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Mid-Cenozoic Stress Evolution and Magmatism in the Southern Cordillera, Texas and 
Mexico: Transition from Continental Arc to Intraplate Extension 
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Bureau of Econornic Geology, The University of Texas at Austin 

Orientations of dikes, veins, faults, and slickenlines reveal the evolution of stress during Eocene to Miocene magmatism 
in the southern Cordillera. Where most thoroughly studied by us in Trans-Pecos Texas, magmatism began at about 48 
Ma shortly after the cessation of Laramide folding. Dikes and veins that formed from then until about 32 Ma strike 
dominantly east-northeast. This indicates that the least principal stress (a•) was north-northwest; additional data suggest 
that the maximum principal stress (o0 was east-northeast. The stress field changed to at vertical and as east-northeast 
(i.e., east-northeast extension) at least by 28 Ma and probably by 31 Ma. Dikes and veins that formed between 31 and 
17 Ma, when all magmatism ceased in Texas, strike north-northwest. This change marks the beginning of regional, Basin 
and Range extension; however, major normal faulting, exclusively of high-angle type, did not begin until about 24 Ma. 
A similar stress change, marked by a similar change in dike and vein orientations, occurred throughout the southwestern 
United States and northern Mexico. The time of change is not well constrained in Texas, but available information allows 
it to have occurred at the same time thoughout the southern Cordillera. We suggest the earlier stress field is related to 
east-northeast convergence between the Farallon and North American plates. The change in stress is approximately 
coincident with collision of the East Pacific Rise and palcotrench. Extension may be related to the change from a 
convergent to a transform margin along the western edge of North America. The changes in the stress field are 
accompanied by changes in the sources and compositions of magmas erupted in Texas. Contemporaneity of the changes 
in stress and magmatism indicates that they are related. Combined with regional age patterns, palcostress and geochemical 
data indicate that pre-31 Ma magmatism in the southern Cordillera occurred in a subduction-related, continental volcanic 
arc. Subsequent magmatism occurred in an environment of intraplate extension of the Basin and Range province. 

LNTRODUCrlON 

Cenozoic magmatism in western North America spanned 
the change from a convergent plate margin to the current 
transform margin along much of the west coast. Magmatism 
during convergence is largely assigned to a continental volcanic 
arc [Lipman et al., 1971; Coney and Reynolds, 1977; Damon et 
al., 1981]; later magmatism occurred in a setting of regional 
(Basin and Range) extension. However, the timing and influence 
on magmatism and continental tectonics of the change in plate 
margin are complex and poorly understood, particularly in the 
southern Cordillera [Severinghaus and Atwater, 1990]. The 
timing and style of regional extension have been especially 
controversial [Zoback et al., 1981; Lipman, 1981; Elston, 1984; 
Best, 1988; Gans et al., 1989]. 

Texas is a critical area for understanding the tectonic and 
magmatic evolution of western North America. Magmatism in 
Texas represents the easternmost expression of Cordilleran 
activity (Figure 1) and occurred nearly continuously from 48 to 
17 Ma, spanning the change in plate margin. The origin of 
magmatism in Texas has itself been controversial, in part 
because it is not close to any plate margin. Barker [1977] 
originally drew an analogy to the East African rift on the basis 
of similarity in magma compositions and in recognition of 
the pervasive late Cenozoic normal faults. However, faulting 
postdates most igneous activity [Henry and Price, 1986]. We 
now interpret magmatism up to 32 Ma to have occurred in a 
continental volcanic arc. Magmatism after that time occurred 
during regional extension. The arc either extinguished or began 
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to extinguish at about 32 Ma, and by 24 Ma, magmatism was 
clearly related to intraplate extension. This paper and its com- 
panion [James and Henry, this issue] use data on paleostress, 
regional age patterns, and composition of magmatism to 
establish the overall evolution and tectonic setting of magmatism 
in Texas. 

C•ozoIc M_•o•e•,•sM nq Tms-Pmos Tvxns 

Regional Setting 

Magmatism in Trans-Pecos Texas is the easternmost part of 
a broad belt of late Mesozoic and Cenozoic activity in the 
southern Cordillera, much of which is clearly related to 
subduction (Figures 1 and 2). The palcotrench for this activity 
lay along the western edge of North America.. At about 
100 Ma, magmatism was concentrated along the Pacific coast. 
From there, it swept generally eastward, reaching as much as 
1000 km inland [Lindgren, 1915; Anderson and Silver, 1974; 
Henry, 1975; Coney and Reynolds, 1977; Keith, 1978; Damon et 
al., 1981]. The pattern of magmatism has generally been 
interpreted to reflect progressive shallowing with time of the 
subducting Farallon plate. The Cretaceous batholiths of western 
Mexico and southwestern United States are universally agreed 
to be related to subduction and to a continental arc [Anderson 
and Silver, 1974; Damon et al., 1981; Gastil et al., 1981]. The 
position of magmatism in Texas at the eastern end of this 
continutun is one part of the evidence that it also constitutes a 
continental volcanic arc, despite being 1000 km east of the 
plate margin. 

After about 30 Ma, magmatism either swept rapidly back 
toward the coast or occurred nearly simultaneously (the 
ignimbrite flareup) from Texas across northwestern Mexico. 
This marks the beginning of the end of arc activity, and 
magmatism after this time occurred during regional, intraplate 
extension. 
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Fig. 1. Location of the Trans-Pecos volcanic field, õeneralized distribution 
of Tertiary volcanic rocks, and area of late Cenozoic extension in the 
southern Cordillera. 

Activity in Texas 

Magmatism in Trans-Pecos Texas (Figure 3) occurred nearly 
continuously between 48 and 17 Ma but varied considerably in 
location, style, composition, volume, and tectonic setting [Henry 
and Price, 1984; Henry and McDowell, 1986; Price et al., 

1987]. The data of this report and of James and Henry [this 
issue] indicate that magmatism occurred in two distinct tectonic 
settings: a continental volcanic arc through about 32 Ma and 
regional (Basin and Range) extension thereafter. All Trans- 
Pecos magmatism is alkalic, regardless of age, location, or 
tectonic setting, although the degree of alkalinity varies. 

The timing of events is critical to the conclusions of this 
report and, except where noted, is well constrained. Geo- 
chronological constraints are provided by approximately 
350 K-At ages on more than 200 volcanic and intrusive units, 
dominantly on separates of alkali feldspar, plagioclase, biotite, 
or hornblende [Henry et al., 1986, 1989; Henry and McDowell, 
1986]. Henry et al. [ 1986] compiled K-At data as of that date. 
Precision of the conventional K-Ar ages for mid-Tertiary rocks 
is always better than 1 m.y. New 4øAr/•Ar data are providing 
much greater precision in several areas [Kunk and Henry, 1990]. 
The isotopic data are supported by and correlated with detailed 
mapping and stratigraphic studies throughout Trans-Pecos Texas 
[e.g., Cepeda and Henry, 1983; Henry et al., 1989]. 

Magmatism began about 4748 Ma with eraplacement of 
small, mafic to intermediate intrusions in the northwestern and 
southeastern (the Big Bend area) parts of the province 
(Figure 3a; [Hoover et al., 1988; Henry and McDowell, 1986]). 
At the same time the extensive Alamo Creek Basalt erupted in 
the southeast. Magmatism continued in the southeast between 
44 and 40 Ma with eraplacement of abundant, small, silicic 
to mafic intrusions [Henry et al., 1989] and formation of a small 
caldera complex, the earliest in Texas, in the Christmas 
Mountains [Henry and Price, 1989]. 

