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ABSTRACT

The Grenville orogenic belt along the south-
ern margin of Laurentia records more than
300 m.y. of orogenic activity culminating in
arc-continent and continent-continent colli-
sion ca. 1150–1120 Ma. Exposures in Texas
provide a unique profile across the Grenville
orogen from the orogen core to the cratonal
margin. In the Llano uplift of central Texas,
ca. 1360–1232 Ma upper amphibolite–lower
granulite facies, polydeformed supracrustal
and plutonic rocks represent the core of the
collisional orogen. This exposure contains a
suture between a 1326–1275 Ma exotic island-
arc terrane and probable Laurentian crust
and records A-type subduction. In west Texas,
1380–1327 Ma amphibolite to greenschist fa-
cies, polydeformed supracrustal rocks are
thrust over ca. 1250 Ma carbonate and vol-
canic rocks along the cratonal margin. The
carbonate and volcanic rocks form a narrow
thrust belt with post–1123 Ma synorogenic
sedimentary rocks, which grade into unde-
formed sedimentary rocks northward on the
Laurentian craton.

The Texas basement reveals a consistent
but evolving tectonic setting for the southern
margin of Laurentia during Mesoproterozoic
time. This paper summarizes recent advances
in our knowledge of the Texas basement and
proposes plate models to explain the tectonic
evolution of this margin during Mesoprotero-
zoic time. The orogenic history is strikingly
similar to that of the Canadian Grenville oro-
gen and requires a colliding continent off the
southern Laurentian margin during the as-
sembly of Rodinia.

INTRODUCTION

Grenville-age rocks have become pivotal in
constraining plate reconstructions for Rodinia,
an early Neoproterozoic supercontinent (Dalziel,
1991; Hoffman, 1991; Moores, 1991). Lauren-
tia, which has a critical position in all models, is

bordered on its eastern margin by the north-
northeast–trending Grenville orogen, which re-
cords both intracratonic and collisional orogen-
esis (Davidson, 1986; Rivers et al., 1989). In
Labrador, crustal shortening telescoped older
basement rocks in an intracratonic setting as a
result of continent-continent collision farther
outboard (Connelly et al., 1995). In Ontario, a
long history of island-arc and allochthonous ter-
rane accretion culminated in continent-continent
collision (Davidson, 1986; Gower et al., 1990;
Culotta et al., 1990). Deep crustal shear zones

with northwest-directed transport are observed
along the belt (Davidson, 1986) with crustal im-
brication resulting in burial to depths in excess
of 45 km (Indares, 1993). This orogenic belt
continues northward into Greenland and Scandi-
navia, and scattered inliers in the Appalachians
suggest a lateral continuity along the length of
the Appalachian orogen (Fig. 1). Recent plate re-
constructions interpret South America as the col-
liding continent (Dalziel, 1991, 1992, 1997,
Hoffman, 1991; Moores, 1991; Unrug, 1996)
adjacent to this eastern margin of Laurentia, 
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Figure 1. Locations of Mesoproterozoic exposures in Texas and Mexico, wells in Central basin
platform (CBP), and Llano front (H—Hueco Mountains; P—Pump Station Hills). Directions of
tectonic transport (arrows) are shown for Llano uplift and west Texas exposures. Two possible
plate boundaries (dashed) are shown. Boundary in Llano uplift represents a collisional suture,
whereas that in west Texas represents closure of a small ocean basin. The equivalent collisional
suture in west Texas is to the south near Cerro Del Carrizalillo and Sierra Del Cuervo. Inset
shows location of Laurentian Grenville orogenic belts.
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constructions interpret South America as the col-
liding continent (Dalziel, 1991, 1992, 1997,
Hoffman, 1991; Moores, 1991; Unrug, 1996)
adjacent to this eastern margin of Laurentia,
whereas earlier reconstructions show western
Africa instead (e.g., Bird and Dewey, 1970;
Hatcher, 1987). Most reconstructions also show
Baltica and the Greenland portion of Laurentia
forming the northern extension of this belt, al-
though Gower et al. (1990) showed only Baltica
interacting with Laurentia.

A Grenvillian orogenic belt also borders the
southern margin of Laurentia and is exposed in
the central Texas Llano uplift and smaller expo-
sures in west Texas (Fig. 1). In Texas, the east-
trending Grenville orogen records both arc-
continent and continent-continent collisional
orogenesis (Wilkerson et al., 1988; Mosher,
1993; Reese, 1995; Roback, 1996a; Carlson,
1998, and this study). Thus, plate reconstruc-
tions that show the assembly of Rodinia along
Grenvillian sutures must include a southern
continent off the southern margin of Laurentia,
an element lacking in most reconstructions
(Dalziel, 1991, 1992, 1997; Hoffman, 1991;
Borg and DePaolo, 1994; Torsvik et al., 1996;
Unrug, 1996). The exception is Moores (1991)
who tentatively suggested that Baltica might lie
off this southern margin of Laurentia.

In this paper I summarize the results of recent
studies along the southern margin of Laurentia
and propose the first comprehensive plate model
for the Mesoproterozoic tectonic evolution of this
margin. New absolute age constraints and careful
structural and metamorphic studies allow correla-
tion of tectonic events and settings along the mar-
gin. Although further work is needed to test the
models proposed herein, a consistent story for the
tectonic evolution of the southern margin of Lau-
rentia during Mesoproterozoic time is emerging.

OVERVIEW

Rocks of presumed Grenville affinity lie south
of the northeast-trending Llano front, a magnetic
and gravity anomaly similar to the Grenville front
in the Appalachians (Mosher, 1993) (Fig. 1). Drill
cores into basement north of the front contain
granitic and rhyolitic rocks of the southern Gran-
ite rhyolite terrane (1400–1300 Ma; Van Schmus
et al., 1996), whereas south of the front they con-
tain gneisses and metasedimentary rocks. About
300 km south of the front, the core of the southern
Grenville orogen is exposed in the Llano uplift of
central Texas (Figs. 2 and 3). The uplift contains a
collisional suture between a distinct arc terrane
and continental crust, medium-temperature eclo-
gitic rocks suggesting burial to depths of ~50 km,
and evidence of dynamothermal tectonism ca.
1150–1120 Ma (Wilkerson et al., 1988; Mosher,

1993; Roback, 1996a, 1996b; Carlson, 1998).
Smaller exposures in west Texas (near Van Horn,
Texas; Fig. 4) contain the northern margin of the
orogen, which appears to be a continuation of the
Llano front (Fig. 1). There, polydeformed
1400–1300 Ma metasedimentary and metavol-
canic rocks were thrust in a transpressional setting
over ca.1250 Ma carbonate and volcanic rocks
(Soegaard and Callahan, 1994). Synorogenic con-
glomerates and sandstones (ca. post-1123 Ma;
Roths, 1993) involved in the underlying narrow
thrust belt are undeformed 7 km north of the
boundary on cratonal Laurentia. Farther west
along strike in the Franklin Mountains (near El
Paso, Texas), correlative carbonate and volcanic
rocks are undeformed (Pittenger et al., 1994).
Thus, considered together, the exposures along
the southern margin of Laurentia provide a unique
profile across the Grenville orogen from the oro-
gen core onto the cratonic margin. No penetrative
ductile deformation or metamorphism younger
than Mesoproterozoic age has affected the ex-
posed rocks in Texas.

LLANO UPLIFT

The Llano uplift consists of ca. 1360 to 1232 ±
4 Ma metavolcanic, metaplutonic, and metasedi-
mentary rocks (Table 1; Fig. 2) that have been
polydeformed synchronous with a moderate- to
high-pressure, upper amphibolite to lower gran-
ulite facies regional metamorphism (Walker,
1992; Mosher, 1993; Reese, 1995; Roback,
1996a; Carlson, 1998). These rocks were subse-
quently intruded by 1119 +6/–3 to 1070 ± 2 Ma,
syntechtonic to post-tectonic granites (Table 1;
Fig. 2) synchronous in part with a generally stat-
ic, low-pressure, middle amphibolite facies meta-
morphism (Walker, 1992; Reed, 1995; Reed 
et al., 1995; Carlson, 1998).

Recent U/Pb geochronology (Walker, 1992;
Reese, 1995; Roback, 1996a) has shown that the
previously described stratigraphy (see Barnes,
1981) is unusable in its present form. Rocks
mapped as a single unit vary significantly (>100
m.y.) in age and in many cases cannot be genetic-
ally related. In the eastern uplift, where most of the
recent detailed work has been conducted, three in-
dividual lithotectonic domains and intrusive rocks
that crosscut one or more domains have been de-
fined (Mosher, 1996; Roback, 1996a)(Figs. 2 and
3). The southernmost domain, the Coal Creek do-
main, is a tonalitic to dioritic arc terrane (Garrison,
1981b, 1985; Roback, 1996a). The Coal Creek do-
main structurally overlies the Packsaddle domain
to the north along the southwest-dipping Sandy
Creek ductile thrust zone (Carter, 1989; Roback,
1996a; Whitefield, 1997). The Packsaddle domain
consists of metavolcanic and metasedimentary
supracrustal rocks intruded by metaplutonic rocks,

all of which are polydeformed, and near the Coal
Creek domain boundary, highly transposed
(Carter, 1989; Nelis et al., 1989; Reese, 1995). The
Packsaddle domain structurally overlies the Valley
Spring domain to the north along a southwest-dip-
ping ductile thrust zone (Reese, 1995). The Valley
Spring domain is a polydeformed granitic gneiss
terrane that consists of supracrustal and plutonic
rocks and contains an older crustal component (ca.
1360 Ma) that may represent the southern margin
of Laurentia (Reese et al., 1992; Reese, 1995;
Roback, 1996a). The Valley Spring domain is the
least-studied domain, and additional work (in
progress) will probably subdivide it further. Each
of these domains, summarized in the following,
consists of rocks with a wide range in ages (Figs. 2
and 3; Table 1). I have extrapolated these domains
to the central and western uplift, using previous
stratigraphic correlations (e.g., Barnes, 1981), but
further geochronological work is needed to test
these relationships. Previous stratigraphic names
are referenced below where helpful in relating re-
cent work to previous literature.

Coal Creek Domain

The Coal Creek domain consists of a long-
lived, 1326 ± 2 to 1275 +2/–1 Ma plutonic com-
plex (Figs. 2 and 3), interpreted as an ensimatic
arc (Roback, 1996a), that shows an early intru-
sive, deformational, and metamorphic history
unique to that of the rest of the uplift. A large (6
× 2.3 km) tabular body of serpentinized
harzburgite (Coal Creek Serpentinite) has been
tectonically emplaced within the plutonic com-
plex and shows a complicated history of serpen-
tinization, metamorphism, and deformation
(Gillis, 1989; Mosher and Gillis, unpublished
data). The oldest parts of the complex are 1326
± 2 to 1301 +2/–1 Ma, folded, well-foliated,
gray, mafic to tonalitic gneisses (previously
mapped as Big Branch Gneiss), found primarily
south of the serpentinite, that underwent dy-
namothermal metamorphism ca. 1292 Ma
(Roback, 1996a). North of the serpentinite,
these gray tonalitic gneisses are cut by a
younger, dioritic to tonalitic suite (previously
mapped as part of the Packsaddle Schist Click
Formation; older Packsaddle Schist of Mosher,
1993). These younger (1286 +6/–4 to 1275
+2/–1 Ma) cogenetic plutonic rocks show well
preserved cross-cutting intrusive relationships
and truncate the fabric in the older tonalitic
gneisses, but are themselves foliated (Roback,
1996a). The Coal Creek domain also contains
gabbros, amphibolites, mafic schists, and minor
talc-rich and serpentinite bodies, all of which in-
crease in abundance southward approaching the
Coal Creek Serpentinite. Mafic rocks are Fe-
rich, low- to medium-K2O tholeiites composi-
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tionally similar to present-day island arc tholei-
ites and ocean floor basalts (Garrison, 1981a,
1981b). An enigmatic younger metamorphism
has been dated as 1256 +2/–1 Ma (Roback,
1996a). The structural stacking within the Coal
Creek domain (older tonalitic gneisses overly-
ing serpentinite that overlies younger plutonic
rocks that become less mafic away from the ser-
pentinite) suggests that the serpentinite repre-
sents arc basement or associated oceanic crust
that has been tectonically imbricated with the
roots of an ensimatic arc (Roback, 1996a).

