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Abstract:

Some forested soils of the granitic Boulder batholith in Montana have clay-rich horizons and are poorly
drained. The purpose of this project was to study a representative soil of the area and determine the
processes responsible for genesis of a clay-rich argillic horizon in coarse-grained granitic parent
material. X-ray diffraction, thin section, and scanning electron microscopy techniques were used to do
this.

Clay fractions from the B horizons of this soil differed markedly from surface horizons in both type
and amount of clay minerals present. Smectite dominated the clay fraction and accounted for up to
one-fourth of the fine-earth. Soil fabric analyses indicated pedogenic processes were not responsible for
the high smectite content of the B horizon. The smectite is an in situ weathering product occurring in
zones of weathering similar to those characteristic of hydrothermal alteration.

Hydrothermal alteration of quartz monzonite, a geological process, is apparently responsible for most
of the chemical, physical, and mineralogical properties of the B horizon. Although effects of pedogenic
processes of clay formation and clay movement (lessivage) can be seen, their influence on soil
properties is minimal in these soils.
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ABSTRACT

Some forested soils of the granitic Boulder batholith in Montana
have clay-rich horizons and are poorly drained. The purpose of this
project was to study a representative soil of the area and determine
the processes responsible for genesis of a clay-rich argillic horizon
in coarse-grained granitic parent material. X-ray diffraction, thin
section, and scanning electron microscopy techniques were used to do
this. " ' :

Clay fractions from the B horizons of this soil differed markedly
from surface horizons in both type and amount of clay minerals pre-
sent. Smectite dominated the clay fraction and accounted for up to
one-fourth of 'the fine-earth. Soil fabric analyses indicated
pedogenic processes were not responsible for the high smectité content
of the B horizon. The smectite jis an in.situ weathering product
occurring in zones of weathering similar to those characteristic of
hydrothermal alteration.

Hydrothermal alteration of quartz monzonite, a geological pro-
cess, is apparently responsible for most of the chemical, physical,
and mineralogical properties of the B horizon. Although effects of
pedogenic processes of clay formation and clay movement (lessivage)

‘can be seen, their influence on soil properties is minimal in these
soils. '




INTRODUCTION

This study originated, in part, as a fésult of field wérk con-
ducted for tpe U;S. Forest Service. This field work involved examina-
,tiqnhand description'of soils .in an area of the Bouider}batholith
which was.of particular interest to the Eofest Serviég because of
problems experieﬁcgd with drainage and road bed stability.

Soils were examined in an attémpt to»relate their ?roperties to
unusual geomorphic feétures associated .with poor drainage. Fiéld work
indicated zones of.high clay contents in subsurface horizons of mény
soils in the stu&y area. These ciay zones'were'apparenfly respoqsible
for impeded drainage in areas of the -landscape. -

The objective af'this study was to characterize a'representati&e
éoil'of the area ana determine the prgéess or processes résponsible
for the clay-rich aréillic horizon. To do this, x-ray diffraction,
thin section, and scannigg e1eé£ron microscopy techniqﬁes were used to

assess the effects of various pedogenic and geologic procesées on the

1

génesis'bf this soil.




LITERATURE REVIEW

Geology of the Boulder Batholith

The Boulder Batholith is a large mass pf igneous rock which was
intruded under the earth's surface during the late Cretaceous and
" early Tertiafy Periods, or approximately 68 to 78 million years -ago
(Tilling :et al.,1968; Vesgth and Montagne, 1980). Subsequent removal
of up to 1.6 km df overlying sediments hgs,gxposgd approximately 3900
squa}e km tlSOO sduare miles) of the Batholith in southwestern Montgna
(Perry,'1962; Pinckney, 1965).

The predominant mineralogy of the Boulder batholitﬁ is quartz
monzonite, a rock simila; to granite but contaihing more plagiociase
feldspar. The Butte quarfz monzonite -mékes up épproximately ‘two-
. thirds of'the‘exposed rock and is prédominantlquuartz monzonite with .
some granodiorite (Becraft et al., 1963; Tilling et al., 1968). 1In
general, mineralogicgl and chemical compositions of différeﬁt v;rie-.=
ties of the Butte:quagtz monzonite are similar and differences are
mainly seen in grain éize,:color, ané fabrié (Pinckney, 1965). Tafle
1 gives an average chemical composition for the Bﬁtte quartz monzonite

-based on findings of several researchers.
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Table 1. Average mineral composition of the Butte quartz ‘

‘monzonite.
Quartz 4 25 %
Orthoclase 25 %
Plagioclase 35 %
Biotite 10 %
Hornblende 5% -

- . and other minerals _
(After Hood, 1963; Smedes, 1966; Becraft et al., 1963;
Kaczmarek, 1974). '

The quartz monzonité tends to bé. rather coarse-grained ‘wiﬁh
indiviaual mineral grains typiqally averaging 1 to‘3‘mm in diémefer
'(Ruppel, 1963; Bécraft et al.,. 1963). - Phenocrysts of potassium
feldspar with diaméters up to 2.5 cm are common (Veseth and Montagne,

1980).

Argillic Horizon Formation on Granitic Parent Materials

Aﬁ argillic horizon i? defined by Soil .Taxonomy (Soil Survey
Staff, 1975) as "an illuvial horizon in which layef—lattice silicate
clays have accumulated‘by‘illuviation'to.a significant extent". Since .
igneous crystalline rocks such as those found on thé Bbul&e; Batholiﬁh
ggﬁerally'have iittle or no clay-size material, some - clay fbrmation
.must pfecede or occur with argillic horizon formation. ‘Clay formation
occurs as primary minerals ‘are altered by éhemicélﬂ and physical
weathering processeé.'

‘Soil development on granitic parént méterials is often preceded
by formation Qf grus, a process known as_grussification. The term

grus refers to small, angular fragments of weathered rock whiéh are

largef than 2 mm. Chemical and physical alteration of biotite and
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_perhaps feldspar minerals.appears to be-the:prima;y mechanism by whiéh
grussification of coarse—grainéd igneous rock occurs.

Several resea?chers have demonstrated ﬁﬁe preséncé of partially.
altered biotite in grﬁs. Apparently, alteration of bioﬁite to secoﬁ-
dary illite and Vefmiculite'and the accompanying increase in volumé
areAreséoﬁsible fér fracturing the parent material (Wérhaf;ig, 1965;
Nettleton et al.,:1968; Isherwood and Street, 1976; Clayton et al.,
1979). |

Freeze-thaw cycles are probably an eséecially important physiqal
weathering process in forﬁation of.grus in cold and dry-climatéé.
Increases in volume of 9% which'accompany freezing of water can pro-
vide sufficient pressures to fracture most rocks (Birkeland, 1974).

The mosf important .procégs of chemiéal weatheriﬁg of common
silicate and aluminosilicate minerals is hydrolysis (Birkeland, }974).
However, in cold, dry mountainous regions, the role_of»hydrolygié in
clay formation  is minimal (Miliot, 1979). Jenny (1935) reported a
linear relationship between"clay‘formafion and’mdisture-and an expo-
nentiallrelationship between.clay formation and tempefature. In view
of this, 1little clay formation woqld be expected in.:soilé of the
Boulder batholith under present ciimatic éonditiqns.

| Time is an important factor in.argillic horizon formation, since
both clay formation and t¥anslocation.ﬁill increase with_tiﬁe. Ruppel
(1962) stﬁdied Pleistocene ipe-movement iﬁ the northern-parf of the
Boulder batholith and concluded that :glacial déposifs in the area
ranged in age ffom early-Wiéconsin to late~Wisconsin. This would put

an approximate age on the landscape of anywhere from 100;000 to 10,000 
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years. Birkeland (1974) 'esfimated the time required ‘for minimai
exfression of a textural B horizon to be on the order of 1,000 years
and 500,000 years' for maximal exfression. He has also reportéd a
.general.lack of B'hériéons in,soi1s formed in late-Wisconsinutiils.

