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ABSTRACT

The physical and chemical characteristics of the two differential
weathering effects, case hardening and core softeniné, are examined to
determine their formation mechanisms _by investigating several field
areas exhibiting differential weathering effectse. The terms
differential weathering effects, factors, mechanisms, processes,
morphologies and their cause and effect relationships are defined in the
context of the overall problem.

Because differential weathering effects are defined on the basis of
spatial wvariatioms in relative and absolute hardness, a portable field
instrument has been developed to measure rock hardness as manifested in
the abrasion resistance of the material.

The design and operation of the instrument as well as results from
standard materials are 'discussed in light of abrasive wear theory. The
way in which the instrument removes material appears dominated by
abrasive wear mechanisms. However, the concept of hardness implied by
such mechanisms is profoundly different for rock than for homogeneous
materials, and the effective hardness calculated for rock material using
this instrument is more insensitive to mineralogy than expected, and is
sensitive to the character of the intergranular bond.

At the first locality, Valley of Fire, Nevada, cavernous weathering
of the Aztec Sandstone results from the differential weathering effect
of case hardening. The case-hardened crust is an induration phenomenon
consisting primarily of host rock, calcite cement, kaolinite and fine-
grained quartz. The calcite occurs in a wide range of concentrations
(0.001 to 5.0 wt%). The hydrated calcium borate, colemanite, was also

found as a non-cementing hardening agent on two outcrops and can be used
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':_és a tracer constituent. In all cases kaolinite and quartz were the
major constituents of the indurating materials by weight and are
necessary bomponents of the crust. Eolian deposition and interaction
with meteoric Qatef were determined to be the primary differential
weathering mechanism within the Valley of Fire.

At Catavina, Baja California, tonalite exhibiting cavernous
weathering is found to be core-softened. Soft cores are more chemically
weathered than the exterior rock as indicated by higher kaolinite
contents. Hematite formed from the leaching of biotite occurs in
coatings on rock surfaces, but the hardening effect of the coating is
insignificant compared to the core-softening of the interior. The
hardness, measured by the abrasion resistance hardness tester, is
inversely correlated with kaolinite content in the tonalite. A one-
dimensional water flow model was developed for core-softened,
cavernously weathered boulders, and indicates that during infiltration
and dessication the moisture flux through a boulder's surface is
greatest at the interior cavern wall because of changes in the hydraulic
conductivities induced by core softening.

The differential weathering effects developed in the Ferrar
dolerite within the Labyrinth of the Dry Valleys, Antarctica are caused
by two different mechanisms. The primary mechanism is precipitatioen of
a brown, iron-stained silica coating in the exterior rock of outcrops
and joint blocks. This 1is also true for the case-hardened Beacon
Sandstone. Precipitation can occur in the rock's outer few millimeters
to centimeters, thereby decreasing the exterior rock's permeability, and
consequently its susceptibility to chemical weathering. The coating's

effect on a dolerite block's internal moisture regime is modeled for the
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. case of saturated flow, and shows that the contours of the pore water
flow.mimic subsequent morphology. Weathering of material underlying the
coating results in core softening of the dolerite. In dolerite blocks
of intermediate(size, expansion of the interior owing to weathering can
cause the 1less weathered outer zone to separate into an array of
polyhedral cracks. Further weathering and removal of the underlying
rock Ey the combined action of hydration, salt weathering and eolian
processes leads to the development of cavernous weathering.

A less common differential mechanism occurs in the bottom of the
Antarctic Labyrinth troughs in which an eolian polish develops on rock
surfaces exposed to the austral winter winds. Development of the polish
protects the underlying material with similar, but less dramatic
effects, than accompanies the presence of the silica coating.

Exposures of the Bishop Tuff in the Mono Basin exhibit the
differential weathering effect of case hardening. Early devitrification
along joint planes to an average depth of 1 em greatly increased the
resistance of the joint faces to weathering over that of the joint block
interiors. The absolute and relative hardnesses between interior and
exterior change systematically with exposure age, and cavernous
weathering results only on outcrops with long enough exposure ages, on
the order of ten to twenty thousand years.

The Towel Creek Tuff in Cottonwood Basin, Arizona, weathers into
peculiar forms: conical-shaped tepees which show cavernous weathering as
a result of case-hardening by calcite precipitation in the exterior
rock. Calcite contents of different materials are observed to vary
directly with the abrasion hardness of the material. Basal surfaces are

formed at the base of the tepees by heterogeneous fluvial erosion and
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'~ the cavernous hollows are initiated in these zones. Although

infiltration of meteoric water into the tepees occurs through all
surfaces, -moisture flow during dessication of the tepees occurs
primarily through fhe basal surfaces and the lower cavernous hollows.,
Equilibrium aqueous chemistry 1limits the dinterior rock's carbonate
content, but calcite can accumulate at the rock exterior.

Because of the overall differences in the intergranular bonding
character between crystalline materials such as granite and clastic
materials such as sandstone, the results of this study indicate that
crystalline rocks tend to core-soften whereas clastic materials case-
harden. Clastic materials will be affected by redistribution of
secondary cements and greater accumulation at an interface can result in
case hardening. In clastic rocks therefore, the hardness of different
areas can either increase or decrease with time. On the other hand, a
crystalline rock in a weathering environment will have its intergranular
and intragranular bonds disrupted by chemical alteration. Spatial
variations in disruption can result in core softening or case soften-
ing, but the hardness of all areas will decrease with time.
Accumulation of secondary cements can often enhance differential effects

in crystalline rocks but without case hardening the rock.
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Once 1 saw mountains angry,

And ranged in battle-front.

Against them stood a little man;

Aye, he was no bigger than my finger.

I laughed, and spoke to one near me:

"Will he prevail?”

"Surely,” replied this other;

"His grandfathers beat them many times."”
Then did I see much virtue in grandfathers,-
At least, for the little man

Who stood against the mountains.

- Stephen Crane






CHAPTER 1

INTRODUCTION

The many definitions of weathering proposed over the last century
indicate the difficulty of describing precisely a complex subject as
though it were a single process or a set of processes necessarily
related in space and time. Simple terms such as rock breakdown,
decomposition or degradation refer qnly to small portions of the
weathering spectrum. More general definitions such as put forward by
Reiche (1950) are based on a system viewpoint: "Weathering is the
response of materials, which were in equilibrium within the lithosphere,
to conditions at or near its contact with the atmosphere, the
hydrosphere and the biosphere.” But, as Keller (1957) points out, rocks
are in equilibrium only momentarily while the environment in which they
formed persists.

Since weathering is mostly envisioned within the framework of the
earth, interaction with the atmosphere, hydrosphere and biosphere is
usually implied. Yet thermal ablation of a silicate-ice layer to
produce a lag deposit on the surface of an icy satellite such as
Ganymede might be considered as weathering processes even in the absence
of an atmosphere, hydrosphere or biosphere. Likewise, although
relatively low temperatures and pressures are implied for weathering in
order to distinguish it from diagenesis or metamorphism, the high
transient temperature produced at the point of surface lightning strikes
or the pressure produced at the crystal-rock interface of a Na, S0, pore
solution, will certainly contribute to the breakdown of the material.

And should the weathering system include the entire mineral grain whose



-Auter surface 1is. in contact with an aqueous solution, or the entire
iithosphere -whose outer surface is also in contact with an aqueous
solution? One might think of weathering as the lithospheric interaction
with the extralithospheric environment, but even this restricts the
system ﬁo that which has been part of a lithosphere.

It is seen, then, that weathering is an arbitrary region chosen
along the temperature, pressure, compositional, space and time axes
which usually corresponds to geologic.systems viewed by humans at or
near the earth's surface, but can often be applied to situations with
only the remotest similarities to these systems.

Thus we come to the present study of differential weathering
effects. The variety 6f situations described in widely dispersed
geographical locations has resulted 1in many terms with subtle
differences in meaning. For the purpose of this study, a differential
weathering effect refers to a spatial variation in some praperty of the
material that affects its subsequent weathering behavior. A process or
property which gives rise to a differential weathering effect is a
differential weathering mechanism or factor, respectively. Peculiar
morphologies such as cavernous weathering can result from these
effects. Therefore, rock that has experienced one or more differential
weathering mechanisms or factors may develop a differential weathering
effect which, under the influence of one or more external processes, may
eventually result in a particular morphology.

In the present study the property having spatial variations is the
rock hardness, and its definition and method of measurement will be
discussed in Chapter 2. The study centers on a particular set of

differential weathering effects, i.e., those in which the exterior rock



is ﬁarder than the interior rock. The definition of exterior and
ihterior in this case is somewhat arbitrary. Whatever parcel or volume
of rock is Being‘discussed, e.g., a boulder, block, or outcrop, has an
outer boundary or zone seperating the parcel from the exterior
environment, which can be air, water, sediment, other rock, etc. This
boundary 1is called the exterior, and the zone of rock at or near the
exterior that has a defined set of properties different from that of the
underlying or interior rock is called the exterior rock. Since a
boulder or outcrop can be bounded by more than one external environment
at any time, such as a boulder half-buried in a soil, there may be more
than one type of exterior rock.

The are four subsets.of differential weathering effects based on a
relative hardness difference between exterior rock and interior rock,
and are given the names: 1) case hardening, 2) core softening, 3) case
softening and 4) core hardening. The difference between these effects
concerns the evolution of the absolute hardness with time. With case
hardening, the absolute hardness of the exterior increases with time,
while the absolute hardness of the interior usually remains the same or
decreases. However, during core softening, the absolute hardness of the
exterior actually decreases with time but to a lesser degree than the
interior, resulting in a differential hardness similar to that developed
during case hardening. A similar relationship exists between case
softening and core hardening. Before the development of an abrasion
resistance hardness tester core softening was not recognized as a
differential weathering effect, and many ostensibly case-~hardened rocks
may, in fact, be core-softened.

Because of the wvariety of properties and processes, acting



separately or simultaneously, that can be involved in weathering
situations, each situation must be examined individually in order to
determine what mechanisms or factors may be involved. The ultimate aim
of such a study is to understand the relationships among the different
processes and properties of a system and its environment. The degree to
which a morphology such as cavernous weathering will be developed is a
complex function of differential weathering effects, weathering rates
and exposure ages of the particular system.

The outline shown on the following page is a breakdown of the
categories adopted for this study. The 1list is not complete, and
includes only those processes, factors, mechanisms, effects and
morphologies relating to this study.

Six field areas exhibiting differential weathering effects were
selected for detailed investigation. They include the Aztec sandstone
(Nevada), the Beacon sandstone (Antarctica), the Bishop tuff
(California), the Towel Creek tuff (Arizona), the Ferrar dolerite
(Antarctica) and a tonalite from Baja California. A variety of other
areas were studied in lesser detail. Each area presents a different
situation, and together they span the range of categories outlined
below. The preferential occurrence of differential weathering effects
and resulting morphoiogies in arid to semi-arid regions seems to reflect
the greater variety of mechanisms, processes and weathering rates which
accompany the decreased water budget of these regions.

A number of studies have been conducted concerning the differential
weathering effects which cause cavernous weathering, tafoni, honeycomb
or alveolar weathering (Mustoe 1982; Jennings 1968). Cavernous

weathering itself has long been recognized as an important morphological



I. EXTERNAL PROCESSES - Processes which lead to the removal, addition or
alteration of material (processes which can contribute to
a change in the physical and/or chemical properties of
the system at the present time)

A. Chemical Alteration of Existing Phases

1) hydration 6) metabolic reactions

2) oxidation 7) substitution reactions
3) carbonization 8) adsorption reactions
4) leaching 9) other reactions

5) hydrothermal reactions

B. Dissolution
1) congruent
2) incongruent

C. Precipitation
1) insoluble solids and gels (silicates and oxides)
2) soluble salts (salt weathering)
3) ice (freeze—thaw)

D. Insolation
E. Unloading of Overburden

F. Erosion
1) fluvial
2) eolian
3) glacial
4) mass wasting
5) impact
6) other fluids and forces

II. DIFFERENTIAL WEATHERING FACTORS - Properties of the system and its
surroundings which influence the present system's response
to external processes in a spatially variable manner

A. Variations in Initial (Pre-weathered) Properties

1) structural variations

a. jointing

b. sedimentary and igneous structures
2) grain-size and textural variations
3) compositional variations

a. chemical

b. mineralogical

B. Variations in External Conditions
microclimatic variations (moisture, temperature)



" II1. DIFFERENTIAL WEATHERING MECHANISMS - Processes which have produced a
spatially variable response to external processes in
the present system.

A. Variations in the Redistribution of Constituents
1) wvariations in the precipitation or emplacement of
secondary constituents
a. calcite
b, silica
c. iron oxides
d. clay minerals
e. other
2) variations in dissolution and alteration
of existing constituents

B. Variations in External Conditions
variations in pore water flow

IV. DIFFERENTIAL WEATHERING EFFECTS - Spatial variations in one or more
material properties (rock hardness
for the purpose of this study)

A. Case Hardening
exterior hardness increases with time
interior hardness remains less than exterior

B. Core Softening
interior hardness decreases with time
exterior hardness does not increase with time but remains
greater than interior hardness

C. Case Softening
exterior hardness decreases with time .
interior hardness does not increase with time but remains
greater than exterior

D. Core Hardening
interior hardness increases with time
exterior hardness remains less than interior
V. RESULTING MORPHOLOGIES
A. Residual Core Stones and Spheroidal Weathering (case softening)
B. Cavernous Weathering (case hardening and core softening)
1) tafoni (hollows formed secondarily im rock material,
named for its Corsican type locality)

2) honeycomb or alveolar weathering (small scale hollows)

C. Concretions (core hardening)



‘phenomenon, and many descriptive papers have been written concerning it
(Anderson, 1931; Blackwelder, 1929; Bryan, 1922; Lattman, 1973; Ollier
and Tuddenham, 1962; Sekyra, 1972, and White, 1944). Processes cited
for the origin of cavernous weathering include case hardening
(Dragovich, 1969; Charlesworth, 1959, and Grantz, 1976), core softening
(Conca and Rossman, 1985 and this study), salt weathering (Evans, 1970;
Goudie, 1974; Selby, 1971; Malin, 1974), hydration shattering (White,
1976), insolation (Rice, 1976), frost action (Fahey, 1973) and wind
erosion. Whalley and McGreevy (1983) give a rather complete review of
the recent weathering literature. Many of these weathering processes
and effects are not mutually exclusive, and while a single process may
dominate in many situations, it is by no means the rule. Several
differential mechanisms and weathering processes can occur
simultaneously or sequentially both in space and time, especially in
arid regions.

Given the wvariety of situations encountered in weathering
environments, it 1is not surprising that past studies often seem in
contradiction to each other. Thus, Winkler (1980) disputed Bradley,
Hutton and Twidale's (1978) claim that salt weathering was important in
developing granitic tafoni in South Australia. Winkler asserted that
case hardening is the primary cause of all tafoni and honeycomb
morphologies, citing evidence from his work on the Cliff House sandstone
in New Mexico. Bradley, et. al. (1980) correctly pointed out that
tafonis may be convergent forms produced by differing mechanisms, and
they reasserted their conclusion that salt weathering is important in
their field area.

The above argument underscores the conclusion of this thesis, that



'generalizations should not be made concerning differential weathering
without some kﬁowledge of the processes, effects and mechanisms
involved. | Winkler's sandstone exhibits the differential weathering
effect of case hardening, whereas Bradley et. al.'s granite is most
likely . core-softened. Salt weathering is the dominant weathering
process acting on the granite's interior wall, while dissolution of
calcite cement is the dominant process implied for the sandstone. The
only generalization that can be made concerning differential weathering
effects (and even this should be aécepted only in lieu of direct
investigation) is that crystalline rocks, such as granites, diorites,
gneisses, etc., will tend to core-soften, whereas clastic materials,
such as sandstones, conglomerates, volcanic tuffs and limestones
(chemical precipitates), will case-harden. This generalization is
clearly demonstrated when crystalline rocks undergo brecciation as a
result of faulting or sliding. This changes the rock's nature from
crystalline to clastic. The character of the intergranular bonding in
the original material is replaced by that of a clastic material and
becomes susceptible to redistribution of cements and case hardening.
Because of this, the deformed rock often exhibits cavernous weathering
whereas the parent material does not exhibit cavernous weathering (some
examples in California being Armagosa Chaos, Baker Hill, and Tin
Mountain).

I have found no evidence for direct microbial mediation in this
study., However, recent findings by Friedmann (1982) discussed in
Chapter 5, Dorn and Oberlander (1981 and 1982) and Wilson and Jones
(1983) show that the role of microorganisms must be investigated as

possible mechanisms in differentially weathered materials, not only as



‘direct mechanisms, but indirectly such as changing the PC02 of different
microclimates and the production of salts, chelating agents and other
metabolic products which can have chemical or physical effects on

subsequent weathering.

EXPERIMENTAL METHODS

Homogenized powders were made from kg-sized samples upon which
whole rock chemistry was determined using X-ray fluorescence (A1203,
SiOZ, total Fe as FeO, KZO’ TiOz and MnO) and atomic absorption
spectroscopy (Na20 and Mg0). Specific mineral chemistries were obtained
using an electron microprobe on polished mineral grain mounts. Ferrous
iron was determined using a modified Wilson's method (Whipple 1974).
Mineralogy was determined using X-ray diffraction on powders, thin
section petrography, infrared spectroscopy on KBr pellets (Farmer 1974)
and scanning electron microscopy (SEM). A DuPont moisture evolution
analyzer was used for water analyses.

Scanning electron microscopy was performed on gold-coated, pristine
rock fragments and individual mineral grains using an ISI Super-II
Scanning Electron Microscope equipped for energy dispersive X-ray
analysis.

Infrared spectra were obtained with a Perkin-Elmer model 180
spectrophotometer on between 0.5 and 1.5 mg of powdered sample dispersed

1 1

in 200 mg KBr pellets. Spectra covered the 4000 cm - to 400 cm

region.
Fluorescence spectra were taken using incident 1laser 1light of

488 nm with a Spex Spectrophotometer model 14018 and a Spectra-Physics
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170 argon-ion laser.

Thin sections of case-hardened rocks were irradiated with thermal
neutrons at the U.C.L.A. Nuclear Energy Laboratory. Plastic track
detectors (Kodak film CA80-15) were placed over polished, doubly-
impregnated thin sections and the assemblage placed in the thermal
column of the reactor. Irradiation causes alpha particles to be emitted
from the lOB(n,a)7Li reaction, producing radiation damage in the
detector. Etching the detector for 70 minutes at 29° C in a 6 N NaOH
solution enlarges the damaged areas to conical-shaped tracks, which may
be counted with an optical  microscope at 1000X magnification.
Background track density for this method was found to be equivalent to
only 0.3 ppm B and is well below concentrations determined for the case-
hardened samples. Colemanite standards were from the 0ld Thompson Mine,

Death Valley, California.
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CHAPTER 2

ROCK HARDNESS AND ITS MEASUREMENT

A method of measuring the hardness of materials as manifested by
the abrasion resistance was developed in order to compare the hardness
of different materials as they evolve under changing conditions. A
portable field instrument was designed and built to measure changes in
the abrasion resistance hardness of geologic materials, especially those
changes resulting from weathering.

In discussing rock hardness in its relation to weathering, the term
hardness 1is usually applied to the rock as a whole and not to its
constituent mineral grains. Rock hardness can be thought of as the
friability, the resistance to erosion, the abrasion resistance, the
durability, the cohesion, or other descriptions and combination of
descriptions of ©physical properties that apply to rock material.
Because of the variety of properties involved in rock hardness, it is
difficult to choose and perform a suitable test for comparing hardness
among different rocks, especially in the field.

Recently Day and Goudie (1977) have been successful in using a
Schmidt Test Hammer to measure rock hardness and its relationship to
landform development. The Schmidt Hammer measures the coefficient of
restitution (the fractional rebound distance of a mass upon impact)
which depends on the cohesion of the surface and subsurface material.
The Schmidt Hammer is not applicable to the study of case hardening or
core softening because 1) most exterior crusts are quite thin (mm
to cm), 2) the hammer will be influenced by the wunderlying softer

material and 3) the measurement will physically break the exterior
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'__crust. Gillespie (1982) used acoustic wave speeds to measure the degree

of weathering of glacial erratics in Sierra Nevada moraines and
discoveredAthat these measurements were affected by the development of
case~hardened c?usts. However, acoustic wave speeds measure a bulk
property and, in practice, it is difficult to use them to investigate
small areas within individual rocks.

In materials science, extensive hardness testing has been done on
homogeneous materials such as metals and hard rubber. These tests
consist of Vickers and Brinell indentation tests. These tests are
inapplicable to heterogeneous materials such as rocks because the
durability of rock in the face of erosive agents may depend only
slightly on the indentation properties of the individual grains.

A useful test of rock hardness would measure a property or set of
properties that influences the erosional behavior of a rock. Resistance
to abrasion is such a set of properties which determines the behavior of
the rock in response to the shear stresses and gouging action of

abrasion.

THE ABRASION RESISTANCE HARDNESS TESTER

The abrasion résistance hardness tester (ARHT), a portable field
instrument, was developed with the above ideas in mind (Fig. 1). ARHT
abrades the material by means of a diamond coring bit, which is turned
slowly by a constant-speed motor and which is driven into the rock by a
constant normal force or load. The measured time required to abrade to
a fixed depth is related to the material's abrasion resistance. During

the operation of ARHT, the operator has control of the load, L, and the
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~ depth of penetration, D. Convenient units obtained from the instrument,

that discriminate hardness among different materials, are the abrasion
resistance hardness value (H,) and the coefficient of relative hardening

for an exterior surface (C), defined as:

x 10 (1)

Ha (exterior)

¢ = Ha (interior) (2}

where Ha is the abrasion resistance hardness value (105 N sec/m), C is
the coefficient of relative hardening (dimensionless), L is the load, or
normal force (Newtoms), D is the depth of drill penetration (meters),
and t is the time (seconds). The reason for defining Ha in terms of D,
L and t as given in equation (1) will be dicussed below. For most

geologic materials, H, is found to lie in the range from about 1 to 100

a
(in units of 105 N sec/m) For example, H, is about 10 for a well-
cemented sandstone and about 50 for an unweathered granitic rock.
Values of C greater than 1 indicate case hardening or core softening.
H as defined in equation (1) is not the same as Hy, used in Tabor's
abrasion tests for plastics (ASTM, 1979).