The greatest volume of magma was eraplaced between 38 
and 32 Ma in two north-northwest striking geochemical belts: 
a western, alkali-calcic and an eastern, alkalic belt (Figure 3b) 
[Barker, 1977; Henry and Price, 1984]. This magmatism was 
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Fig. 2. Timing and location of magmatisrn in Trans-Pecos Texas in relation to the paleotrench that lay off west coast of North 
America. Outlined area encompasses ages of magmatism and distances fr•n the paleotrench across northem Mexico compiled by 
Damon et al. [ 1981]. Activity in Texas constitutes the easternmost magmatism in the southern Cordillera and defines the eastern 
limit of the magmatic sweep. Crosses, basalts associated with Basin and Range faulting; pluses, volcanic and intrusive rocks 
emplaced during initial extension between 31 and 27 Ma; circles, volcanic and intmsive rocks emplaced during continental arc 
activity. 
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Fig. 3. Distribution of magmafism through time in Trans-Pecos Texas. Numbers indicate times of major activity of individual 
centers or areas of magmafism. Ruled areas are calderas and solid areas are major intrusions. (a) Initial encroachment of volcanic 
are (48-39 Ma). Moderate volumes of magma were emplaced in northern and southern Trans-Pecos Texas. (b) Main continental 
arc phase (38 to 32 Ma). Large volumes of magma were emplaeed, mostly from caldera complexes, throughout Trans-Pecos. AC 
and A denote westem alkalicalcic and eastern alkalic belts. (c) Initial extensional phase 01-27 Ma). Moderate volumes of magma 
were emplaeed exclusively in southern Trans-Pecks Texas and Chihuahua, contemporanexms with initial east-northeast extension. 
(d) Main Basin and Range phase (24-17 Ma). Small volumes of magma were emplaced throughout Trans-Pecos Texas 
contemporaneous with major Basin and Range faulting. EP, El Paso. Letters next to calderas: X, Christmas Mountains caldera 
complex; Q, Quitman Mountains caldera; E, Eagle Mountains caldera; VH, Van Hom Mountains caldera; W, Wylie Mountains 
caldera; B, Buckhorn caldera; EM, E1 Muerto caldera; P, Paisano volcano; IL, Infiemito caldera; C, Chinaft Mountains caldera; PC, 
Pine Canyon caldera; S, Sierra Quemada caldera; SC, San Carlos caldera; Sa, Santana caldera. 

dominated by eruptions from calderas, occm're.,d through- 
out Trans-Pecos Texas, but shifted with time, and was most 
voluminous in the central and southern parts of the region. 
Contemporaneous noncaldera magmatism consisted of numer- 
ous small intrusions and lavas scattered throughout the province. 
A northwest trending belt of silica-undersaturated intrusions 
was also emplaced at this time, most notably in the Diablo 
Plateau of northern Trans-Pecos (Figure 3b) [Barker, 1977]. At 
about 35 Ma, volcanism shifted from the northern and central 

parts of the region to the southern part, in the Chinaft Motre- 
tains and Big Bend area. 

Magmafism between about 31 and 27 Ma was restricted 
to southern Trans-Pecos Texas and adjacent Chihuahua 
(Figure 3c). Caldera-related volcanism continued, as two large 
calderas (San Carlos and Santana calderas) formed at 30 and 
28 Ma in Chihuahua, just across the Rio Grande. In Texas, the 
Bofecillos volcanic center erupted mafic to intermediate lava 
flows. Intrusions of peralkaline rhyolite and nepheline-normative 
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hawaiite were emplaced in the Bofecillos Mountains and Big 
Bend area. 

After a several million year hiatus, rocks exclusively of 
basaltic composition were emplaced throughout much of Trans- 
Pecos Texas as dikes, small stocks, and some lavas (Figure 3d). 
The beginning of this volcanism at 24 Ma coincided with the 
beginning of significant Basin and Range faulting. 

Volumes of erupted rocks varied tremendously through time. 
By far the largest volumes erupted between 38 and 32 Ma. 
Subordinate, but still major, volumes of magmas were emplaced 
between 48 and 39 Ma and between 31 and 28 Ma. Although 
widespread, the 24-17 Ma magmatism accompanying Basin 
and Range faulting was volumetrically minuscule. 

STRESS ASnLYS•S n•OM DIKE • VE• ORIENTATIONS 

This paper uses dike and vein orientations to infer stress 
orientations during their emplacement4 the paleostress data are 
then used to interpret the tectonic setting and evolution of the 
region. A similar approach has been widely used [Rehrig and 
Heidrick, 1976; Price and Henry, 1984; Aldrich et al., 1986; 
Best, 1988]. More indirectly, Nakamura [ 1977] used alignment 
of flank eruptions around a volcano to infer dike orientations 
and paleostress. The basic assumption in all these approaches 
is that a dike or vein is emplaced perpendicular to the mini- 
mum principal stress (o3). This assumption only holds if the 
dike occupies a mode 1 fracture (a fracture that opens only 
perpendicular to its plane [Pollard and Aydin, 1988]) that 
formed in response to the contemporaneous stress field, and 
the dike has not subsequently been rotated. A wide variety of 
factors can influence the proper interpretation of stress orien- 
tations from dike or vein orientations. 

1. A dike or vein may be emplaced into preexisting fractures 
formed in a stress field unrelated to that during dike em- 
placement. Delaney et al. [ 1986] demonstrated that dikes can 
occupy preexisting fractures at various angles oblique to the 
stress field if the magma driving pressure exceeds a function 
of the two principal horizontal stresses. In the extreme case, a 
dike can intrude a joint of any orientation if magma pressure 
exceeds the maximum principal horizontal stress. 

Additionally, dike orientation even in a rock without pre- 
existing fractures may be determined by structures in underlying 
rocks. For example, dikes that rose through jointed basement 
rock would, in many circumstances, follow the joints. As the 
dikes propagated upward into unjointed rocks, they would begin 
to reorient to the prevailing stress field. Whether or not they 
succeeded is a function of several factors including dike 
propagation rate, magma viscosity, and distance traversed 
[Emerman and Marrett, 1990]. Although commonly rapid 
[Emerman and Marrett, 1990], reorientation may not occur if 
the jointed rocks are shallow. Because dikes are always 
emplaced into existing rocks and through basement rocks that 
axe commonly complexly deformed, host anisotropy is always 
a potential uncertainty. 

2. Dikes or veins may be emplaced into non-mode 1 fractures. 
For example, dikes emplaced into or along active strike-slip 
faults could be substantially oblique to the minimum principal 
stress [Best, 1988]. 

3. Local stress fields may differ markedly from regional 
stress fields. Most critically, dikes emplaced around a circular 
intrusive center can be strongly affected by magma pressure 
in the center. For example, dikes related to Spanish Peaks, 
Colorado, show a radial pattern near the central intrusive bodies 
but curve to a more uniform east-northeast orientation away 

from the centers [Muller and Pollard, 1977]. This pattern 
reflects the influence of a pressurized circular conduit (the 
central intrusion) on a regional stress field [Muller and Pollard, 
1977]. 

4. Interpretation of complex dike swarms requires nearly 
complete knowledge of dike distribution and orientation. The 
Spanish Peaks dikes show quite regular orientations in each 
segment of arc around the intrusive center [Muller and Pollard, 
1977], but none of these orientations reflects the regional stress 
field. This problem applies particularly to areas in the Basin 
and Range province or areas of recurring magmatism where 
much of a dike swarm may be buffed beneath basin fill or 
covered by later volcanism. 

5. Even if the dikes or veins were emplaced perpendicular to 
the minimum principal stress, uncertainty in their age may 
lead to assigment of a stress field to an incorrect period. Age 
uncertainty is particularly a problem in areas of recurrent 
magrnatism, where reheating or hydrothermal alteration of dikes 
may reset or alter their apparent ages. 

