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E) Parietal callus thickness for P. 
bermudensis zonatus from western Ber- 
muda (no Shore Hills samples avail- 
able; in millimeters); 

F) Parietal callus thickness for P. 
bermudensis zonatus from eastern Ber- 
muda (stock independent of E; in milli- 
meters). 

What environmental factors were 
most important as causes (7) of these 
faunal fluctuations? In comparison with 
interglacial situations, habitats of glacial 
Bermuda were cooler, wetter, and low- 
er in calcium carbonate [CaCO3 of red 
soils may be below 2 percent (8), 
while that of eolian carbonates is, ob- 
viously, near 100 percent]. Land snails 
build their shells of lime extracted from 
their substrates; in lime-free areas, 
many species either build very thin 
shells (9) or do not survive at all 
(10). Gastrocopta is a known calci- 

phile (11), while Thysanophora is un- 

usually tolerant of lime-free conditions 
(12). In addition, wide umbilici of 
glacial Thysanophora may reflect thin- 
ner shells. I have no explanation for 
the larger Carychium in glacial sam- 
ples. Thick calluses in interglacial P. 
bermudensis zonatus reflect the avail- 

ability of lime, as do many other events 
in this genus not recorded here (13). 
I propose, therefore, that varying access 
to CaCO3 is the primary environmental 
cause for the coincident fluctuations of 
Fig. 1 (14). 
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Abstract. The dentary-squamosal jaw 
joint evolved more than once in ad- 
vanced cynodont therapsids or their 
descendants, probably as a buttress 
against the reaction force created at 
the articulation by the adductor jaw 
musculature. The multiple origin of 
this joint suggests that additional cri- 
teria are required to separate early 
mammals from advanced therapsids. 

Recently Romer (1) described an in- 
cipient mammalian jaw articulation in 
the Middle Triassic cynodont, Pro- 
bainognathus. Romer's report of a den- 
tary-squamosal contact in a cynodont 
prompts us to stress the importance of 
cynodont morphology in inferring how, 
when, and why such a joint developed 
and to examine the consequences of 
using this joint to distinguish mammals 
from therapsid reptiles. 

The origin of the dentary-squamosal 
contact of mammals can be interpreted 
as part-of a major adaptive trend be- 
gun in cynodont therapsids, with os- 
teological changes reflecting the evolu- 
tionary development of mammalian ad- 
ductor jaw musculature (2). During 
early cynodont history the dentary ex- 
panded and the post-dentary bones 
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as part-of a major adaptive trend be- 
gun in cynodont therapsids, with os- 
teological changes reflecting the evolu- 
tionary development of mammalian ad- 
ductor jaw musculature (2). During 
early cynodont history the dentary ex- 
panded and the post-dentary bones 
diminished in size (Fig. 1). A postero- 
ventral expansion of the dentary, cul- 
minating in the formation of an angular 
region, reflects the differentiation and 
development of the masseter muscle. 

diminished in size (Fig. 1). A postero- 
ventral expansion of the dentary, cul- 
minating in the formation of an angular 
region, reflects the differentiation and 
development of the masseter muscle. 

A posterodorsal expansion forming a 
high, broad coronoid process reflects 
the establishment of a mammal-like in- 
sertion of the temporalis muscle. Also, 
much of the insertion of the ptery- 
goideus musculature was probably 
transferred from the post-dentary bones 
to the angular region in cynodonts 
from the Cynognathus Zone (2, 3). The 

capture of this insertion by the dentary 
may, in part, have been responsible for 
the reduction in size of the post-dentary 
bones. These events resulted in the 
great majority of the adductor jaw 
musculature being inserted on the den- 
tary in cynodonts from the Cynogna- 
thus Zone and later. 

