
Fig. 5. Cephalon of an Asteropyge sp. (Lehmann, 1934) (X 4.5). Fig. 5. Cephalon of an Asteropyge sp. (Lehmann, 1934) (X 4.5). 

of soft parts, especially in the trilobites 
examined so far. 

The famous Phacops sp. (cover pho- 
tograph) described in 1930 by Broili 
(4; 7, figure 57E, p. 0 81) shows details 
that cannot be made visible by mechan- 
ical preparation. Now observable on 
the x-ray photographs are the intestinal 
tract as well as the appendages with the 
gill filaments and other details, the most 
surprising of them being light guides 
leading from the facets of the eyes of 
the Phacops nearly to the center of the 
head (Fig. 3). There seems to be a sig- 
nificant difference between the facet 
eye structure of the horseshoe crab 
(Limulus polyphemus) and the eye of 
Phacops [earlier and recent work on 
the lens structure of trilobites did not 
reveal such details (8-10)]. The eyes of 
other Phacops species show similar 
structures (Fig. 4). In no case were 
interconnections found between the 
single fibers as described and explained 
in their function by Miller et al. (11) 
and by Ratliff et al. (12). From these 
observations it must be concluded that 
the filamentary structures are probably 
real light guides and not nerve bundles 
(as in the Limulus eye) guiding the light 
from the cornea over. a rather long dis- 
tance to the receptors in the vicinity of 
the brain. Contrary to the structure of 
the Phacops eyes, that of another tri- 
lobite, Asteropyge sp., described by 
Lehmann (5; 7, figure 57A, p. 0 81), 
shows more similarities to normal facet 
eyes of the insects (Fig. 5). Details of 
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the eyes of this specimen were first 
revealed on an x-ray photograph by 
Lehmann (5), but he hesitated to ex- 
plain what he saw as it seemed incred- 
ible to him that "the nerve bundles 
were going at an angle of about 45? 
backwards to a place where the ganglion 
of the lower throat is located" (13, fig- 
ures 47 and 1). New radiographs of the 
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specimen confirmed these earlier ob- 
servations. 

My experience with prepared and 
unprepared fossils of Devonian slates 
suggests that no mechanical preparation 
should be done prior to a thorough x- 
ray examination, in order to avoid the 
destruction of important fine details. 
In the course of the survey made in 
the last 2 years, several completely un- 
known Devonian fossils have been dis- 
covered. 
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though several investigators have at- 
tempted to quantitate the reduction in 
solute diffusivities within pores (4, 5), 
the interpretation of the results ob- 
tained has been somewhat inconclusive 
in view of the fact that the porous ma- 
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membrane pores of molecular size has been accurately determined. Mica mem- 
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terials used (gels, collodion filters, di- 
alysis tubing) were of a rather inhomo- 
geneous nature. The pores in these ma- 
terials are really just the spaces in a 
polymeric brush pile structure, and the 
pore size distribution is unknown. Fur- 
thermore, the tortuousity is of necessity 
a function of molecular size and could 
not be independently characterized. 

The work of Fleischer et al. (6) on the 
etching of fission particle tracks in mica 
suggested a means by which ideal mem- 
branes might be prepared in order to 
obtain more conclusive data on hin- 
dered diffusion. Fleischer et al. demon- 
strated that fission fragments from U235 
would pass straight through thin sheets 
of mica, leaving behind tracks that 
could be etched with hydrofluoric acid 
to produce holes or pores in the mica 
film. By suitably spacing the U235 source 
from the mica film, the holes could be 
made almost perpendicular to the mica 
surface. Using this technique, Petzny 
and Quinn (7) demonstrated that the 
pore size could be systematically re- 
duced with absorbed monomolecular 
layers; however, their work was limited 
to gas-phase diffusion. 

Electron photomicrographs of mem- 
branes that were made by the process 
are shown in Fig. 1 (8). The hole size 
increases as the irradiated mica is 
etched for longer periods of time, and, 
when the holes become larger than 
150 A, they become diamond-like in 
cross section. Even though the shape 
of the pores changes with size, the 
pores are fairly uniform in size and can 
be characterized with respect to diffu- 
sion length and pore diameter. The tor- 
tuousity (diffusion path length divided 
by membrane thickness) of these mem- 
branes is approximately 1.01 (9), and 
there is no change in tortuousity with 
molecular size, as is the case with di- 
alysis membranes. One of the primary 
experimental difficulties in this work 
was to prepare membranes with suffi- 
cient surface area and pore density, 
to give large enough solute transport 
rates, so that the relationship between 
pore size and the dimensions of per- 
meant molecules in hindered diffu- 
sion could be accurately evaluated. 

