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~ The summary papers which follow describe
fundamental studies addressing a variety of earth
science problems in support of the U.S. Department
of Energy's missions. They have applications in
such diverse areas as geothermal energy, oil
recovery, in-situ coal gasification, uranium
resource evaluatxon and recovery, .and earthquake !
predxctxon.

Funding for studies described by approximately

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 Division 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 deserip-
tions of earlier work, the reader is referred
to the 1977 Annual Report of the Earth Sciences
Division (LBL-7028) and the 1976 and 1975 Annual
Reports of the Energy and Environmment Division

of Lawrence Berkeley Laboratory (LBL-5982 and
5299, respectlvely)

In the follow1ng peragraphe, 2 brief discus-
sion of the papers is. given in order that the
reader may appreciate the d1vers1ty of the work

being accomplished and find his way to the subjects,

that interest him most.

The most prom131ng geothermal energy resocurces

are found in so-called “11qu1d dominated" reser-
voirs, whére the energy is produced through

the ‘recovery and use of underground hot .water.

Two ‘major problems associated with this process
are (a) the uncertainty of the properties ‘and
behavior of the fluid recovered, and (b) the = -
productive capacity and duration of the supply

of hot water from the,re:ervoit,; In papers by
Otto et al., Pitzer et al., and Weres et &l.,
various aspects of geothermal fluids are discussed
including, respectively, the cemposxtxonal charac-

"teristics, thermodynamic properties, and tendency

of the fluid to precipitate amorphous silica.
All of these aspects have an important bearxng
on the choice of design for and configuration of
a geothermal plant, whether for power generation
or for heating slone. Questions relating to

- 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 solubility’
of albite, an important rock-forming mineral"
in the aqueous phase at geothermal reservoir
temperatures, is discussed.

Geothermal reserveir problems-ere investi= - -
gated in & series of four fundamental papers
by Narasimhan and his coworkers, Kanehiro and

' INTRODUCTION

Tsang. These papers are primarily concerned

. with the aquifer response to earth tides and

the meaning of an important reservoir parameter,
the storage coefficient. The physical properties
of reservoir rocks when saturated with brine are

" considered by Somerton et al. in the paper on

rock-fluid systems.

Mention should also be made of s potential’

- source of geothermal energy: molten magmas.

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.

Two papers concern the exploitation of
fossil fuels. One by Radke and Somerton covers
the subject of increasing oil recovery through
the use of reactive tenmsion agents. The other,
by Mangold et al., makes predictions of the
thermal ‘effects on. the surface after 1n-sltu
combustion of shallow coal seams.

Uranium resources are evaluated in & paper
by Strisower et al. ‘Specifically addressed =
are disseminated low-grade deposits found asso-

* eigted with peralkaline intrusive rocks in the

United States. Another paper by Wollenberg

“and Strisower on the Geodose Project summarizes

‘the results of a literature search for data on
urenzum, thorium, and potassium’ contents of
major rock types. This was done in order to

- characterize rock types by the1r natural gamma—‘
" ray exposure rates.

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: requxred for energy
storage. :

The ability to edrre!ate'earthquakes with

" the radon content of well waters was investigated

‘by Berlin. His conclusions with regard to data
collected from two wells near Orovxlle, CaIlforn1a,
are summar1zed in h1s paper. B .

anally, the results of efforts to increase -

- the precision of measurements of the ratios of

the heavy isotopes, tsing a 5-ft-radius mass
spectrometer. are presented by Michel.  This "
work has important implications in the precise
age determination of geological materials, and

" in the 1nterpretatton of the early h1story of
’the earth. :



2

A NOTE ON THE MEANING OF STORAGE COEFFICIENT - -

T.N. Narasimhan and B. Y. Kanehiro

INTRODUCTION

The term storage coefficient (S) and the
synonymous terms coefficient of storage and
storativity, have been used extensively in the
groundwater literature. It has been defined
(Ferris et al., 1962) as "the volume of water
vhich an aquifer releases from or takes imto
storage per unit surface area of aquifer per
unit change in the component of head normal
to the surface." Historically, this somewhat
restricted definition appears to have been.
introduced to satisfy the need for a coefficient.
.occurring in 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 this came from our observation
of the response of aquifers to earth tides.
The result of this study was some clarification
of the assumptions made in defining storage .
coefficients and a useful comparison of different
storage coefficients employed by various fields
involved in the study of porous media. A brief
summary of the results is presented below. '

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

In examining the nature of the coefficients
used to describe change in storage, the applic-
ability of and expressions for the various
coefficients used by different fields were con-
sidered. The specific storage coefficient is
strictly applicable only to situations where the
total stress on the porous medium is constant.
This corresponds to a drainage problem where
there is sddition or removal of fluid from the
system, as in the case of pumping tests. The
seemingly different expressions for the coeffi-
cients used to describe change in storage
arise from different choices of normalizing
volumes.

The mass of fluid stored in a given volume
of a8 porous medium may be expressed as (Narasimhan
end Witherspoon, 1977):

Mg =V 0S8, (1)

of the pore fluid.
‘the deformation of the skeleton of the porous.

Hf = the mass of fluid,
V, = the volume of the v&ids,

P, = the density of the fluid, and

‘sf = the saturation of the fluid.

‘It is known empirically that V,, pg, and
Sg are all functions of the average fluid pressure
in a given volume of the porous medium. Hence,
it is possible to define a fluid mass capacity,
M:, vwhich expresses the rate of change of
wass of fluid with respect to the change in
average fluid pressure within the volume.

n*-duf
c Wy
' do dav i " ds :
- . v £f (2)
Vo 5¢ E;; * g S¢ E;; * Y, P dpf

The first term on the right-hand side of
equation (2) represents the change in volume
The second term represents

medium, and the third term represents the desatu-
ration of the medium.

At least in the fields of hydrology and
petroleum engineering, the medium is generally
assumed to be completely saturated. The expres—
sion for fluid mase capacity then simplifies to

dp av
M*-V -——f--o-p __V_. (3
c v dpf f dpf

The first term is evaluated by assuming a slightly
compressible fluid of compressibility c.
The fluid mass capacity may then be written
as

dav

v (%)
-O-pfap—_f.\ .

* .
M =pVe
[ vw

The second term is generally evaluated by assuming
that the total stress on the porous medium is -
constant. Because the effective stress (v')

of the skeleton is generally related to:the fluid
pressure (pg) and total stress (0) as ¢' =0 - p;
for a saturated system, the magnitude of the
change in fluid pressgure is equal to the magnitude
of change in effective stress. This makes it

. possible to write the fluid mass capacity as

. o dVv
Hc pfv’vcw i

Note, however, that the expression now refers
directly only to situations where fluid is
either being removed from or added to the system.
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This, formulatxon of. fluld mass capaclty is-

tgrelated to an arb1trary volume element. For
convenience it is generelly necessary to have

a volume normalized coefficient. Actuilly two

“normalization volumes are necessary. First,
“‘the second term of the expression for H* must

be normalized so that it can be expressed in
terms of -some compressibility related to the
skeleton of the porous medium. - Then the entire
expression for the fluid mass capacity is -volume-
normalized to give a specific fluid mass. capacxty.
To conform with the more common practlce of using
spec1f1c fluid volume capacity with respect to
hydraulic head, fluid pressure is converted to
hydrau11c head essumlng constant fluid dens1ty.

It is in choos1ng various normallzlng
volumes that much of the confusion between the
different coefficients arises. ' In general,

.there are three choices available. These are

(a) the bulk volume, Vb, {b) the solid volume,v
Vg; and (c) the pore volume, Vv-

. The results of choosing various comblnatlons
of normalizing volumes may be summarized as the

-‘following four cases (Naraslmhsn and Kanehiro,
,‘1978)

;1,. Bulk volume, Vb, used in both cases,

Ss pfg [ncw + m 1

2,'vSolid volume, Vs, used in both cases,
. »_Ss = pfg [ec +al]

3. Pore volume, Vg, used for. deformation, and
Vp used. for vogume over which specific
.storage 1s defined, S

S, = pfgn [c +c ], end .
nct =n [c + c ]

4.‘VVB used for deformation and Y used for
volume over which specific storage is
defined . . . g
S = pfg [nc, + (I-n) a ]

Here, oy is the volumetr1c coeff1c1ent

-of compress1b111ty defzned as .-

_Ferris, J. G.,

m = -
v

J
Qe
<f >
o
|3

where a, is the coefficient of compressibility
defined as

J
Qe
<t >
] <
|

a = - 2
v.
and cé is thevpore volume compressibility defined
as . S . L .
1AV,
¢ W Y
P Ao’ Vv‘

Finally, in view of the definition of the
storage coefficient (8) specific storage is
simply the storage coefficient normalized with
respéct to the thickness of the aquifer.  That is,

.8 =8b
. 8

where b is the thickness of the aquifer. - Also,
because ncg is change in storage with respect to
fluid pressure, ,

8¢ = pfgnct ?

and the commonly used petroleum englneer1ng term,
¢ch ( = ncyb in the present notation) can’ ‘be- -

- written as:

¢ch = nc b = e b = S
. Pfg - Pg8

REFERENCES CITED
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_ SIGNIFICANCE OF THE STORAGE PARAMET ER IN SATURATED-UNSATURATED‘

. GROUNDWATER FLOW
T.N. Naras:mhan '

INTRODUCTION

The primary phenomenon that d1st1ngu1shes
transient 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 void
volume of the skeletom, or change in water
saturation. These independent phenomena often
occur sxmultaneously. In partxcular, change in

. storage in fully saturated media is usually
dominated by soil deformation, while the pheno~
menon of desaturation usually dom1nates change -

- in storage in the unsaturated zome. - The customary
assumption that the skeleton is rigid in a
desaturating soil is realistic only under those
conditions when saturation is relatively low.

The assumption is partlcularly unrealistic in
the transition regime between saturated and
unsaturated flow. The importance of soil defor-

mation in this transition regime cannot be
overlooked. In fact, soil deformation at high
saturations provides the key bond between saturated
and unsaturated regimes of transient groundwater
flow (Narasimhan and Witherspoon, 1977; Naraslmhan

and Holzer, 1978; Narasimhan, 1978).

STORAGE AND CHANGE IN STORAGE

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

M, =pVS _ (1

where M, is mass of water, Py is water density,
Vy is void volume, and S is saturation. It is
known empifically that p,, V,, and S are functions
of the fluid pressure head ¥. Therefore, the
quant1ty can be defined as fluid mass capacity, M,
which is the derivative dM,/dV. 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:

dVv ds
S tWT]. (2)

The term dV. /dW on the right-hand side of
equation (2) denotes ‘void volume change as a
function of ¥. However, soil deformation is
properly a function of the effective skeletal
stress (0') rather than pore pressure (pug¥).
Therefore an explicit constitutive law between ¥
and 0' is required. From the soil mechanics
literature, this relation is assumed to be

M. = o,

0' = 0~ XpgV ' ' (3)

where 0 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. In most groundwater problems, © can

be treated as constant and hence, _
do' * 4)
- = -[x+¢a¢-] PuE = X Pyg .- ()
In view of equatxon 4), equat1on (2) can be
 written as
as ] . (5

av,
M, = Dw[-SX pwg T"‘vv W

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

. A 4 )
Mo = Vgpy [SX Pugay + e %%] (6,)

where 8, is the coefficient of compressibility
‘defined by a, = -de/dc’.

In dealing with unsaturated soils, it is
customary to treat the soil skeleton as r1gld
(that is, a, = 0), and attribute M. in eguation
(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. This
implies that when the soil has high saturations,
X* > 0, and hence there will always be some
deformation accompanying desaturation as pore
pressure changes. This perspective is extremely
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 suction is applied
to a saturated soil, the soil will not begin to
desaturate unless suction exceeds a critical
air-entry value, Kj. In the pressure range,
¥y < ¢A< 0, it is obvious that dS/dV = 0. If
in this range A, is also assumed to be zero
(rigid soil), then M. = 0 in equation (6) means
that the soil has no capacity to release water
from storage and it cannot participate in transient
flow. Of course this anomaly would not exist if
X* > 0 when y, <y <0, and the soil skeleton has
nonzero a, corresponding to its existing stress
level.

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 soile. Although normally one considers
deformation only in fully saturated soils (e.g.,
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"land subsidence), there is some evidence to éugéeét
..that deformation of partially saturated soils 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 suff1c1ent
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 hypothet1cal so11 column

as described below.

-Consider an 85-m-tall column of soil,
barely saturated at the initial timme, with
a hydraulic potential of 85 m of water everywhere
in the flow region (Figure 1).. For t > 0, water
is allowed to drain at the bottom at a constant, .
rate of 2.746 x 105 m3/sec. With the onset of
drainage, desaturation is initiated at the top
“of the column. The purpose of simulation is
to 1nvest1gate if significant volume deformatlons
can accompany desaturation. :

Two hypothetical soils with dlfferent
80il moisture characteristics were considered

" but with essentislly the same X-vs-saturation

relationships (Figure 2). Both soils were

— LLLLLLLL
K
$=85m
10}
85m
__"__ N
Yy
Prescribed
flux,t>0
XBL78B5-936

Figure 1. Earth’ f1ssure problem.; initial and
boundary cond1t1ons. : ' :

assumed to have fhé game hohlinear deformation

- coefficient, C. = 0.1, and to have absolute

permeability, k, given by

o 4,628 - -14 2
=2t ) (5.67 x 10707 5°)
(4.6zs+|¢|1'6"5)~

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

The coiumn 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 reg1me is over 252
of the total volume strain, This leads to the
inference that, under certain conditions of heavy
groundwater thhdrawal ‘from unconfined aquifers,
one could expect significant column strains to
accompany the desaturation process. Such strains
may, if conditions are favorable, cause contrac-
tions leading to earth fissures.

10
LYY T = 1
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Figure 2. Earth fissure problem: variations of
effective stress with ¢ for two hypothetical soils.
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Table 1. Computed deformations in the unsaturated zone.

Soil assumed X = X(5)
rigid in uwn- _
saturated zone Soil 1 Soil 2
(2) @ @
Total volume strain
sbove water table
after 10 yr 0.95 1.31 1.24
Volume strain in the _
saturated regime n.95 0.96 0.91
Volume strain in the : :
unsaturated regime ) 0 0.35 0.33
REFERENCES CITED Narasimhan, T. N., and Holzer, T. H., 1978.

" Posgibility of 'soil ‘deformation in the
partially saturated zone due to pore pressure
changes. Geol. Soc. Am., Abstracts with

" ‘Davis, S. N., 1978.  Origins of earth fissures. ’ Programs, v. 10, no. 3, p. 188.°
Geol. Soc. Am., Abstracts with Programs, Narasimhan, T. N., and Witherspoon, P. A., 1977,
v. 10, no. 3, p. 102. ' The significance of the storage parameter
Narasimhan, T. N., 1978. The significance in saturated-unsaturated groundwater flow.
of the storage parameter in saturated- Invited Paper, Symposium on Unified Studies
unsaturated groundwater flow. Berkeley, of American Geophysics Union, Annual Meeting,

Lawrence Berkeley. Laboratory, LBL-7041. Washington, D.C.
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USE OF AQUIFER RESPONSE TO EARTH TIDES AS A MEANS OF DETERMIN!NG

'AQUIFER CHARACTERISTICS

T. N. Narasimhan and B. Y. Kanehiro ,

INTRODUCTION

The use or observat1on of per10d1c fluctuations
of water levels in wells result1ng from aquifer -

_response to tidal phenomena is 'not new. The earth

is within ‘the. grav1tst1onal fields of the sun.and
the moon, and as. such is subject to tidal forces.
Because the motions of these celestial bodies are
very nearly periodic, the strains in the earth
related to tidal forces also exhibit’ period1c o

' variations in time. Because these tidal strains

arise from forces that" are gravitational in’ ‘nature,
they must exist in all parts of the planet. In
general, however, tidal forces only cause tesdlly
observable responses in the hydrosphere in the
form of ocean tides.’ While tides do exist in the
atmosphere and lithosphere, they are of very small
magnitude. ~For these reasons, a substantial body -
of knowledge exists: on the use of aquifer response
to ocean tides under. various c1rcumstances, but
comparatively little is known about the response
to atmospheric (barometric) or lithospheric (earth)
tides. " In the former case, the barometric t1de h
is generally lost in the darly variations in '
barometric pressure that are not related to tidal’

forces. " In the latter case, “the inability to -

make accurate measurements in’ deep wells of small
changes 1n pore-f1u1d pressure has thwarted -
attempts to quantlfy the response of aquifers to
earth tldes.'

With the advent of the'present'generat1on

of extremely sensitive pressure transducers using
quartz crystal sensors, good measurements of small
pressure fluctuations have become possxble. :
Further, these measurements can be made ‘in artesian
(flow1ng) wells that have been shut 1n where there
is reason to be11eve that larger responses to. earth
tides oceur.

.ACTIVITIES IN FISCAL YEAR 1978

o In fiscal year 1978, the authors stud1ed some
aspects of the practical ut111ty ‘of the response °
of aquifers to earth tides for the ‘determination
of aquifer characteristics. The result of this
study was a preliminary means for estimating the
specific storage of an aquifer. A summary of the
derivation’of this method is presented below. -

. The determrnatlon of aqulfer characteristics
based on response to earth tides requires that
the fluctuation at a well be related to the tides

by & theory incorporating: coefficients describing -
the desired aquifer characteristics. The intrinsic

complexities of the tide, accentuated by the:
presence of spurious fluctuations, generally
necessitates the decomposition of the well sxgnal
into srne-wave components before any theory can
be applied. Finite Fourier analysis is used to
determine the amplitudes of five tidal components

~ of the’ sxgnal at the well together w1th the tide

1tse1f (Kanehrro et al., 1978)

by adopting an earth model.

In the analysis presented here, the aquifer
is considéred 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

the change in the fluid pressure of -the system.

Fluid is not being added to or withdrawn from

the system, so the problem:-is an ‘undrained one.
This implies -that the pressure response of the:
aquifer 'is related to ‘the compressive properties

of the skeleton ‘and the fluid, ‘and the relative
proportlons of each. In groundwater hydrology

it is common to combine these properties into a
coefficient called specific ‘storage, Sg. Spec1f1c'
storage is defined -as the:volume of- fluid removed.:

- from or taken into storage per unit volume per :

unit change in hydraulic head. * Defined as such,

" specific storage is basically related to a

drained problem. 1If 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 IR

S = pgelncy "“v)'
where ’

PE = ,densitydof the’finid,
" .g = acceleration due to gravity,
n = porosity;’ 7
cy = 'comoressihility of the fluid, and
m, = compressibiiity of the skeleton. .

In this definition, pg, g, and ¢, are reasonably

» well known, leaving n and My to be determined.

The purpose of this study was to estlmate my,
and hence S;.

The earth tide can be expressed as a potential,
which in turn can be used to determine a dilatation
Knowing this dilatation
and the pressure response as measured at the well,
it is not possrble to determine both the por051ty
and the compressibility of the skeleton. It is,

“however, relatively easy to estimate the porosity

of an aquifer-within about 5X. This leaves only.
the skeleton compressibility, or change in volume
of voids with respect to the bulk volume per
change in effective stress. - That is

Vo = vvolume of the voxds,'
'Vb' - bulk volume, and

o' = effective stress.‘



With approprlate substitution th1s may be written
as’’
dpg

' -
do' - dpf

m, = nc,

where everything is known (or assumed) except
the total stress, and with the assumption that - .
for undrained Tesponse, change in void volume
equals change 1n water volume.

The change in the total stress on the
_aquifer is due to the change in weight of the
overburden and .the deformation of the earth..
The . change in weight of the overburden results
.- from_the . change in gravity. This effe¢t can
be shown to be .comparatively small even for -
relatively deep aquifers, and hence can be
neglected. The estimation of the deformation

of the earth requires some knowledge or assump-

t1on sbout the nature of the earth.

In: spherzcal coordxnates, d1latat1on is-
defined as

A - + - '
A ® epy +Egg *Egy o _
vhere € refers to strain. Near a free surface

Opr = 0 = AA + 2u €pr

where ¥ is rigidity or shear modulus and A-is
Lamé's constant.

Further, it can be shown that:

7% - 62]{%2 '
+ & { cmemsm— —-—
o0 T o4 ; a “z* ,
where
h = Love number,
I = Love number,

a = radius of the earth,
W2 = potential, and

‘g = acceleration due to gravity.

Dilatation may therefore be written as

ol

The situation is now analogous to having a
‘confined ‘sample in a lab where the change in
fluid pressure and the.dilatation resulting from
an unknown change in confining pressure are known.
Because the problem is undrained,. the change in
fluid pressure is not equal to the change in
effective stress.  The change in total stress
is therefore needed to evaluate the compressi-
bility of the skeleton.

" This would seem to:imply;thht thelbulk modulus,
K, will have to be known or estimsted. The bulk
modulus, however, can be related ‘to u and A as

K =2 +(2/3)u

Because A and p clready appear in the equation
for dilatation, the change in total octahedral

stress can be wr1tten as
th - 67 ;szf

w1th0ut 1ntroduc1ng auy new coeff1c1ents. i
Before accepting this express1on, however, some |
consideration should be given to the applicability
of ‘the previous equation for dilatation. The
change in potential can be calculated for any
point on the .earth from_ astronomlcal considera-
tions. The values for h » M, and A, however,
are estimated for a very large region of the
earth at best. The expression for dilatationm,
therefore, really represents a given region of
the earth. . The question then becomes one of
us1ng the values of A and ¥, already inherent

in the expre881on for dilstation, to get the
implied change in octahedral stress or.estimate

a bulk modulus that may be more representative '’
of the region near' the aquifer. At least,
conceptually, the dilatation may be thought of

as the result of measuring & large region of the
earth with strain meters. This would seem to
indicate that although the dilatation represents
a regional value, it might be more reasomable

to use an estimate for some local value of K

to calculate the change in total stress.

