and hence no skeletal reefs until the
Middle Ordovician with the appearance
of bryozoa. The only available niche for
macroborers from Middle Cambrian to
Middle Ordovician, was hard grounds.
With the reestablishment of reefs in the
Middle Ordovician, and increase in the
number and diversity of available hard
substrates, macroboring organisms be-
gan to radiate and diversify. Therefore,
the diversification of macroborings ap-
pears to parallel the development and ex-
pansion of the reef habitat in the early
Paleozoic.
N. P. JAMEs
D. R. KoBLUK
Department of Geology,
Memorial University,
St. Johns, Newfoundland
S. G. PEMBERTON
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Triassic-Jurassic Tetrapod Extinctions: Are They Real?

Abstract. Terrestrial vertebrate fossils show that part of the Newark supergroup of
the eastern United States, all of the Glen Canyon group of the southwestern United
States, and the Upper Stormberg group of southern Africa are Early Jurassic. This
new correlation demonstrates that the supposed widespread tetrapod extinction at
the Triassic-Jurassic boundary is an artifact of spurious correlation.

Recent work on the timing of extinc-
tions of higher-level taxa (/) is limited by
the reliability with which the ranges of
those taxa are placed in the geologic time
scale. One such mass extinction in-
volving terrestrial vertebrates purported-
ly occurred at the Triassic-Jurassic
boundary (/). It has been recently point-
ed out (2) that this ‘‘extinction’’ might be
the result of a poor Early Jurassic rec-
ord. A reappraisal of correlations of
early Mesozoic deposits of the world
shows that a distinct Early Jurassic ter-
restrial vertebrate record does exist and
that it is transitional between the familiar
Late Triassic and Late Jurassic faunas.

The divisions of the early Mesozoic of
Europe were originally based on major
lithologic changes and hiatuses in the

Fig. 1. Ranges of cor-
relative  vertebrates,
and broad paly-
nomorph zones (34)
of the type areas of
the Upper Triassic
and Lower Jurassic
(Liassic) and the
Newark Basin of the
Newark supergroup.
Heavy horizontal
lines represent the
ranges of taxa in the
European type areas,
while light horizontal
lines show the ranges
for the Newark Basin.
The ranges of the Pro-
tosuchidae,  Coelu-
ridae, Anchisauridae,
and  Plateosauridae
are based on correla-
tion of zone 3 with the
Portland formation of
the Hartford Basin.
Abbreviations of the
stages of the Lower
(Early) Jurassic: H,
Hettangian; S, Sine-
murian; P, Pleinsba-
chian; T, Toarcian.
Standard divisions of
the German Middle
Keuper are km 1 to 5.
Note that the Lower
Keuper and Upper
Keuper have been
omitted from the fig-

Type
Section

Capitosauridae
Plagiosauridae
Metoposauridae
Phytosauridae
Aetosauridae
Protosuchidae
Coeluridae30
Megalosauridaea'
Anchisauridae
Plateosauridae
Melanorosauridae™
Kannemeyeriidae
Tritylodontidae
Dimorphodontidae
Rhamphorhynchidae
Rhynchosauroididae
Chirotheriidae
Batrachopodidae33
Grallatoridae |
Grallatoridae 1|
Eubrontidae
Anomoepodidae

Pollen zones™

rock succession, so that the boundaries
of the major rock units are, by definition,
the time-stratigraphic boundaries of the
early Mesozoic. The correlation of these
time-stratigraphic units from their type
areas is limited by whatever time-equiva-
lent data are available (3). Vertebrate
fossils provide one commonly used
means of correlating continental early
Mesozoic deposits of the world with the
type Triassic and Early Jurassic of Eu-
rope. Unfortunately, many faunal data
from the type areas are not useful for
correlation. The marine and estuarine
fish faunas of the German Triassic have
more in common with Liassic (Early Ju-
rassic) faunas of northern Europe than
either has in common with nonmarine
faunas of other early Mesozoic areas (¢).

) . . Lower
‘| Upper Triassic : 9
g PP Jurassic 2
= Middle N - o
'-t Keuper § Liassic ,E’,
= kmvlkmzﬁmalkmtlkms gfH]s]P]T]=s
—
—
e
I —_
O —
or——
p—— R

'I
I

Corollina
zone

Patinasporites —
Ovalipollis zone

ure because they are,
more or less, equiva-
lent to parts of the
Middle Triassic and
Rhaetic, respectively.

