a r y  problems encountered during t h i s  
work are discussed below. 

Ion Source 

As was generally recognized, thermal ion 
sources tend to  e m i t  ions nonunifonnly, and 
bursts of ions of a few microseconds are 
COIIPILOU. This is one reason simultaneous collec- 
t ion looks so at t ract ive.  However, although the 
D.C. response of the amplifiers can be made 
identical ,  there is no guarantee that they can 
be matched i n  gain a t  a l l  frequencies simultane- 
ously, so that  different transient responses may 
and i n  fact  do occur. Much e f f o a  has gone in to  
minimizing th i s  effect  electronically. We have 
been moderately successful, but only the perfor- 

i t h  standard samples can prove the u l t i -  
mate success of th i s  work. The use of a s i l i c a  
gel  matrix (see below) has also helped moderate 
th i s  problem. 

Ground Currents and Thermally Generated Voltages 

As i n  any system where signal levels of VV 
are significant,  careful attention must be paid 
to  eliminating these effects ,  mostly by pains- 
taking tr ial-and-error procedures. 
remaining problem of unknown size is a possible 
€ e w - ~ V  effect  on the amplifier zero offset; 
produced by the permanent in-vacuum wiring i n  
the mass spectrometer vacuum probe, on which the 
simultaneous collector is mounted. Redesign of 
t h i s  part of the instrument could easi ly  elimi- 
nate th i s  problem, but would be moderately ex- 
pensive and may not be necessary. 

The l a s t  

Ion-Source Isotopic Fractionation 

A persistent problem has been the extreme 
range of isotopic fractionation exhibited by our 
ion source Over the useful l i f e  of a sample. 
The internaldiscrimination correction, applied 
t o  a l l  data based on the %rIg8Sr rat io ,  
w i l l  remove t h i s  and a l l  other errors l inear i n  
mass. tiowever, we have serious doubts about the 
precision of data that have had a 1% t o  3% cor- 
rection of th i s  type. 

Ionizatian of strontium and several other 
elements from a silica-gel matrix tends to  
reduce the t i m e  var iab i l i ty  of the ion beam. 
trying th i s  technique sharply decreased to  
reduce the effect  of transients on amplifier 
response, we discovered that the technique sharply 
decreased the range of fractionation observed 
during a sample lifetime. 
explanations for  such behavior, but w e  do not 

In  

There are  plausible 
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rea l ly  understand it i n  detai l .  Of course it is 
excit ing to  contemplate the reduction of fraction- 
a t ion t o  very low levels  and the ab i l i t y  t o  make 
high-precision measurements on systems without an 
internal  standard ra t io .  c 

Along with the reduction i n  fractionation, 
we observed a d is t inc t  improvement i n  the 
precision of the corrected isotopic ra t ios ,  
indicating that  as previously reported (Bentley 
et al,, 1959) the fractionation may not be 
exactly l inear i n  mass, and therefore not pro- 
perly corrected by our l inear internal standard- 
ization, unless the correction is kept qui te  
small. I 

Beam Focusing and Positioning 

Although our ion beams are very much nar- 
rower than the rectangular masks i n  front of the 
Faraday cups, we found a s l igh t  variation of 
isotope r a t io  with exact placement of the beam 
within the Faraday cup masks. 
resul ts  from the long "tails" on the ion beams 
being intercepted par t ia l ly  and i n  different  
degrees for each isotope because of unavoidable 
mechanical diss imilar i t ies  of the masks. We 
anticipated th i s  problem and found that a 
movable sl i t ,  much smaller than the mask (trans- 
mitting only 75% to  90% of the ion beam), allows 
qui te  reproducible focusing and positioning of 
the beam. 
ences i n  beam transmission (affecting absolute 
ra t ios  but not precision) would be l e f t .  
might be expected, the effect  of "tailing" is 
dependent on the effect ive ion-optical source i n  
the mass Spectrometer, 
the ion-source exit-hole diameter, nominally 
about 0.75 nun. Decreasing the size of t h i s  hole 
does improve the performance of the system, but 
since the sample has to  be introduced to  the ion 
source through th is  hole, there is a practical  
l imit  to  reducing the hole size much further. 