Ha is dependent on a number of factors that combine to determine
the resistance to abrasion, such as the kinetic coefficient of friction,

average mineral hardness and the character of the intergranular bond.

If L and D are kept constant then the changes in t will reflect changes
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Figure 1 Photograph of the abrasion resistance hardness tester (ARHT)
developed to measure the hardness of brittle, inhomogeneous

material. The instrument stands 100 em tall and weighs 15 kg.
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iin the abrasion resistance of the rock without actually describing the
Qariables involved or their relationship to each other. The advantages
of this method are that it measures a total effect of a group of factors
that influence erosion, is portable and is relatively fast. This method
is, in effect, a scratch test for the rock as a whole. The measurement
of Ha involves a small volume of material (<0.5 cm3) and is not
influenced by the surrounding material, thus allowing investigation bf a
rock on the scale of centimeters. The disadvantage of this method is
that little information is obtained éoncerning individual factors and
mechanisms. On the other hand, the summation of the effects of all the
factors into a single measured parameter (Ha) mimics the natural
environment, and allows different rock types and different portioms of
the same rock to be compared under fixed conditions. If the resistance
to abrasion is positively correlated with the resistance to weathering

and erosion, then these measurements will provide a relative scale of

rock hardness in relation to rock weathering.

Design

In order to perform reliably in harsh field environments (some of
the field areas are in the Antarctic) ARHT was designed to be simple
(Fig. 1). The abrasive agent is medium-grained diamond which is metal-
bonded to a coring bit having an outside diameter of 12.0 mm and an
inside diameter of 7.5 mm, producing an annular hole whose cross-—
sectional area is 78.5 mmz. The diamond particle size (500 um) is above
the critical abrasive particle size (Rabinowicz, 1965) so that the wear
rate 1is independant of the diamond particle size. The bit diameter is

chosen large enough to average the surface's physical properties, i.e.,
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" larger than the averége grain size of the minerals. The bit is chosen to
be a coring bit in order to keep the linear speed of each contact point
én the bit relatively constant over the area of the annular cross-
section. A mucﬂ larger bit diameter would require a larger motor and
stage assembly, such that the instrument would become impractically
heavy for field work. TFor coarse-grained materials, however, a small
diameter head will introduce problems depending on where the bit was
placed on the rock surface. .

The bit is driven by a small electric stepmotor which is mounted on
a stage. The stage is free to move vertically on two stainless steel
shafts. The power supply for the motor is a 12 volt battery which has a
capacity of approximately 7 ampere-~hours under mnormal conditions (4
amphours under Antarctic conditions) which is sufficient for over 3000
hardness measurements. In practice, the battery is recharged after
every thousand measurements. Drill rotation rate is 400 rpm. The
current draw by the motor is monitored by an ammeter mounted on the
stock.

The normal force or load on the rock surface is supplied by four
constant—-force springs (springs in which force is constant and not
dependant upon displacement) attached at one eﬁd to the stage and at the
other to the stationary platform. The force can be varied stepwise from
10 to 75 N by changing spring sets.

The operator holds the platform against the rock by means of a
stocks The penetration depth is set by a depth gauge and microswitch
which automatically shuts the motor off when the set depth is
attained. The depth of the annular hole produced can be varied from 0.5

to 30 mm but for most materials is kept at 3 to 6 mm. The drilling time
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"is measured by a stopwatcE.

| In order. to increase bit life, a coolant is sprayed into the drill
hole for about 1 second at regular intervals of about 1 second during
drilling. The céolant is water under normal conditions and water plus
ethanol under low temperature conditions. No effects were observed in
drilling time as the spraying interval was varied from continuous spray
to no spray, and it was concluded that, at the low drill speeds and
normal forces used with ARHT, the cooling fluid did not interfere with
abrasion in the drilling process within the accuracy of the
measurements, i.e., *5%. However, the spraying interval is kept
constant at about 1 second.

The effect of dulling of the drill bits with wear was evaluated by
drilling standard materials at a variety of loads until the drilling
rate began to be affected by dulling of the bits. Errors of greater
than 57 were not observed when using a bit until about 50 measurements
were taken. After about 70 measurements, dulling and plucking of
diamonds caused the results to be non-repeatable. In the practice of
taking wmeasurements, therefore, bits were discarded after 30 measure-
ments. Each bit was calibrated by drilling to a fixed depth and at a
fixed load in a standard material (the Navajo sandstone). All

measurments were related to that material.

Operation

In the field operation of ARHT, the instrument is most conveniently
used in the vertical or near vertical positions, but can be used at all
angles. However, at angles much over 90° to the verticle, the weight of

the instrument becomes uncomfortable and errors due to operator fatigue
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.

' become important. The field operation requires two people: one to hold
lthe instrument securely against the rock surface to be tested, and the
éther to manipulate the depth gauge, stage controls, stopwatch and
coolant, Prior(to each measurement, a small preparatory hole (up to
0.5 mm deep) is drilled to insure total bit contact with the surface.
Depth and load are chosen so that drilling to the set depth will take
between 30 and 300 seconds. For much shorter times, errors of several
seconds will constitute too large a percentage of the measurement, while
for much longer times operator fatigue interferes with the measure-
ment. Under these circumstances of orientation and drilling time,
reproducibility of the measurements is about +5%. Larger scatter
indicates heterogeneity in the physical properties of the material.
These heterogeneities can be especially dramatic in weathered materials,

where spatial variations in hardness can span two or three orders of

magnitude over distances of several centimeters.

Standard Test Materials

Three rock types of different properties were chosen to test the
instrument's operation and to establish the behavior of the general
classes of geologic materials: clastic, chemical precipitate and igneous
crystalline. The samples were selected for their relative
homogeneity. Large pieces of each material were cut flat to eliminate
surface effects.

The first rock type is represented by a homogeneous, fine to
medium-grained portion of the Navajo sandstone. The sandstone is well-
sorted, has an average grain size of 0.2 mm, and contains 97% quartz as

detrital grains and authigenic overgrowths, with 2% calcite and 1%
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'_hematite. For the purpose of this study, the sandstone can be
 characterized as composed of hard (H = 7 on Mohs scale) grains of quartz
Qeakly bonded by cements of quartz, hematite and calcite. The second
type is repreéentéd by a dense, medium~grained, equigranular,
crystalline limestone consisting entirely of calcite with no trace
minerals observed. The limestone can be characterized for this study as
soft (H = 3) grains of calcite strongly bonded by calcite cement. For
the third class of materials, a coarse-grained gabbro was chosen. The
rock is made up of a variety of hard (H = 5 to 7) mineral grains
strongly bonded in an igneous texture. The gabbro is a dark grey to
black, holocrystalline, hypidiomorphic rock with interlocking laths of
plagioclase up to 6 mm ‘in length. Mineralogically, the gabbro is
composed of 67% plagioclase (An80), 10% biotite, 8% enstatite, 4%
augite, 7% opaques, 2% apatite and about 1% quartz in graphic
intergrowth with the plagioclase.

A large single crystal of gypsum was also tested to observe the
behavior of a material having well-defined Mohs and indentation hardness
values. In addition to these natural materials, tests were carried out
on an earthenware ceramic (60% talc, 40% Ball clay, fired to 1000° C),
which fits into the third category, having. grains of a variety of
hardnesses (metamorphosed and unmetamorphosed clay minerals, H = 2 to 9)

strongly bonded in a crystalline texture.

Results
Each of the test materials was drilled to a fixed depth under a
variety of loads (normal forces). The wear rate (W), defined as the

volume of material abraded per unit sliding distance of the abrading
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Figure 2 (A) Wear rate, W, plotted against load, L, for the standard
materials described in the text. (B) Penetration depth, D,
plotted as a function of the drilling time, t, for the

sandstone standard.
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agent over the abraded surface, can be calculated from the time, the
 tota1 volume of material removed and the average sliding speed of the
bit. The ﬁear ?ate is, therefore, proportional to the reciprocal of the
drilling time, and Qill be used in the following discussion. Figure 2B
shows the penetration depth as a function of the drilling time for the
sandstone standard. The drilling time is directly proportional to the
penetration depth bearing out the relationship of ¢t/D given in
equation (1).

Figure 2A shows the wear rate plotted as a function of load. The
relationship of wear to load is approximately linear for loads less than
about 35 N, as would expected from the relationship of L ¢ t in
equation (1). However, for some of the materials this relationship does
not hold at higher loads.

The relationship of wear to 1load is different for each of the
geologic materials. For the loads normally employed by ARHT, the
sandstone and gypsum are the most easily abraded. For the sandstone
there is a marked change in slope at about 35 N, the wear rate
approaching a constant value at higher loads. The gypsum may exhibit
similar behavior at higher loads, but the softness of the material
precludes drilling at higher loads because of binding of the bit. The
limestone 1s next in ease of abrasion and does not have a marked slope
change within the range of loads used by ARHT. The ceramic and the
gabbro are the hardest materials and behave similarly at small loads.
At loads above 45 N the gabbro approaches a constant wear rate whereas
the ceramic shows mno such effect.

For the sandstone and the gabbro, and probably for the gypsum,

increasing the load above 35 to 45 N results in less increase in the
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wear rate than a similar increase in load below 35 N. This represents
a "saturation” effect in the drilling-rate response to increasing
load. For the limestone and ceramic, the "saturation” load must be
above the normél working loads of the machine. The saturation effect
may be related to the grain size of the wear particles. The coring bit
can become clogged by adherent wear debris, hindering increaséd
penetration of the material by the diamonds as the load increases
(Rabinowicz, 1965). Table 1 gives the grain-size distribution for the
wear particles at a load of 30 N for each test material, and indicates
definite differences in the wear-particle sizes. The ceramic wear
particles are greatly skewed towards the small size fractions, with only
a few particles above SIum and none above 50 pm. Since the grain size
of the diamonds in the bit is 500 pm, these small wear particles should
not interfere with abrasion in the load range used. However, going from
the ceramic to the gabbro there is a continuous increase in the average
wear particle size. Those materials that have larger wear particles
exhibit a greater saturation effect in their corresponding curves in
Figure 2, i.e., the effect is more complete and occurs at lower loads.
Table 1 also gives values for the largest particle size observed for
each material. Wear of the sandstone and gabbro is producing particles
that are on the order of the grain size of the diamonds and interfere
with the wear process at high loads. Therefore, when using ARHT in the
field, loads should be chosen below the saturation load to insure the
linear relationship between wear and load.

According to equation (1), the origin in Figure 2 should be a point
common to all curves. Yet, some of the curves seem to intersect the

abscissa at a load of about 7 N, indicating a threshold load below which
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TABLE 1

GRAIN-SIZE DISTRIBUTION FOR WEAR PARTICLES AT L = 30 N

Distribution (Z Volume)

Wear Particle

Size Range (ym) Ceramic Limestone Gypsum Sandstone Gabbro

< 0.5 30 10 10 5 5
0.5 - 5.0 60 . 40 20 10 15
5.0 - 50.0 10 40 50 55 45
50.0 - 500.0 0 10 20 30 35
largest
particle 15 ym 100 um 150 um 250 um 400 um

observed
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4_ no wear takes place, or below which the relationship of wear rate to

:load changes dramatically. To a first approximation W seems to vary
linearly Qith load at 1loads between about 20 and 40 N, and field
operation of the instrument should be restricted to within this range to
allow comparisons between values of Hé for different materials. A load
of 38 N has been found to be appropriate for most rock types and most
situations. The use of a standard load removes the problem of deviation
in Ha with L, which arises when the W vs L curve of a material
(Figure 2A) does not go through the ofigin.

Scanning electron microscopy of the abraded surface after the
operation of ARHT illustrates the wear mechanisms involved. Figures 3a
and 3b are micrographs of the abraded surface of the sandstone showing
that brittle fracture is the only wear mechanism operating. On the
other hand, the ceramic, gabbro, limestone and gypsum, shown in Figures
3c and 3d, all exhibit textures that have been interpreted as due to
brittle fracture and plastic deformation (Mehrotra, 1983)

Mehrotra (1983) found that, in ceramic material subject to
abrasion, the wear mechanisms were plastic deformation during mild wear
and brittle fracture during severe wear, and both mechanisms could
operate simultaneously over any given surface. The two different
surface textures in Fig. 3c probably result from differences in the
geometry of the abrasive grains in the coring bit. Each diamond grain
supports varying amounts of the 1load during abrasion, and may be
producing a different severity of wear. The presence of only brittle

fracture in the sandstone reflects the weak bonding of the material.
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Figure 3 Scanning electron micrographs of worn surfaces produced during
the operation of ARHT. (a) Sandstone showing fractured quartz
grains and quartz overgrowths with little evidence of plastic
deformation. (b) Higher magnification view of (a). (c) Ceramic
showing both plastic deformation (dark areas) and brittle
fracture (light areas). The gabbro and limestone show similar
features. (d) Higher magnification view of (c) showing
boundary between areas of plastic deformation (left) and -

brittle fracture (right).
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- Mechanism of abrasive wear

Abrasive wear describes the process of material removal during the
operation éf ARHT. Abrasive wear arises when a hard, rough surface
(diamond-studded bit) slides against a softer material, digs into it,
and removes material as loose fragments.

For the abrading diamonds of the coring bit, a simplified model of
the abrasive wear can be developed using the geometric assumptions of
Figure 4. The diamonds are assumed to have a conical shape and, under a
load, to penetrate the surface to a depth, x. Rabinowicz (1965) shows
that, in the penetration by an individual diamond, the cross-sectional
area of the diamond at the grain surface, a, is determined by the load
on the diamond, AL, and the indentation hardness, p, of the indented

material as follows:

AL = pesa = pmwr (3)

where r is the radius of the cone at the grain surface. The projected
area of the penetrating cone in the vertical direction is rx, which is
equal to r? tan 6 where 6 is the angle between the diamond surface and

the horizontal. When the cone moves through a distance, dl, the volume

removed, dV, is given by:

AL tanb dl
pm

dav rxdl = r2 tanf® dl

The resulting wear rate, W, summed over the whole system, in total

volume of material removed per total sliding distance, is:
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Figure 4 Geometric assumptions used in the development of abrasive wear

theory. .
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L tanb

W = e (4)

From equation (4) it can be seen that, if abrasive wear is the
dominant mechanism acting in the removal of material, then the
relationship of W to L should be linear. The slope of the line will bg
determined by 6 and by the indentation hardness, p. For a fixed type of
bit, 8 is a constant, so that according to this model, the slope W/L
should depend only on the hardness, P

Evans and Marshall (1980) have modeled the abrasive mechanism of
brittle fracture and derived a relationship of wear rate to 1load,

9/8 p—3/2

analogous to equation (4), in which W varies as L instead of

! p_l. A different functional relationship of W to L may explain why
some of the curves in Figure 2 do not go through the origin.

Equation (4) together with the slope W/L, obtained from the data in
Figure 2A, provides a determination of the hardness, p, of each
material. As defined in the derivation of equation (4), p is the
effective indentation hardness of the material as a whole and may bear
little relationship to the hardness of the individual mineral gréins,
except in the case of gypsum since it is a single crystal.

Solving for p in equation (4), using the slopes from Figure 2A and
a value for tan®/m of 0.1 (Archard, 1980), gives an effective
indentation hardness for each material, given in Table 2. These values
are extremely low compared to those of most minerals obtained from
standard (DPN) indentation hardness tests, gypsum being about 30 kg/mmz,
calcite about 100 kg/mm2 and quartz about 1000 kg/mm2 (Rabinowicz,
1965). Choosing a value for tan6/m of 0.67 such that the calculated

effective hardness for gypsum in Table 2 equals the experimental value
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TABLE 2

INDENTATION HARDNESS, p (kg/mm”), FROM EQUATION (4)

tané/w
Materials 0.1 0.67
Gypsum 4.5 30
Sandstone 8.2 54
Limestone 10.9 72
Ceramic 20.0 133

Gabbro 20.4 136
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- of 30 kg/mmz, leads to the adjusted values of p in column 3. For the

. the gabbro, this adjusted value is still a factor of 5 below the
indentation hardness of most of the individual grains. Also, for such
different types of rock materials, the walues in Table 2 are very close
to one another, suggesting that the mechanism of wear operating during
the use of ARHT is much less sensitive to the hardness of the
constituent minerals than to the intergranular cohesion. It remains to
be seen if the p values in Table 2 can be related to other measures of

intergranular cohesion in the individual rocks.

H vs p

H, can be related to the hardneés, p, through equations (1)
and (4). If R is the mean radius of the bit, w is the drill rotation

rate, and A is the cross-sectional area of the annular hole produced

during drilling then the effective hardness, p, is:

5
= _ 107 R w tan®
p = £ Ha where f = 5

f is a constant which is determined by the characteristics of the drill
bit and the motor. p has a more fundamental meaning than H,, and could

be used as the experimental measure of abrasion hardness in place of Ha'

FIELD RESULTS

Although it would be valuable to obtain relationships of the wear
rate to load for every material investigated using ARHT and to use them
to determine the effective hardness, p, of each material, the number of

measurements required to obtain each curve in Figure 2A is impractical
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for field work and is unnecessary for answering initial questions, such
. as "Which rock is harder?” *

- For comparing the hardness of different rock masses or of different
portions of the same rock it is convenient to use the same load (L) for
each sample and determine the abrasion resistance hardness value for
each measurement from equation (1).

ARHT was used to investigate the major field areas of this study.
Abrasion resistance hardness values were determined for interior and
exterior rock, and, when possible, for relatively unweathered rock.
Table 3 gives measured values of Ha and C. C is greater than 1 for all
of the rock types studied, indicating that indeed the rocks are either
case-hardened or core-softened. As discussed earlier, the difference
between case hardening and core softening concerns the evolution of the
rock hardness during weathering. With case hardening, the hardness of
the exterior zome of rock increases with time, while the hardness of the
rock interior usually either remains the same or decreases. However,
during core softening, the hardness of the exterior decreases with time,
but to a lesser degree than the rock interior, resulting in a
differential hardness similar to that developed during case hardening.
The data from Table 3 demonstrate the differences between case hardening
and core softening in terms of changes in the hardness with
weathering. For the Catavina tonalite and the Ferrar dolerite, even
though the hardness of the exterior zone has remained greater than that
of the rock interior, the hardness of both has decreased with respect to
the initial wvalue, to an extreme degree in the tonalite and only
moderately in the dolerite, indicating that both areas are core-

softened. Most of the differential weathering occurring in crystalline



Locality

Tonalite
Catavina
Baja Califormnia

Ferrar dolerite
Labyrinth
Antarctica

Beacon sandstone
Farnell Valley
Antarctica

Bishop tuff
Butte Stream Cut

California

Towel Creek tuff

Cottonwood Basin

Arizona

Aztec sandstone
Valley of Fire

Nevada

TABLE 3

37

ARAT Field Results

Rock Zone

exterior
interior

fresh tonalite

exterior
interior

fresh dolerite

exterior
interior

fresh sandstone

exterior
interior
fresh tuff

exterior

interior

exterior

interior

Abrasion Resistance

Hardness Values

(105 N sec/m)

1.7 % 0.6
0.7 + 0.4
41.4 % 2.5

43.8 + 8.3
11.9 * 2.1
64.5 + 9.7

7.3 % 0.5
2.9 % 0.8
6.0 1 0.3

28.3 + 2.8
1.6 0.2
1700 i 3.0

4+

0.11 + .03
0.04 £ .03

0.20 + .02
0.16 + .03

Coefficient

of Relative

Hardening

2.3

3.7

2.5

18.3

2.8

1.3
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Figure 5 A core-softened boulder of the Vida granite exhibiting

extensive cavernous weathering. The boulder is 3 meters wide.
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rocks is core softening (Figure 5). .

On the other hand, the Beacon sandstone exhibits case hardening in
the classical sense. The crystallization of a secondary cement (silica)
in the near-surface rock during weathering has increased the absolute
hardness of the exterior zome of rock above the initial value, while the
hardness of the rock interior has decreased. The Aztec sandstone and
the Towel Creek Tuff have calcite as the major case-hardening agent.
The interior rock itself is the unweathered material.

The Bishop Tuff 1is a rather wunusual manifestation of case
hardening. The exterior has become harder than the interior as a result
of devitrification of the glassy matrix along joint planes. The effect
on the hardness is dramatic, producing the highest value of C observed
in any rock to date. Most values of C fall between 0 and 5.

The above results indicate that the effect that weathering will
have on the abrasion hardness of a rock is complicated and depends on
the type of rock as well as on which processes are involved in the
weathering. For a sandstone, the redistribution of cement will greatly
change the abrasion resistance of different portions of the rock.- But
for crystalline rocks, the effects of weathering are less obvious. The
cohesion which holds a crystalline rock together can be disrupted in
many ways. Disruption begins as soon as the rock moves from the P-T
conditions of its origin. The initial disruption is microfracturing
that results from the heterogeneous response of the different minerals
to changes in temperature, pressure and stress. Subsequently, removal
of material in solution, hydration or other alteration of primary phases
and intergranular surface bonds, and crystallization of secondary

minerals will further disrupt the internal cohesion of the rock. These
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- effects will produce a change in By with time, usually a decrease.

