
have been investigating these issues through 
computer simulation by using realistic inter- 
atomic potentials that model Au (111) sur- 
faces. Their results provide some evidence 
that interaction effects may be important in 
the annealing of the roughening resulting 
from dissolution. For example, they find 
that as a result of stress field interactions, 
vacancies are attracted to a down ledge and 
repelled from an up ledge. 
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Early Cambrian Foraminifera fiom West Mica  
STEPHEN J. CULVER 

Agglutinated foraminifera have been recovered from siltstones in the Walidiala Valley, 
Taoudeni Basin, West Mica. Associated faunas suggest an Early Cambrian age for 
these strata. These now earliest known unequivocal foraminifera help constrain hypoth- 
eses concerning the origin of skelethtion at the beginning of the Phanerozoic. 

D ISCUSSIONS CONCERNING THE AP- 

pearance of skeletonization near the 
base of the Cambrian [about 550 

Ma'(mil1ion years ago)] (2) are often re- 
stricted to metazoans and take little account 
of the acquisition of hard parts by protists at 
the same time. For example, hypotheses 
relating the evolution of skeletonization to 
increases in body size (2)  and to detoxifica- 
tion of excess calcium (3) in metazoans do 
not,apply to protists and hence are weak- 
ened by the appearance of testate protists in 
the Early Cambrian (4). However, this ap- 
pearance is not inconsistent with the hy- 
pothesis, applicable to both metazoans and 
protists, that the initial h c t i o n  of skeletons 
was to protect' the organism, primarily 
against predation (5 ) .  The presence of ag- 
glutinated foraminifera in the Lower Cam- 
brian, probably Atdabanian Stage-equiva- 
lent strata, of the Taoudeni Basin, West 
Africa, i s  reported here. These specimens 
extend considerably the known geologic 
range of several genera, they represent the 
earliest known unequiv~cal foraminifera, 
and they further remind us that protists as 
well as metazoans should be considered in 
accounting for the origin of skeletahation. 

The unrnetamorphosed and generally un- 
deformed Taoudeni Basin strata have been 
divided into three supergroups (6). Super- 
group 1 is entirely Proterozoic in age, Su- 

Department of Geological Sciences, Old Dominion Uni- 
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pergroup 2 (about 1200 m thick) commenc- 
es with an Upper Proterozoic tillite, and 
Supergroup 3 commences with an Upper 
Ordovician tillite (6). In the Walidiala valley 
at theSenegal-Guinea border, only the low- 
er portion of Supergroup 2 is present and is 
represented by the Mali group (Fig. 1). This 
has been divided into the Hassanah Diallo 
Formation, composed of glacial diamictites 
and laminated siltstones with ice-rafted 
dropstones and representing the Late Prot- 
erozoic (Vendian) glaciation of West Africa 
(6-1 I), and the overlying Nandoumari For- 
mation, commencing with intermittent 
quartz arenites ( ~ G a g u e  Member), and 
overlain by dolomites (Bowal Member) and 
green and red siltstones (Fougon Member) 
(8). The dolomites are of supratidal to shal- 
low subtidal origin. Subtidal dolomites are 
interbedded with siltstones that pass con- 
formably into the overlying Fougon Member 
siltstones. Hence, the Fougon Member is also 
of probable shallow marine origin (8). 

A few specimens of small shelly fossils 
have been -recovered from Bowal Member 
dolomites (7)and several hundred addition- 
al small shelly fossils and several agglutinat- 
ed foraminifera have been recovered from 
two samples of the immediately overlying 
siltstones of the Fougon Member (Fig. 2). 

