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ABSTRACT

New occurrences of nontronite have been discovered in Washington, Idaho, and Ore-
gon. The nontronite has formed by the weathering of basaltic glass, palagonite, iddingsite,
and augite under conditions of poor drainage in the presence of alkalies, magnesium and
probably ferrous iron. Under conditions of thorough drainage in the presence of neutral or
slightly acid solutions kaolinite and halloysite are formed from plagioclase feldspar, while
nontronite migrates and fills vesicles as well as cracks ranging from a fraction of an inch to
six inches in width. Chemical analyses and optical data are given for three new nontronites
and for two materials connected with the formation of nontronite.

INTRODUCTION

Several new occurrences of nontronite in Washington, Idaho, and
Oregon have been studied during the investigation of high-alumina clays
by the Geological Survey, U. S. Department of the Interior. In the
Columbia River region nontronite is associated with altered basaltic
rocks, pillow lavas, tuffs and palagonite, indicating a genetic connection
between the weathering of these materials and the formation of nontro-
nite. In the Excelsior district the study of cores obtained during a co-
operative drilling project with the Bureau of Mines, U. S. Department
of the Interior, revealed a significant variation in the weathering products
of basaltic rocks with depth. At Excelsior, Colfax and Garfield, Washing-
ton, nontronite of exceptional purity was collected from veins, ranging
from a fraction of an inch to six inches in width. Petrographic and chemi-
cal studies of nontronite and the associated rocks indicated that the non-
tronite is formed chiefly by the weathering of basaltic glass and that
palagonite is an intermediate product in its alteration. This observation
led the writers to examine the published information on palagonite.

PrEVIOUS WORK ON PALAGONITE

The selected references that are reviewed here summarize the previous
studies of palagonite and its alteration.

Von Waltershausen (1845) applied the name palagonite to the material
forming the brown groundmass of a tuff from Palagonia, Val di Noto,
Sicily. He (1847) found palagonite typically developed in the massive
tuffs of Iceland.

* Published by permission of the Director, Geological Survey, U. S. Department of the
Interior.
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Fermor (1925) concluded that the brown and orange varieties of palag-
onite in the Deccan trap of Bhusawal, Bombay Presidency, are identical
with chlorophaeite and that the green variety, when anisotropic, is
probably delessite or celadonite.

Peacock (1926) recorded the chemical composition of basaltic glass
from Iceland, for which he used the term ‘“‘sideromelane,” and gave the
index of refraction of eight Icelandic ‘“sideromelanes” ranging from 1.604
to 1.615. He considered that the ‘“‘sideromelane’ resulted from chilling
by Pleistocene ice sheets on the products of sub-glacial volcanoces. By
hydration, oxidation of iron and partial loss of lime and soda, ““sideromel-
ane” changed to a yellow material that is isotropic (gel-palagonite) or
obscurely fibrous and birefracting (fibro-palagonite). The index of re-
fraction of his palagonites ranged from 1.48 to 1.52 and the water content
of five palagonite rocks from 14.20 to 24.40 per cent. He concluded that
palagonite is unstable and tends to crystallize with a partial loss of water
into chlorite and zeolites.

Peacock and Fuller (1928) described chlorophaeite, ‘‘sideromelane”
and palagonite from the Columbia River plateau. They urged that the
name chlorophaeite be extended to cover all hydrous, amorphous, pitch-
like materials of deuteric origin in basalts and dolerites; that “‘sideromel-
ane” be continued as a specific name for ideal basaltic glass formed under
conditions of specially rapid cooling; and that palagonite should be re-
stricted to its original significance, namely the hydration product of
sideromelane by water or water vapor of exotic origin. Rapid cooling
that would produce sideromelane results when a lava is extruded into
the sea or a lake. Palagonitization of tuffs which involves hydration of
sideromelane, extensive oxidation of its iron and loss of some lime and
soda is here attributed to the steam generated in the quenching of the
extruded material. At the vents steam charged with acidic volatiles is
considered responsible for the alteration of sideromelane fragments to a
turgid-gray iron-free material with an index of refraction of 1.45. This
material which is considered to have lost iron and perhaps other bases by
solution would be included under the term palagonite as used by these
writers.

Powers (1932) observed that the chemical decomposition of basaltic
ash in Hawaii proceeds more rapidly than that of basaltic lava. He be-
lieves this is connected with the unstable nature of the glass particles
composing the ash and with the rapidity with which basaltic glass changes
to palagonite. He was unable to determine all the secondary decomposi-
tion products of the glass, but he recognized the presence of palagonite
and undetermined materials of colloidal dimensions. Pertinent quotations
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from this significant paper seem advisable, since it is not widely available
for reference:

