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CHAPTER I
INTRODUCTION

Assemblages of relict populations may comprise natural
experimenté which can be of central importance in the study
of evolutionary mechanisms. Though most of these isolates
ultimately disappear through the continued actions of the
agencies which initiated their disjunction, their potential
to originate novel adaptive solutions is high; dissociated
from the mediating genetic influence of their conterminous
ancestral populations and under strong selection in a deter-
iorating environment, these relicts may evolve at a compar-
atively rapid rate. Irrespective of the eventual outcome,
the characteristics of the adaptive process contain infor-
mation of general relevance. When a number of mutually
isolated relicts occur in an area the experiment may be con-
sidered to exist in replicated form, with some degree of
variation in the experimental conditions provided by the na-
tures of the selective regimes and the capabilities of the
responding populations. The results of such evolutionary
experiments are potentially interpretable at a useful level
of generality, especially when few selective parameters are
of overriding importance. Here population responses consti-
tute systems of parallel adaption, whose features reflect
the evolutionary mechanisms we seek.

A variety of criteria may be advanced concerning the

evaluation of the suitability of an animal group and of an
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environment for investigations of this kind. The existence
of relict populations presupposes low vagility; ideally dis-
persal ability should be less than the distance separating
the component populations of the relictual assemblage, for
only under these conditions is parallelism the reasonable
interpretation for the existence of shared derived charac-
ters. The number of replicates available is directly depen-
dent upon the degree of genetic isolation existing among
relict populations. The actual number of replicates is of
lesser importance, though in general there are advantages
in a larger assemblage of relicts. An animal group favor-
able for this type of analysis should further display some
form of variability, either among individuals (polymorphism,
etc) or in its life cycle (such as a staged life history);
such features may represent coincident adaptations with re-
spect to deteriorating environmental conditions, and may be
selectively modified in the relict populations. Finally,
the participating populations should be sufficiently close-
ly related at the time of distributional disjunction to
permit assumptions of a reasonable degree of genetic homo-
geneity and a resultant homology of structures as initial
conditions.

No less important are the characteristics of the en-
vironment in which the relicts occur; ideally the processes
of environmental change which fragmented the distribution of

an ancestral stock should be ongoing, and should show some
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degree of spatial and temporal consistency. The fewer the
modalities of change, and the more deleterious (to a point)
their effects vis a vis the adaptedness of the relicts, the
better. The point is that strong directional selection en-
gendered by a small number of environmental variables
through time provides a better experimental design than
does a variable, heterogeneous or episodic selective regime.

The full complement of these criteria approaches satis-
faction in relatively few relict assemblages and/or envir-
onments. Among the vertebrates such systems may exist, for
example, among fishes in the deteriorating drainages of the
Great Basin, or in amphibians, reptiles and small mammals
in mountainous or mesic environments which have been broadly
affected by climatic changes through geologic time. Among
the latter, a small group of salamanders now relict on the
Edwards Plateau of central Texas is the focus of this work.
Their suitability in terms of the criteria here established
is considered below.

These salamanders, of the plethodontid genus Eurycea,
are separated by a gap of several hundred kilometers from
the continuous range of their congeners (Figure 1). They
presently occupy restricted spring and cave habitats which
are mutually isolated among themselves to the extent that
movement of individuals between populations can be reason-
ably assumed to be highly improbable (Chapters III and IV).

Nonetheless, populations occur over a broad area of the Ed-
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Figure 1. The distribution of salamanders of the genus
Eurycea in eastern and central North America,
showing the disjunction between distributions
in the Interior Highlands and on the Edwards

Plateau.
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wards Plateau and are relatively numerous. These salaman-
ders have a biphasic life history as a primitive condition
and the larval and adult stages are both structurally and
ecologically distinct. Evidence presented below (Chapters
IV, V, VI and VII) indicates that these relict populations
of Eurycea share a common ancestry.

The Edwards Plateau of central Texas satisfies the en-
vironmental criteria noted above in a manner which provides
for the consistent replication of selective regimes among
isolated populations of salamanders. The region is a broad,
geologically homogeneous limestone uplift, subdivided by
drainages and sharply bounded by a geological discontinuity
along its dissected edge (Figure 2). Highly restricted
mesic environments occur near springs on the plateau, which
is otherwise a decidedly xeric region whose western third
forms :an eastern extension of the Chihuahuan desert.
Regional drying trends since the late Tertiary have affected
the plateau, balanced by mesic intervals during the Pleis-
tocene, but from the viewpoint of the Texas Eurycea the
effective aridity of the habitat has been steadily increas-
ing since the time of distributional disjunction. This is
because the erosional processes reducing the plateau bring
about the gradual failure of springs (Chapters II and V),
and thus the deterioration of mesic conditions within the
area accessible to each population. By virtue of the in-

fluence of this single geomorphological process most of the
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Figure 2. Geomorphologic subdivisions of central Texas.
Outcrop regions of Comanche Series limestones
are stippled; the dashed outline encompasses
those counties which are here considered to
delimit the Edwards Plateau (excluding the

Llano Uplift).
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epigean (spring-inhabiting) populations of the Texas Eurycea
appear to be under qualitatively similar selective regimes.
A smaller number of populations of the Texas Eurycea are
troglobitic (cave-inhabiting). The caves of the Edwards
Plateau provide stable wet conditions over a much longer
period than do individual springs. Being formed by flowing
groundwater, cave systems extend and deepen as erosion of
the land surface proceeds (see Chapter II); aquatic troglo-
bites may disperse throughout these systems, and face loss
of suitable habitat only when the cave forming rocks are
entirely eroded away. The selective regimes encountered by
populations colonizing caves are thus quite different from
those of the epigean environment, but both exhibit strong
directionality. The general similarity of adaptations ob-
served in all troglobitic animal groups is evidence for the
comparability of selective processes as a characteristic of
the cave environment as a whole (see Chapter 1IV).

Thus the populations of Eurycea which occur as relicts
on the Edwards Plateau satisfy all of the criteria estab-
lished above, and may be argued to constitute a system of
replicated natural experiments in adaptation. In the sec-
tions below this group is placed in the context of its re-
lationship to other salamanders, the existing literature is
reviewed, and the sequence and contents of the investiga-

tions comprising this dissertation are detailed.
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Systematic Position of the Texas Eurycea

The Texas Eurycea represent a lineage of generalized
lungless salamanders within the family Plethodontidae. The
plethodontids comprise the largest and most diverse of the
nine modern families of salamanders (Edwards, 1976), con-
taining about 220 described species in 23 genera (Brame,
1967); an additional 20-30 probable new species are known
and await description. Plethodontid salamanders are pri-

marily a New World group, with the notable exception of two

peninsula and on Sardinia.

On the whole, plethodontids are chiefly upland and
montane salamanders, though a number of species have adapt-
ed to the moist eastern coastal plains of North and Central
America. Centers of plethodontid diversity are associated
with most of the major orogenic regions of the New World,
including the Appalachians and the western remnants of the
Ouachita structural belt (the Interior Highlands and the
Edwards Plateau), the Coast Ranges and Sierra Nevada of
western North America, the margins of the Mexican Plateau,
and the volcanic and tectonic uplands of Central America
and northern South America (Wake, 1966; Wake and Lynch,
1976). Only the Rocky Mountains, Great Basin ranges, and
the central and southern Andes show little or no develop-
ment of plethodontid diversity. Numbers of genera and spe-

cies, and the overall abundance of individuals remain

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10



11

greatest in the southern Appalachians, the probable center
of origin of the family (Dunn, 1926; Wake, 1966).

The Plethodontidae chtains two sharply defined sub-
families, the Desmognathinae and the Plethodontinae, with
the latter clearly separable into three major groups desig-
nated as tribes by Wake (1966); these are the tribes Hemi-
dactyliini, Plethodonini, and Bolitoglossini. Desmogna-
thines, hemidactyliines and plethodqnines are most numerous
in the Appalachians, and occur in the Interior Highlands as
well; several hemidactyliines and one plethodonine reach
the Edwards Plateau. The plethodonines also occur in west-
ern North America, and are most diverse in the Coast Ranges;
the center of diversity of the desmognathines and hemidac-
tyliines lies in the Appalachian region. Bolitoglossine
plethodontids occur in Italy, the Coast Ranges and Sierra
Nevada of western North America, and from the margins of
the Mexican Plateau south and east to northern South Ameri-
ca, with multiple centers of diversity (Wake and Lynch,
1976).

Hemidactyliine plethodontids include the least derived
members of the family; all have a free living aquatic lar-
val stage, and most species are semiaquatic as adults, dis-
playing a mosaic of generalized and specialized features
(Wake, 1966). Salamanders of the genus Eurycea are the
most diverse of the eight genera of hemidactyliines, repre-

senting 14 of the 23 currently recognized species. Six of
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these nominate species occur in the Appalachians, five in
the Interior Highlands (two endemics, three shared with the
Appalachians) and six on the Edwards Plateau. All of the
Appalachian species retain a biphasic life cycle, whereas
the endemics of the Interior Highlands and of the Edwards
Plateau show tendencies towards the suppression of metamor-
phosis (Table 1). This condition is termed paedogenesis,
following the definition provided by Wake (1966); the term
neoteny is partially synonymous but is widely misunderstood,
and is avoided here. Gould (1977) has reexamined these con-
cepts, and resurrects the term progenesis for the condition
apparently present in sexually mature larval hemidactyliines;
I am unconvinced of the value of this rarefaction of inher-
ently analytic terminology for the evolutionary modification
of developmental processes and prefer the simple descriptive
quality of the term paedogenesis.

Three monotypic genera of troglobitic salamanders ap-
parently share a common ancestry with Eurycea (Wake, 1966)
and occur around the periphery of the present distribution

of that genus. Typhlotriton spelaeus occurs in the caves

of the Ozark Plateau in the Interior Highlands; it is a
metamorphosing species less derived in morphology than are
the species of Eurycea (Wake, 1976; Brandon, 1970; 1971; Lom-

bard and Wake, 1977). Haideotriton wallacei (Carr, 1939;

Valentine, 1964; Brandon, 1967; 1968; 1971) and Typhlomolge

rathbuni (Brandon, 1971; Russell, 1976) are paedogenetic
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Table 1. The distribution of life-history patterns among species of Eurycea in the
three regions of occurrence of the genus. Most species are obligate in metamorphosis

(M) or paedogenesis (P); where mixed strategies occur the preponderant mode is indicated

first.
Species Regions of Occurrence

Appalachians Interior Edwards Plateau

Highlands

Eurycea aquatica M
E. bislineata M
E. junaluska M
E. longicauda M M
E. lucifuga M M
E. quadridigitata M M
E. multiplicata M,P
E. tynerensis P
E. neotenes P,M
E. nana P
E. pterophila P
E. latitans P
E. troglodytes P
E. tridentifera P

€T



species. Haideotriton occurs in caves of the Dougherty

Plain of southwestern Georgia and adjacent Florida, and

Typhlomolge occurs in caves of the Balcones Fault Zone in

a restricted area along the eastern margin of the Edwards
Plateau of central Texas. Wake (1966) suggests that the
hemidactyliines are presently in a third cycle of distribu-
tional expansion and retraction. In this model, Typhlotri-

ton, Haideotriton and Typhlomolge represent relicts of an

early Tertiary radiation of salamanders ancestral to the
genus Eurycea; the second cycle, perhaps of Miocene age, is
represented by the endemic species of Eurycea occupying the
Interior Highlands and the Edwards Plateau. The third cycle,
probably of Quaternary age, is represented by the species

of Eurycea which now occur in both the Appalachian region
and the Interior Highlands (Table 1). The time sequence
proposed by Wake for the occurrence of hemidactyliine sala-
manders on the Edwards Plateau has been challenged by Mitch-
ell and Smith (1972), but is supported by the data in Chap-

ter II.

