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ABSTRACT

D/H and OIS/O]6 ratios have been determined for a large variety
of bulk samples and mineral separates from : Quaternary soils and clay~rich
weathering zones; Tertiary, Crefaceous and Pennsylvanian kaolinite deposits;

a number of montmorillonite occurrences (from bentonites, fossil soils, alteration
of pillow lavas, etc.); Precambrian, Paleozoic and Cretaceous shales; and
Pleistocene glacial lake clays. Most samples are from the western and southern
United States, but analyses have also been obtained from Hawaii and other parts
of North America.

Laboratory experiments indicate that kaolinites do not suffer any
significant amount of hydrogen isotopic exchange at room temperature when in
contfact with D enriched waters. This also applied in general to montmorillanites,
but in many instances partial hydrogen isotopic exchange occurs with interlayer
water during the normal heating and outgassing that precedes extraction of OH
water. The hydroxyl of halloysite, however, does undergo marked hydrogen
isotopic exchange with its interlayer water in a few hours or days at room femp-
erature, largely negating the usefulness of this mineral in isotopic studies.

The D/H and 018/016 ratios of clay minerals and hydroxides in
Quaternary soils and weathering zones throughout the United States show a
systematic correlation with the isotopic values of present-day meteoric waters.
The 6D and 6018, respectively, of these weathering products range as follows:
Hawaii: =27 to ~65 and +24 to +15; Southern United States: =55 to -75 and
+22 to +17; coastal California: =55 to =80 and +23 to +16; Sierra Nevada,
California: =75 to =95 and +19 to +14; Colorado: ~95 to =110 and +16 to +8;
Montana and Idaho: -105 to =165 and +12 to 0, The 6 D values of the clay



minerals are generally 0 to 40%,, lighter than local meteoric waters and the
6018 values are generally 22 to 289, heavier than local meteoric waters. The
isotopic values of the clay minerals plot in the vicinity of Savin and Epstein's
(1970a) kaolinite line. The 6D and 6018 values of the hydroxides (e.g., gibb-
site) are generally 10 to 20%. lighter and 15 to 20% heavier, respectively,
than local meteoric waters. The isotopic values of the hydroxides plot in the
vicinity of the line 6D=7.7 60'% - 155 ,

A kaolinite soil profile from Georgia and a montmorillonite profile
from California, both formed on granitic rock types, were studied in detail. Other
detfailed sampling was done on a halloysite profile formed on basalt, on three
poorly~developed profiles on Cretaceous shales, and a poorly-developed profile
on a Precambrian shale. These studies indicate that igneous and sedimentary
parent rock minerals do not undergo appreciable oxygen or hydrogen isotopic
exchange with meteoric waters in the weathering environment. However, the
clay minerals and hydroxides produced by the alteration of the parent rock are
formed essentially in isotopic equilibrium with the local meteoric waters.

The D/H and 018/016 ratios of most Pre-Quaternary kaolinites,
bentonites, and shales are significantly higher than those of clay-rich Quaternary
soils in the same geographic areas. The D/H ratios of Lower Paleozoic and Pre-
cambrian shales from eastern United States to Montana and British Columbia show
no correlation with the D/H ratios of present-day meteoric waters. The D/H ratios
of glacial lake clays, which were exposed to glacial melt waters highly depleted
in deuterium are identical to the D/H ratios of Lower Paleozoic shales of the
eastern United States from which they were largely derived. All these data

suggest that the isotopic ratios of the Pre-Quaternary clay minerals are largely
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preserved.

Because the isotopic values of ancient clay minerals seem to be
commonly preserved, the D/H ratios of ancient kaolinites formed by weathering
processes can be used to estimate the D/H ratios of ancient meteoric waters.

Using the 8D values of the Tertiary kaolinites and a aCZolinife-HZO = 0.970

a tenfative contour map of the 6D values of "mid-Tertiary" meteoric waters has
been drawn. The distribution of the 6D values of Tertiary meteoric waters are
similar to the present-day distribution except that the contrast in 6D values
between coastal and high inland regions in the Tertiary was less extreme than the
present contrast. The interprefation is that the distribution of land and the meteor-
alogical patterns in the Tertiary were somewhat similar fo today but that the climate
was generally warmer. Also it is possible that many present-day topographic
barriers were absent or less imporfant in the Tertiary. This is in agreement with
climatic data suggested by paleobotanical evidence.

The wide range of D/H and OIB/O]6 ratios determined for relatively
pure (> 80%) kaolinites formed by the weathering process confirms that the kaolinite
line derived by Savin and Epstein (1970a) is essentially correct. However, the D/H
and 018/016 ratios of montmorillonites formed as weathering products or in sedi-
mentary environments display a much greater scatter than kaolinites, presumably
as a result of (1) the greater range of chemical compositions of montmorillonites
compared tfo kaolinites, (2) the greater range of the temperatures of formation of
montmorillonites, and (3) the possibility that the D/H ratios determined for mont-
morillonite OH are contaminated during heating and outgassing procedures. Hence,
the montmorillonite line derived by Savin and Epstein (1970a) apparently does not

apply to most montmorillonites in nature.



PART
I

SECTION

]yt
* .
N vt

1.3

1.4

NN
BN —

3.1

3.2
3.3

TABLE OF CONTENTS

TITLE PAGE
INTRODUCTION .. .iiiiiiniiiiieenen. 1
Object of the research................. 1
Previous work.......cevnieiveennnnn, ers 2
Natural waters. . .oovveveennnnnnnn.. 2
Clay minerals.....ccovvvvnannaa..., 4
Soilsesseeieieiiiiiiiiianiiiiiin., 6
Isotopic equilibrium......... ceeesienens 7
Theoretical . covvveeniininnenennn... 7
Experimental................. ceeeas 8
Isotopic exchange in clay minerals....... 9
EXPERIMENTAL PROCEDURES............. 18
Sample collection...........covuunn.... 18
Mineral identification.................. 19
Mineral separations...........cvevun... 20
Isotopic analysis..........ccovvvenn..n. 21
Definition of terms.................. 21
Oxygen isotopic analyses............ 22
Hydrogen isotopic analyses........... 24

EXPERIMENTAL EVALUATION OF D/H
AND 0'8/0'% ANALYSES OF
CLAY MINERALS. . vnvveeneennnennes. 31

Hydrogen isotopic exchange experimenis.. 31

General statement................. . 31
Procedures.........ccvvieiunennnnen 31
Discussion of procedure 2............ 40
Discussion of procedure 1............ 40
Discussion of procedures 3and 4...... 45
Discussion of procedure 5............ 46

Systematic freatment of samples
equilibrated with atmospheric vapor.. 46
SUMMArY . . v sttt enenennreenenneannns 54



viii

PART SECTION TITLE PAGE
v ISOTOPIC, MINERALOGICAL AND
CHEMICALDATA......ciiiivninn. 57
\ DETAILED ISOTOPIC STUDIES OF
WEATHERING PROFILES,............. 81
5.1 General statement.................... 81
5.2 Elberton, Georgia kaolinite profile..... 81
Parent rock minerals............... 84
C-zone....viiiiiinnecnanncncass 91
A-and B-zones................... 100
5.3 Big Sur, California montmorillonite profile 102
Parent minerals............0oe.... 112
Weathered horizons............... 112
5.4 Spokane County, Washington
halloysite profile................. 120
5.5 Pierre shale profiles .................. 127
5.6 Missoula, Montfana profile............. 134
\7 ISOTOPIC SURVEY OF QUATERNARY
SOILS FROM THE UNITED STATES..... 139
Vil ANCIENT KAOLINITE AND
ILLITEDEPOSITS. ... ivieeieieenennnn 163
Vili MONTMORILLONITES....covuueennn... 185
IX SHALES AND GLACIAL LAKE CLAYS.... 203
X SUMMARY AND CONCLUSIONS........ 215
10.1 MineraI-HZO fractionation factors for
kaolinite, montmorillonite and gibbsite.. 215
10.2 Preservation of the hydrogen and oxygen
isotopic compositions of clay minerals... 221
10.3 Isotopic evidence for climatic conditions
during the Tertiary.....coceeviennna... 225
10.4 Isotopic criteria for distinguishing clay
minerals of different origins............ 228
BIBLIOGRAPHY .\ i ittt i iiiitieiiencan it eensreisansannoss 231

APPENDIX | : SAMPLE LOCATIONS AND DESCRIPTIONS........ 237



PART SECTION TITLE

PAGE
APPENDIX Il :  X-RAY DIFFRACTION PATTERNS OF SELECTED
SAMPLES FROM THE ELBERTON, GEORGIA
AND BIG SUR, CALIFORNIA WEATHERING
O o 8 256

APPENDIX Ill: OXYGEN ISOTOPIC REPRODUCIBILITY OF THE
KAOLINITE AND ROSE QUARTZ STANDARDS.. 2460



I. INTRODUCTION

1.1 Object of the research

If a weathering zone is considered to be a dynamic system approaching
chemical and isotopic equilibrium with its environment, the 018/016 and D/H
ratios of weathering products will be determined by: (1) the isotopic composition
of the coexisting waters; (2) the isotopic composition of the parent rock ;
(3) the relative amounts of water and parent rock ; (4) the isotopic fractionations
between water and the minerals formed during weathering; and (5) the temperature.

Because the weathering process commonly involves very large quantities
of meteoric water, the ratio of water to altered parent rock is generally high.
Under such conditions the isotopic composition of the parent rock has virtually no
effect on the isotopic composition of the weathering products. Weathering at the
Barth's surface generally takes place within a relatively narrow temperature range
of 0° to 30° C, and equilibrium isotopic fractionation factors are dependent only
on the temperature. Therefore, the D/H and 018/016 ratios of a given weathering
product will also be confined within narrow limits, if the isotopic composition of
the local meteoric water is essentially constant.

Isotopic compositions of meteoric waters are known to vary systematically
with climate, generaily becoming progressively depleted in the heavy isotopes in
the colder climatic regions. If ancient weathering products have preserved their
D/H and 018/016 values, they confain a record of ancient meteoric~water isotopic
compositions, This line of reasoning is the basis for the present study.

The first objective of this study was to determine if the isotopic composi-

tions of recent weathering products reflect the systematic variations of isotopic



composition observed in present~day meteoric waters. An outgrowth of such a study
would be the more accurate determination of equilibrium fractionation factors for
D/H and OIS/O]6 between water and the various minerals formed during the
weathering process.

Secondly, the isotopic compositions of both parent minerals and
weathering products were to be studied in detail on selected weathering profiles.
This is to ascertain if the weathering products are in isotopic equilibrium with local
meteoric waters, and whether the parent-rock minerals change isotopically as a
function of the intensity of weathering.

Thirdly, the isotopic compositions of ancient weathering products and
other clay mineral deposits were to be studied to determine if the hydrogen and/or
oxygen isotopic compositions of such clay minerals are preserved through geologic
time. Such studies -would also allow us to better understand isotopic exchange
phenomena between clay minerals and water at low temperatures.

Finally, if sufficient knowledge of isotopic preservation and exchange
phenomena are obfained, distinctions might be made between weathering-product
clays and clays formed by other processes. It might also be possible to calculate
the isotopic compositions of waters that coexisted with ancient clay minerals, and

this in turn could allow us to infer something about ancient climates and rainfall

patterns.

1.2 Previous work

Natural waters: Variations of the OIB/O]6 ratio in the Earth's

atmosphere, hydrosphere and lithosphere are reviewed in a broad context in Epstein

(1959), Epsteinand Taylor (1967) and Garlick (1969). References to more specific



studies are given in the above publications. Variations of the D/H ratio on Earth
are much less well understood, although much is known concerning the D/H vari-
ations in natural waters.

Epstein and Mayeda (1953) studied the OHB/O]6 ratios of both ocean
waters and fresh waters. A correlation was observed between the 018/016 content
and the salinity of ocean waters. They attributed the abnormally high OIB/OI6
ratios of certain ocean waters to the evaporation of HZO vapor having an OIS/O]6
ratio 7 per mil lower than the liquid water (this is the equilibrium fractionation at
Earth surface temperatures). OIB/O]6 ratios of ocean waters less than that of mean
ocean water were attributed to addition of very light polar melt waters with 6018
of about -20%,, . Thus it became apparent that there were large isotopic variations
in natural waters. Friedman (1953) found that natural evaporation and condensation
fractionated hydrogen isotopes in a manner similar to that previously demonstrated
for oxygen isotopes. He observed that the ratio of these two fractionations was equal
to the ratio of (pHZO/pHDO) to (pH20]6/pH2018), where p is the vapor pressure.

Epstein (1956) observed systematic variations of OIB/O]6 in rainfall
as a function of elevation of the land surface. He also observed that summer rains
were higher in 018/0.“S than winter snows in those same localities. Craig (1961a)
analyzed about 400 meteoric water samples from a great variety of localities and
found that the 6D and 6018 values of these samples fit a very precise relationship,
namely D = 86018 +10 .

Clayton et al. (1966) analyzed ¢D and 6018 contents and dissolved
solids from 95 oil-field brines from the lllinois, Michigan and Alberta basins and
the Gulf Coast. Interbasin variations of gD were much greater than intrabasin

variations. 6018 variations were large within a given basin, and showed a strong



correlation with salinity. It was concluded that these brines were derived predom-
inantly from local meteoric waters that had acquired large salt concentrations by
percolation through the rocks. The deuterium contents of these waters were not
greatly altered, but their 018/016 ratios were changed through oxygen exchange

with the adjoining sedimentary rocks, particularly limestones.

Clay minerals: Savin (1967) undertook the first detailed study of oxygen

and hydrogen isofopic variations in sedimentary minerals, emphasizing the clay
minerals. One of the biggest problems in analyzing certain minerals for oxygen
and hydrogen isotopes is fo obkiin completely dry samples, because absorbed water
is a confaminant. Because clay minerals are fine grained and some contain inter-
layer water, Savin (1967) conducted numerous experiments to determine how to
treat clays in order to avert this problem. He found that those clay minerals lack-
ing interlayer or zeolitic water could be treated by standard methods used for other
minerals. However, clay minerals with interlayer water required more thorough
treatment before the hydroxyl hydrogen or the oxygen could be extracted. This
treatment involved (1) drying in a HyO~free atmosphere at room temperature before
extracting the oxygen, and (2) outgassing in vacuum at 200°C before extracting
the hydrogen. Savin (1967) concluded that these procedures reduced interlayer-
water contamination to negligible amounts. Contamination is a more serious prob-
lem for D/H analyses than for OIS/O]6 analyses because interlayer water constitutes
a significant proportion of the total hydrogen in the mineral.

Savin and Epstein (1970a) determined the isotopic compositions of
several pure sedimenfary minerals and estimated mineral-water fractionation factors
at low temperatures. They observed a hydrogen and oxygen isotopic correlation

between these minerals and meteoric waters. Table 1-1 lists their estimated



TABLE 1-1

Estimated Mineral~Water Fractionation Factors
at 25°C (after Savin, 1967)

Fractionation Factors

* + #
Mineral % H,0 o H,0 Derived 6D - 6O '© Retationship
Quartz 1.034
Alkali feldspar 1.034
Phillipsite 1.034
Montmoritlonite 1.0273 0.938 6D =7.360'8 - 260
Kaolinite 1.0265 0.970 6D =7.6 608 - 220
Glauconite 1.0263 0.926 sD=7.2 608 - 250
Manganese Nodule 1.015 0.923
*a?n);n—HzC) _ 018/016 (mineral) +°‘:,);n-H . D/H (mineral)
o'¥ 16 (H,0) 27 Dy (H0)

#
Savin (1967) Appendix |



fractionation factors for several minerals at 25°C . Application of these fraction-
ation factors to the kaolinife-HZO and monfmori”onite-HzO systems results in a
linear relationship for 6D and 6018 in these minerals, assuming that they form in
equilibrium with a large reservoir of meteoric water, Analyzed natural kaolinites
were observed to fit the derived "kaolinite line" very closely, but the analogous
line for montmorillonite is much less well defined.

Savin and Epstein (1970b) found that defrital ocean sediments
isofopically reflect their continental origins, whereasauthigenic ocean sediments
reflect equilibration with ocean water at low temperatures. Detrital ocean
sediments as old as 250,000 years showed no sign of isofopic reequilibration with
ocean water,

Sheppard et al. (1969) determined the 6018 and 6D content of kao-
linite, dickite, halloysite and montmorillonite from 19 different hydrothermal mineral
deposits, using the same analytical techniques utilized by Savin (1967). They were
able to distinguish between supergene and hypogene kaolinites, and they also observed
a geographic correlation between the isotopic compositions of the clay minerals and
present-day meteoric waters. It was concluded that these clays had largely preserved

their original 018/016 and D/H ratios.

Soils: Taylor and Epstein (1964) determined the 5018 contents of 13 soils
formed on a variety of parent rocks, observing a range in 5018 of 10.0—15.99 .
A soil profile formed on a granite from Elberton, Georgia showed a variation from
8.5%,, for the fresh rock, to 13.59%, for the most clay-rich zone. The A-zone was
observed to have a 5018 of +10.1%, . This was interpreted to be due to larger

amounts of residual parent-rock quartz in the A-zone, as a result of differential

removal of the O '8-rich clay minerals. In addition, they noted that soils appear



to have 6018 values about 209, higher than the coexisting ground waters. They
postulated that 5018 values of soils from high elevations or latitudes would have
low (50]8 values, whereas soils from tropical islands such as Hawaii would have
high 5018 values.

Rex et al. (1969) studied the 018/016 composition of quartz in soils
of the Hawaiian Islands and in Pacific pelagic sediments. The uniform and charact-
eristic 018/01‘5 values, unlike either low femperature silica or Hawaiian hydro-
thermal quartz, indicated an aeolian origin. An aeolian origin was also indicated
by the size range and the shard-like morphology of the quartz. These results
emphasized the imporfance of the aeolian contribution to certain soils and sediments

on the Earth's surface.

1.3  Isotopic equilibrium

Theoretical: lIsotopic exchange reactions may be written in the general
form:
—
bB‘ tcCre bB2 +cC,y
where B and C are two molecules having an element as a common constituent and

the subscripts 1 and 2 refer to the light and heavy isotope, respectively. The

standard free energy of such a reaction can be written:
b . ¢ b c
~-RTIn{a a / a * a
[ B 2 B Cz]

= ~-RTInK

I

AF°

where a = the activity of a particular molecule and K equals the equilibrium con-
stant. Because AF° for an isotopic exchange reaction is very near zero, equilibrium
consfants are ordinarily very close to unity. The experimentally determined quantity,

the fractionation factor a, is related to the equilibrium constant K as follows:



VA
a=K ™ where n is the number of equivalent exchangeable atoms in the reaction.

The equilibrium consfant is related to the partition functions of the molecules (Q)
as follows: Q Q

QA] Q

By

Urey (1947) developed the detailed theory relating partition functions
to observable vibrational frequencies for isotope exchange reactions. He was able
to estimate equilibrium constants for a large number of isotopic exchange reactions
involving gases and ions in solution. McCrea (1950), employing additional approx-
imations, was able to estimate the equilibrium constant for 018/016 distribution
in the calcite~water system. Bottinga (1968) made additional calculations of
fractionation factors for the distribution of both 018/016 and C]3/C]2 in the
system calcite-carbon dioxide-water. O'Neil etal. (1969}, using a modification
of McCrea's method, calculated equilibrium fractionation factors for 018/016
distribution between other alkaline~earth carbonates and water. Oxygen and carbon
isotopic distributions in reactions involving solid carbonates and aqueous solutions
have in certain cases been successfully treated theoretically. However, oxygen
isotope exchange reactions involving silicate minerals cannot be successfully cal-

culated at present, and hydrogen isotopic distributions have only been treated

theoretically in perfect gas reactions.

Experimental: The approximated partition function formulas of Urey (1947)
predict that:
(1) At low temperature, In K is proportional to l/T .
(2) At high temperature, In K is proportional to 1/1.2 .

(3) At very high temperatures, |n K approaches 0 .



Several oxygen isotope equilibrium constants between minerals and
H,O have been investigated experimentally as a function of temperature. The
fractionation factors for the pairs oulcife—HZO, quartz-H,O, feldspar-H,O and
muscovite~H,O as a function of 1/1.2 are illustrated graphically in Figure 1-1.
Linear extrapolations are made to lower temperatures, even though it is doubtful

that this is a completely valid procedure.

Savin (1967) made estimates of fractionation factors for 018 distribu-
tion at low temperatures for the pairs monfmorillonife-HZO and kaolinite-H,O
using the approximation methods of Taylor and Epstein (1962b). The montmorillonite-

H,O fractionation factor, plotted as a function of 142, is illustrated graphicall
2 T Y
18

in Figure 1-1. Sheppard et al. (1969) estimated fractionation factors for O '~ and
deuterium distribution at various temperatures for the pairs kaolinife—Hzo, mont-
morillonite-HzO, muscovire-Hzo and biofife-Hzo. Theoretical calculations,
experimenial data and data on natural samples were used to make the approximations.

The estimated hydrogen isotope fractionation factors for the pairs kaolinite~ H,O

and monfmorillonife-H:_,O, plotted as a function of ]/r , are illustrated in Figure 1-2,

1.4 lIsotopic-exchange in clay minerals

Savin (1967) calculated the amount of low temperature O]8 exchange
in sedimentary minerals that might conceivably occur by solid-state diffusion. His
estimates included a range of particle sizes and a range of diffusion coefficients.
Diffusion was rejected as a significant mechanism of isotopic exchange, except
perhaps for particles < 10u in diameter.

Many workers have undertaken experiments attempting to exchange

the hydroxyl of clays with D,O, HTO or H20]8. For the sake of the following



Figure 1-1.

Figure 1-2.

10

Oxygen isotopic fractionation factors for various mineral-water
pairs, plotted as a function of ]/l.2 . Experimentally determined
values for the pairs quartz- H,O (Clayton et al., 1967), feldspar-
HZO (O'Neil and Taylor, 1967), muscovife-HzO (O'Neil and
Taylor, 1969) and calcife-HzO (O'Neil et al., 1969) are extra-
polated to low temperatures. The oxygen isotopic fractionation
factor for the pair monfmori“onire-HZO was approximated by
Savin (1967) for low temperatures. The oxygen isotopic fraction-

ation factor for the pair kaolinite-HZO was approximated by

Taylor (unpublished data) for low temperatures.

Estimated hydrogen isotopic fractionation factors of kaolinite- H,O
and monfmorillonife-HZO, plotted as a function of ]/T . The estimates
are based on theoretical calculations, experimental data and data on
natural samples, Savin, 1967; Sheppard etal., 1969, p. 764).

Both curves are tentative, and in view of the chemical variations in
natural montmorillonites, the monfmorillonife-H2O curve in particular

must be considered only an approximation.
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discussion, the terminology described in Figure 1-3 will be used to specify OH
groups in the kaolinite structure. McAuliffe etal. (1947) first investigated the
problem using liquid density measurements and concluded that during exchange
with DyO at room temperature, over periods of a few days to a month, all the
surface OH ("A" and " B" sites, Figure 1-3) of kaolinite was replaced by OD.
This amounts to only about 2-4% of the hydrogen in the mineral.

Roy and Roy (1956, 1957) tried to exchange D,O with kaolinite,
dickite and monimorillonite at room temperature. After drying the clays either
at 110°C or 315°C they observed less than 2% exchange for D,O exposures of
4 days to 4 weeks., Apparently only the "outer hydroxyls", sites "A" and "B",
suffered significant exchange. However, with exposure to D,0O at higher temp-
eratures (190°C or 370°C), all three clays displayed considerable exchange, 10 -
50%. Kaolinite exhibited 10% exchange at 190°C when exposed to D50 for 3 to
4 weeks, while at 370°C it displayed 50% exchange. Hydroxyl sites *C" and " D",
and probably "E", must have experienced exchange.

Romo (1956), using infrared methods, found that kaolinite underwent
more than 50% exchange with DG in a matter of hours at 300°C and 10,000 p.s. 1.

Ledoux and White (1964a), using potussium acetate on hydrazine to
expand the kaolinite structure, were able to extensively deuterate kaolinite by
exposure fo DyO at room temperature, followed by drying at 110°C,  Shifts in infra-
red OH-stretchbands led them to conclude that all the sites, including "C", "D"
and "E", underwent exchange. In a follow-up study (1964b) they extended this
work and concluded that site "C" exchanged 60 to 67% and sites "D" and " E"
exchanged about 22% when expanded with hydrazine, treated with DyO for 30

minutes af room temperature, and dried at 110°C,



Figure 1-3.

14

Projection of the structure of kaolinite on (100} plane, showing the
stacking of successive layers in a microcrystal (modified ofter Ledoux
and White, 1964b). The terminology used to specify the OH groups

in the kaolinite structure is as follows: "Outer hydroxyls" refer to
structural OH groups at the surface of the microcrystals, including
both hydroxyls at the broken edges "A" and hydroxyls of the octahedral
sheet found at the upper surface denoted by "B", OH groups located
at the surface of the octahedral sheets opposite the tetrahedral oxygens
of the adjacent kaolinite layer, and having their OH dipole normal

or nearly normal to the (001) plane, are designated by "C", The OH
groups at 4.37A that have their dipoles directed toward an empty
octahedral site are designated by "D". The OH groups in the plane

common to octahedral and tetrahedral sheets are designated by "E",
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The relative amount of exchange in site "D" versus "E" is not known,
but it is clear that all the inner sites experience significant exchange when the
lattice is expanded.and intimate exposure to DyO occurs. A halloysite (American
Pefroleum Institute No. 12b from Bedford, Indiana) treated by Ledoux and White
(1964b) suffered even greater exchange under similar treatment.

An artificially expanded muscovite, when treated in the above manner
for 15 hours, showed very little shift in infrared frequencies. Ledoux and White
(1946b) concluded that the hydroxyls of muscovite, which are "E"-like sites between
layers of silica tetrahedra, are very difficult to exchange at room temperature.

The same conclusion might apply as well to montmorillonite, as this mineral can be
considered to be analogous to an "expanded muscovite" .

Halevi (1964) performed exchange experiments with kaolinite using
HTO and H2018. The kaolinite, after drying at 110°C, was exposed to HTO and
HZO]8 by shaking at room temperature for 24 hours, and it then was dried at 350°C.
The exchange was less than 0.5%, with roughly equivalent fritium and O18 exchange.

Sheppard and Taylor (1970) conducted hydrogen and oxygen isotopic
exchange experiments between kaolinite and water at 200° to 300°C and near-
neutral pH. Noticeable hydrogen isotope exchange occurred at these temperatures,
and hydrogen exchanged much more rapidly than oxygen.

In summary, laboratory experiments demonstrate that very little
hydrogen isofope exchange takes place between kaolinite and water at 20° to
110°C. Only the surface hydroxyls of kaolinite are exchanged at room temperature,
On the basis of a few isolated experiments we may tentatively infer that this also
holds true for illite and montmorillonite. Halloysite, however, which contains

interlayer water in direct confact with "C" and " D" sites, is apparently much more
Y ppa Y
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susceptible to hydrogen isotope exchange. In montmorillonite the interlayer
water is a few angstroms distant from "E" type hydroxyl sites; it is therefore
reasonable that montmorillonite would be somewhat more susceptible to exchange
than either kaolinite or illite, but less susceptible than halloysite. At high
temperatures, rates of hydrogen isotope exchange are expected to be significant
for all clay minerals.

If hydrogen isotope exchange takes place between water and the
hydroxyl of a clay mineral, it is likely that oxygen exchange also occurs, though
perhaps to a lesser degree. Inany event, most of the oxygen in clay minerals is
in non-hydroxyl sites. As these oxygens are bonded directly to silicons, they are
probably much more difficult to exchange, and it is expected that the bulk oxygen

in clay minerals will be less susceptible to exchange than the bulk hydrogen.
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1. EXPERIMENTAL PROCEDURES

2.1 Sample collection

Recent weathering products and soils were collected primarily from
roadcuts where residual parent-rock features and textures were observable. The
clay-rich portions of soil zones, usually the B or C zones, were collected. Sampling
was also done along joints or fractures where it was possible to demonstrate that the
alteration had been produced by downward percolations of surface waters. In a few
cases, clay-rich portions of spheroidally weathered boulders were sampled.

Prior to collection all loose debris was removed from a portion of the
roadcut surface. Then 0.5 to 5 kgm of sample was collected from a single site at
each locality. In the case of detailed studies of soil profiles, several 0.5 - 5 kgm
samples were collected at various sites in the roadcuts. Samples were immediately
placed in clean cardboard cartons for storage. Most of the samples were dry or only
slightly damp at the time of collection. Because it was not considered to be of
imporfance, no care was token to maintain the moisture content of the sample at
its original level. By the time the samples were removed from the cartons for study,
they were all essentially "dry" .

Sampling of ancient clay deposits was primarily carried out on outcrops
and from open-pit mines. Precautions were taken to insure that samples were fresh
and in place. Sampling of the ancient clays was done only on deposits for which
detailed geologic descriptions are available in the literature. Several samples were
provided by other geologists. A few samples were obtained from the California

Institute of Technology rock and mineral collections,
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In conjunction with the collection of soils and clay deposits, samples
of unweathered parent rock were collected wherever possible. Also several water
samples from springs or small streams were collected. Detailed descriptions of all
sample localities, in some cases including sketches or photographs of roadcuts, are

presented in Appendix | or Chapter V.

2.2  Mineral identification

Mineral identification techniques included X-ray diffraction, differ-
ential thermal analysis, visual inspection using a binocular microscope and standard
petrographic methods. X-ray diffraction techniques were the most useful for quali-
tative and quantitative determinations.

All X~-ray diffraction studies were conducted using a Phillips X-ray
diffractometer, using Ni-filtered Cu-radiation with a chart speed of 1° 26 per
minute, a 1° divergence slit, a 0.006" receiving slit and a 1° scatter slit. Almost
all the samples were packed into a standard geometry for X-ray analysis. Clay-rich
samples were settled in water onto glass slides in order to enhance basal reflections.
Glycolation was used to identify expandable clays. Occasionally, heat treatments
described by Warshaw and Roy (1961) were used.

Semiquantitative determinations of mineral abundances were made by
visual comparisons of the X-ray charts, using a set of artificially-prepared standards,
a fixed packing geometry, and a silicon-metal disk to monitor the received signal.
The standard powders were prepared by mixing corundum powder with different
proportions of each of the following minerals: quartz, plagioclase, muscovite,
kaolinite and montmorillonite. All samples and clay standards were ground to a

fine powder. A few illustrative X-ray charts are shown in Appendix Il.
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In order to determine the variations in intensity of X-ray peaks
caused by lack of uniformity in packing procedure and nonuniform grain sizes,
some samples were run twice. No significant variations were observed.

Because the intensity of the Cu radiation and/or certain electronic
effects were not constant, the signal received by the recorder was monitored by
placing a silicon disk in the sample position before each set of samples done on
a given day. On a few days the signal intensity was checked several times. In
general, hourly variations were insignificant compared with day to day variations.

Differential thermal analysis was a very useful qualitative method
when used in conjunction with the X-ray diffraction technique. It confirmed
X~-ray determinations, allowed the identification of amorphous clays and permitted
an estimation of mineral crystallinity not always revealed by X-ray. A few
illustrative D.T.A. charts are shown in Appendix Il.

A differential thermal analyzer with a Honeywell temperature control-
ler and multipoint recorder was used to analyze six 1-gram samples over a 30° to
1100°C temperature range. The rate of change of temperature was fixed at 500°C
per hour.

For two of the weathering profiles studied (the Elberton, Georgia
profile and the Big Sur, California profile) petrographic thin sections were made
and described. For a few of the samples total iron contents were determined by

X-ray fluorescence using mixtures of hematite and corundum powder as standards.

2.3  Mineral separations

Clay minerals were separated from bulk samples using two methods,

either handpicking or settling techniques in water solutions. Neither technique
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was wholly successful in obtaining pure clay separates, but typically 50-100%
concentration was possible. The amounts of weathering products and residual parent
minerals in the analyzed samples are indicated in Table 4-1.

