Squalus. It can safely be said then that
agnathans and elasmobranchs are also
alike in sharing a larger extracellular
fluid volume than that of Osteichthyes.
Other fluid compartment data are not
available for the bony fishes.

Whatever may be the physiological
significance of the reduction in circulat-
ing fluid volume in bony fishes, it would
appear that such a reduction is found
only in this more advanced group, while
the greater plasma and interstitial fluid
volumes are associated with the two
most primitive of the aquatic vertebrate
classes.

TaoMAS B. THORSON
Department of Zoology,
University of Nebraska, Lincoln

References and Notes

1. T. B. Thorson, Physiol. Zoél. 31, 16 (1958).

2. A. W. Martin, Studies Honoring Trevor Kin-
caid (Univ. of Washington Press, Seattle,
1950).

3. C. L. Prosser and S. J. F. Weinstein, Physiol.
Zosl. 23, 113 (1950).

4. P. D. Sturkie, Avian Physiology (Cornell Univ.
Press, Ithaca, N.Y., 1954).

5. H. Welcker, Z. rationelle Med. 4, 145 (1858).

6. Studies from the Department of Zoology, Uni-

versity of Nebraska, No. 313. This work was

supported by the U.S. Public Health Service

(grant No. H-3134). Experimental animals

and laboratory facilities were provided by the

Hammond Bay Fishery Laboratory of the U.S.

Fish and Wildlife Service, Rogers City, Mich.

Appreciation is expressed to the director, Ver-

non C. Applegate, the laboratory staff, James

W. Moffett, chief of Great Lakes fishery in-

vestigations, and to A. S. West, director of the

Queens University Biological Station, Opinicon

Lake, Ontario.

T. B. Thorson, Copeia, in press.

M. B. Derrickson and W. R. Amberson, Biol.

Bull. 67, 329 (1934).

27 February 1959

@ N

Clay Minerals in Playas of the
Mojave Desert, California

Abstract. Montmorillonite, illite, chlor-
ite, and kaolinite in the playas of southern
California are traceable directly to the
source areas surrounding the basins. No
evidence found in this investigation sug-
gests that these clay minerals are unstable
in the sodic or calcic saline lake environ-
ment, but this conclusion may not be di-
rectly applied to marine evaporite facies
where the minerals are rich in potassium
and magnesium.

In the last decade several papers have
treated clay minerals in sedimentary
rocks and the effect of diagenesis on clay
minerals in various sedimentary environ-
ments. Several investigators (I, 2) have
suggested that some clay minerals are
changed by diagenetic processes in the
marine environment, while others (3)
have reported that clay minerals in most
sedimentary rocks are primarily the
product of their source and have under-
gone little diagenetic change even in the
marine environment. Millot (1) sug-
gested that the fibrous clay minerals such
as attapulgite and sepiolite are formed
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in the supersaline environment, but Mil-
lot, Radier, and Bonifas (4) recently
suggested that attapulgite is formed in
the marine environment.

I have undertaken a study of the clay-
mineral composition of playa sediments
in the western United States and of the
effect of the saline environment on dia-
genetic changes in clay minerals. The
Mojave Desert and the surrounding area
in southern California contain over a
hundred playas ranging in size from a
few acres to over 200 square miles.
These lakes have a wide range in chem-
ical character, from almost fresh water
to very saline, in which deposits of cal-
cium and sodium salts (carbonates, sul-
fates, halites, borates, and others) are
found. Many types of source rocks sur-
round the playa basins and furnish sedi-
ments to playas with different chemical
environments. By comparing the clay
mineral composition of the source rocks
and the playa sediments, important data
concerning the diagenesis of clay min-
erals in the saline environment can be
obtained. Over 300 samples of sediment
were taken from 45 playas and from the
source material being transported into
the playa basins. This report is con-
cerned with the general conclusions of
this study.

Several groups of clay minerals are
present in the playas, and their identifi-
cation is based on standard x-ray ana-
lytical techniques. Montmorillonite is
present in all samples and ranges in
abundance from one to seven parts in
ten. A 10-A clay mineral described as
illite (5) is present in every sample and
ranges in abundance from two to six
parts in ten. Chlorite is present in about
75 percent of the sediments of the playas
and ranges in abundance from one to six
parts in ten. In only one lake, Mirage
(San Bernardino County), is it the
dominant clay mineral, and here it
makes up six parts of the total clay min-
eral composition in ten. Kaolinite is rec-
ognized in the sediments in twelve
playas, and its abundance ranges from
one to two parts in ten. All four of these
clay minerals are present in some lakes.
For example, in Bristol Lake (San Ber-
nardino County), illite, montmorillonite,
chlorite, and kaolinite are found in the
playa muds from which halite (NaCl)
is being mined. The mother liquor of
Bristol Lake is rich in calcium chloride.
In every playa studied, no change was
seen between the clay mineral composi-
tion of the detritus being carried into the
basin and the clay mineral composition
of the saline muds.

