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ABSTRACT 

GRAVITY STUDY OF THE BIG BEND REGION 

BREWSTER COUNTY, TEXAS 

Cynthia Watson Metcalfe 

The main object of this study was to model gravity data in the Big 

Bend area in order to determine the underlying crustal structure and its 

possible relation to the Rio Grande rift* Existing data, along with 

some stations measured for this study, were contoured to produce free 

air and Bouguer anomaly maps* These maps were compared to those that 

exist for the region of the rift* In addition, a profile was taken per¬ 

pendicular to structural trends in the Big Bend area for comparison to 

profiles modeled across the rift* The same process was used to model 

this profile as in the studies of the rift to which the profile was com¬ 

pared* A positive Bouguer gravity ridge was found in the region that is 

similar to that found along the Rio Grande rift by other workers* 

Since gravity models are not unique solutions, it was necessary to 

compare other features of the two areas to determine if they were genet¬ 

ically linked. An examination of the structure, geologic history, 

mineralization, and geophysical characteristics of the two regions 

revealed certain similarities but many differences* Although the early 

history of the Big Bend area is similar to that of the Rio Grande rift, 

the Quaternary history appears to be unrelated* 
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INTRODUCTION 

The Big Bend area of Trans-Pecos Texas is situated within the 

Basin and Range province of North America. The province is charac¬ 

terized by predominantly normal faulting with a right-lateral strike- 

slip component. Strike-slip faulting becomes more dominant near the 

western boundary of the province. The regional faulting began in the 

late Cenozoic, accompanied by a transition from calc-alkalic andesitic 

volcanism to basaltic volcanism (Christiansen and Lipman, 1972). The 

area also corresponds to a zone of high heat flow, thin crust, and 

anomalously low-velocity upper mantle (Scholz and others, 1971). These 

characteristics are thought to be due to lateral extension and thus the 

area is termed the rift system of the western United States (Thompson, 

1966). 

Within this rift system is another anomalous region known as the 

Rio Grande rift. Though structurally similar to the rest of the Basin 

and Range province, this area is characterized by even higher heat flow 

and very young basaltic volcanism. In addition, Bouguer gravity pro¬ 

files across the rift indicate the presence of a mantle upwarp or magma 

body within the crust (Decker and others, 1975? Decker and Smithson, 

1975? Cordell, 1976? Bamberg and others, 1978). Seismic studies sub¬ 

stantiate the presence of the anomalous body (Sanford and others, 1973? 

Keller and others, 1979? Olsen and others, 1979). The southern extent 

of the Rio Grande rift is a matter of some controversy. Some authors 

maintain that the rift ends near El Paso (McAnulty, 1975). Others 

extend it southward into Mexico (Chapin, 1971). Still others believe 
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the rift may make a southeastward bend and extend into West Texas (Sea- 

ger and Morgan, 1979). 

The present study involves the use of gravity data to determine 

whether the same anomalies exist in the Big Bend area as in the Rio 

Grande rift or if the region is simply a part of the Basin and Range 

province. Bouguer and free air anomaly maps were contoured from exist¬ 

ing data and data measured for this study. A profile was modeled using 

a two-dimensional line integral computer program. Other geologic and 

geophysical evidence from the two areas is compared from the litera¬ 

ture. 



STUDY AREA 

Location 

2 
The study area covers approximately 11,000 km located in and 

around Big Bend National Park, Brewster County, Texas* The area lies 

within 29°00’ and 29°45f north latitude and 102°30' and 104O0Ql west 

longitude* The Big Bend region is situated in the southernmost part of 

Trans-Pecos Texas where the Rio Grande makes its deep southward bend* 

The Trans-Pecos Mountains form a section of the North American Cordil- 

leran which extends northward into New Mexico and southward into Mexico. 

Major structural features of the Trans-Pecos area include the Marathon 

Basin and Davis Mountains to the north of the study area, the Diablo 

Platform and the Solitario uplift to the northwest, the Chihuahua 

Tectonic Belt to the west, and the Coahuila Platform to the south (fig* 

1). 

Physiography 

The central part of the study area is a topographically depressed 

region termed the "sunken block" by Udden (1907). This depression is a 

large graben formed by Cenozoic basin and range faulting* It is bor¬ 

dered on the west by the Mesa de Anguila and the Solitario uplift and 

on the east by the Santiago-Sierra del Carmen range* In the center of 

the sunken block, Tertiary extrusive and intrusive igneous rocks form 

the Chisos Mountains, the greatest topographic relief of the area (fig* 

2)* Other mountains within the block are caused by the folding of the 

Cretaceous sedimentary rocks that make up the sunken block and the 

3 



Figure 1. Location of study area and major 

structural features of Trans-Pecos 

area (after McAnulty, 1976) 
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Figure 2. Physiographic features of Big Bend 

area (after Daily, 1979) 
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bordering highlands* All of these features trend northwest-southeast 

and were formed in the Laramide (Late Cretaceous to Eocene) orogeny 

(Maxwell and others, 1967). 

The Rio Grande is the only permanent stream that traverses the 

study area. Where the river crosses folds and tilted fault blocks, it 

carves deep, steep-walled canyons. Terlingua and Tornillo Creeks, 

intermittent streams, drain the lowlands. These streams have eroded 

large quantities of weakly resistant rock. Resulting topographic fea¬ 

tures include neck-like igneous peaks, steep cuesta escarpments, fault 

scarps, mesas and buttes, dissected mountain divides, isolated rounded 

hills, dissected pediment slopes, and wide valley flats. Resistant 

igneous rocks and massive limestones form most of the mountains and cap 

the mesas. Weathering and erosion of alternating hard and soft rock 

produce a stepped topography. Depositional features include ancient 

valley fill deposits, terraces, pediment gravels, talus deposits, and 

alluvial fans (after Maxwell and others, 1967). 

Geologic Setting 

Trans-Pecos Texas is the southeasternmost extension of the Basin 

and Range province in the United States. It is bounded to the east by 

the Great Plains, to the south by the Mexican fold belt, and to the west 

by the Chihuahua Tectonic Belt (fig. 3). 

The Big Bend region is situated in southernmost Trans-Pecos Texas. 

The area is characterized by typical Basin and Range structure—grabens 

and bordering highlands—and some folds and thrusts produced in earlier 

orogenies. While the Cenozoic mountains are not entirely co-extensive 



Figure 3. Tectonic provinces in the Trans-Pecos 

province (after Henry, 1979) 
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with the older structures, the previous deformations affect the structu¬ 

ral trends and some of the older structures are renewed (Baker, 1934a). 

Trans-Pecos Texas has been the site of four distinct mountain¬ 

building epochs. Each of these events was separated from the previous 

one by a long period of quiescence and erosion. The oldest epoch of 

mountain-building was pre-Ordovician and consisted of three pulses with 

periods of erosion between them. Evidence of this deformation is pres¬ 

ent in northern Trans-Pecos Texas in the Van Horn uplift. No basement 

rocks are exposed in the Big Bend region (after Baker, 1934a). 

Paleozoic rocks were deposited in a thick géosynclinal facies in 

southern Trans-Pecos Texas and thinned to a foreland facies to the 

north. The géosynclinal facies is exposed in the Marathon Dome, which 

is situated just to the east of the Big Bend "sunken block,” and in the 

Solitario uplift, which forms part of the western boundary of the de¬ 

pression. From Late Cambrian to Permian time, about 6100 m (20,000 ft) 

of sediments were deposited in the geosyncline. A major episode of 

faulting and folding occurred during the late Paleozoic (Pennsylvanian 

and Permian) with maximum intensity during the late Pennsylvanian. This 

deformation is called the Marathon or Variscan orogeny. The structural 

trend produced was east-northeast to west-southwest and east-west. 

Overthrusts advanced from southeast to northwest (after Baker, 1934a). 

There are a few outcrops of Paleozoic rocks in the Big Bend area, typi¬ 

cally occurring as thrust slices in the Persimmon Gap-Dog Canyon area of 

the Santiago Mountains (Maxwell and others, 1967). 

The Paleozoic rocks were eroded to a peneplain during the early 

Mesozoic. Seas began to transgress into southern Mexico in the early 
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Jurassic* By the late Jurassic/ transgressing seas had spread to north 

of the Rio Grande* In the early and middle Cretaceous/ the sea spread 

over the rest of Trans-Pecos Texas and, by late Cretaceous time/ to the 

Arctic (after Baker, 1934a)* 

During the middle and late Cretaceous, marine sedimentation 

occurred in a geosyncline near the Mexican border, west and southwest of 

Trans-Pecos Texas (Chihuahua Trough)* Sediments reached up to more than 

3 km in the thickness, thinning to the north and northeast (Baker, 

1934)* In Trans-Pecos Texas, Comanchean (Middle Cretaceous) rocks are 

massive, dense limestones interbedded with marl. The base of the lower¬ 

most Cretaceous in the area, the Glen Rose limestone, is a sandy or 

conglomeratic near-shore facies* To the north, the formation remains a 

predominantly sandy marginal facies (Maxwell and others, 1967). The 

overlying Comanchean beds are listed in Table 1. 

Pulsations began during Comanchean time that eventually caused the 

sea to withdraw* Subaerial erosion at the end of the Comanchean re¬ 

sulted in an unconformity that separates those rocks from the overlying 

Gulfian (Upper Cretaceous) formations. The Gulfian rocks show a marine 

to continental transition. The basal rocks are marine argillaceous and 

chalky flagstone with marl (Boquillas Formation) overlain by marine marl 

and clay (Pen Formation) and marine sandstone and clay (lower Aguja 

Formation). The marine beds grade into nonmarine sandstone and clay 

(upper Aguja Formation) which are overlain by a bentonitic clay (Jave- 

lina Formation). Volcanic and intrusive activity occurred during the 

late Cretaceous* Mafic sills intruded into Gulfian deposits were folded 

with the Cretaceous sediments during the third deformational epoch 

(Maxwell and others, 1967). 



Table 1. Stratigraphie units in Big Bend National 

Park (after Maxwell and others, 1967) 



Time Units Rock Stratigraphic Units 
S
Y
S
T
E
M
 

SERIES GROUP * 

NAME OF 

FORMATION LITHOLOGY 

Q
U
A
T
E
R
 

Pleistocene 

to Miocene . 

older alluvium 

deposits 

clay, silt, ss, 

congl 

Oligocène or 

younger 
South Rim Fm. 

lava flows, ash, 

tuff, ss, congl 

>* 
Big Bend Park 

Chisos ; Fm. 
tuff, clay, ss, 

congl, lavas, ash 

c4 
< 
hH 
H cd 

Eocene 
Canoe Fm. 

massive ss below 

tuff, ss, lavas 

w 
H 

Hannold Hill Fm. 
conglomeratic ss, 

varicolored clay 

Paleocene Black Peaks Fm. 
varicolored clay, 

ss ledges 

Tornillo 
Javelina Fm. 

varicolored clay, 

ss lenses, fossil 

wood, dinosaurs 

Aguja Fm. 

non-marine carb. 

clay and ss over- 

lying marine ss 

Gulfian 
Pen Fm. 

marl, clay, cone, 

ls, calc ss 

Terlingua 

<o c 
<3 o 

f-H 4-J 

San 

Vincente 
chalk and argill ls 

CO 
3 £ 
cr u 
o o 
cû tu 

Ernst flaggy ls and marl 

cn 

O 
W 

Buda Limestone 
dense ls, nodular 

Is, marl 
o 
< 
H s Del Rio Clay 

varicolored clay 

thin ls 

a 
Santa Elena Ls. massive cherty Is 

Comanchean 

Sue Peaks Fm. 

shale and marl, 

thin ls ledges 

Del Carmen Ls. massive cherty ls 

Telephone Canyon marly ls and marl 

Glen Rose Ls. dense ls and shale 
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The Laramide orogeny occurred from the beginning of late 

Cretaceous to mid-Eocene time. Tectonic movements began as early as the 

time of deposition of the San Vicente Member of the Boquillas Formation 

and increased in intensity and magnitude until the end of the Creta¬ 

ceous. During the deposition of the Aguja Formation, the area emerged 

from the shallow sea. Strong deformation and igneous activity occurred 

near the end of Mesozoic time. Asymmetric folds and thrusts generally 

trend northwest-southeast, at right angles to Variscan trends. In the 

Big Bend area, the asymmetric folds and thrusts form the Santiago Moun¬ 

tains and the Sierra del Carmen—the eastern highlands bordering the 

sunken block—and an elongate, structurally high area within the block, 

including Mariscal Mountain and other anticlines (Maxwell and others, 

1967). Laramide folding and thrusting was less intense in northern 

Trans-Pecos Texas (Baker, 1934a). 