For fresh rock in which the intergfﬁnular cohesive strengths are
comparable to the yield stresses of the constituent minerals, the
abrasion of the rock should be controlled by the properties of the
individual grains. But as weathering proceeds, these intergranular
strengths will be reduced to below the yield stresses of the minerals,
and the behavior of the rock in the face of abrasion will change. 1In
studies of the weathering of the tonalite at Catavina (Chapter 4) the
major effect of weathering is féund to be the disruption of
intergranular bonds by dissolution of feldspar and the formation of
minor amounts of secondary kaolinite and quartz. The abrasion
resistance of the rock decreases with increasing kaolinite content
formed during weathering (Figure 6). Small differences in kaolinite
content produce large variations in the hardness of the rock.

It is possible, therefore, to correlate changes in rock hardness
with other parameters, such as changes in composition or exposure age,
to obtain useful information on differential weathering mechanisms. The

following chapters will expand upon this approach.



Figure 6
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ngdness as a function of kaolinite content for different
areas in a weathering tonalite boulder. The highly weathered
interior has the highest kaolinite content, and the fresh rock
has the least kaolinite (Chapter 4). The load, L, is given as

the normal force, Fn
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CHAPTER 3

- CASE-HARDENED AZTEC SANDSTONE

Cavernous weathering is particularly well developed in the Aztec
Sandstone within the Valley of Fire, Nevada (Figure 7), where the
differential effect is case hardening. . The study area is located in the
Valley of Fire, 60 km northeast of Las Vegas, Nevada. The dominant rock
type in the area 1is the Jurassic Aztec Sandstone, a friable, fine-
grained quartz sandstone, which is weakly cemented by hematite and minor
amounts of calcium carbonate (for a detailed stragriphic discussion, see

Longwell, et al., 1965).

CASE~-HARDENED CRUST

Samples were obtained from a total of thirteen outcrops in the
study area. The case-hardened crust within the Valley of Fire is
usually between 0.5 and 5.0 mm thick, averaging approximately 1.5 mm.
The crust is colored a lighter orange than the interior rock, and the
boundary between crust and interior is abrupt.

The crust is not restricted to the unbroken surface of the outcrops
but can be developed on surfaces inside cavernous depressions.
Occasionally, the interior wall of a large cavernous depression is
itself case-hardened and cavernous weathering can be developed in this
interior wall.

The cavernous depressions are usually smooth-floored and spherical
except where bedding has influenced erosion. Within the depressions
active erosion is expressed as spallation and disintegration from the

cavern walls. However, the floors usually have little eroded material
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Figure 7 Representative outcrop of the Aztec Sandstone in the Valley
of Fire, Nevada, showing well-developed cavernous
weathering. The surface opening of the largest cavermnous
depression in center of image is 0.8 meters at its longest
dimension. Also present in the upper left is a remnant of a

once~extensive coating of desert varnish.
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- on them indicating rapid removal.

On parts of two outcrops a light }ellow crust less than 0.5 mm
thick is developed over the ubiquitous orange crust discussed above.
The yellow crust is significantly harder and more resistant to abrasion

than the orange crust and has a different chemistry.

SCANNING ELECTRON MICROSCOPY

Crust and interior rock samples were investigated using a scanning
electron microscope equipped for energy dispersive X-ray analysis. The
surface views shown in Figure 8 are representative of the study area.
Figure 8a and 8b show micrographs of a section of the rock below the
crust. The sandstone is‘very porous and there is a noticeable absence
of intergranular fines. Submicron-sized hematite platelets cover all
quartz-grain surfaces. The dominant clay mineral in both the case-
hardened surface crust and the underlying rock is kaolinite, identified
by X-ray diffraction and infrared spectroscopy.

Figures 8c and 8d show micrographs of the surface of the case-
hardened crust (orange crust). X-ray analyses indicate that there is a
coating, less than several microns thick, of fine-grained, Ca~bearing
material on the quartz grains. Intergranular spaces are filled with
fines which are mosﬁly kaolinite. Hematite on grain surfaces is covered

by the Ca-bearing coating and the fines.

INFRARED SPECTROSCOPY
X-ray powder diffraction reveals only quartz, kaolinite and
hematite in both the case-hardened crust and the interior rock, although

in different proportions: the crust has more kaolinite than the interior
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Electronmicrograph of the interior and surface of the case-
hardened Aztec Sandstone. (a) Micrograph of the rock below
the crust, showing the abundant pore space between sand
grains. (b) Higher magnification view of central portion of
(a). (c) Micrograph of surface of case-hardened crust showing
coating and the decreased porosity resulting from filling by

kaolinite and calcite. (d) Higher magnification view of (c¢).
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_rock. Differences in the X-ray diffraction data between crust and
interior ro;k occur only in the relative amount of kaolinite and quartz,
the crust having much more kaolinite and slightly less quartz than the
interior rock. Thus the cementing agent is either present in too low a
concentration or is so fine-grained as to be X-ray amorphous. Removal
of quartz grains above 40 u results only in the relative increase of
kaolinite and no appearence of the cementing agent in the diffraction
data.

Infrared spectroscopy was employed because it is capable of
identifying phases in small concentrations as well as X-ray amorphous
material, and is also sensitive to the structural environment of hydrous
components. Figures 9a and 9b show the infrared (IR) spectra for the
interior rock and the case-hardened crust. In the spectrum of the
interior rock, all absorption bands can be attributed to kaolinite and
quartz with the exception of some adsorbed water features centered

around 3450 cm™l and 1625 cm L. Especially diagnostic are the

1 and 3600 em™!

absorptions between 3700 cm corresponding to the hydrous
groups of kaolinite. Kaolinite is the most abundant clay found in the
Aztec Sandstone within the Valley of Fire, and is present in all samples
studied. Kaolinite is always more abundant in the crust than in the
interior rock, typicélly by a factor of 5.

In addition to absorptions related to quartz and kaolinite the
spectrum of the case-hardened crust contains a broad absorption band
centered at 1435 cm ' and a sharper band at 873 cm—l, both of which are
absent in the interior rock. These two bands are the characteristic IR

absorption features of calcite.

The IR spectra of the yellow crusts are different from those of the



Figure
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Infrared spectra with major absorption bands labelled
according to mineral species: quartz (Q), kaolinite (K),
calcite (C), colemanite (B) and adsorbed water (W). (a)
Infrared (IR) spectrum of case-hardened orange crust showing

1 anda 873 em™!. () IR

absorptions by calcite at 1435 cm
spectrum of the interior of the case-hardened rock of (a).
(¢) IR spectrum of yellow érust showing absorptions due to
colemanite. (d) IR spectrum of colemanite standard from
Thompson Mine, Death Valley. (e) IR spectrum of kaolinite,
orange crust and interior in the region of hydroxyl stretching
showing the increase in kaolinite in the crust.
(f) IR spectrum of standards and yellow crust showing presence
of colemanite and kaolinite in yellow crust. Absorption by

adsorbed water in the yellow crust has altered its broad water

band relative to the colemanite standard.



52

1—W2 YIAWNNIAYM
0QEZ 0092 0862 0BA2E BBSE 0e8BE 00S 008 0081 002! 00v! 009! 808! 0R9 008 00Al 0BZI BOrI O3 Q08I

I8N0 w791

33 1uw2)0)

a3 3u2700)4

.

ONIHJL3¥LS HO

[ 40 nOI93Y 1 QUVNY LS
: 1} 3LINVW30D
T - t
] ~
T e ey | @
| By
#33u3700y 1
_ ] @
[ b
, . 0

N 1
| SNIHIL3INLS HO 11 1SNy #0134 y, 11 VAL 4A
40 NOIS3Y 1 an 4n Y~ |} d0T¥3INI - v

T T T T T T T + v v T v . .

1 T 1

3ONV8d0s8v

FIGURE 9

30NVE3088Y



53

orange crust, As with the orange crust, many absorption features are
_due to quartz and kaolinite. . However, bands at 3600 cm_l,
1367 cmnl,i334 gm_l, 1318 cm—l, 1270 em™! and 1227 em™! are the
characteristic absorption features of the hydrated calcium borate,
colemanite, CaB304(OH)3‘H20 (Figures 94 and 9f). No sulfates were found
in the study area or in any sample analyses.

By comparison of the peak heights in sample spectra with those of
the colemanite standard, the estimated amount of colemanite in the
yellow crust 1is approximately 0.40 wt%. That colemanite appears as a
hardening agent is surprising, but evaporite deposits of colemanite crop
out and are mined at several locations within 20 km of the Valley of

Fire, so that the supply of calcium borate in the form of eolian

transported material is readily available.

CO, EXTRACTION

Because of the finely-particulate and interspersed nature of the
carbonate in the crust, another method for determining the concentration
of CaCO3, as well as an independent verification of its presence, is
dissolution of the crust in phosphoric acid, separation of the CO2
evolved and determination of the amount of €O, by means of a manometer.

Table 4 shows the results for six case~hardened samples. The
amount of CaC03 varies significantly between outcrops. As in all
properties of the case-hardened crust within the study area, great local
variations occur in hardness (friability), composition and thickness.
Crust friability shows no systematic variation with CaCO3 content as
might be expected if CaCO5 were solely responsible for the decrease in

friability of the exterior.
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TABLE 4  COp EXTRACTION

sample
Type of crust sample weight(g) micromoles of COy wt% CaCOny
orange VF VIII 2.706 8.76 0.033
interior VF VIII 2.701 0.00 < 0.001
orange VF IVa 3.512 373.20 1.063
(pillar)
interior VF IVa 2.034 117 .88 0.580
(pillar)
orange VF XIII 5.192 2164.72 4,170
interior VF XIII 3.573 0.00 < 0.001
orange VF VIiia 0.311 0.67 0.004
orange VF VIIb 0.313 0.95 0.005

orange VF VIic 0.311 1.10 0.006
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There are two categories for interior samples: first, the samples
obtained from inside the main part of the outcrop which is directly
adjacent to deeper parts of the formation, and second, the samples
collected from the interiors of structures surrounded by case-hardened
crust, i.e., from the inside of pillars and knobs. When referring to
interior samples, the samples are from the first category unless
otherwise specified.

All interior samples studied f;om the first category did not
produce any C02 above detection limits indicating that the amount of
CaCO3 in the interior of the rock is less than 0.001 wtZ. Samples
VF VII, VF VIII and VF XIII in Table 4 have interior samples from the
first category. However, the interior sample taken from VF IVa in
Table 4 was obtained from the interior of a pillar 4 cm in diameter and
27 cm long and contains significant amounts of CaCO3. The pillar is
case-hardened all the way around its exterior, but the interior of the
pillar is as friable as the interior rock of the main body of the
outcrop itself. However, even though the CaCO3 content of the interior
of the pillar is higher than that of most case-hardened crusts developed
on the exterior of the main body of outcrops in the Valley of Fire, the
interior is not hardened. This indicates that CaCOg alone is not
sufficient to cause case-hardening at these concentrations in the study
area. Other factors such as the presence of kaolinite or the mechanical

distribution of the calcite must play a role.

FLUORESCENCE SPECTROSCOPY
Since both colemanite and calcite (due to impurities) are

fluorescent minerals, their emission spectra may provide a clue to the
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:distribution of these minerals with depth in the case~hardened
samples. Emission spectra for the surface of the orange crust and rock
interior are shown in Figure l0a. The interior spectrum was taken from
only 1.5 mm below the surface of the rock, immediately below the
crust. The crust itself exhibits a broad band emission centered about
2682 cm-l. The interior, however, is completely non-fluorescing.
Because the crust contains 0.002 wt%Z MnO and ample Mn exists in the
immediate environment as desert varnish, the calcite in the crust is

probably fluorescing as a result of Mn2+

impurity. This type of
emission and the relationship between crust and interior rock holds for
all case-hardened samples studied. Immediately below the crust there is
no .emission. However, the spectra for different crusts differ
significantly. Figure 10b shows the emission spectra for the surface of

the yellow crust and the interior immediately below it. The spectrum

for the surface of the yellow crust shows the overlap of two broad-band

1 1

emissions; one centered about 1500 cm - and the other about 2409 cm ~.

Figure 10c shows the same spectrum along with that of the colemanite
standard. The standard shows a broad band centered about 1455 cm™ !
(along with several Raman lines). Since infrared spectroscopy of the
yellow crust indicates the presence of colemanite, the emission about
1500 cm™} for the crust is probably due to the colemanite. The band

about 2409 cm -

suggests that calcite coexists with the colemanite in
the yellow crust (the thickness of which exceeds the penetration depth
of the laser light). Figure 10d shows the emission spectrum for the
orange crust immediately below the yellow crust. This spectrum is again

dominated by calcite, although a slight shoulder suggests some

colemanite is still present.
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Figure 10 (A) Fluorescence spectra of the interior and of the surface
of the case-hardened crust of sample VF IX. The spectra of
the interior were taken immediately below the crust (l.5 mm
beneath the exterior surface of the crust). (B) Fluorescence
spectra of the surface of the yellow crust and the interior of
sample VF Vb. (C) Fluorescence spectra of the yellow crust
and the colemanite standard. (D) Fluorescence spectra of the

orange crust immediately below the yellow crust of (B).
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RADIOGRAPHY

As a reéult of the identification of colemanite in the yellow crust
by infrared spectroscopy, an altérnative test for boron was attempted
and proved successful. Although colemanite 1s volumetrically
insignificant as a hardening agent relative to calcite, it is important
as a tracer for how the other constituents may have been emplaced, and
should help in deciding which differential weathering mechanisms are
involved.

It is possible to identify and obtain an in situ distribution of
boron with depth in case-hardened samples using a radiograﬁhic technique
employed by Furst, et al. (1976). The 10B(n,a)7Li nuclear reaction is
used in conjunction with alpha-sensitive plastic track detectors to
determine boron concentration and spatial position within polished,
doubly—-impregnated thin sections of case-hardened samples cut
perpendicular to the crust.

This radiographic technique takes advantage of the 1large cross
section for the (n,a) reaction of 10g (3840 barns). Lithium is the only
element which interferes with this technique via the 6Li(n,a)3H reaction
which has a cross section of only 950 barns. " Coupled with the isotopic
abundances of the two elements, Furst (1979) determined that for equal
concentrations of Li.and‘B, the efficiency for detecting Li relative to
B is only 0.12. Considering the estimated amount of Li in the samples,
interference should be negligible.

The amount of boron can be calculated from the tracks produced

using the following relationship:

Track density = n f o T R



»
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where n number of boron atoms/gram
f = neutron flux (nucleons/cmz'sec)

cross-sectional area (n,a) (cm2/nucleon)

Q
in

T = time of irradiation (seconds)

R = range of o particles in sample (grams/cmz).

For this experiment, assuming all boron is in colemanite:

= 1.12 x 1073 g/cm?

R =
f = 5.00 x 108 neutrons/cmz'sec (in thermal column)
o = 3840 barns = 3.84 x 10—21 cmz/nucleon

T = 900 sec.

Irradiation of case-hardened sample VF VIb (yellow crust) under

such conditions produced a varying alpha track density with depth or

distance from the rock exterior. Figure 1l shows the average of five
track-counting traverses through the sample (Table 5). It is evident
that almost all of the boron is contained within the case-hardened crust
which is 1.5 mm thick on this sample.

Figure 11 indicates that the concentraion of colemanite in the
yellow crust is aboﬁt 0.10 wtZ. This is a bit low compared to the
values estimated from infrared spectroscopy (0.40 wt7%). Yet, as in all
case—hardened samples local variations are great and to be expected.
Also, the extreme friability of the sample, even when impregnated,
causes the polished surface to be very irregular. Void spaces caused by
plucking of quartz grains are abundant and filled with epoxy. This
greatly reduces the ability of the track detector to measure alpha

production. Therefore, the values for the amount of colemanite in the
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Figure 11 In situ distribution of colemanite with depth in case-
hardened sample VF VI, as determined from the alpha track

density after irradiation with thermal neutrons.
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Neutron irradiation

ethﬁ%?gce\\- . flux = 5 x 108 neutrons cm2 sec-l
traverse 1 = t = 900 sec
2 >

traverse

v

traverse 3 Track density for Colemanite standard is

v

traverse 4

2.19 x 108 tracks/cm?

v

traverse 5

o

TRACK DENSITY (track/cm? x 103) distance average

from exterior track

traverse 1 traverse 2 traverse 3 traverse 4 traverse 5 (in micromns) density
234 258 318 300 275 0-113 277
313 78 300 165 117 113 - 226 194
234 39 150 235 94 226 - 339 150
172 204 164 220 55 339 ~ 452 163
117 196 78 150 204 452 ~ 565 149
63 39 110 47 243 565 - 678 100
16 23 62 39 101 678 - 791 48
157 78 23 86 86 791 - 904 86
78 70 0 150 117 904 - 1017 83
198 258 55 274 125 1017 - 1130 182
47 125 0 94 23. 1130 - 1243 58
0 86 0 39 86 1243 - 1356 42
0 62 . 86 155 16 1356 - 1469 63
39 39 23 125 8 1469 - 1582 46
62 94 47 62 8 1582 - 1695 55
0 31 0 70 0 1695 - 1808 25
23 16 0 23 0 1808 - 1921 15
0 0 0 0 0 1921 - 2034 0

0 0 0 0 0 2034 - 2147 0
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‘crust determined_by this radiographic technique should be regarded as
lower limits for the actual values. By the same token, the friability
of the sample also increases the possibility of contamination of the
interior during polishing and probably smooths out any abrupt boundary

in boron distribution with depth that may exist in the pristine sample.

DISCUSSION

Field observations and the experimental results can be summarized
as follows: (1) rocks of the Aztec Sandstone within the Valley of Fire,
Nevada, are extensively case-hardened; (2) case-hardening in the study
area involves the presence of an induration crust (called the orange
crust), usually between 0.5 and 5.0 mm thick, which has increased
hardness and reduced friability over the interior rock, and differs from
the interior in the amount of kaolinite (about a factor of five greater
in the crust) and the presence of calcite (in concentrations between
20,001 and =5.0 wt%); (3) two out of thirteen outcrops sampled possessed
a yellow crust overlying the orange crust and which, even though much
thinner (less than 0.5 mm), was significantly harder. Like the orange
crust, the yellow crust contained more kaolinite than the interior but
also contained colemanite, CaB3O4(OH)3’H20; (4) the interior boundary of
the crusts are abrﬁpt and the interior rock within the study area
contains no calcite or colemanite above detection limits (=0.001 wt%),
and (5) thickness, physical properties, and calcite content of the case-
hardened crusts within the study area show great local variations.

It is possible to speculate on the formation mechanism of the case-
hardened crust in the Valley of Fire from these results. First, the
crust is a non-pedogenic deposit of calcium carbonate cement. Quartz,

hematite and some of the kaolinite are the host materials, existing
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-prior to induration, and constitute the interior of the rock.

Possible transport mechanisms for the carbonate, colemanite and
kaolinite are wind and water. Groundwater containing dissolved
carbonate could deposit the case-hardening agents at the surface as
evaporite deposits cementing the surface materials. Although it is
conceivable that enough calcite-poor Aztec Sandstone could be leached of
carbonate to produce the crust on rock surfaces, this mechanism may not
account for the case-hardened crusts that develop around small pillars,
knobs and other protrusions which do not have access to leaching of the
large volumes of rock required to supply the carbonate. These
protusions often exhibit better developed crusts than surfaces on larger
outcrops. Leaching of the Aztec Sandstone by groundwater also cannot
account for the borate-containing ecrust. Leaching and redeposition of
calcite has occurred in the study area as evidenced by botryoidal and
vein-filling calcite deposits, but these occurrences do not relate to
case—hardening in any observable way.

By far the more efficient and prevalent agent for tramnsporting the
necessary materials to the outer surface of the rock is the wind.
Eolian transportation of fines composed of kaolinite, calcite and
colemanite particles, as well as quartz and minor constituents, is
common in the desert environment. Eolian transported material was
regarded by Lattman (1973) to be the major source of CaC04 for cemented
non—-carbonate-bearing alluvial fan deposits. Of importance is the fact
that windblown fines are able to reach all exposed rock surfaces and be
deposited on them. Subsequent interaction with dew, groundwater or
meteoric water, and recrystallization of the calcite throughout the
surface rind is a probable formation mechanism for the crust within the

study area.
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Support for the eolian emplacement of the crust comstituents as the
'differential mechanism in the Valley of Fire comes from observations of
another kind of. crust which forms on the stems of plants and from
analyses of trapped fines from eolian particulate collectors. After a
rain storm, transient crusts of wind transported fines coat the stems of
small desert bushes (the Calovini effect). These crusts are several
millimeters thick and crumble when removed. They are usually eroded
quickly under the action of windblasting after they dry out. These
crusts are of the same composition as the case-hardened crusts on the
rock surfaces after the host grains have been removed; i.e., they are
composed mostly of fine-grained kaolinite, quartz and calcite.
Likewise, eolian transported particulates collected in an airborne-
particulate collector over a period of two years from a height of one
meter above the ground were also of this bulk mineralogy.

But the strongest indication of an eolian influence is the presence
of colemanite. It can only be transported to the rock surface by the
wind because, at the ambient temperatures and pressures of the rock
surface, colemanite 1s not stable in aqueous solution and will
recrystallize to the mineral meyerhofferite, CaB3O3(0H)5'H20, whose
IR spectrum is easily distinguished from that of <colemanite
(Appendix 1). This means that the colemanite in the yellow crust has
not undergone significant recrystallization in the the yellow crust
(less than several wt%) or else meyerhofferite would appear in the
spectra of the yellow crust (Figure 9c). However, since the yellow
crust is harder than the orange crust, colemanite is contributing to the
differential weathering effect of case hardening if only by way of its
inherent hardness (H = 4 to 4 b@ compared to calcite's H = 3 and

kaolinite's H = 2), further illustrating the effects that passive agents
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‘such as colemanite and kaolinite can have on the physical properties of
:crusts. But calcite is still the important cementing agent even in the
yellow crust, as indicated in Figure 10b.