6. Subsequent rotation can produce dike swarms whose 
orientation does not correspond to the orientation during 
emplacement. Vertical axis rotation during Laramide or Basin 
and Range deformation has been suggested for many areas hi 
southwestern North America [Nelson and Jones, 1987; 
Hagstrum and Sawyer, 1989]. 

For cases 1 (preexisting fractures) and 3 (local stress fields), 
the difference between the horizontal stresses is particularly 
important. Where the stress difference is small, dikes can more 
easily intrude preexisting joints of any orientation [Delaney 
et al., 1986]. Where the stress difference is large, only 
preexisting joints close in orientation to the minimum principal 
stress can be occupied. Delaney et al. call regions of small 
stress difference tectonically inactive and regions of large dif- 
ference tectonically active. Even in active regions, horizontal 
stresses generally differ by no more than 50% [McGarr, 1982; 
Delaney et al., 1986]. 

Given these uncertainties, it is clear that interpretation of 
paleostress from dike and vein systems must be based on a 
thorough understanding of their geology. Both theoretical con- 
siderations and our own data suggest that hydrothermal veins 
within contemporaneous resurgent intrusions of calderas are 
the most consistent and reliable indicators of the stress field. 

Accurate assessment of the paleostress field can be det•mined 
from thoroughly understood dike swarms even in older rocks, 
however. 

1. Resurgent intrusions are most likely to be isotropic, that 
is, to contain no fractures formed in a previous stress field. 
Obviously, this applies only to veins and dikes formed essen- 
tially contemporaneously with the host intrusion. In contrast, 
hydrothermal activity in areas of locally recurring magmatism, 
for example, the San Juan volcanic field of Colorado, is in 
many cases much younger than that of the host caldera [Lipman 
et al., 1976]. Additionally, because they are deep-seated bodies, 
resurgent intrusions are least likely to be affected by structures 
in underlying rocks. 

2. In Trans-Pecos Texas veins commonly show more con- 
sistent orientations than dikes, possibly for several reasons. ff 
fluid pressure in hydrothermal veins is less than magma pres- 
sure in dikes, the veins will be less likely to occupy preexisting 
fractures that are not perpendicular to the least principal stress 
[Delaney et al., 1986]. Also, because hydrothermal fluids are 
much less viscous than any magmas, they are more likely to 
reorient to prevailing stresses [Emerman and Marrett, 1990]. 
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Finally, veins clearly form in brittle rock: dikes may be em- 
placed while the host intrusion is still partly liquid and less 
able to transmit regional stresses. 

Some uncertainties remain even for resurgent intrusions. 
Magma pressure within the intrusion could induce a local stress 
field, analogous to that of the Spanish Peaks. Magma pressure 
would not affect veins formed after solidification of the intru- 

sion, however. Also, the caldera block uplifted by the resurgent 
intrusion may be in part floating on the intrusion and therefore 
decoupled from the regional stress field. This possibility may 
explain the random orientation of dikes within the Questa 
caldera, New Mexico, and distinct northwest strike of contem- 
poraneous dikes outside the caldera [Lipman, 1983]. 

DIKS •rr) Vsrq Or.m•^TiO•S I>tau•o Cr•ozom •o••, 
Tms-P•os T• 

Di•s and Vei• Before 32 Ma 

D•es •d ve• •• •twe• 48 •d 32 Ma • Tr•- 

P•os Tex• •••tly s•e e•t-no•e•t to •st •i•e 4). 
•e• •ta •e repre•mative of •e maj• i•eom c•ters of 
ß e region, most of w•ch •e cflderas, •clude ex•pl• •m 
• •e west• a•i•cic •d •e eastern •alic •lm, •d 
sp• n•ly •e entke t•e of pre-32 Ma activin. The 32 Ma 
C•ati Mo•t• c•dera [Cepe• and Hens, 1983], • •e 
w•tm •lt, is •e yo•gest center repre•m•. •e Org• 
Mo•tm cald•a [Seager, 1981], • sou•em New Mexico, 
is geo•ap•cally •d chemically p•t of •e western •lt 
•ig•e 4). 

Ages assi• • Fig•e 4 •e b• on dk•t det•a- 
tio• on d•es • •e C•ati Mo•ta• •d P•e C•yon 
c•der•, t• P•s•o volc•, • •e C•s•as Mo•ta• 
•sive • [Hen• et d., 19•, 1989]. A•itio•ly, • • 
ve• •e •• to have •e s•e age as •e host c•dera 
•oughout •e regio• wi• •e p•sible excepti• of • •g• 
Mo•tm c•dera • discuss• •1ow. •t•l• g•logic • 
g••onological s•dy demo•at• •at cald•as •d o•er 
volc•c c•ters of Tr•-P•os Texas w•e isolat• •om •ch 

o•er, were active •iefly, •d were not •f•t• by yo•ger 
ß emal evenm [Hen• a• Pr•e, 19•; Hen• a• McDowell, 
1986; Hen• et al., 1989]. U•at• •es •e ti• to • over•l 
caldera magmafism on •e b•is of field relatio•ps, pe•og- 
raphy, •d cm•sifion. Ve• •e h•t• by restgrot •si• 
of •e calderas •d •e •ical of opm-spa•-fill•g hy•o- 
•emal ve• relat• to •sio•. Therefore, • d• • 
ve• must have fo• d•g cald•a ma•afi• or d•g 
p•• c•l•g. 

•e ages of ve• • •e Sh•t• silver disffict •d •e 
Terl•gua merc• disffict, w•ch •e outside of c•der•, •e 
•e• to • a•ut 32 •d 34 M• r•p•tively. •e Sh•ter 
disffict is along •e sou•em m•g• of •e 32 Ma •ati 
Moumm caldera; ••ali•tion •ere is probably relat• to 
caldera ign•us activin. •e ofig• of •e Terl•gua merc• 
deposim is •cert•, but •ey •e m•t l•ely relat• to 1• 
i•us activi• [Yates a• T••son, 1959]. K-• ages of 
•sio• • •e • •e mostly a•ut 34 Ma [Hen• et M., 
1986]. 

All dma •m show • do••t e•t-n•ast orientation 

•ig•e 4), but cl•ly o•er od•tafi• •• • •e pm•t 
• a few centers. Most •atter •o•d a dist•ct east-not, st 

p•; o•ers (e.g., •e •i• Mo•t• • •g• M•- 
ta•) •e cl•ly b••l wi• a no• or no•west •d • 
a•ition to a pm•ent •t •en• Ex•afion of repr•nmtive 

examples suggests the origin of the scatter and the caution 
necessary in interpreting these data. 

Christmas Mountains dike swarm. A 4044 Ma dike swarm 

in the Christmas Mountains is one of the earliest clear palco- 
stress indicators associated with igneous activity and a good 
example of scatter around an east-northeast peak (Figures 4 
and 5). The dikes are related to a small caldera complex centered 
in the Christmas Mountains and to a nepheline-normative 
gabbro that precexted caldera activity; both are approximately 
42 Ma [Henry et al., 1989; Henry and Price, 1989]. Dike 
compositions range from basalt, petrographically similar and 
probably related to the gabbro, to rhyolite, probably part of the 
caldera system. 

Ages •,r seven dikes, r,,,,,-,•,,t;,,o m,•r or the. Detro•raohic 
variation, range from 40.3 to 47.2 Ma [Henry et al., 1989; 
Laughlin et al., 1982]. The 47 Ma dike is likely a feeder to the 
extensive Alamo Creek Basalt and may not be part of the 
Christmas Mountains swarm [Henry et al., 1989]. 