This undoubtedly 

In  th i s  way, only absolute differ-  

As 

For our system, th i s  is 

CONCLUSIONS 

As an example of the present precision of 
the system, Table 2 shows the analysis of the 
NBS strontium standard Over the l i f e  of a single 
loading, measured on four different  days. Each 
day's average is the resul t  of many individual 
determinations of the isotopic ra t ios  corrected 
for l inear discrimination effects  as discussed 
above. It1 is clear  that  the precision within a 
day's run is quite reproducible a t  about four 
parts i n  lo5, but that  differences of th i s  
order do occur from day to day. This run was 
somewhat atypical i n  that no trend is v is ib le  
with the--the usual e f fec t  being a s l igh t  
decrease of r a t i o  with time. This may be the 
resul t  of nonlinear fractionation or some other 
unknown effect .  

c 

c 

G 

c 

CI 
With real samples, a cer ta in  amount of 

rubidium impurity is often present, leading to  
erroneously high 87Sr/86Sr ra t ios  early i n  
the l i f e  of the sample. In  principle, the 
fourth amplifier, reading the 85Rb ion beam 
could be used to  correct these data. However, 

~ 

b 
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2. Calibration . voltage standard 

f a l l  three amplifiers i n  data read- 
u t  system. 

amplifiers 1 and 2 t o  amplifier 3 €or 
iden t i ca l  input currents. 

Ratios of outputs of 

1 0.999995 
2 0.999977 

b 3 0.999980 

6 0.999996 
7 0.999984 
8 1.000018 
9 1.000050 

10 1.000007 8d 11 1.000018 
12 1.000030 

1.000022 

1.000011 
0.999998 
1.000003 
0.999976 
1.000011 
1.000020 
0.999974 
1.000054 
1.000009 
0.999991 
1.000028 
1.000008 
1.000027 

PLANNED WORK I N  FISCM, 

The primary a c t i v i t y  i n  f i s c a l  year 1979 
w i l l  be to  determine the r e l i a b i l i t y  and 

system with both standards and 
w i l l  pay pa r t i cu la r  a t t en t ion  

the e f f ec t s  of rubidium contantin- 
ation, beam t a i l i ng ,  and fract ionat ion on the  
precisian of the data. Work on further decreas- 
ing the t o t a l  f ract ionat ion during a sample l i f e  
w i l l  a lso receive emphasis, especial ly  the us 
of dispersing agents other than s i l i c a  gel  t o  
reduce fractionation smooth the ion out 

We are  confident t s ignif icant  improve- 
ments i n  precision w i l l  r e su l t  from increased 
experience with the system, as is the case w i t h  

Bentley, P, G . ,  Bishop, J., Davidson, D. F., and 
Evans, P. B. F., 1959. Isotopic analysis  of 
l i thium by mass spectrometry. Sour. Sc i .  
Inst . ,  v. 36, pp. 32-34. 

Carter, S. R., Evensen, N. M., Hamilton, P. J., and 
O'Nions, R. K., 1978. 
isotope evidence fo r  c r y s t a l  contamination of 
continental  volcanics. Science, v. 202, 

Neodymium strontium 

pp. 743-747. 
.Michel, M. C., 1978. High-precision 

spectrometry, ,& Earth Sciences Diyieion 
annual report  1977. Berkeley, Lawrence 
Berkeley Laboratory, LBL-7028, pp. 34-36. 

RMlNATlON OF T SOILS BY IN-SITU MEAS . B. Villeet and 1. K. 

safe  slopes, and fo r  the analy 
related t o ' t h e  use of undergro 
problems include storage and e 

4 

geotechnical parameters i n  a completely unknown 
area consis ts  of a number of steps.  

cated by the  f a c t  t ha t  sand and clay propert ies  
have t r ad i t i ona l ly  been evaluated i n  r a the r  
d i f f e ren t  ways: sands, by means of the so- 
cal led standard penetration test, and clays by 
laboratory tes t ing of "undisturbed" samples. 

