the reactivity of the rocks, the geologic
contact time, and the degree of weath-
ering (including oxidation) of the fracture
surfaces through which migration occurs
(14). In establishing geologic storage as
an acceptable means of isolating long-
lived radionuclides from people, it is im-
portant that all the factors that control
solution concentrations be taken into
consideration in assessing the risks.

E. A. BONDIETTI
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Environmental Sciences Division,
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Variable Porosity in Siliceous Skeletons:

Determination and Importance

Abstract. Gas adsorption data were used to obtain the specific surface area and
specific pore volume for a variety of biogenically precipitated silica samples. The
results suggest that this material is finely divided and porous. This interpretation was
corroborated by the use of transmission electron microscopy at magnifications up to

180,000.

Box model calculations involving the
geochemical cycle of silica in the oceans
(1) suggest that at least ten times as much
silica is annually precipitated by single-
celled plants and animals (2) as is deliv-
ered to the oceans by rivers or preserved
in sediments. Although the order in
which a few species of organisms dis-
appear with time or with depth in the wa-
ter column has been observed in labora-
tory (3) and field (4) studies, the mecha-
nism by which one species is better
preserved than another under the same
set of conditions is still poorly under-
stood. In this report we present tech-
niques for studying the porous ultra-
structure of biogenically precipitated sili-
ca. Study of this structure will help to
elucidate (i) mechanisms behind skeleton
precipitation, (ii) recycling rates of silica
in the water column, (iii) resistance of
the skeleton to breakage during pre-
dation, (iv) settling rates of skeletons
through the water column, (v) preserva-
tion of skeletons in the water column and
sediments, and (vi) quantitative morpho-

logical and diagenetic structural changes

in the skeletons.

We have begun to characterize the
physical and chemical properties of the
siliceous frustules, spicules, and skele-
tons of diatoms, sponges, and radio-
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larians. We studied changes with age in
specific surface area, solubility, and dis-
solution rate (5) and density, refractive
index, and water content (6). We now
describe a methodology for the quan-

" tification of skeletal porosity and specific

pore volume and discuss the importance
of the relationship of specific pore vol-
ume to specific surface area.

Sample cleaning methods and the spe-
cific surface area measurement tech-
nique have been described elsewhere (3,
7). A similar approach was used to esti-
mate specific pore volumes (8) for each
of the samples studied. It is important to
note that surface area and pore volume
measurements must be made on the
same sample. Within one assemblage we
have measured specific surface areas
that differed from one another by a factor
of 3 or more, depending on the species
composition of one sample relative to the
next. The data presented here are aver-
ages for well-mixed assemblages.

Sample ages range from present day to
40 million years ago and contain mostly
radiolarians with lesser amounts of
diatoms and sponge spicules. The overall
dimensions of radiolarians vary from
about 50 to 500 um and the specific sur-
face areas measured vary from about 2 to
130 x 10* cm?¥g, suggesting that the

SCIENCE, VOL. 203, 30 MARCH 1979



structural elements of their skeletons
may be composed of a network of finely
divided material (5, 9, 10).

It is possible to estimate the approxi-
mate spacing of these finely divided par-
ticles from the equation

= )

where V is the specific pore volume (cm?¥
g), A is the specific surface in (cm?%g), r is
the mean pore radius or half the distance
between adjacent surfaces, and vy is a
shape factor based on the geometry of
the system (//-13). Figure 1 is a plot of
pore volume against surface area (9). It is
evident from Fig. 1 that (i) the actual val-
ue of r is small—in the range 25 to 45 A—
and of the same approximate order as the
low estimates of particle sizes based on
specific surface area measurements (//);
and (ii) the range of r is relatively small,
suggesting either that different assem-
blages have similar values of r or that
most of the assemblages studied have
similar distributions of r values. If the
ranges or distributions of ranges of inter-
particle spacings are similar, then the
mechanisms for precipitation of silica on
an ultrastructural level during the time
interval studied may have been similar
because this measure of ultrastructural
morphology does not seem to have
changed greatly.

But if the value of r or its distribution
is more or less unchanging, why do sur-
face areas and pore volumes vary by
nearly two orders of magnitude? Everett
(13) suggested that if a solid consists of a
mixture of two components, one uni-
formly porous and the other essentially
nonporous (/4), then by varying the ratio
of these components, we can vary both
specific pore volume and specific surface
area but maintain a fairly constant value
of r (I5). Thus if, on the average, the
skeletons of the radiolarians in one as-
semblage consisted primarily of the non-
porous end-member and those in a dif-
ferent assemblage consisted predomi-
nantly of the porous end-member, the
latter would have somewhat higher val-
ues of pore volume and area but could
still have the same value of r.