The Coal Creek domain rocks have distinctly
different geochemical and Nd and Pb isotopic
signatures than those of the Packsaddle and 
Valley Spring domains to the north, indicating
that the arc evolved separately from the rest of
the uplift (Roback et al., 1995; Roback, 1996a;
Whitefield, 1997). Initial Pb isotopic data from
tectonized granitic rocks within the Packsaddle
domain and Valley Spring domain and from
post-tectonic granites plot along a 1.1 Ga
207Pb/204Pb–206Pb/204Pb isochron (James and
Walker, 1992; Smith et al., 1997), whereas Pb
isotopic data for Coal Creek domain rocks plot
above this isochron (higher 207Pb/204Pb for a
specific 206Pb/204Pb) (Roback et al., 1995;
Roback, 1996a; Smith et al., 1997, Fig. 13). Sm-
Nd isotopic data yield older model ages (1679 to
1403 Ma; eNd +1.2 and +3.9) for the Coal Creek
domain than for most of the Packsaddle domain
(1478 to 1276 Ma; eNd +2.4 to +4.8), the Valley
Spring domain (1370 to 1231 Ma; eNd +3.6 to
+5.4), and post-tectonic granites (1344 to 970
Ma; eNd +2.6 to +5.2) (Patchett and Ruiz, 1989;
Roback et al., 1995; Whitefield, 1997; Smith 
et al., 1997, Fig. 14). The petrologic character is
also different with plagioclase being the domi-
nant feldspar in Coal Creek domain rocks and K
feldspar in Packsaddle domain and Valley
Spring domain rocks. The boundary between the
Coal Creek and the Packsaddle domains is
abrupt, and is marked by the change in the petro-
logic, geochemical, and Pb and Nd isotopic
character of the rocks (Whitefield, 1997; Roback,
1996a). Rocks of questionable origin in the 
Packsaddle domain (cf. white gneiss of Roback,
1996a), yield distinct isotopic signatures tying
them to the Packsaddle and Valley Spring do-
mains (Whitefield, 1997; R. Roback, 1996, per-
sonal commun.).

Packsaddle Domain

Polydeformed rocks of the Packsaddle domain
(Fig. 2) consist of hornblende, graphite, biotite,
muscovite and actinolite schists, marbles, calc-
silicate rocks, quartzites, and quartzofeldspathic
rocks. These generally supracrustal rocks are in-
terpreted to have been shallow shelf and slope 

S. MOSHER
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Figure 3. Structural column showing the spatial relationships among dated rocks and do-
mains for the Llano uplift. Coal Creek Serpentinite is represented by solid black in Coal Creek
domain. Intrusive rocks in Packsaddle domain and Valley Spring domain shown by random
parallel line dashes are considered part of the same period of igneous activity and are stitching
plutons for these two domains. Only the 1098 +3/–2 Ma rhyolite dike (Packsaddle domain) and
post-tectonic granites are undeformed. Sources for data are given in Table 1. Modified from
Mosher (1996).
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Figure 4. Geologic map of Mesoproterozoic exposures in west Texas, near Van Horn. The
rocks have been uplifted and locally cut by Basin and Range faults (thin lines). Mesoproterozoic
faults are shown by thick lines. Modified from Grimes (unpublished data).
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sediments with intermittent mafic and felsic vol-
canic flows, tuffs, and volcaniclastic deposits
(i.e., arc and flank environment; Garrison, 1981a,
1981b; Mosher, 1993). Some intrusive rocks,
generally sills, have been identified (Carter,
1989; Nelis et al., 1989; Roback, 1996a). One
unit shows evidence of extensive weathering
prior to metamorphism, producing probable lat-
erites (Carlson and Reese, 1994). Near the Coal
Creek domain boundary in the southeastern up-
lift, complete transposition of units precludes de-
termination of many protoliths and original con-
tact relationships. Farther north in the Packsaddle
domain, deformation is less intense, and primary
sedimentary structures and rare basaltic pillow
lavas are preserved (Farmer, 1977; Reed et al.,
1996). Metasedimentary units are abundant near
the Valley Spring domain boundary in the south-
eastern uplift.

The supracrustal rocks record >30 m.y. of dep-
osition (Figs. 2 and 3, Table 1). Felsic metavol-
canic rocks interlayered with metasedimentary
rocks have been dated as 1244 ± 5 and 1248 ± 3
Ma (Reese, 1995). Fine-grained quartzofeld-
spathic mylonitic rocks of the Packsaddle domain
from within the Sandy Creek shear zone yield
similar ages (1255 +11/–6 to 1247 +8/–6 Ma,
Walker, 1992; Roback, 1996a; Whitefield, 1997),
although some are considered sills, based on pri-
mary textures in less sheared zones (Roback,
1996a; Whitefield, 1997). Other younger granite
(Red Mountain Gneiss) and quartz monzonite
(Comanche Creek gneiss; marginal Big Branch
Gneiss facies of Garrison, 1985) sills dated as
1238 +8/–6 Ma and 1239 +5/–3 Ma (Walker,
1992), respectively, intrude the Packsaddle do-
main supracrustal rocks. The oldest dated Pack-
saddle unit is a white gneiss ~4 km north of the
Coal Creek domain boundary that yields an ig-
neous crystallization age of 1274 ± 2 Ma
(Roback, 1996a), indicating that some of the
Packsaddle domain is older.

Valley Spring Domain

The Valley Spring domain dominantly consists
of microcline-quartz (biotite/hornblende) gneisses
and lesser amounts of schist, amphibolite, meta-
gabbro, and marble (McGehee, 1979). In the
northeastern uplift, the rocks are primarily granitic
in composition, whereas in the western uplift, the
rock types are more varied. Barnes (1988) sug-
gested that probable protoliths are ignimbrites and
rhyolitic volcanic rocks interbedded with local
mafic igneous rocks, calcareous tuffs, limestones,
and volcaniclastic deposits. Some gneisses are
considered to have arkose and quartzofeldspathic
sandstone protoliths on the basis of their mineral-
ogy and field relationships (Garrison et al., 1979).
In one location, textures indicative of peritidal car-
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TABLE 1. GEOCHRONOLOGY FOR THE MESOPROTEROZOIC EXPOSURES

Dates Rock type Reference
(Ma) 

LLANO UPLIFT
Coal Creek domain (CCD)
Big Branch Gneiss 1326 ± 2* z Tonalitic gneiss Roback, 1996a

1303 +5/–3* z Tonalitic gneiss Walker, 1992
1301 +2/–1* z Tonalitic gneiss Roback, 1996a

Coal Creek plutonic complex 1292 +3/–2* z Leucotonalite Roback, 1996a
1286 +6/–4* z Hornblende gabbro Roback, 1996a
1282 ± 1* z Leucogranodiorite Roback, 1996a
1276 ± 2* z Tonalite Roback, 1996a
1275 +2/–1* z Tonalite Roback, 1996a
1256 +2/–1*(m) z Amphibolte Roback, 1996a
1118 ± 3* (m) t Hornblende gabbro Roback, 1996a

Dike 1115 ± 4* (m) m Granitic dike Roback, unpub. data,
in Mosher, 1996

Packsaddle domain (PSD)
Packsaddle “Schist” 1274 ± 2* z White gneiss Roback, 1996a

1256 +6/–4 z Quartz/feldspar gneiss Roback, 1996b
1248 ± 3 z Volcanic rock† Reese, 1995
1247 +8/–6 z Quartz/feldspar mylonite Walker, 1992
1244 ± 5 z Volcanic rock† Reese, 1995
1243 ± 2 z Quartz/feldspar gneiss Walker, 1992

Sill 1255 +11/–6* z Granite sill Whitefield, 1997
1250 +4/–2* z Granite sill Roback, 1996a

Red Mountain Gneiss 1239 +5/–3 z Granite sill Walker, 1992
Comanche Creek Gneiss 1238 +8/–6 z Quartzmonzonite sill Walker, 1992
Dike 1098 +3/–2 z Rhyolite dike, undeformed Walker, 1992
Packsaddle “Schist” 1134–1102 (m)st Al-, Fe-rich pelites Roback, 1996b, preliminary

Pb207/Pb206 age
Valley Spring domain (VSD)
Valley Spring Gneiss ~1360 z Gneiss Reese, 1995

1288 ± 2 z Gneiss (type locality) Roback, unpub. data,
in Mosher,1996

1270 ± 2 z Augen gneiss Reese, 1995
1253 +3/–2 z Foliated granitic rock Roback, 1996b

Lost Creek Gneiss 1254 +6/–4 z Quartz/feldspar gneiss Roback, 1996b
1252 ± 3 z Quartz/feldspar gneiss Walker, 1992

Inks Lake Gneiss (‘Valley Spring’) 1232 ± 4 z Foliated granitic rock Walker, 1992
Mason County eclogitic rocks 1147 ± 4* (m) z Eclogite Roback, 1996b
Oxford County eclogitic rocks 1133 ± 2* (m) z Retrogressed eclogite Roback, 1996b
Mason County eclogitic rocks 1128 ± 6* (m) z Eclogite Roback, 1996b

VSD/PSD/CCD 1115 ± 6* (m)m,t,r Metamorphic rocks Roback, 1996b

Town Mountain Granites
Grape Creek pluton 1119 +6/–3 z Syntectonic Reed et al., 1995
Legion Creek pluton 1116 +6/–4 z Syntectonic Walker, 1992
Wolf Mountain pluton 1116 ± 2* t Syntectonic Roback, unpub. data,

in Mosher, 1996 
Oatman granite 1120 ± 5* t Syntectonic Rougvie et al., 1996
Llanite dike 1092 ± 2 z Post-tectonic Helper et al., 1996
Lone Grove pluton 1091 +4/–3 z Post-tectonic Walker, 1992

1093 ± 6* t Post-tectonic Rougvie et al., 1996
Enchanted Rock pluton 1080 ± 6 z Post-tectonic Rougvie et al., 1996
Katemcy pluton 1070 ± 2 z Post-tectonic Rougvie et al., 1996

VAN HORN AREA
Carrizo Mountain Group 1380 ± 20 z Rhyolite Soegaard et al., 1996

1370 z Rhyolite Copeland and Bowring, 
unpub. data 

1327 ± 28 z Rhyolite Roths, 1993
Allamoore Formation 1256 ± 5 z Felsic tuff Glahn et al., 1996

1247 ± 4 z Felsic tuff Glahn et al., 1996
Hazel Formation 1123 ± 29 z Granite boulder Roths, 1993

1121 ± 23 z Rhyolite boulder Roths, 1993
FRANKLIN MOUNTAINS
Castner Marble 1260 ± 20 z Felsic tuffs Pittenger et al., 1994
Thunderbird rhyolite 1111 ± 43 z Rhyolite Roths, 1993
Red Bluff Granite 1120 ± 35 z Granite Shannon et al., 1997

1086 ± 5 z Granite Shannon et al., 1997
SIERRA DEL CUERVO, MEXICO 1333 +10/–8 z Metagabbro Blount, 1993

1274 +6/–5 z Metagranite Blount, 1993
1080 ± 5 z Trondhemite Blount, 1993

CENTRAL BASIN PLA TFORM 1163 ± 4 z Mafic intrusion Keller et al., 1989

Note: All data, unless otherwise designated, are U/Pb zircon crystallization ages obtained using large multiple
grain fractions. (m) metamorphic age; z—zircon; t—titanite, m—monazite; r—rutile; st—staurolite. Metamorphic
zircons generally are rounded and lack internal, concentric igneous zoning. See references for more details.