The settling techniques were undertaken as follows. 100g of sample
were placed in o 800m! beaker with 300ml of Calgon solution at a concentration
of 60 g/1 . The mixture was stirred for 30 minutes using a motor-driven paddle
(100 - 200 r.p.m.). The resulting suspension was then allowed to stand for three
minutes. The top 5 cm of the liquid suspension was then poured off. Stoke's law
indicated the decanted liquid contained particles less than 20p in diameter. This
suspension was centrifuged four times, washing each time with distilled water.

Handpicking was done on samples where the clay was concentrated
along mineral grain boundaries, where the feldspars were differentially altered
or where some portion of the specimen was more highly weathered.

The most careful separations were made on samples from profiles
studied in detail. In these profiles quariz was concentrated by dissolving all
coexisting minerals in HF (aqueous). Ilmenite, hornblende and biotite were separated
magnetically with a Frantz separator and then cleaned ultrasonically in a 10%

Calgon solution.

2.4  Isotopic analysis

Definition of terms: the 6-notation used to report OIB/C)]6 and D/H

ratios in this study is defined below.
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18 _ O]6 sample — 016 standard

80 x1000
ol8
i 016 standard ]
( i?.) ( _P_)
sD = H sample — H standard <1000

D
T_'_ standard

Fractionation factors between two compounds or phases are defined

<O]8>
ox _ 016 A . hy _ (
GA-B _'"—]g—— ’ 9A-B T 7oy
(O ) (
0'%/s

Oxygen isotopic analyses:  The methods of determination of OIB/OI

as follows.

6

ratios used in this study are discussed by earlier workers. Clayton and Mayeda
(1963) and Garlick (1964) describe the method of oxygen extraction using bromine
pentafiuoride. Taylor and Epstein (1962a) discuss the method of oxygen conversion
to carbon dioxide. The method of carbon dioxide extraction from carbonates is
described by McCrea (1950).

Carbon dioxide samples were analyzed on o mass spectrometer of the
type described by Nier (1947) with modifications by McKinney et al. (1950).

actually measured by the mass spectrometer does not

Because the ratio

44+45
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13 and 017 described by Craig (1957)

exactly equal 018/016, corrections for C
were made. The mass spectrometer background and leakage correction was variable.
The correction used was determined by measuring the background each day an iso-
topic analysis was done. All oxygen isotopic values are reported relative to stand-
ard mean ocean water (SMOW) as defined by Craig (1961b). The analytical errors
are estimated to be £ 0.1 - 0.2%.for clay mineral separates and +0.3 - 0.4%,
for bulk soil samples.
Two mineralogically pure working standards were used: a kaolinite

from Langley, South Carolina originally analyzed by Savin (1967) and a quartz
from the Rose Quartz Pegmatite. Their 018 isofopic compositions on the SMOW
scale are:

kaolinite +21.70

Rose Quariz + 8.42
Using these values, the multiplicative (1 + R2/l 000) and additive (R2) corrections

involved in changing from the mass spectrometer standard to the SMOW standard

are given by:

R * -
I+ 2_| Sws-ms ¥ R2 7 Ous-smow
1000
where
B 018 018 T
16 16 mass spectrometer
6* = O working standard - \ O standard 1000
ws=ms 18
O
16 mass specfrometer
_ O standard ]

" & value corrected for 017, background and leakage.
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and
< 018> ( o8 >
16 . 16
- O "~ / working standard —\ O SMOW 1000
Ows-SMOW FBRT: X
O
] ( o't >smow i}

These multiplicative and additive corrections were variable due to changes in
isotopic compositions of the mass spectrometer standard. Table 2-3 lists the

correction values and the formulas used to correct raw § values to SMOW.

Hydrogen isotopic analyses: The apparatus and methods used to extract

hydrogen from clay minerals are described by Savin (1967). The only important
modification made in the apparatus was that the CuO was heated to 650°C in a
furnace independent of the sample furnace.

The hydrogen isotopic composition of each analyzed sample was con-
taminated to small extent by the previous sample, due to at least two independent
"memory" effects, one involving the CuO furnace and one involving the U furnace.
The "memory" effect caused by the uranium furnace was found to be less than 1%
(Savin, 1967).

The first order "memory" effect caused by all effects (CuO, uranium
and others) was measured and found to be about 4% for 400 to 600 micromole
samples. Tables 2-1 and 2-2 illustrate that two independent methods of measuring
the combined effects give about the same result. The first order and second order
corrections (see Table 2-1) for the total "memory" effect were applied to all data
presented in Chapter III because of the stongly contrasting D/H ratios of the samples

analyzed. A first order correction was applied to all other data where a greater
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TABLE 2-1

The Determination of the "Memory" Effect
of the Hydrogen Extraction Apparatus,
Using D~rich Samples

Percent Sample
Experiment  Furnace 6D Memory Effect™ Size
Sample No. No. No. SMOW Istorder 2ndorder pm
12B~JH~61 3- 2 +324 3.3 640
Standard kaolinitef ~ ¢ 2 - 40 550
12B-JH-61 2 +384 590
Standard kaolinite  3-b 2 - 34 4.1 570
Standard kaolinite 2 - 47 1.4 670
Mon-Cal=-1-6 3-d ] + 56 33 170
Standard kaolinite 1 - 49 : 540
12B~JH-61 2 +544 745
Standard kaolinite  5=a 2 - 27 4,2 715
Standard kaolinite 2 - 45 1.4 575
Mon=Cal-1-6 1 +596 440
Standard kaolinite  5-b 1 - 30 3.4 720
Standard kaolinite 1 - 45 1.2 650

Average = 3.7% 1.3% 600pm

*
Calculations done using deuterium concentrations in ppm.

# Standard kaolinite gD = =52.5
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TABLE 2-2

The Determination of the "Memory" Effect of the
Hydrogen Extraction Apparatus Under
Normal Operational Conditions

Sample Group DY%0 D% Sclmple Sample Group D%eo D% Sample
sample s.k. Size® sample  s.k. Size*
Cle~{da-1 -104.7 340 | Iny-Cal-5 ~67 .9 325
s.k. -54.0 455 s.k. -52.9 390
Cle-lda-1 -108.3 360 | Coco-Ariz-5 =58.6
s.k. -54.8 570 s.k. -52.3
L.a.C.-Mon-1 ~107.6 340 | Coco~Ariz-6 -67.9
s.k. -54.7 460 s.k. -52,8
Average = -106.7 -54.5 Average = -64,.8 -52.7

Memory Effect = 54,5-52.7 = 4.3%
106.7 - 64.8

s.k. = standard kaolinite sample

in micromoles



27

TABLE 2-3

Corrections Applied to Oxygen Isotopic Values

Description Symbol Correction
17 .
QO correction Q] 1.001
C]3 correction (carbonates only) Ry 0.20 to 0.26
Mass spectrometer background and Q, 1.020 to 1.050
vaive leakage
Change of standard R2 +25.0 to +25.3

QQ, (6, _ )R
) 172 O%-ms’ "2
O~ =Q,Q, (6,__ )+ Ry +R, +
x-SMOW 172 Oxems 1 2 1000
) 18 18 i
where (9.__> — <O >
16 16
6 -sMOW T O sample 0 SMOW | 1000
( 018
i o16 )SMOW |
/18 18 ]
and o —[ O
16 16 | mass spectrometer
6 -|\O sample O standard 1000
X=ms : X
OIS
—— |mass spectrometer
5 016 standard J
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than 259, difference existed between two samples extracted sequentially. If
successive samples differed by less than 25%,, the correction is less than 1%,
whereas the analytical error is £ 2%, for pure clay somples and + 4-5%,, for bulk
soil samples.

Hydrogen gas samples were analyzed on a Nier-McKinney null type
mass spectrometer with a side arm for mass 2. The mass 2 beam consfsfs of H2+.
The mass 3consists of HD' and H3+. A correction for H3+ described by Kirshenbaum
(1951) and Friedman (1953) was applied to the (DH + HS)/HZ ratio to convert it to
a D/H ratio. A leakage and background correction of 1.01 was used.

All hydrogen isotopic analyses are reported relative to standard mean
ocean water (SMOW) as defined by Craig (1961b). All samples were analyzed
with respect to @ standard reference gas prepared from a standard water.

Multiplicative and additive corrections were used to change the 6~
values to the SMOW scale (see Table 2-4),

A National Bureau of Standards water, NBS I, was defined by
Craig (1961b) to have a §D = =47 .6%relative to SMOW. Using this value the
multiplicative and additive corrections involved in changing standards were

determined as follows:

SoONBS-ms = 1 = SNBS-SMOW

where
(_9_) (_2_ )
6* _|\H/NBSTIT —\H /mass spectrometer standard | _ ;009
NBS-ms D
i ( H ) mass spectrometer standard j

6 value corrected for background and leakage.
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—

[
H/NBSIT —\ H /SMOW

ONBS-SMOW = S x1000

(T)SMOW ]

5, = multiplicative correction

T] = additive correction

Table 2-4 lists the correction values and the formula used to correct -values

to SMOW.
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TABLE 2-4

Corrections Applied to Hydrogen lsotopic Values

Description Symbol Correction
Mass spectrometer background
and leakage S] 1.01
Change of standard
Multiplicative 52 0.931
Additive T] 68.75
Ox-SMOW 3152 (5x-ms) -
where
oy oy |
& SMOW = (H )sample (H ) SMOW %1000
( ':_%) SMOW ]
and
[COP |
6y H scump(leD ) H /mass spectrometer standard <1000
" H / mass spectrometer standard




31

lll. EXPERIMENTAL EVALUATION OF D/H AND
0'8/01 ANALYSES OF CLAY MINERALS

3.1 Hydrogen isotopic exchange experiments

General statement: [n order to prove the validity of the isotopic tech-

niques utilized to analyze various clay minerals, it was decided to amplify and
extend the types of exchange experiments originally undertoken by Savin (1967).
The experiments described below demonstrate that at room temperature hydrogen
isotope exchange occurs between the interlayer water and some of the hydroxyl of
halloysites.

Other experiments show that hydrogen isotope exchange takes place
between the interlayer water and hydroxyl of montmorillonites during the normal
preliminary heating and outgassing at 130°to 200°C (the method utilized by Savin
and Epstein, 1970a, and Sheppard et al., 1969, for analysis of montmorillonites).

These exchange phenomena prevent accurate determinations of the
oD of hydroxyl in halloysite, and they add to the difficulties involved in obtaining
sound isotopic data on montmorillonites. However, none of these difficulties apply
to kaolinites and dickites (or to illites), as it will be shown that only those clay
minerals that contain interlayer water provide serious analytical problems.

Procedures: Two halloysites, two montmorillonites, one kaolinite and
a bulk=soil sample containing kaolinite, hydrobiotite, quartz and feldspar were
exposed at room temperature to waters of different 6D contents for a variety of
times. The samples used are described in Table 3~1. Each of the samples were
dried in a variety of ways and dehydrated in stepwise fashion at different tempera-

tures. The methods of treatment for each sample and all experimental results are
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TABLE 3-1

Description of the Samples Used in Hydrogen Isotope

Exchange Experiments

Sample No. Location Description Origin Age
12B~JH-61 Spokane Co., Moderately - Weathering Miocene
Washington well crystallized Product
halloysite
ind=-H-12 Bedford, Well crystallized Underclay  Pennsylvanian
* Indiana halloysite
Mon-Cal-1-6 Big Sur, Poorly crystallized Weathering Quaternary
Monterey Co., montmorillonite Product
California
Wy~-H-26 Clay Spur, Well crystallized  Bentonite Upper
* Wyoming montmorillonite Cretaceous
AikS.CNI11-11 Langley, Well crystallized Weathering Upper
* Aiken Co., kaolinite Product Cretaceous
South Carolina
G-E-Eg Elbert Co., Soil on Weathering Quaternary
#15-6 Georgia Elberton Granite Products

*  Analyzed previously by Savin (1967).
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listed in Tables 3-2 and 3-3. Samples on which temperature cuts were made are
illustrated graphically in Figures 31 and 3-2,

One set of experimental procedures was as follows (procedure 1, Table
3-2). Approximcfelle.S to 1.0 g of sample was placed in 4 ml of water of a known
isofopic composition, and sealed in a test tube for 48 hours. The wet sample was
then placed into a capsule of aluminum foil and put in a dry box for 24 hours. Next
the aluminum foil was folded several times to completely enclose the sample, and this
was placed into a dessicator while still in the dry box. The aluminum foil capsule
was then quickly transferred out of the dessicator to a nickel confainer and placed in
a furnace under an atmosphere of dry air (the air had been passed through a liquid
N, trap). The sample was outgassed for five minutes, after which the extraction was
started. The evolved gases were split into fractions at various temperature intervals
for periods ranging from 6 to 24 hours.

A similar set of experiments (procedure 3, Table 3-2) was identical to
procedure 1 except that, prior to placement in the dry box, the samples were not
immersed in water in the laboratory (i.e., no attempt was made to exchange the
interlayer water).

In another set of experiments (procedure 3, Table 3-3) less care was
taken to prevent contamination with atmospheric vapor. The samples were placed
in D-rich waters for 2 to 10 days. They were then quickly transferred into the
dry box. After 1 to 6 days, they were removed from the dry box, weighed, and
placed in the vacuum line. During these operations the samples were exposed to
the laboratory atmosphere for a total of 15 to 30 minutes. They were then heated
and outgassed at 130° to 200°C for a few hours. After outgassing, the furnace

temperature was raised to 700° to 900°C and the H,O was collected for isotope
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Figure 3-1.

Figure 3-2.
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Quantities and hydrogen isotopic compositions of various tempera~
ture fractions, for HyO extraction from halloysites by procedures 1
and 2. The heights of the bars indicate the percent of the total
hydrogen in a given temperature fraction. The oD values for each

cut (temperature fraction) are indicated. 5] = 0D in the original
interlayer water; 8, = oD in the original hydroxyl of the clay mineral ;
6g oD of the total sample, a weighted average of all the tempera-
ture fractions; 6, ~observed oD of the 200 ° to 900°C temperature
fraction assumed to be entirely from the OH sites; and P =percent

of exchangeable OH sites in the clay mineral.

Quantities and hydrogen isotopic compositions of various tempera-
ture fractions, for H,O extracted from montmorillonites by procedures
1 and 2. The heights of the bars indicate the percent of the total
hydrogen in a given temperaiure fraction. The 6D values for each
cut (temperature fraction) are indicated. O1r 09, 0g and 04 are

as defined in Figure 3-1.
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measurement,

Procedure 4 (Table 3-3) was similar to procedure 3 except that the samples
were exposed to the laboratory atmosphere for 5 to 15 days either after dry-box exposure
(experiments 4-a and 4-b) or without using the dry box at all (experiment 4-c).

In procedure 5 (Table 3-3) the samples were placed in D-rich waters for
42 hours, and while still wet with D~rich water, were placed in the vacuum line.

They were outgassed at 130° 1o 200°C, after which the remaining HyO (residual

interlayer water plus hydroxyl water) was collected at 700° to 900°C.

Discussion of procedure 2: The data for experiment numbers 2-a and 2-b

are illustrated graphically in Figures 3-1 and 3-2. Inasmuch as these experiments
involved untreated clay samples, the data are useful in connection with the inter~
prefation of experiments on samples treated with low- and high-D waters. Note
that the 5D values of the three fractions of H,yO collected above 200°C are very
uniform (+ 4 or 5 per mil) for each sample. Even though the 600°to 900°C fraction
represents less than 5% of the tofal sample, its §D is almost identical to that of the
H,O evolved at lower temperatures. Savin (1967) observed similar relationships

for two montmorillonites and o kaolinite.

Discussion of procedure 1: The isotopic composition of the interlayer

water of montmorillonite has been shown to equilibrate with that of atmospheric
HZO vapor in a matter of days (Savin, 1967). The interlayer water of the mont-
morillonites in the present experimenis (and presumably the halloysites as well)
are therefore almost certainly exchanged after immersion in water for 48 hours.
However, it must be remembered that drying the samples in the dry box could

result in some enrichment in §D of the interlayer water (perhaps as much as 60% .,
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see section 3.2), Also, exposure to the atmosphere for even a few minutes could
result in partial rehydration of the interlayer water site, with a resulting change in
6D of the interlayer water.

Inspection of the ¢D values of the various temperature fractions in
experiments 1-a, 1-¢, 1-f, 1-g, and 1-h (see Figures 3-1 and 3-2) points out that
hydrogen isotopic exchange between the D-rich interlayer water and the hydroxyl
has taken place either at room temperature or during outgassing at 30°to 200°C.

If no hydrogen isotopic exchange had taken place, the 30° to 200°C temperature
fraction (i.e., interlayer water) should have a D of approximately ¥ 1690%. ,
and the 200°to 200°C fraction should have a D of =40%, to -100%. .

In order to determine whether the hydrogen isotopic exchange took
place at room temperature or whether it took place during outgassing at 30° to
200°C, it is instructive to consider a simple model involving the following assump-
tions: (1) no exchange between interlayer water and hydroxyl occurred at room
temperature; (2) the 30° to 200°C cut gives the total amount of interlayer water
in the sample, but this interlayer water is assumed to have exchanged with the
hydroxyl of the clay minerals during outgassing; and (3) the cuts above 200°C
give the total amount of original hydroxyl, but this had previously undergone
exchange with interlayer water during the 30° to 200°C outgassing.

Material balance calculations of the following type were made in the
above experiments. For a given clay mineral, assuming the above model:

X1Py ¥ XgPp = Pg
where

X1 =mole fraction of hydrogen in the interlayer water

(the 30° to 200°C cut)
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X, = mole fraction of hydrogen in the hydroxyl
(the 200° to 900°C cut)
Py = ppm deuterium in the original interlayer water
P4 = ppm deuterium in the original hydroxyl of the clay mineral
P3 = ppm deuterium of the total sample, a weighted average
of the measured D/H ratios of all the temperature fractions

p= ]57(“__(29___), where the concentration of p'D in SMOW

1000
is assumed fo be equal to 157 ppm (Craig , 1961b},
The original  value of the interlayer water, 81, can be calculated on the basis of
the model described above, because we measure the 6-value of the total sample,
63, and we know from previous analyses the approximate 6-value of the OH in the
original sample, &,.

For experiments 1-g and 1~h the material-balance calculations yield
6D values of +1900 and +1515%. for the original interlayer water, a value similar
to that of the 6D of the water used in the actual experiments (+1690%¢). This
suggests that the original assumptions of the model are essentially valid for these two
experiments. Note that both samples are montmorillonites.

For experiments 1-a, 1-c and 1-f, in which halloysite samples were used,
the calculations yield abnormally high 6D values for the interlayer water, +3140,
+6730 and +3690 respectively. This undoubtedly represents a failure of assumption
(1) indicating that significant hydrogen isotope exchange between inferlayer water
and hydroxyl has taken place at room temperatures. Hence, halloysites differ
markedly in their isotopic behavior from the montmorillonites. This conclusion is

in agreement with the work of Ledoux and White (1964b) who found that "C" sites
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(see Figure 1~1) in expanded kaolinites and halloysites exchange very readily at
low temperatures. |t is essentially impossible for a failure of assumptions (2) and
(3) to account for such anomalously high 6 D values as those calculated above.

For experiments 1-a, 1-c and 1-f, another set of material-balance
calculations can be made based upon a second model in which we assume that all
exchange between interlayer water and OH occurs at room temperature and that
it is complete for certain OH sites (e.g. the “C" sites) and nonexistent for all
other OH sites in the clay mineral. For simplicity we also make the approximation
that the equilibrium fractionations between external water, interlayer water, and
OH are zero. The material balance equation utilized was:

('I-P)p2 + P(423) =Py
where 423 is assumed to be the original ppm of D in the interlayer water. Also,
P = ppm deuterium of the original hydroxyl prior to treatment,
P4 =observed ppm of deuterium of the 200° to 900°C
temperature fraction, assumed to be entirely from the
OH sites, and
P =percent of exchangeable OH sites in the clay mineral.

Utilizing the above model, calculations were made to determine P for
halloysite. The percentages, 31, 41 and 17%, respectively for experiments 1-a,
1-c and 1-g would suggest 50-80% exchange of "C" sites (50% of the total hydroxyl,
Figure 1-1) in good agreement with the interpretations of Ledoux and White (1964b).
This model therefore indicates that the isotopic experiments can be explained by
partial exchange at room temperature between the most easily exchanged OH sites

and interlayer water.
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For the cut taken at 30° to 200°C, experiment 1-c displays a much higher
6D value than is observed in either experiment 1~a or 1-f. The reason for this
anomaly is unknown, but it conceivably could be the result of rehydration of the
halloysite in the latter experiments during the brief time (60 seconds) the halloysites
were exposed to the atmosphere. The halloysite of 1~c apparently did not rehydrate
as much as in 1-a or 1-f, if at all.

During outgassing at 30° to 200°C some exchange between the new 5D
of the interlayer waters and hydroxyl| of the hallpysites in 1=a and 1-f must have
occurred, meaning that the 6D of the 30° to 200°C cut of 1-a and 1~f must have
been even lower before outgassing, and the & of the 30° to 200°C cut of 1-c
must have been higher. Therefore the values of P calculated above are minimum
percentages for room-temperature exchange in 1-a and 1-f but represent a maximum
value for 1-c.

The dehydration experiment 1-b (see Figure 3-2) was carried out in only
two steps. Apparently, virtually complete homogenization of interlayer water and
hydroxyl & contents was achieved at temperatures below 300°C. The fraction at
30° to 300°C undoubtedly represents interlayer water and some hydroxyl, and it is
presumed that the 300° to 700°C fraction represents only the remaining hydroxyl.

Experiment 1-e (data shown only in Table 3-2) illustrated that low-D
water has apparently exchanged with halloysite hydroxy! at room temperature, as
the measured 200° to 900°C fraction is about 30%o lower in 6D than the original
OH in the mineral (see experiment 2-a).

In experiment 1-d, a halloysite was exposed to ordinary tap water.
Figure 3~1 illustrates that the 0D values of all fractions in experiment 1-d were

heavier than the untreated sample of experiment 2-a. The 6D value of the adsorbed
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water in halloysite 1~d was undoubtedly raised by evaporation, as the sample was
still very wet when it was placed in the dry box. The hydroxyl of the halloysite
apparently exchanged with the adsorbed water as it evaporated, thereby producing

the high oD values.

Discussion of procedures 3 and 4: The 6D values of the 200° to 900°C cut

from montmorillonites subjected to procedure 3 (Table 3-3) were abnormally low
compared to the & values of those from experiments 1-g and 1-h (see Figure 3-2).
This also applies to the montmorillonites of experiment 4-b. These effects probably
result from rehydration of the montmorillonites with water vapor from the atmosphere,
as the samples in procedure 3 were all exposed for at least 15 = 30 minutes. The
1690%. interlayer water was thus diluted by atmospheric H,O having a 6D of
approximately =70%,. This new interlayer water then exchanged with the mont-
morillonite hydroxyl during subsequent heating and outgassing.

The 6D values of the 200° to 900°C cut from halloysites subjected to
procedure 3 were heavy and very similar to 6D values of those of the higher temper~
ature fractions of experiments 1-a, 1-c and 1-f (see Figure 3-1). Apparently the
heavy 6D values of the hydroxyl, which had resulted from exchange with heavy
water for 2 to 10 days at room temperature, were not subject to much exchange with
atmospheric H,O in the short 15 - 30 minute period of exposure to the atmosphere.

A kaolinite subjected fo procedure 3, experiment 3-g, apparently did
not undergo any room temperature exchange between heavy water and hydroxyl ;
the 6D value was identical to that obtained in the "normal" manner (see Table 4~3).

In bulk soil experiment 3-h exchange probably occurred between the
hydroxyl and interlayer water of the hydrobiotite during outgassing at 130°C, or

some heavy interlayer water still remained after outgassing at 130°C. It is highl
y y Y



unlikely that the coexisting kaolinite underwent any significant exchange (see
previous paragraph)

The halloysite in experiment 4-a, after heavy water treatment, probably
contained hydroxyl with a 6D similar to that in the 200° to 900°C cut of experiment
3~c (512). Sample 4-a, however, was exposed to the atmosphere for 5 days; this
probably allowed its hydroxyl to slowly approach isotopic equilibrium with atmos-
pheric H,O, yielding the lower 6D value (+364%J).

The halloysite of experiment 4~c, after isotopic exchange with D-rich
water, was dried for 15 days in air. Apparently the hydroxyl, after initially
exchanging with the heavy water, reequilibrated with atmospheric H,O-vapor
and returned to an almost "normal" value (it approaches the value obtained in

experiment 2-a).

Discussion of procedure 5: The greatest degree of contamination of the

200° to 900°C cut by D-rich waters is observed in procedure 5, for both moni-
morillonite and halloysite. This is undoubtedly the result of exchange between the
water in the wet samples and mineral hydroxyl at low temperature in the case of
halloysite, and at outgassing temperatures in the case of both the halloysites and

the montmorillonite.

3.2 Systematic treatment of samples equilibrated with atmospheric H,O vapor

Several montmorillonite samples of a variety of origins were subjected to
a precise sequence of treatments. The object of these experiments was fo determine
the nature and the degree of hydrogen isotope exchange faking place between the

interlayer water and the hydroxyl during heating and outgassing.
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The method of treatment was as follows. 200 to 500g of sample were
placed in an open Petri dish, Air from the normal laboratory atmosphere was cir-
culated over the sample for 7 to 9 days. The sample was then placed in a nickel
capsule in a high vacuum line and outgassed for exactly 20 minutes. The sample
was sealed off and the furnace was turned up to 200°C for 12,0 £ 0.3 hours. The
water driven off was collected in a liquid nitrogen trap and its 6D value was determined
in the usual manner. The temperature of the furnace was then increased fo 900°C
for 6 to 12 hours and the H,O driven off from the sample was collected and iso-
topically analyzed. All the results are given in Table 3-4.

The interlayer waters that remained after 20 minutes of outgassing at
room temperature, representing only 10 to 30% of the original interlayer water,
exhibit a range of 6D values from =79 to +4 . Presumably, prior to outgassing, all
the interlayer waters had similar oD values of about -50%,, (i.e., typical water in
equilibrium with Pasadena H,O vapor).

Two effects are responsible for the change in 5D from this initial value
of -50%.. First, evaporation during the 20 minute outgassing period undoubtedly
increases the 0D of the residual interlayer water. However, no correlation is observed
between the 8D of the 30° to 200°C cut and the ratio of interlayer water to total H,O
in the sample. Secondly, in the light of the results in section 3.2, we know that the
interlayer water can exchange with the hydroxyl of the mineral during the 30° to 200°C
outgassing. Assuming a montmorillonite hydroxyl-water fractionation of about 15 to
20%0at 150° to 200°C (see Figure 1-2), such exchange would in most cases tend to
lower the deuterium content of the interlayer water, because the 6D of the hydroxyl

is generally more than 15 to 20%0 lower than that of the interlayer water.
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The data in Table 3-4 suggest that the residual interlayer water remaining
after the 20 minute outgassing at 25°C is generally enriched in ¢D by evaporation,
by at least 20 to 60 per mil. Therefore during later exchange in the temperature
interval 30%0o 200°C, the hydroxyl of the montmorillonite would be enriched in
deuterium. If this condition prevails, the actual OH of a montmorillonite sample
would be considerably lower in 0D than the measured 6D value. It is therefore
instructive to examine the data in Table 3-4 in more demil.

All of the samples shown in Table 3-4 and Figure 3-3, with the exception
of Was-QOre-6, are montmorillonites of a low temperature origin. The three
Quaternary soils and the three bentonites probably were formed at about 15° to 25°C.
The two oceanic montmorillonites probably formed at about 0°to 5°C (i.e., Holocene
ocean bottom temperatures). Was-Ore=6, a fossil soil, probably formed at Earth-
surface temperatures, but it was later buried by a lava flow and probably reequilibrated
with H,O at a higher temperature.

If the hydrogen and oxygen isotopic compositions of the montmorillonites,
excluding interlayer water, represent preserved equilibrium values, the samples must
have equilibrated with meteoric waters, ocean waters, or mixtures of the two. For
a given temperafure, 6D and ‘50]8 values should therefore plot on a line roughly
parallel to the meteoric water line. Savin's (1967) montmorillonite line for 15° to
25°C is shown in Figure 3-3.

The lengths of the bars in Figure 3-3 represent the percent of the total
hydrogen present in interlayer water (i.e., the 30° to 200°C fraction) after room~
temperature outgassing for 20 minutes. Ignoring the fossil soil and the oceanic
montmorillonites because they do not represent samples equilibrated at 15° to 25°C,
a systematic pattern of displacement above Savin's (1967) montmorillonite line is

observed. Those montmorillonites that confain a larger proportion of interlayer
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Figure 3-3. A oD - 5018

plot for montmorillonites equilibrated with atmos-
pheric water vapor. The samples were subjected to o systematic
extraction procedure (see text). For reference, the kaolinite
line and montmorilionite line of Savin and Epstein (1970a) are
shown. The relative amounts of interlayer water to hydroxyl,
are indicated by the bar lengths. 6D values of the hydroxyl,

corrected for maximum plausible interlayer-water contamination,

are shown by X's .
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water to hydroxyl display greater divergence from the montmorillonite line. This
suggests, if Savin's montmorillonite line is valid, and if the assumption concerning
preservation is correct, that contamination of hydroxyl hydrogen by isotopic exchange
with interlayer water is directly related to the proportion of interlayer water in the
mineral at the time of heating and outgassing.

In order to estimate the maximum plausible 6D correction of the mont-
morillonite hydroxyl, approximate material balance calculations of the following
type were made on each montmorillonite.

X] 50+X2 (5b = X] Gc + X2 6d

X, = mole fraction of hydrogen in the 30° to 200°C
temperature fraction

X, = mole fraction of hydrogen in the 200° to 900°C
temperatyre fraction
6, = measured 8D of the 30° to 200°C temperature fraction

0, = measured oD of the 200° to 900°C temperature fraction
6_ = 10, maximum reasonable 6D of the interlayer water
Erior to 30" to 200 C outgassing. &, = +10 is slightly
igher than the heaviest 30° to 200° C cut observed
(sample no. Wy-H-26)

64 = calculated 0D of the hydroxyl prior to 30° to 200°C
outgassing (i.e., the points labeled by X's in Fig. 3-3)

For most montmorillonites, X] = 0.6 to 0.9 under normal atmospheric
conditions. A change in X} from 0.8 to 0.5 represents gbout 75% evaporation. A
change in X] from 0.8 to 0.1 represents more than 95% evaporation. Sample Wy-
H - 26 thus must have undergone about 90% evaporation during the 20 minute out-
gassing period; this resulted ina & =*4, |t therefore seems highly unlikely that

6c could be much greater than +10%o for any of these montmorillonites.
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The values calculated by the above method are listed in Table 3-4 and
illustrated in Figure 3-3. Although these corrections place the sample isotopic
compositions nearer to Savin's (1967) montmorillonite line, some of the samples plot
in the vicinity of the kaolinite line or intermediate to the two lines. This perhaps
raises a question whether or not it is valid to assume that all montmorillonites formed
at 15° to 25°C in the presence of meteoric H,O should in fact plot on a single "line".
For example, variations in chemical composition, particularly changes in Al/Si or
Fe content, could result in variations in isotopic behavior. Possible reasons for the
observed large scatter in the D/H and 018/016 values of montmorillonites are
discussed subsequently in section 5.3, Chapter VIIl, and Chapter X,

Until further work is undertaken to understand more thoroughly the
nature and the degree of exchange between hydroxyl and interlayer water during
heating and outgassing, it is suggested that hydrogen isofope analyses of moni-
morillonites be done systematically in two steps. After a fixed time period of
cold outgassing, preferably several hours, the water given off below 200°C
should be collected and its 6D value measured. Following this, the "hydroxyl"
water may be collected and its 6D value measured. The maximum plausible
contamination of the 6D of the hydroxyl can then be calculated by material balance.

Oxygen isotopic compositions of montmorillonites are much less affected
by the types of problems outlined above because the amount of oxygen contamination

from interlayer water after dry box exposure for 24 hours is very small (see Savin,

1967, p. 65-67).