The . f i r s t  
is developing a rough geologic model by 

ing loca l  geologic surface features  as well 
nterpreting geologic maps (when available) 



The st severe l imitat ioas  i n  both 
app s. Standard penetration test r e s u l t s  
a r e  &pendent on the exact equipment and 
tes rocedures (which are not r ea l ly  
"standard"). For clays,  l imitat ions are imposed 
by sample disturbance, changes i n  sample proper- 
t ies due to  unloading and exposure, and the 
d i f f i c u l t i e s  associated with retaining ( o r  
reestabl ishing)  i n  the laboratory, the in-s i tu  
s t a t e  of stress, temperature, and chemical and 
biological  environments. Furthermore, i f  a soil 
layer of e i t h e r  type is d r i l l ed  through, an' 
addi t ional  borehole may be needed i f  tests are 
required i n  tha t  layer. The above l imitat ions 
have become pa r t i cu la r ly  evident as the volume 
of offshore and underground construction has 
increased. 
the in-situ determination of the engineering 
properties of s o i l s  has, therefore,  emerged as 
one of the most important geotechnical problems 

The need f a r  r e l i a b l e  techniques for  

j ec t ,  i n i t i a t e d  i n  spring 
t h  the ident i f icat ion,  
ementation of new and 

A closely related objective 
omising approaches for in-situ measurement of 
il properties. 
s been the evaluation of presently avai lable  

ACCOMPLISHMENTS M FISCAL YEAR 1978 

Emphasis i n  the research project t o  date has 
been on evaluating exis t ing techniques, and 
developing a new test ing approach based on the 
analysis of acoustic emissions generated during 
the penetration of a s o i l  layer by a r i g i d  
ob jec t . 

Planned a c t i v i t i e s  for 1978 were: ( a )  t o  
publish a state-of-the-art report  on in-s i tu  
measurement of s o i l  properties by means of 
d i r e c t  tests; (b)  to  study and evaluate the 
s u i t a b i l i t y  and potent ia l  of remote sensing and 
geophysical techniques t o  provide data from 
which quant i ta t ive assessments of the mechanical 
properties of s o i l s  may be made; and ( c )  to 
study acoust ical  measurements during quasi- 
s t a t i c  cone penetration tests as a bas i s  f o r  
determining s o i l  types and properties. This 
l a t t e r  study was separated from the LBL a c t i v i t y  
on March 1, 1978, when a substant ia l  grant was 
received from the National Science Foundation 
for intensive research on the subject. 

During f i s c a l  year 1978, Mitchell et al. 
(1978) published a report  en t i t l ed  "The Measure- 
ment of So i l  Properties In-Situ." This report  
presents: ( a )  a description of exis t ing in-situ 
tes t ing techniques and equipment; (b)  t h e i r  
associated evaluation theories  and correlat ions 
fo r  obtaining geotechnical parameters; ( c )  an 
assessment of the current s u i t a b i l i t y  of each 
method fo r  determining specif ic  geotechnical 
parameters; and (d) t h e i r  potent ia l  for  future 
development. The report is concerned with the 
following t e s t ing  techniques : 

' 9  
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1. Permeability tests by pump-in or  -ou t  

methods, and by piezometer methods, employ- 
ing both steady-state and t ransient  tech- 
niques 

2. The standard penetration test 

3. Cone penetration tests of various kinds 

4. The vane shear test 

5. The Iowa borehole shear test 

6. The pressure meter test 

7. P l a t e  bearing tests 

8. Screw plate  tests 

9. Hydraulic f ractur ing tests 

10. Down-hole and cross-hole seismic tests 

The s u i t a b i l i t y  of each test type is dis-  
cussed i n  chapters dealing with permeability, 
shear strength, in-situ state of stress, and 
deformation constants. Extensive references are 
l i s t ed .  The report  should serve as a de f in i t i ve  
s t a r t i n g  point for  anyone interested i n  the 
subject . 

