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CHEMICAL WEATHERING OF BASALTS AND ANDESITES:
EVIDENCE FROM WEATHERING RINDS

By STEVEN M. COLMAN

ABSTRACT

Weathering rinds on basaltic and andesitic stones preserve the
alteration products of these lithologies under conditions that pre-
clude detrital contamination, physical removal, and uncertainty of
original composition. The mineralogy and chemistry of samples of
weathering rinds on andesitic and basaltic stones from several areas
with temperate climates in the Western United States were studied
using a variety of analytical methods, including thin- and polished
sections, X-ray diffraction, differential thermal analysis, scanning
electron microscopy, X-ray energy spectrometry, and bulk chemical
analysis.

Volcanic glass and olivine are the least stable phases in the rocks
examined, and early stages of rind development are largely defined
by oxidation colors produced by the alteration of these materials.
At the other extreme are the remarkably stable opaque minerals,
primarily titanomagnetites, which are commonly the only recogniz-
able primary mineral in severely altered weathering rinds. Pyroxene
and plagioclase have intermediate stabilities, which vary with the
chemical composition of these minerals. Grain size, degree of frac-
turing, and chemical zonation of mineral grains are important con-
trols in determining the location and severity of alteration.

The alteration processes that produce weathering rinds on basalts
and andesites appear to be mostly degradational; only minor sec-
ondary mineral formation was observed. Alteration products ap-
pear to result mostly from hydrolysis, leaching, oxidation, and de-
struction of primary mineral structures, and the sequence from
primary minerals to the most weathered products appears to be
nearly continuous. The end product of the intensities and durations
of weathering observed in this study is a mixture of allophane,
amorphous iron oxide-hydroxide, and poorly developed clay
minerals. Because many of the samples are from well-developed
argillic B horizons formed in deposits more than 10° yr old, the poor
development of clay minerals in the weathering rinds suggests that
the clay minerals form more slowly than is commonly assumed and
that the well-developed clay minerals in the argillic B horizons are
from sources other than the weathering of primary minerals.

Chemical trends during weathering-rind formation, as indicated
by several weathering indices based on molecular percentages, in-
clude large losses of bases (Ca, Mg, Na, and K), lesser depletion of
SiO,, relative concentration of sesquioxides, oxidation of iron, and
incorporation of water. Absolute chemical changes are best
estimated by assuming the immobility of a reference consitituent,
because volume reduction apparently occurs during weathering-
rind formation. Titanium appears to be the least mobile major ele-
ment in the rinds, and both aluminum and iron are depleted relative
to titanium. Relative elemental mobilities in the rinds are:

Ca>Na> Mg> Si> Al>K> Fe> Ti.

The rate of loss of most elements appears to decrease with time.

INTRODUCTION

Weathering rinds on andesitic and basaltic rocks are
an important source of mineralogic and chemical data
for the weathering of these lithologies. Most previous
studies of basalt and andesite weathering have dealt
with well-developed residual soils on highly altered
bedrock in tropical to semitropical climates (Carroll,
1970, references, p. 179). Of the few studies in temper-
ate climates, that by Hendricks and Whittig (1968) on
andesites in northern California and that by Roberson
(1963) on volcanic ash in Oregon, examined rock com-
positions and environments most similar to those ex-
amined in this study.

Weathering rinds offer a number of unique advan-
tages for weathering studies. First, the parent material
involved in the weathering is known with certainty.
Thin-section examination confirms that weathering
rinds are the altered part of the original stones and
that the rinds contain no detrital contamination. This
relation usually cannot be demonstrated for residual
soil profiles. The fresh rock, the altered rock forming
the rind, and the soil matrix are easily differentiated.

Second, because weathering rinds on basalts and an-
desites are cohesive, and because they were sampled
from below the ground surface, material can be re-
moved from the weathered stone only in solution;
physical erosion of the weathered material does not af-
fect comparisons among samples.

Finally, weathering rinds contain the products of all
stages of weathering, both in the transition from the
altered rind to the fresh core of a single stone and in
stones that have been subjected to weathering for dif-
ferent lengths of time. In contrast, well-preserved
residual soils of a wide spectrum of ages on a single
lithology are uncommon.

This report is divided into two sections, based on
the mineralogic and the chemical changes that occur
during weathering-rind formation. The mineralogic
section examines various stages of mineral alteration,
identifies secondary weathering products, and docu-
ments primary mineral stabilities. The chemical sec-
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2 CHEMICAL WEATHERING OF BASALTS AND ANDESITES: EVIDENCE FROM WEATHERING RINDS

tion assesses bulk chemical changes accompanying
weathering and relative elemental mobilities.

A companion report (Colman and Pierce, 1981) de-
scribes in detail the sample sites and their geology
and contains detailed descriptions of the sampling
methods and other background information.

METHODS
SAMPLING PROCEDURES

Weathering rinds were sampled on stones from
within soil profiles at depths of about 20-50 cm. This
interval represents the upper part of the B horizon for
the soils sampled, or the upper part of the C horizon
where a B horizon was not developed; it was selected
because that part of the profile is the most weathered.
Between 30 and 60 stones were sampled at each site
for measuring weathering-rind thicknesses (Colman
and Pierce, 1981); of these, several stones having ap-
proximately the average rind thickness for the site
were selected for the mineralogical and chemical
analyses reported here.

Deposits sampled were primarily till, outwash, or
fluvial gravels. Sampling sites on these deposits were
located where the land surface has been most stable.
Most sampling sites were located on broad moraine
crests or on terrace surfaces where disturbance of the
weathering profile by erosion or by colluvial or eolian
deposition has been negligible.

General sample localities and descriptions are given
in figure 1 and table 1; detailed sampling methods and
site descriptions and localities are discussed in Colman
and Pierce (1981).
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FiGURE 1.—Index map of sample localities. Labeled triangles are
areas for which analytical data for weathering-rind samples are
presented here. Circles are other localities where weathering-
rind thicknesses were measured (Colman and Pierce, 1981).

TABLE 1.—General description of samples

[For detailed descriptions of sample localities, see Colman and Pierce (1981, appendixes 1
and 2). All deposits are till, except for Thorp (outwash(?) gravels) and Logan Hill
(genesis uncertain)]

Sample No. Area Rock type Deposit

98 West Yellowstone  Basalt—-  Pinedale.

95 —do-———e—— —do-— Bull Lake.
102 —do: —do— Do.

105 McCall ~——do—  Pinedale.

104 —do ——do— Bull Lake.

109 —do —do-—  Do.

119 Mt. Rainier Andesite~- Evans Creek.
120 —do -——do——  Hayden Creek.
121 —do ——do——  Wingate Hill.
118 —do —do—  Logan Hill.

84 Lassen Peak ——do—  Tioga.

89 —do —do——  Early Tioga.

85 —do —do——  Tahoe.

86 —do ——do——  Pre-Tahoe.

75 Truckee————  —do—  Tioga.

83 —do ~——do—  Tahoe.

79 —do —do—-  Donner Lake.
134 Yakima Valley—  Basalt—  Indian John.
135 0~ ——do— Swauk Prairie.
140 —do ——do—  Thorp.

ANALYTICAL PROCEDURES

Mineral alteration was studied using a variety of
analytical tools, including: (1) microscopic examina-
tion of thin and polished sections, (2) X-ray diffraction
(XRD), (3)differential thermal analysis (DTA),
(4) scanning electron microscopy (SEM), and (5) X-ray
energy spectrometry (XES).

About 55 thin sections were examined with trans-
mitted light, and many of these also were polished and
examined with reflected light in oil immersion. Weath-
ered portions of the rocks were impregnated with poly-
merized methyl methacrylate (Plexiglas), and so the
thin sections contained both the unaltered rock and
the undisturbed weathering rind.

About 30 samples of the clay-size fraction of weath-
ering rinds, along with 30 samples of the associated
soil matrices, were examined by XRD using Ni-filtered
CuKa radiation. Several replicate sets of samples were
prepared: One set was mixed with a dispersing agent
(sodium pyrophosphate); another set was mixed with
the dispersing agent and placed in an ultrasonic bath
for 30 minutes. Selected samples of the second set also
were treated with a dithionite-citrate-bicarbonate solu-
tion to remove free iron (Mehra and Jackson, 1960).
The clay-size fractions (<2 pum) of all samples were
separated by sedimentation and were oriented by
evaporation onto warm ceramic tiles.

Nineteen of the clay-size samples prepared for XRD
and 14 of the thin sections (etched with HF) were ex-
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amined under the SEM, after being coated with an
Au-Pd conductor. While the morphology of these sam-
ples was examined under the SEM, semiquantitative
elemental chemical analyses were obtained by XES.
XES data for individual elements were also obtained in
the form of line scans and abundance maps.

Chemical analyses of the weathering rinds and of the
associated fresh rocks were made by laboratories of the
U.S. Geological Survey. Where the thickness of the
weathering rind permitted, samples for chemical anal-
ysis were obtained from several layers of the rind.
Most samples were analyzed by ‘‘rapid-rock” (wet-
chemical) methods, but a few were analyzed by a com-
bination of X-ray fluorescence (XRF) and atomic ab-
sorption (AA) techniques.

Differential thermal analysis (DTA) was performed
on the samples in an oxygen atmosphere. Precalcined
alumina, which was used as the inert material, was
heated along with the samples at a rate of 10°C/min.

MINERALOGIC ALTERATIONS IN BASALT
AND ANDESITE WEATHERING

Several topics will be discussed in this section, in-
cluding: (1) stages of mineral alteration, (2) products of
weathering, (3) relative stabilities of primary minerals,
(4) relation of weathering stages to time, and (5) rela-
tion between weathering and soil clay-mineral forma-

tion. These closely related topics are difficult to.

discuss separately. Because all conclusions concerning
the weathering of basalts and andesites are based on
data and observations for individual minerals, the
details of the stages and products of the alteration of
each major mineral group will be discussed first.

STAGES AND PRODUCTS OF
MINERAL ALTERATION

GENERAL OBSERVATIONS

This section is a combined discussion of the observed
sequence of events that occurred during the weather-
ing of each of the major minerals in basalts and
andesites and of the resulting weathering products.
The observed alterations appear to be due almost en-
tirely to the degradation of the primary minerals,
rather than to the formation of distinct new mineral
species. Early alteration products appear to result
from the destruction of the primary mineral structure,
but some crystallinity is preserved and most of the
products are in optical continuity with remnants of the
primary mineral. As the intensity or duration of weath-
ering increases, the products become finer grained and
less crystalline and lose this optical continuity. Chem-

ical data, discussed in detail in a later section, indicate
continuous depletion of all elements (except perhaps
titanium) relative to the amounts in the unaltered rock.

Alteration appears to proceed more rapidly in the
fine-grained matrix than in the phenocryst grains,
presumably because of the larger surface area of the
matrix constituents. However, where large pheno-
crysts have abundant fractures, localized weathering
along the fractures may alter them more rapidly than
it would alter smaller, less fractured minerals.
Regardless of grain size, however, early stages of alter-
ation are mostly localized along grain boundaries and
fractures. Exceptions are glass and some pyroxene
grains, which commonly display uniform alteration
throughout, although most pyroxenes are preferen-
tially altered along grain margins and fractures.

Control of weathering by mineral structure was not
observed. The cockscomb terminations of weathered
pyroxene and amphibole, which are often observed in
sediments and soils (Birkeland, 1974, p. 160) and in
volcanic ash (Hay, 1959, pl. 2), were not found in
basalts or andesites in this study. The absence of these
features may be due to the fact that most weathered
minerals in rinds are encased in a rim of their altera-
tion products. The boundary between the mineral and
the alteration product commonly is smooth and
regular.

Compositional variation in minerals appears to af-
fect the location and the rate of weathering. Many of
the rocks examined contain plagioclase that has nor-
mal, reversed, or oscillatory zonation; the more calcic
zones in these minerals altered first and more rapidly.
In pyroxenes, varying degrees of alteration due to
compositional variation were only rarely observed.
Compositional zonation in olivine, if present, did not
affect the location or the rate of weathering.

As time passes or as weathering becomes more
severe, minerals become encased in an increasingly
thick sheath of weathering products. Hence, in time
this sheath may impede the movement of weathering
solutions to and from the remnants of primary miner-
als. In extremely weathered portions of some weather-
ing rinds, nearly fresh remnants of primary minerals
appear to be protected in this manner by sheaths of
weathering products.

Examples of the preceding general observations are
given in the next section.

WEATHERING STAGES FOR INDIVIDUAL MINERALS

The products of weathering described here primarily
result from degradational rather than from formative
processes. Therefore, they do not have distinct crystal
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structures or readily determinable properties, and few
have been described in the literature as distinct
species. For this reason, weathering products are given
arbitrary symbols such as 2a, 3¢, and 5, and will be
referred to as such. The descriptive properties of each
weathering product are based on thin-section examina-
tions, SEM-XES data, and XRD data (table 2).

The numbering scheme for weathering products
(table 2) is based on the division of the products for
each mineral (or glass) into stages (table 3). The stages
are arbitrary, and are abstractions of the sequence of
alteration of each mineral; the stages are numbered
from I for the unaltered mineral to V for the com-
pletely weathered product. Because the stages are de-
fined for each mineral, a given stage of weathering for
one mineral is not necessarily associated either in time
or in space with that same stage of a different mineral.
For example, olivine stage IV (product 4a) is com-
monly found in less weathered portions of rocks than is
plagioclase stage IV (product 4b). These mineral
weathering stages are arbitrary; they serve only to
organize the descriptions of the weathering products
and to facilitate comparisons.

END PRODUCTS OF WEATHERING

The fate of all minerals in the weathering observed in
the rinds is weathering product 5 (table 2). Different
minerals approach product 5 through different series
of weathering products, but eventually, all vestiges of
the primary mineral structure are lost; this loss results
in the fuzzy, indistinct masses of product 5. Consider-
able data were gathered on the properties of product 5,
and it will be discussed first and in detail prior to dis-
cussing the sequence of other weathering products for
each mineral phase.