Unlike CaCO4, kaolinite is unable to penetrate very far into the
rock. " The thickness of the crust probably reflects this limit of
penetration. It is difficult to distinguish the added kaolinite from
the host kaolinite, but SEM studies show much of the kaolinite in the
crust to be more rounded and finer-grained than in the interior which
probably reflects an eolian origin. More studies must be done to
determine the existence, nature and distribution of the two different
kaolinite populations.

Dating the crust usihg 14C in the calcite is a possibility, but the
same problems arise as in dating K-horizons in soils by radiocarbon. It
is difficult to determine the source of the carbonate and the amount of
post—depositional recrystallization that could have introduced younger
carbon. Since the coating is so fine-grained it might have been in
complete equilibrium with atmospheric carbon when it crystallized. This
may become apparent after some of the crusts have been dated. Also the
crusts are probably the result of = repeated episodes of
recrystallization, and different areas on a microscopic scale may be of

different ages. Still 14

C dating may be useful for relative age dating.

Kaolinite and fine-grained quartz are the major materials
transported by the wind in the study area, and they also make up most of
the case-hardened crust second to the primary quartz grains. All case-
hardened crusts studied display an enrichment of kaolinite over the
interior rock. It is at present impossible to determine whether the

clays are a passive constituent in case hardening, present only because

they are deposited along with the case-hardening agent, or whether the
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:clays are a critical component of the crust. It appears reasonable that
the kaolinite acts as a space filler, reducing the amount of required
cement to form a crust. The amount of calcite in most of the crusts is
low (less than 0.01 wt%Z). Potter and Rossman (1977) discussed the role
of clays in the formation of desert varnish and concluded that it was a

necessary component of the varnish, although for different reasons.

DESERT VARNISH AND CRUST

Unlike desert varnish, the case—ﬁardened crust is composed mostly
of host rock (over 90 wtZ) and is an induration phenomenon. Like
varnish, however, the boundary between crust and interior is abrupt, and
the origin of the case-hardening material (cement and deposited
kaolinite) is external to the rock. Also like varnish, the major part
of the deposited material is clay: = 70% for varnish (Potter, 1979) and
anywhere from 50%Z to 90%Z for case-hardened crusts. In fact, desert
varnish contributes to case hardening in the study area by decreasing
the friability of the exterior surface. However, desert varnish is
itself coated with the same calcite—cemented crust that covers the
unvarnished case-hardened rocks. The amount of kaolinite on the surface
of the varnish relative to the orange crust is less and this may reflect
a difference 1in the ability of the two surfaces to retain eolian
deposited clay. Certainly the fresh sandstone surface has a greater
porosity and surface roughness than the varnished surface and may retain
either the case-hardening constituents or moisture longer than the
varnished surface.

To describe the varnish as being case-hardened by the calcite is
incorrect since the calcite coating on the varnish probably has no

effect on the relative weathering rates between exterior and interior
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4_which would result in cavernous weathering, the varnish itself being
:hardef than the calcite coating. However, it 1is an important
relationship as far as the age of the surface is concerned. Petroglyphs
which occur in abundance within the study area are also coated with the
indurating material and may be termed case-hardened. Although the age
of the petroglyphs themselves are in doubt, this does put an upper limit
on the age of the crust (or the time required to form it) of about

10,000 years.,

SUMMARY

Field observations and the experimental results from the Valley of
Fire, Nevada, can be summarized as follows: (1) rocks of the Aztec
formation within the Valley of Fire are extensively case—hardened, (2)
case-hardening in the study area involves the presence of an induration
crust (called the orange crust), usually between 0.5 and 5.0 mm thick,
which has increased hardness and reduced friability over the interior of
the rock, and differs from the interior in the amount of kaolinite
(about a factor of five greater in the crust) and the presence of
calcite (in concentrations between = 0,001 and = 5.0 wt%), (3) two out
of thirteen outcrops sampled possesed a second yellow crust overlying
the orange crust and which, even though much thinner than the orange
crust (less than 0.5 mm), was significantly harder. Like the orange
crust, the yellow crust contained more kaolinite than the interior but
also contained colemanite, CaB304(OH)3'H20, (4) the interior edge of the
crusts are abrupt and the interior rock within the study area contains
no calcite or colemanite above detection limits (= 0.001 wt%). and (5)
thickness, physical properties, and calcite content of the case-hardened

crusts within the study area show great local variations.



70°

CHAPTER 4

CORE—SOFTENED TONALITE

The tonalite is part of a pluton in the Peninsular Ranges
Batholith, located near Catavina, at the northern end of the Jaraguay
Block in central Baja California (Figure 13). The climate is arid with
less than 5 inches of rainfall annually. The Cretaceous pluton exhibits
cavernous weathering in much of its exposure (Figure 12) and forms
topographic lows, with surrounding mésas capped by Pliocene basalts.
The present erosion surface of the pluton has formed below the level of
the exhumed o0ld erosion surface of the early Cenozoic mentioned in many
geomorphic studies of Baja California (Gastil et al. 1975).

Within the study area the pluton is a medium-grained, light-colored
tonalite. Thin section point counts yield an average modal mineralogy
of 65% plagioclase (An28), 11% quartz, 5% potassium feldspar, 16%
biotite, 3% hornblende, and trace amounts of zircon, titanite and
epidote. The quartz exhibits a small degree of myrmekitic texture with
plagioclase. The plagioclase is microantiperthitic with areas as high
as 70% K-spar. In general, all grains appear fresh and unaltered in the
unweathered rocks, except that hornblende occasionally exhibits
alteration to epidote. Variations in bulk composition and mineralogy
within the pluton are significant within distances of hundreds of
meters. Modal amounts of hornblende range from 57 to less than 1% by
weight within the study area and plagioclase compositions vary between
An25 and An29. As will be discussed 1later, these intraplutonic
variations are often greater than the chemical variations owing to
weathering, necessitating the use of indicators other than changes in

composition to trace the effects of weathering on these rocks.
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Figure 12 A representative core-softened tonalite boulder at Catavina,
exhibiting cavernous weathering. The overhanging shell is 8
cm thick and the longest dimension of the cavernous hollow is

just over 1 m.
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Figure 13 Index map of field area in Baja California (After Gastil et

al. 1975).
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- The tomnalite boulders ékt in a soil of grus. Fresh outcrops are
rare and restricted to areas recently exhumed by streams or road cuts.
The surfaces of the weathered boulders are often coated with a
weathering patina of various shades of brown. TIndividual cavernously
weathered boulders are dominated by a single large cavern but may have
several smaller holes in the overhanging shell or walls of the larger
hollow. The interior walls of the cavernous hollow also have a
weathering patina that may or may not be developed to the same extent as
the respective exterior surface. Hard; thin (1-2 cm) exfoliation shells
occur on some of the weathered boulderé and are found on surfaces which
do not exhibit cavernous weathering. The exfoliation shells have a
weathering patina on both- their outside and inside surfaces.

No soluble salts or salt weathering effects were seen in the
tonalite in the study area. Eolian erosion effects are also absent
although wind is an important agent for the removal of weathered
debris. Insolation and frost action are expected to be insignificant in
the study area and no evidence for their action was observed at
Catavina. Although biological activity will, in general, increase the
chemical reactivity of surface and interstitial solutions (Antweiler and
Drever 1983), thus enhancing weathering, there is little such biological
action at Catavina, and no observable relationship between biological
activity and cavernous weathering.

Whole-rock chemical analyses of each rock zone of a representative,
core-softened, cavernously weathered boulder (Figure 14) are shown in
Table 6: (A) friable rock interior, (B) rock exterior and (C)
exfoliation shells. The exfoliation shells are the least weathered
material obtainable from the outcrop, as determined from petrographic

examination, amount of clay minerals formed and the degree of hydratiom
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Figure 14 lScheqatic cross-section through a core-softened tonalite
boulder exhibiting cavernous weathering. Analyses are given
in Table 6 for each weathering zone as well as for a sample
from a nearby unweathered outcrop having slightly different

mineralogy.
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TABLE 6
WHOLE ROCK CHEMISTRY

Weathered Exterior Exfoliation Unweathered

Oxide Interior (A) Crust (B) Shells (C) Boulder (D)
(% (%) (%) (%)

Al1503 15.5 15.2 15.4 15.6
Si09 66.9 69 .8 70.1 66.2
Fey03 .98 1.48 1.00 1.13
FeO 1.15. .83 .85 2.48
Mg0 .85 91 .71 1.99
K90 1.57 1.53 3.37 2.15
Naj0 4.80 4.98 4.13 4.44
Ca0 2.76 2.92 2.47 4.04
Ti09 .37 .39 .39 <57
MnO < .l < Ll <l < .1
H90 .53 .62 40 .63
TOTAL 95.5 78 98.8 % 99.0 % 99.6 %
Fe3+/Fe2+ .76 1.60 1.06 41
A1503/Si0y .23 .22 .22 24

9Weathered samples give low totals for whole rock powder and individual

mineral chemical analyses due to matrix effects brought about by weath-

ering, affecting SiO) and Al;03 values while keeping Al1,03/Si09

ratios fairly constant.
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'_of the biotites. The exfoliation shells are also the most coherent
material in the outcrop. Assuming that throughout the boulder the
initial chémical and mineralogical variations of the parent material
were small, then(we can view the present compositions of the three zones
as being the result of three different weathering histories from a
single parent material. Relatively fresh, unweathered rock (D) from a
nearby outcrop recently exhumed by stream activity is included in Table
6 for comparison with the weathered material. This sample (D) differs
from the weathered samples (A-C) mineralogically by initially having
more hornblende (4% as opposed to 1%). For the three weathered zones of
the boulder (A,B,C) TiO, has remained fairly constant with weathering.
As would be expected with dissolution weathering, the ratio of
A1203/SiO2 has increased with weathering, although only slightly. Both
the exterior crust and the exfoliation shells have Fe3+/Fe2+ ratios
greater than one, reflecting the precipitation of iron oxides near the
rock surface, not greater oxidation of primary Fe2+ (see Table 9). The
weathered zones A and B have lost a considerable amount of K,0 relative
to the exfoliation shells and show a relative gain in Na,0 and CaO.
Comparing the results for this weathered boulder with the sample
from the nearby unweathered outcrop (D) we see that the intraplutonic
compositional variations are greater than those due to weathering with
perhaps the exception of K,50. Thin section analyses of nearby boulders
also indicate variations of several weight percent in modal amounts of
the major minerals. In light of such variation it may be erroneous to
assume that the parent whole rock composition was really constant over
the small volume of the boulder. Therefore, changes in bulk composition
between different areas are not solely due to weathering and may not be

a good parameter with which to characterize the weathering processes
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.:that have given rise to the existing morphology. Indeed, the use of
traditional ternary compositional diagrams such as kaolinization
diagrams dé not‘supply useful information in the present case, mainly
because the bulk composition has undergone too little change as a result
of weathering. It is necessary to look at changes in individual
minerals and the growth of authigenic phases during weathering and how
these affect the physical properties of the rock.

Differential weathering effects are extremely heterogeneous.
Although the basic effects described above are seen in all core-softened
boulders at Catavina, the details will differ from boulder to boulder.
The scenario presented in this paper focuses on a single cavernously
weathered boulder, with supporting data from several others, and from

surrounding material.

FELDSPAR WEATHERING

In hand specimen the feldspar grainskof the weathered rock have a
powdery material on their surfaces. In thin section the feldspars in
the weathered interior (A) are permeated with orthogonal sets of
microfractures. Under the SEM the fine powdery material on grain
surfaces can be seen as authigenic silica and alumino-silica bearing
minerals on the basis of EDS analysis. Disaggregated samples were
sonified and centrifuged to collect the <10 um fraction. Infrared
spectroscopy was used to identify the clay minerals. The spectra are
dominated by kaolinite and quartz. IR spectra of whole rock powders
were used to determine the wt’% kaolinite in each of the rock zones of
Figure l4, Table 7 gives the results. Comparing the kaolinite contents
with the hardness data and general thin section and hand specimen

observation, it is seen that the friability and weathered appearence of
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TABLE 7

KAOLINITE CONTENTS

Sample areas Kaolinite content
(see fig. 3) {(wt?7 whole rock)
(%)
Weathered interior (A) 2.10 = .2
Exterior crust (B) 1.05 % .1
Exfoliation shells (C) 40 + .05

Unweathered boulder (D) 10 = .02
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Tthe rock zones are directly proportional to the kaolinite contents.
Even the fresh rock (D) contains a small amount of kaolinite, indicating
that some cﬁemicgl weathering has occurred. The exfoliation shells have
significantly lower kaolinite than the exterior surface which, in turn,
has less than the friable interior. Thus kaolinite content can indicate
the degree of chemical weathering that different areas of the rock have
experienced.

Kaolinite and secondary quartz occur in mixed clusters on the
surfaces of the primary mineral grains; This relationship is consistent
with current hypotheses concerning the deposition of released alumina
and silica as amorphous gels which subsequently crystallize to kaolinite
and quartz (Yariv and Cross 1979; Loughnan 1969; Berner and Holdren
1979). Thin section analyses 1ndicate that the interiors of the
feldspar grains have been unaffected by kaolinization which has occurred
along grain boundaries and fracture surfaces. Feldspar analyses
(Table 8) show that little change in overall feldspar composition has
occurred with weathering. There appears to be a small relative loss of
Ca and Al with a complimentary gain in Na and Si. Since Al normally
increases relative to Si during dissolution and weathering, these slight
differences can best be explained as intraplutonic variations in the
original composition.

Mixed layered illite/montmorillonite (80% illite) was found in the
surrounding soils but not in the weathering rock material. Most desert
soils retain the alkalies and alkaline earths owing to incomplete
leaching. This favors the formation of mixed layered clay minerals
(Devore 1958). However, incomplete leaching of the soil does not
necessarily reflect the situation of the weathering boulder resting on

top of the ground surface. At Catavina, the boulders are effectively
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TABLE 8
PLAGIOCLASE CHEMISTRY

Oxide Unweathered rock Weathered rock
(%) (%)
Al503 24,06 23.45
S$i09 60.74 61.98
Ti0, -2 .01
Nas0 8.05 8.51
K20 .27 031
Ca0 5.97 5.28
Feob .08 .08
Bal .04 .02
TOTALS 99,19 % 99.64 %
Anzg .6 Anps.1
A_1203/S:i.02 40 .38

a8 Below detection limits

b As total iron
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-leached while the soil is not. Thus kaolinite is the initial weathering
.clay product of the rock. Only after granular disintegration occurs and
the material  enters the soil profile does mixed layered

illite/montmorillinite begin to form in the study area.

BIOTITE WEATHERING

In 2ll samples of the weathered tonalite at Catavina, the biotites
are only slightly altered chemically and retain much of their 1luster.
X-ray diffraction patterns of the biotites from the rock zones of Figure
14 show no vermiculite or other intermediate weathering products forming
from the biotites. Chemical analyses for biotites from each =zone
(Table 9) show that only minor changes in chemistry have occurred during
weathering, such as an increase in the water content of the biotites.

3+/Fe2+ ratio has

Although total iron has changed only slightly, the Fe
increased substantially in the weathered samples, to almost double the
unweathered value in the weathered interior. Figures 15a and 15b show
SEM micrographs of the (001) surface of an unweathered and a weathered
biotite. The sheets of the weathered biotite are in the process of
separation and breakup. The dissolution of the biotites is not
homogeneous, as some layers weather differently and more rapidly than
others. Figures 15c and 15d are micrographs of the (110) surface of a
weathering biotite. There are two types of layers: more resistant,
smooth layers alternating with less resistant, recessed layers. Energy
dispersive X-ray analyses of these areas show that the recessed layers
have higher Fe concentrations (up to about 407%) than the more resistant
layers. The (110) surfaces of these high-Fe layers appear highly etched

and indicate that they are dissolving at a much faster rate than the

low-Fe layers. Dissolution appears to be the major process of removal
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Figure 15 Electron .micrographs of biotite surfaces. (A) The (001)
surface of an unweathered biqtite. (B) The (001) surface of a
weathered biotite. (C) Oblique view of the (110) surface of
a biotite from a weathered boulder interior showing the
alternating low and high-~Fe layers (resistant and recessed
layers, respectively). (D) Higher magnification view of (C)
showing the etched (110) surface of a high-Fe layer. Scale

bar is 10 um in (A), (B) and (C), and 1 pm in (D).
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TABLE 9

BIOTITE CHEMISTRY

Weathered Exterior Exfoliation Unweathered

Oxide Interior (A) Crust (B) Shells (C) Boulder (D)
(%) (%) (%) (%

Al903 14.57 15.45 14.00 14.58
Si0p 36.29 35.82 35.30 37.13
TiOp 3.66 3.84 3.48 2.97
Nas0 .09 58 .02 .06
K70 9.54 9.23 9.49 9.56
Ca02 S — — —_—
MgO 9.55 9.46 9.08 11.10
FeO 12.20 11.64 14,57 14.58
Fejp03 8.54 8.16 6.79 5.12
MnO W4l 36 A4 .28
F .17 .23 .07 .05
1031 03 04 .02 .03
Zn0 .03 .20 .05 .10
H,0 4.00 4.20 3.76 3.04
TOTALS 99.08 % 99.21 % 97.07 % 98.61 %
Fe3*/Fe2t .63 .49 42 .32

2 Below detection limits
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,’of the high-Fe material. The (110) surfaces of the low-Fe layers rarely
- have an gtthed appearance and more commonly show smooth fracture
surfaces as though physical transport of fragments were most important
in removing this material from its present position. Wilson and Farmer
(1970) found that Fe-rich lamellae in hornblende were completely altered
and removed during weathering while the rest of the hornblende remained
essentially unweathered. The greater susceptibility to dissolution of
Fe-rich silicates results from the ability of Fe to change in oxidation
state during weathering, rendering the structure unstable.

Biotite loses Fe by the following reactions (Farmer et al. 1971):

1) loss of hydroxyl protons (reversible)

24+, . 1 2+_ 3+ .
KFe3 (Sl3AL010)(OH)2 + 2 O2 + KFe Fe2 02(Sl3A1010) + HZO
2) loss of octahedral iron (irreversible)
2+ . 3 1 3+
KFe3 (513A1010)(0H2) + i O2 + 2 H20 > KFe2 (Si3A1010)(0H)2 + FeOOH

with the precipitation of amorphous or crystalline Fe-hydroxides.
According to Fischer and Schwertmann (1975) hematite forms from the
aggregation of the hydroxides and subsequent dehydration. Under
conditions present at the rock surface in Catavina, i.e., periodic
dessication under strong sunlight, low organic contents, and high Eh,
dehydration to hematite is favored over the formation of goethite.
Using scanning electron microscopy on the Catavina samples these
hematite aggregates are seen in association with the other secondary

minerals in both the interior and exterior of the rock, but occur in
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greater abundance towards the rock surface.

OTHER WEATHERING PRODUCTS

Trace amounts of authigenic calcite and gypsum have been found in
weathered samples of the tonalite using scanning electron microscopy.
The calcite occurs as irregular masses which have incorporated small
grains of secondary kaolinite and quartz during growth. CO, monometry
indicates that calcite totals less than 0.001 wtz in the weathered
rocks. Gypsum is even less abundant than calcite.

Based upon thin-section study, X-ray diffraction and scanning
electron microscopy, hornblende remains essentially unweathered in these
rocks. What small amount of iron is supplied by hornblende breakdown is

far outweighed by iron supplied from biotite weathering.

HARDNESS TESTING

The hardness, as manifested in the abrasion resistance, of the
different rock zones in Figure 14 was measured using the abrasion
resistance hardness tester (Chapter 2). At Catavina, C is 2.26 + 0.3,
indicating a moderate degree of relative hardening. The relationship
between H, and kaolinite content was shown in Figure 6. Abrasion
resistance hardness values vary inversely with kaolinite contents,
suggesting that kaolinite formation is related to changes in the rock's

physical properties.

DISCUSSION
Although hematite occurs in exterior coatings at Catavina, its
presence is not a contributor to the differential hardness between the

exterior and the interior. Exteriors often have no coatings while the
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friable interior walls of cavernous hollows sometimes have considerable
‘accumulations of hematite. The presence of such accumulations on the
friable interior walls has decreased their friability relative to
similar interior(walls not having such accumulations (i.e., they do have
a minor local case-hardening effect). However, the presence of a case-
hardening cement is of secondary importance compared to kaolinization
and the degree of chemical weathering undergone by different areas. The
friable rock interior has undergone considerably more chemical
weathering and has had more kaolinite formed than the exterior. The
hard exfoliation shells contain even less kaolinite. The dissolution of
feldspar and quartz surfaces and the formation of kaolinite have had the
most profound effects on the rock's physical properties.

Therefore, the tonalite at Catavina has actually become core-
softened as a result of differential weathering rates between the rock
interior and exterior. This is different from the classical examples of
case hardening in which the exterior becomes harder and more resistant
to weathering than the original rock prior to weathering, usually as the
result of precipitation of a secondary phase at the rock surface

(Anderson 1931; Conca and Rossman 1982).

WATER PERMEABILITY AND INFILTRATION INTO CORE-SOFTENED BOULDERS

Core softening depends upon the relative degree of chemical
weathering between different areas of the rock which in turn depends
upon the changes in moisture content of those areas. The effect that
core softening has on the water content and flux within a boulder, and
what this means for the continued development of the cavern, will be
modelled under the simplest conditions of one-dimensional flow, where

the gravitational head 1s much smaller than the matric suction (a
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" condition satisfied for infiltration over the small volume of an
‘initially dry boulder).