“The fundamental cause for the difference in the amount of chemical decomposition
of the ash and lava lies in the fact that the former is an unstable glass and the latter an
aggregate of crystals. The ash particles are in reality a liquid, undercooled far below the
crystallization temperatures of the constituent compounds. The glass thus is in a highly
unstable physical state and will rapidly break down to more stable forms under atmos-
pheric conditions of temperature, pressure and moisture. The first stage in this break-
down is a complete alteration of the original glass to palagonite. This is a yellow iso-
tropic substance which has essentially the same chemical composition as the primary
basaltic glass, that is, the total composition of the basaltic magma-—except that most
of the iron is oxidized and water of hydration is added. Insufficient work has been done
to determine the exact identity of all the secondary products resulting from the decom-
position of the original glass. Much of the material large enough in particle size to be
microscopically identified is definitely palagonite. On the other hand, a very considerable
portion is of colloidal dimension and highly hydrated and can not be identified by ordi-
nary petrographic methods. It is significant in this connection, that in the various locali-
ties where ash deposits exist in the Hawaiian Islands the decomposition products are
always of the same general character as to color and physical properties. This would seem
to indicate that this yellow-brown alteration product is fairly definite in composition and
also rather stable in character.

“The slow cooling of lava gives an opportunity for the constituents of the liquid to
crystallize as minerals of fairly definite chemical composition. The bulk of the crystalline
constituents consists of pyroxene, a metasilicate of calcium, iron, and magnesium;
plagioclase feldspar, a polysilicate of aluminum, calcium and sodium (and a trace of
potassium); and olivine, an orthosilicate of magnesium and iron. Although much of the
surface lava in Kona is older than the ash, it shows practically no decomposition. Even
the very permeable scoria of an aa flow, whichislargely crystalline material, yields very
slowly to the alteration processes. A striking example of the differencesin weathering of
glassy and crysta.lhne material under equal climatic conditions is found in the ash beds
of Tantalus and Punchbow] on Oahu. Some layers are completely altered to yellow, but
other layers and pockets are black and untouched by weathering. The altered beds
were made up of fine particles of basaltic glass whereas the black unaltered material
consists of coarse particles of partly crystalline basaltic rock. . . .

“Microscopic examination of the very fine sand and silt fractions of the pure ash
samples shows that they are composed of three chief types of material—black particles
of magnetite which formed within the basaltic glass and remained unaltered during its
decomposition; rounded yellow particles of palagonite, the decomposition product of
basaltic glass; and undecomposed, angular fragments of minerals, chiefly olivine and
feldspar, which were present as crystals in the magma from which the ash was formed.
The absence of any undecomposed particles of glass and the lack of decomposition of the
mineral fragments bear out the conclusion that the soils of Kona are in the main the
result of decomposmon of basaltic glass, although it is probable that in the wetter
belts the very | “fine particles of scoria have undergone a certain amount of decomposition.”

Hoppe (1941) carried on experiments on the decomposition of basaltic
glass by waters of varying pH values to determine the conditions of
formation of palagonite. He concluded that decomposition was probably
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due to the action of water vapor at elevated temperature, perhaps ap-
proximately 200°.

In a study of some altered palagonite tuffs from Jamaica, Raw (1943)
recognized that the palagonite originated from basaltic glass, that
“sideromelane” is inherently unstable, and that palagonite, which is the
product of the action of water on it, is essentially chlorite. He considered
that palagonitization is a slow process, and before it is much advanced,
the rock spaces are filled with low-grade chlorite followed by a zeolite.
Two types of chlorite, belonging to two stages and differing in orientation,
are described. Deformation may raise the grade of both these chlorites
and change palagonite tuffs to chlorite schists and chlorite-albite schists.

Ross and Hendricks (1945) suggested that the beidellite-nontronite
collected by Edward Sampson from material lying between two basalt
flows near Spokane, Washington, is an alteration product of basaltic
volcanic glass. They remark that it would be interesting to know if the
volcanic glass first altered to palagonite as observed by Powers in Hawaii
and later assumed the crystalline form.

CoMPOSITION AND OPTICAL PROPERTIES OF NONTRONITE

Analyses of the nontronites, which were collected from the veins at
Excelsior, Colfax, and Garfield are shown in Table 1 along with an un-

TABLE 1. NONTRONITE ANALYSES

i | 5 6 | 7

1 2 3
Excelsior, Colfax, Garfield, Dale Co., |Sandy Ridge,| Spokane, Spokane,

Wash. Wash. Wash. Ala. | N.C. Wash. Wash.
Si0s 41.63 40.25 40.24 40.93 41.38 40.72 46.06
AlLOs 8.69 5.50 4.94 6.33 9.84 | 4.96 12.22
Fe:0; 25.99 29.44 30.17 30.07 27.47 29.57 18.54
FeO none none 11 tr.? Ap! .28
MgO .33 .53 3P .80 tr.? .74 1.62
Ca0 1.78 2.29 2.36 .23 tr.? 1.98 | 1,66
Na0 22 none none none tr.?
K:0 .32 none none none
H.0 — 10.67 15.09 15.29 14.04 12.10 15.46 l 17.26
H.0+ 9.91 7.25 6.79 7.76 9.25 6.66 |[ "
TiO: tr. .03 .02 .04 tr.? .02 .84
Total 99,54 1), 38 I 100,20 100. 31 | 100. 04 100, 82 98.48
Analyst | J. Husted |N.Davidson | N. Davidson | W. Brannock| R. C. Wells | J. Fairchild | E.Shannon
Collector Allen and Scheid | F. MacNeil | J. Shaffer — E. Sampson

