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S h e l l  M i n e r a l o g y  in 

Paleozoic  I n v e r t e b r a t e s  

A m o n g  the  m o d e r n  invertebrate 
groups tha t  deposit shells o f  CaCO,,  
some employ  calcite exclusively, some 
employ  aragonite exclusively, and still 
others combine discrete layers o f  each 
mineral. Several investigators have ques- 
tioned the  evolutionary stability o f  the  
mineralogic habit o f  compact  groups, 
suggesting that  there m a y  have been 
change through t ime .  But  i t  has been  
possible t o  answer this question satisfac- 
torily only for the  more  recent past, the  
late Mesozoic and Cenozoic. Rocks de-  
posited during this interval have occa-
sionally yielded shells tha t  preserve un-
alterrd their original mineralogy. More- 
over, m a n y  o f  the  organisms o f  this in-  
terval are so closely related t o  living 
forms  that  little change would b e  ex-
pected. As one  a t tempts  t o  fol low groups 
backward i n  t i m e ,  however,  unaltered 
preservation becomes rarer and relation- 
ships t o  living forms  more  tenuous. C o n -  
srqurntly ,  our answers become more  sus- 
pect unti l ,  finally, among Paleozoic 
groups, only speculation has bepn pos-
slble. 

Bgggild ( 1 )  put such speculation o n  a 
reasonable basis b y  assuming that  t h e  
recrystallization o f  metastable aragonite 
t o  calcite destroyed the  shell micro-
architecture. W i t h  this assumption, h e  
deduced the  original mineralogy o f  the  
shells o f  m a n y  Paleozoic organisms. L n .  
fortunately, the  validity o f  the  assump- 
t ion could no t  b e  tested beyond t h e  
Mesozoic, for  n o  Paleozoic fossils had 
been  found that  actually preserved the  
original mineralogy. Recently,  however,  
t w o  collections, one f r o m  the  Buckhorn 
asphalt ( M i d d l e  Pennsylvanian) i n  O k -  
lahoma and t h e  other f r o m  the  Kendrick 
shale (Lorver Pennsylvanian) o f  K e n -
tucky ,  have yielded large faunas i n  which  
the  preservation o f  intricate microarchi- 
tectural detail indicates retention o f  the  
original mineralogy. T h e s e  collections 
appear t o  b e  t h e  oldest yet found i n  

which  the  mineralogy is unaltered. S o m e  
preliminary observations o f  the  mineral- 
ogy o f  several Paleozoic groups are re- 
ported here ( 2 ) .I n  all cases i n  which  di-  
rect comparison was possible, t h e  m i n -  
eralogy o f  these shells proved t o  b e  the  
same as that  deduced b y  Bgggild. T h e r e -  
fore,  his basic assumption is probably 
sound and his method  applicable t o  mos t  
cases. 

T h e  study o f  the  mineralogy o f  these 
shells proceeded as follows. I n  t h e  case o f  
the  Kendrick shale material, the  dis-
criminations between calcite and aragon- 
ite were m a d e  w i t h  Leitmeier and Feigl's 
staining. solution. T h e  oil-soaked Buck- 
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horn  asphalt collections could no t  b e  
cleaned sufficiently t o  permit reaction 
w i t h  this solution. Consequently,  deter- 
minations were m a d e  instead b y  x-ray. 
Representatives o f  the  following phyla 
were tested: Brachiopoda, Ectoprocta, 
Cnidaria, Molluscs, Echinodermata,  and 
Arthropoda.  

Brachiopods belonging t o  six genera 
were tested and found i n  each case t o  
b e  composed exclusively o f  calcite. T h i s  
finding supports the  conclusion, derived 
f r o m  t h e  calcitic mineralogy o f  living 
forms  ( 3 )  and f r o m  t h e  excellent pres- 
ervation o f  mos t  brachiopod fossils ( 1) ,  
that  the  group has always employed cal- 
cite. T h e  genera tested, Derbyia, "Chon- 
etes," Marginifera, Linoproductus, Cru-
rithyris, and Spirifer, are distributed i n  
t w o  orders, the  Strophomenida,  which  
m a y  have a f e w  living representatives, 
and the  S ~ i r i f e r i d a .  which  has been  ex-
tinct since t h e  Jurassic. 

O n e  tetracoral, Lophophyllidium pro- 
fundum, was discovered i n  t h e  material 
and was also found t o  b e  composed ex-
clusively o f  calcite. T h e r e  has been  m u c h  
speculation about this group, because t h e  
living corals, Scleractinia, construct their 
skeletons o f  aragonite. T h e  calcitic skele- 
t o n  o f  Lophophyll idium shows that  at 
least some o f  the  tetracorals were cal-
citic. T h e  general preservation o f  the  
group suggests that  mos t ,  i f  no t  all, gen- 
era shared this characteristic. 

Fragments o f  a n  unidentified Ecto-
proct bryozoan were recovered and 
proved t o  b e  composed exclusively o f  
calcite, as are mos t  living representatives 
o f  the  group. T h e  skeletal elements o f  at 
least one crinoid, including calyx cups, 
a r m  plates, and columnals, have been 
examined and are entirely calcitic, as 
are living crinoids and ,  i n  fact ,  all echin- 
oderms.  T h e  pygidium o f  a single trilo- 
bi te  was recovered and ,  as B@ggild has 
indicated, was found t o  b e  composed en- 
tirely o f  calcite. 

