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ABSTRACT 

The abandoned Col-Tex tank farm site, in Mitchell 

County, Texas, sits atop fractured sandstone and mudstone 

belonging to the Trujillo Sandstone of the Triassic Dockum 

Group. From the late 1920s to the early 1970s, the site was 

used as a storage facility for petroleum and associated 

products ranging from aviation fuel to asphalt. Tar, 

asphalt, and oily water remain in on-site impoundments. The 

presence of perched water tables in the upper 5m to 7m of 

the Trujillo Sandstone suggests that vertical groundwater 

flow is inhibited by a shale-siltstone layer within the 

formation. As this site overlies the Santa Rosa aquifer 

which is used for municipal and irrigation water in this 

area, the possibility of contamination to local groundwater 

has been investigated. In addition, the location of the 

site on a 30-meter bluff adjacent to the nearby Colorado 

River represents potential surface water contamination. 

A definite orthogonal fracture pattern in the upper 5 

to 7 meters of the Trujillo Sandstone is documented at the 

site. A prominent fracture trend of approximately N50E is 

found. These fractures likely formed due to far-field E-NE 

directed compressional stresses associated with the Late 

Cretaceous to Eocene Laramide Orogeny in southwest Texas and 

south central New Mexico. Similar fracture systems likely 
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penetrate the lower part of the Trujillo Sandstone and the 

underlying Santa Rosa Sandstone. 

Although fractures in the Upper Trujillo Sandstone 

directly beneath fluid-filled impoundments may be partially 

clogged with mud and tar, the presence of these fractures 

affects water and contaminant flow through the Upper 

Trujillo Sandstone, as evidenced by the presence of cliff 

face seeps associated with these fractures. Eventual 

remediation of this site should take into account the 

likelihood of anisotropic groundwater flow direction caused 

by these fractures in the Trujillo Sandstone. 
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CHAPTER I 

INTRODUCTION 

History of the Col-Tex Site 

During the First World War (1917), oil was discovered in 

Mitchell County, Texas. By 1924, production was sufficient 

to justify the erection of a refinery just southwest of 

Colorado City, in central Mitchell County (Figure 1). In 

1926, directly south of the refinery, on the sandstone 

bluffs 100 feet above the Colorado River, construction was 

begun of a tank farm complex for storage of crude oil and 

petroleum products. As the refinery operated through the 

next four decades, twenty-seven tanks, some up to 12 0 feet 

in diameter, stood at this tank farm site, spread out over 

an area of about 2200 feet by 1700 feet. In addition, 

impoundments containing water, asphalt, oily sludge, soda-

ash, or lime were present. From 1924 until 1968, when 

refinery operations were moved elsewhere, this refinery-tank 

farm complex processed gasoline, aviation fuel, diesei fuel, 

and asphalt. Peak production in the late 1950s reached a 

throughput of 13,500 barrels of oil processed daily. Only 

one tank still exists at the tank farm site today, but the 

impoundments and tank berms remain (Figure 2). Several of 

these impoundments contain residues of oil and asphalt, and 

are bird-netted to protect migratory waterfowl (Geraghty & 

Miller, Inc., 1991) . 



SCALE IN MILES 

Figure 1: Map of area around the Col-Tex Site in 
Mitchell County, Texas (from Bunting, 1994) 



Figure 2: Sole petroleum storage tank remaining on the 
Col-Tex tank farm (1992). Impoundment in foreground is 
nearly dry. 



The abandoned remains of the main refinery complex lie 

directly to the north of the tank farm site, across the 

Missouri-Pacific railroad tracks, and at the foot of a 

sandstone bluff. The refinery complex and its associated 

tank farm are now under separate ownership, and access to 

the refinery complex itself was not obtained for this study. 

Therefore, ail data and observations in this thesis, unless 

otherwise noted, refer to the tank farm site, and not the 

abandoned refinery complex. 

General Description 

The Col-Tex tank farm was built upon nearly horizontal 

strata of the Upper Triassic Trujillo Sandstone of the 

Dockum Group, with up to two meters of younger (Quaternary) 

alluvial cover consisting of soil, sand, or gravel (Figure 

3). The Trujillo Sandstone is locally a cliff-forming unit, 

and the tank farm sits upon a bluff of this sandstone, 100 

feet above the Colorado River which runs adjacent to the 

eastern edge of the property, a few hundred yards from the 

impoundments. Relatively large areas of the Trujillo 

Sandstone are exposed at the surface, especially near the 

cliff face, and fracture patterns in this sandstone are 

therefore easily observable (Figure 4). In addition (see 

Bunting, 1994), the cliff outcrops easily allow one to 

reconstruct the three-dimensional facies architecture of 

this fluvial sandstone unit (Figure 5). Seepages from 
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Figure 4: Despite ample vegetation growth, fractures 
are clearly visible in this bedding plane exposure of 
the Trujillo Sandstone at the Col-Tex site. 



Figure 5: Missouri-Pacific Railroad cut at the 
northwestern edge of the Col-Tex site, showing 
alternated sandstone and siltstone-shale layers in 
upper Trujillo Sandstone. 
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perched water tables, formed where the relatively permeable 

and fractured sandstone rests upon a bed of shale, are 

readily seen in the cliff face. A 1991 inventory by 

Geraghty & Miller, Inc. estimates 1300 gallons of free oil, 

3.53 million gallons of water, 36,000 cubic yards of wet 

sludge, and 6000 cubic yards of dry sludge are present at 

this site in 22 impoundments (Geraghty & Miller, Inc., 

1991). As the fluid-filled impoundments and berms rest 

directly upon the fractured sandstone unit, this abandoned 

tank farm site presents a unique opportunity to observe 

fluid flov7 through a fractured rock unit. 

Rainfall at the study site averages about 2 0 inches per 

year, with a high of 35 inches recorded in 1957 and a low of 

11 inches recorded in 1910. Average annual temperature is 

64 degrees Fahrenheit (Geraghty & Miller, Inc., 1991). 

Seepage flow from the Trujillo Sandstone at the cliff face 

appears to bear an obvious correlation with rainfall, all 

seeps being active after heavy rainstorms, with greatly 

diminished flow when the weather is dry or freezing (Figure 

6). The general direction of the groundwater gradient in 

the upper Trujillo Sandstone is to the northeast, toward the 

Colorado River. Two significant ephemeral drainages at the 

site discharge rainwater runoff into the river during 

storms. Due to the topography, the groundwater gradient, 

estimated at 0.02 feet per foot at the center of the tank 

farm, steepens to 0.1 foot per foot where the Trujillo 
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Figure 6: Hydrocarbon film visible after rainstorm in 
an ephemeral drainage along the northeast side of the 
Col-Tex site. 



Sandstone is exposed adjacent to the Colorado River channel, 

as seen in Figure 7 (Geraghty & Miller, Inc., 1991). 

The soil developed on the Trujillo Sandstone, where 

present, is a sandy loam (Spade-Lantom association) with an 

8-inch reddish-brown surface layer underlain by 22 inches of 

reddish-brown to yellowish-red sandy clay loam about 22 

inches thick (U.S. Dept. of Agriculture, 1969). 

Although the asphalt and sludge impoundments are 

essentially sterile, life is surprisingly abundant and 

diverse at the tank farm site. Water-filled impoundments 

and berms serve as hatching places for dragonflies (order 

Odonata) and mayflies (order Ephemeroptera). These berms 

also contain frogs and turtles. One pond is nearly covered 

with cattails. Lizards, skunks, numerous coyotes, and hawks 

are often seen. Tarantulas and rattlesnakes are also 

present. 

In addition to residues of petroleum products, residual 

levels of refining materials, such as calcium oxide (or 

hydroxide) and lead have been found in trace amounts in soil 

samples. Elevated levels (somewhat above EPA drinking water 

standards) of phenols and cresols have been found in some, 

but not all, of the shallow water monitoring wells at the 

site (Geraghty & Miller, Inc., 1991). 

10 



Figure 7: Downstream view of the ephemeral drainage on 
the northeastern side of the Col-Tex site. State 
Highway no.377 and Missouri-Pacific Railroad bridges 
cross the Colorado River in the background. 
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CHAPTER II 

THE TRIASSIC DOCKUM GROUP IN MITCHELL 

COUNTY, TEXAS 

The area of study, in central Mitchell County, just 

southwest of Colorado City, Texas, overlies the eastern edge 

of the Midland Basin (Figure 8). Apart from thin surficial 

deposits of Quarternary alluvium and aeolian sediment, the 

Upper Triassic Dockum Group forms the bedrock of this area. 

Permian strata underlying the Dockum Group consist primarily 

of evaporites and clastic "red-beds" of the Guadalupian and 

Ochoan series (Shamburger, 1967). The regional dip of 

Permian strata is westward into the Midland Basin at 2 5 to 

30 feet per mile (Fink, 1963). Shale, siltstone, fine

grained sandstone, and significant deposits of halite, 

gypsum, and anhydrite make up the Permian formations in this 

region. Oil and gas have been produced from various deeper 

Permian and older formations in fields both north and west 

of the study site. Approximately 175 feet (53m) of Permian 

strata are exposed along the Colorado River, which runs 

south and east of the site (Fink, 1963). 