Newark ! 2one
Basin
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Fig. 2. (A-D) Foot-
print form-taxa typi-
cal of zone 3 of the
Newark Basin, the
' Glen Canyon group,

and the Upper Storm-
berg group: (A) the
type of Anomoepus
scambus; (B) Eu-
brontes  giganteus;

‘(QE ’F 4

(C) the type of An-
chisauripus  minus-
culus; (D) Anchisaur-
ipus sillimani. (E-H)
Footprint form-taxa of
zone 1: (E) Chirother-
ium lulli; (F) Brachy-
chirotherium parvum;
l (G) Rhynchosauroides

brunswickii; (H) An-
. W .

Likewise, marine reptiles of the type
areas, although common and diverse, are
totally absent in most continental depos-
its. Consequently, amphibians and ter-
restrial reptiles provide the best means
of correlating Jura-Triassic deposits in
the absence of other forms of data. For
these reasons, however, correlation is
strongly biased by the virtual absence of
terrestrial forms in the marine Muschel-
kalk (Middle Triassic) and the European
Liassic (2), with large numbers of ter-
restrial vertebrates occurring only in the
German Middle Keuper (middle Upper
Triassic) and to a lesser extent in the
German and English Rhaetic (upper Up-
per Triassic) (5) (see Fig. 1). Significant
changes can be observed between the
faunas of the lower Middle Keuper, the
upper Middle Keuper, and the Rhaetic.
The European Liassic presents a signifi-
cant problem because of the paucity of
terrestrial skeletal remains (6); therefore,
Early Jurassic terrestrial faunas can be
examined only in other deposits that can
be correlated with the type Liassic by
other means. Fortunately, reptilian foot-

print form-taxa of the European type

sections of the Jura-Triassic show con-
sistent trends, with major faunal changes
occurring between the Bunter, Keuper,
and Rhaetic faunas (see Figs. 1 and 2).
The vertical changes in skeletal and
footprint faunas provide a means of cor-
relation between the type areas of the
Jura-Triassic and continental deposits of
similar age in the world. One major divi-
sion of the eastern North American
Newark supergroup (7) is the Newark
Basin, which consists of a thickness of
10,000 m of wholly continental clastics

984

chisauripus sp. (35).
Scale bars are 10 cm.
and extrusive volcanics. Fossils are
common in the sedimentary rocks of the
Newark Basin, and, because of the strat-
igraphic control permitted by lava flows
and laterally persistent key-marker beds,
faunal and floral zones are clearly demar-
cated by stratigraphic parameters (Figs.
1 and 2). Three major assemblage zones
can be recognized. Zone 1 (the oldest) is
clearly correlative with the German
middle Middle Keuper, and zone 2 ties in
well with the Rhaetic. Zone 3 is found
through the 2000 m of sediment and vol-

Newark | Southwest | Southern

IR

B s
I_II I
it

Fig. 3. Correlation of type areas of the early
Mesozoic with the Newark Basin of the New-
ark supergroup, early Mesozoic of the south-
western United States, and the Stormberg
group of southern Africa. Abbreviations of
Lower Jurassic stages are the same as in Fig.
1. Vertical ruling represents extrusive basalts
in the Newark Basin and in the Drakensberg
Volcanics of the Stormberg group.

canics above zone 2 but seems to have
no well-defined European correlate
based on vertebrate evidence. Paly-
nomorph studies of the Newark Basin (8)
show zone 1 to correlate with the Ger-
man Middle Keuper, zone 2 with the
Rhaetic, and zone 3 with the Early Juras-
sic. Furthermore, potassium-argon dates
of the three lava flows in the basal part of
zone 3 cluster around 191 to 201 million
years B.P. (before present) (9), which is
in line with a Liassic correlation. The su-
perposition of zone 3 on a Rhaetic corre-
late, the palynological data, and the po-
tassium-argon dates all suggest an Early
Jurassic age for zone 3. It is important to
note that the footprint assemblage of
zone 3 (see Fig. 2) is a typical ‘*Con-
necticut Valley” footprint fauna (/0). A
Late Triassic age is usually assigned to a
footprint fauna of this type, but there is
no valid reason for this because, with
the exception of the long-ranging form-
family Grallatoridae (//) (Figs. 2 and
3), there are no footprint taxa in com-
mon between the German Keuper and
zone 3.