As the coronoid process developed, 
the dentary expanded back over the top 
of the diminishing post-dentary bones. 
In cynodonts from the Cynognathus 
Zone and later, the base of the coro- 
noid process caps much of the surangu- 
lar and is continuous with a posteriorly 
directed process of the dentary which 
closely approaches the articular region 
(Fig. 1). This posterior expansion 
formed a brace whictr can be inter- 
preted as a means for strengthening the 
contact between the dentary and the 
post-dentary elements, which compen- 
sated for the great vertical reduction in 
size of the post-dentary bones (3); in- 
deed this brace, by increasing the area 
of horizontal contact between the 
bones, probably created the structural 
conditions which made the reduction of 
the post-dentary bones possible. This 
newly formed horizontal contact would 
have aided in resisting any tendency 
for the dentary to twist on the post- 
dentary bones. The existence of such 
tendencies is suggested by the fact that 
the major muscular and all the resist- 
ance (dietary) forces were applied on 
the dentary. 

In addition, the great mass inferred 
for the posterodorsally directed tempo- 
ralis and deep masseteric musculature 
suggests the existence of a tendency for 
the lower jaw to be thrust back and up 
against the skull at the jaw joint. The 
reaction to this thrust (Fig. 1, FR) 
would have tended to force the post- 
dentary bones forward and downward 
on the dentary and thereby would have 
created support requirements which the 
horizontal contact would have helped to 
meet (4). This reaction force may have 
also played a fundamental role in creat- 
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horizontal contact would have helped to 
meet (4). This reaction force may have 
also played a fundamental role in creat- 
ing the selection pressures leading to the 
formation of the mammalian jaw joint. 
The transformation of the posterior 
process of the dentary into an articu- 
lar process in contact with the squamo- 
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sal would have added a buttress to aid 
the post-dentary bones in resisting such 
a reaction force and would have mini- 
mized the tendency for the post-dentary 
bones to be forced forward on the den- 
tary. 

Once the adductor jaw musculature 
of cynodonts differentiated to form a 
mammalian pattern, the development 
of a contact between the dentary and 
squamosal would appear to be a prob- 
able event. Given the trends for the 
expansion of the dentary and the reduc- 
tion of the post-dentary elements ac- 

companying this differentiation of mus- 
culature, we would expect any group 
of descendant cynodonts to have de- 

veloped a posterior process closely ap- 
proaching the squamosal as a result of 
selection for bracing. It is likely that a 

dentary-squamosal contact could have 
evolved more than once in advanced 
cynodonts or their descendants be- 
cause this contact acted as a buttress 
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against the thrust we believe to have 
been characteristically imparted by the 
temporalis and deep masseteric mus- 
culature. Fossil evidence indicates that 
this contact was independently estab- 
lished several times: (i) in the cynodont 
Probainognathus (1); (ii) once (but pos- 
sibly more than once) in the ancestry 
of the groups generally acknowledged 
to be mammals (5); (iii) in the ictido- 
saur Diarthrognathus (3); and (iv) pos- 
sibly (but not certainly) in the tritylo- 
dontids (6). 

The phylogenetic relations indicated 
in Fig. 1 express the conclusion that all 
groups having members with a dentary- 
squamosal articulation were directly de- 
rived from cynodonts. The probability 
of development of a dentary-squamosal 
articulation in any group not descended 
from early cynodonts is extremely low; 
cynodonts are the only therapsids that 
show the osteological-muscular changes 
necessarily antecedent to the develop- 

TO THERIA 

DIARTHR OGNATHIDAE 
I 

A 
-- \ CHINIQUODONTIDAE I TRAVERSODONTIDAE 

I 

U) - A 7^ \ I 

z \I 

n,' . 