Weathering product 5, which is very hydrated and
X-ray amorphous, is composed primarily of Si, Al, and
Fe; it has some Ti and little if any bases (Mg, Ca, Na,
and K). Abundant oxidized iron imparts a reddish to
yellowish-orange color to product 5; the Munsell colors
of the dry, pulverized outer portions of rinds that con-
tain abundant product 5 are typically 10YR 6/5 to 5/4.

Weathering product 5 constitutes the major portion
of the clay-size fraction of the weathering rinds; the
clay-size fraction is significant in many rinds, espe-
cially in those from deposits older than about 10° yr.
Although no quantitative data were collected on the
proportion of clay-size material in the rinds, it appears
to increase with time.

XRD data indicate that the clay-size fraction of
weathering rinds is X-ray amorphous (fig. 2). In con-
trast, samples of the soil matrix immediately adjacent
to the rinds have well-defined clay-mineral peaks on

X-ray diffractograms (fig. 2). Some very highly
weathered portions of weathering rinds from old
deposits show broad, ill-defined diffraction bands
around 7 to 8 A, suggesting possible incipient
halloysite formation. The absence of clear X-ray clay-
mineral peaks for weathering-rind samples was quite
unexpected, and repeated attempts using a variety of
sample preparations (section on ‘‘Analytical proced-
ures’’), including citrate-dithionite iron removal, failed
to produce clay-mineral peaks on X-ray diffractograms
of rinds. Identical techniques produced well-defined
clay-mineral peaks for samples of adjacent soil ma-
trices. The X-ray-amorphous character of the clay-size
fraction of weathering rinds is supported by the few
XRD observations that have been previously made for
rinds. Crandell (1963) did not find XRD evidence of
clay minerals in weathering rinds on andesites from
Wingate Hill deposits near Mt. Rainier; Birkeland
(written commun., 1976) also obtained negative XRD
results for weathering rinds on andesites from Donner
Lake deposits near Truckee.

XRD data were also collected for randomly oriented
powders of some of the rinds. A few of the diffrac-
tograms showed a very small, poorly defined peak at
about 19.9° 20. This peak might represent the 4.45 A
peak caused by diffraction off the (110) spacing of layer
silicates. However, the poor definition of this peak
makes such a conclusion tenuous.

The presence of abundant X-ray-amorphous, clay-
size material in the weathering rinds immediately sug-
gests that a major portion of this material is allophane.
This term has been commonly applied to such material
since Ross and Kerr (1934) originally defined allophane
as “amorphous [to X-rays] material composed of vari-
able amounts of silica, alumina, and water.” Since
then, much work has shown that allophane has distinct
but variable X-ray, morphological, chemical, infrared
absorption, and differential thermal properties. Much
of this work is summarized by Fieldes (1966) and
Fieldes and Furkert (1966). Depending on composition,
allophane properties vary considerably (Fieldes, 1966),
and the continuous series from completely amorphous
Si-Al gels to well-crystallized kaolin minerals has been
divided into as many as four intermediate stages: allo-
phane B (“‘pro-allophane’’), allophane A, ‘“‘imogalite”
B, and “imogalite” A (Tan, 1969).

In addition to the X-ray-amorphous character of the
clay-size fraction of weathering product 5, its mor-
phology suggests a major allophane component. The
morphology of the clay-size fraction of weathering
rinds, as determined under the SEM, consists of ir-
regular, spongelike masses and globules (fig. 3). These
observations are similar to those made for allophane
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TABLE 4.—pH resuits of NaF test for allophane

[Results are for samples weighing about 2 g in 100 mL of 1M NaF solution (pH 7.5), except for the 1:1 soil-water mixtures. Clay-
size fraction of outer weathering rind is mostly weathering product 5]

Clay-size fraction of

Soil matrix outer weathering rind
Sample
No. 11 After After After After After After
soil- 10 30 75 10 30 7%
water in min min min min min
118 5.5 8.9 9.0 9.2 8.4 8.9 9.1
120 5.4 8.7 9.1 9.2 8.2 8.7 8.7
121 5.6 9.0 9.1 9.2 8.4 8.8 8.8
102 5.7 8.9 9.0 9.3 9.1 9.1 9.1
105 6.1 8.7 9.2 9.2 8.9 9.5 9.5
132 2.(15 g.(l) 9.2 9.2 9.0 9.1 9.2
. . 9.4 9.6 4 . .
79 6.4 9.0 9.4 9.5 3.0 8.? 19(.)23
134 6.2 8.9 9.0 9.0 8.3 8.4 8.5
ST T T ing features: (1) A large, broad, complex endothermic
Sample 79 peak occurs between about 50°C and 350°C. This peak
commonly is centered at about 160°C and (or) has an
additional individual peak at about 160°C. (2)
A moderately sharp endothermic peak of variable size
occurs at about 540°-560°C. This peak commonly
Samole 109 includes a secondary peak, or at least a shoulder, at
ample about 480°-490°C. (3) A slightly variable, but gener-
ally featureless curve occurs above 570°C, and com-
monly has a weak exothermic peak at about
935°-940°C.
Sample 95 The broad, low-temperature endothermic peak is

AT

Sample 118
Sample 134

Sample 86

I I T R
100 300 500 700

T (°C)

1 1 1 L 1

900

FIGURE 4.—Differential thermal curves for samples of the clay-
size fraction of weathering rinds. Sample numbers for curves
are given at right. Vertical scale is relative.

characteristic of allophane (Holdridge and Vaughan,
1957). This peak is due to the low-temperature loss of
weakly held water; the average peak temperature for
allophane is 160°C (Holdridge and Vaughan, 1957,
table 5).

Endothermic peaks between 400°C and 650°C are
characteristic of clay minerals, but identification of in-
dividual minerals from DTA data is difficult, espe-
cially for mixtures of clay minerals. The 540°-560°C
peak is slightly low for typical halloysite (Holdridge
and Vaughan, 1957, table 5), but some mixtures of di-
octahedral smectites and kaolin minerals have DTA
curves similar to those in figure 4 (Greene-Kelly, 1957).
The exothermic peak between 900°C and 950°C is
characteristic of allophane and of a variety of clay
minerals.

Elemental X-ray energy spectrometry (XES) ob-
tained on the SEM for samples of the clay-size fraction
of the weathering rinds (fig. 5) indicates that Si, Al,
and Fe are the principal elements in the clay-size frac-
tion. The small amounts of Ti and bases (Mg, Ca, Na,
and K) present are probably from small remnants of
primary minerals in the clay-size fraction. XES data
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Sample 109 Sample 79
Al Si
Si
Al
Na A Fe
u
Mg Pd Ca
K
Ti Fe
| L L l L | )
Si Sample 118 Sample 134
Si
Al
Fe Al
Na
Mg Au Mg
Ca Na
Pd K
i
Fe
1 1 1 L | | L 1 L
Sample 121 Si Sample 140
Si
Al Fe
Au
pa Ca
K Ti .
Ca e
Au
| ; | 1 | 1 | 1 |
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Kev

FIGURE 5.—X-ray energy spectrometry for samples of the clay-size fraction of weathering rinds. This material is mostly weathering
product 5. Peak heights indicate relative abundance. Au and Pd are from the conductive sample coating; some Na is from the

dispersing agent, sodium pyrophosphate. Sample numbers are given at right.
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Thus, on the basis of this and past studies of basic
volcanic rocks, the mechanism of condensation and
crystallization of allophane (or silica-alumina colloids)
appears to be the most likely mechanism of clay-
mineral formation in these lithologies. This mechanism
is supported by: (1) the fact that allophane appears to
be a common early alteration product in these rocks,
(2) the fact that clay minerals do eventually form from
these rocks, and (3) the fact that continuous gradation
between random-structured allophane and crystalline
clay minerals is observed in many weathering studies.
The conclusion that the condensation-crystallization
mechanism is dominant does not exclude simultaneous
subsidiary roles of other mechanisms, and as Grim
(1968, p. 520) pointed out, all changes from primary to
clay minerals do not take place in the same way.

A number of observations concerning the conditions
affecting the stability of allophane are pertinent here.
Much of the alumina in allophane appears to be in four-
fold coordination (Fieldes, 1966); to become part of a
layer silicate, the alumina must be in sixfold coordina-
tion (DeKimpe and others, 1961; Wada, 1967, Linares
and Huertas, 1971). Sixfold coordination of alumina is
favored by low Si:Al ratios (DeKimpe and others,
1961), by pH’s less than about 5.0 (Wada, 1967;
DeKimpe and others, 1961), and by fulvic acids
(Linares and Huertas, 1971). The converse of these con-
ditions, therefore, favors the fourfold coordination of
alumina and the persistence of allophane.

Because of its hydrated nature, allophane is also
favored by continuously wet conditions (Fieldes, 1966).
Other conditions that appear to contribute to high
allophane contents in soils are high organic matter con-
tents (Mitchell and Farmer, 1962; Kanno, 1959)—but
not fulvic acids (Linares and Huertas, 1971)—and
rapid weathering, weathered volcanic glass, and ex-
treme comminution (Fieldes, 1966).

Concerning the problem of the poor development of
clay minerals in weathering rinds on basalt and
andesite, the fact remains that the rinds examined in
this study contain abundant allophane and iron oxide-
hydroxide, but only very fine grained and poorly
crystalline clay minerals. Samples of the adjacent soil
matrix, many of which were part of well-developed
argillic B horizons, contain clear evidence of crystalline
clay minerals (fig. 2). These soil and rind samples are
from deposits of about 15,000 to at least several hun-
dred thousand years old. This contrast leads to one or
both of the following conclusions: (1) The clay minerals
in the soil matrix were not formed by weathering of
material in the soil, but were derived from other
sources. Possible sources include overlying eolian
deposits, aerosolic dust, suspended particles in precipi-
tation, and the original clay-mineral component of the

soil parent-material. (2) Conditions for crystallization
of clay minerals in weathering rinds differ markedly
from those in the adjacent soil.

The available evidence is not sufficient to evaluate
the relative merits of these two alternatives. However,
several arguments suggest that physical or chemical
differences between the rinds and the soil matrix are
probably not the only reason for the poor development
of clay minerals in the rinds. First, previous studies of
weathered andesite and basalt, rather than soil profiles
developed over these lithologies, demonstrate that the
weathering of these rock types in place does produce
clay minerals (Abbott, 1958; Hendricks and Whittig,
1968), given sufficient time and (or) weathering inten-
sity. This relation suggests that clay minerals will
probably eventually form in the weathering rinds, but
that they form much more slowly than is commonly
assumed for environments sampled in this study.

Second, mineralogic observations indicate a large
degree of weathering in the rinds and that, in many
samples, almost all of the primary minerals have been
destroyed. Chemical data, discussed in the section
“Chemistry of basalt and andesite weathering,” indi-
cate thorough leaching of the weathering rinds.
Weathering rinds are therefore weathered to a degree
that commonly would be expected to include well-
developed clay minerals as weathering products.

In summary, the fact that clay minerals are only
poorly developed in the weathering rinds examined in
this study suggests that clay minerals in associated
argillic B horizons may be at least partly derived from
sources other than the weathering of primary minerals.
These sources include the original clay mineral compo-
nent of the soil parent material, overlying eolian
deposits, aerosolic dust, and suspended particles in
precipitation. Differences in environmental conditions
cannot be completely ruled out as an explanation for
the difference between the rinds and the soils, and in-
deed they may have played a significant role. But it ap-
pears unlikely that all clay minerals have formed by
weathering of primary minerals in the soils examined
in this study.

These conclusions have important implications con-
cerning the rates of formation, the sources, and the
controls of both soil clay minerals and argillic B
horizons. In many soils, especially in those with
argillic B horizons, the clay-mineral component is com-
monly assumed to have resulted from the weathering
of primary minerals. On the basis of this assumption,
and because many soils about 10° yr old or older in the
Western United States have argillic B horizons
(Birkeland, 1974, p. 164-165), clay minerals should
form within this length of time. However, the conclu-
sions here suggest that the weathering of primary
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minerals in the deposits examined in this study has
produced only poorly developed clay minerals.

Therefore, at least for basaltic and andesitic
materials in temperate climates, weathering appears to
produce clay minerals much more slowly than is com-
monly assumed. This conclusion suggests that well-
developed argillic B horizons may form at least partly
by translocation of clays from extraneous sources, or
by translocation of the original clay component of the
parent material; this formation requires little or no
contribution of clay minerals from the weathering of
primary minerals. If this be true, then climate in-
fluences the clay mineralogy of these soils only in the
transformation of inherited, or extraneous, clay
minerals to clay minerals that are more in equilibrium
with the soil environment.

CHEMISTRY OF BASALT AND ANDESITE
WEATHERING

Chemical changes accompanying rock weathering
have received much attention. (See, for example,
reviews by Loughnan, 1969, p. 32-64; Ollier, 1969; Car-
roll, 1970, p. 69-71; and Birkeland, 1974, p. 52-77.) A
number of workers have examined weathered basalt,
including Hough and Byers (1937), Tiller (1958), Craig
and Loughnan (1964), Lifshitz-Rottman (1971), and
Hay and Jones (1972), and weathered andesite, in-
cluding Hardy and Rodrigues (1939), and Hendricks
and Whittig (1968). The climatic regimes in most of
these studies were different from that in this study,
and most of the workers did not examine the complete
spectrum of basalt or andesite weathering, particularly
the early stages. Of the above studies, that of Hend-
ricks and Whittig (1968) is most comparable to the pre-
sent study; their data and conclusions will be exten-
sively cited in the following discussion.

Chemical analyses were determined for selected
stones and their weathering rinds from deposits of dif-
ferent ages (table 1), as described in the ‘“Methods”
section. Where rinds were sufficiently thick, they were
samnpled and analyzed in layers, and so chemical gradi-
ents from the outer surface to the unweathered rock
could be determined. The data were first calculated in
the form of weight percentage (actual analyses, Appen-
dix 2, table 9); and then they were recalculated as
molecular percentages (table 10), molecular ratios
(table 11), standard-cell cations (table 12), weights per
unit-volume (table 13), and weights assuming TiO, con-
stant (table 14).