(A +—u)

! dooct

In practice, using the earth model and coef-.
ficients of Takeuchi (1950), K = 1 x 101l Pa. The
expected bulk modulus of a deep aquifer would be
on the order of 1 x 1010 Pa to 1 x 1011 Pa.

This is extrapolated from measured values for
various rocks. Of course, the absolute lower .

limit is 2 x 109 Pa, the bulk modulus of water.

Preliminary calculations using & range of
values for bulk modulus were made for wells at
Raft River, Idaho, and East Mesa, California.
Although there are data problems associated with
both areas which are further complicated by
ocean.loading problems at East Mesa, reasonably
good results were obtained. )

" PLANNED ACTIVITIES FOR FISCAL YEAR 1979

Final calculatlons and comparison with e
numerical model is planned for the first quarter
of the next fiscal year.

REFERENCES CITED
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tidal data. This report.

Takeuchi, H., 1950. On the earth tide of the
compressible earth of variable demsity .-
and elasticity. Trans. Am. Geophys. Union,
v. 31, pp. 651-689.



PRELIMINARY ANALYSIS OF TIDALDATA -~
" B. Y. Kanehiro, T. N. Narasimhan, and C, F. Tsang. -

INTRODUCTION

The earth is theoretically within the gravita—
tional fields of all other celestial bodies and
as such is ‘subject to tidal forces. The sun and
the moon, because of their respective sige and - *°

proximity, ‘account for virtually all the tidal’

forces experienced by the earth, - 'The ocean tides
of the hydrosphere provide, by far, the most

. dramatic evidence of the tidal forces at work.

The same tidal forces also act on the atmosphere
and the lithosphere generating atmospheric 'and
solid earth tides, respectively. These tides,
however, are of small magnitude and are relat1ve1y
difflcult to measure accurately.. ..

The time dependency of the tides results from
the relative movements of the earth, sun;, and moon
and as such is very nearly periodic. ‘ Unfortunately,
this periodicity is complicated and has superposed
on it substantial amounts of" nonperlodxc noise.
Although the solid earth tide and the reservoir
response to this tide do not suffer from problems o
like those associated with the per1od of free: ' =
oscillations of the ocean basins, it is still"

_ desirable to do some preliminary analysis.

From a practical point of view it is sufficient
to determine the amplitudes and phase relations for

' the .five or six largest components of the tide; at
“least in theory, this should remove much of the

nonper1od1c no1se

'ACTIVITIES IN FISCAL YEAR 1978

Two methods for snalyzing tidal signals were

- tried, ' The first is the w1de1y used finite Fourier

analysis.: This approach is based on the fact that
the finite Fourier series for an odd number of

- points (2N + 1) may be written as:

F(x) = -é-;--ﬁ [ cos( Tk )-O-Bk sln(-zfll&x)] s

k-l

where F(x) is a function that is defined over theTT'

set of points {xp}, and Ao, Ak, and By are coef- -
fic1ents such that:

A ,-v Z Flxp) cos(r )

- p‘o
and v : -
IR { N : S .
B o=k z: F(x,) siﬂ(% kxp)-'
B p=o .

w1th k be1ng the harmon1c number and L be1ng the

. length of the 1nterval consxdered (Hammlng, 1973)..

' Cooley,'J, W., and Tukey, J. W., 1965,

To avoid the problem of having coefficients

- that are not invariant under translationm, the

ser1es may be written as:

‘N .

. Ca - : \
F(x) = -23- + E ey cos (-2—;5 x) + o
: , . . kul v E 3
where - , I t :
G = W2

and

. o B
4y = arctan IE

The algorithm actually used to calculate
the series is based on a Fourier transform scheme
rediscovered by cooley and Tukey (1965). This
calculational scheme is significantly faster than
the more direct calculational scheme of the coef—
f1c1ents based on the equatlons above.

The recond method of txdal decomposxt1on is

one specifically designed for earth~tide analysis -

by Lecolazet (1956). This method is not as direct-
or conceptuslly simple as the finite Fourier:. ’
analysis.: It is basically a filtering scheme where
specially designed band-pass filters»are employed. .
The wethod allows for the examination of a larger
number-of - tidal components and 8 greater degree of
accuracy. .

.As an offshoot -of the above,,attempts.were
made to remove tidal noise from data to be used for
well-test analysis. Both least-square filtering
schemes ‘and schemes based on the -analysis above
were :tried with very limited success.

- FISCAL YEAR 1979

. The simple finite Fourier anelyeis presented
above has proved to be adequate for the present

: needs of examlnlng aqulfer response to earth tides.

The removal of tidal noise thhout ser1ously
degrading the desired sxgnal is not a simple -
problem, . Attempts to 1mprove ‘methods of deal1ng
with th1s noise w111 contlnue._ . . e
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BEHAVlOR OF ROCK-FLUID SYSTEMS AT ELEVATED PRESSURES éND TEMPERATURES
W. H. Somerton, A. Ghaffari, R. Greenwald, V. Hoang, L. F. Martinez-Baez, -

“H. J. Su, and L. Wong

INTRODUCTION

The objective of this project is to develop
methods ‘and apparatus to measure rock~-fluid
properties at temperature, pressure, and fluid
saturation conditions that may be encountered
in deep high-temperature oil and gas reservoirs,
geothermal reservoirs, and reservoirs in which
high temperatures are used in the extraction
process. These properties include porosity, per-
meability, electrical resistivity factor, thermal
properties including thermal expansion, pore and
bulk compressibilities, compressional and shear
velocities, and the dynamic elastic propertles
that may be derived from these properties.

Methods of measuring most of the above -
properties have been developed as reported in
an earlier work. (Somerton, 1977). These methods -
permit measurement of only two properties at the -
most in a 'single apparatus, ‘and the measurements
are limited to temperatures of -200°C and 1 kbar
stress. Correlation of the results of measure—
ments of properties in different apparatuses,
using different test specimens and with the possi-
bility of different stress histories, is very
difficult. A second objective of the present
work, therefore, is to develop an apparatus in
whlch all or most of the desired properties may
be measured at the same time under identical test '
conditions. Basic design of this apparatus has
been presented earlier (Somerton, 1977).

Measurement of physical properties and
behavior of rock-fluid systems at elevated temperas-
tures and pressures is difficult and very time
consuming. A third objective of the present work
is to develop models and correlations that will
make it possible to predict properties and behavior
from more easily measured characteristics of the
rock-fluid system. The greatest progress has been
made in the case of thermal properties. Having
estimates of such characteristics as mineral com-
position, porosity, and grain size, models have
been developed for predicting thermal conductivity
under any fluid saturation condition at a base
pressure and temperature. Other correlations
have been developed to permit. prediction of
" thermal ‘behavior at other pressure and temperature
conditions. Well-log data may also be useful in
this regard. An investigation is currently in
progress for predicting relative thermal conduc-
tivity by analysis of temperature gradients in -

" wellbores.’

Some applications of data obtained in this
and related projects are also currently under
investigation. One application is the role of
the so-called heat-pipe effect observed in earlier
work (Somerton, 1975), in high-temperature fluid
flow systems ‘in which phase changes may occur:
Under c¢ertain conditions of temperature and pore
fluid pressure, some shallow formations could
behave as heat thiefs from geothermal and steam
injection wells. co

RESEARCH ACTIVITIES IN FISCAL YEAR 1978

Much of the tesearch accompllshed dur1ng
fiscal yeet 1978 is presented in reports ptepared
by the six coauthors (Ghaffari, 1978; Martinez-
Baez, 1979; Hoang, 1978; Su,. 1978; Wong, 1978;
Greenwald, 1978).. These activities will be '
reviewed br1ef1y here. Following this, progress -
on the multirock properties apparatus will be
reviewed. : :

Thermal Properties and Behavior

- Ghaffari (1978) has developed his three-
dimensional model of heat conduction in porous
media to obtain excellent’ agreement between

‘pred1cted and experimental thermal conduct1v1t1es,

particularly for unconsolidated media. The
agreement for a number of materlals is shown .

in Figure 1. Figure 2 is a working graph based
on model results. From Figure 2, we can predict
the effective thermal conductivity. - The agreement
of model results for consolidated media.is mnot

as favorable as for unconsolidated sands. Some
additional flattening of the cubic packing of

18 T T T T T T
16+~ .
14} Y *
+2_°°/¢ .
B )
12} YA
_e® e
[
[
2 o- . .
@
-
< 8F .
x : - =20% .
\ [ ] N
3’_6 A
al- o .
2 .
0 ! 1 ! 1) 1 :
0 2 49 6 8 _ 10 12 14

(%e/Af) mode!
‘ XBL7811-6208
F1gure 1. Agreement between experimental conduc-

tivities and conduct1v1t1es predlcted from the
model.
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Figure 2. .. Graph for pred1ct1ng effect1ve thermal :
conductivities based on model results. :

spheres.used in the model in the horizontal

The - degree.. . .
of flattening will be related to the formation
resistivity factor.. In add1t1on, a grain-size
parameter will be incorporated into the model ..

to express the effects of contact res1stance.,

Martinez-Baez (1979) has used methods

: developed in earlier work (Anend et .al., 1973)

to obtain correlations of the. thermal behavior of
Cerro Prieto ‘core .samples. -By use of regression
analysis, he correlated exper1mental measurements

-with physical properties of the rock—fluxd system..

The best fit to the experxmental data was found
when the follow1ng propert;es were included in
the correlations:. porosity, median grain axze.
graln size distribution (5901510), and conducti-.
vities of the saturat1ng fluid and the rock sol1ds.
The multiple regression.coefficient was 0.924,

vhich means that the correlation may be used with
considerable confidence for similar rocks from

this area having propertles within the range of

the samples tested. The change of conduct1v1ty
with temperature for the cores tested showed -

qulte consistent results but were at some variance .
Figure 3 shows that
some modification of the correlation would be-" ;
needed in order to predict the thermal conduct1v1ty-
temperature behavior. of these Cerro Prleto cores .
w1th accuracy. - -

Hoang (1978) has studled temperature gradIenta:
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 therinal conductivities of formations on the
temperature .gradients in a well. Calculations were
based on initial conditions in the well being at
a state of quasl-equllxbrxum for fluid flowing at

(highest-temperature) formation.
‘then shut ‘in and ‘temperatures were calculated
. for various times, as shown in Figure 4.
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Figure 3. Thermal conduct1v1ty temperature behav1or
of Cerro Pr1eto cores.
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It is
aspparent that the variation in temperature

'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
techn1que for measuring themal properties in the
multlproperty apparatus,



Su (1978) is continuing work on the heat-
pipe effect and is evaluating its importance in
fluid flow in porous media at temperatures high.
enough that phase changes may occur. In the :
thermal conductivity test cell (about 3.28-cm
1long), 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
magn1tude of the mixing zone and its nature and
properties in a flowing system. If the effect
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 addition to the above thermal work, the
several investigators have an ongo;ng program of
measuring thermal properties of an increasing ' -
number and range of rock types. These results are
being used to test the various correlations and
models and to add to our catalog of thermal data.

Fluid Flow and Storage Capacity

Work is progressing on the measurement of
fluid flow and storage capacity of rocks at
elevated pressures and temperatures. This work -
is partly funded by a grant from 1ndustry.
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. Wong (1978) has measured the permeability of
a number of sandstones and has shown that peime-
ability decreases sharply with increase in
temperature. Figure 6 shows an example of this
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 flow. 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 flawxng
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. The third poss1b1e cause is that of
clay swelling and migration. For this to be
a cause of permeability reduction, clay swelling
and migration would have to be greatly increased
at elevated temperatures. A current study of
clay swelling pressures at elevated temperatures
may shed some light on this matter.

An apparatus for measuring pore and bulk
compressibilities at elevated temperatures has
been designed by Greenwald (1978), constructed =
in LBL shops, and is now being tested. The bulk-
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 a2s high
as 480°C. The pore volume compressibility portion

"of the apparatus makes use of a high-pressure
Jergesen sight gauge. This latter: component is
somevhat limiting and will be replaced in the multi-
properties apparatus by a gas-pressure balanced
displacement cylinder (dxsplacement being measured
by & linear potentiometer). Problems with leaks

in the system have hindered the calibration of

the apparatus and its application to measurements
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" elevated temperature.

13

on: aétual cores. However.'progress has ‘been ‘made
‘6nthe development of a model that will attempt
to dup11cate the.volume changes in a two-component

. rock system (solid framework subjected to confining
"‘stress, and softer imner pore lining subjected.to "

pore pressure) This  two-component model :may .also

" be important in analys1s ‘of the f1u1d-flow capacity

at. elevated temperatures. . It ‘should fxnally be
‘noted that bulk and pore thermal expansions may
algéo be measured w1th the experxmental apparatus
descrxbed above.. .

Electrical Resistivity Factor

Wong (1978) has des1gned a new control ‘system
for measuring the electrical resistivity factor at
This sytem has been con-
structed in the electronic shop of the U.C.
Berkeley Mechanical Engineering Department.

‘This new control system makes it possible to
impose a constant alternating current at various
levels across a radial electrode system.: The

_‘current is imposed only long enough to obtain

a constant voltage across the system .and at speci-
fied intervals, The frequency of the current may
be varied over a wide range, -making it possible
to'evaluate any frequency-dependent effects.

Some preliminary tests have been made using the
new ‘control system. Good contact of the.center
electrode with the rock test specimen was, found
to be very important in ‘order to obtain useful
results.

Sonic Velocities

During this period, Palen (1978) completed
his thesis dealing with the measurement of P~ and
S-wave velocities in fluid-saturated rocks at high
temperatures and pressures. His most significant
results were the substantial effects of température
in reducing both compressional and shear-wave
velocities. From these data, he calculated elastic
moduli with the expected results that bulk and
Young's moduli decreased with temperature.

Poisson's .ratio also decreased with- temperature.
‘An important f1nd1ng in.this work was the nearly

twofold difference in Poisson's ‘ratio between
dry and liquid-saturated cores, as may be seen
for Cerro Prieto sandstone shown in Figure 7.
These .results confirm ear11er observatxons made -

S by Al-Rhafaji (1975). .

pr. Mlchael S. Klng, Un1versity of Saskatchewan ‘

at Saskatoon, spent several weeks at LBL durlng

“spring 1978, helpxng to. improve. the desxgn of our-
. sonic measuring equipment.

He dealt in partlcular
with special design problems associated with the
multiproperties measuring apparatus.  We now feel
confident that we will be able to measure P- and
S-wave velocities with good precision, and measure
other propertres concurrently. L

Multiproperties Testing Apparatus
Cons1derable progresa has been'made on the
new rock—propertxes test fac111ty. Having

received the assurance of Andustry partxcxpatxon
in funding of the facxllty, a design, eng1neer was
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Figure.7. Effect of temperature, stress, and fluid
saturation on Poisson's ratio for Cerro Prieto’
sandstone.

‘ tetained to’conplete the‘finalvdeaign and to

supervise the construction and installation of
the apparatus,. The pressure vessel will soon
go.out for bids and the pressuring system has
been obtained.on.loan from Lawrence Livermore
Laboratory. . Preparatlons for space, power, and
peripheral equ1pment and facilities are well
under way. Mockups of the various control and
measuring components are being made for testing
in our present pressure vessels.. The target
date for running the first test with this new
apparatus is July 1, 1979.

PLANNED RESEARCH PROGRAH FISCAL YEAR 1979

Research on all fronts as descrLbed above

! ﬁill be ‘continued in fiscal year 1979, with

particular emphasis .on the multiproperties
measuring apparatus. Two new projects will be
started. The first of these will be a cooperative
project with Greenwald's research, in which pore
and bulk thermal expansions will be measured
durlng the heating perlod -of the pore and bulk-
compressibility runs. These tests will be run

- at constant confining stress and pore-fluid .

pressure. The second new project will be -an-
attempt to correlate sonic velocities with thermal
conductivities, . Such a correlation may make it
possxble to deduce in-situ thermal propertles from
-sonic velocxty log data,

In the -area of thermal propert1es, completzon _

" of the thermal conductivity model is planned by the
-end of fiscal year 1979.
on the one~dimensional heat-pipe experiment and.the

We expect. enough progress

three-dimensional  finite~difference model for fluid
flow with phase changes to begin construction of a
.laboratory model to confirm these effects. In the
wellbore temperature-gradient studies, the effects

. of convective heat transfer in the wellbore and

in the surrounding formations will be studied.
Thermal conductivity measurements with the steady-
state comparator apparatus will be continued.as
core and drill-cutting samples become availabdle.



- lyte. systems.

In the fluid flow and reservoir storage
.- capaeity studies, we plan to measure permeabilities
and ‘compressibilities on wellbore core samples at
reservor conditions. The data obtained from
“these tests will be used to test the theoret1cal
models now being developed

The 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. :
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THERMODYNAMICS OF HIGH-TEMPERATURE BRINES
K. S. Pitzer, D. J. 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 comblnlng both modellng

- and exper1mental work, began in 1975.

_ The 1n1t1al work involved analysis of
exlstxng thermodynamxc data on simple electrolyte
systems using equations developed by Pitzer and
coworkers (Pitzer, 1973; Pitgzer and Mayorgs, 1973,
. 1974; Pitzer and Kim, 1974) The goal of the
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 (~6M)
in terms of parameters havxng phys1cal sxgn1f1cance.

g Tbe-program to measure heat capacities arose
because ofvinadequate,literature'data on electro-
The . primary goal of the experimental
program is.to supply data on simple and complex
electrolyte systems at high temperatures and

Hart1nez-Baez, L. F

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

Though the modeling and experimental work
relate directly to electrolyte systems common to
geothermal brines, the results are applicable to
such areas as biological fluids, battery electro-
lytes in aqueous and monaqueous solvents, plating
baths, waste effluents, materials ‘corrosion from
electrolyte systems, and marxne chem1stry.

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-Huckel parameters for aqueous electro-
lytes over the full range of temperature and
"This requires equations for both the
volumetric and dielectric properties of water.

In connection with this program, ‘Silvester and



o sought an’ xmproved form of -equation.

15

,P1tzer (1977) proposed an' equat1on, for the
~dielectric constant for water, which wa 'qiiite
"8 ,sfactory ‘along. the saturation curve. But
,.the pressure derivatives of this‘equation £s11ed
to.fit the ‘data as well as desired; hence we.
The result
is ‘an equation that is valid from 0.to 3509¢C,
- - and saturation pressure to.2;000 bars below -
' '100°C andi 5,000 bars above 100°C. The_equatlon
nhas the follow1ng form: F o =

.y )

B

- :‘; D = . DIOOO + C log[m] ‘(1)
'uhere. B PR

 Digoo = U em [uTewnZI, @)

v_ci‘¥ Uy t'“sl(ﬂs +1), amd (3

i g: - 'u§4+ u8/1'4'ugr | | W

The temperature T, -and ‘the pressure, Py ‘have units
of Kelvin and bars, respectively, ‘The .uncertainty
in the fit ‘is approximately 0.1% below 70°C and

. better than 1% at higher temperatures.‘ The values
‘of Ul to U9 are ‘as’ follows" /
'_j ul = 3.azz952 Ug = -1.8289E2
Uy = -5.0866E-3 Uy = -8.0325E3
Uy = 9.4690E-7 Ug = 4.2142B6
U, = -2.0525 vg = 21417
Us = 3.1159E3

With: the ‘volumetric equation of Keenan ' et al (1969)

and this expression for the dielectric propert1es
of water, the Debye—Huckel parameters for actlvxty
and osmotic ‘coefficients, enthalpy, heat capacity,
apparent molal volume, compress1b111ty, ‘and " expan-
sivity were calculated over ‘the range from 0° to
3509C, and saturation pressure to 1,000 bars’ °
Values of the various parameters have been compared
with those believed to be relisble from the litera-
ture and found to agree to within 1% over the range
of 10° to50°C, and to within 5% frou 00 to 70°C.‘
A d1rect check of the patrameters at temperatures
above 70°C is not possible; however, indications
- are that the error ‘is ‘less than 10% at temperatures
- below 300°C. " At temperatures .above 300°C and
pressures near the saturation pressure, the error
" probably  increases to as much as 25%.  Tables of ~
values of the’ slopes have been prepared and w111
be publlshed soon, as .a part of a complete report
of thls work (Brsdley and thzer, 1979),

" The thermodynamxc propertxes of very h1gh- ’
valance electrolytes were consldered and a paper’
published (Pitzer and Silvester, 1978). By =~
combination of both enthalpy and Gibbs energy
data with theoretical guldance previously

- confused results have been given a sat1sfactory
1nterpretat10n.

5

; Partially in preparation for the treatment
" of our own experimental results, the literature

data for both volumetric ‘and thermal properties’

of NaCl and KC1 solutions were modeled for the

" below.

"of identical ‘construction.

full range of temperature and pressure. Although
reasonably satisfsctory representations were
obtained, the limitations of accuracy -and range
of data were -also most apparent. -If our own -

- ‘measurements can be ‘added soon, that will be

done before publlsh1ng on these topics. However,
1nter1m equat1ons are aVa11ab1e 1f des1red k

Our exper1menta1 instruments are descr1bed
Esch is now in operat1on and begxnn1ng
to ‘yield useful data

Calorimeter

.+ The flow calorimeter .follows the basic design
of Picker ‘et al. (1971). Water:flows through stain-
less steel tubing past a wire resistance heater,
and the .temperature rise of the water is medsured
using a platinum resistance thermometer.: Solution
is displaced at ‘the:same rate through a second unit
Either the difference
in the two temperature rises, or the change in
heating power needed to balance the temperature
rises,; can .be measured to yield the heat capacity
difference between water and solution. Because
platinum resistance thermometers are used as the

‘temperature sensors, the absolute temperature

riee can also be determined, giving an accurate
measurement of the power loss of the heaters.
Heat capacity measurements accurate to 0 lZ or
better :can be obtained.” .~ ¢ it

The calorimeter is encased in an evacuated
copper block, which can be heated to over 300°C
by a fluidized bath. A fluid pump designed for
use in high-pressure liquid chromatography
provides constant flow rates at pressures up
to 10,000 psi. Thus, heat capacity measurements
as a funct1on ‘of both pressure and temperature4
can be -taken over these ranges.