Infiltration qf water into a non-saturated boulder and its
subsequent redistribution is described by wunsaturated flow, in which

Darcy's law takes the form;
q = - K(Yy) VH (1)

where q is the flux density (i.e., the volume of water flowing through a
unit cross-sectional area per unit time), VH is the hydraulic gradient
(supplied by either a pressure head, gravitational head or matric
suction head) and K ~is the hydraulic conductivity (or water
permeability) which is a function of the matric suction, $. Matric
suction is the negative pressure or suction generated by both capillary
and water film effects (Swartzendruber 1969). The Thydraulic
conductivity, K, is a product of the intrinsic permeability of the
material and the fluidity of the water.

The flow equation in one-dimension describing the change in
volumetric water content, 6, with time, t, can be obtained by
differentiating Darcy's law with respect to distance from the surface,

X3

30 89
at Ix

For an unsaturated system where the hydraulic gradient is dominated by

matric suction (as in the present case), the flow equation becomes:

LR AR OF N (2)
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.1f K remains fairly constant, then equation (2) reduces to:

. 2

¥ _ 3

%~ T (3)
9x

Green and Ampt (1911) developed a simplified approach to the solution of
equation (3). Their principal assumptions are that the wetting front is
distinct and sharp, and that the matric suction at this wetting front is
effectively constant. This approach gives the infiltration rate, i, and

the maximum depth of infiltratiom, Lg, as (Hillel 1971):

1

i =‘Ae[%—ﬁ%]/2 (4)
1

L, = [ 2x 5272 (5)

where A6 is the difference between the initial and final water contents
of the rock (A6 equals the porosity for am initially dry boulder that
becomes saturated upon infiltration), and AH is the change in hydraulic
pressure or matric suction from the point of infiltration to the wetting
front.

Figure 16 is a cross section of an idealized core-softened boulder
which will provide the parameters for the following model calculatiomns,
and is based upon observations from several field areas including
Catavina. The boulder, 3 meters in diameter, has a single cavern 1
meter in diameter, and an exterior less—~weathered zone 10 cm thick. The
interior of the boulder is uniformly weathered. Material immediately
behind the cavern interior wall to a depth of 1 cm is the most highly

weathered material in the rock and constitutes a third zone. Included
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.Figure 16 Cross section through an idealized core-softened boulder
undergéing infiltration by rainwater. Hydraulic
conductivities, K, are shown for the different zones of the
boulder, exterior (Kc), interior (Ku), cavern interior wall
(Kw) and basal zone (Kh), and for the soil (KS). Porosity
values (f) are given for the same zones. Boundaries between
different zones are indicated by dotted lines. Direction of

water flow in the boulder is approximated by arrows.
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'_in this idealization is a basal zone near or at the soil horizon. Many
 bou1ders in the field exhibit a basal zone which is much less weathered
than any of the above zones. The boulder is embedded in the surrounding
soil to a depth of 1 meter. These conditions, while by no means
universal, are approximated in many field areas.

Hydraulic conductivities of different =zones for core-softened
boulders were measured under saturated conditions using a permeameter
designed for rock material (methods for permeameters are reviewed by
Klute 1965). Hydraulic conductivities for differentially weathered rock
varied considerably, from less than 1079 cm/s to as high as 1073 cm/s
(approximately 10"'6 darcy to over 1 darcy). 1In general, interior values
were at least an order of magnitude above exterior values with highly
weathered zones several orders of magnitude above the conductivities of
the exterior. In Figure 16, the different zones of rock are assigned
values of hydraulic conductivity, K, and porosity, £, based on
relationships observed in the field.

In the present case of the weathering tonalite, differences in
permeability between different zones of the boulder result more from
changes in the number and extent of interconnecting passageways than
from changes in their fundamental properties (Norton and Knapp 1977).
Thus, the matric suction will remain fairly constant between different
zones in the dry state, and will be assigned a value of 103 cm, a
reasonable estimate based on the fine nature of the pore structure
(Lambe and Whitman 1969).

Infiltration of water into the boulder will be modelled for steady-
state infiltration from all surfaces; i.e., water is supplied to the
surface by rain at a rate greater than infiltration, as will happen for

the duration of a major storm. Overall infiltration can be divided into
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- three parts: infiltration through the cavern interior wall, through the
‘exterior zoné and through the basal zone. Equation (5) can be used to
determine the time required to saturate each zone after the onset of the
storm. These saturation times are given in Table 10. It can be seen
from Table 10 that infiltration from the cavern wall into the boulder
interior begins almost immediately, and that the time required to
saturate the entire boulder by infiltration through the cavern wall will
be:

2
t = 0.1 (300 cm) = 4.5 x 10° sec

2 (10—5 cm/sec) (103 cm)

or just over 5 days. Compared to this, saturation of the boulder by
infiltration through the exterior will take comnsiderably longer, over 50
days.

After infiltration stops, either when the boulder is saturated or
the storm ends, the rock will begin to dry out. The drying process
occurs in two stages (Hillel 1971): (1) an early, constant-rate stage,
during which the evaporation rate 1s determined by the external and
surface conditions, and (2) a falling~-rate stage, during which the
evaporation rate from the rock is lower and 1is determined by the
material's conductiﬁity.

The flow equation for drying will be similar to equation (2)
(Gardner and Hillel 1962). However, the solution <can not be
approximated by Green and Ampt's approach because the assumptions used
for a discreet wetting front do not hold for this situation. Therefore,
it is assumed that the evaporation rate is low enough so that all depths
are losing water at the same rate per unit volume, making water loss

independent of depth. For mathematical convenience, let x be the
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TABLE 10

SATURATION TIMES

Time required to saturate particular zone

zone time
(see fig. 6) . (sec)
cavern interior wall .l
exterior 2.5 x 103
basal zone . 5.0 x 102

Time required to saturate entire boulder
by infiltration through particular zone

zone time

(see fig. 6) (sec)
cavern interior wall 4.5 x 102
exterior 4.5 x 109

basal zone 4,5 x 107
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-distance to the rock surface .from the opposite end of the drying
profile. If E is the rate of water loss per unit volume per unit time,

then:

) 2
30 _ L% _
at 2

ax

for constant conductivity. Integrating gives:
-Ex = K 2 + constant
9x

the constant of integration being zero for no flow across the boundary x
= 0, i.e., no water flow into the opposite side of the boulder. For a
given suction gradient the total water loss will vary with the hydraulic
conductivity, K. Therefore, even though no rate calculations can be
made without information on the suction gradient during dessication for
the boulder in Figure 16, there will be an order of magnitude more flow
through the cavern interior wall than through the exterior regardless of
the suction gradient.

During the initial stage, water moves outward in response to the
evaporation-induced suction gradient at the surface. The rate can
remain fairly constant as the increasing suction gradient due to
decreased water content tends to compensate for the decreasing.hydraulic
conductivity (Hillel 1971). Eventually, the water content, 0, becomes
so low that no more water is supplied to the surface, the suction
gradient is at a maximum, and the surface becomes air-dry. The second
stage begins, and is accompanied by an inward-moving drying front.
Movement of water from this front to the surface occurs by vapor

diffusion. After the surface is brought to dryness Gardner (1959)
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"determined that the evaporative flux, 9e> takes a similar form to

_équation (4):

where D is the diffusivity of the material. Normally D is related to

the hydraulic conductivity, K, by the following (Hillel 1971):
D (8) = K(8) ==

both being functions of the water content. For a given matric suction,
Y, and water content, @, the evaporative flux will vary with K UZ
indicating that during the second stage of drying the moisture flux
through the cavern wall will again be greater than through the exterior.

Thus the main effect that core softening has on the moisture regime
of the boulder is the change in the hydraulic conductivities of the
different zones, and the resultant change in the water flux, q. The
lower conductivity of the exterior will reduce the flow of the
underlying material during both infiltration and dessication (the effect
will be the same for a case-hardened material). Since the amount and
chemical reactivity of the interstitial water will determine the amount
of chemical weathering that occurs, then, for similarly reactive waters
over the volume of the boulder, the material behind the cavern interior
wall will show the greatest weathering effects due to the highest

fluxes.

ORIGIN OF CORE SOFTENING

The above model calculations indicate that core softening is a
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-stable, self-reinforcing process that should continue to operate until
either the boulder is totally hollow or the system 1is externally
perturbed. Once the cavern is initiated, by whatever mechanism, it will
begin to affect the flﬁx of water, both during infiltration and
dessication. During early stages of cavern development, these effects
will be only local, but will increase with time as the cavern enlarges
and more moisture is diverted through the cavern wall. As the cavern
develops, a zone with the highest degree of weathering should precede it
into the boulder. |

The exact causes of core softening and cavern initiation remain
problematical, but most likely result from the combined action of a
variety of mechanisms, as discussed in Chapter 1. At Catavina, the
development of core softening and cavernous weathering is probably a
function of differences in the moisture flux and reactivity. It has
been observed by the authors that the levels of the basal =zones of
differentially weathered rocks are related to the soil horizon (either
present or past horizons) and basal zones often form the floors of the
caverns. Many caverns appear to be initiated at the soil surface-rock
interface. Dragovich (1969) discusses the importance of the soil
surface-rock interface in terms of a more rapid weathering rate due to
increased moisture content and thermal effects through temperature
cycling. The water existing in the upper soil horizon will have higher
chemical reactivities due to increased dissolved CO, and organic acids
(Antweiler and Drever 1983; D. Melchior, personal communication). Also,
the wetness gradient, 86/3#, across the rock-soil interface will be
smaller than the gradient across the rock-atmosphere interface during
drying because of the higher soil humidity relative to the atmosphere,

thus lowering the water flux through the base during dessication, an
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jeffec; which will be important mainly in arid environments.

There is an important size—dependence of core softening implied by
equation (5). The larger the boulder, the longer it will take for
infiltration into the interior, such that a size range will be reached
for a particular situation where the boulder cannot become core-softened
as a whole, although 1locally differential effects will develop.
Similarly, the smaller the boulder the less important will be
differences in infiltration rates, and the rock will weather more

evenly.

SUMMARY
The weathering effects on the tonalite at Catavina, Baja California
can be summarized as follows: (1) kaolinite, quartz and hematite are the
major weathering products formed, and calcite and gypsum have formed in

2*  without major

trace amounts, (2) biotite has undergone loss of Fe
breakdown in structure and without the formation of a measureable amount
of phases such as vermiculite or chlorite~saponite, but weathering has
increased the water content of the biotite, (3) feldspar has weathered
along cleavage surfaces and grain boundaries to supply Al and {(along
with minor dissolution of quartz) Si for the formation of kaolinite and
secondary quartz (mixed layer illite/montmorillinite clays were not
found in the weathered samples, but were found in the surrounding
soils), (4) less kaolinite is present in the exterior than in the more
friable interior, and the feldspars are not as highly fractured in the
exterior as they are in the interior,(5) most of the hematite occurs
towards the rock surfaces, and (6) the degree of relative hardening of

the exterior (C) was equal to 2.26 + 0.3, abrasion resistance hardness

values (Ha) inversely correlate with kaolinite contents.



102
These observations indicate that tonalite boulders at Catavina are
core~softened as a result of greater kaolinization of the interior.
Model calculations for one-dimensional flow within a tonalite
boulder indicate that core-softening influences the flow of water by
changing the hydraulic conductivities (water permeabilities) of
different areas, thus increasing the flux of water through the cavern

interior wall relative to the exterior.
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CHAPTER 5

DIFFERENTIAL WEATHERING IN THE ANTARCTIC

The primary fieid areas are located in the Dry Valleys of Southern
Victoria Land, especially the Labyrinfh. The Labyrinth is an area of
anastomosing troughs and ridges cut into the Ferrar dolerite b sill at
the upper end of Wright Valley, Antarctica (Figure 17). 1Its origin has
been vigorously debated and various hypotheses reported (Selby and
Wilson, 1971). The dolerite exhibits.cavernous weathering as a result
of the differential weathering effect of core softening (Figure 18).

The study area includes the Labyrinth plus isolated examples from
neighboring Dry Valleys for comparison. The Labyrinth is developed in
the Ferrar dolerite b sill, a ~200 meter thick intrusion between the
Beacon Sandstone and the Dais granite (McKelvey and Webb, 1962). Within
the study area, the b sill is composed of zoned plagioclase (An~55) and
three pyroxenes; augite, pigeonite and hypersthene. Accessory minerals
include biotite, amphibole and opaques. Considerable amounts of quartz,
amphibole and alkali feldspar occur in and near the granophyre at the
top of the sill, which crops out at several localities in the Labyrinth.

The dolerite 1is exposed as brownish-red ridges and dull-grey
troughs (Figure 17). The highly jointed dolerite is undergoing mass
wasting within the Labyrinth, forming large talus piles of angular
blocks (Figure 19). The brownish-red color of much of the dolerite is
due to an iron-stained silica coating developed at the rock surface and
to various depths (up to 2 cm). The effect of this coating on
weathering is of prime importance and will be discussed below.
Intermediate-sized blocks can have their exteriors broken into peculiar

patterns of polyhedra (Figure 20). The dull-grey color of the
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Figure 17 The Labyrinth in Upper Wright Valley. The foreground field
of view is 30 km. Note the brownish-red color (dark) of the
ridges in contrast to the dull-grey color (light) of the

troughs. [Photograph by Ingrid Klich]
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Figure 18 'A boulder of the Ferrar dolerite exhibiting cavernous
weathefing'as a result of core softening. Note the influence

of joints on the morphology. Boulder is l.5 meters across.
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troughs is caused by the presence of a fine eolian polish on the rock
surface developed primarily in the direction of the winter winds
(Figure 21) which are several times stronger on average than the summer
winds.

Salt accumulations are common 1in the arid, poorly drained Dry
Valleys, and salt weathering effects are evident (Claridge, 1965;
Johnston, 1972; Selby, 1977). Salt crystals were observed between
flakes of rock inside cavernous hollows and at the soil-rock interface,
and appeared effective in removing already weathered and porous
materials. When possible, these salts were collected and identified.
The results are given in Table 11 and will be discussed below.

It is important to realize that in the Dry Valleys liquid water can
be locally abundant during the warmer parts of the austral summer (late
December and January), derived from precipitated snow, which melts
quickly during this period, and as meltwater from perennial ice and
Snow. Even though the water does not usually move any considerable
distance from its source, its capacity to transport solutes can be
large, and the precipitates from local water accumulations can have
dramatic effects on rock weathering (Figure 22).

These features are developed to widely varying degrees at different
locations in the Labyrinth (and elsewhere in the Dry Valleys) with
weathering effects being more dramatic closer to Upper Wright Glacier.

Hardness data on rocks from the Labyrinth and other Dry Valleys are
shown in Table 12. The one sigma errors given are due primarily to
spatial variations in hardness between different sampling points on the
surface, separated by only centimenters. These variations, attributed
to weathering, can be large. Machine error accounts for only #5%.

C is greater than ! for all samples indicating case hardening or
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Figure 19 A talus pile of angular dolerite blocks formed by mass
wasting of the jointed ridge. The two people in bottom right-hand

corner give scale.






Figure 20 A dolerite block in the Labyrinth exhibiting expansion

polyhedra in its outer surface. Block is 1 meter across.
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Figure 21 A dolerite block in a Labyrinth trough. (Top) The west face
of the block has been severely eroded and fluted by the
austral winter winds, and has developed the dull-grey color
characteristic of the eolian polish. (Bottom) The east face,
however, facing away from the winter winds, retains its brown~
coated polyhedral surface. The surrounding rocks in the area

mimic these effects.
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core softening. Comparing the values of H, for the exteriors and
.interiors to. that of the relatively unweathered material indicates that
core softehing is the differential weathering effect developed in the
crystalline rocks (dolerite and granite) whereas case hardening is the
effect observed in the sandstones. This is consistent with the author's
general observation, from field areas in the southwestern United States
and Mexico, that crystalline materials core-soften while clastic
materials (including tuff) case-harden.

With the existing data it is difficult to relate the values of H,
and C to the presence of cavernous weathering or expansion polyhedra.
All differentially weathered dolerite samples exhibited the brown
coating, but outcrop numbers 3 - 6 (Table 12) are examples where either
cavernous weathering or polyhedra, or both, were not present, and

numerous occurrences of each were observed in the field.

WEATHERING PRODUCTS

The dolerite in the Labyrinth undergoes a modest amount of chemical
weathering, especially towards the Upper Wright Glacier. This can be
seen in the form of the often—cited surface stain, the dissolution of
feldspars and pyroxenes, the hydration of biotite, and the formation of
the weathering products secondary quartz, kaolinite and vermiculite.
The weathering products are poorly crystalline, giving weak, ill-defined
X~ray patterns and broad infrared absorption bands. As would be
expected, these products are similar to those found in Antarctic soils
(Claridge, 1965) with the exception of kaolinite, which can form in the
more completely leached environments characteristic of many rocks
sitting above poorly leached soils.

The weathering is heterogeneous, and only occasionally are blocks
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Figure 22'Precipitation of the iron-stained silica coating from local
runoff on a dolerite cliff face undergoing mass wasting. The
surface shown was dry at the time the photograph was taken.

Field of view is 2 meters.
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'“weathered enough to be disaggregated by hand. Weathering is greatest at
.’the soil-rock interface and in the interior of the blocks. The
polyhedra éhow, relatively, the least weathering effects even when the
entire block isAhighly weathered and the polyhedra themselves contain
the above-mentioned weathering products. Usually before this point 1is
reached the polyhedra spall off and weather at a slower rate separately
from the rest of the block.

The brown coating which covers so much of the exposed dolerite is
an iron-stained, silica coating anywhere from several to hundreds of
microns thick. This coating may also act as an induration agent to
depths of a few centimeters. Field relations indicate that it 1is
precipitated from solutions on exposed rock surfaces (Figure 22) and
along internal joint planes. Viewed under the scanning electron
microscope, the coating is very smooth (Figure 23), and it is difficult,
given its thinness and the cryptocrystalline nature of the minerals, to
determine the degree of crystallinity of the SiO2 or the phase of the
iron oxide/hydroxide. Much thicker coatings developed on the Beacon
Sandstone are quartz in optical continuity with primary grains,
suggesting that similar coatings also contain crystalline quartz. The
presence of a silica coating reduces both the permeability of the rock
and the chemical reactivity of the surface.

All coated and polished surfaces are quite smooth, as opposed to
uncoated and unpolished surfaces (Figure 26), and appear similar under
low magnification (Figures 23A, 24A and 25A). But at Thigher
magnifications they are all distinct. The brown coating on the dolerite
is thin and smooth on the scale of microns (Figure 23C), while the
eolian polish is rough (Figure 25). The difference between the brown

coating and the eolian polish is that the eolian polish is mechanical in
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Figure 23 Electronmicrographs of the smooth surface of a brown-coated
dolerite biock. (Magnification increases from A to D as shown
in the scale bars for Figures 23 - 26). Surface appears
smooth through magnification range and EDS spectra indicate

increased silicon at surface to several microns depth.
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Figure 24 Electronmicrographs of the surface of case-hardened Beacon
Sandstone. Surface is smooth at low magnifications but is
rough on the scale of tens of microns (C and D) and is made of

interlocking sheaves of quartz.
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Figure 25 Electronmicrographs of a dolerite surface having the eolian
polish. While appearing smooth at low magnification (A), at
higher magnification the surface is seen to be a mosaic of
broken primary grain surfaces and impacted fragments of

plagioclase and pyroxene.
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Figure 26 Electronmicrographs of an uncoated and unpolished dolerite
surface, which is rough on all scales and shows fresh
striations and cleavage surfaces on the primary mineral

grains.
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nature, formed by_repeated impact of wind-driven particles and is simply
a mosaic of fine-grained fragments of felspar and pyroxene which
decreases the .surface roughness as well as 1its porosity and
permeability.

Surprisingly, the silica coating on the sandstone is also rough on
the scale of micromns, being made of interlocking sheaves of quartz which
grow by precipitation and coalescence of fine-grained particles on their
surfaces and along their edges (Figure 24D). This difference in
morphology between the dolerite and sandstone coatings may reflect their
different substrates; i.e., for the sandstone, quartz is precipitating
on pre-existing quartz surfaces with high initial porosity, whereas for
the dolerite, quartz is precipitating on surfaces of plagioclase and
pyroxene with negligible porosity. Both the kinetic effect of
nucleation and the longer moisture residence times for a porous material
should favor precipitation of larger crystals of quartz on the sandstone

while only cryptocrystalline quartz or amorphous silica on the dolerite.

BIOLOGICAL EFFECTS

Studies by Friedmann (1982) have shown the presence of endolithic
micro—organisms living below rock surfaces in the Dry Valleys, and
during the present étudy many such colonies were observed. According to
Friedmann, a mnarrow subsurface =zone in the rock has a favorable
microclimate for a population dominated by cryptoendolithic lichens and
cyanobacteria. Friedmann found that the lichens' biological activity
results in local mobilization of 1ironm compounds and causes Trock
weathering with a characteristic pattern of exfoliation. Friedmann's
studies centered around the Beacon sandstone, but chasmoendolithic

colonies were found inhabiting the cracks and fissures of granites,
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igranodiorites and dolerites. However, the igneous rocks do not show the
.éxfoliation patterns owing to the endoliths that characterize the
sandstones;

Since the cavernous weathering in the Dry Valleys is found more
often on the igneous and metamorphic rocks, and since the morphology and
distribution of the cavernous hollows in them differs considerably from
those produced by the endolithic microorganisms of the type described by
Friedmann, the role of such organisms in overall cavernous weathering is
restricted to specific sites on the sandstones in the Dry Valleys and

was not included in this study.

SALTS AND SALT WEATHERING

A large variety of soluble salts have been found in the Antarctic
Dry Valleys in soils, on rock surfaces and in saline lakes and ponds.
It is possible in some cases to correlate the salt composition with
environmental and transport conditions, proximity to seawater, rock
type, etc., but for salt accumulations occurring on rock surfaces
uncertainties arise because of long exposure ages for outcrops and the
non-uniform nature of the weathering and transport processes. Thus,
Table 11 illustrates that the composition of these salts cannot be
related to rock type, environment or proximity to seawater alone. The
salts are determined by which ions dominate the saturated solution at
the time of precipitation, the phase being determined by the ambient
conditions of P, T and XHZO’ In the Dry Valleys where complete leaching
is rare, aqueous transport short-ranged, and residence times for soluble
salts long, it is often impossible to define the source of the ions
which make up the salts involved in differential weathering.