The dikes, only a fraction of which are shown on Figure 5, 
exhibit a wide range of orientations. However, both the map 
and the rose diagram demonstrate the dominant east to east- 
northeast orientation (Figures 4 and 5). The complete dike 
swarm is exposed because younger cover is negligible. The 
small but distinct northerly and northwesterly peaks on the 
rose diagram almost entirely reflect the two long dikes south 
and southeast of the Christmas Mountains. 

The dike orientations indicate that the minimum principal 
stress (o•) was north to north-northwest and that the maximum 
horizontal stress was east-northeast, parallel to the preferred 
dike orientation. For reasons discussed more fully below, we 
interpret the maximum horizontal stress to be o•. Although the 
variation in dike orientations could reflect all the uncertainties 

cited above, host anisotropy is probably most important. The 
dikes were eraplaced into Cretaceous sediment• rocks that 
are not significantly deformed here but are intensely folded 
and faulted in north-northwest trends just 20 km to the southwest 
[Erdlac, 1990]. Additionally, complexly deformed Paleozoic 
rocks of the Ouachita-Marathon foldbelt occur at depths less 
than 1 km [Henry et al., !989]. A local stress field resulting 
from intrusion of the gabbro or the silicic caldera magma body 
was probably not a factor, because dikes maintain their dominant 
east to east-northeast orientation within the intrusive area. 

The variation in dike orientations around the Christmas 

Motretains illustrates the need to know the complete distribution 
of a dike swarm. Examination of only a few dikes could easily 
give a false impression of stress orientations during their em- 
placement. Indeed, Laughlin et al. [ 1982], who dated the two 
long dikes south and southeast of the Christmas Mountains, 
interpreted them to indicate major changes in stress orientations 
at the time. 

Quitman Mountains caldera. Dikes in the Quitman Moun- 
tains show a bimodal distribution (Figure 4). Dikes that cut 
ring fracture intrusions and caldera fill volcanic rocks strike 
east-northeast or approximately north [Albritton and Smith, 
1965]. Epithermal veins in the intrusions strike east-northeast. 
By our criteria, the east-northeast trend is most likely per- 
pendicular to the least principal stress, which would be north- 
northwest. The sign/ficance of the north trend is uncertain, but 
it may be related to preexisting structures in Cretaceous rocks 
folded during Laramide deformation. The north striking dikes 
are petrographically similar to other intrusive rocks of the 
Quitman Mountains caldera; therefore, they are unlikely to be 
much younger. 
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Additional exan•les and one exception. Other, smaller or 
incompletely studied dike and vein systems in Trans-Pecos 
Texas show dominant east-northeast trends. Dikes associated 

with 47 Ma syenitic intrusions in and southeast of E1 Paso 
strike northeast (Figure 3a) [Albritton and Smith, 1965; Hoover 
et al., 1988). The dikes have not been mapped in detail, 
however, and areas of outcrop are surrounded by upper Tertiary 
basin fill that may cover many dikes. Syenitic, aplitic, and 
pegmatitic dikes in the 37 Ma Marble Canyon (Figure 4) 
intrusion of the eastern belt strike east-northeast [Price et al., 
1986], as do dikes and epithermal veins in the Solitario 
(Figure 4), a 38 Ma laccolith and caldera. 

A possible exception to the consistency of north-northwest 
least principal stress occurred at approximately 37 Ma. A group 
of extensive, large-volume, silicic lavas, the Braeks Rhyolite, 
Star Mountain Formation, and Crossen Trachyte, were endlaced 
at this time, apparently from north-northwest striking fissures 
[Henry et al., 1990]. These could represent a brief episode of 
east-northeast extension, but such an event would clearly be 
atypical of the stress field in Texas at the time. 

Posternplacement rotation of the dikes around vertical axes 
is not a problem in Texas. The only significant deformation to 
have affected dikes is Basin and Range extension. In Texas, 
total extension was less than 10% as shown by the geometry 
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Fig. 5. Dikes in the Christmas Mountains area, southern Trans-Pecos Texas. Lighter lines denote Eocene dikes related to the 
Christmas Mountains gabbro (shaded) and Christmas Mountains caldera complex (hachured). Only a representative fraction of the 
211 measured dikes are shown. Heavy lines denote Miocene dikes related to east-northeast extension. Older dikes show a range of 
orientations with a maximum at east-northeast. Younger dikes strike uniformly north-noahwest• Location and rose diagrams of 
dike orientations are shown in Figures 4 and 7. Ages from Henry et aL [1989] and Laughlin et aL [1982]. 

of extended rocks within both horsts and grabens [Henry and 
Price, 1986]. Strike-slip displacement that could generate sig- 
nificant vertical axis rotation occurred along structures oblique 
to the east-northeast extension [Muehlberger, 1980]; however, 
the total amount of such displacement was far too small to 
have rotated significant areas. 

Interpretation of east-northeast orientation of o•. The 
preferred east-northeast orientation of dikes and veins in Trans- 
Pecos Texas indicates that the minimum principal stress (o•) was 
north-northwest and that the maximum principal stress (o•) was 
in the plane of the dikes and veins. However, o• could range 
from east-northeast to vertical. The former stress field is 

commonly considered a strike-slip environment, whereas the 
latter is that of north-northwest extension. Became faulting 
accompanying magmatism was negligible, interpretation of the 
true environment is equivocal. As discussed below, we interpret 
o• to be east-northeast because of (1) evidence for minor, 
contemporaneous strike-slip faulting, (2) by comparison with 
the stress field during Laramide folding that immediately 
precexled magmatism, and O) by analogy with stress orientations 
in Arizona and New Mexico. 

Two sets of dikes at Glenn Draw in Big Bend National Park 
illustrate the evidence for strike-slip faulting (Figure 6) [Price 
and Henry, 1988]. At this location, one dike set strikes approx- 
imately northeast. The other set forms a west-northwest trending 
en echelon pattern in which individual dike segments strike 
east-northeast. We interpret these dikes to fill mode 1 fractures 
along a left-lateral shea• zone. En echelon dikes along com- 
plementary northeast trending right-lateral shears occur at two 
locations within 8 km of the area depicted in Figure 6. The 
ages of the dikes at Glenn Draw are not well established. The 
basalt is compositionally like the 48-32 Ma rocks and distinctly 
unlike the more primitive basalts emplaced after 31 Ma [Price 
and Henry, 1988; James and Henry, this issue.] An apparent 
K-Ar age of 57 Ma (.•_5.6 Ma) probably reflects excess argon 
as no Cenozoic igneous rocks are that old in Trans-Pecos Texas 

Kj Q 
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83 

0 0.5 1.0 mi 

I , , I • , • 
0 0.5 1.0 1.5 km 

Quaternary deposits 

Tertiary dikes 

Cretaceous 

Javelins Formation 

Aguja Formation 

Fig. 6. Geologic map of dikes in Glmn Draw area, Big Bend National 
Park, modified from Maxwell et al. [1967]. Individual dikes in west- 
northwest striking, en echelon system strike east-northeast, parallel to 
probable maximum principal stress. 
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[Henry et al., 1986]; excess argon has been found unequivocally 
in similar basalts in the Big Bend area [Harlan et al., 1986]. 
Reliable dates on chemically and petrographically similar rocks 
in the Big Bend area are mostly around 34 Ma [Henry and 
McDowell, 1986]. 

Orientations of folds, thrust faults, slickenlines, stylolites, 
calcite twin lamellae, and other kinematic indicators demon- 

strate that c• was east-northeast and o 3 vertical during Laramide 
folding that preceded magmatism in Texas [Berge, 1982; 
Moustafa, 1988; Erdlac, 1990]. The similarity in orientation of 
maximum horizontal stress and the lack of a significant time 
gap between folding and magmatism suggest that the east- 
northeast direction continued to be o•, although the minimum 
principal stress (o3) rotated from vertical to north-northwest. 