Den51meter

A mercury dlsplacement dens1meter of the type
described by Ellis (1966) has been constructed.
The only major design change from Ellis's is that’

- the volume of displaced mercury is measured with

a ‘cathetometer and a preclslon-bore glass caplllsry,
rather than by wexgh1ng.

The dens1meter is desxgned ‘for use at tempera-
tures up to 300°C and pressures’ to 600 bars.

" The ssmple reservo1r has been constructed of a

corrosion-resistant ‘nickel-based alloy, which
should be ‘suitable for 1nvest1gst1ng the densities

~of very corroslve salts like MgCly.

“‘The accuracy ‘of the measurements depends on
the accuracy of the volumetric data for water,
which is used to calculate the volume of the
sample chamber. The data on water over the temper-
ature and pressure range to be investigated is
accurate to approximately 100 ppm. The equipment
is designed ‘to give a precision of approximately
15 ppm at 200°C, and 30 ppm at 300°C.



PLANS FOR FISCAL YEAR 1979

Fxrst prxor1ty will be given to exper1mentel
~heat capacityand density measurements for the

. primary brine components, NaCl, -MgCl,, NaZSO4,

. and KC1l, The results for NaCl and KCl will be -
added to the data bases from the literature to
complete the already well-advanced modeling pro--
grams for these substances. Similar modeling work
will follow for MgCly and NagSO,;. ‘Thereafter we
will examine mixed electrolytés and other ‘special
" topies such as carbonate solutions.
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SOLUBILITY OF ALBITE IN THE AQUEOUS PHASE AT ELEVATED TEMPERATURES

J. M. Neil and J. A. Apps

INTRODUCTION

Albite, NaAlSi3Og, is a common rock-, S
forming mlneral belonging to & group of mlnerals
called the feldspars. It crystallizes in a -
variety of rock types, including such diverse
types as saline lake beds, limestones, altered
tuffs and basalts, and many igneous and metamor-
phic rocks. These different rock types are
formed over a wide range of temperatures and
pressures. Albite is, therefore, of interest
not only because of its common occurrence, but
also because of the diverse range of environ-
ments in which it forms. ,

' The purpose of this study is to and out how
albite affects the groundwater composxtloh over
. a range of temperatures from 25° to 400°0C

and- from pressures from 1 to 500:bars. .This
temperature-pressure range encompasses the con-
ditions likely to be found in all exploitable
geothermal resources, waste isolation s1tes,
hot-water storage aquifers, oil reservoirs, and
- uranium resources. The study is designed to
investigate not only the equilibrium relatioms
between the albite and the groundwater, but also
the rates of equilibration expected under dif- .
fering conditions of pH and sa11n1ty.

The most'etable albite structute at low
temperatures consists of a framework of ordered
siliea:gnd aluminum stoms each surrounded by a

tetrahedron of oxygen atoms. Interstices of the
tetrahedral framework contain sodium atoms.
However, most naturally occurring albites are
subject both to disordering of the silicon and
aluminum atoms and substitution of potassxum and
calcium for sodium. Charge is congerved in the
latter substitution by additional aluminum in
place of silicom,

For a precise evaluation of the kinetics of
solution and equilibrium relatlons, the albite
must be well characterized so that the effect of -
solid solutions and order1ng can be determined.
For this reason, care was taken to analyze and
measure the crystallographic properties of
several albites before begimming the experimen-
tal program (Apps and Neil, 1978). A metamor-
phic albite from the, Francxscan formation at .
Cazadero in northern California was finally

. selected_on,the basis ‘of its pur1ty and degreel

of ordering. The following is a description of
the equipment and experimental techniques.used
to measure aqueous solubility, the characteriza-
tion of the starting materxals,,and prelxmlnary
results so far achleved . .

ACTIVITIES IN FISCAL YEAR 1978 .
Equipment

The heart of the system is a 1 11ter auto-

clave manufactured by Autoclave Eng1neers, Inc.,



: separator,
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i+ which can be opereted~to'pressures of 7,500 psi,
© at temperatures up to 400°C. It is fabricated
" out of Hastelloy-C 276, an alloy that is highly
resistant to corrosion by hot brimes. The:
autoclave is equipped with an air-drivem
stirring system with a magnet:.cally doupled
sealed shaft, thereby eliminating c¢ontamination
from the bearing packing. The sampling system
allows us to sample either the vapor phase at

the top of the vessel or the liquid phase 2 in. ;9“:}
, s - - bite with an electron microprobe to check the

from the bottom of the vessel.

A recharge system has been aesembled so_ that -

the autoclave can be refilled while maintaining
pressure and temperature within the vessel. The
- principal components of the system consist of a
" 1:150 air-driven Sprague pump, a 1/2-liter oil-
water separator, and an adjustable (5 000 -to
10,000 psi) relief valve. The pump and relief

. valve work against each other to“belence the

. pressure in the autoclave when it is refilled.

E Auxiliary plumbing permits ref1111ng of the. 011- o

" water separator.
gram of the system,

Heat is provxded by an external resxstance ;
furnace. A Leeds & Northrup recorder with -
D.A.T. controller is used to operate the furnace
and provide a:record of the temperature in the
autoclave.
chromel-alumel thermocouple, which is located in
a thermocouple well that is the same length as
the 11qu1d-phase sampling tube.

Although the autoclave meets (the ASME code
for manned—~area safe operations, .a safety shield
.of 1/4~in. iron plate with 3/4-in. plywood lin-
ing has been érected around it. These specifi-
cations are recommended by Holloway-(1971) for
. high-pressure systems.
ture disk installed by the manufacturer on the
autoclave, a second rupture disk -assemby has-

“ been added to the high-pressure line from:the . -

=" over the max1mum workxng pressure of the auto-
-~ clave.

, _,Air motor ¥
- for stirrer +Q

[];04;5-++--i
rese?yoir I |

rgh pressure

Sprague
ol
pump.

Figure 1 is a schematic dia-

In addition to the rup~

The temperature-sensing;elementris a -

Characterization of sterfing Material

’ -“rhé initial results of a search for a chem-

, ically ‘pure albite have been described elsewhere

(Apps and Neil, 1978). The reported analyses of

- a Franc18can vein albite from Oregon (Coleman,

1978, ‘unpub. data) 'did not contain calcium at
the leVel reported in the provisional analyses
(1.1 wt ). Therefore, we decided to make point
chemical :analyses of the selected Cazadero al-

bulk chemical analyses and to identify and
determine the chem1cal composition of coexisting

R phases.

.. The analyses were made with an ARL, eight
channel, electron microprobe (Model SEMQ) using

g standarde of similar composition to the un-

. .- analysis.

-+ knowns,

"~ Table 1.

. or less.

w

Both rupture disks are rated 10% ;;~f_;:_i'

All results were corrected for back-
ground and machine drift, and the empirical

- matrix correction of Bence and Albee (1968), and

of Albee and Ray (1970) were applied to all
results.  The albite analyses are listed in
- The ‘albite analyses have been
normalized to 32 oxygens using the method of

e.Deer et al, (1966) and are tabulated in Table

2. An Amelia Courthouse albite analysis from

" Deer et al (1963) 13 included for comparison.

With ;he exception of two points on a tra-

- wyerge across a twinned albite where the calcium

concentration attained 0.26 and 0.24 wtX
(Ab-007C), the calcium analyses were 0.06 wt %
: The normalized analyses give the mo-
lecular percentage of albite in the range of
98.8 to:99.8, whichindicates that the material
be1ng used for the study is almost pure albite.

The accessory minerals observed include law-
sonite, omphacite, quartz, and an unidentified
phyllosilicate. Lawsonite is the probably
source of . calcium contamination in the bulk
In the future, heavy liquid separa-
tions will be used to remove traces of this

o phase from the a1b1te.v
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Table 1. Analyses of albite samples from Cazadero, California, in wt¥ + s.*

ab-007a’ Ab-0078" Ab-007¢° " Ab=Q07D**
T 1 2 1 2 3 1 2
Number of Point Analyses ‘

16 13 9 5 o 13 9 5 10
Nay0 11.8 +0.10 12.0 £ 0.01 12,2 $+0.02 12.0 % 0.03 11.9 *0.03 12.1 £0.05 11.6 + 0.02 ‘11.8 * 0.05
Ti0, =0.00° £0.005 ~-0.00 *0.005 -0.00 *0.002 ~0.01 * 0.002 0.00 *0.003  -0.00 *0.004 -0.00 *0.006 -0.00 + 0.001
K20 0.04 *0.039  0.03 % 0.005 0.01 * 0.001 0.01 * 0.002 0.03 +0.003 0.02 £0.002 0.05 *0.011  0.04 * 0.001
" Mg0 =0.01 %0.0002 -0.01 %#0.003 -0.01 *+0.002 -0.01 £0.004 -0.01 *0.001 -0.01 *0.001 -0.01 *0.010 ~-0.01 * 0.002
8i0, 67.2 *0.31 67.8 £0.06  68.1 *0.002 67.6 * 0.40 67.1 *0.19 '67.8 *0.06 67.7.20.28 - 67.9 +0.13
FeO 0.00 *0.005  0.01 *0.001 0.00 £0.0001  0.0I *0.018 0.00 * 0.005 0.01 *0.001 = 0.00 +0.001 - 0.01 *0.006
Ca0 0.04 +0.014  0.01 #0.001 0.00 * 0.002 0.11 £0.0241 ~ 0.06 *0.026 0.03 £ 0.008 0.03 +0.001  0.05 * 0.001
A1504 19.9 +0.09.  20.1 +0.01 19.9 *0.10 20.1 % 0.02 ©20.0 *0.07 .19.8 *0.02 19.8 + 0.03 '19.9 % 0.07

Total 99.0 *0.24 99.9 *0,01 100.3 % 0. 99.9 +0.03 +0.02 99.8 * 0,001 S £0.10.  99.7°t0

99.0

19

Tab-0074: 1,

*Ab-007B: 1,

*fAb-oo7c: 1,

44, Ab=007D: 1,
Includes value

traverse. ‘ _
adjacent to an omphacite crystal; 2, traverse
traverse across twinned albite; -2, crystal wit
albite with mottled extinction; 2, traverse

8 of 0.26 and 0.24 wtX.: .

h good cleavage; 3, traversef‘;

81



. Table é.‘ Cazadero, Caiifotnig,'élﬁi;é analyses calculated on the basis of 32 Qxygén;a;oﬁs\X4Zi603£(N§,K,Ch) TAIASilzojz];:",)<,'

Wi

AB=007A | ___ Ab-007B

. Ab-007D° - Amelia

'Samp;le‘ 1 T S SR l

Ab=007€C

. . C Courthotise
b 200777 'Sample

TNt A.063 7 L 4,073 41310 k146 4L

Tit W0 e L LT e e e — — e
Ko © 7 0.008 .7 0.006° 0.002 -~ 0.002 0.002 0.006 0.002
Mg ) - — — e o —— ——— ——— —

si 11.875 11.869 11.895  11.876
Fe 11t . 0.000 0,001 0.000 0.001
Fe III -— e e -
ca . © . 0.007 . 0.002  —- 0.021

AL o 6.065 0 41147, 409 . 4.120. 4.

3.962 4.012 ' 3.897

———— — ., ———

0.011 0.008 - 0.034

11.922 11.905 11.905
0.000 o0.001 _—

—— me= 0.005
0.005 . 0.010 0.028

4.110 - 4.112 4.125

z . 1e.02 16,02 15.99  16.00

X 4,058 4,082 '4:133 4.168"

16.03. 16.02 .  16.03
3.978  4.031 3.96

.15 0j05 . 0.05
8 . 99.95 ©  99.4
07~ 0.00 - 0.5

S 0ri(mol?) . 0.:
Ab (molZ) ~ 99.6
 An (molZ%) 0

NN

0.05 ~ 0.15 0.05
98.8 . 99.6 99.8°
1.2 0.2 0.15

0.20 - 0.20 0.8
99.6 99.5 98.5
0.13 - 0.27 0.7

" *Average of two analyses from Ab—007C—1 conta1n1ng 0. 26
" 'Total 1ron reported as Fe II : .

and 0.24 wt% Ca0.

61



. Ion~-beam~thimed sections of the Cazadero
albite were also examined by transmission elec-
tron microscopy at magnifications up to 100,000
in order to determine whether or not the albite
is hombgeneous (consists of one phase only).
Phase homogeneity was confirmed. However, the
albite has a very large number of dislocations
(108/cm? of exposed surface) and bent twins,
which is indicative of ‘a high stress and is un-
usual for albite. Currently, samples of albite
growing into vugs from the same location ‘are i
being prepared for analysis of dislocations and
single crystal diffraction studies are being
conducted:to confirm the degree of A1—Si order in
the sample.

Experimental Procedure

So far, five preliminary solubility experi-
‘ments have been successfully completed on the
saturation curve of the aqueous phase at ‘temper-
atures of 125° and 250°C. They were run to
verify the. experimental plan, to identify prob- .
.lems, and to develop and verify analytical pro-
cedures on typical solution samples. It 'is
particularly important ‘to determine the appro-
priate rates of reaction since this information
allows us to estimate the time needed to achieve
equilibrium between the albite and the aqueous
phase.

The generalized procedure of a run is to
load 25 grams of —65 + 100 mesh albite into the
autoclave, and add the appropriate volume of
0.1 N NaCl solution to it (usually 700 ml).

_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 stabilize. The

" controller functions as a critically damped

oscillator: once it has reached the temperature
of the run.

After the temperature has stabilized, a-
sample is taken and ‘the stirring is started.
Initially, samples were taken every 2B min.

When n = 12, the time between samples became
excessive and subsequent samples were taken
approximately every 1 1/2 days. After evalu-
ating the results of this strategy, we decided
to sample at 5-hr or 10-hr intervals in order. to
clarify fluctuations in component concentrations
during the latter part of any rum.

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
albite are removed. The aqueous phase is pres-
sure-filtered, and filtrate is divided into
three aliquots for verification of the analyt-

ical procedures. The filter cake and residual

albite is retained for scaming electron micro- -

scopy to identify any secondary phases that may
have - formed and to observe the amount of cor-
rosion of the starting material.

Solution samples were initially analyzed by
atomic absorption spectroscopy for Si, Al, Ne,

20

and Ca concentrations. Additional confirmatory
analyses for aluminum and silica have been made
using respectively an aluminon method (Packham,
1958), and the molybdosilicate method (American
Public Health Ass., 1975). These colorimetric
techniques have proven satisfactory and will be
employed henceforth for aluminum and silica
analyses of the solutions.

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. The electrode is standardized immediately

before the’ sample pH is determined. The pH of

‘samples have: been observed to change during the -
pH determination and probably reflect the dis- -
equilibirum state of the solution at the time of :
the measurement or uptake of atmospheric carbon

dioxide. Further studies are under way to

clarify pH: measurements.

Because of some concern regarding corrosion
of the ‘autoclave due to the presence of residual
oxygen, the autoclave atmosphere is purged of
‘oxygen with nltrogen. During one run, the auto-
clave was flushed with nitrogen for 5 min., and
0.5 ml of hydrazine was added. However, the

-hydraz1ne raised the pH, 1In succeed1ng runs,

the autoclave was. flushed with nitrogen only.

As a result of the preliminary runs, the
sampling procedure has been modified to include
the following steps:

1. The agitator cf the autoclave is stopped for
one minute before sampling.

2. The sample is’ taken after rejection of the
1n1t131 5 ml of solution.

3. The sample is centrifuged for 5 min., and
the. 20 ml 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 to

measure pH.

In this way we hope to avoid some current
uncertainties regarding the stability of the
solutions between sampling and analysis.

Preliminary Results

Figure 2 1llustrates the results of one run
at 240°c showing analyses for silica and alu-
minum. 'The ratio:of silica to aluminum that has
entered : Bolution exceeds the stoichiometric
ratio in albite, which indicates that dissolu-~

.tion is incongruent. :

Five hours after agitation commenced, it
appears ;that aluminum saturated the solution,
although silica continued to increase in concen-
tration for another 25 hours. Thereafter, both

. aluminum and silida concentrations declined,

suggesting precipitation of a secondary phase.
Further study is required to determine if and
when albite reaches saturation in the 0.1-N NaCl
solution.
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Figure 2. The dissolution of 25 g of -65 + 100
mesh Cazadero albite in 0.1 N NaCl at 250°C.

A compsrxson of scann1ng electron mlcroscope
images of the albite charge, both before and:
- after the dissolution study, indicates that. the -
albite ‘cleavage fragments suffered minor cor- .
rosion or erosion through rounding of the edges,-
and scalloping and pitting of the faces.. There .
is no .evidence of epitaxial growth of 'secondary
phases, or any indication .that the finer frac-
tions of the particulate material is -other :than -
dust originally adhering to the charge.

. FUTURE WORK .

The 1mmedxate need w111 be to contxnue

- " solubility measuremernts of albite along the : . : Qs
,_'saturstlon curve of water between 125° and

“300°C in 0.1 N NaCl solutions. After suffi- ,
.cient experience has been gained in sampling and
analyzing the solutions, an extended study will'
be made of solutions.of. varying NaCl concentra- .. .
tion between 0.001 N and 1,0 N, and of NaOH
between 0.001 N and 0.1 N. - All solubility
measurements will be made along . the. saturation ..
curve of water. At this point the pressurized
system operated at 500 bare -will be tested, snd

further solubility measurements made up O s

400°0C at that- pressure.

Data reduction and evaluat1on wi11 con-
tinue. A refined model to describe activity"
coefficients of the species in solution at
" elevated temperatures w111 be 1nvest1gsted snd

o

improved thermodynamit ‘data‘for alteration prod-
ucts and aqueous species will be calculated

from récent calorimetric data descrxbed in- the
pub11shed lxtersture.»‘ : e

The equillbrstxon studies currently under
way -and projected will provide much valuable.
semiquantitative information on reaction rates
between. albite ‘and the aqueous phase.  Such
information will be evaluated with the objec-
tives of identifying the mechanisms of -albite
dissolution and prec1p1tstion, and of predicting -~
rates of albite growth dnder a w1de range of °
env1ronmentsl cond1t1ons.
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“THERMODYNAMIC PROPERTIES OF SILICATE MATERIALS -
"1 S. E. Carmichael, M. S. Ghiorso, L. Moret, and S. A. Nelson

-INTRODUCTION

.The liquid state is the essence of igneous
activity and therefore a significant part of the
way the earth works., A great deal is now known
of the composition of natural liquids, but the
physical and thermodynamic properties of sili-

[

cate liquids are hardly known at all. This pro-
ject was designed to rectify this situation, and
also to contribute .to the more. extensive knowl-
edge of the solid phases which initially satur-
ate a cooling silicate liquid either on or below
the surface.



ACTIVITIES IN FISCAL YEAR 1978

In s111ceous 11qu1ds, one of the ear11est
phases to prec1p1tate is quartz (S102)

this phase is accompanied by others, it is pos- ’

sible to-calculate .the pressure at which the
crystal assemblage equilibrated. This pressure,
equivalent to depth, places a limiting value on
the source region of a particular:siliceous
magma. - -Thus quartz crystals occurring as early.
crystallizing phases (phenocrysts) in a wide

- variety of:lavas were examined to determine the

extent of solid solution, the variation in the

" temperature of the a-8 tramsition (~848 K), the .

enthalpy associated with this transition, and
the heat capacity of botho and B-quartz.

We found that the o-f inversion temperaﬁure,
-gs is strongly influenced by the Al content
quartz which ranged between 17 and 380 ppm.

The eénthalpy associated with the g-f traneition, -

AHy-g, was measured over a range of 9.0°C by
differential scaming calorimetry (DSC), but
there is no measurable compositional effect on
AHy-g. However, the finer the samples are
crushed the smaller the value of AHy_g. - The:
observed .decrease in - a8 & funct1on of -
grain size could be-attributed to a surface:
energy of 682 ergs/cmz. ‘A single piece of
quartz requires 107.7 % 1.4 cal/mole for the
temperature interval of 842 to 851 K, which in-
cludes the enthalpy associated with. the a—B
inversion.

The heat capacity of :two samples of quartz-
were measured by heating.on the DSC, and there
is a marked premonitory effect, which starts
about 200°C below T,-g (Figure 1). Values

-,
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Figute’l; Heat capaclty of quartz, ‘Cp, as -a-

function of tempeérature obtained by DSC.  Half-
circles are values for a-quartz and filled
circles for B-quartz. The shaded area repre-
sents the temperature range 842 to 851 K, for
vhich AH 'is 107.7 cal/mole (Table 2)." The var-
iation of Cp with temperature taken from Kelley
(1960) is also shown.

of Cp at 100 intervals are given in Table 1,

but at smaller interals as x:-ﬁ is approached
because Cp rises to very high values on both

gides of the inversion interval.