The diastrophism was followed by a period of extensive erosion. 

Tertiary rocks overlap the eroded surface from southeast to northwest. 

Paleocene and Lower Eocene strata do not extend west of the elongate 

structural ridge formed during the Laramide. By late Eocene, volcanic 

rocks covered most of the area. A post-Upper Eocene uplift raised the 

Chisos Mountains in the Big Bend area and produced some of the normal 

faults that flank the Laramide folds. A period of erosion preceded ex¬ 

trusion of volcanic rocks during the Oligocène. A post-Oligocene intru¬ 

sive domed and faulted the Chisos Mountains. Major normal faults in the 

area are post-Oligocene (after Maxwell and others, 1967). 

The latest deformation in the area tilted Miocene rocks and tilted 

and faulted the oldest alluvium and colluvium (Maxwell and others, 
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1967). This late Cenozoic, or Cordilleran, orogeny produced Basin and 

Range type features with intermontane basins. In northern Trans-Pecos 

Texas, there was greater uplift on the faults and the basins contain 

great thickness of fill (King, 1935). In the Big Bend area, the 

Terlingua fault was formed or reactivated during the Cordilleran orogeny 

(Maxwell and others, 1967). It borders the Mesa de Anguila, a topo¬ 

graphically high, tilted fault block, on the northeast with an offset of 

880 m (2900 ft) and, thus, forms the western boundary of the Big Bend 

sunken block—a large Basin and Range graben approximately 64 km (40 mi) 

wide. Another major normal fault system, formed southwest of the Sierra 

del Carmen range, forms the eastern boundary of the block (Maxwell and 

others, 1967). 

The Basin and Range faulting in Trans-Pecos Texas has been dated 

as post-early Miocene (Wilson, 1970? Twiss, 1970). Dasch and others 

(1968) place the initiation of faulting at 18-23 m.y. ago. Muehlberger 

(1979) maintains that there are no Quaternary faults in the Big Bend 

region. 

Subsequent history of the region has involved erosion and deposi¬ 

tion of alluvium and colluvium. Alluvial and colluvial deposits cover 

about one quarter of the surface area of the Big Bend region. These 

deposits include: consolidated basin fill, consolidated high terrace 

gravels, alluvial fans and outwash gravel aprons covering slopes, allu¬ 

vium along stream valleys, and talus. The older gravels and fill are 

Miocene to Pleistocene in age and crop out in most fault-block valleys 

southwest of the Chisos Mountains. The fill deposits are up to 30 m 

(100 ft) thick and contain lava and limestone cobbles. Some of these 
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older deposits are faulted* Terrace gravels are up to 90 m (300 ft) 

thick. The alluvium is Pleistocene? to Recent in age and mantles the 

older deposits (Maxwell and others, 1967). 

Cenozoic Geology 

The Cenozoic history of the Big Bend region includes two orogenic 

episodes and widespread igneous activity in the Tertiary and extensive 

erosion in the Quaternary. The Laramide orogeny began in Cretaceous time 

but from early Maestrichtian to late Paleocene time only gentle warping 

and local subsidence occurred in the Big Bend region. By early Eocene, 

continued deformation had produced relief sufficient to expose Creta¬ 

ceous limestone (after Maxwell and others, 1967). Pebbles of Cretaceous 

fossiliferous limestone are present in the conglomerates of the Hannold 

Hill Formation of Eocene age (Wilson, 1970). The present physiographic 

features formed by that time include the large northwest-trending asym¬ 

metric folds of the Santiago-Sierra del Carmen range, Mariscal Mountain, 

the syncline of the Chisos area, and the Christmas Mountains. The 

second orogenic episode occurred in the late Cenozoic. The Cordilleran 

orogeny produced the large normal faults and fault systems that border 

and cross the sunken block (Maxwell and others, 1967). 

Extrusive rocks 

Following the Laramide orogeny, volcanic activity in the area began 

in the middle Eocene (Wilson, 1970). K-Ar dates place the earliest 

volcanism at 46-43 m.y.B.P. (McDowell, 1979). All volcanic rocks in the 

Big Bend National Park are placed in the Big Bend Park Group. The 
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oldest volcanics are basaltic lava flows of the Canoe Formation# which 

also consists of massive and conglomeratic sandstone# cross-bedded sand¬ 

stone# varicolored clays and mudstones# calcareous tuff and indurated 

vitric tuff* This formation has also been dated as middle Eocene from 

mammal fossil remains (Maxwell and others# 1967). 

The overlying Chisos Formation is comprised of up to 1070 m (3500 

ft) of sandstone# tuffaceous sandstone# tuffaceous clay and mudstone# 

tuff# indurated tuff# and lava. Four lava flows and one indurated tuff 

are extensive enough to be named as formations: 1) the Alamo Creek Ba¬ 

salt Member# which may be the same age as some lava flows in the Canoe 

Formation# 44-40 m.y. (McDowell# 1979); 2) Ash Spring Basalt Member; 3) 

Bee Mountain Basalt Member; 4) Mule Ear Spring Tuff Member; and 5) Tule 

Mountain Trachyandesite Prophyry Member. The basalts are typically 

fine-grained# hard# dense lavas with scoriaceous bases. Often they con¬ 

tain inclusions of the underlying rock. Locally# the flows have large 

plagioclase phenocrysts. The tuff member can be traced throughout the 

southwestern part of the Big Bend National Park# southward into Mexico 

and northwestward into the Bofecillos Mountains. It consists of 2 to 4 

m of punky ash to very hard# brittle# silicified tuff with conchoidal 

fractures. It was probably an ash fall that blanketed a surface of low 

relief. The Tule Mountain Trachyandesite Porphyry Member is the most 

prominent member of the Chisos Formation. Its source may be the south¬ 

ern Chisos Mountains# erupting from several# widely-separated vents. 

The composition varies from trachyte (containing andesine) to trachy- 

basalt. The Chisos Formation has not been precisely dated although its 

stratigraphic position suggests an age of middle to upper Eocene. 



15 

Fossils found have not been diagnostic (after Maxwell and others, 1967). 

K-Ar dates appear too young for the stratigraphic position with other 

widespread flows and may have been lowered by argon loss from the fine¬ 

grained matrix or altered glass (McDowell, 1979). K-Ar dates for the 

formation are: 

Maxwell and others, 1967 

Alamo Creek Basalt 

Ash Spring Basalt 

Bee Mountain Basalt * 

Mule Ear Spring Tuff 

Tule Mountain 

42.2 t 1.0 m.y♦ 

22.6 + 1.0 m.y. 

31.5 2.0 m.y. 

28.6 + 1.5 m.y. 

* Too young for stratigraphic position. 

McDowell, 1979 

44-40 m.y. 

33.6 m.y. 

22.6 m.y. 

31.5 m.y. 

28.6 m.y. 

The major period of volcanism in Trans-Pecos Texas appears to have 

been 40-31.5 m.y.B.P. After about 40 m.y. ago, volcanism became more 

widespread and voluminous. After eruption of the Mitchell Mesa ignim- 

brite (31.5 + 0.7 m.y.), activity waned (McDowell, 1979). 

The South Rim Formation overlies the Chisos Formation. It consists 

of thick lava and flow breccia bodies, conglomerate, sandstone, tuff, 

and tuffaceous mudstone lying uncomformably on older rocks of varying 

age. Total thickness varies from 80 to 300 m (275 to 1000 ft) (Maxwell 

and others, 1967). Ogley (1979) explains the emplacement of the South 

Rim Formation by a model of vent eruption of ash-flow tuffs accompanied 

by simultaneous, gradual caldera collapse—typical of calderas associ¬ 

ated with peralkaline magmas. Prior to eruption of the Pine Canyon 

caldera, the Chisos Formation in the area was domed (locally thinned 
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or absent and the Sierra Quemada vented the Mule Ear Spring Tuff (31*5 

m.y.). Doming continued* The basal member of the South Rim Formation 

is the Pine Canyon Rhyolite (the "brown rhyolite" of Maxwell and others, 

1967)* This member thickens toward the center of the caldera and flows 

to the southwest where the caldera was breached (Ogley, 1979)* It is 

found in the highest Chisos peaks and ranges from dark plagioclase-rich 

rock with glassy base to light felsite (Maxwell and others, 1967). 

The overlying Wasp Spring Member is 30 to 100 m (100 to 350 ft) 

thick in the Chisos and thins to the periphery* It is predominantly 

flow breccia but also contains rhyolitic lava, conglomeratic sandstone, 

and tuff (Maxwell and others, 1967). Ogley (1979) divides this member 

into a clast-rich, near-vent cauldron facies and a clast-poor, ashy and 

pumiceous outflow facies* He suggests that the magma was charged with 

volatiles prior to the eruption of the Wasp Spring Member and was sub¬ 

sequently depleted. 

The Lost Mine Rhyolite was a more limited, less explosive eruption 

of ash-flow units containing no clasts (Ogley, 1979). This reddish 

rhyolite prophyry is found only in the higher Chisos Mountains (Maxwell 

and others, 1967). 

The Burro Mesa Rhyolite Member is the cap rock on Emory Peak, the 

highest peak in Big Bend National Park. It is a highly siliceous, 

medium-grained rhyolite with quartz phenocrysts in a riebeckite matrix 

(Maxwell and others, 1967). The Burro Mesa Rhyolite is analogous to the 

explosive Wasp Spring member and spread out in much the same pattern and 

at least as far (Ogley, 1979). 