Clayton -et ai; (1979)vrepdrted that sediment yield studies indi—'
cated erosion losses averaging 1 cm per i,OOO years under present
cliﬁatic conditions on the’IHaho batholith. 'They félt that’with this
rate of erésiog on slopes, there had not.been enough time for modal
development éf afgillic.B'hérizpné, Soil profi;e‘descriptions from
their study area éeemAto support this'hypothesis-~argillic horizons.
are weakly expressed and restricted to soils formed on alluvium or-

colluvium with slope gradients less than 10% (Clayton, 1974),

Clay Movement =

Evidence for translocation of clay minerals includes the preseﬁce
of clay films or argillans on surfaces of pedé and individual mineral
grains. Argillans can Be seen in some cases with the unaided eye dr
by usé of a hand lens as well‘as by thin seqtion analysis. Argill;ns
observed in thin sectién exhibit ajfiﬁer,-mo?e homogenous texturé and
differ in their birefringence and extinction pattgrns:éompared to the
soil matrix when viewea under crqss—pblarized light (ﬂcKeague and St.
‘Arnaud, 1969). | |

However, oriented clay particles along voids and ped surfaces can
be caused by stress or .pressure. and not illu;iation‘ of clgy

(Birkeland, 1974). C1a§ films may also be destroyed and in¢orporatéd:
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into the soil mgtrix by shrinkiﬁg And swelling action of 2:1‘expans-
ible clay minerals (Nettleton et al., 1969) and possibly by mixing of
soil by roots and fauna. :

Numérous researche¥s have observed.clay films in portions of B
horizo;s of soilé on granitic parent materials in mouﬁtainous regions
of the western United States, including theABoulder batholith. How~
ever, these argillans are.generally poorlyle;pressed,'indicating the
lack of development in most of these soils,'(Hood; 1963; Marchand;
1974; Clayton et al., 1979; Veseth, 1981).

In general, soils of the Boulder batholith show little develop-
ment. ‘The coarse texturé and minefalogical composition of the pgren;
material tends to yield soils that are coarse-textured and low in clay
contgnt. Clay-sizéd mica (illite and sericite) ;nd-kaolinite mineral

assemblages are dominant in the clay fraction of batholith soils

(Hood, 1963; Veseth, 1981).

H&drothermal Alteration of Granitic Parent Materials

Hydrothermal alteration of granitic'parent’matefial,can have a
significant effec£ on subsequent pedogenic processes. Hydrothermal
activ?ty can greatly accglerate chemical wéathefing processes and
alter normal weathering products. This activity hasrbeen ;eported

over extehsi&e areas of the Boulder and Id;ho batholiths.

Sales and Meyer (1948).were among the first researchers to study
hydrothermally altéred granite in detail on the southern part of the
Eoulder b;thdlitﬁ néar Buite, Montaﬁa. They degcribed Vdistinct

- mineralogical zones or reaction rims representing zones of diminishing
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hydrothermal activity extending outward from joints and fractures.
These distinct mineralogical zones were probably caused by changes in
the composition of hydrothermal solutions as reactions occured in host
rocks (Grim, 1968). Alteration most likely occurred as the batholith
cooled, creating a network of fractures and cracks through which
hydrothermal fluids circulated (Pinckney, 1965). Becraft et al.
(1963) and Pinckney (1965) also observed similar alteration zones in
central and northern portions of the Boulder batholith.

Figure 1 shows a simplified diagram of hydrothermal alteration
zones iIn quartz monzonite. Zones shown in Figure | can occur over
distances ranging from only a few centimeters to several Kilometers
and represent a horizontal extension of a larger alteration zone with

vertical orientation.

Figure 1. Zones of hydrothermal alteration in quartz
monzonite. Qv = quartz or chalcedony vein;
S = sericitized zone; Ar = argillized zone;
Qm = unaltered quartz monzonite.
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The quartz 6r chalcedony vein rebreseﬁts the zone of most intense
alteration and reflec£s the original structure of the cracks or
" joints. Extendiqg outward from.the vein is a 1ess—alteréd sericitized
‘zone which contains moderately altered .quartz ‘grains, extensively
altered potassium feldspars, and completely altered plagioclase,
~.biotite, and hornblende grains. Iron pyrite, quartz; and sericite are:
the dominant alperdtiqn products (Sales and Meyer, 1948; Becraft et
al., 1963). |

Aﬁ argillized zéﬁe'enVelopes the sericitized zone and is charac-
terized by less.iﬁtehse alteration. The érgillized.zqne is composed
of a kaolinitiqléubzone and.a less-altered montmorillonite‘(smectite)
subzone. Quartz and potéssium feldsparé show little or no alferation,
but plagioclases, biotite, and hornblende are extensi?ely' to” com-
pletely altered to a variety of products (Guilbert ana Sloane, 1968).

Montmorillonite is the dominant weathering proau;t in the mont-
morillonitic subzone, occurring primarily as an alteration product of
plagioclase,-bidtite,.and hornblende (Becraft ét alf,'1963; Piﬁckney,
1965; Sales and ﬁeyer, 1948). 1Illite and kaolinite also occur in this
subzope in lésseé amounts. The inten;ity«of alteration in the'm&ht;
-morillonitic-éubzone is usgally gradafioﬁallover a'diéténce of:a=few
meters and is usﬁally the widest of all altgrétion bands (Pinckney,
1965).

Only slight alteration is seen in quartz monzdnite beyondEthe
montmorillonite subzone. Plagioclase, biotite, and hornb;ende'can be

partially altered,-with chlorite being the dominant alteration product
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along with miﬁor amounts of montmorillonite (Becraft et al., 1963;
Guilbert and Sloane, 1968).

Hood (1963) ;nd Clayton et al. (1979) have described mineralogif
cal properties of soils formed in areas of hydfothermal alteration on
the Boulder and Idaho batholiths. Hood descriﬁéd yellow clay zones in -
gsséciation'with areas of hydrothermal alteration. He identified £his
yellow élay as sméctite by x~-ray diffraction techniques.
| Ciayton et al. (1979) also found mdntmorillénite in 'the ‘clay
fraction of soils from areas of hydrothermal alteration. Kaolinite
and.illite domina£¢d the.play—size fraction_of soils ffom other areas
of more intense hydrothermal alteration. Examination of soil thin
sections revealed thaf plagioclasé feldspars had undergone exteﬁsive.
internalnalﬁeration t0'seriéite ( koalinite, illite,'aﬁd montmoril-
lonite) and.orthoclase minerals were clguded and sericitized along
fractures. Thié altération of felaépar was morelpfpnoqﬁceé than that
.seen in soils from aréas of the bathélith unaffected by hydrothermél

alteration.

Smectite and Slope Failures

Because of a relatiQely lowrlayer charge,_émectites‘can expaﬁd
and '?dsérb severai -times their weight in Qater -(ﬁorchardt, 19795.
This al&ng with their adhesive and cohesive properties caﬁSes smegtite
to frequéntly be associated with landslides, soil cfeep, and poor
drainage. o
Hydrothefmally altered bedrock has been implicated in slope

failures on the Idaho batholith (Clayton et al., 1979). So0il movement
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appears to be relatgd to poor drainage aésbciated with argillizeh'.
zones and frequently occurs during spriﬁg snowmelt. Orientation of
élay seams wi;h the slope is probably imporgant in determining the

-extent and type of mass movement.
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METHODS AND MATERIALS

" The Study.Area

'Dﬁring the summer‘of_1980, 35 pedons were examined and charac-

terized in a 10 square km area of the Deerlodge National_quést ap-

. proximately 8 km southwest of Boulder, Montana. Figure 2 shows the

location of the étudy area.

One pedoﬂ from the area was selected for this study on the basis

‘of field characterization. This pédon contained:an-argillic-horizon

which exhibited properties representative of those of other soils
occurring within the study area. These included B,Ahorizons with

irregular and. broken boundaries, strong chromas, the presence of

- '""ghost rocks", and a sizeable increase in the amount of clay-size

material when compared to the overlying and underlying horizons;

Field Sampling and Characteristics

A pit was dug to expose a soil profile 1.5 m across and 2 m.deep.
Field characterization and sampling were ddne.using guidelines eéstab-

lished in Soil Taxonomy (Soil Sﬁrvey Staff, 1975) and Soil Survey

Manual (Soil SurveY‘Staff, 1951) ‘with the assistance .of Clint Mogen,

retired USDA-SCS state soils correlator for Montana. Samples were
collected from all soil horizons as well as from '"ghost rock" inclu- .
sions found within the soil profile.: Soil-éamples were airﬁdried;

ground in a flail-type grinder, sieved to remove the greater than 2 mm
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Figure 2. Maps showing location of the Boulder batholith and the
study area.
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fraction, and subsampled for laboratory analyses. Undistirbed samples

from each horizon were used for soil fabric analysis. -

. Chemical'Anélyses

Sqluble-cation content, sodium adsorption ratio (SAR), electrical’
conductivity, pH of saturatea paste, and water content at saturation
were me;sured according to methods in Agriculture H;ndbook 60 (ULS.
Salinity Lagoratory Staﬁf, 1969). Soil organic matter content w;é
~determined colorimetrically (Sims and Haby, 1971). A Perkin-Elmer
- model 303 atomic absorption spectrophotometer was used to measure
sdlﬁble. base cations (Ca, Mg, Na? .K), extractable base cations
(Chapman, 19653),‘ and cation exchange capacity  (Chapman, 1965b).
Total niprogep was determined using a semi-micro Kjeldahl_ method-

(Bremner, 1965).