3.3 Summary

The hydrogen isotopic compositions of halloysites (a Type | clay, see
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Table 3-5) are of limited use in geologic studies because of exchange between
some of the hydroxyl and the coexisting interlayer water in a matter of hours or
days at room temperature. This results primarily from the fact that in halloysites
the interlayer water is in direct contact with 75% of the hydroxyls. However,
inasmuch as most of the oxygen in halloysite is bonded to silicon, and because the
oxygen of silicates does not exchange readily at room temperature, the oxygen
isotopic composition of halloysites may be useful in geologic studies.

The hydrogen isotopic composition of the hydroxyl of montmorillonites
(as well as other Type Il clays, see Table 3-5) may be of use in geologic studies
becwase the hydroxyl of montmorillonites apparently does not undergo rapid iso-
topic exchange at room temperature. However, at normal outgassing temperatures
of 125° to 200°C, hydrogen isotope exchange between interlayer water and hydroxyl
takes place, the extent of exchange depending in part on the relative proportions
of interlayer water and hydroxyl. Limitations can be placed on the amount of
hydrogen isotopic contamination of the hydroxyl, if systematic collection of both
the interloyer water and the hydroxyl H,O are undertaken. As noted above for
halloysites, the oxygen isotopic values of Si-O bonded oxygen in montmorillonites
will suffer little or no confamination from interlayer water. In addition all the
OH sites of montmorillonites are partially protected from exchange with interlayer
water by a sheet of silica tetrahedra.

Kaolinites and probably illites (as well as other Type i1l minerals, see
Table 3-5) do not display any of the problems exhibited by either halloysite or
montmorillonite and therefore their hydrogen and oxygen isotopic compositions will
undoubtedly be very useful in geologica studies. As will be seen in later chapters
on natural samples, kaolinites display a more systematic variation of D/H and

0]8/016 isofopic values than do montmorillonites or halloysites.



TABLE 3-5

Classification of Clay Minerals and Hydroxides on the
Basis of Potential Ease of D/H Contamination

of Their Hydroxyl Hydrogen

Layered Silicates

Layered Silicates with Hydroxyl Protected Sheet Structured
with Interlayer Water from Interlayer Water Minerals with
in Direct Contact by a Silica Tetra- Little or No
with Hydroxyl hedron Sheet Interlayer Water
Type | Type Il Type 11
Halloysites Montmorillonites Kaolinites
(Smectites)
Vermiculite Dickite
Hydrobiotite Nacrite
Hydromuscovite Ilites
Chlorite
Serpentine
Brucite

Gibbsite
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iV. ISOTOPIC, MINERALOGICAL AND CHEMICAL DATA

*
All the isotopic data obtained in the present study are listed in Table
4~1 along with semiquantitative estimates (using X-ray diffraction techniques) of
mineral quantities, some differential thermal anulyses? hydrogen yields for samples

on which hydrogen isotopic analyses were done, and some determinations of

Fe,O4 contents (done by X-ray fluorescence). In many instances the 6018

values of the clay mineral or hydroxide end members in bulk samples were cal-
culated by material bc:lcncei;gf Footnotes and abbreviations essential to a thorough
understanding of the data in the table are given at the end of the table.

All the isotope data are also graphically illustrated in Figures 4-1
and 4-2 arranged according to mineralogy, geographic location, and age.

The location of the sample sites, descriptions of sample sites, and

in some cases pertinent literature references are given in Appendix |.

All the measured ¢D and 6018 values involved either one (no error given)
or two (an average deviation from the mean given) separa fe sample extractions.

The material balance calculations were made on a 2 component basis: 18
(1) residual parent rock or confaminant and (2) weathering product. the 60
valv.i%s of the parent rocks or contaminants used included: (1) directly rgeusured

values (one analysis for each sample locality); (2) assumed 801 values,

average values for a particular rock type (i.e., +8.5 for granitic rocks, +6.5
for basaltic rocks, Taylor, 1968); (3) in the case of the Hawaiian basalts a
measured 5018 = +6.4 (Taylor, 1968); and (4) in the case of the ancient kaolinites
and the montmorillonite +7.5 for residual basaltic-andesitic parent material,
+10 for residual igneous quartz, and +13 for quartz in sedimentary kaolinites.

© The differential thermal analyses were useful in confirming qualitative
identifications by X~ray diffraction, in a few instances indicated the degree
of crystallinity of a particular clay mineral, and in other instances revealed
the presence of X-ray amorphous clay minerals or hydroxides.
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0.19

0.73

22

2,76

3.01

3.18

6.45

8.61

-83

+ 8.5
+10.0 #0.1
+ 3.8 0.1
+ 7.1 0.1
+8.5 £0.1
+4.1 0.1
+9.6 +0.1
1 9.9
) 8.3
+ 5.7
+5.8
+5,5
+12.7
+ 9.9
+9.2
+6.2
*5,1%0.
+13.9 0.4
+14.2 0.1
+13.8 £0.2
+9.9
10.6
19.4
12,5
15,5
0.1
HO.1
H2.4
0.0
+5.5
+4.3
+3.9
0.5
+12.4
10,1
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Profile on o Quartz Diorite Gneiss
Big Sur, California

Purcont of Sample H
D.LA, yield wt, U 18
Sampte No. Desc. Q F M Mo K Hal G Chl Hbl lim  peaks  pm/my  Fey0y oD 60O
Mon-Cal-1-12 w.r. a0 40 10" 20 410.5
" Q 100 +12.5 20,1
" F 100 1.6
" Hbi 5 30" 65 +6.9
Mon-Cal=1-11 w.r. 15 30 55 1.06 -48
" clay
thmy 58 80 1.72 3.8 -44  +19.2
Mon-Cal=1-10  w.r. 0 20 70 .19 -54
Mon-Cal=1-%  w.r. 20 40 25 15" 3.2
“ Hol f 75 25" +0.9
" g 3.1
" Q 2.0
Mon-Cal=1-8  w.r. 10 25 65 1.15 -53  hs5,4
" clayP M120 .
\,mz‘ 7 18 75 weg 172 4.5 -44 8.3
“ clay 7 20 73 1.41 8.4  -65 H7.0
thp.)
Mon-Cal-1-7  w.r. 10 25 65 1.30 -59 H4.5
" Hbt ¢ +11.5
" F +10.9
—Cal-1-s ClayP 4 -
Mon=Cal-1-6 (};Nq 15 10 75 1.47 44
" clay : -
(};‘P')p 15 10 75 - 1.23 :‘7
_Cal-1-4 Clay -
Mon-Cal-1~4 (};.p.)q 7 18 75 wt]zgo 1.62 4.2 2 198
" clay M120 -51
(he) 7 18 75 wese 133 6.6 b3 o4
o R.F. 20 65 15 +12.6
—Cal-1-3 clar® -
Mon-Cal-1-3 G2V, 15 10 75 1.76 4.8 47 +19.2
Mon~Cal-1-2  w.r. 10 15 75 +17.1
M clay - ¥
then IV I} 75 1.45 5.4 55 +19.0
" R.F, 35 65 +1.1
" Q +12,0
" Ft +15.3
Mon=Cal=1-1  w.r. 12 2 35 1.87 -60 +13.8
" R.F. 10 45 45 +12.9
" F +2,1

" a +13.1 £0.4
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Profile on the Columbia Rive: Basalt

Spokane County, Washington

Percent of Sample H?
D.IA.  yield 8
Somple No. Desc. @ F M Mo K  Hal G Chl Hbl lim peaks pm/mg 50 80
12K-JH-61 Wt 50 BY 15 t 7.0
124-JH-61 war 45 10 10 20" 15 1.53 -102 + 8.8
121-JH-61 w.r 40 15 20Y 15 mgg 2.06 -0 4 9.2
2H-JH-61  war 5 80 15 5.29 -70 ~13.3
" Hol 100 “14.4
12G-JH-61  war. 5 80 15 5.61 =75 +13.3
12F-JH-61  w.r 5 80 15 3120 542 - 83 +13.840.2
“ Hal 100 f4.1
" Hm 5 95 + 3.8
1260061 war. 5 80 15 5.36 - 78 +13.7 £0.2
12D-JH-61  w.r. 85 15 6.22 N 2.7 k0.5
" Hal 100 +14.3
" lim 5 95 +4.1
12C-JH-61  w.r. 85 15 6.13 - 71 H3.7£0.4
128~} H-61 Wt 85 15 32 599 ST A40
" Hal 100 7.01 - 75 s,
" iIm 5 95 +2,9
12A-JH-61  w.s v vV v v 3.19 -84 3.8
Profiles on the Pierre Shale or Equivalents
N,W, United States
cezi wor. ¥ See Toble 5-5 2,95 1% 446204
car2 w.r. R 2.35 192 4.6 +0.2
c873 w.r. v 2.46 18 5.6+ 0.4
co74 war. I 2.4 G 5.7 20.6
Profile on Verendrye Member, Pierre Shale
Stanley County, South Dakota
cess war. Y See Table 5-5 1.91 -85 +19.7
c884 war W 1.92 - 86 +19.4
casl w.r. W 1.88 - 86 0.0
882 w.r. e 2,02 - 88 +20.5
€863 w.r. . 2,30 -77 +19.4
Profile on a Pierre Shate Equivalent
Jefferson County, Colorado
Jei<Col=1-1  w.r. 35 10 40 15 % 1.64 -8 wsa
Sef-Col-1-2  w.. 35 10 0 15w 1.4 "% na
Jef-Col-1-3%  wu. 15 20 2,15 144 h0.6
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SURVEY OF QUATERNARY WEATHERED ZONES

Percent of Sample ) " - 037
K DTA. Hyyield  wh% o0 wh % " clay
Sarpte No. Desc. Q F » Mo K O, O peoks um/mg e 0, oD bulk Ocloy lelae AN caleulared
CocomArize2  clay (hp 70 20 NN 66 14
Coco-Ariz-3 w.r 50 50P 1.2 75 *1 +9.1 5345 + 6,1 1.7 £0.5
our 50 50 L6
Pul=Ank-17 w.r 4.06 -62 5.9 5545%% rgslt +22.0£1.3
Pu-Ark=3 war. 502 5 3.5 61 £2 “1a.4 5545 +8.5 9.4 1.0
" w.»0a 3.95 -59 +15.6
. clay (hp 75 2% 5.65 -63 9.6
Bur-Cal- 1 w.r 80 WO 60 14 7753 6.4 84 58 +8.3 8.0 1.0
" <20 0 2 5550 6.09 79tz 45,9
. pur 60 b +8.3
tak-Col- w.r 15 s 20 25 5 4.72 6351 16.8 65 26K .g5f 21,3 £1.0
. <20, 55 s 0 35 2 3.70 10 -73%3 5.6
L.A.~Cal-2 wa 50 30 20 8.7¢ 60 A41.4 M5 +8.3 M7.5 215
- pur -8.3
L.A,-Caird wr 35 50 15 BV SR ) -1 42,0 5446 +8.3 +15.2 0.7
. <20, ’ =S 8.9
LA ~Col-6 war 20 50 30 0.60 -58 8.4
. <204 15 35 50 2.10 69 +3.9 54 46 +8.5 “B.6 1.2
" w.r, ¢ 20 70 10 + 8.5
Mar-Cal-1 war. 20 &0 2
- w.r? 20 45 35 V.77 -56 +13.2 40 £5 +10.0 +18.1 £ 1.0
. <Ay 5 1S 70 455 -58 +15.9 74 £7 +10.0 18.1£0.8
" war. % 70 5 +10.8
Mon=Cal-3 w.r 8 12 40 40 M50 4.17 -78 8.7 §2:8 +8.500 49.1£0.5
$.D.~Cal-1 w.rs VoYl Vm Wi am -66 +i4.2 qsskk g5l +23,0£ 1,9
$.9.-Cal~2 wr v Y ml we Y Wi 2.3 -60 +15.1 wask 4 gsil 253420
S.L,0.Cal~l  w.r. v vV v M520 4% -7 +15.7 s0sek  Lgsil 20.7 £1.3
5.C,~Cal-1 w.rs w42 10 ac x um 66 +5 +13.9 Bes + 8.5l 24,1 42.2
. <Ay 515 0 20 M 4w 8 57 1 +18.4
Tui-Cal-1 <204 v vV Yo o +1.6
» 2 v o4V Yo e M510 2.7 91 42
Tul-Cal~2 <204 v v 5.3
" (2%': v v v 5.10 94 &1
Tul-Cai-3 <20, v ¥ Vo b 5.20 -81 14 7027% el “16.240.8
" }gco': v 7/ VAT M50 3.75 -83
Tul-Col-4 <204 V4 VoMb Hol M0 451 -5 +2,1 s5x6kk 4 g5ii 4.1 £0.5
" =0 v/ Y V. Wbl 3.% -72
Tol-Cai-5 <20y a4 T 5.54 -8 nzz e g5l 4.2 206
v 2P v v V™S MSS0 441 -102



SURVEY OF QUATERNARY WEATHERED ZONES

62

(CONTINUED}

Percent of Sample 8 - 0"
) D.T.A. Hiyieid wh% +C wh, % 6 clay
Samote Mo. Dese. Qa F m Mo K G, O peas prmg  Fe0q 0 oulk Oxy, 008, carcolatea
Tui-Cal~6 <204 a7 -88 "2y 65 k6% + .5l vi5.5 £0.7
2% ) v o M0 3.54 58 2
<20m v v v N 3.52 -2 10,9 s0 ¢55% 4 g.sii 3.4 £0.5
ool & v ¢ Ve wso 178 -l00 42
SV Y
— Z;E: / J \/ / Hyb 2o 3.54 -84 +17.2
& v Hyb I e 76 +5
Bou-Col- | war 0 30 5 2 1.8 17 #2 "2.9 54 5 L850 H6.7 40.8
clay thp) 1.68 -106 £3 “7.5
Min=Coi=1 clay (npu) 515 10 60 10 MISO 148 98 +2 8.6 624 8.8 8.5 £0.2
wee %5 15 45 20 .77
ware 3 15 45 20 -~
L' r-Conn-2 war. 20 10 5 4 5 245 -58
D.K.Ga-1¥ . 1.3 -66 2.3
Kau-How= w.r v 3.90 2.6 54 41 +15.8 s7i6kt vo.4 2.0 1.7
Kau-haw-2 r 2 75% 13,35 3.6 7 a5
Moi-Haw-1 w.r v 4.52 16.4 67 20,9 677 64 123.,2:2.3
MouiHow-2 .t so  so™ .00 18.4 34 =1 a7.8
Maoi-Faw-3 w.r v / .21 4.0 53¢ 8.4 62 +6 "% %4 26.1:1.9
Moui=how=4 .t v 0,84 15.4 -62 1205 7ia7k s 2.5z 2.0
Mowi-Haw=5 w.r v ‘é 4.9 7.8 -55 “17.1 62 £6k* “.4 239,57
Maui-how-6 w.r \/ ‘( 3.55 7.7 =51 =1} 14,9 52 *Skk 0.4 +23.2x 2.4
Mavi-Haw-7 w.r : 6.72 8.1 55 24 21,3 g9 .4 25452
Maui-Haw=§ w.r \J\/ 6.41 9.6 601 20,9 g9k 4 2.9¢2.0
Mai-How-5 war v . 5.24 7.4 -54 49.8 76485 6.4 .44 2.0
Mavi-Haw=10 wor v ’ 2.5 5.0 -52 ‘a3 52 45%* w4 220520
Boi-ldo-4 w.r. 15 35 "0 40" 1.42 -137 +3.2 43 £5%K ~4.0 +2.020.2
" <204 5 15 10 70°° 2.21 133 t 1.6 72e7% 4 1063504
- e 20 50 15 15 ~4.0
Boi-Ida-5 w.r, 15 5 0 25%¢ wise 1.01 -135 - 4.2 27 £5 -6.1 +1.3£1.3
- <20, 10 10 see WX a5 153 - 3.0 82 8 -6.1 - 2304
. p.r. ¢ 15 50 10 25 0.86 -152 - 6. '
Clo-loa-1 wat 20 60 15 5 mn . o 9.0 108 £1
. <20, 515 20 0 10 a3, -109 £5 .
\do1do~1 wr. 2 0 30 3.21 =120 £7 +7.0 8248 .50 «7.450.6
' <204 20 0 30 mgg 3.61 ~104 £2 ~8.2
Lat-tda-1 w.r v.v oY MIZ 289 9.0 -103
- <204 v /4o i am -106 3
Mad-Mis-1 w.r 0 50 2 2.8 70 a2 3515 i M2 809
" <20, o 2 60 Hyb 3.90 -77 45,0 65 46 3,500 +18,6 £1.0
- R.F. ¢ 20 50 30 1,95 65 2.7
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SURVEY OF QUATERNARY WEATHERED ZONES

(CONTINUED)

18"
Percent of Sample 16 00 C
D.T.A. Hzyisld wt, % 30 wt, % 18 cloy
Sample No. Dese, F M Mo K [e] (¢ peaks pm/mg Fa,O. D bulk Ox 60 Tpur. cateolated
a O 203 clay
Jof-Mon-1 war. v Vv oV e 2.2 -16t £2 +2.5
. < 204 20 20 60°° m;g 3. -i66 24 +1.2 82 48 +8.3 - 0.4£07
W530
>. pur, 56 +8.3
L.a.C.-Mon=]  clay ff - 80 2,00 -157 ~8.340,5 838 14,2 + 6.9 20.6
. clay 99 5 15 80 1.83 -130 “11.4 0.4 83 28 +14.2 +10.7 0.3
" p.r. CC +14,2
LaComMon-2  war, 0 2 50 Mol Slaw V.06 108 ¢4 +9.7 53 15 .7.3 41,9 £0.5
" pur 0 601G . Hol M0 +7.3
Mis-Mon-1 wr 0 30 1515 M2 e 3.0 134 £2 +5.0%0.3 3345 +7.7 -0.621.2
. < 200 2 % 50 NB s -2 41 +7.7 £0.3 73 27 L7.7 7.7
. pur 0 55 5 +7.7
Mid=-N.J.=17 w.r -77 +13.9 20,2
y .
Colt-N.M.~1  clay 0 5 0 15 M 247 - 79 £ +3,4 wes®™  epsh 9.2 51,2
Monr-ALY.-1Y war 0.37 -8l +12.8
Rock=IN, ¥.=1 war. 5 40 5 ) 2,50 -6
Clev-N.C.-17 wos, 4.4 - 67 +12.3
Clev-N.C.=2"  wor, 2.45 -6) * 400
Com-OkI=1 PS¢ 25 70 5 0.95 -71 +8.4
" p.r b 5 80 25 10 0.82 - 64 +6.7
. REhpy ¥V +12,8
. < 20p 0o & T Hyb 1.05 -4 +7.8
. p.f. 25 70 5 +7.4
Gre-Oki-1 war, 5 75 '
. R.F, ¢ 35 75 0.42 - 58 +5.7
" < 20p 5 25 1o 4" 3,34 - 53 +13.4 was™ g0 23218
. p.r. ¢ 5 75 +5.0
HR.-Ore.=1  wer, 0 4 0 » Wl MIZS 25 - 8656 “0.9 2™ a7 461414
. por. +7.3
Lon-Ore-1 war 5 T o 10 M2z aes - 8042 15,5 63 26 +6.5" +21,0%1,4
" <20, 3s 5 50 40 MR e n.e -eBtl 3.6
Mari=Ore~1 w.r 0 0 70 5.45 8.0 7921 +14.7 73 £7 +7.4 +17.5£1.0
. <20, 0 20 50 1 we o aas -85 41 a5
" Pere +7.4
Mul-Ore-1 wr 2 ol 1O 43 o  ~75%d +14,2 EIVL T RIRTSH
. co0, " w3300 00 - 4az) +72.0 go28  Les" 9.7 414
" wa, ™ Hal 16.0 7.1
" <20, ™ 20 Hal 2,8



SURVEY OF QUATEANARY WEATHERED ZONES
.

64

(CONTINLED;

'8 PP
Percent of Sample ) i " - el
D.T.A,  Hpyield wh % 00 wh % 8 clo
Somple No. Desc, Q F M Mo K O, Oy pecks wi/mg  FeyOq oD bulk Oxcluy o0 Tpats cateulated
5.30 kk it v
Mol-Ore-2 war. Mol sy 5.0 el 19.4 8048 +6.5 22,8 41,7
. <200 Mol  S520  6.09 150 = 5141 18.2£0.6
“ p.r.® 2,15 - 47 % 12,3
5130
Wash-Ore-1 w.rs ol 30 52 -73%2
" <20, Hal  $550  6.09 -62%2
" p-r. 7.1
Wash-Ore-2 war, Ml ol s -79 15.1 7™ 7.0 +18,7 £1.1
. <20 Hal  S530 6.0 19,0 - 6942 15.9 859 7.0 7.6 41,1
"
" p.r.¢ 2.1 - 66 9.7
Yom=Ore=1 w.r w40 20 RS 150 - 8341 14.7 £0.4 83 28 +g.5 i +16.0 £0.8
" <204 0 s 2 e 15.0 84 8 +8,5 0 +16.3 £0.7
pr. ¢ 9.9
Ua~Tex-4 <20p v v v M0 s - 5942 20.4
g R.F. % o 2 65 1.79 - 56t4 16.3 68 7 ~ 8.5 420.241.2
Parc=Wyo=1 RS 20 10 70 m;‘zg 1.85 =113 £3 9.7 7247 U},g +0.5+0,3
151
" <20, 510 70 s M 1.8 -1 +0.0 7748 7.8 0.7 £0.3
- por. 5 20 55 10 15 +7.8
£,B.-Nico-1 war. G s 0. -3 +13.8
il
ANTARCTIC SOILS
T.G.-Ant-1 war 0.36 -158
Rel.=Anto-1 Wb, 0.61 150
Rof,=Antgn2 Wt 0.53 -121
R.0.-Anta-3 wor 0,64 -129
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Cesceiption

Percent of Sample

65

ANCIENT KAOLINITE DEPOSITS

D.T.A,
eaks

kg yield
¥m/mg

wh%
Fe,03

60

OCIB
bulk

wh. % %

O%clay

qu

contaminant

PP
o0'8ctay
calculored

1.5, =Ark«1
Wiicox Fr, Eocene

Pixe-Ark-]
Tokio Fm
Upper Cretaceous

Pul=Adc=2
Wileox Fm, Eocene

Sol=Ak-2
Resicun| Eocene
Weathering Surface

Hue-Col-i
Clay in Dokora Ss.
Lower Cretaceous

Pue-Col- 1|
Clay in Dakoto $s.
Lower Cretaceous

Cle-lda-}
Sedimentory Deposit
Miccene

Latide-2
P astic Ciay Depotit
Miccene

Lat-Ida-2
Siliceous Ciay Depasit
Miocene

Lat-lda-2
Residucl Weathered Zone
Miocene

N.P,-tda-1
Clay Deposit
Miocene

Cal=-Mis=)
Cheltennam Fm, Cnerokee
Group, Penmsylvania

Fra-Mis-1
Cheltennam Fm, Cherokee
Group, Pennsylvania

Fra-mis-2
Cheltenham #m, Charones
Group, Pennsylvania

Gas-ms-1
Cneltenhom Fm, Cherokes
Group, Pennsylvania

Cas-Mon~1
Kootenal Fm
cower Cretacsous

Mid-N,J,~1
Raritan Fm
Lower Cretaceous

Mid-N. J.-2
Sandy Clay, Raritan Fn
Lower Cretaceous

Mid~N,J.-2
Clay, Raritan Fm
Lower Cretoceous

Cla ~Ore-2
Cloy in Tuffoceous S,
Miocene

Mari«Ore=1
Clay altered from Tuff.
Miccene

20

50

30

20° s 15

95

35

80

&0

80

95

95

Hal

5550

M550

5550

5550

$580

$550

5550

5550

$550

M550

M550

$550

$550

2.69

7.9

2.9

6.61

6,33

2.98

7.8

7.3

1.01

3.33

4.44

5.34

4.0

2.0

- 59

- 54 %2

-60%1

- 57

-116 2

-108+3

-125 %

-122+2

131 %2

-122

=121

-62%)

- 45 &2

- 44 1

=119 £1

- 74

- 64 £2

- 883

-51%4

+19.2

+22,0

+17.3

7.7

+13.5

+13.0

+12,8

+12,9

+8.8

+12,5

+19.0

420,2

+20.3

*20.8

+15.5

+18.6

HEB.4

7.7

+15.2

515

959

42+5

62 6

19

81 +8

M9

425

42 £5

47 =5

95 +9

52 &5

7247

Nz

9519

+13.0

*13.0

+13.0

+10.0

+13.0

+13.0

+13.0

+13.0

+13.0

+10.0

+13.0

+13.0

+i3.0

+13.0

+H3.0

#3.0

+25.3+1.2

~22,4£1.2

~23.4£1.2

~20.1 1.1

+13.8 £0.1

16,74 0.4

+13.0

~12.8 £0.1

+12,5%0.1

+7.1%£0.4

+11.9 20,1

+19.5 £0.5

+17.840.5

120.8 £0.8

+20.1 £0.8

+2).4 £0.8

18,0 0.5



Sampie No.
Description

ANCIENT KAOLINITE DEPOSITS

Percent of Samole

F M Mo K
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D.T.AL

peoks

Hyyield
2y
pm/mg

wht%
Fey 04

(CONTINUED)

o0

i
0Q
contominant

PP
20" 8clay
caleulated

Mari-Cre-3
Clay altered from Tuff.
Miocene

Aik=5.C =NH-11
Clay Deposit
Upper Cretoceous

Cne-Tex~1
Wilcox Fm
L. tocene

Cne-Tor-2
Wilcox Fmn
L. Eocene

oy~ Tex~1
Ciseo Group
Pennsylvonion

Ste=Tex-1
Cisco Group
Peansylvanian

‘You-Tex-1
Cisco Group
Fennsylvanion

Ben-Ver-1
Clay Depos
Miocene

Pie-Wash-1
Residual Weathering
of Volcanic

Mid Terbiary

Pie-Wgsh-3
Residucl Weathering
of Velcaric

Mid Terriary

Spo~Wash=1
Sedimentary Depost
Miocene

Spo-Wasn=2
Clay Deposit, Sedimentary
Miccene

Spo=Wain-3
Residual Weathering Zone
Miocene

RPFM3
Ancient Weathering Zons
Pennsylvonior

RPFM7
Ancient Weathering Zone
Pennsylvanian

RPFMIO
Ancient Weathering Zons
Pennsylvanian

CH-13
Clay in Shale
FPaleocene

35

40

70

85

40

40

75

w0

45

50

20

30

M120
M550

5550

$550

W550

$550

Mmi3o
M580

4.86

.77

2,57

3,38

5.55

7.57

7.02

1.62

116

0.86

1.95

12,0

- 67 2

- 54 +1

- 47 %)

- 90 41

- 98 )

- 92

~-Hz7

-0 +)

-128 +1

-84 £2

- 83 x|

- 903

+19.4

+21.7

+20.4

+19.6

+18.2

7.7

19,3

9.5

3.9

*13.4

+14.3

+13.9

*13.2

+14.8

+13.0

4.5

8)+8

Bl +8

7247

77 £7

72 27

B1 =&

8ix8

806

5045

30:5

+13.0°

+3.0

3.0

+13.0

+13.0

" +10.0

+10.0

+13.0

+10.0

+10.0

+10.0

+19.4

*21.8+1.4

+20.3 £0.5

*19.5 0.6

+19,3 £0.6

21.2+0.8

+22,1 £0.9

+14.6 +0.5

+12,2 0,2

+13.5 £0.1

+15.3 £ 0.6

*+19.4 £1,0

+20.0 £ 2.0
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JLLITES

Percent of Sample
Sample No. D.7.AL Hyyield
Descristion Q F M Ma K 1 (¢} peaks wh/mg

w %
Fe,03

18
oD bulk

wh, %>
Celay

00'8clay PP
caleulated

Coco-Ariz-5
Fossil Soii, w.r. 52 i 40 [K]
Precambrian

CocoAtiz=5
Fossil Soil, Ciay 2 20 60 2.17

Precambricn

Coco-Atiz=0
Bulle Fousil Soll 2,26
P-ecambrion

Coco-Ariz=t
Clay, Fossil Soil 60 40
Precombrian

5.8,-Cal-15
Fassit Sail 40 60 1.78
Precambrian

MONMNTMORILLONITES

Coco-Ariz-7 M120
Benton’te, Chinle Fm 15 85 M550 2,3
Triassic w750

Fer-Mon- |
Benfonite Sha ¢ 30 0 40 20 1.7
Upper Cretaceous

H.R.-Cre-2 .
Fouit Soil 0 ) H R ¥
Gligocene

Was-Qre-3 5129
Weathered 8osaltic Glass . 100 W500 2,51
Post Miocene W770

Wos-Ore-4 . 5120
Weathered Bosaltic Glass 100 W500 2,47
Post Miocene w770

Was-Ore—6
Fossil Soil 15 75 0§ 1.59
Miocene

Was-Ore-8 v
Fossi Soil a5 40 s
Miacene

MI25 .0.57

Was-QOre-9
Red Clay, Fousil Seil 5 3 L 2.63
Miocena

Way-Ore-9 5ol $150
Yeilow Clay, Fossit Soi 100 3.00
Miocena M530

Wos=Cre-10 )
Fossit Sol 10 45 45 ne aw
Oligocena

Nio-Wyo-1
Bentonitic Shale 30 20 5 45 1.3
Upper Cretaceous

Nio-Wyo-1
Weathered Bentonit'c Shale 30 0 5 45 10
Upper Crekaceous

Nio~Wyo~2
Bertonitic Shale 5 1]
Upper Cretaceous

Nio-Wyo-2

Weatnered Bentonitic Shals 5 95 2.4
Upper Crefaceous

Was-Wyo-1

Bentonire 0 % $120
Upper Cretaceous ' 700 2.51

T™w-10-116

Cceanic Montmoritionite Il $120
o0 5800 2.5

TW=~1-50-F~m

Oceanic Montmorillonite 5 5 v st
80 10 Weto 1.98

™-1-G
Bosaitic Glass

Corr 11 DR=9-L-M
Oceanic Montmorillanite 80 ¢ S 1.85

88ATo 20
Bentonite 5 &0
Upper Cretaceous » .64

58-To
Supergene Graen Clay 5 7 :
Tartrary ¢ = 4

58-3b
Supergens Whire Cla 15 .
Tertiary 4 © “ 4.6

58-3b
Supergene Light Groen Clay 15 85 2.3
[ertiary !

sc-12 J
Bentonite v v 2,75
Paleacene ’

9.0

8.0

10.0

- 79 %5 +14.5

- 80 +16.4

- 59

- 68 +16.4

=105

- 993 +15.0

- %0 *2.4

-108 1.6

-9 *16.8

=100 +1 +i7.6

-8 40,0

=115 +8.8

- B7 £+4 +9.5

=12 +10.3

- 80 +4.8

H4.1

- 94 46,7

=113%2 +)