*U/Pb ages determined using small size fractions (0.001–0.166 mg).
†Euhedral, multifaceted, zircons with internal, concentric zoning.
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bonates have been preserved (Reed et al., 1996),
and manganese deposits (Hess and Gobel, 1987)
and a barite gneiss (Droddy, 1978) also suggest
sedimentary origins. In some areas, protoliths for
the gneisses are difficult to determine due to de-
formation and migmatization, although a wide
range in δ18O isotopic values (11.7‰–17‰) sug-
gests multiple protoliths (Rougvie, 1993). Some
gneisses show evidence of extreme chemical
weathering prior to metamorphism (Droddy,
1978). The Valley Spring domain differs from the
Packsaddle domain in that the rocks are predomi-
nately granitic in composition and represent ter-
rigenous clastic rocks as well as volcanic and plu-
tonic granitic rocks.

Dated igneous rocks range in crystallization age
from 1288 ± 2 to 1232 ± 4 Ma (to perhaps ca. 1360
Ma) (Walker, 1992; Reese, 1995; Mosher, 1996;
Roback, unpublished data)(Figs. 2 and 3, Table 1)
and vary in degree of deformation from moder-
ately foliated to polydeformed (Denny and Gobel,
1986; Helper, 1996). A thin (5 m) laterally exten-
sive (>32 km) rhyolitic pyroclastic sheet at the tec-
tonized Valley Spring domain–Packsaddle domain
boundary has been dated as 1270 ± 2 Ma (Reese,
1995). The “Valley Spring Gneiss” (Inks Lake
Gneiss; Reese, 1995) dated by Walker (1992) as
1232 ± 4 Ma is only moderately foliated, in con-
trast to adjacent polydeformed Valley Spring do-
main gneisses (Helper, 1996), indicating that it is
probably an intrusion (Reese, 1995). Several
gneisses contain zircons as old as ca. 1360 Ma
(Reese, 1995), suggesting that part of the gneiss
may represent older crust correlative with the
southern Granite rhyolite terrane or that Laurentia
was proximal and acted as a sediment source
(Reese et al., 1992; Reese, 1995; Roback, 1996a).

Igneous Activity

In addition to the Coal Creek domain plutonic
complex, two other major periods of igneous ac-
tivity have affected the uplift. The first period, de-
fined by an almost continuous span of ages from
1255 +11/–6 to 1232 ± 4 Ma (Walker, 1992;
Roback, 1996b; unpublished data; Whitefield,
1997) (Table 1), appears to affect all of the uplift
except the Coal Creek domain. Both the Packsad-
dle and Valley Spring domains contain abundant
foliated granitic rocks of this age, and the granitic
Lost Creek Gneiss in the western uplift, which has
been arbitrarily grouped with the Valley Spring
domain, also yields ages in this range (Walker,
1992; Roback, unpublished data). Although some
of these rocks are clearly intrusive and others are
volcanic rocks, all provide evidence of igneous
activity during this time and suggest that the
Packsaddle and Valley Spring domains were in
close proximity. The older igneous rocks (1288 ±
2 to 1270 ± 2 Ma) within the Packsaddle and Val-

ley Spring domains may be part of this period of
igneous activity, but the ~15 m.y. hiatus from
1270 to 1255 Ma makes this less certain. The
older igneous rocks in the Valley Spring domain
are also granitic in composition, but the one from
the Packsaddle domain (white gneiss, Roback,
1996a) is not.

Coarse-grained Town Mountain Granite and
associated medium- to fine-grained granite plu-
tons intruded the metamorphic rocks across the
entire uplift during the second period of igneous
activity between 1119 +6/–3 to 1070 ± 2 Ma
(Walker, 1992; Reed, et al., 1995; Roback,
1996b), indicating that all domains were juxta-
posed at this time. The youngest Town Mountain
Granite intrusions (1091 +4/–3 to 1070 ± 2 Ma;
Walker, 1992) are generally circular, unde-
formed, coarse-grained, pink K2O-rich granite
plutons. Associated medium- to fine-grained
granites locally appear to be cogenetic with the
coarse-grained Town Mountain Granite and are
not distinctly different chemically (Cook et al.,
1976). The oldest Town Mountain Granite intru-
sions (1119 +6/–3 to 1116 +6/–4 Ma) are late
syntectonic (Reed and Helper, 1994; Reed, 1995,
1996b; 1119 +6/–3 Ma replaces previously re-
ported preliminary age). Locally, ductile shear
zones with protomylontic to ultramylonitic fab-
rics cut several of these otherwise undeformed
granites and the surrounding country rocks (Reed
and Helper, 1994; Reed, 1996a; Davidow, 1996).
One large sheet-like intrusion, the Wolf Moun-
tain intrusion, was folded by a broad, open re-
gional fold (F5?; see following) during solidifica-
tion, as evidenced by a complex internal fabric,
multiple dikes, and localized healed shear zones
in the hinge region and a simpler internal struc-
ture on the limbs (Reed, 1995). Although these
granites are deformed, they do not contain the
penetrative fabrics of the country rock and only
record the waning stages of orogenesis (Reed and
Helper, 1994). Low-pressure contact metamor-
phic aureoles are observed around both late syn-
orogenic and postorogenic granites (Reed, 1995;
see following).

The Town Mountain Granite and associated
granitic plutons, which compose nearly half of the
Llano exposure, have homogeneous major ele-
ment compositions with both I-type and A-type
characteristics (Barker et al., 1996). Nd and Pb
isotopic data (given in foregoing) and initial
87Sr/86Sr ratios (0.7048–0.7061; Garrison et al.,
1979) indicate either depleted mantle or juvenile
lower crustal sources for the magmas (Patchett
and Ruiz, 1989; Barker et al., 1996; Smith et al.,
1997). Although granitic gneisses of the Valley
Spring domain have Pb and Nd isotopic values
similar to those of the granites, the initial 87Sr/86Sr
ratios (~0.7105 at 1.1 Ga, Smith et al., 1997) are
different, indicating that the Valley Spring domain

gneisses were not a major magma source for the
granites (Barker et al., 1996; Smith et al., 1997).
Anatexis of slightly older, juvenile tonalitic crust
is favored by trace element models for one ellipti-
cal pluton (Smith et al., 1997).

Deformation

Metamorphic rocks of all three domains record
a polyphase deformational history that occurred
synchronous with a high-pressure, amphibolite to
granulite facies metamorphism. Both the Packsad-
dle and Valley Spring domains are generally per-
vasively deformed, whereas parts of the Coal
Creek domain (1286 +6/–4 to 1275 +2/–1 Ma plu-
tonic suite) are much less deformed. A wide (2–3
km), high-strain mylonitic zone (Sandy Creek
shear zone; Fig. 2) forms the boundary between
the Coal Creek and Packsaddle domains (Carter,
1989; Roback, 1996a), and the rocks immediately
north of the boundary within the Packsaddle do-
main are the most intensely deformed and trans-
posed rocks within the Llano uplift. The boundary
between the Packsaddle and Valley Spring do-
mains in the southeastern uplift is a narrow (~100
m wide), low-strain ductile shear zone, and my-
lonites are found throughout the Packsaddle do-
main (Reese, 1995). Tectonic transport for all of
these ductile shear zones, as indicated by asym-
metry of porphyroclasts in mylonites, is toward the
northeast (Reese, 1995; Whitefield, 1997).

In the southeastern uplift, the Packsaddle do-
main rocks record five phases of outcrop- to re-
gional-scale, noncoaxial, noncoplanar folding
(F1–F5), and formation of five associated pene-
trative metamorphic foliations (S1–S5) (Mosher,
1993). Detailed studies (Carter, 1989; Nelis et al.,
1989; Reese, 1995) of these rocks have shown a
complex history as summarized in the following.
F2 are isoclinal folds of S1 and S0 that locally fold
F1, producing type II (mushroom; Ramsey, 1967)
interference patterns. F3 folds are northeast-verg-
ing, tight to isoclinal, nearly chevron-shaped
folds of S2 and locally F2, whereas F4 are north-
verging, closed to tight, asymmetric chevron
folds. F5 are northeast-verging, overturned, open
to tight folds of all previous generation struc-
tures. Each fold generation is characterized by a
penetrative axial-planar foliation. These folia-
tions are typically crenulation cleavages of previ-
ous generation foliations with metamorphic dif-
ferentiation along the limbs. The regionally
pervasive foliation is a composite of S1 and S2 fo-
liations, although locally near the Coal Creek do-
main boundary, S3 is dominant. S2 is also a my-
lonitic foliation in places and is folded by
subsequent fold generations. F2, F3, and F5 fold
hingelines are southeast- to south-southeast
trending, although F5 folds show less spread, and
have primarily southeast-trending hingelines. S2,
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S3, and S5 foliations are northwest striking and
southwest dipping, except where reoriented by
younger folds. F4 fold hingelines, in contrast, are
generally east trending with east-striking folia-
tions, although they are folded by F5 folds. Lo-
cally, minor, late-stage to postcontractional,
north-south extension is observed (Carter et al.,
1993; Reese, 1995). Although the intensities of
deformation and transposition increase toward
the Coal Creek domain boundary, the complex-
ity, orientations, and geometry of the structures
do not change.

All three domains are affected by the dominant
S2 foliation of the Packsaddle domain. S2 folia-
tion in the Packsaddle domain can be traced
southward into the Sandy Creek shear zone,
where it becomes mylonitic (Carter, 1989), and
into the Coal Creek domain (Roback, 1996a;
Whitefield, 1997). In the Coal Creek domain, lo-
cally developed, post-S2 structures are similar in
orientation and superposed geometry to those in
the Packsaddle domain, but because they affect
plutonic rather than supracrustal rocks, the struc-
tures are difficult to directly correlate (Gillis,
1989). S2 foliation also can be traced northward
from the Packsaddle domain into the Valley
Spring domain, and it becomes mylonitic in the
ductile shear zone at the domain boundary
(Reese, 1995). This ductile shear zone is folded
by subsequent fold generations. Farther north
within the Valley Spring domain of the eastern
uplift, rocks are polydeformed with styles, orien-
tations, and superposed geometries (Helper,
1996; Denny and Gobel, 1986) similar to those of
the Packsaddle domain in the southeastern uplift,
but further work is necessary to demonstrate the
temporal relationships.

The timing of polyphase folding and my-
lonitization in the southeastern uplift is con-
strained between 1238 +8/–6 to 1098 +3/–2
Ma by pretectonic to post-tectonic sills and
dikes in the Packsaddle domain (Walker, 1992)
(Figs. 2 and 3). Within the Sandy Creek shear
zone, sills ranging in age from 1255 +11/–6
Ma (Whitefield, 1997) to 1238 +8/–6 Ma
(Walker, 1992) are mylonitized along with the
enclosing Packsaddle domain rocks, providing
a lower limit on the timing of mylonitization.
North of the shear zone in the Packsaddle do-
main, granitic sills (Red Mountain Gneiss)
dated as 1239 +5/–3 Ma (Walker, 1992) are
folded by F2–F5 and contain S1 foliation (Nelis
et al., 1989). Thus, the mylonites, F1, S1, and
all subsequent fold generations in the Packsad-
dle domain formed after 1239 +5/–3 Ma. The
youngest (1232 ± 4 Ma; Walker, 1992) de-
formed metamorphic rock, located in the Val-
ley Spring domain in northeastern uplift, fur-
ther constrains the timing of penetrative
deformation. An undeformed, regionally ex-

tensive rhyolitic dike dated as 1098 +10/–6 Ma
(Walker, 1992) crosscuts all structures, provid-
ing an upper limit on the deformation (Nelis 
et al., 1989).

Outside of the eastern uplift, rocks mapped as
Packsaddle Schist and Valley Spring Gneiss show
an equally complex deformational history. Prelim-
inary detailed mapping (Hunt, 1996; M. A. Helper,
S. Mosher, S. Anderson, unpublished mapping)
and examination of previous work (Mutis-Duplat,
1972; Droddy, 1978) in the western uplift indicate
that early structures generally trend northeast to
east and some southeast-trending structures verge
southwestward. Thus, this area may record a dif-
ferent kinematic history with east- to northeast-
trending structures playing a more significant role.