Physical Anélyses

. Fine. ear£ﬁ~ fractions of -samples were dispérsed with sodium
hexaﬁetaphosphéte (Day, 1965) using a- Bl;ckstone BP2B’ ultrasound
apbarétus. Particle. size analysis and' separations were done by
pipette ﬁethod using particle settling time nomographs from Jackson
(1956). In addition, percentages of-the.various sand-siée f?actions
and coarsé fragment contents were determined gravimetficaily using
appropriate sievesi Water content of tﬁe fine-earth fraction at 1/3
and 15 bar tensioﬁ was'measured using.a ceramic plate appafatus and a
pressure membrane abpafatus, respectively (U.S. Salini#y Lgboratory

Staff, 1969).
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Clay Mineralogy

Clay mineralégy of .the clay~size fraction of all samples was
determined by x-ray diffraction analysis. Slides were prepared using
a paste method (Thiesen and Harward, 1962),lanélyzed on a General
Electric XRD-5 x-ray diffraction machine, and interpreted using tech-
ﬁiques described by Whittig (1965). Semi-quantitative analysis of
X-ray diffraction data was used to estimate .relative amounts of
vgrious 'c;éy minerals pfesent in each sampie (Klages and Hopper,
1982).

In addition, clay mineralogy of argillans‘and cléyvéize matrix
taken from the argillic horizon was dgtermined; Clay films viewed
‘under a binocular microscope were_scrafed from ‘ped surfaces with a
fazor blade. Interiors of pe&s were sampied to obtain matrix material.
Clay mineralogy of these .samples was determined‘using x-ray diffrac-

tion techniques préviously described.

Thin Section and Scanning Electron Microséopy

Thin sections Af selected soil hori;ons.were prepared by Cgl-Brea
Geological Services in Anaheim, California. Thiﬂ section§ were
examined apd described under a petrographic microscope ﬁsing techniques
described by Moorhouge (1959) and FitzPatrick (1980).

Sélectéd samples were examined using scanning éledtroﬂ microscopy
(SEM). Samples of undisturbed and untreated soil material were used.

Samples were prepared by Mr. Andy'Blixt and examined at the Montana
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Agricultural Experiment Station SEM laboratory at Montana State Uni-

versity in Bozeman.
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RESULTS

Field Description and Characterization’

The soil profile selected for this study is shown in Figures 3
and 4. ﬂ;ny of the‘featﬁres characterigtic of soils in the study area
are present in this profile énd wiil be discussed in detail. A com-
plete profile descriptioﬁiis in Appehdix I. |

| _Based on fieidichéracterizatioﬁ this soil was cléssified as a
fine-loamy over séndy, ﬁixed Mollic“Crydboralf. Meanlannual and mean
summer soil temperatures were estimated using predictions of Munn and
Nielsen (1979). Mollic subgroup classification was based on‘mqist
color valugs of 3 in the surface eluvial horizons (Sqil Survey Staff,
1975).

The argillic horizén present in this soil exhibited some rather
striking features. ~A sizeable increase in Elay-sized'material was
observed in the argillic "horizon compared with the surface eluvial
horizons. The eluvial hérizoqs were saﬁdy'lqams whereas the argiliic
horizon was a sandy clay,loam. ?rismatﬁc structuré could be éeén'in
the B22t and B23t horizons and clay films were visible,on,mény ped
faces. Boundaries of the Bt horizons and the B3 horizon were broken
énd discontinuous across ;he face of the exposed profile. .The unuéqal

diagonal orientation of the B3 boundary can be seen in Figures 3 and

4.




Figure 3.

Photograph of exposed soil
profile sampled in this study.

o/o

HOST
ROCK>

QUARTZ
MONZONITE

gure 4. Diagrammatic representation
of soil profile showing horizon
designations and boundaries.
GR 2 = Ghost Rock 2.
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Munsell color deterﬁinafions were somewhat difficult because of
the "salt and pepper" appearance ofAcoarsé;gra;ged granitic parent
material. However, strong chromas were characteristic 6f thé B hori-
zéns, particularly the B3.

Wet and dfy consistence of the B horizons differed markedly from
that of the eluvial and C horizons. Peds from the argillic horizon
were hard or very hard whén dry and sticky and plasfic when wet.
These properties were not seen in the A or C horizons. The B3 horizon
was also noticeably more sticky and plastic than the'A'ﬁorizons, while
having a very similar fexture. |

One of the more unusual characteristics of the'argillic‘horizon
was - the presence of inclusions of coaréer-textured, plastic material.
One of these inclusions or "ghost rocks" can be seen in Figure 3 as
the grayish material in the centér of the profile at a depth of ébou£
45 cm. This ghost rock had a diameter of 15 cm. . Another ghost rock
was also present in the lower portion of the B23t horizonf' Both of
these inclusions were carefully sampled for physical, chemical, and
-mineralogical analyseé. |

The study site w;s located'at an elevation of 1950 m (6400 ft) on -

a south~facing ridge s16pe of 18%. Vegetation was characterized as

being of the Pseudotsuga menziesii (Douglas fir)/ Calamagrostis

rubescens (pinegfass) habitat typé, Arctostaphylos uva-ursi (kinni-
kinnick) phase (after Pfister et al., 1977).

Complete'results'of chemical and pﬁysical anélyses are summarized
in Appenéices Ii and III. Results of some of these anal&ses are

presented in the following sections.:
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Ph&sical Analyses

Particle size anglysis'of fine-eérth fractions of soil ho;izons
confirmed field textures and the ﬁresence of'clay—enriched illuvial
horizons. Figure 5 shows‘particle siée distribution curves for thg
A21, B22t, and C horizons. Increasing particle diameter .is plottéd on
a logarithmic scale .as:-a summation percentage. Each point on the
curve - gives £he_percent of the fing earth fraction for that horizon

which has a particle diameter equal to or smaller than that given on

the X axis. The steeper slopes of particle size distribution curves

for the A21 and C horizéns are indic;tive of the coarser textures of
these horizons. .

| The ‘B21t, B22t, and B23t horizons contained 20, 28, and 16%
clay-sized material, resbecti;ely, and had sandy lo;m and sandy clay

loam textures. These illuvial horizons contained approximately 2 to 4 - -

" times as much élay as did the surface eluvial horizons.

The A21 and A22 horizons both had sandy loam textures and con-
tained 6 and 8% clay, respéctively. The C ho£izon had a sand téxture
with less than 2 percent clay. The difference in texture between the
argillic and C horizons resulted in the fine-loamy over sandy textural

family designation.
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Figure 5. Particle size distribution of the A21, B22t, and C horizons.
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Ghost récks 1 and 2 contained 8 and 9% clay, respectively. These
clay percentages are considerably less than those of the B22t or B23t
horizons from which these inclusions were sampled. | |

Highest coarse fragment content was found in the C horizon. On a
weight bésis, almost 40% of this horizon waé composed of grus material
larger than 2 mm. |

Soil moisture retention'was highest in illuvial Bt horizons as
would be expected on the basis of clay content. It is interestiné to
note that the B3 horizon retains ﬁore soil water but contains abopt
the same amount of clay-sized material and less silt-sized material
than the Aél and A22 horizoné. This suggests different clay miner-
alogies in the eluvial and B3 horizons aﬁd that B horizon-clays have

greater water retention capabilities..

Chemical Analyses

As might be expected, pH values increased with depth in the soil
profile. pH values ranged from 4.8 (Qery strongly acid) in the‘A21
‘horizon to 6.1 (slightly acid) in the C hofizon. The pH ofA the
argillic horizon ranged- from 5.3 in the BZit to 5.7 in the BZSt.'ﬁH
values of 6.2 were obtained for both ghost rock samples taken from the
argillic horizon. These pH's were more similar to that of the C hori-
zon than to those of the B22t and B23t horizons in which these iﬁclu-
sions were found.