The position of one assemblage rela-
tive to another in Fig. 1 should suggest
whether, under equivalent sets of envi-
ronmental conditions, that assemblage
would be likely to be better or more
poorly preserved. We think this is so be-
cause our models for silica dissolution
(S, 10) are based on specific surface area
measurements which allow us to esti-
mate a mean particle size for a particular
assemblage. Given the mean particle
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Fig. 1. Specific pore volume versus specific
surface area for a variety of acid-cleaned, pre-
dominantly radiolarian assemblages. Gamma
is a shape factor (13) with a suggested value
of 2, and r is the mean pore radius or inter-
particle half-spacing. Note that the value of
r is small and that its range is narrow.

size, it is possible to estimate the lifetime
of this particle as a function of temper-
ature and the degree of decomposition of
its original surrounding protoplasm. The
more porous an assemblage or an indi-
vidual species is, the smaller is its mean
particle size (I6) and the more rapidly
will it both dissolve and mechanically
break up.

To test the validity of Everett’s po-
rous-nonporous model as applied to our
data, and to determine which of Ever-

ett’s structural geometric models most
closely approximates biogenically pre-
cipitated silica, we used transmission
electron microscopy to examine many of
the radiolarian and diatom species used
for Johnson’s dissolution index (4), as
well as a few Miocene and Eocene sam-
ples (/7). Figure 2 shows sections
through one of the structural elements of
a Recent radiolarian, Theocalyptra sp.
(Fig. 2a), several frustules of a Recent
diatom, Ethmodiscus rex (Fig. 2b), a
frustule of a Recent diatom, Coscino-
discus sp. (Fig. 2¢), and a Miocene radio-
larian skeletal member, Spongaster sp.
(Fig. 2d). The parallel, conchoidal frac-
tures of the central core (~1300 to 1500
A in width) are artifacts of the sectioning
process and are not inherent in the orga-
nisms’ structures. The darker portions of
the skeleton represent electron-dense
material, and the lighter areas have less
of the same substance.

Everett’s model does not require that
the nonporous material be in the center
of the frustule, but only that the propor-
tions of porous to nonporous vary. In all
the species we studied thus far, how-
ever, a central core of relatively non-
porous silica is surrounded by a layer of
considerably more porous material. The
volume percentages of the two layers
vary as a function of species and may be
affected by the development of the skele-
ton during the lifetime of the organism
and the skeleton’s alteration with time
after its death. Relatively low-resolution
transmission electron microscopy stud-
ies of diatom (I8), silicoflagellate (19),
and sponge (20) silica and sponge cal-

Fig. 2. Transmission electron micrographs of thin sections of several diatoms and radiolarians
(see text for explanations). Scale bars are 0.5 um in (a) to (¢) and 1.0 um in (d).
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Fig. 3. Higher-resolution micrograph (x90,000; 1 mm = 150 A) of a portion of the Miocene
Spongaster sp. skeleton section in Fig. 2d. Note the large number of open pores in the outer
structure and what appear to be closed pores in the less porous core structure.

cium carbonate (2/) precipitation in or-
ganisms have suggested similar gross
morphology, but skeletal porosities, par-
ticle sizes, and surface areas were not
determined quantitatively.

Figure 3 shows additional details of
the solid structural geometry of a portion
of Fig. 2d. Close inspection reveals an
extremely large number of pores, many
of which are within the range of our size
estimates in Fig. 1. The three-dimension-
al structure of the porous layer is com-
plex and is not exactly like any of Ever-
ett’s models, although an interconnected
rod model with a statistical distribution
of rod thicknesses and spacings would
probably be closest. What we have re-
ferred to as the nonporous layer does, in
fact, have pores, although many of these
may be closed.

Both specific surface area and specific
pore volume generally decrease with in-
creasing sample age (9). Moore (22)
showed that radiolarian test weights in-
crease by a factor of about 3 during the
time period Recent to 40 million years
before present. The pore volumes of our
samples decrease by a factor of about 50
(Fig. 1), although the range of r values
remains essentially unchanged. If the
gross dimensions of the tests remained
about the same during this time period,
then infilling of all the pores of Recent
radiolarians would increase their skeletal
bulk density from about 1.7 to 2.1
g/cm? (23). For test weights to increase
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by a factor of about 3 would require ei-
ther infilling of the pores of older radio-
larians with a denser polymorph of silica
(cristobalite, tridymite, or quartz) or
skeletal volumes of Eocene radiolarians
that were about 2!/z times greater than
those of Recent ones, or some combina-
tion of these factors. We do not have
enough data at this time to unambig-
uously choose between these inter-
pretations or determine their relative im-
portance.