Table 1. Molar heat capacity of a-quartz and R-quartz (Cp in cal/mole-deg.).
o-quartz g-quartz

T(°%K)  ©Cp T(°K) Cp T(°K) Cp T(°K) Cp
400 12.9 610 15.5 820 19.0 851 18.3
410 13.0 620 15.6 . 822 19.1 852 17.2
420 . 13.2 630 15.8 824 19.2 . 854 16.7

T 430 133 . 640 15.9 826 19.3 856 16.5
440 13,4 650 16.0 828 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 20.0 890 16.2
490 14.1 700 16.6 838 20.3 900 16.4
500  14.2 710 16.7 840 ' - 21.0 R
5100 14.3 720 16.9 842 22.8
520 14.4 730 17.0
530 14.6 740 17.2

- 540 14.7 750 17.3
550 14.8 760 17,5
560 - 14.9 - 770 17.7

570  15.0 780 17.9

580 [ 15.2 © 1907 18.1 B

"590 " '15.3 800 . 18.3

600 15.4 - 810 18.6
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Teble 2. -Values of entheipy of a~f transition

and’ integrated (Cp from 400 to 900 K).
- o900
ki e
ABy-g 400
(cal/mole) “(cal/mole)
This report: 107.7+1.4 . 7,891
Kelley (1960): . 290 8,090
Robie et al. (1978); 114 7,930

Values of 5900'3400 for quartz may be L
obtained by integrating the area under the Cp
curve from 400 to 842, and from 851 to 900, then
adding the measured value of AH,_ obtained
over the range of 842 to 851 K.,
'compared with' published values in Table 2, and.
the agreement with the more modern data is =
excellent.
the measurement of lattlce psrameters and cell

~yvolumes of 52 specimens of quartz phenocrysts
{which grew in the p-quartz stability field) is
v presently 1n press (Gh1orso et al., 1979)

_ The density, or spee1f1c,v01ume, of 12 sili~
cate liquids of widely varying composition -have
been measured over the temperature range of
1,100° to 1,550°C. The preparation of

starting glassy material free of gas bubbles,
which would strongly affect the measured den-
sity, involves care and considerable time at
high temperature in the furnace.  The density
was measured by weight loss of a Pt Hob of known
volume that was suspended just above the sili-
cate 11qu1d, and then .immersed a known distance
into it.
suspension wire were avoided by using two. Pt i
‘bobs of different volumes, but ‘with suspens1on
wires of similar radius. 'All liquids, quenched

Our values are

This study on quartz, vwhich 1nc1udes s

-Surface tension corrections for the -

to-glasses at room temperature, were then ana- " '~

lyzed by wet chemical techniques,” and in all ~
.cases considerable amounts (200 ppm) of dis-
solved Pt were found.
of these experiments, the tips of the Pt bobs

At the high temperatures

were prone to’ recrystallize to'a few large crye; ».<

tals. This effectively. prevented the bob

venter1ng the” silicate liquid, for it was 1mmed1-”i/

~ately drawn to the side’ of the crucible on .
‘touching the liquid,’ where it became welded to

_ the walls of the Pt crucible.”
only be eliminated by machining new Pt bobs
every. two of three months. .

The 12 'liquids whose dens1ties “have been L
measured are composed of the’ follow1ng ox1de ;
components:  $i0p, T102, A1203, MgO, ;

Ca0, Naj0, and K90. Preliminary values of .
the partial molar volumes of these oxide com~

' ponents are plotted’ in 'Figure 2, together with -

error bars representing plus or minus twice the

standard error. Included in these data are pub-.

lished measurements, and all data were regressed

This effect could’ °

d
=

1400 1500

C

1300

Figure 2. Partial molar volumes of oxide com—

ponents (labeled) in silicate liquids obtained = . .

from 91 compositions.- The width ‘of the shaded
areas represents 12 standard -errors about the
mean. Published values of these quantities
(Bottinga and Weill, 1970) are represented by
solid circles.

'by the multxple regress1on program in the SPSS

package version 7.0. Figure 2 shows that pub-
lished values (Bottinga and Weill, 1970) of the
partial molar volumes may lie outslde the 952

..confidence limits, particularly for Al,03.

Least squares analysis of the partial molar vol-
umes  with temperature leads to the value given
in Table 3

Part1cu1ar molar volumes for’ T102 have not
been given, as these are notably composition~ .

“dependent, " and at 1,400°C may vary between

22.5 and 28.8 cm /mole. In Aly03-free
silicate 11qu1ds, dvTxO /dt has a positive
slope, ‘but in the presefice ‘of A1203 this
becomes negative. The interactions of Ti0y
with other components in silicate liquids are
presently being investigated. . .

PLANNED ACTIVITIES FOR FISCAL YEAR 1979

'The densitv.ofieilicete‘liquidé with FeO and

" Ti0y as additional components will be measured

XBL 795-9587



Table 3. Preliminary values of part1al molar
" "volumes of oxide components in
silicate liquids without FeD or TiO,.
" Applicable range is 1,523 to 1,873 K,
‘and data are in c /mole.

Vsio, = 27.138 +9.939 x 1075 T

- Va1,04 = 27 ..soo +5.005 x 1073 T
‘Vygo = 9.608 + 1.406 x 1073 r
Veao ™ $.si1 +6.115 x 1073 T
Vhapo = 17.831 + 6.340 x 1073 1

szo = 26.982 + 10.839 x 1073 T -

over a range of temperatures, and thus the
partial molar volumes of these two,components

- will be derived. The heat capacity of densified

glasses, made of Naj0-Al703-5i0,, will
be measured in an attempt to identify any coor-
dination change of Al from .four-fold to six-fold

24

* as a function of pressure. :The high-temperature

heat content of compositions in the system
NaA1Si30g-CaAl,5i90g-CaMgSis0¢ will be measured
in order to obtain heats of fusion of these three
components. We anticipate that a study of the

_thermal expansion of silicate glasses of various

compositions, as a function of termperature, will
allow any compositional effect on the galss
transformation temperature to be isolated.
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DEVELOPMENT OF A DATA BASE FOR AQUEOUS SOLUTIONS

R. ). Otto, H. Ozbek, and S. L. Phillips

INTRODUCTION

The research and development of geothermal
energy depends on the availability of adequate
transport and thermodynamic reference data.

‘However, "the necessary data are widely scat~

tered, varying in quality and generally uneval-
uated. One objective of the National Geothermal
Information Resource is to provide a single,

comprehensive data base on the basic energy prop- -

perties of aqueous solutions to elevated pres—
sures and temperatures. To thies end, a bibli-
ographic data base containing references to over
1,000 articles and reports providing basic phys-
iochemical data relevant to geothermal energy
has been estbalished (Phillips et al., 1978;
Fair and Ph1111ys, 1976). The computerized bib-

liography is maintained by the Berkeley Database °
. Management System (BDMS). =~

Thefprimary objective of the aqueous solu-
tions database is to provide evaluated and cor-

" related transport and thermodynamic dats, compl-

lation, and recommended interpolating equatioms
for generating tables of smoothed values. The
initial focus has been on properties of aqueous

sodium chloride solutions in the. temperature
region between 0 and 350°C and having pres-

sures between vapor saturation and 50 MPa. The

comp11at1on, evaluation, and correlation cover-
ing viscosity, thermal conductxvxty, solub111ty,
density, enthalpy, and heat capacity is nearing
completion and will constitute a data book of 5
current information on NaCl for research, devel-
opment, mode11ng, and construction for both
electrical power and direct use of geothermal
energy. In addition, the results of this work
include identification of areas where data are .
either lacking or inadequate, and recommenda-
tions for research desxgned to prov1de the |

needed data.

The data base 1is compiled'frqm the following .
principal sources of information: (a) experi- .

_.mental values and correlations in the published

literature; (b) reports from U. S. Department of
Energy contractors; (c) reports from other

_government agencies and their contractors, for

example, U. S, Geological Survey; (d) data from
the CODATA system; and (e) data synthesis and
correlation from computer-assisted 1nterpolat10n
and. extrapolatlon.
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 reviewed by Potter et al. (1977).
‘values for the thermal conductivity of aqueous
-NaCl solutions are sparse and only available up -

. gilica (AS).
.. studied:
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The comp11at1on of data for the enthalpy,

.- density, viscosity, thermal conduet1v1ty, and
. golubility were completed and represent com- .
- prehensive surveye of the literature from 1929 .~ [ =

" to September 1978.

"The need for -enthalpy and -
heat capacity data above 200°C at all NaCl
concentrations is strikingly apparent. ‘New
results on the heat capacity and heat of eolu~
tion up to 300°C have become available

since the most recent @nd comprehensive thermo-

dynamic compilation of Silvester and Pitzer
(1977). These’'data have been refit, and a new.
revised set of values For the total enthalpy and
heat capacity of solutxon has heen generated in
tabular’ form o o

Informat1on on’ solubxllty is comparatlvely
complete for the entire temperature region”
between '0°. and 800°C and has recently been
Publighed -

to 1500C. Between 1009 and 150°C, only

.-the six data points publzshed by Korosi and
".'Fabuss (1968) for water desalination studies are
available. A Russian publication by ‘Yusufova - o
~et al, (1975) contains figures that show over 50
““points from 100 to 330°C, along with a corre-
‘lation expression. We have selected this corre-

‘lation as a preliminary interpolating equatlorn

" for prov1d1ng tables of smoothed values. . .

Over 1,000 exper1mentsl values for the den— -
sity of" NaCl solutions are available for evalu~
ation and correlation. ' We have established two

subsets: (a) data of geothermal interest up to

350°C and ‘50 MPa, and (b) data to 750°C and .
200 MPa. A parametric correlation expression is e

be1ng developed that will fit the data in'all
regions except near the’ cr1t1ca1 reg1on. Cl,ﬁ,

The prev1ously publ1shed vxscoslty compll—'
ation and correlation (Ozbek et al., 1977) was
revised mainly to ‘in¢lude: a new correlation .
for temperaturés ‘up to 150°C; recent data up
to 35 MPa pressure provided by Kestin and

Khalifa (unpublished); and -the eéxtrapolating
" procedure developed by Potter’ (1978) wh1ch pro-j
- vides for values to 300°c. T

nscu. vm 1979 PLANS

In fiscal- year 1979, we’ expect to complete (‘,4

-our cr1t1ca1 evsluat1on of the follow1ng pro-

'REFERENCES GITED

‘Korosi, ‘A., and Fabuss, B. M., 1968.

perties of -aquedus:NaCl solutions:  density,’
enthalpy, heat capacity, viscosity (revision),
thermal conductivity, and solubility. The
result of the evaluations are mathematical equa-
tions that reproduee the data, generally to.
350°C, 50 MPa pressure, and to saturation con-.
centrations. We expect to . begin critical evalu- -
ation and correlation for the gcale-causing sub-
stances:  silicates and silica, calcite, and.
sulfides. ' -

Farr, J. A., and Ph1111ps S L., 1976 ]
Establishment of a computer data base on
geothermal propertles .of _aqueous NaCl, KCl
CaCly solutione, in selected papers rele-
vant to energy. S5th International CODATA

~ Conference, Boulder, June 28-July 1, 1976.
CODATA Bull. 23, o
Thermo-

- physical properties of saline water. . ...
Monsanto Research & Development Corp.,,
- Office of Saline Water, Report No. 363.

Ozbek, H., Fair, J. A., and Phillips, 8. L., .
1977. Viscosity of aqueous sodium chloride
solutions from 0-150°C. Berkeley,
Lawrence Berkeley Laboratory, LBL-5931.

Phillips, 8. L., Ozbek, H., and Otto, R. J.,
.1978.  Basic energy properties of electro-
lyte . solutions database. Sixth Interna-
tional CODATA Conference;  Santa Flavia
(Palermo), Italy, May 22-25, 1978, and
Berkeley, Lawrence Berkeley Laboratory,_
LBL~-7827.

Potter, R. W., 1978 V1sc051ty of Geothermal
Brines. Trans., Geothermal Resourees D
Council, v. 2, p. 543-544,

" 'Potter, R. W., Babcock,. R. S., and .Browm, D L

1977. A new method for determining the. sol—“;
ub111ty of salts in aqueous solutions at . .

. elevated temperatures Jour. Res.,,U. 8. .
Geol. Survey, v. 5, p. 389.

Silvester, L. F., and Pitzer, K. 8., 1977.

. Thermodynam1ea of electrolytes' VIII, hxgh
temperature propert1es, including enthalpy ‘

.and heat capacity, with application to.
”sod1um chlorxde., Jour. Phys. Chem., v. 81,
p. 1822,

Yusufova, V.. D.,’ Pepxnov R. I., Nikolaev, V. A,,.
.and Guse1nov, G. M., 1975.  Thermal conduc—
tivity of aqueous Na01 solutlons. Inj.
Phiz. Journ. .v. 29, no. 4; pp. 600-605.

KINETICS OF PRECIPITATION OF AMORPHOUS SlLICA FROM AQUEOUS SOLUTION

0. Weres, A Yee, and L Tsao

INTRODUCTION : -

. A large amount of high-quality experimental
data has been generated on the kinetics of the
conversion of dissolved silica in geothermal~
brine~like aqueous solutions to solid amorphous

molecular deposition of dissolved

‘Two processes have been: separately

silica onto preexisting amorphous silica sur-
faces (using commercially available colloidal
silica of well-defined properties), and the
formation of new colloidal silica particles

_ through the process of homogeneous nucleation.

We found that, within the accuracy required
for practical applications, the rate of molec-



ular deposition ‘is fully determined by the con- 7,,
centration -of-dissolved silieca, temperature, pH,

and concentrations of univalent anions in solu-

tion. - 'In geothermal practice, only chloride and

fluoride need to be considered. Most of these
data have already been reduced and the results
are ready for use - in prelmmary form.

The rate of hombgeneous nucleation depends
upon the free energy of a colloidal silica
- particle of critical nucleus size, and the rate
of molecular deposition. 'The nucleation-free
energy is a function of the surface ténsion of
the Hy0/Si0y interface, dissolved silica
concentration, ‘and temperature; the surface

_ tension is 1tse1f a function temperature, salin—j

‘ity, dnd pH. Our approach to analyzing the
homogeneous nucleation data is to 'model the - .

process numerically, and adjust ‘the value of the

surface tengion until the calculated curve of
dissolved silica vs. time, under any given con—
dition, matches the experimental curve. A .
sophisticated computer. code has been developed
for this purpose and data reduction has been
completed. - The code itself and ‘its documenta—
tion will be publicly released.

ACCOMPLISHMENTS : IN. FISCAL YEAR 1978

Mechanisms ‘of Silica Precipitstion

It appears that under most conditionms,
'silica precipitates as relatively pure amorphous
silica. This conclusion is supported by geo-
thermal field experience, laboratory research,
and theoretical considerations. The scope of
our study was restricted accotdingly.

The process of amorphous silica precipita-

tion from supersaturated bulk aqueous phase con--

sists of the following’steps:

1. Growth of polymeric silicic acid complexes
to critical nucleus size

2. Nucleation of an amorphous silica (AS) phase
in the form of colloidal particles

3. Growth of the supercritical AS particles by
further molecular deposition of silicic acid
on their surfaces

4. Coagulation or flocculation of colloidal
particles to give a gel

, 5. Cementation of the particles in the gel by
chemical bonding and further deposition of
" silica between the particles

6. Rarely, growth of a2 secondary phase in the
interstices between the AS particles (Such
secondary deposition of FeS and of calcite
has'beenvreported, but is uncommon.)

The above " process occurs ‘when the concentra-
tion of dissolved silica is high enough for

homogeneous nucleation to occur at a significant‘

rate. Very roughly, this requires a saturation
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ratio (concentration divided by the equilibrium
solubility) of 2 or greater. : If this condition
is met, massive precipitation occurs.  This is
the case with the residual (flashed) brine at

' Niland, California, Cerro Prieto, Mexico, and

Waitakei, New Zeland. Dealing with the comse~ .
quences of precipitation presents the greatest
technical problems encountered at these sites. .

If the concentration of dissolved silica is
too low for massive homogeneous nucleation to . -
occur, relatively slow molecular deposition upon
solid surfaces becomes the major: precipitation
mechanism. The product of this process (essen- -
tially step 3 of the above scheme alone) is a
dense vitreous silica. This material has been
observed to- form in portions of the surface

piping at Cerro Prieto at a rate of about 1

mn/yr. This is a very small rate, but the
vitreous silica is almost impossible to remove
once formed. )

The goal of this study has been to generate
sufficient experimental data and theoretical
analysis concerning steps 1 to.3 to.enable us
quantitatively.to predict and 1nterpret their

- phenomenology and kinetics over most. of the -
_range of practical concern. ..

Homogeneous Nucleation of Colloidsl[ds

The voluminous gel-like deposits encountered
at Niland, Cerro Prieto, and Wairakei consist of
flocculated colloidal AS. The crumbly grey and
white scales associated with the gel-like
materials are cemented colloidal aggregates.
This colloidal silica is produced by homogeneous
nucleation in the liquid phase, that is, nuclea-
tion by growth of polymers to critical nucleus
size without the participation of some preexist-
ing solid particle.

With most substances, heterogeneous nuclea-
tion is,dominent,_snd homogeneous. nucleation. is
very, slow, rare in nature, and difficult to
study in the laboratory. The precipitation of
AS is an apparent exception to this because of.
the very low surface tension of the silica-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 is about 70 to 80 ergs cm™Z,) This
means that enormous numbers of particles can be
produced { homogeneous nucleation (on the order

to 1019 per liter), -and this completely
swamps the effects of heterogeneous nucleation.

A practical consequence of the dominance of

”homogeneous ‘nucleation is that the precipitstion :

of AS is experimentally reproducible and:
predictable. This is because the rate of homo-
genous nucleation is determined by basic thermo-
dynamic and chemical variables (concentration,
surface tension) and not by often unknown
trace contaminants, as is the case with. hetero-.
geneous nucleation, :

Figure 1 shows some typical experimental
results, which depict the decline of dissolved
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Figure 1. Decrease of disSolved silica concentra-

tion with time under conditions of homogeneous
nucleation at 75°C, pH 7.0, and sodium activity =
0.069 M. Numbers indicate initial dissolved
silica concentrations.

silica with time via the homogeneous nucleation .
. mechanism. These experiments were performed at
various pH's in a low-salinity buffered medium
in vhich the sodium ion activity was approxi--
mately 0.069 M, and the time scales were shifted
to convert all data to a nominal pH of 7.0. -
These conditions are approximately equivalent to’
an 0.088 M (= 5,200 ppm) NaCl solution at pH 7.
Rote that the. t1me scale in Figure 1 .is loga-
rithmic. With an initial concentration of 1.1
g/1 of 8i0p, the reaction:runs most of the way
to completion in lees than 10 min. (Here and
elsewhere ‘in this paper, . concentrations expressed
in terms of grams or moles/liter refer to room
tempetature.
tain 1.1 g/l 5102 if cooled to room temperature,
but . not necessarily at 75°C) .

_With an 1nitia1 concentration of 0. 5 g/l, the
.reactxon takes about 5,000 min. In other words,_
with a large initial saturation ratio,. amorphous
‘gilica gels may form within the process equip-
"ment and associated piping.
Cerro Prieto and Niland. With small saturat1on
“ratios (0.5 g/1 corresponds to S = 1.9 at this

temperature), mass1ve pt801p1tat10n will not’
_occur within the process equipment, but just as
certa1n1y will occur somewhere further down-
stream. - Also note that 0.5 and 0.7 g/l curves _
show an induction period during which the con-,
centration does not change not1ceab1y.

We have generated a large quantxty of ‘such .
nucleation data from room temperature to
.100°C, and have written a computer program .. .
that can numerically’ (and rigorously) model the .
homogeneous nucleation process, - That is, 1t can
reprodice the curves in Figure 1. We are now
able to model. and pred1ct the .process quantxta- s

tively, even under the experlmentally inaccess- ... ...

ible cond;tions characterlst1c of field
practice. This program will be documented. and .
made avaxlable to interested outside users..-

» ﬁoleculaf Déposition’on'Solid,Suffaces

Molecular deposxtxon means the formatlon of _,e%_

compact, nonporous amorphous silica by chemcal

Therefore, this; solution would conei,:;

. This is observed at ..

Deposition rate (pm day™)

bond1ng of dissolved gilica. molecules d1rect1y
onto solid surfaces.

Below about 100°c, homogeneous nucleation
is usually the dominant precipitation mechan- -
ism. The major significance of molecular
‘deposition here is that it.is the molecular
mechanism of the growth of colloidal particles.
and of the conversion of gel-like .deposits to
solid scale. However, at higher temperatures. ..
molecular deposition from solution may, by
itself, produce scale at a significant rate.
Although the deposition rate is very small
(about 1 mm/yr in the flashed brine pipes close -
to the steam separators at Cerro Prieto), this
scale is almost mdestrucnble once formed

We ;tud1ed_the molecular.depos1t1on.process
by adding known. amounts of colloidal silica of
known specific surface area to the.solutions,
Dep051t10n rates at pH 7, [Na*] = 0,069 .and
various :temperatures and d;sso;ved silica con-. .
centrations were calculated (and extrapolated) .
from our experimental data and are presented in
Figure 2. The dashed line represents the
approximate concentration limit above which:
homogeneous nucleation supersedes deposition on

10.0 T T ‘|'| l'_Lrl‘ T r‘|_'| 3"

T T TTY
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Figure 2. Rates of molecular deposition of
silica on a flat surface at pH 7.0 and sodium:
activity = 0.069. M.  Dissolved silica concentra-
tions corresponding to each curve-indicated in .
g/1 refer to room temperature.




added particles as the dominant mechanism. Our
data actually 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.

At any given concentration, there is a
temperature at which the deposition rate has a

maximm value. Below this temperature, the rate

of deposition increases with temperature in the

usual way. Above this temperature, the rate of -~

deposition decreases because the increasing
solubility of silica causes the rate of the
back-reaction (dissolution) to increase even
more rapidly. At the saturation temperature for
any given concentration, the deposition rate
goes to zero. The practical consequence of this
is that the molecular deposition rate is a weak
function of temperature at lower than 15°C
below the- saturation temperature. However, the
rate varies strongly with silica concentratiom.

(Our data are best fitted by an apparent fourth- -

order- rate law )

Effects of;pH and Salinity

It has long been believed that the rate of
AS deposition is proportional to the surface
density of ionized silanol groups on the silica
surface. Our experiments on the pH dependence
of the rate proved this hypothesis conclu-
sively. We found that the rate as a function of
pH calculated from our data matched surface
charge vs. pH data in the literature to within
experimental error.

The rate of molecular deposition as a func-
tion of pH for [Na*] = 0.069 is presented in
Figure 3. The function plotted in Figure 3 is
the rate at any given pH relative to the rate at
pE 7. 1Increasing the pH at constant salinity
increaées the rate by this factor. :

. We found that the reaction rate ceases to
incredse in proportion to surface change at
about pH 8, This is due.to the offsetting
effect of the increase of silica solubility with
increasing pH. Our data suggest that a constant
pH correction factor of about 2.7 is adequate
‘between about pH 8 and 9. The results presented
here should not be used -above pH 9.

v Dissolved salts have two important effects
upon these processes: (a) the salts decrease the
solubility of amorphous gilica and, thereby,
increase the rate of homogeneous nucleation; and
(b) increasing the salt concentration at con-~
stant pH increases the surface charge demsity
and, thereby, the rate of molecular deposition.