Ca£ion exchange capacity (CEC) was highest in the argillic hori-.

zon. CEC's of 21.2, 31.9, and 24.5 mé/100 g were measured for the
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B21t, B22t, and B23t horizons, respectively. These CEC values reflect
higher clay contents found in these horizons. R
Organic matter conteptlwas less than 1% for all horizons except
the thin surface Al, whicﬁ contained 6.8% organic matter by weight,
The B22t horizon contained the most orgahic matter (0.7%) of any-éf
the subsurface horizons, perhaps due to illuviation. Organic staiﬁing

was observed in argillans found on ped surfaces in this horizon.

Thin Section Analysis

Examinﬁtion of thin sections indicéted major differeﬁces ‘in
-weathering between the argillic horizon and the eluvial and C
horizons. |

.There was little visual evidence of weathering in the C horizon.
Figure 6 shows large mineral graihs in a closely packed arrangement
similar to rock structure. Biotite and hornblende appeared relatively
fresh except for slight alteration which could be seen on the edges of
these mineral grains. Plagioclaée, orthoclase, and quartz appeéred
mainly as subhedral c?ystals, and:except for some fraétures, showed
little or no evidences of'weathering. |

Thiﬁ section examination of the eluvial horizons showed a general
decreése in mineral grain size (Figure 7). Compared to mineral grains
seen in the C horizon, biotite and hornblende ekhibited evidences of
more chemical weathering. This alteration was seen as a loss of

pleochroism along the fringes of these mineral grains.
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Figure 6. Thin section from the C horizon. Crossed polarizers, X 160.
A large fractured quartz grain is located in the center.
Plagioclase shows characteristic twinning, seen as alter-
nating light and dark bands.

Plagioclase feldspars showed more fracturing and alteration to
clay minerals. Illite and/or smectite could be seen along many of
these fractures as well as on mineral grain edges. Orthoclase grains
were smaller than in the C horizon but showed only slight evidence of
chemical weathering. Quartz grains were fractured, but otherwise
appeared unweathered.

Figure 8 shows a thin section view of the B22t horizon. A more
advanced stage of weathering is indicated in this horizon by the lack
of fresh biotite, hornblende, and plagioclase. These minerals have
been altered, forming a yellow, clay-rich matrix which encloses large

orthoclase and quartz grains. Almost no evidence remained of the

original mineral arrangement as seen in the C horizon.
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Figure 7. Thin section of A21 horizon. Crossed polarizers, X 160.
Some clay is seen as fine-grained, yellowish material in
the soil matrix.

Perhaps the most striking feature in examining thin sections of
the B21t, B22t, and B23t was the general lack of identifiable plagio-
clase grains. This seemed to suggest more intense weathering had
occurred in the argillic horizon than iii the A2 or C horizons. The

more intensely altered plagioclase was apparently responsible for the

clay-rich matrix of the argillic horizon.
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Figure 8. Thin section from the B22t horizon. Crossed polarizers,
X 160. Yellowish, clay-rich matrix encloses larger quartz
and orthoclase grains.

Evidences of translocated clay were also observed in thin sec-
tions of the B22t and B23t horizons. This clay was seen as yellowish,
fine-grained, strongly birefringent laminations on quartz and feldspar
grains (Figure 9). Oriented clay was found in the B22t and B23t
horizons, but it appeared to represent only a small fraction of the

total soil volume.
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Figure 9. Thin section from the B22t horizon showing oriented clay.
Crossed polarizers, X 1600. Arrows show laminations of
oriented clay coating a quartz grain.

Thin section analysis of ghost rock material showed weathering
characteristics similar to those observed in the argillic horizon, and
also revealed the presence of plagioclase relicts (Figure 10). These
plagioclase grains exhibited partial replacement by fine-grained,
highly birefringent clays, but the original subhedral crystalline
structure was still evident. In general, chemical weathering pro-
cesses appeared to be less intense than those seen in the B22t hori-

zon, but more intense than in the A or C horizons.
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Thin section of ghost rock inclusion showing plagioclase
Crossed polarizers, X 200. Dashed white line

relict.
shows original crystalline structure of plagioclase grain

Figure 10.
which is still evident despite intensive alteration to

finer-grained material.

To summarize results of thin section analysis, weathering was
more evident in B horizons than in A or C horizons. The B22t horizon
biotite, and

exhibited the most intense alteration of plagioclase,

hornblende, resulting in a clay-rich matrix.

Clay Mineralogy

Mineralogy of the clay-size fraction was determined for all
samples. X-ray diffraction results indicated that different clay
Differences

mineral assemblages are found within the soil profile.
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between A and B horizons were particularly apparent and are discussed
in some detail. X—ray.diffraction patterns for all Samples.aré in
Appendix IV.

Figure 11 shows the x-ray diffraction patterns for the A21, B22t,1'
and C horizong. Diffraction patterns are for Mg-saturaﬁed, ethylene
glycol-solvated samples. The diffraction pattern for the clay fr;c-
tion of the A21-horizon'is dominated by a peak corresponding to- a
basal spacing of 10 A, chgracteristic of the illite minerals. By -
'contrast,.a very strong peak corresponding to a basal spacing of 17 A
dominates the diffrgction pattern of the B22t horizon. This peak:ié
characteristic of the smectite minerals (Whittig, 1965).

Diffraction data for the C horizon indicates the presence of bopﬁ
smectite and illite clay minerals. The 14 A peak in the diffractioﬁ
patterns of the A21 and é horizons collapsed to 10 A upon saturation
of samples with K and heating to 500 degrees C for 2 hours. This
indicated the presence of vermiculite. Vermiculite was not detected in
any of the B horizons.

Semi-quantitative estimates of thé various clay mineral perceﬁ-
tages in each sample were made by calculating areas underneath dif;
f;action peaks. Aréas were adjusted using methods of Klages aﬁd
Hopper (1982) to give estimated relative mineral percentages. Appendig"
V shows relative clay mineral percen;éges for'all samples. Relativg ”
amounts of clay minerals found in the A21, B22t, and C horizons.afe

given in Table 2.




Smectite
Quartz

B22t

Figure 11. X-ray diffraction patterns of the clay fractions of the
A21, B22t, and C horizons. Samples were Mg-saturated and
solvated with ethylene glycol.
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Table 2. Estimated percentages of clay minerals from the A21,
B22t, and C horizons .

Smectite Ilite Vermiculite Kaolinite Quartz
A21 9 79 3 9 -
B22t 83 14 - | 3
C 32 52 7 - 9

Results 1indicate that illite dominates the A21 horizon, account-
ing for approximately 79% of the clay fraction. In sharp contrast to
this, smectite accounts for approximately 83% of the clay fraction of
the B22t horizon. |Illite dominates the C horizon, comprising over
half of the clay fraction.

An attempt was made to determine to what extent the process of
lessivage (clay eluviation and illuviation) had influenced the con-
trasting mineralogy and texture of the argillic horizon. Clay films
were scraped from surfaces of peds taken from the B22t horizon and
analyzed using x-ray diffraction techniques. X-ray analysis was also
performed on the clay-size portion of the soil matrix, which was
obtained from the interior of peds taken from the B22t horizon.
Figure 12 shows x-ray diffraction patterns for these two components of
the soil fabric. The diffraction pattern for the whole B22t horizon,
in which these two components are combined, 1is also included. Semi -
quantitative estimates of clay mineral percentages are given in Table
3.

These data show clay films to be primarily illite with smectite

also being present in smaller amounts. Clay mineralogy of the matrix



31

Smectite,

Quartz

mClay films
3.3 10.0 17.0

Figure 12. X-ray diffraction patterns of the clay fractions of the
B22t horizon, B22t matrix, and argillans from the B22t
horizon. Samples were Mg-saturated and solvated with
ethlene glycol.
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Table 3. Estimated percentages of clay minerals from the B22t
: horizon, B22t matrix, and argillans from the B22t horizon.

Smectite Illite Vermiculite Kaolinite Quartz

B22t 83 14 - 1 3
B22t _ |

Matrix 87 ' T .- - 6
Argillans 42 58 ' - - -

of the matrix of the B22t horizon is very similar to that of the
horizon as a whole--smectite is dominant with émall amounts of illite,
kaolinite, and quaftz present. AB;sed onithese Hata,xillite appéars to
Ee the dominant.éléy mineral being transported:within the soil pro-
‘ file.