Metamorphism

The metamorphic rocks in all three domains
record a complex polymetamorphic history (re-
viewed by Carlson and Schwarze, 1997; Carlson,
1998). An early dynamothermal, high- to moder-
ate-pressure, amphibolite to granulite (transitional
to medium-temerature eclogite) facies regional
metamorphism was overprinted by a low-pres-
sure, generally static, mid-amphibolite facies
metamorphism (Wilkerson et al., 1988; Carlson,
1998; Carlson and Schwarze, 1997, and refer-
ences therein), both of which affect all three do-
mains. Metamorphic conditions for the dynamo-
thermal event do not change abruptly across
domain boundaries, consistent with the metamor-
phic foliation, S2, affecting all three domains.

Pressure-temperature (P-T) conditions for the
dynamothermal metamorphism decrease from a
high in the western uplift northeastward parallel
to the direction of tectonic transport docu-
mented for the southeastern uplift (Reese, 1995;
Carlson and Schwarze, 1997). The highest P-T
conditions of 750 ± 50 °C and ~15 kbar are
recorded by medium-Teclogites (pyropic gar-
net + sodic clinopyroxene + pargasitic amphi-
bole + rutile ± orthopyroxene) in the western
uplift (Wilkerson et al., 1988; Davidow, 1996;
Carlson and Schwarze, 1997; Carlson, 1998).
Temperatures are determined from cation-ex-
change thermometry (Fe-Mg exchange for gar-
net-clinopyroxene, garnet-orthopyroxene, gar-
net-hornblende pairs and Ca-Mg exchange for
orthopyroxene-clinopyroxene) and pressures
are estimated based on Al content of orthopy-
roxene equilibrated with garnet (see Carlson
and Schwarze, 1997, for discussion). An in situ
origin for the eclogitic rocks is supported by
field relations and totally homogenized (flat)
garnet growth zoning profiles from the sur-
rounding rocks (to 5 km away). In the northern
uplift, a garnetiferous amphibolite, showing
relict eclogitic textures, records temperatures of

~585 °C, on the basis of Fe-Mg exchange ther-
mometry on omphacite inclusions and inclosing
garnet, and pressures of 6–8 (?) kbar, estimated
from inclusion suites within garnets (Carlson
and Johnson, 1991; Carlson and Schwarze,
1997). Garnets from the northern uplift have
steep internal compositional gradients, again
supporting an in situ origin for the eclogitic
rocks (Carlson and Schwarze, 1997). In the
southeastern uplift, peak conditions of ~700 °C
and ~7 kbar have been estimated based on phase
equilibria using an incomplete reaction between
Fe-rich, high-H staurolite + quartz producing al-
mandine and sillimanite in Al- and Fe-rich
pelitic rocks of the Packsaddle domain (Carlson
and Reese, 1994; Carlson, 1998). Garnet growth
zoning profiles in this area are consistent with
these conditions (Carlson and Schwarze, 1997).
The Fe-rich, high-H staurolite is aligned paral-
lel to S2 (Carlson and Reese, 1994), and nearby,
high-H staurolite occurs as inclusions in garnet
that overgrows S2 and S3, but not S4 and S5
(Carlson and Nelis, 1986). Thus, in the Pack-
saddle domain, the high-P, high-Tmetamor-
phism was synchronous with the early phases of
deformation. In the Coal Creek domain, a relict
metamorphic assemblage of enstatite + forsterite
± anthophyllite in the serpentinite suggests tem-
peratures of ~710 °C or higher (Garrison,
1981a, 1981b) and pressures at 8–10 kbar, if an-
thophyllite grew during prograde metamor-
phism (Gillis and Mosher, unpublished data),
consistent with the metamorphic conditions in
the Packsaddle domain. The fosterite, and lo-
cally enstatite, define a tectonic foliation inter-
preted to be correlative with S2 in the rest of the
Coal Creek domain (Gillis, 1989), further sug-
gesting that it underwent the same dynamother-
mal history as the rest of the uplift.

Timing of the high-P, dynamothermal meta-
morphism has been further constrained by dat-
ing of metamorphic minerals (Roback, 1996b;
Roback and Carlson, 1996). Metamorphic zir-
con from eclogitic rocks yields ages of 1147 ± 4
to 1128 ± 6 Ma, and the syntectonic staurolite
used to determine P-T conditions in the Pack-
saddle domain yields preliminary 207Pb/206Pb
ages of 1134 to 1102 Ma (Roback, 1996b;
Roback and Carlson, 1996; Table 1). These ages
may record a high-T part of the prograde path,
however, rather than the highest Pconditions. U-
Pb titanite, rutile, and monazite ages from across
the entire uplift (all domains), except adjacent to
or from post-tectonic plutons, yield ages of 1115
± 6 Ma (Roback, 1996b) (Table 1). These ages
are 25–45 m.y. older than the crystallization ages
for the undeformed, post-tectonic plutons (1091
+4/–3 to 1070 ± 2 Ma; Walker, 1992). Thus, they
are not the result of an associated thermal event
or contact metamorphism and record different
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parts of the retrograde path. These ages are com-
patible with the protolith age constraints for de-
formation in the Packsaddle and Valley Spring
domains (1232 ± 4 to 1098 +3/–2 Ma). Taken to-
gether, these data indicate that dynamothermal
metamorphism occurred in the ca. 1150 to 1115
Ma range with the most penetrative deformation
prior to ca. 1119 Ma, the age of the oldest dated
late syntectonic granites. Deformation could
have commenced somewhat earlier (but <1232
Ma) because the zircons may not record peak
pressure conditions. The narrow age range for
minerals with distinctly different blocking tem-
peratures (monazite, 640–730 °C; titanite,
500–670 °C; rutile 380–420 °C; Mezger et al.,
1989, Mezger et al., 1991) indicates rapid cool-
ing (Roback, 1996b), probably associated with
rapid uplift and exhumation. The late syntec-
tonic granites that were generated during the
same time period (1119 +6/–3 to 1116 +6/–4
Ma) show both contractional deformation and
low-P aureoles, indicating that contraction was
still under way during uplift.

The Coal Creek domain also records earlier
metamorphic events (Table 1). The 1326 ± 2 to
1301 +2/–1 gray tonalitic gneisses (Big Branch
Gneiss) underwent dynamothermal metamor-
phism prior to intrusion of the 1286 +6/–4 to
1275 +2/–1 Ma dioritic to tonalitic plutonic suite,
probably during the formation of anatectic melts
dated as 1292 +3/–2 Ma (Roback, 1996a). Am-
phibolites intruded by these anatectic melts con-
tain metamorphic zircons yielding ages of 1256
+2/–1 (Roback, 1996a).

Regional dynamothermal metamorphism has
been overprinted by a primarily static, mid-am-
phibolite facies metamorphism throughout the
uplift. Isotopic evidence indicates that reheating
and hydration are genetically related to post-tec-
tonic granite pluton emplacement (Bebout and
Carlson, 1986). Temperatures ranged from ~475
to ~625 °C, and pressures ranged from 2.2 to 3.2
kbar (Wilkerson et al., 1988; Carlson, 1992;
Letargo and Lamb, 1993; Letargo et al., 1995;
Carlson and Schwarze, 1997).

Tectonic Evolution

Mesoproterozoic orogenic activity recorded in
central Texas spanned ~300 m.y. and apparently
culminated with the collision of a long-lived (~50
m.y.) island arc terrane with a continental block
that may represent the southern margin of Lau-
rentia. The presence of medium-T eclogites,
characteristic of A-type subduction, indicates
collision of a continental block as well.

The Valley Spring domain and Packsaddle do-
main rocks overlap in age and probably represent
a continuum from a continental to marine envi-
ronment with intermittent volcanism and pluton-

ism along the continental margin prior to colli-
sion. The Valley Spring domain arkosic and
quartzofeldspathic sedimentary rocks show con-
tinental affinities, and the Packsaddle domain
contains fewer quartzofeldspathic rocks and a
wider variety of supracrustal rock types indica-
tive of a continental margin shelf and slope de-
posit. The associated felsic volcanic and plutonic
rocks in the Valley Spring and Packsaddle do-
mains could be arc related, with the clastic rocks
representing eroded arc material interlayered
with marine sediments along a continental mar-
gin. If so, the almost uniformly granitic composi-
tions of the rocks in the northeastern uplift sug-
gest that the arc is most likely located north of or
within the northeastern uplift. Alternatively,
these rocks could be part of a continental rift se-
quence; no geochemical data are available to
help constrain their origin.

The Coal Creek domain represents the base of
an ensimatic arc that evolved separately from the
rest of the Llano uplift (Roback, 1996a). Mag-
matism ranged from 1326 ± 2 Ma to 1275 +2/–1
Ma. The arc may have continued to be active af-
ter that time, but thorough and systematic dating
of the preserved portion has not yielded younger
protolith ages. In the rest of the uplift, felsic plu-
tonism and volcanism occurred from about 1255
+11/–4 Ma to about 1232 ± 4 Ma. The lack of
similar igneous activity at this time in the Coal
Creek domain suggests that it was not yet ac-
creted, although it was probably no longer active,
as implied by a metamorphic zircon age of 1256
+2/–1 Ma.

Accretion of the island arc (Coal Creek do-
main) occurred before 1119 +6/–3 Ma, on the ba-
sis of stitching plutons (Town Mountain Granite)
that intrude all domains, and after 1275 +2/–1 Ma,
the youngest age for rocks of the Coal Creek do-
main igneous complex. Mylonites formed at the
Coal Creek domain and Packsaddle domain
boundary after 1238 +8/–6 Ma, and mylonitiza-
tion, intense strain, and transposition by poly-
phase folding occurred within the Packsaddle
domain after 1239 +5/–3 Ma. Thus, although ac-
cretion may have begun earlier, most of the colli-
sion-related deformation and metamorphism oc-
curred between 1238 +8/–6 Ma and 1119 +6/–3
Ma. Dating of the dynamothermal metamorphism
(Roback, 1996b) narrows this window to ca.
1150–1119 Ma with waning stages of deforma-
tion continuing until ca. 1115 Ma.

The genesis of the late syntectonic and post-
tectonic plutons is unknown. The oldest (1119
+6/–3 to 1116 +6/–4 Ma) formed during contrac-
tion and rapid uplift, as shown by the overlap in
ages with U/Pb dates for titanite, monazite, and
rutile. The juvenile Nd signature of both late syn-
tectonic and post-tectonic plutons suggests they
could be related to extension collapse of the oro-

gen or delamination following collision, but fur-
ther work is needed.

WEST TEXAS EXPOSURES

The Mesoproterozoic continental margin is ex-
posed in west Texas near Van Horn (Fig. 1), where
polydeformed metamorphosed supracrustal and
minor intrusive rocks (Carrizo Mountain Group)
are thrust onto Mesoproterozoic carbonates (Al-
lamoore Formation), volcanic rocks (within Al-
lamoore and Tumbledown Formations), and syn-
orogenic conglomerates and sandstones (Hazel
Formation) along the west-northwest–trending
Streeruwitz thrust (King and Flawn, 1953) (Fig.
4). The associated fold-and-thrust belt is only 3–5
km wide and is interpreted to have formed as a re-
sult of transpression (Soegaard and Callahan,
1994). These rocks are undeformed immediately
to the north, as are correlative carbonate (Castner
Marble) and volcanic rocks (Mundy Breccia and
within the Castner Marble) to the west in the
Franklin Mountains, near El Paso (King and
Flawn, 1953; McLelland et al., 1995) (Fig. 1).
These rocks are unconformably overlain by unde-
formed, Neoproterozoic to Cambrian sedimentary
rocks (Van Horn Sandstone; King and Flawn,
1953). Thus, this thrust belt marks the northern-
most extent of Grenville age deformation along
the southern margin of Laurentia.