Several less d i r e c t  techniques for  determin- 
ing s o i l  properties and characterizing sites a re  
s t i l l  being studied. These predominantly 
involve geophysical techniques, and include: 
seismic methods, including refract ion ref lec-  
t ion,  down-hole and cross-hole surveys; resis- 
t i v i t y  surveys, including focused probes; gravi- 
metric, magnetic, nuclear, radar, electromag- 
ne t i c ,  spontaneous po ten t i a l ,  and thermometric 
methods; and remote-sensing techniques such a s  
GEOSAT . 

A s  a r e s u l t  of these studies,  a report  is 
being prepared t h a t  w i l l  present the theory of 
each technique b r i e f l y ,  describe t e s t ing  methods 
and evaluation theory, assess the current 
s u i t a b i l i t y  of each technique for determining 
geotechnical propert ies  quant i ta t ively,  and 
assess t h e i r  potent ia l  for  future development. 
This report w i l l  serve as a guide to  what is 
currently avai lable  and feasible ,  and should be 

future research. 

The research project  progressed much as 
planned for  f i s c a l  year 1978, except t ha t  the 
report  dealing with remote-mea sur ing technique s 
has not yet been completed. 
r e s u l t  of the immense wealth of information that 
must be reviewed and evaluated. 
should, however, be completed i n  the coming year. 

This delay is the  

The report  
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PLANNED ACTIVITIES FOB FISCAL YEAR 1979 
CI 

Additional support for t h i s  project  w i l l  not 
be available for  f i s c a l  year 1979, 
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propert ies  in-situ,  present methods - t h e i r  
REFERENCE 
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STATISTICAL ANALYSIS OF THE CORRELATION OF EARTHQUAKES WITH RADON 
CONCENTRATION IN WATER FROM SHALLOW WELLS NEAR OROVILLE, CALIFORNIA 
6. Berlin 

w 
ImRODUCTION acquiring detai led data  from three bedrock 

w e l l ,  65-ft deep) is believed t o  have suffered 
occasional invasion of i r r i g a t i o n  water applied 
t o  nearby pasture land. 
therefore  of questionable value. 
remaining bedrock w e l l s  ( the Gil ley and Prosise  
w e l l s ,  each about 200-ft deep and dedicated t o  
domestic use only) cover the t i m e  from August 12, 
1975, t o  April  6, 1977--a s t r e t c h  of 604 days. For 
each of these w e l l s ,  t he re  are fewer than 10 days 
of missing observations. 
f o r  the missing days by l i n e a r  o r  cubic in t e rpo la t ion  
from neighboring values. 
from the Gil ley and Prosise  w e l l s  are i l l u s t r a t e d  
in Figure 2. 

ells. The shallowest of these (the Norman 
This report  is an account of work perf 

from June 20 t o  September 25, 1978, funded by 
Lawrence Berkeley Laboratory Director 's  Develop- 
ment funds. This work is pa r t  of an invest i -  
gation t o  determine whether a s ta t is t ical  
relat ionship e x i s t s  between varying radon con- 

Data from t h i s  w e l l  are 
Data from the two 3 

t r a t i o n  i n  well waters and the Occurrence of 
rby earthquakes. 
i f i e d ,  then c e r t a i n  pat terns  of changing 

radon a c t i v i t y  may be useful  f o r  predict ing 
earthquakes. 

I f  such a dependence is 

Values were simulated 

Typical da t a  obtained i d  
Radon concentration i n  two water wells near 

Oroville,  California,  t he  Prosise and the Gil ley 
wells, were compared with periodic aftershocks 
of the August 1, 1975, Oroville earthquake fo r  a 
period of about 600 days. The data  are consistent the second), epicenter coordinates, depth, and 
with da t a  being generated from a d i s t r i b u t i o n  of: . This information was 
(a) a l l  noise, or ;  (b) long-term seismic fluctua- ts compiled by the Cal i fornia  
t i ons  correlated with changes i n  the  Prosise w e l l ,  of Water Resources (SWR), 
or  short-term seismic f luctuat ions with changes in 
the Gilley well, or both, I n  both cases, the 
dependence must be expressed with d i f f e ren t  
equations i n  d i f f e ren t  direct ions from the 
wells. Also the data are inconsis tent  with data 
being generated from a d i s t r ibu t ion  where the 
dependence between seismic a c t i v i t y  and radon 
a c t i v i t y  is very strong i n  a l l  direct ions.  