Smectite was the dominant clay mineral in_all B horizons as well
as in the ghost rocks (Appendix V). Clay mineral assemblages for
thése horizons in o?der of decreasing amounts are smectite-illite-
quartz-kaolinite. An i}lite-smectitefkao1inite-vermiculite clay
mine£a1 assemElage is present in both the A21 and A22 horizons. The C
horizon contains ap. illite-smectite-qﬁarté-vermiculite clay mineral

suite.

Scahniné Electron Microscopy

Scanning electron microscopy (SEM) imagery was somewhat difficult
to interpret, but some recognizable features were observed. SE&
im;gery of C horizon material showe& a genéral lack of pore space.
Sharp, well-defined outlines of mineral grains were seen. Imagery

from A horizons appeared similar although more pore space was evident.
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By contrast, mineral edges appeared somewhat rounded and poorly
defined in samples from the B22t horizon. The lack of striking fea-
tures'observed in -this hbriéon is perhaps due to clay coatings on the
mineral surfaces.: Also, Borchardt (1979) reported that smectite is
notoriously honphotogenic and the 322t.hofizon is rich in this- clay
mineral.

Disfinctive weathering features were observed on feldspar mineral
grains Figure 13 is an electron mlcrograph of the surface of an
orthoclase grain taken from the B22t horizon show1ng the presence of
small pits. These pits are.seen as a honeycomb structure and are
similar in appearance to those described .by several reseerchers
(Bisdom, 1980). These weathering or dissolution'pits were found in‘
samples from both the A22 and B22t horizons. However, the occurrence
of these features was‘limited and they probably do not represen£ a 

very significant amount of the total soil volume.
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Figure 13. Scanning electron micrograph of dissolution pits on a
feldspar grain taken from the B22t horizon. X 2000.
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' DISCUSSION

Results of this study reveal cbntrasting physical, chemical,
morphological, and mineralogical characteristics among the horizons>of
this édil profile. This section will attempt to'relate these chargc-
teristics'to the genesis of this soil, and in pérticulér, the a;giliic

-horizon.

"Mineralegy and Soil Properties

Perhaps the single factor which mos£‘inf1uences the properties of
this soil is its mineralogy. In;erpretation‘of x-ray diffraction daté
sﬁowed sharply contrasting clay mineralogy between the argiilic-hori-
zon and eluvial and C horizons. Both the type and amount of clay
minerals present in these horizons is different.

The differences in mineralogy iqfluencé morphqlogical character~ -
istics. Strong chroma, well-developed structure, and plastic coﬁsis:
tence are field indicators of the minerélogyldifferences seen in fhe
argillic Horizon. ChemicAI and physical 'propértiés such ';s CEC,
texture, ;nd water-holding capacity also ref;ect differenceé in type

and amount of clay minerals present.
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Mineralogy and Weathering

The A21 and A22 hofizéns were similar in chemi;al, phyéicgl,
morphdlogical, and mineralogical properties and their genesis‘xis
presﬁmably sim%}ar. The relatively low percéntage of clay-~size m;te-
rial in these horizons éeems to indicafe a rather early stage éf
weathering and soil development. ‘The dominance of illite.in the cla&
mineral fraction 'also sﬁpports phis' observation. Jackson .(1959)
reported that clay—sige miégs (illite) are gengrally more prevalent in
clay-fractignsﬂof 1e§s—weatheréd soils becausé tﬁey are largely iﬁf
herited from baren£ mgte;ial. The Sccurfénce’of fllite with smeCtite?'
kaoiinite; and vermiéulite is consistent with ;léy mineral assembléges .
found by other reseafchers in soils from similar parent material
formed under similar climatic conditions (Clayton, 1954; Marchéndi
1974; Isherwood and Street, 1976; Veseth, 1981).

The fresence of vermiculite is interesting in tha£ it was not
&etectea-in the B horizons. It is génerally accepted that vermiculite
is formed almost exclusively by alteration of mica (Douglas, 1979).
Therefore, its presence in the éluvial horigons (and C horizon) of
this soil is indicative of some chemical weathering. It is probable
that vermiculite formation from biotite mica has played. an i@portaﬁt
role in grussification of'parent rock.

Since vermiculite is considered a fast-forming, unstable inter-
mediate.froﬁ whicﬁ smectite is known to form, the smectite present in
these horizons proﬁafly-fepresents a moie‘stable alteration product of

vermiculite fKittrick, 1973; Borchardt, 1979). Kaolinite, in turn,
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representé the most staﬁle clay hinEral found in the acidic, legching
environment of the eluvial ho?izons. |

Some formation of smectite and vermiculite probably represents
.what little weathering'has occurred in the C horizqn.‘ Grus presént in
this horizon rgflécts an ea;ly stage of develoﬁment. Some breakdown
of rock structure has 6ccurred by a small:amount of alteration to
secondary clays in cémbination with physical processes sucﬁ as frgeze;
'thawl )

Clay mineralogﬁ of the B horizons suggests some rather differeqt
weathering processes fhan those observed in the eluvial and C héri-
ZOns. Whilg smectite.is:present in,;he A21,' A22, and C horizons, it
is important to note that on a whole soil basis, it accounts for less
than 1% of these horizons. However, -in the B22t horizon, smectite
accountslfor appfoximately 23% of the soil solids.

In view of this and the mineral composition of Butte quartz
monzonite, it is difficult tp éxplain the amount of smectite in'the
_argillic horizon as a'pedogenic Qeatheriﬁg product forming from micas.
There is simply not énough biotite or clay-size mica.(illite) present

in the parent material to account for so much smectite.

Evidence for Pedogenic Weathering

EVidence.for pedogenic weathering was seen in this study by SEM
and thin section examinétion; This evidence provides some insight
into the observed contrasts in clay minéralogy.

SEM imagery demqnstfated the occurrence of pedogenic feldspar

weathering in the soil profile. Dissolution pits .on feldspar grains
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were simiiar in appearance to those described by other researchers
(Eswaran and Bin, 1978; Berner and Holdren, 1977; Wilson, 1975).

These pits resulted from preferential weathering of 'léss-resistant

portions of the feldspar crystalline structure. This left behind the
more resistant framework of the crystal lattice, rgsultingvin a ﬁoney;
comb appearance.
| These dissolution pits are charactgristic of the weathering of
feldspars iﬁ soiis'(ﬁerner'and'Holdren, 1977). " Although weathgfing
pits were observed in both A and B horiéons, they did nét occur exten;
;ivelyi Therefore, this type of f#ldspar wea;hering does not appear
to bé a likely source of the lérge quantity of smectite in the argii;
lic horizon.
Examination of thin S¢ctions from the A21 and A22 horizons showed
a general 1ack'§f'significant mineral aiteration and clay formation.
Although original mineral grain size and- arréngement was abéent,'
quartz and orthoclase showed very little chemical alteration. Bio=
tite,. plagioclase, and hornblende were also relatively fresh, despite
some small 2zones of weathe;ing observed-along fractures and mineral
grain edges.
In sﬁort, weathering of minerals -in eluvial horizons doés not
appear advanced enough to produce large amﬁunts of smectite_‘for
léssivage. o |

A

In fact, the role of eluviation and'illuviation in the formation

.of this argillic horizon appears to be small. The mineralogy of the

argillans taken ffom‘the B22£ horizon -showed illite to be the dominant

clay mineral being moved. -

¢
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-Also, the illite content of the clay-size matrix-compopent of‘the
B22t soil fabric is lower than the illite content of th; B22t hofizoﬁ
as a whole, where the matrig and clay films are cémbiﬁed. .Ig other
words, the high smectite content of the 322t hqrizon is not due to
illuviation. App§renﬁ1y, most of the'smectite found in the B horizons

has been formed in situ.

. Evidence of Clay Illuviation

Evidence of an argillic horizon i; clearly seen in this soil
profile. Clay films obse;ﬁed in the fieid'and by thin secfion micro-
scopy do represént illuyiai clay and not pressure faces. Mineralogy of
these clay films i; more similar to that of the eluviallhorizons than
to that of the B horizons. Therefore, thesé argillans likely fepre-
sent clay which has been translocéted from the A21 and A22 horizons
inté B£ horizons;

Particle size analysis. showed that the Bt horizons have suffi-‘

cient increases in clay-size material to meet criteria for an argillic

.hofizon (Soil Survey'Sfaff, 19?5), :Becahge a 'clay increase is appa-

rent and illuviation has occurred, an argillic horizoﬁlas defined by

Soil Taxonomy is present in this and similar soils.

