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ABBREVIATIONS

[Singular and plural forms for abbreviations of units of measure are the same]

- angstrom units Ib ...l pounds
A% cubic angstroms 11 S meters
S alternating current Mmoo molal (concentration)
amp ............. amperes m> ... square meters
atm ........... .. atmospheres m® oL cubic meters
bbl .............. barrels Mo molar (concentration)
BC. ............. Before Christ me .............. milliequivalents
BP. ............. Before Present MeV ............. million electron volts
by. ............. billion years mg .............. milligrams
C ottt crystalline state mgd ............. million gallons per day
Cx e, molal concentration mi? ... square miles
(of substance x) min ............. minutes
cal ..., calories m ... milliliters
ofs ...l cubic feet per second mm ............. millimeters
L0 Curies mol ............. moles
Ccm ..., centimeters mro.............. milliroentgens
em* ... ..., square centimeters mV .. ... millivolts
em® ..., .. cubic centimeters MY, «eereeennnnnn million years
cpm ..., counts per minute B microns
cuft ............. cubic feet um L. micrometers
cumi ............ cubic miles pmho ............ micromhos
de ...l direct current £ neutrons
emu . ............ electromagneticunits N ,.............. normal
eV electron volts ng ...l nanograms
ft ... feet m .............. nanometers
ft> cubic feet Oe ......c.ovvnt. oersteds
S grams pCi ... picocuries
gl ........ ... gallons pPH .............. pH (measure of hydrogen
epd ... gallons per day ion activity)
epm ..., gallons per minute ppb ..., parts per billion
hr ...l hours PPM ... parts per million
in. ........ ... inches rad .............. radiometric
kb .............. kilobars $Pm o o............. revolutions per minute
- kilograms O seconds
km ......... ..., kilometers - sqft ... ......... square feet
km? ..., square kilometers sqmi ............ square miles
km® ... ..., cubic kilometers 12 P years
kV kilovolts Vo volts

liters wt oL weight
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BORON-BEARING POTASSIUM FELDSPAR OF AUTHIGENIC
ORIGIN IN CLOSED-BASIN DEPOSITS

By RICHARD A. SHEPPARD and ARTHUR.J. GUDE 3d,

Denver, Colo.

Abstract.—Silicic vitric tuffs in saline, alkaline lacustrine deposits are
commonly altered to a variety of zeolites and potassium feldspar. The
tuffs generally show a lateral gradation, in a basinward direction, of
fresh glass to zeolites and then to potassium feldspar. Zeolites were
formed early in diagenesis by reaction of the glass with the interstitial
water. The feldspar, however, was formed later by reaction of the
zeolites with interstitial water, and its formation can be correlated with
water of relatively high salinity and alkalinity. Semiquantitative
spectrographic analyses for boron in the zeolites and potassium feldspar
show that most of the boron resides in the relatively late feldspar. The
boron content of the zeolites is commonly less than 100 ppm, whereas
the boron content of the potassium feldspar is commonly greater than
1,000 ppm. Boron apparently substitutes for aluminum in the feldspar
structure and causes distortion of the monoclinic unit cell such that the
b and ¢ dimensions are shortened. These boron-bearing potassium
feldspars having anomalous cell parameters seem unique to saline,
alkaline lacustrine deposits and could serve as a prospecting aid for
locating buried saline minerals.

Authigenic silicate minerals in silicic vitric tuffs of closed-
basin deposits show a consistent distribution pattern (Hay,
1966). In a general way, there is a lateral gradation, basinward,
of fresh glass to zeolites and then to potassium feldspar. The
authigenic silicate minerals in the tuffs of Pleistocene Lake
Tecopa, Inyo County, Calif. (Sheppard and Gude, 1968), are
characteristic of this distribution pattern. Fresh glass occurs
along the margin and at the inlets of the ancient lake. The glass
is succeeded inwardly first by a zone of zeolites and then, in
the central part of the lake basin, by potassium feldspar.
Zeolites in the Lake Tecopa deposits are chiefly phillipsite,
erionite, and clinoptilolite. At Lake Tecopa, the tuffs contain-
ing authigenic potassium feldspar also commonly contain
searlesite (NaBSi, Og + H, 0).

A variation in the distribution pattern of authigenic silicate
minerals in tufls of closed-basin deposits is illustrated by the
Pliocene Big Sandy Formation (Sheppard and Gude, 1972). The
Big Sandy Formation consists of lacustrine strata that were
deposited in the valley of the Big Sandy River near Wikieup,
Mohave County, Ariz. A nonanalcimic zeolite facies occurs
along the margin of the ancient lacustrine deposit and is
succeeded basinward first by the analcime facies and then by

the potassium feldspar facies. Zeolites in the nonanalcimic
zeolite facies are chiefly chabazite, clinoptilolite, erionite, and
phillipsite. A similar distribution pattern of authigenic silicate
minerals was recognized in the Miocene Barstow Formation of
California (Sheppard and Gude, 1969a) and in the Eocene
Green River Formation of Wyoming (Surdam and Parker,
1972).

GENESIS OF THE SILICATE MINERALS
The zeolites and potassium feldspar in the originally silicic

vitric tuffs formed during diagenesis; the probable paragenetic
sequence is shown schematically in figure 1. The silicic glass

Chabazite Analcime
Clinoptilolite

Erionite

— Potassium feldspar

Harmotome
Phillipsite

Mordenite

Figure 1.—Schematic representation of the paragenetic sequence that
leads to the crystallization of potassium feldspar in tuffs of
closed-basin deposits.

reacted with the alkaline and saline interstitial water to form
all of the zeolites except analcime. Mariner and Surdam (1970)
recently suggested that aluminosilicate gels may be an inter-
mediate stage between the glass and the zeolites. Analcime
formed later by the reaction of these relatively early zeolites
with the interstitial fluids. The potassium feldspar is the end
product of the series of reactions and formed from analcime as
well as directly from the other zeolites. The formation of
potassium feldspar can be correlated with interstitial water of -
the highest salinity and pH (Sheppard and Gude, 1969a).

BORON CONTENT OF THE SILICATE MINERALS

While studying the authigenic silicate minerals in tuffs of the
Miocene Barstow Formation, Mud Hills, Calif., in 1964, we

377
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Table 1.—Boron, in parts per million, in authigenic zeolites and potassium feldspars from closed-basin deposits

[Number of specimens analyzed is given in parentheses]

Deposit

Pleistocene Lake Tecopa, near Shoshone, Inyo County, Calif. .........
Unnamed deposit of Pliocene age, near Rome, Malheur County, Oreg. ..
Pliocene Big Sandy Formation, near Wikieup, Mohave County, Ariz. ...
Miocene Barstow Formation, Mud Hills, San Bernardine County, Calif. .