The Upper Triassic Dockum Group rests uncomfortably 

upon the Permian beds, and in ascending order, consists of 

the Santa Rosa, Tecovas, Trujillo, and Cooper Canyon 

formations. Sandstones in both the Santa Rosa and Trujillo 

act as aquifers in the Mitchell County area. An 

12 
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unconformity, representing Early and Middle Triassic time, 

separates the Permian and Triassic deposits. Although there 

is disagreement regarding the appropriate names for 

subdivisions of the Dockum in this area, the stratigraphic 

nomenclature advocated by Lehman (1994) and Bunting (1994) 

will be used in this study. 

The Santa Rosa Sandstone is a conglomeratic quartzose 

sandstone, generally less than 18m (60 ft) thick in the 

Mitchell County area, which contains thin beds of shale and 

siltstone. The Santa Rosa Sandstone accumulated in fluvial 

and deltaic environments (Fritz, 1991). 

The Santa Rosa Sandstone is easily distinguished in 

outcrop from the overlying Trujillo Sandstone. The Santa 

Rosa Sandstone has abundant chert pebbles in its lower 

conglomeratic facies, whereas the Trujillo conglomeratic 

facies are composed of sedimentary rock fragments, carbonate 

nodules, and yellow clay galls with little, if any, chert 

present. The Trujillo Sandstone also has a high mica 

content, causing the outcrops to sparkle in bright sunlight. 

Mica is rare or absent in the Santa Rosa Sandstone. The 

Santa Rosa is also a nearly pure quartzarenite, whereas the 

Trujillo Sandstone contains abundant iithic grains and 

feldspar. 

The Santa Rosa Sandstone crops out on the banks of the 

Colorado River about one kilometer east of the Col-Tex site 

(Figure 9). Because the overlying Tertiary Ogallala 

14 



Figure 9: Small outcrop of the Santa Rosa Sandstone on 
the north side of the Colorado River, about 1 kilometer 
east of the Col-Tex tank farm site. 
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Formation has been eroded away over most of Mitchell County, 

the Santa Rosa Sandstone is the primary aquifer for 

municipal and irrigation purposes in the Colorado City area. 

However, west of the Colorado River the Santa Rosa appears 

to contain a much higher percentage of red shale and clay 

than it contains to the east. A distinctive difference in 

salinity exists in the Santa Rosa aquifer east and west of 

the river, with wells more than a mile west of the river 

having a high salinity and dissolved mineral content 

(Shamburger, 1967). 

The Tecovas Formation overlies the Santa Rosa Sandstone 

and consists primarily of gray and red shale about 6-28m 

(20-90ft) thick in the Mitchell County area (see Bunting, 

1994). The Tecovas Formation is not well exposed in 

outcrops at the study site. However, the "blue shale" 

logged by workers excavating a trench adjacent to the 

Colorado River just north of the site is identified here as 

the Tecovas Formation. The "blue shale" is also noted in 

drillers' logs throughout the region east of the study site 

(Cura, Inc., 1992; see also Bunting, 1994). 

Save for less than two meters of Quaternary soil and 

alluvial cover, the Col-Tex tank farm site is built directly 

upon the Trujillo Sandstone. The Trujillo Sandstone is a 

red-bed sequence including both sandstone and shale facies, 

about 24m (78ft) thick in the Mitchell County area. 

Sandstone beds are dominant, in some places forming 

16 



prominent cliffs. In their extensive study of the Dockum 

Group, McGowen et al. (1979) considered the formation to 

have been deposited in a lacustrine environment. However, 

later researchers concluded that the Trujillo Sandstone is 

of fluvial origin (Frelier, 1987; May, 1988; Fritz, 1991). 

Frelier (1987) presented compelling arguments to suggest 

that the entire upper part of the Dockum Group is of fluvial 

origin. 

The sandstones of the Trujillo vary at the site in 

general appearance, hardness, and grain size. Exposures 

tend to be tan to light grey in color, although those which 

interbed with the abundant silty shale share the reddish 

cast of the shale. Some exposures have locally weathered to 

a very thin (1mm or less) brownish-black veneer, although 

this may be due to biological processes, or, in some cases, 

hydrocarbon staining. Frelier (1987) found that Dockum 

fluvial sandstones fall within the phyllarenite range (using 

Folk's classification, 1968). Grain sizes at the site range 

from fine sand (0.125-0.25mm) to conglomerate, with pebbles 

up to 10 or 20 millimeters in diameter being common. Thin, 

wavy bedded and ripple cross-laminated sandstones are easily 

crumbled with finger pressure, while pod-shaped bodies 

directly above and beneath may barely chip under severe 

hammer blows (Figure 10). Intervening shale beds in the 

sandstone vary greatly in thickness and overall dimension. 

Thus, any estimation of the physical strength of the 

17 



Figure 10: Differential weathering of the Trujillo 
Sandstone at the Col-Tex site. Hat indicates scale. 
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Trujillo Sandstone and its propensity to fracture must take 

into account the heterogeneities inherent in the formation. 

The original depositional environment appears to have been 

meandering stream channels, and many sedimentary facies are 

present (see Bunting, 1994). Paleocurrent direction in the 

Trujillo Sandstone at the Col-Tex site was generally to the 

north. 

The uppermost formation of the Dockum Group exposed in 

the Mitchell County area is known as the Cooper Canyon 

Formation. This formation consists primarily of red shale 

(Lehman, Chatterjee, and Schnable, 1992). While the Cooper 

Canyon Formation is not exposed on the bluffs surrounding 

the study site, it is readily seen in outcrops several miles 

east or west of the site. Sandstones in the Cooper Canyon 

Formation are petrographically identical to those of the 

Trujillo Sandstone, yet the Cooper Canyon Formation has a 

much higher percentage of interbedded mudstone (Chatterjee, 

1986; May, 1988; Lehman, Chatterjee, and Schnable, 1992). 

19 



CHAPTER III 

FRACTURES IN SEDIMENTARY ROCKS 

Exposures of Triassic strata at the Col-Tex site 

exhibit prominent fractures. These fractures may play a 

role in controlling the flow of groundwater at this site. A 

brief review of fractures in sedimentary rocks is given 

below, and the nature and origin of fractures observed at 

the Col-Tex site is discussed. 

Most rock outcrops of larger than infinitesimal size 

exhibit fractures (Dennis, 1987). Fractures are cracks in 

rock. If there has been little offset of the rock mass on 

either side of a fracture, the fracture is referred to as a 

"joint." If significant offset has occurred, the fractures 

are known as "faults." Fractures occur in ail rock types; 

however, this paper discusses primarily fractures in 

sedimentary rocks. Unconsolidated sediment seldom exhibits 

fracturing, although semi-consolidated sediment may deform 

by fracturing in response to desiccation, soil-forming 

processes, or "soft-sediment" deformation (Hobbs et al., 

1976) . Fractures in semi-consolidated sediment typically 

reflect local near-surface stresses, and occur before the 

sediment has been buried to any significant depth. 

Lithified sedimentary rock, such as strata of the 

Dockum Group, commonly exhibits fracturing. Some 

sedimentary rocks (e.g., sandstone, limestone) respond to 

20 



stress in a brittle (competent) fashion and are thus more 

susceptible to fracturing. Others (e.g., shale) respond to 

the same stress in a more ductile (incompetent) fashion, and 

are less likely to fracture. Hence, in an interbedded 

series of sandstones and shales, the sandstone beds may 

exhibit obvious fractures while the shale layers may not. 

Fractures may form by various mechanisms of deformation 

after a sedimentary rock unit has been lithified, usually by 

extension, compression, or shear of the rock mass. Such 

stresses may be caused by nearby tectonic activity, dilation 

of the rock body by uplift, pressure of overburden, or as a 

result of local and regional stress fields in the absence of 

more obvious deformation. Fractures may remain open 

following their formation, or they may be partially or 

completely filled by secondary minerals precipitated from 

groundwater, such as calcite or quartz (Hobbs et al., 1976). 

Groups of related fractures of common origin are known 

as joint sets, and are usually, though not exclusively, 

parallel to one another. An assemblage of joints present in 

an exposure, usually intersecting at fairly constant angles, 

is known as a joint system. Systematic joints consist of a 

regular pattern of fairly planar joints. Nonsystematic 

joints tend to be curved, and form irregular patterns. In 

many cases, the fracture system orientation may indicate the 

orientation of the causal stresses. 

21 



Origin of Joints 

Extension joints form due to tensional stresses exerted 

normal to the fracture surfaces. Extension joints will show 

little or no lateral displacement across the sides of the 

fracture, as the shear component of such a fracture is zero. 

Plumose structures occur only in extension fractures, as the 

lateral displacement across a joint surface associated with 

shear fracture will destroy these delicate structures 

(Dennis, 1987). In shear fractures, displacement occurs 

along the fracture surface. Shear fracturing is, in 

essence, faulting. Shear stresses will usually form two 

primary orientations of fractures with an obtuse angle 

between them. In shear fracturing, curved fractures are 

likely to form. Another fracture phenomenon associated with 

shearing is en echelon arrangement of staggered extension 

fractures along the plane of shear (Dennis, 1987). 

Pressure of overburden (lithostatic pressure) may also 

cause fractures to form. As lithostatic overburden stress 

increases on the rock to a magnitude of half the fracture 

strength of the rock, the volume of the rock body will 

decrease by a very small amount--less than one percent. As 

stress increases to more than half of the fracture strength 

of the rock, the rock begins irreversible strain, increasing 

slightly in volume as small cracks begin to open. This 

phenomenon is known as diiatancy (Hobbs et al., 1976). Such 

22 



fractures will be randomly distributed, as grains in the 

rock mass begin to lose contact with one another. 

