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CHAPTER I 

INTRODUCTION 

The objective of this study was to investigate the 

mineralogical and rheological properties of the clays 

associated with the Uvalde volcanic field. 

The study area lies within the Uvalde Volcanic Field, 

west of the town of Uvalde in the Cline, Hacienda and Olmos 

Creek Quadrangles. Samples were collected for Vulcan Corp. 

by Darrell T. Brownlow from subsurface volcanic mounds on a 

North-South/East-West grid system. 

The Uvalde volcanic field lies within a volcanic belt 

which parallels the Balcones Fault. This belt trends in 

NE/SW direction. Volcanism began in late Cretaceous time 

with volcanic eruptions on the Austin Sea floor. Eventually 

the volcanos subsided and were overlain by the Anacacho 

limestone. The clays that were studied in this project are 

the weathering product of the volcanics. 

Geologic History/Previous Studies 

In late Cretaceous time South Central Texas was 

divided into two basins, the Rio Grande Embayment, and the 

East Texas Embayment (Figure 1) . These basins were 

separated by the San Marcos arch, which caused sediments 

from the west to be deposited into the Rio Grande Embayment 

and those from the east to collect in the east Texas 

Embayment. 

1 
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Figure 1. Map of Rio Grande Embayment and other 
late Cretaceous geologic features. From Lutrell (1977) . 
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Along the northern edge of the Rio Grande Embayment 

is the Balcones Fault zone. It is adjacent to this region 

that the Late Cretaceous volcanic activity occurred. As a 

result, numerous volcanic cones were created, which in 

turn served as nuclei for shallow water carbonate 

deposition (the Anacacho Formation). After this carbonate 

build up, the volcanic islands subsided. 

Volcanic ash has been found interstratified with 

all the resulting marine deposits from the Del Rio to the 

Escondido. Late Taylor sediments have been removed 

however, due to uplift along the northern edge of the 

embayment. Therefore, the Escondido Formation 

unconformably overlies the Anacacho in the area (Figure 

2) (Lutrell, 1977). 

The volcanic cones of the Balcones region are 

believed to be buried submarine volcanos. Simmons et al. 

(1967) found that the volcanism of this time could be 

better understood by studying a similar modern situation, 

that is, the volcanos that erupted near the Azores along 

the Mid Atlantic Ridge. Simmons' interpretation follows. 

The late Austin sea ranged in depth from 200-800 

feet. Magma rose through the crust and penetrated the 

Austin chalk and upon breaking the sea floor the lava 

exploded violently and sent a surge of pyroclastics 

upward. The pyroclastics reaction with the seawater and 
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Figure 2. Generalized dip section across the 
northern margin of the Rio Grande Embayment. From Spencer 
(1969). 



air caused an immediate alteration of the basic tephra 

into a dark green serpentine-like material. 

Simmons proposed the scenario illustrated in 

Figure 3: 
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1. Initial eruption with pyroclastics, creating 

a volcanic cone on the sea floor. 

2. (a) If no further volcanism occurred the 

cone would be eventually buried by marine sediments. 

(b) If volcanic activity is renewed the 

magma would then intrude the cone, forming sills and 

dikes that are protected from reaction with the sea 

water and air allowing the basalt to cool unaltered. 

An alternate sequence proposed by Simmons and 

supported by the eruption of Surtsey is as follows: 

After the initial pyroclastic eruption settled and 

the volcanic cone was subaerially exposed, renewed 

volcanic activity produced a basaltic lava cap over the 

pyroclastic cone. Once the basalt cooled, seawater 

invaded the volcanic crater (due to rise in sea level, 

tidal wave, storm tide, island subsidence, etc.). This 

allowed for violent phreato-magmatic explosions of tephra 

thereby covering the unaltered basaltic cap. Therefore, 

when drilling through these deposits, it could appear 

that a sill or dike has been encountered. 
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Figure 3(a-h). Proposed history of 
the Balcones magmatic province. (From 

volcanic 
Simmons, 

cones 
1967). 
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Post-eruption faulting was found in Zavala and 

Travis counties. Simmons postulates that this could be 

due to collapse of the volcanics into the crater due to 

increased overburden. Some faulting has also been found 

to occur due to slumping of the pyroclastics andjor 

differential compaction of the volcanics. 

Once the igneous activity finally ceased the 

volcanic island became the nucleus for colonization and 

reef building activity. 

Ewing and Caran (1982) have recognized three 

igneous rock types along the Balcones Fault zone, 

massive, thin beds of bentonitic ash and thick deposits 

of palagonitic volcanic tuffs. Their theme for the 

volcanic province follows: 

7 

Creation of the tuff mounds was due to phreato

magmatic eruptions. Due to the violent nature of the 

eruptions, craters have been found in the paleosea floor 

below the tuff mounds. Because of the explosive force of 

the blasts a plume of volcanic debris and sea floor was 

sent skyward. The coarser material settled out near the 

vent while the finer material traveled farther falling 

out in thin beds of ash (Ewing and Caran, 1982) (Figure 

4) • 

As these mounds grew, the violent eruptions gave 

way to subaerial lava flows and ash falls. 



In the Uvalde field, the volcanic centers studied 

by Ewing and Caran (1982) were found to have a massive 

igneous rock center surrounded by the tuff ring. At a 

center in Knippa, the inner core is extremely large and 

is made of material accumulated over several eruptions. 

A thick extensive unit, which is believed to have been a 

lava lake, is present with several vents. A smaller but 

similar situation was also found at the Black Waterhole 

locality. 

OAtUW 

wo, ... , ..... , 

Figure 4. Ewing and Caran's model of an erupting 
submarine volcano. (From Ewing and Caran 1982). 
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Ewing and Caran have speculated that much of the 

mapped igneous massive rock in the area may actually be 

the centers of tuff rings which are buried by float. 

They use this in support of their assumption that the 

phreato-magmatic blasts closed the last stages of 

eruption due to the mound being raised above sea level. 

structural Controls 
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The volcanic centers form an arc-shaped strip which 

parallels the Balcones Fault zone. It begins just north 

of Austin and swings down through Uvalde and Zavala 

counties. The most intense volcanic activity occurred in 

the Travis and Uvalde fields. 

Ewing and Caran's study found that volcanic centers 

in the region are aligned with structural and tectonic 

features. But there are also trends in these centers 

which do not possess an obvious connection with the above 

features. 

Travis Field 

Volcanic mounds in the Travis field are aligned 

parallel to the Luling Fault trends in the area. 

Faulting is related to several of the tuffs mounds and is 

suspected in others. Ewing and Caran (1982) found up to 

200 feet of displacement in the Austin group in the 

Travis field which implies that faulting occurred after 



Austin deposition but found no evidence of faulting in 

the Wilcox, therefore faulting occurred prior to Wilcox 

deposition (Figure 2). 

This suggests that faulting existed in Central 

Texas at least in Austin 1 Taylor time. Also, they 

speculate that it was these fractures that served as 

conduits for the magma to move to the surface. 

Therefore, the fractures must have extended through the 

crust to the upper mantle, thus being major structural 

features. 

Uvalde Volcanic Field 

Uvalde volcanic field is a triangular patch that 

includes Dimmit, Kinney, Uvalde, Medina and Zavala 

Counties. No obvious alignment of the Uvalde volcanic 

mounds is present although a few odd mounds are in line 

with the Balcones Fault zone. Igneous rock composition 

also varies greatly within the Uvalde field as compared 

to the Travis field. 

10 

In Spencer's (1969) study of the alkalic igneous 

rock of the Balcones Province the importance of structure 

to igneous emplacement was pointed out. Spencer found 

that intrusive activity predates movement along the 

Balcones fault zone. That is, he not only found faults 

cutting through the country rock but the igneous 
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intrusions also. While he admits there is some faulting 

that can be related to the intrusive activity, it is rare 

and of small scale as compared to Balcones' movement. 

This contradicts Ewing and Caran's notion that faulting 

predates igneous activity. 

Structure was found not only to be related to 

emplacement but also to composition of the lava. Spencer 

(1969) observed that all the phonolitic type rocks are 

found on and east of the Uvalde salient, and all basaltic 

rocks are found to the area west of the salient (the axis 

of the salient strikes south-east and passes through the 

city of Uvalde) . 

Olivine basalt was discovered at the Allen Ranch, 

Green Mountain, and Mustang Hill localities in the Cline 

Quadrangle in Uvalde County. Samples of the fresh and 

slightly altered igneous rock from Area 6 are olivine 

basalt (Figure 5). 

In summary, it has been widely accepted that 

phreato-magmatic eruptions on the Austin sea floor 

created volcanic cones and these cones served as the 

nuclei for carbonate build up. However, the sequence of 

the eruptions and their relation to the Balcones Fault 

zone is a topic for more research. 



Figure 5. 
Ewing and Caran, 

Map of the Uvalde volcanic field. 
1982) • 
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CHAPTER II 

METHODS OF STUDY 

All samples were supplied by Vulcan Materials 

Corporation. Phase I of the project included samples 

collected from the Cline, Hacienda and Olmos quadrangles 

in south central Texas (Figure 6). The majority of the 

samples came from the Cline quadrangle (Figure 7). 