Ogley (1979) suggests the following cyclic eruption of the South 

Rim Formation: 
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1) eruption of small ash flows with low volatile content; 

2) sagging of cauldron floor; 

3) vent becomes choked, magma enriched in volatiles during 

continued crystal fractionation; 

4) at critical volatile pressure, Peleèan eruption vents highly 

mobile ash flow unit; 

5) re-charging of magma chamber allows cycle to repeat* 

The Burro Mesa Member evacuated the magma chamber, ring fracturing 

occurred, the caldera collapsed, and magma intruded along the ring frac¬ 

ture* Intrusive activity occurred in the caldera from latest Oligocène 

to early Miocene (Ogley, 1979), McAnulty (1976) interprets post-vol¬ 

canic silicic stocks in the Chisos Mountains as resurgent intrusions and 

calls the Chisos Mountains a resurgent cauldron* 

Other volcanic centers in Trans-Pecos Texas are exposed in the 

Chianti Mountains, the Paisano volcano, and Rim Rock Country* The 

Chinati Mountains group consists of rhyolitic and trachytic flows and 

tuffs up to 1000 m thick within the caldera* These are intruded by 

granitic sills and dikes* The Chinati Mountains are the source area of 

the Mitchell Mesa Rhyolite, dated by McDowell (1979) at 31.5 iruy.B.P* 

The Paisano volcano is situated at 14 km west-southwest of Alpine, 

Texas. It was active in the middle Oligocène (35 m.y. ago) for about 

1-2 m.y* During that time it extruded 150 km^of peralkaline rhyolite, 

quartz trachyte, and trachyte (Parker, 1976). 
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Intrusive Rocks 

Numerous igneous intrusions occur within the Big Bend area in the 

form of dikes, sills, laccoliths, plugs, and irregular-shaped bodies# 

The largest and most abundant intrusions occur in a broad northwest- 

southeast trending belt centered around the Chisos Mountains and within 

the "sunken block." Some of the intrusives were probably feeders for 

the volcanic rocks that once covered the entire area (Maxwell and 

others, 1967). 

The intrusives are fine-grained, hypabyssal rocks that probably 

cooled less than a few thousand feet below the surface. They intrude 

all Tertiary and Gulfian rock units and some Comanchean formations. 

Typically, similar composition rocks occur in the same general area 

(after Maxwell and others, 1967). 

Some of the intrusions were emplaced during the late Cretaceous and 

deformed with the sediments during the Laramide orogeny. These in¬ 

trusions are typically mafic sills. Post-Oligocene intrusions, emplaced 

before extrusion of the South Rim Formation, are mostly acidic and late 

Eocene intrusions are intermediate in composition (after Maxwell and 

others, 1967). 

The composition of the intrusives varies from alkali basalt (44% 

SiO^) to riebeckite rhyolite and granite (76% SiO^K The suite con¬ 

stitutes a part of one of the several alkalic provinces along the Rocky 

Mountain Front that extends from Montana into Mexico (Maxwell and 

others, 1967). 

As is typical of continental alkaline rocks, the suite is asso¬ 

ciated with tensional faulting, has diverging chemical trends 
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(critically saturated versus critically over saturated), and has a large 

range of ages (Daily, 1979), 

Barker (1979b) proposes two primary magmas in the Trans-Pecos pro¬ 

vince—one silica-oversaturated and the other silica-undersaturated and 

with a greater range in composition and K-Ar ages# The differentiation 

trends of each are: 

Silica-oversaturated—trachybasalt, trachyandesite, 

quartz trachyte, rhyolite (no 

tholeiitic basalt is present 
in the Trans-Pecos province). 

Silica-undersaturated—alkali basalt, hawaiite, mugearite, 
benmoreite, trachyte, phonolite. 

All the samples analyzed by Barker represented highly fractionated 

magmas. Neither primary magma can be traced to a truly primitive ba¬ 

salt. Strontium isotope data suggest both primary magmas were generated 

in the mantle. Swarms of intrusive bodies of similar composition sug¬ 

gest large underlying plutons (Barker, 1979a). 

K-Ar dates support a model of two 8-10 m.y. episodes within the 20 

m.y. magmatic history. The Alamo Creek Basalt (alkali basalt) has been 

dated as 43.7 m.y. old. The youngest would correspond to the silica- 

undersaturated differentiation trend. One trachybasalt dike and alkali 

rhyolites are dated as about 27 m.y. old (Daily, 1979). Thus, the 

silica-oversaturated rocks post-date most of the undersaturated rocks. 

Initial uplift of the Chisos Mountains and the formation of the 

major ring faults are correlated with a microgranite in the Chisos that 

Daily (1979) dated at 36 m.y. The onset of rhyolitic magmatism is 

dated by Daily (1979) at 34 m.y. by a dike in the Chisos Mountains and 

the Burro Mesa Rhyolite unit. The major doming of the Chisos is 
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correlated with the emplacement of the large Chisos Mountain pluton, 

dated at 23 m.y. old (Daily, 1979). 

McAnulty (1976) interprets a group of elongate, post-volcanic 

silicic stocks that were emplaced in a crudely concentric pattern 

around the topographically high Chisos Mountains as resurgent in¬ 

trusions. These intrusions are dominantly alkalic microgranite and 

riebeckite microgranite. He states that the Chisos and other volcanic 

centers of Trans-Pecos Texas are resurgent cauldrons. Hydrothermal 

mineralization is spatially related to these resurgent cauldrons 

throughout the Trans-Pecos region. 



Cenozoic Mineralization 

Many of the economic resources of the study area are related to the 

hydrothermal mineralization mentioned in the last section* Most impor¬ 

tant economically are the deposits of mercury and fluorspar* 

Mercury 

Perhaps the most famous and best developed resource in the Big Bend 

area is the mercury, or quicksilver, ore* The first mine opened in 1894 

in the Terlingua district* Within a few years, the area was producing 

one fourth of the mercury produced in the United States, becoming second 

only to California in mercury production* In the Terlingua district, 

mercury is found in the form of cinnabar, metacinnabar, native quick¬ 

silver, and secondary mercury minerals (Ross, 1935)* 

Quicksilver is normally found in regions of Tertiary and Quaternary 

volcanic activity. It is typically associated with volcanic rocks and, 

therefore, is found near the surface* Thus, it is most likely to be 

found in regions of relatively recent volcanic activity where little 

erosion has taken place* In the United States, quicksilver is limited 

to the western states where there is recent volcanism and hot springs 

(Ransome, 1921)* Mercury ores are currently being deposited by hot 

springs in California, Nevada, and New Zealand (Baker, 1934b)* 

The chief producing mines in the Terlingua district are located in 

the southeastern end of the Solitario, Mariscal Mountain, and the Christ¬ 

mas Mountains* All three are anticlinal or domal uplifts which are cut 

by faults and igneous intrusions (Baker, 1934b). Cinnabar typically 
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occurs in fissures located in the limestones at their contact with an 

impervious overlying strata# The material in these fissures is commonly 

called "jaboncillo." At the old Terlingua mine, the cinnabar occurs in 

fissures in the upper surface of the Georgetown limestone (Santa Elena 

Limestone) at its contact with the Del Rio Formation# At Mariscal and 

in the Chisos Mountains, cinnabar occurs at the top of the Boquillas 

Formation at the contact with the Pen Formation (Udden, 1918). The ore 

bodies are typically confined to about 50 feet from the upper surface 

although some do go as deep as 200 feet (Ross, 1935). 

All of the quicksilver occurs within the sunken block. Udden 

(1918) states that the sinking of the block must have raised the iso¬ 

therms with reference to the block. The increase in temperature would 

lead to the upward migration of the quicksilver as gas. Since the 

existing mines form a line trending west-northwest to east-southeast, 

Udden suggested that a linear fracture might exist at depth. 

Baker (1934b) suggests the quicksilver emanated from hot magma and 

followed the margins of intrusions until it reached openings through 

which it could escape—typically into fractured limestone. If it mi¬ 

grated in gaseous state, deposition may have occurred by condensation 

due to lower temperatures (Baker, 1934b). 

Fluorspar 

More recently, mining in the study area has involved fluorspar 

deposits in the Christmas Mountains and at La Linda in Mexico (fig. 2). 

The fluorspar district in the Christmas Mountains is the newest in the 

United States and has produced 60,000 tons of metallurgical grade fluor¬ 

spar between September 1971 through 1977. The fluorspar normally occurs 

as small replacement bodies in Cretaceous limestone near contacts with 



23 

rhyolitic intrusions* These bodies were probably formed from hydro- 

thermal solutions which were derived from the differentiation of alka¬ 

line magmas* Normal faulting* localizes the fluorspar mineralization 

(Daugherty and Fandrich, 1979). 

Geophysics 

There has been very little geophysical work in the Big Bend area* 

Several authors have presented some heat flow data for the region 

(Swanberg and Herrin, 1976; Roy and others, 1978; Henry, 1979). Some 

gravity data is available but no modeling or interpretation has been 

done* There is no published seismic work in the area. 

Heat flow 

Swanberg and Herrin (1976) conducted heat flow studies of ground- 

waters in west Texas using silica and Na-K-Ca geothermometers. They 

concluded that the heat flow in the Big Bend area was similar to that of 

the Great Plains and that abnormally hot water at the water table pro¬ 

duces artificially high readings* 

Henry (1979) studied thermal waters along the Rio Grande in west 

Texas and found temperatures comparable to those along the Rio Grande 

rift in New Mexico* He suggested that the Rio Grande area of Trans- 

Pecos was an area of high heat flow and thermal gradient. However, he 

limited the area of geothermal potential to the area north of and in¬ 

cluding the Presidio BoIson. Figure 4 from Henry (1979) includes the 

Big Bend area within the Basin and Range as defined by heat flow. 



Figure 4. Heat flow in West Texas, southern New 

Mexico, and adjoining parts of Mexico* 

Shaded areas have heat flow greater than 

2*5 HFU (after Henry, 1979)* The values 

from Swanberg and Herrin are silica 

geothermoraetry heat flow. 
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Roy and others (1978) stated that the presence of hot springs and 

the tectonic setting suggests a zone of higher than normal heat flow 

along the Rio Grande between El Paso and Big Bend National Park. 

Gravity 

Some gravity data in the study area is available from the National 

Geophysical and Solar-Terrestrial Data Center through the Department of 

Defense* Keller and others (1979) have produced a regional Bouguer 

anomaly map of Trans-Pecos Texas using that data and combining it with 

other available data in certain regions* However, no detailed gravity 

study has been done in the Big Bend area. 

Seismicity 

A large magnitude earthquake took place near Valentine, Texas 

(about 150 km northwest of the Big Bend area) in 1931* The estimated 

magnitude of that quake is 6.4 (Northrup, 1976). Dumas (1979) has 

measured other seismic activity in this same area. A seismic risk map 

(figure 5) shows seismic activity in west Texas, including the Big Bend 

region, similar to that for the Rio Grande rift. 



Figure 5. Seismic risk maps. Intensities according 

to Modified Mercalli Intensity Scale of 

1931 (from Sanford and others, 1972). 





RIO GRANDE RIFT 

Geological Bankground 

The Rio Grande rift, as defined by Chapin (1971), consists of a 

series of sediment-filled basins and adjacent uplifts extending from the 

upper Arkansas graben in Colorado to the Mimbres, Mesilla, and Hueco 

Basins in southern New Mexico and far west Texas (fig* 6). The prin¬ 

cipal structures are northerly trending faults and fault zones* Topo¬ 

graphic relief in the rift ranges up to 2400 m (8000 ft) and averages 

1500 m (5000 ft)* The basins are typically 48 to 65 km wide and contain 

up to 1500 m of Cenozoic basin fill* The rift is bordered by the Great 

Plains to the east and the Colorado Plateau and Basin and Range province 

to the west (Chapin, 1971). 