Evidence of Hydrothermal Alteration

It is likely.that hydrothermal alteration of the quartz monzonite

and not pedogenic processes is primarily responsible for the high

‘smectite contents found in the argillic horizons. The hypothesis that
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hydrothermal argillizatioh has occurred is sased on findings in this
study in addition to those of other‘researdhers.

Materiai from the argilliq horizon shows more intense alteration
than overlying_and underlying horizons when examined in thin section.
Genefally, intensity of weathering would be expected to deécrease wi?h
depth in-é soil profile. In this céseL however, wéathefing in thé
surface horizons has been less intense than in the B hdfizons.

Plagioclase is noticeably abéent from the BZét horizon and is
intégsely’ weathe:éd in the B21t and B23t horizons. Alteration of
plagioclase.to secondary clay.mineréls by hydfothermal processes has
been reported by several researchers on the Bouldér‘and Idaho Batho-
liths (Sgles and Meyer,hl948; Becraft et al., 1963; Pinckney, 1965;
Clayton et al., 1979). | |

In addition, the study area in this project is located in a large
hydrothermally mineralized zone mapped.bj Pinckney (1965). This zone
is a réughly qifculér aréa in thg northernAparf of the:Boulder batho-
lith with a diameterléf approximately 30 kmf'

The smectite—dominated,clay'mineralogy of the argillic horizon
also differs markedly from the mineralogy observed in surface eluvial
and C horizons. Thi; mineralogy is also different from what is common
in éoils on granitic parent materials in similar en#i;onments (Veseth?
1981; Hoo&, 1963; Clayton'et al., 1979).‘ However, sméctite has beén
reported by numerous reseérﬁhers to dominate-cértgin soils. associated
with areas of hydrothermalhalteration (Grim,'19§8).

The ghost rock.iﬁclusioqs have ‘clay mi#epﬁlogy similar‘to that of

the argillic horizon: Thin éeétion analyéis showed the presence of




41
relict plagioclase grains in these inclusions. These relict grains
are most likely smectite'pseudomorphs of plagioclagg.

- Pseudomorphs provide strong évidence of weathering in place
(Birkeland, 1974). Their pre%ence in this profile indicates irregular
zones of in situ weathering across tﬂe:a;gillic'horizbn. AMorpholoéy
and mineralogy of these zones are‘similar to zones characteristic of
hydrothermal alteration.: |

Weathering is.less intense in,the'ghost'rocks than iﬁ the sur-
rounding‘argillic horizon, suggesting these inclusions»repfesent small.
zones of less inténse hydroﬁhermal a;éillizatioﬁr Their location in
the profile was probably dictated by the original ﬁicro-s;ructure of
cracks th;ough‘which hydrothermal ;olution; circulated.

It is probable that smecti;e éseudoﬁorpﬁs of plagioclase were at
one time present in the‘argil}ic horizon as well; Subsequent distur-
bance and mixing by. roots, fauna, and ' the shrinking and swelling

action of smectite itself has probably destroyed many of these relict

grains.

The unusual diagonal orientation of the B3 horizon boundaries
also suggesté differential weathering zomnes resultihg from hydro-~
thermal processes. The B3 horizon probably does not have pedogenic
origins. With miperalog& similar to that of £he argillic horizoﬁ, the
Bé probably represents thé oﬁtermost fringe of hydrothermal activity.

Based on this evideﬁée, the parent material in which this argil~
lic hqrizon formed is presumed to have béen pértially argillized by"

hydrothermal processes. Hydrothermal alteréfiop of quartz monzonite
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has been shown to produce many of the mineralogical characteristics

found in the B horizons of this soil.

Soil Genesis

In order to present a hypothesis explaining the genesis of this
soil, it 1is necessary to consider the distinct mineralogical zones
resulting from hydrothermal alteration of quartz monzonite (See Figure
). This zone of hydrothermal alteration was located near the surface
of the landscape and represented a horizontal extension of a larger,
vertically-oriented vein of alteration extending downward far below
the surface.

Following hydrothermal activity, erosion removed overlying mate-

rial and exposed a landscape consisting of unaltered quartz monzonite

covered with an irregular veneer of argillized material (Figure 14).

SH

BiWI i1

Figure 14. Landscape following removal of overlying altered
zones. Ar = argillized zone; Qm = unaltered quartz
monzonite
Deposition of slightly weathered quartz monzonite then followed.
This material was derived from weathering of exposed, unaltered gran-

itic rock present in the area. Deposition probably resulted from gla-

cial or periglacial processes occurring during Wisconsin glaciation.
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With establishment of coniferous vegetation and subsequent
pedogenesis, a soil similar to the one studied was formed (Figure 15).
The clear, smooth and wavy boundaries between the eluvial horizons and
the hydrothermally altered B horizon reflect the depositional activ-
ity. By contrast, the irregular and broken boundaries between B
horizons and the C horizons reflect former fringe zones of hydro-

thermal argillization.

Figure 15. Soil horizon development following deposition,

establishment of vegetation, and pedogenesis.

Although the processes resulting in formation of this soil are
undoubtedly complex, this simple explanation does explain many of the
results obtained in this study. This soil contains an argillic hori-
zon exhibiting evidence of hydrothermal argillization upon which the

effects of pedogenic processes of clay formation and translocation
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have been _superimposed. The B horizon differs markedly from the
surface horizons in mineralogy and associated characteristics. Be-
cause_of these differences, designation of a lithologic discontinuity

between A and B horizons might be justified.

Hydrothermal Alteration and the Landscape

Although " the relationships between soil properties and‘geomor-
‘ phology of the study area was beyond the scope .of this thes1s prOJect
brief mention of this subJect seems appropriate Similarities exist
.between this’s011 and those studied on theIIdaho batholith where slope
failures have been'reported.‘ |

Argillization oi duartz monzonite by hydrothermal processes
appears to be a likely cause of poor drainaée found in portions of.the
study area. It is also likely that poor drainage is at least par-
tially responsible for processes such as solifluction and s011 creep
which have been active in the area.

Examination of several roadcuts inithe study.area revealed argil-
lized.zones rich in smectite. These zones occurred:as far as 10 m
below the soil surface. In addition, an exposed soil profile on a 50%
ridge :slope had a water 'table within 60 cm.  of the soil surface.
Material obtained from.underneath this perched water table was rich in
smectite.

,Because of some oi the physical‘ properties associated with
smectite minerals, soils developed in areas affected by hydrothermal,

activity could require special management. -Logging and road-building
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activity in this and similar areas could have unfavorable environ-
mental and economic implications where these argillized zones are

extensive.
Conclusions

A geoche@ical process, hydrothermal alteration of quartz mon-
Zonite, is prlmarlly respon51b1e for the chem1ca1 pﬁysical mineralo—
gical, and morpholog1ca1 characteristics of the . argillic hor1zon'
.investigated here. Although pedogenic processes of clay formation and
le351vage have been suff1c1ently act1ve to form an argillic hor1zon,

the1r influence on these propertles has been m1n1ma1




46

LITERATURE CITED




47

LITERATURE CITED

. Becraft, G.E., D.M. Plnckney, and S. Rosenblum. 1963. Geology and
mineral dep031ts of the Jefferson City quadrangle, Jefferson and
Lewis and Clark Counties, Montana U.s. Geol Surv. Prof. Paper
428. pp 1- 100

Berner, R.A and G.K. Holdren Jr. . 1977. Mechanisms of feldspar
weathering: some observational evidence. Geology 5: 369-372.

Birkeland, P.W. 1974. Pedology, weathering, and ,geomorphologicél
research. Oxford University Press, Inc., New York. 285 pp. :

Blsdom, E.B.A. 1980. A review of the application of submicroscopic
techniques in soil micromorphology. I.. Transmission electron
microscope (TEM) "and "scanning electron microscope  (SEM). In
E.B.A. Bisdom (ed.) Submicroscopy of soils and weathered rocks.

"1st Workshop of the International Working. Group on Submicroscopy
of Undisturbed Soil Materials (IWGSUSM) Wageningen, .The Nether-
lands. pp 67-117. :

Borchardt, G.A. 1979. Montmorillonite and other smectite minerals.
In J.B. Dixon and S.B. Weed (eds.) Minerals in soil environments.
Soil Sci. Soc. Am , Madison, WI. pp 293-330.