After collection the specimens were placed in air 

tight plastic jars or zipper seal plastic bags. Upon 

receipt, the samples were quartered, dried and powdered 

using a mortar and pestle (for x-ray diffraction) and a 

Raymond mill (for slurries). Powders were stored in air-

tight, 20 ml scintillation vials. 

Phase II of the project concentrated on the 

mineralogical and rheological properties of the samples 

with an emphasis on Area 1, and the Smyth Quarry. 

Samples were chosen for phase II the basis of bulk powder 

XRD determination of smectite content. Those samples 

containing at least 70% or more smectite were selected. 

Also samples that met the above criteria and contained 

trioctahedral smectite were also used. 

X-Ray Powder Diffraction Analysis 

Each sample powder was packed tightly and randomly 

into an aluminum sample holder. Samples were x-rayed 

from 2 to 65 degrees two theta at a rate of two degrees 
13 
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Zavala 

Figure 6. Map of county and quadrangle locations. 



15 
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Figure 7. Map of sample locations. 



per minute using a 0.2m~ divergent slit. The 

diffractions patterns were then analyzed for bulk 

mineralogy. 
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Clay mineralogy was determined from the diffraction 

patterns of oriented slides that were x-rayed from 2 to 

45 degrees two theta. After initial x-ray scan, the 

slides were sprayed with ethylene glycol and stored 

overnight in a sealed glass jar saturated with ethylene 

glycol vapor. The slides were x-rayed again using the 

original diffraction patterns to determine if any 

expansion of the clay minerals occurred. 

Oriented slides were prepared by placing 0.5 g of 

the powdered sample in a 20ml scintillation vial; 

approximately 20 ml of 0.1% Na-metaphosphate solution was 

added to disperse the clay particles. The suspensions 

were shaken vigorously then placed in an ultrasound for 5 

minutes and left to age overnight. The following day the 

suspensions were shaken again and dispersed by 

ultrasound. The clay fraction (< 2 ~m) was then 

collected by sedimentation according to stokes Law, it 

was then pippetted onto an aluminum slide and allowed to 

air dry. 
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Quantification of the X-ray Diffraction Data 

Quantitative analyses of samples from Area 1 

through Area 6 was determined by Dr. Necip Guven for 

phase I of this project. A semiquantitative analysis for 

the Smyth Quarry was determined by comparison of the 100% 

x-ray peaks for each mineral in the sample with the 100% 

peak from the pure mineral standard (Table 1). 

Clay Size Fraction (<2uml Fractions 

Percentage of the clay size fraction in the bulk 

sample was determined by adding 50 ml of 0.1% Na

metaphosphate to 1.0 g of sample in a test tube. The 

samples were ultrasound and allowed to age over night. 

The test tubes were then shaken again, and centrifuged to 

collect the < 2 micron fraction. This procedure was 

repeated until the supernatant liquid was clear 

indicating the sample was free of the <2~m size fraction. 

The > 2 micron fraction was then dried and weighed. 

The difference in the initial weight and the end weight 

of the sample was considered to be the amount of clay. 

The supernatant was retained for use in cation exchange 

capacity determination. 
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Table 1 List of Samples. 

< 2 MICRON 
HOLE NO. DEPTH SMECTITE (%} FRACTION (%) 
A 1-2 55-60 83 45 

65-70 85 45 

A 1-4 30-35 81 69 

A 1-5 5-10 87 33 

25-30 85 22 

45-50 82 34 

50-55 80 25 

A 2-4 55-60 70 47 

70-75 75 46 

A 2-5 35-40 77 30 

60-65 72 25 

110-115 78 41 

A 2-6 65-70 77 60 

90-95 84 63 

A 2-8 15-20 97 38 

A 2-9 70-75 75 60 

80-85 75 54 

A 2-17 25-30 77 46 

A 2-19 10-15 78 23 

A 3-3 35-40 75 25 

A 3-7 15-20 70 40 

35-40 70 40 

A 3-9 60-65 78 46 
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Table 1. cont. 

< 2 MICRON 
HOLE NO. DEPTH SMECTITE (%) FRACTION (%) 

A 3-11 25-30 75 34 

A 3-18 35-40 72 62 

A 3-19 10-15 72 48 

A 3-20 20-25 72 54 

30-35 75 48 

A 5-1 15-20 72 46 

30-35 72 48 

65-70 72 39 

A 5-4 25-30 77 34 

45-50 83 29 

60-65 72 34 

A 5-8 20-25 90 45 

35-40 72 32 

45-50 77 49 

A 5-8 50-55 82 41 

A 5-9 15-20 82 41 

35-40 77 49 

50-55 83 41 

65-70 78 27 

A 5-11 35-40 83 66 

A 5-14 15-20 75 86 

45-50 83 33 
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Table 1. cont. 

< 2 MICRON 
HOLE NO. DEPTH SMECTITE (%) FRACTION (%) 

A 6-3 10-15 88 43 

20-25 87 37 

30-35 80 42 

40-45 80 76 

A 6-4 35-40 78 48 

55-60 72 40 

A 6-5 20-25 77 70 

30-35 75 82 

40-45 81 70 

A 6-6 20-25 79 33 

A 6-8 15-20 88 50 

30-35 84 36 

65-70 75 26 

A 6-9 5-10 72 33 

A 6-10 55-60 78 53 

A 6-13 15-20 72 33 

45-50 76 40 

A 6-16 45-50 77 30 

A 6-17 30-35 72 34 

40-45 80 33 

A 6-20 10-15 83 40 

A 6-24 40-45 77 25 
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Table 1. cont. 

< 2 MICRON 
HOLE NO. DEPTH SMECTITE (%) FRACTION (%) 

Blue Lot I 94 70 

Blue Lot II 80 60 

Blue Lot III 87 65 

Hole 1 16-41 74 52 

41-66 75 48 

Hole 2 10-32 79 51 

32-57 73 44 

57-82 72 50 

Hole 3 15-40 73 47 

40-70 73 47 

Hole 4 10-35 75 56 

35-60 79 52 

60-85 74 42 

Hole 5 15-40 77 50 

40-65 75 46 

65-90 82 50 
Hole 6 10-40 75 46 

40-75 65 47 



Cation Exchange Capacity 
Methylene Blue Spot Test 
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Cation exchange capacity (CEC) was determined by 

the methylene blue spot test method. Twenty milliliters 

(ml) of clay slurry was pipetted into a nalgene sample 

jar and 20ml into an Al dish. The dish was placed in an 

oven to dry, to determine the dry clay weight in 20ml of 

suspension. 

A 0.01 M methylene blue stock solution was added to 

the clay suspension in the sample jar in lml aliquots. 

The slurry was then mixed with magnetic stirrers and 

heated slightly for 2 minutes after the initial addition 

of methylene blue and at least 30 seconds after each 

subsequent addition. 

Using a glass stirring rod a drop of slurry was 

removed and dropped on a piece of white filter paper. 

This procedure was repeated until the end point was 

reached. The end point is identified by the appearance 

of a light turquoise ring around the spot (Figure 8). 

This ring is the excess methylene blue which has not 

been adsorbed by the clay. 

Once the end point was reached the slurry was 

stirred for an additional 2 minutes and the spot test is 

repeated. If the turquoise ring persists the true end 

point has been reached, if not, more methylene blue is 

added and testing is continued. 



Cation exchange capacity (CEC) = 

(meq. methylene blue x 100)/(grams dry clay) = 

= meq.j100g 

Surface area can also be determined from the spot 

test using the following equation: 

surface area = 

7.826 x (meq. methylene blue)/100 g. adsorbed= 

7.826 X CEC 
Moisture 

3 rnl. ® @ 
2 rn~:; 

@ Af~cr 
min. 

1 rnl. 

_j 

Dyed Solid:~ 
(no free 1 unadsorbed 

dye present) 

ml. 

Dyed Solids 

POINT 

Moisture 
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Free; Unadsorbed Dye 
VOLUME OF 

METHYLENE BLUE 

SOLUTION ADDED 

* . NOTE: Free dye detected immediately after 

adding the 6th rnl. is adsorbed after 

2 minute.s 1 indicating that end point 

~a.s not been quite reached. 

Figure 8. Methylene blue spot test. 
n. d.) 

(From Davis, 
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Electron Microscopy 

Electron microscopy was performed using a JEOL lOOX 

electron microscope with a Kevex x-ray analyzer equipped 

with an ultra thin window to determine clay chemistry and 

morphology. Samples were prepared for transmission 

electron microscopy (TEM) by separating the < 2 micron 

fraction, a drop of which was then added to ca. 30 ml of 

tertiary butylamine which has been diluted to 0.007% with 

distilled water. The sample was then dispersed by 

ultrasound for 5 minutes. A drop of suspension thus 

obtained was then placed on a 200 mesh cooper grid coated 

with formvar. After drying, the sample was covered with 

a thin coat of carbon for protection from radiation 

damage from the electron beam. 

Samples for scanning electron microscopy (SEM) were 

prepared by taking a small sliver of sample and mounting 

it on a copper boat using silver paint. The specimen was 

then coated with carbon and then gold. SEM was done at 

20 Kv with the filament current at 50 ~A. 

Preparation of Clay Suspensions 

Clay suspensions (slurries) were mixed according to 

American Petroleum Institute (A.P.I.) specifications. 