The seismic data include earthquake t i m e  ( t o  

-w 
Sacramento, California,  and the  United S t a t e s  
Geological Survey National Center for  Earthquake 
Research (USGS), Menlo Park, California.  

STATISTICAL ANALYSIS 

. The objective i s  to  measure the extent t o  
0 

which var ia t ions i n  the earthquake process 
( t i m e ,  magnitude, distance from wells) are cor- 

technique used is. described i n  d e t a i l  by 
The col lect ion o radon data s t a r t ed  a B r i l l i n g e t  (1975). A more elementary introduc- 

t ion to  t h i s  topic  is given by Kendall (1973). I 

DATA COLLECTION related with changes i n  radon ac t iv i ty .  The 

days a f t e r  the August 1, 1975, Oroville 
(California) earthquake of magnitude 6 on the 
Richter scale, and so roincides with the series 
of aftershocks. Sampling consisted of f i l l i n g  a NOTATION AND 
pa i r  of 500-1-capacity polyethylene b o t t l e s  a t  
the wellhead, seal ing them immediately against  
gas lo s s ,  transporting t h e m  t o  LBL within a few 
days of col lect ion t i m e ,  and making d i r e c t  
measurement of the radon content of the water by 
low-level gama-ray spectrometry at th  
Background Counting F a c i l i  

V 

Time is discret ized 
radon sampling times and earthquake event times 
are truncated to  the nearest day. The days are . . . , N = 600. The 

600, was chosen because 
the analysis are much 
N can be factored i n  

v 

One sample per day was l l ec t ed  from eac 23.3.52). 
of six wells i n  the region of aftershock occur- 
rence, including wells d r i l l e d  in to  poorly 
consolidated sediments and i n t o  bedrock forma- 

thought of as the  
dependent var iable  where: 
earthquake occurs on day t, and where 
Y l ( t )  = 0, i f  not. 
desirable t o  deal simultaneously with the 

I/distance,  i f  the earthquake occurs on day t, 

Y 1 ( t )  = 1 i f  an 
s. 
re I .  

The location of these wells is given i n  
Subsequent experience showed t h a t  

0 
It would have been very 

only bedrock wells showed a s ign i f i can t  radon 
variation. Sampling at other wells was then epicenter-well distance,  thus: Y2(t) = 
cur t a i l ed ,  and our e f f o r t s  were concentrated on 
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XBL 775-956 

1. Simplified map of t he  Oroville,  California,  area, showing surface 
and the locat ions of sampled w e l l s  in r e l a t ion  t o  t h e  August 1, 1975, 

earthquake. 

and Y2(t) = 0 ,  i f  not. 
arises here because Y2 - 0 usually means tha t  
there  was no earthquake. 
Y2 = 0 is confused with having a very d i s t an t  

However, a problem 

In  the assumed model, 

therefore,  Y2 is not used. 

rop r i a t e  model far simultaneous 
analysis  of occurrence, location, and magnitude 
is a marked-point process i n  which the d i s t r i -  
bution of the location and magnitude is defined 
only when an earthquake occurs. 

b 

c 

c 

Iy 

Well data are the independent var iable  
where : 

Xl(t)  = radon a c t i v i t y  i n  Prosise on day t; 

t X Z ( t )  - radon a c t i v i t y  i n  C i l l ey  on day t; 

Many subsets of earthquakes have been f i t t e d  
t o  models of the following type: 
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for  a l l  t, I, j - 1, 2 . 

for a l l  t ,  i, j = 1, 2 . 
The model commonly used to re la te  Y and 5 is 

W 

linear: 

Y(t) - 5 a(u)  zct - u) + d t )  , (1) 
p - m  

t 
meaning that  the probability of an earthquake on 
day t, given a particular pattern of 2 around t, 
is: 

+a0 

-3 ' u + c a(u) z ( t  - u) . 
p - O D  

Here, u is the long-term probability of an 
earthauake. and a(u) is a function of the time xBL794*'239 

lag u: F& each-u - 0, 831, 22, . . . , a(u) i s  
a vector with two elements of unknown constants 
and e( t )  is the error ser ies ,  which also is  
stationary. 
accounted for  by equation (1) for some values 
of u and a(u), then the variation i n  d t )  w i l l  

Figure 2. Typical data from 
Prosise wells for  the period October 
1975, showing daily radon ac t iv i ty  and the 
occurrence times for  a l l  earthquakes with 
magnitudes greater than -2 on the Richter scale. 