Development of the Literature Concerning the Texas Eurycea
The existence of small aquatic salamanders on the Ed-
wards Plateau was first made known by Stejneger (1896), who

described the advanced troglobite Typhlomolge rathbuni from

an artesian well in San Marcos, Hays County. Stejneger

noted similarities between Typhlomolge and salamanders of

the genera Necturus and Proteus, to which he allied the new
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genus in the "superfamily Proteoideae.” Stejneger stated

that Typhlomolge was a permanently larval salamander noting

the presence of large ova in some of his specimens. It re-
mained for Emerson (1905) to demonstrate on the basis of a
detailed anatomical investigation that T. rathbuni was a
plethodontid, sharing many similarities with larvae of Pseu-

dotriton ruber. This decision was accepted by Dunn (1926)

and all subsequent authors.

The discovery of T. rathbuni led to an intense interest
in the cave fauna of the San Marcos area, led by Eigenmann
(1899; 1900a, b; 1909), Norman (1900) and Uhlenhuth (1919;
1921; 1923). This fact, coupled with a reasonable amount
of herpetological survey collecting by Strecker (1908;
Strecker and Williams, 1927) and others, makes it somewhat
surprising that the widespread and abundant spring-dwelling
populations of the Texas Eurycea passed unnoticed (at least
in the literature) until the advent of the Wrights in the
early 1930's. Neither Strecker nor the professional collec-
tor G. W. Marnock seem to have noted these salamanders,

though the type series of Eurycea neotenes was subsequently

collected a short distance from Marnock's ranch at Helotes,

Bexar County (Bishop and Wright, 1937). E. D. Cope visited

Marnock in 1877 and spent three weeks on the Edwards Plateau.

In a series of letters quoted by Osborn (1931: 234-240) Cope
writes of travelling overland from Helotes to Mason, Mason

County, across a part of the plateau where epigean popula-
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tions of Eurycea are now abundant. Cope repeatedly noted
camping by the springs in the headwater canyons of the
Medina, Guadalupe and Llano Rivers, but apparently neither
he nor Marnock inspected them closely.

In the course of their extensive field work in central
Texas, A. H. and A. A. Wright discovered epigean popula-
tions of Eurycea, and located a troglobitic population near
Boerne, Kendall County, through Ellen Quillen of the Witte
Museum, San Antonio. A specimen from this population, col-
lected in 1933, is in the collection of Cornell University.
The Wrights communicated their information to Sherman Bishop
(R. T. Clausen, personal communication, 1969) who visited
the Helotes area in 1937 and collected the type series of

Eurycea neotenes (Bishop and Wright, 1937). Charles E. Mohr

collected specimens of the Cascade Caverns population for
Bishop in 1940 or 1941, and in the latter year sent him
specimens (collected in 1938) from a second epigean popula-
tion (at San Marcos Springs, Hays County), which Bishop de-

scribed as Eurycea nana (Bishop, 1941). The existing dis-

tributional information was summarized by Wright and Wright
(1938) and Bishop (1943).

At about this time B. C. Brown, A. G. Flury and F. E.
Potter, Jr. were associated at the University of Texas, Aus-

neotenes. Their early work (Brown, 1942; 1950) uncovered
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populations in Kerr and Gillespie Counties; several addi-
tional localities were documented by specimens in the Texas
Natural History Collection, Austin, but these were not re-
ported for nearly 20 years (Baker, 1961). Both Brown and
Potter accumulated large private collections between about
1941 and 1955 whose contents remain unreported. Potter se-
cured a number of specimens from the Cascade Caverns popula-

tion in 1946 which formed the type series of Eurycea lati-

tans (Smith and Potter, 1946); a fourth species, Eurycea

pterophila (Burger, Smith and Potter, 1950), was diagnosed

from material collected for comparison with E. latitans.
That there was room for confusion in the diagnoses of these
species is evidenced by Milstead's (1951) misidentification
of a specimen of E. neotenes from an epigean site in Kerr
County as E. latitans.

During the late 1950's organized interest arose, again
centered around the University of Texas, in a systematic
survey of the caves of the Edwards Plateau. Several troglo-
bitic populations were discovered between 1956 and 1960 by
J. K. Baker, W. H. Russell, and others. Baker (1957) diag-
nosed the most advanced troglobitic Eurycea yet discovered,

E. troglodytes, from Valdina Farms Sinkhole, Medina County,

and began a trend in the interpretation of the adaptations
of troglobitic populations which continues to the present

time. Baker pointed out that E. troglodytes was intermedi-

ate in morphology between epigean populations of Eurycea
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and Typhlomolge rathbuni, but that '"this does not imply that

Eurycea troglodytes is a 'missing link' between Eurycea and

Typhlomolge but only demonstrates a way that Typhlomolge

could have evolved from a Eurycea-type ancestor and the way
Eurycea does evolve under the influences of a cave envir-
onment'" (195%, pp. 335-336). Further, after noting that
evolution is proceeding in a parallel fashion among troglo-
bitic populations, Baker suggested that the existence of
species of Eurycea which approach T. rathbuni in their de-
gree of troglobitic adaptation may indicate a closer rela-
tionship between the two genera than was then recognized.
Baker continued his work with the Texas Eurycea, and
in 1961 published a distributional account which remains
the primary source of information on the epigean populations.
This was based on material collected by Baker, Flury and
Potter, and by Clark Hubbs and his associates in the course
of survey work on the fishes of the Edwards Plateau. Baker
added 10 counties to the known range of the Texas Eurycea,
providing data for the range cited by Conant (1958); subse-
quent work has not extended this distribution appreciably.
Notable in Baker's account are several records for troglo-
bitic populations in Comal and Kendall Counties, within
the known range of epigean populations of the Texas Eurycea,
and a single troglobitic population in southern Val Verde
County, far to the southwest of the known epigean distribu-

tion. Baker expanded the known range of E. latitans from
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Cascade Caverns to the adjacent (and probably linked) Cas-
cade Sinkhole System, and to Deadman's Cave and Century Cav-
erns, a large interconnected system about 10 miles to the
north.

Baker was apparently unaware of a population of ad-
vanced cave salamanders discovered three years previously
(Anon., 1959) at Honey Creek Cave, Comal County. These
specimens, collected by W. H. Russell and R. Ballinger, were
given to Floyd Potter for description. This population was
also located by B. C. Brown in about 1950 (personal communi-
cation, 1970); nothing was done with this material, and the

population was eventually described as Eurycea tridentifera

by Mitchell and Reddell (1965). The morphological gap be-

tween troglobitic populations of Eurycea and Typhlomolge

tifera, leading Mitchell and Reddell (1965, p. 23) to place

Typhlomolge in the synonymy of Eurycea. Reddell and Mitch-

ell developed an interest in troglobitic populations of
Eurycea and undertook to accumulate material from a number

of cave populations which had been located by W. H. Russell
and others of the Texas Speleological Survey. Reddell sum-
marized this distributional information in two faunal check-
lists (1967; 1971), adding 13 troglobitic populations to
those previously reported. On the basis of this material
Reddell and Mitchell decided to describe five additional spe-

cies of Eurycea (the Salamander Cave, Bender's Cave, Bad-
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weather Pit, Carson Cave and Fourmile Cave populations),
but deferred on the project when diagnoses proved difficult
(J.R. Reddell, personal communication, 1974).

James P. Bogart (1967) examined karyotypes of a number
of epigean and troglobitic populations of the Texas Eurycea
and found them superficially very similar; nonetheless, he
concluded that species status was warranted for most of the
troglobitic populations and for several of the epigean popu-
lations.

The generic rearrangement proposed by Mitchell and Red-
dell (1965) was overturned by Wake (1966). Several skull,
vertebral and tarsal characteristics were found to be shared

by E. tridentifera and T. rathbuni, but not with E. troglo-

dytes, E. pterophila and E. nana, leading Wake (1966:66) to

redefine Typhlomolge as a genus comprised of two species,

tridentifera and rathbuni. Mitchell and Smith (1972) pre-

sented evidence which they felt refuted Wake's conclusions,
but their work was reduced in value by the admixture and
confusion of ontogenetic changes in osteology with adult
conditions representing varying degrees of troglobitic adap-
tation. The matter of the generic allocation of tridenti-
fera and rathbuni remains unsettled; authors in Texas have
tended to follow Mitchell and Reddell (e.g. Thomas, 1974;
Russell, 1976; Longley, 1978), while the majority of herpe-
tologists have accepted Wake's allocation (e.g. Brame, 1967;

Brandon, 1971; Raun and Gehlbach, 1972; Gorham, 1974). I
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(Sweet, 1976; 1977 a; b) prefer a third option retaining
the allocations of the original authors, as does Conant
(1975).

An infrequently cited major paper by Brandon (1971)
provides a variety of information on named troglobitic pop-

ulations of the Texas Eurycea and Typhlomolge, including

proportional features and tooth counts. Brandon also exam-
ined the reproductive tracts in available material of Eury-

cea latitans, E. troglodytes, E. tridentifera and T. rath-

buni, demonstrating that each of these species is paedogen-
etic (as had long been assumed). Testis lobation (first
reported in the group by Wake [1966] ) was shown to be pos-
itively correlated with increasing body size;

The remaining literature on the Texas Eurycea is in a
broad sense either physiolqgical or ecolqgical in scope, or
represents accounts composed of secondary information from
the literature. In the last category are checklist accounts
by Schmidt (1953), Bakgr (1966), Brown (1967a;b;c), Raun
and Gehlbach (1972), Thomas (1974), and Sweet (1977b). Much
of the physiological work with the Texas Eurycea has in-
volved attempts at inducing metamorphosis with exogenous
thyroxine treatments (Kezer, 1952; Potter and Rabb, 1960;
Dundee, 1957; see also Bogart, 1967). In general this treat-

ment is effective in inducing metamorphosis in E. neotenes

and E. nana, but not so in E. tridentifera (Bogart, 1967;

Wake, 1966), nor in Typhlomolge rathbuni (Dundee, 1957).
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Reports on oxygen consumption in E. nana, E. pterophila and

" E. neotenes (Norris, Grandy and Davis, 1963), and on the
chemistry of skin pigments in ithils trio of species (Barrett
and Benjamin, 1977) are also in the literature.