That is, 22.5 g. of dry clay were mixed with 350 ml. of 

deionized (DI) water. The DI water was poured into an 

aluminum blender cup and sheared at high speed as the dry 
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clay was slowly added (all mixing was performed in 

Hamilton Beach blenders). Once the clay was in 

suspension, 0.25% Na2co3 was added and the entire 

suspension was sheared at high speed for a minimum of 20 

minutes. The containers were covered with a paraffin 

wrap and allowed to age overnight. The following day the 

slurries were sheared again at high speed for 10 minutes 

and rheological testing was then performed. 

Rheological Testing 

Rheological testing was performed using a Fann 35A 

rotational viscometer (Figure 9). Clay suspensions were 

poured into a rotor cup until the liquid level was at the 

scribe line, the cup was then positioned over the 

rotating sleeve of the viscometer for testing. The Fann 

35A operates at six rotational speeds; the properties of 

the fluid are calculated by reading the deflection on the 

indicator dial at 600, 300, and 3 RPM. The rheological 

parameters of the clay suspensions were derived from dial 

readings using the following relationships: 

Apparent viscosity = 600 reading/2, 

Plastic viscosity = 600 reading - 300 reading, 

Yield point = 300 reading - plastic viscosity 

Gel strength = the maximum dial deflection 

after 10 second and 10 minute rest periods. 
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Figure 9. Fann 35A Rotational Viscometer. 
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Filtrate Test 

After rheological testing was performed the clay 

suspensions were poured into a Baroid Standard Filter 

Press (Figure 10). The apparatus consists of a lid, cup, 

gasket, and base (Figure 11). The underside of the base 

is equipped with a nozzle which allows the filtrate to 

escape. The gasket is placed inside the base and a 

Baroid filter paper is set on the gasket. The cup is 

then place into the base and the clay suspension is 

poured into the cup. The entire configuration is then 

placed on a frame and the lid is clamped onto the cup. 

The lid is attached by hose to a pressurized 

nitrogen gas cylinder and regulator. Gas pressure is 

applied for 30 minutes at 100 psi. A graduated cylinder 

is place under the base to directly measure the filtrate. 

Once the filtrate test is complete the suspension 

is poured off and the filter paper removed. The excess 

clay is gently washed off the filter paper with DI water, 

the remaining clay (mud cake) is then measured to a 1/32 

of an inch. 

Smyth Quarry Samples 

The first set of samples from the Smyth Quarry area 

were designated "Blue Lot I, Blue Lot II, and Blue Lot 

III." After mineralogical and rheological analysis were 



performed, Blue lot 1 underwent further processing 

including magnetic separation and spray drying. 

Figure 10. Baroid Standard Filter Press. 
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Figure 11. Schematic of Baroid Standard Filter 
Press cylinder. 
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Magnetic separation was used to enhance the anatase 

concentration in the clay. After two runs, the anatase 

concentration increased from the original 3% to 9%. The 

100% anatase X-ray peak was measured in millimeters and 

multiplied by a conversion factor to ascertain anatase 

concentration. The conversion factor was determined by 

electron microscopy under the direction of Dr. Necip 

Guven. 

The spray-drying process consists of making a clay 

slurry while saturating the clay with sodium, then 

separating the clay fraction by settling, and spraying 

the clay fraction out to dry. Is it is not surprising 

that this technique produced a clay product with very 

high viscosities. 

Generally, the volcanic clays of the Smyth Quarry 

averaged 23% carbonate, 3% anatase, and 75% smectite clay 

(with 50% being in the <2~m size fraction). The holes 

exhibiting the best rheology (with Na saturation only) 

were holes 3 and 5. For this reason all sample depths 

were mixed for each of these holes and further 

rheological testing was done to find the exact 

combination of Na2C03 and Na polyacrylate to adjust 

suspensions to the API standards. 
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All areas from 1 to 6 underwent standard testing 

procedures. The mineralogy and < 2~m fraction in these 

areas varied greatly as will be discussed further in the 

next chapter. 



CHAPTER III 

MINERALOGY 

As noted in Chapter I, the igneous rocks of the 

Uvalde Volcanic Field have a variable composition. In 

general, the compositions range from olivine basalt to 

nepheline bassanite (Spencer 1965). Because of this, a 

complete petrological study would be time consuming and 

beyond the scope of this investigation. Therefore only 

brief descriptions are given. 

Samples collected in the Cline, Hacienda, and Olmos 

quadrangles fall into three basic color groups: (1) 

orangejwhite, (2) green, and (3) blue. Orange and green 

samples are common to all areas with the blues prevalent 

in Area 1 which includes the Smyth Quarry. From the 

mineralogy and increasing amount of colloidal size 

fraction the samples become progressively more mature 

(with respect to weathering) from green to orangejwhite. 

Basically, the green samples represent a more 

immature, less chemically weathered material, containing 

such minerals as chlorite, serpentine, feldspars and some 

clay minerals. As many of the primary silicate minerals 

in the basalt weather they eventually alter to clay, the 

green samples contain less than 39% clay size material 

implying their immaturity. 
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On the other hand, the orange samples are more 

weathered and generally contain >40% clay size material. 

Their mineralogy contains high amounts of smectite clay 

along with anatase and carbonates. Mineralogical 

compositions of the Uvalde samples are listed in Table 2. 

Spencer (1969) found basalt to occur west of the 

Uvalde salient. The study area falls in the above 

mentioned region. Hole 6-11 encounters a slightly 

altered basalt at 5 ft. to the bottom of the hole 

interval. Comparisons of thin sections of the altered 

and unaltered igneous material were made. 

Primary minerals found in the slightly altered 

basalt are, in order of abundance, plagioclase, volcanic 

glass, augite, and olivine. Olivine occurs as large 

phenocrysts while the plagioclase, glass and pyroxene are 

found in the fine grained matrix. 

According to Bowen's reaction series olivine is the 

first mineral to crystallize from a basaltic melt. Of 

the primary silicate minerals present olivine has the 

simplest structure. The olivine structure consists of 

individual silica tetrahedra joined together by Mg and Fe 

cations in octahedral coordination (Figure 12). 
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Table 2. Mineralogical Composition of Selected Samples 
from the Uvalde Volcanic Field. 

% % % % % % % % 
Sample Depth Cal. Dol. Sid. Ana. Oth. Sm. K. Chl. 

A 1-2 55-60' 4 2 7 4 83 
65-70' 4 2 5 3 85 

A 1-4 30-35' 10 6 3 81 

A 1-5 5-10' 6 4 3 87 
25-30' 10 1 4 85 
45-50' 10 3 5H 82 
50-55' 15 2 3 80 
70-75' 15 1 1 3 80 

A 2-4 55-60' 20 1 4 3 72 
70-75' 6 7 8 4 75 

A 2-5 35-40' 15 1 2 77 5 
60-65' 8 12 3 72 5 
110-115' 2 4 8 3 5c 78 

A 2-6 65-70' 10 4 3 5c 77 
90-95' 2 4 lOX 84 

A 2-8 15-20' 3 97 

A 2-9 70-75' 10 10 1 4 75 
75-80' 2 10 4 5 80 
80-85' 1 15 5 4 75 

A 2-17 25-30' 20 3 77 

A 2-19 10-15' 20 2 78* 
A 3-3 35-40' 5 3 2 15p 75 

A 3-7 15-20' 20 3 3 70* 
35-40' 20 3 lQ 70* 5 
55-60' 10 2 3 75* 10 

A 3-9 60-66' 5 15 2 78 

A3-11 25-30' 20 5K 75* 

A 3-18 35-40' 25 3 72 

A 3-19 10-15' 20 3 72 
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Table 2. Cont. 
% % % % % % % 9.<-0 

Samgle Degth Cal. Dol. Sid. Ana. Oth. Sm. K. Chl. 

A 3-20 20-25' 20 3 72 
30-35' 20 3 2Q 75 

A 5-1 15-20' 20 3 72 
30-35' 25 3 72 
65-70' 20 3 72 5 

A 5-4 25-30' 10 3 4 1Q 77 5 
45-50' 5 3 4 83* 5 
60-65' 10 10 3 72* 5 

A 5-8 20-25' 5 4 90 
35-40' 25 3 72 
45-50' 20 3 77 
50-55' 15 3 82 

A 5-9 15-20' 10 3 82 5 
35-40' 15 3 77 5 
50-55' 10 2 83 5 
65-70' 15 2 78 5 

A5-11 35-40' 1 6 lOC 83 

A5-14 15-20 15 5 5Q 75 
45-50' 15 2 83 

A 6-3 10-15' 3 3 lQ 88 5 
20-25' 3 3 2 87 5 
30-35' 10 4 80 5 
40-45' 10 2 1 4 3Q 80 

A 6-4 35-40' 2 10 3 2! 78 5 
55-60 3 7 3 si 72 10 

A 6-5 20-25' 20 3 77 
30-35' 15 5 4 75 
40-45' 15 3 81 

A 6-6 20-25' 5 1 sA 79* 10 

A 6-8 15-20' 7 2 3 88 
30-35' 10 3 3 84 
65-70' 10 1 15A 75 

A 6-9 5-10' 15 1 2 lOA 72 

A 6-10 55-60' 7 5 lOC 78 
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Table 2. Cont. 

% % % % % % % ~ 0 

SamQle Deeth Cal. Dol. Sid. Ana. Oth. Sm. K. Chl. 