The chemistry of the saline and su-
persaline evaporite salts in the playas of
southern California is complex, but in
every case the dominant cations are so-
dium and calcium. Magnesium and po-
tassium are very abundant in the min-
erals that are precipitated as the last

phases of marine evaporite deposition;
however, magnesium and potassium are
not in very strong concentration in any
of the saline lake deposits in southern
California. Therefore the conclusions of
this study cannot be applied directly to
diagenesis in late-phase marine evaporite
deposits. Little work has been done with
the clay mineral composition and varia-
tion in marine evaporite facies, but it is
in marine facies that the regular inter-
stratification of two different clay min-
eral structures has been found (6).
These rare, regular, mixed-layered clay
minerals are usually high in magnesium
and very probably are diagenetic prod-
ucts (7, 8).

Joun B. DrosTE
Department of Geology,
Indiana University, Bloomington
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Gas Diffusion in Porous Media

Abstract. A method has been proposed
for deriving a characteristic determining
flow in porous systems. This characteristic
combines both area and path-length fac-
tors used by earlier authors. For a gas,
diffusive flow is proportional to the 4/3
power of the gas-filled porosity, and this
function has been derived from considera-
tion of the planar distribution of spherical
pores and the interaction of two adjacent
planes.

The flow of liquid and gas in porous
solids has long received attention. In
agriculture, irrigation practice and esti-
mation of the possible significance of soil
aeration in plant growth depend on ac-
curate definition of the parameters lim-
iting mass and diffusive flow. In the oil
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industry, the permeability of porous sol-
ids is of great significance.

In both diffusive and mass flow in
porous solids, the cross-sectional area
available for flow and a path-length in-
crease, or tortuosity factor, are regarded
as common determinants.

Concerning diffusive flow, Bucking-
ham (7), from his investigations on
moist soils and some dry soils, suggested
the relationship

D/Dg < % (x=2) (1)

where D is the diffusion coefficient of
the gas through the porous solid (see
Penman, 2), D, is the diffusion coefli-
cient of the gas in free air, and ¢ is the
gas-filled porosity in cubic centimeters
per cubic centimeter of bed volume.
Subsequently, Penman (2) proposed a
general relationship for both dry and
moist porous solids

D/Do= (1/k)e(0 << 06) (2)

where D, D, and ¢ are the same as they
are in Eq. 1, and % is the tortuosity fac-
tor and equal approximately to 2%.
Over the range stated, Penman’s data
fitted the linear relationship

D/D,=0.66¢ (2a)

that is, £ remained constant for a num-
ber of porous materials both wet and
dry, but evaporative loss of water during
experiments on wet soils could lead to
overestimates of D/D, values at low gas-
filled porosities.

The area ‘“available” for flow in po-
rous systems may be related to the pore
volume distribution thus

A/V = (nPrr®/ninr®) (ka/ k) (3)

where 4 is the area of pores, V is the
volume of pores, n® is the number of
pores per unit volume, 7 is the pore
radius and k,, and k, are characteristics
of the pore shape.

If the number of pores per unit vol-
ume is 73, then the number encountered
in section is n2 and in length, n. In gen-
eral, flow theory for porous media has
neglected this concept of spatial distri-
bution of pores in length, area, and vol-
ume. :

From Eq. 3 it can be shown that area
A of pores “available” for flow per unit
area is ~

A o g (4)

The probability of continuity of pores
in adjacent planes (Childs and Collis-
George, 3) further determines the oper-
ative flow area per unit area and thus

D o (e%°)? cc 6 (5)

For a porous solid with pores of radius

7, > 1, >13>. . . T, comprising m

equal-volume  porosity components - (see
Marshall, 4), summation gives

D/D, < m?(e**/m?) (6)
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This expression will apply to all dry iso-
tropic porous solids.

When liquid is included in the porous
solid, the effective area for diffusive flow
of a sparingly soluble gas is determined
by the number of pore classes drained—
that is, gas-filled pore space such that

D/Dq o< n®(e:**/m*) (7)

where &, the total porosity, is made up
of m equal-volume components of which
n are drained and

g1 =ne/m

Assuming the pores approximate spheres,
D/Do = n*(e?/m?) (72)

and k; and k, of Eq. 3 do not greatly
affect the result.