WEATHERING INDICES

Several ways of presenting chemical-weathering
data exist, and many have been reviewed by Reiche

(1943). Most of these methods recast the analyses in
terms of one or two indices, which summarize and con-
dense the cumbersome array of raw data. Most indices
are calculated from the molecular-percentage data,
because the stoichiometric proportions of wvarious
elements are commonly more informative in weather-
ing studies than are weight percentages (Reiche, 1943;
Jenny, 1941, p. 26). Weathering indices that will be
considered here are: (1) SiO;R,0, and bases:R,0,,
which are similar to the ratios used by Jenny (1941,
p-26), (2) silica-bases-R,0, triangular diagrams
(Reiche, 1943), (3) Parker’s (1970) weathering index,
(4) weathering potential index (WPI) versus product
index (PI) (Reiche, 1943; 1950), (5) Fe,0,:FeO ratio, and
(6) molecular percentage of water. For these indices,
Mg, Ca, Na, and K were grouped as total bases; and
Al,0,, Fe,0,;, and TiO, were grouped as R,0,. TiO, was
grouped with ALQO, and Fe,O, because of its appar-
ently similar immobility (Loughnan, 1969, p. 44).

One minor problem, which was probably due to sam-
pling procedures, became apparent in almost all of the
weathering indices. In some sampling areas, especially
at Truckee and at Lassen Peak, the two youngest
deposits are close in age; the weathering indices for
these deposits suggested a greater degree of weather-
ing, but to a shallower depth in the stone, for the
youngest deposit than for the next older deposit. Rinds
from both ages of deposits were thin, and only one
sample of the rind was obtainable. Thus, the sample
from the youngest deposit contained only the most
weathered portion of the rind, whereas the sample
from the next older deposit contained both the outer-
most weathered part of the rind and the inner, less
weathered part. Therefore, the relation (for young de-
posits) of more intense weathering to a shallower depth
in the stone for the youngest deposit, compared to the
weathering in the next older deposit, is considered to
be consistent with the general trend of increasing
weathering with deposit age.

Ratios of Si0.;R,0, and bases:R,0, were plotted
with distance from the stone surface (figs. 19 and 20).
These ratios indicate the mobility of SiO, and bases
relative to R,0;, which is generally considered stable
(Loughnan, 1969, p. 52). To the degree to which R,O,
remains immobile these indices approach measures of
absolute changes.

The SiO,:R,0; ratio changes systematically with the
ages of the deposits sampled (fig. 19). The sequences
for the McCall, West Yellowstone, and Mt. Rainier
areas show particularly good progression with age.
These data indicate that SiQO, is systematically de-
pleted with time relative to R,O;. Such depletion can
exceed 50 percent, and it is commonly more than
20 percent for deposits older than about 10° yr. In ad-
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dition, with minor exceptions, the SiO,:R,0, ratio de-
creases regularly from the fresh interior of a stone to
its weathered outside surface.

The bases:R,0, ratio (fig. 20) has trends similar to
the SiO,:R,0, ratio, but the depletion of bases relative
to R,0, is greater than that of SiO,. In all sampling
areas, the bases:R,0, ratio decreases with the age of
the deposit. In addition, with one minor exception, the
bases:R,0; ratio decreases regularly from the unal-
tered rock interior to the weathered surface for all sam-
ples. These data indicate that bases are lost relatively
rapidly from weathering rinds compared to the rate of
loss of other elements. In fact, the small change in the
bases:R,0, ratio for the outer portions of sample 118
suggests that the outer portion of the rind has reached
a small limiting value of bases. In samples from depos-
its more than about 10°yr old, the value of the

bases:R,0, ratio has commonly decreased to 30-50 per-
cent or less of its value in the unaltered rock.

Parker’s (1970) weathering index, which is also a
measure of the loss of bases during weathering, was
plotted against distance from the stone surface for the
weathering-rind samples (fig. 21). The index is de-
fined as:

100(K/0.25+Na/0.35+Ca/0.7+Mg/0.9),

where the denominators represent measures of the
strengths of the cation-oxygen bond. The index is not
referenced to R,O, or to any other stable constituent,
so different samples (that have different initial com-
positions) are not directly comparable. However, the
index changes rapidly as bases are lost, so it is a sen-
sitive indicator of early stages of weathering in a given
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unaltered rock (table 15). Data points represent the midpoint of channel samples over the sampling interval given in table 9. Arrows in-
dicate that the sample above them is from unaltered rock. See table 1 for the deposit and lithology of each sample (numbers).

sample. As weathering advances and bases are de-
pleted (sample 118), the minimal changes that occur in
the index suggest that the index asymptotically ap-
proaches a small limiting value. The index shows reg-
ular decreases, both with the age of the deposit sam-
pled in each area and with the distance of the sample
from the unaltered rock in individual rinds.

The amount of water incorporated in the rinds as a
result of weathering appears to be a sensitive measure
of weathering (fig. 22). Molecular percentages of water
were calculated from the analyses of water released
above 110°C (H,0™") in the “Rapid-Rock” analyses and
from the difference of the total-weight percentage from
100 percent in the XRF analyses. The samples were air
dried before analysis, and the amount of water released
below 110°C (H,07) commonly was small (table 9).
Thus, most of the water incorporated in the weathering

rinds is released only above 110°C, and it is therefore
either included in crystal lattices or bound to hydrated
cations. Because the development of new mineral spe-
cies was minimal in the weathering rinds (see “End
products of weathering” section), the latter source is
considered to be dominant.

Water is rapidly incorporated in the rinds as weath-
ering progresses, and in highly weathered material
(sample 118) the molecular percentage of water exceed-
ed 50 percent (fig. 22). Rinds from deposits more than
10° yr old commonly contain 20-40 molecular-percent
water. The changes in water content increased as
deposit age increases in each area, and water content
increases regularly from the unaltered rock to the
weathered surface.

The Fe,0,:FeO ratio is a measure of the oxidation
that occurs during weathering (fig. 23); it is particu-
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FIGURE 22.—Plots of molecular percentage of water with distance from the stone surface. Data are from table 10. Data points represent the
midpoint of channel samples over the sampling interval given in table 9. Arrows indicate that the sample above them is from unaltered
rock. See table 1 for the deposit and lithology of each sample (numbers).

larly important for weathering rinds, which are defined
largely by color. Fe,O, is generally stable in most
weathering environments (Loughnan, 1969, p. 52), but
any depletion of Fe,0, and the potential mobility of
FeO may affect the Fe,0,:FeO ratio as a measure of ox-
idation. The Fe,0,:FeO ratio tends to increase with age
in each area and toward the outside of each rind, but
several irregularities exist (fig.23). In addition to
potential losses of Fe,0, or FeO, other complicating
factors may affect the Fe,0;:FeQ ratio. For example,
rinds from McCall are much more oxidized than are
those from West Yellowstone. The fact that the rinds
from McCall have incorporated more water than have
those from West Yellowstone (fig. 22) may account for
the difference in oxidation. The difference in oxidation
is also observed in the colors of the rinds, which are
much redder and brighter in those from McCall. The
redness and brightness of the rinds generally increase
with deposit age within each sampling area, but colors
are not comparable from area to area because of differ-
ences in rock type and climate.

Reiche (1943; 1950) devised two indices that incor-
porate almost all of the major elements involved in
weathering. They are based on molecular percentages
and are called the weathering potential index (WPI)
and the product index (PI), which are defined as:

WPI = 100(Xbases—H,0)/(Ebases+Si0,+ LR ,0,)
PI=100(Si0,)/(SiO,+XR,0,).

The amount of weathering in each weathering-rind
sample is clearly shown by plots of these two indices
against each other (fig. 24). In unaltered igneous rocks,
these indices have high values; as weathering pro-
gresses, WPI decreases rapidly as bases are lost and as
water is gained, and PI decreases more slowly as silica
is lost. R,0, functions as a reference constituent in the
indices.

Because the WPI-PI plot combines all the major ele-
ments involved in weathering (bases, silica, R,0,, and
water), it is probably the optimum two-dimensional
portrayal of chemical weathering. However, it has the
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disadvantage of not showing changes in individual
elements, and because it is based on percentage data, it
does not account for compensating (relative) changes
in elements or groups of elements. However, the WPI-
PI plot shows that weathering-rind samples all change
in order of increasing age in each area, and that the
changes within rinds are all systematic. In addition,
some samples (109, 86, and 118) approach or exceed the
stability fields of kaolinite and halloysite (fig. 24).
Another method of portraying overall chemical
changes occurring during weathering is a triangular
diagram of molecular percentages that has silica,
bases, and R,O, as the three coordinates (fig. 25). This
plot shows that the general tendencies during weather-
ing-rind formation are concentration of R,O,; depletion
of bases; and small, irregular changes in SiO,.
Although the plot is useful for illustrating general

weathering trends, it has the disadvantage inherent in
all percentage data that the changes shown in elements
or groups of elements are relative. Concentration of
R,0; is more likely due to depletion of other elements
than to actual increases in R,0,. Also, more silica is
probably lost than that indicated, but it is compen-
sated for by the greater depletion of bases.

The weathering indices discussed above have several
disadvantages. First, because they are based on
molecular percentages, all changes in a given element
are relative to changes in other elements. Second, in an
effort to present the data in one or two indices (dimen-
sions), changes in individual elements are obscured,
and compensating changes in grouped elements are
not apparent. However, they are useful in that they
condense and summarize the data and illustrate
general weathering trends.
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The weathering indices indicate that the most impor-
tant chemical processes occurring during weathering-
rind formation are: (1) rapid depletion of bases,
(2) rapid incorporation of water, (3) slower loss of silica,
(4) concentration of sesquioxides, and (5) oxidation of
iron. Reiche’s (1943; 1950) WPI-PI indices appear to be
the most useful, because they include all the major
elements involved in the weathering processes. In
general, all the indices show a trend of increasing
weathering as the age of the sampled deposit increases
and a trend of increasing weathering toward the out-
side of the stone or rind.

ABSOLUTE CHEMICAL CHANGES

In detailed weathering studies, changes in the quan-
tities of individual elements are important for assess-
ing degrees and processes of weathering. These
changes are most useful if they are determined on an
absolute scale, rather than on the relative scale in-
herent in percentage data. Variation in individual
elements on an absolute scale not only determines the
order of mobility of the elements but also suggests con-
clusions about the solubility of individual elements
within the weathered materials and about the composi-
tion of the weathering products.
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Three general methods are available for calculating
changes in elemental abundances on an absolute scale,
using the relative weight-percentage data; each of
these methods invelves at least one major assumption.
One method, which requires only the assumption that
alteration has proceeded without volume change, was
developed by Barth (1948); it is based on the cations
associated with a theoretical standard cell containing
160 oxygens. If the alteration is isovolumetric, the
number of oxygens remains constant, and the number
of cations of each element can be calculated from
molecular percentages.

A second method, which also requires the isovolu-
metric alteration assumption, is based on the weight of
each elemental oxide in a unit-volume of rock. To con-
vert the weight-percentage data to weight per unit-
velume, bulk density must be measured for each sam-
ple. If volume changes have not occurred, the weights
of a given element in unit-velumes of material in each
stage of weathering are directly comparable. This
method has been infrequently used, but Hendricks and
Whittig (1968) obtained reasonable results for andesite
weathered to saprolite, a case in which isovolumetric
weathering could be substantiated.

A third method, which is most commonly used in
weathering studies, is based on the assumption that at
least one element remains constant, or immobile, dur-
ing weathering (Reiche, 1943; Loughnan, 1969, p. 89;
Birkeland, 1974, p. 69). This method does not require
isovolumetric weathering; it only assumes the immo-
bility of a reference constituent. Al,O,, Fe,O,, and TiO,
are commonly used as reference constituents; these
elements are only slightly seluble in most weathering
environments (Loughnan, 1969, p. 52). The quantities
of each elemental oxide are calculated directly from the
weight-percentage data by multiplying the weight
percentage by the ratio of the amount of the reference
constituent in the fresh rock to that in the weathered
material. The resulting values are equivalent to the
amounts remaining after the weathering of 100 g of
fresh rock.

STANDARD-CELL-CATIONS METHOD

The data for the number of cations in a standard cell
(table 12; fig. 26A), calculated by the methods of Barth
(1948) for the weathering-rind samples, contain some
unexpected results. Silica remains nearly constant for
samples from yocung deposits and decreases only
slightly for those from older deposits. Alumina, iron,
and titanium tend te increase significantly compared
to the amounts in the fresh rock. Base cations (Mg, Ca,
Na, and K) show a general tendency to decrease with
weathering, but the trend is often erratic and K and

A
107.1 >

STANDARD-CELL

CATIONS (Number) 103.6 >

DISTANCE FROM STONE SURFACE, IN MILLIMETERS

FIGURE 26.—Three methods of calculating chemical changes on an
absolute scale, using profile of sample 118 as an example. A,
Number of cations in a standard cell containing 160 oxygens,
calculated by Barth’s (1948) methods, assuming isovolumetric
alteration. B, Weight per unit-volume, calculated from weight
percentages and bulk density, assuming isovolumetric weather-
ing. C, Weight resulting from the weathering of 100 g of fresh
rock, assuming TiO, constant.

Mg increase in some samples compared to the amounts
in the fresh rock. Some K and Mg could be incorpor-
ated into clay minerals, but considering the poor devel-
opment of clay minerals in the rinds this is not believed
to be an important mechanism.

If weathering proceeds mainly by depletion, and if it
is isovolumetric, no element should increase to meore
than the amount present in the unaltered rock. There-
fore, the observed increase in standard cell cations
must be due either to: (1) additions in sclution from ex-
traneous sources, (2) preferential concentration of ele-
ments mebilized from within the rock, or (3) volume
decrease during alteration. Additions in sclution from
outside sources and preferential concentration are con-
sidered unlikely, particularly because of the low solu-
bilities of Al, Fe, and Ti at Eh-pH conditiens of normal
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weathering environments (Loughnan, 1969, p. 52). In
addition, for most samples in this study, concentration
gradients should be away from the fresh rock and
toward the stone surface, especially those for Fe, Mg,
and Ca. There is also little reason to expect that the
gradients of pH, or of other factors affecting cation
solubility, would be irregular enough to produce zones
of concentration of elements within the rinds.