The analogy to stress orientations in Arizona and south- 
western New Mexico is less direct, but the data are more 
definitive in those areas. Heidrick and Titley [ 1982] also found 
east-northeast preferred orientation of dikes and veins. 
Additionally, they found conjugate shears arranged sym- 
metrically around the dikes and veins that demonstrated that c• 
was horizontal and approximately N70øE. 

Although a stress field with c• and o 3 horizontal is com- 
monly considered a strike-slip environment, we do not refer to 
it in this way. Strike-slip faulting, in fact, faulting of any kind, 
was negligible during magmatism between 48 and 32 Ma in 
Texas. The only faulting was related to igneous doming and 
caldera collapse. In contrast, strike-slip faulting was relatively 
common both during preceding Laramide compression (o• east- 
northeast and o 3 vertical) and during subsequent Basin and 
Range extension (o• vertical and o 3 east-northeast) as a result 
of reactivation of west-northwest basement structures under 

those stress fields [Muehlberger, 1980]. 
Relative stress magnitudes. The considerable scatter of dike 

and vein orientations around the east-northeast pealc suggests 
that the difference in magnitude between the two horizontal 
stresses was small. Delaney et al. [ 1986] consider this char- 
acteristic of tectonically inactive regions, which seems consistent 
with the lack of faulting in Trans-Pecos Texas between 48 and 
32 Ma. Nevertheless, despite its relative inactivity, the area 
still had a distinct stress pattern that governed dike and vein 
orientations. 

Amount of northerly extension. The total mount of north- 
erly extension represented by the dikes and veins is small 
throughout Texas. Both dikes and veins are relatively thin and 
only locally abundant. Dikes range up to about 10 m thick but 
probably average about 2 m. Veins are uniformly less than a 
few meters thick. Even where dikes are most abundant, for 
example, west of the Christmas Mountains, total extension was 
no more than a few percent. Areas between dike swarms may 
have undergone no extension. 

Dikes and Veins After 32 Ma 

Dike orientations and fault kinematic data indicate a change 
to o 3 east-northeast and c• vertical, probably by 31 Ma and 
definitely by 28 Ma. This change marks the beginning of east- 
northeast extension, which characterized early extension 
throughout the Basin and Range province [Zoback et al., 1981]. 

Sierra Azul, Chihuahua. The earliest evidence for the change 
occurs in the Sierra Azul of northern Chihuahua, which is part 
of the San Carlos caldera (Figures 3 and 7) [ChucMa, 1981; 
Gregory, 1981]. Dikes in a granitic intrusion there sltike dom- 
inantly north-northwest (Figures 7 and 8), which indicates that 

0 3 was east-northeast. The dikes are accompanied by a series 
of small-displacement normal faults (Figure 8). Dikes and faults 
were probably broadly contemporaneous. Faults mostly cut 
dikes, but a few dikes appear to have intruded along faults. 
Paleostress analysis from fault and slickenline orientations 
of 31 faults using the method of Angelier [1979] indicates that 
o 3 plunged gently S63øW and that c• was nearly vertical 
(Table 1). 

The age of the dikes and therefore of initial east-northeast 
extension is based largely on a single K-Ar age of 31.4 -l- 0.7 
Ma on biotite of the host granite [Gregory, 1981]. The dikes are 
f'me-grained, porphyritic varieties of the granite and clearly the 
same age. Dates of 30.2 + 0.7 and 30.6 + 0.7 Ma on alkali 
feldspar phenocrysts from the ash flow tuff derived from the 
San Carlos caldera lend some support to 31 Ma age. However, 
field relations do not constrain the relative ages of the granite 
and ash flow tuff. Additional dating of the granite and par- 
ticularly the dikes is warranted to constrain the age of the 
stress change. 

Bofecillos Mountains. East-northeast extension was un- 
equivocally established by 28 Ma based on the north-northwest 
strike of dikes associated with the 28 Ma Bofecillos Mountains 

volcano (Figure 7). The subsidiary northeast to east peaks may 
reflect dikes whose orientations were controlled by structures 
in underlying rocks. The 28 Ma volcanic rocks in the Bofecillos 
Mountains are underlain by 32 Ma and older volcanic rocks 
that likely have east-northeast striking joints. Therefore, the 28 
Ma east striking dikes may reflect the influence of basement 
structures, rather than of preexisting joints in the exposed host 
rocks, as discussed above. 

Basin and Range basalts. The youngest igneous activity 
in Texas consisted of widespread but volumetrically minor 
alkali basalts and hawaiites eraplaced between 24 and 17 Ma 
(Figures 3d and 7). The rocks are preserved mostly as dikes, 
but lavas fed by the dikes occur in a few areas. Throughout the 
region, the dikes dominantly strike north-northwest, indicating 
continued east-northeast extension. Lengths and orientations 
of all known dikes were determined at two locations: the Rim 

Rock dike swarm near the Rio Grande and dikes near Terlingua 
west of Big Bend National Park (Figure 7). 

The Rim Rock dike swarm consists of at least 480 dikes 

totaling 70 krn in length and ranging in age from 24 to 17 Ma 
[Dasch et al., 1969; Henry and Price, 1986]. The dikes are 
generally vertical and intrude Cretaceous •entary rocks 
and 38-32 Ma Tertiary volcanic and volcaniclastic rocks. The 
subsidiary west-northwest trend includes many of the oldest 
dikes of the swarm and parallels a major Precambrian basement 
trend [Muehlberger, 1980]. Dike emplacement along this trend 
probably reflects initial opening of the basement structure under 
east-northeast extension [Henry and Price, 1986]. As extension 
continued, the north-northwest trend opened and became dom- 
inant. The west-northwest structure is otherwise not apparent 
in the Cretaceous or Tertiary host rocks; therefore, dike 
eraplacement may have been controlled by the basement 
structure rather than by preexisting _joints in the exposed host. 
North-northwest striking Basin and Range faults throughout 
Texas commonly step over along short west-northwest segments 
that reflect the basement structure. 

A smaller swarm, consisting of 35 dikes totalling 5 km long, 
occurs southwest of the Christmas Mountains (Figures 7 and 5). 
Three dikes have been dated between 24 and 20 Ma [Henry et 
al., 1986]. The consistent north-northwest orientation of these 
dikes contrasts with the generally east-northeast but more 
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Fig. 7. Dikes, veins, and faults related to post-31 Ma magmatism in Trans-Pccos Texas. Four rose diagrams, constructed from 
percentages of total strike length as in Figure 4, show orientations of major dike swarms. All features, including 24 Ma dikes in 
Black Gap and the Davis Mountains strike dominanQy north-northwest, indicating that least principal stress was east-northeast. 
Subsidiary west-northwest and east-northeast peaks reflect reactivation of older structures (see text). Calcicras dominandy predate 
extension but are rarely cut by major Basin and Range faults. 

variable orientation of the 42 Ma dike swarm. A few Basin 

and Range dikes cut dikes of the older swarm. 
Relative stress magnitudes. Dikes emplaced after 31 Ma 

show a much narrower range of orientations than do dikes 
eraplaced before then. This consistency suggests that the two 
horizontal stresses have considerably different magnitudes. The 
value of f (0.768 where f = (o•.-o•)/(Ol-O•); Table 1) calculated 
from fault and slickenline data from the Sierra Azul also indi- 

cates that o•. and o• were significantly different. Delaney et al. 
[1986] characterize this situation as being tectonically active, 

which, in ram, seems consistent with emplacement of the dikes 
during active extension. 