Erosionai unloading may also cause fractures to form. 

In this instance, vertically compressed rock expands as its 

overburden is removed. In a horizontal sedimentary rock 

body (with no dip), erosionai unloading would relieve the 

stress upward, and fracturing would occur parallel to the 

free surface. Thus, unloading fractures would be 

essentially parallel to the bedding planes, causing a 

phenomenon known as sheeting (Hobbs et al., 1976). 

Downcutting by erosion results in unloading normal to the 

bedding in horizontal strata, and fracturing parallel to 

exposure surfaces. Relief instability will result in 

fracturing when erosion and gravity cause rocks to break 

away from a cliff face and slide away toward lower ground 

(Dennis, 1987). 

Groundwater dissolution of soluble rock layers (e.g., 

evaporites, carbonates) results in a similar style of 

unloading fractures in overlying strata. As the soluble 

layer is removed, overlying strata experience vertical 

extension, and in horizontal strata, fractures form parallel 

to bedding planes. Local "point source" dissolution may 

also result in low angle curviplanar fractures and collapse 

structures ("sinkholes" and "dolmes"). 

Abnormal pore pressure may also result in fracturing. 

Such fracturing is known as hydraulic fracturing, and begins 
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when pore pressure exceeds the lithostatic pressure of 

overburden. This phenomenon is commonly used to enhance 

petroleum recovery from reservoirs. Hydraulic extension 

fractures so induced, will tend to be horizontally oriented 

at shallow depths, and vertically oriented at deeper levels 

(Dennis, 1987) . 

Fracturing may also be caused by lateral compression 

induced by tectonism or igneous intrusion. Regional 

tectonic deformation may cause fracturing. As folding 

occurs, shortening of more than 3 6 percent will result in 

internal deformation of beds, and associated fracturing 

(Hobbs et al., 1976). The tectonic forces associated with 

earthquakes not only cause displacement along existing 

fractures, but may also open or enlarge existing fractures 

to relieve stress. 

Fundamental Joint System 

One system of joints is observed so frequently in 

sedimentary rock outcrops that it is known as the 

fundamental joint system (Dennis, 1987). Two nearly 

vertical joint sets, essentially perpendicular to each other 

and perpendicular to the bedding, occur. These two fracture 

sets, in combination with a third fracture set, parallel to 

the bedding, form a three-dimensional fracture system 

resulting in orthogonal blocks. One set of vertical 

fractures is usually dominant, and is hence known as the 
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dominant set. The other, less developed vertical fracture 

set, perpendicular to the dominant set, makes up the 

subsidiary set (Dennis, 1987). Bock (1980) believes that 

the fundamental joint system is characteristic of diiatancy 

caused by uplift (Dennis, 1987--see Figure 11). 

However, Lorentz, Teufel and Warpinski (1991) have 

argued that orthogonal jointing is unlikely to occur due to 

uplift alone, and have demonstrated that such jointing is 

more likely to be caused by anisotropic horizontal tectonic 

stresses. Lorentz, Teufel and Warpinski (1991) also disavow 

hydraulic fracturing as a mechanism for the fundamental 

joint system, demonstrating that hydraulic forces will not 

produce uniform vertical extension fractures typical of 

regional fracture sets. Significantly, they have also 

demonstrated that vertical extension fractures will be 

primarily oriented parallel to the greatest horizontal 

stress. Lorentz, Teufel, and Warpinski (1991) used regional 

fracturing associated with the Paleozoic Ouachita Orogeny of 

eastern Oklahoma to demonstrate that regional extension 

fractures parallel to the regional compressive stress may be 

produced up to 2 00 miles away from such an erogenic system. 

Fractures in Rocks of the Southern High 
Plains and Rolling Plains 

Several studies have documented fracturing in Permian, 

Triassic and younger strata around the High Plains region. 

On the Rolling Plains of north-central Texas, synclinal 
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Master (systematic) Joints KKf 

Cross Joints KKa 

Figure 11: The fundamental joint system (From Dennis, 
1987) . 
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depressions and joints seem to share a mutual trend in 

exposed Permian sedimentary rocks. At Caprock Canyons State 

Park in Briscoe County, systematic vertical fracture sets in 

Permian strata strike northwest, north-south, and northeast 

(Collins, 1984). These trends are similar to those shown by 

lineaments of the closed surface depressions on the Rolling 

Plains (Collins, Goldstein, and Gustavson, 1986). A few 

miles to the east of Caprock Canyons State Park, Gustavson 

and Finley (1985) found vertical surface fractures along 

State Highway 23 69 in central Hall County, where the highway 

is underlain by Permian strata. The orientation of these 

fractures ranges from N25E to N50E, and roughly parallels 

nearby surface depressions aligned N40E. Similar 

orientations of fractures have been observed in Triassic 

outcrops on the Southern High Plains (Gustavson and Finley, 

1985; Collins, Goldstein, and Gustavson, 1986). Green 

(1954) described N55E trending vertical fractures in the 

Trujillo Sandstone exposed in Oldham County along the 

Canadian River valley. Dissolution of Permian salt deposits 

underlying the Permian Basin area, and subsequent collapse 

of overlying strata, has been suggested as a mechanism for 

the formation of playa lakes and dolines on the Southern 

High Plains (Gustavson, 1986). Lineations defined by 

surface drainage patterns and playa lake basins on the High 

Plains also correspond to the orientation of regional 

vertical fracture sets in underlying strata (Reeves, 1970) . 
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Hence, it has been suggested that these surface geomorphic 

features may be controlled by a regional fracture system. A 

lineament map of north central Texas, taken from lineaments 

observed on Landsat remote sensing imagery, shows a distinct 

NE-trending lineament throughout northern Mitchell County 

(Finley, 1981, Figure 12). 

Relationship of Fractures to Laramide Orogeny 

The Laramide Orogeny, of Late Cretaceous to Eocene age, 

was a period of compressive deformation that affected large 

areas of southwest Texas and south-central New Mexico as 

well as the Rocky Mountain region of the western United 

States (McKnight, 1986). Stresses associated with Laramide 

tectonics in the Rocky Mountain region resulted in thrust-

faulting and folding indicative of E-NE compression. Such 

structures indicate a maximum principal stress primarily 

oriented about N45E (Chapin and Gather, 1983). Cepeda 

(1994) examined Landsat imagery and demonstrated two 

definite lineament trends (N to N15W and E to N70E) on the 

southwestern edge of the Colorado Plateau, which he believed 

to be related to tensional stresses associated with the 

Laramide Orogeny. Similarly oriented veins and dikes, which 

are assumed to form parallel to the greatest principal 

stress direction, were formed in the Trans-Pecos region of 

Texas during the Laramide Orogeny (Price and Henry, 1984; 

Erdlac, 1990). Much of the vertical fracturing in Permian 
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and younger strata on the Southern High Plains is oriented 

in a north-easterly direction (Collins, Goldstein, and 

Gustavson, 1986; Gustavson and Finley, 1985; Collins, 1984), 

and so it is possible that this fracturing is due to far-

field stresses associated with Laramide-age deformation to 

the southwest. Muehlberger (1980) has shown that structures 

up to several hundred kilometers from the front range of the 

Rocky Mountains (the leading edge of obvious Laramide 

deformation) have orientations compatible with the Laramide 

stress field. 

On the Southern High Plains, the vertical fractures are 

subordinate to larger numbers of horizontal and low angle 

fractures (Collins, 1984). The horizontal and low angle 

fractures are, however, restricted to Permian strata in 

areas of obvious salt dissolution. Only the vertical 

fractures extend upward through the overlying Triassic and 

younger strata. Moreover, where Collins (1984) examined the 

fracture systems in Permian strata, he used cross-cutting 

relationships and crystal growth patterns of gypsum fibers 

filling the fractures to indicate that the horizontal and 

inclined fractures were formed by vertical extension 

compatible with salt dissolution. Collins also observed: 

"where veins intersect, vertical veins are everywhere cut by 

inclined veins and nearly everywhere cut by the horizontal 

veins" (Collins, 1984, p.8). Cross-cutting relationships 

thus indicate that the vertical, northeast-trending 
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fractures formed first. It is likely, therefore, that the 

vertical fractures observed by Collins were already formed 

by horizontal far-field stresses when the shallow-dipping 

and bedding plane fractures formed by collapse as underlying 

evaporites dissolved. Hence, it is likely that the 

pervasive northeast-trending vertical fracture set (and 

subsidiary vertical sets) present in Permian and Triassic 

strata of the High Plains region resulted from horizontal 

compressional stress during the Laramide Orogeny. Fractures 

in Triassic strata at the Col-Tex site, documented below, 

are also compatible with such an origin. 
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CHAPTER IV 

FRACTURES AT THE COL-TEX SITE 

The Col-Tex tank farm site rests on a sandstone bluff 

exposing a 30m (100 ft) section of nearly horizontally 

bedded strata assigned to the Trujillo Sandstone. The 

underlying Tecovas Formation is not well exposed at the 

site, owing to talus cover, and the closest nearby outcrop 

of the Santa Rosa Sandstone is found in a small bluff along 

the bank of the Colorado River, about one half mile to the 

east of the site. Fracture patterns were observed at ten 

exposures of the Trujillo Sandstone on the site, primarily 

adjacent to the highest cliff face (Figure 13). Where 

fractures intersect the cliff face, it is possible to 

measure the dip of the fractures. Most of the fractures 

observed are within 3 degrees of vertical, and locally act 

as seeps at the cliff face from perched water tables where 

the sandstone beds rest upon shale (Figures 14 and 15). 

