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Triassic Vertebrates of Gondwanan Aspect from the 
Richmond Basin of Virginia 

A new locality of early Late Triassic age in the Richmond basin of east-central Virginia 
has yielded abundant remains of a diversified assemblage of small t o  medium-sized 
tetrapods that closely resembles Southern Hemisphere (Gondwanan) assemblages in 
the predominance of certain synapsids. Associated palynomorphs indicate an early 
middle Carnian age for the fossitiferous strata. The discovery suggests that previously 
recognized differences between tetrapod assemblages of early Late Triassic age from 
Gondwana and Laurasia at least in part reflect differences in stratigraphic age, rather 
than geographic separation. 

URING THE TRLASSIC, SYNAPSID- 
dominated assemblages of terres- 
trial vertebrates, persisting from 

the late Paleozoic, gave way to the archo- 
saur-dominated assemblages that came to 
characterize the Age of Reptiles. Despite the 
importance of this profound change in the 
structure of continental ecosystems, many 
details of the faunal succession during the 
earlv Mesozoic remain unresolved. The tran- 
sition from the Middle to the Late Triassic is 
particularly poorly understood. Recent 
claims of a mass-extinction event among 
tetrapods at the Carnian-Norian boundary 
in the Late Triassic (1) probably reflect, at 
least to some extent, an apparent temporal 
discontinuity between the geographically 
disjunct Middle Triassic synapsid-dominat- 
ed assemblages of Gondwana and the classic 
archosaur-dominated communities from the 
Upper Triassic of Laurasia. Discovery of 
tetrapods of early Late Triassic age in strata 
of the Newark Supergroup in Virginia sheds 
new light on this longstanding problem. 

The Richmond basin (Fig. l), located in 
east-central Virginia, about 19 km west of 
Richmond, is a half-graben that is surround- 
ed by igneous and metamorphic rocks of the 
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Piedmont Province. It is part of a system of 
rift-basins along the eastern margin of 
North America that formed during a 45- 
million-year episode of crustal thinning and 
stretching preceding the Jurassic breakup of 
Pangaea. The strata deposited in these rift- 
basins are collectively referred to as the 
Newark Supergroup (2). The Richmond 
basin and the neighboring Taylorsville basin 
contain the oldest sedimentarv rocks of the 
Newark Supergroup currently known south 
of Nova Scotia (2, 3). The Richmond basin 
is also one of the geologically most poorly 
understood basins of the Newark Super- 
group because exposures of strata are scarce 
and the region is characterized by deep and 
intense weathering. The Richmond and the 
adjacent Taylorsville basins differ from other 
basins of the Newark Supergroup in the 
predominance of gray and black lacustrine 
to paludal sedimentary rocks, rather than 
red and brown playa and fluvial sedimentary 
rocks (2, 3). 

Tetrapod material was collected from 
what was originally a small roadside expo- 
sure near Midlothian, Chesterfield County, 
Virginia. In view of its close geographic 
proximity to Little Tomahawk Creek, the 
site will henceforth be referred to as the 
Tomahawk locality. Most of the tetrapod 
bones and teeth occur in a massive calcare- 
ous gray mudstone with root traces, abun- 
dant coalified plant debris, and numerous 
small calcareous nodules. The mudstone is 
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part of the Tomahawk Creek Member of the 
Turkey Branch Formation (3) and is over- 
lain by a thinly bedded siltstone, which 
contains countless scattered scales and bones 
of the holostean fish Dictyopyge and rare 
archosaurian teeth. The tetrapod bones are 
excellently preserved but almost always dis- 
sociated. Exceptions include several partial 
skulls and part of a skeleton of eucynodont 
synapsids, an associated but disarticulated 
skeleton of a small reptile, and associated 
osteoderms and bones of an armored archo- 
saurian reptile. 

On the basis of palynological evidence, 
age estimates for the sedimentary rocks in 
the Richmond basin range from either late 
Ladinian to early Carnian (4) or early to 
middle Carnian (5). The uncertainty stems 
from a lack of abundant palynoflorules from 
the respective European type sections, rath- 
er than from absence of palynological data 
from the Richmond basin, which contains 
many productive levels. On balance, an early 
middle Carnian age for the fossiliferous stra- 
ta appears most likely. 