There has been scant ecological interest in the Texas
Eurycea until rather recently. Hunsaker and Potter (1961)
reported ''redleg' (Aeromonas spp.) infections in a popula-

tion of Eurycea neotenes, but did not elaborate on the ex-

tent or significance of the apparent epidemic. Bruce (1971;
1976) collected large summer samples from two populations

of Eurycea neotenes in Kerr County; finding a heavy prepon-

derance of juveniles, he proposed a model for the evolution
of paedogenesis which involved selection for reduced age at
first reproduction coupled with an environmentally-deter-
mined minimum size for metamorphosed individuals. Sexual
maturity is apparently reached early in the second year of

life. Nonetheless, Eurycea neotenes does metamorphose in

some localities (Sweet, 1977a), and juveniles are less abun-
dant in general than in the populations sampled by Bruce;
paedogenesis may be primarily a response to the restricted
occurrence of reliable habitat. A thorough but largely
descriptive account of the population dynamics of Eurycea
nana was recently presented by Tupa and Davis (1976); this
species, restricted in occurrence to a single very large

spring, reproduces throughout the year. Eurycea neotenes

appears to have a long but seasonal egg-deposition period
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during winter and spring, to judge from the broad size range
of immature specimens observed in summer collections and
evidence from the small number of mature specimens available
from the winter months (Bruce, 1976; Sweet, 1977a). The
population biology of troglobitic species remains little

known; heavily gravid females of Eurycea latitans, E. trog-

lodytes and E. tridentifera have been collected from April

through September (Bogart, 1967; Brandon, 1971), and it is
possible that reproductive activity is aseasonal. Evidence

is emerging that Typhlomolge rathbuni may reproduce through-

out the year (Longley, 1978).

Introduction to Present Work

My interest in the Texas Eurycea began in late 1968 as
a result of dissatisfaction with the level of information
available in the literature. Survey collecting during the
summer of 1969 indicated that both surface- and cave-dwel-
ling populations were more numerous and diverse than might
have been expected in such a clearly relictual assemblage;
accordingly, a more extensive collecting program was car-
ried out during the summers of 1970 and 1971. Much of the
material collected in 1971 was used in an attempt to assess
the relationships among populations by artificially-induced
metamorphosis. The rationale for this work was that while
present populations of the Texas Eurycea are divergéntly
specialized, much of this modification probably occurred

subsequent to the origin of paedogenesis; thus the metamor-
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phosed adult stage, not expressed and thus not directly ex-
posed to selection, might prove a reliable indicator of the
ancestries of populations. This line of inquiry proved in-
tractable with the discovery that relatively few surface-
dwelling and no troglobitic populations will undergo morpho-
logically complete metamorphosis under treatment with thy-
roxine. The metamorphosed adult component of the genome is
either strongly influenced by selection for larval adapta-
tions, or has been degraded by the accumulation of mutations
since it ceased to be expressed.

Field work was continued in the summers of 1973 and
1974, with an emphasis on locating peripheral epigean popu-
lations and building samples from known troglobitic popula-
tions. Tissue samples were collected and frozen from a
large number of populations; the use of electrophoretic
techniques to assess relationships among populations was in-
vestigated, but discontinued after survey analyses failed
to show the existence of significant diversity within the
group (Yanev and Sweet, unpublishgd data). No unique
alleles were noted, though frequency differences apparently
exist; the sample sizes necessary to work with these data
were not available for many of the critical populations.

The tissue samples remain preserved in the Museum of Verte-
brate Zoology.

Approximately 3700 specimens were collected and pre-
served during the course of this work, representing 85 epi-

gean and 19 troglobitic populations. This sample was aug-
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mented by about 700 specimens borrowed from museums and in-
dividuals which represent an additional 10-20 epigean and
three troglobitic populations, in addition to significantly
increasing sample sizes for a number of sites already repre-
sented. All of the specimens collected in the course of
this work and the field notes concerning them are deposited
in the Museum of Vertebrate Zoology.

This dissertation addresses the development of diver-
sity in the Texas Eurycea, with emphasis on the derivation
of a comprehensive overview of the evolution of the group.
Each chapter save the first is written as a largely inde-
pendent unit, with references to other chapters inserted
where appropriate. While this method of organization re-
sults in some redundancy of content, variation in the em-
phasized aspects of the repeated material reduces literal
redundancy to a few introductory remarks. Some familiarity
with the preceeding sections is increasingly assumed in
later chapters as larger subsets of the material are called
upon in abbreviated notation. Figures, tables and appen-
dices are numbered consecutively throughout the work to pre-
clude the possibility of confusion.

The rationale for the sequence and contents of chapters
can be briefly explained. Populations of the Texas Eurycea,
whether epigean or troglobitic, occupy spatially restricted
patches of suitable habitat in a predominantly unfavorable

environments; these patches and their characteristics are
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largely determined by the geomorphology of the Edwards Pla-
teau. Thus it is inevitable that regional geology becomes
a major factor in this work, and a thorough discussion of
the topic is prerequisite to an understanding of the impor-
tance of parallel evolution in the Texas Eurycea. There
exists no published account sufficient for this purpose in
either scope or detail; Chapter II represents this synthe-
sis derived both from the literature and from field obser-
vations.

A major part of this investigation has involved the
basic documentation of the distribution of populations of
the Texas Eurycea. Chapters III (epigean populations) and
IV (troglobitic populations) provide this information and
some related analyses. Epigean populations are restricted
to springs, but were absent from a number of the sites ex-
amined; this pattern is examined and explained in terms of
regional geomorphology. A general predictive model is de-
rived for the occurrence of epigean populations and the
mode of origin of troglobitic populations. In addition to
distributional information Chapter IV contains analyses of
the evolution of troglobitic adaptations in populations of
the Texas Eurycea, and investigates the patterns of morpho-
logical similarity affiliating subsets of this sample. Geo-
logic criteria are employed in distinguishing grades of par-
allel adaptation from monophyletic groups of troglobites.

The discovery of populations of Eurycea neotenes in
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which metamorphosis occurs permits for the first'timg an
examination of the accepted generic allocation of these
salamanders, and provides insights into the evolution of
paedogenesis in the group; this material constitutes Chap-
ter V.

Evaluation of the systematic status of the various
troglobitic populations is a potentially difficult matter.
Many of these populations appear to have been independently
derived from epigean ancestors, and may be reasonably as-
sumed to be responding to a homogeneous selective regime in
the cave environment. The potential for rapid rates of
adaptation in a parallel fashion reduces the value of mor-
phological distinctiveness or similarity as evidence of the
degree of relatedness among these largely allopatric popula-
tions. An instance of sympatry between epigean E. neotenes

and an advanced troglobitic population of E. tridentifera is

analyzed in Chapter VI; the interaction between these end

members of the continuum of troglobitic adaptation provides
a baseline against which other populations may be assessed.
Individuals of the remaining described troglobitic species

(E. latitans and E. troglodytes) display unusual attributes

which are shared with some individuals of the sympatric pop-
ulations, suggesting that they may be influenced by secon-
dary contact as well. Chapter VI evaluates this evidence
and provides a new interpretation of the systematic status

of these taxa based on the interaction of epigean and trog-
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lobitic populations.
Epigean populations of the Texas Eurycea have been al-
located to three species. Single populations comprise E.

nana and E. pterophila, with the remaining populations gen-

erally assigned to E. neotenes. Chapter VII tests the val-

idity of E. pterophila through an analysis of its supported

diagnostic features in comparison to the range of variation
displayed by populations of E. neotenes.

The results of this series of investigations are drawn
together in the final chapter. The development of diver-
sity in the Texas Eurycea is placed in the context of on-
going erosional dissection of the Edwards Plateau, enabling
a synthesis of the evolutionary history of this group of
salamanders. The origin of paedogenesis and the process of
cave colonization are seen to be components of a general
trend of increasing distributional restriction which has
as its result the development of an extensive parallel ra-
diation of troglobitic populations. The systematics of the
Texas Eurycea is redefined to reflect the implications of

this general model.
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CHAPTER II
GEOMORPHOLOGY OF THE EDWARDS PLATEAU

Introduction

Central Texas is a topographically undistinguished re-
gion of low relief and rolling character, marked by two ma-
jor structural features, the Balcones Fault Zone and the
Llano Uplift. The low scarp of the Balcones Fault Zone rises
in the vicinity of Waco and extends to the southwest through
Austin and San Antonio, gradually attaining 100-150 m in re-
lief before turning westward to subside as a topographic fea-
ture in the vicinity of Del Rio. The fault zone demarcates
the predominantly Cenozoic sediments of the Gulf Coastal
Plain from an extensive low plateau of Cretaceous limestones
to the north and west, whose continuity is broken only by an
elliptical depression surrounding the Llano Uplift. This
structural dome consists of a complex of Precambrian rocks
with associated blocks of Paleozoic sediments which are lo-
cally produced into prominent hills. The southeastern por-
tion of the Cretaceous plateau exclusive of the Llano Uplift
constitutes the region known as the Edwards Plateau, and is
the area of primary interest in the present work. The eas-
tern and southern boundaries of the Edwards Plateau are
sharply demarcated by the Balcones Fault Zone, whereas the
northern and western limits are arbitrarily defined. The
canyon of the Pecos River is generally accepted as the west-
ern border of the Edwards Plateau, dividing it from the

structurally similar Stockton Plateau to the west. On the
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north the Edwards Plateau merges evenly into the southern
terminus of the Great Plains and no boundary has been con-
sistently recognized. For the purposes of this work the
northern margin of the Edwards Plateau is considered to be
the northern edges of Crockett, Tom Green, Concho, McCullouch,
San Saba, Lampasas and Coryell counties, exclusive of the re-
gion of pre-Mesozoic rocks comprising the Llano Uplift. So
defined, the Edwards Plateau is consistent with geologic
characterizations, and is included within the biogeographic
provinces recognized by Blair (1950), Correll and Johnston
(1970) and Mitchell and Reddell (1971); the former pair do
not exclude the Llano Uplift, and all extend the plateau
somewhat farther to the northwest. The major structural fea-
tures and political subdivisions of the Edwards Plateau are
indicated in Figure 3.

The geology, topography and hydrology of the Edwards
Plateau are treated in detail in subsequent sections, as a
familiarity with the geomorphology of the plateau is neces-
sary for a comprehensive exposition of the factors influenc-
ing the distribution and evolutionary history of the Texas
Eurycea. A synopsis of this discussion is presented below.

Passing inland from the Balcones Fault Zone the Comanche
Series limestones of the plateau surface are flat-lying,
modified from their original condition mainly by uplift and
erosion. Exposed formations comprise a stratigraphic se-
quence from upper Trinity Division (Glen Rose Formation)

through the Fredericksburg Division (primarily Edwards Group
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Figure 3. Major geomorphological features of the Edwards
Plateau. Dashed lines delimit counties (see
Fig. 7); the margin of the Balcones Fault Zone
and the Llano Uplift are marked by hatchured
lines. The major drainages mentioned in the
text are indicated, as identified below: a,
San Gabriel River; b, Colorado River; c, Peder-
nales River; d, Llano River; e, Blanco River;
£, Guadalupe River; g, Cibolo Creek; h, Medina
River; i, Sabinal River; j, Frio River; k,
Nueces River; 1, West Nueces River; m, Devils

River; n, Rio Grande; and o, Pecos River.
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limestones of the Fort Terrett and Segovia Formations) to

the top of the Washita Division (comprised of the Georgetown,
Del Rio and Buda Formations). Rocks of the Trinity, Fred-
ericksburg and lower Washita Divisions were deposited during
Lower Cretaceous time (Neocomian, Aptian and Albian stages),
while those of the Del Rio and Buda Formations were laid down
during the Cenomanian Stage of the Upper Cretaceous. The re-
lations among faunal and stratigraphic units in the sediments
of the Edwards Plateau are displayed in Table 2. Elevations
decrease radially away from a broad upland located in the
southwest central region of the plateau, associated with the
headwaters of the Colorado, San Antonio, Nueces and Rio
Grande basins, with the steepest relief gradients occurring
in the drainages of the southern and western margins of the
plateau. Canyons here develop 150-200 m in relief, cutting
down to upper Trinity Division deposits and resulting in
permanent stream flow derived from the subsurface drainage

of the plateau proper, where all but the largest streams are
intermittent. The extensive erosional dissection of the pla-
teau margin since its elevation in late Tertiary time, to-
gether with the characteristics of the fractured and down-
faulted Fredericksburg rocks of the Balcones Fault Zone gives
rise to a regionally simple (though locally complex) hydrol-
ogy. This consists of two cycles of recharge, subterranean
flow and discharge, and produces a subdivided zone of mesic
environments in an otherwise subhumid to semiarid landscape.