Fracture measurement areas varied in size from about 13 

square meters to 400 meters square. Due to the irregular 

shape of the exposed areas, and cover by vegetation or 

alluvium, the actual surface area of exposed outcrop is 

usually only one half the area shown on the map. Hence, an 

area seen in Figure 13 as being 11m by 8m is recorded as 
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Figure 14: Hydrocarbon staining along the base of the 
upper sandstone unit in the Trujillo Sandstone at the 
Col-Tex site cliff face, associated with a fracture 
(above hat). 
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Figure 15: Both fine-grained and conglomeratic 
sandstones are present in the Trujillo Sandstone at 
this northern cliff face outcrop at the Col-Tex site. 
Note dark hydrocarbon staining at several levels in the 
sandstone. 
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only 44 square meters of exposed area, rather than 88 meters 

square (Figure 16). 

A total of 62 6 fractures were measured with a graduated 

stadia rod, and their orientations determined with a Brunton 

pocket transit. Twenty-three fractures, which are 

associated with active or inactive seeps intersecting the 

cliff face, have their strikes recorded. Due to difficulty 

in accurate measurement, no fractures less than 0.3m in 

length were recorded. The majority of the fractures were 

measured at or near the cliff face. Fractures measured 

ranged from 0.3m to over 7.5m in length. Average length of 

fractures measured was approximately 1.2m. Only 100 of the 

62 6 fractures measured were over 2m in length. 

The nearly vertical inclination of the fractures 

indicates that the fractures formed by horizontal extension. 

Bi-directional rose diagrams, using the Vector Rose program 

(Zippi, 1988), were constructed from the data, using a 10 

degree class interval (Figures 17a-17o). The Vector Rose 

program creates a rose diagram (polar histogram) which shows 

strikes of fractures directly in relation to compass 

direction. Although such diagrams do not show dip, they are 

useful when the majority of fractures are essentially 

vertical. The length of each line is proportional to the 

number of measurements falling within the class interval (in 

this case, ten degrees). By shading each interval, a 
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Figure 16: Fractured Trujillo Sandstone outcrop at 
eastern edge of the Col-Tex site. Note extensive 
vegetation growth. 
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Figure 17: Bidirectional statistics of fractures in 
upper Trujillo Sandstone at Col-Tex tank farm site. 
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Max%=N/Max. 
Mode=predominant 10 degree class interval. 
Mean=arithmetic mean vector. 
Ang. Dev.=angular deviation. 
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striking graphic representation of a group of closely 

aligned fractures becomes apparent (Dennis, 1987). 

Note that a definite fracture trend (about N50E) occurs 

at nearly all the fracture sites, with a small, yet 

significant occurrence of fractures approximately at right 

angles to this direction. These right-angle fractures 

appear to correspond to the dominant and subsidiary fracture 

sets of orthogonal jointing in the fundamental joint set 

(Figure 18). The mean joint orientation at the individual 

sites ranges from N32E to N79E, yet of the 11 sites where 

fracture orientation was taken, 9 of these sites have mean 

fracture orientations within 12 degrees of the mean for all 

sites (N43E). The two exceptions. Site 4A at N65E and Site 

Unlabelled 2 at N79E were very near the cliff edge, and no 

doubt recent fracturing parallel to the nearly east-west 

cliff face skewed the data for these two sites. With the 

exceptions of these two anomalies, there is no apparent 

change in joint orientation across the Col-Tex site. A 

significant number of east-west trending fractures are also 

seen in the rose diagram for Cliff Face A, but east-west 

fractures almost exactly parallel the nearby cliff face, and 

are probably the result of modern relief instability of the 

cliff face itself, as erosion progressively undermines and 

pulls rock away from the cliff face by gravity sliding. 

Most (98.4%) of the fractures remain open. The 

remainder (1.6%) are filled either by coarsely crystalline 
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Figure 18: Crude orthogonal (right-angle) fractures in 
the Trujillo Sandstone at the Col-Tex site. Camera 
lens cap indicates scale. 
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calcite or caliche (Figure 19). Calcite fracture filling 

was observed in only 10 of the 62 6 fractures, and five of 

the filled fractures were at one site, away from the cliff 

face. In wider fractures, the fracture fill appears to be a 

caliche-like material, which may have formed 

contemporaneously with a caliche horizon in the former soil 

cover. At one cliff-face seep, however, dog-tooth calcite 

spar is observed. Other fractures at the cliff face show 

well-developed plumose structure, and no fracture filling. 

At the small outcrop of Santa Rosa Sandstone, observed 

on the bank of the Colorado River downstream from the site, 

4 fractures were noted and orientations taken (Figure 20). 

While one fracture trends slightly northwest, the remaining 

three trend from N3 8E to N41E. Although generalizations are 

difficult to make with such sparse data, these orientations 

are in general agreement with the prevailing fracture trend 

(N50E) observed in the Trujillo Sandstone at the site. 

A total length of 742.3m of fractures was measured in 

the Trujillo Sandstone, in an exposed area of 1004 square 

meters, giving a fracture density of 0.74m of fracture 

length per square meter of exposure. Assuming an average 

fracture width of 1mm, the total cross-sectional area of 

fractures examined is 0.74m^ in a subareally exposed surface 

of 1004m% giving a fracture to matrix ratio of 7.39x10"% or 

less than 1 in ten thousand. 
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Figure 19: Bedding plane view of calcite-filled 
fractures at eastern part of the Col-Tex site. 12-gauge 
shotgun shell indicates scale. 
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Fiaure 20: Outcrop of Santa Rosa Sandstone along bank 
of Co!orado River about 1 kilometer east of Col-Tex 
tank farm site. This fracture measurement site is on 
the upper surface of the outcrop shown in Figure 9. 
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CHAPTER V 

SEEPS 

Twelve distinct surface seeps, showing evidence of past 

or present fluid flow, were found associated with fractures 

or slump blocks along the northern cliff face at the Col-Tex 

site (Figure 21). These seeps provide direct evidence for 

the influence of fractures on fluid migration beneath the 

Col-Tex site. Geraghty & Miller, Inc. (1991) found that 

only five of these seeps had sufficient flow for water 

samples to be taken for analysis. These seeps discharge 

primarily at vertical fractures through the Trujillo 

Sandstone, and fluid flow appears to be concentrated where 

the top 5m to 7m of sandstone rests upon the shale layer 

beneath. These fractures are in most cases within 5 degrees 

of vertical, although out of a total of 28 fractures 

measured and associated with seeps, five had dips to the 

east of 50 degrees to 80 degrees, and two had dips of 71 

degrees and 3 8 degrees to the west. One fracture, dipping 50 

degrees east, is associated with a small normal fault. 

Only about half of the fractures completely or nearly 

completely penetrate the entire thickness of the upper 

sandstone in the Trujillo down to the underlying shale. One 

fracture associated with a seep only cuts a 200mm thick bed 

in a 2.8m thick sandstone. Twenty-one of twenty-eight 

fracture seeps strike to the northeast, primarily in the 
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Figure 21: Location of 
seepage and surface flow 
at the Col-Tex tank fa 
site (after Geraghty & 
Miller, Inc., 1991). 
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N3 0E to N45E range, although the strike of fractures 

associated with seeps may range from N17E to N70E. Six of 

the seep fractures strike from N15W to N50W. One N85W seep 

fracture is essentially parallel to the cliff face, and may 

be the result of fracturing parallel to the exposure surface 

(relief instability) and subsequent slumping. Fluid flow 

from fractures varies at present. Probably none of these 

fracture seeps emit more than one liter of fluid per day, 

except under rainy conditions, and several showed no 

observable flow during the course of this study. 

Hydrocarbon staining is found, however, even on fractures 

where no recent flow was observed. 

Source of Seeps 

The source of fluid for the seeps appears to be either 

a single perched water table or a series of perched water 

tables in the upper 5m to 7m of Trujillo Sandstone. It is 

likely that the less permeable shale layer underneath acts 

as the defining aquitard. The shale layer within the 

Trujillo Sandstone is a brick-red to grey-green shale 

varying in thickness from 10cm to 10.3m in outcrop, and 

ranges in texture from extremely fine clay to siltstone with 

interbedded sandstone. As with other layers or lenses of 

the Trujillo Sandstone, the shale may pinch out entirely at 

some localities, although it likely forms a more-or-less 

continuous "blanket" beneath the upper layer of Trujillo 
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Sandstone at the site. However, without extensive drilling, 

the latter hypothesis is impossible to verify. 

Although the shale may be fractured by forces similar 

to those which fractured the overlying Trujillo Sandstone 

and underlying Santa Rosa Sandstone, the ductile nature of 

the shale may cause the fractures to be essentially self-

sealing. This hypothesis was also impossible to verify by 

field observation. 

The porosity and permeability of the intervening shale 

layer has been measured as 7.1 to 10.6% non-fracture 

porosity, with 0.0014d to 0.0082d vertical permeability, and 

0.0015d to 0.0091d horizontal permeability, respectively 

(Bunting, 1994). 