Explanations for the origin of the salts in the Dry Valleys center
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on marine sources, chemical weathering, volcanic aerosols, leaching of
‘sedimentary, - metasedimentary and volcanic rocks, and atmospheric
precipitation (Gibson, 1962; Claridge and Campbell, 1977, Linkletter,
1970). Many hypotheses are based on evidence from specific localities
and can not be generalized to include the entire Dry Valley system. The
great spatial heterogeneity of weathering and transport processes in
thlis region suggests that all of the above origins are responsible to
some degree for the salts present in any one situation, and that each
case must be investigated separately. An example of this concerns the
problem of the source of nitrates. Claridge and Campbell (1968) discuss
the accumulation of nitrate deposits in Antarctica by precipitation from
the atmosphere. However, their study environment is quite different
from the interior cavern walls of the Labyrinth where NaNO5 is found
between actively spalling rock flakes. As mentioned above, throughout
the Labyrinth endolithic microorganisms as well as surface lichens were
found in local abundance. Unexposed joint surfaces in the dolerite are
an especially favorable niche for chasmoendolithic colonies described by
Friedmann (1982). Many colonies were found living near a cavern which
yielded NaNO, as the dominant salt (Table 11). Such metabolic products
are a likely source of nitrate. Aqueous transport through the joint
system is the likely mechanism for transport to the immediate area of
the cavern (see transport model below).

Salts will precipitate where there is a tendency for solutions to
become oversaturated. In the Dry Valleys, this occurs most often at an
interface, e.g., water—-atmosphere, soil-atmosphere, rock atmosphere and
rock-soil interfaces. The solution oversaturates mainly as a result of
evaporation across the interface. The salt will accumulate where there

is net deposition, i.e., little subsequent erosion or redissolutionm,
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-such as the interior walls of cavernous hollows, soil-rock interfaces,
poorly leached soils and the bottoms of saline ponds.

In a .diffe;entially weathered rock exhibiting case hardening or
core softening it hés been shown (Chapter 4) that the differences in
permeability between the rock interior and exterior result in the
greatest water flux being through the cavern interior wall. If the
solutions have significant dissolved salts then the interior walls will
have the greatest salt accumu-lations on the rock, a situation which is
observed in the field (Figure 27).

It is possible for these salts to be involved in salt weathering,
but only if conditions are favorable. These conditions include
sufficiently high porosities (Goudie, 1974; Evans, 1970), oversaturation
of the solution and favorable surface tension associations; i.e., the
phase boundary surface tension between the salt and the rock must be
greater than the sum of the phase boundary surface tensions between the
salt and solution and between the rock and solution (Evanms, 1970). Weyl
(1959) determined that if the solution is kept supersaturated with
respect to the crystallizing salt, then precipitation in the area of
contact will take place as long as the supersaturation divided by the
streés coefficient of solubility is greater than the average effective
normal stress between the grains. These conditions will vary with the
properties of the rock, the salt, the solution and the environmente.

In general, it has been found that if there exists sufficient
porosity the effectiveness of the various salts in disaggregating solid

material is ranked as follows (Goudie, 1974; Evans, 1970; Cooke, 1979):

sulfates > carbonates, nitrates > chlorides.
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Figure 27 Calcite accumulations on the interior wall of a differentially
ﬁeathered granite boulder from Granite Knolls. Boulder is 1.5

meters acrosse.
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Salts of all four anion groups occur on the interior walls of
cavernous hollows in the Antarctic (Table 11) and are probably actively
removing ﬁaterigl by salt weathering. The solutions are kept
oversaturated by rapid evaporation in the arid environment of the Dry
Valleys, and the condition of sufficient porosity 1is achieved by
chemical weathering of the crystalline rocks and by the initial porosity

of the sandstone.

WEATHERING PROCESSES

It is possible to hypothesize which weathering processes dominate
in the Dry Valleys by observing how the Beacon sandstone and the Ferrar
dolerite are affected differently by different processes. The dolerite
is extremely susceptible to dissolution, hydration and chemical
alteration, processes which are effective for mineral phases far out of
equilibrium with the weathering environment., But the dolerite's
initially 1low porosity and permeability (<0.1%Z and <10"5 darcy,
respectively) make it resistant to salt weathering, at least until
chemical weathering has increased these properties to high enough values
for salt weathering to become effective. This can be seen in the field,
where salt weathering is observed to act only on dolerite material that
already has significant weathering products such as vermiculite and
kaolinite, and with permeabilities on the order of 10_3 darcy.

On the other hand, the Beacon sandstone with its high initial
porosity and permeability (as much as 10% and 1072 darcy) 1is extremely
susceptible to salt weathering as opposed to chemical weathering. These
observations agree with Goudie's (1974) experimental results in which he
found that rock disintegration by salt weathering was effective only on

rocks with initial porosities above about 1% and was a direct function



136
‘of the porosity. The diorite, granite and dolerite in his study were
basically upaffected while the sandstones were greatly affected. Goudie
also found that freeze-thaw, insolation, thermal expansion of salts and
wetting—-drying caused no mechanical breakdown of the rocks regardless of
initial porosity, although freeze—-thaw of salt solutions was effective
for rocks with high initial porosities.

It can also be seen in the Dry Valleys that salt weathering of the
Beacon sandstone is much more rapid than the chemical weathering of the
dolerite. In the Beacon and its néighboring valleys the rock types
exposed are slightly dominated by the Beacon sandstone over the
dolerite. However, the overwhelmingly dominant rock type in the talus,
debris of the valley floors, active rock glaciers and solifluction lobes
is the dolerite, in remarkably unweathered condition. Indeed, the
sandstone disappears entirely beyond about 15 meters from its source
(Figure 28). The sandstone 1s quickly disaggregated by salt
weathering. Scattered case-—hardened sandstone cobbles do occur farther
from their source owing to the decreased permeability and porosity
afforded by the silica induration, but even these disappear before long.

During the downslope movement of the debris the dolerite blocks and
cobbles can remain oriented along joint planes such that one surface
remains up for most of its exposure history. Etch pits form and become
enlarged as they trap the small amount of precipitation (Figure 29).
The interiors of these pits do not have the brown coating which covers
the rest of the rock's surface, and they contain clay minerals.

The lack of extensive cavernous weathering in the Beacon sandstone
which shows well-developed case hardening is probably a result of the
effectiveness of the salt weathering in this rock type in the Dry

Valleys. Cavernous weathering requires not only differential weathering
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Figure 28 Source rock, talus and debris flows in Farnell Valley,
illustrating the lack of Beacon sandstone float and debris
moving away from the source, and the dominance of Ferrar

dolerite in the valley floor. debris.
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Figure 29 Etch pits commonly found in Ferrar dolerite float from a

Beacon Valley talus slope.
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effects but enough time to allow existing weathering processes to
manifest that difference as a cavernous hollow. The Beacon sandstone is
weathering Atoo ;apidly to allow cavernous hollows to develop to any
appreciable degree. What weathering hollows do exist are usually small

and irregular.

EFFECT OF MECHANISMS ON PORE WATER FLOW

The main reason that differential weathering mechanisms such as the
precipitation of the brown coating result in core softening is that they
change the moisture regime of the rock. Regimes of individual blocks
will vary widely with physical properties and environment. Infiltration
into a block can occur from melting of snow and ice, surface runoff or
uptake of surrounding and underlying soil water. The spatial variationms
in permeability and porosity that accompany the presence of a
differential weathering effect such as core softening in the dolerite
will produce a heterogeneous uptake and flow pattern within the block.
Because of its low permeability, flow through the brown coated exterior
is usually negligible compared to flow through the underlying material
and wuncoated surfaces, reducing, for ipstance, infiltration of
precipitation and runoff through that surfacé. At the same time flow
paths of soil moisture infiltrating upwards by capillarity into a block
will be deflected around areas underlying the coated surface (or any
area of lesser permeability). Because of the complex nature of the
moisture regime of most blocks in the field, we can choose situations
observed in the field that are simple enough to model and which will
illustrate principles applicable to the more complex systems.

Many such situations occur in the Labyrinth and surrounding

valleys, involving core—-softened dolerite that have their top surfaces
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' covered with the brown coating, and one block was chosen for the present
’model. The blocks are submerged in a coarse soil to below the annual
melt zone (just above the top of frozen ground) where the soll is
saturated with liquid water during much of the austral summer. During
the period of the field study, there was constant flow from the water
zone through the rock interior to the uncoated surfaces, the rock being
saturated and the flow rate determined by the evaporative flux, E. This
situation is more common in lower Wright and Victoria Valleys and in
Bull Pass, but does occur in the surrounding Dry Valleys. This system
was chosen because it can be described by saturated flow, in which

Darcy's law takes the form:
q = - KVH

where q is the flux density (i.e., the volume of water flowing through a
unit cross—sectional area per unit time), VH is the hydraulic gradient
(supplied by either a pressure head, gravitational head or matric
suction head), and K 1is the hydraulic conductivity (or water
permeability), which is constant in the present case. Matric suction,
Y, is the negative pressure or suction generéted by both capillary and
water film effects (Swartzendruber, 1969). The hydraulic conductivity,
K, is a product of the intrinsic permeability of the material and the
fluidity of the water.

The flow equation describing the change in volumetric water
content, 6, with time, t, can be obtained by differentiating Darcy's law

with respect to distance, z:
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The hydraulic head is a combination of a gravitational head (an
elevation above some reference datum, 2z) and a matric suction head,

3¥/9z, such that:

30 3 3
% = E—[K(%+Vz)] = 0

where 986/3t = 0 for saturated flow in an incompressible medium such as
rock. Because Vz = 1 for verticle flow and 0 for horizontal flow, and K
is constant for constant 6, the above equation reduces to the Laplace

equation:

Vy = 0 (1)

and can be solved in two dimensions. The boundary conditions for the
system are given 1in Figure 30. The distance to the saturated soil
horizon is denoted by h, which is not necessarily the hieght of the
block. Simplifying assumptions are that the block is initially
rectangular and the interior 1is homogeneous and isotropic with a
measured hydraulic conductivity of 10_5 cm/s. Flow through the top of
the block is zero dvue to the brown coating, and there is comparatively
little evaporative loss to the coarse dry soil because its humidity is
so much higher than atmospheric. Moisture loss is primarily through the
exposed, uncoated vertical sides and is determined by atmospheric
conditions. Total flux into the block is distributed evenly over the
bottom surface and will be equal to the total evaporative flux from the
exposed sides. The flow will be diverted towards the exposed sides as a

result of changes in the matric suction owing to the presence of the
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Figure 30 The boundary conditions for the dolerite-block saturated flow

model. Heavy, black line denotes silica-coated surface.
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coating. Solving equation (1) gives the matric suction and thus the
flow rate as a function of position in the block (Figure 31 and
Appendix 2).

The general form of the solution is:

nth'
_ 2 2, % @ qth sin( h ) nrx nnz
¥z = G- xD g ok 7o my ©0sh(Ty) cos(5)
n"m h'K sinh(iE—J

where K is the hydraulic conductivity, E is the evaporative flux, q, is
the flux through the bottom, L is the length of the block, h is the
height and h' is the height of the exposed rock (Figure 30)., For the
present case, L = 100 cm, h = 100 cm, h' = 10 cm, E = 5 x 1074 g cm™2
sec”l, q, = 1074 g en? sec™! and X = 107° em sec”l. Figure 31A shows
P(x,z) as a function of position in the block. It can be seen that flow
through the block is heterogeneous; i.e., some areas experience greater
flow than others. The shape of the matric suction contours shown in
Figure 31B is similar to the morphology developed in these rocks after
long exposure to this situation, and occurs in granitic erratics as well
as in the dolerite blocks. Overhanging roofs of cavernous hollows
developed in these rocks are often straight as expected from the 2z=0
surface of Figure 31B.

Most weathering situations will not be as amenable to solution as
the one described above for a variety of reasons: 1) the hydraulic
conductivity, XK, may also be a function of x and z, 2) the system will
usually be described by mnon-steady state, unsaturated flow, 3) the
coating may have significant (but still low) permeability relative to

the interior, and 4) there may be more than one moisture source. These
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Figure 31 (A) Thg matric suction, ¥, subject to the boundary conditions
of Figure 30, is plotted as a function of position within a
dolerite block, and graphed as a surface in the Y-direction.
(B) The contour lines for ¥(x,z) projected onto the dolerite
block. (C) View of ¥(x,z) along the x-axis illustrating the
change in flow, i.e., V¥, nearing the silica coated surface
(z=0). Flow direction is pérpendicular to the matric suction

contourse.
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variations will make the solutions more complex, but they will be
qualitatively thé same; i.e., spatial differences in the permeability
resulting f?om Qifferential weathering mechanisms will cause spatial
differences in the moisture regime of the rock and may induce core
softening.

To illustrate how these flow heterogeneities can be important in
differential weathering, consider a parcel of water with a fixed
composition in contact, but not equilibrium, with rock of fixed
composition. Reactions will take pléce between the solution and the
rock so as to bring about equilibrium. This equilibrium composition for
the solution is the same whether the water is stationary or moving
through the rock, as long as the material in contact with the solution
is the same; i.e., the rock has an average composition with respect to
the size of the parcel of water. The length of time required for the

solution to attain this equilibrium composition, depends most

teq,
critically upon the surface reaction kinetics of the minerals (at least
for silicate materials), such as the incongruent dissolution of the

plagioclase in the dolerite. The residence time, t for the parcel of

rs?

water is just the length of time it is in contact with the material. 1Imn

the present case, t is the flux, q, times the distance along the flow

rs

path through the block. The toq 1s fairly constant over the whole block

q
(except at the rock-atmosphere interface) because of its relatively
homogeneous composition. The greatest changes occur at the rock-
atmosphere interface where large variations in temperature and solution

chemistry occur.

If t >t

eq rs? then variations in flux will not produce significant

differences in the amount of chemical weathering experienced by

different areas of the rock and the rock will weather homogeneously. If
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teq <L t.g» then the solution will saturate quickly relative to the

flux, and the water entry points will sustain the majority of the
chemical weathering. However, if teq and t.g are close to the same
magnitude, then chemical weathering will be sensitive to variations in
the flux and, all other parameters being equal, the morphology should
depend upon the shape of the flux curves. The cavern retreats from the
rock-soil interface because of its greater reactivity due to increased
dissolved COz(g) and Oz(g) from the atmosphere, and its higher
temperature from exposure to the atmosbhere and sunlight.

It appears as though the condition teq = tys is commonly satisfied
in weathering environments, especially arid environments (Conca and
Rossman, 1985) where the total amount of water is low while the fluxes
are high. Together with differential effects, this contributes to the

abundance of cavernous morphology and the variety of weathering forms

found in arid regions.

SUMMARY

In the Labyrinth, the exteriors of dolerite joint blocks become
indurated with an iron oxide~stained silica coating to depths up to
several centimeters, mostly by precipitation from surface runoff over
exposed surfaces and along joint planes. This wusually occurs before
blocks are mass-wasted into talus piles, but can occur on already-
weathered blocks. Initial weathering is dominated by hydration and
dissolution of primary minerals and the formation of poorly crystalline
kaolinite, vermiculite and quartz.

Infiltration of moisture into the blocks is primarily through the
soil-rock interface. Although the silica coating reduces the chemical

reactivity of the exterior, its most Iimportant effect is reduction of
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'permeability, which diverts the flow of interstitial solutions away from
ﬁhis zone. The interior rock undergoes greater weathering than the
exterior rodk, and subsequent expansion can fragment the exterior zone
into an array of bolyhedral cracks, the boundaries of which weather more
rapidly than the rest of the polyhedra, causing them to spall off of the
block.

A fine eolian polish forms on rock surfaces in the Labyrinth
troughs exposed to the austral winter winds. This polish also decreases
the exterior permeability, and subsequent weathering, but 1s less
dramatic in effect than the silica coating and results only rarely in
cavernous hollows.

Outside the Labyrinth, the silica coating forms on the dolerite
mostly on exposed surfaces which are at or near the soil level, from
precipitation at the rock—atmosphere interface. Subsequent lowering of
the soil 1level leaves these exteriors as higher-standing, resistant
surfaces which can be wundercut by weathering along their exposed
vertical sides. The resulting morphology observed in the field mimics
the contours of the matric suction produced by a two-dimensional model

of saturated flow within a dolerite block.
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CHAPTER 6

CASE HARDENING IN TWO VOLCANIC TUFFS
The Bishop Tuff.in California and the Towel Creek Tuff in Arizona
have developed the differential weathering effect of case hardening, but
by completely different mechanisms. Each area will be discussed

separately.

BISHOP TUFF

The Bishop Tuff is a widespread rhyolitic pyroclastic flow that was
erupted about 725,000 years ago from the Long Valley caldera on the east
flank of the Sierra Nevada (Bailey et.al., 1976; Dalrymple, 1967). Many
exposures of the Bishop Tuff in the Mono Basin appear as joint blocks
exhibiting differential weathering effects, which in the tuff west of
Mono Craters has resulted in cavernous weathering (Figure 32), while
east and south of Momo Craters the tuff shows little or no cavernous
weathering (Figure 33).

The study area can be divided into three localities (Figure 34): 1)
Aeolian Buttes, 2) Butte stream cut and 3) Mono Mills. The first two
localities exhibit cavernous weathering, whereas the third does not.
Where developed, the cavernous hollows are irregular in shape, up to
meters in diameter, and were not observed to cross-cut joint
boundaries. The interior walls of the hollows are in some cases a
single smooth surface but in others consist of groups of coalescing
shallow depressions separated by small ridges or septae. A cross
section through a cavernously weathered block is shown in Figure 4.

All localities consist of joint-bounded blocks showing a high

degree of pyroclastic welding. Exposed Bishop Tuff in the study area
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Figure 32 Case-hardened joint blocks of the Bishop Tuff at Butte

stream cut in Mono Basin exhibiting cavernous weathering.
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Figure 33 Case-hardened joint blocks of Bishop Tuff at Mono Mills.
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Figure 34 Study area showing extent of Bishop Tuff in Mono Basin.
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-most resembles the welded vitric zone of Sheridan (1965) in petrologic
-character except that local devitrification of the matrix and glass
fragments has occurred.

The non-uniform nature of the devitrification is the primary cause
of the spatial variations in the rock hardness which has given rise to
the case hardening. Joint block interiors have undergone 1little
devitrification, generally restricted to glass fragments, whereas the
exteriors have devitrified to an average depth of approximately a
centimeter. These hardened exterior plates are planar zones which occur
along relict joint surfaces. These zones are much harder than other
parts of the tuff and have a groundmass which has devitrified to
cryptocrystalline cristobalite and alkaline feldspar (Figure 37). In
hand specimen, the plates appear as dark, almost translucent, zones of
noticeably harder material that commonly overhang weathered hollows or
stand out in relief (Figure 33). Phenocrysts have remained 1largely
unweathered in both the devitrified and non-devitrified material.

The nature of the devitrification in the exterior plates differs
from the hydration of obsidian described in many past studies (Friedman,
et al., 1966). In the exterior plates, discrete microcrystals of
cristobalite and alkaline feldspar have formed, not perlite as 1in
hydration of obsidian, and these will be discussed below.

Hardness measurements were made on the Bishop Tuff in each of the
localities (Table 13). The Bishop Tuff is case-hardened in the
classical sense. However, the degree of relative hardening, as
indicated by C, for the localities exhibiting cavernous weathering are
the highest ever recorded, while for Mono Mills the value of C is in the
normal range of 1 to 5 wusually observed in case-hardened materials

(Conca, 1985). In the presence of such extreme differential effects, it
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Figure 35 Small cavernous hollow in the Bishop Tuff consisting of

coalescing pits with septae.
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Figure 36 Cross section through a cavernously weathered, case-hardened

tuff block depicting the different rock zones.
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Figure 37 Photomicrograph in plane polarized light (top) and crossed
nicols (bottom) of the boundary between the devitrified

exterior plates (right) and the interior (left).
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' is little wonder that cavernous weathering has developed.

The relationship between the hardness values for the three
localities is dependent upon the amount of time that the material has
been exposed to weathering. The hardness data 1indicate that the
development of cavernous weathering in the Bishop tuff depends upon
enhancement of the initial differences in the physical properties
between the interior and exterior of the tuff blocks by exposure to
weathering over time.

Although it is difficult to determine exposure ages for each of the
localities, it is possible to determine their relative exposure ages and
to put some limits on the absolute ages (Sieh, personal
communication). The tuff at Aeolian Buttes has been exposed the
longest, having escaped burial under Quaternary glacial deposits, and is
highly weathered. Aeolian Buttes existed as a hill during Tahoe time,
and there is no reason to believe that the top of the butte has been
covered by deposits in the last two hundred thousand years. There are
no streams cutting the top of the butte and no evidence of other rapid
removal of tuff. It is unlikely that tuff could survive exposure in
this area for more than a couple of hundred thousand years, so a
reasonable guess for the lifetime of Bishop Tuff on the top of Aeolian
Buttes is about 200,000 years.

Although there is great uncertainty as to the absolute exposure age
of the top of the butte, a reasonable limit for the exposure age is
~130,000 to ~200,000 years BP.