Precipitation on the plateau surface is conducted underground
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Table 2. Faunal and stratigraphic subdivisions of the Comanche Series limestones of the
Edwards Plateau region from the North Texas-Tyler Basin across the San Marcos Platform to

the edge of the Maverick Basin (modified from numerous sources).
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through dolines and fissures and moves gradually southeast-
ward following the regional dip of the strata to emerge in
springs in the canyons of the marginal drainages, comprising
the base flows of these streams. Most of the flow in these
drainages passes into the subsurface in crossing the frac-
tured strata of the Balcones Fault Zone, recharging an exten-
sive water-table and artesian aquifer along the edge of the
plateau; this aquifer discharges at a few major springs dis-
tributed along the coastal edge of the escarpment. While the
topography of the plateau is not markedly karstic, small
scale solutional features such as dolines, sinkholes and small
caves systems are abundant as a consequence of the extensive
development of subterranean drainages. These features are
chiefly developed in the lower Glen Rose and lower Fort Ter-
rett Formations, and are influential in the development of

diversity in the Texas Eurycea.

Formation and Development of the Edwards Plateau
Basement features

The present form of the Edwards Plateau is in large
part determined by the position and structure of the pre-
Mesozoic basement rocks; the influence of this foundation
is seen in the regional slope and lithologic sequence of the
Lower Cretaceous limestones which comprise the body of the
plateau (Stricklin, Smith and Lozo, 1971; Rose, 1972), and
in the location and structure of the Balcones Fault Zone
(King, 1961b). A brief discussion of the basement features

of the plateau region is thus useful in understanding subse-
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quent depositional, tectonic and erosional events.

The pre-Mesozoic surface in central Texas is comprised
of two major structural units: the Precambrian rocks of the
Texas Craton (Flawn, 1956); and the Paleozoic sedimentary
and metasedimentary deposits of the Ouachita Structural Belt
(Flawn, et al, 1961). The Texas Craton is an extensive, pre-
dominantly granitic body whose southeastern periphery is
overlain by the Ouachita Belt. In this area the craton is
dominated by two structural domes, the Devils River and Llano
Uplifts, which approach or reach the present land surface in
the Del Rio and Llano regions (Figure 4 ). The Llano Uplift
is much the larger of the two features, and is comprised of
middle Precambrian metasedimentary rocks (gneiss and schist)
with extensive granitic intrusions (Flawn, 1956); age deter-
minations for the various components of the uplift (reviewed
by Clabaugh and McGehee, 1972) range from 850 to 1100 million
years. The uplift has roughly 2000 m of relief from the lo-
cal Precambrian surface, and is separated from the Devils
River Uplift to the southwest by the Kerr and Val Verde ba-
sins (Flawn, et al, 1961, Plate 4). The Devils River Uplift
is a smaller, more abrupt feature apparently largely composed
of metavolcanic rocks. It displays about 5000 m of relief
from the local Precambrian surface and reaches to within
about 800 m of the present land surface (Flawn, 196lg, Fig.

2 ); the age of its constituents is not known.
The surface structure of the Texas Craton was defined

by erosion during late Precambrian and early Cambrian time,
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Figure 4. Basement features of the Edwards Plateau region

(modified from Flawn, 1956; 1961).
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then gradually buried by sediments during a long Paleozoic
inundation (Barnes and Cloud, 1972; Bell, 1972; Bell and
Barnes, 1972), broken by the orogenic phase which produced
the Ouachita Structural Belt.

The Ouachita system is the remains of a late Paleozoic
orogenic sequence associated with the final closure of the
proto-Atlantic and the formation of Pangaea. It appears: to
bear close similarities in structure to other mountain belts
produced by continental collisions, including the Appala-
chians, the Alps and the Himalayas. Like them, the Ouachita
system is known or thought to consist of a trio of rather
discrete structural zones (Bucher, 1955; Flawn, 196le; King,
1961a): an inland zone of folded and thrusted sedimentary
rocks, partially overridden by a series of highly sheared
metasedimentary nappes, which is bordered by a coastward belt
of folded crustal metamorphic and plutonic rocks. The first
two structural zones are exposed in the Ouachita system in
the Ouachita Mountains of Arkansas and Oklahoma (Goldstein,
1961), and in the Marathon Basin of western Texas (Flawn,
1961b); their presence has been thoroughly confirmed by deep
drilling in the intervening region (Flawn, 1961lc). The ex-
istence of a deeply buried belt of crustal folds is inferred
for the Ouachita system (Flawn, et al, 1961), but has not
been confirmed.

The Ouachita Structural Belt extends over a distance of
about 2500 km, from eastern Mississippi west and southwest

through the Ouachita Mountains, central and western Texas,
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and for an undetermined distance south into the Mexican Pla-
teau., Stratigraphic evidence (summarized by King, 1961b)
indicates that the Ouachita orogeny progressed in an east to
west trend, occurring primarily in mid-Pennsylvanian time in
the OQuachita Mountains region, but delayed until late Pennsyl-
vanian and early Permian times in western Texas. In central
Texas the margin of the Texas Craton, and particularly the
Llano and Devils River Uplifts, served as buttresses against
the Ouachita orogeny; this resulted in foreshortening of the
frontal folded sedimentary zone and extensive overthrusting
by the central nappe region, creating a steep mountain range
during Permian time (Flawn, 196le).

The Ouachita range in Texas was reduced by erosion in
Permian, Triassic and Jurassic times to a subdued landscape
termed the Wichita Paleoplain (Hill, 1901) or Comanche Shelf
(Rose, 1972). This surface dips to the southeast at about
10 m per km, with irregular surface features of up to 100 m
in relief (Flawn, 196la), in addition to a larger regional
rise associated with the Llano Uplift. Other major topo-
graphic features include a broad shelf, the Central Texas
Platform (Rose, 1972) extending from north Texas to the re-
gion of the Llano Uplift, there bifurcating into a southwest-
trending arch termed the Medina axis (Rose, 1972), and a
southeastern promontory, the San Marcos Arch or Platform (Ad-
kins, 1933; Rose, 1972). Combined, these slightly elevated
features separate a pair of shallow basins. To the northeast

of the Central Texas Platform and the Llano Uplift lies the
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broad North Texas-Tyler Basin (Fisher and Rodda, 1967); to
the southwest lies a somewhat deeper depression termed the
Maverick Basin (Winter, 1961; Smith, 1974).

The characteristics of this rise, platform and basin
topography of the Comanche Shelf exerted significant influ-
ence on depositional events during the long Cretaceous in-
undation which gave rise to the rocks of the present Edwards
Plateau. Deposition of the sediments comprising the Trinity
Division of the early Cretaceous was affected by this land-
scape in two general respects, as outlined by Stricklin,
Smith and Lozo (1971). The sloping edges of this surface
resulted in the deposition of wedges of sediment thinning
across the axis of the Central Texas and San Marcos Platforms
and radially away from the Llano and Devils River Uplifts;
further, the partial separation of the North Texas-Tyler and
Maverick Basins effected by the Central Texas Platform con-
tributed to the development of different depositional envi-
ronments in these depressions throughout most of the Lower

Cretaceous.

Depositional history

Starting in earliest Cretaceous times the region of the
present Edwards Plateau was gradually covered by the epeiric
sea which ultimately divided the North American continent on
a north-south axis in the Late Cretaceous. A number of cy-
cles of advance and regression of the sea characterized the
Lower Cretaceous sequence in central Texas, resulting in a

diversity of depositional environments and a corresponding
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diversity of rock types. Most of these environments were of
broad areal extent, and the units produced can now be traced
over long distances across the Central Texas and San Marcos
Platforms. The sequence and terminology of units of the
Lower Cretaceous rocks in the Edwards Plateau region are
summarized in Table 2.

Lower Cretaceous strata in Texas are grouped into three
Divisions (Trinity, Fredericksburg and Washita); the earliest
(Trinity) sequence is partitioned into three units (lower,
middle and upper). In a comprehensive review of Trinity
stratigraphy and depositional environments, Stricklin, Smith
and Lozo (1971) elaborate the conclusion that these units
represent a trio of marine incursions and regressions. Each
begins with terrigenous deposits of deltaic and beach mater-
ials and grades upward into shallow marine carbonates trun-
cated by slight erosion marking the onset of the next incur-
sive event. Owing to the progressive nature of transgression
on the sloping surfaces of the basins and platforms lateral
facies changes are the rule in Trinity sedimentary sequences;
thus inland terrigenous deposits are the temporal equivalents
of carbonate beds laid down offshore. In local outcrops the
sand and shale sequences of the lower members of each couplet
of the Trinity Division grade evenly into the upper limestone
units by progressive reduction in the clastic contents of
successively younger beds.

The lower Trinity cycle is composed of the Hosston Sand

and Sligo Limestone; the shoreward facies of the latter is
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termed the Sycamore Sand. Both sand formations cover the
Paleozoic rocks of the Comanche Shelf surface, and grade up-
wards or downdip into the Sligo Limestone of the first marine
inundation. This couplet is of little significance in the
present topography and hydrology of the Edwards Plateau apart
from its role in reducing the topographic heterogeneity of
the Paleozoic surface. The formations are restricted to the
coastal margins of the present plateau and are deeply buried
with the exception of a few exposures of the Sycamore Forma-
tion on the eastern limb of the plateau bordering the Llano
Uplift (Amsbury, 1974, Plate 6). The Sligo Formation does
not extend as far inland as does the Sycamore Sand and lies
entirely in the subsurface.

The terrigenous phase of the middle Trinity cycle, the
Hammett Shale, is similarly restricted in outcrop to the
southeastern margins of the Llano region and is of little
topographic or hydrologic significance. Its succeeding car-
bonate formation, the Cow Creek Limestone, is exposed in the
drainages of the Colorado, Pedernales, Blanco and Guadalupe
Rivers, and forms a locally significant aquifer in the last
two regions of outcrop.

Lower and middle Trinity deposits are deeply buried in
the Maverick Basin. Towards its margins and in the region of
the Devils River Uplift these sequences thin markedly and
merge as clastic deposits with the terrigenous materials of
the third Trinity marine incursion into a thin zone generally

referred to as the '"basement sands'" in the area to the south-
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west of the Central Texas Platform (Reeves and Small, 1973).
No lower or middle Trinity deposits are exposed to the west
of the axis of the San Marcos Platform.

The rocks of the third cycle of Trinity deposition, con-
sisting of the Hensel Sand and Glen Rose Limestone formations,
represent a major component of the present Edwards Plateau.
During upper Trinity time and continuing through Fredericks-
burg and early Washita times the inland half of the present
Gulf Coastal Plain and adjacent Edwards Plateau was a shallow
lagoon developed behind the barrier reefs of the Stuart City
Reef complex (Winter, 1961). Whether through uplift and
subsidence or changing sea levels this 250 km wide lagoon
underwent repeated fluctuations in depth during Lower Creta-
ceous times, ranging from tidal flats to protected bays 100
m or more in depth (Rose, 1972). The Hensel Sand of the
upper Trinity cycle represents the last beach and/or deltaic
environment in the Lower Cretaceous sequence. It is well de-
veloped only in the region of the North Texas-Tyler Basin and
eastern San Marcos Platform, being absent or indistinguish-
able within the basement sands in the western part of the
present Edwards Plateau.