Seep fluid composition varies from seep to seep. 

Hydrocarbon content of the seep fluids is relatively low, 

usually 2 to 3 milligrams of petroleum hydrocarbons per 

liter (Geraghty & Miller, Inc., 1991). However, one 

seepage, located alongside a slump block 3 0 meters north of 

a former impoundment and cooling tower (designated P-16 by 

Geraghty & Miller, Inc., 1991) has a petroleum hydrocarbon 

content of 20 mg per liter (Figure 22). Phenols, 

dimethylphenols, cresols, butanones, ethybenzene, toluene, 

and xylenes were detected in nearly all the cliff-face seeps 

(Geraghty & Miller, Inc., 1991). Due to the presence of 

arsenic, chromium, and lead in one or more impoundments, 

concentrations of these metals in excess of Environmental 
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Figure 22: Hydrocarbon staining at a cliff face seepage 
in the upper Trujillo Sandstone at the Col-Tex tank 
farm site. 
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Protection Agency maximum contaminant levels (MCLs) were 

detected in one or more of the cliff-face seeps. Other 

contaminants, such as lead, were detected in amounts below 

the EPA MCLs (Geraghty & Miller, Inc., 1991). 

Wet oil staining or dried oil-dirt "stalactites" were 

noted at the seeps, and hydrocarbon odor is usually present. 

Five of the seeps emitted visible oil. One particularly 

active seep (Figure 22) has a damp, l-2mm thick crust of 

white to blackish green substance coating the wet sandstone 

surface. Minor white salt crusts or stains were present at 

two or three other seeps. One seep-associated fracture is 

lined with well-developed calcite spar crystals, although 

these presumably are relatively ancient and unconnected to 

refinery operations. 

Surface Water Flow 

In addition to the fracture-associated seeps on the 

north cliff face, surface water flow is also affected by the 

presence of three ephemeral surface drainages which have 

their headwaters in the impoundment areas. One surface 

drainage is located in the northwestern section of the tank 

farm area, and two drain the northeastern side of the tank 

farm property, terminating at the Colorado River. Fluid 

flow and staining is observable in these ephemeral surface 

drainages. Geraghty & Miller, Inc., (1991) examined surface 
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flow in these draws as well as seepage from cliff face 

fractures (Figure 23). 

In the northwestern draw, trace amounts (0.012 PPM) of 

cyanide were found. Cyanide was not detected in the flow 

from any other seep, although cyanide was in fluid of three 

of the impoundments, and was detected in the sludges of all 

but two of them (Geraghty & Miller, Inc., 1991). The 

northwestern seep drains into a fairly large (60 x 75m) 

impoundment filled with water. Although none of the storage 

tank berms drain directly into this draw, the seepage 

products and staining appear to indicate that there is some 

subsurface hydrologic connection with this seep and 

impoundments southeast and uphill from it. A thin 

hydrocarbon film is visible in this impoundment. 

The two draws on the eastern side of the property drain 

more-or-less directly from an impoundment filled with one 

meter of solid white laminated calcareous sediment 

consisting of a combination of spent caustic soda, soda ash, 

and lime from refinery operations (Figure 24). Although a 

berm once separated this impoundment from both of these 

draws, the berm was breached by erosion several years ago, 

as evidenced by a large salt cedar bush growing in the area 

of the breach. 

The elevation from the tank farm impoundments to the 

Colorado River involves a drop of about 3 0m, and along the 

cliff, the gradient of the draws is as much as 0.15. 
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Figure 23: 
associated 
site. 

Petroleum-stained strata, at a seep not 
with fracturing at the Col-Tex tank farm 
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Figure 24: View of carbonate crust and fill of a 
breached former evaporation pond on the northeastern 
side of the Col-Tex tank farm site. 
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visible oil is present as a seepage product in all three 

draws, yet no oil staining connected with the northeastern 

drainages is visible where these empty into the Colorado 

River. The relatively long (3 00m) distance to the river may 

"filter" visible contaminants through surface sand and 

alluvium. However, a black sludge is present in the bed of 

the Colorado River downstream from the terminus of these 

draws. 
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CHAPTER VI 

CONTAMINANT FLOW AND TRANSPORT 

Overview 

Generally speaking, most areas of the Earth's surface 

are underlain by groundwater. If and when a contaminant 

spill occurs on the surface, it must pass downward through 

an unsaturated, or vadose, zone before it reaches an aquifer 

(any subsurface rock or stratum containing groundwater). 

Usually, an aquifer is a fairly porous and permeable rock 

such as a sandstone, although loose alluvial material such 

as gravel, or highly fractured crystalline rock may also 

have a high water-bearing capacity. Aquifers may be bound 

by aquitards, which are layers or strata which do not 

readily transfer fluids. An aquitard of fairly "tight," 

impermeable material, such as shale or siltstone, may 

locally isolate an upper saturated zone from a lower 

saturated zone. In such a case, the upper water lens is 

referred to as a perched water table (Todd, 1980). 

Although water flow in a saturated zone may be modeled 

fairly easily, flow in the unsaturated zone presents a 

complex set of problems. While fractures or other 

macropores enhance flow in the saturated zone, the presence 

of a third component to the water-matrix flow equation is 

added when air is also present. Capillary action and 

surface tension may cause flow to be inhibited or stopped 

entirely in small fractures or in the intergranular 
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porosity. Thus a capillary fringe of unsaturated, but 

water-bearing, soil or strata may exist to a distance of 

several meters above the actual water table of an aquifer, 

dependent on the grain size of the matrix or the diameter of 

the fractures (Palmer, 1992). 

The movement of water in the saturated zone obeys the 

Darcy equation. Henry Darcy (1856) demonstrated that, in 

the saturated zone, the volume of water that passes through 

a bed of sand is proportional to the head gradient and 

inversely proportional to the thickness of the bed traversed 

(Todd, 1980) . Factors which may influence the rate at which 

the water flows include the porosity, permeability, 

hydraulic conductivity, and transmissivity. Porosity is the 

volume of pore space for a given volume of matrix, and may 

include either intragranular porosity, fracture porosity, or 

both. Porosity is expressed as a percentage. Permeability 

(k) is the ability of a rock or soil to transmit any fluid 

(not necessarily water), and has units of area, usually on 

the order of 1 x 10''' m' (Todd, 1980) . Hydraulic 

conductivity combines the effects of the rock permeability 

with the effects of fluid properties of density and 

viscosity. Hydraulic conductivity has units of velocity. 

It is important to note that in unsaturated flow in the 

vadose zone, the unsaturated hydraulic conductivity varies 

with soil moisture content (Palmer, 1992). 
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Flow in crystalline rocks is usually limited to 

fractures, as the porosity and permeability of unfractured 

igneous or metamorphic rocks are very low. However, 

sedimentary rocks such as sandstone have abundant 

intergranular pore space. Carbonate rocks, such as 

limestones, have limited inherent permeability, unless they 

are quite coarse-textured; yet dissolution and enlargement 

of existing fractures is prevalent, especially when the 

groundwater is slightly acidic. Hence, limestone may form 

an excellent aquifer. Shales, siltstones, and other 

mudstones have low porosity, and vertical permeability is 

usually extremely limited. Fractures in soft shales and 

siltstones tend to be inherently self-sealing, yet due to 

the nature of the bedding, horizontal permeability along 

bedding planes may exceed the vertical permeability by an 

order of magnitude or more. 

Floaters and Sinkers 

Contaminants are either as dense as, lighter than, or 

heavier than, water. Generally speaking, contaminants 

dissolved in water do not affect the specific gravity of 

water significantly. Therefore, the transport of miscible 

pollutants may be predicted using equations for the flow of 

water. Other liquid contaminants, either lighter than or 

heavier than water, are known colloquially as "floaters" and 

"sinkers". Light, non-aqueous phase liquids (LNAPLs) 
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include most petroleum distillates, with the exception of 

tars and asphalt. These light fluids tend to be essentially 

immiscible in water, and less viscous than water. Many are 

volatile and may be present as a vapor phase as well as a 

fluid phase. Heavy pollutants which do not mix with water 

are known as dense, non-aqueous phase liquids, abbreviated 

as DNAPLs. These include chlorinated solvents, creosotes, 

and PCB oils (Kueper and McWhorter, 1991). 

No solvents, creosotes, or PCBs are known to be present 

at the Col-Tex site, and presumably the only DNAPLs present 

would be asphalt and tar. These petroleum products are 

present in solid or semi-solid form, and unlikely to migrate 

off site. Hence, it is possible that these heavy, sticky 

products may be removed by conventional excavation methods. 

While tar and asphalt may pose a threat to groundwater, the 

prevalence of asphalt and tar blacktop roads indicates that 

these compounds tend to be fairly stable. 

Fluid Flow in Unsaturated Fractured Rock 

The presence of fractures in a rock unit will greatly 

influence its permeability and porosity. Henry Darcy (1856) 

determined that the flow rate through porous media is 

proportional to the loss in head, or hydraulic pressure, in 

passing through the media, and inversely proportional to the 

length of the flow path. This relationship for 
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one-dimensional flow is known as Darcy's Law (Todd, 1980) 

In general terms, Darcy's Law is stated: 

Q dh 
V = - = -K — , (1) 

A dl 

where v = the Darcy velocity (specific discharge) expressed 

in units of length/time, Q = flow rate (volume/time), and A 

= the cross-sectional area through which flow is 

transmitted. K is the hydraulic conductivity, and — is 
dl 

the hydraulic gradient, a dimensionless quantity related to 

the change in hydraulic head per linear distance travelled 

(Todd, 1980) . This equation works well for laminar flow in 

the absence of large fractures or channels. 