The sedimentary rocks north of the Streeruwitz
thrust in the Sierra Diablo foothills consist of both
preorogenic and synorogenic rocks (Fig. 4). Pre-
orogenic rocks are thin-bedded, laminated car-
bonates interlayered with chert, subaqueous or
subaerial basalt flows, mafic pyroclastic rocks,
volcaniclastic sedimentary rocks, and felsic tuffs
dated as 1247 ± 4 and 1256 ± 5 Ma (Glahn et al.,
1996) (Table 1). The carbonates contain stromat-
olites indicative of a shallow subtidal or intertidal
environment (Nyberg and Schopf, 1981; Toomey
and Babcock, 1983). Trace element geochemical
data for volcanic rocks in the Allamoore Forma-
tion show unaltered felsic tuffs (<1 m to 18 m
thick) plotting in the volcanic-arc granite field and
slightly altered basalts (37 m thick) plotting in the
island-arc tholeiite field on tectonic discrimina-
tion diagrams (Table 2) (Roths, 1993). Unaltered
basalts of the Tumbledown Formation (~100 m
thick) fall along the boundary between within-
plate and mid-oceanic-ridge basalt (MORB)
fields on the same discrimination diagrams
(Roths, 1993), although basalts from both forma-
tions show a strong Nb depletion, suggesting a
subduction-related setting (Roths, 1993) (Table
2). The trace elements used, with the exception of
Rb, most likely reflect the original chemistry of
these unaltered and slightly altered rocks. In par-
ticular, the significantly lower Nb relative to La
and Th values should be characteristic of the orig-
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inal basalts. An angular unconformity separates
the preorogenic and synorogenic units and shows
evidence of an irregular topography and karst
formation (King and Flawn, 1953; Roths, 1993).

The synorogenic conglomerates and sand-
stones overlying the preorogenic rocks were de-
posited in alluvial fans with a southern source and
interfinger with a northern eolian dune sandstone
facies (Soegaard and Callahan, 1994). The imma-
ture conglomerate is predominately composed of
clasts from the preorogenic rocks; there are none
from the metamorphic rocks (Carrizo Mountain
Group) located to the south (King and Flawn,
1953; Soegaard and Callahan, 1994). Less-abun-
dant granite and porphyritic rhyolite clasts, found
in the upper part of the section (Soegaard and
Callahan, 1994), have been dated as 1123 ± 29
Ma (Roths, 1993). These clasts are similar in
composition, texture, and age to those that crop
out farther west in the Franklin and Hueco Moun-
tains and Pump Station Hills (see following; Fig.
1). Paleomagnetic pole positions for the synoro-
genic rocks support deposition between ca. 1100
and 1080 Ma (Elston and Clough, 1993; also see
discussion in Soegaard and Callahan, 1994),
which is consistent with the maximum age con-
straint provided by the ca. 1123 Ma clasts.
Syndepositional deformation caused structural
imbrication of the preorogenic and synorogenic
rocks and subsequent folding (Reynolds, 1985;
Soegaard and Callahan, 1994). Vertical east-
trending mylonites in carbonates show horizontal
stretching lineations, suggesting strike-slip zones
(Soegaard and Callahan, 1994). Rocks adjacent to
the thrust are very low grade, containing chlorite,
epidote, and talc, with alteration attributed to
hydrothermal flow (King and Flawn, 1953). All
evidence of deformation and alteration dies out
within ~7 km of the Streeruwitz thrust.

South of the Streeruwitz thrust, metamor-
phosed supracrustal and minor intrusive rocks
(Carrizo Mountain Group) (Fig. 4) increase in
grade southward from greenschist to middle to
upper amphibolite facies (Mosher, 1993). The
Carrizo Mountain Group rocks consist of quartz-
ites, feldspathic quartzite, metaarkose, rare con-
glomerate, pelitic schist, and metacarbonate in-
terlayered with voluminous, peraluminous
metarhyolite flows and welded ash-flow tuffs
ranging in age from 1380 ± 20 to 1327 ± 28 Ma
(Copeland and Bowring, 1988, unpublished data;
Roths, 1993; Soegaard et al., 1996) (Table 1). In-
trusive rocks are pretectonic (Grimes, 1996) and
include ~1–600-m-thick metadiabase sills, gran-
odiorite bodies, and a few rhyolitic dikes. In
northern low-grade exposures (northern Carrizo
Mountains), primary sedimentary and igneous
structures are preserved, allowing the determina-
tion of protoliths. These rocks can be correlated
with the higher grade equivalents in southern ex-

posures (southern Carrizo, Eagle, Wylie, Van
Horn Mountains; Fig. 4) except for some amphib-
olites with apparent sedimentary protoliths and
iron-rich metacherts in the southernmost expo-
sures (northwest Van Horn Mountains; King and
Flawn, 1953; Mosher 1993). On tectonic trace el-
ement discrimination diagrams (Table 2), geo-
chemical data for the low-grade metarhyolites
plot in the within-plate (Rudnick, 1983; Roths,
1993) or extensional basin fields (Rudnick, 1983;
Norman et al., 1987). Sm-Nd isotopic data yield
model ages of 1560 to 1320 Ma (eNd +2.8 to
+5.7; Patchett and Ruiz, 1989). The Sm-Nd iso-
topic data, age, and geochemistry of these meta-
rhyolites are similar to those of the southern
Granite rhyolite terrane (cf. Van Schmus et al.,
1996). The diabase sills, which intrude the
supracrustal rocks, are chemically similar to low-
K2O tholeiites with rare earth element patterns
and trace-element ratios appropriate for type II
MORB ocean-floor basalts (Rudnick, 1983).
Trace element geochemical data for the low-
grade diabase sills overlap the island-arc, within-
plate, and MORB fields on tectonic discrimina-
tion diagrams (Table 2) (Rudnick, 1983; Roths,
1993; Norman et al., 1987). On a MORB-nor-
malized incompatible-element distribution dia-
gram (Pearce, 1983), the diabase data show dis-
tributions consistent with continental margin arc
or evolved island arcs (progressive increase from
Yb to Ce and small Ta anomaly) (Rudnick, 1983;
Norman et al., 1987). Rudnick (1983) concluded,
based on igneous interelement correlations, that
all of the preceding elements, except Rb, were
immobile during the low-grade metamorphism
that affected the analyzed samples.

Polyphase deformation synchronous with
metamorphism has affected the Carrizo Mountain
Group. Both the complexity and intensity of de-
formation and metamorphic grade increase south-
ward. The southern exposures (Van Horn to
southern Carrizo Mountains) show four to five
generations of noncoaxial folds, the first three of
which have associated penetrative metamorphic
fabrics (Bristol and Mosher, 1989; Grimes, 1996).
Peak metamorphic conditions were synchronous
with S2 foliation formation (Bristol and Mosher,
1989; Grimes, 1996). Garnet-biotite Fe-Mg ex-
change thermometry on pelitic schists yield peak
temperatures of 640º ± 50º C in the southernmost
exposures (northwest Van Horn Mountains)
(Bristol and Mosher, 1989) decreasing to ~500 ºC
northward in the southern Carrizos Mountains
(Grimes, 1996). Subsequent structural genera-
tions formed at decreasing temperatures. In the
central and northern Carrizo Mountains, two gen-
erations of coaxial folds and mylonites that show
northwestward transport dominate (Grimes and
Mosher, 1996; DuBois and Nielsen, 1996). Peak
metamorphic conditions are associated with S2

foliation formation and decrease to biotite grade
near the thrust. DuBois and Nielsen (1996) re-
ported evidence of later, lower temperature, left-
lateral and northwestward thrust movement on
the Mineral Creek fault (Fig. 4). No post-tectonic
plutonic bodies intrude the Carrizo Mountain
Group, although large pegmatites cross cut all
structures in the southernmost exposure (north-
west Van Horn Mountains) (King and Flawn,
1953; Bristol and Mosher, 1989).

The timing of synmetamorphic deformation of
the Carrizo Mountain Group and the relationship
to thrusting within and over the sedimentary rocks
are poorly constrained. The Carrizo Mountain
Group was metamorphosed and polydeformed af-
ter ca. 1300 Ma and prior to thrusting over the
foreland sediments. Thrusting within the sedi-
mentary rocks occurred after ca. 1123 Ma (age of
clast in synorogenic conglomerate; Roths, 1993),
and perhaps between 1100 and 1080 Ma based on
paleomagnetic data from the synorogenic sedi-
mentary rocks (Elston and Clough, 1993). Mus-
covite from mylonites near the thrust give
40Ar/39Ar ages of 1020 ± 20 Ma (Bickford 
et al., 1995), and post-tectonic pegmatites give
Rb-Sr ages mineral ages of 1100 to 1020 Ma
(Wasserburg et al., 1962). Several lines of evi-
dence suggest that polyphase deformation of the
Carrizo Mountain Group and thrusting of the
foreland sedimentary rocks and synorogenic sed-
imentation are part of a progressive deformation
that culminated in their juxtaposition along the
Streeruwitz thrust. (1) Within the Carrizo Moun-
tain Group, temperatures decrease with structural
generation (time) and toward the Streeruwitz
thrust. (2) The decrease in metamorphic grade
continues across the thrust, going from low grade
immediately below to the thrust to unmetamor-
phosed farther north. (3) The northwestward tec-
tonic transport direction within the Carrizo Moun-
tain Group is compatible with transpressional
deformation of the foreland sedimentary rocks
along the generally east-trending faults. On the
basis of present data, however, it is equally possi-
ble that these represent two unrelated events
widely separated in time.

In the Franklin Mountains near El Paso (Fig. 1),
rocks correlative with the preorogenic sedimen-
tary rocks north of the Streeruwitz thrust crop out
and are overlain by noncorrelative sandstones and
volcanic rocks. The entire sequence is unde-
formed, but has been intruded by plutonic rocks
and contact metamorphosed to albite-epidote or
hornblende hornfels facies. Correlative rocks in-
clude carbonates (Castner Marble), which contain
felsic volcanic ash layers dated as 1260 ± 20 Ma
(Pittenger et al., 1994), and an overlying basalt
breccia (Mundy Breccia). The carbonates formed
on a northwest-trending, low-energy carbonate
ramp, based on stromatolite orientations and other
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paleocurrent indicators, and change in facies from
intertidal to subtidal, recording a marine transgres-
sion (Pittenger et al., 1994). The overlying olivine
tholeiitic basalt represents a submarine eruption
(Thomann and Hoffer, 1985; Pittenger et al.,
1994). The carbonate-basalt contact is character-
ized by polymictic megabreccias consisting of
thin-bedded carbonate blocks and basalt clasts and

intrusions in a muddy, flat-pebble conglomerate
matrix. This evidence for syneruptive mixing of
the basaltic breccia and carbonate indicates that
the basalt is of approximately the same age 
(Pittenger et al., 1994). Limited geochemical data
for these basalts are available; two analyses plot in
the area of overlap between the island-arc and
MORB thoeliite fields on tectonic trace element

discrimination diagrams (Table 2) (Roths, 1993).
The overlying, noncorrelative, thick sandstones
represent a tide-dominated inner shelf deposit
(Seeley, 1990). The sedimentary rocks are overlain
by trachyte flows and rhyolitic ignimbrites dated
as 1111 ± 43 Ma and are intruded by a comagmatic
alkalic and granitic suite dated as 1120 ± 35 Ma
and 1086 ± 5 Ma (Thomann, 1981; Roths, 1993;

TABLE 2. GEOCHEMISTRY FOR WEST TEXAS EXPOSURES

Location Rock type Tectonic environment Diagram and explanation Reference
Carrizo Mountain Group Metarhyolites Within plate Nb vs. Y Rudnick, 1983 and 
1380 ± 20 to 1327 ± 28 Ma (low grade) Rb vs. Y + Nb (Pearce Roths, 1993

et al., 1984)
Extensional basin La/Yb vs. Yb Rudnick, 1983 and 

Norman et al., 1987
Th-rich part of calc alkaline Hf-Ta-Th (Woods, 1980) Rudnick, 1983 and 

subduction-related field* Norman et al., 1987
Diabase sills Continental margin arc; Incompatible-element  Rudnick, 1983 and 

(low grade) evolved island arcs distribution; MORB Norman et al., 1987
normalized (Pearce, 
1983)

Overlaps island arc, within TiO2 vs. Zr Rudnick, 1983
plate, MORB Zr/Y vs. Zr. (Pearce and and Roths, 1993