The Hensel Formation is a thin (10-15 m) deposit in the
outcrop, and is composed of gravel, sand, sandy dolomites and
clay deposited in alluvial fans and beaches gradually cov-
ered by the invading sea. While easily removed by mechani-
cal erosion, the high clastic content of the Hensel Sand

makes it resistant to removal by solution; thus where the
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Hensel Formation lies close to the surface its contact with
the overlying limestones of the Glen Rose Formation serves

as an aquitard, promoting the development of long lateral
cave passages. The resulting influence on the development

of regional subterranean drainage systems is most pronounced
in the middle section of the Guadalupe River drainage (see
Chapter VI) but seems to be important in the adjoining Blan-
co River and Cibolo Creek drainages as well.

The upper surface of the Hensel Formation merges into
the massive limestones of the lower Glen Rose Formation in
passing vertically in the outcrop or offshore from the Cen-
tral Texas Platform and Llano Uplift. As is the case with
the deposits of the lower Trinity cycle the Hensel Sand and
the lower portions of the Glen Rose Limestone merge in the
region of the Llano Uplift into a formation termed the Gil-
lespie Sand (Stricklin, Smith and Lozo, 1971).

The Glen Rose Limestone is separated into upper and low-
er members at a rather arbitrary level which is at variance
with a clear envirommental and structural boundary present
within the formation. This boundary of convenience is a very
thin but regionally extensive iron-stained bed of fossils of

the clam Corbula texana, occurring within an extensive stra-

tigraphic sequence of relatively thin tidal and evaporate
deposits. A more meaningful divison might be made at the
boundary between these beds and the massive underlying la-
gunal carbonates of the basal Glen Rose Formation. As

presently recognized, two informal units are necessary with-
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in the lower Glen Rose Limestone to reflect the change from
stable to unpredictable depositional environments (Stricklin,
Smith and Lozo, 1971).

The basal Glen Rose Limestone is a massive, ledge-form-
ing deposit composed of shell fragments in a limy mudstone or
calcite matrix; it was apparently deposited in an extensive

lagunal environment in which sedimentation rates roughly

matched the rate of deepening of the sea (Stricklin, Smith
and Lozo, 1971). This interpretation is supported by the
existence of numerous patchy reef deposits (consisting of
pelecypod shells and corals) at various levels near the base
of the Glen Rose Formation along the southeastern flank of
the Edwards Plateau (Perkins, 1969). These reef deposits
are locally important in the formation of caves, as detailed
in a subsequent section. In its area of outcrop along the
Blanco, Guadalupe and Medina Rivers and Cibolo Creek the
dense basal region of the Glen Rose Formation is marked by
very extensive development of solutional features, with well
developed subterranean drainage systems whose base level lies
at or near the Glen Rose-Hensel Sand boundary.

The upper informal unit of the lower Glen Rose Lime-
stone represents a change from stable shallow lagunal envi-
ronments to a variety of tidal and supratidal situationms;
the resulting thin strata completing the lower member of the
Glen Rose Formation are marked by extensive dolomitic beds
and sandy limestones displaying algal mats, ripple marks,

dessication features and dinosaur tracks. The upper member
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of the Glen Rose Limestone represents a continuation of shal-
low tidal and subaerial deposition. Its stratigraphic se-
quence contains eight traceable units of varying thickness
and hardness in the eastern region of the Edwards Plateau;
the sequence thins and cannot be traced across the axis of
the Central Texas Platform, though beds of similar litholo-
gies are widespread to the west (Stricklin, Smith and Lozo,
1971). Evaporite sequences of gypsum occur at the base and
near the middle of the upper Glen Rose Formation; most of
this material has now been leached away resulting in the col-
lapse of overlying beds and creating locally important small
aquifers. Otherwise, the high particle content and the thin-
ness of the beds of the top of the lower Glen Rose together
with those of the entirety of the upper Glen Rose retard the
formation of interconnected solutional openings. For this
reason little development of subterranean drainages is to be
noted throughout the extensive region to the northeast of the
San Marcos Platform where the land surface consists of upper
Glen Rose Formation rocks. The topography of this region re-
flects the layered nature and varied composition of the stra-
ta, most hills presenting a ''stairstep' outline, and most
streams coursing along bedding planes with occasional low
waterfalls or riffles where bedding planes are breached.

Most of the (uncommon) springs of this region issue from the
base of a breached stratum, and may simply represent under-
flow derived from joints in the channel bed upstream as op-

posed to the discharge of a significant aquifer.
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To the west of the San Marcos Platform the Glen Rose
‘Formation preserves a basically similar sequence of litholo-
gies, consisting of a thick, dense carbonate base overlain by
thin beds of shale, shaly limestone and dolomite with local
development of evaporite facies (Welder and Reeves, 1962).
The lower member of the Glen Rose Limestone is not exposed
west of central Bandera County, but it presumably plays an
important role in the conduction of groundwater southeast-
ward towards the extensive aquifer of the Balcones Fault Zone
(Maclay, 1974). The upper member of the Glen Rose Formation
forms the lower slopes and broad valley floors of the major
drainages on the western limb of the Edwards Plateau, and its
upper surface serves as a major regional aquitard where de-
posits of the overlying Edwards Group limestones remain ex-
tensive. The area of outcrop of the Glen Rose Formation is
indicated in Figure 5.

Glen Rose deposits are overlain by a rather complex and
regionally variable sequence of lower Fredericksburg Division
formations, mediated by the influence of the Central Texas
and San Marcos platofrms, the Medinas Axis and the arcuate
Devils River Trend bordering the Maverick Basin, in addition
to the effects of the North Texas-Tyler and Maverick basins.
Stratigraphy and the sequence of depositional environments
in the region of the Edwards Plateau through Fredericksburg
time have been ably synthesized by Fisher and Rodda (1967)
and Rose (1972); much of the following discussion represents

a distillation of this work and subsequent summarizations
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Figure 5. Outcrop regions of the lower unit of the Glen
Rose limestones on the southern Edwards Plateau;
the distribution of the upper Glen Rose outcrop
inland from the fault zone may be visualized by
comparison of Figures 5 and 6 (modified from

Stricklin, Smith and Lozo, 1971).
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(Rose, 1974; Smith, 1974). Rose (1972, p. 48) argues that
the terms Fredericksburg Divison and Washita Divison are not
applicable to the stratigraphic sequence above the Glen Rose
Formation on the present Edwards Plateau owing to the absence
of the implied discrete boundary between major cycles of sed-
imentation. In place of these divisions Rose redefines the
major stratigraphic units of the plateau, the Walnut, Coman-
che Peak, Edwards, Kiamichi and Georgetown Formations of
previous authors as the Edwards Group limestones. The Ed-
wards Group consists of two formations, Fort Terrett and Se-
govia, with a complex series of lateral relations to several
of the above-named and additional formations. The Fort Ter-
rett and Segovia Formations are restricted to the Central
Texas Platform, grading laterally into the Fredericksburg
and Washita division formations of the North Texas-Tyler and
Maverick basins. To the northeast of the San Marcos Plat-
form the Glen Rose is conformably overlain by the Walnut and
Comanche Peak Formations, both of which grade laterally in-
to the Basal Nodular Member of the Fort Terrett Formation in
the region southeast of the Llano Uplift. The Walnut Forma-
tion consists of fine clastics, grading into nodular silty
marl in the Comanche Peak Formation. To the southwest of
the San Marcos Platform Trinity deposits in the Maverick Ba-
sin are conformably overlain by the muddy limestones of the
West Nueces Formation, which grade upward into the thinly
bedded carbonaceous and muddy limestones and evaporite beds

of the McKnight Formation (Lozo and Smith, 1964). The basal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

West Nueces Formation contains nodular and burrowed units
comparable to those of the lower Fort Terrett Formation on
the Central Texas Platform, but there the similarities end
(Smith, 1974). Upper West Nueces and McKnight deposits re-
flect a restricted lagunal environment developed between the
Stuart City Reef and the Devils River trend, a broad shallow
bank of rudist reefs bordering the Central Texas Platform.
Around the northern rim of the Maverick Basin the West Nueces
and McKnight Formations grade laterally into the coarse,
sorted bioclastic limestones of the slopes of the Devils
River trend which comprise the Devils River Formation. A-
long their northern edge the deposits of the Devils River
Formation grade rather abruptly into the Edwards Group For-
mations of the surface of the Central Texas Platform.

On the flanks and surface of the Central Texas Platform
the Glen Rose Formation is slightly eroded and reworked,
overlain by the 8-13 m thick marly zone of the basal Edwards
Group. This zone is termed the Basal Nodular Member of the
Fort Terrett Formation (Rose, 1972); as previously noted it
represents the lateral equivalent of the Walnut and Comanche
Peak Formations of the North Texas-Tyler Basin and the basal
zone of the West Nueces Formation of the Maverick Basin.
Overlying the Basal Nodular Member are the hard, porous
limestones designated by Rose (1972) as the Burrowed Member
of the Fort Terrett Formation; this zone constitutes the ma-
jor aquifer of the central and western Edwards Plateau. The

hydrologic significance of this 22-29 m thick series of beds
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owes to solutional removal of burrow fillings, thereby '"pro-
ducing superb honeycomb porosity' (Rose, 1972, p. 34), and
to the widespread occurrence of dolomitic limestones and
dolomite in overlying beds (Fisher and Rodda, 1967; 1969).
Dolomitization is a diagenetic process which initially re-
duces the ability of carbonates to transmit water, because
the relatively insoluble dolomite fills interstices within
calcium carbonate rocks. The calcium carbonates are removed
by solution leaving a latticework of dolomite (Ca, MgCO3)
which forms better reservoirs than do the calcitic lime-
stones, for while pore size is reduced the pores are more
continuous (Rose, 1967). Large solution channels are unlike-
ly to form in dolomite but high permeability of leached dolo-
mitic deposits forms an excellent diffuse aquifer.

The Fort Terrett Formation is completed by a pair of
stratigraphic units, the Dolomitic Member (13-29 m) and
Kirschberg Evaporite Member (13-26 m) (Rose, 1972), repre-
sentative of increasingly shallow depositional environments
on the Central Texas Platform (Fisher and Rodda, 1967; 1969;
Rose, 1972). The superposition of the Dolomitic Member on
the Burrowed Member results in a nearly ideal aquifer system,
with the highly permeable upper unit serving as a reservoir
which drains through the highly porous Burrowed Member; the
relatively insoluble Basal Nodular Member forms a regional
aquitard in the system, promoting lateral drainage through
the Burrowed Member. For these reasons, essentially all of

the reliable spring flow on the western limb of the Edwards
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Plateau inland from the Balcones Fault Zone and east of the
Devils River canyon arises from the base of the Burrowed Mem-
ber. The springs flow across the eroded outcrop slope of

the Basal Nodular Member before sinking into the coarse al-
luvial deposits blanketing the top of the Glen Rose lime-
stones.