“
oS

-62x] +21,6

- 83 +22.9

t a4

- 75 2.6

-85 12,4

- 84 +17.4

- 80 He.7

- 83 +6.6

=130 1.2

40 +5

60 28

60 26

85 8

g1+9

79+£8

N x9

54,5

86 19

919

838

638

9519

8548

+13.0

3.0

+3.0

410.0

“7.5

+7.5

~7.5

+10.0

+13.0

+7.5

-7.5

*7.5

+7.5

+10.0

+0.0

+16.7 0.5

+18.7 £0.5

+18.7 0.5

+15.3 0.3

+14.9 0.5

+12.0 0.4

+10.7 0.3

+10.4 £0.4

~10.4 £0.1

+16.2£0.5

+8.3 =).2

+19.0 21,1

+26.1 1.9

+25.8 *1,9

+12.5+ 0.1

*17.84£0,7
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SHALES
. . 18 18
Sampie No. = COyyield Hpyield 80 e}
Description Q F | Chl COS o] pm/mg pm/mg  SD bulk carbonate
inyo-Cal-5
Ordovician Shale 20 40 5 25 10 2.30 0.90 - 69 k1 114.5 +16.7
8,C.~Can-1
Cembrian Shate 20 4C 40 a.12 2.49 - 54 *] ‘13.5
B.C.- Can-3
Precambrian Shale 40 45 15 0.07 1,97 - 64 13 13.0
She-ind-1
Silurian Shale 20 10 10 60 6.11 +28.1
Mis-Mon ~3
Precambrian Shale 20 10 35 35 1.12 1,54 - 67 11 t15.4
Mis-Mon -4
Precambrian Shale 30 15 40 15 0.03 1.4¢6 - 65 115.0
Mis-Mon -4
Fragments in Soil 35 20 40 5 10 0.16 0.66 - 80 114.9
Mis-Mon -4
Soit 35 20 15 5 25 2.07 2.15 - 99 +14.0
Pow~Mon -7
Upper Cretaceous Shale 20 10 50 20 0.17 2,69 -102 +2  +14.4
Liv=N.,Y.-1
Moscow Shale 20 20 20 40 4,51 1.71 - 63 v14.9 t24.0
Devonian
Monr=N, Y, -2
Vernon Shale 45 10 45 4,38 0.67 - 6] +22.3
Silurian
Ham~Chio-1
Eden Shale 0.94 2,3 - 48 +24.5
Crdovicion
GLACIAL LAKE CLAYS
8:3
Glacial Lake Clay 40 10 15 20 15 1.74 1.99 - 63 +24.3
I{lincian, Pleistocene
8:4
Glacial Lake Clay ‘/ J v v \/ 1.79 - 56 t24.0
Ilinoian, Pleistocene
10:4
Glacial Lake Clay v Vv Vv VvV ¥V 2.58 - 49
Pre Ulinoian, Pleistocene
PERLITES
Ben-Wash-1
Perlite L7 -150 £ | +2.,0
Eocene
Chel-Wash=1
Perlite 2.3 -118 #3 +3.4
focene
Pie~Wash-4
Perlite 3.07 - 98 %1 +13.0
Eocene
Pie-Wash-5
Perlite 3.14 114 £2 +2.0

Eocene
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FOOTNOTES AND ABBREVIATIONS YO TABLE 4-1

@ Muscovite separate containea xool inite 99 Very weatherad portion

B Biotite seporote conkined kaolinite b5 N on feldspar minerols of o bosalt

© Biotite purified by paper snaking, kaolinite st Il oresent { ~10%} € Stightly weathered

S Biotite purified by ultiasonic cleaning, kaolinite shils present { ~10%) da Gibbsile ossumed to be the i quatikative X~ray i ion only

® Biotite separate contained kaolinite and hydrobiotite ad hous Al-Si-Fe hydroxide, identified by D,T.A., assumed to be the remainder
f Botite purified by paper snaking and handpicking, kaolinite still presant { ~10%) ¥ frown clay

9 Biohte cleaned ulasonically three times with 10% Calgon salution, kaolinite still prasent { ~ 10%) %9 Gray clay .

h hh

Gibbsite quantity assumed *o be the remainder Outer weathered surface of the parent iock

T Gibeaite quantity esrimated using the H, yield i Upper soif zone neor the surface

i Gibbaite and Chlorite quantities roughly estimated ossuming that they constitute the remainder il parent rock graritic, assumed 80 '8 of parent rack

K Biatire separate displays very fine ciay adhering fo surfaces KK percentage estimoted solely on the batis of the hydrogen yield assuming one weathering product

¥ Borite purified wsing ultrasonic cleaning with 10% Coigon solution Pasent rock basaltic, assumed 601 ¢

™ Sample contains abundont organic metter ™™ |otensaly weatherea rock severol feet below the surface

n n

Pesrogaphic thin sectiors used fo estimate quontities . Amorphous ¢lay, quanhly ossumed to be the remaincer

° Feldspar weathered . °° Weight percent of the fofal oxygen of the bulk sample in the clay mineral or hydeoxide fraction
P Handpicked gray clay (M= 1) from the buik sample 9 308 of the cioy mineral or hydroxida end member calculated by material balance

9 Hondpicked brown clay (M=2) from the bulx sample

" hornbilende iargely aitered to montrorillonite

* handpicked clay containing a mixture of brown {(M-2) and groy ciay {M-1)

! Weatherao feldipar

Y Includes ail mefic minerals plus glass, ossumed fo be the remoinder
¥ See Figure 5~15 for detailed description

“ Chiorite essumed o be the remainder

* Samgle contaim a comiderable quantity of amorphous clay

Y Bulk soils, 50" volues toen from Taylor and Epstein (1964)

% Nepheline
Q - quartz Nu - muscovite p.r. = Fresh parent rock V' - quolitakive identificatlon anly
F = Tfeldspar 8~ biotite <20p- 20 micron size haction wr. %= weight percent
M - mice Hyb~  hyrobiotite 200P- size hackon possing through o Ox - oxygen
00 mesh screen

Ma = montrmori'lonite Vm - vermiculite ) = itlite

h.p. - hond picked
K = waolinite R.F; rock fagment

D.1.4.- dilferentiol thermal analyris
Hal- nalloysite O - other .

W100-weak endotharmic peak ot 100°C
G - gibbiite O_ - remaindar of the sampre,

mineralt not M d hesmic peok of 106°C
Chi- chlorite
Oy = other minerols, tes abbraviations - 5550-strong endothermic peak of 550°C
Hoi= rormblende or iootnates

m/mg= micromotes per milligram
lim= ilmenite w.r~ whole rack
T - hoce amount present
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The 0D values of all the Quaternary soil samples, ancient kaolinites,
montmorillonites, illites, and shales arranged according to mineral-
ogy, geographic location, and age. The degree of shading of each
data-point indicates the proportion of parent rock (open) to weath-
ering product (black) in each sample. The following symbols are
used to indicate the types of clay minerals or hydroxides in each

sample.

kaolinite

montmorillonite

kaolinite=montmorillonite mixture

halloysite

gibbsite or Al-Si-Fe hydroxide
illite

kaolinite-illite mixture

mixed mineralogy, see Table 4-1
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The 6018 values of all the Quaternary soil samples, ancient
kaolinites, montmorillonites, illites, and shales arranged according
to mineralogy, geographic location, and age. The degree of
shading of each data-point indicates the proportion of parent rock
(open) to weathering product (black) in each sample. The follow-
ing symbols are used to indicate the types of clay minerals or

hydroxides in each sample.

kaolinite
montmorillonite
kaolinite-montmorillonite mixture

halloysite

gibbsite or Al-Si-Fe hydroxide
illite

kaolinite=illite mixture

mixed mineralogy, see Table 4-1
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QUATERNARY SOILS

LOCATION 8018
O +5 +10 +45  +20

Hawaii o
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United States o

Coastal t ] ®
California
a ¢ P

®
Coastal o P
Oregon %

Sierra Nevada Y
California o

Southern A o
Rocky L 2
Mountains 1 ]

Northern
Rocky A A ¢
Mountains A L 4

Figure 4-2
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V. DETAILED ISOTOPIC STUDIES OF WEATHERING PROFILES

5.1 General statement

Detailed isotopic studies were undertaken on seven different weathering
profiles, three on igneous or metamorphic parent rocks, and four on sedimentary parent
rocks. Four different mineralogical types were studied, characterized by abundant
kaolinite, gibbsite, montmorillonite and/or halloysite. The isotopic compositions of
most of the weathering products and some of the minerals from the underlying parent
rocks were studied from the fresh parent rock up to the A zone of the soil.

Locations of the seven profiles are given in Figure 5~1. They are
scattered throughout the United States, encompassing a variety of climates from semi-~
arid to sub-tropical. The range of elevations is 500 to 6000 feet above sea level.

The localities were chosen to cover a wide range in the intensity of weathering and
type of vegetfative cover. They include: (1) the Elberton, Georgia kaolinite profile
formed on a Precambrian granite; (2) the Big Sur, California montmorillonite profile
formed on a Mesozoic gneissic quartz diorite; (3) the Spokane, Washington halloysite-
nontronite profile formed on the Miocene Columbia River basalt; (4a,b,c) three
poorly-developed profiles developed on Upper Crefuceous shales (Pierre shale or ifs
equivalent) in Fergus County, Montana; Stanley County, South Dakofa; and Jefferson
County, Colorado; (5) the Missoula, Mantana profile developed on a Precambrian

Belt Series shale.

5.2 Elberton, Georgia kaolinite profile

The Elberton profile (New Comolli Quarry, elevation 700 feet, Elbert
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Figure 5-1. Map of the United States, showing the locations of the seven

weathering profiles studied in detail .
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County, Georgia, Figure 5-2, see Appendix | for the exact location), the 018
relationships of which were originally studied by Taylor and Epstein (1964), is char-
acterized by intense kaolinite weathering of a medium to fine grained granite. The
climate is subtropical, with a temperature range of 7° to 27°C (mean monthly) and
a total rainfall of about 45 to 55 inches, with a seasonal maximum in the summer.
The quarry is located in a region of rolling topography covered with a mixed broad-
leaf and coniferous forest.

Samples were collected from ten different horizons within the soil
profile, from fresh granite deep in the quarry to the uppermost organic-rich A zone.
A field description of the profile (obtained from L, T, Silver) is given in Table 5-1
and Figure 5-2,

Mineralogical descriptions of the samples are given in Table 4-1 and
Figure 5-3, together with the isotopic data obtained on the bulk samples and on
various mineral separates. Petrographic descriptions of six of the samples are given

in Table 5-2 and X-ray diffraction patterns are shown in Appendix Il.

Parent rock minerals: The 6018 values of the minerals quartz, feldspar,

biotite and muscovite in the fresh rock represent equilibrium at magmatic temperatures
{(see Figures 1-1 and 5-3). If these minerals were to undergo oxygen isotopic re-
equilibration with the local meteoric waters ( 6018% ~ 5%o , calculated from D
values of meteoric waters, Friedman, 1964) at Earth-surface temperatures (10° to
25°C) during weathering, their 6018 values would increase drastically (see Figure
1-1). Two of these minerals, quartz and biotite, display essentially no change in their
6018 values from the fresh rock up into the most intensely weathered zone (see Figure
5-3), indicating that no exchange has occurred. Based on the whole-rock 6018

values, it is very likely that the feldspars also refain their original 6018 values;
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TABLE 5-1

Descriptions of the Samples from the Elberton, Georgia Profile

G-E-Eg-1 *
A medium~ to fine-grained quartz monzonite (average grain size 1 mm)
containing 30% quartz, 30% plagioclase (oligioclase), 30% K-feldspar

(microcline), 4 - 6% biotite, 2 = 3% muscovite and 2% accessory minerals.

G-E-Eg-15-1 *

Same as above.

G-E-Eg-15-2 *

Somewhat fissile, yellow-stained, altered quartz monzonite; quartz unaltered;
plagioclase crystals broken up with kaolinite alteration along cracks and surfaces;
K~feldspar crystals mostly unaltered, a few crystals broken up with kaolinite
alteration along surfaces; biotite partially altered to hydrobiotite and some

kaolinite; muscovite relatively unaltered.

G-E-Eg-15-3 *

Gray saprolite; quartz grains show some rounding of edges; plagioclase
greatly altered to kaolinite, with almost all crystals broken up; K-feldspar
moderately altered to kaolinite, many crystals broken up with alteration along
cracks and surfaces; biotite largely altered to hydrobiotite, some edges altered

to kaolinite; muscovite grains slightly altered and broken.
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TABLE 5-1 (continued)

G-E-Eg-15-4 * @

Residual fragments from a pink saprolite; similar to 15-3 except that:
plagioclase almost completely altered to kaolinite with only scattered crystal
fragments remaining; K-feldspar largely altered to kaolinite with almost all

crystals broken up; biotite completely altered to hydrobiotite.

G-E-Eg-15-5 * @

Similar to 15-4 except that: quartz sometimes broken up, muscovite partially

altered to hydromuscovite.

G-E-Eg-15-6 * @

Similar to 15-4 except that very little feldspar remains.

G-E-Eg-20-1

Deep red clay zone, some rootlets; c.g./c ratio? < 0.2 .

G-E-Eg-20-2

Yellow-brown granular soil; c.g./c ratio? > 2; root materials very
abundant; rock fragments in most cases have not been moved more than

a few inches.
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TABLE 5-1 (continued)

G~E-Eg-20-3

Dark brown granular soil; c.g./c ratiof > 2; many rootlets; local spots of
red oxidized clay; scattered rock fragments may have been transported a few

inches.

*
Thin sections used.

® These thin sections represent rock fragments in the bulk sample.

#
c.g./c ratio = volume ratio of medium grained quartz and feldspar fo

clay=-size fraction.
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Figure 5-3.
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Detailed sketch of the Elberton, Georgia weathering profile.
Sample 1 , fresh granite, was collected 30 feet below sample

15-1.

sD and 5018 contents of bulk samples and minerals from the
Elberton profile. Quartz, biotite and muscovite were analyzed
directly. Kaolinite and gibbsite values were determined by

material balance calculations,
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however, no 6018 analyses were obtained on pure feldspars from the soil profile,
because even the slightly weathered rock shows appreciable kaolinitic alteration of
feldspar (see Figure 5-3).

The failure of the 6018 of the parent minerals to equilibrate with
meteoric waters in the weathering environment is consistent with the observation that
these minerals are not in chemical equilibrium with K+, Na+, H+and silica in local
ground waters {(see Figures 5-5 ta 5-7). Because of the dynamics of ground water
flow and the slow rates of dissolution of silicates, initially pure rainwaters commonly
do not reach cation or anion concentrations high enough to be in equilibrium with
feldspars (see Feth et al., 1964). Silica concentrations supersaturated with respect
to quartz are commonly observed in local ground waters, which suggests that at Earth-
surface temperatures quariz - [SiOZ]uq. equilibration rates are also very slow. In
contrast to the behavior of parent-rock minerals, it will be shown in the next few
paragraphs that the weathering products are apparently in both isotopic and chemical

equilibrium with the weathering environment.

C - zone: The 6018 values of the bulk samples from the C-zone vary
directly with the kaolinite contents of the samples (see Figure 5-3). Most of the
kaolinite has formed by alteration of the feldspars, and the plagioclase is more highly
altered than the K-feldspar.

Inasmuch as the 6018 contents of quartz and biotite (and probably
feldspar and muscovite as well) do not change throughout the weathering profile, the
6018 content of kaolinite in the C-zone may be calculated by material balance
(Table 5-2). The 6018 values of kaolinite calculated in this fashion are shown on

Figure 5-3.
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Figure 5-4 is a plot of 6018 content against weight percent kaolinite
for the bulk soil samples from the C-zone. The weight percent kaolinite in this case
is determined by the yield of'HZO released during the hydrogen extraction procedure.
Kaolinite is a very hydrous mineral compared to the other constituents in the C-zone;
hence the hydrogen yield is a very accurate and direct measure of the kaolinite contfent.
The isotopic composition of pure kaolinite can thus be obtained by extrapolating the
data in Figure 5-4 to 100% clay. The extrapolated 6018 value from Figure 5-4
(+21.3%. ) is close fo the average of the values calculated in Table 5-2 ( +20.4%. ).
The agreement of the two methods leads us to believe that the kaolinite

18 of +20.9 £ 1.0 throughout

in the Elberton profile has a relatively uniform 6O
the C~zone. This &OIS value contrasts sharply with the 6018 contents of the parent
minerals. Using the above 6018 value, and assuming the 5018 of local ground waters
to be ~5%., an oxygen isotope fractionation factor between kaolinite and water can
be calculated as follows:
( ; )
4OX -\0'8 /kaolinite = 1 +%n000 - 1+2-91000 -, 10
kaolinite=H,O :
2 018 <5H20/ 5/
— 1+ 1000 1~ /1000
water

016

18

This value is in good agreement with that of Savin and Epstein (1970a) (see Table
1-1). This strongly suggests that the kaolinite is in oxygen isotopic equilibrium with
local ground waters.

The &D content of the C-zone samples ( 6D =-61) to a very close
approximation also gives the 6D of the kaolinite, because the contribution from the

micas and traces of Al-Fe hydrates is very small. The measured 6D is uniform through-



Figure 5-4.
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6018 content of bulk weathered rock samples and a kaolinite
concentrate from the Elberton profile bloffed as a function of
the weight percent kaolinite. The weight percent kaolinite
was determined by measurement of the amount of water released

during hydrogen isotopic extraction procedures.
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Figure 5-5.

Figure 5-6.

Figure 5-7.
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Equilibrium stability fields of quartz and amorphous silica gel
at 15° to 25°C, 1 atmosphere pressure. Constructed from
solubility constants given by Garrels and Christ (1965). Also
shown are the values of log [Na +], log [SFOZ] and pH typical
of ground waters in crystalline rocks of northern Georgia
(Savin, 1964). These ground waters straddle the quartz and

H,SiO4 fields of the diagram.

Equilibrium stability fields of albite, sodium montmorillonite,
kaolinite and gibbsite at 15° to 25°C and 1 atmosphere pressure
(based on equilibrium constants given by Hess, 1966). Also
shown are the values of log [Na+}, log {SiO,} and pH typical
of ground waters in crystalline rocks of northern Georgia
(Sever, 1964). These ground waters lie completely within

the kaolinite field of the diagram.

Equilibrium stability fields of potassium feldspar, illite,
kaolinite and gibbsite at 15° to 25°C and 1 atmosphere
pressure (based on equilibrium constants given by Hess,
1966). Also shown are the values of log [K *], log [Si02]
and pH typical of ground waters from crystailine rocks of
northern Georgia (Sever, 1964), These ground waters

straddle the kaolinite and illite fields of the diagram.
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out the entire C-zone and is identical to the 0D of the 85% pure kaolinite separate
from sample 15-6, in which quartz was the only contaminant. Using the above §D
value of kaolinite and 6D = ~30%. for local ground waters (Friedman, 1964), a

hydrogen isotope fractionation factor between kaolinite and water can be calculated

as follows:
61
hy = R =
%aolinite-H,0 1 1000 0.968
30
1= 71000

This value is in good agreement with that of Savin and Epstein (1970a) (see Table
1-1). This strongly suggests that the kaolinite is in hydrogen isotopic
equilibrium with local ground waters,

Further evidence that the kaolinite is in hydrogen and oxygen isotopic
equilibrium with local ground waters is indicated by the fact that this kaolinite
plots almost exactly on Savin and Epstein’s (1970a) kaolinite line (Figure 5-11).

Examination of Figures 5-6 and 5-7 illustrates that kaolinite is also in
apparent chemical equilibrium with ground waters found in crystalline rocks of

northern Georgia.

A- and B-zones: Samples 20~1 to 20~-3 are located in the uppermost zones

of the profile, 20~1 in the B-zone and 20-2 and 20-3 in the A-zone. The bulk

6018 content decreases from the C-zone to the B-zone (see Figure 5-3) despite the
increase in the total amount of weathering products (from 40 to 55%). Inasmuch
as the only new mineral present in abundance in the B-zone is gibbsite (30 to 40%

of the sample), this decrease in 018 suggests that gibbsite must be distinctly lower
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in 018 than coexisting kaolinite. Using a value of +20.9% for kaolinite, the

18

8Q " of the gibbsite in sample 20-1 was calculated by material balance (Table 5-2).

The calculation was done for both the bulk sample and for the <400
mesh size fraction. The two calculations are in reasonable agreement considering
the errors involved. The average 6018 of the two determinations is t13.1 ,

If the gibbsite is assumed to be in isotopic equilibrium with local meteoric waters

r

the fractionation factor between gibbsite and water can be estimated, using

6018 = =5 for the local meteoric waters.

13.1
20X _ 1+ Nooo

gibbsite-HyO 1.018

5
1 - /]000

The 6D values of samples 20~1 and 20-2 are higher than those in the
C-zone, suggesting that gibbsite has a higher 6D than kaolinite. From material
balance calculations in Table 5-2 the pure gibbsite is estimated to have a 6D =
~46%0 . Using this value and a 6D = =30%. for local meteoric waters the hydrogen
isotopic fractionation factor between gibbsite and water, a;?’bbsite- HyO * is
determined to be 0.984,

The gibbsite in sample 20-1 coexists with quartz and feldspar. Figures
5-5 and 5-6 illustrate that gibbsite is thermodynamically incompatible with quartz
and feldspar under equilibrium conditions. It therefore appears that rainwaters
percolating into the B-zone are sufficiently deficient in silica that gibbsite is a
stable phase (see Figures 5-6 and 5-7). Such weathering conditions tend to eliminate
feldspar, biotite and quartz from the system rather than resulting in a change in their

6018 content,
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The decrease in 6018 from sample 20-1 to 20-3 is a reflection of the
decrease in abundance of weathering products in 20-3. The 6018 approaches a
value characteristic of a mixture of quartz, some feldspar and very little clay,
which is in fact what is observed by X-ray analysis. As was pointed out earlier,
the 5018 of quartz and biotite does not change in going from the fresh rock to the

18

A-zone. The 8Q = of the feldspar in the A-zone also does not appear to have

18

exchanged significantly with the local waters; otherwise, the 0O~ of the bulk

sample would not decrease from 20-1 to 20-3.

5.3 Big Sur, California montmorillonite profile

The Big Sur profile (roadcut, 800 foot elevation, 1.5 miles from the
Pacific Coast, 6 miles due north of Point Sur, Monterey County, California,
Figure 5-8, see Appendix | for the exact location} was formed by intense mont-
morillonitic weathering of a non-uniform, coarse-grained hornbiende-quartz
diorite gneiss. The marine temperate to subtropical dry climate is characterized
by an annual temperature range of 3° to 24°C (mean monthly) and a tofal rainfall
of 25 to 45 inches, with a seasonal maximum in the winter. The topography is
rugged with dense Mediterranean scrub vegetative cover.

Figure 5-8 shows a detiled sketch of the roadcut from which the
samples were collected. Samples 1 to 11 all came from the roadcut. Sample 12,
the parent rock, was collected several hundred yards further east where fresher
rock could be found. Table 5-3 gives a brief description of each sample.

Quantitative estimates of the mineral constituents are given in Table
4~1 and Figure 5-11together with the isotopic data obtained on the bulk samples

and on various mineral separates. Petrographic descriptions of samples 9 and 12
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TABLE 5-3

Descriptions of the Samples from the Big Sur, California Profile

Mon=Cal-1-12 *

Slightly weathered, coarse grained (~5mm) hornblende, quartz-diorite gneiss
containing plagioclase = 50% (oligioclase - andesine), quartz - 25% , hornblende-
15%, chlorite = 10% ; hornblende partially altered to Fe~rich chlorite; plagio-

clase altered slightly along cleavage planes to montmorillonites.

Mon-Cal-1-9 *
Residual friable boulder of hornblende, quartz-diorite gneiss; quartz unaltered,
plagioclase slightly more altered along cleavage planes and edges to montmorillonite;

hornblende largely altered to a red-brown montmorillonite and some chlorite.

Mon-Cal-1-10

Yellow-brown saprolite; abundant residual coarse-grained plagioclase and

quartz; c.g./c ratio ¥ & 2,

Mon-Cal-1-11

Light green and yellow saprolite; moderately abundant medium to fine grained

plagioclase and quartz; c.g./c ratio ¥ =~ 1,
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TABLE 5-3 (continued)

Mon-Cal-1-8

Gray, yellow and brown varicolored saprolite; moderately abundant medium

to coarse grained plagioclase and quartz; c.g./c ratio # oy,

Mon-Cal-1~7

Yellow and brown saprolite; residual cobble; abundant medium to coarse

grained plagioclase and quartz; c.g./c ratio #~1.5.

Mon-Cal-1-6

Dark brown and gray clay zones 1/2 to 2 inches thick with occasional fragments

of quariz and feldspar; c.g./c ratio # < 0.3 .

Mon~Cal-1-4

Dark brown and gray clay zones 1/2 to 2 inches thick with moderately abundant

plagioclase and quartz; c.g./c ratio < 0.5 .

Mon~Cal~1-3

Brown clay with rare plagioclase and quartz; c.g./c ratio < 0.2

Mon~Cal-1-2

Brownish-gray clay with rare plagioclase and quartz; c.g./c ratio # < 0.2 .



105

TABLE 5-3 (continued)

Mon-Cal-1-1

Dark brown to black granular soil with abundant plagioclase and quartz;

c.g./ cratiof =~ 1.

*
Thin sections used.

#
c.g./c ratio = volume ratio of coarser grained feldspar and quartz

to clay-sized fraction.



Figure 5-8.

Figure 5-9.

Figure 5-10.
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A detailed sketch of the Big Sur, California weathering profile.
The A=zone is a dark brown organic-rich soil containing a
moderate abundance of residual feldspar and quartz grains. The
B-zone contains 65 to 85% gray and brown cloy with the remainder
consisting of residual quartz and feldspar grains. The C-zone
contains 30 to 65% brown and gray clay with abundant residual
feldspar, quartz and rare hornblende grains. The 3 x 5 inch
cardsa, b, cand d shown in the photographs, Figures 5~9 and

5-10, are shown in this sketch.

A photograph of the Big Sur, California weathering profile.
The 3 x 5 inch cards a, b, c and d are also shown in Figure
5-8. Note the heavy vegetative cover above the soil profile

and the abundance of roots in the A-zone.

A closeup photograph at the boundary between the B and C
zones in the Big Sur, California weathering profile. The 3 x 5
inch card is also shown in Figures 5-8 and 5-9. Note the

1 to 2 inch thick clay=-rich lens in the C-zone.
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Figure 5-10



Figure 5-11,
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8D and 6018 contents of bulk samples and minerals from the
Big Sur, California profile. Quartz, feldspar and hornblende
were analyzed directly, The M-1 and M-2 montmorillonite
separates were analyzed directly. The 6018 values of the
pure M=1 and M-2 montmorillonites were calculated by
material balance. Sample 12, relatively fresh quartz-

diorite gneiss, was collected about 1000 feet east of the

detailed profile.
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are given in Table 5-3, and X-ray diffraction patterns for two samples are shown

in Appendix Il.

8

Parent minerals: The 601 content of the minerals quartz, plagioclase

and hornblende in the relatively fresh parent rock (sample 12) are shown in Figure
5-11. Quariz and feldspar display very little change (less than 1%,) in 6018
going from the fresh rock to intensely weathered horizons. This smail variation
may be due to imperfect separation of quartz and feldspar or to inhomogeneties in
the 6018 of the parent rock. Hornblende weathers very readily; it is completely
gone from all samples except (1) the relatively fresh rock (sample 12) where it is
partially altered to chlorite, and (2) a single residual, weathered boulder (sample
9) where it is largely altered to montmorillonite and chlorite. The 5018 confent of
the altered hornblende in sample 9 is drastically different from that in sample 12,

presumably as a result of the very high 6018 value of the montmorillonite.

Weathered horizons: As was observed in the Elberton profile, the GO]B

content of the bulk soil in the Big Sur profile closely parallels the clay content.

Two distinctly different montmorillonites are present, a gray montmorillonite (designated
M-1) and a brown montmorillonite (designated M=2). Visual inspection suggests that
M-1 results from the alteration of feldspar, and M~-2 results from the alteration of
hornblende. The two montmorillonites have identical X-ray patterns (see Appendix

l1). The only chemical difference observed between the two clays is their iron

content. M-1 clays have Fe,O4 contents of 3.5 to 4.5% by weight, whereas M-2
clays have 6.5 to 8.5% . Mixing of the clays occurs in the B-zone of the soil so
physical separation of the two clays is confined to the C~zone.

Handpicked separates of relatively pure M=1 and M-2 clays were analyzed
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isotopically. The 6018 values are plotted in Figure 5-11. These samples contain
about 75% clay, the impurities being mainly quartz and feldspar. These M-1 and
M=-2 clay concentrates show distinct differences in 6018 content, M-1 being about
2 to 3 per mil higher in 018 than M-2.

Figure 5-12 is a plot of 6018 versus weight percent Fe,O4 for the clay
concentrates. The 6018 content increases with decreasing Fe203 content, but
there is too much scatter in the data to determine the 6018 contents of the pure

end members (assuming that they are a Fe-rich nontronite and an Fe-poor beidellite).

QX < aOX
nonfronii'e-HZO beidellite-HzO :

The 6018 contents of pure M-1 and M-2 clays are calculated by

There is an indication, however, thata

material balance in Table 5-4 and illustrated in Figure 5~11. The difference between
the average 6018 contents of M=1 and M~2 is 2.8%, which corresponds toa 3.0
weight percent difference in Fe203. This large observed difference in 6018 contents,
considering the relatively small difference in observed Fe,O4 contenis, indicates
that small chemical differences may have large effects on 6018 contents of clay
minerals formed at low temperatures.

Using a 6018 value of local ground water equal to =67, (calculated
from 8D of meteoric waters from coastal Monterey County, Friedman, 1964) and
the average 6018 values of M-1 and M-2 from Table 5-3, the oxygen isotopic
fractionation factors between these montmorillonites and water can be calculated as

follows:

= 1.0277 ; o OX = 1.0248

aOX
(M-1)-H,0 (M-2)-H,0

These values are in reasonable agreement with those of Savin and Epstein (1970a ,
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Figure 5-12. The 6018 content of handpicked M=1 and M-2 montmorillonites
from the Big Sur, California profile, plotted as a function of the

weight percent Fe,O in the sample.
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Table 1-1).
Figure 5-11 shows that the M-1 clay has a distinctly higher 6D value

than the M-2 clay. However, the differences from one sample horizon to the next
are variable.

The bulk sample 8D values seem to reflect the dominant clay type
(see Figure 5-11), either M~1 or M-2. The clay in the bulk sample 11 is pre-
dominantly M-1 clay. In bulk sample 8 there is a mixture of M~1 and M-2. In bulk
sample 7, a residual boulder where hornblende has been completely altered to clay
but where considerable feldspar remains, the clay is mostly M=2. In bulk sample 1,
organic matter is mixed with M~1 and M-2 clays.

Because montmorillonite is the only hydrous mineral of importance in
the M-1 and M-2 separates, the @ values reflect the §D of the pure M~1 and M-2
clays. The difference between the average 6D values of the M=1 and M~2 clays is
about 10%,_ . As was discussed in Chapter 11I, the 6D values of montmorillonites
are not perfectly dependable because of hydrogen exchange between OH and inter-
layer water during the exiraction procedure. However, if the degree of exchange

for M-1 and M-2 clays are similar, the relative 6 D values of the two clays should

be the same as the measured ratios. This suggests that a:)e/idellife—H o > akgnfronife-H o
2 27
The 6018 and 6D values of the pure M=1 and M-2 clays (from Table 5-3)

are plotted on a 6D versus 6018 plot in Figure 5-13. The values plot very near the
kaolinite line and quite distant from the monitmorillonite line (both lines are from
Savin and Epstein, 1970a). However, since any exchange effects occurring during
the experimental procedures would produce abnormally high 6D values, the true

data-poinfs conéeivably ought to be placed slightly below the kaolinite line.
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oD and 6018 contents of M~1 and M-2 montmorillonites
from the Big Sur, California profile plotted on a §D versus
6018 diagram. 6018 values were calculated by material
balance, taken from Table 5-3. Also shown is the kaolinite

from the Elberton profile. The kaclinite and montmorillonite

lines of Savin and Epstein (1970a) are shown for reference.
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5.4 Spokane County, Washington halloysite profile

The Spokane County profile (roadcut, elevation 300 feet, Mica Creek,
Washington, see Appendix | for the exact location) is characterized by intense
halloysite weathering of a vesicular basalt. The profile was formed during Miocene
time under a wet temperature climate (Hosterman, 1969).

Samples were collected from eleven different horizons within the soil
profile from fresh basalt to the uppermost clay-rich horizon. A description of the

profile (Hosterman, 1969) is given below.

The saprolite formed from the Columbia River Basalt
is composed of 80 to 95 percent halloysite and 5 to 20 percent
ilmenite and limonite. The basalt texture is preserved and is
even accented by the uniformly disseminated grains of blue-
black ilmenite against the white clay.