If the addition of elements from extraneous sources
and the preferential concentration of elements in zones
are insignificant, then a volume decrease must have ac-
companied the weathering observed in this study.
However, no evidence of volume reduction was ob-
served in thin section, in terms either of textures, dis-
tribution of minerals, or of collapse of minerals with
weathered cores. These properties may not be sensitive
measures of volume changes, but large volume de-
creases should be evident.

Because volume reduction may have accompanied
the weathering observed, the basic assumption of the
standard-cell method is questionable. Values calcu-
lated by the standard-cell method for elemental abun-
dances in the weathered portion of the rock are there-
fore overestimates, by the amount of volume reduc-
tion, of the abundances resulting from the weathering
of the fresh rock. If neither the addition of elements
nor the preferential concentration of elements has oc-
curred in the rinds, the volume decrease can be
estimated if one element has remained immobile dur-
ing weathering. Using this assumption for TiO, (an
assumption discussed in the section on the ‘“TiO,-con-
stant method”), the outer portion of the rind in
sample 109, for example, has undergone more than a
50-percent decrease in volume, because Ti, calculated
by the standard-cell method (table 12), has more than
doubled. This seems to be an excessive volume de-
crease to go undetected in the physical properties of
the rinds.

Despite the anomalous elemental variations calcu-
lated by the standard-cell method, elements that are
mineralogically associated behave consistently. For
example, Fe and Mg show similar trends, as do Ca and
Na. Therefore, it appears that the process that has pro-
duced the anomalous elemental variations has affected
all the elements proportionately. This relation is con-
sistent with an overall volume reduction, rather than
with the addition of elements in solution from extran-
eous sources or the preferential concentration within
the rind. However, neither alternative is attractive,
and both volume reduction and additions or preferen-
tial concentration may have operated within the rinds.
Analytical error, especially in TiO, amounts, would
also explain some of the anomalies.

WEIGHT-PER-UNIT-VOLUME METHOD

The weight-per-unit-volume method of determining
absolute changes in elemental abundances uses bulk
density to convert percentage data to weight per unit-
volume. However, to compare a given volume of weath-
ered material directly with an equal volume of fresh
rock, one must assume that the alteration takes place
without volume change. Hendricks and Whittig (1968)
used this method to calculate changes accompanying
the alteration of andesitic rocks to saprolite. Preserva-
tion of the original fabric and structure of the rock sug-
gested to them that minimal volume changes had oc-
curred. Bulk densities measured for the saprolite were
very low, as low as 1.1.

An attempt was made to measure bulk densities for
the weathering-rind samples in this study. However,
the small size of the samples (on the order of 0.1 mm?3),
their lack of coherence, and their rather high porosity
prevented consistent results using either Jolly bal-
ance, air-comparison picnometer, or direct-measure-
ment methods. Consequently, bulk densities were esti-
mated by comparing chemical analyses with the data
for similar rock types from Hendricks and Whittig
(1968); that is, the ratios of Al,O, and TiO, in the fresh
rock to those in the weathered rock for samples in this
study were compared with those of Hendricks and
Whittig’s (1968) samples for which bulk densities were
known. Changes in bulk density in the weathering
rinds, which were deliberately estimated conserva-
tively, are thought to be accurate within about
10-20 percent.

Weights per unit-volume of each elemental oxide
were calculated for the weathering-rind samples using
the weight-percentage data and the estimated bulk
densities (table 13 and fig. 26B). The weight-per-unit-
volume data appear to be somewhat more reasonable
than the standard-cell data, because more elements
show a tendency to decrease, rather than to increase.
Decreases in Si are consistent with the duration of
weathering for each deposit; for example, more than
50 percent for sample 118. The behavior of Al and Fe is
somewhat erratic, but they tend to decrease and in-
crease, respectively, with the degree of weathering. All
base cations tend to decrease with increasing altera-
tion, although Mg and K increase slightly in some
samples. The amount of Ti has a strong tendency to in-
crease with increasing weathering.

Using the same arguments presented in the discus-
sion of the standard-cell method (previous section), all
elements should decrease in abundance during the for-
mation of weathering rinds; most of the apparent in-
creases in elemental abundances are probably due to
volume decrease during alteration. Therefore, both the
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standard-cell and the weight-per-unit-volume data in-
dicate a volume decrease during weathering. Both
methods depend on the isovolumetric assumption; if
contradicted, the calculated values of elemental abun-
dances in the rinds become overestimates of the
amounts resulting from the weathering of the original
rock. The fact that mineralogically associated
elements behave consistently in both methods adds
support to the conclusion that volume decreases dur-
ing weathering.

The reason that the weight-per-unit-volume data ap-
pear to be more reasonable than the standard-cell data
is probably due to the conservative estimates of bulk-
density changes. If TiO, is assumed to remain constant
during weathering, the volume decrease for the outer
part of the profile of sample 109 is estimated to be less
than 40 percent using the weight-per-unit-volume data
(table 13), compared to more than 50 percent using the
standard-cell data. The difference is probably due to
the conservative estimates of bulk-density changes
compensating for some of the volume decrease.

TiO:-CONSTANT METHOD

The third and most widely used method for
calculating changes in elemental abundances is based
on the assumption that some reference constituent re-
mains constant, or immobile, during weathering.
Although this assumption is impossible to prove in-
dependently, it can commonly be strongly supported.
In addition, the method is not affected by volume
changes. The most commonly used reference consti-
tuent is AlO,; but Fe,0,, TiO,, and a combination of
the three elements are also used (Loughnan, 1969,
p- 89; Birkeland, 1974, p. 69).

TiO, was used as the reference constituent in this
study for several reasons: First, elements that are im-
mobile or nearly immobile during weathering should
increase in weight percentage during weathering
because of the relative depletion of other elements. In-
spection of table 9 indicates that Al,O, and Fe,O; (or
total iron) commonly decrease with weathering rather
than increase. These decreases in weight percentage in-
dicate that alumina and iron are not suitable reference
constituents for the samples in this study. On the
other hand, TiO, increases in weight percentage in the
weathering rinds, compared to amounts in the
unaltered rocks, in almost every sample.

Second, TiO, is virtually insoluble above pH 2.5, and
Ti(OH), is soluble only below pH 5 (Loughnan, 1969,
p. 44). Thus, if titanium is in the dioxide form, it is im-
mobile in virtually all weathering environments. Alum-
ina is immobile in the pH range of 4.5-9.5; iron is im-
mobile in normal oxidizing conditions, but is mobile

under reducing conditions {(Loughnan, 1969, p.52).
Both alumina and iron can be mobilized by chelating
agents in normal weathering environments (Loughnan,
1969, p. 48). Therefore, titanium is potentially the
most immobile constituent in basic volcanic rocks,
especially if it is released in the dioxide form. Even if
titanium is released as Ti(OH),, it is insoluble above
pH 5, and may dehydrate to one of the insoluble crys-
talline polymorphs of TiO, (for instance, anatase;
Loughnan, 1969, p. 44).

Loughnan (1969, p. 45) showed a weathered profile
on basalt in which there has been differential move-
ment of titanium relative to alumina. He inferred from
this relation that titanium has been released as Ti(OH),
from magnetite and augite and has been mobilized.
This conclusion, however, that alumina has remained
immobile as a reference is based on an unproved
assumption. The converse, that alumina has moved
relative to titanium, seems equally likely.

The third reason TiO, was used as a reference consti-
tuent is that titanium is relatively abundant in the
rocks examined in this study and that most of it
appears to be concentrated in titanomagnetite. As dis-
cussed earlier (fig. 17), this mineral appears to be
remarkably stable in the weathering rinds, and it ex-
periences only partial alteration to hematite and mag-
hemite in highly weathered samples. XES data sug-
gest that pyroxene grains in the rocks examined con-
tain little or no titanium. Thus, it appears that most of
the titanium tends to be retained in resistant, primary-
mineral grains and that the titanium released probably
remains immobile.

Assuming that TiO, remains immobile, the weight of
each elemental oxide in the weathering-rind samples
was calculated by multiplying its weight percentage
by the ratio of the weight percentage of TiO, in the
fresh rock to that in the weathered sample (table 14;
figs. 26C, 27). The calculated values are equivalent to
the amounts remaining after the weathering of 100 g of
fresh rock. These data appear to be more reasonable
than the data calculated using the standard-cell or
weight-per-unit-volume methods, because most ele-
ments decrease in abundance as weathering increases.
However, one cannot rule out the possibility of small
losses of titanium during weathering. If some titanium
has been lost, the elemental abundances calculated in
table 14 are overestimates by the percentage of loss. In
some of the rinds for which multiple layers were sam-
pled, TiO, weight percentage decreased slightly in the
outermost part of the rind compared to that in the next
layer inward; this decrease suggests the possibility of
slight depletion of TiO, in the outermost part of the
rind. Such depletion would account for the small in-
creases in Al,0; and SiO, in the outermost parts of
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those rinds in the data calculated assuming TiO, cons-
tant (fig. 27). Some of the TiO, variation could also be
due to analytical error.

The observed decreases in abundance are consistent
with what appear to be almost entirely degradational
processes responsible for forming weathering rinds,
and with the poor development of secondary-mineral
species (see section on ‘“End products of weathering”’).
Decreases of more than 50 percent in Al,Q, are
somewhat unexpected, but Hendricks and Whittig
(1968) also showed significant losses of alumina during
weathering of similar rock types; such losses could be
explained by the influence of chelating agents. The
data in table 14 and figure 27 also indicate trends in
losses of other elements that are similar to the losses
shown by Hendricks and Whittig (1968).

The abundances of elements on an absolute scale can
be used to estimate relative elemental mobilities.
Because volume decrease affects all elements propor-
tionately, all three methods of determining absolute
changes can be used. That these methods yield essen-
tially the same sequence lends further support to the
conclusion that individual elements have not been
added to the weathering rinds, but that an overall de-
crease in volume of the weathered material has oc-
curred. The sequence of mobility, based on the abun-
dance of each element in the weathering rinds com-
pared to that in the unaltered rock (table 16), is:

Ca>Na> Mg> Si> Al>K> Fe> Ti

This sequence agrees rather well, except for the posi-
tion of K, with the general sequence:

Ca> Na> Mg> K> Si> Fe> Al,

which has been determined by several workers study-
ing stream waters draining igneous rocks (Polynov,
1937; Feth and others, 1964) or the weathering of
igneous rocks themselves (Goldich, 1938; Tiller,
1958). The small amount of K originally present may
be fixed by incipient formation of halloysite or other
kaolin minerals (see section on “End products of
weathering”’).

CHEMICAL CHANGES WITH TIME

The most direct method of estimating chemical
changes that occur with time is to compare the
changes in rocks that have been subjected to weather-
ing for different amounts of time. This method was
used for the outer portions of weathering rinds from
different ages of deposits in all the sampling areas.
Chemical variation between rocks was accounted for
by normalizing the elemental abundances in the weath-
ering rinds by those in the unaltered rock. The weight-

percentage data, assuming TiO, constant (table 14),
were used. The method involves two primary assump-
tions: (1) that the factors that affect the rate of weath-
ering are identical for sampling sites on different ages
of deposits, and (2) that the rate of loss of an element is
not significantly dependent on the amount originally
present.

The results of these comparisons (table 8) show
general trends of depletion of most elements, but many
inconsistencies and contradictions exist. Iron,
magnesium, and potassium amounts were particularly
erratic, and the apparent relative mobility of the
elements was inconsistent with that based on the se-
quences of changes in individual stones. Therefore the
basic assumptions of the method appear to be un-
founded. More consistent results could probably be ob-
tained with a larger number of samples, which would
better define the apparently large variation in the loss
of elements within a given age of deposit.

Considering probable ages of deposits sampled (Col-
man and Pierce, 1981), table 8 suggests that the rate of
loss of most elements decreases with time. The de-
creasing rate of loss of most of the elements is prob-
ably due to their rapid release as the primary minerals
disintegrate, followed by slower loss as they reach low
concentrations and as fine-grained weathering prod-
ucts impede the movement of water. The degree to
which the weathering products are more stable than
the primary minerals will also tend to slow the loss of
elements that they contain. In the outer portions of the
rinds in the oldest deposits in each area, the weathered
material is composed mostly of allophane, amorphous
iron oxide-hydroxide, and poorly developed clay min-
erals (see section on “End products of weathering”).
This composition is consistent with the chemical data,
which show that the extensively weathered material is
composed primarily of Si, Al, and Fe.

SUMMARY AND CONCLUSIONS

Weathering rinds on basaltic and andesitic stones of-
fer a number of advantages for studying the weather-
ing of these lithologies. These advantages include cer-
tainty of the original composition of the weathered
material, absence of detrital contamination, and
physical preservation of the insoluble weathered
material. Mineralogic changes in weathering rinds
were observed with the scanning electron microscope
combined with X-ray energy spectrometry, thin and
polished sections, X-ray diffraction, and differential
thermal analysis. Standard chemical analyses of the
rocks and weathering rinds were obtained to document
the chemical changes occurring during weathering.

The formation of weathering rinds on andesitic and
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TABLE 8. —Ratios of elements in the outermost parts of weathering rinds to that in the

unaltered rock
[Calculated from data ing TiO, constant (table 14). Leaders (—), not analyzed]

Sample Sio, AlL,O, Fe,0, FeO MgO CaO Na,0 K.0 H,0*
105 1.05 1.18 3.67 0.35 0.67 0.70 0.82 0.89 3.59
104 .66 .51 1.55 4.97 87 .50 .49 .99 3.53
109 .30 b7 3.86 21 31 .18 .05 .15 3.63

98 .69 .60 1.00 7 73 .62 .58 1.02 345
95 .65 a7 1.72 52 57 42 42 1.18 11.71
102 .43 .40 .95 - .89 .45 .18 .45 1.46
119 .83 94 1.62 71 .75 .53 .87 71 18.88
120 .79 .87 1.94 .39 .45 .36 53 .58 4.13
121 .63 .75 1.82 .30 34 .16 32 .78 5.12
118 .29 .45 1.22 — 17 .02 .04 .25 2.16
75 .94 1.25 1.37 .46 .61 .56 .65 .87 12.14
83 .80 .80 1.60 .46 .78 57 .69 .96 4.44
79 49 48 1.39 .48 .38 13 .26 .74 1.57
84 .85 .95 1.77 .53 72 .61 .78 .81 6.32
89 .84 .79 1.36 .85 91 .79 72 1.17 3.31
85 .61 81 1.27 79 59 .34 .38 .61 4.53
86 .70 1.25 2.16 .50 47 .26 32 1.37 3.89

basaltic stones appears to be due largely to degrada-
tional processes. Each of the primary minerals alters
at a different rate through a series of weathering prod-
ucts. A few of these weathering products have been
previously described and named, including chlorophae-
ite and ‘“iddingsite.” But most of the weathering prod-
ucts described here are only arbitrarily defined stages
in a continuous process of degradation of the primary
minerals and have not been previously named or de-
scribed. Grain size, degree of fracturing, and chemical
zonation appear to be the most important lithologic
controls on the variations in the alteration rate of in-
dividual minerals.