Boron
Zeolites Potassium feldspar
Range Average Range Average
...... 50-—-200 130  (6) 1,000-2,000 1,700 3)
...... 0-150 90 (6) 700-1,500 1,050 4)
...... 0-150 40 (26) 500-1,500 950 6)
...... 0-150 30 (11) 1,0060-5,000 3,400 9)

discovered that the potassium feldspar contains substantial
amounts of boron and is deficient in aluminum (Sheppard and
Gude, 1965). The boron substitutes for aluminum in the
feldspar structure. Inasmuch as there were insufficient data on
the boron contents of zeolites and feldspars, we obtained
semiquantitative spectrographic analyses of these minerals
from the Barstow Formation and several other closed-basin
deposits.

The boron contents of the authigenic zeolites and potassium
feldspars from these deposits are shown in table 1. The
analyses were performed either on pure separates or on bulk
samples of tuff that were monomineralic as determined by
X-ray powder diffraction. The average and the range of boron
contents are shown for the zeolites and potassium feldspar
from each of these closed-basin deposits, which range in age
from Pleistocene to Miocene. The boron content of the
zeolites is much lower than that of the feldspars. The boron
content is commonly less than 100 ppm in the zeolites,
whereas it is commonly greater..than 1,000 ppm in the
feldspar. Although analcime, chabazite, clinoptilolite, erionite,
harmotome, mordenite, and phillipsite were analyzed, no
consistent difference in the boron content of the different
zeolites was found.

DESCRIPTION OF THE POTASSIUM
FELDSPAR-RICH TUFFS

The potassium feldspar-rich tuffs are difficult to identify as
such in the field because of their fine crystallinity. Commonly,
vitroclastic texture in the feldspathic tuffs is poorly preserved
in contrast with that of most of the zeolitic tuffs. If the
feldspar-rich tuffs are free of opal, quartz, or searlesite, they
are generally friable—much more so than their zeolitic counter-
parts. Tuffs altered chiefly to potassium feldspar are generally
white to light gray or locally pastel shades of green or yellow.
Nearly monomineralic feldspathic tuffs range in thickness
from less than an inch to several feet.

Thin sections of the potassiumfeldspar-rich tuffs do not
reveal much about the character of the feldspar except that it
is finely crystalline; most crystals are less than 10 um in size.
We examined feldspathic tuffs from closed-basin deposits that
range in age from Quaternary to Eocene and found that all

samples have about the same range in crystal size. Optically,
the feldspar seems to occur as aggregates of minute anhedral
crystals, somewhat resembling chert. Electron microscopy,
however, has shown that the feldspar occurs as subhedral to
euhedral crystals. The well-developed crystal forms of this
authigenic potassium feldspar from three different deposits are
shown in figure 2.

Potassium feldspar in the tuffs is most easily identified by
X-ray powder diffraction techniques. A typical Xray diffrac-
tometer trace of a bulk sample of monomineralic feldspathic
tuff from the Miocene Barstow Formation is shown in figure

3.
CELL DIMENSIONS OF THE FELDSPAR

The boron-bearing authigenic potassium feldspar, first recog-
nized in the Barstow Formation, has a distorted monoclinic
unit cell (Sheppard and Gude, 1965). Cell parameters were
obtained. by .a.least-squares .refinement of X-ray.powder
diffractometer data of 14 specimens from four deposits by use
of the U.S. Geological Survey’s FORTRAN IV computer
program W9214. The cell parameters and the boron contents
of these authigenic potassium feldspars are given in table 2.
The cell parameters show the following ranges: a=8.570—
8.611 A, b5=12.957-12.998 A, ¢=7.156—7.179 A,
B=115°54.7'-116°8.9', and ¥'=715.0—-721.1 A>.

The b and ¢ dimensions for feldspars from the four
closed-basin deposits are plotted in figure 4, the potassic
portion of Wright and Stewart’s (1968) b-c quadrilateral for
alkali feldspars. All these authigenic potassium feldspars plot
near the_high sanidine corner but well within the quadrilateral.
On the basis of the potassic composition of the feldspars as
determined by chemical analyses and inferred from the indices
of refraction, the feldspars would be expected to plot along
the maximum microcline—high sanidine sideline. Inasmuch as
the authigenic feldspars are monoclinic, they would be
expected to plot at the high sanidine corner. Thus, the
feldspars have an anomalous unit cell, and b is shortened by as

much as about-0.07-A.and c is shortened by.as. much as about. .. . .

0.02 A. The a dimension is not plotted in figure 4; however,a
is consistent with the potassic composition of the feldspar.
Another measure of the distortion of the monoclinic unit cell
is shown by the a dimension inferred from the b-c plot. The
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measured a dimension is about 8.57—8.61 A, but the inferred
a dimension is about 8.32—8.40 A.

Two possible explanations for the distortion are: (1) Inas-
much as the feldspar formed from zeolites, some relict
structure may have been inherited from the zeolites, or (2) the
substitution of boron for aluminum in the framework may
have distorted the feldspar structure. Martin (1971) confirmed
the second possibility. On the basis of cation exchange and
heating experiments on natural specimens from Lake Tecopa
and the Barstow Formation, as well as the synthesis of a series
of boron-bearing potassium feldspars, Martin concluded that
substitution of relatively small amounts of boron for alumi-
num in the authigenic feldspar causes appreciable distortion of
the unit cell. Eugster and Mclver (1959) had previously
synthesized a potassium feldspar having boron completely
replacing aluminum.

POTENTIAL PROSPECTING GUIDE TO SALINE DEPOSITS

Localities where similar authigenic potassium feldspars have
been found in tuffs of lacustrine deposits of the Western
United States are shown in figure 5. The deposits range in age
from Pleistocene to Eocene, and many contain bedded saline
minerals of economic interest such as borax, colemanite,
halite, nahcolite, and trona, or molds of saline minerals. A
careful search at those deposits where saline minerals have not
been reported may also reveal saline minerals or their molds.

With respect to authigenic zeolites and potassium feldspar,
boron resides chiefly in the relatively late feldspar. The boron
apparently remains in the interstitial fluid in the tuff and
eventually enters the feldspar structure, causing distortion of
the unit cell. This boron-bearing potassium feldspar seems
unique to saline lacustrine deposits. Thus, the recognition of
this distinctive authigenic feldspar in lacustrine deposits may
be useful as a prospecting guide for the location of buried
saline minerals.

Figure 2.—Electron micrographs of authigenic potassium feldspar in
tuffs. A, Pleistocene Lake Tecopa deposit, California. B, Pliocene Big
Sandy Formation, Arizona. C, Miocene Barstow Formation, Cali-
fornia. Electron micrographs by Paul D. Blackmon.
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Figure 3.—X-ray diffractometer trace of authigenic potassium feldspar from a tuff in the Barstow Formation of California.