o FT 

_N 

Fig. 1. Phylogenetic relations of cynodonts and their Late Triassic descendants. 
Line A represents the reptilian-mammalian class boundary. The lower jaws show the 
relative amount of expansion of the dentary (shown by stippling) and reduction of the 
post-dentary bones in each of the families indicated. (Inset) Diagrammatic representa- 
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tion of the direction and relative magnitude of the forces believed to have been typi- 
cally applied to the jaw in an advanced cynodont; FD, dietary force; FT, reconstructed 
resolved line of action of the force created by the temporalis and deep masseteric mus- 
culature; FM, same for the superficial masseteric and the pterygoideus musculature; 
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Fig. 1. Phylogenetic relations of cynodonts and their Late Triassic descendants. 
Line A represents the reptilian-mammalian class boundary. The lower jaws show the 
relative amount of expansion of the dentary (shown by Stippling) and reduction of the 
post-dentary bones in each of the families indicated. (Inset) Diagrammatic representa- 
tion of the direction and relative magnitude of the forces believed to have been typi- 
cally applied to the jaw in an advanced cynodont; FD, dietary force; FT, reconstructed 
resolved line of action of the force created by the temporalis and deep masseteric mus- 
culature; FM, same for the superficial masseteric and the pterygoideus musculature; 
FR, reaction force created at the jaw joint. The lengths of the force vectors are scaled 
to achieve 2T = 0, 2X = 0, and 2Y = 0 assuming that FM = .33FT. 
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ment of this joint (2). If we exclude 
Probainognathus, Diarthrognathus, and 
the tritylodontids, which we regard as 
reptiles despite the presence or possible 
presence of a dentary-squamosal joint, 
three distinct groups of early mammals 
are found in the latest Triassic (5). At 
least two of these mammalian groups 
possessed a functional articular-quad- 
rate jaw joint lying beside a well- 
formed dentary-squamosal articulation 
(7). Recent information on molar mor- 
phology (8, 9), enamel structure (10), 
tooth replacement patterns (9), and 
braincase structure (9, 11) suggests 
that all of the Mesozoic mammals are 
much more closely related to one an- 
other than was previously thought (11). 
In contrast to the theories of the poly- 
phyletic origin of mammals from dif- 
ferent ancestral groups of therapsid 
reptiles, some of this evidence also in- 
dicates that mammals were derived 
from a cynodont ancestor, probably 
within the family Galesauridae (= 
Thrinaxodontidae) (8, 9). 

Romer (1) suggests that Probainog- 
nathus (Chiniquodontidae) lay on or 
near the line leading to mammals. It 
differs from a galesaurid such as Thri- 
naxodon in certain features, such as the 
absence of cingula on the cheek teeth 
(12), which tend to remove it from the 
direct ancestry of mammals (Fig. 1). 
However, it is advanced over gale- 
saurids in possessing greatly reduced 
post-dentary bones and a posterior proc- 
ess of the dentary which is in contact 
with the squamosal. In this respect, 
Probainognathus illustrates just how 
far a Middle Triassic cynodont went 
toward the establishment of a mam- 
malian jaw joint. For this reason an 
early origin of a dentary-squamosal 
contact in the cynodont lineage ances- 
tral to mammals would not be unex- 
pected. The degree of diversity of Late 
Triassic mammals indicates that they 
shared a common ancestor probably 
not later than late Middle or early Late 
Triassic time. We do not know whether 
this ancestor possessed a mammalian 

jaw joint, but the available evidence 
suggests that it did. 

Because the dentary-squamosal con- 
tact had a multiple origin, its use as the 
sole criterion for determining what is 
a mammal has a serious drawback. It 
does not distinguish between those Late 
Triassic groups which gave rise to Ju- 
rassic and later mammals and those 

groups which were terminal lineages 
within the cynodont radiation (Fig. 1). 
Therefore, additional criteria must be 
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used to separate those animals which, 
on the basis of their phylogenetic rela- 
tions, we wish to call mammals from 
those which we wish to retain in the 