T h e  collections contain a large n u m -  
ber o f  gastropods which  possess shells 
tha t  combine discrete layers o f  calcite 
and discrete layers o f  aragonite. Strapa-
rolus (Amphiscapha)  sp. and a n  uniden- 
tified euornphalaceid have a n  outer cal- 

citic layer and a n  inner aragonitic one,  
thus giving some confirmation t o  BZg-
gild's conclusion that  this mineralogy 
was characteristic for  the  group. One 
specimen o f  a n  unidentified bellerophon- 
taceid clearly shows a very th in  calcitic 
outer layer and a massive inner aragon- 
itic layer; b u t ,  i n  other individuals o f  
t h e  same species, t h e  outer layer h a s  
no t  been  recognized, and any conclusions 
regarding the  mineralogy mus t  b e  h e l d  
i n  abeyance pending further investiga-
t ion.  Egggild ( I )  has reported a bellero- 
phontaceid f r o m  the  Ordovician w h i c h  
h e  considered t o  have been  composed of 
calcite. I t  is possible that  this group ex-
hibits a temperature response i n  its m i n -  
eralogy similar t o  t h e  responses indicated 
for some recent mollusks b y  Lowens tam 
( 3 ) ,al though there m a y  also have b e e n  
a n  evolutionary change i n  mineralogy. 

A m o n g  pelecypods, several f o r m s  show 
b o t h  calcitic and aragonitic layers. 
Chaenocardia ovata has a n  extremely 
th in  outer layer o f  calcite-so thin,  in 
fact ,  that  i t  has been removed b y  abra- 
sion over mos t  o f  the  shell-and a m u c h  
thicker inner layer o f  aragonite. O t h e r  
pelecypods that  exhibit this character- 
istic are present b u t  have not  yet b e e n  
placed even i n  major  taxa.  

A large n u m b e r  o f  pelecypods h a v e  
shells consisting only o f  aragonite, b u t  
o f  t h e m  only Leda and Astartella h a v e  
been identi f ied.  Leda is a nuculaceid, 
and ,  since living representatives o f  t h i s  
group seem t o  b e  wholly aragonitic, it 
suggests little change i n  the  mineralogy. 
A majori ty  o f  the  gastropods tha t  w e r e  
examined consist wholly o f  aragonite. 
Genera tha t  have this mineralogy are  
Sphaerodoma, Shansiella, Soloniscus, 
and Trepospira. 

A number  o f  small, probably juvenile, 
pectenoids were found b u t  could no t  be 
identified. T h e i r  shells appeared t o  con- 
sist wholly o f  calcite. I n  structure, their  
shells are unlike those o f  m o d e r n  pec- 
tenoids, which  have a n  aragonitic she11 
layer be tween  layers o f  calcite or the 
structure o f  Limipecten morsei f r o m  the 
Kendrick shale, which  Newel1 ( 4 )  be-
lieved t o  have a th in  outer ostracum of 
calcite and a thicker inner ostracum of 
aragonite. Because o f -  this lack o f  similar- 
i ty  and because the  individuals observed 
m a y  b e  juveniles, further investigation of 
the  shell structure o f  pectenoids is neces- 
sary be fore  any conclusions are reached. 

A number  o f  nautiloid cephalopods 
are present i n  bo th  collections, and sev-
eral unidenti f ied shell fragments,  as w e l i  
as specimens o f  Pseudorthoceras knox-
ense, have been tested. T h e  external 
shell has, i n  all cases, been found t o  con- 
sist entirely o f  aragonite, b u t  tests o f  t h e  
cameral deposits o f  P. knoxense h a v e  
consistently shown t h e  presence o f  vari- 
able amounts  o f  calcite. T h i n  sections of 
the  cameral deposits show n o  recrystall- 



ization, and it is concluded that the cal- 
cite is primary rather than secondary. No 
evidence was found that supported Bgg- 
gild's suggestion of the presence of cal-
citic layers in the outer shell, but sam-
pling is, of course, quite inadequate to 
prove or disprove his contention. A goni- 
atite, Gastrioceras elkhornense, was also 
tested and found to be composed of 
aragonite. 

I t  is hoped that further study of this 
material will permit determination of 
the skeletal mineralogy of additionai 
forms and the discovery of the micro- 
architectural characteristics of many 
groups. Preliminary tests of oxygen 
from the carbonate of some of these 
shells suggest that they will be suitable 
for 018/01"aleotemperature studies. 
It may be possible, therefore, to learn 
much of the temperature requirements 
and modes of growth of long-extinct 
forms. 