The presence of prosauropod dino-
saurs in a unit has often been cited as
evidence that it is Triassic in age. Beds
correlative with zone 3 in the Hartford
Basin of the Newark supergroup have
produced the prosauropods Anchisaurus
(Anchisauridae) and Ammosaurus (Pla-
teosauridae) as well as the crocodilian
Stegomosuchus and a coelurosaur (/2).
Anchisaurids and plateosaurids are
known from the German Middle Keuper
and fragmentary prosauropods are
known from the English Rhaetic (/3) but,
because of the lack of a good terrestrial
fauna in the type Liassic, their presence
in zone 3 is not in conflict with a Liassic
(Early Jurassic) age; rather, it suggests
that prosauropods survived into the
Early Jurassic.

Transitions in faunas of the early Me-
sozoic of the western United States are
similar to those in the Newark super-
group. The Chinle formation and Dock-
um group contain vertebrate faunas very
similar to zone 1 (see Fig. 3) of the New-
ark Basin and the correlative Pekin for-
mation (8) of the Deep River Basin of the
Newark supergroup. Palynomorph stud-
ies of the Chinle formation and Dockum
group (/4) suggest correlation with the
German Middle Keuper. The Glen Can-
yon group (/5) overlies the Chinle forma-
tion and contains an entirely different
fauna. The advanced mammal-like rep-
tile Tritylodon sp. (Tritylodontidae), the
crocodilian  Protosuchus  (Protosu-
chidae), the theropod dinosaurs Segi-
saurus and Dilophosaurus [Coelu-
ridae(?)], an undescribed ornithischian
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dinosaur [Fabrosauridae(?)] (/6), and the
prosauropod dinosaur Ammosaurus
(Plateosauridae) have been recovered
from the Glen Canyon group (/2). In ad-
dition, the presence of a footprint fauna
of clear ‘‘Connecticut Valley’’ affinities
has recently been confirmed (/7). The re-
cent discovery of an Early Jurassic-type
palynofiora from the basal Glen Canyon
group (/8) adds substantially to the cor-
relation, and heightens the importance of
the Glen Canyon fauna.

Recently described footprint faunas
from the upper Red Beds and Cave
Sandstone of the Stormberg group (/9) of
southern Africa are nearly identical to
those of zone 3 of the Newark Basin and
its other correlates in the Newark super-
group. Additional evidence for correla-
tion is the presence of Anchisaurus in the
Upper Stormberg and the zone 3 corre-
late of the Hartford Basin (20). The asso-
ciated skeletal fauna of the Upper Storm-
berg is often cited as ‘‘typical’’ Late Tri-
assic in age (2/), but it must be pointed
out that only prosauropods (on a family
level) are shared with the German
Middle Keuper (22). Tritylodonts, eo-
zostrodontid (morganucodontid) mam-
mals, and prosauropods occur in the Up-
per Stormberg and the Rhaetic (23), but
tritylodonts and - eozostrodontids are
known from Liassic fissure fillings of
Great Britain (24), and tritylodonts are
known from the English, Middle Jurassic
Stonesfield Slate (24). Typical Late Tri-
assic vertebrates such as capitosaurs,
plagiosaurs, metoposaurs, aetosaurs,
and phytosaurs are completely absent
from the Upper Stormberg (23) even
though these beds have produced a large
and varied fauna. Recent authors (25)
have attributed the gross differences be-
tween the faunas of the Keuper and Up-
per Stormberg to unspecified differences
in ecological conditions under the as-
sumption the faunas are of the same age;
however, the question of ‘‘ecological dif-
ferences’ can be asked only after the
ages of the beds are determined by non-
vertebrate means. Comparisons with the
European type areas suggest a Rhaetic
or Liassic correlation for the Upper
Stormberg; comparisons with the New-
ark supergroup suggest a correlation
with zone 3 of the Newark Basin; and a
correlation with the Glen Canyon group
seems justified. From time to time, other
authors have noted that at least part of
the Stormberg should be Early Jurassic,
at least in the eastern areas (26), but
these suggestions have been largely ig-
nored by paleontologists (27). Thus, the
most likely age for the Upper Stormberg
would seem to be Early Jurassic (28).
The common assumption that there is a
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Families
present

Early

Late Triassic Jurassic

Middle
Keuper

M. Triassic

Liassic

Rhaetic
M. Jurassic

Capitosauridae
Plagiosauridae
Metoposauridae
Procolophonidae
Kannemeyeriidae
Tritylodontidae
Haramiyidae
Morganucodontidae
Rhynchosauridae

. . Tanystropheid
Fig. 4. Revised ranges ysiropheidae

of amphibians and
terrestrial vertebrates
in the Late Triassic
and Early Jurassic
(36) based on correla-
tions in Fig. 3.