Therapsida. The groups generally con- 
sidered to be mammals (5) appear to 
be more closely related to one another 
than to advanced cynodonts or other 

cynodont-derived groups; thus, it should 
be possible to find features shared by 
the former but lacking in the latter 
which can be used to supplement the 
definition of a mammal. Hopson and 
Crompton (9) have suggested that the 

presence of a diphyodont pattern of 
tooth replacement and possession of 
cheek teeth of a characteristic pattern 
be added to the dentary-squamosal con- 
tact as criteria for diagnosing what is 
a mammal. As knowledge of early mam- 
mals improves, other, perhaps better, 
characters can be added to or substi- 
tuted for these. The problem of mosaic 

acquisition of these characters will com- 

plicate the issue as the record docu- 

menting the transition becomes increas- 

ingly complete, but we shall also be in 
an increasingly better position to select 
the most biologically significant criteria 
for separating the two classes. 
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Radioactivity Induced in Apollo 11 Lunar Surface Material 

by Solar Flare Protons 

Abstract. Comparison of values of the specific radioactivities reported for 
lunar surface material from the Apollo 11 mission with analogous data for 
stone meteorites suggests that energetic particles from the solar flare of 12 April 
1969 may have produced most of the cobalt-56 observed. 
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Values for the abundances of several 
radionuclides in eight lunar surface 

samples returned by the Apollo 11 
mission have been reported by the Pre- 

liminary Examination Team (PET) 
(1). The preliminary nature of the 

experimental results was emphasized, 
and our conclusions must therefore 

necessarily be considered as tentative 
also. 

One approach to a consideration of 
these radionuclide results is to compare 
them with analogous data from stone 
meteorites. In Table 1 are listed sev- 
eral of the nuclides reported by PET 
in order of increasing half-life. For 
each of these, average specific radio- 
activities in lunar surface material and 
in typical stone meteorites (2), as well 
as the ratios of these two quantities, 
are given. Also listed are the types of 
nuclear reactions by which they may 
have been formed. Corresponding to 
each reaction, we present in the last 
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each reaction, we present in the last 

column of Table I the ratio of the 

specific radioactivities, after dividing 
each by the amount of target element 
in the sample (1, 3). This corrected 
ratio should be close to unity if the 
same spectrum and intensity of par- 
ticles incident on both the lunar sur- 
face and the meteorites are responsible 
for the reaction being considered. It 
should be borne in mind that, if the 
relative importance of a given reaction 
varies greatly between the two classes 
of materials, the value of this ratio 
may not be very meaningful. 

Perhaps the most striking feature of 
the PET results is the rather high aver- 
age 56Co content ( 31 dpm kg-l). 
This 56Co (half-life= 77 days), like 
most of the other radioactive species 
reported, is the result of the interac- 
tion of energetic particles in space 
with the lunar surface material; this 
phenomenon is well known from studies 
of meteorites and recovered satellites 
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Table 1. Comparison of specific radioactivities observed in Apollo 11 lunar material and in 
stone meteorites. d, day; y, year; dpm, disintegrations per minute. 

Observed specific 
radioactivities 

Nu- Half- (dpm kg-l) Ratio Possible Ratio 

clide life A Typical (lunar/ nuclear (lunar/ 
Average stone stone) reactions stone) t 

lunar mt 
samples * 

mest oritest 

1"Co 77 d 31 + 4 14 +- 2 2.2 + 0.4 60Fe (p,n) 4.3 ? 0.8 

4Sc 84 d 11 1 12 ? 1 0.9 - 0.1 Ti + Ti (p,pyn) 0.012 ? 0.002 - 
(n,xpyn) 

-Fe[5 (P,6npn) 1.8 ? 0.2 
(n,5p6n) 

"5Mn 312 d 29 ? 5 72 ? 7 0.40 ? 0.08 64Cr (p,n) 0.36 ? 0.07 

Mn (p,pn) } 0.29 ? 0.06 (n,2n) 

Fe} 
(p,p2n)} 

0.79 -0.16 

(n,p2n) 6 2 Ny8 . 0 (p,2pn) 01.6 ?0.2 
(n,2pn) 

5 
(p,4p3n)S 0.48 0.07 

26Al 7.4 X 10j y 80 ? 7 64 ? 6 1.3 ? 0.2 26Mg (p,n) 3.8 ? 0.5 

(An1 (p,2n) 
0.24 ? 0.03 

(n,2n) 
Si{ (n,pl2n)( } 1.1 ? 0.2 

* Values from (1). t Values from (2). $ Corrected for target abundance. 
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