Volcanic glass and olivine are particularly unstable
in the weathering environment, and their alteration
quickly imparts oxidation colors to weathering rinds.
Opaque minerals, primarily titanomagnetites, are re-
markably stable; they exhibit only minor and partial
alteration even in severely altered portions of weather-
ing rinds. The stability of pyroxene and plagioclase,
which is intermediate and variable, depends on the
composition of these minerals. The location and rate of
weathering in plagioclase are strongly controlled by
chemical zonation.

The fate of all minerals observed in this study is
alteration to an X-ray-amorphous mixture of allo-
phane, iron oxide-hydroxide, and poorly developed clay
minerals. The presence of allophane is confirmed by its
X-ray diffraction, morphological, and chemical charac-
teristics. Previous studies have shown that allophane
is commonly an early stage in the transition of primary
minerals to clay minerals, and that clay minerals even-
tually form during the alteration of basalt and
andesite. The abundance of allophane in weathering

rinds on basalts and andesites suggests that, in the
alteration of these lithologies, clay minerals form by
condensation and crystallization of the allophane.

Only very fine grained, poorly crystalline, X-ray-
amorphous clay minerals were observed in samples of
the weathering rinds; the associated soil matrices,
however, are commonly part of argillic B horizons, and
many contain clear X-ray evidence of crystalline-clay
minerals. This relation suggests that the crystalline-
clay minerals in the argillic B horizons may not have
formed by weathering of primary minerals but may
have been derived from extraneous sources. Given the
probable ages of some of the deposits from which
weathering rinds were sampled, clay-mineral forma-
tion by weathering processes in the rinds appears to
occur more slowly than is commonly assumed, at least
for the environments examined in this study.

Chemical analyses of the weathering rinds, particu-
larly for different layers of the rinds, document the
chemical changes accompanying weathering of basalts
and andesites. A number of indices portray the altera-
tions well, including the SiO,:R.O, ratio, bases:R,0,
ratio, Parker’s (1970) index, Reiche’s (1943; 1950) WPI
and PI indices, molecular percentage of water,
Fe,0,:FeO ratio, and SiO,-R,0;-bases triangular plots.
The general trends demonstrated by these indices are
large losses of bases, some depletion of SiO,, relative
concentration of R,0,, oxidation of iron, and incorpora-
tion of water during weathering.

Three methods were used to estimate absolute
changes in individual elements during weathering:
(1) the standard-cell method (Barth, 1948), (2)the
weight-per-unit-volume method using bulk densities,
and (3) the method assuming an immobile reference
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constituent (Ti0,). The first two methods assume that
the alteration is isovolumetric; they underestimate
chemical changes in weathering rinds, because volume
reduction appears to have accompanied the alteration
in weathering rinds. The relative elemental mobilities
determined by the third method are:

Ca>Na> Mg> Si> Al>K> Fe> Ti.

All elements, except perhaps Ti, are continuously
depleted during weathering.

Absolute chemical changes as functions of time are
difficult to estimate because of variation in factors af-
fecting the rate of weathering between deposits of dif-
ferent ages. However, the data suggest that the rate of
loss of most elements decreases with time.
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APPENDIX 1.—GENERALIZED
PETROGRAPHIC DESCRIPTIONS

The following are generalized petrographic descrip-
tions of the rock types in each of the major study areas
on which weathering rinds were measured.

BASALTS

WEST YELLOWSTONE

Basalts examined near West Yellowstone, Mont., are
derived from the Pleistocene Madison River Basalt of
Christiansen and Blank (1972). The rocks commonly
contain scattered phenocrysts of plagioclase as much
as 1 mm long and less commonly contain phenocrysts
of olivine as much as 0.5 mm in diameter, locally form-
ing glomeroporphyritic clusters. The matrix consists
of plagioclase, in laths 0.1-0.2 mm long; crystals of
clinopyroxene, olivine, and opaque minerals, about
0.05-0.1 mm in diameter; and irregular-shaped masses
of basaltic glass and chlorophaeite. Matrix textures
are mostly intergranular to intersertal and are less
commonly subophitic. Visual estimates of the modal
composition are: plagioclase, 45-55 percent; pyroxene,
25-30 percent; olivine, 5-10 percent; glass and
chlorophaeite, 5-10 percent; and opaque minerals
about 10 percent.

McCALL

Rocks examined near McCall, Idaho, are extremely
uniform in texture and composition, and are probably
derived from the upper part of the Miocene Yakima
Basalt Subgroup of the Columbia River Basalt Group
(John Bond, oral commun., 1976). The rocks, which are
mostly aphanitic, contain plagioclase laths 0.1-0.2 mm
long (and contain scattered microphenocrysts up to
0.5 mm long); crystals of clinopyroxene, olivine, and
opaque minerals 0.05-0.01 mm in diameter; and
masses of glass, chlorophaeite, and calcite of irregular
shape. The textures are mostly intersertal to hyalo-
ophitic and are less commonly intergranular to
subophitic. Visual estimates of the modal composition
are plagioclase, 45-55 percent; pyroxene, 20-30 per-
cent; olivine, 0-5 percent; calcite, 0-5 percent; glass
and chlorophaeite, 15-20 percent, and opaque
minerals, 10-15 percent.

YAKIMA VALLEY

Rocks examined from the Yakima Valley, Wash., are
derived from the Eocene Teanaway Basalt (Foster,
1958). They are mostly aphanitic, but some contain

scattered phenocrysts of plagioclase or opaque
minerals 0.3-0.5 mm in longest dimension. Grain size
generally ranges between 0.05 and 0.2 mm, and tex-
tures are mostly intersertal; less commonly, textures
are intergranular, hyalo-ophitic, and subophitic. Visual
estimates of the modal composition are: plagioclase,
some of which is zoned, 45-55 percent; clinopyroxene,
25-35 percent; olivine, 0-10 percent; opague minerals,
5-10 percent; glass, chlorophaeite, and (or) chlorite,
10-20 percent; and rare (<1 percent) potassium
feldspar.

PUGET LOWLAND

The precise source of the basalt in the Puget
Lowland drifts in Washington is not known, but it is
probably mostly drived from the Eocene Crescent For-
mation in the Olympic Mountains. The basalt contains
microphenocrysts of plagioclase, 0.5-0.8 mm long, and
clinopyroxene, 0.3-0.5 mm in diameter. The matrix
consists mostly of thin plagioclase laths 0.3-0.5 mm
long; equant clinopyroxenes 0.05-0.1 mm in diameter;
and masses of devitrified glass, chlorophaeite, and
chlorite of irregular shape. Glass is rarely present.
Textures are mostly intersertal and are less commonly
hyalo-ophitic. Visual estimates of the modal compo-
sition are: plagioclase, 40-55 percent; clinopyroxene,
25-35 percent; olivine, 0-1 percent; opaque minerals,
5-10 percent; and altered glass and chlorite,
10-20 percent.

ANDESITES

Weathering rinds from sampling areas containing
andesitic rocks were measured on two groups of
stones: ‘‘coarse grained” and ‘‘fine grained.” The two
textural groups represent an arbitrary field classifica-
tion based on phenocryst content and matrix texture.

MT. RAINIER

Most of the rocks examined from the Mt. Rainier
area, Washington, are derived from the Quaternary
Mt. Rainier Andesite of Fiske and others (1963),
although some weathering rinds were measured on
stones derived from older volcanic rocks. Mt. Rainier
Andesite is a hypersthene andesite that is remarkably
uniform in composition.

The fine-grained andesites contain scattered
phenocrysts 0.5-1.5 mm in largest dimension, but
microphenocrysts 0.1-0.3 mm long are more abundant.
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Plagioclase is the most abundant phenocryst, with
lesser amounts of pyroxene and a few crystals of am-
phibole and olivine. Both the plagioclase and the
pyroxene are typically zoned, and the plagioclase
shows a wide range in degree of zoning. Both ortho- and
clinopyroxenes are present; slightly pleochroic or-
thopyroxene (hypersthene?) is more abundant. Am-
phiboles and some pyroxenes have reaction rims of
iron oxides. The very fine grained matrix (0.01-
0.05 mm) appears to consist mostly of plagioclase, py-
roxene, opaques, and glass. Visual estimates of the
modal composition are: plagioclase, 45-50 percent; py-
roxene, 30-35 percent; opaques, 5-10 percent; glass,
5-10 percent; amphibole, 0-1 percent; and olivine
0-1 percent. Textures are primarily hyalopilitic.
Coarse-grained andesites are similar compositionally
to fine-grained andesites. Grain size is highly bimodal;
the rocks contain abundant, large (0.5-3.0 mm) pheno-
crysts of plagioclase and pyroxene, and rare pheno-
crysts of olivine and opaque minerals, in a very fine
grained (0.01-0.03 mm) matrix. The pyroxene pheno-
crysts commonly occur in glomeroporphyritic clusters.
Textures range from hyalopilitic to pilotaxitic.

LASSEN PEAK

Rocks examined from the Lassen Peak area, Califor-
nia, are derived from the andesitic flows that make up
the volcanic complex around Lassen Peak (Williams,
1932). The mineralogy of these andesites is variable.

The fine-grained andesities are nonporphyritic to
weakly porphyritic. Phenocrysts, if present, range
from 0.3-1.5 mm in size; plagioclase, some of which is
zoned, is generally the largest and most abundant
phenocryst; phenocrysts of chno- or orthopyroxenes
and olivine are less common. The matrix is typically
fine grained (0.08-0.1 mm) and consists of plagioclase,
pyroxene, opaque minerals and glass; it also contains
rare calcite, potassium feldspar, and olivine. In rocks
containing calcite or olivine, clinopyroxene is more
abundant than is orthopyroxene. Textures are mainly
pilotaxitic to intergranular. Visual estimates of the

modal composition are: plagioclase, 40-60 percent;
pyroxene, 25-40 percent; opaques, 5-10 percent; glass,
0-15 percent; potassium feldspar, 0-10 percent;
calcite, 0-5 percent; and olivine, 0-15 percent.

The coarse-grained andesites have similar miner-
alogy, except that they contain very little glass. Phen-
ocrysts are abundant; the most common is plagioclase
{1.0-2.0 mm long), which is commonly zoned. Pyroxene
and olivine phenocrysts range from 0.6-1.2 mm;
phenocrysts of clinopyroxenes are more abundant than
are those of orthopyxorenes. The matrix grain size is
about 0.1-0.2 mm, and textures are mostly in-
tergranular to pilotaxitic.

TRUCKEE

The rocks examined from near Truckee, Calif., are
derived mostly from the late Tertiary andesites that
are abundant in the area. A few basalt clasts (those
without olivine phenocrysts) from the Pliocene and
Pleistocene Lousetown Formation may have been in-
cluded with the fine-grained andesites (Birkeland,
1963).

The fine-grained andesites contain microphenocrysts
(0.1-0.3 mm) and a few scattered phenocrysts (as much
as 2 mm). The phenocrysts are plagioclase, pyroxene,
olivine, and amphibole in varying proportions; the
microphenocrysts are plagioclase (more abundant) and
pyroxene. A few of the plagioclase and pyroxene
phenocysts are zoned. Clinopyroxene is commonly
more abundant than orthopyroxene. The matrix is very
fine grained (0.02-0.07 mm) and consists mostly of
plagioclase, pyroxene, and opaque minerals. Glass is
scarce. Visual estimates of the modal composition are:
plagioclase, 50-65 percent; pyroxene, 20-35 percent;
opaques, 5-10 percent; olivine, 0-10 percent; am-
phibole, 0-5 percent; glass, 0-5 percent. Textures are
primarily pilotaxitic to trachytic.

The coarse-grained andesites are similar mineralog-
ically and texturally to the fine-grained andesites.
They contain abundant phenocrysts of plagioclase and
pyroxene (0.5-2.0 mm) in a matrix whose grain size is
generally 0.01-0.1 mm.
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APPENDIX 2.—TABLES OF
ANALYTICAL DATA

TABLE 9.—Weight percentage, sample interval, and bulk density
[For samples 109-a2, 109-a3, 102 (all), and 118 {all), Na,O and MgO determined by atomic absorption; other elements determined by X-ray fluorescence; total Fe as Fe,05. All other
samples analyzed by ‘“‘rapid rock"’ (wet-chemical) methods. Leaders (—), not analyzed]

S“;:)‘."el Interval? de}::ﬂ.‘ya S0, AlLO; Fe0; FeO Mgd €20  Na0 KQO TiO, PO, MO €O, HO' HO  Sum
109-al 0.0-05 2.1 356 17.6 16.0 4.4 2.8 3.2 030 050 48 040 0.20 0.10 9.5 3.4 98.8
109-a2 05-14 24 38.0 12.0 21.0 — 5.3 1.2 1.01 81 39 <1 .18 00 10.7 — 100.
109-a3 1.4-20 26 41.0 12.0 18. — 5.3 8.3 1.84 81 31 <1 .20 .00 9.5 — 100.
109-a4 >20 28 53.7 14.1 19 9.8 4.2 8.1 2.8 1.5 2.2 40 .20 .10 1.2 3 1005
105-al 0.0-05 2.7 53.6 16.8 7.0 3.0 2.7 54 2.2 1.1 2.0 30 .20 10 4.1 1.8 100.3
105-a2 >05 28 53.4 15.0 2.0 9.0 4.2 8.1 2.8 1.3 2.1 40 .20 10 1.2 5 1003
104-al 0.0-05 23 43.8 11.5 44 148 8.5 6.4 2.1 70 34 30 .20 10 2.5 3 99.5
104-a2 05-1.0 26 439 11.9 3.2 153 8.7 7.9 2.4 50 3.1 40 .20 10 1.1 1 98.8
104-a3 >1.0 28 46.5 15.8 2.0 2.1 6.9 9.1 3.0 50 24 30 .20 10 5 2 99.6
102-al 0.0-0.7 24 36.0 9.6 23. 6.40 6.6 .96 74 38 <1 .26 00 126 — 100.
102-a2 0.7-15 25 40.0 11.0 20. — 6.056 7.7 1.76 74 32 <1 24 .00 9.3 — 100.
102-a3 >15 28 480 14.0 14. — 418 8.5 3.05 96 22 <1 .19 .00 5.0 — 100.