The most common identifiable faunal ele- 
ment is a new traversodont eucynodont (6). 
In the structure of its upper postcanine 
teeth, this synapsid most closely resembles 
Luangwa from the Anisian Ntawere Forma- 

tion of Zambia and Traversodon from the 
Carnian Santa Maria Formation of Brazil 
(7). It is, however, sufficiently different from 
all previously described traversodont eucyn- 
odonts in a number of dental features to 
warrant taxonomic recognition as a new 
genus and species, Boreogomphodon jefevsoni 
that is characterized by lower postcanine 
teeth with three, rather than two, transverse- 
ly oriented mesial cusps and upper postcan- 
ine teeth with a single mesial buccal accesso- 
ry cusp and a large mesial basin (8) (Fig. 2). 
Among known traversodont eucynodonts, 
lower postcanine teeth of Boreogomphodon 
share the presence of three mesial cusps only 
with an isolated, as yet indeterminate, lower 
postcanine tooth from the middle Wolfville 
Formation of Nova Scotia (6). This tooth, 
however, particularly differs from those of 
Boreogomphodon in the considerable mesio- 
distal compression of the crown and in the 
absence of a raised distal rim on the heel. 

Most of the new traversodont specimens 
represent juvenile individuals, as indicated 
by the small size, the low number (four or 
five) of postcanine teeth, the proportional 
shortness of the snout (6, 9), and the reten- 
tion of multicuspid sectorial teeth (9, 10). 
Along with the fragmentary traversodont 
material from the Wolfville Formation of 

Newark - 
Fig. 1. Distribution of the major 
rift basins of the Newark Super- 
group in eastern North America 
[modified from ( 3 ) ] .  

Nova Scotia, Boveogomphodon docume~its the 
presence of this Gondwanan group of eu- 
cynodonts in North America. 

A second eucynodont is represented by 
two dentaries with teeth and several isolated 
postcanine teeth. The postcanine teeth 
closely resemble those of ~icvoconodon  from 
the lower Cumnock Formation (middle 
Carnian) of North Carolina (1 1) and Pseudo- 
tviconodon and several other taxa that are 
represented mostly by isolated teeth from 
the Upper Triassic (Norian) of western Eu- 
rope (12). Placed in the Marnmalia by its 
original describers ( I I ) ,  Microconodon has 
most recently been interpreted as a possible 
representative of the Chiniquodontidae, 
which are otherwise known from the Middle 
to Upper Triassic of Argentina and Brazil 
(13). The postcanine teeth of the new eucyn- 
odont each bear three mesiodistally aligned 
cusps, the central one of which is the tallest, 
and are devoid of cingula. The roots of 
isolated teeth show a distinct figure-eight 
shape in transverse section.  he dentiry 
lacks a distinct angular process. The material 
from the Tomahawk locality closely resem- 
bles the holotype and only known specimen 
of Microconodon tenuirostris. 

Parts of the dorsal armor and various 
postcranial bones appear to represent a sin- 
gle specimen of an unusual new archosaur- 
ian reptile. Two longitudinal rows of dis- 
tinctive osteoderms formed a narrow cara- 
pace. Although they resemble osteoderms of 
Doswellia from the correlative Falling Creek 
Member of the Doswell Foundation in the 
adjacent Taylorsville basin (14) in the croco- 
dile-like of ornamentation, they dif- 
fer most notably in the possession of promi- 
nent lateral spines. Numerous isolated teeth 
indicate the presence of several other archo- 
saurian taxa including phytosaurs. 

Isolated maxillae and dentaries indicate 
the presence of several taxa of lepidosauro- 
morbh diapsids, including a sph&odontian 
similar to Diphydontosaums (15). A distinc- 
tive new reptile of uncertain affinities is at 
present only known from a left dentary with 
a distinctly heterodont and acrodont denti- 
tion. 

To date, there are no remains attributable 
to ternnospondyl amphibians, particularly 
Metoposauridae, which were widely distrib- 
uted throughout North America, Europe, 
Morocco, and India during the Late Triassic 
(16). A tiny jaw fragment suggests the possi- 
ble presence of "lissamphibians," on the 
basis of the nature of the tooth bases (17); 
however, more complete material is needed 
to confirm this record. 

The eucynodont synapsids in the tetrapod 
assemblage from the Tomahawk locality in- 
dicate close faunal ties to the Gondwanan 
realm, specifically South America (18) and 
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southern Africa (7). With the possible ex
ception of the phytosaurs, the new assem
blage shows no particularly close similarity 
to the classic assemblages from the Upper 
Triassic of the western United States (19). 