The deposits of the Fort Terrett Formation are overlain
by a heterogeneous assemblage of shallow marine sediments
termed the Segovia Formation (Rose, 1972). The units of this
formation tend to reflect progressive shallowing and restric-
tion of circulation on the Central Texas Platform, proceed-
ing from the open shallow marine environment which followed
the tidal flats of upper Fort Terrett age upwards through a
shallow tidal stage which was again submerged towards the
close of the Segovia sequence (Rose, 1972, Fig. 35). 1In the
Maverick Basin southwest of the Devils River trend the de-
posits of the Segovia interval are represented by pelagic
limy mudstones grading into lagunal bioclastic limestones
which together comprise the Salmon Peak Formation (Smith,
1974) .

The Segovia Formation in the northwestern quadrant of
the Edwards Plateau shares sufficient lithic similarity with
the underlying Fort Terrett Formation that the topographic
characteristics of the two formations constituting the Ed-
wards Group can be considered together. Limestones of the
Edwards Group form the surface of the entire western sector

of the Edwards Plateau, and persist on the crests of the
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long divides radiating away to the east and south, in addi-
tion to a complex arc of outcrops throughout the eastern
half of the Balcones Fault Zone. The distribution of out-
crops of Edwards Group, Devils River Formation and Maverick
Basin equivalent limestone is shown in Figure 6.

The constituents of the Edwards Group represent a sed-
imentary wedge which thickens to the south corresponding to
the regional slope of the depositional surface. The Ed-
wards Group thickens from about 130 to over 210 m in passing
from the northwestern part of the present Edwards Plateau
southward to the boundary of the Devils River Formation
(Rose, 1972). As Rose notes, "largely because of this wedge-
form, and because the resistant Edwards is the plateau-for-
mer, the top of the Edwards Plateau rises gently to the
south before declining by erosion into the watersheds of the
Frio, Sabinal, and Nueces Rivers' (1972, p. 7).

Wherever the lower portion of the Fort Terrett Forma-
tion is exposed reliable sources of surface water are to be
expected. Surface drainage is virtually nonexistent on land-
scapes underlain by Edwards Group limestones owing to the
presence of the several evaporite and dolomitic beds, and to
the porosity of the lower Fort Terrett Formation. Solution-
al removal of the anhydrite and gypsum constituents of the
evaporite members leads to the formation of collapse struc-
tures such as dolines in large numbers on the broad divides
of the undissected plateau surface. The collapse process

fractures solution-resistant beds of dolomite and shale,
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Figure 6. Areal extent of the Edwards Group and equivalent
limestones on the Edwards Plateau. The overlying
Del Rio and Buda Formation deposits in the Bal-
cones Fault Zone are not indicated. This figure

is based on Plate 1 of Rodda, et al (1966).
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permitting relatively rapid drainage of surface water col-
lected in the dolines and leading to concentrated solutional
removal of calcium carbonate from both dolomites and lime-
stones, in the latter case eventually producing sinkholes.
The high porosity of the Burrowed Member and the high perme-
ability of the overlying Dolomitic Member of the Fort Ter-
rett Formation allow relatively rapid transmission of ground-
water along the regional dip of the upper Trinity surface to
the points where this plane is transected by stream canyons.

The remaining Cretaceous deposits above the limestones
of the Edwards Group contribute little to the structure of
the present Edwards Plateau, with the possible exception of
the middle Washita unit of the western plateau widely recog-
nized as the Georgetown Formation (Welder and Reeves, 1962;
Reeves and Small, 1973). On the eastern edge of the San
Marcos Platform a unit of the same name is recognized, which
together with the underlying Kiamichi Formation can be shown
to grade laterally into the upper and lower beds, respective-
ly, of the Segovia Formation (Rose, 1972). The correspon-
dence of Kiamichi and Georgetown deposits with the Segovia
Formation is not clear on the western plateau, largely as a
result of reduced field investigation rather than owing to
any intrinsic difficulty.

Part of this problem is simply nomenclatoral; the for-
mations termed Kiamichi and Georgetown by Welder and Reeves
(1962) in Uvalde County are now regarded as the McKnight and

Salmon Peak Formations of the Maverick Basin (Lozo and Smith,
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1964; Smith, 1974), and the Devils River Formation extending
along the western Balcones Fault Zone. As such they are the
contemporaneous lateral equivalents of the Edwards Group
limestones of the Central Texas Platform. At the level of
the Devils River trend in Val Verde County Reeves and Small
(1973) distinguish a "Georgetown Formation' overlying "Ed-
wards Formation'" rocks. By its position the latter appears
to be the strict equivalent of the Fort Terrett Formation of
Rose (1972), but it remains unclear whether or not the '"Kia-
michi Formation" and "Georgetown Formation'' deposits are
comparable to those of the upper Edwards Group. McKnight
deposits pinch out in southern Val Verde County as expected
of Maverick Basin sediments (Lozo and Smith, 1964); Reeves
and Small, 1973; Smith, 1974), but "Georgetown'' rocks extend
across the western plateau as a massive (130-160 m thick)
formation of major outcrop significance. The lateral equi-
valent of the Georgetown Formation of the North Texas-Tyler
Basin reduces to a thin zone near the top of the Segovia
Formation (Rose, 1972), requiring some explanation of the
observed excess thickness of the '"'Georgetown' to the west
of the Central Texas Platform. This explanation may lie in
the observation that the boundary between the Segovia Forma-
tion and the overlying Del Rio Formation represents a major
disconformity (Lozo and Smith, 1964; Rose, 1972). Rose
(1972) interprets the regional variability in the distance
between a marker bed in the upper Segovia Formation and the

upper surface of Segovia deposits to reflect a period of sub-
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stantial erosion of the Segovia surface prior to Del Rio
deposition. The inferred exposure of the Central Texas
Platform during late Segovia/Georgetown time may have re-
sulted in the removal of some 'Georgetown'' sediments as well
as nondeposition of the upper '"Georgetown' sequence on the
platform. Deposition of these sediments continued apace
west of the Central Texas Platform, resulting in the observed
greater thickness of the "Georgetown'" in this region. If
this interpretation is correct the inland portion of the
Georgetown Formation of Reeves and Small (1973) is a compos-
ite only partially equivalent to the Segovia Formation of
Rose (1972). In that no division appears to exist within

the western '"Georgetown' deposits the whole formation can
probably be included in the Edwards Group limestones. In

the North Texas-Tyler basin the Georgetown Formation would
remain excluded from the Edwards Group. The western ''George-
town Formation'" north of the Devils River trend should prob-
ably be termed the Segovia Formation throughout the western
Edwards Plateau, as inferred from Lozo and Smith (1964),

Rose (1974) and Smith (1974).

The Segovia Formation on the western Edwards Plateau is
more lithically uniform than the eastern Segovia, consisting
of medium to massively bedded dense limestones with thin
shaly intervals (Reeves and Small, 1973). Evaporite depos-
its appear to be lacking; thus the numerous collapse features
seen in exposures of Segovia rocks inland from the Devils

River trend and in the Devils River and Salmon Peak Forma-
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tions as well are the result of dissolution of carbonates
alone. Subterranean drainage is the rule on these exposures,
with only the deeply incised larger rivers (Devils and Pecos
Rivers and the Rio Grande) maintaining surface flow, augmen-
ted by a few large springs (Brune, 1975). Small headwater
springs are absent in the Devils River basin.

The upper surface of the Edwards Group limestones is a
disconformity throughout the Edwards Plateau save in the
Balcones Fault Zone (Rose, 1972; Reeves and Small, 1973),
and is overlain throughout by the rather uniform clays and
shales of the Del Rio Clay. This formation of terrigenous
sediments represents an open marine environment marking the
start of the definitive submergence of the entire Comanche
Shelf in late Washita time. The Del Rio Formation grades
evenly upward into the open shelf deposits of muddy lime-
stones which comprise the Buda Formation. Available evi-
dence suggests that the Buda Limestone evenly blanketed the
entire Edwards Plateau region by the close of Washita time
(Rose, 1972). Neither the Del Rio nor Buda Formations re-
main to any topographically significant extent on the pre-
sent Edwards Plateau, having been stripped away following
the uplift. No post-Washita deposits persist.

In summary, the Cretaceous sediments which comprise the
Edwards Plateau reflect a number of cycles of marine incur-
sion and regression across a broad continental shelf. The
lithologic diversity resulting from this pattern was enhanced

by the existence of persistent low topographic irregularities
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and the development of barrier and marginal reefs, all of
which combined to exert significant local influence on de-
positional environments. The major building blocks of the
present Edwards Plateau are the massive limy mudstones of
the lower Glen Rose, Fort Terrett, Devils River and Salmon
Peak Formations derived from shallow shelf and quiet lagunal
environments, and the thin, variable beds of the upper Glen
Rose and Segovia Formations which represent periods of tidal
flat and restricted shallow lagunal environments. The beds
of the former series are those of particular relevance in

the development of karst features on the present plateau.

Tectonic History
The existence of the Edwards Plateau as a physiographic

unit is a function of differential movements of very large
regions of crust on either side of the long arcuate trend of
the Balcones Fault Zone. Beyond the narrow confines of this
intensely faulted band the strata of the Edwards Plateau and
the Gulf Coastal Plain have remained largely undisturbed by
tectonic events. Geologists have long noted the close cor-
respondence of the trend of the Balcones Fault Zone with the
underlying Ouachita Structural Belt. A good summarization
of this relationship is provided by King, in observing that

""...the inner edge of the area of subsidence,

from Texas eastward to Mississippi, corres-

ponds remarkably to the marginal part of the

Ouachita system. Zones of normal faulting

along the edge of the area of subsidence,

such as the Balcones fault zone of Texas and

others farther east, and zones of igneous

activity of Cretaceous and early Tertiary
age, closely follow the Ouachita trend. This
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relation may be coincidental, but at the
very least, the structures associated

with the subsidence of the Gulf of Mexico
utilized lines of weakness already creat-
ed by the Ouachita system. Most likely,
the Ouachita system and the Gulf of Mexi-
co are manifestations of a single continu-
ing process, the structural features of

the latter having been inherited from those
of the former" (1961b, p. 190).

This much is clear, and generally agreed. Much less
agreement exists concerning the mechanisms and timing of the
origin of the Edwards Plateau; the latter uncertainty is of
particular importance here, as its resolution has important
biogeographic consequences. Biologists in particular have
seized on scraps of geologic information without considering
the validity of their interpretations therefrom, and have
in general been led to regard the origin of the Edwards Pla-
teau as a relatively recent event, generally of latest Pli-
ocene or early Pleistocene age (Mitchell and Reddell, 1971;
Mitchell and Smith, 1972 represent examples of this tenden-
cy) .

The mechanisms by which the Edwards Plateau was produced
are closely related, at least in part, to regional tectonic
events associated with the formation of the Gulf of Mexico.
The subsidence of the Gulf is generally correlated with the
formation of an extensive series of en echelon fault zones,
of which the Balcones Fault Zone is the westernmost expres-
sion (Murray, 1961). Other fault systems tied into the re-

gional pattern of subsidence include: the Luling Fault Zone,

developed parallel to the Balcones Fault Zone along the in-
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land margin of the Stuart City Reef; the Mexia and Talco
fault zones trending northeast and east through northeastern
Texas; the South Arkansas Fault Zone extending across Arkan-
sas to the south of the Ouachita Mountains; and the Pickens
and Gilbertown fault zones trending southeast from west-cen-
tral Mississippi into extreme northwestern Florida (Murray,
1961; Walthall and Walper, 1967a). All of these fault sys-
tems occur a few kilometers coastward from the crest of the
Quachita Structural Belt, and extend the scope of the gener-
al relationship between the Ouachita trend and the location
of the Balcones Fault Zone noted above.