The material in Butte stream cut was exposed after deposition of
Tahoe age till (Kistler, 1966). According to Gillespie (1982), the
latest Tahoe is 65,000 years BP (Tahoe II). June Lake basalt (10,000 to

20,000 years BP) was deposited against the stream cut, indicating its
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Figure 38 Variations of the coefficient of relative hardening with

exposure age in the Bishop Tuff in Mono Basin.
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.existence as an exposed cliff face by that time. The lower portion of
the cliff, shown in Figure 32, is a less weathered bench which does not
exhibit cavérﬁous weathering. It was probably cut as an outwash channel
during Tioga glaciation, and is much younger than the upper portion of
the cliff face. Unfortunately, no hardness data has yet been obtained
from this 1lower portion. It is 1likely that Butte stream cut began
forming shortly after Tahoe glaciation, so that a reasonable exposure
age is ~60,000 to ~40,000 years BP, but possibly including younger
ages. From the very different degreés of weathering exhibited by the
upper and lower portions of the c¢liff face, there is probably a
significant time span between these exposure ages.

The tuff at Momo Mills is exposed in a young and small stream
cut. The tuff appears fresh, although exposed material underlying the
devitrified plates shows some weathering effects. The area is blanketed
by Mono Craters tephra, extensive pyroclastic falls deposited
sporadically from about 35,000 to 600 years BP. Since the total
accumulation of tephra in the series of falls over the past several
thousand years has been only about a meter, the tephra probably did not
bury the wash to any appreciable depth. So a reasonable exposure age
for the Mono Mills tuff is a few thousand years, possibly as much as
10,000 years.

Re-excavation of these stream cuts is a possibility that must be
considered, and further field work needs to be done to better constrain
these exposure ages. Yet, it is obvious that, for relative exposure
ages, Aeolian Buttes is much older than Butte stream cut, which is much
older than Mono Mills. Figure 38 shows the coefficient of relative
hardness as a function of the estimated exposure ages (Table 13). The

hardness values, H,, of the exterior plates decrease with increasing age
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at a slower rate than those of the interior, resulting in an increase in
‘the coefficient of hardeniﬁg with time. Better age dating and more
hardness méasurements from other areas will result in a more constrained
relationship that may prove useful in dating geomorphic features in the

Mono Basin area.

CHEMISTRY

A particular cavernously weathered, case-hardened block of tuff
from Butte stream cut, exhibiting all of the properties described thus
far, was investigated to observe chemical changes that may have occurred
from weathering. Table 14 gives the whole rock chemistry for each of
the rock zones depicted in Figure 36. Overall chemistry between zones
is rather uniform, with Al and Si not having changed greatly. Most
differences are probably due to variations in original composition and
clast populations between different areas in the tuff. However, some
changes have resulted from weathering, the most important being an
increase in water content in the weathered interior materials. The
increase in the amounts of Na, Ca, and K in the weathered materials
results from their increased soluble salt contents (Table 15). IR
spectroscopy identifies the principal salt of each cation as the
nitrate: NaNO,, KNO,; and Ca(NO3)2.

Crystallization studies of vitreous silica (Wagstaff, et al., 1964)
showed that several variables were important in devitrification of the
vitreous silica. These were: 1) impurity content, 2) H,0 content of
the glass and any ambient atmosphere, 3) reduction state of the glass,
and 4) nucleation kinetics of the crystalline phases. H,0 increases
the crystallization rate of a glass in two ways: by acting as an oxygen

source and by weakening the glass structure through the formation of
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TABLE 14

WHOLE ROCK CHEMISTRY

Interior Interior Exterior
Oxide Septae (D) Wall (C) Pillar (4) Plate (B)
(%) (%) (%) (%)
Al,03 11.9 11.8 12.1 12.8
Si09 70.8 71.2 73.4 75.0
Fe03 1.19 1.09 1.20 1.08
Mg0O 0.35 0.22 0.12 0.27
K90 4.99 4.93 4 .88 4 .40
Nay0 6.4 6.0 5.8 5.0
Ca0 1.63 1.62 0.95 1.07
Ti0y 0.16 0.15 0.17 0.20
MnO < 0.1 < 0.1 < 0.1 < 0.1
H,0 2.8 2.8 1.1 1.6
TOTAL 100.3 % 99.9 % 99.8 % 101.5 %
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TABLE 15

WHOLE ROCK SOLUBLE SALT CONTENTS

Rock Salt
Zone Content
(%)
Pillar (A) 1.36 = .01
Exterior Plate (B) 1.21 * ,01
Interior Septae (D) 2.30 = .01
Interior Wall (C) 3.78 =+ .01
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':hydfoxyl groups (Mukherjee, et al., 1976).

/ The other important variable in devitrification is temperature, as
can be seen in the large T-dependence of the growth rate of crystobalite
from an A1203—Sibz glass at temperatures below the melting point (Brown

and Kistler, 1959):
g = AT exp(-B/T)

where g is the growth rate of a crystal face, T is temperature, A and B
are compositionally dependent constants. A more valid expression for
the crystal growth rate at very low temperatures is given by Kny and

Nauer (1978):

fkT

2
3naon

where f is the fraction of crystal-surface area of interfacial
adsorption sites, k is the Boltzmann constant, a, is the molecular
diameter and n is the viscosity of the glass. Kny and Nauer calculate
crystallization times for alkali-silicate glasses at 300 K to be longer
than 107 years for dry samples and longef than 104 years for wet
samples. Therefore, the presence of HZO seems necessary for
devitrification to occur in the Bishop Tuff exterior plates over the
time period of interest. However, the presence of HZO is not enough
because later interaction of the block interior with meteoric water at
lower temperatures has not produced devitrification, even after intense
weathering for up to 105 years. Elevated temperatures seem to have been

necessary for the devitrification.

The water contents of the highly weathered materials (C and D in
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.Table 14) are twice that of the exterior plate as a result of
‘weathering. The pillar (A) has less water than the exterior plate but
is more weéthergd. There appear, then, to be two sources of HZO in the
tuff: one from hydrothermal fluids accessed through the joint system
during the cooling of the tuff which resulted in the joint-aligned
devitrification, and the other from later meteoric water involved in
subsequent low-temperature weathering of the tuff.

Table 16 shows the kaolinite contents for each of the rock zones of
Figure 36. The kaolinite is highest in zones A and B where the least
chemical weathering has occurred. Zones C and D, the most highly
weathered materials, have the least kaolinite. The kaolinite may be a
hydrothermal alteration. product formed at the same time as the
devitrification (at high temperatures in the presence of water). The
kaolinite content is highest in the two samples close to the joint

surface (Figure 39), as would be expected in such a hypothesis.
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TABLE 16

KAOLINITE CONTENTS

Rock Kaolinite
Zone Content
(%)
Pillar (A) 2.37 * .2
Exterior Plate (B) 2,05 * ,2
Interior Septae (D) 1.0 =+ ,1
Interior Wall (C) 0.94 =+ .1
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Figure 39 Plot of kaolinite vs distance from joint surface for

materials of the tuff block shown in Figure 36.
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TOWEL CREEK TUFF

A portion of a dacitic ignimbrite of the Towel Creek Tuff in the
arid environment of Cottonwood Basin, Arizona exhibits extensive
cavernous weathering as a result of case hardening. Hollows of all
sizes up to a meter occur with an abundance of the larger sizes
(Figure 40). Within the study area the ignimbrite weathers into
cylindrical comes or “tepees” that are spotted with cavernous hollows.
The morphology of the hollows are spherical to elliptical with flat
horizontal floors. Rock exteriors have a thin (< 1 mm) crust developed
which is slightly more resistant to erosion than the interior as a
result of the precipitation of minor amounts of calcite at the
surface. The interior walls are sometimes coated with a brittle shell a
few millimeters thick which armors the interior surface.

The ignimbrite is a whitish-pink, structureless, pyroclastic, non-
welded deposit containing abundant pumiceous fragments of dacitic
composition in a matrix primarily of glass (Lewis, 1983). Plagioclase
is the most common crystal in the matrix (10% modal) and averages about
1 mm in length. Sanidine (and quartz), biotite and hornblende also
occur in the matrix but are less abundant (< 5% modal). There is little
layering in the tuff and the cavernous hollows do not seem
stratigraphically controlled.

The ignimbrite within Cottonwood Basin shows some unusual
structures (Figure 41). There is a shallow-dipping planar horizon of
hard, calcite-cemented ignimbrite which forms cap rocks on many of the
tepees. Scattered throughout the study area are vertical, U-shaped
ovoids of the same calcite-cemented ignimbrite as the planar horizon and
which intersect that horizon. The ovoids have friable cylindrical

centers (vents) which penetrate downwards into the uncemented tuff.
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Figure 40 View of Cottonwood Basin showing case-hardened, conical

tepees of dacitic composition spotted with cavernous hollows.






184

_These features were interpreted by Lewis (1983) as fossil fumeroles
feeding a horizon of constant temperature and pressure with CaCOB—
saturated fluids. The ignimbrite is overlaid and underlaid by sandstone
of the Verde formation which has an age of 7.8 to 6.0 m.y. in Cottonwood
Basin . (Lewis, 1983). After deposition of the ignimbrite, at >425°C
(Lewis, 1983), water from the underlying Verde formation rich in CaCO4
was driven by lithostatic pressure into the ignimbrite where it was
heated. The water meved upwards through vents into the tuff until it
became oversaturated with respect to CaCO3 and deposited calcite in the
surrounding material. Fossil fumeroles similar in form to those at
Cottonwood Basin have been described in other areas (McDonald, 1972).

Another effect of the upward-migrating fluids was the oxidation of
the matrix resulting in the formation of minor amounts of iron oxides
which give the unit its uniform light pink color. Outside Cottonwood
Basin the ignimbrite is white, shows no fumerolic structures and does
not weather into Tepees or exhibit cavernous weathering.

Table 17 gives the calcite content of the matrix of the different
rock zones (clast composition is similar for all materials) and the
hardness values as determined by the abrasion resistance hardness tester
(Chapter 2). The tuff hardened by fumerolic material has the highest
calcite content and is the most resistant, ringing soundly when struck
by a hammer. The fumerole vent material has less calcite and is more
friable.

Although the exterior crust does not contain much calcite relative
to the tuff inundated by fumerolic materials, it is measurable by CO2
extraction methods, and imparts a measurable hardness to the exterior
relative to the interior (coefficient of hardening is 2.8). Small

amounts of calcite have been observed elsewhere to have large effects on
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Figure 41 Cross section through a tepee exhibiting the features

discussed in the text.
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TABLE 17

TOWEL CREEK TUFF

Calcite Contents Abrasion Resistance

of Tuff Matrix Hardness Values
(wt2) (10° N sec/m)

28.8 + .001 1.67 £ .15

4,35 1+ .001 0.79 + .01

0.012 + .001 0.11 + .03

< 0.001 0.04 + .01

Coefficient

of Relative

Hardening

2.8
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. hardness (Conca and Rossman, 1982). The interior rock does not have
measurable amounts of calcite by CO2 monometry, but the evolution of CO2
was detecte& using a voltmeter in the vacuum chamber, placing the amount
of calcite in the realm of a ten-thousandth of a percent by weight.

If calcite contents are plotted against hardness values, a definite
relationship is observed between the two parameters (Figure 42). Since
calcite content is the only chemical or petrological variation among the
different materials, Figure 42 indicates that differences in calcite
content are responsible for the variations in the physical properties
among the different materials.

The presence of a calcite-cemented shell in the interiors of some
of the hollows tends to stabilize those interiors against erosion.
These shells are more common, but not restricted to, caverns higher up
on the tepees. The formation of the interior shells at Cottonwood Basin
is contrary to most hollow interiors studied elsewhere (Mustoe, 1982;
" Conca and Rossman, 1982) in which calcite either does not precipitate or
precipitates as loose botryoidal aggregates or thin flakes that do not
impart any observable hardness or resistance to the interior walls.

The fact that the tepees are small, isolated cones with calcite-
cemented caprocks instead of the more usual massive outcrops may have a
great influence on these relationships, especially on the movement of
pore water during wetting and drying of the tepees. On two separate
occasions, field observations were made in Cottonwood Basin on wetting
(during a storm) and drying (for many days after a storm) of the
tepees. During the first storm, all surfaces and underlying material
appeared wet., After the second storm, almost all surfaces became air-
dry after only a day of exposure to bright sun. However, the basal

surfaces of the tepees (Figures 41 and 43) and the interior walls of the
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Figure 42 - Calcite contents of the matrix of the different materials
plotted against their hardness values, illustrating a direct

relationship between calcite content and hardness.
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" lowest hollows (both large and small) remained wet for many days of

exposure to bright sun whether shadowed or not. The interior walls of
the hollows higher up on the tepees, both large and small, were dry
after a few dayé. Material removed from the basal surfaces dried rapidly
in the sun, indicating that for these surfaces to remain wet for any
period of time, moisture must be constantly supplied from the
interior. From these observations it can be seen that, after becoming
wet during storms, the tepees dessicate primarily through the basal
surfaces and lower hollows, and not through the exterior crust or upper
hollows.

These observations have important implications for the development
of the cavern and transport of dissolved materials, especially
carbonate. It is at the basal surfaces that most of the physical
erosion caused by fluvial processes occurs, and the exterior crust does
not have a chance to develop. Therefore, greater erosion and greater
moisture flux combine to make the basal surfaces the positions of
greatest material weathering and removal, and the areas where caverns
are most likely to originate (Figure 44). Basal surfaces do not
homogeneously surround each tepee, but are concentrated in particular
places as a result of the present fluvial erosion patterns. Thus, basal
surfaces usually constitute less than a tenth of the circumference of a
tepee or the base of an outcrop.

As the surrounding ground surface is lowered over time by erosion,
the basal surfaces will be left elevated as an indentation that is both
less resistant to weathering and an area of high moisture flux, as a
result of having no exterior crust. It may then enlarge to form a
cavernous hollow. As the ground surface lowers, the fluvial erosion

pattern can and does change leading to a random development of hollows
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Figure 43 Tepee showing a wet basal zone (dark) through which the tepee
interior 1is dessicating. Flow through this basal surface

accounts for almost all of the flux from the interior.
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Figure 44 View of the basal surface of a tepee where exterior crusts
are not able to form because of fluvial erosion. It appears

as though cavernous hollows are initiated in this zone.
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'f inuthe tepees, a pattern which is observed in most of the surfaces in
Cottonwood Basin (Figure 40). However, in the cases where the fluvial

erosion pattern does not change very much with time, a non-random array

of cavernous hoiloWs would be expected and is indeed observed in some

instances (Figure 45).

The source of calcite for the crust and interior is the tuff
hardeﬁed by fumerolic material. The variations in calcite contents
between extefior and interior are determined by the aqueous chemistry of
the carbonate, the peculiar geometry of the tepees, and their effect on
transport of dissolved carbonate. Most dimportantly, carbonate
dissolution, transport and precipitation at the exterior occur in a
system open to the atmosphere with a fixed CO2 partial pressure of
10_3'5 atme. However, the interior has a soil~like microclimate,
porosity and biological activity. The COZ partial pressure will

10723 atm (Stumm and Morgan, 1981). Aqueous

therefore be about
solutions in these two systems will behave differently. To illustrate

this, consider the overall reactions:

+ -
H,0 = H' + OB | PK = 14.0
- noco = 1.5
CO, +H)0 = H,C0, PR, = 1.
n.co.” = ®" + mco.” K. = 6.3
2003 = Oq PR, = 0.3
- o+ 2- _
HCO,” = H' + Co, P, 10.3

CaCO3(s) = Ca“ + CO szO = 8.3
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Figure 45 A tepee showing a non-random array of cavernous hollows, the
floor of each hollow representing a paleo-basal surface. The

two uppermost hollows have interior shells developed on their

interior walls.
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' ‘Because the ionic strength of the migrating solutions will be 10~3_§_or
.less, species activities will be neglected. From these relationships
the concenﬁrations of each species can be expressed as a function of pH
(Morel, 1983) an& shown in graphical form as a log C-pH diagram (Figure
46). The solutions in each system will be saturated with respect to
CaCO3 when:

2(ca®ty =~ (HCO, ")

From Figure 46 it can be seen that this corresponds to (Ca2+) = 10_3'3_§

for the exterior and 1072°3

M for the interior, indicating that under
equilibrium conditions the interior should have ten times the carbonate
content of the exterior. However, the calcite content of the interior
is two orders of magnitude less than the exterior.

Calcite dissolution and precipitation in the tuff is controlled by
both equilibria and kinetics. For a system that does not reach

equilibrium, a simple expression for the dissolution of calcite is given

by Snoeyink and Jenkins (1980):

d(Ca2+)

it = k8§ [(Ca2+)* + (Ca2+)]

%
where (Ca2+) = the aqueous saturation concentration (M), k is the rate

constant (s 1 mg—l gfl) and S is the surface area (mg 171

of a given
particle size). As rainwater encounters the exterior, calcite will
begin to dissolve. The characteristic time, i.e., the reciprocal of the
kinetic rate constant, for the dissolution of calcite (for the micron-

sized particles of the present case) is on the order of 103 sec (Morgan

and Stone, 1984)., Since the residence time for water at the exterior is
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'Figuré 46 Log C-pH diagram for the agueous carbonate species of the
exterior solution of the tepees, having a PCO2 of 10_3'5

2.5 atm and all

atm. For the interior solutions, PC02 = 10~
equilibrium concentrations will be ten times that of the

exterior.
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':shoft, the dissolution is probably influenced by kinetics. At the same
Mtime,vwater flowing down from tuff hardened by fumerolic material will
havevalready dissolved some carbonate, and its ability to dissolve more
calcite may be( much less than the initial rainwater. Also, as
evaporation increases the concentration of dissolved solutes and the
.solution becomes saturated with respect to calcium carbonate, calcite
will bégin to precipitate at the surface.

As water enters the tepee interior, however, two effects become
important. The increased PCoz of the interior means that no
infiltrating solution from the exterior will be saturated with respect
to calcite, but will be at least an order of magnitude undersaturated in
Ca2+. Thus, the solution wili begin dissolving any calcite that is
present. Secondly, the residence time of the water in the interior was
observed in the field to be much longer than the characteristic time for
dissolution, about 106 sec, so that equilibrium can be established.

The drying out of the Tepee can be separated into two stages
(Hillel, 1971): (1) an early stage, during which the evaporation rate is
determined by the external and surface conditions, such as atmospheric
humidity and temperature, and (2) a falling-rate stage, during which the
evaporation rate from the rock is 1lower énd is determined by the
material's hydraulic conductivity. During the initial stage, water
moves outward in fesponse to the evaporation—-induced suction gradient at
the surface. The rate can remain fairly constant as the increasing
suction gradient owing to the decreasing water content tends to
compensate for the decreasing hydraulic conductivity. This first stage
was observed in the tepees to take about 106 sec. Eventually, the water
content becomes so low that no more water is supplied to the surface,

the suction gradient is at a maximum, and the surface becomes air-dry.
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‘The second stage begins, and is accompanied by an inward-moving drying
" front. Movement of water from this front to the surface occurs by vapor
diffusion. "It is the carbonate content of the residual water at the
beginning of the second stage that will precipitate as calcite in the
interior as the tuff dries. The water content at this stage is
uncertain, but will be in the range of 1 to 2072 of the effective
porositj. Choosing 10%Z for the tuff, and taking the interior calcite

content as 107% wt%, we can determine the cat

concentration in the
residual pore solution required to precipitate 10—4 wt7Z calcite upon
evaporation. The porosity of the tuff is 257 and its density is

2.0 g/cm3. Therefore:
10(0.25)10—4g/g x 2.0 g/cm3 x 10> em>/1 + 100 g/mole = 5 x 10 M (ca’t)

which is exactly the equilibrium concentration calculated from Figure 46
for the interior. This indicates that the calcite content of the
interior material is 1limited by the equilibrium chemistry of the

4

infiltrating pore water, and should never increase above 10 ' wt% under

present conditions.
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CHAPTER 7

SUMMARY

Differentiallweathering effects are an intermediate step in a cause
and effect relationship concerning the interaction of rock material with
its environment. Certain information emerges from this study as facts
about which processes and mechanisms operate in these diverse weathering
situations. Speculations at a variety of confidence levels also result
from this work, and, of course, many unsolved problems are left in its
wake.

Tﬁe only generalization which can be applied to differential
weathering is that crystalline rocks tend to core-soften whereas clastic
materials case~harden. This results from the overall differences in the
intergranular bonding character between crystalline materials such as
granite and clastic materials such as sandstone. Clastic materials will
be affected by redistribution of secondary cements, and greater
accumulation at an interface can result in case hardening. In clastic
rock's, therefore, the hardness of different areas can either increase
or decrease with time. On the.other hand, a crystalline rock in a
weathering environment will almost always have 1ts intergranular and
intragfanular bonds disrupted by chemical alteration because these bonds
are far out of equilibrium with the weathering environment. Spatial
variations in disruption can result in core softening or case softening,
but the hardness of all areas will decrease with time. Accumulation of
secondary cements can often  enhance differential effects in crystalline
rocks by affecting the permeability of different areas but without case
hardening the rock.

The two most important aspects of differential weathering systems
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'is tﬁe presence of an interface and the state of HyO in the system. It
is at the rock-atmosphere, rock-soil, and rock-water interfaces that
ﬁany differential mechanisms occur because of the changes in
composition, phasé, temperature or pressure which frequently accompany
movement of substances across that interface. Thus, a slowly migrating
pore solution carrying dissolved solutes, drawn to a rock surface by an
evaporation-induced pressure gradient, may saturate with respect to one
or more phases as a result of vaporization of H,0 across the rock-
atmosphere interface.

All of the mechanisms discussed in the previous chapters depend at
some stage on the presence of liquid water, acting either as solvent,
reactant or transport mgdium. Because of water's diverse role in
weathering, spatial variations in water content, flux, dissolved solutes
and dissolved gases will be important in the weathering history of
geologic systems, and will be responsible in some way for any
‘differential weathering effects observed.