A 6-11 20-2S' 3 20p 73 

A 6-13 lS-20' lS 3 sA 72* s 
4S-SO' s 3 lOA 76* s 

A 6-16 4S-SO' lS 3 SQ 77 

A 6-17 30-3S' 20 3 72* s 
40-4S' s 2 3 sA so* s 

A 6-20 10-lS' 7 s 2Q 83 
sP 
sK 

A 6-24 40-4S' 10 2 lQ 77 s 
sA 

Blue Lot I 2 2 2 94 

Blue Lot II lS 4 1 80 

Blue Lot III s 3 s 87 

Blue Lot I 
Spray Dried s 9S 

Hole 1 16-41' 19 4 4 74 
41-66' 1 18 4 2 7S 

Hole 2 10-32' 14 s 2 79 
32-S7' 22 3 2 73 
S7-82' 3 17 s 4 72 

Hole 3 lS-40' 1 17 s 3 73 
40-70' 4 17 4 3 73 

Hole 4 10-3S' 17 s 3 7S 
35-60' 11 6 4 79 
60-85' 1 17 4 2 74 

Hole 5 15-40' 11 4 5 3 77 
40-65' 4 14 4 3 75 
65-90' 11 5 3 82 
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Table 2. Cont. 

% % % % % % % % 
Samgle Degth Cal. Dol. Sid. Ana. Oth. Sm. K. Chl. 

Hole 6 10-40' 7 12 4 2 75 
40-75' 31 3 1 65 

Note: Legend Table 2 Min~ralogical Compositions. 

Cal. = Calcite Dol. = Dolomite 

Sm. = Smectite K.= Kaolinite 

* = Trioctahedral Smectite 

Oth. = Other 
A = Analcime 
C = Cristobalite 
H = Hornblende 
I = Illite 
K = K spar 
P = Plagioclase 
X = Pyrite 
Q = Quartz 

Sid. = Siderite 

Chl. = Chlorite 
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Q and ® • oxygen 0 • Magnesium and 1ron 

Figure 12. Schematic of olivine structure 
(Loughnan 1969). 
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The Mg and Fe are readily removed from the olivine 

margins and fractures. This allows the tetrahedra to 

break free, which exposes fresh surfaces for the 

weathering. 

As the silica is released from the olivine crystals 

it polymerizes into sheets and traps some of the magnesia 

to form serpentine. This sheet structure of serpentine 

appears to later serve as a template for the formation of 

smectites. 

This was observed in hole A 6-11. One of the first 

alteration products of olivine is iddingsite which is 

followed by serpentine (Figure 13) (Phillips and Griffen 

1981) . It should be noted here that iddingsite is not a 

single mineral but is composed of fine grained aggregates 

of goethite and smectite, chlorite, silica, calcite, 

talc, and periclase (Phillips and Griffen 1987). 

As weathering proceeds, the serpentine loses its 

magnesium and alters to trioctahedral smectite (saponite) 

and chlorite. Many of the clays in area 6 are saponites 

which commonly occur in the green samples. 

2Mg2 Sio4 + 2H20 -> Mg3 Si2 0 5 (OH) 4 + MgO -> 
(forsterite) -> (serpentine) 

[Mg3 (Si2 . 7 Al0. 3 ) o 10 (OH) 2 ] [E]+ · 8H2o, 
(saponite) 

where E+ represents the exchangeable interlayer 
cation. (From Loughnan 1969) 



Figure 13. Photomicrograph of fractured olivine 
crystal altering to iddingsite from Hole 6-11. 
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Augite is a member of the inosilicate (chain) 

group. The silica tetrahedra polymerizes into single 

chains joined to metal octahedra (Ca, Mg, Al, Fe, Na). 

The octahedral bonds are weak and pronounced cleavages 

parallel to the silica chains serve as conduits for 

solution of the cations. This causes breakdown of the 

pyroxene structure, the chains then begin to polymerize 

into sheets forming chlorite and montmorillonite 

(Loughnan 1969). 
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The feldspar structure (tectosilicate) is a complex 

three-dimensional framework of silica and alumina 

tetrahedra sharing all oxygens. Potassium, Ca, and Na 

cations occupy the cavities within the framework. 

It is the loss of the cations (K, Ca, Na) which 

drives the decomposition of the feldspars. The feldspar 

structure is so strong; however, it must be ruptured for 

the cations to escape. Generally, the greater the 

substitution of Al for Si the more stress that is placed 

on the Al - o - si bonds. Therefore, it is here where 

rupture will occur. 

Once chemical breakdown is under way, the silica 

tetrahedra first takes on a chain configuration which 

then polymerizes into sheets. This stage is very similar 

to the breakdown of the pyroxene structure. 



Montmorillonite and chlorite are the secondary products 

of this weathering (Loughnan 1969) (Figure 14 and 15). 
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Titania crystallizes as anatase and the ferrous 

iron released is oxidized to its more stable ferric state 

(Loughnan 1969). 

Twenty-two samples were studied from area 6, all 

contained anatase, smectite and carbonates. In addition 

to these minerals, common to all samples, plagioclase, 

illite mica, olivine, serpentine and chlorite were also 

present. 

The majority of the smectites studied are of the 

dioctahedral variety, although holes A 6-6 through A 6-15 

and A 6-17 contain trioctahedral smectite. The samples 

containing the trioctahedral saponite have a clay size 

fraction of less than 35%. This low percentage is 

critical to rheological properties of the clay slurry as 

will be discussed later. 

Green Clays 

The green clay samples on average contained 75% 

smectite. Of the 38 green samples used almost half were 

trioctahedral in nature. Chlorite was a common 

constituent in the green samples, but was not present in 

either the blue or orange specimens. Kaolinite was also 

present and was found in trace amounts in a few of the 

blue and orange samples also. Anatase concentration 



Figure 14. 
smectite. 

SEM of feldspar crystal altering to 
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Figure 15. SEM of an altering feldspar crystal 
with incipient smectite formation on the crystal 
surfaces. 
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ranged from 1% to 5% with an average occurrence of 

approximately 3%. Analcime was more abundant in the 

green samples with concentrations of 5% to 15%, and when 

present, was commonly associated with trioctahedral 

smectites. Seven of the 38 green specimens contained 

analcime compared to only one of the orange samples and 

no analcime was found to occur in the blue specimens. 

The colloidal size fraction (< 2~) is approximately 

38% which played a significant role in the poor 

rheological properties observed in all the green samples. 

Accessory minerals common to most samples are calcite, 

dolomite, and siderite in average concentrations of 11%, 

3%, and 0.08%, respectively, for the green samples. 

Orange/White Clays 

Orange samples were common throughout the study 

areas. Generally the samples were either entirely orange 

or had an orange crust with a white interior. 

The clay size fraction averaged 51% in these 

specimens with an average smectite content of 79%. All 

the smectites in this group were dioctahedral unlike many 

of the green samples. A few samples contained small 

amounts of illite (mica) and a trace of kaolinite. 

Anatase concentrations ranged from 2% to 5% with an 

average of 3%. One sample contained 10% analcime and 

another contained 5% cristobalite. A few specimens had 



up to 5% quartz and one had 15% plagioclase. Calcite 

concentration averaged 11%, dolomite 4%, and when 

present, siderite ran 1%. 

Blue Clays 
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Blue samples generally came from area one and the 

Smyth Quarry. Within the blue "matrix'' of these samples 

there were small green nodules that at one time may have 

been nepheline that are now clay. But this is purely 

speculation since there were no remnants of the parent 

material that could be detected by X-ray diffraction. 

Spencer in his 1969 study found nepheline to occur in the 

igneous rocks of the Uvalde area. 

Average smectite concentration for the blue 

specimens was 82%, all of which were of the dioctahedral 

variety. One sample displayed an illite content of 8%. 

Anatase averaged 3%. Dolomite concentration was higher 

than calcite concentration, 11% and 4%, respectively. 

Also, siderite increased to 4% from the minor amounts 

found in the orange samples. 

The clay size fraction was approximately 50% and 

was fairly uniform throughout with a high of 63% and a 

low of 40% in the blue clay. This contrasts with the 

orange specimens, which had a high of 86% with a low of 

22%. The clay size fraction of the orange samples were 

not as uniform as that of the blue samples, this would 
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explain the randomness in the rheological properties of 

the orange group compared to the uniform properties of 

the blues. Average composition determined by electron x

ray micro-analysis of selected samples is presented in 

Figure 16. 



GREENS: 

A 6-13 (30-35') Saponite 

[Ca.l5 Na.21 ]+" 51 (Mgl.79 Fel.06)-· 29 

(Si2.90 All.054)-l" 28 01o(OH)2·nH20 

ORANGE: 

A 6-5 (40-45') 

[Ca.16 Na.11 K.o3]+" 46 (Al1.28 Mg.54 Fe.27)-· 54 

(Si3.82 Al.lg)-· 19 o10 (0H) 2 ·nH2o 

A 6-10 (55-60') 

[Ca.10 Na.lg]+.JS (Al1.21 Mg.54 Fe.36)-.lS 

(Si3.80 Al.2o)-· 20 o10 (0H) 2 ·nH20 

BLUE I: 

[Ca.11 Na.20 K.l3]+" 55 (All.39 Mg.47 Fe.2o)-" 48 

(Si3.74 Al· 26 )-· 26 01o(OH)2·nH20 

BLUE II: 

[Ca.l3 Na.21 K.osJ+61 (All.25 Mg.5o Fe.Jo>-· 67 

(Si3.76 Al.24)-· 24 01o(OH)2·nH20 

BLUE III 

[Ca.18 Na.l9 K.o5] +. 60 (All.45 Mg.45 Fe.l5)-· 47 

(Si3 . 72 Al. 28 )-· 28 o10 (0H) 2 ·nH20 

Figure 16. Average compositions of selected 
samples determined by X-ray micro-analysis. 
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CHAPTER IV 

CLAY MINERALOGY 

The term "clay" has two meanings: (1) it refers to 

a grain size of ca. <2~m, and (2) a group of layer 

silicates. 