To insure that some of the etched 
fission tracks passed completely through 
the mica, the films had to be less 
than 8 uam in thickness. Pore density 
was estimated from electron photo- 
micrographs of the membrane surface 

Table 1. Properties of probe molecules used in diffusion studies and typical permeability 
values for a microporous mica membrane. 

Membrane 48 
Diffusion 
coefficient Molecular Measured Corrected 

Solute D0 at 250C radius R, overall membrane 
X 106 (A) permeability permeability 

(cm2/sec) Po X 104 Pm X 104 
(cm/sec) (cm/sec) 

Urea 13.8 2.64 (16) 4.50 7.09 
Glucose 6.73 4.44 (16) 2.40 3.42 
Sucrose 5.21 5.55 (16) 1.80 2.45 
Raffinose 4.34 6.54 (16) 1.46 1.92 
2-Dextrin 3.44 8.00 (2) 1.06 1.33 
,B-Dextrin 3.22 8.98 (2) 0.95 1.17 
Ribonuclease 1.18 21.6 (17) 0.090 0.093 

radiation and etching the films were ex- 
tremely brittle, and special holders had 
to be devised for the diffusion experi- 
ments; this fragility also made it neces- 
sary to design the diffusion apparatus 
so that the membranes were not sub- 
jected to pressure gradients greater than 
a few centimeters of water. These limi- 
tations on porosity (<5 percent) set 
the requirements for a closed recircu- 
lation diffusion apparatus with a small 
holdup volume (Fig. 2). 

We estimated pore diameters by de- 
termining water flow through the mem- 
brane at low pressure gradients and as- 
suming Poiseuille's law to be valid for 
flow through the pores (10). The pre- 
pared mica membranes had equivalent 
pore diameters from 90 to 600 A (see 
Fig. 3). Other independent estimates of 
pore diameters by gaseous flow and ex- 
trapolation of diffusion data (8) gave 
substantially the same values. A detailed 
study of electron photomicrographs for 
one membrane (membrane 48) showed 

a mean pore size of 133 A with 85 per- 
cent of the pores having diameters from 
110 to 150 A. This pore size is in close 
agreement with estimates from the oth- 
er methods and indicates the absence 
of large adsorbed films or immobilized 
layers of water inaccessible for solute 
diffusion along the interior pore walls. 

In order to find the relationship be- 
tween molecular diameter, pore size, 
and reduced diffusion rates in mem- 
branes, we measured the diffusion 
rates of a series of molecules with 
a wide range of molecular diam- 
eters from 5.2 to 43 A (Table 1) 
through the series of mica membranes 
with different pore sizes. With the 
exception of ribonuclease, all of the 
compounds chosen in these experiments 
were nonelectrolytes so as to minimize 
electrical interactions with the mica 
membrane surface. The initial solute 
concentration difference across the 
membranes was about 0.05 percent by 
weight, and the gradient decreased as 

Fig. 1. Electron micrographs of mica dif- 
fusion membranes with controlled porosity. 
The nominal average pore diameter (D,) 
in these membranes, as determined by 
water flow measurement, was (A) 92.1 A 
in membrane 51; (B) 117 A in membrane 
50; (C) 151 A in membrane 47. 

opposite to the entry point of the fission 
fragments. Membrane thickness was es- 
timated by determining the density of 
the mica sheets and then weighing 
sheets of known surface area. After ir- 
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Waters R-4 differential refractometer 

Fig. 2. Apparatus for diffusion measurements. Fluid is continuously recirculated past 
each side of the membrane. A portion of the fluid in each chamber is bypassed to a 
differential refractometer which continuously indicates the difference in solute concen- 
tration between the two chambers. 

the experiment proceeded. Concentra- 
tion changes were measured with a pre- 
cision differential refractometer. 