The Rio Grande rift is superimposed upon a north-trending tectonic 

belt that underwent deformation in the late Paleozoic and Laramide 

(Chapin and Seager, 1975). By middle Eocene time (45-50 m.y. ago) a 

widespread erosional surface of low relief had been formed (Epis and 

Chapin, 1973)* At 37 m*y* ago (Eocene-Oligocene boundary) calc-alkalic 

magmas were erupted on volcanic fields that border the rift* Regional 

extension along the rift began in late Oligocène, about 29-26 m.y. ago 

(Chapin and Seager, 1975). Basaltic andesitic volcanism closely fol¬ 

lowed the initiation of block faulting, erupting from 26-20 m.y. ago* A 

magmatic lull occurred from 20-14 m.y* ago, followed by true basaltic 

volcanism in the late Miocene and Holocene (fig* 7)* Rifting accel- 

rated during latest Miocene and/or Pliocene time and appears to have 

peaked during the Pliocene. Offset on Late Quaternary faults suggests 

27 



Figure 6. Generalized map of the Rio Grande 

rift (after Chapin, 1971) 



28 

.eadvtila 

COLORADO 
GREAT 

PLATEAU 

val.es /' , 
Coldero</>< 

2êmey J 

p¥ L 
Santo /-v j 

Dominaof \J t 
Basin/M 

Albuquerque O , 

12 ii Estancia 
y V Basin 

Sierra 
Lad r ones. 

San f\ 
Augustin^*/ j 

BasinX^/ 

PLAINS 

Datil~ Mogollon 
Volcanic Field 

O c 
Basin and Range o& 

SCALE ^ 

O 10 30 50 

Milas 

Texas 

Los v 

Muertos 
Basin Mexico 



Figure 7* Histogram of K-Ar and fission-track dates 

on late Eocene to Holocene igneous rocks 

in New Mexico (from Chapin and Seager, 

1975) 
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continued, though apparently diminished, uplift. The rate of volcanism 

may be still increasing, the peak lagging behind the peak of faulting 

(Chapin and Seager, 1975). 

The rift can be divided into three segments of distinct structural 

style and history. The northern segment, from Leadville to Alamosa, 

Colorado, began to open about 27 m.y. ago. The axial graben pinches out 

to the north. This segment is characterized by a north-northwest trend, 

parallel to late Paleozoic and Laramide structures and little synrift 

volcanism in the axial basins. The central portion, extending from 

Alamosa to Socorro, New Mexico, consists of a series of north-north- 

east-trending basins. While there is little early-rift volcanism, late- 

rift volcanism is voluminous. The southern segment extends from Socorro 

to El Paso, Texas. The rift widens in this section and consists of a 

series of north-trending basins. The southern segment has undergone the 

most extension (Chapin, 1979). 



Geophysics 

The Basin and Range province is characterized by certain geophysical 

anomalies. This area corresponds to a zone of high heat flow, thin crust# 

and high-attenuation# low-velocity upper mantle (Scholz and others# 1971)• 

Reduced heat flow values for the Basin and Range province range from 1.5 

to 1.9 HFÜ (1.0 HFU * 1 x 10 ^ cal/cm^-sec) compared to about 1.0 HFU for 

the Great Plains (Roy and others# 1972). "Reduced" heat flow values have 

been corrected for heat due to local bedrock radioactivity. The crust 

below the Basin and Range is estimated from seismic refraction studies to 

be about 30 km thick# anomalously thin for continental crust which averages 

50 km thick (Prodehl# 1970). Below this thin crust# the upper mantle has 

compressional seismic velocities of P * 7.6 to 7.8 km/sec (Cook# 1966). 
n 

The upper mantle beneath the Great Plains has compressional seismic 

velocities of about P * 8.0 km/sec (Stewart and Pakiser# 1962). Gravity 
n 

studies showing a very broad regional low of Bouguer gravity over the 

Basin and Range support the concept of low-density upper mantle (Cook# 

1966). Scholz and others (1971) suggests this zone is anomalously hot and 

low density and may consist of partially melted material. Seismicity 

in the Basin and Range is concentrated in two marginal belts that corres¬ 

pond to the lateral transition from normal to anomalous upper mantle 

(Scholz and others# 1971). 

The Rio Grande rift is an anomaly within the geophysically anomalous 

Basin and Range province. Although it is structurally similar to the 

Basin and Range# the rift appears to be a distinct province with certain 

features separating it from the rest of the province as well as from the 

more tectonically stable regions that border it on the east—the Great 

Plains—and the west—the Colorado Plateau (fig. 6). 
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Heat flow 

The Rio Grande rift is characterized by very high heat flow 

relative to the adjacent stable regions# A zone of extremely high heat 

flow values (2#5 unreduced) corresponds to the rift boundaries at the 

northern end of the rift, to the western boundary of the rift between 

latitudes 35.5°N and 33°N, and widens with the rift south of 33°N (fig# 

8)# Within the zone, readings are highly variable over short distances, 

indicating the sources may be relatively shallow. In general, sites 

with unreduced heat flow values of 6.0 to 16.0 HFU are near structural 

and volcanic features. Most of the heat flow of the rift is probably 

due to shallow magmatic intrusions 15 to 30 km deep and/or near-surface 

circulation of hydrothermal fluids (Reiter and others# 1978). 

Reduced heat flow values of 2.0 to 3#4 HFU within the rift suggest 

the source of heat flow is of magmatic and subcrustal origin rather than 

radiogenic heat in the upper crust (Decker and Smithson, 1975). Roy and 

others (1972) showed the heat flow values for the Basin and Range are 

consistent with temperatures at or near melting at 50-70 km depths in 

the upper mantle# Since the Rio Grande rift has higher heat flow than 

the Basin and Range, the zone of melting could be at shallower depths 

(Decker and others, 1975)# Bridwell (1976) showed that geothermal 

gradients at the center of the rift of 25-32°C/km suggests partial 

melting of the lower crust and upper mantle at depths of 30-45 km, 

indicating a thickening of the low-velocity zone beneath the rift# 



Figure 8. Heat flow in the Rio Grande rift and 

adjacent areas. Contours are in HFU 

(1 HFU - 10 ^ cal/cm2sec » 41.8 mWm 2) 

(from Swanberg, 1979) 
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Electrical conductivity 

Other evidence of elevated mantle temperatures in the rift are the 

widespread occurrence of Tertiary basaltic volcanism and the upwarp of 

higher electrical conductivity* Schmucker (1964, 1970) found a highly 

conductive body trending north-south and approximately 100 km wide 

between Las Cruces and Cornudas, New Mexico* He interpreted the body as 

an uplifted section of very hot mantle material* Magnetotelluric 

studies (Swift and Madden, 1967) support this model. 

Seismic studies 

Crustal thickness and upper mantle velocities in the rift are com¬ 

parable to those in the rest of the Basin and Range province* Keller 

and others (1979a), using Rayleigh wave group and phase velocity mea¬ 

surements, determined a crustal thickness of about 35 km and P velocity 
n 

of 7.7 km/sec under the rift. Olsen and others (1979) recorded a seis¬ 

mic refraction profile along the rift which indicated a crustal thick¬ 

ness of 33 km and P^ velocity of 7.6 km/sec. These values represent a 

crustal thinning and anomalous mantle relative to the Colorado Plateau 

and Great Plains which border the rift* Crustal thickness appears to 

increase to the north along the rift (Keller and others, 1979a). Olsen 

and others (1979) report a strong reflection phase at about 21 km depth 

at which P-wave velocities change from 6.0 to 6.4 km/sec. This change 

requires an anomalously low shear wave velocity in the reflecting layer 

which implies that the top of the lower crustal layer is a zone of low 

rigidity. Microearthquake studies by Sanford and others (1973) indicate 

a probable ' magma body at this depth near Socorro, New Mexico. Olsen and 
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others (1979) suggest that the magma body may be associated with a more 

widespread intracrustal low rigidity layer. 

Gravity studies 

Gravity studies of the Rio Grande rift show a complex pattern of 

shallow and deep source anomalies. Large negative anomalies occur over 

the Cenozoic basins filled with low-density sedimentary rocks. Gravity 

highs are situated over ranges (Cordell# 1978). Maximum amplitude of 

adjoining highs and lows is about 50 mgals (Decker and others# 1975). 

Steep gravity gradients coincide with major faults of the rift. Most of 

these trend northwest and northeast# oblique to the major structural 

features. This grid parallels Pre-Cambrian features as evidenced by 

aeromagnetic studies (Cordell# 1976). This suggests that pre-Miocene 

Basin and Range faulting occurred along pre-existing factures while 

younger# north-trending faults had more deep-seated causes (Decker and 

others# 1975). In addition to control of older structures# extensional 

tectonics due to the release of compressional strain have affected the 

fault pattern. In situ stress measurements and fault-plane solutions of 

earthquakes support this theory (Ramberg and others# 1978). 

A very broad negative anomaly occurs across the Rio Grande rift and 

the Basin and Range# associated with the regional uplift (Cordell# 

1978). The deep structure across the transition from Great Plains to 

Basin and Range involves an east-west decrease of crustal thickness from 

50 to 30 km with a lower density upper mantle below the Basin and Range. 

Without the lower density upper mantle# Bouguer gravity values would 

increase instead of decreasing# assuming isostatic equilibrium. The 

lower density upper mantle also explains higher heat flow and lower 

upper mantle velocities (Decker and others, 1975). 
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Superimposed on the regional low is a broad regional high over the 

rift (fig* 9), This 20-30 mgal anomaly trends north-south, is narrower 

and sharper to the north, and is associated with a region of recent 

volcanism, hot spring activity, and geomagnetic and electrical anomalies 

(Ramberg and others, 1978)• This positive anomaly requires a dense 

mafic body under the rift (Decker and others, 1975). 

Two models were proposed by Ramberg and others (1978) to explain 

the regional high: a) aesthenospheric upwarp; b) shallow mafic in¬ 

trusion (fig* 10)* If the source is shallow, it must be very broad. 

Seismic control outside the rift and the rise of isotherms indicated by 

geomagnetic and electrical anomalies favor model A (Ramberg and others, 

1978). In addition, alkalic basaltic rocks within the rift suggest a 

70-150 km source (Lipman, 1969). 

Seismicity 

In view of the evidence for widespread Holocene faulting, the Rio 

Grande rift is an area of very low seismicity* Almost all of the earth¬ 

quakes which occurred before instrumental reporting were confined to a 

section of the rift between Albuquerque and Socorro, New Mexico. Re¬ 

cordings of microearthquakes since 1962 have revealed a level of seis¬ 

micity comparable to that observed in the great Plains and the Colorado 

Plateau* Some areas along the rift have had no significant seismic 

activity since 1962. Areas of concentrated activity are associated with 

modern magma bodies in the middle and upper crust* An absence of micro¬ 

earthquake activity near the Valles caldera may indicate high tempera¬ 

tures at very shallow depths (Sanford and others, 1979). 



Figure 9. Gravity and elevation profile along 

latitude 37°N (Colorado-New Mexico 

border). Dashed segment of gravity 

profile shows, schematically, residual 

broad positive anomaly upon which 

gravity low associated with graben 

fill is superimposed (from Cordell, 

1978) 
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This low level of seismic activity may indicate that the rift is 

not spreading at this time. Evidence of significant displacement on 

faults within the last 500,000 years suggests that spreading in the 

rift is episodic (Sanford and others, 1979). 