published analysis of nontronite from Dale County, Alabama, and three
published analyses. C. S. Ross (1927, p. 148), Larsen and Steiger (1928),
and others (Ross and Kerr (1931) ) have recognized that nontronite is the
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ferric oxide end member of an isomorphous series in which beidellite is

the aluminous end member. Gruner (1935) has emphasized that the simi-

larity in structure of nontronite, beidellite and montmorillonite as shown
by x-ray patterns indicates an isomorphous series that is completely
miscible.

Locarion or SampLEs Listep 1N TABLES 1 AND 2

(1) Excelsior clay deposit, Spokane County, about 12 miles southeast of Spokane, Wash-
ington, SE{ SEf sec. 16, T. 24 N, R. 44 E. Veins of yellow green clay associated with
weathered pillow lava.

(2) Along road cut on U. S. Highway 195, north of Colfax, Whitman County, Washington,
SEf sec. 35, T. 17 N., R. 43 E. Veins of yellow green clay associated with weathered
basalt.

(3) Along road cut on Palouse Highway, 1 mile south of Garfield, Whitman County, Wash-
ington, sec. 4, T. 17 N., R. 45 E. Veins of yellow clay 1 to 6” wide associated with
weathered basalts.

(4) Along a road cut in the north center of sec. 18, T. 7 N., R. 24 E., about 3 miles south-

east of Ariton, Dale County, Alabama. Unpublished analysis of a sample submitted

by F. 8. MacNeil. Nontronite occurs as nodules in a glauconite sand in the Hatchetig-
bee formation of Eocene age.

Sandy Ridge, N. C. Veinlets 5 to 10 mm. wide in schist. Collected by J. B. E. Shaffer

of Sandy Ridge. Color, clear dull green. Wells (1937, p. 109).

(6) About 17 miles southeast of Spokane, Washington, in SW% sec. 5, T. 23 N,R. 45 L.
Relations unknown. Color, clear dull yellowish green. (Ross and Hendricks (1945,
p. 32).)

(7) Spokane, Washington. Nontronite-beidellite of yellowish citrine color lying between
two basalt flows. Collected by Edward Sampson. Ross and Shannon (1936, p. 94).

&

=

In the six nontronites listed in Table 1, the silica varies between 40.24
and 41.63 per cent; ferric oxide varies between 25.99 and 30.17 per cent.
Alumina depends on the amount of the beidellite molecule present and
varies between 4.94 and 9.84 per cent. No. 7 is the nontronite-beidellite
of Ross and Shannon in which alumina is about equal molecularly to the
ferric oxide.

TaBiE 2. OpricAL PROPERTIES OF NONTRONITE

| Indices of Refraction | Bire- .
Sample Locality |7 —————| fringence Optical
No. ‘ ’ o Character
o ¥ T—a
1 Excelsior, Wash. 1.572 1.615 | 043 vegifive
2 Colfax, Wash. ‘ 1.580 1.625 .045 negative
3 | Garfield, Wash. 1.598 1.643 .045 negative
4 Dale County, Ala. | 1.585 1.625 .040 negative
5 Sandy Ridge, N. C. | 1.590 1.630 .040 negative
6 Spokane, Wash. 1.585 1.625 040 | negative
7 Spokane, Wash. ‘ 1.568 1.606 .038 | negative
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ForMuLAs OF NONTRONITES

SaNmop.)le Octahedral Coordination Tetrahedral Coordination
1 (Al 2yFe’’, sMg.os) (Al 5:Sis.49) (Ca.22Na. 0K o5} O10(0OH)2
2 (Al osFe'""y p2Mg 70) (Al 50Si3.50) (Ca a3) 0,0(OH);
3 (Al.osFe'""s o7Mg 50) (Al 50Sis.50) (Caae) 010(0OH).
4 (AlorFe'y eoFe’” Mg 20) (Al 5:Sis5.48) (Ca_osH 25) 010(0OH),
5 (AL soFe'™ 20) (Al 58515 42) (Ca ooH 35) 040(OH),
6 (Al_osFe"'l.94Fe".o5Mg.1o) (Al 4Si3.55) (Ca 19) 0,0(0OH);
7 (A1_77Fe”’1 mFe”,ong 19) (Al_msia,ba) (Ca-.28) Ow(OH)2

In Table 2 a formula representing % the unit cell is given for each non-
tronite according to the method of Ross and Hendricks (1945, pp. 41-45)
in which the aluminum-silicon ions in tetrahedral coordination must
equal 4 and the O+ (OH) ions must equal 12. In the nontronites from
Washington the replaceable ion is Ca, and in those from Alabama and
North Carolina, Nos. 4 and 5 respectively, hydrogen is present, making
them acid clays. Small amounts of magnesium are significant, as mag-
nesium plays an important role in the synthesis of beidellite, montmoril-
lonite and possibly nontronite (Ewell and Insley, 1935; Noll, 1936).