Romer (20) distinguished three successive 
major types (A, B, and C) among Triassic 
tetrapod assemblages worldwide. A-type as
semblages are best known from the Lower 
Triassic of South Africa and are character
ized by the predominance of synapsids and 
paucity of archosaurs. B-type faunas, known 
especially from the Middle Triassic of Ar
gentina, Brazil, and Tanzania, show a con
siderable diversity of traversodont eucyno-
donts and, in most (but not all) instances, 
rhynchosaurian reptiles. Virtually all of 
these occurrences are poorly constrained 
stratigraphically because of the lack of palyn-
ofloras and radiometric dates (21). The C-
type assemblages from the Upper Triassic 
[many of which are actually Early Jurassic in 

age (21)] are dominated by a considerable 
variety of archosaurian reptiles, especially 
dinosaurs. In the general abundance of gom-
phodont eucynodonts, the Tomahawk tetra
pod assemblage closely resembles Gond-
wanan B-type faunas and clearly differs from 
the C-type assemblages from the Upper 
Triassic of North America and Europe. This 
evidence strongly suggests that previously 
recognized differences between Carnian tet
rapod assemblages from Gondwana and 
Laurasia reflect, at least in part, differences 
in stratigraphic age, rather than geographic 
separation. 

The middle part of the Pekin Formation 
and the Cumnock Formation in the Deep 
River basin of North Carolina, which are 
slightly younger than the fossiliferous strata 
from the Richmond basin (2, 3), have pro
duced typical C-type tetrapod assemblages 
that are dominated by phytosaurs and su-
chian archosaurs (2, 22). Synapsids are rare 

Fig. 2 . Boreogomphodon jef-
fersoniy new genus and 
species. USNM 437632, 
holotype. Left maxilla 
with postcanine dentition 
in occlusal view. Scale 
equals 5 mm. Anterior end 
is toward top of the figure. 

in these faunas. This difference suggests that 
a turnover among terrestrial tetrapods oc
curred during the Carnian, rather than an 
extinction event at the Carnian-Norian 
boundary (1). 

REFERENCES AND NOTES 

1. M. J. Benton, Nature 321, 857 (1986); in The 
Beginning of the Age of Dinosaurs: Faunal Change Across 
the Triassic-furassic Boundary, K. Padian, Ed. (Cam
bridge Univ. Press, New York, 1986), pp. 303-320. 

2. P. E. Olsen, in Triassic-furassic Rifting: Continental 
Breakup and die Origin of the Atlantic Ocean and Passive 
Margins, W. Manspeizer, Ed. (Elsevier, Amsterdam, 
1988), part A, pp. 185-230. 

3. P. E. Olsen, R. W. Schlische, P. J. W. Gore, Eds., 
Tectonict Depositional, and Paleoecological History of 
Early Mesozoic Rift Basins, Eastern North America 
(Guidebook for Field Trip T351,28th International 
Geological Congress, American Geophysical Union, 
Washington, DC, 1989). 

4. V. S. Ediger, thesis, Pennsylvania State University, 
University Park, PA (1986). 

5. B. Cornet, Palaeontogr. Abt. B 213, 37 (1989). 
6. J. A. Hopson, Palaeontol. Ajr. 25, 181 (1984). We 

only use the informal term atravc^sodont,' here. 
7. A. S. Brink, ibid. 8 ,77 (1963); T. S. Kemp, f. Zool. 

London 191, 193 (1980). 
8. Most of the tetrapod material will be housed in the 

collections of the Department of Paleobiology, Na
tional Museum of Natural History (acronym 
USNM). We designate USNM 437632, a left maxil
la with three teeth (Fig. 2), as the holotype of 
Boreogomphodon jeffersoni. The specific epithet honors 
Thomas Jefferson who first described fossil verte
brates from Virginia. 

9. H.-D. Sues, J. A. Hopson, P. E. Olsen, in prepara
tion. 

10. R. Gofii and F. Goin, Ameghiniana 25 ,139 (1988). 
11. E. Emmons, American Geology, Part VI (Sprague, 

Albany, 1857); H. F. Osborn, Proc. Acad. Nat. Sci. 
Philadelphia 1886, 359 (1886); G. G. Simpson, 
Science 63, 548 (1926). 

12. G. Hahn, J. C. LePage, G. Wouters, Bull. Soc. Geol. 
Belg 93 , 357 (1984); G. Hahn, R. Wild, G. 
Wouters, Mem. Servir Explication Cartes Geol. Min. 
Belg. 2 4 , 1 (1987). An alleged record of Pseudotricon-
odon from the Chinlc Formation of New Mexico [S. 
G. Lucas and W. Oakes, Palaeontology 31 , 445 
(1988)] does not belong to that genus and may not 
be referable to the Eucynodontia. 