Cann, 1973)
Between island arc, MORB Hf-Ta-Th (Woods, 1980) Rudnick, 1983 and

Norman et al., 1987
Allamoore Formation Felsic tuffs Volcanic arc granite Nb vs. Y (Pearce Roths, 1993
1256 ± 5, 1247 ± 4 (unaltered) et al., 1985)

Rb vs. Y + Nb (Pearce Roths, 1993
et al., 1985)

Basalts Island arc tholeiite TiO2 vs. Zr Roths, 1993
(altered-clay, Zr/Y vs. Zr (Pearce and
chlorite, Cann, 1973)
epidote)

Subduction component Nb depletion (Thompson
et al., 1984)

Tumbledown Formation Basalts Within plate/MORB TiO2 vs. Zr Roths, 1993
(unaltered) Zr/Y vs. Zr. (Pearce and

Cann, 1973)
Subduction component Nb depletion (Thompson

et al., 1984)
Franklin Mountains
Mundy Breccia Basalts Overlap island arc/MORB TiO2 vs. Zr Roths, 1993
1260 ± 120 Ma Zr/Y vs. Zr (Pearce

and Cann, 1973)

Red Bluff Granite Granite Continental rift La/Yb vs. Yb Norman et al., 1987
1120 ± 35 to 1086 ± 5 Ma Nb vs. Y Shannon et al., 1997
Cerro el Carrizalillo

Trondhjemite Partial melting of Comparison of field  Blount, 1993
Granite amphibolites relations, bimodal rock

associations,
geochemistry with other
trondhjemites

Sierra del Cuervo
1333 +10/–8 Ma Metagabbros Base of over-thickened    HREE-depleted low Y Blount, 1993

Metadiorites island arcs; continental content; (Gill, 1981)
margin arcs

1274 +6/–5 Ma Granite Arc setting? Partial melting Low REE; no continuous Blount, 1993
of granitic material fractionation series

Metabasaltic Mixed MORB/island arc TiO2 vs. Zr Blount, 1993
Zr/Y vs. Zr (Pearce and

Cann, 1973)
V vs. Ti (Shervais, 1982)
Zr-Ti-Y (Pearce and Cann, 

1973)
Zr-Nb-Y (Meschede, 1986)

Metadiabase Within plate Same five as metabasalts Blount, 1993

1080 ± 5 Ma Trondjhemites Partial melting of See Cerro El Carrozalillo Blount, 1993
amphibolites

Note: Dates given for reference; see Table 1. MORB—mid-oceanic-ridge basalt; REE—rare earth element; HREE—heavy rare earth element.
*Not uncommon for continental within-plate volcanic rocks (Condie, 1989, p. 221).
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Shannon et al., 1997) (Table 1). Similar granites
crop out farther east (Hueco Mountains and Pump
Station Hills; Fig. 1).

The intrusive suite records five composition-
ally distinct stages of intrusion, which range
continuously in composition from quartz sye-
nite to leucogranite, plus late stage ferrobasalt
dikes (Shannon et al., 1997). Geochemical,
petrologic, and isotopic studies (Norman et al.,
1987; Shannon et al., 1997) agree that the mag-
mas most likely resulted from fractional crystal-
lization of slightly alkaline basaltic, mantle-de-
rived source with some crustal contamination.
The trace element geochemistries of the volu-
metrically most abundant felsic rocks indicate a
continental rift environment on tectonic dis-
crimination diagrams (Table 2) (Norman et al.,
1987; Shannon et al., 1997). The data, however,
have been used to support conflicting interpre-
tations for the tectonic setting of this suite
(Anderson, 1983; Norman et al., 1987; Shannon
et al., 1997). Norman et al. (1987) proposed a
continental-margin arc and backarc basin set-
ting based on the association of these rocks with
possible arc-related basalts (probably Mundy
Breccia) and comparison with the Carrizo
Mountain Group (Van Horn) and Coal Creek
domain Llano uplift rocks, all of which are now
known to be much older. The generally A-type
magmatism and the presence of nearly contem-
poraneous extension farther east in the Central
basin platform (see following) led Shannon 
et al. (1997) to propose a continental exten-
sional origin. The lack of an arc of this age in
the region supports the latter interpretation.

Tectonic Setting

Three separate depositional environments of
different ages are preserved in west Texas. In the
Carrizo Mountain Group (ca. 1380 ± 20 to 1327 ±
28 Ma), the association of immature clastic rocks,
rhyolitic (within plate) volcanism, and minor car-
bonates suggests deposition in a shallow-water,
active continental rift environment (Grimes,
1996). If the Carrizo Mountain Group is part of a
backarc sequence, as previously proposed by
Rudnick (1983) based on the intrusive diabase
geochemistry, the plutonic part of the arc is not
currently exposed in west Texas, and the postu-
lated arc in central Texas is now known to be too
young. A continental margin arc of this age has
been proposed for Sierra Del Cuervo, Mexico
(see following; Blount, 1993), however, so this
possibility cannot be discounted. In terms of age,
chemistry, and isotopic character, the rocks ap-
pear to be deformed and metamorphosed equiva-
lents of the Granite Rhyolite terrane; however,
their location south of younger marine deposits
and the Llano front would require early rifting and

later reattachment. The possibility that the Carrizo
Mountain Group is exotic to North America can-
not be discounted.

The younger carbonate and volcanic rocks
(1260 ± 20 to 1247 ± 4 Ma) near Van Horn and El
Paso formed in a marine intertidal to subtidal en-
vironment along a continental margin or in an
elongate marine basin. The carbonates are similar
in age and character to the Mescal Limestone of
central Arizona (Link et al., 1993), suggesting that
the continental margin may have extended west-
ward instead of curving to the south, as proposed
by Mosher (1991). If so, active tectonism did not
affect the margin west of Van Horn during Meso-
proterozoic time. Alternatively, these rocks could
have formed in an extensional or transtensional
cratonic basin (Pittenger et al., 1994; Bickford 
et al., 1995; McLelland et al., 1995; Marsaglia 
et al., 1996) connected to an eastern ocean. The
combination of bimodal volcanism and an arc-re-
lated geochemical signature for the volcanic rocks
(Table 2) is compatible with rifting in a backarc
basin environment. For the basalts near Van Horn,
the observed change with time from an island-arc
to MORB tholeiite (but with a subduction com-
ponent; Table 2) is common during the evolution
of backarc basins (Condie, 1989, p. 271). In the
Franklin Mountains, marine deposition contin-
ued. Near Van Horn, no record of the interval be-
tween carbonate deposition and tectonism re-
mains, and the presence of an irregular and karst
topography indicates a period of subaerial expo-
sure and erosion.

More than 125 m.y. later (post 1123 Ma, pos-
sibly between 1100 and 1080 Ma), the carbonates
currently near Van Horn were thrust northward in
an active transpressional setting (Soegaard and
Callahan, 1994). The emerging thrusts were
eroded to form alluvial fans with a southerly
source, which were subsequently overridden by
the thrust sheets and ultimately the Carrizo
Mountain Group metamorphic rocks. The lack of
Carrizo Mountain Group metamorphic rocks as
clasts in the synorogenic conglomerate requires
that the Carrizo Mountain Group was either not
exhumed or not proximal during thrust-related
sedimentation. The lack of volcanism and plu-
tonism at this time and of significant tectonism of
the sedimentary rocks makes it unlikely that the
Streeruwitz thrust marks the location of a large
ocean closure. Instead, collapse of a small ocean
basin is more likely. The increase in metamor-
phic grade and deformation intensity and com-
plexity across and southward in the Carrizo
Mountain Group away from the Streeruwitz
thrust suggests progressive deformation of the
Carrizo Mountain Group and foreland sedimen-
tary rocks and collision of a southern continental
block (Mosher, 1993). The last stages of this col-
lision could result in closing a small ocean basin,

deformation of the sedimentary rocks, and finally
thrusting of the metamorphic (Carrizo Mountain
Group) rocks over the sedimentary rocks.

MEXICAN EXPOSURES

Two small exposures of Mesoproterozoic am-
phibolite facies, metamorphic rocks are found in
Chihuahua, Mexico (Fig. 1); the results of an ex-
tensive geochemical study (Blount, 1993) are
outlined in the following. The eastern exposure
of Cerro El Carrizalillo contains mafic schists in-
truded by trondhjemite and granite dikes and
sills, which are all multiply deformed and cut by
late tectonic tonalite, trondhjemite, and granite
dikes. Comparison of the field relations, bimodal
rock associations, and geochemistry with better
constrained occurrences of trondhjemites (type
locality, Trondheim, Norway, Size, 1979; Twil-
lingate region, Newfoundland, Payne and Strong,
1979) indicates that the generally low-K, peralu-
minous granitoids have most likely resulted from
partial melting of amphibolites during orogene-
sis. It should be noted, however, that the ages of
the mafic schists and granitoids are unknown,
and thus the implied association may be invalid.
Blount (1993) suggested a correlation with the
Coal Creek domain of the Llano uplift, although
again age constraints are lacking.

Approximately 100 km to the west, the Sierra
Del Cuervo exposure primarily consists of meta-
granites with lesser amounts of granitic gneisses,
metagabbro, and metadiorite. Except for the
early gneisses, none of the Sierra Del Cuervo
rocks are pervasively foliated, although all have
been metamorphosed to amphibolite facies.
Contact relationships show that metagranites
both predate and postdate the metadiorite and
metagabbro; presumably the granitic gneisses
are the oldest rocks present. U/Pb zircon dates of
1333 +10/–8 Ma (metagabbro), 1274 +6/–5 Ma
(metagranite) and 1080 ± 5 Ma (crosscutting
pegmatitic trondhjemites) confirm that these are
Mesoproterozoic rocks (Blount, 1993) (Table 1).
The medium-K, calc-alkaline metagabbros and
metadiorites have compatible major and trace el-
ement trends, including those for the incompati-
ble and relatively immobile high field strength
elements (HFSE) (REE [rare earth element], Y,
Nb, P, and Zr), typical of igneous melts. These
rocks are depleted in heavy REE and have a low
Y content similar to those observed in magmas
generated at the base of mature, overthickened
island arcs or continental margin arcs (Gill,
1981). Two samples of metagranite show a ma-
jor and trace element geochemistry consistent
with generation by partial melting of granitic ma-
terial, although their peraluminous character
may be the result of metamorphism. One granite
has low REE concentrations inconsistent with
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fractionation from a mafic or intermediate melt,
and no continuous fractionation series is ob-
served in the area. Blount (1993) suggested that
they may have formed in an arc-related setting.
These rocks are cut by metabasaltic dikes that
show mixed MORB and island-arc chemistries
on five trace element tectonic discrimination di-
agrams (Table 2), which Blount (1993) attributed
to a backarc basin setting. Younger, crosscutting,
late-tectonic metadiabase dikes fall in the within-
plate field on the same five tectonic discrimina-
tion diagrams (Table 2). Crosscutting garnetifer-
ous trondhjemites and 1080 ± 5 Ma pegmatitic
trondhjemites apparently formed from partial
melting of amphibolites during orogenesis.

CENTRAL BASIN PLATFORM

A mafic to ultramafic layered (Nellie) intrusion,
dated as 1163 ± 4 Ma (Keller et al., 1989), is lo-
cated in the subsurface in the Central basin plat-
form, ~210 km east of Van Horn (Fig. 1). Petro-
logic and geochemical investigations of well
cuttings indicate that parental magmas were subal-
kaline and tholeiitic and not arc related (Kargi and
Barnes, 1995). Gravity, magnetic, and well data
indicate that this body has a north-northwest–
trending, narrow, elongate shape, which Adams
and Keller (1994) interpret as a rift.