Two general models have been proposed for the origin of
the peripheral Gulf fault systems; one depends on classical
geomorphic processes, while the other is anticipatory of
more general models of continental drift. Bornhauser (1958)
advanced the view that the peripheral Gulf fault zones were
produced through tensional stresses arising from plastic
downslope movements of sedimentary beds into the developing
geosyncline of the Gulf basin. This model also explains the
formation of folded beds, and incorporates the observed ig-
neous activity of the Gulf margins as plutonic intrusions in-
to the faulted beds. Such intrusions were held to produce
both local and regional uplifts, and one of the latter was
genetically associated with the formation of a small rift
valley in the South Arkansas system. A major difficulty with
the plastic flow model is that the faults produced should all

dip away from the Gulf basin. Various local differences from
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the regional dip are advanced in explanation, but these seem
to violate the premise that plastic flow is feasible only
under conditions of high mass loading, which seems unlikely
in restricted slope reversals.

Walthall and Walper (1967a) reformed this difficulty
into the primary evidence for a new model of Gulf Coast tec-
tonics based on rift faulting, still associated with the de-
velopment of the Gulf geosyncline. They note that the north-
ern margin of the Gulf Coastal Plain is lined with a nearly
continuous belt of opposing, or antithetic, faults defining
a peripheral Gulf rift zone comparable to those of Europe
and eastern Africa. In this interpretation the down-to-the-
coast faults of the Balcones Fault Zone are paired with the
roughly parallel up-to-the-coast faults of the Luling Fault
Zone to define an included rift valley in the subsurface;
antithetic components and small rift valleys are also pre-
sent within the Mexia-Talco, South Arkansas, Pickens and
Gilberstown Fault systems. Tensional faulting and igneous
intrusions are predicted by this model as well as by the
plastic flow model, but the two seem to differ in one impor-
tant respect (not noted by Bornhauser or Walthall and Wal-
per): intrusive activity should be more frequent within the
grabens of the rifts than on either side of the antithetic
fault system in the rifting model, whereas no such localiza-
tion is predicted by the plastic flow model. As is clear
from Plate 1 of Lonsdale (1927), igneous intrusions are far

more frequent and of larger scale coastward of the faults
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delimiting the Edwards Plateau than they are on the plateau
proper, even though the plateau represents a much lower geo-
logic horizon than does the adjacent fault zone and Gulf
Coastal Plain.

The proposition of a rift model for the origin of the
well-studied peripheral Gulf fault systems drew immediate
comments by Bornhauser (1967) and Meyerhoff (1967), with re-
plies by Walthall and Walper (1967b;c). The former ques-
tioned the sufficiency of the evidence for recognizing rift
valleys; however, Walthall and Walper cite eight satisfied
criteria against the one missing (which actually occurs in
the South Arkansas system). Meyerhoff (1967) pointed out
that the secondary incision observed in the marginal drain-
ages of the Edwards Plateau constitutes evidence that the
plateau has been elevated, in contrast to the rift (and
plastic flow) model(s), which predict that the Gulf Coastal
Plain has subsided. Walthall and Walper (1967c) suggest
that this relationship may be independent of the mode of or-
igin of the faults themselves, involving instead the greater
structural stability of the San Marcos Platform underlying
the region of incised streams in question. Further, they
note that it is only in this region that the Balcones Fault
Zone maintains a significant escarpment, associated with the
greatest vertical displacement of any faults within the Bal-
cones system. An alternative explanation of second-cycle
incision based on lithologic differences between fault zone

and plateau terranes will be detailed in a subsequent section.
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The rift model thus appears to assimilate the major dif-
ficulty of the plastic flow model, and in addition success-
fully predicts the observed localization of igneous activity.
Subsidence of the Gulf Coastal Plain, possibly in conjunc-
tion with elastic rebound of the strata of the plateau prop-
er following faulting, appears to be the mechanism of origin
of the Edwards Plateau.

The timing of the definition of the Edwards Plateau as
a positive structural feature has been difficult to assess,
as no precise temporal correlation necessarily exists be-
tween the existence of significant relative elevation and
most of the available evidence derived from faulting, igne-
ous intrusion and erosional processes prior to Quaternary
times. In a regional sense the weight of evidence supports
two conclusions: that activity of the peripheral Gulf rifts
has been of an intermittent nature (Lonsdale, 1927; Born-
hauser, 1958; Walthall and Walper, 1967; Young, 1972); and
that the process probably began in the early Upper Creta-
ceous and continued through Tertiary and into Quaternary
time (Lonsdale, 1927; Young, 1972). Evidence that movement
along the Balcones Fault Zone continues today was noted by
George (1952) in demonstrating that low rapids are present
in the bed of the Guadalupe River where it crosses the Huecc
Springs Fault in Comal County. Despite this evidence, there
are essentially no records of earthquake activity in the re-
gion in historic times.

Igneous intrusive activity is widely apparent along the
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trend of the Balcones Fault Zone, particularly in Uvalde,
Kinney and Travis Counties (in decreasing order). These
volcanic rocks consist of small basaltic plugs, dikes, and
sills penetrating Lower Cretatceous sediments, and layers of
serpentine and bentonite interbedded with limestones of early
Upper Cretaceous age. Serpentine is a weathering product of
basalt and thus its interbeds can be considered to be of lo-
cal origin, whereas bentonite is derived from windborne vol-
canic ash and is not reliable as an indicator of local vol-
canic activity.

In an extensive review of the occurrence and petrology
of the igneous deposits of the Balcones Fault Zone Lonsdale
(1927) demonstrates two periods of significant volcanic ac-
tivity:

"The igneous activity recorded by the mas-
sive rocks [ plugs, dikes and sills] and
here assigned a Tertiary age, is probably
early Tertiary" (p. 46).
"It is certain also that igneous rocks were
formed in the area as early as Eagle Ford,
Austin, and Taylor times [middle Upper Cre-
taceous . No remnants of solid rock bodies
of these ages are known, but the interstra-
tified bodies of serpentine rock found in
the Eagle Ford in Uvalde County and in the
Austin and Taylor formations, near Austin
and elsewhere, are ample evidence for this
conclusion" (1927, p. 45).
Lonsdale suggested that volcanic activity was continuous at
a low level in the intervening period; subsequently Young
(1972) was able to elaborate that:
"It was during Austin time that volcanism
forecasting the future site of the Balcones

fault zone seems to have been most dominant.
Volcanism actually began in the Del Rio
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(Cenomanian) and continued into Navar-

ro (Maestrichian) [thus, the entire Up-

per Cretaceous] " (1972, p. 44).
These interpretations were mostly derived from stratigraphic
evidence such as the stratigraphic positions of sills and
serpentine beds, and the local displacement and contact meta-
morphism of adjoining strata by plugs. Deposits of detrital
serpentine and other volcanic debris generally provide more
precise temporal data than do primary intrusive bodies in
that sills may form at any level in the geologic column, and
because erosionally exposed plugs are difficult to date by
stratigraphic criteria in the absence of local interbeds of
igneous debris. 1In view of the uncertainty inherent in these
methods it is fortunate that Baldwin and Adams (1971) have
determined the crystallization ages of the primary intrusive
structures of the Balcones Fault Zone by potassium-argon
dating methods. Samples of erosionally exposed igneous rocks
from Kinney, Uvalde and Travis Counties range in age from 86
(+5) to 63 (+2) million years before present, with 13 of the
15 intrusions being 73 million years of age or older; two
samples are dated at 63 million years and may represent a
second period of intrusive activity (Baldwin and Adams, 1971,
Table 1). The Travis County sample is dated at 79.5 million
years, comparing closely with the average age of 78.5 mil-
lion years of the older subset of Uvalde and Kinney County
rocks. If the assumption is made that the intrusion of mag-

ma along the Balcones Fault Zone was correlated with the in-

ception of major faulting activity, such activity was cen-
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tered in the early and middle Upper Cretaceous, during the
deposition of late Washita, Woodbine, Eagle Ford and Austin
Division rocks; limited activity seems to have occurred at
the Cretaceous-Tertiary boundary as well. These times are
concordant with those reached by Lonsdale (1927) and Young
(1972), though Lonsdale assigned all of the primary intru-
sive rocks to the Cretaceous-Tertiary boundary and relied on
serpentine deposits as evidence of Cretaceous volcanic ac-
tivity.

It seems probable that a certain amount of movement oc-
curred along the Balcones Fault Zone during the Late Creta-
ceous, but there is no evidence that it was of sufficent mag-
nitude to raise the Edwards Plateau much above the level of
the epeiric sea, except perhaps in the region of the Llano
Uplift; in any case such stratigraphic evidence of this
movement as may have existed has been long since removed by
erosion. Young (1972) concludes that the Llano Uplift, sub-
merged by late Fredericksburg time, was again near or above
sea level by middle Washita (Del Rio and Buda) times, and
was sufficiently elevated during Eagle Ford time to serve as
a source area for the numerous fossil logs found in Eagle
Ford deposits. Rose (1972) cites the presence of logs in
the upper Edwards as evidence that the Llano region was ele-
vated somewhat earlier. The uplift seems to have been sub-
merged during the remainder of the Upper Cretaceous (Austin,
Taylor and Navarro times), as was the entirety of the pre-

sent Edwards Plateau. The degree of influence of movement
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in the Balcones Fault Zone on this pattern of elevation and
subsidence of the Llano Uplift is conjectural.

With the retreat of the Cretaceous seaway which marks
the earliest Tertiary, evidence of the erosion of elevated
regions bordering the Gulf of Mexico can be sought in the
sediments deposited on the Gulf Coastal Plain. The sequence
of Upper Cretaceous deposits to be removed by erosion con-
sists of rocks from which little concrete evidence of secon-
dary deposition can be had from analysis of Gulf Coastal
Plain deposits. The thick strata of this time interval (Na-
varro, Taylor, Austin, Eagle Ford, Woodbine and Washita Di-
visions) are all rather '"clean'" formations consisting of
either fine clastics such as shales and clays (Navarro, Tay-
lor, Eagle Ford) or nearly pure marine carbonates (Austin,
Washita). Most erosion of carbonates is by solution, which
deposits no recognizable sediment, and the presence of re-
worked clastics from erosion of the remaining deposits in-
termixed with sediments from other sources in the Gulf Coast-
al Plain is perhaps impossible to detect. Neither chert nor
appreciable amounts of other macroscopic insoluble materials
occur in any Upper Cretaceous deposits in the Edwards Pla-
teau region apart from the fossil trees of the Eagle Ford
Shale and upper Edwards Group limestones. Evidence of the
erosion of these deposits might be sought in Paleogene sed-
iments of the Gulf Coastal Plain, but in general the wrong
facies are exposed on the outcrop; reworked fossils other

than foraminiferans are unlikely to be found in these fine

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

clastics. Even if possible, the prospects for close tempor-
al resolution are slim, in that most Cretaceous foraminifer-
an taxa are of broad temporal range (Frizzell, 1954).