Five gradational zones can be recognized in a typical
section of basalt saprolite. These five zones can be seen in
the outcrop of basalt saprolite on the main road at Mica Creek
(SW1/4 SW1/4 SW 1/4 sec. 3, T. 23 N., R. 45 E.) Figure
5-14 shows the variations in content of 5i09, Al9O3, FeOg3,
TiO2, and CaQ of the five zones. The upper zone of basalt
saprolite is pale brown and is composed of halloysite and ilmenite;
some of the ilmenite is altered to limonite. The cracks are filled
with grains of quartz and muscovite that have been transported
from the overlying Latah Formation through ground-water move-
ment. This results in the SiO2 content of the upper zone being
high and the AloOg content being low (fig. 5-14). The second

. zone is also composed of halloysite and ilmenite, but since little

or no limonite is present, the color is light bluish gray 1o light
gray. All vesicles and cracks are filled with white halloysite.
This zone has the lowest SiO9 content and the highest Al2oOg
and TiO9 content. The fhirdzzone is weak yellow from the small
amount of nontronite present. Halloysite and ilmenite are the
main constituents, and halloysite fills most of the vesicles. The
SiO2 content is a little higher than zone 2, and the Al90O3 and
TiO2 contents are a little lower than zone 2 (fig. 5-14?. Zone
4 is pale olive to light olive gray because of the greater amount
of nontronite. Other minerals present are halloysite and ilmenite,
with nontronite filling the cracks and vesicles. A few laths of
plagioclase are present, but most of them are altered to halloysite.
The fifth zone is light gray basalt that is virtually unaltered. This
zone is considerably higher in Fe2O3 than any of the other zones
(fig. 5-14), The contact with the overlying clay is surprisingly
sharp.
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Mineralogical descriptions of the samples are given in Table 4-1 and
Figure 5-15, together with the isotopic data obtained on the bulk samples and the |
halloysite and ilmenite mineral separates.

The 6018 value of the unweathered basalt, +7.0% , is typical of
basalts and gabbros throughout the world (Taylor, 1968). Residual ilmenites from
three different horizons of the weathering profile display only a slight variation in
6018. Their 6018 values are characteristic of igneous ilmenites (Taylor, 1948),
although these values are known to be slightly high because the ilmenite separates
contuined 5 - 10% halloysite confaminant,

As was the case with the two previous profiles, the 5018 contents of
the intensely weathered rock samples show a direct correlation with the clay contents
(see Figure 5~15). The 6018 values of the bulk samples B to H reflect primarily a
mixture of halloysite and ilmenite. Note that the 5018 values of these bulk samples
are intermediate to the 6018 values of the ilmenite separate and the halloysite separate.
The 608 values of the bulk samples | and J reflect a mixture of the clay minerals
halloysite and nontronite, and the residual igneous minerals plagioclase, pyroxene
and ilmenite.

The 8D contents of the bulk samples (samples B to H contain halloysite,
samples | and J confain nontronite and halloysite) vary in an erratic manner from
-70 to =102,

As was pointed out in Chapter lll, halloysite hydroxyl exchanges hydrogen
isotopes at room temperature with interlayer water. Assuming interlayer water in
Pasadena has a 6D = -50%o0 and that the fractionation factor between interlayer
water and hydroxyl is 0.970, halloysites wholly exchanged with Pasadena atmospheric

vapor would have D values equal to ~80%, . The observed 8D values of the samples
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Figure 5~15,
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Variation of the chemical composition of the bulk samples
as a function of depth in the basalt saprolite from a roadcut
at Mica Creek, near Spokane, Washington (after Hosterman,

1969).

6D and 6018 contents of bulk samples and pure halloysite

and ilmenite mineral separates in the Spokane, Washington

profile.
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The 6D and 6018 contents of Miocene halloysites from the
Spokane, Washington profile, compared with kaolinites of
similar origin and age from the Spokane area, and plotted
ona 6D~ o 018 diagram. Savin and Epstein's (1970a)

kaolinite line is shown for reference.
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containing halloysite are compatible with at least partial isotopic exchange of this
type.

Samples land J have lower 6D values than the other samples. This
probably reflects the lower 6D of the nontronite. Because the true D of the
halloysite is not accurately known, and because nontronite hydroxyl probably also
undergoes some hydrogen isotope exchange with its interlayer water during heating
and outgassing procedures, the 8D value of the pure nontronite end member cannot
be determined.

Figure 5-16 shows the isotopic values of (1) the four pure halloysite
samples B, D, Fand H, and (2) three kaolinite samples (Spo~Wash-1, 2, 3,
Table 4-1) from the Spokane area plotted on a 6D - 6018 diagram. All of these
clays were formed by weathering processes under similar climatic conditions during
Miocene time. Because kaolinite and halloysite are chemically identical except
for the interlayer water in halloysite, it is reasonable to expect that the original
isotopic compositions of these samples should have been similar. Figure 5-16
illustrates that 6018 values of the two groups are indeed very similar, but that the
8D values of the two groups are distinctly different. The halloysites have 6D values
30 to .“50"/oo heavier than the 6D values of the kaolinites. In addition, the 6D and
5018 values of the kaolinites lie very near Savin and Epstein's (1970a) kaolinite
line, suggesting that they are equilibrium values, whereas the halloysites are
displaced above the kaolinite line. This suggests that the measured 6D values of
the halloysites are not preserved but represent exchange with interlayer water. The

6018 values of the halloysites, however, appear to have been partially preserved.

5.5 Pierre shale profiles

Three poorly developed Pierre shale profiles were studied: (1) roadcut
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at an elevation of 5000 feet, Fergus County, Montana, (2) excavation site at an
elevation of 1500 feet, Stanley County, South Dakota, and (3) open pit mine at an
elevation of 5500 feet, Jefferson County, Colorado (see Appendix | for exact
locations). The weathered zones are characterized by the leaching of carbonate
and sulfur and the partial oxidation of iron. With the exception of one sample in
which clay minerals are weathered to allophane (no. 3, Figure 5-18), no significant
changes in silicate mineralogy occur from fresh shale to surface soil. The continental
steppe climates in the three areas are characterized by an annual temperature range
of =7° to +24°C (mean monthly) and a total rainfall of 10 to 20 inches, with a
seasonal maximum in late spring. The generally flat lying topography is covered
with sparse prairie grasses.

Samples were collected from three to five different horizons in each
soil profile, from fresh shale at the base of the excavated cufs to the uppermost
soil horizon. Detailed descriptions of two of the profiles, (1) and (2), are given
by Tourtelot (1962). Descriptions and isotopic results for each of the profiles are
given in Figures 5-17, 5-18 and Tables 4-1 and 5-5.

18 and 8D values of the samples from profiles (1) and (2) show

The 60
almost no change in going from fresh shale to the soil horizon. There is only a
slight correlation between the 6018 values and the intensity of weathering in a
given profile. This fact suggests that little or no isotopic exchange has occurred
during the weathering process.

The 6018 and 8D values of the fresh shale and the slightly weathered
shale in profile (3) are also nearly identical. Very little isotopic exchange appears

to have taken place as a result of this degree of weathering. However, the intensely

weathered shale, in which montmorillonite, illite, and feldspar are altered to an



Figure 5-17.

Figure 5-18.
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oD and 6018 contents of bulk samples from poorly developed
soil profiles on the Claggett shale (Pierre shale equivalent),
Fergus County, Montana; and the Pierre shale, Stanley County,

South Dakota.

6D and 6018 contents of bulk samples from a poorly developed
soil profile on a Pierre shale equivalent, Jefferson County,

Colorado.
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TABLE 5-5

Mineralogical and Chemical Descriptions of the Claggett and
Pierre Shale Profiles (after Tourtelot, 1962)

Cloggett Shale Profile
Sample No. : 871 872 873 874

Chemical Components

wt. % Fe,O4 5.10 5.01 6.17 5.74
wt, % CaO 1.25 1.11 0.23 0.90
wt. % CO, 0.14 0.04 0.03 0.02
wt. % SO,
(acid soluble) 3.00 3.03 0.46 0.17
Minerals
wt. % Quartz 15 18 17 17
wt. % Feldspar 4 3 3 2
wt. % Clay Minerals 60 60 70 70
wt. % Other 2] 19 10 11
Clay Minerals
wt.% Kaolinite 8 6 5 6
wt. % Chlorite 4 4 0 0
wt. % lllite 20 17 16 19
(1)
wt, % Monfmorillonife(z) 20 20 24 22
wt. % Mixed Layer 48 53 55 53

(1) and (2)
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TABLE 5-5 (continued)

Pierre Shale Profile

Sample No. : 885 884 881 882 883

Chemical Components

wt. % Fe,Og 3.18 3.28 5.44 5.71 5.67
wt, % CaO 2.35 1.97 0.94 1.01 1.54
wt. % CO, 2.40 1.82 0.03 0.05 0.31
wt.% SO4

(acid soluble) 0.12 0.26 1.10 0.29 0.10
wt. % S

(acid insoluble) 0.49 0.66 0.00 0.02 0.02

Minerals
wt. % Quartz 19 17 17 18 15
wt. % Feldspar 1 2 1 1 2
wt. % Clay Minerals 75 65 75 70 75
wt. % Other 5 16 7 11 8

Clay Minerals

wt.% Kaolinite 2 4 0 0 1

wt. % Chlorite 3 2 1 ? ?

wt. % lllite (1) 18 15 15 20 17

wt.% Montmorillonite 33 28 30 39 44
(2)

wt.% Mixed Layer 44 51 54 41 38

(1) and (2)
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amorphous clay, shows distinct differences in both 6D and 0018 from the fresh shale.
These changes are undoubtedly due to the formation of the new amorphous clay
mineral. This amorphous clay probably formed in equilibrium with the very light
meteoric waters that would be expected at elevations of 5000 feet in Colorado.

The isotopic results from these three profiles suggest that exposure of
clay minerals to very large amounts of water over thousands of years results in [ittle
or no isofopic exchange, as long as no mineralogical changes occur. However,
recrystallization and formation of new clay minerals definitely can involve changes

in both D/H and 018/016.

5.6 Missoula, Montana profile

The Missoula profile (roadcut, 5500 foot elevation, Missoula County,
Montana, see Appendix | for the exact location) is very poorly developed. A soil
several inches thick consists of organic matter and fragments of the underlying Pre-
cambrian Belt Series shale. The cold, mountainous climate is characterized by an
annual temperature range of =8° to *16°C (mean monthly) and a total rainfall of
10 to 20 inches without any distinct seasonal maximum. The rugged topography is
covered by coniferous forests.

Three samples were collected: the fresh shale, shale fragments in the
soil, and the bulk soil itself. A mineralogical description of the samples is given
in Table 4-1 and illustrated in Figure 5-19, along with isotopic values of the bulk
samples.

The shale fragments appear to be only slightly weathered compored fo
the fresh shale. The only mineralogical difference between the fresh rock and the

shale fragments in the soil is a lower chlorite content in the fragments. If we assume
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Figure 5-19. 6D and 6018 contents of bulk samples from a poorly developed

soil profile on a Belt Series shale, Missoula County, Montana.
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that the fragments were originally mineralogically identical to the fresh shale, the
chlorite in the fragments has been selectively weathered (note the decrease in H,
yield going from fresh shale to the fragments). The difference in 5018 between

the fresh shale and the fragments is barely outside analytical error. This is in keep~-
ing with the very slight change in bulk mineralogy. The change in 6D, however,

is appreciable, probably because the change in mineralogy involves chlorite, the
most hydrous mineral in the shale. The process of selective alteration of chlorite
has apparently been accompanied by hydrogen isotope exchange of the remaining
chlorite and illite. Another (more unreasonable) interpretation is that there is an
abnormally large hydrogen isotope fractionation between chlorite and illite in the
fresh shale.

18

A more significant change in 6O~ and 6D is observed in going from
the shale fragments to the bulk soil. The decrease in 5018 probably reflects a
further change in the bulk mineralogy, involving the alteration of illite. No new
clay minerals appear in sufficient abundance to be identified by X-ray, although a
small amount of amorphous clay is probably present. The most abundant new material
in the soil is organic matter, as revealed by the sudden sympathetic increase in both
H, and CO,, yield. The.orgcmic matter is probably responsible for the observed low
oD values of the bulk sample, although very little is known about the 6D content of
organic matter in soils.

S. Epstein (personal communication) has observed that for a given type
of plant, 6D values show a correlation with the 6D values of local meteoric waters.
However, this is complicated by the fact that the difference between the 8D of the

plant and the 6D of the meteoric water is dependent on the nature of the plant.

The isotopic results from the Missoula profile suggest that isotopic
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changes in parent-rock clay minerals do not take place as a result of exposure
to large quantities of isotopically light waters, except where weathering has
caused the destruction of or recrystallization of a clay mineral in the parent

rock.
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Vi. 1ISOTOPIC SURVEY OF QUATERNARY SOILS
FROM THE UNITED STATES

Let us now examine the general variations in 6D and 6018 of soils and
their coexisting waters in the United States, to determine whether clear-cut iso-
topic correlations exist between these materials.

The 6D and 6018 distribution of meteoric waters in North America is
shown by approximate contours in Figure6~1. The (5018 values shown in paren-
theses were calculated using the formula 6D =8 6018 * 10 (Craig, 1961a). Two
effects dominate the observed distribution, elevation and latitude. Elevation
changes are mainly responsible for the variations in tropical and temperate regions
and latitude effects become more prominant near the Arctic circle. The two
effects are basically related to the prevailing air temperatures, the higher ele~
vations and latitudes having colder climates. Localities at low elevations in
inland basins and those in the rain shadows of mountain ranges generally do not
fit such a simple picture. The 6D and 5018 values therefore do not correlate
perfectly with mean annual temperatures, or even with the average temperatures
of the rainy season in a given locality.

A large number of active soils or weathered zones were collected
throughout the United States. Igneous parent rocks were selected in order to
insure that the clay minerals or hydroxides formed were not inherited from the
parent rock.. The most-weathered, organic-free portions of the soils or weathered
zones. were selected.

Detailed descriptions of individual samples may be found in Appendix

I. Isofopic, mineralogical and chemical data are given in Table 4-1,



Figure 6-1.
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Approximate contours of 8D (=30 to -130%. )and & 018
(5.0 to ~17.5%, ) of present-day meteoric waters in North
America, based mainly on data by Friedman (1964), and
unpublished data this report. 6018 values calculated

18

using Craig's (1961a) relationship ( 8D =850~ + 10).



141

Figure 6-1
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The ages of the clays in the weathered zones are undoubtedly variable,
because production and removal rates are different in each location. Age deter-
minations on soils or weathered zones are full of assumptions. It is thought, how-
ever, that the analyzed soils have in large part been formed during the Holocene
and/or Pleistocene.

Figure 6-2 shows the 6D contents of the bulk soils on a map of the
United States. The 6D values are almost wholly a reflection of the 6D values of
weathering products because the igneous parent rocks have low hydrous mineral
confents,

Comparison of this figure with Figure 6-1 shows that the correlation
between the 6D values of meteoric waters and the 6D values of bulk soils is good.
As anticipated, the 6D values of the soils are generally 10 to 40%. lighter than
the corresponding 6D values of the local meteoric waters.

The samples from Howaii, coastal California and coastal Oregonexhibit
a progressive change in 6D with latitude. The average 6D of the Hawaii samples,
excluding the two gibbsite samples, is =56; the average 6D of the coastal Califor-
nia samples is ~64; and the average 6D of the coastal Oregon samples, excluding
the halloysites, is -78.

The coastal California samples average about 25%. heavier than the
western Sierra Nevada samples, illustrating the effect of a change in elevation
from 500~1000 feet to 2500-4500 feet. The soil samples from the Pacific North-
west show a progressive change of 80%,, in 8D as one moves inland, corresponding
to an elevation change from 500-1500 feet to 5000-6000 feet. The local meteoric
waters display a corresponding change in 6D values. Although far less data have

been obtained, a progressive change in the 6D values of soils is also observed in
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Figure 6-3.
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A map of the United States, showing the &D contents of all

Quaternary soils analyzed in this study.

Two east-west topographic profiles through the northern
and southern United States, showing the § D values of

Quaternary soils analyzed in this study.
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going from coastal California or the Gulf of Mexico to Colorado.

Figure 6-3 illustrates the 6D values of the soils on two east-west top~
ographic profiles, one extending from the Oregon coast to the north central
United States, and the other extending from Hawaii to Arkansas (and including
California and Colorado). The systematic variation of 6D of the soil samples with
elevation is further emphasized in this figure.

The 6018 contents of the weathering products from the bulk soils were
calculated by material balance (see Table 4-1). These 6018 values are shown on
a map of the United States in Figure 6-4 and shown on two east-west topographic
profiles in Figure 6-5. The same general correlations observed for 4D values of
the bulk soils are also observed for these calculated 6018 values.

Figure 6-6 is a plot of 6D versus 5018 for all the bulk Quaternary soil
samples and clay-rich separates except a few soil samples from western Oregon
which contain halloysite. Except for two samples, the hydrogen isotopic values
of these halloysites are consistently higher in 6D than are kaolinites from Quater-
nary soils in the same general region. Because the 6D values of these halloysites
probably represent exchanged values (see sections 3.1 and 5.4), they are not plotted
in Figure 6-6.

As mentioned earlier in this chapter, the 6D contents of the Quaternary
bulk soil samples are primarily a reflection of the 6D of the clay minerals in the

18

soils. The 60 " contents are determined by the relative amounts of both clay
minerals and parent rock in each sample.
Figure 6-6 shows that samples with a high parent rock content plot

closer to the region of 6018 of common igneous rocks, as expected. The more

clay-rich samples plot closer to the kaolinite line of Savin and Epstein (1970a).
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Figure 6-5.
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A map of the United States showing the (5018 values
(determined by material balance, Table 4-1) of the

clay minerals and hydroxides in Quaternary soils.

Two east-west topographic profiles showing the 6018

values (determined by material balance) of clay minerals

and hydroxides in Quaternary soils.
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A 6D versus 6018 diagram for all analyzed Quaternary
soils, except those containing halloysite, of the United
States. Some sample localities are represented by iso~
topic values of the bulk soil sample as well as a clay-
rich fraction of the bulk soil. Savin and Epstein's (1970a)
kaolinite line is shown for reference. A region of ‘5018
values of common igneous rocks is also shown (Taylor, 1968).
The degree of shading of each data-point indicates the
proportion of parent rock (open) to weathering product
(black) in each sample. The five samples labeled "Sierra
Nevada" are from the western slope of the Sierra Nevada

mountains, California,
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18 parent-rock

Generally, toking into consideration the effect or 6O
minerals in the soil, the 0D and 6018 values of the samples plot in a zone
essentially parallel to the meteoric water line. Furthermore the samples show a
geographic distribution which corresponds to the geographic distribution of
meteoric waters,

Figure 6-7 is a plot of the 6D of the bulk soils (basically the 6D of the
clay minerals or hydroxides in the soils) versus the 60‘8 of the clay minerals or
hydroxides in the soils determined by material balance calculations. The weather-
ing products in the soils are distinguished in terms of their mineralogy (by symbol

18

notations) and locality. The 6D and 60 = of meteoric waters from corresponding
localities are also shown.

Tie lines are drawn connecting the 6D and 6018 values of a typical
water from a given region to the 6D and 6018 values of clay minerals or hydrox-
ides in the soils from that region. In general the 6D values of the clay minerals
or hydroxides in the soils are 10 to 40%, lighter than the oD values of the
corresponding meteoric waters. The 6018 values of the clay minerals in the soils
are generally 20 to 30%. heavier than the 60'8 of corresponding meteoric waters.

18

The 60O ~ of the hydroxides in the soils are generally 15 to 209, , heavier than the

6018

of the corresponding waters.

The measured differences between the 6D and 6018 contents of clay
minerals or hydroxides and those of meteoric waters agree quite well with the
kaolinite isotopic fractionation factors suggested by Savin and Epstein (1970a)
and the isotopic fractionation factors for gibbsite determined in section 5~2. This

agreement suggests that a close approach to isotopic equilibrium is generally

attained in weathering environments.
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Figure 6-7. Figure 6~7 is a 6D versus 6018 diagram of clay minerals and
hydroxides from Quaternary soil zones of the United States.
The (5018 values were determined by material balance cal-
culations. The isotopic compositions of meteoric waters from
several localities are also shown (data from Friedman, 1964;
and this report)., Tie lines are drawn connecting typical iso-
topic values of meteoric waters from one locality to the region
of isotopic values of soils from that locality. Craig's (1961a)
meteoric water line and Savin and Epstein's (1970a) kaolinite

and montmorillonite lines are shown for reference.
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The clay minerals shown in Figure 6~7 can be divided into three
groups, the koalinites, the montmorillonites, and the mixed kaolinite-mont-
morillonite group. The kaolinites tend to be more common in warmer coastal
areas, and the montmorillonites are more predominant in the dry inland regions.
This segregation is undoubtedly the result of differences in climatic conditions.
Monimorillonites require a high pH and high activities of alkali and silica.
Kaolinites require a lower pH and lower alkali and silica activities (see Figure
5-6).

In warm, wet regions vegetation is abundant and humic acids from
decaying plant remains and carbon dioxide from plant roots tend to keep the pH
low. An abundant supply of water tends to keep alkali and silica activities low.
Thus kaolinites are favored by such climates.

In dry, inland regions the vegetation is sparse and pH is controlled
more by rock-water interaction. The supply of water is lower and alkali and
silica activities can reach higher levels in the ground waters. Thus montmoril-
lonite formation is favored,

Although the isotopic compositions of kaolinites as a group generally
differ from the isotopic composition of the montmorillonites as a group (due fo
climatic effects), the two clays seem to exhibit very similar isotopic behavior.
The isotopic compositions of the kaolinites and montmorillonites, as well as
mixtures of the two clays, all plot in the vicinity of the kaolinite line. In
addition, where both kaolinites and montmorillonites do happen to form within
single climatic regions (e.g., California and southern United States) they
exhibit similar isotopic values.

These observations might suggest that the isotopic fractionation factors



156

for these two minerals are more similar than Savin and Epstein's (1970a) kaolinite
and montmorillonite lines would suggest, or that one or both of the following
factors may be of importance: (1) the montmorillonites of these Quqferany soils
have chemical compositions appreciably different from the montmorillonites
investigated by Savin and Epstein (1970a); (2) the montmorillonites in Quaternary
soils are formed at higher temperatures than the bentonites and oceanic mont-
morillonites investigated by Savin and Epstein (1970q).

The chemical composition of montmorillonite is known to have an
important effect on the O‘S/O]6 and D/H isotopic compositions of montmorillonites
(see section 5.3). Such chemical effects conceivably could cause the montmoril-
lonites of Quaternary soils to plot in the vicinity of the kaolinite line.

Montmorillonites formed by subaerial weathering are generally found
only in warm dry climates or climates with a long dry season. If the montmoril-
lonites form during the warm summer months, the femperatures might be relatively
high compared to montmorillonites formed in oceans or lakes. Such a temperature
difference is in the right direction to cause the montmorillonites of Quaternary
soils to plot closer to the kaoolinite line. This point will be discussed in more detail
in Chapter Vil and Chapter X.

As an example of the isotopic variations in soils in a single region, let
us examine in more detail the isotopic results obtained on Hawaiian soils. Figure

18 diagram. The 6D

6-8 shows the bulk soils from Hawaii plotted on a 6D - 6O
values are exceedingly uniform in the kaolinite-rich samples, and the 6018 values
vary directly with the clay content of the samples. The most clay-rich samples

plot in the vicinity of the kaolinite line. Thus, even though these samples were

collected from a variety of locations on two different islands, all the kaolinites
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Figure 6-8. A 6D versus 0018 diagram for kaolinite~ and gibbsite~rich
soils from Maui and Kauai. Symbols are filled to represent
proportion of clay or hydroxide, open to represent parent
rock. Savin and Epstein's (1970a) kaolinite line is shown

for reference.
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from Hawaii appear to be exceedingly uniform in both 3D and (*,O]B. This uniform-
ity is undoubtedly a result of the relatively uniform climate and the small isotopic
variation in meteoric waters in the low coastal areas of the Hawaiian Islands.

Two samples which are relatively pure gibbsites display 6D and 6018
values distinct from the kaolinites. Because both the kaolinites and gibbsites
were formed from isotopically similar meteoric waters (all samples are from low
coastal elevations in Hawaii) the data indicate that gibbsite has a lower preference
for 018 and a higher preference for deuterium than kaolinite (in agreement with
data from the Elberton profile, section 5.2).

The 6D and 6018 values of (1) gibbsites from Hawaii, Nicaragua and
Georgia, and (2) the amorphous Al-Si-Fe hydroxides from Idaho and Montana
have been shown in the above discussion and in section 5.2 to be distinctly
different from the isotopic values of clay minerals in the same areas. This indicates
that the mineral-H,O isotopic fractionation factors for all these hydroxides are
relatively similar and distinct from those of clay minerals.

Figure 6-9 shows data points for all the gibbsites analyzed in this
study. The 6018 values were calculated by material balance in those cases where
noticeable amounts of parent rock were present in the sample. Ailthough consider-
able scatter in isotopic values occurs, the samples plot along a line parallel to
the meteoric water line but noticeably above the kaolinite line. The fractionation
factors calculated in section 5.2 for gibbsife—HzO are used to determine a gibbsite
line (see Appendix I, Savin, 1967) in Figure 6-9. The isotopic values of the
samples show a reasonable distribution about this line suggesting fhaf.fhe fraction-
ation factors are basically correct. The samples display variable iron contents

(see Table 4-1), which may in part account for some of the scatter observed in
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A D versus 6018 diagram for gibbsites or Al-Si-Fe amorphous
hydroxides from Quaternary soils in Hawaii (Haw), Nicaragua
(Nica), Georgia (Ga), ldaho (lda) and Montana (Mont). All

of these samples appear on Figure 6-6 except the Georgia sample;
it represents a calculated value for the gibbsite~rich B-zone of
the Elberton soil. The 6018 values of the Idaho and Montana
samples were calculated by material balance as outlined in text.
Savin and Epstein's (1970a) kaolinite line is shown for reference.

A gibbsite line was constructed using a;iybbsite—HZO =0.984
oX = 1

and @ gibbsite-H 0 1.018 . Note that these @ 's do not

necessarily apply to Fe hydroxides, as it is possible that they

lie along the gibbsite line as a result of cancelling effects of

Fe content in ®°* and ahy (see discussion in section 10.1).

(6.4

hy ~
For example, a « Fe(OH)4- H20~ 0.940 and a aFe(O H)3=H,0
= 1.014 would also produce a line essentially coincident with

the gibbsite [ine shown.
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the data. However, no systematic correlation between isotopic values and iron
content (as weight percent Fe203) is observed.

The range of isotopic values of weathering products in Quaternary soils
of the United States is =30 to =165 for 6D and +25 to -3 for 6018. However,
because the rates of production of clay minerals are strongly dependent on both
temperature and the availability of moisture (warm and wet climates are more
conducive to clay formation), most of the weathering products in the continental
United States have 6D values from =30 to =100 and 6018 values from 15 to +25,
This general range of isotopic values for weathering products is probably valid for
the Earth as a whole, because the present investigation has covered almost the
total spectrum of climatic conditions. In addition, if the isotopic composition of
the ocean has been relatively unchanged over geologic time, this range probably
also applies to the past. However, the average D and 6018 values of weather-
ing products may have been heavier in the past because during most of geologic
history, climates were probably somewhat warmer than the present-day climate.

Sediments throughout the world are made up not only of weathering
products but also of erosional products. Erosional products are bosicclly materials
mechanically transported i;'rom parent rocks fo a site of deposition, without under-
going appreciable isotopic or chemical exchange with the weathering environment.
Therefore, the isotopic composition of sediments will reflect both the isotopic
compositions of the weathering products and those of the erosional products,
depending on the relative proportions of each. Drainage systems which have their
sources in regions of cold, dry climates will carry a relatively small proportion of
weathering products compared to regions with warm, wet climates. Therefore,

even though the weathering products in the former areas will be abnormally low in
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60]8

and D, the bulk sediments will not necessarily exhibit such values. Nane~
theless, it is probably safe to conclude that the bulk 6018 and D values of sedi~
ments derived from temperate and tropical areas where igneous and metamorphic
rocks are exposed to weathering and erosion will be higher in 6018 and ¢D than
sediments derived from analogous rock types in colder areas. This could have

importance with regard to tracing the source areas of various types of sedimentary

rocks.
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Vil. ANCIENT KAOLINITE AND ILLITE DEPOSITS

Many ancient kaolinite deposits are described in the geologic literature
because of their economic value. Some of these kaolinite deposits represent
residual weathering zones. Others are sedimentary deposits which represent
clays transported from their original weathering sites.

In many insfanceg the intensity of weathering has been so severe that
essentially monomineralic kaolinite zones have formed or kaolinite occurs in
pseudomorphs after feldspar. In other instances alluvial processes have undoubtedly
concentrated kaolinite during transport so that nearly pure kaolinite deposits result.
The impurities present are most commonly quartz, feldspar or flint.

Abundant kaolinite deposits were formed in the Tertiary, Cretaceous and
Pennsylvanian Periods. The association of the kaolinites \&ifh fossil plant remains
and lignite is common. From these plant remains it can be inferred that the
climatic conditions must have been warm and moist.

Some of the kaolinite deposits sampled in the present work contain illite
as well as kaolinite. Detailed descriptions of sample localities are given in
Appendix |. Mineralogical descriptions and 6D and 6018 isotopic results are
given in Table 4-1.

A plot of D versus 6018 for the kaolinite deposits is given in Figure
7-1. | All the samples displayed are kaolinite deposits in which geologic evidence
points to an origin by weathering processes. They therefore must have formed at

Earth-surface temperatures. Most of the samples show no geologic evidence of
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Figure 7-1. A 4D - 6018 diagram for ancient kaolinite and illite deposits
(primarily of residual weathering origin). The degree of shading
of each data-point indicates the proportion of impurities such
as quartz, feldspar and/or flint (open) to kaolinite or illite
(black) in each sample. The kaolinite line of Savin and Epstein

(1970a) is shown for reference.

Figure 7-2. A oD - 5018 diagram for kaolinites of various ages that
have a purity greater than 80%. The two Quaternary
samples include the kaolinite from the Elberton, Georgia
profile (6018 calculated, see section 5.2) and the most
kaolinite~rich soil from Howaii. A least squares line is
drawn through the data points for all Quaternary, Tertiary
and Cretaceous samples. Note how closely the least
squares line coincides with the kaolinite line of Savin and
Epstein (1970a), clearly indicating the validity of the
assumptions utilized by Savin and Epstein in constructing
their line.

Figure 7-3. AtSD-éC)]8

diagram of kaolinites and illites of various
ages, with the 6018 values corrected by material balance
calculations for impurities. Savin and Epstein's (1970q)

kaolinite line is shown for reference.
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having been buried any more than a few hundred feet. A few have undergone
burial of at most 2000 feet. Some of the samples are known to have suffered post-
depositional leaching, but usually this took place soon after burial. The presence
of illite in a few samples may indicate that some have undergone post-depostional
diagenetic alteration.

The deposits occur in formations having a great range in porosity, from
clay-rich shales to sandstones with lenses of clay, to residual weathering zones.

It is certain that most of the deposits have been exposed to large quantities of
meteoric water both during and subsequent to their formation.

Figure 71 shows that the 6D and 6018 isotopic compositions of the
kaolinites are distributed roughly along the kaolinite line of Savin and Epstein
(1970a). The locations of the deposits and their ages are shown. The purity of
the samples is indicated by the amount of shading in the sample points.

The displacement of the samples from the kaolinite line seems to be
primarily a function of the amounts of impurities in the samples. This can be seen
by comparing Figure 7-1 with Figure 7-2; the latter shows only samples containing
80% or more kaolinite.