The hydraulic conductivity, K, may therefore be defined 

as the specific discharge per unit hydraulic gradient (Bear 

and Verruijt, 1987), and may be expressed as: 

K = ^ , (2) 

where k = intrinsic permeability, measured in units of 

length squared, p = fluid density (mass/volume) , and |LI = 

fluid viscosity (inherent resistance to flow) expressed as 

(force time/length). 
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Using Darcy-s Law, fluid flow within smooth-walled 

fractures resulting from an imposed head gradient may be 

calculated if the permeability and the cross-sectional area 

of the fractures are known. Combining eq. 1 and eq. 2: 

Q = — Apg — . (3) 
ILl dl ^^' 

For laminar flow through a small aperture, where e 

aperture width, intrinsic permeability follows the 

relationship (from Rasmussen, 1989): 

e 
12 ^^' 

Combining terms, an equation relating fluid flow to cube of 

aperture width for length of fracture w (Rasmussen, 1989) is 

given by: 

Q = 

r, dh 
e-̂  wpg dl (5) 

12^ 

Thus an estimation may be made of vertical fluid flow 

through fractures at the Col-Tex site. This, however, 

requires the assumption that any and all contaminants 

present are dissolved in groundwater, and that the water 

viscosity is essentially unchanged. Chemical reactions 

66 



among the contaminants themselves, and the aquifer matrix, 

will not be taken into account. 

Fluid Flow Through Fractures at the Col-Tex Site 

Using the data gathered at the site, fluid flow through 

fractures at the Col-Tex site may be determined. At the 

Col-Tex site, average fracture width observed is 1mm. 

Average annual temperature is 64 degrees F (Geraghty & 

Miller, Inc., 1991), so a viscosity figure may be derived 

(Daugherty, Franzini, and Finnemore, 1985). That figure is 

|Ll= 1.065 X 10"̂  kg/sec . meter. 

The acceleration of gravity, g, is approximately 9.8 

meters per second squared. Using w = 1 meter for unit 

length of fracture, the flow Q may be calculated through a 

vertical fracture 1mm wide and 1 meter long under the force 

of gravity: Q = 7.6586 x 10"' mVsec. With 86400 seconds 

per day, Q = 66.17 mVday per meter of fracture. 

In outcrop, 742.3m of fractures were measured on an 

area 1004 meters square, not counting fractures less than 

0.3 meters in length. Fracture density is therefore 0.74m 

per square meter of sandstone. Assuming that the same 

fracture density applies to the floors of the impoundments, 

the 51800m'of impoundments would have approximately 38300 

linear meters of fracture, at an average width of 1mm. 

According to these calculations, approximately 2.5 million 

cubic meters of water could drain through the fractures 
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beneath the impoundments per day. This volume is equivalent 

to over 670 million gallons per day. 

However, since the impoundments were only estimated by 

Geraghty and Miller, Inc. (1991) to hold 3.53 million 

gallons of water at the time of their study, such a massive 

flow of water to the underlying aquifer is not likely; 

otherwise the impoundments would drain in little more than 

seven minutes. This calculation does not include the 

effects of fractures less than 0.3 meters long. Obviously, 

the assumptions used to make this calculation are overly 

simplistic. 

Gravity is not the only driving mechanism. Capillary 

forces of cohesion among the fluid molecules themselves, and 

the adhesive forces between the fluid and rock surface, may 

impede flow (Pruess and Tsang, 1989). If the matrix is 

porous as well as fractured, such effects are heightened. 

In unsaturated flow, with the fractures not completely 

filled with fluid, the pressure in the liquid phase drops 

below atmospheric pressure. As capillary force is inversely 

proportional to the fracture or pore aperture, the large 

apertures will drain first. Fluid is trapped in the smaller 

apertures as the liquid phase (in unsaturated flow) is 

surrounded by air, causing resistance to flow along the 

fracture plane. As the fracture drains, its permeability 

will decrease by several orders of magnitude as the pressure 

becomes even smaller than that of the matrix. 
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The assumption that the fractured sandstone surface is 

smooth and glass-like must also be discarded. The fractures 

are not perfectly straight. The impoundments today have 

relatively impervious bottoms, owing to impregnation by tar 

and asphalt, and the fractures underlying them are likely to 

be partially or completely filled with mud, tar, or sludge. 

Bunting (1994) measured the non-fracture porosity of the 

unsaturated sandstone as 7.1% to 10.6%; thus the non-

fracture flow through the sandstone is undoubtedly 

significant. The presence of a shale layer 5m to 7m below 

the top of the Trujillo Sandstone in this location no doubt 

impedes downward flow. Last but not least, relatively few 

of the fractures appear to penetrate the sandstone bed all 

the way down to the shale layer 5m to 7m below. The 

sandstone bedding is such that individual layers of 

sandstone may be as little as 10cm or as much as Im thick, 

and many fractures penetrate only one or two of these 

individual layers, though a few do penetrate all the way to 

the shale section below. Although a very small portion of 

the cliff face is approximately level with the impoundments, 

the majority of the cliff face has eroded to a level 3m 

below them. Thus, only 1.5m to 2.8m of sandstone is present 

above the shale layer along the cliff face, or only half the 

thickness of sandstone overlying the siltstone layer beneath 

the impoundments. Therefore, due to the limitations of the 
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subsurface flow model just presented, an alternate model is 

proposed in the following section. 
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CHAPTER VII 

AN ALTERNATIVE FLUID FLOW MODEL 

As the model for fracture flow into the substrate 

yields an unreasonably high amount of permeability, with an 

unreasonably short drainage time, perhaps another model may 

be more useful. A more traditional model may be 

hypothesized, that neglects the effect of fractures and 

looks at only the porosity and permeability of the 

unfractured sandstone and siltstone which comprise the upper 

Trujillo Sandstone. Bunting (1994) determined porosity and 

permeability measurements for samples of the eight typical 

lithofacies of the Trujillo Sandstone found at the Col-Tex 

site (Table 1). Using these data, both best-case (maximum 

porosity and permeability) and worst case (minimum porosity 

and permeability) scenarios for vertical one-dimensional 

flow may be constructed, based upon stratigraphic cross-

section measurements of the upper Trujillo Sandstone at the 

Col-Tex site. 

Using the Darcy equation for vertical flow through a 

multi-layered aquifer. 

£zi 
i = l 

rVz n ry 
(6) 
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one may determine the amount of vertical flow possible 

through a multilayered system where each layer i has 

thickness Z and hydraulic conductivity K, comprising 

different permeabilities and porosities. At one seep, 

designated seep #0, the "worst-case" (minimum permeability) 

model was used, based on the observed stratigraphy of 15cm 

of conglomerate (K=0.00087d) resting on 1.35m of fine cross-

bedded sandstone (k=0.0012d) supported by 1.5m of shale-

siltstone (k=0.0014d). These are the minimum permeabilities 

for these facies, and a condition of no fracturing is 

assumed. The thicknesses in this minimum permeability model 

were based upon use of the maximum thicknesses observed of 

these very impermeable facies at the site. 

In this case, the vertical flow through all three 

units, assuming total saturation of porosity and unit head 

gradient, was 1.07 liters of water per day per meter squared 

of surface area. 

It is interesting to note that in this, the worst-case, 

minimum permeability scenario, the permeability of the 

siltstone is actually greater than that of the sandstone 

above it. If this is the case, why, then, do perched water 

tables presumably form above the siltstone? One answer may 

be the artificiality of assuming no fractures. Although it 

is impossible to ascertain, it is likely that the siltstone, 

being more plastic and less brittle than the overlying 

sandstone, is less susceptible to fracture. Field 
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observations of the cliff face seeps would appear to bear 

this assertion out. Cliff-face fractures are often observed 

in the sandstone or conglomerate facies, yet these fractures 

do not appear to continue into the underlying siltstone. 

However, slumping where the siltstone is exposed may have 

obscured such fractures, yet the plasticity responsible for 

the slumping may cause fractures in the siltstone, where 

present, to be somewhat self-sealing. 

Alternately, a "best-case," maximum permeability model 

was made, assuming 6m of more permeable (2.Id) sandstone 

supported by 1.5m of shale-siltstone of maximum vertical 

permeability (0.0082d). These thicknesses were based on 

actual thicknesses observed at the site. This model yielded 

a vertical flow, under best-case (saturated) conditions of 

33.8 liters per day per meter squared through both layers, 

or 1779 liters per day through the sandstone alone, showing 

that, in this case at least, the siltstone-shale layer does 

considerably impede flow (Figure 25) . 

Horizontal flow in the sandstone, conglomerate and 

siltstone-shale layers, in the worst-case, minimum porosity 

model, was determined using a gradient of 0.02, based upon 

the topography from the center of the site to the surface of 

the Colorado River. Flow ranged from 0.27 liters per day 

per meter squared through the shale-siltstone (k=0.016d), to 

0.46 liters per day per meter squared through the overlying 

sandstone (k=0.027d). The overlying conglomerate gave a 
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layers in Upper Trujillo Sandstone at the Col-Tex tank 
farm site. 
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higher flow rate of 5.22 liters per day per meter squared 

due to high fracture permeability in the sample (k=0.313d). 