The second effect increases the rates of

molecular déposition and homogeneous nucleation
" by the same factor. The first effect increases
only the rate of homogeneous nucleation.

Except at very low salinity, most of the
dissocisted silanols on the silica surface have
cations bound to them—--in our experiments,

sodium, This means that sodium and hydrogen ion

activity does not have independent effects upon
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Figure 3. Variation of molecular deposition
rate with pHpop. Curve gives the rate as

a function of pHp,p, relative to the rate at
PHpom = 7.0. At pHp,p greater than 8,

the value of the pH correction factor is 2.7.
When sodium activity = 0.069 M, pﬂnom = pH,

the rate. Rather, it is the ratio of sodium to
hydrogen activity that is important. Therefore,
Figure 3 may be used to calculate the effect of
salinity upon the moleculat dep031tion rate as
well.

To do this, calculate a "nominal pH value"
de fined by ’

PE__ = pH + log Ma) 1)

and then read off the pH correction factor from
Figure 3 using the nominal pH value instead of
the real one.

For example, to calculate the molecular
deposition rate at 100°C, pH 6.5, [Nat] = 0.69 M
and 0.7 g/l dissolved silica, follow this procedure,
First read the deposition rate at pH 7.0 and
[Nat] =0.069 M from Figure 2. This value is
0.22 um/day. ~Second, calculate pH,,; 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, vhich is
0.40 um/day.
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Our data suggest that .this procedure is ade-
.quate for solutions that ‘contain up to at least.
‘1 M NaCl and may be adequate st even higher
salinities. However, we cannot recommend this .
procedure for ‘use at salinities much below 5,200

ppm. At very ‘low salinities, dissociation thh- :

out ion pairing becomes important, and the bas1c
assumption ‘of the equivalent and opposxte

effects of hydrogen and ‘sodium act1v1ty collepses.-

The dxssolved sollds in real 'geothermal
brines are usually predominantly sodium
chloride, but ‘other salts are also present, We -
have found that, in most cases, it is sufficient
" to use an Meffective sodium ion ‘activity" calcu-
.lated as 0.77 ‘times the (molar) concentration of

chloride: “If bicarbonate is present as 'a major
ion, use ‘the ‘sum of the chloride and bicarbonate
‘concentrations in place of chloride ‘alone.’ -The
. ‘'rationale for this procedure is that the various
“other major cations that may be present have -
‘essentially the same effects ‘as sodium, and the
activity-lowering effects of divalent anions
.approx1mate1y compensate for the concentrat1on v
of the cat1ons that accompany them.) o

" Some Practical Examples =

Case 1. Consider a hypothetxcal geothermal
development at which' the spent brine ‘contains :*
5,200 ppm NaCl, 0.5 .g/1 dissolved SiO;, and is
delivered'to the reinjection well at 759C ‘and
pH 7. The brine ‘delivered to the reinjection
‘well is completely clear ‘end goes right through
a membrane filter, 'The decision'is made ‘to-
re1nJect. Reinjection: commences "at 400 t/hr
into an aquifer of 200°C initial temperature,:
¢ = 0.1, h= 20 m, and volugetr1c solid-rock *
heat capacity = 2,460 kJ/m3 G. - After about
12 days, the_thermal front is “about 60 m into.
the formation, and the: fluid travel time from:
“.wellbore to thermal front is about 50 hr
(=3, OOO'min.). ‘Referring to Figure 1; we see
that there is now ample:time for homogeneous
‘nucleation to occur before the fluid reaches the
“thermal front. The result is that the inject-
ab111ty of that horizon is damaged by silica - -
precipitation. Furthermore, well treatments
with caustic or HF iare not effective because. the
damage is 30 to 60 m away from the wellbore. i

Lo Case 2. - Can one reinject straight from the-"
first-stage steam separators at Cerro Prieto?

Assume the followxng typlcal brine conditions at
-the injection well: 16098,/ 0.95 g/1 dissolved
§i09, effective [Na*] = 0.25, and negligible
suspended “‘solids.” The brine pH at ‘injection
temperature is not “known,” but is approx1mate1y
7.8 at room tempetature. 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 pHpom = 7.0 deposition rate,
from Figure 2, is about 1.3 um/day. Correcting -
for pH, we obtain the actual deposition rate of
3.5 um/day. Correcting for pH, we obtain the

“‘actual deposition rate of 3.5 ym/day (= 1.3

mn/yr). This is ‘consistent with the observed ~
rate of vitreous silica ‘deposition near the
separators at Cerro Prieto. Because'pore perme—
ability is dominant at Cerro Prieto, it is clear
that- inJect1ng this brlne would rap1d1y plug the
injection uell :

* We hope’ that such m1stakes will be avo1ded
However, we emphasize that both of these brine
streams would be injectable under -the ¢riteria
presently in vogue. “They would be able to pass:
freely through: a micron-sized membrane filter
and would ‘not’ cause visible fouling of metal -
surfnces_during*field tests of a few days dura-
tion. ‘It is precisely the refinement of such
criteria that we hope to have accomp11shed with
the work summarxzed here

ACTIVITIES PLANNED FOR FISCAL YEAR 1979

. Our group is presently engaged in three ~
areas of ‘activity, -First, we are completing the
reduction of the expeérimental data generated
during fiscal year 1978." Sécond, we are :study--
ing the chemistry of silica in:the ‘spent brines
at the Cerro Prieto power plant by means of
laboratory simulation. 'This work is‘oriented
toward ‘developing a preréinjeétion‘brine treat-
ment for Cerro Prieto. It is supported by the

- Cerro Prieto project at LBL. Third, we are

deve10p1ng a computer’ model of a surface con-
denser in a geothermal power plant. The goal of
this work is to enable the chemical operating
‘characteristics: of such a condenser to be inter-
preted ‘and predicted: This model will first be
applxed to ‘studying The Geysers Unit 15, which' " "
is the first geothermal 'power plant to be equxp-

"ped with a surface condenser, This work is

being funded by the Pacxfxc Gas and Electr1c
Company :

ENHANCED OIL RECOVERY WITH MOBILITY AND REACT IVE TENSION AGENTS

C.J. Radke and W. H. Somerton

: INT RODUCT ION

Use of alkaline solutions to recover selected
acid crude oils has considerable economic
~‘advantage over commercial surfactant solutions.

In spite of the longevity of the idea, however,

oy

a question remains-as to its displacement:
effectiveness (Johnson, 1976). The objectives
of the present study are: (a) to establish the
conditions required for tert1nary-mode displace-

" ment. of acidic 0ils with high pH agents; and (2)

to e1uc1date the domlnant recovery mechanisms,



and hence permit development of an: improved
caustic flooding package, The overall project
includes studies on core displacements from. -
synthetic and natural systems, interfacial
tensions, emulsion rheology and stability in
porous medxa, and caustic loss.

CORE DISPLACEMENTS

0il Field Studies

- Caustic floodiﬂg tests have been run at-
reservoir temperature on a number of Ranger-zone

cores using Ranger crude oil and simulated for- ..

mation.water. .The test apparatus is similar to
that used previously (Radke and Somerton, 1977)
except that the core is mounted in a water bhath
maintained at a constant temperature of 1256 ¢
19F, - During saturation of the cores with
Ranger-zone crude, the temperature of. the system
is increased to 180°F to ensure that all the -

" agphaltenes.are .in solution in the crude, since
‘these constituents may play an important role in
the crude-oil behavior. This high temperature '

has led to failure of several types of plastic ..

core holders, which have been used to minimize
the corrosive effects of the caustic solutioms. -
Currently, a thick-walled Teflon tube is used as
the core holder with moderate success.

Frozen Ranger-zone cores are diamond-drilled
using liquid nitrogen and then are quickly
packed into the Teflon core holder under moder-
ate pressure. The packed core is then mounted
in the system and slowly brought to reservoir
temperature. in the first series of tests, the

native-state cores_were first water—flooded with

1.43% KaCl brine. 1In all cases, the oil satura-
tion: was too .low to recover oil (Table 1).. The
water flood was then followed by a caustic flood
at a rate of 1.5 £t/day (0.1 wt% NaOH in soft-
ened Colorado River water followed by 0.1 wtZX
NaCl in the same water). Again the oil satura-
tion was.too slow to recover oil.

The native-state cores were extracted in
situ 'using toluene followed by an acetone wash.
(Because acetone was contributing to failure of
the plastic tubes, the cleaning procedure was . -
later changed to use Chevron 410H solvent

followed by isopropyl alcohol,) After extract— .

ing and drying, the cores were saturated with -
brine and the brine was displaced with crude oil
to irreducible water saturation. The water
flooding and caustic flooding procedures were as

Table 1. Ranger-zone core floods. .

' .. . K Syi Soi Eryw Erc
Test : Condition ¢ md

A-1  Native 0.35 -~ 0.2

A-2  'Resat.” 0.36 460 0.26 0.’ )
B~-1 ' Native 0.39 - 0.40 0.24 O -0
B-2 Resat.  ~ 0.40 430 0.43

‘c-1 Resat, 0.27 65 0.43

" rized in Table 1.
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given above, following THUMS plaﬁnéd procédure-'
for field tests (City of Long Beach, 1977).

Results of several of the.tests are summa-
The earlier test cores (A and
B) had high porosities and permeabilities. By
improved packing techniques in later cores (C),
the porosity and permeability were greatly
reduced. The resaturated core, A-2, recovered
46% of the oil in place by water flood and an
additional 20% by caustic flood, for a total
recovery efficiency of 66%. The second resatu-
rated core gave much lower recovery efficien-.
cies: 27% by water flood and an additional 102
by caustic. The large difference in the

behavior of these two similar cores can ptobably

be attributed to the lower initial oil satura-
tion in the latter case. . .

Test core C-1 was prepared by a modified 1
packing procedure giving much lower porosity and
permeability. The core was extracted in situ,
without running native state tests.. The high
recovery by both water flooding and caustic.
flooding (51% and 31Z, respectively) was sur—
prising for this low permeability core. . Extrac-
tion of the core after the test confirmed the
low residual oil saturation of 18X. ’ o

Figure } shows the recovery history of core
C~1 plotted as a fraction of initial oil in
place recovered as a function of pore volumes of
water and caustic injected. It is interesting
to note that no tertiary oil was recovered until
nearly 2-1/2 pore volumes of caustic had been
injected. The pH of the effluent remained low - :
until after the first tertiary oil was recov-

. ered. This would indicate a very large consump-

tion of caustic (probably most of it being
adsorbed by the fine-grained, clayey reservoir
rock) before any oil was produced. - -Thereafter,
the pH and recovery curves tend to be parallel.
The o0il was produced in slugs with no sign of
emulgification until the very last oil produc-
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Figure,l., Production performance and pH hlstoty
for core C-1. Tertiary flood is 0.2 PV of 1 wtX
KaOH followed by 0.1 wtZ NaCl with 1 wt2 NaOH.
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" tube. The fecover} mechanlem'1n this case may

tion.increment, which was in the form of ‘a- small
oil slug followed by a very dilute oil in water
emu131on.

In Figure 2, the production -performance of -
core A-2- 1s‘compared with C~1, "Recalling that =
the A-2 core was much more permeable than €-1, °
-the much earlier recovery {(from:a pore-volume
standpoint) might be expected for the A-2 core.
The caustic' consumptiun 'is "‘also much lower in’
the case of the more ‘permeable core, although

. the pH and oil-<recovery curves 4re again ‘paral- '’
lel with oil production, ceasing as the effluent "

pH approaches the ‘value for‘the'injecteq fluid.

- ‘A.possible difference between these ‘two ‘cores is’

‘that A-2, the lower caustic consumer, was pre-
viously flooded with caustic in the ‘native
state, and: all the adsorptxon may not have been

. reversed

No sweeping conclusions canvbe.reached-fromi
this limited number of tests on oil ‘field -
cores. However; certain observations iseem
irrefutable., It is clear that with sufficient
initial oil saturation, oil can be recovered in
the tertiary mode by caustic injection, at

least under laboratory conditions.  Conmsumption: = -
"capac1ty.v

of caustic by the fine~grained, clayey reservoir
rock is high, especially for the low-permeabil-
ity cores. The recovery mechanism with the 011
field cores and fluids does not-appear to~
involve emulsification. - The vast majority of .
the oil produced was emulsionffree»so‘if emul~

- sions were formed in the core, they must have

been of the unstable variety. No large changes
in pressure gradients were.noted and this -would -
have occurred if emulsion entrapment were

. present.

" The recovery of tertiary oil appears to be
associated with ‘caustic consumpt1on. No oil is
recovered until the effective caustic:concentra-
tion in the core exceeds a critical level. At
.this point some o0il is accumulated and produced
in & mini-bank. This process continues in a
step-like manner as the critical:-caustic satura-
tion level is reached progressively down the'
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Figure 2. Production performance and pH hlstory

for A~2 compared with core C-1.

involve wettability reversal w1th sharp wet-~

'7Gtab111ty gradLents. I

Synthetic Syetem

. TERTIARY RECOVERY EFFICIENCY

To understand the complicated chemistry

7 ‘involved in alkali flooding, we are studying the
‘displacement of oleic¢c acid~doped mineral oil °

(1.5 cp and ‘acid #2) from Ottawa sand packs

. (about 5 darcy) at a scaled rate (7 ft/day).
“'Details of the experimental apparatus and pro-
‘cedures are available (Radke and Somerton, 1977).

Experimental results for the petcentage
recovery of oil remaining after water flooding

" to residual, 2s a function of pH at two NaCl

“ salt contents, are shown in Figure 3.
i salt, no tecovery of tertiary oil is found. As
discussed previously (Radke and Somerton, 1977)
"nonsaline,  high~pH (about 12) solutions lead to
‘core plugging but not to tertiary oil recovery.

: Howevet, high~saline solutions exhibit recovery, -

Without

vhich is a strong function of pH.. At pH values
below about 11, the alkaline solutions are buf-
fered to provide suf£1c1ent neutralizing -

Interfaeiel tensions for the solutions in
Figure 3 are all above 0.1 dyne/cm giving 'capil-

“lary numbers less than 1073." Hence recovery
‘cannot be-explained by the low-tension mecha-

nism. Figure &4, however, provides considerable
insight into the.undetlying surface ehemistry. .
For salt solutions below 1 wtX, emulsions are of
the o11-1n—water type, whereas above 1% they
invert to the water-in-oil type. Also ‘above 1
wt? salt, the recedmg contact angles (measured
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Figure 3. Tertiary recovery eff1c1ency as a

‘function of p}l for two salt weight concentra-
tions.
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Figure 4. The effect of salt on emulsion type
and contact angle.

through the water-phase against quartz) show a
reversion to oil-wet., The degree of 0il wetnesa
is a function of solution pH. Note that the
degree of oil wettability exactly parallels the
recovery efficiencies in Figure 3. Im this
system, only solutions that form water-in-oil
emulsions and that exhibit strong oil-wet
conditions give tertiary oil productionm.

Displacement Modeling

. The displacement of acidic crude oil from a
porous medium by an alkaline solution is similar
to an immiscible displacement process with
chromatographic separation of the surfactant
species among the oil, water, and rock phases.
If the flow properties in an alkaline flood can
be represented empirically by the relative per-
meability concept, then it is possible to extend
the Buckley-Leverett water flood theory by
allowing the relative permeability to be a func~
tion of saturation and concentration of the sur-
factant generated by the in-situ alkaline chem-

_ical reaction. Similar extensions of the '
Buckley-Leverett equation have been developed
for enriched gae drives, detergent, polymer,
/alcohol, carbonated water, surfactant, and
micellar Flooding (Welge et al., 1961; Fayers
and Perrine, 1959; Patton et al., 1971;

* Wachmann, 1964; Claridge and Bondor, 1974;
Larson snd Hirasaki, 1976; and Kremesec and
Treiber, 1976, respectively).
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INTERFACIAL TENSION

- Crude 011

8p1un1ng drop (Cayias et al., 1975) inter-
facial tensions of Ranger-zone crude oil against

‘different sodium hydroxide -solutions are.shown
in Figure 5. at ambient temperature. As -

" previously observed (Radke and Somerton,:1977;
McCaffey, 1976), acid crude-oil tensions show a
dynamic minimum, . For the ultralow tensions, the

. return to high tension is not experimentally
available. .. This is because the contracting drop

- succumbs to inevitable -external- dlsturbances and-

breaks into satellite drops.

, Figure S also indicates the sensitivity of
the minimum dynamic tension to -small changes in
hydroxyl ion concentration. This semsitivity to
pH is further accenturated in Figure 6, which
.gives the minimum tension as a function of
.caustic pH. Here the narrow range of ultralow -

.- tensions typ1ca1 of - synthetxc surfactants is

evident.

The effect of aqueous salt content and pH on
Ranger-zone crude oil minimum dynamic tension is
-portrayed in Figure 7. Addition of sodium
chloride shifts the EH for dynamic minimum ten-
sions less than (10~?) dyne/cm to lower
values. Also for the lower salt concentratxons,
. the 10~3 dyne/cm isotension well broadens.
Similar general conclusions can be drawn from

L T T 1 T I !

ACID CRUDE OIL
Yo~ 25mN/m
, Fo=800¢cp

pH(NaOH) = 12,46 '
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Figure 5. Dynamic tensions as functions of pH

for Ranger-zone ‘crude oil.
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che data of Jenn1ngs (1975). One'iﬁpcrcant
result from F1gure 7.is that the orlg1na1 THUMS

"+ flood design does mot appear to-fall in the

lower tension composxtxon teg1on (1 e., pR.~ '
12.5 and [NaCl] =1 wt2). : ,

Dynamic Tensions

Previous reports (Radke and Somerton, 1977),
‘as well as- literature-work show that dynamlc
tensions. can exhibit a sharp minimum
(McCaffery, 1976; Farmanion et al., 1978;
Mansfield, 1952; England and Berg, 1971). This
minimum is especially dramatic when ‘an acidic
California crude oil, or synthetic oils
containing an oil-soluble hydrolyzable
surfactant, 'are brought in contact with an
- aqueous alkaline solution (Figure 5). An
appropr1ate explanatxon of this tension mlnxmum
is important not only in the proper 1nterpreta-
tion of interfacial tension measurements, but in
‘the potential exploitation of" th1s phenomena for -
enhanced oil recovery.

_ “A minimum in dynamic tension .indicates a
‘period when surfactant concentration at the
interface reaches a maximum value (Radke and’
Somerton, 1977). During this period, emulsifi-
cation into small oil droplets can occur with
negligible shear energy input (e.g., spontaneous
" emulsification).. If the duration of low inter=~

: Figure 7.

5 B
i

o
[+
T
e ———

L)

o
s
l‘

02+

| Vopin <1072 mN/m

0 1 "‘.' ] ‘
100. 105 1O U5 120 - 125. 130 135
.pH(NQOH)

;XBL78652m

Constant dynamic minimum ‘tensions for
varying pH and salt contents.

may be possible wifﬂﬂveryAloﬁ acid-concectra-.
tions in the oil phase.  However, if after the

. minimum, the tension rapidly rises back to a-
. high value, propagation of the entrained drop-

. lets cannot take place except through the larger
~ pores or by coalescence into an oil bank. A

low~tension minimum followed by a rapid rise. to
a high-equilibrium tension seems well su1ted to
the entrapment recovery mechanism.

EMULSION FLOW =

Porous Media. Flow .

Two of the fundamental oil recovery mecha-

 pisms that have been suggested to alkali flood-

ing involved emulgions. (Johnson, 1976). These
"are emulsification and entrainment and emulsifi-
cation and entrapment. The former was first -
discussed by Subkow (1942), who believed that
the crude oil is emulsified in situ by lowering
the interfacial tension, and then entrained as a
continuous flowing alkaline water phase. This
mechanism precluded any increase in recovery
before caustic breakthrough, and the oil
recovery is as an emulsion, flowing with the
caustic front... The latter mechanism was pro-

., 'posed by McAuliffe (1973a,b), who noted that the -
facial tensions is long enough,. emulsification : ... .-

size of the emulsion droplets. generated in situ



is not small enough to penetrate through all’

small pore-throat constrictions. Instead,

entrapment Gccurs between sand grains. This
causes a reduction of water mobility and leads -
to an increase in sweep officiency and oil

_recovery in the low—permeab111ty zones of the

reservoir. The entrapment mechanism results in
no significant reduction in ultimate residual
oil saturation, but rather reduces the water-oil
ratio required to reach this residual oil
gsaturation. The oil recovered from this
mechanism is as’'a separate phase.

The primary differences between these two

‘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 interfacial ,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
medla.

An experimental system has been constructed,
as described previously (Radke and Somerton,
1977), 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 g8 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 equ111br1um
consumption and band-broadening resistances in
the same experiment. Equilibrium loss is ’
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 .

209C is shown in Figure 8. Because hydroxyl
and hydrogen ion concentrations are never
independent, the adsorption in Figure 8, T, is
actually the difference between hydroxyl ion
adsorption (Tog~ =~ Tyg+), and not the
hydroxyl ‘ion adsorption alone. - Further, AT is
measured ‘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 column to
neutral pH, thus indicating reversible caustic
adsorption at ambient temperatufe. The alkali
adsorption loss given in Flgure 8 falls in line
with other reported reservoir data (Jennings
et al., 1974).  However, Figurée 8 shows the
strong influence of hydroxyl concentration.

The elution curve also gives information on
adsorption kinetics. For simple external mass
transfer and controlled-adsorption in the linear
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Figure 8. Equilibrium caustic adsorption as a
function of hydroxyl concentration on Ranger-
zone reservoir sand.

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
sgecific surface area of this sand (about 7

by nitrogen BET) with particle sizes
between 10 and 100 um.