Table 2.—Unit cell parameters and boron contents of authigenic potassium feldspars from closed-basin deposits

[Cell parameters were obtained by a least-squares refinement of X-ray diffractometer data, by use of the U.S. Geological Survey’s
FORTRAN IV computer é}ro ram W9214. The boron content was determined by semi uantitative spectrographic analysis by L. A.
Bradley, W. B. Crandel, J. amilton, B. W. Lanthorn, Harriet Neiman, and Barbara Tohn?]

Boron
Deposit Sample a(A) b(A) c(A) g V(A®) content

(ppm)

Pleistocene Lake Tecopa, near Shoshone, 1..... 8.583+0.003 12.969+0.003 7.169+0.002 115°§9 9'+2. 0‘ 718.2:0.3 2,000
Inyo County, Calif. 2..... 8.576+0.004 12.990+0.006 7.169+0.002 116°5.3'+2.6' 717.3:0.5 1,000
Unnamed deposit of Pliocene age, near Rome, 3..... 8.60410.005 12.983+0.004 7.175:0.002 116°6.7'+2.2' 719.8:04 1,000
Malheur County, Oreg. 4..... 8.601£0.010  12.988+0.010 7.174x0.005 116°2.0't5.6' 720.1£1.0 1,000
Pliocene Big Sandy Formation, near Wikieup, 5..... 8.589+0.003 12.976+0.003 7.164+0.001 115°59.2'+1.2' 717.7:0.2 1,000
Mohave County, Ariz. 6..... 8.583+0.004 12.974:0.003 7.167:0.002 116°0.6'+1.8' 717.2:03 1,000
7.0t 8.578+0.004 12.986+0.004 7.170+0.003 116°3.2't1.4" 717.6+0.3 500

8..... 8.589+0.002 12.984+0.002 7.169+0.002 115°59.3'+1.4' 718.6:0.2 1,500

9..... 8.589:0.002  12.982:0.002 7.168:0.002 115°55.7'+1.0° 718.8+0.2 700

10..... 8.573£0.003  12.966+0.006 7.167+0.002 116°1.4't1.1° 715.9:0.3' 1,000

Miocene Barstow Formation, Mud Hills, 11..... 8.593+0.002 12.967+0.003 7.165:0.001 116°3.3'+1.0° 717.2:0.2 1,500
San Bernardino County, Calif. 12..... 8.582:0.004 12.962£0.005 7.158+0.002 116°2.3'+2.5" 715404 2,000
13..... 8.592+0.003 12.976:0.005 7.164+0.003 116°0.4't1.6' 717.8:0.3 5,000

14..... 8.590+0.003 12.986+0.004 7.171+0.003 116°0.9'+1.7' 718.9:0.3 2,000
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7.20
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High sanidine

13.00
[AGY)

13.05

Figure 4.—Potassium-rich portion of Wright and Stewart’s (1968) b-c
quadrilateral for alkali feldspars which has been contoured for a
(dashed). The b-c dimensions are plotted for the 14 specimens given
in table 2.

MONTANA

OREGON

420

NEVADA
COLORADO

ARIZONA

Figure 5.—Map showing occurrences of authigenic potassium feldspar in
tuffs of lacustrine deposits. Closed circle, potassium feldspar associ-
ated with saline minerals or their molds; open circle, potassium
feldspar not associated with saline minerals or their molds. Data for
numbered localities are as follows:

1. Unnamed deposit of Pliocene age, near Durkee, Baker County,
Oreg. (Sheppard and Gude, unpub. data).
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Figure 5—Continued

2. Danforth Formation of Pliocene age, Harney Lake, Harney
County, Oreg. (Walker and Swanson, 1968).

3. Unnamed deposit of Pliocene age, near Rome, Malheur County,
Oreg. (Sheppard and Gude, 1969b).

4. Unnamed deposit of Pliocene age, Jersey Valley, Pershing County,
Nev. (Sheppard and Gude, unpub. data).

5. Horse Camp Formation of Miocene to Pliocene age, near Currant,
Nye County, Nev. (Moores, 1968).

6. Unnamed deposit of Pliocene age, Silver Peak Range, Esmeralda
County, Nev. (Robinson, 1966).

7. Unnamed deposit of Pleistocene Lake Tecopa, near Shoshone,
Inyo County, Calif. (Sheppard and Gude, 1968).

8. Mixed layer of Pleistocene Searles Lake, San Bernardino County,
Calif. (Hay and Moiola, 1963; Smith and Haines, 1964).

9. Unnamed deposit of Miocene age, near Kramer, San Bernardino
County, Calif. (Hay, 1966).

10. Barstow Formation of Miocene age, Mud Hills, San Bernardino
County, Calif. (Sheppard and Gude, 1969a).

11. Big Sandy Formation of Pliocene age, near Wikieup, Mohave
County, Ariz. (Sheppard and Gude, 1972).

12. Unnamed deposit of Eocene age, Lysite Mountain, Hot Springs
County, Wyo. (Bay, 1969).

13. Wagon Bed Formation of Eocene age, Beaver Rim, Fremont
County, Wyo. (Boles, 1968).

14. Green River Formation of Eocene age, near Green River,
Sweetwater County, Wyo. (Lijima and Hay, 1968; Surdam and
Parker, 1972).

15. Green River Formation of Eocene age, Piceance Creek basin, Rio
Blanco County, Colo. (Hite and Dyni, 1967; Brobst and Tucker,
1973).
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METAMORPHIC FACIES INDICATED BY VEIN MINERALS IN BASAL
BEDS OF THE GREAT VALLEY SEQUENCE, NORTHERN CALIFORNIA

By EDGAR H.BAILEY and DAVID L. JONES, Menlo Park, Calif.

Abstract.—A reexamination of reported blueschist mineral localities
in the basal strata of the Great Valley sequence revealed only
prehnite-pumpellyite facies minerals. Franciscan graywacke thrust
below the Great Valley rocks contains lawsonite-quartz blueschist
assemblages. At a common pressure of about 4 kb, the Franciscan
blueschists formed at lower temperatures than the overlying Great
Valley prehnite-bearing rocks, lending support to tectonic models that
involve rapid subduction of the Franciscan rocks.