Supergroup 2 strata in the Taoudeni Ba- 
sin are poorly fossiliferous. The only record- 
ed macrofossils from Supergroup 2 are inar- 
ticulate brachipods from near the top of the 
unit in the Mauritanian Adrar which indi- 
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cate a Late Cambrian to Early Ordovician 
age (10). The age of the fossiliferous Mali 
group strata near the base of Supergroup 2 
in the WAdlala valley is Early Cambrian 
based on micropaleontological evidence. 
The small shelly fossil fauna in the green and 
red siltstones of the Fougon Member is 
dominated by tubular and platy structures of 

Fig. 1. Map locating sections NSF5-22-89 and 
NSF5-23-89 (indicated by arrow) that contain 
small shelly fossils and foraminifera. The base of 
NSF5-22-89 and NSF5-23-89 are located at 
12"211N and 12"23'W, 3 km south of Walidala. 

probable echinodermal origin. Echinoderms 
are considered to have first appeared in the 
Atdabanian (1 1). Lenastella spicules, which 
were originally described from Atdabanian 
rocks ( 1 4 ,  are also abundant. The underly- 
ing Bowal Member dolomite has yielded, 
through acid digestion, two specimens of 
Aldanella attleborensis, which occurs in the 
Tommotian but which does range into the 
Atdabanian (7, 13). Hence, the agglutinated 
foraminifera are probably Early Cambrian in 
age and can be assigned most readily to the 
Atdabanian. 

The few radiometric dates available from 
West Africa provide an additional but equiv- 
ocal framework within which the fossilifer- 
ous Nandoumari Formation can be consid- 
ered. Local folding of the Mali group in the 
Mauritanide orogen of southeast Senegal is 
suggested to be related to a Pan African I1 
phase of tectono-thermal activity about 550 
to 560 Ma (14). Upper Proterozoic tillites in 
the northern Taoudeni Basin were deposited 
during the isotopically constrained interval 
of 630 to 595 Ma (15). Hence, the Nan- 
doumari Formation that directly overlies 
Upper Proterozoic tillites could be consid- 
ered to be younger than 630 to 595 Ma and 
older than 550 to 560 Ma. However, the 
Nandoumari Formation may possibly repre- 
sent a portion of the Mali group deposited 

I-, SECTION NSFC23-89 -----4 SECTION NSF5-22-89 -1 
A - 

- 

c p 
-0 d 

5 
E ? - B 
Y 

0 - - 
m - 
n 
s 
a 
C 

- 
01 
a 
z 

B 
d - - 
C 

Supergroup 

c 
0 - - 
m 
E 

Y 
E - m 

L 3 

a P 
E 
a 
0 
a 
C 
m 
z 

BOG- 
Mem& 

Tanague 
Member - 

A 

c 
0 - I t  
a 
E f 

0 % - - 
m - 
n 
C 
m - 
c 

a d z - - 
C 

Supergroup 
1 

Bottom 

TOO 

Fig. 2. Stratigraphic sections NSF5-22-89 and NSF5-23-89 located on either side of the Walidiala 
valley. S, samples containing small shelly fossils. F, samples NGS5-25-86F and NGS5-27-86E 
containing foraminifera. 

after the Pan African I1 orogenic event at 
550 to 560 Ma. The latter interpretation is 
supported by paleontological data given the 
mounting evidence that the age of the Pre- 
cambrian-Cambrian boundary is about 540 
to 550 Ma (16). 

Thlrteen specimens of agglutinated foram- 
inifera have been recovered to date from the 
red and green siltstones of the Fougon Mem- 
ber. The siltstones were crushed and partially 
dlsaggregated in a heated solution of "Qua- 
ternary 0 , "  a strong detergent. The disaggre- 
gated siltstone was washed over a 63-bm 
sieve previously cleaned with an ultrasonic 
bath and a high-pressure water jet. The fora- 
&era are composed of silt-sixd particles 
consistent with the siltstone source rock. 

Six specimens can be assigned to the 
genus Ammodiscus (Fig. 3, A and B) and are 
probably conspecific. Single specimens can 
be assigned to the genera Glomospira and 
Turritellella (Fig. 3, C and D). One addl- 
tional specimen is a flattened hemispherical 
test, one a flattened flask-shaped test, one a 
simple tube, and one a simple tube appar- 
ently attached to sediment particles (Fig. 
3E). A single specimen has two chambers 
with a complete septum and may or may not 
be a foraminifer (Fig. 3F). 