1O
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Figure 9. Experimental caustic elution curve

compared ‘to external mass’transfer theory. g
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Cons1derab1e ev1dence 1nd1cates that caustlc"

loss ‘incredses dramat1cally as 8 funct1on of
?temperature (Roblnson et al,, 1977).. This work
18- pursuing both ‘the kinetic and equilibrium

- aspects of the temperature dependence of alkali
' loss using frontal-analysis chromatography.

PLANNED ACTIVITIES FOR FISCAL YEAR 1979

. In fiscal year 1979, we w111 place more o
emphasis on alkaline tertiary flooding of
Wilmington reservoir sands, including. studxes on
the effects of pH and salt content, use of
buffers, flooding rate, mobility control and
cheap surfactant ‘additives. - The: present flood-

ing apparatus'will be altered to permit contin-'T;

uous operatlon and, after rebuilding a second

mercury injection pump, another complete flood- = -

ing apparatus will be constructed. These
modifications will reduce the long times that
are presently requ1red ‘to obtaln a recovery
result. ‘

Stud1es on the caustxc-loss problem w111 be

' H?expanded ‘to include both batch-and chromato-

~graphic ‘tests in order to decide the importance

~-of reservoir sand dissolution. We will also

“‘begin analysis of the clay content of the
jreserv01r :sand. R

The ‘emulsion stud1es of this ‘coming year ~
will be directed towards the ise of dilute ' *
emulsions for mobility control. Secondary
displacement tests of viscous oils in both'
homogeneous and heterogeneous cores will be used
to ascertain the possible effect1veness of such
emulsion mobility control. ¢ -
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INTRODUCT Iour‘ |

Uranium ores mined in the‘United States to
date have come primarily from sed1mentary

depos1ts, crysta111ue rocks have yielded much of -

the uranium mined in the rest of the world.”
Among these crystalline rocks are the alkaline
intrusive rocks, known to contain uranium as a
result of exploration in Greenland and of wmining
in Brazil ‘and Canada. .A single alkalxne 1ntru-
sive occurrence in the United States, the Ross-
Adams deposit in peralkaline granite at Bokan
Mountain, ‘Alaska, has been mined for uranium.
Other alkaline intrusive occurrences .in the -
United States might be expected to add to

uranium resources. Within the category of alka-

line 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 in alkaline intrusive rocks. Results
are detailed in a report by Murphy et al. (1978).

ACTIVITIES IN FISCAL YEAR 1978

The pr1nc1pa1 a1ka11ne 1gneous occurrences
of known uranium resource potent1a1 were charac-

terized by on-site visits. On-site inspections .

were made of uraniferous nepheline syenites at
Ilimaussaq, Greenland, and Pogos de Caldas,
‘Brazil. These alkallne intrusive occurrences,
together with the uraniferous peralkalinme -
granite at ' Bokan Mountain, Alaska, and the
niobium~uranium occurrence in carbonatites of.
the Ottawa Graben of southeastern Canada, were
used. as type-localities.

Information galned from on-site visits and
published reports dea11ng with the four type-
localities was used to develop a set of criteria
which were used for comparzng other alkallne
igneous occurrences 1n the United States,

"The characteri‘stics’ considered for compar-
ison of alkaline intrusive areas included:

petrology, mineralogy, tectonic setting, age of '

implacement, form of implacement, country rocks,
late-stage hydrothermal activity, pathfinder
elements, uranium m1nera11zat1on, and radijo-:.
activity. Potential uranium resource areas in
the alkaline rocks of the United States were-
identified by, means ‘of computer 11terature .
searches and review of relevant reports. These
areas are identified in Table 1 and the
accompanying map on page 183.

Of the 69 alkaline 1ntrusive occurrences

shown on. the map, only 40 had enough reported
data to be judged using the type-locality criteria.
Based on these criteria, nine areas showed the
most promise for exploration. There .

are: ;.

S

Alkaline-carbonatitic occurrences at Magnet
Cove and Potash Sulphur Springs, Arkansas
Carbonatite-pyroxenite_nepheline syenitic
Powderhorn intrusion near Gumnison, Colorado

Rocky Boy hydrothermally altered carbonati-
tic stock in the Bearpaw Mountains, Montana -

Lujavritic stocks and sills of the Diablo
Plateau, west Texas

LuJavrxtlc-txnguaxtxc dike near Beemervxlle,,
New Jersey-

Pegnatitic veins in riebeckite granite near
Quincy, Massachusetts

Peralkaline pegmatites in the alkalic Quanah
granite of the Wichita Mountains, Oklahoma

Hydrothermally altered shear zones at the
contact between alkalic granite and Precam-
brian granite near Jamestown, Colorado

Sheared and altered granxte and pegmatltes
of Mt. Rosa, Colorado

Because of the presencetof secondary hydro-

thermal alteration combined with deep lateritic

‘weathering, attributes of the.Pogos  de Caldas

uranium occurrence, the Magnet Cove/Potash
Sulphur: Springs area.is considered the top-
priority exploration target of the nine areas.
More detailed descriptions of the areas are
presented by Murphy et al (1978)a

A second line of 1nvestlgat10n was a study

of potential pathfinder. elements--those occur~
ring with uranium in the minerals contained. in
alkaline intrusive .rocks. -The question was: If
no radioelement data existed in the- literature
on a.given occurrence, could one use data on
other elements to indicate the presence of
appreciable uran1um? :

.Trace-element and radioelement;datavfrom,-1

reports on the alkalime intrusive occurrences-:

were collected for several elements—Zr, Kb, Be,
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F, rare earths, Li, Zn, and Mo—as well as for U
- -and Th in the same rocks. The compilation
included data from (a) peralkaline granites of
Bokan Mountain, Alaska; (b) peralkaline intru-
sives at Magnet Cove, Arkansas; Illimaussaq,
. .Greenland; and Lovozero, Soviet Union;:and (c)
" calc-alkalic intrusives of New England and the

~Sierra Nevada batholith. ‘Concentrations of each

‘element were plotted agaxnst uranium or uranium-
‘plus-thorium contents, us1ng ava1lab1e data from
~the 11terature. :

In’the‘country rock surrounding the mineral-
ized occurrences, 2Zr had the strongest relation-
ship to U + Th. The log~log plot (Figure 1)
illustrates this correlation. After Zr, the
-next best correlation was La + Ce with U+ Th
as shown in Figure 2.

i Relat1onsh1ps between other . ‘trace elements
and radioelements were weaker, 6r data were too
sparse to be useful. 1In many cases the analyses
_of trace elements reported in the literature
were semquant1tat1ve, ‘which may account for the
Iack of strong correlat1ons. :

Quantztat1ve analyses were done at LBL on’
samples of country rock from collections from
Pogos de Caldas, Brazil; Ilimaussaq, Greenland;
Nemegos, Ontario; and Magnet Cove, Arkansas.
Mean concentrations and ranges for major and
trace elements are given for several alkaline
intrusive rocks from these sites (Table 2). The
11 nepheline syenite samples were collected from
Pogds de Caldas, Brazil; Nemegos, Ontario; and
Magnet Cove, Arkansas.  For rock specimens:
collected from three different "alkaline intru—
sives in wxdely separated geologic areas, the
ranges are remarkably small. :

10002 =T T - T | 11th|1| T T TTTIT ULBLRLLE=
E * [ ] L J
S 100 =
E = 3
2 = . —
Y b— - -
.S p ]

EoT

+ - -

, ]

S - s,
‘5 10 . ] -
g E .3.0. E
— Y -
= . —
'>] L1yl 1ol } 11t IR TS

1 10 100 1000 10000...

Laonthanum + Cerium: {ppm)

XBLTSI-123

Figure 2. La + Ce vs. U + Th; data from the

literature.

In these data, a good correlation is evident
between the radioelements U + Th and the rare-
earth elements La + Ce (Figure 3). Using the
same data, there is essentlally no correlation
between U + Th and Zr. It is possible that ‘in
these rocks the minerals conta1n1ng Zr are not
necessarily those containing the radioand rare-’
earth- elements. :

: These relationships suggest that Zr and.
rare—earth elements may be used as qualitative
pathfinders for radioelements. The usefulness
of these and other elements as pathfinders can
be confirmed by more petrologic and chemical
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TABLE 1

MASTER LIST OF U.S. ALKALINE OCCURRENCES

ALASKA
SELAWIK HILLS (1)
GRANITE MOUNTAIN (2)

DRY CANYON CREEX (3)

'EXIEK CREEX  (4)

CHICHAGOP ISLAND (S)
BOKAN MOUNTAIN (6)

ST. LAWRENCE ISLAMD (67)
SALMON BAY  (68)

WASHINGTON

- SHASKET CREPK,

‘FERRY COUNTY (7)

OREGON

NEWPORT, LINCOLN
COUNTY (8)
CALIFORNIA

NEW IDRIA, SAN
- BENITO COUNTY (9)

COYOTE PEAK, .
HUMBOLT COUNTY (10)

TIN MOUNTAIN,
INYO COUNTY (11)

-MOUNTAIN PASS, SAN
BERNARD:

INO COUNTY (12)
IDAHO ‘

CARIBOU MOUNTAIN,
BONNEVILLE COUNTY (13)

LEMHI PASS, LERMI '

MONTANA

LIBBY (Rainy Creek) ’
LINCOLN COUNTY ~(16)

ROCKY BOY (Bearpaws),
HILL COUNTY ) (17)

CRAZY MOUNTAINS,
PARK COUNTY (18)

HIGHWOOD MOUNTAINS,
CHOUTEAU COUNTY - (19)

LITTLE BELT MOUNTAINS,
MEAGHER COUNTY  (20)

JUDITH MOUNTAINS,
FERGUS COUNTY {(21)

UTAH

LA SAL MOUNTAINS, i
SAN JUAR COUNTY. (22)

COLORADO

POWDERHORN (Iron Hill),
GUNNISON COUNTY = (23)

JAMESTOWN, BOULDER
COUNTY (24)

. CRIPPLE CREEK,

TELLER COUNTY (25)

MT. ROSA,
PASO COUNTY {26)

SOUTH PARK, PARK
CouNTY (27)

McCLURE MT./GEM PARK
(Wet Mountains),
FREMONT COUNTY  (28)

ARKANSAS RIVER (Wet
Mountains), FREMONT

TEXAS . .

DIABLO PLATEAU, ‘
HUDSPETH COUNTY  (31)

BARRILLA MOUNTAINS,
JEFF .DAVIS COUNTY (32)

CHRISTMAS MOUNTAINS,
BREWSTER COUNTY - (33)

SOLITARIO, PRESIDIO/
BREWSTER COUNTY  (34)

OXLAHOMA

WICHITA MOUNTAINS, :
COMANCHE COUNTY  (35)

MISSISSIPPI

' JACKSON pomet,

HINDS COUNTY (36)

C.B. BOX ESTATEF,
HUMPHREYS COUNTY (37)

LOUISANA .

MONROE PIERLDY,
OUACHITA COUNTY - (38)

TENNESSEE |

McGREGORT, TIPTON
COUNTY (39)

BATEMANf, SHELBY
CcouNTY (40)

ARKANSAS

MAGNET COVE, HOT - ‘
SPRINGS COUNTY (41)

NEBRASKA
ELX CREEX}, JOHNSON
. COUNTY (45)

DEVILS TOWER, CROOK
COUNTY . (46)

WISCONSIN .
WAUSAU, MARATHON
COUNTY (47)

MINNESOTA

_ SNOWBANK LAKE,

. LAKE COUNTY ‘(48)

KEKEKABIC LAKE,

LAKE COUNTY - (49)

MICHIGAN

MARQUETTE,
HARQUBm -COUNTY (50)

| MAINE

LITCHPIEID, -
KENNEBEC COUNTY (S1)

PLEASANT MOUNTAIN,
. CUMBERLAND/GXFORD
comwTy ¢ (52)

ATLANTIC OCEAN  (53)
AGAMENTICUS, - YORK
COUNTY . (54)

VERMONT

CUTTINGSVILLE, -
" RUTLAND COUNTY  (57)

BARBER HILL,
CHITTENDEN COUNTY (58)

MT. ASCUTNERY,
WINDSOR COUNTY (59)

MASSACHUSETTS

PEABODY/CAPE ANN,
ESSEX COUNTY (60)

BLUE HILLS/QUINCY,
NORFOLK COUNTY (61)

RATTLESNAKE HILL,
" RORFOLK COUNTY (62)

RHODE ISIARD

CUMBERLAND,
PROVIDENCE COUNTY (63)

NEW JERSEY

BEFMERVILLE, :
. SUSSEX COUNTY (64)
BROOKVILLE,

HUNTERDOR COUNTY  (65)

VIRGINIA

STAUNTON, . :
AUGUSTA COUNTY ~ (66)

NORTH CAROLINA

MOUNT ROGERS,

 couNTY (14) comrr (29) ’ . ASHE COUNTY  (69)
HALT, MOUNTAIN, WILSON SPRINGS (Potash NEW HAMPSHIRE
BOUNDARY COUNTY (15) Sulphur Springs), RED rin.r.,
NEW MEXICO GARLAND COUNTY (42) TCARROLL COUNTY  (55)
PAJARITO MOUNTAIN, FOURCHE MOUNTAIN WHITE MOUNTAINS, CARROLL/
OTERO COUNTY (30) (Little Rock), COOS/GRAFTON CODNTY. to0) =
PULASKI COUNTY (43) ) + from drill core
BENTON, SALINE
COUNTY (44)
XBL 7812-14096
r = y u V. a— P y - -~ Py
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Table 2. Mean values and ranges of major and trace elements in’rockvtypes

LUJAVRITES

- NEPHELINE LUJAVRITES-
.~ SYENITES TINGUAITES . GREENLAND POCOS DE CALDAS IJOLITES NEMEGOS

PERCENT X Range X Range . X. . . Range X Range i' Range -
8102 53.5 49.9-54.3 53.4 52.0-54.6 58.1 57.7-58.5 53.6 52.6=54.2 43.0 38.8-47.1
A1505 19.1 15.2-21.8 20.7 19.6-22,2 11.4 10.5~12.3 14.9 13.0-17.0 14.9 14.2-15.
FeO 4.3 2,2-8.3 3.4 3.1-3.9 11.2 10.3-12.0 8.3 " 6.7-9.9 7.8 6.1-9.4
Mg0 0.2 <0.1-0.9 0.1 <0.1-0.3 <0.1 <0,1 . 0.19 <0,1-0.4 2.3 1.2-3.4
Ca0 2.3 1.2-5.8 2.8 1.9-4.0 0.4 0.3-0.4 2.5 2.4=2,5 7.4 . 4.3-10.5
Nay0 7.5 5.,2-10.0 7.9 6.5-8.9 9.3 8.1-10.4 7.9 7.9-8.0 6.3 T '5.3-7.2
K90 7.9 3.6-11.7 7.6 7.3-8.2 2.7 1.8-3.5 6.1 5.5-6.9 4.3 © 3,5-5.1
Ti07 0.6 0.2-1.2 0.5 0.3-0.6 0.7 0.3-0.5 0.5 0.4-0.6 0.1 0.1
Mn0 0.6 0.2-1.4 0.3 0.2-0.4 0.6 0.4-0.7 0.5 0.3-0.8 0.5 0.3-0.7

TOTAL 95.8 96.1 . 93.9 9.5 . 86.6

Agpaitic o Co 5 VL
Ratio* 1.07 0.97-1.23 1.00 0.81-1.13 1.56 1.35-1.77 1.29 1,18-1.44 0.97 - 0,97-0.98
PRY
U 16.5 5-26 7.3 5-9 430 420-440 13.3 11-18 5.7 4,1-7.3
‘Th 84.5 :18-170 22,8 12-29 1510 1350-1670 54,0 17-82 25.5: 20-31
Zr 2566.4 240-7100 722.5 390-1030° .| -~ - 6766.7 3800-9200 - 615 - . 610-620
Ta 8.8 4-18 : . 2.6 1.5-5.4 5.3 4,5-6 12.1 8.3-17 6.5 5-8
Nb 362.1 135-761 128.8 63-189 - - 458.3 314-616 127.0 107-147
HE, 46.7 ' 8-131 10.9 5.7-20 11.5 10-13 137.3 72-190 7.0 7 .

La 397.6 60-870 "111.3 30-210 15850 5400-6300 313.3 -160-410 -72.5 -50-95
Ce 479.3 59-1010 154.5 40-310 7950 7300-8600 348.7 125-546 -140.0 80-200
Nd 91.6 13-180" 36.3 13-77 2100 -1900-2300 58.3 . 20-100 65.0 . - 30-100
Sm 10.8 1.1-21 4.9 1.6-10 - 245 240-250 - 6.6 2-12° 13.0 7-19.

. Eu 2.6 0.3-4.8 1.1 0.4-2.5 14.5 14-15 1.6 0.5-3.0 3.5° 1,9-5:
Tb 1.3 0.2-2.4 0.4 0.2-0.9 1 26.5 26-27 2.9 0.2-1,5 1.0 “0.6=1.4
Yb 6.5 0.9-15.5 1.7 0.8-3.3 50.5 50-51 6.8 4,5-9,.8 5.2 5,2-6,2
Lu 1.1 0.2-2.0 0.4 0.3-0.4 19.5°-° 19-20 S 1.2 0.9-1.8 1.1 7 1.0=1,.1
Rb 293.5 70-630 201.3 180-240 - 485 -340-630 216.7 210-225 175 0 100-250
Sr 1811.8 700-4500 1752.5. 950-2400 - - 2410 - 1570-3700 875 © .. 720-1030 -
Cs - A4 1.0-8.5 4.2 1.9-6.8 2.5 1.5-3.4 10.5 '1.5-25 1.4 0.7-2
Ba 765.0 100-3000 1625.0  ":500-3300 3500 1000-6000 . 250 © 200-300 1050 .. 600-1500
Cr © 8.6 <5-15 - - 50 50 - S0 <10-26 - ‘ -

Co 3.1 €1-12 2.0 1-4 <1.5 <1-<2 1.4 1.2-1.8 9.0 T 6.9-11
Ni - <20° B - - - - <15 - <10-<20 - -
Mo ;13;5 - <5=30 18.3 <10-40 - <20-400 <10 <10 <10 <10

Sc 2. <1-16 0.5 0.2-0.7 - <1-3 <1.0 0.8-1.3 0.7 0.5-0.8
Zn . 422.7 7 110-2000 162.5 130-200 2400 1900-2900 180 T 150-220 200 150-250
n= 11 4 2 3 2

* .
Agpaitic ratio calculated from (Na+K)/Al) where Na, K, and Al are molecular abundances of sodium, potassium, and aluminum.

o
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" ‘marized in Table 1.
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PLANS FOR FISCAL YEAR 1979

The project was not funded in 1979.

REFERENCES

Murphy, M., Wollenberg, .s Str:.sowet, B., _
Bowman, H., Flexser, S. and Carmlchael I.

- GEODOSE PROJECT .
.- H. A. Wollenberg and B. Stnsower

i

" INTRODUCTION

. Under the auspices of EG&G, Inc., the geo-
“chemical literature was searched for data on the
uranium, thorium, and potassium contents of the '
major rock types: The primary purpose of the
project is to characterize rock and soil types
by their natural gamma-ray exposure ratee, - This
information helps us predict and interpret the -
gamma-ray exposure rates measured on radiolog-

ical surveys by aircraft of the DOE/EG&G Aer:.al

Measurements System.
ACTIVITIES IN FISCAL YEAR 1978 x

From radioelement contents, the computet
program DOSECAL calculated gamma-ray exposure -
rates and radiogenic heat production. Exposure
rates for an elevation of .1 meabove'the ground
were calculated using the equations of Beck and

.+, de Planque (1968), relating the radiation field -

" to distributed gamma~ray Bources: in'the ground,

-Results of analyses of over 2,400 rocks are sum-: .

Histograms of exposure

~.rates comprise Figures 1, 2, and 3. ..0f the

Percent of‘tmd‘ snmpiee . ‘

s
S E., ‘1978. : Uranium in alkaline rocks.
Berkeley, Lawrence Berkeley Laboratory,
- LBL~7029. :

-To'ul Exposurs Rate ~ Bosic Intrusives

No. of samples = (09
Arithmetic mean = 271
Stondard deviation = 3.0(

[

3 8

‘I r_hour
Mcfo Rp‘ XBL 784 -1038

Fxgure 2, lhstogram ghowing the total exposure

! rate for basic intrusive rocks.

igneous rocks, the alkali feldspathoidal rocks G

Tota! Exposure Ro_te AUI;"’zab'qluic_ Rocks -
30 v T
s - No. of samples = .24 .
o 21 DU R :
€ Arithmetic mean.= 113
-3 o
ot ~ - Stendard deviation = .82 -
2 204 Fra eleoen it .
2 : Cony S
'E 15 .l L i
L4 . H :
© r- . B T
a : N B
10 1 A
o—| r Y — ”ﬂ. T H -
0 ) 10 13 20 .28 30 3540 45
. Micro R pe‘r heui . f Ut reas -~z

Figure 1. Hxstogram showmg the total exposute C

rate for ultrabaszc rocks.. -

Total Exposure Rate Acld intrusives

No.of samples = 489
Aritmetic mean = 16.44

Stondard deviation = 9.91

Percent of |ofi|l 'uu,pfe’i P

Mol

o H 0 8 20 28 30 35 40 45 80
Micro R per hour

ROt TR4~ 1027

F:.gure 3. ,Bistogram showing the total exposure
‘rate for acid intrusive rocks.

Note that the
mean of total exposure rate for the acid intru-

¢ .sives is'd factor of 10 higher than the mean for
-, ultrabasic rocks.
-mediate -values.