The Great Valley sequence in California consists of a
conformable section of about 50,000 feet (15,000 m) of
marine sedimentary rock of Late Jurassic and Cretaceous age
deposited on an ophiolite sequence having basalt, or locally
keratophyre, in its upper part, gabbro below, and serpen-
tinized ultramafic rocks at the base (Bailey and others, 1970).
Beneath the serpentinite lies the Coast Range thrust, a late
Mesozoic subduction zone along which eugeosynclinal Francis-
can rocks have been thrust under the Great Valley rocks. The
Franciscan rocks beneath the Coast Range thrust are converted
to blueschist metamorphic assemblages in which lawsonite,
jadeite, glaucophane, and aragonite are key minerals (Blake
and others, 1967). In contrast, the Great Valley rocks above
the Coast Range thrust typically are altered only to zeolite, or
locally prehnite-pumpellyite facies (Bailey and Blake, 1969;
Dickinson and others, 1969). The Franciscan blueschists are
believed to require temperatures of 150°—~300°C and pressure
of about 5 kb or more for their formation (Taylor and
Coleman, 1968; Ernst and others, 1970), whereas the forma-
tion of zeolite (laumontite) or prehnite-pumpellyite facies of
the Great Valley rocks are generally believed to be indicative
of slightly lower temperatures and significantly less pressure
(Crawford and Fyfe, 1965; Fyfe, 1970; Coombs and others,
1970). Thus, the difference in metamorphic facies across the
Coast Range thrust, particularly as it has been interpreted to
indicate major pressure difference, is striking (Bailey and
Blake, 1969; Ernst, 1971a).

In one area, veins containing the key blueschist minerals
lawsonite and aragonite have been reported from the basal
sedimentary rocks of the Great Valley sequence above the
Coast Range thrust (McKee, 1965). As the pressure-

temperature significance of the metamorphic mineral assem-

blages became better known, their occurrence in an environ-
ment that had not been subjected to shearing or metamorphic
pressures other than those resulting from the load of 50,000
feet (15,000 m) of overlying sediments seemed anomalous. To
reevaluate this apparently unique find, we obtained through
the generous cooperation of Bates McKee, University of
Washington, one of his original thin sections and locality data
that permitted us to reexamine these blueschist mineral
occurrences.

The chief localities are near the north end of the Sacramento
Valley about 5 miles northwest of Paskenta in two canyons at
the west edges of secs. 23 and 26, T. 24 N., R. 7 W., Mount
Diablo base line (fig. 1). In both canyons graywacke and shale
of the Great Valley sequence lie on basaltic breccia and
contain mafic and ultramafic clasts. Small discontinuous veins
and veinlets are conspicuous in the sedimentary rocks within
tens of meters of the contact. Most veins are chiefly quartz,
although carbonate veins also are common. Rarer albite and
albite-quartz veins traverse the sedimentary strata. Prehnite
forms crystals several millimeters long in some quartz-calcite
veins, and larger barite crystals occur in coarsely crystalline
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Figure 1.—Sketch map showing location of prehnite-quartz veins.
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calcite veins. Both prehnite and barite were confirmed by
X-ray, spectroscopic, and optical examination. No lawsonite
was found, but as seen in both specimens and thin sections,
the blades of prehnite might be easily mistaken for tablets of
lawsonite (fig. 2). Some of the carbonate mineral shows a little
separation of isogyres in optic axial interference figures, but all
specimens we checked by X-ray proved to be calcite, not
aragonite. Three miles farther south along Thomes Creek,
indurated mudstone near the same contact contains abundant
veins of laumontite.

Figure 2.—Prehnite-quartz vein in metagraywacke of the Great Valley
sequence. Width of vein is 2 mm.

The mineral assemblages of the veinlets in these sedimentary
rocks clearly are representative of conditions under which the
Great Valley strata have been altered. Where we found
quartz-prehnite veins, the host graywackes also contained
prehnite, and where albite veins occur, the feldspar clasts are
albitized. We know of no other alleged occurrences of
blueschist minerals above the Coast Range thrust in the basal
sedimentary rocks of the Great Valley sequence. Until such an
occurrence can be documented, the metamorphic facies above
the thrust should be regarded as of no higher grade than
prehnite-pumpellyite. Veins in the basalts of the ophiolite

METAMORPHIC FACIES INDICATED BY VEIN MINERALS, CALIFORNIA

immediately below the sedimentary rocks of the Great Valley
sequence also locally contain quartz, prehnite, pumpellyite,
thomsonite, and epidote, but one cannot be certain that they
did not form prior to the deposition of the sedimentary strata
under different pressure-temperature conditions. Certainly
some epidote formed earlier, as it occurs as detrital grains in
the lowest beds of the Great Valley sequence.

The Franciscan metagraywackes below these Great Valley
sequence localities contain a lawsonite-plus-quartz mineral
assemblage (Blake and others, 1967). The experimental work
of Liou (1971) on the stability field of prehnite indicates that
at 4 kb fluid pressure, prehnite and quartz are stable between
300° and 400°C, and at the same pressure lawsonite plus
quartz is stable at temperatures below 300°C. The presence of
the lower temperature assemblage in the Franciscan plate
below the Coast Range thrust doubtless is the result of rapid
subduction of colder Franciscan rocks beneath the warmer
Great Valley sequence (fig. 3), and lends support to the
tectonic models of Bailey and Blake (1969), Hamilton (1969),
and Ernst (1970). However, where jadeite plus quartz occurs
directly beneath rock of the prehnite-pumpellyite-bearing
Great Valley sequence rocks, a metamorphic pressure discon-
tinuity seems to exist (Ernst, 1971b).
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POTASSIUM, THORIUM, AND URANIUM CONTENTS

OF UPPER CENOZOIC BASALTS OF THE SOUTHERN

ROCKY MOUNTAIN REGION, AND THEIR RELATION
TO THE RIO GRANDE DEPRESSION

By PETER W. LIPMAN, CARL M. BUNKER,
and CHARLES A. BUSH, Denver, Colo.

Abstract.—Late Cenozoic basaltic volcanism in southern Colorado
and northern New Mexico was most intense near the Rio Grande rift
depression but extended onto stable platforms to the west (Colorado
Plateau) and to the east (High Plains). Tholeiitic rocks are largely
confined to the Rio Grande depression, and the basalts become
increasingly alkalic with distance from the depression. The K, Th, and
U contents and the Th/K and U/K ratios consistently increase away
from the depression, and Th/U ratios also tend to increase slightly.
Geographically distinct suites of petrographically related basalts that
are very similar in major-oxide compositions are readily distinguishable
by K, Th, and U contents. Sialic crustal contamination did not
contribute significantly to development of these compositional varia-
tions, and the lateral change from tholeiitic to alkalic basaltic volcanism
may be related to different depths of or degrees of partial melting in
the mantle, The compositions and compositional ranges of basalts in
the southern Rocky Mountain region are similar to those of many
Pacific islands, despite the contrasting geologic settings.

Basaltic volcanism and extensional block faulting have been
* the dominant volcano-tectonic association in the Western
United States over much of late Cenozoic time (Christiansen
and Lipman, 1972). In much of this region, extensional
faulting -occurred across a broad zone, as in the Basin and
- Range province, but in the southern Rocky Mountains the Rio
Grande depression (Bryan, 1938; Kelley, 1952, 1956; Chapin,
1971) forms a well-defined rift valley that separates the stable
platforms of the Colorado Plateau and the High Plains in its
central part and extends northward at least as far as central
Colorado (fig, 1).