Figure 10. Gravity profiles showing the deep 

structure of the rift used to explain 

the position of the gravity anomaly 

(from Ramberg and others, 1978) 
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COMPARISON OF THE BIG BEND AREA TO 
THE RIO GRANDE RIFT 

Geology 

Structural geology 

The structural geology of the Big Bend region is very similar to 

that found in the Rio Grande rift. Both areas involve Cenozoic normal 

faulting thought to be parallel to older structural trends# Normal 

faulting in the rift trends more northerly while that in the Big Bend 

region is northwesterly# The. width of the basins formed in the rift 

(48-65 km) is the same as that of the sunken block in the Big Bend 

region (65 km)# Average basement relief in the rift is about 1500 m 

(5000 ft) (Chapin, 1971)# The Cenozoic Terlingua fault which comprises 

the western boundary of the graben in Big Bend has an offset of about 

900 m (3000 ft) (Maxwell and others, 1967)# One major difference be¬ 

tween the rift proper and the study area is the presence of Cenozoic 

basin fill. Most of the basins in the rift contain significant amounts 

of fill—up to 1500 m (5000 ft) in the Albuquerque Basin# Very little 

fill is present in the Big Bend region. However, the lack of bolson 

deposits may be due to the presence of throughgoing drainage for a 

longer period of time. Erosion rather than deposition has been occur¬ 

ring throughout most of Cenozoic time# 

Movement has continued along some faults in the Rio Grande rift 

into Quaternary time. No Quaternary movement has been found along 

faults in the Big Bend region (Muehlberger, 1979)# Muehlberger (1979) 
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maintains that the Quaternary faulting found in the rift is a different 

pattern from earlier Basin and Range faulting and that found in the Big 

Bend area. 

Geologic history 

The pre-Cenozoic geologic history of the two areas is essentially 

the same. Both regions underwent deformation during the Laramide oro¬ 

geny of late Cenozoic time. This deformation was followed by a period 

of erosion and then a period of eruption of calc-alkalic magmas at about 

40 m.y. ago. Regional extension (Cordilleran orogeny) began at about 

29-26 m.y. ago in the rift (Chapin and Seager, 1975) and at about 23-18 

m.y. in the Big Bend area (Dasch and others, 1968). 

Barker (1979a) maintains that the magmatic history of the two areas 

shows more contrast than similarity. Trans-Pecos magmatism began and 

ended earlier than that in the rift. Mafic silica-undersaturated rock 

in the Big Bend were first emplaced before the end of the Laramide oro¬ 

geny (Bumgardner, 1976). Regional extension began after igneous activ¬ 

ity was already waning. Trans-Pecos magmatism ended about 16 m.y. ago 

(McDowell, 1978). Rift-related volcanism in the rift began 29-25 m.y. 

ago (Chapin and Seager, 1975) and continued to Holocene time. Barker 

(1979a) agrees with Cordell (1978) that the two areas may be structural¬ 

ly related but maintains that the magmatism is not genetically linked. 

Lipman and others (1972) suggested the K-enriched magmatic belt of 

Trans-Pecos was derived from partial melting of the subducted Farallon 

plate or overlying mantle. Barker (1977) interpreted the province as a 

continental rift. However, Barker (1979a) now believes the two models 



Figure 11. Histograms of age dates from the 

southern Rio Grande rift and west 

Texas (from Seager and Morgan, 1979) 
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should be combined to fully explain the igneous rocks of Trans-Pecos 

Texas# His preferred model is that of ensialic back-arc spreading as 

suggested by Karig (1971) for the origin of the Great Basin. This type 

of spreading would occur above a mantle diapir triggered by a subducting 

slab# 

Thus, the early structure and igneous activity of the region of the 

Rio Grande rift could be related to the Big Bend area# Both areas were 

subjected to subduction-related magmatism and extensional tectonics in 

the early and middle Tertiary# However, activity in the rift follow¬ 

ing a magmatic lull at 20-14 m#y# ago has not been paralleled in the Big 

Bend region# This activity includes Quaternary basaltic volcanism and 

faulting# 

Cenozoic mineralization 

Both areas have experienced hydrothermal.mineralization related to 

volcanic centers and hot springs# Fluorspar deposits are common in Big 

Bend and the Rio Grande rift# Of the more than 200 occurrences of 

fluorspar in New Mexico, about 40% occur within or adjacent to the Rio 

Grande rift (McAnulty, 1975)# Fluorspar also occurs in the Big Bend 

region at the Christmas Mountains and La Linda, Mexico# McAnulty (1975) 

explored the idea that the fluorspar deposits may be related to the 

rift# If such a relation were proven, the presence of fluorspar in the 

Big Bend region would suggest that the rift does extend into that area# 

However, he concluded, as did Lamarre (1975), that the fluorspar de¬ 

posits were more probably subduction-related# Peters (1958) noted two 

linear trends of fluorspar mineralization in the western United States 



Figure 12. Fluorite occurrences in the western 

United States (after Peters, 1958) 



44 



45 

(fig. 12). Lamarre (1975) relates these two belts to the twin Tertiary 

subduction zones postulated by Lipman and others (1972). He believes 

that the fluorine is the product of melting phlogopite, which occurs at 

depths greater than 300 km. Thus, the belts of fluorspar mineralization 

would correspond to the deepest (and most eastern) part of each subduc¬ 

tion zone (fig. 13). According to this theory, fluorspar mineralization 

in the Big Bend region would not necessarily relate the area to the rift 

but only to the eastern edge of the eastern subduction zone. 

Mercury, or quicksilver, is an important hydrothermal mineral in 

the Big Bend region. However, mercury is currently being deposited in 

several areas of recent volcanism and hot springs not related to the 

rift. In fact, there are no significant deposits of mercury within the 

Rio Grande rift. 

Geophysics 

Most heat flow values within the Rio Grande rift exceed the pub¬ 

lished values for the Big Bend area. The rift is characterized by 

reduced heat flow values of 2.0 to 3.4 HFU compared to less than 1.5 HFU 

in the Big Bend region. However, the heat flow measured in the Big Bend 

area above the water table is much higher than the reported 1.5 HFU. 

Swanberg and Herrin (1976) maintain that the higher reading is due to 

the circulation of abnormally hot water at the water table. On the 

other hand, it is possible that the lower value at depth is due to the 

effect of convective heat transfer. Decker and Smithson (1975) showed 

that heat flow values could decrease with depth due to the convective 

heat transfer in a monzonite porphyry pluton. 



Figure 13* Contoured depths (km) to inferred 

early and middle Tertiary subduction 

zones (from Lipman and others, 1972) 
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The seismic risk map (figure 5) shows a similar risk of seismic 

activity for the Rio Grande rift and Big Bend area* This map suggests 

that there has been movement in the Big Bend area within the last 10,000 

years* Neither area shows significant seismic activity for a known 

tectonically active area. 

Gravity studies over the Rio Grande rift will be compared to the 

present gravity study in the next section* 



GRAVITY STUDY 

Barker (1977) called the Trans-Pecos magmatic province a conti¬ 

nental rift and emphasized the need for a gravity study in the area to 

determine if a positive gravity ridge, a common characteristic of conti¬ 

nental rifts, existed along the northwest trend of the province* A 

positive gravity ridge is found along the Rio Grande rift and Kenya rift 

( Barker, 1977)* This positive anomaly is thought to be due to the 

intrusion of high density mantle material into the crust as either an 

aesthenospheric upwarp or shallow mafic intrusion (Ramberg and others, 

1978). 

The purpose of this study is to attempt to model the shallow 

crustal structure in the Big Bend area in order to determine if a posi¬ 

tive anomaly exists which may be related to deeper structure. 

Data Collection 

Of the more than 900 gravity stations used to create the gravity 

anomaly maps, 170 were measured for this study. The other stations are 

from the National Geophysical and Solar-Terrestrial Data Center file of 

gravity readings in the United States. The data is made available by 

the Department of Defense. Two Worden gravimeters were used in measuring 

the stations original to this study. Measurements were carried out in 

a series of loops around a base station located within Big Bend National 

Park. That station was later tied into the International Gravity 

Standardization Net, 1971, at the station in Alpine, Texas (g=*978989.5 

mgals). However, the maps have not been recalculated to that datum 
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which would require an approximately constant shift of about 36.5 mgals. 

Most stations were measured along roads within and around the Park. 

Typical station spacing along the roads varies from .5 to 1.5 km. 

Gravity stations were located on spot elevations (7.5 minute maps, where 

available) or on bench marks for vertical control. 

Data Reduction 

Simple Bouguer corrections were applied to all stations using a 

density of 2.67 g/cm^ to sea level. Terrain corrections were calculated 

for the stations used in the profile using Hammer charts through zone K 

(Hammer, 1939). Most of those corrections were less than .5 mgals, with 

a maximum of 1.5 mgals near the Chisos Mountains (the greatest topo¬ 

graphic relief in the area). On the anomaly maps, terrain corrections 

were not calculated for most stations as they would not significantly 

change the Bouguer anomaly values. However, terrain corrections were 

performed for stations located on the high peaks of the Chisos Mountains 

which showed values of 5 to more than 10 mgals. 

Maps—Qualitative Interpretation and Trends 

The free air anomaly map (fig. 14) is contoured with a 10 mgal con¬ 

tour interval. Positive anomalies are associated with intrusions—-e.g., 

the Solitario, Chisos Mountains, McKinney Hills. A northwest-trending 

positive anomaly of about 20 mgals extending from the Chisos Mountains 

suggests the presence of an underlying pluton which may feed other ex¬ 

posed intrusions along that trend—e*g*, in the Rosillos Mountains and 

Christmas Mountains (see fig. 2). Barker (1979a) inferred the presence 



Figure 14. Free air anomaly map of study area. 

Contour interval is 10 mgal. 
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of large underlying plutons from homogeneous swarms of shallow intrusive 

bodies. 

The simple Bouguer anomaly map (fig* 15) is contoured with a 5- 

mgal contour interval* Terrain corrections were applied to the stations 

in the peaks of the Chisos Mountains (within the low at the bottom left 

of the map)* This negative anomaly was smoothed somewhat by the appli¬ 

cation of the terrain corrections but was not erased. 

Unlike Bouguer anomaly maps over the Rio Grande rift, highs and 

lows are not easily correlated with ranges and intervening sediment- 

filled basins, respectively. The gravity lows over basins in the rift 

are due to the presence of very low-density bolson deposits which some¬ 

times reach thousands of feet in thickness. The density of these sedi¬ 

ments is much less than that of the surrounding uplifts* In assuming a 

3 
density of 2*67 g/cm for all rocks (simple Bouguer correction), too 

much is subtracted from stations which are situated over the basins* 

The "sunken block" in the Big Bend region has not been filled with low- 

density bolson deposits* Alluvium and colluvium rarely exceeds a few 

hundred feet* Instead, topographic relief plays a more important role. 

The density contrast between rocks in the basin and rocks in the uplift 

is not as great as in the rift. Any discrepancy between the assumed 

3 
density of 2.67 g/cm and the actual density of the rocks will- be ampli¬ 

fied in areas of higher elevation. In the event that the actual density 

is less than 2.67 g/cm3, too much is subtracted from the gravity read¬ 

ing. This error will be emphasized over the mountains. Thus, negative 

anomalies will occur over uplifts instead of basins (see general topo¬ 

graphic map, fig. 16). 



Figure 15. Bouguer anomaly map of study area. 