In determining the effective diffusiv- 

ity of solutes in membranes it is of con- 
siderable importance to properly com- 

pensate for "stagnant films," "Nernst 

layers," or liquid film resistances ad- 

jacent to the membrane surface. The 
solute diffusion flux, J, (in moles per 
square centimeter per second), is given 
by: 

Js = PoAC 

where AC (in moles per cubic centi- 
meter) is the overall concentration 
gradient of the solute and P0 (in centi- 
meters per second) is the overall per- 
meability of the membrane and adjacent 
liquid resistances. 

1/Po = 1/Pm + 2/P1 

where Pm is the permeability of the 
membrane and P, is the permeability of 
the liquid resistances on each side of 
the membrane. Membrane permeability, 
P,, is related primarily to solute size, 
whereas P1 is also a function of the 
conditions of the liquid phase (velocity, 
density, viscosity) as well as of the 
solute diffusion coefficient (11). 

The overall permeabilities of the 
membranes, P0, including the resistance 
of the liquid films adjacent to the mem- 
brane surface, were between 10-3 and 
10-4 cm/sec. Several methods, includ- 
ing electrochemical techniques and the 
use of calibrating membranes, were 
used to independently estimate the per- 
meability of the liquid "layers," P,. The 
effective permeability of the liquid re- 
sistances adjacent to the membrane sur- 
faces alone were between 1.5 X 10-3 
and 3 X 10-4 cm/sec (12). In many 
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of the experiments the calculated con- 
centration difference across the liquid 
film resistances was of the same order 
of magnitude as the concentration dif- 
ference across the membrane itself. An 
illustration of the order of magnitude 
of the permeability corrections for the 

liquid phase resistance is given in Table 
1 for membrane 48. The relative ratio 

0.6 

o 

E 

49 
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Fig. 3. Hindered diffusion in membrane 
pores as a function of the ratio of solute 
radius to pore radius (R,/Rp). Membranes 
with pore diameters (Dp) from 91.5 to 
613 A were used in this study. The ap- 
parent diffusion coefficients of the solutes 
inside microporous channels, )Dm, were 
obtained from measured permeabilities 
and the known geometry of the pores (10, 
13). The quantities )Do represent the free 
solution diffusivities of the same solutes 
(Table 1), and the ratio )Dm/)Do is a 
measure of the extent of hindrance within 
the pores. 

of P1 to P,, and therefore the impor- 
tance of correcting the data to estimate 
true membrane permeabilities, increases 
with smaller solutes and larger pore 
sizes. 

The experimental design included dif- 
fusion measurements over the entire 
matrix of membrane pore sizes and mo- 
lecular diameters, resulting in a rather 

complete coverage of the parameter 
Rs/Rp (ratio of solute radius to pore 
radius) which ranged from 0.01 to 0.38 
over the many combinations tested. The 
measured overall permeabilities for the 

compounds were constant to within ? 2 
percent during the experimental period 
of 2 to 6 hours, except for that of ribo- 
nuclease, which apparently increased 
about 30 percent during the course of 
a 20-hour period. Denaturation or ad- 
sorption may have occurred over this 
time period. 

After the measured diffusion rates 
had been adjusted for the resistance of 
the liquid layers, the apparent diffusiv- 
ity, )Dm, of the test molecules in the 
membrane pores was calculated (13). 
The ratio of this value to the diffusivity 
of the same compound in water (IDm/ 
oD0) gives a measure of the hindrance 
effect of pores and is plotted against the 
ratio of molecular radius to pore radius 
in Fig. 3. 

A rather striking reduction in solute 

diffusivity takes place within the micro- 
pore channels. For example, when the 
size ratio of solute to pore is 1/10, the 
mobility of the solute within the pore is 
almost 40 percent less than its mobility 
in free solution. At present, we do not 
have a detailed explanation for this 
huge interaction; however, the results 
can be correlated by means of an equa- 
tion proposed by Renkin in 1954 (5): 

)M R.\ r R \ 
~-o--= D 1-R J X L1-2.10 R, 

+ 2.09 )(R -0.95 R ] p,R 

Here, the first term on the right-hand 
side is thought to represent an exclusion 
of solute from the membrane pores 
based on geometrical considerations and 
the second term represents an addition- 
al hydrodynamic drag on the solute 
molecules due to the proximity of the 

pore walls. On the basis of this equa- 
tion, and in the range of solute to pore 
sizes (R,/Rp) investigated here, about 
half the hindrance effect comes from 
molecular exclusion and the other half 
comes from viscous drag due to the 
wall. 