Clay minerals belong to a family of silicates 

composed of silica tetrahedra linked to metal octahedra. 

Clays are members of a silicate subgroup called the sheet 

or phyllosilicates due to their sheet-like crystal 

structure. 

The Si04 group forms tetrahedra that, in the 

phyllosilicates, are linked into sheets (Figure 17). The 

sheets consists of silica tetrahedra joined at the 

corners to form in hexagonal rings. Each tetrahedron 

shares three of its four corner oxygens; the fourth, 

unshared oxygen, is the apical oxygen. All the apical 

oxygen atoms of one sheet point in the same direction. 

This sheet is referred to as the tetrahedral sheet. 

Since the tetrahedral sheet contains unshared 

oxygens it is unbalanced; therefore, it must bond to some 

entity to become stable. In the case of the 

phyllosilicates it joins to the octahedral sheet. 

The octahedral sheet consists of octahedra sharing 

edges. The octahedra have a central metal cation 

surrounded by six oxygen atoms. The cations of the 
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Figure 17. Hexagonal ring structure formed by 
silica tetrahedra in the phyllosilicates. 
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octahedra, Al 3+, Mg2+, Fe2+, and Fe3+, are generally too 

large to fit into a tetrahedral type structure (with the 

exception of Al 3+). Since all the oxygens in the 

octahedral sheet are shared, there is no charge imbalance 

(Figure 18). 

Two important characteristics of the octahedral 

sheet are that it can be dioctahedral or trioctahedral. 

This refers to the number of filled cation sites. A 

dioctahedral sheet has two of three cation sites filled 

while the trioctahedral has three of three sites filled. 

(Figure 19). 

The linkage between the tetrahedral and octahedral 

sheets (Figure 20) , whether the ocatahedral sheet is di

or trioctahedral, the chemical composition, and layer 

charge will define the clay mineral (Table 3). 

Clay Minerals of the Uvalde Volcanic Field 

The clay minerals identified by X-ray powder 

diffraction analysis in the Uvalde samples were: (1) 

dioctahedral smectite (most abundant), (2) trioctahedral 

smectite, (3) illite, and (4) kaolinite. 
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Figure 18. Octahedral sheet of the 
phyllosilicates. 
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Figure 19. Schematic of dioctahedral smectite 
sheet. 
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Figure 20. View of tetrahedral sheet linked with 
octahedral sheet. 
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Table 3. Clay mineral classification chart. 
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Kaolinite 

Kaolinite is a 1:1 type layer silicate 

approximately 7A thick with a structural formula of 

Al2Si20s(OH)4. The 11 1:1 11 refers to the alternating 

octahedral and tetrahedral sheets. There is little 

substitution within the kaolinite structure, therefore it 

carries no layer charge. Minor charges can exist, 

however, on platelet edges. Definitive mineral 

identification was made by x-ray diffraction techniques, 

the matching of the 7.17A, 3.58A, and 1.48A peaks. After 

glycolation, no expansion of the peaks was observed as is 

characteristic of kaolinite (Figure 21). 

Illite (Mica) 

Illite closely resembles muscovite; both are 2:1 

type sheet silicates and carry predominantly tetrahedral 

charges. Illite, however, allows partial Al for Si in the 

tetrahedral sheet. This results in the mineral having a 

layer charge in the 0.6 to 0.8 range. 

The structural formula for illite is K.66 (Al, Mg)2 

(si3 . 34 Al. 66 ) 4o1 o(OH)2 · nH20 as compared to muscovite 

with a formula of K [Al2 (Al Si3) 010 (OH)2]· Muscovite 

possesses only three Si per formula unit and one full Al 

in the tetrahedral structure. There is no substitution 

occurring in the octahedra, resulting in a layer charge 
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Figure 21. XRD patterns of clay minerals found in 
the Uvalde samples. 



of approximately one. This is balanced by one full K+ 

cation as opposed to K a deficit in illite. 
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One primary difference between these closely 

related minerals is that muscovite occurs as macroscopic 

crystals while illite generally is found to be < 4 

microns in size. 

Diagnostic x-ray diffraction peaks for illite occur 

at 9.98A, 4.46A, 3.36A and 2.57A. 

Smectites 

Smectites, by far, made up the bulk of the samples, 

in fact, those from the Smyth Quarry were almost pure 

dioctahedral smectite. 

Smectites are 2:1 type sheet silicates, that is two 

tetrahedral sheets are joined to one octahedral sheet 

with an interlayer region occupied by water and 

interlayer cations. This 2:1 layer generally carries a 

negative charge due to ionic substitutions in both the 

tetrahedra and octahedra. The charge deficiency is 

theoretically balanced by an interlayer cation. This 

interlayer region plays a significant role in the 

colloidal properties of smectite minerals as will be 

discussed further in the next section. 

The minerals ability to absorb interlayer water and 

cations results in expansion of the unit cell. This is 



observed on x-ray patterns after the sample has been 

saturated with ethylene glycol (Figure 22). 
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Smectite varieties occur as both dioctahedral and 

trioctahedral with layer charge ranging from 0.2 to 0.6. 

Composition, nature of the octahedral sheet, and location 

of the layer charge are used as criteria for 

classification of the smectite group. 

Smectites can be divided into two subgroups: the 

trioctahedral group and the dioctahedral group (Table 3). 

The majority of the clays studied were from the 

dioctahedral montmorillonite group, although a few 

trioctahedral saponites occurred. The montmorillonites 

are commercially known by the term "bentonite." 

Clay Properties 

Perhaps the most significant characteristic of the 

clay mineral group is their size, that is < 2 ~m. 

Therefore, clay suspensions tend to be colloidal systems. 

Basically speaking, colloids are particles to small too 

be seen with the an optical microscope. A colloidal 

system is one in which one or more phase is dispersed in 

another, for example, a clay dispersed in water. 
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Since clays have a small particle size but a platy 

morphology, they tend to have large surface areas, which 

varies considerably among species (Table 4). For 

example, kaolinite has only an external surface; on the 

other hand, the smectites, with their interlayer region, 

have both internal and external surfaces (Figure 23). 

The large surface area of clays and their electrostatic 

charge allows the clay to be manipulated to suit 

technological applications. 

Layer Charge 

The charge on clay particles can arise by 

substitution of Al+3 for si+4 in the tetrahedral sheet, 

or Mg+2 , andjor Fe+2 for Al+ 3 in the octahedral sheet. 

This is termed the structural (permanent) charge. The 

second method is the surface charge which is the result 

of chemical reactions on the clay's basal surfaces. This 

type of charge is Ph dependent and accounts for < 1% of 

the total charge in the smectite group, but for species 

with almost no substitution such as kaolinite the surface 

charge is significant. 

Selected clay samples were subjected to 

transmission electron microscopy (TEM) allowing elemental 

composition, therefore structural formulas, to be 

determined. Electron micrographs of selected samples are 

shown in Figures 24-29. 



Table 4. Specific S~rface Area Values of Common Clay 
Minerals M jg 

SMECTITE 800 

VERMICULITE 750 

CHLORITE 15 

KAOLINITE 15 

ILLITE 30 

From SEPM 1988. 
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KAOLINITE HAS ONLY AN 
EXTERNAL SURFACE AREA 

EXTERNAL 

SMECTITE HAS BOTH AN 
EXTERNAL AND AN INTERNAL 
SURFACE AREA 

INTERNAL 

Figure 23. External surface area of kaolinite 
versus the external and internal surface area of 
smectite. (From SEPM, 1988). 
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Figure 24. TEM of dense smectite aggreagate from 
Blue Lot I, approximately 2 microns in size. 
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Figure 25. TEM of typical smecite particles found 
in Blue Lot I. 
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Figure 26. TEM of dense smectite aggregate with 
curled edges and anatase concentrated at one end 
approximately 2 micons in length found in Blue Lot II. 
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Figure 27. 
in Blue Lot II. 
aggregates range 
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TEM of typical smectite particles found 
General size distribution of smectite 
from 0.5 to 1.0 microns. 



Figure 28. TEM of dense smectite aggregate with 
curled edges typical of Blue Lot III. 
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Figure 29. TEM of a large smectite aggregate 
consisting of curled edges and long thin film extensions 
typical of sample A 6-5 (40-45). 
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Diffuse Double Layer Theory 

The diffuse double layer theory incorporates both 

the charge of the clay particle and its colloidal status. 

To state it simply, when a smectite is dispersed in a 

liquid medium the negative clay surface attracts cations 

in the solution, thereby causing a concentration of 

cations near the clay surface that diffuses away from the 

particle, i.e., creating a cation concentration gradient. 