Contour interval is 5 mgal. 
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Figure 16* General topographie map of study area* 

Contour interval is 1000 feet* Profile 

A-A1 is modeled gravity profile* 
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As on the free air anomaly map, a northwest-trending high within 

the down-dropped block may indicate the presence of a pluton below the 

surface approximately paralleling the bordering faults. No obvious 

gravity gradients delimit the major faults because of the lack of low- 

density fill juxtaposed against denser rocks. 

Profile-Modeling 

The profile A-A* (fig. 17) was taken to be approximately perpen¬ 

dicular to structural trends while using Bouguer anomaly values of 

stations measured for this study. These stations were terrain-corrected 

through zone K using Hammer charts. Figure 17 shows the profile with 

the corresponding elevations and near-surface model. The near-surface 

structure was modified from geologic cross sections by Maxwell and 

others (1967). This structure was modeled by a two-dimensional line 

integral computer program (see Appendix II) to determine the gravi¬ 

tational attraction at the surface of the bodies with the assigned shape 

and densities shown in the profile. The same profile was modeled using 

a density of 2.67 g/cm^ for all bodies, as is assumed in the simple 

Bouguer correction. In order to correct for the errors that will occur 

from assuming a constant density, the difference between the values at 

each field point was added back into the observed profile. This process 

attempts to strip the effect of the topography and the near-surface 

3 
sedimentary rocks with densities less than 2.67 g/cm (Hammer, 1964). 

The result is a smoothed regional profile that reflects deeper struc¬ 

ture. This smoothed profile was then modeled by the same program to 

determine the deep structure. 



Figure 17. Gravity profile A-A1. Solid line is 

observed gravity. Dashed line shows 

smoothed gravity profile acquired by 

stripping the surface structure as 

shown. Densities are given in g/cm^. 
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The density values used in stripping the sedimentary rocks were 

acquired from the measurement of a very limited number of surface sam¬ 

ples and from the literature* The densities of the measured samples are 

shown in Table 2. The densities were determined by measuring the sam¬ 

ples in air and water* The average density of the sedimentary rocks as 

obtained by this method is 2.6 g/cm^. However, the actual value is 

probably lower due to the inherent bias in sampling more resistant, and 

consequently more dense, rocks* A study by Mattick (1967) of sediments 

in the Hueco Bolson near El Paso, Texas, using gravity, seismic, and 

borehole data produced an average density of Palezoic and Mesozoic rocks 

3 3 
of 2.55 g/cm . Tertiary rocks were measured at 2.4 g/cm • Basin fill 

3 
density was 2.15 and 2.2 g/cm • These values have been used by other 

workers in geophysical modeling in southern New Mexico (Ramberg and 

others, 1978) and are used in the modeling of sedimentary rocks for this 

study 



Table 2* Measured densities of surface samples 



57 

Table 2 

Measured Densities of Surface Samples* 

Formation No* 

Hannold Hill Fnu 
(Tertiary) 

Aguja Formation 

(Cretaceous) 

Boquillas Formation 
(Cretaceous) 

Buda Limestone 
(Cretaceous) 

Santa Elena Limestone 

(Cretaceous) 

Average density of Cretaceous rocks 

♦Densities in g/cra^ 

Samples Range Average 

1 2.5 2.5 

3 2.36-2.64 2.53 

4 2.63-2.70 2.62 

3 2.48-2.77 2.58 

3 2.64-2.70 2.68 

.60 
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Deep structure 

The smoothed profile resulting from "stripping" the near-surface 

rocks shows a positive anomaly of about 15 mgals* This anomaly is 

approximately 30 km wide* In the qualitative interpretation of the 

maps, this positive ridge was attributed to an underlying pluton* It is 

possible to account for the positive anomaly with such an upper crustal 

body (Model A, figure 18)* This large pluton would have to be approxi¬ 

mately 3 km thick and about 30 km wide, assuming densities as used by 

Ramberg and others (1978)# The profile computed from this model is 

compared to the observed profile in figure 19. 

The positive anomaly could also be due to a magma body at some 

depth in the crust or a mantle upwelling feeding the intrusive activity 

at the surface* Models B and C (figure 18) illustrate these two possi¬ 

bilities* Again, density values used by Ramberg and others (1978) were 

used in modeling* A pluton at 10 km depth is modeled as 5 km thick and 

30 km wide (see computer fit, figure 20)* A mantle upwelling would have 

to extend up to 20 km depth, making it 10 km thick and only 14 km in 

width (see fit, figure 21)* Such a thick and narrow upwelling seems 

unlikely* 

The positive gravity ridge over the Rio Grande rift is similar in 

amplitude to that found in the Big Bend region; however, the wavelength 

of the anomaly is much greater (about 200 km wide)* Thus, the anomaly 

over the rift can be modeled as a body at much greater depth with rea¬ 

sonable dimensions* It is also possible to model the anomaly over the 

rift as an upper crustal body (G* R* Keller, personal communication, 

1979)* No underlying magma body is necessary to explain the gravity 



Figure 18* Gravity profile A-A1• Deep structure 

models based on smoothed profile# 

Model A is a shallow pluton# Model B 

is a magma body within the crust# 

Model C is a mantle upwelling# 

3 
Densities are given in g/cm # 
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data alone* However, heat flow and seismic data tend to support the 

model of a magma body at some depth beneath the rift* 

Seismic studies, more detailed heat flow studies, and electrical 

conductivity studies would help define the nature of the source of the 

anomaly in the Big Bend region* From the gravity data alone, it seems 

most probably that the source is a shallow upper crustal pluton that 

feeds the intrusions in the area. 



Figures 19, 20, 21* Comparison of smoothed 

observed profile with pro¬ 

files generated by Models 

A, B, and C, respectively. 
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CONCLUSIONS 

An examination of different lines of evidence appears to suggest 

that the forces which are acting at depth beneath the Rio Grande rift do 

not exist below the area of Big Bend National Park* Although the two 

areas are structurally similar, the magmatic histories have many con¬ 

trasts* Quaternary volcanism which followed the Miocene lull and pro¬ 

posed critical necking of the lithosphere in the rift (fig. 11) is 

absent in Big Bend* The common periods of magmatism are related to the 

early Tertiary subduction zone* In addition no Quaternary faulting has 

been reported in the Big Bend region* Mineralization that is related to 

the volcanic centers is not confined to the rift but rather to the 

subduction zone. Heat flow, while high in the Big Bend area, does not 

appear to exceed normal Basin and Range values* 

Bouguer gravity profiles across both areas reveal a positive 

gravity ridge. However, the anomaly across the rift is of greater 

wavelength and may be modeled as a deep-seated body. Other geophysical 

evidence in the rift supports modeling the high-density body at depth. 

The ridge over the Big Bend is best modeled as a very shallow pluton. 

Additional geophysical evidence (especially seismic work and electrical 

conductivity studies) are necessary to determine the depth of the 

pluton* 

In short, the similarities between the Big Bend area and the Rio 

Grande rift are due to tectonic and magmatic activity that occurred in 

the early Tertiary—Laramide folding and magmatism related to a sub¬ 

duction zone along the western margin of North America and Cordilleran 

faulting due to plate-tectonic changes at that margin* 
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MODELING PROGRAM 

The computer program used in modeling the crustal structure is 

based on the technique of Talwani and others (1959)* The program cal¬ 

culates the vertical component of the gravitational attraction of two- 

dimensional bodies by approximating the shape of the bodies by many- 

sided polygons* 

In the accompanying figure, a polygon ABCDEF lies in the xz 

plane with P as the origin of the system. The z axis is defined as 

positive downward and 8 is measured from the positive x axis toward 

the positive £ axis. Hubbert (1948) showed that the vertical compo¬ 

nent of gravitational attraction due to such a two-dimensional body at 

the origin is equal to 

where G is the universal constant of gravitation and p is the volume 

density of the body. 

From this equation and figure, Talwani and other (1959) derive 

the algorithm for their program. 

2Gp 6 z d0 

n 
Ag « 2Gp Z Zi 

i*l 
where 

0. =tan 
-1 ,z rn 

1 

<6. -tan 
l 

1 2i+l ~ 
Zi 

'x. ,, - x. 



- X. 
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ai = xi+i 
+ zi+i ^±L 

2. • Z.. 
1 1+1 

where is the x coordinate for the i.th point of the body, 

is the z coordinate for the ith point of the body* 

and z, 
i 



79 

X 



80 

O 
CM 

en 
ÙS 

u. 

O O O 
O O O 
win tn 

o en : 
o en 
w •> - 

x 2 
x - 
<r 2 
\ *-• 
LU X 

X 
«J 
2 

2 x en x * -j 
H x • X C3 HI 

u» ** û. 2 x 
Lü * O <E HI • : 
a AO ce xw 
o o tn es H* en 
X O ~ * 2 I- i 

ION ~ X J »-« 
>• wu. o a. <t 2 
H- IM * © * U 3 
— —. in H» * • w o en 

• N OH» 
I JO JH 
’ UJ CD 2 

1 -J X 
- O 
N O VS 

2 
, _ <c 
< in ûS -i 

en en en 
2 2 2 
LU U Ui 
XXX 

:> ~ © 
<t o o 
ceoin 
oin« 

V X 
JXlt 
<c 
2 22 
O O O 

a . 
■> i 

'-*• t 
o 
o 
in < 

. H» u 
: <t en 

a a û 
i 
o 

I h- C 
: 2 UJ 
* Hl ÛS 

X HI 
* (N 

X •> 
<r o 

. - x 
► X *0 
. HI CM 

tn 
H» t- 

a x 
<t 2 
UJ a 
it u. 

o ~ 
«T M) 

C4 
O H 
H» ÛS 

Ci 
Q UJ 
es * ** 

M3 H 
-S(M o 
o u • . a fs 
© 2 U. 
UJ UJ o 

O o 
<33«N ~ 

o tn H> 
ouvj 
Il VÛX 
N <12 
N II Lü O 
H H uS u. 

X X 
o o 
>- >- 

X 2 
<X HI 
X X 
o o 

fS X K H 
M N w O J 

I X -J * • 
LU UJ 2 O O * H. ^ 
• <«IHH 

HH II vv 
en en t 

H I H ü) A 
O O 

X 2 CI >- > 
<T i-i C4 H- H# 
X X 
o o o u u 
>>*QHM 

O 
2 
X 

X LU © v Hl » it en en Hl 
<Z UI © 2 X x Hl ça Ci U. » <r 
ÛS IM tn 2 H <t » o o H* 2 <C 
es * ~ •> 111 \ X tN A* >• >- O X X 
O AN H H» >- w Hl UJ CL •* 
CC © -J o UJ •* H. Il H «3. » «4 
a. © LU © X 2 CM en en 

UT Ci O en « H « Ci X 2 n * 
CS w û. M3 H UJ X X CM o <Z H •N n m 

> Hl O* 
en «■ 
en tn o 

CM 
en <r 
H» <r 
H n 
2 - 
X II 
- en 

en h~ 
H Ht 
H4 2 
2 X 
X X 
- M3 
2 * 
X -H 
a. HI 

-i ti-ï 
X Hl 
x x 

i » t». 
en H 
en * 
x o 

ut o< v 
x tv 
2 H 
HI ^ a tu <t 
H- Il t- H X 
2 IS HI ÛS 
o NO ce o 
UM03L. 
CM -0 O 

x tn o 
* HI es 

en - 
2 H Ht 
O • VS 

2 ^U02 
Z LU «r - *H <r 
U Ci StliJ 
2 H o * » Ci 
■H HNJW . 