There is therefore a characteristic re-
lationship between D/D, and gas-filled
porosity for each value of total porosity
in porous solid-liquid-gas systems.

In the problem of vapor transfer in a
porous solid-(liquid-vapor)-gas system,
the vapor flow is largely determined by
the area of the liquid-gas interfaces,
which is a function of

[2n(m —n)/m®e*® (8)

Returning to the tortuosity factor of
Eq. 2 for dry, porous solids and steady
diffusive flow,

D/Do = l/kzs = 84/3

and
k=1/¢" (9)

This treatment endows k with char-
acteristics of length and is an index of
the number of pores per unit length.

In Figs. 1 and 2 comparisons are
given between experimental results and
the theory proposed here. The data of
Taylor (5) are mean values based on
materials with similar total porosity
(varying between 0.47 and 0.53 cm3/
cm?). In computed curve a (Fig. 2),
which approximates the data of Taylor,
no change in € was made as the water
content changed.

In curve b (Fig. 2), the computation
was made with appropriate variation in
¢ with water content. It is considered
that curve b represents the true theoreti-
cal relationship between D/D, and gas-
filled porosity and that the apparently
reasonable ‘agreement between Taylor’s
data and curve a is fortuitous. Taylor’s
data are suspect, for appreciable flow
occurred through some of his materials
where the water content, expressed as
cubic centimeters per ‘cubic centimeter,
exceeded the total pore space of the ma-
terial—for example, with quartz sand of
apparent density of 1.60 g/cm?, the total
porosity is 0.394 cm3/cm3 and gas flow
occurred when the water content was
given as 0.480 cm®/cm3. Curve a was
inserted at first because there was some

D/Do

04

02 .

o

[¢] o2 o4 o6 o8 10
AIR FILLED PORE VOLUME cc per cc
Fig. 1. Gas diffusion in dry, porous solids
—a comparison of experimental results
[Penman (2), triangles; Taylor (3),
cross; and Van Bavel (8), circles] with
D/D,=¢*?,

doubt about the value of & adopted for
gas flow in wet porous solids, and be-
cause the agreement of curve a with
Taylor’s data appeared good.

In computing gas and liquid Poiseuille
permeability, variation in & with water
content has been made in calculation of
unsaturated permeabilities (6).

The curvilinear relationship between
D/D, and gas-filled porosity is due to
the nature of the change in probability
of continuity of pores both when total
porosity varies in dry solids and when
gas-filled porosity is varied by water con-
tent in single porous systems. I pub-
lished experimental data to support this
in 1957 (7) and drew an analogy: be-
tween this approach to diffusive flow

04
® Computed curve (@)
O Computed curve (b
4+ Experimental results
o
o3t 't ’
/
4
v
7/
e
s
$,~0’
02 g
b?’
&7 +
e
< &
> o5
2
o
o\
o1 s
s
7
e
s
7
, +
7/
7
° .
) o1l 02 03 o4 o5

AR FILLED PORE - VOLUME cc per <c

Fig. 2. Gas diffusion in a porous solid-
liquid-gas system—a comparison of ex-
perimental results (Taylor, 4) and (a)
D/Do=n* (£**/m®) and (b) D/Dy=n?
(e**/m?).
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and that of Childs and Collis-George
(3) for Poiseuille permeability. Recently
Marshall (4) has used this concept of
two-plane interaction in determining
diffusive flow; however, he has not rec-
ognized basic differences between gas
diffusion in wet and dry porous systems.

The nature of the coefficients k, and
k, is being considered and will probably
introduce a factor varying between 0.8
and 1.2 in the end result. A walue of
about 0.85, when applied to the data of
Fig. 1, results in very close agreernent
between the experimental data and the
computed values.

R. J. MiLLINGTON

Agronomy Department,
Waite Agricultural Research Institute,
Adelaide, South Australia
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Clay Mineral Composition of
Borate Deposits and Associated
Strata at Boron, California

Abstract. X-ray analyses of samples
from lacustrine deposits in the Kramer
borate district of California show that
montmorillonite is the dominant clay min-
eral, and that illite is abundant in red silt-
stones, common in green and gray borate-
barren claystones, and sparse in borate-
bearing rocks. Kaolinite is present only in
red siltstones. The distribution of clay
minerals is related to the geologic history
of borate deposition.

Throughout much of the Cenozoic era,
a “boron-rich province” existed in Cali-
fornia, southern Oregon, and western
Nevada (1). Boron-rich waters resulting
from volcanism -collected in playa basins
and formed segregated calcium and
sodium borate beds in many places in
the boron province. Such deposits are
geochemically distinct from magnesium-
rich borate deposits of marine origin.