Figure 7-3 and Table 4-1 show the isotopic compositions of the kaolinites,
with 6018 values corrected by material-balance calculation for the 6018 of co-
existing quartz or parent rock. Inasmuch as the 6018 values of the impurities were
not directly measured, such values had to be estimated. Quartz from the sedimen-
tary deposits was assumed to have 6018 = +13, a reasonable mean 6018 value
for quartz from various sources. For residual deposits, 6018 values of parent-
mineral impurities were set equal to +10 or + 7.5, depending on the parent-rock

type. Although these calculations improve many of the 6 018 values and thus
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force the kaolinite isotopic values into better conformity with the kaolinite line,
a number of samples were even further displaced from the kaolinite line. This
suggests that parent-rock 6O]8 values are in fact more variable than those assumed.

Table 7-1 shows the calculation of 6018 values of quartz by material
balance in the Eocene Wilcox formation, assuming a constant 6018 ( *21.4) for
the kaolinite. This is a reasonable assumption because the kaolinites were all
formed under similar weathering conditions in the south~centfral United States.
Therefore, even for this single formation, the 6018 values of the quartz are
variable.

There are other possible explanations why kaolinite samples might be
displaced from the kaolinite line. A few samples plotted in Figure 7-2 fall below
the kaolinite line. Such apparent isotopic anomalies can be explained if hydrogen
isotope exchange between kaolinite and water occurs at a greater rate than oxygen
isotope exchange. The younger meteoric waters in these localities would almost
certainly have had lower D than the waters from which the kaolinites were
originally formed; hence, hydrogen isotope exchange without accompanying
oxygen exchange would move the samples below the kaolinite line.

Another possibility is that the farther one moves down and to the left
along the kaolinite line, the lower is the average temperature of the meteoric
waters from which the kaolinites are formed. This results in a larger @ ﬁzolinife _
H.O" causing the isotopic values of such samples to be displaced to the right and
below the kaolinite line.

A least squares plot (6D = 7.7 6018

= 222) for all the samples except
those of Pennsylvanian age (these may have reequilibrated with H,O at a higher

temperature than 15° to 25°C) is shown in Figure 7-2. Note that the slope is



171

TABLE 7-1

Material Balance Calculations of the § 018

of Quartz in the Eocene Wilcox Formation

of Arkansas and Texas

wt. % 5018 Calculated 5018 i
Sample No. Quartz Bulk Sample of the Quartz
H.S.-Ark-1 50 %5 +19.2 +16.7 £ 0.5
Pul~Ark-2 60 £ 6 +17.3 +14.3+ 0.8
Che~Tex~1 20+ 5 +20.4 +15.6 £ 1.3
Che-Tex-2 15+5 +19.6 +7.1+£5.0
18

" calculated assuming the 60 " of the kaolinite
(together with a small amount of montmorillonite in
two cases) equals + 21,4, This is the best estimated
value using a 6 D for kaolinite equal to -58%. ,

and assuming that the kaolinite plots on the kaolinite

line.
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slightly steeper than the slope of Savin and Epstein's (1970a) kaolinite line. This
least-squares line may be more representative of the actual distribution of kaolinite
D and 6018 values because of the temperature effect mentioned above.

The three samples of Pennsylvanian age in Figure 7-2 plot above the
kaolinite line. Also, all the samples of Pennsylvanian age in Figure 7-3 (in which
corrections for impurities have been made) plot above the kaolinite line. Many of
these samples contain illite in addition to kaolinite. All of these samples probably
suffered exchange and/or recrystallization under mild diagenetic conditions. Iso~
topic exchange at higher femperafures could result in such a shift ina 6D - 6018
plot. Another possible but unlikely interpretation is that the isotopic composition
of the Pennsylvanian oceans was different from the present-day oceans.

One of the major objectives of this study was to examine the feasibility
of determining paleoclimates from oxygen and hydrogen isotope analyses of.ancienf
weathering clay deposits. The determination of 6D and 6018 values of ancient
meteoric waters is strongly dependent upon the preservation of the isotopic compo-
sitions of the clays. As was pointed out above, some kaolinite deposits may have
undergone sufficient post-depositional hydrogen isotope exchange to shift the
analyses below the kaolinite line. Despite this problem, the isotopic values of
the ancient kaolinites are generally sufficiently different from those of Quaternary
soils that it is certain that isotopic values can be preserved in favorable cases.

Figure 7-4 shows how the isotopic compositions of Quaternary soils
from Idaho, Montana and Colorado compare with kaolinites of Miocene and Lower
Cretaceous age from the same general areas. Taking into account isotopic effects
due to impurities and mineralogical differences, the Quaternary soils as a group

have lower 6D and 6 018 values than the ancient kaolinites. It was shown in
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A 6D - 6018 diagram comparing isotopic values of Quaternary
soils from ldaho, Montana and Colorado with those of Miocene
and Lower Cretaceous kaolinites from idaho, Montana, Colorado
and eastern Washington. The degree of shading of each data~
point indicates the proportion of impurities such as quartz, feldspar
and flint (open) to weathering products (black) in each sample.

Savin and Epstein's (1970a) kaolinite line is shown for reference.
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Chapter VI that isotopic data on these Quaternary soils reflect the oD and 5018
values of present-day meteoric waters. The ancient kaolinites, therefore, appear
to reflect meteoric waters isotopically heavier in 6D and 0018 than present-day
waters, suggesting warmer climates in those periods. Geological, paleontological
and paleobotanical evidence, as well as 6018 studies of carbonates in ocean
sediments (Emiliani, 1964), would generally support the idea of warmer climates
in the Tertiary and Cretaceous Periods. Because isotopic exchange with Quater-
nary waters would tend to lower the 6D and GO]B values of the ancient kaolinites
in these regions, these kaolinite isotopic values should be viewed as minimum
values.

Figure 7-5 compares isotopic data on Quaternary soils from the south-
ern United States and Hawaii with Eocene, Upper Cretaceous, and Pennsylvanian
kaolinites from the southern United States. Taking into account isotopic effects
due to impurities, the isotopic values of the Quaternary soils are very similar to
those of the ancient kaolinites. This was expected because the present-day
climate of the southern United States and Hawaii are probably not very different
from the paleoclimates in these areas. The variation of climate with age mentioned
in the previous discussion probably existed in the southern United States, too, but
the differences would be much greater in inland regions at high elevations and high
latitudes. At lower latitudes near warm oceans such as the Gulf of Mexico these
differences are small. However, if the small differences that do exist in isotopic
values (see Figure 7-,6) are real the Eocene and Upper Cretaceous kaolinites have
heavier 6D and 6018 values and appear to have formed in slightly warmer climates
than the present-day climate of the southern United States.

The Pennsylvanian kaolinites and illites are more noticeably distinct from
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A 6D - 0018 diagram comparing isotopic values on Quaternary
soils from the southern United States and Hawaii with those of
kaolinites and illites of various ages from the southern United
States. The degree of shading of each data-point indicates

the proportion of impurities such as quartz, feldspar and flint
(open) to weathering products (black) in each sample. Savin

and Epstein's (1970a) kaolinite line is shown for reference.
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the Quaternary soils. As was pointed out above these isotopic values may reflect
diagenetic alteration are higher temperatures. If this diagenetic alteration occurred
during Paleozoic time it is very encouraging to see that such effects are still pre-
served.

Because there are observable differences in the isotopic values of
Quaternary soils ond ancient kaolinites the isotopic values of the kaolinites
(particularly the 5D values, as they reflect only the clay minerals in the samples)
may be used to calculate the isotopic values of ancient meteoric waters. The 6D
values of some Tertiary meteoric waters have been calculated in Figure 7-6,
assuming complete preservation of the kaolinites. A aEZolinife- H2O = 0.970
was assumed to make the calculations.

The ¢ D values of specific kaolinites are plotted on a map of the
United States in Figure 7-6. Some of these values were taken from data by
Sheppard et al. (1969) on supergene kaolinites. The calculated ¢ D values of
Tertiary waters are encircled, and roughly estimated contours are drawn. The
solid, shaded areas represent locations of Tertiary marine sedimentation. The
speckled areas represent locations of lake sediments or continental alluvial
deposits of Tertiary age. There is insufficient isotopic data from any specific
period to allow further subdivision of the Tertiary. Therefore the isotope data can
represent conditions in the Tertiary in only a generalized way.

The distribution of the calculated isotopic values of Tertiary meteoric
waters appear fo show patterns somewhat different from today (compare Figures 7-6
and 6-1). The contour patterns in Figure 7-6 are grossly similar to present-day
patterns, but the gradients between contours are more gentle. [f the contours

represent the distribution of the 6D values of meteoric waters in the Tertiary, it
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A map of the United States, showing the 8D values of kaolinites
of Tertiary age. Numbers encircled are calculated 6D values of

. . . hy =
meteoric waters of Tertiary age, assuming akaolinife—HzO 0.970.
Rough contours have been drawn showing the calculated distribution

of 6D in Tertiary meteoric waters.
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would appear that the configuration of the continent and the major topographic
features were roughly similar to the present day, although the average elevation
of the continent may have been lower. The more gentle gradients can probably
be explained as being due to less extreme climatic differences between the coastal
and inland regions.

Because of isotopic exchange effects mentioned previously, the ¢ D
values shown in Figure 7-6 are minimum values. This perhaps suggests that the
actual 8D values of Tertiary meteoric waters were even heavier than those
given ir; Figure 7-6. However, it must be remembered that the isotopic values
may reflect only conditions in either the summer seasons or perhaps in the rainy
seasons, because the rate of clay formation would be greatest under warm and wet
climatic conditions. Clearly, careful correlation of geologic, paleontological
and paleobotanical data, together with considerably more isotopic data, will be
necessary fo better ascertain variations of 6Dand 6018 inancientmeteoric waters,

Figures 7-7 and 7-8 show the 6 D values of kaolinites and illites of
Cretaceous and Pennsylvanian ages, respectively, plotted on maps of the United
States.  Contours of the § D values of meteoric waters of those ages have not
been drawn because of an insufficient number of data points. However, by using
a a ﬁZoliniTe-—HZO = 0.970 to determine the 6D values of meteoric waters
of those ages, it can be seen that Cretaceous and Pennsylvanian 6 D values were
apparently heavier than those of present-day meteoric waters. More analyses of
such ancient claysconceivably could allow the construction of maps of the ¢ D
values of Cretaceous and Pennsylvanian meteoric waters. First, however, more

definite proof must be obtained that the isotopic results on such kaolinites represent

pristine, unaltered values.
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Figure 7-7. A map of the United States, showing the ¢D values of kaolinites

of Cretaceous age.

Figure 7-8. A map of the United States, showing the & D values of kaolinites

and illites of Pennsylvanian age.
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VII. MONTMORILLONITES

The montmorillonites considered in this chapter have very diverse origins.

The various types are listed below.

Oceanic -dredge hauls: Montmorillonites formed by alteration of deep ocean

basalts or basaltic glasses during subaqueous weathering processes. Temperatures
of formation are 0° to 5°C, unless hydrothermal activity is involved.

Bentonites: Montmorillonitic alteration of volcanic ash deposited in shallow
marine, brackish, or fresh waters. The alteration could result from contact with
these waters and/or from post-depositional alteration by interstitial pore waters.
The temperature of alteration conceivably could range from 0° to 100°C, but
most samples probably formed at 10° to 30°C. All the bentonites have been exposed
to meteoric waters since their formation.

The bentonites here classified as "marine" were formed near the shore-
lines of the Gulf of Mexico and the Pacific Ocean in marine formations. The
bentonites here classified as "brackish-water" were deposited in shallow inland
seas with narrow passageways to the open ocean and/or they occur in a sequence
of strata which includes alternate marine and nonmarine formations. The benton-
ites here classified as "fresh-water" were deposited in fresh water lakes.

The marine, brackish or fresh character of the waters in which the
bentonites were formed was inferred from geological and paleontological data

given by Tourtelot (1962), Gill and Cobban (1966), Reeside (1957), Daugherty

(1941) and Kerr and Kulp (1949).
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Bentonite shales: Bentonites with admixtures of detrital sediments

derived from subaerial weathering and erosion.

Quaternary subaerial weathering products:  Soils or rocks altered by

surface ground waters, usually under seasonal, arid or semi=arid climatic
e, e . Q O
conditions. Temperatures of alteration should range from 0° to 30°C.

Altered basaltic glass (pillow lavas) :  Montmorillonites probably formed

by the alteration of the outer glass rinds of pillow lavas by subaerial weatherin
)4 g P )4 g
processes. Temperatures of formation are probably from 0° to 30°C.

Fossil montmorillonite soils buried by lava flows: Ancient soils formed by

subaerial weathering processes. Temperature of formation ranges from 0° to 30°C.
Reequilibration of soils at higher temperatures during cooling of overlying lavas is
likely because the soils are only a few feet thick. Also, pillow structures exist in
some of the lavas, suggesting an abundant supply of water. Temperatures of re-
equilibration may perhaps be as high as 350°C.

Hypogene montmorillonites: Montmorillonites formed by the alteration of

aluminosilicate rocks by ascending hydrothermal waters. Temperatures of forma-~
tion range from 50° to 350°C.

Supergene montmorillonites: Montmorillonitic alteration of aluminosilicate

rocks by descending meteoric waters that have reacted with sulfide minerals.
Temperatures of formation are probably from 20° to 50°C.

Detailed descriptions may be found in Appendix | and the cited
references. Information on mineral impurities, differential thermal analyses and
isotopic data are given in Tables 4-1 and 5-3.

Savin and Epstein (1970a) determined the 6D and 6018 contents of

two types of low-temperature montmorillonites, from oceanic dredge hauls and
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from bentonites. They observed a large scatter in isotopic values compared with
kaolinites. In addition, the correlation of 6D and 6018 between meteoric
waters and montmorillonites was very poor. They therefore chose the samples
whose origin was best understood and constructed a tentative montmorillonite

. ° . hy = ox
line for 257C, using @ montmorillonite-HzO 0.938 and amonfmorillonife-

HyO = 1.0273 . Their montmorillonite line is shown in Figure 8-1 along with
all of the isotopic data on montmorillonites from this study, from Savin and
Epstein (1970a), and from Sheppard et al .(1969).

In considering the isotopic data on montmorillonites, six factors are
important: (1) the isotopic compositions of the waters in which the montmoril-
lonites were formed; (2) the temperatures of formation or reequilibration of the
monimorillonites; (3) the chemical compositions of the montmorillonites (see
section 5~3); (4) the amounts and isotopic compositions of impurities in the
samples; (5) post-formational isotopic exchange between the montmorillonites
and interstitial pore waters; and (6) the effects of hydrogen isotope exchange
between interlayer water and hydroxyl during the laboratory extraction pro-
cedures (see Chapter ll1).

As can be seen by comparing Figure 7=1 and 7-2 with Figure 8-1, the
scatter in oD and 6018 values of montmorillonites is much greater than the
scatter in the isotopic values of kaolinites. This is to be expected because of the
analytical problems connected with hydrogen isotope analyses of montmorillonites.

18

However, Figure 8-2 illustrates that systematic variations in 60 ~ and

6D values can be found when comparing montmorillonites of similar origins.

18

The marine bentonites as a group display 60 - and 6D values distinctly

heavier than the isotopic values of bentonites formed in fresh or brackish waters.
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A oD - 6018 diagram for montmorillonites of a variety of origins.
All montmorillonites analyzed to date are plotted on the diagram,
except for a few mixed kaolinite-montmorillonite hypogene clays
of Sheppard et al (1969) and the very impure monimorillonitic
soils of the present work. The degree of shading of each data-
point indicates the proportion of impurities (open) to montmoril~
lonite (black) in each sample. The impurities are mainly quartz
and feldspar. The kaolinite and montmorillonite lines of Savin

and Epstein (1970a) are shown for reference.
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A sD-60!8 diagram of bentonites and altered pillow lava
rinds or basalt fragments from marine, brackish-water and
nonmarine environments. The 6018 values of these mont-
morillonite samples were corrected by material balance
calculations for any impurities. Savin and Epstein's (1970a)

kaolinite and montmorillonite {ines are shown for reference.
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These isotopic differences parallel the differences in isotopic composition between
the marine and the brackish or fresh waters in which the alteration of volcanic ash
to montmorillonite took place. The major isotopic effects inbenfonites are thus
due principally to variations in the 6D and 6018 of the coexisting waters. This
alteration, however, could have taken place either before or after burial by other
sédimenfs.

The scatter in 6018 and oD values within a single group of bentonites,
either those of marine origin or those of brackish-water origin, might in part be
attributed to different temperatures of formation of each sample.

Figure 8~2 also illustrates that montmorillonites formed as alteration
products of basaltic material in an oceanic environment are distinctly heavier in
56D and 5018 values than those of montmorillonites of nearly identical origin
formed in fresh water environments. This undoubtedly reflects the different isotopic
compositions of ocean waters and fresh waters. A single isofopically anomalous
montmorillonite sample formed by alteration of basalt in the oceanic environment
is shown in Figure 8-2 (TW-10-116). The sample is reported as being of hydro-
thermal origin (Banks and Melson, 1966) . It plots well to the left of the others,
consistent with a higher temperature origin.

The montmorillonites formed by the alteration of basaltic glass in fresh
water (pillow lava rinds) plot farther to the left of the montmorillonite line than do
the oceanic samples of similar origin. This very likely reflects a difference in the
temperatures of formation of the two groups: the oceanic montmorillonites probably
formed at 0° to 5°C, and the fresh-water montmorillonites formed at 15° to 30°C.
Such temperature differences can be responsible for large changes in the equilibrium

monfmorillonite—HZO isotopic fractionation factors, and the positions of various
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samples ona D - 6018 plot are consistent with these temperature differences (see
Figure 1-1). For example, a temperature change from 0° to 20°C is estimated
(Figure 1-1) to produce a change of 4 per mil in 6018 in the montmorillonite in
equilibrium with a given water.

Figure 8-3 further illustrates the effect of temperature on the 6D and
6018 content of montmorillonites. The higher temperature hypogene montmoril-
lonites plot distinctly to the left of all montmorillonite samples from Quaternary
soils, altered basaltic glass and the supergene zones of porphyry copper deposits.
The fossil soils buried by lava flows have isotopic values generally intermediate
to the above groupings. This is to be expected if the fossil soils have undergone
different degrees of reequilibration with meteoric waters during the cooling of the
lava flows.

Both the hypogene montmorillonites and the Quaternary soils as groups
display a range of 6D and 6018 values parallel to the meteoric water line. This
range of values is consistent with the formation of these montmorillonites in the
presence of meteoric waters.

Figure 8-5 also illustrates the effects of temperature on the 5018
values of montmorillonites. These montmorillonites have several characteristics in
common: (1) they were formed from a single rock type, namely basalt; (2) they
are located in a restricted geographic area (see Figure 8-4); and (3) they are of
similar ages, namely mid-Tertiary. The montmorillonites of fossil soils buried by
lava flows display distinctly lower 6018 values than the montmorillonites of the
altered rinds of pillow lavas. This is consistent with the different temperatures to
which these montmorillonites have been subjected, as the latter samples represent

low-temperature weathering of basaltic glass after the cooling of the pillow basalts.
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A sD- 608

diagram of montmorillonites from Quaternary
soils, Tertiary supergene deposits, Tertiary fossil soils buried
by lava flows, and altered rinds of Miocene pillow lavas.
The 6018 values of these montmorillonite samples were
corrected by material balance calculations for any impurities.

Savin and Epstein's (1970a) kaolinite and montmorillonite

lines are shown for reference.
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Figure 8-4. A map of northcentral Oregon, showing the locations of

montmorillonite samples shown in Figure 8-5.

Figure 8-5. A 6D - 60'8 diagram for montmorillonites from fossil
soils buried by lava flows and altered rinds of pillow
lavas; both groups are of mid-Tertiary age from north-
central Oregon. The 6018 values of the montmorillonite
samples have been corrected for impurities by material
balance calculations. The numbers above the data-
points refer fo locations of the samples shown in Figure
8-4. Savin and Epstein's (1970a) kaolinite line is shown

for reference.
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If we assume that the montmorillonites from the pillow lava rinds and
the fossil soils buried by lava flows equilibrated with H,O's having similczréO|8
values and that the montmoritlonites from the pillow lava rinds formed at 20°C
{a reasonable Earth-surface temperature), from Figure 1-1 we can calculate the
temperature of reequilibration of the fossil soils. The 6018 values of the above
two montmorillonite groups (see Figure 8-5) differ by 6%, . Making the above
assumptions, this difference would suggest (see Figure 1-1) that the fossil soils
reequilibrated at 60° to 70°C.

The 6D values of the two groups of montmorillonites delineated in
Figure 8~5 do not show any systematic differences. The fossil soils, which were
all formed on Oligocene or Miocene volcanics and later covered by \.lolccmics of
the same age, show a large range of ¢D values. This range conceivably could be
the result of temperature variations during isotopic reequilibration, or to evapor-
ative effects when the hot lavas came into contact with the wet soils.

Up to this point the question of isotopic exchange of ancient montmoril-
lonites with recent meteoric waters has been for the most part ignored. Figure 8-6
contrasts the 6D and 6018 values of montmorillonites from Quaternary soils with

those of Upper Cretaceous bentonites. Both groups are located in the same geo-

graphic area.

The bentonites, as a group, display distinctly higher 6D and 6018

values than the Quaternary soils, suggesting that the observed isotopic values of
the bentonites represent preserved values. Inasmuch as the bentonites probably
formed in brackish waters, their present isotopic values are similar to their pre-
sumed original values. [f isotopic exchange between the bentonites and Quater-

nary meteoric waters has taken place, the exchange has only been partial. If
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A 6D - 6018 diagram comparing the isotopic compositions
of montmorillonites from Quaternary soils of ldaho, Montana
and Wyoming with the isotopic values of Cretaceous brackish-
water bentonites and bentonite shales from Montana and
Wyoming. The 6018 values of the montmorillonite samples
were corrected for impurities using material balance calcu-
lations. The kaolinite and montmorillonite lines of Savin

and Epstein (1970a) are shown for reference.



201

(Q31vIN0TVD) °% 4,08

o2+

OoV+

[}

"JUOI '0Am

s8|0yg

dij1uojuag R,
puoseyuojueg B

4849°'n /

.O>;.°vH -.ﬁcoz
s|1og Aipuidiond ®

(L96F) U108 %
8UNIXIAl 941U1|0DY
PuD 3j1uojiowjuopy @

9jiuojjiowiuoiN IR

o9k —

ovy—

02y—

°%ds

00)—

08—

Figure 8-6



202

partial isotopic exchange has occurred it means that the observed D and 6018
values of the bentonites are minimum values in the sense that the original values
must have been this high or higher.

As has been shown in the preceding discussion, there is appreciable
scatter in the isotopic compositions of monimorillonites. However, when mont-
morillonites of a particular type are considered, systematic variations as a function
of water isotopic composition, temperature of formation, and chemical composition
(see section 5.3) can be observed. More careful study of montmorillonite isotopic
cdmposiﬁons in the framework of detailed chemical and geological information
undoubtedly will lead to a more thorough understanding of the environmental
conditions of the formation of various types of montmorillonites.

As a result of more thorough studies it is anticipated that a family of

8

montmorillonite lines conceivably can be drawn ona 6D - 601 plot, similar
to the one proposed by Savin and Epstein (1970a). These lines will differ system-
atically as a function of the temperatures of formation of the montmorillonites and

as a function of chemical composition of the montmorillonites.
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IX. SHALES AND GLACIAL LAKE CLAYS

Shales are consolidated deposits of clay-sized particulate matter
generally containing small amounts of organic matter, carbonates, sulfides,
and other salts. The clay-sized particulate matter is largely composed of clay
minerals, quartz, and feldspar. The clay minerals in a shale may be detrital,
authigenic, or diagenetic in origin.

In this study several shales with a low organic content were studied
for their total 5018 content, their total 6D content, and the 6018 value of their

18 of the carbonate

carbonate fraction. The §D of the whole rock and the 60
were also analyzed in three glacial lake clays from the eastern United States.
Detailed descriptions of the samples may be found in Appendix | and
the cited references. Mineralogical and isotopic data are given in Table 4-1,
Figure 9-1 illustrates the 6D and 6018 contenis of shales of Cretaceous,
Lower Paleozoic and Precambrian ages. The isotopic compositions of the shales
plot into two groups, the Lower Paleozoic and Precambrian shales with a dominantly
illite-chlorite clay mineralogy, and the Cretaceous shales with a dominantly mont-
morillonite clay mineralogy. The 6D values of the Lower Paleozoic and Precambrian
shales are distinctly heavier than the 6D values of the Cretaceous shales. Also the
6018 values of the Crefaceous shales display a much greater range than those of the
Lower Paleozoic and Precambrian shales.
Figure 9-2 shows that the 6D values of Lower Paleozoic and Precambrian

shales show no correlation with present-day latitude or elevation. Some of the

shales with the heaviest 6 D values are from Montana and British Columbia, and



Figure 9-1.

Figure 9-2,
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A 6D - 6018 diagram of Lower Paleozoic, Precambrian
and Crefaceous shales from North America. Savin and

Epstein's (1970a) kaolinite line is shown for reference.

A 6D diagram of Precambrian, Lower Paleozoic, and
Crefaceous shales, and Pleistocene glacial-lake clays

from North America.
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they have §D values similar to those from Ohio and New York. Yet the §D
values of present-day meteoric waters in the two areas differ by 50"/‘,o to

90% . (see Figure 6-1). This indicates that these Lower Paleozoic and Precam-
brian shales have not suffered appreciable hydrogen isotope exchange with either
present-day, Holocene or Pleistocene meteoric ground waters. Although it is
somewhat less certain, exchange with Tertiary meteoric ground waters probably
can aiso be ruled out (see Figure 7-6).

Figure 9-3 isa 6D -‘6018 plot comparing the isotopic compositions
of Lower Paleozoic, Precambrian, and Cretaceous shales from Wyoming, Montana,
and British Columbia with the isotopic values of Quaternary soils from Wyoming,
Montana and Idaho. The 6D and 5018 values of the shales are quife distinct
from those of Quaternary soils. In addition it should be noted that the older
shales which might be expected to have suffered the greatest degree of isotopic
exchange with meteoric waters display the largest fsotopic differences from
Quaternary soils. These data strongly suggest that the shale isotopic values are
basically preserved and represent environmental conditions very different from
equilibration with present-day meteoric waters. |

The Cretaceous shales for the most part contain a mixture of montmoril-
lonite, illite, quartz, feldspar, carbonate, and traces of other minerals. The
montmorillonite probably resulted from the alteration of volcanic ash in brackish
waters. The carbonate (when it occurs) is probably of biogenic origin. The
quartz, feldspar and illite are probably detrital. All of these materials have
been subjected to at least mild diagenetic conditions.

The 6D values of these shales are primarily due to their constituent

montmorillonite. They probably represent equilibration of the montmorillonite
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A sD - 60'8 diagram comparing the measured isotopic
compositions of clay-rich or hydroxide-rich Quaternary
soils from ldaho, Montana, and Wyoming with the isotopic
compositions of Cretaceous, Lower Paleozoic, and Pre-
cambrian shales from Montana, Wyoming, and British
Columbia. In the case of the Quaternary soils the degree
of shading of each data-point indicates the proportion of
parent rock (open) to weathering product (black) in each
sample. Savinand Epstein's (1970a) kaolinite line is

shown for reference.
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with brackish waters at the time.of deposition or at some later time under mild
diagenetic conditions. The variations in 5018 of the shales aredue to a variety
of different causes, reflecting the diversity of origins of the oxygen-bearing
minerals.

The Lower Paleozoic and Precambrian shales confain a mixture of illite,
chlorite, quartz and in some instances carbonate. The illite and chlorite may be
detrital or (more likely) may represent the end products of diagenesis. The quartz
is probably detrital. The carbonate (when it occurs) probably has a biologic
origin. All of these shales have suffered some degree of diagenesis, particularly
the Precambrian and Cambrian shales from Montfana and British Columbia.

The 6D values of these older shales conceivably could reflect diagenetic
equilibration of illite and chlorite with marine pore waters. In any case the 6D
values of the waters with which these clays equilibrated must have been heavier
than =55 to -70%,, , and probably near 0%, , inasmuch as at equilibrium at low
temperatures, all known clay mineral-H,O hydrogen isotope fractionation factors
are less than unity.

The 6018

values of these older shales, as was the case with the
Crefaceous shales, reflect the diversity in 6018 of the oxygen-bearing minerals.

18 f the older shales compared to the Cretaceous shales

The smaller range in §O
(see Figure 9-1) may reflect more isotopically uniform sources of oxygen-bearing
minerals or a more isotopically uniform pore water (oxygen reservoir) with which the
minerals equilibrated during diagenesis.

The dolavalues of the carbonate fraction of the Lower Paleozoic shales
display a 9%, range (Figure 9-4). The lightest of these is located in the Inyo

Mountains of California where present-day meteoric waters have a 6O]8~ -15.0%0
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(see Figure 6~1). The others are located in eastern United States where the
present-day meteoric waters are somewhat heavier (~-7.5%,,). These observed
carbonate 6018 values are compatible with isotopic exchange between present-
day ground waters and the carbonates at 15° to 25°C (see Figure 1-1).

The 6D values of these same shales (Figure 9~4) do not show any

18

obvious correlation with the 6O '" values of the carbonate fraction. This suggests
that although the carbonate fraction of the shales may undergo significant isotopic
exchange with meteoric waters, the clay mineral fraction does not suffer significant
hydrogen isotopic exchange with the meteoric waters.

The 6D values of the carbonate fraction of the glacial lake clays are
very similar to the 508 values of the Lower Paleozoic shales of eastern United
States. The 6018 values of glacial melt waters were undoubtedly lighter
(possibly =10 to =20%, ) than present-day values ( -5 to =10%,). Carbonate
in equilibrium with glacial melt waters at 0°C having a 6018 ==15 £ 5%,
would have a 5018 = +19 * 5%, (see Figure 1-1) somewhat lighter than the
observed 6018 values. This suggests that possibly the carbonates in the glacial
lake clays have reequilibrated with present-day meteoric waters at 15° 10 25°C,
or that the carbonate 6018 values of the shales represent equilibration with Pre-
Pleistocene meteoric waters and the glacial lake clays are merely mechanically
transported shale material in which the carbonate has undergone little or no
exchange with glacial melt waters. |

The mineralogy of the Lower Paleozoic shales and the glacial lake
clays are nearly identical; they both contain predominantly illite, chlorite, quariz
and carbonate. The 6D values of the glacial clays are identical to those of the

Lower Paleozoic shales. Despite the fact that the clay minerals must have been
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Figure 9-4. A 5D (clay minerals) -6018 (carbonates) diagram of
Lower Paleozoic shales and glacial lake clays. The

shale samples contain 10 to 50 weight percent carbonate.
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exposed to very light glacial melt waters (§D = =70 to -150%,,) they do not

appear to have suffered significant hydrogen isotopic exchange.
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X. SUMMARY AND CONCLUSIONS

10.1 MineraI-HZO fractionation factors for kaolinite, montmorillonite

and gibbsite

The hydrogen and oxygen isotopic fraction factors for koolinife-HzO
and montmori”onife—HzO at sedimentary temperatures were estimated by Savin

and Epstein (1970a) to be:

h

u oX = ' y
* 1.027 o kaolinite-HzO

'kaolinife-HzO - - 0.97

hy = 0.94

ox - =
@ 1.027 monfmorillonite-HzO

monimorillonife-H20

The hydrogen and oxygen isotopic fractionation factors between gibbsite
[ Fe/ (Fe + Al) = 5~ 25% ] and water at Earth-surface temperatures have been

estimoted in this study fo be:

hy

- 1.018 agibbsife—Hzo ;

« ;;(bbsite—Hzo 0.984
Utilizing these fractionation factors, equations relating the 6D and
0 018 values of kaolinites, montmorillonites, and gibbsites may be determined.
These equations plot as straight lines ona 6D - 6 0}8 diagram, approximately
parallel to Craig's (1961a) meteoric water line (see Figure 10-1).
6Dand 60 ]Sanalyses of kaolinite~rich samples formed at &arth-surface
temperatures from the Elberton, Georgia profile, many Quaternary soils, and many
ancient kaolinite deposits all completely confirm the validity of Savin and Epstein's

(1970a) kaolinite line and their estimation of isotopic fractionation factors for the



Figure 10-1.