~ T «> Hl O 
-k o <t H ~ *. UI 
D M3 o x o tn • 
n » CM *H rs HI en 
‘«Ow V • V > 

UJ 
X 
Q 

« Hl 
1-KvHZ 
<£ <t <t X 
x x a x ~ 
2 ÛS <£ ÛS 
OOUJOlL 
IL II CS U H 

en tn 
2 Hl 
o ci 
u » 

M) ~ H 

2 en A 
II 2 H 

en • 
H> <* fs 
Hl H u. 
2 2 
X o % X 
X U 2 

2 UT .1 X C 
X UJ » O 
u. «k o X H* a» 

H H 
«■< Hl U. a. A 2 a 
X O, N O UJ X u 
X UT IM it a * 

Le CL H 2 en 
en X » % H w H 
en « H- a «k * N 
x *4 x uj U. 2 

• © IM H- H- • A> X 
X O UT IM x <r rs X A • 

H H u u. o u. X et 
en Le » * X » M O 
2 ■N O U. -N o % U. VS CD • 
O tn H Q H _1 U. UI 
O Hl H H* <t u X X CM h- 

eM o -i x o 2 U. LU 
X «ou. u. a ao x X 

x - UI 2 X U. M) UJ 
o •H -N u. X X O U. N^ <N H _J O 

\>lL« 
H» N* ON O 
O X 0-. H, • 
O ON O N 
H I 9» CJlL 

S) Vl 
IM 

LU <C O UJ 
X H* H 

M 2 Ht 
2 0 0 2 
3 U. es 3 

2 tn Ci 
H* * N/ H \ 
<t X <tj 
x ~ a x u. 
2 <X 2 II 
O U. LU O Hl 
U H* 2 U. H 

o * en 
-T o 
H i % 

M3 N-' H 

O II 
U. IM 2 UJ 
11
 II H 3 

il H» 2 H fS 
H U, H *i ui C II 

N H U, H I H“ X H 
H> w II 2 HI Hl ÛS N 
XNU.O «I 2 0 
2 2 2 0X32 » 

O 
M) 

O H 
O * 
H un 

o 
2 Q 

<x 
O 2 
a 2 

m M* Hl Lü 
« • X • 

. o (S N# « (M 
tv 2 o en 
H — UJ 2 
* M* N H 

M3 n- en 2 
•%* 2 X 

2 2 H H 

2 <t <E 2 es 
2 X X X 2 
HI ûS 2 H H 
2 o o en x 
3 2 2 H 2 

CM M 
O O 
o o 
oo 

v in MS Na3O>©2M«‘tn'ONaj©CMi-i<rtnM3rsC00N©HMminM>fNa30N©CMm<ruTM3iscD0»o*HCM x <r m MJ rs co o* 
©oocooHHHHHHHHNMpipiMiNNMNnnninnnnnnft^ffttt^niini un un tin tn tn tn in 
©©© 0©©©0©©©©©©©©©©©©©©0©©©©©©©©©©©©©©Ô©©©©©© ©ooooo© 
oooooooooooooooooooooooooooooooooooooooooooo o o o o o o o 

: 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2222222 
- "* "•> t*k frt rrt rn rn tn tn r« CO U) CD Cf) U) CD CD 

V w wwvww^JwOOOOOOOQOOOOOOOO1 

oo© ©©ooooo©oo©©o©oooooooooo _     

22222222222222222222222222222222222222222222 
encncnenencnencnenentnenencnenenenenenencnenencnenencnencnenenenenenenenenencncncnenenen 
HHHHHHMMHHMHHHHHHNHNNHHHHHHHMHNHMHHHHHMHHHMM 



CM 
O 
O 

UJ 
O 
<z 
0. 

81 

UT 

© 

U. 

UT 
M) 

Ui 
UT 
MJ 

*T II 'O z *4 «4 «4 44 44 «4 X M* 
ro © <r II ro ro 4» 4* 4- X 
© • % M CM M 44 ►4 Ui 

ro © •4 » z * i 4» * •4 w «4 <* ^4 
«4 Ci UT 4 4-* 4k 4k * X X X 4 © 
H II *4 t-4 «4 4k 4k X X X H 4» 
O w © II w w «4 H 44 Ui Ui 44 Ui Ui 
© m* © UT ^ 44 N >4 •MT w 4» © X X © © 44 X u 4k UT 
O • © • * » CM X X *4 X 1-4 O' © ^ 4k © 4- © UJ 44 MJ 

H* a o a » © o x X o o X W fO <T 44 44 ro ui 4* 44 X 4* Ci 
*4. a 4k O x *•» z *4 * * O UT UJ UJ O' 4* © u Ui •>f04 4- k Ci Ui 4* © 44 <K 
© z W X ce u» w AlONX X Ci UJ 4» \ 4k 4k Uj © * 44 44 © l*ï X M 4k ci w UT ►4 « *"« oc 4 •» >» NI *4 «4 » 4 4k ++ 4 Cl Ui ** Z Z X UT © w W X MJ r*) k^ 44 T <r w 
• • Z UT A * w >- O O 44 *4 o ro Ci V* VV + ro <r UJ Ui 1*1 O' MJ Ui 4* » * 

K- A Â z 4 • © X UJ "0 UT >4 w © MJ M w X X Ci 'MW Ui 4 X O' Ui 44 © Ui «H 
a z Z 4 O O A ** 4k rfk UJ ri CM ui UJ Ci O' M) Ui U U. * © • X X © © X X «4 44 z n 
z <c « O Z 4* w z Z N 4 . Uj Ui 4 X X UJ 1 1 * CI © k4 w M3 X O k4 Ui * h- « 

• z J U> ' X M* 4- O O N N o o X M MM2 z « tn X z Ui 1 i 
© © «J 4 X w X IN CM 1*1 * >4 X X © n <i <r 44 © UT <c X o 4k 

© a z z ^ UT X u. U. * Ci CM Z Z Ci UT X 2<I + + + K- 4k • 44 H» •* X M <£ 
Z z M ►4 4k OHX ** O z 1 1 * <£ <z 44 © UT <t Z M *4 M 4k 4k <C 4k l © • <x 4k * W © <r 
a « X X O Ci 4 O IN 4 4» 4k J- 4k • *- %4 W k4 *M 44 || «1 44 II II H il M « UJ o 
a K- h- «4 CI UT X M3 »4 44 *4 -4 -4 <J <£ 1 o <C XXX 4- 4* ~ 4k 4- 4k 4k K- Z Ui 
U C3 » • CM ***** *4 4 U 4 w >4 44 4* (1 O il O 44 II O 11 © Il © Il II Il II X M H 4 O 44 O W4 © 44 O «4 © 44 X Z © © Ui o z 

UI Z K» K- » -0 ~ ~ * >0 z X N X >4 k4 4k .4 4k 44 k4 4k «4 44 4k 44 «4 >4 4k 4k Ui WV4i.04-©k4^04-© M- © 4» X U il © X w o 
z z ~ a 

© ** Z Z Z 
> N Hh * 

k Z K- 
: H *-• 
i < ce 
: z 3 

x x UJ ^ Ui x UJ w ~ 
X ~4 *4 U UJ IN <t O <t O 

O 
O 
CM 

O O 
44 CM 
Ci Ci 

VT ^ O II 
K» w O 
<r uj Ci 
t □ H rt 
ce <t !-• u x UJ H ui 
auccoaxiu vu.u.10 
U,I3C3û(UUJNCCHHHO 

O O 

x a 
H» (3 

O 
UT 
CM 

ui H n *< 
UJ v w 
N <c a <r 
k* H- H- K* 

UJ Ui 
u. x a x 
MhCH 

O O O 
•ON © 
Ci CM Ci 

n ^ « -4 

0<C0<HH 

O x < 
O H- ( 

II x 
© 
^ HW W UJ 
« V V + V 

X ui H 
OXUJvlL 
A ui IN ce M 

X <C O <t O X <1 < 

II tr 
UJV w ~ V II X N II a <c 

0<raca<EzU'-'0<t«ti-a 
vhJ-t-i-vi-hl-hhHhüvNI-OvUJ- 

UJ LU UJUJUIUJUJ.4UJZ 
U.XOXOU.XI 
HHÜHOHHI 

J «J UJ I 
: u. ui o r u. H* o 
IHÜOQHÛO 

© O 
© w 
M m 

© © 
Ci CI 
ro ro 

© © 
UT MJ 
ro M 

0^rjMKTN»>O^NfOTIlT'ONœO*0^fMM«nrM3MD(î'©-Hf'IM^in'OMDI>OH(Mrti,in'<}MDO»0^(Nrt 
S)^iHJ'0>4'«NNNNNNNNNNGOflOa(D(Oaia)QflO(SOs^lM>>IMMMM>0>0000000©00^«4^<4 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOHtH444HHf4H4«4^H4 
ooooooooooooooooooooooooooooooooooooooooooooooooooo 

J S) SI N -g IM> IMMM> IN IM' IN 
>©©©©©©©©©©©0©© 

w^OOOOOOOOOOOOOOO ~   

zzzzzzzzzzzzzzzz zzzzzzzzzzzzzzzzzzzzzzzzzzzz 
©©©©©©©©©©©©©©©©©©©©©©©en©©©©©©©©©©©©©©©©©©©© 

*T tfl MJ X © CK © 
H H 14 «4 4 CM 

ooooooooo 

Z Z Z Z Z Z Z 
©©©©©©© 

Z Z Z Z Z Z Z 
©©©©©©© 



LU 
O 
<r 
CL 

82 

a 
CC 
<c 
a. 

o 
CC 
CL. 

▼ « 
O 
U 

<C £ 
O O 
Ul H 
£ <C 
O 
w lu 

Z 
U. >- 
« a 

w tu 
X LJ 
x NI 

*4 *■4 LJ s* 
O O 1 •* 
-L L* -s Ul 
LJ LJ 
O O •+• O i-i 

O M M 
Ml Ul Ul —• •— M 
M* 00 00 X « O J 

X K CN U 
O n M ULI Tfi 
>o ao 03 ~ X * * 

CM (M w >- o a 
«S MJ Ml V O O X 
o • z * ui ce 
Ul -L 1 U o** * * 

N 

fi CL 
01 0) 
* +■ 
O ~ 
X * 

> -s s-* CC ' 

O - 
X Ul 5 
u. in » 

«u^oto 
U ï M o r) o 
ua u w T • rs 

O £ 
NO .. 
M» H ^ 

<t N 
a H- ^ 
LUN 

X «i 
OMil 
o fl fi 

' X , . - 
I X ^ «c 
‘ U Ü) H V 
M W N 
'^nwu 

M- cc*+ 
wli<UN 
v w CL 3 Ul 

LJ «-♦ *-• C 
fi *L M* L> 
+ *-4 A4 LJ 

J X UJ H h 
Ll X UJ *4» f| 
fi Ul N H A L 
WH II VHD 
H ~ ~ CC ~ H 
N» M* || 
—J s-" -"s H- h- 
LJ X LJ H UJ 2 
û X LJ v XQ 
(OUNCChU 

N 
O U 
a LJ 
a w 
H en 
~ » 
X ^ LJ 
~ * 3 
NJ ~ Z 
J N w 
LJ «J ►- 
a LJ z 
u. o) a 
w w u 

i r « 
* x * i 

^ o u o : 
V'flvo, 

ui m 

o o 
O W 
'O fN 

o o < 
ci ui b 
N» Ul f 

I "0 -*■ ( 
' *** Z ' 

3 
I LJ CL l 

O O 
-* r-j 
IN IN 

Ul 
- -J 
0 
Os -s 
Ul O O 

M ^ 
<-» IN IN 

* O •> * 
I Z 'O S) 
. J w w 

1 
I JUU 

CC CC i 
3 3 : 

: ce ce i 
I 3 3 » 

-A N 
O M IN x 
CM LJ M » 
N O LJ «H 
» * O II 
< «4 • M 
w | *4 

H H O 
LJ X Z M 
h <C H ||1 
Nl£ 
CC U U O 
3 >- >• fi 

W 
W < 

x ; 
<E ► 
£ : 
u < 

; £ £ x Z 
• o o <r w 
*>>•££ 

: x z 

» £ £ O O 
> U O ♦ « 
* > > a a 

o z w 
3 * Z 
K en » » en 
' Z -I I w 

* Z ' 

o o 
CD >- 

-» O Ci * 

O * • w 

<1 ' - 
CC * < 
O ' 

3 
a. 
£ 
O 
U 

£ 
>- 
W 

A - £ £ z A4 4 
—* L û. ►4 II *4 *4 a X -A 
s— "je II II >- Ul * 
X * 'JL Z H A Ll 

-% 10 *-4 Ns _J 
A4 z O' 3 X 
* w £ "JL 1C Ul <C <t A L. 