The data in Fig. 3 are consistent with, 
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but do not prove the validity of, the 
Renkin equation for correlating the 
hindrance effect in microporous mem- 
branes. On the average, our data are 
about 4 percent below the values pre- 
dicted by the Renkin equation. The data 
seem to be randomly scattered about 
the line, and there is no trend for the 
results for individual membranes, an 
indication that the correlation does not 
change with larger pores. The dimen- 
sionless ratio R5/Rp seems to be a 
valid parameter for characterizing the 
hindrance effect over this range of pore 
sizes. Within the scatter of the experi- 
mental data, other empirical equations 
such as 

IO Rp, 

where n is about 4, correlate the data 
equally well. 

Although the mechanism for the ap- 
parent drag on molecules as they pass 
through holes of molecular dimensions 
has not yet been determined, there can 
be no question that this effect does ex- 
ist. In the experiments cited here, pore 
sizes were outside the range postulated 
for some natural membranes, such as 
the red blood cell, but within the range 
of pore sizes indicated for the kidney 
glomerulus (70 to 100 A) (14). We 
have shown that the Renkin equation or 
similar correlations can be used with 
some confidence to evaluate pores in 
natural membranes (15). 

On the basis of the data presented 
here, one can estimate the reduction in 
aqueous diffusion rates of solutes in 
porous materials, where the pores are 
of molecular dimensions, with a greater 
degree of confidence than has been 
possible heretofore. However, some 
knowledge of the structure of the por- 
ous material is required for such calcu- 
lations, that is, average pore size, void 
fraction, and tortuousity. On the other 
hand, if the structure of the porous ma- 
terial is not well characterized, that is, 
if void fraction, pore size, or tortuousity 
is not known, then the use of diffusion 
studies with probe molecules and the 
correlation as presented in Fig. 3 can 
lead to information on the unknown 
parameter. 

ROBERT E. BECK 
JEROME S. SCHULTZ 

Division of Chemical Engineering, 
University of Michigan, Ann Arbor 
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The microscopic appearance of coral 
skeletons is well known since it forms 
the basis of coral systematics (1). The 
basic unit of the skeleton is considered 
to be the sclerodermite, a group of 
fibers which fan out from a point called 
the center of calcification. Scleroder- 
mites often grow vertically to produce 
a trabecula in which the fibers radiate 
outward and upward- from a central 
axis which is supposed to be an elon- 
gated center of calcification. In most 
corals only the sclerosepta are trabecu- 
lar. The sclerosepta comprise a palisade 
of trabeculae, each of which terminates 
in a dentation or tooth on the upper 
surface of the scleroseptum. Sorauf (2) 
and Wise (3) have shown that the fi- 
bers seen in optical section are acicular 
crystals, and both have confirmed that 
the crystals are normally organized into 
sclerodermites. They have shown that 
sclerodermites are fundamental to t.he 
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structure of the dissepiments. I have 
found similar, though less organized, 
sclerodermites in the epitheca of three 
West Indian corals, and Wainwright 
(4) has described the development of 
sclerodermites on the basal plate of 
Pocillopora damicornis. Thus, all the 
parts of coral skeletons, so far ex- 
amined, are built of crystals arranged 
in three-dimensional fans, and it seems 
appropriate to attempt to explain the 
development of these fans in terms of 
the physics of crystal growth. 

I have followed the growth of scle- 
rodermites and trabeculae by staining 
growing crystals red with sodium aliz- 
arinesulfonate, a dye used for vitally 
staining bone (5). When living corals 
and washed coral skeletons were placed 
in seawater containing about 20 mg of 
alizarine per liter, the washed skeletons 
were only stained on freshly damaged 
surfaces, whereas the skeletons of liv- 
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Coral Skeletons: An Explanation of Their Growth and Structure 

Abstract. Coral skeletons are constructed of aragonitic crystals organized into 
fan systems. A theoretical model for the growth of such fan systems, which de- 
pends upon competition between crystals for space in which to grow, is corrobo- 
rated by vital staining with sodium alizarinesulfonate. Fan systems of crystals 
compete with each other to form larger fan systems until large, relatively stable 
fans are produced. It is these relatively stable fan systems that have been observed 
in optical thin sections of coral skeletons. 
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