Timing of Basin and Range faulting. Basin and Range 
faulting, which was exclusively high-angle, began slightly 
before 24 Ma. Volcanic rocks of the 28-Ma Santana caldera 

and Bofecillos volcano show no change in thickness across 
Basin and Range faults [Henry and Price, 1986]. Basalt lavas 
of the 24 Ma suite are interbedded with lower parts of basin 
fill in several grabens but are never at the base or below basin 
fill. Thus faulting must have started sufficiently before 24 Ma 
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Fig. 8. Stereonet plot of small-displacement faults and slickenlines (curves 
and solid circles) and poles to dikes (open squares) and veins (solid squares) 
within the Sierra Azul granite of the San Carlos caldera, Chihuahua. Faults 
were contemporaneous with dikes of the granite, which is 31 Ma [Gregory, 
1981; Chuchla, 1981]. Quantitative analysis of the fault data indicates that 
least princit• stress (os) was S63øW and the maximum princit• stress 
(o•) was approximately vertical (Table 1). Similarly, dike and vein 
orientations indicate that the least princi• stress was east-northeast (see 
also Figure 7). 

for basins to form and accumulate a few tens of meters of 

coarse sediment. The beginning of significant faulting may 
have lagged the stress change, which we consider the more 
fundamental event, by as much as 7 m.y. Nevertheless, both 
faults and dike orientations indicate east-northeast extension. 

STRESS ORIENTATIONS IN THE SOUTHWE•ERN UNITED STATES AND 

NORTHERN Mumco 

A preliminary look at the evidence for paleostress in adjacent 
areas of the southern Cordillera to compare with the stress 
evolution in Texas is worthwhile. Comprehensive analyses have 
been done in southwestern New Mexico and Arizona [Rehrig 
and Heidrick, 1976; Heidrick and Titley, 1982], in the Rio 
Grande rift [Aldrich et al., 1986], and more broadly in the 
southwestern United States [Best, 1988]. Additionally, sparse 
data are available for northwestern Mexico. 

TABLE 1. Stress Orientations Calculated From Slickenline Data, 
Sierra Azul, Chihuahua (31 Ma) for 31 Faults 

Orientation 

N7øW 
77 ø 

S28øE 
12 ø 

S63 øW 
5 ø 

(o2-o3)/(Ol -03) 0.768 

New Mexico 

Dike and vein orientations in the Organ Mountains caldera 
of southern New Mexico (Figure 4) illustrate the complexity 
that can occur. Veins dominantly strike approximately east 
[Dunham, 1935; Seager, 1981]; we consider these6 to be the 
most reliable indicator of paleostress and therefore indicate o 3 
to be north. Many dikes also strike east, but most dikes strike 
northwest [Seager, 1981 ]. Conventional K-Ar ages of volcanic 
and intrusive rocks of the caldera, including one northwest 
striking dike, are 32 to 33 Ma [Loring and Loring, 1980, Seager, 
1981]. New Ar•ø/Ar • ages on ash flow tuffs of the Organ 
caldera, including units previously dated as 33 Ma, are 35.6 
and 36.1 Ma [Mcintosh, 1989]. The organ ba.[holith, the 
resurgent intrusion of the caldera that hosts the veins, has not 
been redated. However, given the brief period of activity of 
most calderas, the batholith and the veins are most likely 36 Ma. 

Newcomer et al. [1983] interpreted the northwest dikes to 
indicate northeasterly extension, beginning by 32.5 Ma, the 
K-Ar age of one of the dikes [Loring and Loring, 1980]. 
However, the dikes have not been redated, and the new Ar•/Ar • 
data suggest that they may be older. A 32.5 Ma age is within 
analytical uncertainty of the beginning of extension in Texas, 
whereas 36 Ma is distinctly older. More critically, the dikes do 
not occupy mode 1 fractures; they are reported to have be• 
emplaced within northwest-striking shear zones [Seager, 1981]. 
Therefore they do not indicate northeasterly extension regard- 
less of their age. 

East-northeast extension clearly did begin in the Rio Grande 
rift in New Mexico at about 31 Ma (Figure 9b) based on dike 
orientations and domino-style faulting [Laughlin et al., 1983; 
Chamberlin, 1983; Aldrich et al., 1986]. Also, substantial east- 
northeast extension occmxed at 26 Ma in the Latir volcanic 

field in northern New Mexico [Lipman, 1983]. We find no 
evidence for east-northeast extension as early as 40 Ma as 
proposed by Elston [ 1984] for the Mogollon-Datil volcanic field. 

Arizona and Southwestern New Mexico Laramide 

Rehrig and Heidrick [1976] and Heidrick and Titley [1982] 
examined in great detail the orientations of dikes and veins 
associated with Laramide plutons (75-50 Ma) of Arizona and 
southwestern New Mexico. They found a dominant east- 
northeast orientation to purely dilatant joints throughout this 
region (Figure 9a). Additionally, they found two sets of 
fractures, N60øE and N80øE, with horizontal slickensides that 
represent conjugate shear. From all these data, Heidrick and 
Titley [1982] concluded that the maximum principal stress 
was N72øE and the least principal stress perpendicular to that; 
this stress field persisted to at least 56 Ma and possibly to 
50 Ma. Furthermore, they attributed this stress pattern to 
similarly oriented Farallon-North America plate convergence, 
an interpretation with which we agree. 

Rehrig and Heidrick additionally determined that upper 
Tertiary (<30 Ma) epithermal veins in Arizona dominantly strike 
north-northwest (Figure 9b). They interpreted this to indicate 
east-northeast extension. Although the paucity of magmatism 
between about 50 and 30 Ma in Arizona precludes determin- 
ing the exact time of change, the stress evolution there appears 
to be identical to that in Texas. 

Southwestern United States 

Best [ 1988] interpreted a more complex evolution of stress 
from dike orientations in part of the southwestern United States 
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from Nevada to Texas. He interpreted the change in least prin- 
cipal stress from more northerly to easterly to have occurred 
diachronously, from as old as 31 Ma in Texas (based on our 
data) to 26 Ma or even 18 Ma farther north and west. However, 
Best noted that dike orientations seemed to indicate continued 

northerly least principal stress whereas extension in contem- 
poraneous metamorphic core complexes in southern California, 
Arizona, and Sonora was uniformly east-northeast (Figure 9b) 
[Wust, 1986]. Also, Delaney et al. [ 1986] analyzed the orien- 
tations of dikes and related joints to indicate a change in least 
principal stress from N34øW to N80ø-90øE between approx- 
imately 31 and 27 Ma in southern Utah and northern New 
Mexico (Figure 9a, Ship Rock, and Figure 9b, Mexican Hat). 
This area is within the Colorado Plateau so its application to 
the Basin and Range province is uncertain. Nevertheless, 
some of Best's data were also from the plateau immediately 
adjacent to the area examined by Delaney et al. 

The resolution to this discrepancy may lie in the data used 
by Best [1988]. To minimize the influence of preexisting joints 
formed in older stress fields, he used dikes eraplaced into host 
rocks that were only slightly older than the dikes. However, 
nearly half of the resultant 27 occurrences consisted of only 
one to three dikes. Without knowing the details of each occur- 
rence and noting all the uncertainties listed above, we suggest 
that the small number of dikes measured in some areas may 
not allow a reliable determination of palcostress. Instead, the 
sum of data mentioned here is consistent with a change in least 
principal stress from north-northwest to east-northeast about 
30 Ma throughout the southwestern United States. 

Northern Mexico 

Our preliminary data on the evolution of stress in northern 
Mexico indicate a similar stress evolution to that in the south- 

western United States [Price, et al., 1988; Drier, 1984]. Epi- 
thermal veins at the major mining district of Tayoltita, Durango, 
west of the Sierra Madre Occidental, strike dominantly east- 
northeast (Figure 9a) [Smith et al., 1982]. Dating of host rocks 
and vein adularia indicates that vein formation occurred at 

40 Ma (C. D. Henry and F. W. McDowell, unpublished data, 
1990). A belt of 3743 Ma intrusions near Monclova, Coahuila, 
also indicates east-northeast s• (Figure 9a). The belt itself strikes 
east-northeast, and dikes related to the intrusions strike east- 
northeast [Sewell, 1968; R. E. Denison, unpublished data, 1990]. 