O NJ » CC £ 01 O 
X «J *4 M N o o o X ce 
CC LJ H -J -J J~ -J CL 

eu Z Ll LJ -J Ml z 
o CL 01 01 o <E « a 
z W 01 01 a Z O £ LJ 
-J C O r- X (3 3 

A ►4 £ ce 
-A «A. "J. N JL * «A .A, o CO o -s z ~ ►4 lu 
"JL "je -J A «A • x z zoo M £ «i 01 

M (ll N N M A4 LJ <t *-i O LJ —i £ * O Z «J fi 
M N L. fi O L. L. W A* Z £ £ M* £ ~ * >- X CM * o 
LL N -J z CL IN NI NJ . -A, u O Ml *-0 0 * LL Ml X -1 

-1 LJ 01 Ul — o -J X X z > > fi • -4 X A L. n 
LJ fi o !* L » * O * LJ LJ «4H || || a LJ * <t N O - A4 

£ LJ X 
<Z D <t 
H Z £ 
ZwX 
H H v 
£ Z 
U O L. 
>- U *■* 

X Z O O ^ 
C MI (9 00 w 
£ £ _l _J X 
€ C O O U 
Il II U U II x z w W z 
<t H *4 
£ £ L» L. £ 
>>>HHX 

10*40 
1 X 

£ 0* 
w IN - 
X -J ' 
L. a 
Il O LU <t Z 
X W I- £ ~ , 
<c >-4 ce 
£ L. CC O 11 
XH3UWI 

O ^ 
LJ 

* H (V l*J * M 
O H» 
03 O i o a 

J —J 3 
. CL û. 

J -J -i 
J -J «J 
: <r <r 
i u u 

O CL 
U 

L_ « 
M U 

£ 
-I 

* O 
* CB 

A M £ 
* Ul > 

O -A H* W 
tO •» 
'-'MO*' 
t m X X 
H- * *4 Ul 
O MJ s* * 
-J >- N 
CL h- * 

LJ « * 
J I- £ LJ 
-J *“• GC «J 
<c ce a w 
U 3 L. L. 

O O o o o o O o o o ooo o o O w o O O o 
M- Ul M3 !N 00 o o (M <r Ul «0 IN GD Os n Os o «4 CM M 
<r MT «r M* ^ M* Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul MJ MJ Ml MJ 

^ CM M <r m 
CM CM « CM CM 

MI rs, en 
CM CM CM 

ooooo ooo 

ZZZZZ   en en ui oi ai 010301 

0‘O-4CiMM,iii'0N«0so*s«n4rbi'0Mn0‘O*4(Mni'in'0N0sOwrtiftM)N0‘O^nM,in4«>OH 
rjrtMnnr'inmnnroM'^v^T^vwM'iniiHiiiiiininuii/îtn'O'O'O'O'C’O'ONNNNNNNNooûo 
ooooooooooooooooooooooooooooooooooooooooooooooo 
zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz 
010101010101010101010101010101010101010101010101010101WU1010101W0101W0101010101010101W0101 



83 
O 
O 
tu 
es 
<z 
X 

O 
rs 
si 

O 
X 

O 
Q 

Ht \ X z 
X X ~ z X o 
o « 3 x a n X u 
z CS W Ht ♦ z 
X X x x Ht <1 en 

(Il SI u X 3 
« <r X en X 
X o in z 04 z X 
X X X ◦ 
3 <9 O X M u en 
X u X Z <£ Ht z 
Z X x en X 
3 X 3 X 
U X x -J <t 

X X 
U en X 

z en Z M s- en 
* X z o z X 

â X HI U. S’ x (X 
X a X X 04 
o a 04 <E » 

en es X <r Ht X 04 
z o z X Ht 

u X Ht X X •t 
en X X X n X 

<c % UT M <s ♦ X X 
» Ht Ht ~ en 

es X H» Z X X X Ht X 04 z 
UT « Ht 04 O X X 

Z Ht X Z Ht z X 04 <E * x 
Ht \ X U X X en 
Z X « Ht X O X H» n X Ht x 
> % X z IM Ht a o 

u LU O X X X en 
X z <£ z SI X O z z z 
« M U X Z X X Z o X o 
Z U X M X X Ht 
> Z Z a X <t • X X <C X 

«k z X X X ■H S’ U x a 
Z Ht <c 3 z Ht <z <E 

Z -J Z X, X X <r z X Z 
O Z o Z X X X «b a X z • X o x 

X N m en X *4 n fs O 04 X X 
» * -1 si en cn a X II z n • X Ht Ht <E o « 

O X U A o Q HH a H Ht X X z 
<r en o o ►X X » Ht * Ht X u « X X 

» z en h- > H X X II X <£ m « X <c 
O X o X M u z • X <E X in 

X O X 4» X W <£ en ri sr X Ht O X o • 
» X U. CD CL s Ht N Z X H ♦ o x Ht X O X o 

m CL » « » X X U o X U » x Z <£ X X *4 
« % % % 04 o Z Ui <T X O X 04 u. 

z ÙC » O 4» ». UT A X en X <£ X z X * •L 
Z CD o X Z a en O z X M un 

O a m o >• Hl N* (S X X X M 00 Ht z 
O u S) o en SI 4 3 *4 » X X o o 
>0 Ht CM n m <r si X « «X 04 X x *4 A X 04 04 X 

X H» l-OKH * «X X Hi «H o X N X *0 x N M Ht (►> max 
-0 ◦ a a a a a si w X Ht *4 s* X ►4 V a X w v «H w <£ 

«J _i -J X X UT V w 3 H S’ X ♦ X 
CL X X O X X X X ** Z X H- O X x X X X CC h- K 

Ul u X <c \ X U -r t-4 <t Z <X M <£ <r ~ <c O <£ X <£ 
X -J x «4 J J r z X X H* w X X Z Z M Z Z S’ Z X Z z z 
Ht X -j X M z % Ht Z X Z z * z Z ♦ z O Z <£ Z 
CÉ <t <E <r x <£ <£ «Z a X Z uC X o <z o o a o *OOIO <£OXO 
3 U U u x U U 3 X X 3 3 *4 U U X x z x N X Ht L. x x en x 

Ht (N Ht 
O o o O o o o O o O o o 
s* UT si fs z o o 04 n <r UT 
'O SI SI S3 SI SI fs rs (S rs rs IS 

04 M s* UT sj rs o* o ** 04 r» S» UT si fs ai 0» O Ht 04 M S* UT SI 

(D CO CD ÛO QD es o o o* 3» 0» (h o» o* es o* 0» O O O O O O O 
H Ht Ht Ht Ht Ht Ht Ht Ht Ht X Ht Ht 04 04 04 O! 04 04 04 
O o O O o o o o o O o O O O O O O O O O O O O O 

z z z z z z z z z z z z z z z z z z Z Z Z z z z 
en en X en en en en co en en en en en en en en en en en en en en en en 

Ht HHHHH H Ht Ht Ht Ht Ht Ht x Ht Ht Ht x X Ht X 



P
R
O
G
R
A
M
 
T
O
 
C
A
L
C
U
L
A
T
E
 
F
R
E
E
A
I
R
 
A
N
D
 
6
Û
U
G
U
E
R
 
G
R
A
V
I
T
Y
 
T
O
 
S
E
A
 
L
E
V
E
L
 

U
S
I
N
G
 
A
 
D
E
N
S
I
T
Y
 
O
F
 
2
*
6
7
 
G
M
/
C
M
3
 

84 

k © 
X © 
It") © 

•* 
UJ 0* 
Q MT 
3 © 
1— 
•Mi GO 
a fs. 
z > 
o i 
u CM 

4* 
4* 

X 
Ps H- 
» A -1 
« « 
UJ oc Z 
Û4 UJ 
3 3 cn 
H> (J 4* ~I 
M 3 4P © cn 
K O œ © a 
<r a © © a 
-J ' CM -4 

in N 
- X o ~ <c 
X 'O H © © U. "S 
in 4« (0 * UJ 

4* _| 
0» UJ © 00 

a ix a 4> * © UJ 44 
z »-• -J © HI UJ -J U. 

«X • © MJ UJ M* 
Z UJ * (9 <r UJ 
O UJ »- Ps o* 4* •> T 1-4 iX -J C4 o © fs O * 

u. Ml -l © 
<t ' «► s* CJ 
h- * © « 0* «*• CN •» U. 
cn x UJ Ml 4P 4» y~ *• 
i © -1 Os © © 4k Ps -J N* 
•4 «4 UJ co © • CM PS 44 

k Ps © Ml tD * CM >0 k k 

Z2> + 
© O •> <£ © 

«► O » w C 
hùszyiwh H Ü LC <r o 

• > % n 
: UJ m -J u Û z <t 

CH«N£ 
Ui Z UJ IX L£ 
ÛCNùCiLQ 

U. 

Ui O 

O © 
« <t 
tu 0£ 
* a 

\ CM 
© • 
<t Ps 
<X LI 
O \ 
Il H* 
© -J 
<E H 
CC H- 
O «J 

^ CN 
I 4* 
© h- 
<X -J 
<x w 
o z 

H »4 
<t cn 

O O CM « O 
© • • 
O I N 

<E U H- H- <£ 
It. J JZXL 
ii to ii Mo;oa 

<C O H* tX a H» 2 
U.A JiLlk(DUJ 

w o 

*■« CM PO N* tt HJ IS CD <► o ^ N rt f 11 «O NO 



APPENDIX Ills ABBREVIATIONS 



85 

Ar Argon 

Ca Calcium 

cal calorie 

cm centimeter 

congl conglomerate 

fig figure 

ft feet 

g gravity 

g/cm^ grams per cubic centimeter 

HFU heat flow unit 

K potassium 

km kilometers 

m meters 

mi miles 

mgals milligals 

M.Y.B.P. million years before present 

Na sodium 

P 
n 

compressional seismic velocity in km/sec 

sec seconds 

ss sandstone 

P density (in g/cm^) 