Bremner, .J.M. 1965. Total nitrogen. In C.A. Black et al. (eds.)
Methods of soil analysis, Part 2. Agonomy 9:1171-1175. Am. Soc.
Agron., Madison, WI. ’ =

Chapman, H.D. 1965a. Total exchangeable bases. In "C.A. Black - et
al.(eds.) Methods of soil analysis, Part 2. Agronomy 9: 902-904.
Am. Soc. Agron., Madlson, WI. .

Chapman, H.D. 1965b; Cation exchange capacity. In C.A. Black et al.
(eds.) Methods of soil analysis, Part 2. Agronomy 9: 891-901.
Am. Soc. Agron., Madison, WI. :

Clayton, J. L. 1974. Clay mineralogy of s01ls in the Idaho batholith.
Geol. Soc. Amer. Bull. 85:229-232.

Clayton, J.L., W.F. Megahan, and D. Hampton. 1979. Soil and bedrock
properties: weathering and alteration’ products and processes in
the Idaho batholith. USDA Forest Serv1ce Res Paper INT-27. 35

pp.




48

Day, P.R. 1965. Hydrometer method of particle size analysis. In
C.A. Black et al. (eds.) Methods of soil analysis, Part 1.
Agronomy 9:562-567. Am. Soc. Agron., Madison, WI. o

Douglas, L.A. 1979. Vermiculites. In J.B. Dixon and S.B. Weed
(eds.) Minerals in soil envlronments. Soil Sci. Soc. Am. ,
Madison, WI. pp 259-292. ‘ ’ '

Eswaran, H. and Wong Chaw Bin. 1978. A study of a deep weathering
"~ profile on granite in Peninsular Malaysia, III. Alteration of
-feldspars. Soil Sci. Soc. Am." J. 42(1):154~158. '

FitzPatrick, E.A. 1980. The micromorphology of soils. A manual for
the preparation . and description of thin sections’ of soils.
Department of Soil Scienee, University of Aberdeen. 229 pp.-

Grim, R.F. 1968. Clay mineralogy. McGraw-Hill Book Co.-, New York.
596 pp. : C

Guilbert, J.M. and R.L. Sloane. 1968. Electron-optical study of
hydrothermal fringe alteration of plagioclase in quartz monzon-
ite, Butte District, Montana. Clays Clay M1ner 16:215-221.

Hood, W.C. 1963. ‘Weatherjing of the Butte quartz monzonite near
‘Butte, Montana: PhD dissertation. Montana State University. 88
PP- ' ' o '

Isherv.vood D. and A. Street. 1976. Biotite-induced grussification of
the Boulder Creek granodiorite, Boulder County, Colorado. Geol.
Soc. Am. Bull. 87:366-370. ‘

Jackson, M.L. 1956. Soil chemical analysis--advanced course. Uni-
versity of Wisconsin, Madison. 991 pp.

Jackson, M.L. 1959. Frequency distribution of clay minerals in major
Great Soil Groups as related to the factors of soil formation.
Proceedings of the 6th National Clay Conference Pergamon Press,
New York pp 133 -143. :

Jenny, H.I 1935. The cla;,7 ‘content of the soil as related to climatic
factors, particularly temperature Soil Sci. 40:111-128.

Kaczmarek, M.B. 1974. Geothermometry of selected Montana hot spring
waters. MS thésis. Montana State Un1ver51ty, Bozeman. 141 pp.

Kittrick, J.A. 1973. Mica-derived verm1cu11tes as unstable inter-
mediates. Clays Clay Miner. 21:479- 488. '

Klages, M.G. and R.W. Hopper 1982. Cla;,7 minerals in northern plains
coal overburden as measured by x-ray diffraction. Soil Sci. Soc.
Am. J. 46:415-419.




49

Marchand, D.E. 1974. Chemical weathering, soil development and
geochem1ca1 fractionation in a part of the White Mountains, Mono
and Inyo Counties,  California. U.S, Geol. Surv. Prof. Pap.
352-J. pp 379-434.. ' ‘ .

McKeague, J.A. and 'R.J. St. Arnaud. 1969.' Pedotranslocation:
eluviation-illuviation in soils during the Quaternary " So0il Sci.
107: 428 434, ’

Millot, G. 1979. Clay. Scientific American 240(4)-109—119

Moorhouse, W.W. 1959. The study of rocks in th1n section. Harper and
Row Publishers, New York. 574 pp

Munn, L.C. and G.A. Nielsen. 1979. Soil temperature predictions in
mountains and foothllls of Montana Montana Agr. Exp. Sta. Bull.
705. S - o

Nettleton, W.D., K.W. Flach, and G. Borst. 1968. A toposequence of
soils in tona11te grus in the southern: Callfornla Penlnsular
Range. USDA Soil Survey Inv. Report No. 21.. '

Nettleton, W.D., K.W. Flach, and B.R. Brasher. 1969. Argillic hori-
zons without clay skins. Soil Sci. Soc.-Am. Proc.. 33:121-125.

Perry, E.S. 1962. Montana in ‘the geologic past. Mont. Bur. Mines
Geol. Bull. 26:34-38. .

Pfister, R.D., B.L. Kovalchik, S.F. Arno, and R.C. Presby. 1977.
‘Forest habltat types of Montana USDA Forest Service Gen. Tech.
Rep. INT-34. 174 pp. : -

‘Pinckney, D.M. 1965 . Veins in the northern part of the Boulder

batholith, Montana. U.S. Geol. Snrv. Open-file Rep. 153 pp.

Ruppel, E.T. 1962. A Pleistocene ice sheet in the northern Boulder
Mountains, Jefferson, Powell, and Lewis and Clark Counties, -
Montana. U.S. Geol. Surv. Bu11. 1141-G. 22 pp.

Ruppel, E.T. 1963. Geology of the Basin Quadrangle. Jefferson, Lewis
and Clark, and Powell Counties, Montana U.S. Geol. Surv. Bull.
1151. 121 PP- : '

Sales, R.H. and C. . Meyer. 1948. Wall rock alteration at Butte,
Montana. Am. Inst. M1n1ng Met. Engrs. Trans. 178:1-35.

Sims, J.R. and V.A. Haby. - 1971 Slmpllfled colorimetric determina-
tion of soil organic matter. Soil Sci. 112:137-141.




50

Smedes, H.W. 1966. Geology and igneous petrology of the northern
Elkhorn Mountains, Jefferson and Broadwater Countles, Montana.
U.S. Geol. Surv. Prof Pap 510. 116 pp.- :

Soil Survey Staff. 1951. Soil survey manual USDA Handbook: No 18.
U.S. Government Printing Offlce, Washlngton, D.C.

Soil Survey Staff. 1975. Soil taxonomy. USDA Handbook No. 436. U.S.
Government Printing Office, Washington, D.C. i

Thiesen, A.A. and M.E. Harwafd 1962. A paste method for preparatlon
of slides for clay m1nera1 1dent1f1cat10n by x-ray diffraction.
Soil Sci. Soc. Am. Proc. 26:90-91.

Tilling, R.I., M.R. Klepper, and J. D Obradovich. 1968. K-Ar ages and
time of emplacement of the Boulder bathollth Montana. Amer. J.
Sci. 226:671-689. :

U.s. Salinity' Laboratory Staff. 1969. Diagnosis and improvement of
saline and alkali soils. USDA Handbook No. 60. U.S. Government
Printing Office, Washington, D.C.: '

Veseth, R.J. and C. Montagne. 1980. Geologic parent materials of
Montana soils. Mont. Agr. Exp. Sta. Bull. 721. 117 pp.

Veseth, R.J. 1981. Contrastlng soil development on the sedimentary
Kootena1 formation and granitic Boulder batholith in southwestern
Montana. MS thesis. Montana State University, Bozeman. 183 pp.

Warhaftig, C. 1965. Stepped topography of the Sierra - Nevada,
California. Geol. Soc. Am. Bull. 76:1165-1190.

Whittig, L.D. 1965. X-ray diffraction techniques for mineral identi-
fication and mineralogical composition. In C.A. Black et al.
(eds.) Methods of soil ana1y81s, Part 1. Agronomy 9: 671-698. Am.
Soc. Agron., Madison, WI.