The tectonic settings of the igneous rocks in
the Central basin platform, Franklin Mountains,
Sierra Del Cuervo, and Llano uplift from 1163 ±
4 to 1070 ± 2 Ma were highly variable. The mafic
layered intrusion in the Central basin platform
and the granites and rhyolites in the Franklin
Mountains and surrounding eastern area are com-
patible with regional extension between 1163 ± 4
Ma and 1086 ± 5 Ma. Minor trondhjemites (1080
± 5 Ma) in the Sierra Del Cuervo resulted from
orogenesis. During the same time (1119 +6/–3 to
1070 ± 2 Ma), granite plutonism occurred in the
Llano uplift, both during the waning stages of the
contractional deformation and after orogenesis.
Petrology and geochemistry of one postorogenic
Llano pluton confirm that even the postorogenic
plutons formed under different tectonic condi-
tions than those of the Franklin Mountain gran-
ites (Smith et al., 1997).

CORRELATION AND MODELS

The exposed rocks across central and west
Texas show evidence for three distinct periods of
activity: 1380 to 1320 Ma, 1288 to 1232 Ma (pri-
marily ca. 1260 to 1232 Ma), and 1163 to 1070
Ma. Despite differences in structural level, strik-
ing similarities in tectonic settings and events are
observed along the southern margin of Laurentia
(Fig. 5). When taken together, these exposures
record more than 300 m.y. of tectonic activity

and give evidence for a consistent tectonic setting
along this margin that evolved with time (Figs.
6–10). Previous attempts at comparing igneous
tectonic environments along the margin (e.g.,
Norman et al., 1987; Rudnick, 1983; Garrison,
1985) lacked the present age constraints and
treated rocks of widely different ages as time
equivalent.

In west Texas, the earliest rocks (1380 ± 20 to
1327 ± 28 Ma; Carrizo Mountain Group) record
rifting of continental crust (Fig. 10A). Without ev-
idence of an arc at this time, the best interpretation
of the tectonic setting is a continental rift that ulti-
mately evolved into a completely rifted margin.
The presence of 1333 +10/–8 Ma arc-related rocks
in the Mexican Sierra Del Cuervo exposure, how-
ever, strongly suggests that rifting is at least par-
tially in response to backarc spreading. This inter-
pretation is also supported by the geochemistry
(arc related) of the west Texas diabase rocks of this
age (Table 2). Alternatively, the arc-related rocks
(Sierra Del Cuervo) could be part of a mature is-
land arc and exotic, similar to the roughly contem-
poraneous Llano Coal Creek domain. The Sierra
Del Cuervo gabbros and diorites intrude granites
and granitic gneisses, however, further supporting
the continental margin–arc hypothesis. The pro-
posed evolution of this area is shown in Figure 6.
Between about 1400 and 1350 Ma, continental
rifting resulted in the deposition of immature clas-

tic sediments in a shallow-water rift and extrusion
of peraluminous (within plate) rhyolites. At some
point subduction initiated, and a continental mar-
gin arc formed at least locally. Rifting behind the
arc continued between about 1350 and 1300 Ma,
forming a backarc basin. Deposition of clastic sed-
iments and rhyolitic flows and tuffs continued, and
widespread intrusion of diabase and granodiorite
sills occurred (Fig. 6B).

For the next time period, 1288(?) to 1232 Ma,
shown in Figure 7A, rocks of the Llano uplift are
postulated to represent an arc and a forearc basin,
and the west Texas rocks represent an associated
backarc basin. In the Llano uplift, the extensive
igneous activity, including plutonism and volcan-
ism, concurrent with extensive weathering and
deposition of arc-flank, shelf-slope facies sedi-
ments, points to a continental margin arc ca. 1260
to 1232 Ma (Fig. 9B). The dominance of granitic
gneisses in the northeastern uplift and the more
variable volcanic and sedimentary protoliths in
the western and southeastern uplift suggest that
the arc was located to the north of the present up-
lift. Thus, much of the Valley Spring and Pack-
saddle domains would represent forearc and arc-
flank deposits, and part of the main arc would be
represented by granitic gneisses. Dates as old as
1288 ± 2 Ma on felsic igneous rocks in the Valley
Spring domain suggest that subduction could
have started even earlier (Fig. 9A). In west Texas,
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Figure 5. Relative timing of Mesoproterozoic events along the southern margin of Laurentia.
V—volcanism; S—sedimentation; P—plutonism; D—deformation; M—metamorphism;
Rb/Sr—ages for pegmatites; Ar—40Ar/ 39Ar muscovite cooling age. Carrizo Mountains includes
all Carrizo Mountain Group exposures. SDC—Sierra Del Cuervo; CBP—Central basin plat-
form; CCD—Coal Creek domain.
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the coeval shelf carbonates and felsic and mafic
volcanic rocks best fit a backarc basin setting with
wind-blown felsic volcanic ash in the Franklin
Mountains supplied by the Llano arc. This second
backarc basin formed near the continental margin
along the northern boundary of the earlier Carrizo
Mountain Group basin (Figs. 7A and 10B). Gran-
ites of this general age (1274 +6/–5 Ma) in the
Mexican Sierra Del Cuervo suggest that the arc
may have been active southwest of the Van Horn
exposures. The younger, undated, metabasalt and
metadiabase dikes in the Sierra Del Cuervo are
geochemically similar to basalts within the west
Texas carbonates (Table 2) and are compatible
with the proposed backarc setting.

An alternative explanation for the 1255 +11/–6
to 1232 ± 4 Ma felsic igneous activity in the
Llano uplift is that it is related to arc (Coal Creek
domain) collision (Reese, 1995; Roback, 1996b).
If the arc was accreted at about this time and
overrode the Packsaddle and Valley Spring do-
mains, crustal thickening could give rise to melts.
The presence of 1248 ± 3 to 1244 ± 5 Ma vol-
canic rocks interlayered with the Packsaddle do-
main sedimentary rocks, however, makes this
possibility highly improbable. Also, the distribu-
tion of these felsic igneous rocks would require
most of the uplift be covered by this block, yet no
erosional remnants of this arc have been found
outside the southeastern uplift. Instead, the wide-
spread distribution of these felsic igneous rocks
throughout the uplift, except in the Coal Creek
domain, argues against the Coal Creek domain
being accreted at that time. The presence of vol-

canic rocks of this age all along the southern mar-
gin of Laurentia, coupled with the subduction-re-
lated geochemical signature of volcanic rocks in
west Texas (Table 2) and plutonism in Llano,
strongly favors Llano being a continental margin
arc at that time.

Elsewhere, the Coal Creek arc evolved from
1326 ± 2 to 1275 +2/–1 Ma as an ensimatic arc
exotic to Laurentia (Figs. 7B and 9A). The record
of magmatism ceased about the time magmatism
started in the rest of the Llano uplift, and the rocks
were metamorphosed at 1256 +2/–1 Ma, when
the largest pulse of igneous activity started in the
rest of the Llano uplift. One possible model is that
subduction with a southward polarity generated
the Coal Creek domain arc and led to the eventual
collision of the arc with the continent (Reese,
1995). Such a model is supported by the north-
eastward structural vergence in the southeastern
uplift and increase in P-Tconditions toward the
southwest. The new age constraints, however,
make this unlikely. Regional metamorphism and
deformation occurred between ca. 1150 and 1120
Ma, and the intensity of deformation and degree
of transposition in the Packsaddle domain de-
crease away from the boundary with the Coal
Creek domain, strongly indicating that the defor-
mation is related to the juxtaposition of these two
domains. The rocks within the Packsaddle do-
main adjacent to this boundary show no evidence
of older structures, and thus argue against a reac-
tivated boundary. In addition, the temperature of
metamorphism of the Coal Creek domain is com-
parable to that of the adjacent Packsaddle domain,

and metamorphic minerals yield similar ages.
Therefore it is most likely that the deformation
and metamorphism were caused by collision of
the arc or arc and a southern continent with Lau-
rentia. Thus, subduction with a south-dipping po-
larity, when coupled with the new age constraints,
requires the arc to have been active about 125
m.y. longer than recorded in the Coal Creek do-
main. For this reason, I have shown the formation
of the Coal Creek domain arc to be related to
north-dipping subduction unrelated to the Lau-
rentian plate margin (Figs. 7B and 9A). The mafic
schists in the Mexican Cerro El Carrizalillo may
be equivalent, as suggested by Blount (1993) and
as shown in Figures 7B and 10B, but age con-
straints are lacking.

Collision of the arc (Coal Creek domain) and a
southern continent with Laurentia occurred be-
tween about 1150 and 1120 Ma, producing the
polyphase deformation and high-P metamor-
phism observed in the Llano uplift (Figs. 8 and
9C). Continent-continent collision and A-type
subduction is indicated by the presence of
medium-Teclogites recording burial to depths of
~50 km. It seems likely that the arc and southern
continent collided earlier and were accreted to-
gether as a package (Fig. 9B) for several reasons.
The Coal Creek domain appears to have ceased
activity shortly after 1275 +2/–1 Ma and was
metamorphosed at 1256 +2/–1 Ma. Yet accretion
of the Coal Creek domain did not occurr until ca.
1150 and 1120 Ma. Collision of the arc with the
southern continent would stop activity of the arc,
and the metamorphism could be related to this
collision. Also, the arc rocks (Coal Creek do-
main) are not penetratively deformed and pre-
serve original igneous textures and crosscutting
relationships, in marked contrast to the adjacent,
highly transposed Packsaddle domain rocks. The
difference in degree of deformation could be due
solely to rheological differences between a mi-
crocline-rich, layered, supracrustal sequence and
an unlayered igneous complex with plagioclase
as the dominant feldspar. However, the contrast
between the amount of deformation recorded by
the Coal Creek domain and Packsaddle domain
rocks over less than 1 km is striking. If the arc
was still (or recently) active, it is unlikely that the
base (and hottest part) of the arc would be essen-
tially undeformed immediately adjacent to the
most deformed rocks in the uplift. It would be
easier to explain if the arc were already cold, old,
and accreted onto the margin of another conti-
nent. During the earlier collision of the Coal
Creek domain arc with a southern continent, de-
formation would be relatively minor because
subduction of the southern continent crust would
jam the subduction zone (cf. Cloos, 1993). This
collision might also trigger the initiation of sub-
duction under the Laurentian margin, causing
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formation of a continental margin arc and possi-
bly some early metamorphism and/or deforma-
tion of older Valley Spring domain and Packsad-
dle domain rocks (Fig. 9B). Alternatively, if
subduction was already active (Fig. 9A), a
change in plate motion as a consequence of the
collision could have caused a change in the rate
(or dip) of subduction, resulting in more igneous
activity. This subduction ultimately led to the col-
lision of the southern continent and accreted arc
between ca. 1150 and 1120 Ma (Fig. 9C), causing
the high-Pmetamorphism of the entire uplift and
the polyphase deformation along discrete zones
within the Coal Creek domain and of the entire
Valley Spring and Packsaddle domains. The P-T
conditions increase toward the southwest ap-
proaching the core of the orogen.

The proposed subduction polarity does not
match the northeastward structural vergence in
the southeastern uplift, although this is not un-
common in modern settings (e.g., Silver and
Reed, 1988). The polarity of subduction could
have reversed prior to collision in the Llano area
during the apparent hiatus in igneous activity be-
tween 1232 and 1119 Ma, perhaps when the
southern continent reached the subduction zone
in west Texas. Also, the structural trend and ver-
gence near the Coal Creek domain may be a local
boundary effect of the accreted arc. In the west-
ern uplift, some folds have an apparent south-
westward vergence, and many early folds have
east to northeast trends, similar to F4 in the south-
eastern uplift. These folds are overprinted by
more open northwest-trending structures. Thus,
different generation structures across the uplift
may record a variable and changing regional
stress field during overall northward conver-
gence and collision, as a consequence of an ir-
regular margin (Fig. 8).