In these samples the indices of refraction are highest for the nontro-
nites with the highest ferric iron. No. 3 from Garfield has the highest
indices of refraction and most nearly approximates a pure iron-end mem-
ber, having 1.97 ferric iron and only .02 alumina proxying ferric iron in
octahedral coordination. The values for the indices of refraction given in
Table 2 were determined on prepared mineral strips that were immersed
for several weeks in closed vials, each containing an oil of a known index
of refraction (Ross and Hendricks, 1945, p. 54). The values determined
on samples with occluded air, as they came from the field, are somewhat
lower.

FieLD RELATIONS OF THE NONTRONITE

The field relations indicate that most of the nontronite in the Columbia
River plateau has been produced by weathering of basaltic glass that
originally composed basaltic vitric tuffs, the glassy skin of pillow lavas
and the glassy groundmass of basaltic lavas. The nontronite from this
source and from the weathering of augite and iddingsite migrated into
cracks, ranging from a fraction of an inch to 6 inches wide, like those at
Excelsior, Colfax, and Garfield. Other nontronite veins occur along the
U.P.R.R. cut at the old Lockwood siding, 1 mile west of Manito, Wash-
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ington. These were probably the source of the material submitted to
Dr. C. S. Ross and listed as No. 6, Tables 1 and 2.

In the Excelsior district (NE. % sec. 8, T. 23 N., R. 45 E.) cores S inches
in diameter and one foot long were composed wholly of massive yellow-
green nontronite. Similar masses 1 to 4 inches in diameter were found
in other drill holes at the Excelsior depositand at the Olson clay deposit,
about 8 miles northeast of Troy, Latah County, Idaho (secs. 19, 30,
T.40 N., R. 2 W.). The textures of this nontronite in thin section indicate
that the original rock was a vitric tuff, in which some of the glassy frag-
ments had a pumiceous texture. At Colfax the glassy material of a vitric
crystal tuff is altered to nontronite and to palagonite (Fig: 6). The rela-
tions clearly indicate that large masses and perhaps beds of nontronite
have been formed from the fragments of basaltic glass that are inter-
layered with basalt flows.

The nontronite at Excelsior (No. 1, Tables 1 and 2) occurs at the mar-
gins of pillows and in veins cutting weathered pillow basalt. It was prob-
ably formed from the glassy skin and vesicular crust that was produced
by rapid cooling of the lava induced by contact with water or a moisture-
laden medium, or from the glassy fragments that were shattered from
the outer rim of the pillows (Fenner 1910, p. 103; Lewis 1914, p. 650).
Along a road-cut on highway 99 W. about 2 miles south of Portland, Ore-
gon, brown nontronite-beidellite is associated with palagonite and opal
at the rim of pillow lavas (Fig. 5). Yellow-green nontronite fills vesicles
in the basaltic lava at this locality.

Along a road-cut about 800 feet west of Valleyford, Spokane County,
Washington, nontronite has formed from the glassy groundmass of a
basalt in which the plagioclase and augite have remained fresh (Fig. 2).
Yellow green nontronite fills vesicles in the basalt. The combined effect
of both types of nontronite is to give to the hand specimen of the rock a
yellowish-green color.

At Marion, Oregon, palagonite (No. 1, Table 3) occurs in irregular
veins around pillow lava in a manner similar to that of the nontronite at
Excelsior, Washington. The change of basaltic glass, such as No. 3, Table
3, to palagonite involves extensive hydration, almost complete oxidation
of iron, and loss of some silica, alumina, calcium, magnesium, and
alkalies. According to Peacock and Fuller (1928, p. 376) this change is
accomplished by the steam generated in the quenching of the extruded
lava. Powers (1932, p. 9) in his study of Hawalian soils attributed palag-
onitization to weathering of basaltic glass in the moist, warm climate of
the Hawaiian Islands.
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The “basaltic glass’ found by Diller (No. 4, Table 3) at Rooster Rock,
25 miles east of Portland, Oregon, might well be termed palagonite, since
almost all the iron is present as Fe,O; and the total water is 19.46 per
cent. Diller recognized the relation of the material to palagonite and
its altered condition. His description of the material and its occurrence
follows:

“The whole mass of the cliffs when seen from the railroad is more or less distinctly
stratified, but the layers are large and massive, so that the stratification is not conspicu-
ous. When examined in detail the strata are found to be made up entirely of fragmental
volcanic material forming what is technically called tuff, or, in this case, basalt tuff, on
account of the basaltic character of the fragments. Such material is sometimes called
palagonite tuff, from its occurrence in Palagonia, Sicily.