Kuehneosauridae
Prestosuchidae
Aetosauridae
Phytosauridae
Sphenosuchidae
Protosuchidae
Teleosauridae
Coeluridae
Megalosauridae
Anchisauridae
Plateosauridae
Melanorosauridae
Brachiosauridae
Fabrosauridae
Heterodontosauridae
Scelidosauridae
Dimorphodontidae
Rhamphorhynchidae

dearth of Early Jurassic terrestrial
faunas (28) seems to be the result of call-
ing Liassic correlates Late Triassic.
Pangea was beginning to break up in
the Early Jurassic, and there may have
been few impediments to tetrapod migra-
tion (29). If the correlation presented
here is correct (Fig. 3), then the terrestri-
al vertebrate fauna was uniform over
most of the world, and the known faunal
elements included large numbers of pro-
sauropod dinosaurs, small and large
theropod dinosaurs, fabrosaurid (and
possibly hypsilophodontid), heterodon-
tosaurid, and scelidosaurid ornithis-
chian dinosaurs, a variety of crocodili-
ans including protosuchids and sphe-
nosuchids, pterosaurs (Dimorphodont-
idae and Rhamphorhynchidae), trityl-
odonts, and primitive mammals. Many
of the groups that are usually cited as
becoming extinct at the close of the Tri-
assic actually did so sometime in the
Jurassic. When the distribution of ter-
restrial vertebrates is arranged according
to the correlation in Fig. 3, it is clear that
the Early Jurassic was essentially transi-
tional between the familiar Keuper and
Upper Jurassic in its faunal composition

(Fig. 4). The evidence implies that the
transition from the Triassic to the Juras-
sic was not marked by sudden, simulta-
neous extinctions of large numbers of
higher order taxa of vertebrates, but
instead was a time of gradual faunal
replacement spread over the Late Tri-
assic and at least the Early Jurassic
(Fig. 4).
PauL E. OLSEN

Division of Vertebrate Paleontology,
Peabody Museum, Yale University,
New Haven, Connecticut 06520

PETER M. GALTON
Department of Biology,
University of Bridgeport,
Bridgeport, Connecticut 06602
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Lunar Surface Chemistry: A New Imaging Technique

Abstract. Detailed chemical maps of the lunar surface have been constructed by
applying a new weighted-filter imaging technique to Apollo 15 and Apollo 16 x-ray
fluorescence data. The data quality improvement is amply demonstrated by (i) modes
in the frequency distribution, representing highland and mare soil suites, which are
not evident before data filtering and (ii) numerous examples of chemical variations
which are correlated with small-scale (about 15 kilometer) lunar topographic fea-

tures.

The Apollo 15 and Apollo 16 missions
to the moon carried an x-ray fluores-
cence spectrometer, which measured
from orbit the aluminum, silicon, and
magnesium concentrations in surface
soils, using the x-ray emission from the
sun as the exciting source (/, 2). The pri-
mary objective of the experiment was to
map the geochemistry of the areas over-
flown in terms of these major rock-form-
ing elements. Knowledge of the compo-
sition and distribution of chemical
components is fundamental to a re-
construction of the evolution of the
moon, including its origin, accretion,
chemical differentiation into rock types,
and physical processes which have mod-
ified the lunar crust.

The elemental measurements are ex-
pressed as intensity ratios (Al/Si, Mg/Si,
and Mg/Al) in order to minimize non-
chemical effects on the measured signal,
such as those caused by differences in
sun-moon-spacecraft geometry, shifts in
the solar spectrum, and particle size
variations on the lunar surface.

The important relationship between
orbital x-ray intensity ratios and

“ground truth’’ (returned sample) analy-
ses is based on the fact that the charac-
teristic secondary x-ray intensity is di-
rectly related to the element’s concentra-
tion in surface soils. The conversion
factors for intensity to concentration ra-
tios have been determined by correlating
orbital data with chemical analyses of re-
turned soils from the Apollo and Soviet
Luna missions. This critical link is the
basis for extending detailed chemical in-
formation from a few specific landing
sites to broad areas of the moon tra-
versed by the Apollo 15 and Apollo 16
spacecrafts.

A new technique has recently been de-
veloped to convert the digital informa-
tion from Apollo orbital x-ray data to a
color image of chemical variations on the
lunar surface. The image shown in Fig. 1
is the first detailed color representation -
of chemical variations constructed en-

Fig. 1. Map displaying chemical variations
across the lunar surface based on data from
the Apollo 15 and Apollo 16 orbital x-ray fluo-
rescence experiments. The colors represent
different values of Al/Si concentration ratios.
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