I f  the variations i n  Y are well 
w 

be consid&bly less  than i n  Y(t). 
when u is allowed to  assume values smaller than 
zero, the future of X (beyond t )  is involved, so 
a good f i t  for e q u a t h  (1) does not necessarily 
imply that  a prediction based on past 5 only 
w i l l  be successful. 

Note that  

These are assumed to  be stationary time 
Therefore, we can conclude the following. -3 

The expected values of Y(t) and z ( t )  remain 
constant i n  time, so that  fluctuations are 
observed to  occur about a fixed mean level.  Equation (1) i s  reminiscent of multiple 
This is, s t r i c t l y  speaking, false.  Both the linear regression, but here obserirations are 
seismic act ivi ty  and the radon measurements i n  correlated even when they are made a t  different 
the two wells show trends. Linear components of times. This complicates the analysis qui te  a 
a l l  trends have been removed as a f i r s t  step to  b i t ;  s ta t i s t ic ians  prefer to  work with Fourier 
t rea t  the data. Although the rate  of seismic transforms of the ser ies  and the i r  covariance 
events decreases, as during the time interval  functions because it is much easier to derive 
studied, radon ac t iv i ty  i n  the Prosise w e l l  c r i t e r i a  to  check i f  any patterns i n  the data 
shows a posit ive trend and for  the Gilley well are s t a t i s t i ca l ly  significant,  that  is, i f  they 
it is negative. The change i n  average radon are unlikely to  have arisen only from random 
level is considerable. The Prosise radon level noise. In  the covariance functions given above, 
i s  40% higher toward the end of the 600-day dependence is described for  observations u days 

Gilley well the decrease is also 40% over the tions te l l  the same message, but the argument is 
same time period. a frequency h, rather than the time lag u. 
is a concession that  only changes can be ana- Fourier analysis, the t h e  ser ies  is decomposed 
lyzed, for which several cycles are observed i n  i n  a l inear combination of many trigonometric 
the 600 days available. functions (sines and cosines) of varying ampli- 

c ies  varying between 0 and 71, where the highest 
frequency corresponds to  u = 1, or cycles of 1 
day. Here u.and h correspond to  the same wave 
and are inversely proportional. 

V 

. 
w period compared with the beginning; for  the apart. The Fourier transforms of these func- 

The removal of such a trend In  

- tudes. The different components have frequen- 
Y hin and between processes 

la tes  only to the length of time between the 
o points considered, rather than to  the i r  
solute location on the t h e  scale.  Thus, 
bruary and April of 1976 are assumed t o  be as 
rongly related as September and November of 
77 (two months apart i n  both cases), DISCUSSION OF RESULTS 

43 These assumptions are expressed i n  terms of Spectra for radon data alone reveal two 
the covariances : things. F i r s t ,  the long-term variations 

1 (periods greater than 15 days) have much larger 
amplitude than components with periods of a few 
days. This phenomenon appears d p p i t e  the fact  
that  a linear trend has been removed. Second, 
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the correlation between the two wells is negli- 
gible. 
creased s t ress  has an radon ac t iv i ty  is very 
local.  

This suggests that  any effect  that  in- 

The wells are 3.7 km apart. 

It is m r e  d i f f i cu l t  to  find a consis'tent 
pattern i n  the earthquake spectra. 
attempt to  f i t  the data involves the complete 
se t  of w e l l  observations, the set of selected 
earthquakes changes. 

es within some distance of the w e l l  

Whereas each 

This is done by including 

y earthquakes with a magnitude 
a te r  than 1.5 are included. For some selec- 

tions, there is a tendency for the events to  
occur is cycles; i n  other cases the estimated 
dependence is weak, more l ike  a Poisson 
process. This is a matter to  which l i t t l e  
attention has been given during th i s  search for 
a relation between earthquakes and radon data. 
It is worth further investigation. 