The Ammodiscus specimens fit within the 
size and morphological range ofAmmodiscus 
exsertus Cushman, which is recorded widely 
in Silurian rocks (17, 18). It has not been 
recorded previously in Ordovician or Cam- 
brian strata. However, probable Ammodiscus 
sp. has been recorded from the Middle 
Cambrian of Sardinia (19) and of Idaho (4). 
Glomospira has not been recorded previously 
in rocks older than Silurian, whereas Turri- 
tellella has been recorded from Upper Or- 
dovician rocks (18). 

The genera Ammodiscus, Glomospira, and 
Turritellella are morphologicdy simple: a 
proloculus followed by an undivided tube 
coiled in various ways. The specimens re- 
ported here cannot be distinguished from 
later Paleozoic representatives, but the latter 
specimens cannot easily be distinguished 
from modern specimens of these genera. 
Indeed, A. exsertus was originally described 
from modern sediments off the coast of 
Japan (20). Iterative evolution is common in 
benthic foraminifera and it is not surprising, 
therefore, that the specimens figured here 
closely resemble younger material. The over- 
all morphology of the finely agglutinated 
two-chambered specimen (Fig. 3F) resem- 
bles that of the genus Sorosphaera, whose 
earliest record previously was from the Up- 
per Ordoviciarl (18, 21). Alternatively, but, 
givcn the agglutinated nature of the test, less 
likely, this specimen could be of algal origin. 

The Walidiala valley fossils indicate that 
different life habits were present among 
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Fig. 3. (A) Ammodkw sp., side vicw of planispirally coikd test. (8) Ammodkw sp., circular apanue 
at end of uncoiled portion of tubular agglutinated chamber. (C) GIomospira sp., side view of 
~ p l n u y  coiled test. (D) TutviMeUa sp., side view of high spmd ast, apanue to kft. (E) Tubular 
foramder attached to sediment particles. (F) Side vicw of two-chmbercd agglutkted test. All 
specimens from sample NGS5-25-86F. Scale bars, 50 pm. 

these early foramhi6a-a. Observations of form, the Baltic Shield, Ncwfbundland, Cal- 
modem taxa suggest that Ammodkcus spp. ifornia, Wales, and England (24-28), are 
were k-living mxa, and this m& of lift considered by several investigators (25, 29) 
can also be infkmd for TudteUella, GClomo- to be the carliest known foramidera be- 
spwa, the flask-shaped forms, and perhaps cause they appear to be restricted to lower- 
the hemispherical forms. One tubular spec- most Cambrian, Tommotian-equiiMknt stra- 
imen is apparently attached to &ent 
partides (Fig. 3E); its form refleas the 
underlying grain morphology. Hence, an 
adherent life habit was also present in the 
Early Cambrian. 

There are few other records of forami- 
nifira b m  the Cambrian. Thc agglutinated 
genera 7huramminoides, Psammosphaera, 
Hemisphaerammina, Ammodkcus, and ammo- 
discids have been rcpomd tiom Middle 
Cambrian strata (19, 22). Early Cambrian 
m r d s  are restricted to possible indetermi- 
nate agglutinated foraminZera h m  the 
Madrenzie Mountains in northwestern Can- 
ada (23). The straight agglutinated tube 
Platysolenites, and the related coiled tube 
Spirosolenites, h m  the East Europ"n Plat- 

ta. ~ u t  the p l a c e m c n t o f t h e s e ~ ~  in the 
F-daisnotccltain. Alth0UghPlat)h 
sdenitg is hdhhgukhable fiom the modan 
agglutinated fixamid& Bahysiphon (25), 
the relatively large size (several ccnthctas 
long) and the simple tubular morphology is 
such that non-formin&ral &ties ire! pos- 
sible and placement in the Fomminihida 
may never be definite (24, 26, 30). 

The discovery of several unequivocal fb- . . 
x a m d k d  genera in the Lower Cambrian 
of the Taoudcni Basin, West Africa, extends 
their known geologic range and extends the 
range of undoubted members of the order 
Poraminiferda back to Atdabanian-equiva- 
lent strata. H y p o b  concerning the 
widespread advent of skektonization in the 

into- account the hard evidence h m  the 
protistan as well as the metazoan h i 1  
record (4). 
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