98-al 0.0-04 25 46.1 13.2 55 105 6.5 7.9 2.3 70 3.3 30 .20 10 1.9 1 98.6

98-a2 >04 2.8 48.8 15.9 4.0 9.9 6.5 9.2 2.9 50 24 30 .20 10 4 1 1012
118-al 0.0-26 1.7 39.0 16. 19. — 1.6 .29 31 72 26 <1 .09 00 204 — 100.
118-a2 2.6-5.2 20 39.0 72 27. — 2.45 49 49 95 34 <1 .09 00 189 — 100.
118-a3 5.2-78 24 47.0 75 21. — 498 1.5 95 156 3.0 <1 12 00 124 — 100.
118-a4 >17.8 2.1 57.0 15.0 6.6 — 390 175 3.6 1.2 11 <1 11 .00 4.0 —  100.

95-al 0.0-0.3 24 476 16.8 6.0 3.2 6.6 4.7 1.8 1.9 1.1 17 .23 01 6.6 2.4 99.

95-a2 0.3-0.7 25 52.8 116 4.3 6.4 109 6.3 2.0 1.6 1.3 11 19 01 2.2 1.1  101.

95-a3 >0.7 2.8 545 16.3 2.6 4.6 8.7 8.4 3.2 1.2 82 .25 13 02 42 3 101,
119-al 0.0-0.2 25 545 16.9 4.1 2.8 3.2 3.7 3.0 14 1.1 41 A1 02 5.4 3.0 100.
119-a2 >0.2 2.7 59.8 16.4 2.3 3.6 3.9 6.3 4.1 1.8 1.0 35 .10 02 .26 .2 100.
120-al 0.0-04 23 579 17.8 5.1 1.7 2.2 2.5 2.4 1.3 1.2 15 .09 01 6.2 2.5 101.
120-a2 0.4-10 24 573 13.8 5.0 3.2 3.9 3.5 2.6 3.0 1.3 14 11 .03 3.5 1.2 99.
120-a3 >1.0 2.7 589 16.4 2.1 3.5 3.9 5.6 3.6 1.8 96 .34 .10 .02 1.2 45  99.
121-al 0.0-06 2.1 55.9 19.3 6.4 1.4 14 1.2 1.8 1.6 1.2 14 .07 01 7.2 2.7 100.
121-a2 06-16 24 63.5 129 4.3 4.1 3.9 1.9 2.7 2.0 1.5 08 11 .02 2.1 8  100.
121-a3 1.6-28 25 61.9 14.1 3.0 47 4.2 2.5 3.0 1.8 1.3 10 .13 01 1.9 1.1 100.
121-a4 >28 2.7 603 17.5 2.4 3.2 2.8 5.1 3.8 1.4 82 .24 .09 .01 .96 55 99,

75-bl 0.0-0.1 286 53.7 20.7 4.8 1.2 1.9 3.4 2.4 1.6 70 .30 .09 00 7.2 3.4 101.

75-b2 >01 2.7 585 17.1 3.6 2.7 3.2 6.3 3.8 1.9 72 .32 11 02 61 3 99.

83-bl 0.0-0.2 25 51.0 15.9 7.9 2.2 6.2 5.4 2.9 2.3 1.8 70 .15 00 3.3 1.1  101.

83-b2 >02 2.7 53.2 16.5 4.0 4.0 6.6 79 3.5 2.0 1.5 56 12 01 62 6 101.

79-b1 0.0-04 22 503 16.5 124 2.4 2.3 1.6 1.5 2.2 1.5 24 .16 .02 6.1 2.0 99.

79-b2 04-09 23 525 14.8 10.6 3.5 4.1 2.3 2.0 2.3 1.6 20 .18 .01 4.5 1.8 100.

79-b3 >09 2.7 55.8 18.6 4.8 2.7 3.3 6.4 3.1 1.6 .81 .25 13 .02 2.1 .8  100.

84-al 0.0-0.1 25 496 176 49 3.0 5.7 6.2 2.6 98 95 .25 13 .00 5.1 1.6 99.

84-a2 >01 2.7 53.0 16.7 2.5 5.1 7.2 9.2 3.0 1.1 86 .32 13 .00 73 .2 100.

89-al 0.0-0.4 25 46.0 14.2 5.8 8.8 7.3 8.6 2.5 59 23 45 23 02 1.6 3 99.

89-a2 >04 2.7 475 157 3.7 9.0 7.0 9.5 3.0 44 20 34 17 02 42 1 99.

85-al 0.0-04 2.2 55.1 19.3 5.6 1.8 1.5 1.8 2.3 1.9 84 .11 12 .02 7.1 1.4 99.

85-a2 0.4-08 26 64.8 145 5.6 1.6 1.7 1.4 2.7 2.8 89 .08 .10 .01 3.1 7 100,

85-a3 >08 2.7 63.4 16.8 3.1 1.6 1.8 3.7 4.2 2.2 59 .19 .08 .02 1.1 45 99.

86-al 0.0-06 24 36.7 23.6 7.1 2.4 3.9 1.9 .79 .69 74 .21 09 01 140 8.4 101.

86-a2 0.6-09 25 41.0 17.8 4.4 5.4 9.1 4.0 .98 49 85 .25 15 01 9.2 6.4 100.

86-a3 >09 2.7 50.8 183 3.2 4.7 8.0 7.0 2.4 49 72 .13 13 .01 3.5 1.4 101.

ISee table 1 for description of samples.
%In mm, O=rock surface.
3Estimated by comparison with Hendricks and Whittig’s (1968) data for similar rock types, on the basis of ratios of Al,Og and TiO, in the weathered rock to those in the fresh rock.
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TABLE 10.—Molecular percentages
{Leaders (—), not analyzed]

e S0,  ALO,  FeO,  FeO  Mg0  Ca0 N0 KO TO, PO, Ma0 €O, HO" sum
109-al 3573 1039 604 369 418 344 029 032 365 017 017 0.4 3178 100.00
109-a2 3492 649 125 - 125 709 .90 47 271 .00 14 00 3277 100.00
109-a3 3793 653  6.26 — 730 823 165 48 217 .00 .16 00 29.30 100.00
109-a4 56.15  8.67 a5 856 654 907 283 100 174 18 18 14 418 100.00
105-al 55.33 1020 272 259 415 597 220 a2 156 13 17 14 1411 100.00
105-a2 56.19  9.28 79 791 658 913 285 87 167 18 18 14 421 100.00
104-al 4473 691 169 1263 1292 700  2.08 46 263 13 17 14 851 100.00
104-a2 4600 733 126 1340 1357 887  2.43 33 246 18 18 14 384 100.00
104-a3 5441  10.88 88 205 1202 1141 340 37 213 15 20 16 195 100.00
102-al 3175 498 763 — 840 624 82 42 254 .00 19 00  37.04 100.00
102-a2 37.37 604  7.02 - 84 171 159 44 226 .00 19 .00  28.96 100.00
102-a3 4854 833 532 — 629 921 298 62 169 .00 16 00 1685 100.00

98-al 4864 819 218 926 1021 893 235 A7 264 13 18 14 668 100.00

98-a2 5182 993 160 878 10.28 1047 298 34 193 13 18 14 142 100.00
118-al 3022 729 553 - 185 24 23 36 153 .00 .08 00 5269 100.00
118-a2 3138 341 817 - 293 42 38 49 207 00 06 00 5069 100.00
118-a3 4126 387 693 - 651 141 81 84 200 .00 .09 .00 3629 100.00
118-a4 5663 877 247 — 57T 798 346 76 83 .00 .09 00 1325 100.00

95-al 4606 956 218 259 951 487 169 117 81 07 19 01 2129 100.00

95-a2 5225 675 160 529 1606 668 192 101 97 .05 16 01 726 100.00

95-a3 5619 989 101 396 1336 928 319 79 64 11 11 03 144 100.00
119-al 5451 994 154 234 477 397 290 89 83 17 .09 .03 1800 100.00
119-a2 64.39  10.39 93 324 625 727 427 123 82 16 .09 03 93 100.00
120-al 5646 1021 187 139 319 261 227 81 89 .06 07 01 2015 100.00
120-a2 59.19 839 194 276 600 387 260 197 102 .06 .10 04 1205 100.00
120-a3 62.87  10.30 84 312 620 640 372  1.22 8 15 .09 03 427 100.00
121-al 5480 1113 236 115 204 126 171 100 89 .06 .06 01 2353 100.00
121-a2 6604 789 168 356 604 212 272 132 1.8 04 10 03 728 100.00
121-a3 6467 867 118 410 653 280 303 120  1.03 04 1 01 662 100.00
121-a4 65.27 11.14 98 289 451 591  3.98 97 87 11 .08 01 346 100.00

75-bl 52.02 11.80 175 97 274 353 225 99 51 12 07 00 2325 100.00

75-b2 64.00 11.00 148 247 521  7.38 402 132 60 15 10 03 222 100.00

83-bl 5249 963 298 189 950 595 289 151 140 30 13 00 11.32  100.00

83-b2 56.44 1030 160 355 1042 898 359 135  1.21 25 11 01 219 100.00

79-b1 5218 1007 484 208 355 178 151 145 118 11 14 03 21.09 100.00

79-b2 54.38 902 413 303 632 255 200 152  1.26 .09 16 01 1554 100.00

79-b3 5908 1158 191 239 520 726 318 108 85 11 12 03 741 100.00

84-al 49.35 1030 183 249 844 661 250 62 72 11 11 00 1691 100.00

84-a2 55.48  10.28 98 446 1122 1032  3.04 3 68 14 12 00 255 100.00

89-al 4880 886 231 780 1153  9.78 257 40 185 20 21 03 566 100.00

89-a2 5126 997 150 812 1125 1098 313 30 164 16 .16 03 151 100.00

85-al 5395 1112 206 147 219 189 218 118 62 05 .10 03 2317 100.00

85-a2 67.26 88 219 139 263 156 271 185 70 04 .09 01 1073 100.00

85-a3 6878 1072 126 145 291 430 441 152 48 .09 07 03 398 100.00

86-al 32.85 1243 239 180 520  1.82 .68 .39 50 08 017 01 4178 100.00

86-a2 3786 967 153 417 1251  3.96 88 29 59 .10 12 01 2832 100.00

86-a3 50.23 10.64 1.19 388 11.78 7.42 2.30 31 .54 .05 a1 01 1154 100.00
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TABLE 11.—Molecular ratios
[Leaders (—), not analyzed}

Sample ' Parker’s SiO,/ Bases/ Fe 04/
No. Bases R.04 WPI* PI¢ Index® R,05 R,0, FeO.
109-al 8.24 21.92 -35.74 61.97 11.68 1.63 0.38 1.64
109-a2 15.71 16.46 -25.43 67.97 22.65 2.12 95 —
109-a3 17.65 14.96 -16.51 71.71 26.48 2.63 1.18 —
109-a4 19.45 15.44 16.77 78.43 32.32 3.64 1.26 .09
105-al 13.04 15.78 -1.27 77.81 22.32 3.61 .83 1.05
105-a2 19.44 15.71 16.67 78.15 31.99 3.58 1.24 .10
104-al 22.46 17.54 16.46 71.83 32.12 2.55 1.28 13
104-a2 25.21 17.75 24.02 72.15 36.04 2.59 1.42 09
104-a3 27.20 14.91 26.16 78.49 40.85 3.65 1.82 43
102-al 15.87 15.14 -33.72 67.70 22.25 2.10 1.05
102-a2 18.15 15.33 -15.25 70.90 26.67 2.44 1.18 —
102-a3 19.11 15.34 2.71 75.99 31.15 3.17 1.25 —
98-al 21.96 17.64 17.31 73.38 32.69 2.76 1.24 24
98-a2 24,06 17.85 24.16 74.38 36.24 2.90 1.35 18
118-al 2.67 1435 -105.86 67.80 4.48 2.11 .19 -
118-a2 4,23 13.65 -94.34 69.69 6.90 2.30 31 —
118-a3 9.57 12.80 -42.00 76.32 1491 3.22 75 —
118-a4 17.97 12.06 5.45 82.44 30.74 4.70 1.49 —
95-al 17.24 13.85 -5.25 76.89 27.03 3.33 1.25 .84
95-a2 25.66 11.97 20.48 81.36 36.89 4.36 2.14 .30
95-a3 26.62 13.52 26.13 80.61 40.37 4.16 1.97 .25
119-al 12.53 13.49 -6.80 80.16 22.82 4.04 93 .66
119-a2 19.03 13.75 18.62 82.40 34.47 4.68 1.38 .29
120-al 8.88 13.66 -14.27 80.52 16.98 413 65 1.35
120-a2 14.45 12.73 2.77 82.30 27.52 4.65 1.14 .70
120-a3 17.55 13.48 14.14 82.35 31.56 4.66 1.30 27
121-al 6.01 14.95 -23.12 78.56 12.95 3.66 40 2.06
121-a2 12.20 12.54 5.42 84.05 22.80 5.27 97 47
121-a3 13.56 12,92 7.62 83.34 24.71 5.00 1.05 .29
121-a4 15.37 14.24 12.55 82.09 28.70 .58 1.08 34
75-bl 9.51 14.54 -18.07 78.15 18.46 3.58 .65 1.80
75-b2 17.94 14.32 16.33 81.72 33.13 447 1.25 .60
83-b1 19.85 14.96 9.77 77.83 33.35 3.51 1.33 1.57
83-b2 24.35 14.87 23.16 79.15 40.08 3.80 1.64 45
T79-bl 8.29 17.12 -16.50 75.29 16.60 3.05 48 2.32
79-b2 12.40 15.91 -3.80 77.36 22.47 3.42 .78 1.36
79-b3 16.72 15.34 10.21 79.39 29.54 3.85 1.09 .80
84-al 8.18 14.10 1.55 77.78 28.46 3.50 1.29 13
84-a2 25.31 14.18 23.97 79.64 38.82 391 1.79 22
89-al 24.27 16.93 20.68 74.25 35.71 2.88 1.43 .30
89-a2 25.67 17.16 25.67 74.92 38.35 2.99 1.50 .18
85-al T7.44 14.54 -20.72 78.77 16.09 3.71 51 1.40
85-a2 8.75 1243 -2.24 84.40 20.30 5.41 70 1.57
85-a3 13.14 13.19 9.63 83.90 28.05 5.21 1.00 87
86-al 8.10 16.22 -58.91 66.95 11.91 2.03 .50 1.33
86-a2 17.63 13.87 -15.40 73.18 23.21 2.73 1.27 37
86-a3 21.80 14.32 11.89 77.82 31.48 3.51 1.52 31

1Bases=MgO+Ca0+Na,0+K,0.