“The layers are composed chiefly and often wholly of a substance ranging in color
from light to dark brown and black, and in luster from dull glassy to pitch like and resin-
ous. For the most part the rock is decidedly fragmental. It contains fragments of dark
basalt from the size of a pea to blocks several feet in diameter. When broken, these pieces
are often seen to have a black pitchy border, as if once enveloped by a molten mass.

“Weathering brings out the fragmental structure on the surface of the glassy portions,
but this is still more evident in a thin section of the rock where the dark brown completely
isotropic glass fragments full of small lath-shaped crystals of plagioclase feldspar, with
fewer crystals of augite and grains of olivine, like those of the basalt, are encompassed
and bound together by a lighter brown matrix like gelatin, which has fibrous polarization.

“Locally among the distinctly fragmental layers are sheets of the yellowish-brown
waxy-lustered material which in thin section is found to be an altered jellylike substance
containing crystal fragments of plagioclase, augite, and olivine like those in the basalt
of the large fragments and flows in the cliffs, and it is evident that the whole mass is from
a volcano erupting basalt.”

This locality was not visited by the writers, but the description of
waxy-lustered material of various colors suggests the material at Marion
and that occurring two miles south of Portland, which changed color
with loss of water. J. M. Axelrod of the Geological Survey, U. S. Depart-
ment of the Interior, could detect no difference in the x-ray patterns of
different colored parts, all of which gave the x-ray patterns of nontronite
and opal.

The change of palagonite to nontronite with 40 or 41 per cent silica
and 26 to 30 per cent ferric oxide would generally require some further
loss of silica, alumina, calcium, magnesium and alkalies. Opal associated
with palagonite (No. 1, Table 3), with nontronite (No. 2, Table 3), with
altered pillow lavas south of Portland (Fig. 5) and east of Pullman,
Washington, is evidence that intensive chemical change has taken place.

Other occurrences of nontronite are known in the Columbia River
region where the source material of the nontronite is not so definitely dis-
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TABLE 3
1 2 3 4 5! 6 7
. Opal, White Basdltig Palagonite
Palagonite Glass . o
. Earthy X Tuff Palagonite ; Iddingsite.
Containing - (Sidero- ; Palagonite
Veins in 25 Miles Rock., Average
Opal. F melane). Rock.
Marion Nontronite. Douglas East of South Iceland of 7
’ Colfax, Portland, Pacific : Analyses
Ore. Wash county, Ore
’ Wash. '
Si0, 69.39 92.69 51.30 40.89 44.73 35.34 39.11
AlLOs 2.53 .64 18.54 10.41 16.26 11.15 3.29
Fe:0: 12.70 1.91 0.26 15.00 | 14.57 10.28 31.49
FeO none none 11.21 0.07 | nd. 2,19 .96
MgO .59 .05 4.03 3.76 2.23 6.52 8.05
CaO 1.09 .44 8.35 5.18 1.88 7.01 2.28
Na:0 none none 2.83 0.47 4.50 0.16
K»0 none none 1.05 0.53 4.02 0.19
H.0— 8.79 1.75 tr. .14 15.50 7.78
H.0+ 4.67 2.72 0.30 10.32 9.356 8.90 8.49
TiO: .04 .04 1.40 3.37 2.10 18
MnO tr. none 0.35 0.90 2.89 0.22
Others ‘ 0.05 .56 J31
Total 99,80 100.24 | 0o _R7 100. 60 100. 64 99_87 101.63
Analyst. | N, Davidson | N. Davidson l Herdsman G, Steiger A. Renard | Herdsman Shannen
Collector| V. Allen V. Scheid ‘ Fuller | Jiller Murray Peacock Ross

LocartioN oF SamprLEs LisTED IN TABLE 3

a

~—

Palagonite containing opal occurs in veins around pillow lava along S.P.R.R. cut near

station, Marion, Marion County, Oregon.

(2) White, earthy opal in center of 2 inch nontronite vein (Tables 1 and 2, No. 2). Along

road cut on U. S. Highway 195, north of Colfax, Whitman County, Washington, SE%

sec. 35, T.17 N, R. 43 E.

Basaltic glass (sideromelane) from the lake-quenched nose of a flow at Columbia River,

3 miles south of Moses Coulee, Douglas County, Washington. Peacock and Fuller

(1928, p. 371).

(4) Palagonite tuff. Near Rooster Rock, about 25 miles east of Portland, Oregon, Diller
(1903, p. 345).

(5) Palagonite, South Pacific. Murray and Renard (1891, p. 307).

(6) Palagonite rock, Iceland, Peacock (1926, p. 66).

(7) Iddingsite, average of 7 analyses. Ross and Shannon (1925, p. 16).