13. J. A. Hopson and J. W. Kitching, Palaeontol. Afr. 
14, 71 (1972). 

14. R. E. Weems, Trans. Am. Philos. Soc. 70(7), 1 
(1980); H.-D. Sues, unpublished data. 

15. D. Whiteside, Philos. Trans. R. Soc. London Ser. B 
312, 379 (1986). 

16. E. H. Colbert and J. Imbrie, Bull. Am. Mus. Nat. 
Hist. 110, 399 (1956); T. Roy-Chowdhury, Philos. 
Trans. R. Soc. London Ser. B 250, 1 (1965); J.-M. 
Dutuk, Mem. Mus. Natl. Hist. Nat. Paris 36, 1 
(1976). 

17. T. S. Parsons and E. E. Williams, J. Morphol. 110, 
375 (1962). 

18. J. F. Bonaparte, J. Vert. Paleontol. 2, 362 (1982). 
19. S. Chatterjee, in The Beginning of the Age of Dinosaurs: 

Faunal Change Across the Triassic-furassic Boundary, K. 
Padian, Ed. (Cambridge Univ. Press, New York, 
1986), pp. 139-150; P. A. Murry, ibid., pp. 185-
230; P. A. Murry, f. Ariz.-Nev. Acad. Sci. 22, 73 
(1987). 

20. A. S. Romer, Breviora 247, 1 (1966). 
21. P. E. Olsen and H.-D. Sues, in The Beginning of the 

Age of Dinosaurs: Faunal Change Across the Triassic-
furassic Boundary, K. Padian. Ed. (Cambridge Univ. 
Press, New York, 1986), pp. 321-351. 

22. D. Baird and O. F. Patterson III, Geol. Soc. Am. 
Spec. Pap. 115, 11 (1967). 

23. The fickhvork was supported by the National Geo
graphic Society (grants 3952-88 and 4232-89), the 
Smithsonian Institution (to H.-D.S.), and the Na
tional Science Foundation (BSR 87-17707 to 
P.E.O.). We thank J. Adams and the Virginia 

1022 SCIENCE, VOL. 2 4 9 



Dcpamnent of Transportation for permission m scved SP-. M. A. Pa* Fig. 2. We Analysis of the nudeor.de sequence of the 
excavate the Tomahawk site. We thank E. B. Sues 
and P. A. Krochler for upat help in the field. Field 

J' '. and J' A' for 2.5-kb Pst 1 genomic fragment from the S 
the idcnt5cation of c& taxa. 

crews also included M. A. P d h ,  K. A. Pitt, R. W. dele confirmed specificity for and localiza- 
Schlische, and B. J. Small. W. W. Amaral prrparcd 2 April 1959; accepted 22 June 1990 tion within the Na+.K+-ATPase a1 tran- 

scription unit (14). 
To determine whether there were h c -  

tional differences between S- and R-soecific 
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mRNA fiim kidney polyadenylated [po- Alteration of a1 Na+,K+-ATPase 8 6 ~ b +  I d u x  by a lv(A)+l RNA abundrnt source of ol 

Single Amino Acid Substitution f;lkrjA (I  I) &d protein (IS)] from age- 
matched normotensive DS and DR rats 
were microinjected (75 to 100 ng per 50 nl) 

VICTORIA L. M. HERRERA AND NELSON RUIZ-OPAZO into Xenopus oocytes (16-18). Equality of 
nondegraded a 1 mRNAs was ascertained by 

The sodium- and potassium-dependent adenosine triphosphatasc (Na+,K+-ATPase) 
maintains the transmembrane Na+ gradient to which is coupled all active cellular 
transport systems. The R and S alleles of the gene encoding the Na+,K+-ATPase a1 
subunit isoform were identified in Dahl salt-resistant (DR) and Dahl salt-sensitive 
(DS) rats, respectively. Characterization of the S allele-speci6c Na+,K+-ATPase a1 
complementary DNA identified a leucine substitution of glutamine at position 276. 
This mutation alters the hydropathy profie of a region in proximity to T3(Na), the 
trypsin-sensitive site that is only detected in the presence of Na+. This mutation causes 
a decrease in the rubidium-86 influx of S allele-speci.6~ sodium pumps, thus marking a 
domain in the Na+,K+-ATPase a subunit important for K+ transport, and supporting 
the hypothesis of a putative role of these pumps in hypertension. 