Therefore, a diffuse double layer is created by (1) the 

negative clay surface and (2) the concentration of 

cations (Figure 30). 

In a suspension of smectite particles and water, 

the clay particles will remain suspended due to repulsion 

of the cation layers surrounding each particle (like 

charges repel). If cation concentration is increased, 

the double layers of each particle are forced to come 

into closer contact until the repulsion is overcome and 

the layers are forced to overlap. Once this occurs, the 

particles will aggregate and flocculate. 

The swelling behavior of smectites is one of the 

properties that make them so unique. The swelling 

mechanism, however, is not as simple as may be expected. 

The interlayer region of a smectite is occupied by 

cations and water. The amount of water held in this 

area is a function of the interlayer cation. 
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Figure 30. Diagram of "Diffuse Double Layer 
Theory". (After Eslinger and Pevear, SEPM, 1988). 
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Cations in solution are hydrated, that is, the 

negative end of the water molecule is attracted to the 

cation. The greater the attraction the greater the 

cation's hydration energy. Once the cation is hydrated, 

its radius increases (hydrated radius). 

Calcium has a greater hydrated radius than Na+, due 

in part, to its hydration energy and its larger size. 

Therefore, a Ca saturated smectite will have a greater 

interlayer spacing than one saturated with Na+. This 

holds true for all divalent cations. The greater 

hydration energy of Ca plays a significant role in the 

clays rheological properties as will be discussed further 

in the next chapter. 

The cation that occupies that interlayer region can 

be determined from the basal spacings obtained from the 

XRD patterns of an oriented clay slide. ca+2 has a 

greater hydrated radius than Na+, therefore Ca saturated 

clays will have a characteristic 001 peak of 

approximately 15A, and Na+ has a 12A peak. 

Different cations are preferentially adsorbed to 

the clays surface over others. The order of preferential 

adsorption is called the lyotropic series and is as 

follows (Gray, Darley and Rogers 1970): 
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where The divalent cations are all adsorbed more readily 

than the monovalent cations with the exception of H+. 

As the smectite adsorbs water, it does so in an 

orderly fashion, one layer at a time. The first layer 

attaches itself to the basal clay surface by hydrogen 

bonds, therefore it takes on the hexagonal ring geometry 

of the tetrahedral basal surface. As each successive 

layer is added, it also assumes the same geometry, but as 

expected the hexagonal water structure becomes less 

stable with increasing distance from the clay surface. 

Generally the structured water, also termed 

crystalline water, is only stable up to lOA (four water 

molecules) thick. Once the critical lOA limit has been 

exceeded, the osmotic forces overcome the force of the 

hydrated cations and swelling is considered to be 

osmotic. 

Osmosis by definition is the passage of a solvent 

through a semipermeable membrane separating two solutions 

of different ionic concentrations. The solutions 

separated by the membrane have a tendency to reach equal 

concentrations at which point the process will stop 

(Dictionary of Chemistry 1985). 

Although a semipermeable membrane is not present in 

the clay suspension, the process is truly osmotic because 



(recall the double layer theory) the concentration of 

cations is greater between and around the clay layers 

than in the bulk solution. 
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Therefore, it is the solution (water and 

electrolytes) that is drawn up between the clay layers 

that can lead to disassociation. How easily the clay 

particle disassociates is dependent on the interlayer 

cation. For example, Na+ (as previously mentioned) has a 

lower hydration energy than ca+2 , therefore Na+ does not 

hold the water layer as tightly as ca+2 . Consequently, 

Na allows the layers to separate, therefore increasing 

the available surface area. 

The layer charge, clay mineral and electrolyte 

concentration are all major factors controlling clay 

particle association in a suspension. Three basic types 

of platelet associations have been observed: (1) edge-

to-edge (EE), (2) edge-to-face (EF), and 3) face-to-face 

(FF). In addition to this, whether the clays are 

dispersed, flocculated, or aggregated must be taken into 

consideration also. 

Figure 31 illustrates that aggregation refers to 

(FF) type orientation. Face-to-face orientation results 

from the collapse of the diffuse double layers, which 
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-----
a) dispersed and deflocculated b) FF aggregated and deflocculated 

c) EF flocculated and dispersed d) EE flocculated and dispersed 

,,, 

VA 
e) EF flocculated f) EE flocculated . g) RF, RE~ flocculated 

and aggregated and aggregated and aggregated 

Figure 31. Schematic of clay platelet 
associations. From van Olphen, 1977. 



ultimately leads to a decrease in the viscosity of the 

suspension. Flocculation refers to (EF) associations. 

Dispersion is the opposite of aggregation and 

deflocculation is the absence of any (EF) associations. 
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The geometry of the clay particles in suspension is 

a significant factor when a clay is being evaluated for 

use in a drilling fluid. Edge-to-face orientations leave 

large voids in the structure which will trap unwanted 

water. Deflocculated (FF) geometries lowers viscosities 

at low clay concentrations and aggregated (EF) and (EE) 

particles may cause strong gels to form. All of the 

above can cause disaster while drilling a well as will be 

explained in Chapter V. 

What can be done to disrupt the flocculation 

process? Since a clay platelet has negatively charged 

faces and positively charged edges complex anions can be 

added which attack the crystal edge and react to change 

the positive edge charge to negative. This will cause 

repulsive instead of attractive forces to predominate in 

the platelet geometry. 

Gels 

Clay particles have been known to form gels by 

three basic methods: 

(1) EF linkages 

(2) EE linkages forming ribbons and 



(3) parallel association of plates held 

together by the quasi crystalline water between them 

(Gray, Darely, and Rogers 1980). 
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A prominent characteristic of the Uvalde clays is 

their tendency to build strong gel structures. This 

necessitated the use of low molecular weight Na 

polyacrylates as dispersants to decrease the gel strength 

without decreasing viscosity. The polymers consists of 

long coiled chains that attach themselves to the positive 

clay edges. They then lose the Na which gives the chain 

a negative charge along its length causing the chains to 

repel each other as they stretch out, therefore, 

hampering the creation of (EF) structures and creating 

long ribbons of clay particles which do not decrease 

viscosity (Darely, Gray, and Rogers 1980). 

Cation Exchange Capacity (CEC) 

Smectites in general are characterized by a low 

layer charge (0.2-0.6), it is this low charge that causes 

the interlayer cation to be weakly held. This feeble 

bond allows for cation exchange to take place. Which 

cation that occupies the interlayer will have a 

significant effect on the clay's physical properties. 

cation exchange capacity is a measure of amount of 

cation in the interlayer region, or for 1:1 type clays, 
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the diffuse layer (Table 5). When working with smectites 

they must first be saturated with Na to get a true value 

of CEC. Also, surface areas can be calculated from CEC 

values (Table 6). 
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Table 5. CEC Values of Common Clay Minerals 

EXPANDING Smectites 80 - 150 
CLAYS Vermiculites 120 - 200 

Illites 10 - 40 
Chlorites < 10 

Kaolinites 1 - 10 

From SEPM 1988 
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Table 6. CEC Values of the Smyth Quarry Clays. 

Cation Exchange Capacity of Selected 
Clay Samples 

Smyth Quarry 

Surf. Surf. 
% Ca A~ea Na A~ea Hole # Depth <2J1. CEC (m /g) CEC (m /g) 

Hole 1 16-41 52 96 751 

41-66 48 46 360 91 712 

Hole 2 10-32 51 34 266 98 767 

32-57 44 104 814 

57-82 50 102 798 

Hole 3 15-40 47 32 250 107 837 

40-70 47 33 258 105 822 

Hole 4 10-35 56 89 697 

35-60 52 32 250 105 822 

60-85 42 94 734 

Hole 5 15-40 50 96 751 

40-65 46 102 798 

65-90 50 91 712 

Hole 6 10-40 46 

40-75 47 96 751 
Blue I 
Spray Dried 100 93 728 

note: the above values are mathematically calculated 

theoretical values. 



CHAPTER V 

RHEOLOGY 

This chapter will consider the rheology of clay 

suspensions with respect to drilling fluid behavior. The 

drilling fluid is one of the most important components in 

the drilling process. The fluid's functions (Gray, 

Darely and Rogers, 1980) are to: 

1. carry the cuttings from the drill bit to the 

surface; 

2. keep the drill bit cooled and clean; 

3. serve as a friction reducer between the 

borehole walls and the drill string; 

4. stabilize the uncased sections of the hole; and 

5. prevent fluid from permeable rock units to 

enter the borehole and form a thin low 

permeable mud cake on the sides of the hole which 

seals the rock pores. 

The drilling fluid's ability to perform these 

functions is dependent on the mud's density, clay 

mineralogyjcolloidal chemistry, and rheological 

properties. 

Rheology is the study of the deformation and flow 

of matter. This is governed by two fundamental types of 

flow: laminar and turbulent. 
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Laminar flow occurs when successive layers of 

liquid slide past each other without mixing, i.e., the 

liquid's streamlines remain distinct from one another. 

This type of flow occurs at low velocities. Turbulent 

flow occurs at high velocities and is due to disorderly 

fluid movement, that is, the mixing of stream lines. 

Generally, laminar flow models are employed to 
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predict drilling fluid behavior, these models include the 

Newtonian, pseudoplastic and Bingham plastic models. 

Newtonian Model 

The movement of a Newtonian fluid is analogous to a 

deck of cards sliding slowly past each other (Figure 32). 