@3

Nat)

played. In the Eola Hills, west of Salem, Oregon, nontronite and halloy-
site fill a vein £ inch thick which cuts the Stayton lavas (Allen, 1945,
p. 269). Green nontronite cements andesitic detritus occurring along the
new Ostrander logging road, about three miles southeast of Molalla,
Oregon (Allen, 1945, p. 269). The nontronite is cracked and pale-green
nontronite fills the cracks in the sedimentary nontronite. This relation-
ship at Molalla suggests that the cracks were formed when the clay dried
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and that pale-green nontronite was deposited in the cracks when the
clay was again saturated with water. In the clay deposit near Castle
Rock, Cowlitz County, Washington, nontronite occurs in detrital sedi-
mentary rocks (Allen and Nichols, 1943; Allen, 1946). At Salem, Molalla
and Castle Rock basaltic lavas are present in the same section as the
nontronite but a close relationship between the altered glass or ferro-
magnesian minerals of the basalts and the nontronite at these localities
has not been demonstrated thus far.

PETROGRAPHIC OBSERVATIONS AND THEIR SIGNIFICANCE

Petrographic study has contributed additional information. The
glassy groundmass of some basalts contains rod-like inclusions of augite
or other ferromagnesian minerals that may have a fan-like arrangement
(Fenner 1910, p. 100). In the Excelsior district basaltic glass alters to
nontronite that retains rods of augite (Figs. 1, 2, 4). Basaltic glass is less
stable than the augite-rods it encloses or the large grains of fresh augite
in the same specimen.

In Fig. 1, iddingsite crystals are embayed by and partially altered to
nontronite. As basaltic glass is also partially altered to nontronite in this
specimen, iddingsite was almost as susceptible to alteration as was the
basaltic glass. If one compares the composition of iddingsite (No. 7,
Table 3) and nontronite (Table 1), it is evident that iddingsite needs only
to lose some magnesium and to gain additional water to approach non-
tronite in composition. Iddingsite with a definite crystalline structure
would be more apt to resist alteration and reorganization than amorphous
material, such as a basaltic glass, having a similar composition.

In Fig. 2 nontronite has formed from basaltic glass, whereas augite,
plagioclase and ilmenite have remained fresh. Nontronite fills vesicles
and openings in the lava. Also, irregular masses of zoned nontronite have
resulted from the alteration of the glassy groundmass, and small spherical
nodules may have resulted from the resorption of olivine, as suggested by
Fenner (1910, p. 102), and its subsequent alteration. Some of the nontro-
nite varies in color with the amount of ferric oxide present and forms
varied colored zones within a single area. If all the zones were composed
of members of the nontronite-beidellite series one would expect the dark
zones to have more ferric iron and higher indices of refraction than the
light colored zones. In a thin section from Colfax a dark zone in the center
had lower indices of refraction than those of the light colored material
surrounding it, and this suggested the dark zone was composed of the
magnesium member of the montmorillonite group, saponite (Ross, 1945).
Numerous immersions were made of the clay minerals from the vesicles
but the presence of saponite could not be substantiated. All the grains
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¥16. 1. Nontronite (N) has formed from the glassy groundmass and from iddingsite (I).
Black (GR) is basaltic glass containing rods of augite. Augite (A) is fresh. IL is ilmenite.
Excelsior, Spokane County, Washington.

F16. 2. Nontronite (NR) contains rods of augite once present in basaltic glass. Non-
tronite fills vesicles (NV),some of which are zoned (left near center). Augite (A) is unaltered.
Plagioclase (P) is unaltered. T is ilmenite. Valleyford, Spokane County, Washington,
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Fi1c. 3. Augite crystal (A) and glassy groundmass (N) are altered to nontronite. Plagio-
clase (P) is fresh. I is ilmenite. Excelsior, Spokane County, Washington.

Fic. 4. Nontronite (NR) contains rods of augite. Augite (A) is altered to nontronite.
Calcic core of plagioclase (P) is altered to nontronite. I is ilmenite. Excelsior, Spokane
County, Washington,
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F16. 5. Palagonite is altered to nontronite (N). Opal (O) and nontronite (N, black) fill
an open cavity. Some nontronite has broken loose in making the thin section, leaving white
areas. Around pillow lava, at a road cut on Highway 99 W, 2 miles south of Portland, Ore-
gon.

¥16. 6. P is yellow palagonite; dark areas are altered and iron stained palagonite. V isa
vein of nontronite. Lath shaped grains (F) are plagioclase altered to kaolinite. Colfax,
Whitman County, Washington.
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isolated and measured had indices of refraction within the range of those
for the nontronite-beidellite series. The small amounts of magnesium in
the nontronite analyses listed in Table 1 show that only limited amounts
of saponite could be present in those samples and, it appears likely that
magnesium ions proxy aluminum ions in octahedral positions in the
analyzed samples.

In Fig. 3, a large crystal of augite and the glassy groundmass of a
basalt have altered to nontronite, whereas plagioclase and ilmenite have
remained fresh.