Evidence is developing that a major tectonic change oc-
curred in central Texas towards the close of the Eocene and
continued at least through Miocene times. During the early
Eocene a major portion of the continental interior was
drained through central Texas, as indicated by the forma-
tion of a major delta system along the coast. The Rockdale
Delta System of the Lower Wilcox Group (Fisher and McGowen,
1967) was roughly twice the size of the contemporaneous sys-
tem in the Mississippi region, and shows characteristics of
deposition by a fluvial system with a distant source (pos-
sibly extending to the continental divide) (Fisher and Mc-
owen, 1967; Gall:way, 1968; Fisher, 1969). 1In the later Eo-
cene, delta systems of the Jackson-Yegua Group are reduced
in size in comparison to those of the Lower Wilcox (Fisher,
et al, 1970), and may indicate an eastward shift of the ma-
jor continental drainage system. This shift, and the exis-
tence of small deltas along the south Texas coast which in-
creased in size from Jackson through Yegua times (Fisher, et
al, 1970, Fig. 15) are suggestive of uplift in the region of
central Texas. The Jackson-Yegua deltas are characteristic
of near-source fluvial systems, perhaps draining an elevated
Edwards Plateau (Fisher, 1969).

Oligocene and Miocene delta systems in Texas continue

this trend towards small, near-source deltaic deposits (Fish-
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er, 1969; Boyd and Dyer, 1964), as the major continental
drainage shifted to the Mississippi basin. The earliest in-
disputable evidence of the existence of the Edwards Plateau
is found in the Oakville Sandstone of early to middle Mio-
cene age (Weeks, 1945b; Fisher, 1969). The Oakville is the
earliest local Gulf Coast depositional system in which coarse
clastics are exposed; probably on the basis of this evidence
Young (1972) states that:

"It was at this time that most, if not all,

of the movement on the Balcones fault zone

raised the Llano uplift-San Marcos Platform

to such height that most of the Navarro,

Taylor, and Austin rocks were stripped off

and redeposited in the Gulf Coast geosyn-

cline" (1972, p. 44).
However, the sediments which comprise the Oakville Formation
clearly indicate that removal of the Upper Cretaceous depos-
its of the Edwards Plateau was well advanced by middle Mio-
cene. The Oakville Formation consists of calcareous clays
and cross-bedded sandstones containing reworked Cretaceous
shell fragments, abundant limestone gravel, and most signi-
ficantly, gravels of chert, quartzite and igneous rocks
(Weeks, 1945b; Fisher, 1969). None of the Cretaceous forma-
tions younger than the Segovia contain appreciable amounts
of chert (Geologic Atlas of Texas, 1974); thus the inter-
clasts of the Oakville Formation must represent erosion of
Edwards Group limestones, and the younger Cretaceous deposits
must have been removed prior to mid-Miocene. The identities

of the reworked Cretaceous fossils in the Oakville Sandstone

are not reported by Weeks (1945b), but Bailey (1923) reports
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reworked Exogyra arietana in the upper Oakville; this pelecy-

pod is most abundant in the lower Del Rio Formation on the
present Plateau (Geologic Atlas of Texas, 1974). Maxwell
(1970) has commented that '"'many of the Oakville beds contain
reworked invertebrate fossils from the Cretaceous rocks...
This indicates uplift along the Balcones fault zone...during
the Oakville epoch" (p. 148)

The Fleming Formation of late Miocene age and the Plio-
cene Goliad Formation also contain large amounts of chert
gravel, indicating continued active erosion of Fredericks-
burg rocks of an elevated Edwards Plateau (Weeks, 1945b).

All of these indications of the existence of an erosion-
ally dissected plateau during middle and late Tertiary have
been overlooked by biologists and biogeographers. For exam-
ple, Barr (1960) suggested that even in the Balcones Fault
Zone (where earliest erosional exposure and development of
caves would be expected) the formation of caves was an early
Pleistocene event. Mitchell and Reddell (1971) acknowledge

that:

"It is barely possible that some fault zone
caves might have been available for coloni-
zation in the late Miocene, but is more like-
ly that this was a Pliocene event. It is
even possible that the fault zone caves were
not opened until early Pleistocene. Subter-
ranean systems in areas removed from the
fault zone were probably not available for
coloniiation until mid-Pleistocene" (1971,

p. 357).

Holsinger (1967) accepts a similar time scale.
Most of this advocacy of a Quaternary origin of ero-

sional dissection and formation of caves on the Edwards Pla-
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teau owes to acceptance of early geological discussions of
the implications of a chert-bearing formation termed the
Uvalde Gravel (see Hill and Vaughan, 1898; Vaughan, 1900;
Hill, 1901; Sellards, Adkins and Plummer, 1933; Sayre, 1936;
and Byrd, 1971). As summarized by Weeks (1945a, Fig. 1) and
Byrd (1971), deposits of the Uvalde Gravel occur along the
Rio Grande from the plateau southeast to Hidalgo County, in
a broad irregular sheet reaching from the Balcones Fault

Zone of Kinney, Uvalde and Medina Counties southeast to McMul-
len County, and in isolated southeast-trending patches along
the Balcones Fault Zone from San Antonio to Austin., More re-
cent work (Geological Atlas of Texas, 1974) suggests that the
Willis Formation, a siliceous gravel deposit of broad areal
extent on the Gulf Coastal Plain southeast of the eastern
limb of the Edwards Plateau, may correlate with the Uvalde
Gravel to the southwest. Byrd (1971) suggests that the Uval-
de Gravel may be derived at least in part from the Ogallala
Formation, a late Tertiary clastic deposit which blankets
much of the southern Great Plains. The entire irregular
band of the Uvalde, consisting of chert and limestone cobbles
and gravel is variously attributed to the latest Pliocene or
early Pleistocene (Aftonian and Peorian interglacials).

Close to the Balcones Fault Zone it forms high stream ter-
races, which in the maturely eroded eastern plateau region
are set well above present stream levels; this evidence is
apparently taken to indicate Quaternary backcutting of drain-

ages into the plateau margin, and a correspondingly recent
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origin of the plateau. This interpretation contains three
errors: the implicit assumption, largely rejected by Byrd
(1971) that the Uvalde Gravel is derived from the chert de-
posits of the upper Edwards Group; the failure to consider
the source of the cherts of the Oakville and Fleming Forma-
tions clearly indicative of Miocene erosion of Edwards Group
limestones; and the failure to incorporate the implications
of the second-cycle rejuvenation evident in the drainages of
the eastern plateau (Meyerhoff, 1967). This last error of
interpretation results in the comparison of the terrace lev-
els of the Uvalde Gravel with present stream levels, with
misleading results. A reinterpretation of the significance
of the Uvalde Gravel to conclusions about the degree of ero-
sional dissection of the eastern Edwards Plateau at the

Plio-Pleistocene boundary is developed in the section below.

Erosional History

From the evidence presented above it is clear that the
Edwards Plateau has existed as an elevated structure since
at least the middle Tertiary, and possibly for the duration
of the Cenozoic. On the far western limb of the Plateau,
Thomas (1972) has suggested regional uplift beginning in
the Eocene to explain the present course and incised canyon
of the lower Pecos River. The pre-Miocene record of the
progress of erosional dissection of the plateau surface is
probably lost, and the information available from Miocene

deposits is of restricted utility. The only thing certain
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is that the Edwards Group limestones of the eastern limb of
the plateau were exposed and undergoing erosion by mid-Mio-
cene time. Mench (1978) has stated that the Balcones Aqui-
fer originated in the Miocene, which presupposes the exis-
tence of an elevated plateau by that time. The record of
Pliocene and Pleistocene events is somewhat better, but this
information has apparently never been synthesized. 1In a
very general way the physiography of the present Edwards Pla-
teau may provide a reasonable model for the interpretation
of past events. Owing largely to the nearly perpendicular
orientation of the plateau to the coast of the Gulf of Mexi-
co annual rainfall decreases in a regular fashion in passing
westward, from about 80 cm in the region of Austin to less
than 40 cm west of Del Rio. A primary correlate of this
gradient is seen in the trend from mature to moderately
youthful erosional stages displayed along this same east-
west axis. The regional uniformity of Fredericksburg and
Washita rocks across the plateau lends some confidence to
the suggestion that the morphology of the western plateau
drainages today may reflect the appearance of the eastern
drainages at an earlier time. The earliest development of
plateau drainages on upper Cretaceous deposits may have a
modern counterpart in drainages on these rocks in north-
central Texas, but this similarity is sufficiently conjec-
tural that only the broadest generalizations seem tenable.
In particular contrast the modern north Texas drainages lack

the moderate to strong hydrologic gradient provided by the
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activity of the Balcones Fault Zone to the south during ear-
ly Tertiary times.

Any discussion of the erosional history of the Edwards
Plateau must remain speculative and to a large extent un-
verifiable. The treatment attempted in the next few pages
is recognized to be so, but is at least constructed on gen-
eral principles of hydrology and from a familiarity with the
regional geology and topography. It is felt to be a useful
exercise, because it succeeds in explaining several of the
previously unresolved structural pecularities of the present
Edwards Plateau. Much of the discussion rests on the valid-
ity of the assumption that the physiographic trends observ-
able on the present plateau bear some relation to temporal
trends in single drainages. Little reference is made to
the effects of climatic variation, as the discussion is in-
tended to provide only a model of the sequence of events
without reference to the rates at which they proceeded or
the precise time intervals in which they occurred.

Except for the Colorado River, the Pecos River and the
Rio Grande the drainages of the Edwards Plateau give every
indication of having developed in place subsequent to the
origin of the plateau. As the plateau developed, the early
drainages on the Upper Cretaceous surface probably adopted
classic dendritic drainage patterns in their headwater areas,
with wide shallow valleys extending headward from the pla-
teau margins. The centripetal pattern of drainage axes and

the scarcity of incidents of stream capture suggest that the
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present plateau drainages are contemporaneous, and may rea-
sonably reflect the original distribution of streams. Re-
cently Woodruff (1977) has pointed out an instance of stream
capture on the eastern limb of the plateau which may have
occurred during the Miocene; if wvalid, this observation sub-
stantiates the general time frame suggested herein. Ero-
sional downcutting probably proceeded rapidly through the
marls and shales of the entire Gulf Series (Navarro, Taylor,
Austin, Eagle Ford and Woodbine Divisions), producing a land-
scape of broad shallow valleys and wide flat divides which
remained relatively stable until the major drainages reached
harder Comanche Series rocks in the early Miocene. As Young
notes "...when erosion had cut down to the Buda, and the
Edwards Limestone [=Segovia Formation] where the Buda is ab-
sent, erosion was slowed to a snail's pace'" (1972, p. 46).
This pronounced increase in erosional resistance and bed
load must have resulted in markedly decreased stream gradi-
ents; this factor coupled with inherited drainage patterns
probably led to the early formation of subterranean drain-
ages, lacking until this stage owing to the incompetence of
most Gulf Series Formations to form caves. In this inter-
pretation the middle sections of the Miocene drainages were
for a time perched above their normal gradient levels and
losing water into the subsurface, contributing to the disso-
lution of the Edwards Group limestones inland from the Bal-
cones Fault Zone. The entrenchment of the main valleys dur-

ing this stage is probably represented by the appearance of
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coarse clastics in the Oakville Formation.

The drainages of the eastern plateau during the middle
Miocene may have been physiographically similar to present
river valleys of the western plateau such as the Devils, Dry
Devils and West Nueces Rivers. These valleys are currently
in youthful erosional stages, having deep, narrow canyons
bordered by cliffs, and tributaries which are perched above
grade for most of their lengths. Dolines and sinkholes are
extensively developed both in tributary channels and on the
broad divides; most of these solutional features are still
very shallow. Springs are uncommon and restricted to the
large river canyons (though this situation is chiefly the
result of low rainfall -- in wetter areas springs woul