Bas1c intrusives have inter-



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

. 4DT0GENIC FIAT PRODOCTYON -
© (ppw) T (ppm) E (D) v 3 TOTAL (cal ca? #71 x 10713
ROCK CLASS AR RANGE [ yEan RANGE ) MEAN RANCE a MEAN RANGE - AN - BANGE a MEAR RANGE ) MEAR RANGE a MEAN RANCE . -

Acid Bxtrosiwes 4,1 0.8-16.4 13 11.9 1.1-41.0 13 3.1 1.0-6.2 L] 2.7 0.5-10.7 13 3.6 0.3-12.6 ©13 5.1 1.6-10.2 L] 10.2 4.2-16.5 & - 6.6 2.8-10.7 ) (]
Acid Intruosivea 4.5 - 0.1-30.0 489 3.7 0.1-233.12 433 3.4 0.1-7.6 493 1.9 0.1-19.6 AN 7.9 9.03-77.7 4% 3.6 0.2-12.3 - 493 16.4 2.7-98.3 489 10.% 1.7-38.7 A
Internsdiote i g i X X .

Extresives 1.1 0.2-2.6 21 2.4 0.4-6.4 21 1.1 0.01-2.5% € 0.7 0.2-1.7 2 0.8 0.1-2.0 2 1.9 0.9-4.1 K] 4.1 2.1-7.2 [} 2.8 . 1.5-4.7 (]

Intrusives . 3.2 0.1-23.4 271 12.2 0.4-106.0 273 2.1 0.1-6.2 273 2.1 0.05-15,3 271 3.7 0.1-32.3 273 3.3 0.2~10.2 273 9.4 0,3-41.2 an 6.2 0.2527.6 m
Basic Extrusives 0.0 0.03-3.3 35 2.2 0.05-8.8 55 0.7 0.06-2.4 35 0.5 0.02-2.2 35 0.7 0.02-2.7 53 1.2 0.1-4.0 35 2.3 0.1-8,7 33 1.3 0.1-5.8 33
Besic Intreeives 0.6 0.01-3.7 119 2.3 0.03-35.0 110 0.8 0.01-2.67 129 9.3 0.01-3.7 e 0.7 0.01-4.5 110 1.3 0.1-10.3 123 2.7 0.2-18.4 109 1.8 0.1-10.0 108
Ultrabasic 0.3 0-1.6 n 1.4 0-7.5 30 0.3 0-0.8 28 0.2 0-1.1 n 0.4 0-2.3 » 0.4 0-1.3 28 R Y 0.1-4.0 24 0.7 0.1-2.7 24
Alksll Feldepath-

oidel Intarmmd- CE

fate Extrusives 2.7 1.9-62,0 138 133.9 9.5-263.0 138 6.8 2.0-4.0 3% 19.4 1.2-40.1 138 41.1 2.9-81.4 19 10.7 3.4-24.9 3% n.s 16.8-1127.1 s 48.4 11.1-90.7 33
Alkeli Peldspath- R . - -

vidal Iatermed- . .

iate Intresives 35.8 0.3-720.0 73 132,6 0.4-880.0 13 4.2 1.0-9.9 (23 .3 0.2-470.9 ki) 49.7 0.1-491,2 5 (%) 1.7-26.4 o1 42.7 3.3-323.) 61 30.4 1.1-13.1 61 N
Alksll Peldepath- . : ' . . P - .

oidal Besic . .

Extrusives 2.4 0.5-12.0 20 8.2 2.1-60.0 ' 20 1.9 0.2-6.9 20 1.3 0.3-7.9 "C20 2.5 0.6-18.4 20 3.2 0,3-11.4 0 7.2 2.8-36.7 20 4.8 2.0-23.9 20
Alkali Feldepath . - : - " -

TIntrusives 2,3 0.4-5.4 3 8.4 2.8-19.6 L] 1.8 0,3-4.8 2 1.5 . 0.3-3.3 [] .6 . 0.9-6.0 -8 3.0 L 0.5-1.9 7.1 1.8-17.4 [ 47 1.0-11.4 [ ]
Chemical Sedimen~ . . - ; - . T n

tary Bocke® 3.6 0.03-26.7 243 14.9 0.03-132.0 1% 0.6 0.02-8.4 42 2.4 0.02-17.5 1248 4.6 - 0,03=40,5 2% 0.9 ' 0.03-13.9 &2 5.2 0.2-45.3 3% | 33 0.1-27.0 k. J
Carbonates 2.0 0.03-18.0 141 1.3 0-10.8 131 0.3 0,01-3.% 35 1.3 0.02-11.8 ... 141, §- 0.8 0-3.3 131 0.3 0,02-5.8 3 1.9 0.2-6.4 32 L1 0.1-4.0 - 32
Datritel Sedimen- N . BT B - » § B

tary Rocks 4.9 0,1-80.0 412 12.4 0.2-362.0" 411 1.5 0.01-9.7 298 . 3.1 0.05-52.3 412 3.8 0.1-111.1 413 2.8~ 10,02-16.1 298 R 0.4-146.6 298 6.2 0.2-95.1. e
Metemorphesed . . - . - .

Igneous Rocks 4.0 0.1~148.5 128 4.8 . 0.1-104.2 128 S 0.1-6.1 128 2.6, 0.1-97.1 128 4.6 0.02-32.0 128 .2 0.2-10.0 128 11.3 0.6-124.6 128 1.5 0.6-108.7 128
Yatamorphosed B N N N

Sedimemtary - : CE ; .

Bocks 3.0 0.1-33.4 207 12.0 0.1-91.4 208 2.1 0.01-5.3 208 2.0 0.05-34.9 X 207 | a7 0.2-78.1 208 !.l‘ 0.02-8.7 208 9.1 0.4-50.5 207 6.0 - 0.2-42.3 207

.- iacludes carbosstes e : . ' . L ) g ,

SEEE T ‘ “ T L 791-7832
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‘(predominant ly ‘nepheline syenites) -are highest
-in radioelement content, whereas basic to ultra-
‘basic rocks (basalts, gabbro, periodotite) have:
~exposure rates and heat productlon an order of
.magnitude lower . : :

‘Detrital sedimentary rocks (sandstone,
‘shale, conglomerate) are relatively radioactive
:compared with chemical sedimentary rocks;
‘especially the carbonates (limestone and
ldolomlte) Within the metsmorph1c rocks, radio-"
AACtIVIty depends primarily on the composition of
‘their igneous or sedimentary predecessors,
‘gecondarily ‘on the degree of metamorphiem wh1ch
%the rocks have undergone.

- results are pub11shed

PLANNED WORK IN FISCAL YEAR 1979, ..

Additional data are being included as new

Histograms and tabular
sunmar ies w111 be prepared and a final report.

wrxtten. S

REFERENCE

Beck, H., and de Planue, G., 1968 The
rsd1st10n fleld in air due.'to dzstr1buted
gamua-ray sources in the ground.  USAEC
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THERMAL EFFECTS IN OVERLYING SEDIMENTARY ROCK FROM IN-SITU

COMBUSTION OF A COAL SEAM
D. C. Mangold, H. A. Wollenberg, and C. F. Tsang

INTRODUCTION

The purpose of this investigation was to
determine the times at which significant differ-
ences in temperature would occur, at vary1ng
depths in overlying sedumentary rock, in
response to combustion of a cosl seam. . The
results may be important for' 1nterpretat1on of .
airborne  thermal infrared surveys, such as thosej’
flown by EG&G, Inc., over the U, S. Department B
of Energy's Hanns Wyoming, in-situ codl gasifi-
‘cation exper1mental fac111ty. A ‘more ‘detailed
description of the ‘study is presented by Mangold
‘et ‘al. (1978).

The durstxon of the: experxmental Mburns" (in
excess of one-half year) associated with 1n—sltu,
coal, o11-sha1e, or tar-sand ‘combustion exper:.-

ments raises the following questlons. When -
might the surface ‘temperature be ‘affected due to
the h1gh temperatures at-depth? * Would surface-
temperature effects be detectable by high- -~
resolution aerxal-survey equipment? ' The models

- in this preliminary investigation only ¢on-
sidered thermal conduction as the heat~transfer
mechanism. ~Heat transfer to the surface by con-
vection within the overlying sedimentary rock or .
: along fissures or cracks ‘was not addressed

: NUMERICAL smvm'nou: : ‘MODEL '*AND 'RESULT,S ,i ,

The in-situ-coal gastfcat1on was modeled by
a thermal ‘fromt, ‘behind which the temperature -
. 'was 1,200°C, progressing at the rate of = " =~
0.3 m/day along a horizontal coal seam 5 m th1ck
at an average depth of 62.5 m.

The initial temperatures of the seam, rock,
and surface were assumed to be 20°C, and the
surface temperature was maintained at 20°C as
a boundary condition for the calculations. The
movement of the thermal front was simulated by
assuming a flow through the seam of a fluid
whose . temperature is maintained at 1,200°C and

temperature )

whose dens1ty is the same as the’ seam 1tse1f
Heat transfer to the overlyxng rock was ‘assumed
to be by conductxon only,

The numerical model CCC'(Llppmahn et al,,
1977) was used to perform the calculations,

- Results were tabulated for the initial column of

elements, whose nodal centers are all located
0.5m hor1zonta11y from a line directly above
the starting 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, respectxvely,
above the top of the coal seam, = The tempera-
tures at the end of two-year intervals are showm
in Figure 1,  After éight,years, the temperature
in the layer, which is in contact with the sur—
face would reach only 0.2°C above the initial
temperature of 20°C and after 10 years, 1t
would reach 20 4°C

-

2000 T T
1000 '
500

0 10 20 30 40 50 60 10
elevotion (m)

XBL789- 2036

_Figure 1. Temperature distribution in overlying
rock at various elevations above a progressively
heated seam, obtained by numer1ca1 model CCC.



‘ Therefore, in the model of a progressive

. front, if appreciable thermal effects were

" observed at the surface (60 m above the seam)
less than eight years after combustion began,
they woyld be due to leakage of heat along vents

--or cracks, or to convect1on within the overlying
sed1mentary rock.

:Calcula’nons were also made for the model
*with ‘2 ‘closed boundary (no flow of heat) at the
. surface. The results were identical to the
'20°C-boundary case in the 10-year per1od
covered by both s1mu1at10ns.

ANALYTICAL MODELS AND RESULTS

To further check on the numerical calcula-
tions, an analytical model was used (Carslaw and
Jaeger, 1959) assuming sudden, uniform heating
of a rectangular slab of finite thickness, over
an infinite length. Flow of heat is allowed at
the upper boundary of the layered system. Under
these conditions, of instantaneous uniform heat-
ing to 1,200°C and a boundary maintained at
20°C, the time of arrival of the 2°C thermal -
transient was calculated for various levels
above the top of the seam. The results are
presented in Figure 2. A further refinement in-
corporating a denser mesh in CCC yielded numer-

ical results identical with those of the analyt~

ical calculations. (Discrepancies were on the
order of 0. 12 or less.)

‘ In'add1t1on, another calculation was made
using a model that assumes no flow of heat at
the boundary and a variable overburden thickness
(Carslaw and Jaeger, 1959, pp. 308-310). For a
60-m-thick slab, it ‘takes approx1mate1y 5.5
years to achieve at 2°C temperature rise at
47.5 m above the seam, and approxzmately 8, years
for a 2°C rise to reach the upper boundary (in
contact with the surface). A similar model was .
uged by Greene et al. (1969) to calculate
‘thermal effects in strata overlying a coal-mine
fire.  They concluded that it may be two decades
or more before the temperature increase at the
surface could be observed for a 100°C temper-—
ature rise at 60 m below the surface.

CONCLUSTON

_ Th1s numerical and analytical 1nvest1gat10n
has shown that, even under the most favorable

-eircumstances, it would be 5 to 8 years before

an appreciasble rise in temperature (i.e.,~29C)

- would occur 60 m ‘above a burning coal seam from
effects due to conduction alone. If such a rise
is detected earlier, it indicates that heat is

. being transferred along cracks and joints,
and/or by convection in the overlying rock.
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Figure 2. Temperature distriburion in 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 results, a furthet )
-investigation is planned, to examine heat trans-
fer by convection as well as by conduction.
Further research may also be performed to study
the effects of flssures and cracks in heat
transfer in the overlying sedimentary rock.
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FOUR CHANNEL SlMULTANEOUS COLLECT ION SYSTEM FOR HIGH PRECISION

‘MASS SPECTROMETRY

:M C ‘Michel, D. F. Mosnef, ahd W. R Keyes

INTRODUCTION

, Two years ago, we began a project to adapt
our 5-ft-radius isotope separator. to very high

.pteCLsxon measurements- of 1sotope ratios of

interest ‘to geochronology (for example, Sr and
Nd). We felt 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 81mu1taneously was a

possible way of extending the ‘precision. " For

" practical reasons, this tequ1tes a relatlvely ’

.1arge-rad1us mass spectrometer.‘

~Intérest in h1gher precxs1on has also devel-
oped among researchers in geochronological tech-
niques as more ‘sophisticated measurements are

'made with familiar systems such as Rb-Sr, and a8

the utility of new systems such as Sm—Nd becomes

‘apparent (Carter et a1., 1978)

~A previous report (Michel, 1978) descnbes
most” of the preliminary work leading up to the
first” testxng of the complete .gystem during this
yedr. ' As is often the case, ‘the initial perfor-
mance ‘is. "somewhat below expectations, but it -
shows every evidence of responding to attempts'
at’ improvement. The present performance'is

quite similar to some of the best work by con-

vent10na1 techn1ques

'Acnvrrn:s ig FISCAL YEAR 1978 :

The primary- accomp11shment of this year's .
work has been the actual construction, debug-
ging, and use of the four-channel data readout
system shown in Figure 1. (At present only
three of the channels are in use, corresponding
to the strontium 1sotopes of mass 86 87. and

88.)° *‘rg‘ L e

To summarize brxefly, the ion beams corres-

pond1ng to the three strontium isotopes above
are incident ‘on’their respective: Faraday cups,
" the collected current is amplified to a voltage

proport10na1 to’ the “input current, perlodxcally
stored-in corresponding ‘channels of the sample
and hold cxrcuxt, ‘and then sequent1a11y d1gl-'f
txzed by a slngle d1g1tlz1ng dev1ce. . ;

Assumlng that the Faraday cup’ currents are .

truly a imeasure of relative isotope’ abundances,ﬁ

we ‘need only guarantee that’the ‘three ampllfxers
have the same (but not necessarily known) gain
and are linear to the desired precision, in
order to supply data to the sample and hold
circuit (which-is capable of giving “the ‘desired
precision). If the sample and hold circuit does
not introduce: further d1scr1m1nat10n, and if the

digitizing device has the apptopr1ate precision,

the entire system should function as desired.

Faraday o Ampuf)ie,-s‘ Sample ‘ v Dig'ﬁal 7, Printer

cups’ ) _ and h‘old' ~ voltmeter
] I
—J 1
|

‘ |
0 b
o I
1 LT .-
e 'll' -
S

3"'?3“ 1 XBL 783-415

Figure 1. Block diagram of four-channel data
system.

" calibration of the amp11fier gains, made
before each medsurement, indicates stability of .

‘a few ppm for ‘several days or longer, allowing

one calibration per day to be sufficient. The
limitation on calibration repeatability is the
stability of the amplifier zero offset and

-averages about 4 WV, almost independent of the

calibration slgnal level, Table .l shows the
variation in the calibration of the three-
amplifier syatem over a three-month period. As

Table 1. NBS strontium- 1sotop1c standard run on
four different days. o

bay, e /e
1 »‘,,"': o 0;7101;3 i‘o;000031' (20)
2 0.710l13 # 0.00003 . (20)’
3 0.710169 £ 0.00003 . (20)
4 "0.710@24 £0.00003 - (20)
Average:;' k

© 1 0.710135 £ 0.0002; ~ (20)

Cert1f1ed value = 0 71014

*Corrected for‘fractionatioa.
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', shown in the table, the calibration will not
..limit the precision except to levels of one part

in 102 or less, and the use of higher calibra-

_ tion signals can improve this by at least a

factor of three.

'This three-amplifier system has been used to
measure the National Bureau of Standards stron-—
tium isotopic standard to evaluate the system.

":Generally the results are sstisfactory but much

work can still be done to improve the results.
The primary problems encountered during this

work are discussed below.

Ion Source

As was generally recognized, thermal ion
sources tend to emit ions nonuniformly, and
bursts of ions of a few microseconds are
common. This is one reason simultaneous collec-
tion looks so attractive. However, although the
D.C. response of the amplifiers can be made
identical, there is no guarantee. that they can’
be matched in gain at all frequencies simultane-
ously, so that different transient responses may
and in fact do occur. Much effort has gome into
minimizing this effect electronically. We have
been moderately successful, but only the perfor-

.. mance with standard samples can prove the ulti-

mate success of this work. The use of a silica
gel matrix (see below) has slso helped moderate
this problem.

Ground Currents and Thermally Generated Voltages

As in sny system where signal levels of uv
are significant, careful attention must be paid
to eliminating these effects, mostly by pains-
taking trial-and-error procedures. The last
remaining problem of unknoun size is a possible
few-V effect on the amplzfier zero offset,
produced by the permanent in-vacuum wiring in
the mass spectrometer vacuum probe, on which the
simultaneous collector is mounted. Redesign of
this part of the instrument could easily elimi-
nate this problem, but would be moderately ex—
pensive and may not be necessary.

Ion-Source Isotopic Fractionation

~A pergistent problem has been the extreme
range of isotopic fractionation exhibited by our

-ion source over the useful life of a sample.
‘The - internal-discrimination correction, applied

to all data based on the 865r/%8sr ratio,

will remove this and all other errors linear in
mass. However, we have serious doubts sbout the
precision of data that have had a 12 to 3% cor-
rection of this type.

Tonization of strontium and several other
elements from a silica-gel matrix tends to
reduce the time variability of the ion beam. In
trying this 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. - There are plausible
explanations for such behavior, but we do not
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really understand it in detail. Of course it is
exciting to contemplate the reduction of fraction-
ation to very low levels and the ability to make
high-precision measurements on systems without an
internal standard ratio.

Along with the reduction in fractionatiom,
we observed a distinct improvement in the
precision of the corrected isotopic ratios,
indicating that as previously reported (Bentley
et al,, 1959) the fractionation may not be
exactly linear in mass, and therefore not pro-
perly corrected by our linear internal standard-

" ization, unless the correction is kept quite

small.

Beam Focdsing and Positioning

Although our ion beams are very much nar-
rower than the rectangular masks in front of the
Faraday cups, we found a slight varxatxon of
isotope ratio with exact placement of the beam
within the Faraday cup masks.,  This undoubtedly
results from the long "tails" on the ion beams.
being intercepted partially and in different .
degrees for each isotope because of unavoidable
mechanical disgimilarities of the masks., We
anticipated this problem and found that a
movable slit, much smaller than the mask (trans-
mitting only 75% to 90% of the ion beam), allows
quite reproducible focusing and positioning of
the beam. 1In this way, only absolute differ-
ences in beam transmission (affecting absolute
ratios but not precision) would be left. As
might be expected, the effect of "tailing" is
dependent on the effective ion-optical source in
the mass spectrometer,  For our system, this is
the ion-source exit-hole diameter, nomimnally
about 0.75 mm. Decreasing the size of this hole
does improve the performance of the system, but
since the sample has to be introduced to the ion
source through this hole, there is a practical
limit to reducing the hole size much further.

CONCLUSIONS

As an example of the present precision of
the system, Table 2 shows the analysis of the
NBS strontium standard over the life of a single
load1ng, measured on four different days. Each
day's average -is the result of many individual
determinations of the isotopic ratios . corrected
for linear discrimination effects as discussed.
above. It.is clear that the precision within a
day's run is quite reproducible at about four.
parts in 105, but that differences of this
order do occur from day to day. This run was
somewhat atypical in that no trend is visible
with time--the usual effect being a slight .
decrease of ratio with time..  This may be the
result of nonlinear fract10nat1on or some other
unknown effect.

'With real samples, a certain amount of.
rubidium impurity is often present leadxng to
erroneously high 75r/86sr ratios early in
the life of the sample.. In prznc1ple, the
fourth amplifier, reading the 85Rb jon beam
could be used to. correct these data. -However,

i



“Taﬁlek2.
5 - of all three amplifiers -in data reade
out system. Ratios of outputs of:

amplifiers 1 and 2 to amplifier 3 for
identical 1nput ‘eurrents. .

v

L g i

- Day

Amp. 1/Amp. 3 Amp. 2/Amp. 3

1 0.999995 1.000011

2 0.999977 10.999998 - -
3 0.999980 1.000003
4 0.999975 0.999976
5 0.999975 1.000011

6 0.999996 1.000020 -
7 0.999984 0.999974
g8  1.000018 *1.000054

9. 1.000050 ~1.000009

10 1.000007 0.999991
“110 1.000018 1.000028
12° 1.000030 ° ~~ 1.000008
1.000027

13 1.000022

: *Aié.'V1,oooooz-¢ 0.000013

-1 000008 t.0. 000012

.-Note. a11 errors are 20. )

because ‘the ‘ions result partly from d1ffusxon ,
from solid materials and are even more prone’ to
- sharp bursts, this is not very effective. In
addition, the correct 1sotope ratio to be used
for rubidium is unknown to-at least 1% or 2%.
This restrlcts ‘the correction ‘to very small -
amounts of rubidium indeed, and ‘makes the "
rubxdxum content ¢ritical ‘in determlnxng the .

prec1s1on w1th wh1ch the rat1os can be measured B

+
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Calibration with D.C. voltage ‘standard -

Michel, M. C., 1978.