216

6D - 6018 diagram showing Savin and Epstein's (1970a)
kaolinite and montmorillonite lines and a gibbsite line
estimated from data in this report. Also shown are two
montmorillonite bands, one for Fe-rich oceanic mont-
morillonites formed at 0° to 5°C by submarine weathering
processes and the other for Fe-poor montmorillonites

formed at 15° to 30°C by subaerial weathering processes.
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kaolinite~H,O system at Earth-surface temperatures.

6D and 6018 analyses of a variety of montmorillonites in the present
study indicate that the fractionation factors for the montmorillonite-H,O system
derived by Savin and Epstein (1970a) are not generally applicable to most mont-
morillonites. The isotopic data from montmorillonites display a much greater scat-
ter than kaolinites, presumably as a result of (1) the greater range of chemical
compositions of montmorillonites compared to kaolinites, (2) the greater range of
the temperatures of formation of montmoriilonites, and (3) the possibility that the
D/H ratios determined for montmorillonite OH are contaminated during heating and
outgassing procedures.

For the sake of illustration two montmorillonite "bands" are shown in

Figure 10~1. The oceanic montmorillonite "band" is located using @ ox .
montmoril -

= 1.027 and ah

)4 =
montmorillonite=H,O 0.93 , and represents the

lonite-H,O
positions of relatively Fe-rich montmorillonites (samples TW-1~50-F-M and

Carr 11-DR-9-L-M have 11 and 22 weight percent Fe,O4 respectively, M. Bass,
personal communication) formed by submarine weathering of basalts at 0° to 5°C.
The a 's were selected on the basis of the observed isotopic values of these sub-
marine montmorillonites and those of ocean water.

The subaerial weathering montmorillonite "band" is centered on a line
having a::()ntmorillonife-HZO =1.027 and (Jr:énhnorillonife-Hzo =0.97 . The
band represents the relatively Fe-poor montmorillonites (average of 3 to 4 weight
percent Fe,O4 for the Big Sur montmorillonites) that are typically formed by the
subaerial weathering of granitic rock types at 15° to 36°C in relatively dry cli-

mates. These @ 's were selected on the basis of (1) the observed isotopic values

of montmorillonites and local meteoric waters from the Big Sur weathering profile
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and (2) the observation that the isotopic data on most weathering montmorillonites
are distributed in the vicinity of the kaolinite line.

Isotopic data on the Big Sur profile suggest that an increase in Fe-

h

ox o hY ' '
monfrnorlllomte-HzO .

a
montmorillonite- HZO and

content lowers both

. . o , hy
This chemical variation probably has a greater effect on amonfmorillonite-HZO

than on «@ because the hydroxyls are all bonded directly

ox
montmorillonife-H20 !
to the octahedrally coordinated cation while a majority of the oxygens are bonded
to tetrahedrally coordinated Si or Al. Any shifting of the montmorillonite line
with changes. in Fe content will depend on the relative changes in the two a's
taken together. A simultaneous decrease in both- @ 's can lead fo essentially no

shift of the montmorillonite line, because the two effects tend to cancel one

another.

Therefore, although the separation of the subaerial weathering mont-
morillonite and submarine weathering montmorillonite "bands" (see Figure 10-1)
can probably in part be explained as a result of differences in Fe~content, the
most important effect is the difference of 25° to 30°C in the temperature of

. . ox
. a . .
formation of the two groups. Increasing temperature lowers montmorillonite =

and raises these two effects reinforce one

a VY . ] .
montmorillonite- HZO ’

H,O
2
another, as they produce a shift to the left and upward ona 6D - s0'8 diagram.

An increase in temperature from 0° to 30°C would be accompanied by a change
Y

ox

montmorillonite-H,0 and from about 0.95 to

from about 1.030 t0 1.024 in «

0.96 in @ h see Figures 1-1 and 1-2), This is just about

) 4
montmorillonite-H,O (
enough to produce the separation of the two montmorillonite "bands" shown on
Figure 10-1. Note that even though the separation of the two "bands" is ascribed

essentially to a temperature effect, the two "bands* were constructed for a low
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temperature, high Fe montmorillonite and a "high" temperature, low Fe montmoril-
lonite both having an identical @ (:12nfmori||onife-H20 of 1.027 (because of the
cancelling effects of temperature and Fe content on this @ ),

Bentonites probably are formed over a range of temperatures from 0° to
40° C because the alteration may take place from the time of ash deposition in an
ocean or lake up to and including the time of burial and diagenesis. The Fe
contents of bentonites are quite variable (Grim, 1968) but are similar to those of
the Big Sur weathering montmorillonites.

Future determinations of the hydrogen and oxygen isotopic fractionation
factors for the beidellife-Hzo (Al end member), nonfronite—HzO (Fe end member)
and saponite~H,O (Mg end member) will be necessary to accurately fix the positions
of the several "montmorillonite" lines. The montmorillonite line of Savin and
Epstein (1970a) probably should be discarded, as it does not really apply to any of
the important montmorillonite occurrences in nature. It is useful only in that it
represents a rough compromise between the isotopic values of oceanic and contin-
ental montmorillonites. (

The hydrogen and oxygen isotopic fmcfiono:fggfors for the gibbsite-HZO
system were estimated by isotopic studies of Quaternary soils containing Fe-rich
gibbsites and amorphous Al-Si~Fe hydroxides (see Figure 10-1). Note that the

al;%/bbsife-HZO is higher than atoyolinife-Hz
factors basically involve hydroxyl-water fractionations and the hydroxyls in both

o 1 even though both fractionation

cases are bonded to aluminum ions. This implies that one cannot simply assign
fractionation factors to hydroxyl-water independent of the mineral type involved.
It is very likely that the major difference between gibbsite and kaolinite is brought

about by differences in the degree of hydrogen bonding between the layers.
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Gibbsite layers are much more strongly hydrogen bonded than kaolinite layers
(Bragg etal., 1965, pp. 117 and 277). It is reasonable to expect that hydrogen
bonding could have an effect on hydrogen isotopic fractionation factors inasmuch
as noticeable shifts in infrared absorption specira are produced by changes in
hydrogen bonding (Nakamoto, 1963, p. 81).

Systematic variations of @ ox and @ hy

montmorillonite- H20 montmorillonite-

HzO with variations in the Fe/Al ratio in montmorillonites from the Big Sur
. o oX < ox
weathering profile suggest that @ Eo_p\ groxide~HyO ~  * Al-hydroxide-H,0

' hy < ahy r
and that ¢ Fe-hydroxide-H,0O Al-hydroxide~H,O ° However, the gibbsites
did not exhibit any systematic isotopic variations as a function of changes in the
Fe/Al ratio. This may be the result of the fact that an increase in Fe/Al would

tend to decrease @ ?:-Al-hydroxide-HzO and shift the gibbsite line to the
left, but it could also decrease « E)e’-AI-hydroxide-HZO and shift the gibbsite

line down, thus producing a partially cancelling effect.

10.2  Preservation of the hydrogen and oxygen isotopic compositions

of clay minerals-

In laboratory experiments, minerals which do not contain interlayer
water (e.g., kaolinite) do not show any tendency to undergo significant hydrogen
or oxygen isotopic exchange with water at room temperature. Clay minerals con =
taining interlayer water that is not in direct confact with mineral hydroxyl (e.g.,
montmorillonite) also do not show significant hydrogen or oxygen isotopic exchange
with water at room temperature. However, procedures used to remove this interlayer
water can cause hydrogen contamination of the mineral hydroxyl. Clay minerals

which confain interlayer water in direct contact with mineral hydroxyl (e.g.,
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halloysite) do undergo rapid hydrogen isotopic exchange at room temperature.
Data on natural halloysites in the present study completely confirms that halloysite
does not preserve ifs 0D values at Earth-surface temperatures. It is also likely
that the hydroxyl oxygen is also easily exchanged.

At temperatures of 100° to 200°C, it may be inferred that the rates of
hydrogen and oxygen isotopic exchangé with water become important for all clay
minerals. Isotopic data on montmorilionites and, in particular, kaolinites are of
use in geologic studies, but in the case of halloysites, these are probably of
limited use.

Because laboratory experiments cannot in general indicate to what degree
isotopic exchange between clay minerals and water occurs over very long periods
of time, isotopic data on natural samples in conjunction with geologic information
must be used to evaluate the problem of isotopic exchange over geologic time
periods. The following statements argue in favor of isotopic preservation of various
clay minerals:

(1) Detailed isotopic studies on three different Quaternary soils devel-
oped on Cretaceous shales have shown that the montmorillonite and illite in the
shale have not undergone significant hydrogen or oxygen isotopic exchange with -
large quantities of rainwater that must have percolated through these soils over
periods of at least several hundred years.

(2) Isotopic studies on Pleistocene glacial lake clays indicate that
illite and chlorite do not undergo hydrogen isotopic exchange even under conditions
of intimate contact (glacial scouring and erosion) with waters that must have been

very deficient in deuterium.
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(38) The 6D and 6018 values of ancient kaolinite deposits from the
northern Rocky Mountains are disﬁncfly. higher than those of clay-rich Quaternary
soils from the same region.

(4) Two Jurassic kaolinites analyzed by Sheppard et al.(1969), one
from British Columbia and the other from Alaska, have 6D = -80 and ~78 %o
respectively; these clays certinly have not exchanged appreciably with present-
day meteoric waters.

(5) The 6D and 6018 values of ancient bentonites from the northern
Rocky Mountains are higher than those of montmorillonite-rich Quaternary soils
from the same geographic region.

(6) The hydrogen isotopic values of Precambrian and Lower Paleozoic
shales from the northern Rocky Mountains are higher than those of Cretaceous
shales from the same region,which are in turn higher than those of Quaternary soils
from this area.

(7) The hydrogen isotopic values of Lower Paleozoic shales from the
eastern United States are identical to those of Lower Paleozoic and Precambrian
shales from British Columbia énd Montana, thus showing no correlation with the
8D values of present-day meteoric waters. ’

(8) Although the 6 018 values of the carbonate fraction of some Lower
Paleozoic shales are so light that they almost certainly have exchange with meteoric
water, no such lowering is observed for the 5D of the clay minerals in the shales.

To sum up, all the ancient samples discussed above display 6D and/or
6018 values which are much too high to be in equilibrium with present-day or
Pleistocene meteoric waters (or in some cases, even with Tertiary meteoric waters).

These observations suggest that many types of clay minerals found in a variety of
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rock types appear to have preserved isotopic values over very long periods of time.
The preservation of isotopic values in shales may be related to the fact that they
are somewhat impermeable and thus less susceptible to isotopic exchanges.

In a few instances, ancient kaolinites, particularly the Lower Creta-
ceous kaolinites from the Rocky Mouniains and a Miocene kaolinite from a fault
zone in Vermont appear to have undergone some D/H exchange with isotopically
light meteoric waters, while undergoing a lesser or negligible degree of oxygen
isotopic exchange. This is suggested by the fact that the isotopic values plot on
the low D/H, high 018/0.'6 side of Savin and Epstein's (1970a) kaolinite line.

These kaolinites occur in lenses or as the matrix in permeable sand~
stones, in sandy shales, or in one case in a fault zone. It is reasonable that they
might have exchanged with very large amounts of water over long periods of time.
Perhaps higher temperatures prevailed during burial to promote exchange. Also,
if the waters had a low pH, one might expect more exchange than normal even
at low temperatures (see Sheppard et al., 1969, p.767).

The original D/H ratio of the above kaolinites can be estimated on the
basis of two possible models: (1) hydrogen isotopic exchange without accompany-
ing oxygen isofopic exchange or (2) hydrogen isotopic exchange and oxygen isotopic
exchange of only the hydroxyl oxygens. Both models would imply a shift below
the kaolinite line, and such models suggest that the original 6 D values of the
Cretaceous kaolinites from the Rocky Mountains would have been about ~80 to
~95 %o and the original 6 D values of the kaolinite from Vermont would be about
-60 to ~70%. . These corrected values are much more like the 6D values of
other Crefaceous and Miocene kaolinites from other locations in the United States.

They also are more compatible with the warmer climates that probably existed in
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the Lower Crefaceous and the Miocene.

The Tertiary halloysites from the Spokane, Washington profile have
distinctly higher D/H ratios than nearby kaolinites of the same age. Most of
the Quaternary halloysites from western Oregon have distinctly higher D/H
ratios than those of Quaternary kaolinites from the same region.

These observations may cast some doubt on the usefulness of the isofopic
data obtained by Savin and Epstein (1970a) and Sheppard et al.(1969) on halloysites.
The one halloysite which Savin and Epstein (1970a) analyzed had a 6D =-60%,,
and a 6018 = +22,0%o0 ; these values place it on the kaolinite line, as if it
were a preserved equilibrium value. However, this might be coincidence, inasmuch
as a halloysite in equilibrium with Pasadena water vapor has a 6D = -80%,,, ,
assuming all:leoysire-HzO = 0,970, partial isotopic exchange with Pasadena
water vapor might not produce a noticeable change in its 6 D value.

Because not all the hydroxyl hydrogen in halloysites is in contact with
interlayer water, partial preservation of D/H ratios may be possible. We may also
note that the 6D values of the halloysites of Sheppard et al., (1969) range from 80
to =110%,, , again only slightly displaced from a 6D = -80%, , for halloysite in
equilibrium with Pasadena water vapor. [t is suggested here that unless it can be
shown that a particular halloysite definitely preserves its 6 D values (i.e., because

it is perhaps well crystallized), there is no point in measuring the hydrogen isotope

ratios of natural halloysites.

10.3  Isofopic evidence for climatic conditions during the Tertiary

Ancient kaolinites, in particular those of Tertiary age, have isotopic

values that suggest they formed approximately in equilibrium with ancient meteoric
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waters (i.e., they lie on the kaolinite line). This allows us to calculate the iso-
topic compositions of these ancient meteoric waters. Using the oD values of

kaolinites of Tertiary ages from many locations in the United States,and a

hy

kcolinite-HzO of 0.970, an approximafe contour map of the 6D values of

mid- and early-Tertiary meteoric waters was constructed for the United States (see
Figure 7-6). The distribution of 6D values for these Tertiary meteoric waters is
similar to the present-day distribution except that the contrast in 6D values
between coastal and high inland regions is less extreme. This indicates that the
general topography in the United States during the Tertiary was essentially similar
to that of the present except that elevations were perhaps lower and some mountain
barriers were probably less prominent. Also the climatic differences between
coastal and inland regions were probably less extreme.

One area of particular interest is the Washington-Oregon-idaho area.
The Mid- to Upper~Miocene kaolinites of this area show a progressive change in
oD from -65 to ~125%, . in going inland from the coast. This corresponds to a
change in the 6D of meteoric water from about -35 to -95%o compared with
the present range of =50 to =130%,,, .

~ Although kaolinite is forming in 'abﬁndance in western Oregon and

Washington today, apparently little or no kaolinite is forming in eastern Wash-
ington and northern Idaho. This is a result of the low amount of rainfall and extreme
range of climatic conditions that now exists in eastern Washington and northern
{daho. The abundance of Miocene kaolinites in eastern Washington and northern
Idaho therefore indicate that the amount of rainfall in this area during the Miocene
must have been much greater than today, perhaps suggesting the absence of the

Cascades as a major topographic barrier to Pacific storms. The range of =75 to
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-95%¢ for 6D suggested for the Miocene meteoric waters of eastern Washington
and northern Idaho could indicate a cool temperate climate in an area of moderate
elevation, assuming that the distance from the Pacific coast is similar to that of the
present-day. The absence of the High Cascade Range during the Miocene might
be sufficient to allow such climatic conditions,

Axelrod (1964) studied the remains of Mid-Miocene Trapper Creek
flérc in the Idavada volcanics of southern Idaho. The following statements of
Axelrod (1964) indicate that the isotopic and paleobotanical data are in excellent
agreement, "The fossil plants resemble trees and shrubs that contribute fo living
conifer-hardwood forests in the humid cool temperate parts of western North
America, eastern North America and northeast Asia.” Also he said that " The
climate was cool temperate. Precipitation was about 45-50 inches yearly, well
distributed seasonally, and snow was rare. Temperatures were moderately warm
in summer and cool in winter." In addition he said " The altitude of the Trapper
Creek flora is calculated at approximately 3000 feet."

Another area of particular interest is the southern United States. The
Lower Eocene kaolinites in the Wilcox formation have 6D = =55 to ~60%,, almost
indistinguishable from the 6D = =58 to =639, of kaolinites from Quaternary soils
in this region. These isotopic dafa suggest that the climate during the Lower
Eocene was very similar to, or perhaps slightly warmer than today's climate. A
detailed paleobotfanical study by Berry (1924) of Early Tertiary flora suggests that
the Lower Eocene climate was warm temperate to subtropical, the same as the
present-day climate in good agreement with the isotopic data.

A third area of interest is the Arizona and New Mexico area. Mid~-

Tertiary supergene kaolinites and monimorillonites in this region have 6D = ~62to
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—80"/00 ( Silver Bell deposit, Table 4-1; Sheppard et al., 1969), suggesting

that the 6 D values of meteoric waters were =30 to =509, ,, somewhat heavier

than today's waters. The water table during the Mid-Tertiary is known to have
been much higher than the present one (Livingston et al., 1968) suggesting a much
wetter and therefore perhaps more temperate climate. Heavier 6D values for the
meteoric waters of the Mid-Tertiary are compatible with a moist temperate climate,
perhaps intermediate between the cool-temperate climate of the Pacific North-
west during the Miocene and the warm-femperate to subtropical climate of

southern United States during the Lower Eocene.

10.4  Isofopic_criteria for distinguishing clay minerals of different origins

On the basis of hydrogen and oxygen isotopic data alone, a variety of

clay minerals of different origins may be distinguished from one another.

Hypogene clay minerals: Ona §D - 6018 graph hypogene kaolinites and

montmorillonites (Sheppard et al., 1969) plot closer to the meteoric water line
than all other clay minerals known at the present time. This is mainly a result of
their higher-temperature origin. Some clay minerals in soils buried and heated

by lava flow also plot well to the left of the kaolinite line.

Clay minerals formed by subaerial weathering processes: Ona D - 6018

diagram, kaolinites and montmorillonites formed by weathering processes plot in
the vicinity of the kaolinite line. In particular pure kaolinites plot almost exactly
on this line. Isotopically these materials cannot be distinguished from supergene

clay minerals.
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Hydroxides formed by weathering processes: Aluminum and iron hydroxides

formed by subaerial weathering processes have isotopic values which plot in the
vicinity of the gibbsite line. Although none have been analyzed as yet, submarine
gibbsites and Fe-hydroxides might be expected to plot to the right of the gibbsite

line, whereas those of hydrothermal origin w’aould plot fo the left.

Montmorillonites formed by submarine weathering processes: Montmoril~

lonites formed by submarine weathering processes have a limited range of isotopic

values, and their 6018 values are heavier than those of all other clay minerals.

Bentonites: Bentonites have isotopic values which overlap those of mont-
morillonites formed by weathering processes. Therefore, from a purely isotopic
point of view they are indistinguishable from such clays. However, bentonites
of a marine origin have heavier 6D and 6018 values than those of nonmarine or

brackish-water origin.

Illites: lllites have isotopic values which generally plot on the low

18 high 6D side of the kaolinite line. This is in agreement with geologic

60
data which suggest a diagenetic origin for most illites, as burial and diagenesis
generally occur at temperatures somewhat higher than those prevailing at the

Farth's surface.

Ocean sediments:  The new data in the present study essentially confirm

the interpretation of Savin and Epstein (1970b) regarding the origin of the clay

minerals in ocean sediments.

‘(kaolinifes) The 6D cmdi'>O]8 values calculated by Savin and

Epstein (1970b) for kaolinites in ocean sediments are compatible with an origin
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by tropical subaerial weathering processes.

(montmorillonites) The 6D and 6018 values calculated by Savin
and Epstein (1970b) for the montmorillonites in ocean sediments are similar fo
those of average continental bentonites or bentonite shales, or to those of average
montmorillonites formed by subaerial weathering processes. In a few specific cases
the 6D and 6018 values of certain ocean sediments very rich in montmorillonite

are compatible with an origin by submarine weathering processes.

(illites) The 6D and 6018 values calculated by Savin and
Epsféin (1970b) for the illites in ocean sediments are similar to those of illites in
shales. Thus, almost all the clay minerals in oceanic sediments have isotopic
compositions compatible with their derivation from subaerial weathering and

erosion of continental materials.
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APPENDIX |
ABBREVIATIONS TO APPENDIX |

collected by Robert P. Sharp
collected by Hugh P. Taylor
supplied by Manuel N. Bass
collected by Michael Stephens
collected by Roy E. Cameron
collected by Leon T. Silver

Sample No. Code ( Locations ):

Anta
Ariz
Ark
Cal
Col
Conn
Ga
Haw
Ind
Ida
Mis
Mon
Nica

Aik
Bak
B.C.

Benn
Ben
Boi
But
Cal
Cas
Che
Chel
Cla
Cle
Clev

States or Countries

Antarctica N.J. - New Jersey
Arizona N.M, - New Mexico
Arkansas N.Y. - New York
California N.C. -~ North Carolina
Colorado Ohio - Ohio
Connecticut Okl - Oklahoma
Georgia Ore - Oregon
Hawaii S.C. - South Carolina
Indiana S.D. - South Dakota
Idaho Tex - Texas

Missouri Wash - Washington
Montana Can - Canada

Nicaragua

Counties, Provinces and Quadrangles

Aiken Coco - Coconino
Baker Colf - Colfax
British Columbia, Com - Comanche
Province D.K. - DeKalb
Bennington Eas - Eastland
Benion Elb - Elbert
Boise Fer - Fergus
Butte Fra - Franklin
Callaway Gas - Gasconade
Cascade Gra - Grant
Cherokee Gre - Greer
Chelan Ham - Hamilton
Clackamus H.R. - Hood River
Clearwater H.S. - Hot Spring
Cleveland Hue - Huerfano
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Ida - Idaho Pie - Pierce

Inyo - Inyo Pike - Pike

Jef - Jefferson Pue - Pueblo

Kla - Klamath Pul - Pulaski

L.A, - Los Angeles R.1. - Ross Island, Quadrangle
L.a.C, - Lewis and Clark  Rock - Rockland

Lak - Lake Sal - Saline

Lan - Lane S.B. - Santa Barbara
Lat - Latah S.C. - Santa Cruz

Lit - Litchfield 5.D. - San Diego

Liv - Livingstone She - Shelby

Lla - Llano S.L.O. - San Luis Obispo
Mad - Madison Spo - Spokane

Mar - Marin Stan - Stanley

Mari - Marion Ste - Stephens

Mid - Middlesex T.C. - Taylor Glacier, Quadrangle
Min - Mineral Til - Tillamook

Mis - Missoula Tul - Tulare

Mon - Monterey Was - Wasco

Monr - Monroe Wash - Washington

Mul - Mulnomar Wes - Weston

Nio - Niobrara Yam - Yambhill

N.P. - Nez Perce You - Young

Park - Park
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APPENDIX |

SAMPLE LOCATIONS AND DESCRIPTIONS

Detailed Profiles

Mon=Cal-1 : roadcut, C of NE1/4, sec. 5, T18S, R1E, about 6 mi. N of
Pt. Sur, elev,~800 ft. (section 5.3)

Jef-Col-1: from open pit mine 3.2 mi. S of Marshall on Colorado Rt. 93,
elev.~ 6000 Tf. (section 5.5

Elb-Ga-1: New Comolli Quarry, end of a dirt road 0.4 mi. S of j'n of
Ga. Rf. 17 and Ga. Rt. 72, NE of Elberton, Ga. (L.T.S.)

Fer-Mon-1 : roadcut, NW1/4 sec. 31, T18N, RI9E. (section 5.5)(H. Tourtelot)

Mis-Mon-4 : W side of USRt, 12, SE1/4 NW 1/4 sec. 26, TI2N R20W.
(section 5.8) (H. P. T.) |

Stan-S.D.-1 : spillway excavation, NE1/4 sec. 31, T6N, R30E. (section5.5)

H. Tourtelot
Spo-Wash=5 : rgadcut at MI)CG Creek, SW1/4 SW1/4 SW1/4 sec. 3, T23N,
R45E. ;secflon 5.4) (J.W.Hosterman) '

Quaternary Soils and Weathered Zones

Coco-Ariz~2 : E side of interstate 17 at Mundo Park exit, 18 mi. S. of
Flagstaff; elev. 6300 ft.; alteration of a Tertiary vesicular basaltic flow to a
red-brown clay sampled about 15 ft. below the ground surface.

Coco-Ariz-3 : S. side of Arizona Rt. 180, 21.7 miles NW of j'n of 180
and U.5.85; elev.~ 8000 ft.; red-brown clay alteration along a joint ina
Quaternary basalt flow.

Pul-Ark-1: Fourche Min; residual soil from syenite. (Taylor and Epstein, 1964)

Pul-Ark-3 : E. side of Arkansas Rt. 367, 2.5 mi. S. of bridge over Fourche
Creek, from the boundary of the“Band C soil zones, developed on syenite; sampled
about 3 fi. below the ground surface; see photo #1 .

But-Cal-1 : SW side of Calif. Rt. 32; 7 mi. NE of Chico, elev.~/1960 ft.;
red clay from a soil formed on a Tertiary andesite flow, sampled about 2 ft. below
the ground surface.



240

Pul-Ark-3
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Photograph #1
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Lak-Cal=3 : roadcut, C. of sec. 5, T12N, R7W; S. end of Clear Lake,
elev.~ 2380 Tt., C-zone of a soil on Quaternary andesite, sampled about 2 ft,
below the ground surface.

L.A.-Cal-2 : roadcut 0.5 mi. N. of Cornell, W. Santa Monica Mtns.,
elev.~ 900 TF.;” C-zone of a soil developed on a Miocene andesite, sampled
about 2 ft. below the ground surface.

L.A.-Cal-4 : roadcut 0.2 mi. W. of Cornell, W. Santa Monica Mtns.,
elev.~ TOOU Tt., C-zone of a soil developed on a Miocene andesite, sampled
about 2 ft. below the ground surface.

L.A.-Cal-6 : roadcut, NW1/4 sec. 14, T3N, R11W, Acton Q.; elev.
~ 5840 Tt.;” T-zone of a soil on a Mesozoic granodiorite, sampled about 6 ft.
below the ground surface.

Mar-Cal-1 : W. side of the road to Pt. Reyes, 2.2 mi. N. of Pt. Reyes
Station; elev. ~10 ft.; C-zone of a soil on Mesozoic quartz diorite, sampled
 about 15 ft. below the ground surface.

Mon=Cal-3 : W. side of U.S. 1, NW Pt, Sur. Q., 1.5 mi. S. of
Sobernanes Pf.; elev. ~ 100 ft.; poorly developed B-zone of a soil developed
on a Mesozoic quartz diorite, sampled about 3 ft. below the ground surface.

S.D.-Cal-1: roadcut, NW1/4 sec. 19 T11S R3W, 0.5 mi. NW of the C.
of the fown of Vista; elev. ~400 ft.; poorly developed B-zone of a red-brown
soil on a Mesozoic fonalite, sampled about 2 ft. beneath the ground surface.

S.D.~Cal-2 : roadcut, sec. 20, T11S, R2W, 1 mi. NE of Calif, Rt. 395,
elev 7~ T350 T, poorly developed B-zone of a soil developed on a Mesozoic
granodiorite, sampled about 1 ft. below the ground surface.

S.L.O.~Cal-1: S. side of road, $1/2, NE1/4, SE1/4, sec. 18, T29S,
R14E, San Luis Obispo Q.; elev.~ 1775 ft.; poorly developed B-zone of a soil
on a Mesozoic granodiorite, sampled about 1 ft. below the ground surface.

S.C.=-Cal-1: W, side of Calif. Rt. 9, 4 mi. N. of Sants Cruz; elev. ~500
ft.; Brown clay from clay-rich lense in the B~zone of a soil developed on a
Mesozoic quartz diorite, sampled about 2 ft. below the ground surface.

Tul-Cal-1 : base of an uprooted tree, sec. 24, T19S, R30E, Mineral King
Q.; "elev.~ 7200 ft.; soil in the roots of a fallen tree developed from a gronitic
cobbly gravel, sampled about 1 ft. below the ground surface.

Tul-Cal-2 : roadeut, W1/2, SW1/4, NE1/4, sec. 34 T19S, R30E, Camp
Nelson Q.; elev. ~ 5900 ft.; red-brown moderately developed B~zone of a soil
on a Mesozoic granite, sampled about 3 ft. below the ground surface.
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Tul=Cal-3 : S. side of dirt road E. of paved road, C. of sec. 1, T20S,R30E,
Camp Nelson QU.; elev.~6400 ft.; a light brown poorly developed B-zone of a
soil on a Mesozoic granite sampled about 2 ft. below the ground surface.

Tul-Cal-4 : S. side of paved road, N1/2, NE1/4, NW1/4, sec. 11,
7205, R30E, Camp Nelson Q.; elev. ~ 5300 ft.; a dark brown soil in granitic
cobbly gravel, sampled about 4 ft. below the ground surface.

Tul-Cal-5 : N. side of paved road, NE1/4, NW1/4, NE1/4, sec. 10,
T20S, R30E, Camp Nelson Q,; elev.~ 4600 ft.; moderately developed red~brown
B~zone of a soil on a Mesozoic granodiorite, sampled about 3 ft. below the ground
surface.

Tul-Cal-6 : N. side of paved road, NE1/4 NE1/4 NE1/4 sec. 8, T20S,
R30E, Camp Nelson Q.; elev. ~3200 ft.; moderately developed C-zone of a soil
on a Mesozoic granodiorite sampled about 3 ft. below the ground surface.

Tul=Cal=7 : SE side of Bear Creek road, NE1/4, NE1/4 sec. 12, T20S,R29E,
SpringvilTe Q.; elev.~ 2000 ft.; moderately developed red-brown consolidated
B-zone of a soil on a Mesozoic tonalite, sampled about 3 ft. below the ground surface.

Tul-Cal-8 : SW side of Ave. 176, S1/2, NW1/4, SW1/4, sec. 7, T21S,
R29E, Springville Q.; elev.~ 900 ft.; poorly developed dark red-brown consoli-
dated B-zone of a soil on a Mesozoic tonalite, sampled about 3 ft. below the
ground surface.

Bou-Col-1: S. side of Colorado Rt. 119, 1.8 mi. W. of i'nof 119 and
Colorado Rt. 93; elev.~ 6100 ft.; clay-rich ground-water alteration zone in
a Precambrian granite.

Min-Col-1: NWside of U.S. 160, 1.1 mi. E. of Wolf Creek Pass Summit;
elev. ~T0,000 ft.; outer portion of spheroidally weathered boulder in Tertiary
andesitic flow, sampled about 3 ft. below the ground surface.

Lit-Conn-2 : W. side of Connecticut Rt. 8; 4.5 mi. N. of |'n of Rt. 8 and
Connecticuf RF. 20; elev. ~1000 ft.; clay=-rich ground-water alteration zone in
a Paleozoic gneiss, sampled 60 ft. below the ground surface.

D.K.-Ga-1: Stone Min.; cultivated top soil developed on the granite.
(Taylor and Epstein, 1964)

Kau-Haw-1: W. side of road, 2 mi. N. of Kolog; elev. 450 ft.; saprolite
developed on Quaternary basalt, sampled about 20 ft. below the ground surface.
(R.P.S.)

Kau-Haw=2 : W. side of road, 2 mi. N. of Koloq; elev.~ 450 ft., veinlets
of whife clay in the saprolite developed on Quaternary basalt, sampled about 20 ft,
below the ground surface. (R.P.S.)
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Maui~-Haw=1 : roadcut, 0.5 mi. W of Keanae, NE coast of Maui Is.; elev. ~
200°Ft.; saprolite on a Quaternary basalt, sampled about 50 ft. below the ground
surface. (R.P.S.)