This horizontal fracture permeability is approximately 3 60 

times the vertical unfractured permeability (k=0.00087d) , 

which could easily explain why seeps along the cliff face 

outcrop are almost invariably associated with fractures. 

Also, this abrupt change in permeability would explain the 

perched water tables known to exist above the shale and 

siltstone layer. 

This "best-case," maximum permeability scenario 

therefore appears superior to the "worst-case" minimum 

permeability scenario for flow in a unfractured medium. 

Assuming the highly simplified model is valid, the actual 

non-fractured permeability lies somewhere between the two 

extremes, although observation of actual conditions tends to 

support the maximum permeability model. 

This model totally neglects the effect of the fractures 

in vertical flow--hence, one obtains the most "reasonable" 

flow figures by assuming the fractures do not exist. Yet 

the fractures do exist, and that fact cannot easily be 

ignored. Therefore, one or more of the three aforementioned 

limiting factors: (1) clogging of fractures beneath the 

impoundments, (2) fractures not penetrating all layers of 

the Trujillo Sandstone above the siltstone and shale layers, 

and (3) the plastic, self-sealing nature of the siltstone 

and shale layers, are assumed to be present. The first 
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factor, the clogging of fractures, was not directly 

observable by the field methods used, but is nonetheless 

intuitively attractive. It seems reasonable to imagine that 

many of the fractures beneath the impoundments are plugged 

with soil and sludge. The other two limiting factors cannot 

be directly observed beneath the impoundments, but their 

presence may be inferred from observation of the cliff face 

seeps. 

One cannot say that the fractures in the upper layer of 

the Trujillo Sandstone have no effect on subsurface flow at 

the site. Although the fractures may be clogged to some 

depth directly beneath the impoundments, it must be 

remembered that the impoundments make up only a fraction of 

the surface of the site. Hence, outside the perimeters of 

the original impoundment areas, the fractures may have a 

significant effect on any contaminant remediation scheme. 

Limits of the Modelling Process 

It must be remembered that these models are extreme 

simplifications. Bunting's study (1994) demonstrates that 

the stratigraphy of this site does not reflect a simple, 

homogeneous layered system. The number and thickness of 

sandstone, siltstone and shale beds varies across the site, 

as does the permeability at different points in the same 

facies. 
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Observation of the cliff-face seeps forces the 

conclusion that the fractures in the Trujillo Sandstone do 

have an effect on groundwater flow. However, the 

variability of the parameters involved make their effects 

difficult to quantify precisely. 
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CHAPTER VIII 

POSSIBLE REMEDIATION STRATEGIES 

Given that there are petroleum-based pollutants on the 

Col-Tex site, and that these may not disperse or degrade by 

themselves in any reasonable time frame, a plan for 

remediation would appear to be in order. Since hydrocarbon 

spills, unfortunately, occur with great regularity in the 

modern world, various schemes of remediation have been 

developed over the years with varying degrees of success. 

However, each remediation scheme is required to be site-

specific, as a plan which may have great success in a small 

area of fractured limestone may not necessarily be 

applicable to a site consisting of a large expanse of 

alluvium. The following is a discussion of the various 

remediation techniques currently in use for hydrocarbon 

spills (Palmer, 1992). Several of these techniques may 

ultimately be employed at the Col-Tex site. The recognition 

of fracture-controlled fluid migration at the Col-Tex site 

may influence selection of appropriate remediation 

strategies. 

Excavation 

Excavation involves the removal of contaminated 

material (usually soil) from a site for treatment or 

disposal elsewhere (Palmer, 1992) . While such a technique 
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may be viable for areas of small spills and friable material 

such as loose soil or alluvium, excavation of many cubic 

yards of sandstone at the Col-Tex site would involve 

expensive, impractical "quarrying" techniques to remove the 

contaminated rock. Afterward, the question of what to do 

with thousands, if not tens of thousands, of tons of 

contaminated sandstone remains to be resolved. Such a 

technique would also be likely to transfer some of the 

contaminants to the underlying substrate, not to mention 

leaving a site which currently teems with plant and animal 

life denuded. For the aforementioned reasons, excavation 

does not appear to be a viable remediation scheme for the 

Col-Tex site. Therefore, one of the following pump-and-

treat methods may prove more suitable. 

Air Stripping 

In the air stripping process, contaminated groundwater 

is pumped into a tower filled with packing material. 

Volatile compounds are removed by blowing air into the base 

of the water column. The volatile compounds removed by this 

process may either be released directly into the atmosphere 

if local air quality laws permit, or may be adsorbed onto 

carbon for disposal elsewhere (Palmer, 1992). Such a 

treatment process may be usable at the Col-Tex site, based 

upon the cost of such a treatment, although heavier, non

volatile petroleum products on site (such as tars and 

80 



asphalt) would need to be removed separately. However, a 

thorough study of the site and the contaminants therein 

would be required to determine whether such a technique 

would be cost-effective in dealing with the site's unique 

set of problems. 

Carbon Bed Adsorption 

In this technique, contaminated water is pumped 

directly into beds of activated carbon, which adsorbs most 

petroleum-based contaminants. As the carbon must be 

frequently replaced as hydrocarbons and other organics are 

adsorbed onto its surface, such a technique may be very high 

in cost (Palmer, 1992) . Also, unless the carbon is 

regenerated, a suitable site for the disposal of the 

contaminated carbon must be found. 

Incineration 

Incineration uses extremely high temperatures to 

combust the hydrocarbons after they have been removed from 

the contaminated water, leaving no by-products, with the 

exception of water, carbon dioxide, and possibly a very 

small amount of inert ash. Such techniques may involve the 

use of rotary kiln incinerators, liquid injection 

incinerators, multiple hearths, or fluidized beds (Palmer, 

1992). If a high-temperature incinerator is in use nearby 

for waste disposal or electric power production, such a 
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scheme may be viable. Otherwise, the cost of transport to 

such a facility may be prohibitively expensive. 

Vapor Venting 

Vapor venting involves venting the vapors of volatile 

contaminants from unsaturated subsurface soils in the vadose 

zone (Palmer, 1992). Active vapor venting utilizes air 

injection wells, forcing air into the contaminated 

substrata, and venting the extracted vapors into a vapor 

collection system. In essence, the system is similar to the 

air stripping system, except the volatile fumes are vented 

directly to the surface by air pressure, rather than being 

stripped from water pumped from the substrata. However, 

such a method is only usable for remediation of volatile 

contaminants. 

Bioremediation 

Bioremediation technology was pioneered in the 1960's 

by R.L. and Virginia Jamison (Palmer, 1992). This treatment 

may either be aboveground or in situ, and works well for 

contaminated soil or water. Bioremediation utilizes 

microbes, either naturally occurring on site or artificially 

introduced, to consume the contaminants, leaving non-toxic 

byproducts. While bioremediation has proven to be a useful, 

relatively inexpensive technique for dealing with 

hydrocarbon spills, several factors may reduce its 
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efficiency. The environment must be porous and permeable. 

Groundwater temperatures should be relatively high. 

Heterogeneities in the formation, such as clay layers, may 

block movement of the microbes, or prevent the microbes from 

getting adequate oxygen and nutrients. The geochemistry of 

the aquifer must be favorable--otherwise the microbes may 

die, or produce toxic by-products such as phenols. In one 

case, calcium phosphate precipitation due to interaction 

between nutrient solution and formation water clogged the 

aquifer, reducing permeability (Varadaraj, 1991). Aerobic 

bioremediation is not effective in breaking up heavier 

fractions of petroleum, such as tar balls. 

Subsurface bioremediation introduces nutrients and an 

oxygen source into the contaminated groundwater. The oxygen 

source may be air, oxygen gas, or hydrogen peroxide. Ozone, 

which breaks down into oxygen, has been utilized with 

limited success, as ozone may be toxic to biota (Heinz, 

1994) . 

Hydrogen peroxide solution may accelerate 

bioremediation. Hydrogen peroxide dissociates into water 

and oxygen. While hydrogen peroxide may be toxic to 

anaerobic bacteria, catalases (enzymes) in aerobic bacteria 

break down the hydrogen peroxide molecules and utilize the 

aforementioned by-products, tolerating hydrogen peroxide in 

concentrations up to 1000 mg per liter (Mehta, 1993). 

However, hydrogen peroxide may dissociate rapidly, causing 
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solution oxygen content to be lowered by an order of 

magnitude before it reaches the contaminant zone. Iron and 

manganese in the rocks, as well as the presence of hydrogen 

sulfide gas associated with the contaminant may accelerate 

the breakdown (Mehta, 1993). Significant quantities of 

naturally occurring organic matter, such as humus, peat, or 

plant roots may cause high biological oxygen demand, 

depleting available oxygen regardless of the oxygenating 

process used (Environmental Protection Agency, 1993). Due 

to the rapid dispersion of oxygen associated with its use, 

hydrogen peroxide injection is best utilized for rather 

small spills. 

Nutrient addition is usually needed to increase the 

growth of the contaminant-eating biota. These nutrients are 

in the form of compounds (usually sulfates and chlorides) of 

nitrogen, phosphorous, and trace amounts of metals, which 

balance the contaminant carbon source (Varadaraj, 1991). 