Finally, we considered the dependence 
between seismic events and radon activity.  
extent to  which the data f i t  the model 
( quation 1 )  i s  measured by the coherence 
RL(A), a generalization of the usual corr 
la t ion coefficient used i n  simple l inear 
regression. For a particular A, it measur 
dependence of the trigonometric wave i n  earth- 
quake occurrence (frequency) on the linear 

The 

f radon data, as  i n  equation (1). 

f i r s t  a t  the vicini ty  of the Prosise 
well, a l l  earthquakes were picked within r ad i i  
of 2, 3, and 4 km. 
coherence was low enough to  be consistent with 
no dependence at a l l .  Thereafter, semicircles 
and quadrants w e r e  t r ied with 3-km radi i ,  or  a 
t o t a l  of eight different tes ts .  
the coherence assumed significant values. 
are presented i n  Figure 3. 

In  each case, the estimated 

In two cases 
These 

Of course, the c r i t e r i a  for a significance 
are calculated for one particular run. Where 
many s t a t i s t i c a l  tests are t r ied,  the s ignif i -  
cance statementk lose the i r  power for drawing 
conclusions. 
the subsets of earthquakes with the highest 
correlation, without s ta t ing that  it w i l l  hold 
up i n  the long run. 

Rather, a t tent ion is drawn here to  

Likewise for the Gilley w e l l ,  the earthquakes 
within c i rc les  show fa in t  dependence with the 
radon data. The same is true for semicircles. 

Quadrants look bet ter ,  as shown i n  
Figure 4. 
5% rejection l i m i t .  
show some dependence, but none of the semi- 
c i rc les?  The reason is that  the best  f i t t i ng  
constants [ ~ ( u )  i n  equation (111 are quite 
different  for the four quadrants, and compromise 
values necessary for semicircles f a i l  to  explain 
the variation i n  seismic activity.  

Note that R2xy(A) = 0.16 is  the 
Why do a l l  four quadrants 

Figure 5 is a plot of ~ ( u )  vs. u for the 
four quadrant zones around the Gilley well tha t  
showed some promise with respect to coherence. 
The horizontal u-axis has been reversed, putting 
negative u's to  the right.  The advantage is 
that  the posit ive u's (corresponding to  preced- 
ing days) w i l l  be to  the l e f t  of the origin. 
The plots  of =(u> a l l  show strong osci l la t ions 
from high to  low values. What does th i s  mean? 
A f i r s t  idea would be to reconstruct what 
pattern of radon changes makes the right-hand 

N 

A 
0.23 1114 

Oilby d l  
W 

20 

XBL 784 - 1241 XBL 184 * 1240 

Figure 3. Geographical selections of seismic events Figure 4, Geographical selections of seismic events 
within a 3-km radius of the Prosise w e l l  showing the 
correlation between seismicity and radon act ivi ty .  

within a 3-km radius of the Gilley well showing the 
correlation between seismicity and radon act ivi ty .  

c 

b 
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amplitude are noise that  f i l t e r e d  away 
by the coeff ic ients  ~ ( u ) .  s actual ly  
achieved with high and low =(u) following each 
other. 

An o or further investigation is to  
study t h  
remains a f t e r  f i l t e r i n g ,  which actual ly  serves 
as  a precursor. 