Examples of east-northeast extension in northern Mexico 
are widespread both east and west of the Sierra Madre 
Occidental, a relatively unextended block [Henry, 1989]. In 
general, northern Mexico is a little recognized continuation of 
the Basin and Range province characterized by north-northwest 
striking basins and ranges [Stewart, 1978; Henry, 1989]. 
Several major mining districts, including Santa Barbara-Parral 
[Grant and Ruiz, 1988] and Guanajuato [Gross, 1975], are 
characterized by generally northwest-north striking vein systems 
and are reliably dated at between 31 and 28 Ma (Figure 9b). At 
Guanajuato, the veins occupy contemporaneously active 
northwest-striking faults [Gross, 1975] that indicate substantial 
northeast extension. 

Other evidence for east-northeast extension includes a 28 Ma 

north-northwest striking dike swarm in Sinaloa, west of the 
Sierra Madre Occidental [Henry and Fredrikson, 1987; Henry, 
1989]. Near Nazas, east of the Sierra Madre, Aguirre-Diaz and 
McDowell [1988] found 23 Ma alkali basalts related to north- 
northwest striking grabens. The rocks are chemically similar to 

the Basin and Range basalts of similar age in Texas, occupy 
identical structural positions, and indicate a similar tectonic- 
magmatic setting. 

The available data in northern Mexico thus indicate east- 

northeast o• at least to about 37 Ma and east-northeast o s 
beginning by about 31 Ma. The abundance of evidence for 
east-northeast extension between 31 and 28 Ma suggests that it 
may have begun then. At the least, the data allow a similar 
stress history as found to the nor& Clearly, more thorough 
study is ne.e. xted to understand stress evolution in northern 
Mexico. 

CENOZOIC STRF3S EVOLtrHON IN THE SOUTHERN CORDILLERA 

During Laramide Deformation 

The comparison of data from the southwestern United States 
and northern Mexico suggests a similar stress history throughout 
this region. Laramide folding occurred at different times in 
Arizona and Texas but largely preceded magmatism in both 
areas [Drewes, 1978; Henry and McDowell, 1986]. The so- 
called Laramide plutons of Arizona mostly postdate major 
folding, although minor, later folding may have occurred locally 
[Drewes, 1978]; thus Laramide deformation there occurred 
largely before 70 Ma. In Texas, Laramide folding occurred in 
the early Eocene [Wilson, 1971], ended at about 50 Ma, and 
preceded all magmatism. The 47--48 Ma intrusive rocks in the 
E1 Paso area crosscut Laramide folds and are themselves 

undeformed [Hoover et al., 1988]. Basalt lavas of the same age 
in Big Bend unconformably overlie folded Cretaceous rocks. 
Possibly magmas, if present, could not penetrate the crust in 
a strongly compressional environment. 

Despite the difference in timing of Laramide folding, stress 
orientations during folding in Texas and Arizona were similar. 
Transport directions, orientations of folds, thrust faults, 
slickenlines, stylolites, calcite twin lamellae, and other kinematic 
indicators demonstrate that o• was east-northeast and o s vertical 
[Drewes, 1978; Berge, 1982; Moustafa, 1988; Erdlac, 1990]. 

During Mid-Cenozoic Magmatism 

Stress orientations during magmatism immediately following 
Laramide folding appear to be similar throughout a transect 
from southern Arizona to Texas and likely in northern Mexico. 
The maximum principal stress was east-northeast, as it was 
during folding, but the minimum principal stress rotated from 
vertical to north-northwest. Note, however, that because 
Laramide folding occurred much later in Texas than in Arizona, 
o 3 was north-northwest in Arizona at the same time that it was 
vertical in Texas. Nevertheless, throughout this region before 
about 31 Ma, the maximum principal stress appears to have 
been east-northeast. In Texas before 31 Ma, both the western, 
alkali-calcic and the eastern, alkalic belt show similar east- 
northeast dike and vein orientations, indicating that both belts 
were experiencing the same stress field. 

A distinct change in the stress field, to o s east-northeast and 
o• vertical or east-northeast extension, occurred throughout the 
region. Where best dated in Trans-Pecos Texas, this change 
occurred at least by 28 Ma and possibly abruptly at 31 Ma. 
The time of change is less constrained in other parts of the 
southwestern United States and in northern Mexico, but the 
data allow the change to have occurred at 31 Ma also. 



H•_,,m¾ m' ̂ ,-: Mm-C•ozom S'm•s EvoumoN ^NI• MAO•AU'•SM 13,557 

Son Jose 

150 

E I00 

o 

>, ,50 

0 

0 50 100 

Vizcoino Los Angeles 

• I I I 
50 100 150 200 

,., 

i 

150 0 0 50 100 

Velocity east ( m m/o) 

•)$6-42 Ma A42-50 Ma •50-59 Ma 
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ORIGIN OF THE STRESS PATTERNS 

The similarity in stress patterns throughout such a wide area 
requires .a regional cause, which we suggest is related to plate 
interactions. In particular, the east-northeast maximum principal 
stress is parallel to Farallon-North American plate convergence 
at the time (Figure 10) [Stock and Molnar, 1988]. The data in 
Figure 10 span the southern Cordillera from about the Trans- 
Mexican volcanic belt to the southern United States and most 

of the time of earlier magmatism discussed here. Note that the 
dike and vein orientations and inferred maximum principal 
stress are parallel to the convergence direction. 

Similar fracture patterns and stress fields (i.e., perpendicular 
to the continental margin and parallel to convergence) are 
common in convergent margins [Nakamura and Uyeda, 1980; 
Hancock and Beyan, 1987; Feraud et al., 1987]. Additionally, 
maximum horizontal stress is commonly parallel to absolute 
plate motions [Zoback et al., 1989]. Although the origin of 
broad-scale stress fields is beyond the scope of this paper, 
proposed mechanisms that seem likely include shear traction 
at the base of the lithosphere that is driving or resisting plate 
motion [Zoback et al., 1989] or shear between the subducting 
and overriding plates [McKenzie, 1969; Nakamura and Uyeda, 
1980]. 

The only unusual aspect of the stress field in Texas before 
31 Ma is its existence so far inboard from the continental 

margin. We suggest that this reflects the commonly cited 
shallow subduction at the time [e.g., Lipman et al., 1971; 
Coney and Reynolds, 1977]. The stress field in Texas before 
31 Ma corresponds to a variation of case 1 of Nakamura and 
Uyeda [ 1980], in which the maximum horizontal stress remains 
parallel to convergence from arc to back arc regions but changes 
from (I• to 02. Nakamura and Uyeda suggested that this reflects 
gradual landward diminution of compressive stress. The 
maximum horizontal stress may have remained (I• over a wide 
zone perpendicular to the continental margin in the southern 
Cordillera because the zone of coupling between the shallowly 
subducting slab and the overriding North American plate was 
so broad. 