In Colorado and northern New Mexico, the San Luis Valley
segment of the Rio Grande depression is a complexly faulted
graben containing as much as 8 km of sedimentary fill, as
indicated by gravity data (Gaca and Karig, 1966). The major

_bounding fault system is on the east side of the graben against
the Sangre de Cristo Mountains, and the west boundary is a
-dip slope of eastward-tilted volcanic rocks of the San Juan
Mountains. From Sante Fe to Socorro, N. Mex., the Albu-

querque basin is a similar asymmetrical graben with its axis
shifted en echelon to the west. South of Socorro, the Rio
Grande depression merges with the Basin and Range province
and is a less pronounced structure than to the north.

Previous reconnaissance studies have suggested that upper
Cenozoic basaltic rocks in the southern Rocky Mountain
region vary in petrology with distance from the Rio Grande
depression (Lipman, 1969; Kudo and others, 1971). In
general, basalt and basaltic andesite of alkalic affinities are

- thought to have erupted east and west of the depression

concurrently with its formation, whereas tholeiitic basalt
flooded parts of the depression late in its history. We here
report additional chemical data on 170 samples (see table 2 at
end of article), mainly K, Th, and U concentrations deter-
mined by gamma-ray spectrometry, that demonstrate more
precisely some aspects of these petrologic variations.

ANALYTICAL TECHNIQUES

Samples weighing at least 4—5 kg were collected by sledge
hammer, trimmed of all weathered surfaces, and crushed to
-30 mesh. So far as possible, porous vesicular parts of flows
were avoided in sampling. Samples were sealed in an aluminum
container consisting of a double-walled cylinder closed on one
end. A 2.5-cm-thick layer of sample is contained between the
annuli and within the closed end; this amount of material
weighs 3,000—5,000 g, depending on the bulk density of the
powdered rock. The sample container is placed on and around
a 12.5-cm-diameter by 10-cm-thick sodium iodide crystal. The
radiation penetrating the crystal is sorted by the spectrometer
system and stored in a 100-channel memory. The spectra were
interpreted with the aid of a linear least-squares computer
method which matches the spectrum from a sample to a
library of radioelement standards and calculates the concen-
trations of the radioelement in the sample; the computer
method is a modification of a program written by Schonfeld
(1966). The spectrometer data are calibrated to U and Th
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standards measured by isotope dilution and mass or alpha

spectrometry in a group of rocks.

Uranium concentrations are determined indirectly by meas-
uring the radium daughters to obtain radium-equivalent
uranium (RaeU) values. Radium-equivalent uranium is the
amount of uranium, under the assumption of radioactive
equilibrium, required to support the amount of daughter
products that emit the radioactivity measured in a sample;
disequilibrium in unaltered mafic igneous rocks is unlikely to
exceed 5—10 percent. Throughout the report where “U” and
“uranium” are used, “radium-equivalent uranium” is implicit.
Although thorium is also measured from daughter products,
disequilibrium is improbable because of short half-lives, and
the concentrations are considered to be a direct measurement
of parent thorium. Potassium is determined from its K*® con-
stituent which is proportional to total potassium. The coeffi-
cients of variation for the accuracy of the data included in this
report, when compared to samples analyzed by isotope-dilu-
tion techniques, are about 5 percent for U and Th and about 3
percent for K. At low concentrations these percentages are in
addition to minimum standard deviations of about 0.01 ppm

U, 0.02 ppm Th, and 0.01 percent K.

Acknowledgments.—We thank Robert J. Kirkpatrick for
assistance in collecting the basalt samples and Gerald T. Cebula
for help in sample preparation.

BASALTS

Basalts in the southern Rocky Mountain region range in age
from Miocene to Holocene (Lipman and others, 1970;
Strangway and others, 1969; Christiansen and Lipman, 1972),
approximately contemporaneous with the period of exten-
sional block faulting. These basalts represent the latest phase
of widespread Cenozoic volcanism in the southern Rocky
Mountains. The earlier volcanism was more silicic, ranging
from andesite to rhyolite, and was mainly Oligocene in age
(Steven and Epis, 1968).

For convenience, the basalt data are dlscussed in six
geographic groups (fig. 1): (1) tholeiitic basalts, alkalic basalts,
and xenocrystic basaltic andesites of the Rio Grande depres-
sion, (2) alkalic basalts of Los Mogotes volcano in the
southeastern San Juan Mountains, (3) the alkalic Brazos Basalt
(of Doney, 1968) in the Tusas Mountains, (4) several basalt
groups from the Mount Taylor area, (5) alkalic basalt of the
Cimarron Mountains, and (6) the alkalic Raton, Clayton, and
Capulin Basalts (of Collins, 1949) on the High Plains of
northeastern New Mexico.,

Rio Grande depression
Mafic flows that flood the southern San Luis Valley are

divisible into three distinct types: olivine tholeiite, silicic
alkalic basalt, and xenocrystic alkalic basaltic andesite.

389

The flows of olivine tholeiite are volumetrically the most
abundant (Aoki, 1967a; Lipman, 1969). They form an
impressive volcanic plateau north of Taos, N. Mex., and consti-
tute the dominant basalt type in sections as much as 200 m
thick in the Rio Grande gorge, where they have been dated as
3.6 to 4.5 m.y. old (Ozima and others, 1967). These basalts
are coarse grained, porous, and characterized by diktytaxitic
textures, They are also distinctive chemically in comparison
with all the alkalic rocks of the region, being characterized by
higher Fe, Al, Mg, and lower Ti, P, Sr, Ba, Rb, K, U, and Th
(Lipman, 1969). Total alkalis are sufficiently low that these
rocks plot within the field of tholeiitic basalts of Hawaii (fig.
2A4). The contents of K, U, and Th are the lowest in the region
and are only slightly variable (fig. 34).

Interlayered in the Rio Grande gorge with the typical
diktytaxitic olivine tholeiites are subordinate flows of fine-
grained dense silicic alkali-olivine basalt (Aoki, 1967a, table 1,
Nos. 11, 14, 15). Cinder-cone vents for similar flows are
exposed along the west margin of the southern San Luis Valley
in northernmost New Mexico, but it is not clear whether the
alkalic basalts exposed along the Rio Grande gorge were
erupted from vents within the main part of the rift or whether
they flowed in from the sides. All these flows petrologically
resemble the nearby alkalic basalts in the Tusas Mountains and
southeastern San Juan Mountains: in addition to higher total
alkalis than the tholeiites (fig. 24), they contain higher
contents of K, Th, and U (table 1; fig. 34).