In Fig. 4, the glassy groundmass containing fan-like inclusions of
augite and large augite grains are altered to nontronite. The calcic core
of plagioclase is altered to nontronite, but not the sodic rim. The ma-
terials illustrated in Figs. 1 to 4 can be arranged in a series, each member
of which has increased resistance to weathering, as: (1) basaltic glass,
(2) iddingsite, (3) augite, (4) plagioclase, (5) ilmenite. Some residual
basaltic clays in the Excelsior district contain 7 per cent TiOs, which is
present mainly as ilmenite.

The ease with which basaltic glass alters to nontronite depends first on
its chemical composition. The curves of W. O. George (1924) can be
used to estimate the composition of a volcanic glass from its index of re-
fraction, which varies inversely as the silica content. Peacock (1926)
recorded that the index of refraction of 8 Icelandic basaltic glasses varied
between 1.604 and 1.615, and his analyzed specimen of Icelandic basaltic
glass contained 46 per cent SiOs. Fuller’s determinations of the index of
refraction of basaltic glasses from Washington (Peacock and Fuller,
1928) varied between 1.583 and 1.597. His analyzed sample (Table 3,
No. 3) contained 51 per cent silica and had an index of refraction of
1.583. Thus, the composition of basaltic glass is known to vary. Other
factors being equal, the basaltic glass with the lowest silica would be the
most unstable.

Secondly, the ease of alteration of basaltic glass varies with its texture.
A massive, glassy lava flow resists alteration, whereas the fragmental
texture of a glassy tuff allows the ready percolation of reacting solutions.
In the Excelsior district tuffs are more completely altered to nontronite
than the associated lava flows at the same depth. Powers (1932) has ob-
served that glassy tuffs in Hawaii weather more rapidly than lava flows
characterized by crystalline materials.

Thirdly, the ease of alteration of basaltic glass to nontronite varies with
the conditions and the composition of the reacting solutions. The forma-
tion of nontronite is favored by conditions of poor drainage and by the
presence of alkalies, alkaline earths, magnesium, and probably ferrous
iron.
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Statements appear in the literature that palagonite is unstable and
alters to chlorite. It was observed that heating certain specimens from
Excelsior, Washington, during the preparation of thin sections caused
some fragments with a glassy texture to turn green. Their mean index
of refraction is within the range for chlorites, but also is within the range
for intermediate members of the nontronite-beidellite series. X-ray pat-
terns by J. M. Axelrod indicated the absence of chlorite and the presence
of nontronite-beidellite. The apparent low birefringence of these frag-
ments is probably caused by their fine-grained nature and incipient de-
| velopment of the nontronite. In the light of the experience with palago-
nite from Washington and Oregon it seems that reported occurrences of
chlorite in palagonite at other localities should be reexamined using x-ray
and other methods.

The x-ray pattern of the palagonite occurring around pillow lava at
Marion, Oregon (Table 3, No. 1), is reported by J. M. Axelrod to indicate
opal and nontronite. In thin section areas of opal are clearly visible, and
there are also present materials with indices of refraction that vary in
different parts of the section. Some of these have a mean index of re-
fraction of 1.525, and others have moderate birefringence and a mean
index of refraction (with occluded air) of 1.555 that may be nontronite-
beidellite.

The massive palagonite around pillow lava, 2 miles south of Portland,
Oregon, gave an x-ray pattern that indicated opal and a member of the
nontronite-beidellite series. A green clay mineral that is probably non-
tronite-beidellite can be seen in the thin section of the massive portion
(Fig. 5). Opal lines cavities in the massive portion and a brown nontro-
nite-beidellite having a mean index of refraction of 1.565 (with occluded
air) ﬁlls the center of the former openings. Reddish-brown common opal
with an index of refraction of 1.445 forms lumps 1 to 3 inches across at
this locality. Along a road cut on highway 3, at the east edge of Pullman,
Washington, yellow common opal with an index of refraction of 1.455
forms similar lumps around pillow lava.

White earthy opal (Table 3, No. 2) forms a pod within a 2-inch nontro-
nite vein at Colfax and the center of this pod is filled with nontronite.
This earthy opal has an index of refraction of 1.455 and it gave no x-ray
pattern, being truly amorphous.