Wilson, M.J. 1975. Chemlcal weatherlng ‘'of some prlmary rock-formlng
minerals. Soil Sci. 119 349-355.




51

APPENDICES




52

APPENDIX I

SOIL PROFILE AND SITE DESQRIPTION
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CLASSIFICATION: fine-loamy over sandy, mixed Mollic Cryoboralf
LOCATION: NW 1/4 SW 1/4 Sec 4 T5N R5W

PHYSTOGRAPHIC POSITION: convex rldge slope

ELEVATION: 1950 m (6400 ft)

SLOPE AND ASPECT: 18 %, south

VEGETATION: Douglas fir, lpdgepole pine, pinegrass, k1nn1k1nn1ck
SAMPLED BY: P. McDan1e1 and C. Mogen, November, 1980

Colors are for crushed peds

01, 02

Al

A21

A22

B21t

B22t .

B23t

B3

2-0 cm. Needles, tw1gs and decayed organic material.

0-2 cm. Dark brown (10 YR 4/3) sandy loam, very dark brown
(10 YR 2/2) moist; moderate very fine granular structure;
soft, very friable, nonsticky and nonplastic; common very

"fine and very fine roots; clear smooth boundary.

2-15 cm. Light brownish gray (10 YR 6/2) sandy loam, dark
yellowish brown (10 YR 3/4) moist; weak fine subangular
blocky structure; loose, very friable, nonsticky "and. non-
plastic; common very fine, flne, medium, and coarse roots;
clear, smooth boundary. :

5-28 cm. 'Light gray (10 YR 7/2) sandy loam, dark yellowish
brown (10 YR 3/4) moist; weak fine subangular blocky struc-
ture; loose, very friable, nonsticky and nonplastic; common
very fine, fine,' medium, and coarse roots; clear, wavy
boundary. ' '

28-37 cm. Yellowish brown (10 YR 5/4) sandy loam, dark
yellowish brown (10 YR 3/4) moist; weak medium subangular
blocky structure; slightly hard, friable, slightly sticky
and slightly plastic; common fine, medium, and coarse roots;
clear broken boundary

28-45 cm. Yellowish brown (10 YR 5/6) sandy clay loam, dark

yellowish brown (10° YR '3/6) moist; strong medium prismatic -

structure; very hard, friable, sticky and plastic; common
fine, medium, and coarse roots; common moderately thick clay.
films on ped faces; clear broken boundary.

45-60 cm. Yellowish brown (10 YR 5/6) sandy clay loam, dark
yellowish brown (10 YR 4/6) moist; moderate fine prismatic
structure; very hard, fr1able, stlcky and plastic; few fine
and. common medium and coarse roots; few moderately th1ck
clay films on ped faces; cléar broken boundary.

60-90 cm. Brownish yellow (10 YR 6/8) sandy loam, dark
yellowish brown (10 YR 4/6) moist; weak medium subangular
structure; slightly hard, very friable, slightly sticky and
slightly plastic; few f1ne and common medium and coarse
roots, clear broken boundary
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c 90+ cm. Yellowish brown (10 YR 5/4) loamy sand; structure-
less--single grain; loose, mnonsticky and nonplastic; boun-
dary not reached, '

REMARKS -

Organic staining can be seen on ped faces in B22t and B23t hor1-
zons. Two ghost rocks are seen in B22t and B23t horizons. The first
of these inclusions, ghost rock 1, is located in the center of the
profile at a depth of 45 cm. - It is approximately 15 cm in diameter,
slightly sticky and slightly plastic, and- is pale brown (10 YR 6/3
dry). Ghost rock 2 is located at a depth of approximately 60 cm. It
is slightly sticky and sllghtly plastic, and is. llght brownlsh yellow
(10 YR 6/4 dry).
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APPENDIX II

PHYSICAL LABORATORY DATA




BEF*TH
duBiZOti Icsi

Al 0-2
A21 2-15
A22 15-28
B2U 28-37
£221 28-45
B23t 45-60
B3 60-90
C 90+
Ghost

Rock 1 45
Ghost

Rock 2 60

1
>2si

Ibs Mti

17.7

23,6

16.4

21,7

15,7

16.8

14.8

39.6

16,4

10.6

vV coarse
1=Zse

18.6

19.4

14.4

16.8

9.0

13.9

15.1

31,0

coarse
,b=ita

27.1

SAND
medium
i25zi5es

5.0

4.2

28

3.7

1.7

1,4

3.8

3.6

I OF FINE-EARTH FRACTION

fine

ii=i25ee

14,3

15.2

19.3

v fine

7,1

7,6

9.6

6,2

9.6

11,3

12.0

5,5

SAND

*25:260

71.4

69.2

68,8

62.2

TOTAL
SILT
*d"22:*Q5as

22.2

244

23.1

18.0

16,2

14,4

16.1

7,2

17,2

22.9

CLAY
**00268

6.4

6,4

S.1

19.8

16,3

7,5

1.6

7,9

8.6

SO

42,8

21.1

22.1

34,1

45.5

39,7

26.1

15,1

15,4

28,9

7. WATER

1Z3 bar

15,9

10.1

9,8

14.9

20.9

15,9

10,3

3.5

9.1

10.5

15 bar

6,3

3,5

4-1

9.4

10.8

9,5

5,8

1.4

4,0

6,2
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APPENDIX III

CHEMICAL LABORATORY DATA




pH

HORIZON ill
Al 5.4
A1 4.8
A22 5,0
B21t 5,3
B22t 5.3
B23t 5.7
B3 6,3
C 6,1
Ghost

Rock I 6,2
Ghost

Rock 2 6.2

EC
mmhos/cm
121

0.9
0.2
0.2
0.3
0.2
0.3
0.2

0,1

0,1

0,1

(D saturated paste
(@ saturated paste extract

(3 I N NH40Ae extract
(@ NaOAc saturation

%
NITROGEN

-102

-032

-031

-026

EXTRACTABLE

% BASES (3)
ORGANIC (e/1005)
MATTER Ca Ms Na
6,8 5.1 0.9 0.1
0,4 2.2 0.8 0.1
0.5 3,8 1.3 0.1
0.5 12.8 4,3 0.1
0,7 20.0 7.6 0.1
<0.1 14,6 4.9 0.1
<0.1 8.8 238 0.1
<0.1 4.6 1.4 0.1
0.1 51 1,6 0.1
0,1 9.9 3.2 0,11

() Sodium Adsorption Ratio =

(®) % Base Saturation

0.5
0.2
0,3
0,6
0.7
0.4
0,2

0.2

0.2

0.2

Sum of exchangeable bases
CEC

2.8
1,0
1.0

1.7
1.0
3,0
0.6

0.5

0.5

0.7

SOLUBLE
BASES (@
(me/1)

Ms

1,0
0,4
0,4
0.7
0.5
1.3
0.3

0.2

0,2

0»3

Na

Na

0.3
0.4
0,4
0.3
0.3
0,3
0.3

0.3

0.3

0.3

~Ca + M

N

0.9
0.3
0.3
0*6
0.4
0.3
0.1

0,1

0.2

0.1

CEC (&)
iiieZIs

14,6
3.1
9,4

21.2

31.9

24.5

14,8

9.3

9,7

15,7

X 100

SAR
LzI1

0,2
0.5
0.5

0.3
0.3
0.2
0.4

0.5

0,5

0.4

% BASE
SATURATION
161
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APPENDIX IV

X~RAY DIFFRACTION PATTERNS FOR MG-SATURATED, ETHYLENE
GLYCOLSOLVATED CLAY FRACTIONS
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B22t

B2 11

DEGREES 29, Cu Ka RADIATION
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B23t

B22t argillans

B22t matrix

DEGREES 29, Cu Ka RADIATION
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Ghost Rock 2

Ghost Rock 1

= -
1 * *

25 20 15 10

DEGREES 29, Cu Ka RADIATION
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APPENDIX V

ESTIMATED CLAY MINERAL PERCENTAGES




Percent of Clav-aize Fraction

Sample Smectite TIlite Vermiculite Kaolinite
A21 9 79 3 9
A22 18 69 3 10
B211 60 26 - 3
B22t 83 14 - |
B23t 81 14 - -
B3 71 24 - 2
C 32 52 7 -

Clay Films 42 58 - -
B22t Matrix 87 7 - -
Ghost Rock 1 57 38 - 3

Ghost Rock 2 67 16 - 12
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