T HE SODIUM- AND POTASSIUM-DE- 

pendent adenosine mphosphatase 
(Na+,K+-ATPase) maintains the 

Na+ electrochemical gradient across the 
plasma membrane by actively transporting 
Na+ and K+ ions (1-3). Maintenance of this 
Na+ gradient is critical to other vectorial 
transport systems of the cell (4). The 
Na+,K+-ATPase therefore plays a central 
role in general and specialized cellular func- 
tions such as regulation of cellular volume 
and pH; ion and solute uptake in the kidney, 
intestine, liver, and bone; nerve impulse; 
and muscle contraction, to name a few (5). 
Three a subunit isoforms (6, 7) and n& b 
subunit isoforms of Na+,K+-ATPase (8-10) 
with varying ap  cognate pairing in different 
tissues (10-12) have been identified, provid- 
ing a versatile mechanism for the observed 
functional diversity. DS rats are salt-sensi- 
tive, as shown by hypertension induced by 
high salt (8%) diets, in contrast to the 
relative salt resistance of DR rats, marked by 
normotension despite high salt (8%) diets 
(1 3). We therefore investigated the possibili- 
ty of a genetic difference in Na+,K+-ATPase 
activity in these rats. 

Restriction fragment length polymor- 
phism (RFLP) analysis (Fig. 1A) of geno- 
mic DNA from DS and DR rats identified 
homozygosity for a Na+,K+-ATPase a1 
allele (S allele) with a 2.5-kb Pst I restriction 
fragment in DS rats; this is in contrast to the 
R allele, which is shown by a 3.0-kb Pst I 

W o n  of Molecular Genetics, L-411, Whitakcr Wo- 
vascular Institute, Boston University School of Mcdi- 
cine, Boston, MA 02118. 

resmction fragment in DR rats. Heterozy- 
gosity was marked by the presence of both 
the 2.5- and 3.0-kb Pst I resmction flag- 
ments in equal amounts in two non-inbred 
rat strains tested: Sprague-Dawley, from 
which the Dahl rats were derived, and Wis- 
tar rats (14). This Pst I RFLP is specific for 
Na+,K+-ATPase a1 gene, as the hybridiza- 
tion patterns of a2  and a 3  Pst I resmction 
digest genomic fragments were unequivo- 
cally different from those of a1 (Fig. 1B). 

~ o r t h i r n  blot analysis and densitometric 
quantitation of al-specific hybridizing sig- 
nal (Fig. 2A). After 3 days of incubation, 
ouabain-sensitive mbidium-86 ion (=Rb+) 
influx was assayed (19) in the presence of 20 
p M  monensin, 140 mM Na+, and 5 mM 
Rb+ with and without 1 mM ouabain. The 
oocytes microinjected with homozygous R 
(RR) RNA had greater ouabain-sensitive 
=Rb+ influx as compared to the oocytes 
microinjected with homozygous S (SS) 
RNA (Fig. 2B). Results from three inde- 
pendent experiments were concordant, 
showing that the 20-min time point of 
incubation (20°C), SS-specific &Rb+ influx 
was 25 to 45% of RR-specific &Rb+ influx 
(Table 1). These results have been con- 
finned in another experimental system: oua- 
bain-sensitive &Rb+ influx measurements 
between age-matched normotensive DS and 
DR rat erythrocytes (20). 

To determine whether the decreased 
=Rb+ influx of the S-specific a1 Na+ pump 

E P  
nn 

B E P  B E P  
a b a  b m n m  

Fig. 1. RFLP analysis of Na+,K+- 
ATPase a 1 gene in DS and DR rats 
and comparative Southern (DNA) a1 
blot analysis of Na',K+-ATPase 

a2 a3 

a l ,  0.2, and a 3  genes. (A) Southern blot analysis of Na+,K'-ATPase a 1  Pst I restriction digest of 
genomic DNA from DS and DR rats detects a RILP  identifiing the S dele  marked by a 2.5-kb Pst I 
restriction fragment (S), and the R allele marked by a 3.0-kb Pst I restriction fragment (R).  Five of 15 
animals tested for each group, (a through e) DS and (f through j)  DR, are shown. DNA molecular 
weight markers (in kilobases) are shown on the left. (B) A panel of three Southern blots showing 
distinct isofom-specific genomic restriction fragments for Na+,K'-ATPase a l ,  a2, and a 3  genes. The 
Pst I RFLP (R) and (S) is detected only in the Na+,K'-ATPase a 1  Southern blot. Restriction enzymes 
used: Barn HI (B), Eco RI (E), Pst I (P);  genomic DNA obtained from DR (a), and DS (b) rats. The 
isofom-specific a subunit hybridization probes used were: a l ,  1.8-kb Eco RI-Bam HI  restriction 
fragment; a2,j.O-kb Eco RI-Eco RI cDNA; a3,j.O-kb partial Sac I-Eco RI restriction fragment (12). 
Southern blot analysis was performed as described (7)  with three 15-min washes at 6S°C, in 0.1 x saline 
sodium citrate, 0.1 % SDS. 
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