1y varying radon signal t h a t  

The combined predictive a b i l i t y  for  the two 
wells was a l so  t r i ed  by select ing earthquakes 
within e l l i p s e s  that  had the wells a s  foci ,  a s  
i l l u s t r a t e d  i n  Figure 6(a) .  

from the weak dependence of the 
two radon series, it turned out t h a t  for  these 
subsets,. the Prosise we11 had negligible depen- 
dence with the earthquakes, while the l a rges t  
coherence observed so f a r  occurred between the 

radius quadrant northwest of the Gilley well. 
Previous days are  plotted to  the l e f t  of the 
origin; future  days, to  the r igh t .  The ordinate 
scale is i n  terms of the estimated standard 
deviation on ~ ( u )  values. 

u 
k-- 9km 

side of equation (1) large for  the given esti- 
mated ~ ( u ) .  
an earthquake large? Also, what pat tern makes 
the chance small? 

e 

P- 6km-I 
That is, what makes the chance for  

Obviously, a day with a large posi t ive ~ ( u )  
11s f o r  a posi t ive radon count t o  contribute 

gative value, the radon count should be un- 
usually small. Therefore, a strongly osc i l l a t -  
ing radon pat tern would serve a s  a precursor. 

with the former type would be 
and make the chance small. 

f 
1 

(u a large probabili ty.  I f a ( u )  has a large 

Further, an osc i l l a t ing  pat tern out of phase 4.8 krn 
"ant iprecursor" 

,- 

However, t h i s  idea is a dead end because the 
radon record simply does not have any such rapid 
osci l la t ions.  A s  mentioned earlier, the 
var ia t ion i n  radon a c t i v i t y  is dominated by slow 
osc i l l a t i o n s  . 

e3 

A more believable interpretat ion of the IC-- 9km+ 
( b )  XBLf94 - 1242 

8 rapid f luctuat ions of ~ ( u )  is t h a t  the predic- 
t i v e  e f f e c t  of radon changes is very short t e r m ,  
about 1 t o  2 days. Figure 6. 

predictive a b i l i t y  for  Prosise and Gilley wells 
(shaded areas indicate regions i n  which 
earthquakes occurred). 

Configurations to  test the combined 

From the point of view of earthquake 
prediction, the lbng-term variat ions with large 

0 
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arthquakes. El l ipses  of 1. Signals whose appearance i n  prior-time a re  
t r i e d  and the f i t  improves related t o  the magnitude of an impending 
l l i p s e  is  excluded, as earthquake-signals t ha t  may encompass the 

t i m e  domain of days t o  years 
c 

Id  be done t o  ident i fy  a 2. Signals whose appearance i n  prior-time are c 
more reasonable looking zone where the Gil ley 
well is sensit ive.  The substant ia l  coherence 
appeared a t  a frequency corresponding t o  a 
period of 2-112 days. 

unrelated to  the magnitude of an impending 
earthquake-signals t h a t  may encompass the 
time domain of hours t o  a few days 
( f oreshocks) 

RECOMMENDATIONS 

To  put the above inconclusive findings t o  a 
test, w2 recomnend the following. 

More data are needed, pa r t i cu la r ly  from the 
Gilley w e l l ,  which appears most promising. 
the present data, the radon samples are not 
exactly 24 hours apar t ;  they were taken a t  
d i f f e ren t  times i n  the afternoon. To  check the 
one- t o  four-day fluctuations,  it would be use- 
f u l  t o  have radon a c t i v i t y  recorded at exact 
12-hr intervals .  

In  

With the s t a t i s t i c a l  methods used here 
(cgntinuous time series) there is ID sa t i s -  
factory way to take epicenter-to-well distance 
and magnstude i n t o  account simultaneously, a s  
pointed out e a r l i e r  with regard t o  the var iable  
Y2. 
point process to  a continuous t h e  series should 
be developed. 

A s t a t i s t i c a l  method r e l a t ing  a marked- 

It is useful to  test the radon data against 
a model i n  which two types of earthquake 
precursors are postulated: 

The s t a t i s t i c a l  method employed here should 
be well sui ted fo r  identifying precursors of t he  
second kind-those tha t  occur a t  a ( r e l a t ive ly )  
fixed time before an earthquake. However, i n  
i ts  present f o r m ,  the method is not well suited 
f o r  identifying precursors of the f i r s t  kind- 
those that may occur over a few days to  a f e w  
10s of days fo r  the aftershock magnitudes en- 
countered during the Oroville study. Hence, 
adapting the present method or adopting some 
other approach, is important i n  order t o  include 
the/magnitude/distance parameters for  individ- 
u a l  earthquakes i n  the analysis procedure. 
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