FRANCISG. STEHLI 
California Institute of Technology, 
Division o f  Geological Sciences, 
Pasadena, Calif07 ilia 
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Radiation-Induced Fecal Fat 

Formation in the Rat 

Studies on the effect of radiation on 
fecal fat thus far have not clearly dis- 
tinguished between the effects of the 
radiation and the induced anorexia ( 1 ) .  
Increases in fecal fat that \\,ere noted in 
human patients by Dodds and Webster 
(2) ,  follotving x-ray therapy, were at-
tributed to impaired lipid absorption in- 
duced by irradiation. Mead and cowork- 
ers ( 3 ) ,  maintaining irradiated mice on 
fat-free diets, shoxved elevated fecal fats. 
These authors state that this fecal-fat in- 
crease was due to intestinal desquama-
tion resulting from radiation injury. In 
contrast, Coniglio et al. (4),through fat- 
balance studies, have noted decreased 
fecal-fat after irradiation but have cor-
related such changes to the lessening of 
food intake during this period. T o  elimi- 
nate variation in fat excretion resultinq 
from food intake, the studies reported 
here have dealt with fasted normal and 
irradiated rats. Further, since fecal lipid 
appears to be secreted by the intestinal 
wall (5 ) ,lipogenesis has been studied in 

Table 1. Fecal fat in normal and irradiated rats. 

Specific Total 
No. of Fecal fat activity counts

animals determi- Dose ( r )  (mg/g) (connt/min (count/min 
nations 

mg) * 9 )  

* Acetate-1-C1' was administered to 16 normal and seven irradiated animals. Specific activity and total count 
refer only to these animals. 

two groups of animals by intraperitoneal 
injections of acetate-1-C14 (0.1 uc) prior 
to the fecal collection period. 

Female albino rats xveighing 155 i 15 
g were given 1000- or 1500-r doses and 
fasted 48 hours while they were being 
kept in metabolic cages. The  feces dur- 
ing this period were collected, pooled 
from two animals, and dried in a vac-
uum. Aliquots of fecal material \\,ere 
ground, and the total lipid was extracted. 
This latter process involved txvo incuba- 
tions at 40°C with an alcohol-ether mix- 
ture ( 3: 1) followed by a 12-hour ethyl 
ether Soxhlet extraction. The isolated 
lipids containing carbon-14 \\,ere ana-
lyzed by means of a nuclear-flow counter 
using a Berkeley scaler. 

Fecal-fat excretion, as can be seen in 
Table 1, shows significant elevation xvith 
roentgen dose. Thus the feces from nor- 
mal animals averaged a fat content of 
56.4 mg/g and increased to 82.7 mg/g 
when a 1500-r dose had been adminis-
tered. If taken separately, similar com- 
parisons can be made in the groups in- 
iected xvith acetate-C14 and the non-
injected groups. I-Iere, irradiated animals 
receiving acetate showed a fecal-fat aver- 
age of 99.0 mg/g as compared \vith 58.5 
mg in the normals, xvhile those receiving 
no acetate exhibited 79.2 and 55.2 mg/g 
under the same respective treatment. 

Comparisons of lipogenesis have been 
made by noting the total counts found in 
the fecal fat from irradiated and non-
irradiated animals. Such comparisons 
clearly show that the treated rats incor- 
porated into the fecal lipids more than 4 
tlmes as much acetate-C1* as did thc 
controls. In  addition, the increase in spe- 
cific activity from 1.3 in the controls to 
3.5 in the irradiated animals would also 
be indicative of a stimulation in the 
fecal-fat synthesis. 

Further stud~es to demonstrate the 
yimilarity in composition of the fecal 
fats from both groups were carried out 
by fractionating the isolated material 
into free fatty acids and mono-, di-, and 
triglycerides. This technique, as outlined 
by Mattson and Beck (6 )  shoved that 
the lipid samples contained, on the aver- 
age, 41 percent free fatty acids, 20 per- 
cent monoglycerides, and 39 percent di- 
and triglycerides from both normal and 

x-rayed animals. Since increased lipo-
genesis has been demonstrated, the pos- 
sibility seems more likely that this fat 
originates from intestinal secretion 
rather than from sloughed-off mucosa as 
postulated by Mead (3) .As further evi- 
dence for this vietv, fecal fat that \\,as 
fractionated after administration of ace-
tate-C14 showed that approximately 50 
percent of the total count was in the 
free fatty acids and monoglycerides, with 
the remaining 50 percent in the di- and 
triglycerides in both irradiated and con-
trol animals. 

Thus, the indications are that lipid of 
similar composition is being formed by 
both types of rats varying only in the rate 
of formation. An a t t e m ~ t  to pain further 
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evidence to support this concept by the 
administration of acetate-1-C14 and the 
analyses of the material isolated from 
the lumen of the small intestine in nor-
mal and irradiated rats is being con-
templated. 

MARGARETG. MOREHOUSE 
RONALDL. SEARCY 

Departnzcnt of Biochemistry and 
Nutrition, Uniz~ersity of Southern 
California, Los Angeles 
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Precipitation of Enzyn~es 
during Isolation of 
Chloroplasts in Carbowax 

Txvo major difficulties in the deter-
mination of the intracellular distribution 
of enzymes are ( i )  the adsorption of 
soluble enzymes on particulate matter 
and ( i i )  the leaching of enzpmes from 
the particles during the isolation pro-
cedures. I t  has been suggested that leach- 
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