The velocity profile (shear stress versus shear rate) of 

a Newtonian fluid is a straight line plot through the 

origin, the slope of this line is the fluid's viscosity. 

Therefore, in a Newtonian fluid viscosity remains 

constant with increasing shear rate (Darley, Gray and 

Rogers, 1980). 

F/A = r = -~(dvjdh), 

where F = force, 

A = Area, 

r = shear stress, 

dv/dh = shear rate 

~ = viscosity = shear stress/shear 
rate. 
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h F dv 

dh ~?.ear l/ ~~te 

f force F /A = shea1~ stress 
A = area of pal~ticle dv/dh = she:.tr rate 

Fig. 32 Schematic of movement of water layers in a 
Newtonian fluid. 



Bingham Plastic Model 

A fluid which requires a finite stress (i.e., a 

yield point) to induce laminar flow is considered a 

Bingham plastic. In a Bingham plastic fluid, the term 

effective viscosity is used as opposed to viscosity. 

Apparent viscosity (or effective viscosity) is the 

viscosity that would be observed in a Newtonian fluid 

subjected to the same shear stress and shear rate. The 

apparent viscosity observed at a given shear rate is: 

Jl.e = P.p + r 0 /(shear rate) 

Jl.e = effective (apparent) viscosity 

P.p = plastic viscosity 

P.p = (r - r 0 ) I (dvjdh). 
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The effective viscosity equation is comprised of 

two components: (1) the fluid's plastic viscosity and (2) 

its ability to form a gel structure which resists shear. 

At this point, it will be useful to define the 

common terms associated with drilling fluid: 

Apparent viscosity - is the effective viscosity 

observed at 600rpm in a concentric rotating 

viscometer. Generally the term apparent 

viscosity is used interchangeably with 

effective viscosity with respect to drilling 

fluids. 
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Effective viscosity - the viscosity that would 

be observed in a Newtonian fluid under the same 

shear stress and shear rates as that of the 

Bingham plastic. Effective viscosity includes 

both the plastic and structural viscosity. 

Gel strength - the ability of the clay 

particles to build a structure resistant to 

shear. This should not be confused with yield 

point which is associated with flow, gel 

strength is measured after the fluid has been 

at rest. 

Mud cake - mud solids from the drilling fluid 

that are concentrated on the borehole walls. 

Plastic viscosity - is shear stress in excess 

of the yield stress that will induce a unit 

rate of shear. 

Structural viscosity - a fluid's resistance to 

shear due to the clay platelets building a gel 

structure. 

Viscosity - a fluid's frictional resistance to 

movement. 

Yield point - the point at which shear stress 

is greater than the shear strength of the 

fluid, i.e., the shear stress required to 



induce laminar flow (Gray, Darely and Rogers 

1980). 
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Apparent viscosity, plastic viscosity, yield point 

and gel strength can all be read (or calculated) directly 

by using a rotating viscometer. Basically, a bob is 

suspended from a torsion wire (Figure 33). Around the 

bob is a rotating sleeve which traps a thin layer of 

fluid between it and the bob. As the sleeve rotates the 

bob will also rotate. 

The yield point of the fluid is reached when the 

shear stress at the surface of the bob is greater than 

the shear strength of the fluid. 

R.P.M. (revolutions per minute) readings are taken 

directly from the viscometer and are related back to 

viscosity through the following equation: 

P.V. (plastic viscosity) =A ( 11- 12)f(w1-w2) · 

11 and 12 are the 600 and 300 RPM readings, 

respectively, and A is a constant which takes into 

account the viscometer,s hardware. Eventually this 

equation reduces to (Gray, Darely and Rogers 1980): 

P.V. = 11 - 12· 

Y.P. = 12 - P.V. 

A.V. = 11/2. 



Figure 33. 
viscometer. 

Bob and rotating sleeve of a standard 
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Gel strength is obtained by reading the maximum 

point of deflection the viscometer dial at 3 RPM, 

P.V. = plastic viscosity, 

Y.P. =yield point, 

A.V. = apparent viscosity. 
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Smectites have the tendency to form gels. These 

gels are the result of electrostatic charges on the basal 

and edge surfaces of the clay platelets (Chapter IV) . 

Gel strength is measured at 10 sec. and 10 min. intervals 

after being sheared at a rate of 600 RPM for 30 seconds. 

Generally, gel strength increases with increasing rest 

time and will ultimately reach an equilibrium, this is 

characteristic of thixotropic fluids. 

High gel strengths can cause unwanted friction on 

the dill bit and string when drilling resumes after a 

shut down. Therefore, manipulation of strong gels is 

essential to the drilling industry. The strength of a 

clay gel can be reduced by addition of long chain 

polymers like Na-polyacrylate. At rest, they entwine but 

do not build structures and when sheared, align 

themselves parallel to the shear force. Consequently, 

apparent viscosity may also be reduced since the clays' 

ability to build a structure is a component of the 

apparent viscosity. 



The EE and EF associations of clay particles lead 

to viscous gels, while the FF orientation leads to 

aggregates which become heavy and settle out of 

suspension. This will generally occur when ca+2 is the 

interlayer cation. 
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The calcium cation serves as a coupler to bind the 

clay layers together. Sodium, on the other hand, will 

not restrict the layers, therefore they can separate thus 

increasing the effective surface area. This is 

significant because it is analogous to increasing the 

clay concentration in the suspension. 

The Uvalde clays are naturally saturated with 

calcium, for this reason 0.25% sodium carbonate (Na2C03) 

was added to the suspensions, that is, Na was added to 

replace a portion of the Ca as the interlayer cation 

thereby enhancing viscosity. 

However, the most critical factors affecting 

rheology were the concentration and type of clay mineral 

present, the percentage clay size fraction, and the 

quantity of ions in solution. In the Uvalde samples, 

those possessing a greater than 40% clay size fraction 

had far superior apparent viscosities than those that did 

not. It should be noted that generally the green samples 

contained less than 40% clay size material and possessed 

very low viscosities. 
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Potential clays for use in drilling fluids must 

meet the minimum specifications outlined by the American 

Petroleum Institute (Table 7). 

A number of the Uvalde samples possessed good 

apparent viscosities but had high fluid losses and gel 

strengths. The high fluid losses and strong gels are the 

result of edge-to-face type associations formed by the 

clay particles. When the clay platelets associate in 

this manner, large voids are formed thereby allowing 

water to pass through. Sodium polyacrylate complexes 

were added to the samples to decrease fluid loss and 

gelling. 

To summarize, the rheological properties of a clay 

suspension are dependent on (1) the type of clay mineral, 

(2) interlayer cation, (3) clay platelet association, and 

4) the concentration of clay and ions in suspension. 

Mud Cake 

Viscosity and related rheological properties are 

not the only parameters of importance when evaluating 

clays for drilling fluids. Another significant component 

is the mud cake. 
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Table 7. American Petroleum Institute Specifications. 

API Specifications for Bentonite Drilling Fluids* 

Viscometer 600 RPM dial reading .....•.... 30, minimum 

Yield Point~ ...................... 3 x Plastic Viscosity 
lb./100 ft. 

Filtrate . ................................ 15 cm3 maximum 

Wet Screen Analysis 
U.S. Sieve No.200 ........................ 4.0% maximum 

Moisture, as shipped from point of manufacture 
•••••••.••..••••.••••.•••..•.•••••.••••.. 10% maximum 

Rotating viscometer equations: 

Apparent viscosity (AV)= 600 rpm/2, 

Plastic Viscosity (PV) = 600 RPM - 300 RPM, 

Yield Point (YP) = 300 RPM- P.V., 

22.5g dry clayj350ml DI water. 
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While drilling is in progress the fluid pressure in 

the borehole must remain greater than the pressure in the 

formations encountered. This is to keep fluids from the 

formation from invading the borehole. On the other hand, 

it would be undesirable for the drilling fluid to invade 

the country rock, therefore a mud cake is needed to 

stabilize the borehole walls yet be of low permeability 

to hinder fluid from migrating intojout of the formation. 

Static filtrate testing was performed using the 

Bariod Standard Filter Press. The clay suspension is 

subjected to 100 psi for 30 minutes, and the purged 

filtrate is then measured in a graduated cylinder. 

During the first few seconds of the pressure test, 

the finer clay particles will pass through the filter 

paper until the pores become clogged. This is termed the 

mud spurt (Figure 34) (Gray, Darely, and Rogers 1980). 

After the mud spurt, only filtrate will pass through the 

filter. The volume of filtrate discharged is related to 

the pressure within the borehole, that is, the 

permeability of the mud cake is directly related to 

pressure. 

Smectite clays are sensitive to pressure in that 

they are compressible, therefore as pressure is increased 

permeability decreases. This is because the smectite 

platelets will align with their "c" axis parallel to the 



MUD FLOW HOLE 

EXTERNAL FILTER CAKE 

BRIDGING ZONE 

ZONE INVADED BY 
THE MUD SPURT 

FORMATION 

Figure 34. Invasion of permeable formation by mud 
solids. From Darley, Gray, and Rogers, (1980). 