PLANNED WORK N FISCAL YEAR 1979

The prxmary activity ‘in f1scal year 1979
will be to ‘determine the reliability and -
precision of the :system with both standards and
real samples. s .We will pay particular attention
to el1m1nat1ng ‘the ‘effects of rubidium contamin-

. ation, beam tailing, and fractionation on the

precision of ‘the data. Work on further decreas-
ing the total fractionation during a sample life
will~also-receive emphasis, especially the use
of dispersing agents ‘other than silica gel ‘to
reduce fractionation and smooth the 'ion ‘output. -

We are confident that significant improve-'-
ments in precision will result from increased:
experience with the system, as 1s the case wlth :

vmany new techn1ques.
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'DETERMINATION OF THE PROPERTIES OF SOILS BY IN SITU MEASUREMENTS

W C B. Vlllet andl K MltcheH

Inrxonucrxou _,’

e

Accurate 1dent1f1cation snd charscterizatlon’

of: aubsurface conditions ‘are essential for suc~ -
-cessful geotechnical design and construction.
Reliable information on geologic conditions in
'general and speclfic geotechnxcal parameters in

particular, -is requ1red for the design of foun- :

-dations ‘on ‘and in -the ‘ground, for the design of
safe slopes, and for the gnalygis ‘of -problems
related to: the uge of underground space. These
problems include storage and extraction of-
energy, as well -as- groundwater pollution:that:
may be caused by either injection or removal of
fluxds.

Site 1nveSC1gatlon to determzne the requzred
.geotechn1ca1 parameters in .a ‘completely ‘unknown
area consists of a numbér of steps.- The -first
step is developing a rough geologic model by
. mapping local geologic surface features as well
as: 1nterpret1ng geologic maps (when ava11ab1e)

and perhaps aer1a1 photographs.. Depend1ng on’
the magnitude of the proposed project, it may be
economically:feasible to improve this initial
model by preliminary drilling and/or :.ndu'ect

measurements such-as. seismic-refraction survey- -

ing. A'detailed ‘investigation program can then
be planned, including the number, type, size,

" location, and approximate depth of boreholes,

the kinds and location.of samples, and: the types
and locations: of tests. It is always' imperative

~ that such-a final program remain flexible enough

to be tailored to-unexpected geologic condi~ -
tions. Economic constraints normally limit the
detail with which such 1nvestxgat10ns may be.
carr1ed out.‘, C . : .

Geotechxcal 1nvestlgat10n ofsoilsxs compll-
cated by the fact that sand .and clay properties
have traditionally been evaluated in rather
different ways: sands, by means of the so-
called standard penetration test, and clays by
laboratory testing of "undisturbed" samples.




:There exist severe limitations in both ,
approaches. Standard penetration test results

“ gre-very-dependent on the exact equipment and

‘testing procedures (which are not really
"gtandard"). For clays, limitations are imposed
‘by ‘sample disturbance, changes in sample proper-
ties due to unloading and exposure, and the .
difficulties associated with retaining (or
reestablishing) in the laboratory, the in-situ
state of stress, temperature, and chemical and
biological environments. Furthermore, if a soil
layer of either type is drilled through, an°
additional borehole may be neceded if tests are
required in that layer. The above limitations
have become particularly evident as the volume
of offshore and underground construction has
increased.  The need for reliable techniques for
the in-situ determination of the engineering
properties of soils has, therefore, emerged as
one of the most 1mportant geotechnical problems
of the present time.

Thie}reseerch,project, initiated in spring
1976, is concerned with.the identificatiom, -
development, and 1mp1ementatxon of new and.

- promising approaches for in-situ measurement of

.s0il properties. A closely related objective -
has been the evaluation of presently ava1lab1e
'technlques. : :

ACCOMPLISHMENTS IN FISCAL YEAR 1978

Emphas1s in the tesearch proJect to date has
been on evaluatxng existing techniques, and
developing a new test1ng approach based on the
analysis of acoustic emissions generated during
the penetration of a soil layer by a rigid
object.

Planned activities for 1978 were: (a) to
publish a state-of-the-art report on in-situ
measurement of soil properties by means of
direct tests; (b) to study and evaluate the :
suitability and potential of remote sensing and
geophysical techniques to provide data from
which quantitative assessments of the mechanical
properties of soils may be made; and (c) to
study acoustical measurements durlng ‘quasi~
static cone penetration tests as a basis for
determining soil types and properties. :This
latter study was separated from the LBL activity
on March 1, 1978, when a substantial grant:was
received from the National Science Foundation
for intensive research: on: the subject..

‘During fiscal year 1978, Mitchell et al.
(1978) published a report entitled "The Measure-
ment of Soil Properties In-Situ." This report
presents: (&) a description.of existing in-situ’
testing techniques and equipment; (b).their

associated evaluation theories and correlations -

for obtaining geotechnical parameters; (c) an
assessment of the current suitability of each
method for determining specific geotechnical
parameters; and (d) their potential for future
development. The report is concerned w1th the
followzng test1ng technlques. :
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1. Permeability tests by pump-in or -out
methods, and by piezometer methods, employ-
1ng both steady-state and transienmt 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 preseute meter test

7. Plate beariog tests

8. Screw plate tests

9. Hydraulic frecturing tests

10. Down-hole and cross-hole seismic tests

_: The suitability .of each test type is dis-
cussed in chapters dealing with permeability,
shear strength, in-gitu state of stress, and
deformation constants. Extensive references are.
listed. The report should serve as a definitive
starting point for anyone interested in the
subject.

Several less direct techniques for determin-
ing soil properties and characterizing sites are
still being studied. These predominantly '
involve geophysical techniques, and include:
seismic methods, including refraction, reflec~
tion, down-hole and cross-hole surveys; resis-
tivity surveys, including focused probes; gravi-
metric, magnetic, nuclear, radar, electromag-
netic, spontaneous potential and thermometric
methods; and remote-sen51ng techniques such as
GEOSAT

As a result of these studies, a report is
being prepared that will present the theory of
each technique briefly, describe testing methods
and evaluation theory, assess the current
suitability of each technique for determining
geotechnical properties quantitatively, and .
assess their potential for future development.
This report will serve as a guide to what is
currently available .and.feasible, and should be
a stlmulus for future research

The research pro;ect ptogressed much as
planned for fiscal year 1978, except that ‘the

"~ report dealing with remote-measuring techniques

has not yet been completed. This delay is the-

~ result of the immense wealth of information that

must be reviewed and evaluated. The report.
should, however, be completed in the coming year.

PLANNED.ACTIVITIES FOR FISCAL YEAR 1979

-~ Additional. support for tﬁis-projecc,will not
be available for fiscal year 1979.
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STATISTICAL ANALYSIS OF THE CORRELATION OF EARTHQUAKES WITH >RADON
CONCENTRATION IN WATER FROM SHALLOW WELLS NEAR OROVILLE, CALIFORNIA

B. Berlin

INTRODUCTION

This report is an account of work performed
from June 20 to September 25, 1978, funded by
Lawrence Berkeley Laboratory Director's Develop-
“ment funds. This work is part of an investi-
gation to determine whether a statistical
relat1onsh1p exists between varying radon con-
centration in well waters and the occurrence of

.. nearby earthquakes. If such a dependence is

verified, then certain patterns of changing
‘radon activity may be useful for predicting =
earthquakes.

Radon concentration in two water wells near
Oroville, California, the Prosise and the Gilley
" ‘wells, were compared with periodic aftershocks
of the August 1, 1975, 0rov111e earthquake for a
period of about 600 days.  The data are consistent
with data being generated from a distribution of:
(a) all noise, or; (b) long-term seismic fluctua-
tions correlated with changes -in the Prosise well,
‘'or short-term seismic fluctuations with changes in
the Gilley well, or both. 1In both cases, the
dependence must be expressed with different
equations -in different directions from the
wells. Also the data are inconsistent with data
being generated from a distribution where the
- -dependence between seismic-activity and radon
activity is very strong in all directions.

DATA COLLECTION

_ The collection of radon data started a few
days after the August 1, 1975, Oroville )
(California): earthquake of magnrtude 6 on the
‘Richter scale, and so toincides with the series
of aftershocks. ‘Sampling consisted of filling a
pair of 500-ml-capacity polyethylene bottles ‘at
the wellhead, sealing them immediately against

.- gas loss, transporting them to LBL within a few

days of collection time, and making direct
measurement of the radon content of the water by -
low-level gamma-ray spectrometry at the LBL Low

' Background Counting Fac111ty.

. One sample per day was collected from each
of six wells in the region of aftershock’ ‘occur—
rence, including wells -drilled into poorly _
consolidated sediments:and into bedrock forma-
.tions, The ‘location of these wells is given in
Figure 1. ‘Subsequent experience showed that =
only bedrock wells showed a significant radon
variation. Sampling at other wells was then-
-curtailed, and ‘our efforts were concentrated on

acquirihg detailed data from three bedrock

. wells. The shallowest of these (the Norman

well, 65-ft deep) is believed to have suffered
occasional invasion of irrigation water applied
to nearby pasture land. Data from this well are

* therefore of questionable value. Data from the two
. remaining bedrock wells (the Gilley and Prosise

wells, each about 200-ft deep and dedicated to =
domestic use only) cover the time from August 12,
1975, to April 6, 1977--a stretch of 604 days. For
each of these wells, there are fewer than 10 days

of missing observations. Values were simulated

for the missing days by linear or cubic interpolation
from neighboring values. Typical data obtained

from the Gilley and Prosise wells are illustrated

in. Figure 2.

The seismic data include earthquake time (to
the second), epicenter coordinates, depth, and
Richter magnitude. This information was
obtained from lists compiled by the Califomnia
State Department of Water Resources (SWR),
Sacramento, California, and the United States

' Geological Survey National Center for Earthquake

Research (USGS), Menlo Park, California.

STATISTICAL ANALYSIS

.. The objective is ‘to measure the extent to
which variations in the earthquake process
(time, magnitude,. distance from wells) are cor-
related with changes in radon activity. The
technique used is' described in detail by
Brillinger (1975). A more elementary introduc-

~tion to this topic is given by Kendall (1973).

S NOTATION AND MODEL

Txme is dxscretized in days. ‘That is, both
radon sampling times and earthquake event times

" are truncated to the nearest day. The days are

numbered: ‘'t =1, 2, 3, .. . , N= 600. The
number of days studled 600, was chosen because
computations 1nvolved in the analysis are much
less tlme-consumlng when N_can be factored in
many small prlmes (600 = 23 3.5 )

- Earthquake data are thought of as the
dependent variable where: Y;(t) = 1 if an
earthquake occurs on day t, and where
¥;(t) = 0, if not. It would have been very.

desirable to deal sxmultaneously with the

epicenter-well distance, thus: Y(t) =
1/distance, if the earthquake occurs on day t,
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Figure 1.

XBL 775-956

Simplified map of the Oroville, California. area, showing surface

geology and the locations of sampled wells in relation to the August 1 1975

earthquake.

and Yo(t) = 0, if not. However, a problem
-arises here because Yy = 0 usually means that
there was no earthquake. In the assumed model,
Yy = 0 is confused with havxng a very distant
earthquake, therefore, Yy is not used.

The appropriate model for simultaneous

_ analysis of occurrence, location, and magnitude
is a'marked-point process in which the distri-
bution of the location and magnitude is defined
~only when an earthquake occurs.

"Well data are the independent variable :
where:

Xj(t) = radon activity in Prosise on day t;
Xy(t) = radon activity in Gilley on day t;

Many subsets of earthduakeé have been fitted
to models of the following type:

Y(t) = Yy(t), and X(£) = [X)(t), Xp(©)].
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Figure 2. Typxcal data from the G111ey and
Prosise wells for the period October to November'
1975, showing daily radon activity and the -
occurrence times for -all earthquakes with
magnitudes greater than ~2 on the Richter - scale.

These are assumed to be' stationary time series
Therefore, we can conclude the following.

The expected values of Y(t) and X(t) remain

“‘constant in time, so that fluctuatioms are
“observed to occur about a fixed mean level,
."This is, strictly speaking, false. Both the
--geismic activity ‘and the radon measurements in
_the two wells show trends. Linear components of

all trends have been removed as a first step to

- treat the data., Although the rate of seismic

events decreases, as durxng the time interval
studied, radon activity in the Prosise well

.shows a positive trend and for the Gilley well

it is negative. . The change in average radon
level is considerable. 'The Prosise radon level

‘is 40% higher toward the end of. the 600-day

period compared with the beglnnlng, for the

. Gilley well the decrease .is also 40X over the

same time per1od The removal of such a trend
is a concession that only changes can be ana-
1lyzed, for which several cycles are observed in

-the 600 days avaxlsble.:

Any dependence within and between processes

‘ ‘relates only to the length of time between the
“‘two ‘points considered, rather than to their
“‘absolute location on the time scale. Thus,
. /February and April of 1976 are assumed to be as

strongly related as September and November of

1977 (two months apart in both cases)l o

These assumptions are expressed 1n terms of

: the covariances.

‘ Cov [X;(t), x (c + u)]- cx +Xj (u)

for all t, i, 3 =1,72

Cov [¥(t),¥(t + ] g ,
for allt,’ 1,j=1 2.
Cov[Y(t) x_,(t + u)] = cx.y(u)
e foralle,l,J-‘lZ

‘ The ‘model” commonly used to relate Y and X is
11neat.

e = ue ) aw) X -w v (), (1)
) T B - .

mesﬁing that the probability of an” earthquake on
day t; glven a psrtxcular pattern of X around t,
is:

M TR Z a(u) 3(!: -"‘.') e
. us—w . ’

Here, It ie the long-term probability of an
earthquake, and a(u) is a8 function of the time
lag u, For-each u =0, *1, %2, ., ., a(d) is
a vector with ‘two elements of unknown constants
and €(t) is the error series, which also. is
stationary. If the variations in Y are well
accounted for by equation (1) for some values
of pand a(u), then the variation in e(t) will ’
be conslderably less than in Y(t). 'Note that
when u is allowed to assume values smaller than
zero, the future of X (beyond t) is involved, so
a-good fit for equation (1) does not necessarily
imply that a prediction based on past X only
will be successful : .

Equatlon (1) is reminiscent of multiple
linear regression, but here observations are
correlated even when they are made at different
times. This complicates the analysis quite a
bit; statisticians prefer to work with Fourier -
transforms of the series and their covariance

 functions because it is much easier to derive

criteria to check if any patterns in the data

. are statistically s1gn1f1cant that is, if they

are. unlikely to have arisen only from random
noise. ‘In the covariance functions given' above,
dependence is ‘described for observations u days
apart, .The Fourier transforms of these func-
tions tell the same message, but the argument 'is
a frequency A, rather than the time lag u.,  In
Fourier analysis, the time series:is decomposed
in a linear .combination of many trigonometric
functions (sines and cosines) of varying ampli-

" tudes. The different components have frequen-

cies varying between 0 and 7, where the highest
frequency corresponds to u = 1, or cycles of 1
day. Here u and A correspond to the same wave

- and are inversely proportional.

DISCUSSION OF RESULTS

Spectra for radon data alone reveal two
things. First, the long-term variations ‘
(periods greater than 15 days) have much larger
amplitude -than components with periods of a few

- days.: This phenomenon appears dﬁspite the fact

that & linear trend has been removed.: Second,



- the correlation between the two wells is negli-~
gible. This suggests that any effect that in-
‘creased ‘stress has on radon activity is very
local. The wells are 3.7 km apart.

It is more difficult to find a consistent
pattern in the earthquake spectra. Whereas each
attempt to fit the data involves the complete
set .of well observations, the set.of selected
earthquakes changes. This is done by including
all earthquakes within some distance of the well
considered‘

, Also, anly earthquakes w1th a magnitude

. greater than 1.5 are included. For some selec~ -
tions, there is a tendency for the events.to
occur in, cycles, in other cases the estimated -
dependence is weak, more like & Poisson

process. This is a matter to which little
attention has been given during this 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. . The
extent to which the data fit the model
( quation 1) is measured by the coherence

(), a genera11zat1ou of the usual corre-
lat1on coefficient used in. simple linear
regression. For a part1cu1ar A, it measures the
dependence of the trigonometric wave in earth-
quake occurrence (frequency) on the linear
express1on of radon data, es in equation (1)..

Looklng first at the v1c1n1ty of the Prosise
well,. all earthquakes were picked within radii
of 2, 3, and 4 km. In each case, the estimated
coherence was low enough to be consistent with
no dependence at all. Thereafter, semicircles
and quadrants were tried with 3-km radii, or a
total of eight different tests. In two cases

the coherence assumed significant values. These
are presented in Figure 3.
Geographical region for Approximate period with
sarthquake ..u"."cfs:n max Ry A ! hrgm’:ohum: days
- ‘ N I N .' . .
w-dle 0.18 . 100
Prosise well - : . o7
s
-----liz::}L 0.17 20
7 7 _ v XBL 784 - 1240
Figurer3. Geographical selections of seismic events

within a 3-km radius of the Prosise well showing the
correlation between seismicity and radon activity.

.negative u's to the r1ght.
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Of course, the criteria for a significance
are calculated for one particular run. .Where
many statistical tests are tried, the signifi-
cance statements lose.their power for drawing
conclusions. Rather, attention is drawn here to
the subsets of earthquakes with the highest
correlation, without stating that it will hold
up in the long rum. .

Likewise for the Gilley well, the earthquakes
within circles show faint dependence with the
radon data., The same is true for sem1c1tc1es.

Quadrants look better, as shown in
Figure 4. Note that szy(l) = 0,16 is the
5% rejection limit. Why do all four quadrants
show some dependence, but none of the semi-
circles? -The reason is that the best fitting
constants [a(u) in equation (1)] are quite

" different for the four quadrants, and compromise
. values necessary for semicircles fail to expla1n
'the varlatxon 1n se1sm1c act1v1ty.

Fxgure 5 is a plot ofvgﬂu) vs. u for the
four quadrant zones around the Gilley well that
showed some promise with respect to coherence.
The'horizontal u-axis ‘has -beén reversed, putt1ng
‘The advantage is
that the positive u's (correspondlng to’ preced—>
ing days) will be to the left of the origin.

" The plots of a(u) all show strong ‘oscillations

from high to low values. What does this mean?
A first idea would be to reconstruct what
pattern. of radon changes makes the right-hand

Geographica! region for max RZyy (X ) ‘Approximate period with
earthquake selectian . A htgm eohcronee; days ]
N ) .
W-Cj(— E oz . 114
Gilloy weil o
s N
0z 114

N}

-7, ©oam
,_:::zx_ . om - o 112

~12/3t02
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Figure 4, Geographical selections of seismic events
within a 3-km radius of the Gilley well showing the
correlation between seismicity and radon activity.
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Flgure 5. Proflle of values for the constant
a(u) in equation (1), computed for the’ 3-km- |
radius quadrant northwest of the Gilley well.
Previous days are plotted to :the left of the
origin, future days, to the right. The ordinate
scale ie in terms of the estimated standard
‘deviation on a(u) values. '

side of equation (1) large for the given esti-
mated a(u). That is, what makes the chance for
an earthquake large? Also, what pattern makes
the chance small?

Obviously, & day with a large positive a(u)
calls for a positive radon. count to contribute
to a large probability, If a(u) has a large
negative value, the radon count should be un-’
usually small. Therefore, a strongly oscillat-

-ing radon pattern would serve as a precursor.

Further, an oscillating pattern out of phase
with the former type would be an “antiprecursor"
and make the chance small.

However, th1s idea is a dead end because the
radon record simply does not have any such rapid
oscillations. As mentioned earlxer, the
variation in radon actxvxty is dominated by slow
oscxllatlons. ‘

A more believable interpretation of the
rapid fluctuations of a(u) is that the predic-
tive effect of radon changes is very short term,
about 1 to 2 days.

From the point of view,ofrearthquake

prediction, the long-term variations with large
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amp11tude are noise that hust ‘be f11tered away ’
by the coefficients a(u). This is actually
achieved with high ‘and low a(u)’ follow1ng each
other.

An object for further investlgatxon is to "
study the ‘quickly varying radon signal that :
remains ‘after f11ter1ng, whxch actually serves‘
as a precursor.,

The combined predictive ability for the two
wells was also tried by selecting earthquakes
within ellipses that had the wells as foci, ‘as’
illustrated in Figure 6(a).

As expected from the weak dependence of the
two radon series, it turned out that for these

' subsets, the. Prosise well had negligible. depen-

dence with the earthquakes, while the largest
coherence observed so far oceurred between the -

9km >i

(b) XBL 794 - 1242

Figure 6. Configurations to test the .combined
predictive ability for Prosise and Gilley wells
(shaded areas indicate regions in which
earthquakes occurred).



Gilley well and the earthquekee. Ellxpses of

-..different gizes were tried and the fit improves

further if an inner ellipse is excluded as
shown in F1gure 6(b).

Further,work should be done to identify a
-more reasonable looking zone where the Gilley
well is sensitive. The substantial coherence
appeared at a frequency corresponding toa .
period of 2-~1/2 days.

RECOMMENDATIONS

To put the above inconclusive findings to a
test, we recommend the following.

More data are needed, part1cularly from the
Gilley well, which appears most promising. In
the present data, the tadon samples are not .
exactly 24 hours apart; they were taken at
different times in the afternoon. To check the
one- to four-day fluctuations, it would be use-
ful to have radon act1v1ty recorded at exact
12-hr intervals,

With the statistical methods used here g
(centinuous time series) there is no satis-
factory way to take epicenter—to-well distance
and magnztude into account simultaneously, as
‘po1nted out earlier with regard to the variable
Yp. ‘A statlstxcal method. telatxng a ‘marked-
point process to a cont1nuous time serles should
be developed :

It is useful to test the radon data agaxnst
a model in which two types of earthquake
precursors are postulated:
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1. Signals whose appearance in prior-time are
related to the magnitude of an impending
‘earthquake-sxgnals that may encompass the
time domain of days to years

‘2, Signals whose appearance in prior-time are
unrelated to the magnitude of an impending
earthquake-—signals that may encompass the
time domain of hours to a few days
(foreshocks)

The statistical method employed here should

be well suited for identifying precursors of the’

second kind--those that occur at a (relatively)
fixed time before an earthquake. However, in
its present form, the method is not well suited.
for identifying precursors of the first kind—
those that may occur over a few ‘days to a few
10s of days for the aftershock magnitudes en-
countered during the Oroville study. Hence,
adapting the present method or adopting some
other approach, is important in order to include
tlme/magnztude/dlstance parameters for individ-
ual earthquakes ‘in the analysxs procedure.
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