Also exposed along the west margin of the San Luis Valley,
near the Colorado-New Mexico line, are several distinctive
flows of alkalic basaltic andesite that are characterized by
abundant xenocrysts of quartz and plagioclase. These flows are
similar to upper Cenozoic xenocrystic basalts that occur
farther northwest in the San Juan volcanic field (Larsen and
others, 1938; Doe and others, 1969; Lipman, 1969, pls. 1, 2).
Some of these xenocrystic flows are clearly older than the
olivine tholeiite flows, for example the Dorado Basalt of

Butler (1971) that is exposed along the east edge of the Tusas

Mountains. Other xenocrystic flows farther east within the Rio
Grande depression may be younger than some of the tholeiitic
basalts or, alternatively, these flows may represent older hills
partly buried by the tholeiitic basalts. The xenocrystic flows
of bhasaltic andesite are only slightly higher in K than the
nonxenocrystic alkalic basalts of the same general area, but

they are distinctly higher in Th and U (fig. 34).
Southeastern San Juan Mountains

Basaltic lavas of the Miocene-Pliocene Hinsdale Formation
are the dominant type of late Cenozoic volcanism throughout
the San Juan Mountains, but interpretation of these rocks is
hampered by uncertain location of the vents for many flows.
All analyses reported here are of samples from Los Mogotes
volcano, a small 5-m.y.-old shield (Lipman and others, 1970)
near the west edge of the San Luis Valley in the southeastern
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the southern Rocky Mountain region. Data from Aoki

(1967a, b), Renault (1970), Laughlin and others (1971), Baldwin and Muehlberger (1959), Larsen and Cross
(1956), Stormer (1972), Lipman and Moench (1972), and Lipman (1969 and unpub. data). All analyses plotted
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and alkalic basalts (Macdonald and Katsura, 1964). Although arbitrary, this field boundary is used because it
emphasizes seemingly significant petrographic and geographic distinctions; altematlve boundanes (Kudo and
others, 1971) result in slightly different nomenclature for the basalts of the region. - .

A. Basalts of the Rio Grande depression and the southeastern and central San Juan Mountains.

B. Basalts west of the Rio Grande depression (Tusas Mountains and Mount Taylor areas).

C. Basalts east of the Rio Grande depression (Cimarron Mountains and High Plains areas).

San Juan Mountains (fig. 1). Basaltic lava flows originally
extended outward 15—20 km in all directions from a central
cinder cone, but the shield has been tilted about 5° toward the
San Luis Valley and asymmetrically dissected. Where the flank
of the volcano has been cut across by the canyon of the
Conajos River, at least 10 individual basalt flows are exposed.
In the field these flows appear to be monotonously uniform

dense basalt with sparse olivine phenocrysts, but chemical
analyses indicate that they decrease systematically upward in
silica, alkalis, and other elements—from about 54 percent silica
at the base of the sequence to less than 50 percent silica for
the latest erupted flows (P. W. Lipman, unpub. data). The Los
Mogotes flows are relatively silicic alkali-olivine basalts, gen-
erally similar in petrography and chemistry to the other basalts
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of the Hinsdale Formation. Their contents of K, Th, and U are

generally similar to those of nearby alkalic basalts within the
Rio Grande depression (fig. 24).

Tusas Mountains

A north-trending zone of at least five little-eroded cinder
cones and related lava flows of probable Pleistocene age along
the west flank of the Tusas Mountains in northern New
Mexico, which have been termed the Brazos Basalt by Doney
(1968), forms a partial link between the San Juan volcanic
field and the Jemez field to the south. Although younger than
any known basalt of the Hinsdale Formation of the San Juan
Mountains, the Brazos Basalt is a generally similar type of
silicic alkali-olivine basalt (fig. 2B). The most silicic flows of
Brazos Basalt contain sparse xenocrysts of quartz and plagio-
clase. The Brazos Basalt, which is well west of the Rio Grande
depression, is slightly higher in U and Th contents than
otherwise petrographically similar alkalic basalts along the
west edge of the San Luis Valley and in the Rio Grande gorge
(fig. 3B).

Mount Taylor area

Petrologically diverse Pliocene and younger basalts occur in
the vicinity of Mount Taylor (Lipman and Moench, 1972),
near the south margin of the Colorado Plateau, about 50 km
west of the Rio Grande depression (fig. 1).

The oldest basalts in this area are flows and necks, mainly
low-silica nepheline-normative alkali-olivine basalt (fig. 2B),
that were emplaced prior to the formation of the Mount
Taylor stratovolcano. Flows of intermediate age (mesa ba-
salts), which now cap erosional mesas around Mount Taylor,
consist of silicic alkalic basalt that is generally similar in
mineralogy, texture, and major-oxide composition to basalts
of the San Juan Mountains and Tusas Mountains (fig. 2).
Pleistocene and Holocene basalts of the Mount Taylor area,
which occur near modern drainage levels, include both alkalic
and tholeiitic types. Diktytaxitic olivine tholeiites that are
similar to the tholeiitic basalts of the Rio Grande depression in
mineralogy, texture, and major-oxide composition occur
around the southwest, south, and southeast margins of the
Mount Taylor area (Lipman and Moench, 1972; Renault,
1970). Late alkalic basalts, some sufficiently low in silica to be
nepheline normative, are closely associated with olivine
tholeiites in the Zuni Mountains, about 30 km southwest of
Mount Taylor (Renault, 1970; Kudo and others, 1971;
Laughlin and others, 1971).

These diverse basalts in the Mount Taylor area are pre-
dictably variable in K, Th, and U contents (fig. 3B; table 1),
but at any K content, both Th and U are distinctly higher than
for basalts near or within the Rio Grande depression (fig. 34).
Especially striking are the distinctly separate fields for the
olivine tholeiites from the two areas, and also the virtually
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complete separation of the two groups of silicic alkalic basalts
(fig. 3B). The low-silica alkalic basalts from the Mount Taylor
area are especially rich in Th and U; no petrologically
comparable basalts occur within or near the Rio Grande
depression to the east.

Cimarron Mountains area

On the east side of the Rio Grande depression, a large basalt
field that extends from near Wagon Mound, N. Mex., across
the Cimarron Mountains, to the flank of the southern Sangre
de Cristo Mountains (fig. 1), is virtually unstudied except for
reconnaissance geochemical sampling (Kudo and others, 1971;
this report). Most of the flows are late Cenozoic, as indicated
by limited erosional dissection, but no radiometric ages are
available, These basalts are mostly silicic alkalic types (fig. 2C),
similar in texture and mineralogy to those of Los Mogotes
volcano, the Tusas Mountains, and the mesas of the Mount
Taylor area. Although a few of the samples analyzed for this
study have diktytaxitic textures, megascopically resemble the
tholeiites of the Rio Grande depression, and plot marginally
within the field of Hawaiian tholeiitic basalts (fig. 2C), none
are as low in alkalis and other dispersed elements as the
tholeiites of the depression. In contents of K, Th, and U,
basalts of the Cimarron Mountains are rather like the silicic
alkalic basalts of the Mount Taylor area: they are distinctly
enriched in U and Th at any given K content, in comparison
with otherwise similar rocks within or near the Rio Grande
depression (fig. 34). Xenocrystic basaltic andesites, which are
common in the western Cimarron Mountains, contain excep-

tionally high K, Th, and U contents.
High Plains of northeastern New Mexico

The large area of Pliocene to Holocene basaltic lavas in
northeastern New Mexico (fig. 1) has been described by Lee
(1922), Collins (1949), Stobbe (1949), Baldwin and Muehl-
berger (1959), Aoki (1967b), and Stormer (1972). The older
basalts cap high mesas and have been extensively eroded, but
the younger basalts follow present drainages and are only
slightly eroded. Several of the older flows have yielded K-Ar
ages of 7—8 m.y. (Stormer, 1972). One of the youngest
basaltic centers of this area, Capulin cone, was active between
8,000 and 2,500 B.C. (Baldwin and Muehlberger, 1959).