In conclusion, we suggest that the si-
liceous skeletons of radiolarians—and
perhaps diatoms and sponges as well—
are porous to varying degrees. The po-
rosity and mean pore size can be quan-
tified by gas adsorption data and ob-
served with transmission electron mi-
Croscopy.
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Distribution of Transmembrane Polypeptides in Freeze Fracture

Abstract. Human erythrocytes have been freeze-fractured, and the polypeptides
associated with the separate halves of the membrane bilayer have been analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. The transmembrane pro-
teins were differentially separated by the fracture process. Although sialoglycopro-
teins associated with the outer half of the membrane, the anion transport protein
(band 3) mainly remained with the inner half of the membrane. Well-defined frag-
ments of the sialoglycoproteins were produced by the freeze-fracture procedure, in-
dicating that selected covalent bonds of these transmembrane proteins were broken.

The lipid bilayer of biological mem-
branes is readily split during freeze frac-
ture (/). Until recently, however, there
has been no technique for differentially
analyzing the two halves of a membrane
biochemically. This difficult task of
physically isolating sufficient quantities
of half-membranes has recently been
overcome by freezing a monolayer of
erythrocytes between a polylysine-
coated cover slip and a copper plate (2).
When this sandwich is fractured at liquid
nitrogen temperature by separating the
glass from the copper, the portion of the
membrane’s external lipid layer that is in
direct contact with the polylysine-coated
cover slip remains associated with the
cover slip, while the remainder of the
structure, including the inside half of the
fractured membrane, remains with the
copper plate (2).

The distribution of membrane proteins
in the freeze-fracture process has not
been satisfactorily explained. The
“‘bumps’’ produced in the process have
been assumed to be the transmembrane
proteins (3, 4) that extend through the
lipid bilayer, and the disposition of the
bumps with respect to each other is
taken to reflect the organization of pro-
teins within the plane of the membrane.
We investigated the distribution of mem-
brane polypeptides associated with the
two halves of the membrane bilayer, em-
ploying the technique of Fisher (2). Since
most, if not all, of the major proteins ex-
posed on the outside surface of the hu-
man erythrocyte membrane have been
shown to be transmembrane (5), the
erythrocyte is an especially good mem-
brane for this study of the organization
of plasma membrane proteins.

Preparations of cells, cover slips, and
copper plates were similar to those used
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by Fisher (2). Number 1 cover slips mea-
suring 24 by 50 mm were soaked over-
night in chromic acid, rinsed with dis-
tilled water, dried with nitrogen, covered
on one side with 0.1 ml of S mM poly-
lysine (molecular weight, 3400; Sigma),
rinsed with distilled water, and again
dried with nitrogen. A flat, cold-rolled
copper sheet 0.51 mm thick was cut into

Fig. 1 (left). Replica of the E faces of freeze-
fractured human erythrocytes that had been
bound to a polylysine-coated cover slip.
Shown are portions from two cells with the
intervening gap. The marker is 0.5 um

long. Fig. 2 (right). Coomassie blue pro-
file of erythrocyte membrane polypeptides
separated by electrophoresis on 7.5 to 15 per-
cent linear acrylamide gradient gels, using the

76 by 32 mm plates. Nonflat plates were
culled, and the rest were polished and
then etched with a 1 : 1 mixture of con-
centrated nitric acid and water for 15
seconds, rinsed five times in distilled wa-
ter, and then nitrogen-dried. The cover
slips and copper plates were prepared no
more than 1 day before the experiment °
and were kept in a covered container un-
til used.

Erythrocytes from freshly drawn hu-
man blood (acid citrate dextrose anti-
coagulant) were washed three times in
isotonic saline and then once in isotonic
phosphate buffer, pH 7.4. Cells were ra-
dioactively labeled by either lactoperoxi-
dase-catalyzed'*I iodination (5) or per-
iodate treatment followed by reduction
with tritiated sodium borohydride 6, 7).
After rinsing and centrifuging several
times in phosphate-buffered saline (PBS)
to remove unincorporated label, the cells
were centrifuged for 10 minutes at 1000g
in a graduated test tube, decanted, and
resuspended in a volume of PBS equal to
0.4 of their own volume. This results in a
cell density of 6 x 10° to 7 x 10°
erythrocytes per milliliter.

This cell suspension (0.2 ml) was dis-
tributed over the surface of the poly-
lysine-coated cover slip. Cells not bound

Coomassie
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SDS discontinuous buffer system of Laemmli (6, 22). Lane A contains polypeptides from the
unfractured membranes of 120 + 10 X 10 erythrocytes. The membrane proteins recovered
from the freeze-fracture sample are shown in lane B (fractured cells from the copper plate plus
an undetermined number of unfractured cells) and lane C (cover slip sample, equivalent to the
complete E faces of 40 + 10 X 10° cells). The latter value assumes 20 x 108 fracture cells per
cover slip with an average of one-third of each cell’s membrane being fractured (2). Stroma
proteins were numbered according to Fairbanks et al. (12). Abbreviations: Hb, hemoblogin;

Hb,, apparent hemoglobin dimer.
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