2R,03=Al,05+Fe,03+TiO,.

*WPI=Weathering Potential Index=100(CBases-H,0)/(Ebases+LR,03+Si0y (Reiche, 1950).
“PI=Product, Index=100 {SiO.)/(SiO,+ELR;0y) (Reiche, 1950).

SParker’s (1970) Index=100 (Na,0/0.35+Mg0/0.9+Ca0/0.7+K;0/0.25).
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TABLE 12.—Standard-cell cations
[Standard cell cations are the number of cations in a standard cell containing 160 oxygens, calculated by methods of Barth (1948). Leaders (—), not analyzed)]

S“;I’:’ple Si Al Fe?t Felt Mg Ca Na K T P Mn c H Sum
109-al 33.04 19.22 11.16 3.41 3.87 3.18 0.54 0.59 3.37 0.31 0.16 0.13 58.77 1317.75
109-a2 33.84 12.57 14.06 — 7.03 6.87 1.74 92 2.63 - 14 .00 63.52 143.31
109-a3 36.63 12.61 12.09 — 7.05 7.94 3.18 92 2.10 .00 .15 .00 56.58 139.26
109-a4 50.59 15.63 1.35 7.72 5.89 8.18 5.11 1.80 1.57 .32 .16 .13 7.564 105.97
105-al 48.27 17.80 474 2.26 3.62 5.21 3.83 1.26 1.36 .23 .15 12 24.62 113.48
105-a2 50.26 16.61 1.42 7.08 5.89 8.17 5.10 1.56 1.50 .32 .16 .13 753 105.72
104-al 43.32 13.38 3.27 12.23 12.52 6.78 4.02 .88 2.55 .25 A7 13 16.48 115.99
104-a2 44,20 14.10 2.42 12.87 13.04 8.52 468 .64 2.36 .34 17 14 7.38 110.88
104-a3 48.15 19.25 1.56 1.82 10.64 10.10 6.01 .66 1.88 .26 .18 .14 3.45 104.09
102-al 31.85 9.99 15.30 — 8.43 6.26 1.64 .83 2.55 .00 19 .00 7431 15135
102-a2 36.07 11.67 13.56 — 8.12 7.44 3.07 .85 2.19 .00 .18 .00 55.90 139.05
102-a3 43.75 15.01 9.59 — 5.67 8.30 5.38 1.11 1.52 .00 .15 .00 30.38 120.87

98-al 45.06 15.18 4.04 8.58 9.46 8.27 4.35 87 2.44 25 17 13 12.38 111.18

98-a2 46.71 17.91 2.88 7.92 9.26 9.44 5.37 61 1.74 24 .16 .13 2.55 104.93
118-al 30.72 14.83 11.25 — 1.88 .24 AT 12 1.55 .00 .06 .00 107.12 168.85
118-a2 32.06 6.96 16.69 — 3.00 43 8 99 2.12 .00 .06 00 103.58 166.67
118-a3 40.04 7.52 13.45 — 6.32 1.37 1.57 1.63 1.94 .00 .09 .00 70.43 144.35
118-a4 50.36 15.59 4.38 —_— 5.13 7.10 6.16 1.35 14 .00 .08 .00 23.56 114.45

95-al 43.19 17.93 4.09 2.43 8.92 4.57 3.16 2.20 .76 13 .18 01 39.92 12748

95-a2 49.14 12.70 3.01 498 15.10 6.28 3.60 1.90 92 .09 .15 01 13.65 111.52

95-a3 50.20 17.66 1.80 3.54 11.93 8.29 5.71 141 57 .19 .10 .03 2.58 104.02
119-al 48.72 17.77 2.76 2.09 4.26 3.54 5.19 1.59 N4 31 .08 .02 32.18 119.27
119-a2 54.65 17.63 1.58 2.75 5.31 6.17 7.25 2.10 .69 29 .08 .02 1.58 100.09
120-al 49.70 17.98 3.29 1.22 2.81 2.30 3.99 1.42 .78 A1 .07 .01 35.48 119.15
120-a2 52.28 14.81 3.43 2.44 5.30 3.42 4.59 3.49 .90 11 .08 .04 21.29 112.18
120-a3 53.92 17.66 1.45 2.68 5.32 5.49 6.38 2.10 67 .26 .08 .02 732 103.34
121-al 47.94 19.47 4.13 1.00 1.79 1.10 2.99 1.75 M8 10 .05 .01 41.16 122.27
121-a2 56.65 13.54 2.88 3.06 5.18 1.82 4.66 2.27 1.01 .06 .08 02 12.49 103.73
121-a3 55.76 14.94 2.03 3.54 5.63 2.41 5.23 2.07 .89 .08 .10 .01 11.41 104.09
121-a4 54.78 18.70 1.64 2.43 3.79 4.96 6.68 1.62 .56 .18 07 01 581 101.25

75-bl 46.21 20.96 3.11 .86 2.43 3.13 4.00 1.75 .46 22 .07 .00 41.31 124.50

75-b2 53.84 18.52 2.49 2.08 4,38 6.21 6.77 2.23 .50 25 .09 .03 3.74 101.12

83-bl 46.57 17.08 5.29 1.68 8.43 5.28 5.13 2.68 1.25 .54 12 .00 20.09 114.13

83-b2 49.50 18.06 2.80 3.11 9.14 7.87 6.30 2.37 1.06 .44 .09 01 3.85 104.60

79-bl 45.47 17.55 8.43 1.81 3.10 1.55 2.62 2.53 1.03 .18 12 .02 36.76 121.18

79-b2 47.13 15.83 7.25 2.66 5.55 2.24 3.52 2.66 1.10 .15 14 .01 27.27 116.12

79-b3 50.50 19.80 3.27 2.04 4.45 6.21 5.43 1.84 56 .19 .10 .02 12.67 107.07

84-al 45.18 18.86 3.36 2.28 7.73 6.05 4.58 1.14 .66 19 .10 .00 30.97 121.11

84-a2 49.52 18.36 1.76 3.98 10.02 9.21 5.42 1.31 .61 .25 .10 .00 455 105.08

89-al 4492 16.31 4.26 7.18 10.61 9.00 473 3 1.70 37 19 .03 10.42 110.45

89-a2 46.47 18.07 2.712 7.36 10.20 9.96 5.68 .55 1.48 28 14 .03 2.74 105.68

85-al 47.65 19.64 3.64 1.30 1.93 1.67 3.85 2.09 55 .08 .09 .02 4094 123.45

85-a2 56.58 14.90 3.68 1.17 2.21 1.31 4.56 3.11 .59 .06 .07 01 18.05 106.30

85-a3 56.84 17.72 2.09 1.20 2.40 3.55 7.29 2.51 .40 14 .06 .02 6.57 100.80

86-al 32.19 24.35 4.68 1.76 5.09 1.79 1.34 Nl .49 .16 07 .01 81.85 154.54

86-a2 37.57 19.19 3.03 413 12.41 3.93 1.74 57 59 .19 12 01 56.20 139.68

86-~a3 46.01 19.50 2.18 3.56 10.79 6.79 421 57 49 .10 .10 .01 21.13 115.45
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TABLE 13.— Weights per unit-volume
[Calculations assume isovolumetric weathering; bulk density was estimated by comparison with Hendricks and Whittig’s (1968) data for similar rock types, on the basis of ratios of Al,0,
and TiO, in the weathered rock to those in the fresh rock. Leaders (—), not analyzed)

S"‘I‘;’z‘"e d:)‘;}t‘y Si0, ALO; Fe0, FeO  MgO Ca0 Na0O K, 0  TiO, P,0; MnO  COo, Ho' H,O' Sum

109-al 210 7476 36.96 33.60 9.24 5.88 6.72 0.63 1.05 10.08 0.84 0.42 0.21 19.95 7.14 207.48
109-a2 2.40 91.20 28.80 50.40 — 12,72 17.28 2.42 1.94 9.36 .00 43 .00 25.68 — 240.24
109-a3 2.60 106.60 31.20 46.80 13.78 21.58 4.78 2.11 8.06 .00 .52 00 2470 — 260.13

109-a4 280 150.36 39.48 532 2744 1176 2268 1784 420 616 112 56 28 336 .84 281.40

105-al 2.70 144.72 4536 1890 810 7.29 1458 594 297 540 81 .54 27 11.07  4.86 270.81
105-a2 2.80 149.52 42.00 5.60 2520 11.76 2268 7.84 364 588 1.12 .56 28 3.36 1.40 280.84

104-al 2.30 100.74 2645 10.12 34.04 1955 1472 483 161 7.82 .69 .46 23 5.7 .69 227.70
104-a2 2.60 114.14 3094 8.32 39.78 2262 2054 6.24 130 8.06 1.04 .52 26  2.86 .26 256.88
104-a3 2.80 130.20 44.24 560 588 1932 2548 840 140 6.72 .84 .56 28 140 .56 250.88

102-al 2.40 86.40 23.04 55.20 — 1536 1584 230 178 9.12 .00 .62 .00 30.24 — 239.90
102-a2 2.50 100.00 27.50 50.00 — 1513 1925 440 185 8.00 .00 60 00 23.25 — 249.98
102-a3 2.80 134.40 39.20 39.20 — 1170 23.80 854 269 6.16 .00 .53 00 14.00 — 280.22
98-al 250 115.25 33.00 13.75 26.25 1625 19.75 576 176 8.25 .75 .50 256 475 25 246.50
98-a2 2.80 136.64 4452 1120 27.72 1820 25.76 812 140 6.72 .84 .56 .28 112 .28 283.36
118-al 1.70 66.30 27.20 32.30 2.72 49 b3 122 442 .00 156 00 34.68 170.02
118-a2 2.00 7800 14.40 54.00 4.90 98 98 190 6.80 .00 .18 .00 37.80 199.94

- 11.95 360 228 360 7.20 .00 .29 .00 29.76 - 239.88

118-a3 2.40 112.80 18.00 50.40 X . . .
10.53 2025 9.72 3.24 297 .00 .30 .00 10.80 270.03

118-a4 270 153.90 40.50 17.82

95-al 2.40 114.24 4032 1440 768 1584 1128 432 456 2.64 41 .55 02 15.84 5.76 237.86
95-a2 2,50 132.00 29.00 10.75 16.00 27.25 1575 500 400 3.25 28 47 .03 550 2.75 252.02
95-a3 2.80 152.60 45.64 7.28 12.88 2436 2352 896 336 2.30 .70 .36 06 118 .84 284.03

119-al 250 136.25 4225 1025 17.00 800 925 750 350 275 1.03 28 05 1350 7.50 249.10
119-a2 270 161.46 4428 621 972 1053 1701 11.07 486 2.70 95 27 05 .70 .54 270.35
120-al 2.30 133.17 4094 1173 391 506 575 552 299 276 .35 21 02 1426 5.75 232.42
120-a2 2.40 137.52 33.12 1200 768 936 840 624 7.20 3.12 .34 .26 07 840 2.88 236.59
120-a3 2.70 159.03 44.28 567 945 10,53 1512 9.72 486 2.59 .92 27 05 324 1.21 266.95
121-al 210 117.39 40.53 1344 294 294 252 3.78 336 2.52 .29 15 02 1512 5.67 210.67
121-a2 2.40 15240 3096 10.32 984 936 456 648 480 3.60 19 .26 05 504 192 239.78
121-a3 2.50 154.75 3525 7,50 11.75 10.50 6.25 7.50 450 3.25 25 .33 03 475 275 249.35
121-a4 2.70 162.81 4725 648 864 7.56 13.77 1026 3.78 221 .65 24 03 259 148 267.76
75-bl 2.60 139.62 5382 1248 3.12 494 884 624 416 182 .78 23 .00 1872  8.84 263.61
75-b2 2.70 157.95 46.17 972 729 864 1701 1026 513 1.94 .86 .30 .05 1.65 .81 267.79
83-bl 2.50 127.50 39.75 19.25 550 15,50 1350 7.25 575 450 175 .38 00 825 275 251.63
83-b2 2.70 143.64 4455 10.80 1080 17.82 2133 945 540 405 1.51 .32 03 167 1.62 273.00
79-bl 2.20 110.66 36.30 27.28 528 5.06 352 330 484 330 .53 .35 .04 1342 4.40 218.28
79-b2 2.30 120.75 34.04 2438 805 943 529 460 529 3.68 .46 41 02 1035 4.14 230.90
79-b3 2.70 15066 50.22 1296 7.29 891 1728 837 432 219 .67 .35 05 567 216 271.11
84-al 2,50 12400 4400 1225 750 1425 1550 650 245 238 .63 33 00 1275  4.00 246.53
84-a2 2.70 143.10 4509 6.75 13.77 1944 2484 810 297 232 .86 .35 00 197 .54 270.11
89-al 2,50 115.00 35,50 14.50 22.00 1825 21,50 625 148 575 113 .58 05  4.00 .76 246.73
89-a2 270 12825 4239 9.99 2430 1890 2565 810 119 540 92 46 05 113 27 267.00
85-al 2.20 121.22 4246 1232 396 330 396 506 418 1.85 24 .26 .04 15.62 3.08 217.56
85-a2 2.60 168.48 37.70 1456 416 442 364 7.02 7.28 231 21 .26 .03 8.06 1.82 259.95
85-a3 270 171.18 4536 837 432 486 999 1134 594 1.59 51 22 05 297 121 267.92
86-al 240 88.08 56.64 17.04 576 936 456 190 166 1.78 .50 .22 02 33.60 20.16 241.27
86-a2 2.50 102.50 44.50 11.00 1350 22.75 1000 245 122 213 .63 .38 03 23.00 16.00 250.08
86-a3 2.70 137.16 4941 8.64 1269 21.60 1890 648 132 194 .35 .35 03 945 3.78 27211
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TABLE 14.—Weights assuming TiO, constant
{Data, in grams, represent the results of weathering 100 g of fresh rock. Leaders (—), not analyzed]

Sample
No.