The separation of silica from the glassy skin of pillow lava and from
palagonite is indicated at these localities. The experiments of Lovering
(1923) suggest that alkalies and magnesium bicarbonate are effective
agents in removing silica. These agents were present in the original ba-
saltic rocks and were partially or wholly removed along with silica during
the weathering process.
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Another locality where somewhat similar relations have been observed
is Umnak Island, Alaska, which attracted the attention of scientists be-
cause volcanic activity was in progress during 1945 within 65 miles of
Dutch Harbor. Lieutenant R. E. Wilcox collected volcanic material from
the outer slopes of the unnamed caldera that occupies the northeastern
part of Umnak Island. Dr. Clarence S. Ross, of the Geological Survey,
U. S. Department of the Interior, studied the material and kindly pre-
pared the following statement for inclusion in this paper:

“One specimen represented fresh unaltered basaltic glass, which is nearly colorless
in thin section. Another specimen from the same eruption contains alteration products
of the same type of glass. Part of it is a yellow-brown palagonite in which hydration and
partial oxidation have produced an isotropic material with a lower index of refraction
than that of the basaltic glass from which it was derived. Most of the material, however,
has undergone further alteration to a very fine-grained aggregate that is dull green in
color. This material is anisotropic under strong illumination, although it is so exceedingly
fine grained that this evidence of its crystallinity would be recognizable only in a mate-
rial with moderately high birefringence. These relations indicate that the dull green
final product of the alteration of this basaltic glass is nontronite.”

ORIGIN AND MIGRATION OF NONTRONITE

Several facts suggest that two different sets of weathering conditions
have prevailed in the Columbia River region. In the Excelsior district
nontronite is present in the lower poorly drained part of the profile of
weathering, where the stagnant alkaline solutions contain magnesium.
Here, plagioclase, basaltic glass and iddingsite are altered to nontronite.
In the upper well-drained part of the profile revealed in the same drill-
holes plagioclase is altered to kaolinite or halloysite and iddingsite resists
alteration. Along a road cut on highway 8 near Nora, 3 miles east of
Troy (NW. 4, S. 1, T. 39 N.,, R. 3 W.), Latah County, Idaho, unaltered
iddingsite occurs in a weathered basalt in which the plagioclase is com-
pletely altered to kaolinite. In the Mehama district, Marion County,
Oregon, euhedral plagioclase phenocrysts with relict twinning are com-
pletely altered to kaolinite but the iddingsite in this volcanic rock is
unaltered. Thorough leaching by neutral or slightly acid solutions that
produces kaolinite from plagioclase did not favor the formation of non-
tronite from iddingsite at these localities.

Hosking (1940) found that montmorillonite clay minerals are formed
in the basalts of Australia where waterlogging of the soils is apparent,
but under conditions of good drainage kaolinite is formed from basalts.
In the lower part of the profiles in the Excelsior district not only would
the required conditions of poor drainage be present, but also all the ele-
ments needed in the synthesis of nontronite (Noll, 1936; Ewell and Ins-
ley, 1935) would be available for the formation of nontronite from basaltic
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glass, palagonite, iddingsite and augite. Most of the nontronite was
formed from basaltic glass, some of which was changed to palagonite by
the steam generated in the quenching of the lava. The partial alteration
of the glassy groundmass of some basalts to nontronite, with the adjacent
glass of the groundmass unchanged, indicates that the action of steam is
not always necessary but that weathering under conditions of poor
drainage in the presence of magnesium can completely change basaltic
glass to nontronite. The change of basaltic glass to palagonite requires
the removal of the same constituents as those removed in the change of
most palagonites to nontronite. Where glassy fragments were converted
to palagonite by the steam action, the tuffs composed of them were al-
ready started on the way to nontronite and weathering processes com-
pleted the action.

In the upper part of the profiles of weathering in the Columbia River
region kaolinization of plagioclase feldspars started as soon as good drain-
age conditions were established and when the chemical system changed
from alkaline to neutral or slightly acid. Migration or movement of clay
minerals was favored by the conditions of good drainage (Allen, 1945)
and the presence of dispersing agents. The clays with the highest alumina
in the Excelsior district are composed of kaolinite or halloysite and con-
tain notable additions of kaolinite that fills cracks and former vesicles
in the basaltic rocks. Some of the kaolinitic clay in the cavities contains
tiny muscovite flakes and grains of quartz that were transported from
the sedimentary clays in the area into the openings. The remainder may
have been derived from altered basalts at higher elevations. When
streams cut downward into the nontronite zones, increased relief, and
improved the conditions of drainage, nontronite migrated into vesicles
and into cracks. The concentration of the nontronite in the veins at
Excelsior, Colfax, Garfield and Manito was accomplished under these
conditions. Later, some kaolinite was carried downward and filled veins
that transect the nontronite veins at some localities. As conditions of
thorough drainage penetrated progressively downward, neutral or slight-
ly acid solutions invaded lower depths and kaolinization of plagioclase
took place at levels where nontronite had formed early in the cycle. In
Fig. 6 is illustrated a basaltic vitric tuff, in which palagonite has altered
to nontronite, nontronite has migrated in veins and plagioclase has
altered to kaolinite.

CONCLUSIONS
Nontronite in the Columbia River region was formed chiefly from ba-

saltic glass and to a minor extent from iddingsite and augite. Palagonite
is an intermediate step in the alteration that may be accomplished by the
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steam generated in quenching of the lava. The partial alteration of the
glassy groundmass of basalts to nontronite indicates that the action of
steam is not always necessary but that weathering under conditions of
poor drainage is essential to the genesis of nontronite.
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