The presence of water at a rock—atmosphere interface can result in
large changes in the system, mostly changes in the solution's pH and Eh
through changes in dissolved CO,(g) and 0,(g), respectively, and by‘
increasing the solution's ionic strength .through evaporation or
dilution. Similarly, at a rock-soil interface, the pH of a solution can
decrease by dissolving more Coz(g) because of the usually higher PC02 of
a soil environment, as well as redissolving soluble salts and raising
its ionic strength, making that interface an area of higher reactivity
in its ability to dissolve minerals.

These interfaces are seen as boundaries between two systems, such
that the rock adjacent to the interface is considered to be in an open

system that will not reach equilibrium because of the rapid rates of gas
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'-phaée reactions and transport compared to the slow rates of solid and
,aqueoué silicate reactions. This explains why the caverns are initiated
ét and retreat from the rock-atmosphere interface. The direction and
extent of this rétréat may then be governed by variations in the pore
water flux, as in the case of the Ferrar dolerite (Figure 31b), or by
some other factor.

Table 18 is a summary of results from the field areas for which
hardness data was obtained (see Chapter 2). The differential weathering
effects of case hardening aﬁd core softening were caused by a variety of
differential mechanisms.

Field observations and the experimental results from the Valley of
Fire, Nevada, can be summarized as follows: (1) rocks of the Aztec
formation within the Valley of Fire are extensively case-hardened; (2)
case~hardening in the study area involves the presence of an induration
crust (called the orange crust), usually between 0.5 and 5.0 mm thick,
which has increased hardness and reduced friability over the interior of
the rock, and differs from the interior in the amount of kaolinite
(about a factor of five greater in the crust) and the presence of
calcite (in concentrations between = 0,001 and = 5.0 wt%Z); (3) two out
of thirteen outcrops sampled possesed a secohd yellow crust overlying
the orange crust and which, even though much thinner than the orange
crust (less than 6.5 mm), was significantly harder. Like the orange
crust, the yellow crust contained more kaolinite than the interior but
also contained colemanite, CaB304(OH)3'H20; (4) the interior edge of the
crusts are abrupt and the interior rock within the study area contains
no calcite or colemanite above detection limits (= 0.001 wtZ%), and (5)
thickness, physical properties, and calcite content of the case-hardened

crusts within the study area show great local variatioms.



Rock Type
and

Study Area

Aztec Sandstone
Valley of Fire
Nevada

Beacon Sandstone

Farnell Valley
Antarctica

Bishop Tuff
Mono Basin
California

Towel Creek Tuff
Cottonwood Basin
Arizona

tonalite
Catavina
Baja California

Ferrar Dolerite
Labyrinth
Antarctica

Vida Granite
Taylor Valley
Antarctica
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TABLE 18
Differential
Weathering Proposed Differential
Effect* Weathering Mechanisms
case hardening eolian deposition of constituents
and recrystallization of calcite
¢=1.3 as a secondary cement at surface
case hardening microclimatic influence on silica
deposition as a secondary cement
C=2.5 at the rock surface
case hardening spatial variations in the devitri-
fication of the glassy matrix
C = 18.3
case hardening microclimatic influence on calcite
precipitation as secondary cement
C=2.8 at the rock surface
core softening microclimatic influence on
dissolution and alteration of
C=2.3 primary minerals and precipitation
of secondary minerals
core softening microclimatic influence on silica
deposition at rock exterior and
C = 3.7 variations in pore water flow
core softening silica deposition and eolian
C = 2.0 polishing of the rock exterior amd

variations in pore water flow

*The coefficient of relative hardening, C (defined as the ratio of the
hardness values of the rock exterior to those of the rock interior), is
given for a representative example from each study area.
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The weathering effects on the tonalite at Catavina, Baja California
'éan be summarized as follows: (1) kaolinite, quartz and hematite are the
major weatﬁering products formed, and calcite and gypsum have formed in

2+ without major

trace amounts; (2) ‘biotite has undergone loss of Fe
breakdown in structure and without the formation of measurable amounts
of phases such as vermiculite or chlorite-saponite, but weathering has
increased the water content of the biotite, (3) feldspar has weathered
along cleavage surfaces and grain boundaries to supply Al and (along
with minor dissolution of quartz) Si for the formation of kaolinite and
secondary quartz (mixed layer illite/montmorillinite clays were not
found in the weathered samples, but were found in the surrounding
soils); (4) less kaolinite is present in the exterior than in the more
friable interior, and the feldspars are not as highly fractured in the
exterior as they are in the interior;(5) most of the hematite occurs
towards the rock surfaces, and (6) the degree of relative hardening of
the exterior (C) was equal to 2.26 + 0.3. Abrasion resistance hardness
values (Ha) inversely correlate with kaolinite contents.

These observations indicate that tonalite boulders at Catavina are
core-softened as a result of greater kaolinization of the interior.

Model calculations for one-dimensional flow within a tonalite
boulder indicate that core softening influences the flow of water by
changing the hydraulic conductivities (water permeabilities) of
different areas, thus increasing the flux of water through the cavern
interior wall relative to the exterior.

The differential weathering between the interior and exterior is
manifested as core softening in the dolerite and granitics of the Dry
Valleys, and case hardening in the sandstones. The decreased hardness

and increased permeability and porosity of the interior make it more
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';suséeptible to weathering than the exterior, especially salt weathering.
in the.Labyrinth, the exteriors of dolerite joint blocks become
indurated with an iron oxide-contaminated silica coating to depths up to
several centimegers; mostly by precipitation from surface runoff over
exposed surfaces and along joint planes. This usually occurs before
. blocks are mass-wasted into talus piles, but can occur on already-
weathered blocks. Initial weathering is dominated by hydration and
dissolution of primary minerals and the formation of poorly crystalline
kaolinite, vermiculite and quartz.

Infiltration of moisture into the blocks is primarily through the
soil-rock interface. Although the silica coating reduces the chemical
reactivity of the exterior, its most important effect is reduction of
the permeability which diverts the flow of interstitial solutions away
from this zone. The interior undergoes greater weathering and
subsequent expansion can fragment the exterior zone into an array of
polyhedra, the boundaries of which weather more rapidly than the rest of
the polyhedra, causing them to spall off the block.

A fine eolian polish forms on rock surfaces in the Labyrinth
troughs exposed to the austral winter winds, decreasing the exterior
permeability. The polish decreases the extefior weathering but results
only rarely in cavernous hollows.

OQutside the Labyrinth the silica coating forms on the dolerite
mostly on exposed surfaces which are at or near the soil level from
precipitation at the rock-atmosphere interface. Subsequent .deflation of
the soil leaves these exteriors as higher standing resistant surfaces
which can be undercut by weathering along their exposed vertical
sides. The resulting morphology observed in the field is shown to

follow the contours of the matric suction in a two-dimensional model of
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- . saturated flow within a dolerite block.

The two volcanic tuffs investigated were both case-hardened but by
-different ‘mechanisms. The differential weathering mechanism in the
Bishép tuff was(devitrification of the glassy matrix along joint planes
to a depth of about a centimeter, whereas in the Towel Creek tuff
dissolution of calcite from fossil fumerolic  material and
reprecipitation at the exterior surface of Tepees was the differential
weathering mechanism.

From this study it can be seen that differential weathering depends
upon many factors such as rock type, geologic history, exposure age,
chemistry, pore water flow, environment and weathering processes. Each
area must be investigated separately to determine the major factors
responsible for the differential effects observed, and knowledge of the
change in rock hardness with time is needed to distinguish between case

hardening and core softening.
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Figure 47 Cavernous weathering in the Mormon Rocks, San Berné@ino,
California, exhibiting extensive cavernous weathering. Scale

is given by Mary Torregrossa (who stands 4' 11 H& " without

boots).
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INTRODUCTION

Infraréd absorption spectra of four hydrated borates (two calcium
borates and two sodium borates) were obtained in the 4000 - 400 cm™!
range. Table 1 lists the chemistry and structure of each hydrated borate.
The purpose of this study is to determine if there is an effect on the IR
absorption due to polymerization of isolated polyanions into chains of
polyanions. Polymerization and the resulting loss of H9O are the only dif-
ference in chemistry between members of each chemical group, i.e., be-
tween Colemanite and Meyerhofferite and between Kernite and Tincalconite.

0.50 mg of each mineral was incorporated into a XBr pellet and
spectra were taken with a Perkin — Elmer Model 180 Infrared double - beam
spectrophotometer. Use of the same sample concentrations for each mineral

allows direct comparison of peak heights in the spectra.

BORATE ABSORPTIONS AND SYMMETRY

The hydrated borates studied are composed of ring polyanion groups
consisting of BOj triangles and BO, tetrabhedra sharing corners to form
the ring. The expected vibrational modes from each type of boron poly-
hedra will be different. Ideally, BO3 triangles have D3, symmetry,
while BO4 tetrahedra have Ty symmetry. Within the crystal structure
the geometries are distorted to the point where the polyhedra have
actual symmetry of Cj. However, the distortions are not so great that the
predicted absorption bands cannot be roughly assigned, although detailed
Group Theoretical analysis is beyond the scope of this study. It is sug-

gested by the spectra that the degree of deviation from ideal symmetry is
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- reflected in the band position and intensity.

The funaamental modes of vibration for the BO3 triangle are as fol-

lows:
approximate position
Representation Symbol Vibration for the ideal case
Ay’ v - ~ symmetric stretch 950 cm~!
Aé" Vo out—of-plane bend 750 em™!
E' v3 asymmetric stretch 1250 em™1
E' vy in-plane bend 600 cm™ L

The following fundamental modes of vibration for the BO, tetrahedra have
not been well determined:

approximate position

Representation Symbol Vibration for the ideal case
Ay vl symmetric stretch below 950 cm™ 1
E V2 bend below 600 cm™ L
F, V3 asymmetric stretch ~ 1000 cm~!
F, vy bend ~ 600 cm~!

HYDRATED CALCIUM BORATES

The polyanion in Meyerhofferite consists of one BO3 triangle and
two BOy tetrahedfa cornersharing in a 6-membered ring (Christ et al.,
1958). All oxygens not part of the ring strucure itself are actually
hydroxyl groups. The large polyanions are linked through calcium—oxygen
bonds to form zigzagging strings along (001). The calcium is in an
extremely distorted octahedra with an additional oxygen and hydroxyl
coordinating at larger distances. Adjacent strings are linked only

through hydrogen bonds.
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In Colemanite, the same polyanions are linked by corner-sharing be-
tween a BO3 friangle of one polyanion and a BO4 tetrahedra of the next
polyanion forming infinite chains along (001). Adjacent chains are linked
by hydrogen bonding.

Table 2 and Figures 1 through 4 show the infrared absorption spectra
for both calcium borates. (Note the different absorbance scales for dif-
ferent spectra). The spectra are complex and band-for-band correlations
are difficult. However, gross features may be correlated. The large ab-

sorptions in the region from 1300 - 1400 em !

are due primarily to the BO3
asymmetric stretch ( v3 ). The large absorptions in the region from 900 -
1000 cm—1 are due to the tetrahedral BO, v3 and the vi of both poly-
hedra. From 1000 - 1150 ém’l, OH in-plane bending is the major absorber.

The overall shifting toward lower energies of the v3 bands for
both polyhedra in Colemanite may be due to the loss of hydroxyl groups
upon polymerization and coupling of the anions (Weir, 1966). A more direct
effect of the loss of hydroxyl groups on the infrared spectra due to poly-
merization may be the decrease in the absorptions over the range 1050 -
1150 cm~! when going from Meyerhofferite to Colemanite. All OH bonded to
trigonal boron in Meyerhofferite is completely gone in the polymerized
chains of Colemanite, as well as half of the OH bonded to one of the tetra-
hedral borons. Howéver, the number of hydroxyls bonded to the other type
of tetrahedral boron is unaffected by polymerization. If we look at the
region from 1000 - 1150 em~l pertaining to the OH in-plane bending, we
see in Meyerhofferite three prominent absorptions at 1120 cm—l, 1085 cm_y,
and 1020 cm~l. Polymerization into Colemanite results in a dramatic de-
crease in the absorption at 1120 cm'l, a significant decrease in the band

at 1085 cm~! with a slight shift to 1070 cm~l, while the band at 1020 em~!



232

Tshows hardly»any chénge in peak height but is slightly shifted to 1040
em™l. This is consistent with (but not proof of) the idea that the absorp-
tion at 1120 cm~l corresponds to the trigonal boron OH in-plane bending,
the absorption at 1085 em™1 corresponds to the OH in-plane bending in
the tefrahedral boron that is involved in polymerization (with loss of
half its OH groups), and the absorption at 1020 em™l corresponds to the
OH in-plane bending of the tetrahedral boron that is not involved in
polymerization.

A related phenomenon can be seen in the region from 3400 - 3600 cm™!.
In the Meyerhofferite spectra three absorption bands corresponding to
three different OH stretching occur at 3440 cm™1, 3490 em~!, and 3600 cm™!.
Polymerization in Colemanite has resulted in the elimination of the band
at 3440 cm—l, dramatic decrease in the band at 3490 cm~! and shifting to
3520 cm'l, and little effect on the band at 3600 cm~l. These observations
mirror the effects at the lower energies.

Another effect of polymerization is the restriction and removal of
certain out—-of-plane OH bending, which may account for the noticeable ab-
sence of absorption peaks for Colemanite in the region from 500 - 800 em™1.

One of the most notable differences between the two spectra is that
in Colemanite the region from 1300 - 1400 cem~ ! has sharper absorptions,
higher absorption peaks, and less splitting than in Meyerhofferite. Also
the band positions are shifted to lower energies in Colemanite. This is
in disagreement with Weir, 1966, who observed broader and more complex
absorptions for Colemanite in the region. However, this same sharpening
and increase 1in peak height is seen going from Tincalconite to the

polymerized Kernite (Figures 7 and 8) in the present study.
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Polymerization of the borate polyanions in the case of the calcium
borates in this study results in a more symmetric BO3 triangle than in
Meyerhofferite. Because the oxygens in the B-0 bonds in the BO3 triangles
in Colemanite are all bonded to boron in other BO4, tetrahedra, the B-0
bond lehgths for the three B-0 bonds in BO3 are all closer to the mean
bond length ( within 0.015 A ) than in Meyerhofferite. In the latter, two
of the three oxygens in the B-0 bonds of the BO3 triangles are bonded to
boron in BO, tetrahedra. The other oxygen is bonded to H which is hydro-
gen-bonded to H90 and to an oxygen on énother polyanion. This results in
a slightly wider range in the triangular B-O bond lengths ( within
0.030 A of the mean value ) and a greater asymmetry to the polyhedra.

The closer approach df the BO3 in Colemanite to the D3} symmetry over
that in Meyerhofferite may account for two differences in their spectra.
Normally, in the ideal case, Vv3 of the BO3 triangle is doubly degen-
erate (as is v4 ). The distortions in the crystal environment has re-
moved the degeneracy and produced the two major absorptions in the region.
However, the "higher" symmetry situation in Colemanite has resulted in
less splitting of the v3 mode for BO3 in this region. The band posi-
tion for v3 in Colemanite (1335, 1367 cm_l) is closer to the ideal BO4

position of 1250 cm~l than is the case for Meyerhofferite (1360, 1400 em~1)

HYDRATED SODIUM BORATES

Kernite and Tincalconite show many of the same features and effects
of polymerization as for the calcium borates (Figures 7 through 10).
However, even more complexities arise in the structure and spectra of
the sodium borates, and this study will not discuss them further than

to include their spectra for comparison with the calcium borates.
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TABLE 1 Description of Samples

Formula Structure®
Ca[B304(OH)3] * H20 3: A +2T chains
Ca[B3O3(OH)5] * Hy0 3: A 42T isolated

Naz[B4O6(OH)2] * 3H20 4:2 A +2T chains

Naz[B405(OH)4] * 3H,0 432 A +2T isolated

*according to Christ and Clark, 1977.

Locality

Thompson
Mine Death
Valley, CA

20-Mule Team
Canyon Death
Valley, CA

Open Pit
Mine Boron,
CA

Searles
Lake, CA
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TABLE 2 1Infrared Absorption Spectra of Four Hydrated Borates

Colemanite(em™1)

3600 s
3520 mb

3250 svb

1455 wsh
1430 wsh
1367 wvs

1335 vs
1320 vwsh
1275 msh
1230 m
1155 msh
1120 m

1070 msh

1040 s
1025 wsh

950 msh
940 vs

900 vs
865 vwsh
815 w
790 wsh
760
730
695
670
625
605
580
550

ssggssam

515 w
495 vw

430 whb

s=strong

Meyerhofferite(cm™!)

3600

3490
3440
3310

1440
1400
1385
1360
1335
1270
1225
1150
1120

1085
1040
1020

970
945
905
845
810

760
727
680
665
615
605
580
550
530

495
470
430

m=medium

S

m
vs
svb

msh

vs
vwsh
msh
msh
wsh

wsh

wb

w=weak

Kernite(cm™1)

3545 s
3400 sb

3350 svb

1470
1420

1365
1335

1155
1130

1065
1015

970
950

875
825

765
740
725

690
650

615

570
550

495
455

b=broad sh=shoulder

msh
wsh

Vs
msh

msh

ssh
vs

vs
ssh

vw
m

wb
W

Tincalconite(cm™1)

3460 msh
3330 sb

1475
1425
1400
1385
1350

w B 830

1280 m
1255 m
1220 wsh
1160 vwsh

1130 s

1075 m
1025 ssh
1000 vs

945
880
830
775

s n £ o

710 m

650 wvb

605 w

520 vwb

460 m

v=very
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APPENDIX 2

SOLUTION TO THE LAPLACIAN FOR THE

LABYRINTH BOUNDARY CONDITIONS

James L. Conca

January 1985
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The Labyrinth boundary conditions are given in Figure 1, for saturated,
steady-state flow of water through a dolerite boulder. For the condition
that V2¢ = 0 let:

Y(x,z) = Az2 + ¢(x,z) so that V¢2 = -~ 2A

The boundary conditions for the top and bottom surfaces of the boulder are

then:

Y -1 -
?E( ,0) = 3Z(X’0) 0
@ = a, = -Ke,n) = -k [ 2800 + 2x,n) ]

Choosing A = q /2Kh gives 3¢/3z(x,~h) = 0.

The side surfaces have a step function as the boundary condition:

S C MR N R0

where f(z) = 0 at =h € z € ~h', and f(z) = E = qoL/Zh' at -h € z < 0.

Using separation of variables to solve this problem, let

¢(x,z) = gn(x) Z(z) where Z{z) = C cos{(kz) + D cos(kz)

and gn(x) is symmetrical about x = 0., Evaluating the derivative at the top

surface gives:
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3 .
Sg(x,O) = 0 = -~ 'kC sin(k0) + kD cos(k0)
Therefore, D = 0 and Z(z) = C cos(kz). Evaluating the derivative at the

bottom surface gives:

.%g(x,—h) = -KCsin(-kh) = 0 or k=k =2 (=0,1,2 ..
Absorbing all constants into one gives the form:
d(x,z) = E gn(x) cos(knz) where n =0, 1, 2, eee
Differentiating gives:
2 ® dzgn 2
vie = 1| 5 = ngn(x)]cos(knz) = - 2A
dx
which is in the form of a Fourier series:
. dzgn 9
f(z) = g ancos(knz) where a, = 5 - kngn(x)
dx
for n > 1 a_ = 0 which gives gn(x) = ancosh(knx)
\ n>l
dzgo 2
for n=0 5 = - 2A giving go(x) = - Ax" + Bx + C
dx
2
2 9%
1ett1gg B=C=0 gives go(x) = - A&x" = - SKE



248

fPiugging back in to the side boundary conditions gives:

: og
L R = g2 _n L
K ax(t—z-,z) f(z) K E . (iE,z) cos(knz)
- _ & . L
or f(z) = K [ AL + nEI knan 51nh(kn 2) cos(knz) ]
00
if we let f(z) = fo + ngl f cos(knz)
fn
then f0 = ALK and an = - T
0>l an sinh(kdi)
fn
so g (x) = = cosh(k x)
n k K sinh(k =) n
n>1 n n 2

which gives the final form of the solution as:

2 2. 9 - f
v(x,z) = (2" - x9) Th ngl cosh(knx) cos(knz)
k X sinh(k =)
n n 2
, _ © nne
To determine fn we must solve f(z) fo + ngl f cos(—E—)
= - = ¥ nnz
Let w(z) = f£(z) fO where w(z) nél fn cos( T
h mTZ = h mmz nnz
Then IO w(z) cos(—E—D dz = ngl fn fO cos/( o ) cos( o ) dz
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' tetting z' = E% and dz' = %-dz transforms the integral to:
%'fg cos(mz') cos(nz') dz' which is zero for m # n, but for m = n becomes
%-fg cosz(mz') dz' = %—fg %-[l + cos(2mz')] dz' = '% (%) = -%
This is a Kroenecker delta where § =1 form=n
m =0 form#mn
Substifutin ives fh w(z) cos(F2) dz = I f E-G
g 8 0 h m=l "m 2 mn
2 ¢h mrz A _ _ 2 ¢h mrz
or E-IO w(z) cos( h ) dz = fm = % IO [f(z) f ] cos(—H—) d
. _ 2 rh' _ M Z 2 (h mnz
This becomes fm = E-fo (E - ALK) cos(—H~) dz T ALK cos/( & ) dz
\
Evaluating this expression gives fm = fn = 2E sin(E%h) when m = n

Because f(z) is an even step function and E = q_ L/2h', the final solution in
[ ’

the domain -L/2 € x € L/2, -h € z € 0, is given by:

q Lh sin(EﬂES

wWx,z) = (z2 - X)) = - b [ 2 b ] cosh(Eﬂi) cos(ElE)
2.2, nnL h h

n 1 h'K sinh(—ﬁi)

N
~
=
Il
fuh
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;,Figure 48 Scene of the first field testing of ARHT in the San Gabriel
Mountains. Scale is given by Andrew Astor's mustache which stands

8 cm X 2 cm at 1 atm and 25° C.