As a part of a more encompassing
project (2), samples of borates and as-
sociated lake clays were collected in the
Kramer district at the open-pit mine of
the Pacific Coast Borax Company,
Boron, Calif. The objectives were to de-
termine the relationships between clay
minerals and borate minerals and to re-
late effects of environmental factors on
clay mineral formation, stability, and
diagenesis.
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In the Kramer district (3) Quater-
nary alluvium and fanglomerates are
underlain by Upper Miocene and Plio-
cene red playa sediments and green
and gray lacustrine claystones and silt-
stones. Various sodium and calcium
borates characterize the various layers in
the lacustrine sequence, and thick beds
of sodium borates are interbedded with
claystone (4). An olivine basalt (Upper
Miocene?) occurs beneath the lacustrine
sediments.

Various borate minerals are associated
together in specific units. Ulexite
(NaCaB,O, - 5H,0) and colemanite
(CayBgO;, - 5H,0) nodules in claystone
matrices are widely scattered in beds
above and below the main borax-tincal-
conite-kernite unit. Colemanite, prob-
ably a secondary mineral after primary
ulexite (5), is most common near
the top of the borate-bearing = beds.
Borax (Na,B,O, - 10H,0), tincalconite
(Na,B,O, - 5H,0), and kernite (Na,
B,O,-4H,0) occur in three main lay-
ers interbedded with claystones that col-
lectively form a lentil about 1 mile in
diameter in the center of the larger
ovate sodium-calcium borate basin.
Borax represents the primary precipi-
tate, and tincalconite and kernite are
secondary after borax (5). Less com-
mon are probertite (NaCaB,O, - 5H,0),
inderite (Mg,B4O,, - 15H,0), inyoite
(CayBgOy, - 13H,0), howlite [Ca,
SiB;O4(OH);], and sassolite (H;BO,)
(6).

Forty-five channel samples were col-
lected from various clayey borate beds
and from over- and underlying evaporite-
barren beds. Borate and clay mineral
compositions were determined by direct-
recording x-ray diffractometer analyses
by standard powder and oriented-sam-
ple techniques.

Montmorillonite and illite are, with
few exceptions, the only clay minerals
present, and the former is the dominant
mineral in all of the samples studied.
The ratio of the intensity of the un-
heated 10-A diffraction peak to the gain
in intensity of the 10-A peak after heat-
ing to 450°C is used as a measure of the
illite-to-montmorillonite ratio. Terms
used to describe the amount of illite
present are abundant, common, sparse,
and trace, depending on whether the
illite to montmorillonite ratio is 1:1 to
1:2, 1:2 to 1:4, 1:4 to 1:16, and less
than 1:16, respectively. Grouping into
these ratios is subject to considerable
error, but it is desirable to use semi-
quantitative limits of some kind in order
to compare relative clay mineral abun-
dances in different rock units. Kaolinite
and vermiculite-chlorite are found in
trace amounts only and do not compli-
cate the quantitative scheme.

Hlite is abundant in the red sandy silt-
stones and is common in borate-barren
green and gray claystones above and be-

low the borate units. However, ratios of
montmorillonite to illite in the barren
claystones are variable, illite ranging be-
tween sparse and abundant. Illite is in-
variably sparse in the borate beds and
associated claystones. Kaolinite is pres-
ent only in red sandy siltstone and prob-
ably represents a weathering product of
feldspar. A vermiculite or degraded
chlorite was found in minor amounts in
the upper ulexite-claystone unit.

Influx of terrigenous illite and illite-
like mica apparently remained rather
constant during the life of the playa
lake. Increased increments of montmoril-
lonite derived during the pulsating epi-
sodes of volcanism caused a decrease in
the illite-montmorillonite ratio. The
more saline volcanic waters caused clay
to flocculate and permitted deposition
of thick sodium borate beds. Clay enter-
ing the basin flocculated immediately
and was deposited around the edges of
the basin. However, during times of low
salinity, clay minerals stayed in suspen-
sion longer, permitting deposition in all
parts of the basin. In laboratory suspen-
sions, flocculation occurred only in sam-
ples with high borate content.

The presence of kaolinite in the red
playa sediments, as well as the absence
of this mineral in underlying green and
gray claystones, is noteworthy. In the
latter case, kaolinite was either absent
in the detritus from the source rocks
(7) or has been altered by diagenesis to
another mineral in the high pH environ-
ment. It is hoped that further investiga-
tion will explain the distribution of
kaolinite (8).

Gary R. GaTes
Indiana Geological Survey,
Bloomington
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