The data of Stock and Molnar [ 1988] also bear on the timing, 
origin, and style of Laramide deformation. They found that 

convergence slowed most significantly between 56 and 50 Ma 
and that the convergence direction rotated clockwise, from 
northeast to east-northeast. They noted that the 50 Ma slowdown 
does not correspond to the commonly cited 40 Ma end of the 
Laramide orogeny [Coney, 1972] and that clockwise rotation 
was opposite to the suggested counterclockwise rotation of the 
orientation of crustal shortening [Chapin and Cather, 1983]. 
Both observations of Stock and Molnar [1988] coincide 
exceptionally well with the timing and orientation of Laramide 
deformation in Texas, however. Paleontologic data [Wilson, 
1971] and the ages of undeformed igneous rocks that imme- 
diately follow folding indicate that Laramide deformation ended 
by approximately 50 Ma. Additionally, orientations of folds, 
faults, stylolites, and calcite twin lamellae indicate that o• 
rotated from northeast to east-northeast during Laramide fold- 
ing [Berge, 1982; Price et al., 1985]. Dickinson et al. [1988] 
interpreted a diachronous end to Laramide deformation as late 
as 35 Ma in New Mexico. However, their data are inconsistent 
with its unequivocal end at 50 Ma in Texas immediately south 
of New Mexico. Thus, on the basis of Stock and Molnar's 
data, we f'md a good correlation between timing and orienta- 
tion of Laramide deformation and rate and direction of plate 
convergence. Furthermore, we suggest that the stress field 
between 50 and about 30 Ma continued to reflect convergence 
but that the slower convergence resulted in a lower stress 
magnitude insufficient for significant deformation to continue. 

Our data also provide some constraints on current models of 
the origin of mid to late Cenozoic extension in western North 
America. These models emphasize either plate interactions 
[Atwater, 1970; Glazner and Bartley, 1984; Engebretson et al., 
1984] or gravitational collapse of oven/fickenecl crust [Wernicke 
et al., 1987]. Extension may have begun contemporaneously 
throughout the southern Cordillera and at nearly the same time 
as collision of the East Pacific Rise and palcotrench about 
29 Ma [Stock and Molnar, 1988]. This collision marked the 
beginning of the end of convergence over much of the western 
margin of the North American plate. Additionally, the area of 
extension in Trans-Pecos Texas does not coincide with areas 

of likely crustal thickening. Laramide folding was limited to 
the western margin of Texas, along the Rio Grande, and the 
volume of preextensional magmafism seems too small to have 
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induced much crustal thickening. Thus the data seem more 
supportive of a mechanism of extension related to the end of 
convergence and the change in type of plate margin than to 
collapse of overthickened crest. The possibility that extension 
began nearly contemporaneously over such a broad area also 
suggests that it is not solely related to triple junction migra- 
tion along the continental margin [Ingersoll, 1982; Glazner and 
Bartley, 1984]. 

T•'romc Sm'mqa OF Tms-P•cos Mno•SM 

Synthesis of regional age patterns with paleostress and 
geochemical data [James and Henry, this issue] from Trans- 
Pecos Texas provides a clear picture of the evolution of 
magmatism there: from a continental volcanic arc through 
32 Ma to regional (Basin and Range) extension afterward. 

Briefly, the evidence for a continental arc setting up to 
32 Ma includes (1) the regional age pattern, where magmatism 
in Texas is part of a geographic and temporal continuum with 
activity along the west coast that is clearly subduction related 
(Figure 2); (2) the paleostress data, which we interpret to be 
related to paleoconvergence (Figures 4, 9a, and 10); and 
(3) geochemical data that indicate a continental arc setting 
[James and Henry, this issue]. The geochemical evidence 
includes (1) the presence of differentiation suites, more alkalic 
than, but otherwise similar to those of typical continental 
volcanic arcs; (2) evolution of the differentiation suites from 
relatively evolved, mantle-derived mafic rocks by fractionation 
and variable crustal assimilation; and (3) arc trace element 
signatures (low Nb and Ta, high large ion lithophile elements). 
Pre-31 Ma Trans-Pecos magmatism is simply a more alkalic 
version of a typical continental volcanic arc. These charac- 
teristics apply across the province: to the western, alkali-calcic 
and eastern, alkalic belts, to peralkaline rocks in both belts, 
and to silica-undersaturated differentiation suites that occur in 

the eastern belt. 

The beginning of regional, east-northeast extension at about 
31 Ma is accompanied by a two-stage change in composition 
of erupted magmas. Initially, between 31 and 28 Ma, erupted 
rocks were bimodal. Although the rocks display within-plate 
or rift trace element signatures, they are intermediate in some 
geochemical measures of arc versus continental rift environ- 
ment (see discussion by James and Henry [this issue]). Con- 
temporaneously, magmatism with a clear arc trace element 
signature, the southern Cordilleran basaltic andesite suite 
(SCORBA) of Cameron et al. [ 1989], continued to the west 
northern Mexico. Similar to 28 Ma activity in Texas, SCORBA 
appears to be part of a bimodal suite that includes minor evolved 
rhyolites. The overall pattern and characteristics of 28 Ma 
magmatism in the southern Cordillera suggest that regionally, 
the arc did not extinguish abruptly. Indeed, subduction con- 
tinued along much of the continental margin to the west, ceasing 
only when the southern triple junction jumped to near the mouth 
of the present Gulf of California about 12.5 Ma [Mammerickx 
and Klitgord, 1982]. Nevertheless, the contemporaneity of the 
stress and compositional changes suggest that they are related, 
possibly to the encroachment and collision of the East Pacific 
Rise and paleotrench about 29 Ma [Stock and Molnar, 1988]. 

By 24 Ma, igneous activity in Texas consisted exclusively 
of alkalic basalts, typical of continental rifts, that accompanied 
major Basin and Range faulting. The basalts are relatively 
primitive, as shown by high Mg numbers and Ni contents, and 
have Nb and Ta highs on spidergrams. These basalts have 

asthenospheric sources with no suggestion of an arc component 
[James and Henry, this issue]. 

These data and interpretations may provide some constraints 
on the history of plate interactions in the southern Cordillera, 
which is poorly constrained by plate kinematic models 
[Severinghaus. and Atwater, 1990]. Severinghaus and Atwater 
modeled the thermal evolution of the subducting slab beneath 
North America to determine when it became rheologically 
incapable of seismicity. The same model also suggests the 
relative capability of the slab to generate magmatism and 
transmit stress. By the criteria of Severinghaus and Atwater, 
arc magmatism probably should not have been occurring in 
Texas at 35 Ma. The clear presence of arc magmatism in Texas 
at that time suggests either (1) that arc magmatism can occur 
even after the slab is seismically inactive or (2) that subduction 
geometry is insufficiently known for the southern Cordillera, 
as suggested by Sevefinghaus and Atwater. 

LNTERPRETATION OF ANCIENT R•om> 

Finally, we note that our data have implications for inter- 
preting older tectonic settings. Pre-31 Ma igneous rocks of 
Trans-Pecos Texas could be interpreted to be anorogenic, given 
their lack of significant, coeval deformation and similarity in 
composition to what have been called anorogenic granites 
[Anderson, 1983]. Nevertheless, the relatively subtle evidence 
of dike and vein orientations indicate that pre-31 Ma magrnatism 
occurred in a continental volcanic arc related to a distant 

convergent margin. It is becoming increasingly apparent that 
alkalic rocks are quite comfortable in plate margin or orogenic 
settings [Whalen et al., 1987; Reagan and Gill, 1989], 
including strongly compressional ones [Halliday et al., 1987]. 

On the other hand, magmatism in Texas was preceded and 
followed, by only a few million years, by major compressional 
and extensional deformation. Indeed, magmatism was contin- 
uous into the episode of extension. In older igneous terranes, 
resolution of such small time differences could be difficult, 
and magmatism could be interpreted to be contemporaneous 
with either of the deformations. As an example, Barker [1977] 
initially suggested an analogy between Trans-Pecos Texas and 
the East African rift. He did so on the basis of similarity of 
rock compositions and, without the benefit of recent dating, on 
the assumption that extension and magmatism in Texas were 
contemporaneous. Thus interpretation of older igneous settings 
must recognize that changes can occur rapidly. 
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