The collision of the same southern continent in
west Texas could have caused polyphase defor-
mation and metamorphism of the 1380 ± 20 to
1327 ± 28 Ma Carrizo Mountain Group (Fig.
10C) and ultimately (post 1123 ± 29 Ma) thrust-
ing of the Carrizo Mountain Group onto the 1256
± 5 to 1247 ± 4 Ma carbonate and volcanic rocks,
and deposition of the synorogenic sediments
(Fig. 10D). The deformational and metamorphic
history of the high grade rocks in west Texas is
quite similar to that of the Llano uplift, and the
need for a continent-continent collision to gener-
ate the polyphase deformation and amphibolite
facies metamorphism is compelling. It is likely
that this tectonism is roughly correlative in time
to that documented for the Llano uplift and led to
the collapse of the ca. 1250 Ma backarc basin in
west Texas. This correlation is unconfirmed,
however, until the timing of the metamorphism
and deformation of the Carrizo Mountain Group
is better constrained. In the Mexican exposures,
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Figure 7. (A) Tectonic setting of southern margin of Laurentia. North-dipping subduction re-
sults in a continental margin arc and forearc basin in Llano uplift area (LU), represented by
part of the Valley Spring domain and Packsaddle domain, and a backarc basin in west Texas
represented by the Allamoore Formation (AF) in the Sierra Diablo foothills and Castner Mar-
ble–Mundy Breccia in the Franklin Mountains (FM). Main igneous activity is observed from
1260 to 1232 Ma. Granites (1274 +6/–5 Ma) in the Sierra Del Cuervo (SDC) may correspond to
an arc in this area. Approximate location of Carrizo Mountain rocks (CM) is shown for refer-
ence. (B) Tectonic setting of exotic terranes 1326 to 1275 Ma. Probable position relative to Lau-
rentia is shown, but size of separating ocean is unknown. North-dipping subduction results in
formation of an island arc (Coal Creek domain—CCD) and possibly correlative Cerro El Car-
rizalillo—CEC). This subduction may have ceased before initiation of subduction under Lau-
rentia (see text for discussion).
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however, the polydeformed and late tectonic
granitoids at Cerro El Carrizalillo and the 1080 ±
5 Ma trondhjemite dikes at Sierra Del Cuervo, all
of which are interpreted to have formed from par-
tial melting of amphibolites during orogenesis
(Blount, 1993), support collisional orogenesis at
that time. Thus, I conclude that the same conti-
nent-continent collision is recorded in west
Texas, first affecting the 1380 ± 20 to 1327 ± 28
Ma Carrizo Mountain Group and then closing the
ca. 1250 Ma backarc basin.

Thrusting within the west Texas sedimentary
rocks did not occur until after 1123 ± 29 Ma and
probably between 1100 and 1080 Ma, when oro-

genesis in the core of the orogen (Llano uplift)
was waning. The deformation in a transpres-
sional setting represents closure of a small ocean
(backarc) basin (Fig. 10, C and D), with subduc-
tion absent or insufficient to produce an arc. De-
formation is not observed in the Franklin Moun-
tains or further west in possibly correlative rocks.
In the Mexican exposures, the eastern Sierra Del
Cuervo shows only amphibolite facies metamor-
phism with little tectonism, whereas the western
Cerro El Carrizalillo is polydeformed. Thus, I
have not shown a colliding southern continent
west of the Van Horn area (Fig. 8).

The igneous activity between 1119 +6/–3 to

1070 ± 2 Ma, records different local tectonic en-
vironments along this margin. In Llano, the ear-
liest of these plutons (1119 +6/–3 to 1116 +6/–4
Ma) are syncollisional, having formed and de-
formed in the waning stages of orogenesis. The
subsequent post-tectonic (1091 +4/–3 to 1070 ±
2 Ma) plutons formed in the orogenic core, and
their genesis, although unknown, most likely re-
flects this location. In west Texas near van Horn,
plutonism of this age is not observed, except for
large pegmatites in the southernmost exposures,
which suggests that such plutonism might have
been present farther south in the core of the oro-
gen. The late-tectonic granitoids (Cerro El Car-
rizalillo) and the 1080 ± 5 Ma trondhjemite
dikes (Sierra Del Cuervo) in Mexico support this
suggestion. The 1163 ± 4 Ma layered mafic to
ultramafic intrusion in the Central basin plat-
form between the Llano and Van Horn expo-
sures appears to have formed in a rift perpendic-
ular to this collisional margin (Fig. 8) and most
likely formed in response to collision similar to
the Rhine graben north of the Alps (impactogen;
Sengör et al., 1978; Adams and Keller, 1996) or
to the grabens north of the Himalayas (e.g.,
spreading of overthickened crust; England and
Houseman, 1988). The 1120 ± 35 to 1086 ± 5
Ma continental rift-related plutonism and vol-
canism in the Franklin Mountains (Fig. 8) oc-
curred prior to transpressional deformation of
the carbonates near Van Horn, although not nec-
essarily prior to collision to the south that de-
formed the Carrizo Mountain Group. These ig-
neous rocks are located at the edge of the
collisional orogen, perhaps in an intercratonic
setting. This unusual tectonic location may have
led to extensional stresses at this time and may
help explain the anomalous geochemistry.

SIGNIFICANCE OF THE LLANO FRONT

Any plate models for the southern margin of
Laurentia during Mesoproterozoic time must in-
clude an explanation for the Llano front (Fig. 1).
Van Schmus et al. (1996) postulated that it may
be the southern continuation of the late Paleo-
proterozoic continental margin of Laurentia
(Fig. 7), based on Nd model ages that are all
<1550 Ma south of the proposed margin. If so,
all crust south of margin must have formed in
Mesoproterozoic time, and this part of the
southern Granite Rhyolite terrane formed from
this crust. The crust could be accreted juvenile
terranes, as suggested by Van Schmus et al.
(1996), which would require the Llano front be
a suture or, alternatively, could have been added
as the result of subduction-related magmatism
(Nelson and DePaolo, 1985). Regardless of the
origin of this Mesoproterozoic crust, it was
likely part of Laurentia prior to the formation of
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the 1400–1300 Ma southern Granite Rhyolite
terrane. The latter is the result of either regional
extension or orogenic and accretionary activity
(Van Schmus et al., 1996). The 1380 ± 20 to
1327 ± 28 Ma Carrizo Mountain Group in west
Texas may be an exposed equivalent and best
fits an extensional or rift environment (probably
later associated with backarc spreading). In ad-
dition, the layered nature of the Carrizo Moun-
tain Group is similar to the well layered se-
quence indicated by seismic reflection data for
the southern Granite Rhyolite terrane (Pratt 
et al., 1989). Thus, the rifting in west Texas may
be part of regional extension, perhaps related
partially to subduction, that formed the southern
Granite Rhyolite terrane.

Another possible explanation for the Llano
front is that the Abilene gravity minimum, the
northern boundary of which corresponds to the
Llano front, is a batholith formed during Meso-
proterozoic subduction (Adams and Keller,
1996). The postulated batholith could be the re-
sult of subduction-related magmatism related to
the formation of Mesoproterozoic crust or to later
(1400–1300 Ma) orogenic and accretionary
processes, as favored by Adams and Keller
(1996). Alternatively, it could represent the ca.
1250 Ma continental margin arc north of the
Llano uplift.

The Llano front also separates undeformed and
deformed rocks, suggesting that it is the northern
extent of Grenville age deformation (Fig. 8), sim-
ilar to the Grenville front in Canada (Rivers et al.,
1989). Its apparent expression in west Texas as a
narrow fold and thrust belt under the Streeruwitz
thrust further supports this interpretation. The ori-
entation of the boundary is problematic, however,
because the tectonic transport documented for the
southeastern Llano uplift is northeastward, nearly
parallel to the Llano front. As suggested herein,
the transport direction in this part of the uplift may
be a local boundary effect controlled by shape of
the accreted arc, and the bulk transport direction
of the colliding continent may have been north-
ward. Further work is needed to test this hypothe-
sis. The location and orientation of the Llano front
are probably controlled by a preexisting crustal-
scale structure, however, such as the late Paleo-
proterozoic Laurentian margin and/or a preexist-
ing suture. Further work on the basement in the
Texas subsurface is needed to define the nature
and significance of the Llano front.

DISCUSSION

The Mesoproterozoic evolution of the southern
margin of Laurentia, as documented for the Texas
basement, is strikingly similar to that of the Cana-
dian Grenville orogen (e.g., Gower, 1996, Fig. 4)
and its extension in the Adirondack massif of

New York State (McLelland et al., 1993). This
similarity indicates that both the eastern and
southern margins of Laurentia underwent a com-
parable tectonic evolution that culminated in the
collision of another continent. The collision re-
corded in the Llano uplift that caused the doubling
or partial subduction of the crust to produce bur-
ial depths of ~50 km or higher is on the same or-
der of magnitude as the collision of South Amer-
ica (or Africa or Baltica) with the northeastern
margin of Laurentia.

Recent plate models have focused on the east-
ern Laurentian margin and on possible along-
strike continuations of the southern margin oro-
genic belt (Dalziel, 1991; Moores, 1991; Borg
and DePaolo, 1994; Unrug, 1996). None has ad-
dressed the question of which continent was ad-
jacent to the Texas portion of the southern Lau-
rentian margin at the end of Mesoproterozoic
time. Moores (1991) speculated that Baltica
might lie in this position, but this is unlikely
based on paleomagnetic data (cf. Dalziel, 1997).
Dalziel’s (1997) model shows a highly extended
piece of continental crust, his Texas plateau, at-

tached to this margin, which currently may be
part of the Argentine Precordillera. These pro-
posed small remnants of continental crust are not
sufficient, however, to cause the orogenesis ob-
served in the Texas Grenville-age rocks. The
presence of this collisional orogen along the
southern margin of Laurentia is now well docu-
mented (Wilkerson et al., 1988; Mosher, 1993;
Reese, 1995; Roback, 1996a; Carlson, 1998, and
this study) and requires collision of a southern
continent with the southern margin of Laurentia
during the assembly of Rodinia at the end of
Mesoproterozoic time.

CONCLUSIONS

The Grenvillian orogenic belt along the south-
ern margin of Laurentia records more than 300
m.y. of tectonic activity including both arc-conti-
nent and continent-continent collision. Although
along-strike variations in style, nature, and timing
of orogenesis are observed, the Texas basement re-
veals a consistent, but evolving tectonic setting for
this margin during Mesoproterozoic time. The
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Figure 9. Cross sections showing evolution of central Texas. (A) From ca. 1326 to 1275 Ma,
Coal Creek domain (CCD) island arc forms exotic to Laurentia. Subduction under Laurentia
may have started as early as ca. 1288 Ma. (B) From ca. 1260 to 1232 Ma, subduction under Lau-
rentia results in a continental margin arc and forearc basin. Valley Spring domain and Pack-
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ronment, respectively. The Valley Spring domain also contains older basement and possibly part
of the arc. Between 1275 and 1256 Ma, the CCD island arc ceases activity, perhaps due to colli-
sion with southern continent. (C) Collision between ca. 1150 and 1120 Ma causes polyphase de-
formation, high-P metamorphism, and doubling of the crust. A change in subduction polarity 
between (B) and (C) is probable based on a gap in igneous activity between 1232 and 1119 Ma.
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orogenic history is strikingly similar to that of the
Canadian Grenville orogen and necessitates a
reevaluation of recent global plate reconstructions.
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Figure 10. Cross sections showing evolution of west Texas near Van Horn. (A) From ca. 1400
to 1300 Ma extension of the Laurentian margin resulted in continental rifting and deposition of
the Carrizo Mountain Group (CMG). Rifting probably evolved into backarc spreading upon
the establishment of a subduction zone and arc at Sierra Del Cuervo (SDC; 1333 +10/–8 Ma).
(B) From ca. 1260 to 1240 Ma a second backarc basin formed behind the Llano arc. A possible
continuation of that arc is found at SDC (1274 +6/–5 Ma granites), but is not observed in the
CMG. An island arc, representing the Cerro El Carrizalillo (CEC) is shown, but may be older
and have accreted to a southern continent by that time, similar to the Coal Creek domain in cen-
tral Texas. (See text for discussion.) (C) Timing of collision of a southern continent and the CMG
rocks, causing polyphase deformation and metamorphism, is unconstrained between 1300 and
1100 Ma. (D) From ca. 1123 to 1080 Ma, thrusting within the Allamoore Formation, deposition
of the synorogenic Hazel Formation, and ultimately thrusting of the CMG metamorphic rocks
over the sedimentary rocks (Allamoore and Hazel Formations) along the Streeruwitz thrust oc-
curred in a transpressional setting.
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