Mavi-Haw-2 :  roadcut, 1.5 mi. due S. of Waipio Bay, NE coast of Maui
Is.; efev.~ 500 fi.; saprolite on a Quaternary basalt, sampled about 10 ft. below
the ground surface. (R.P.S.)

Maui-Haw=3 : roadcut, 1.2 mi. SW of Pauwela Pt., N. coast of Maui Is.;
elev ~ 250 Tt. saprolll'e on a Quaternary basalt, sampled about 50 ft. below the

ground surfoce (R.P.S.)

Mauvi-Haw=4 : roadcut, 1.2 mi. SW of Pauwela Pt., N. coast of Maui Is.;

elev .~ 250 FI.; saprolite on a Quaternary basalt, sampled about 50 ft. below the
ground surface. (R.P.S.)

Maui-Haw=5 : roadcut, 0.6 mi. E. of Hawea Pt., NW coast of Maui Is.;
elev ~TOU TT.; saprolite on a Quaternary basaltic agglomerate, sampled about
15 ft. below the ground surface. (R.P.S.{

Maui-Haw=6 : roadcut, 0.6 mi. E. of Howea Pt., NW coast of Mavui Is.;
elev ~TOD Tt.; saprolitic cobble in a Quaternary basaltic agglomerate, sampled about
15 ft. below the ground surface . (R.P.S.) ‘

Maui-Haw=7 : roadcut, 1.4 mi. E. of Hawea Pt., NW coast of Maui Is.;
elev . ~TOUTF; clay nodule in a dark reddish-brown saprolite on a Quaternary basalt,
sampled about 6 ft. below the ground surface. (R.P.S.)

Maui-Haw=-8 :  roadcut, 1.4 mi. E. of Hawea Pt., NW coast of Maui Is.;
elev ~TOO Tf.; clay-rich band in a dark red-brown saprolite on a Quaternary basalt,
sampled about 8 ft, below the fround surface . (R.P.S.)

Mavi-Haw~-9 : roadcut, 0.8 mi. E. of Lipoa Pt., NW coast of Maui Is.;
elev. ~ 200 F1.; clay seams in a saprolite on Quaternary basalt, sampled about
25 ft. below the ground surface . (R.P.S.)

Maui-Haw=10 : roadcut, 0.8 mi. E. of Lipoa Pt., NW coast of Maui Is.;
elev .~ 200 T.; saprollte of a Quaternary basalt, sampled about 25 ft. below the
ground surface. (R.P.S.)

Boi-lda-4 : S. side of Idaho Rt. 21, 9.2 mi. E. of Lowman; elev.~ 5900 ft.;
outer portion of a spheroidally weathered boulder in a Tertiary granitic rock sampled
about 15 ft. below the ground surface.

Boi=lda=5 : E. side of ldaho Rt. 21, 33.1 mi. NE of Lowman; elev.~A-6900
ft, clay=rich ground water alteration zone ina Terhary granitic rock, sampled about
15 ft. below the ground surface.
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Cle~lda-1: N. side of road between Ahsahka and Cavendish, 4 mi. E. of
Ahsahka; elev.~ 1250 ft.; spheroidally weathered boulder in a Mesozoic granite,
sampled about 5 ft. below the ground surface.

Ida=lda-1: N, side of U.S. Rt. 12,37.5 mi. W. of Montana~Idaho border;
elev .~ 2830 Tt.; clay-rich ground water alteration zone in a Mesozoic gabbroic
rock, sampled about 20 ft. below the ground surface.

Lat-lda~-1 : E. side of a dirt road 2.5 mi. S. of Helmer ; elev.~ 2770 ft.;
dark Brown A=zone of a soil on a Miocene basalt, sampled about 1 ft. below the
ground surface.

Mad-Mis-1 : N. side of Missouri Rt. 72, 0.1 mi. W. of St. Francis R.,
elev. ~Tb00 Tf. red-brown moderately developed C~zone of a soil on a Pre-
cambrian granite, sampled about 1 ft. below the ground surface.

Jef-Mon-1 : N, side of U.S, Rt. 10, about 6 mi. E. of Butte at the Home-
sake turnoff; elev. ~ 6240 ft.; bright orange clay-rich ground-water alteration zone
ina L. Tertiary granodiorite, sampled about 10 ft. below the ground surface.

L.a.C.-Mon-1: E. side of a dirt road to Rimini, 0.7 mi. S. of U,S, Rt. 12;
elev.,~ 5500 ft.; fwo samples: a brown clay and a gray sandy clay developed along
jointing in Crefaceous andesitic volcanics, sampled about 10 ft. below the ground

surface.

L.a.C.-Mon-2 : N. side of U,S, Rt. 12, 2.8 mi. E. of McDonald Pass
summit; elev, ~ 5500 ft.; gray sandy clay developed along jointing ina L. Tertiary
granodiorite, sampled about 20 ft. below the ground surface.

Mis-Mon-1 : N, side of U.S, Rt. 12, 3.4 mi. NE of Lolo Hot Springs; elev.
~ 4330 T clay-rich ground-water alteration zone in a Mesozoic granodiorite,
sampled about 8 ft. below the ground surface. .

Mid-N.,J.=1: near Metuchen, New lJersey, soil developed on glacial
drift.” (Taylor and Epstein, 1964) '

Colf-N.M.~-1 : N. side of U,S, Rt. 64, 3.6 mi. W of Ute Park, elev.
~7300°FF.; brown clay from a spheroidally weathered boulder in porphyritic
latite, sampled 20 ft. below the ground surface.

Monr-N.Y.~-1: Fairport, New York, sandy loom soil , (Taylor and
Epstein, T964)"

Rock-N.Y.-1 : NE side of N, Y. Rt. 210, 3.0 mi. E. of Palisades Park~
way; elev. ~ 1000 ft.; clay-rich ground-water alteration along jointing in a Pre~
cambrian gneiss, sampled about 6 ft. below the ground surface.

Clev-N.C.-1: near Shelby, North Caroling; residual soil on a gneiss.
(Taylor and Epstein, 1964)
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Clev=N.C.-2: near Kings Min., North Carolina; a loam soil. (Taylor and
Epstein, T964)

Com-Okl-1: N, side of Oklahoma Rt. 49, 5.3 mi. W. of |'n of Rt. 49 and

Oklahoma RFf. 58; elev.~ 2100 ft.; two samples: (1) a fragment of disintegrated
Precambrian granite samples 6 ft. below the ground surface, (2) outer weathered
surface of the granite, sampled about 15 ft. below the ground surface.

Gre-Okl-1: E. side of road in Quartz Min. St. Park, 0.2 mi. N. of the
end of the road; elev.~ 2000 ft.; outer forﬁon of a spheroidally weathered
boulder of Precambrian granite, sampled 2 ft. below the ground surface.

H.R.-Ore~1: E. side of Oregon Rt. 35, 4.5 mi. S. of town of Mt. Hood;
elev~ T480 Tt., red-brown moderately well developed B-zone of a soil on a
U. Tertiary basalt, sampled 3 ft. below the ground surface.

Lan~-Ore-1 : W. side of a road NE of Springfield, 2.9 mi. N. of Mabel;
elev. A~ 980 Tf.; red-brown well developed B-zone of a soil on Tertiary andesitic
volcanics, sampled about 2 ft. below the ground surface.

Mar-Ore-1: roadcut, SW1/4, SW1/4, sec. 18, T8S, R1E, NE of Sublimity;
elev. ~TO3UTt.; poorly developed red-brown B-zone of a soil on a Mid~-Tertiary
basalt, sampled 2 ft. below the ground surface.

Mul-Ore-1:  SW side of Larch Min. road, 6.0 mi. E. of j'n of Larch Min.
road and Scenic Drive, elev. ~1860 ft,; two samples: (1) brown A-zone of a
well developed soil on a Pliocene basalt, sampled 1 ft. below the ground surface,
(2) spheroidally weathered boulder of basalt, sampled about 6 ft. below the
ground surface.

Mul-Ore-2 : N. side of Larch Min. road, 12.9 mi. E. of j'n of Larch Mtn.
road and Scenic Drive, elev.~ 3770 ft. ; well developed brown C-zone of a soil
on a U. Tertiary basalt, sampled about 8 ft. below the ground surface.

Wash-Ore=1:  SW side of Oregon Rt. 26, C. of NE1/4, sec. 23, T2N, R4W,
Forest Grove Q.; elev. ~~325 ft.; weathered boulder of basalt in a Pleistocene
gravel, sampled 25 ft. below the ground surface.

Wash~Ore=-2 : S, side of Oregon Rt. 6, NE1/4, SW1/4, sec. 34, T2N,R4W,
Forest Grove W.; elev ~300 ft.; weathered boulder of basalt in a Pleistocene
gravel, sampled 40 ft. below the ground surface.

Yam-Ore~1: N. side of Carlton-Beaver road, 8 miles W. of Carlton;
elev.~850 Tt.; spheroidally weathered boulder of gabbroic rock, sampled about
5 ft. below the ground surface.

Lla-Tex~4 : E. side of Texas Rt. 1431, 1.7 mi. S. of Texas Rt. 29; elev.
~1200 Ft.; red-brown well developed C-zone of a soil on Precambrian granite,
sampled about 3 ft. below the ground surface. (see photo #2)
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Photograph #2 : Lla-Tex~4

(The numeral 2 isona 3 x 5 in. card)
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Park-Wyo-1 : N. side of Wyoming Rt. 16, 20.4 mi. E. of the Yellowstone
R.; elev.NéUUO ft.; spheroidally weathered boulders in granite, sampled about

20 ft. below the ground surface.

E.B.~Nica-1 : El Bluff, Nicaragua; elev.~10 ft.; bright orange intensely
weathered volcanic rock. (M.N,B,)

Antarctic Soils

T.G.-Anta-1: 77°25' S, 161° 40' E, bulk surface soil. (R.E.C.)

R.l.-Anfa-1: 77°25'S, 163° 45' E, bulk surface soil. (R.E.C.)
R.D.-Anfa=2 : 77°29' S, 163° 45' E, bulk surface soil. (R.E.C.)
R.i.-Anfa=3: 77°58'S, 162° 0' E, bulk surface soil. (R.E.C.)

Ancient Kaolinite Deposits

H.S.-Ark-1: somple no. HS-7 ; gray plastic somewhat sandy clay,
Eocene Wilcox Fm., (Williams and Plummer, 1951, p.65, see map) .

Pike-Ark-1: locality no. 2 white kaolin, U, Cretaceous, Tokio Fm.;
(Heraldand Heyl, 1942, p. 13, see Plate I).

Pul-Ark-2 : sample no. P-1, gray sandy clay, Eocene Wilcox Fm.,
(Williams and Plummer, 1951, p. 71).

Sal-Ark-2 : NW1/4, SE1/4, SE1/4, sec. 9, T2S, R14W, residual Eocene
weathered zone in nepheline syenite, about 1 ft. above fresh parent rock;
(Bramlette, M.N., 1936, Plate I1X).

Hue-Col-1: W1/2, SW1/4, sec. 19, T26S, R64W, silty, sandy shale in
the L Crefaceous Dakota Sandstone; (Waage, K.M,, 1953, Figure 17).

Pue-Col-1: SE1/4, SE1/4, NE1/4, sec. 22, T22S, R67W, gray concoidal
firecTay in the L. Cretaceous Dakota Sandstone; (Waage, K.M., Plate V).

Cle-lda-1: 4 mi. N. of Cavendish on Idaho Rt. 7; gray plastic clay
confaining numerous rounded quartz pebbles, Miocene; (Hosterman, J.W., 1961;

Skeels, F.H,, 1920),
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Lat-lda=2 : open pit mine, AP, Green Company, 2 mi. N. of Helmer;
two samples collected beneath Quaternary gravel: (1) plastic clay and (2) siliceous
clay, Miocene; (Hosterman, J.W., 1961; Skeels, F.H., 1920).

Lat-lda-3 : sample no. 29 clay containing abundant quartz and muscovite,

Miocene; (Skeels, F.H., 1920, p. 42).

N.P.-Ida=1: 5 mi. N. of Cavendish on Idaho Rt. 7; white clay containing
abundant rounded quartz pebbles, Miocene; (Hosterman, J.W., 1961; Skeels,
F.H., 1920).

Cal-Mis-1: SE1/4, sec. 3, T46N, R9W (see map in ref.); flint clay,
ChelTenham Fm., Pennsylvanian; (McQueen, H.S., 1943).

Fra-Mis-=1 : on boundary of sec. 35 and 36, T42N, R4W, white concoidal
clay; Theltenham Fm., Pennsylvanian; (McQueen, H.S., 1943, see map).

Fra-Mis-2 : sec. 26, T42N, R4W; white concoidal clay, Cheltenham Fm.,
Pennsylvanian; (McQueen, H.S., 1943, see map).

Gas-Mis-1 Cl : sec. 9, T4I1N, R5W, hard white siliceous clay, Cheltenham
Fm., Pennsylvanian; (McQueen, H.S., 1943, see map).

Cas-Mon-1: NW1/4, SW1/4, sec. 31, TI9N, R7E, 0.5 mi. SE of Armington;
dark ‘gray colored shale in a sandstone-shale sequence, Kootenai Fm., L. Cretaceous;
(Fisher, C,A., 1908).

Mid-N.J.-1 : locality no. 45, near Perth-Amboy, sandy clay, Rariton Fm.,
L. Crefaceous, (Ries, H. etal., 1904, p. 174-177, Plate Xl).

Mid-N.J.-2 : E. edge of pit, locality no. 40 near Perth-Amboy; two samples:
(1) clay Tens in coarse-grained, cross—bedded sandstone (2) mixed white clay and
fine sand; Rariton Fm., L. Cretaceous; (Ries, H. etal., 1904, p.178, Plate Xl).

Cla~Ore-2 : locality no. 7; gray sandy clay underlying a tuffaceous sandstone,
Miocene (Wilson and Treasher, 1938, p. 45-46, Figure 18).

Mari-Ore-1 : locality no. 11; white concoidal clay, Miocene; (Wilson and

Treasher, 1938, p. 49-54, Figure 23).

Mari-Ore-3 : locality no. 18, tuff. in a sedimentary sequence altered to
clay, Miocene; (Wilson and Treasher, 1938, p. 59-60, Figure 23).

Aik-5.C.-N11-11 : near Bath, South Carolina; pure kaolinite, U. Cretaceous;
(Savin. 19677,

Che-Tex~1 : Thermo Fire Brick Company Clay Pit, 1.2 mi. SW of Henry's
Chapel; gray sandy clay, Eocene Wilcox Fm.; (Stenzel and Pence, 1950, Plate I).
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Che-Tex~2 : General Refractories Company Clay Pit, 1.4 mi. W. of Henry's
Chapel; gray sandy clay, Eocene Wilcox Fm.; (Stenzel and Pence, 1950, Plate |).

Eas-Tex-1 : locality no. 13, gray clay of the Quinn clay, Cisco group,
Pennsylvanian; (Plummer et al., 1949, Plate Il),

Ste-Tex~-1 : locality no. 22; gray clay of the Quinn clay, Cisco group,
Pennsylvanian; (Plummer etal., 1949, Plate 1V).

You-Tex~1 : locality no. 28; gray clay of the Curry clay, Cisco group,
Pennsylvanian; (Plummer etal., 1949, Plate V).

Ben-Ver-1 : locality no. 6; white clay from an overgrown pit, Miocene;

(Burf, T927-8, p. 65-84, Figure 9).

Pie-Wash-1: NE1/4, NW1/4, SE1/4, sec. 25, TI7N, RAE; gray residual
clay aTferafion of Miocene andesitic volcanics; (Glover, 1941, p. 205-14).

Pie-Wash-3 : S1/2, NW1/4, SE1/4, sec. 25, TI7N,R4E; gray residual
clay aTferafion of Miocene andesitic volcanics; (Glover, 1941, p. 205-14).

Spo-Wash-1: SE1/4, SW1/4, sec. 14, T24N, R44E; brown sandy sedimentary
clay,” Miocene; (Glover, 1941, p. 244-52),

Spo-Wash-2 : SE1/4, NW1/4, sec. 23, T24N, R44E; pure white kaolinitic
clay Tound in bulldozer diggins; Miocene; (Glover, 1941, p. 244-52),

Spo-Wash-3 : NW1/4, NW1/4, sec. 1, T23N, R44E; kaolinite pseudo-
morphic after feldspar in a residual granitic saprolite, Miocene; (Glover, 1941,
p. 244-52),

RPFM-3, 7, 10 : W, of Boulder, Colorado, three samples from a Pre-Penn-
sylvanian weathering profile on Precambrian granodiorite; (Pliler and Adams, 1962),

CH-13 : Cyprus Hills, Alberta, Canada; sandy light gray clay in a shale-
sandsTone sequence; Paleocene; (Folinsbee, R.E,, personal communication).

Ancient [llite Deposits

Coco-Ariz=5: 0.1 mi. S. of Plateau Pt., W. of Bright Angel Trail, Grand
Canyon; Tfossil soil on Precambrian gneissic complex, Brahma Schist, overlain by
the Tapeats Sandstone, sample of a spheroidal boulder about 6 ft. below the Tapeats.
(Sharp, 1940)

Coco~Ariz=6 : location same as Coco~Ariz~5; alteration of a mafic dike in

the Brahma Schisf, about 6 ft. below the Tapeats Sandstone. (Sharp, 1940)
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S.B.-Cal-15: NW1/4, NW1/4, SW1/4, sec. 12, T5N, R14E, SW Danby
Q.; T . thick fossil soil on a Precambrian granite overlain by a Precambrian
quarizite.

Montmorillonites

Coco-Ariz=7 : W. side of Arizona 89, 22.8 mi. N. of the N. abutment of
the Lifile Colorado R. Bridge; bentonite in the Chinle Fm., Triassic; (Kerr and
Kulp, 1949; Longwell etal., 1923).

Fer-Mon-1 : E. side of U.S, Rt. 191, 2.9 mi. N. of Judith Gap, bentonitic
shale Tn the Claggett Shale, U. Cretaceous; (Tourtelot, 1962). (see photo #3)

H.R.-Ore-2 : S. of Interstate BON, 0.3 mi. E. of Wyeth; red and gray mixed
clay=rich fossil soil developed on a L. Tertiary andesite; (A.G. Waters, personal
communication).

Was-Ore=3 : roadcut, along the old Columbia R. road in the city of The
Dallés, 5. 32%°E. of the north end of the bridge over the Columbia R.; glass
rinds of a Miocene pillow lava weathered to clay.

Was-Ore~-4 : W. side of U.S. Rt. 197, W. 1/2, SE1/4, NW1/4, sec. 14,
T3S, RI3E, Postage Stamp Butte Q.; glass rinds of a Miocene pillow lava weathered
to clay.

Was-Ore-6 : W, side of U,S. Rt. 197, SW1/4, SW1/4, NW1/4, sec. 22,
T3S, R13E, Postage Stamp Butte Q.; 1 ft. thick fossil soil between Miocene basalt
flows.

Was-Ore-8 : W, side of U,S, Rt. 197, SW1/4, NE1/4, SW1/4, sec. 14,
T3S, RT3E, Postage Stamp Butte Q.; 3 in. fossil soil developed on a vesicular
Miocene basalt overlain by a massive Miocene basalt.

Was-Ore-9 : E. side of U.S. Rt. 197, SW1/4, SE1/4, SW1/4, sec. 11,
T3S, R.T3E, Postage Stamp Butte Q.; two samples: (1) upper bright red 1 ft.
zone and (2) lower yellow brown 2 ft. zone of a fossil soil developed on a vesicular
Miocene basalt overlain by a massive Miocene kasalt.

Was-Ore-10 : E. side the road 2 mi. N. of Simnasho; about 5 ft. thick bright
red fossil soil developed on an Oligocene andesite overlain by an Oligocene rhyolite
tuff.; (A. C. Waters, personal communication).

Nio-Wyo-1: E. side of U.S. Rt. 85, 2.5 mi. S. of Red Bird; Kara bentonitic
member of tEe Pierre Shale; (Gill and Cobban, 1966, Figure 2, p. A7).
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Nio-Wyo~2 : N. side of dirt road NE1/4, NW 1/4, NE1/4, sec. 26, T38N,
R62W; Ardmore bentonitic member of the Pierre shale; (Gill and Cobban, 1966,
Plate 1).

Wes-Wyo~1 Cl : about 3 mi. NW of Upton; bentonite taken from the Western
Company benfonite plant, sample from about 5 mi. E. of the plant in the Graneras
Shale, U. Cretaceous.

TW-10-116 : 22°N. latitude, Mid Atantic Ridge, Atlantic Ocean; dredge
haul, alferafion of basaltic glass "probably formed at temperatures between 100°C
and 300°C." (Banks and Melson, 1966, p.9 ).

TW=1-50~F-M and TW=1-G : E, Pacific Rise, off Mexican coast, Pacific
Ocean; dredge haul, alferation of a basaltic glass by submarine weathering;
(M. Bass, personal communication),

Carr {I-DR=9-L-M : E, Pacific Rise, off Mexican coast, Pacific Ocean;
alterafion product of a basalt by submarine weathering; (M. Bass, personal
communication).

68 Ato 20 : near Umiat Min., N. slope of Alaska; bentonite Seabe Fm.,
U. Crefaceous; (Brosge’and Whittington, 1966).

S.Be.-1: 500 ft, N. of El tiro Pit, Silver Bell copper deposit, about 50 mi.
NW of Tucson, green clay, supergene alteration (Mid Tertiary) of an alaskite;
(H.P. Taylor, personal communication).

S. Be.-3: C. of Oxide Pit, Silver Bell copper deposit, about 50 mi. NW of
Tucson; iwo samples : (1) a white clay and (2) a light green clay, supergene
alteration (Mid Tertiary) of a quartz monzonite; (H.P, Taylor, personal communi-

cation)
+

SH-12 :  near Edmonton, Alberta, Canada; beronite in a shale-sandstone
sequence, Paleocene; (R.E. Folinsbee, personal communication).

Shales

Inyo-Cal-5 : Waucoba Canyon, White Mtns.; Ordovician shale ( Tech col-
lection, T391, C.I.T.).

B.C.~Can-1: Fossil Knob, Cranbrook; Eager argillite, Cambrian (Cranbrook
collection, Crb 165, Rice, C.I1.T.).

B.C.-Can-3 : base of Cranbrook M#n., Siyeh Fm. Argillite, Precambrian Belt
Series (Cranbrook collection, Crb 55, Rice, C.1.T.).
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She~ind-1 : near Waldron; Waldron shale, Niagaran, Silurian (stratigraphic
collection no. 32, C.I1.T.).

Mis-Mon-3 : N, side of U.S, Rt. 90, 1.2 mi. E. of Van Buren St. turnoff,
Missoula; shiny green shale, Precambrian Belt Series (H,P.T,).

Mis-Mon-4 : W. side of U, S. Rt. 12, 1.0 mi. N. of j{'n of Rt. 12 and
U.S. Rt. 93 two samples: (1) green shale, Precambrian Belt Series (2) soil on
shale; (H.P.T.).

Pow=Mon-7 : NNE of Jens on the Hoover Creek Rd, NE1/4, sec. 9, TION,
R11W; green shale, Flood member of the Blackleaf Fm., Cretaceous; (H.P.T.).

Liv-N.Y.-1: near Leicester; Moscow Shale; Erian, Devonian; (strati-

graphic collection no. 42, C.1.T.).

Monr-N.Y,-2 : near Rochester; Vernon Shale; Cayugan, Silurian;
(Anderson, K., C.I.T.).

Ham-Chio=1 : in Cincinnati; Southgate member, Eden Shale, U. Ordovician;
(M.S.7. '

Glacial Lake Clays

8:3 : Spring Grove Cemetery on Mill Creek Expressway, Cincinnati, Ohio;
lllinoian glacial lake clay; (M.S.).

8:4 : Spring Grove Cemetery on Mill Creek Expressway, Cincinnati,Ohio;
Illinclan glacial lake clay; (M.S.).

10:4 : j'n of Henry Court and Alexandria Pike, Cold Springs, Kentucky;
Pre-MTinoian glacial lake clay; (M.S.).

Perlites

Ben-Wash-1 : Prosser deposit; Eocene perlite; (Huntting, M. T., 1949,p.57).

Che-Wash-1: Crum Canyon deposit; Eocene perlite; (Huntting, M.T., 1949,
p. 55=577.

Pie-Wash-4 : Mashel River deposit; Eocene perlite; (Huntting,M.T.,1949,
p. 5T=527.

Pie-Wash-5 : Divide deposit; Eocene perlite; (Huntting, M. T.,1949,p.51-52).
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Meteoric Waters

Iny=Cal-1 : Alabama Hills near Lone Pine; Lone Pine Creek, elev. 5000 ft.,
June

L.A.-Cal-4 : Malibu Lake, near Cornell, W. Santa Monica Mins., elev.~
Q00 Ft., July 17, 1967 .

Mar-Cal-1: 2.2 mi. N. of Pt. Reyes Station on road to Pt. Reyes; 1 ft. deep
stream, elev. ~10 ft., July 19, 1967 .

Mon-Cal-2 : Little Sur River; elev.~ 10 ft., April 1967 .

Mon-Cal-4 : 5 mi. W. of Greenfield; Arroyo Seco River; elev.~65 ft.,
July 17,

S.L.O,=Cal-1: 10 mi. NE of San Luis Obispo; spring; elev.~2000 ft.,
April 1967

$S.C.-Cal-1: 4 mi. N. of Santa Cruz on Rt. 9; 6 in. deep creek, elev.
- 42071, July 18, 1967.

Boi-lda-5 : 33.1 mi. E. of Lowman on Idaho Rt. 21, 6 in. deep stream,
elev ~76900 Ft., July 28, 1967,

Lat-Ida-1: 3 mi. S. of Helmer in a campground; pump water, elev.~2500 ft.,

July 3T,7T987 .

Jef-Mon-2 : S, side of U.S, Rt. 90, 12 mi. E. of Butte; 2 ft. deep stream,
elev V830 F., July 29, 1967 .

Mis=-Mon=1 : N. side of U.S. Rt. 12, 3.4 mi. E. of Lolo Hot Springs; spring
in a roadcut, elev. V4330 ft,, July 30, 1967 .

Bak-Ore-1 : Wetmore N, F, Campground, on U.S. Rt. 26, 3.5 mi. E. of
- Blue’Mitn. Summit; tap water from the compground, elev.~ 4340 ft. , July 27, 1967.

Gra=Ore=1: Bull Prairie N.F, Campground, 2.4 mi. E. of Oregon Rt. 207,
tap water in campground, elev.~ 4000 ft., July 27, 1967 .

H.R.-Ore-2 : W, side of Oregon Rt. 35, 11 mi. S. of Mt. Hood (town);
spring in a roadcut, elev.~2500 ft., August 4, 1967.

Kla-Ore-2 : next fo road to Fort Klamath, 11.9 mi. N. of Oregon Rt. 140;
Cheery Creek, elev.~v4290 ft., July 21, 1967 .

Kla-Ore-4 : N. of Odell Lake on Oregon Rt. 58; spring in roadcut, elev. ~
4990° T, July 21, 1967.

4
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Mul-Ore-3 : next to Larch Mtn. road, 8.5 mi. from the j'n of Larch Mtn.
road and Scenic Drive; spring, in roadcut, elev. ~ 2460 ft., July 25, 1967 .

Til~-Ore=1 : Castle Rock campground, on Oregon Rt. 22; pump water in
campground; elev.~325 ft., July 22, 1967 .

Was-Ore~1 : next to U.S, Rt. 26, 2.9 mi. S. of road to Clear Lake;
6 in. deep sfream; elev.~ 3400 ft., July 26, 1967,

Wash-Ore-1 : Park Farms Creek, Forest Grove Q.; 1 ft. deep stream,
elev A7300 T, July 23, 1967 .
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APPENDIX H

X-RAY DIFFRACTION PATTERNS OF SELECTED SAMPLES FROM THE
ELBERTON, GEORGIA AND BIG SUR, CALIFORNIA
WEATHERING PROFILES

The X-ray diffraction patterns of a sequence of samples from the
Elberton profile (15-1 to 15-6) going from fresh quartz monzonite to a kaolinite-
rich saprolite are shown below. Note the increase in kaolinite content (7& peak,
~12°26) and the corresponding disappearance of feldspar (3.1 to 3.3 & peaks,
~28°20 ) going from 15-1 to 15-6. Also note the alteration of biotite (108
peak, ~ 9920 ) to hydrobiotite (12.4 and 25 &, ~7° and 3° 20 ) in going from
15-1 to 15-6.
The X-ray diffraction patterns of two clay-rich samples, a gray
clay (6Clg) and a brown clay (6Clb), from the Big Sur profile are also shown.

Note the close similarity in the X-ray patterns of the two samples.
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Elberton, Georgia Profile
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Elberton, Georgia Profile
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Big Sur, California Profile
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APPENDIX 1l

OXYGEN ISOTOPIC REPRODUCIBILITY OF THE KAOLINITE
AND ROSE QUARTZ STANDARDS

During the course of this research, two working standards (a kaolinite and

Rose quartz) were routinely fncluded in each set of six samples analyzed for their
60'8 content. The 6018 value of the kaolinite was taken at +21.70 and that of the
Rose quartz was token at +8.42 relative to Standard Mean Ocean Water (SMOW) .

The 6018 values of these two standards measured against the mass spectrometer
reference gas are shown below along with the factor (QZ’ see Table 2-3) used to
correct for background and valve leakage. They are subdivided into three groups,
two kaolinite groups and a Rose quartz group. The slight differences in the average
6018 values between the two kaolinite groups were due to a slight change in the
isofopic composition of the mass spectrometer reference gas. (The 50'8 contfent
of the mass spectrometer reference gas changes slightly each time a new standard
reference gas is prepared.)

These raw working standard 6018 values and the values +21,70 and +8.42
were then used to calculate an average change of standard correction factor for
each group using the formula from Table 2-3, The ‘5018 ‘vulue of each sample was
then corrected using the formula in Table 2-3 including the contemporaneous
background and leakage correction factor and the above mentioned change of

standard correction factor.
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Group 1 (kaolinite)

Date 6018 raw ‘Background and Leakage
Correction Factor (Q,)

11/21/68 -3.05 1.0326
11/21/68 -3.15 1.0326
11,/21/68 -3.22 1.0326
11/21/68 -2.93 1.0326
11/21/68 -3.19 1.0326
12/10/68 -3.23 1.0583
12/13/68 -3.07 1.0488
12/19/68 -3.06 1.0452
12/23/68 -3.10 1.0393
1/8/70 -3.05 1.065

1/15/70 -2.93 1.0397
1/23/70 -2,97 1.0440
1/29/70 -3.16 1.0397
1/30/70 -3.05 1.0397
2/26/70 -3.10 1.0385
2/28/70 -3.15 1.0370
3/4/70 -3.02 1.0374
3/6/70 -3.18 1.0358
3/18/70 -3.16 1.0358
3/31/70 -3.32 1.0370
4/4/70 -3.17 1.0397
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Group 1 (continued)

18

Background and Leakage

Date 60 "~ raw Correction Factor {Q,)
4/7/70 -3.33 1.0385
4/9/70 -2.65 1.0385
5/7/70 -3.12 1.0306
5/8/70 -2.99 1.0326
5/13/70 -2,98 1.0317
5/16/70 -3.13 1.0310
5/19/70 -3.04 1.0294
5/22/70 ~3.28 1.0294
5/29/70 -3.12 1.0500
6/2/70 -3.17 1.0601
6/10/70 -2.80 1.0330
- Group 2 (kaolinite)
7/7/69 -3.36 1.0266
7/23/69 -3.75 1.0314
8/1/69 -3.33 1.0282
8/3/69 -3.46 1.0282
8/7/69 -3.17 1.0206
9/10/69 -3.25 1.0238
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Group 3 (Rose quartz)

Date ) O]8 raw Background Leakage and
Correction Factor (Q,)
10/21/69 -15.97 1.0278
10/28/69 -16.00 1.0306
10/28/69 ~15.84 1.0278
11/6/69 -16.00 1.0270
11/18/69 -15.96 1.0286
11/21/69 -15.86 1.0282