93 



pressure exerted on them. This orientation exposes the 

most surface area, therefore, covering the pore spaces 

more effectively. 
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Mud cake thickness is a function of the clay 

concentration in the slurry, the volume of water held by 

the clay, and the clay particle size. The greater the 

clay's ability to hold water the less filtrate that will 

be discharged. Conversely (with regard to gels), the 

less water in the structure the less water there is to be 

discharged. 

Particle size is related to mud cake permeability 

in the following ways: 

1. Porosities were minimized when there was an 

uneven particle size distribution. This allows smaller 

particles to fill voids created between larger particles 

(Figure 34). 

2. Mixtures with a large diversity of particles 

sizes have lower porosities than those with a smaller 

size range. 

3. An overabundance of large particles is not as 

effective in reducing porosities as is an excess of fines 

(Darley, Gray, and Rogers 1980). 

To summarize, for a fluid to meet API standards, it 

must possess a average viscosity of at least 30, a lack 

of gel strength, and an impermeable mud cake. 
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Tables 8 and 9 list the results of rheological 

testing performed on the Uvalde samples using 0.25% 

Na2C03. It can be seen from the data that many of the 

samples did not meet the minimum API requirements. 

Generally, samples with less than 40% clay size fraction 

did not perform well. 

Inasmuch as API specifications were not met using 

Na2C03 as the sole additive, Na polyacrylates were 

utilized to enhance the rheological properties of 

selected clay suspensions. Table 10 documents the 

results of testing upon the addtion of the Na polymers. 
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Table 8. Rheological Test Results for Areas 1-6 
Upon Addition of 0.25 % Na2 co3 . 

VISCOSITY GEL FILTRATE 
% % (cp) STRENGTH mud loss 

HOLE# DEPTH <2JJ. Smect. AV PV YP lOs 10m cake ml 

Al-2 55-60' 45 83 11 2 18 22 44 3/32 27 
65-70 45 85 10 4 11 15 34 2/32 26 

Al-4 30-35' 69 81 10 4 11 13 14 3/32 33 

Al-5 5-10' 33 87 3 1 3 2 2 1/32 69 
25-30 22 85 2 1 2 2 3 1/32 57 
45-50' 34 82 3 1 3 1 1 1/32 63 
S0-55' 25 80 3 2 1 1 1 2/32 53 
70-75' 20 80 2 1 2 1 2 2/32 54 

A2-6 90-95' 63 84 9 4 9 9 26 2/32 44 

A2-8 15-20' 38 97 4 2 4 4 8 1/32 32 

AJ-18 35-40' 62 72 11 3 15 13 21 3/32 32 

A5-4 45-50 29 83 3 4 -3 1 2 1/32 55 

A5-8 20-25' 46 90 3 3 -1 1 2 1/32 43 
45-50' 49 77 6 3 5 8 9 2/32 42 
50-55 1 41 82 8 3 10 9 13 2/32 36 

AS-14 15-20' 86 75 21 4 33 29 39 2/32 22 
45-50 33 83 3 2 1 2 4 1/32 56 

A6-3 10-15' 43 88 4 2 4 3 4 1/32 52 
20-25' 37 87 5 2 6 3 5 1/32 52 
30-35' 42 80 7 4 5 28 34 4/32 40 
40-45' 76 80 10 4 12 24 34 2/32 36 

A6-5 20-25' 70 77 17 3 28 23 31 2/32 26 
30-35' 82 75 26 3 46 29 35 3/32 26 
40-45' 77 81 32 6 52 68 97 2/32 24 
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Table 8. cont. 

VISCOSITY GEL FILTRATE 
% % (cp) STRENGTH mud loss 

HOLE# DEPTH <2J.£ Smect. AV PV yp lOs 10m cake ml 

A6-6 20-25' 33 77 2 0 3 1 1 1/32 65 

A6-8 15-20' 50 80 4 3 2 3 4 2/32 41 

30-35 36 84 4 3 1 2 2 1/32 36 

A6-10 55-60' 53 78 10 6 8 14 15 3/32 32 

A6-13 60-65' 33 70 3 2 2 1 1 1/32 65 

A6-17 40-45' 33 80 3 2 1 1 4 1/32 54 

A6-20 10-15' 40 80 3 2 1 1 2 1L32 40 
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Table 9. Rheological Test Results for the Smyth Quarry 
Upon Addition of 0.25% Na2co3 . 

GEL FILTRATE % 
% Smec. (cp) STRENGTH mud loss >200 

Hole# Depth <2/J. Clay AV PV yp lOs 10m cake ml Mesh 

# 1 16-41' 52 74 7 3 8 10 19 2/32 29 9 
41-66' 48 75 9 3 11 12 25 2/32 30 9 

# 2 10-32' 51 79 6 3 6 7 11 2/32 31 8 
32-57' 44 73 9 2 14 12 24 4/32 31 10 
57-82' 50 72 11 3 16 17 34 3/32 32 9 

# 3 15-40' 47 73 9 4 10 10 22 3/32 14 14 
40-70' 47 73 14 5 17 24 37 3/32 27 12 

# 4 10-35' 56 75 6 3 5 8 10 2/32 31 8 
35-60' 52 79 7 3 7 6 14 2/32 30 9 
60-85 42 74 6 3 5 4 9 2/32 40 13 

# 5 15-20 50 77 8 3 9 14 29 2/32 28 10 
40-65 46 75 12 3 17 22 46 4/32 28 12 
65-90' 50 82 8 3 10 12 24 2/32 29 10 

# 6 10-40' 46 75 7 3 8 9 19 2/32 26 16 
40-75 47 65 9 2 13 14 28 2/32 29 16 

Blue Lot I 70 94 15 5 19 28 47 2/32 28 

Blue Lot II 60 80 15 5 23 28 47 2/32 28 

Blue Lot III 65 87 13 2 21 24 45 2/32 28 

Blue Lot I 
Spray Dried 100 95 16 7 18 35 130 2/32 10 
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Table 10. Rheological Test Results for Selected Samples 
Upon Addition of Na Polyacrylates. 

ldditives Sample Designation Viscosity Gel Filtration for 22.5g clay .<Ccn tipoi;;;c) Strength 30 Din. 350/ml distilled (lbs./100ft2) Cake Loss Aging Hatcz: HDlc ! Oc12tb A Y. :...e....Y... xe lOs lOmio incb,.s: ml fc.ti.a1 
0. 125 g Na20J3 
3.0g Na-poly. 

Hole 5 mixed 17 10 13 3 8 1/32 14 24 hrs. 

Hole 3 mixed 17. 9 15 4 8 '1/32 16 

Spray Dried 24 11 26 10 32 l/32 8 

ldditives Sample Designation Viscosity Gel Filtration 
for 22.5g clay (Centipoise) Strength 30 min. 
350/ml distilled (lbs.l100ft2) Cake Loss Aging 
mtez: Hole I! O"i2tb AY. .J?....Y... xe lOs lOmic inches ml ec.rud 
0.25g Na2:D3 Hole 5 mixed zo 9 
3.0g Na-poly. 

22 6 14 l/32 12 24 hrs. 

Hole 3 mixed 20 10 20 7 14 1132 14 

A 1-Z mixed 17 9 15 4 9 l/32 14 

Additives Sample Designation Viscosity Gel Filtration 
for 22.5g clay (Centipoise) Strength 30 min. 
3501ml distilled (lbs./100ft2) Cake Loss Aging 
}later Hole u Depth A.V . .L3.- Y.P lOs /lOmin inches nl. Pericd 

0. Sg Na2:D3 
3g Na-poly. Hole 5 mixed 18 11 4 4 I 12 10 2 hrs. 

15 14 17 24 hrs. 

Additives S~le Designation Viscosity Gel Filtration 
for 22.5g clay (Centipoise) Strength 30 min. 
350/ml distilled (lbs ./100ft2) Cake Loss Aging 
mtcz:: Hale !! Dc12tb A v . ..2...Y.. xe lOs llOmic iccbcs: ml. ~ 
O.Sg Na2C03 Hole 5 mixed 15 11 7 2/4 7 2 hrs. 
3g lla-poly. 

15 13 .Sg 1836 5 2 I 3 1 week 



CHAPTER VI 

CONCLUSIONS 

The Uvalde clays are the weathering products of 

late Cretaceous pyroclastic eruptions on the Austin sea 

floor. Due to different stages of eruption, some of the 

"basic" material was altered immediately by air and 

seawater, and other material was protected because it 

intruded the initial volcanic cone. This may be what 

produced the orange/white and green samples, 

respectively. 

The green samples appear to be more immature with 

respect to weathering. They contain such minerals as 

chlorite, analcime, and trioctahedral smectite. These 

samples, in general, have a much lower percentage of < 

2~m fraction than do either the orange or blue samples. 

The orange and blue specimens were generally composed of 

carbonate minerals, and dioctahedral smectite. These two 

groups achieved better results from rheological tests 

than the greens. 

All specimens fall short of API specifications with 

respect to viscosity, gel strength, and filtrate loss. 

Those samples which possessed good viscosities had high 

gel strengths and fluid loss. Na polymers were required 

to reduce gel strength and fluid loss and to increase 

100 
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apparent viscosity. After the addition of the polymers, 

the the rheological properties of the slurries were much 

closer to API specifications. 

To summarize, orange and blue clays (Smyth Quarry) 

from the Uvalde volcanic field have the greatest 

potential for use in drilling fluids. They must, 

however, be enhanced with Na polyacrylates to meet API 

standards. 
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