109-al 046 1632 807 733 2.02 128 147 014 023 220 A8 009 005 435 156 45.28

TiR! Si0, ALO; Fe0; FeO  Mg0 CaO NaO KO TiO,  P,0s  MnO c0, HLO'  H 0T sum

109-a2 b6 2144 677 11.85 — 299 406 .57 46 220 .00 .10 .00 6.04 — 5641
109-a3 712910 852 12.77 — 376 589 131 ST 220 .00 14 00 6.74 — 7097
109-a4 1.00 53.70 1410 190 980 420 810 280 150 2.20 .40 20 J0 120 .30 100.50
105-al 1.05 56.28 1764 735 3156 2.8 567 231 115 210 32 21 10 431 1.89 105.31
105-a2 100 53.40 1500 200 900 420 810 280 130 210 .40 .20 Jo0 1.20 .50 100.30
104-al 713092 812 311 10456 600 452 148 49 240 21 .14 07 176 21 70.24
104-a2 Jq7 3399 921 248 118 674 612 186 39 240 31 A5 .08 85 .08 76.49
104-a3 1.00 46.50 1580 200 210 690 910 3.00 50 240 .30 .20 .10 .50 20 99.60
102-al .58 20.84 556 13.32 3.71 3.82 56 43 2.20 .00 15 00 7.29 — 57.89
102-a2 69 2750 756 13.75 — 416 529 121 .51 2.20 .00 a7 .00 6.39 — 6875
102-a3 1.00 48.00 14.00 14.00 — 418 850 3.05 96 220 .00 .19 00 5.00 — 100.00
98-al 73 3353 960 400 764 473 575 1.67 b1 240 22 15 07 138 07 7171
98-a2 1.00 4880 1590 400 990 6.50 920 290 50 240 .30 20 10 .40 .10 101.20
118-al 42 1650 6.77 8.04 - .68 J2 13 30 110 .00 04 00  8.63 — 4231
118-a2 32 1262 233 874 - .19 16 .16 31 110 .00 .03 Q00  6.11 — 3235
118-a3 37 1728 275 7.70 — 183 .55 .35 556 110 .00 04 .00 455 — 36.67
118-a4 1.00 57.00 15.00 6.60 — 390 1750 360 120 1.10 .00 A1 .00 4.00 — 100.00
95-al 756 3648 12562 447 239 492 350 134 142 .82 a3 a7 01 492 179 173.80
95-a2 63 3330 1732 271 404 688 397 126 1.01 .82 07 .12 01 139 69 63.71
95-a3 1.00 5450 1630 260 460 870 840 320 1.20 .82 .25 13 .02 42 .30 101.00
119-al 91 4955 1536 3.73 2556 291 336 2.73 127 100 37 .10 02 491 273 9091
119-a2 100 5980 1640 230 360 390 630 410 180 1.00 35 10 02 .26 .20 100.00
120-al 80 4632 1424 408 136 176 200 192 104 .96 12 07 01 496 200 80.80
120-a2 74 4231 1019 369 236 288 258 192 222 .96 .10 .08 02 2,58 .89 173.11
120-a3 100 5890 1640 210 350 390 560 360 1.80 .96 34 10 02 1.20 .45 99.00
121-al 68 38.20 13.19 437 .96 .96 .82 123 1.09 .82 .10 .05 01 492 184 68.33
121-a2 b5 3471 705 2356 224 213 104 148 1.09 .82 .04 .06 01 115 44 54.67
121-a3 63 3904 889 18 296 2656 158 189 114 .82 .06 .08 01 1.20 69 63.08
121-a4 1.00 60.30 1750 240 320 280 510 380 1.40 .82 .24 .09 01 .96 55 99.00
75-bl 1.03 5523 2129 494 123 195 350 247 165 72 31 .09 00 741 3.50 103.89
75-b2 1.00 5850 1710 360 270 320 630 380 190 72 32 11 02 .61 30 99.00
83-bl .83 4250 1325 642 183 517 450 242 192 150 .58 13 00 275 92 8417
83-b2 1.00 53.20 1650 400 400 660 790 350 200 1.50 56 12 .01 .62 .60 101.00
79-b1 54 2716 891 6.70 130 1.24 .86 81 119 81 .13 .09 01 329 108 5346
79-b2 .51 2658 749 537 177 208 116 101 116 81 .10 .09 01 228 91 50.63
79-b3 1.00 5580 1860 480 270 330 640 3.10 1.60 81 25 13 02 210 .80 100.00
84-al 91 4490 1593 444 272 516 561 235 89 .86 23 12 00 462 145 89.62
84-a2 1.00 53.00 1670 250 510 7.20 920 3.00 1.10 .86 32 A3 .00 73 .20 100.00
89-al 87 40.00 1235 504 765 635 748 217 51 2.00 .39 .20 02 1.39 .26 86.09
89-a2 100 4750 1570 370 900 7.00 9,50 3.00 44 200 .34 A7 .02 42 .10 99.00
85-al .70 3870 1356 393 126 105 126 162 1.33 .59 08 .08 01 4.99 98 69.54
85-a2 66 4296 961 3.71 106 113 93 179 186 .59 .05 07 01 2.06 46 66.29
85-a3 100 6340 1680 310 160 180 370 4.20 2.20 .59 19 .08 02 110 .45 99.00
86-al 97 3571 2296 691 234 379 185 7 67 72 .20 .09 .01 1362 817 98.27
86-a2 .85 34.73 15608 3.73 457 771 3.39 .83 42 72 21 13 01 779 542 84.71
86-a3 1.00 5080 1830 3.20 470 800 7.00 2.40 49 72 13 13 .01 350 1.40 101.00

Ti R=Ti Ratio=ratio of TiO, in the fresh rock to that in the weathered sample.
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TABLE 15.—Normalized molecular ratios
[Molecular ratios are normalized to values in unaltered rock. Leaders (—), not analyzed]

ker’ i0,/ Bases/ Fe,0,/
R A A N
109-al 0.42 1.42 -2.13 0.79 0.36 0.45 0.30 18.76
109-a2 81 1.07 -1.52 .87 .70 .58 .76 —
109-a3 91 97 98 91 .82 70 94 —
109-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
105-al 67 1.00 -.08 1.00 .70 .98 67 10.50
105-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
104-al .83 1.18 .63 92 .79 70 70 31
1 04-a2 93 1.19 92 92 .88 1 78 22
104-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
102-al .83 99 -12.43 .89 a1 .66 .84 -
102-a2 .95 1.00 -5.62 93 .86 a7 95 —
102-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 —
98-al 91 .99 72 99 90 95 .92 1.30
98-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
118-al .15 1.19 -19.41 .82 .15 45 13 —
118-a2 24 1.13 -17.30 .85 .22 49 21 —
118-a3 53 1.06 -17.70 93 48 .69 .50 -
118-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -
95-al 65 1.02 20 .95 67 .80 .63 3.32
95-a2 .96 .89 .78 1.01 91 1.05 1.09 1.19
95-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
119-al .66 .98 37 97 .66 .86 .67 2.29
119-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
120-al 51 1.01 -1.01 .98 .54 .89 .50 5.00
120-a2 .82 94 .20 1.00 .87 1.00 87 2.60
120-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
121-al .39 1.05 -1.84 96 45 .80 .37 6.10
121-a2 .79 .88 43 1.02 79 1.15 .90 1.40
121-a3 .88 91 61 1.02 .86 1.09 97 .85
121-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
75-bl .53 1.02 -1.11 .96 .56 .80 52 3.00
75-b2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
83.bl .82 1.01 42 .98 .83 92 81 3.50
83.b2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
79-bl .50 1.12 -1.62 .95 .56 79 44 2.91
79-b2 14 1.04 -.37 97 .76 .89 71 1.70
79-b3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
84-al 72 .99 .06 .98 73 .89 72 3.33
84-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
89-al 95 .99 .81 99 93 97 96 1.60
89-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
85-al 57 1.10 -2.15 94 b7 1 51 1.61
85-a2 67 94 -.23 1.01 72 1.04 a1 1.81
85-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
86-al 37 1.13 -4.96 .86 .38 .58 .33 4.35
86-a2 .81 97 -1.30 .94 .74 .78 .83 1.20
86-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

'Bases=MgO+Ca0+Na,0+K,0.

R,0,=A1,03+Fe,03+TiO,.

*WPI=Weathering Potential Index=100(ZBases-H;0)/(Zbases+LR;0,+Si0,) (Reiche, 1950).
*PI=Product Index=100 (Si0,)/(Si0y+SR,04) (Reiche, 1950).

SParker’s (1970) Index=100 (N2,0/0.35+Mg0/0.9+Ca0/0.7+K,0/0.25).
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TABLE 16.—Normalized weights assuming TiQO, constant
{Weights assuming TiO, constant (table 14} are normalized to values in the fresh rocks. Leaders (—), not analyzed]

s"b}‘;‘_"e TiR! Si0,  ALO;  Fe,0, FeO  MgO Ca0  Na© K:0 TiO, P;0; MnO co, HoO' H 0~
109-al 0.46 0.30 0.57 3.86 0.21 0.31 0.18 0.05 0.15 1.00 0.46 0.46 0.46 3.63 5.19
109-a2 .56 .40 .48 6.23 — 1 .50 .20 .30 1.00 00 .51 .00 5.03 —
109-a3 1 54 .60 6.72 — .90 3 47 .38 1.00 .00 1 .00 5.62 —
109-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
105-al 1.05 1.05 1.18 3.67 .35 67 70 .82 .89 1.00 19 1.05 1.05 3.59 3.78
105-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
104-al M1 .66 51 1.55 4.97 87 .50 49 .99 1.00 11 1 1 3.53 1.06
104-a2 il 3 .58 1.24 64 .98 .67 62 ki 1.00 1.03 N Nii 1.70 .39
104-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
102-al .58 .43 .40 95 — .89 .45 .18 .45 1.00 .00 79 .00 1.46
102-a2 .69 57 .54 98 — 1.00 62 40 53 1.00 .00 .87 .00 1.28 —
102-a3 1.00 1.00 1.00 1.00 — 1.00 1.00 1.00 1.00 1.00 .00 1.00 .00 1.00 —

98-al NE] .69 .60 1.00 N 73 .62 .58 1.02 1.00 73 13 3 3.45 73

98-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
118-al 42 29 .45 1.22 A7 .02 .04 25 1.00 .00 35 .00 2.16
118-a2 32 .22 .16 1.32 .20 02 .04 .26 1.00 .00 .26 .00 1.53

118-a3 37 .30 18 1.17 _ AT 07 10 .46 1.00 .00 .40 .00 1.14

118-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .00 1.00 00 1.00
95-al .75 .65 a1 1.72 52 57 42 42 1.18 1.00 .51 1.32 87 1171 5.96
95-a2 .63 .61 .45 1.04 .88 .79 47 .39 .84 1.00 .28 92 ..32 3.30 2.31
95-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
119-al 91 .83 .94 1.62 1 5 .53 .67 p! 1.00 1.06 1.00 91 18.88 13.64
119-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
120-al .80 79 87 1.94 .39 .45 .36 .53 .58 1.00 .35 72 .40 413 4.44
120-a2 74 72 .62 1.76 .68 74 .46 .53 1.23 1.00 .30 .81 111 2.15 1.97
120-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
121-al .68 .63 .75 1.82 .30 .34 .16 .32 18 1.00 40 .53 .68 5.12 3.35
121-a2 .56 .58 .40 98 .70 .76 .20 .39 78 1.00 18 67 1.09 1.20 .80
121-a3 .63 .65 .51 .79 .93 95 31 .50 .81 1.00 .26 91 63 1.26 1.26
121-a4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
75-bl 1.03 94 1.26 1.37 .46 .61 .56 .65 87 1.00 .96 .84 00 1214 11.66
75-b2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
83-bl .83 .80 .80 1.60 .46 18 .67 .69 .96 1.00 1.04 1.04 .00 4.44 1.53
83-b2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
79-bl .54 .49 .48 1.39 .48 .38 A3 .26 74 1.00 52 .66 .54 1.57 1.35
79-b2 .51 48 .40 1.12 .66 .63 18 .33 73 1.00 41 .70 25 1.08 1.14
79-b3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
84-al 91 .85 95 1.77 .53 72 .61 78 81 1.00 71 91 .00 6.32 7.24
84-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .00 1.00 1.00
89-al 87 84 .79 1.36 .85 91 .79 72 1.17 1.00 1.15 1.18 87 3.31 2.61
89-a2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
85-al (] .61 81 1.27 19 .59 .34 .38 .61 1.00 41 1.05 .70 4.53 2.19
85-a2 .66 .68 57 1.20 .66 .63 .25 43 .84 1.00 .28 .83 .33 1.87 1.03
85-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
86-al 97 .70 1.25 2.16 .50 A7 .26 .32 1.37 1.00 1.57 67 97 3.89 5.84
86-a2 .85 68 .82 1.16 97 .96 .48 .35 .85 1.00 1.63 98 .85 2.23 3.87
86-a3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

I1TiR=Ti Ratio=ratio of TiO; in the fresh rock to that in the weathered sample.
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