These compounds should be chosen in view of the existing 

geochemistry of the site, to avoid precipitation of inert 

clogging precipitates. Near-neutral pH (5.0-7.8) and an 

average groundwater temperature above 2 0 degrees Celcius 

create the optimum conditions for bioremediation of 

hydrocarbons (Varadaraj, 1991; Mehta, 1993). 

Bacteria used in bioremediation may be either aerobic 

or anaerobic. Usually the biota found in the vadose zone 

that are useful in dealing with the lighter fractions of 
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petroleum are of the aerobic variety. Anaerobic bacteria 

cannot be used when an oxygenating agent is present. 

Anaerobic bacteria are useful primarily for breaking up the 

longer-chain, heavier fractions of petroleum, such as tars 

or asphalt. However, since these heavier fractions are 

essentially immiscible in groundwater and are unlikely to be 

transported off-site, the tars and other viscous solids are 

rarely a contamination risk to groundwater (Heinz, 1994). 

Usually, no one species of biota found on site will be 

completely effective in dealing with hydrocarbon spills. 

Due to synergetic effects, a mixed microbial population is 

more useful in dealing with the various fractions into which 

petroleum will inevitably separate over time. 

Interestingly, prior exposure to hydrocarbons may increase 

the biota's ability to process them, in a classical example 

of natural Darwinian adaptation (Varadaraj, 1991). 

Bioremediation at the Col-Tex Site 

Bioremediation may be a viable remediation technique 

for the lighter phases of hydrocarbons in groundwater at the 

Col-Tex site. Although conglomerate and sandstone facies 

intermesh in the upper Trujillo Sandstone, the Trujillo 

Sandstone at the site appears to be relatively porous and 

permeable above the siltstone layer. Presumably, the 

majority of the contaminants are confined to this upper 

layer, as the siltstone appears to be a relatively 
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impermeable barrier to water (and presumably hydrocarbon) 

migration. The sandstone appears to be a fairly "clean" 

phyllarenite (Frelier, 1987), therefore it is unlikely that 

any unusual chemical interaction with the sandstone matrix 

would preclude bioremediation. Average groundwater 

temperature at the site is 18 degrees Celcius (Geraghty & 

Miller, Inc., 1991), which, although slightly lower than 

ideal, appears acceptable. The site is limited in areal 

extent, and it is doubtful whether any type of sparging 

process would move contaminants off the site. Extensive 

research remains to be done to determine whether conditions 

peculiar to the Col-Tex site would proscribe such treatment. 

However, the relatively short time frame required for 

bioremediation to EPA drinking water levels (usually 3 years 

or less) would appear to make bioremediation at the Col-Tex 

site an attractive alternative to longer term pump-and-treat 

methods. 

Little has been written about bioremediation of 

fractured rock bodies. It remains to be seen whether the 

fracture pattern in the Trujillo Sandstone would enhance or 

hinder such treatment. On one hand, the fractures increase 

permeability, theoretically allowing the nutrients, 

oxygenating media, and biota to more easily penetrate the 

formation. However, if the fractures are clogged with tar 

or sludge, the fractures may induce artificial partitions 

into the sandstone matrix, isolating certain sectors. In 
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addition, empty areas of the fractures may create localized 

zones of decompression, speeding up the dissipation of the 

oxygenating solution. Certainly the fractures will cause 

anisotropic spreading of any injected solution, 

preferentially forcing flow into a northeast/southwest 

direction, requiring precautions to be taken to insure 

delivery of solution to directions at right angles to these. 

Despite these caveats, the bioremediation alternative 

to more conventional clean-up methods should perhaps be 

investigated in reference to conditions at the Col-Tex site. 

It may prove to be the superior method in dealing with this 

site's unique set of problems. In fact, limited natural 

biodegradation appears to already be taking place at the 

surface seeps and drainages on the Col-Tex site. Former 

impoundments without standing water are already being 

reclaimed by grasses and weeds. Algal growths are present 

in some water-filled impoundments, and the presence of frogs 

and insect larvae in water-filled impoundments appears to 

indicate that the toxicity of these waters is no longer at a 

high level. Moss-like algal (or bacterial) crusts are 

present at more than one seep. 

No Action 

An alternative solution of basically doing nothing must 

also be considered. A wastewater management plan for the 

Colorado River, issued shortly after the refinery complex 
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shut down, does not even mention the present-day Col-Tex 

site or the nearby refinery as point sources for pollutants 

(Governor's Planning Committee, 1973). Visible oil seepage 

into the Colorado River appears to be caused by the refinery 

itself, and not the adjacent Col-Tex site. Due to the 

proximity of the two sites, it is difficult to determine how 

much, if any, of the pollution is due to the Col-Tex tank 

farm site. Nonetheless, contaminants are obviously present 

on the site. How long they will stay there, and out of the 

Colorado River and underlying aquifer cannot be determined 

by the methods used in this study. 
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CHAPTER IX 

CONCLUSIONS 

The Col-Tex tank farm site was investigated during the 

summer of 1992. Bunting (1994) described the stratigraphy 

and lithology of the site, while this author examined the 

fractures in the Trujillo Sandstone and hypothesized how the 

fracturing might affect contaminant flow and transport 

through the rock. Fractures were observed in the sandstone 

outcrops and their length and attitude were measured. 

Fractures are prominent on the exposed surfaces of the upper 

Trujillo Sandstone, and a strong preferential northeast 

trend was noted. 

Of the 62 6 fractures of more than 0.3m length measured 

in the Trujillo Sandstone, the vast majority were within 

three degrees of vertical. The predominant fracture trend 

is to the northeast, with a bearing approximately of N50E. 

A limited sample of six measurements taken near the site 

appear to indicate that fractures in the Santa Rosa 

Sandstone, underlying the Trujillo Sandstone, also display 

this approximate trend. 

It is likely that these fractures extend completely 

under the fluid-filled impoundments at the Col-Tex tank farm 

site. It is also likely (or at least probable) that these 

fractures create anisotropy in fluid migration within the 

upper Trujillo Sandstone underlying the site. Subsurface 
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and surface fluid flow rates may be enhanced in the 

northeast-southwest direction, which is approximately 

parallel to the existing groundwater gradient. Cross-flow 

in the northwest-southeast direction (perpendicular to the 

direction of fracturing) may be retarded or inhibited by the 

fracturing. 

It is evident that these fractures formed by horizontal 

extension. The mechanism which created the stress is 

proposed to be the Laramide Orogeny of Late Cretaceous to 

Eocene age. Although pronounced deformation took place 

several hundred kilometers away in extreme southwest Texas 

and central New Mexico during the Laramide Orogeny, it is 

believed that far-field stresses caused northeast-trending 

fractures and lineaments on the High Plains and central 

Texas, fracturing the Triassic Trujillo and Santa Rosa 

Sandstones. 

Fracturing in the Trujillo Sandstone at the Col-Tex 

tank farm site affects the flow of petroleum-based 

contaminants into the subsurface. Fractures act as conduits 

for contaminant flow from seeps discharging from perched 

water tables in the upper Trujillo Sandstone below the site. 

Fractures bear an obvious relationship to surface seeps on 

the site, as nearly every cliff-face seep is associated with 

an obvious fracture. Attempts to correlate particular seeps 

to subsurface flow from specific fluid-filled impoundments 

were unsuccessful, due to chemical differences between 
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impoundment residues and seep discharges. Perhaps the upper 

Trujillo Sandstone "filters" certain contaminants as they 

travel from the impoundments to the seeps. 

Because fluids pumped from, returned to, or injected 

into upper Trujillo Sandstone at the site may flow 

preferentially along fractures in the NE-SW direction, the 

presence of fractures may affect eventual remediation 

procedures used at the site. Alternately, if all or most 

fractures in the sandstone are today plugged with tar, 

asphalt sludge, or other residues beneath the site, cross-

flow between fractures may be severely limited. 

An attempt was made to model the fracture flow through 

the upper layers of the Trujillo Sandstone on the Col-Tex 

site. However, if the assumption was made that all 

fractures measured penetrated the entire thickness of the 

upper layers of the sandstone, all the way down to the 

siltstone-shale layer beneath, the model resulted in 

unreasonably high flow rates. A second model, based on mean 

measurements of permeability and porosity of different on-

site facies of the Trujillo Sandstone and its associated 

siltstone-shale layer, disregarded the effect of fractures 

in vertical flow, and resulted in more reasonable flow 

rates. Hence, it may be assumed that the fractures do not 

completely penetrate the Trujillo Sandstone down to the 

siltstone-shale layer, or that such fractures, if present, 

are clogged with mud and sludge beneath the impoundments. 
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This is not to say, however, that the fractures have no 

effect on subsurface flow at the site. Obviously, the 

unclogged fractures serve as preferential conduits for 

groundwater and contaminant flow. The cliff face seeps are 

proof of this fact. Hence, any eventual remediation plan 

should account for this effect. 

It is possible that much of the contamination at the 

Col-Tex tank farm site may actually be restricted to the 

fracture fill and the immediate vicinity of the fractures. 

The siltstone-shale layer supporting the upper Trujillo 

sandstone appears to impede flow to the underlying strata, 

causing "perched" water tables to form in the sandstone 

underlying the site, and it is unlikely that contamination 

can cross this natural barrier. Thus, despite limited 

possible contaminant surface flow into the Colorado River 

adjoining the site, contamination appears to be confined to 

a relatively limited area. 
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