These basalts can be divided into several groups on the basis
of petrology and age. The oldest, the Raton Basalts of Collins
(1949), are mostly silicic alkalic basalts similar in chemistry
and petrography to the basalts of the San Juan Mountains and
the mesa basalts of the Mount Taylor area (fig. 2). The
intermediate-age Clayton Basalts of Collins (1949) consist in
part of silicic alkalic basalt similar to the Raton Basalts, but
they also include distinctive highly alkalic basalts low in silica
and containing feldspathoids in the groundmass. These feld-
spathoidal basalts are generally like the nepheline-normative
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early basalts of the Mount Taylor area (fig. 2B), but some are
even more mafic and alkalic, with silica contents of 40 percent
or less. The youngest lavas, the Capulin Basalts of Collins
(1949), are silicic alkalic basalts chemically and petro-
graphically similar to the Raton Basalts. These flows contain
olivine phenocrysts, and some flows from Capulin cone
contain abundant xenocrysts of quartz and plagioclase.

All these High Plains basalts are rich in Th and U, in
comparison with otherwise petrologically similar basalts nearer
the Rio Grande depression (fig. 3). The feldspathoidal Clayton
Basalts are the most enriched, containing as much as 30.0 ppm
Th and 7.2 ppm U, but even the more ordinary silicic alkalic
flows of Clayton Basalts are much higher in these elements
than any of the basalts near the Rio Grande depression. The
Raton and Capulin Basalts, which are restricted to western
parts of the High Plains basalt field, have contents of Th and U
that are intermediate between those of the Clayton Basalts and
basalt fields nearer the Rio Grande depression (fig. 3). The
Clayton Basalts that are lowest in K, Th, and U have
fine-grained diktytaxitic textures, generally resembling some
tholeiites of the Rio Grande depression, but the Th/K and
most of the U/K ratios of these Clayton Basalts are much
higher (fig. 3C; table 1).

DISCUSSION

The most interesting general feature of the distribution of K,
Th, and U in basalts of the southern Rocky Mountain region is
the increase in Th and U with respect to K with distance from
the Rio Grande depression. The volumetrically predominant
olivine tholeiites of the depression have the lowest K, Th, and
U contents of any basalts in the region. The less abundant
alkalic basalts and xenocrystic basaltic andesites of the western
Rio Grande depression have higher contents of these elements
but the Th/K and U/K ratios remain very low, averaging about
1.7X107* and 0.5X107*, respectively (table 1).
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Away from the Rio Grande depression, tholeiitic rocks low
in K, Th, and U are rare in the southern Rocky Mountain
region. The only major exception would seem to be the olivine
tholeiites south of Mount Taylor, which are similar to
tholeiites of the depression in texture, mineralogy, and
major-oxide chemistry (fig. 2B), but which have distinctly
higher average Th/K and U/K ratios, about 3.1X107* and
1.1X10* (table 1, fig. 3). The presence of tholeiitic basalts
near Mount Taylor has been interpreted as related to the
structural discontinuity between the Colorado Plateau and
Basin and Range provinces (Lipman, 1969; Lipman and
Moench, 1972). Compositionally transitional basalts with
diktytaxitic textures, that are low-potassium components of
the basalt suites in the Cimarron Mountains and in the Clayton
Basalts on the High Plains, are also distinctly enriched in Th
and U relative to K, in comparison with similar-textured
tholeiites of the Rio Grande depression (fig. 3).

These large variations in K, Th, and U contents and ratios
between suites of olivine tholeiites from different geographic
regions, and similar variations between suites of silicic alkalic
basalts from different regions, permit distinctions among
basalt suites that are very similar in texture, mineralogy, and
major-oxide chemistry.

The silicic alkalic basalts that are the dominant type in the
southern Rocky Mountain region all have higher K, Th, and U
contents than the tholeiitic basalts. In addition, the Th/K and
U/K ratios of these basalts increase with distance from the Rio
Grande depression (table 1). The lowest ratios of these
elements occur in the basalts of Los Mogotes volcano on the
west margin of the Rio Grande depression and in the sparse
similar silicic alkalic basalts interlayered with the tholeiitic
basalts farther south within the depression (fig. 34). Concen-
trations and ratios of these elements increase westward across
the San Juan volcanic field: preliminary results of our
minor-element studies, currently in progress on western San

Juan basalts, indicate average U/K and Th/K ratios of 0.86 and

Table 1.—Averages and ranges of Th/U, U/K, and Th/K in basalts of the southern Rocky Mountain region
[Data from table 2; U/K and Th/K ratios X10°* ]

No. of
Area and rock type samples Th/U U/K Th/K

Rio Grande depression:

Tholeiitic basalts ... .................... 31 2.7 (1.9-3.8) 0.64 (0.51-1.1) 1.7 (1.3-2.3)

Alkalicbasalts . ............. ... ... .. 9 3.4 (2.7-3.8) .45 (.28—.67) 1.6 (1.0-2.3)

Xenocrystic basaltic andesites ............. 12 4.0 (2.9-4.6) 46 (.27—.63) 1.8 (1.2-2.3)
S‘outheastem San Juan Mountains. ............ 18 2.9 (1.5-4.6) .51 (.30—-.67) 1.5 (.87-2.1)
Tusas Mountains ... ....................... 10 3.7 (3.0-4.3) .67 (.56—.83) 2.5 (2.2-2.9)
Mount Taylor area:

Early alkalic flows and necks. ............. 4 3.3 (2.9-3.6) 14 (.87-2.0) 4.8 (2.8-7.0)

Mesabasalts. . ......................... 17 4.2 (2.3-9.2) .75 (.33-1.3 2.9 (2.1-3.3)

Late tholeiitic basalts. . .................. 10 2.8 (2.5-3.6) 1.1 .87—1.3{ 3.1 (2.4-3.6
 Late alkalicbasalts. ..................... 3 2.3 (2.2-25 1.1 (.92-1.2 2.4 (2.1-2.7
Cimarron Mountains . . ..................... 11 4.0 (2.5-6.4 .79 .48-—1.6; 31 (1.7-4.8
High Plains:

Raton Basalts. . ... .oovrneeeennnnnn. ., 8 3.1 (2.3-4.1) 1.6 (.69-2.9) 50 (1.8-12.2

ClaytonBasalts ........................ 23 4.5 53.2—9.4 23 (.35-7.6 9.4 (2.5-26.4

CapulinBasalts ........................ 14 2.9 (2.5-4.4 1.2 (.86—1.6% 3.6 52.8—4.5)
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2.8, respectively, for these rocks (compare with table 1). These
ratios also are higher in the silicic alkalic basalts of the
Cimarron and Tusas Mountains, east and west of the Rio
. Grande depression, respectively; they are even higher in the
otherwise petrologically similar mesa basalts of the Mount
Taylor area and Capulin Basalts 6f the High Plains at greater
.- distances-from the Rio Grande depression. Extremely high Th
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and U contents—as much as 30 and 7 ppm, respectively—and
high Th/K and U/K ratios occur only at large distances from
the Rio Grande depression; on the High Plains to the east and
at Mount Taylor on the southeastern Colorado Plateau. High
Th/K~and U/K ratios characterize basalts of the western
Colorado Plateau region (fig. 44), as noted by Best, Hamblin,
and Brimhall (1966, 1969) and Best and Brimhall (1970); the
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Figure 4.—Comparisons of K and Th contents of basalts of the southern Rocky Mountain region with mafic volcanic rocks from other regions,
Plots of K and U also show similar patterns for these regions. Empirically estimated field boundaries for basalts of the Rio Grande
depression (RG), basalts west of the depression (W), and basalts east of the depression (E) are taken from figure 3.

A. Western Grand Canyon region, Data are from Best, Hamblin, and Brimhall (1966) and Embree (1970).
B. Oceanic-island and island-arc basalts. Data are from Heier and Rogers (1963), Heier, McDougall, and Adams (1964 ), Heier, Compston,
and McDougall (1965), Tatsumoto (1966a, b), Gottfried, Moore, and Campbell (1963), and Hedge and Knight (1969).
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western Colorado Plateau basalts seem generally petrologically
similar to basalts of the Mount Taylor and High Plains areas
discussed in this report.

Large variations in U and Th contents and ratios within
some individual lava flows have been interpreted as related to
oxidation and leaching processes (Watkins and Haggerty, 1967,
Watkins and others, 1967; Heier and Rogers, 1963), but
processes of this type seem unlikely to have affected signifi-
cantly the basalts studied here. Paired samples of black cinders
(reduced) and red cinders (oxidized) from four individual
cinder cones differ only slightly in Th, K, and U contents or
ratios (table 2, Nos. 45-47, 160-161, 164—165, and
165-166). A detailed study by Embree (1970) also found
only insignificant lateral variation and only slight vertical
variation within a single large basalt flow in the western Grand
Canyon region.

The Th/K and U/K ratios of basalts of the southern Rocky
Mountain region vary by more than an order of magnitude
(table 1), a larger range than has previously been reported for
basaltic rocks in general (Heier and Rogers, 1963). The
geochemical coherence of these elements seems less ideal than
previously thought, and the present data show a closer
coherence between Th (and U) and Sr (fig. 5) than between Th
(and U) and K (fig. 3). The highest Th/K and U/K ratios of the
basalts approach those of lunar basalts (Fanale and Nash,
1971) and terrestrial ultramafic rocks (Fisher, 1970), although
the concentrations of these elements are much greater in the
basalts of the southern Rocky Mountain region.
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The Th/U ratios are also quite variable, although less so than
the Th/K or U/K ratios (table 1). In general, the most alkalic
basalts have the highest Th/U ratios, and the tholeiitic rocks
have low ratios. Significant exceptions are the late alkalic
basalts of the Mount Taylor area, which have atypically low
Th/U ratios, apparently because of anomalously high U
contents. These variations in Th/U ratios in basalts of the
southern Rocky Mountain region are interesting, as most of
the values are below the estimated mantle ratio (3.9—4.1)
required to generate observed ranges of Pb-isotopic composi-
tions through time (Russell and Farquhar, 1960; Patterson and
Tatsumoto, 1964). In the ocean basins, the ridge tholeiites also
have lower Th/U ratios than the more alkalic island basalts,
and the Th/U ratios of the ridge tholeiites are too low to have
generated their observed Pb-isotopic ratios (Tatsumoto,
1966a). Sparse available Ph-isotopic data (Doe and others,
1969) suggest the possibility of a similar relation for the low
Th/U basalts of the southern Rocky Mountain region. Either
the mantle underlying the southern Rocky Mountain region
has been variably depleted in Th relative to U by pre-late
Cenozoic events, or varying conditions of melting during gen-
eration of the upper Cenozoic basalts were capable of signifi-
cantly fractionating the Th/U ratios.

The variations in K, Th, and U are parallel to the
major-oxide chemical variations of the southern Rocky Moun-
tain basalts, which become generally more alkalic away from
the Rio Grande depression (Lipman, 1969; Kudo and others,
1971): basalts and basaltic andesites of alkalic affinities were
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data), which are by emission-spectrographic methods.
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erupted east and west of the depression concurrently with its
formation, and tholeiitic basalts filled parts of the depression
late in its history. Nepheline-normative alkalic basalts occur
only at distances of about 100 km or more from the
depression. Extremely alkalic rocks are present in the interior
of the Colorado Plateau (Williams, 1936) and on the High
Plains (Clayton Basalts). Thus, the increasing Th/K and U/K
ratios of the basalts of the southern Rocky Mountain region
correlate well with alkalinity of the basalt suites. This
correlation is probably valid for basalts in general. A similar
increase in Th and U in basalts across Japan, as the basalts
change from tholeiitic to alkalic (Kuno, 1959; Sugimura,
1960), was noted by Heier and Rogers (1963), and systematic
correlation between Th and U contents and alkali-lime indices
has been demonstrated for igneous suites in general by Tilling
and Gottfried (1969, fig. 6).

The overall range in compositions, both major oxides and
minor elements, in basalts of the southern Rocky Mountain
region is large and encompasses virtually the entire known
range of oceanic-island or other continental basalts (Hedge and
Lipman, 1972). This similarity seems especially evident for the
K, Th, and U data (fig. 4), although adequate analyses are
sparse for many regions. The only conspicuous exceptions are
the oceanic ridge tholeiites, which are extremely low in
elements such as K, Th, U, Sr, Rb, and Ba (Engel and others,
1965; Tatsumoto, 1966a; Kay and others, 1970), and even
here the tholeiitic basalts of the Rio Grande depression are
transitional toward the ridge tholeiites (Cohen and others,
1967; Lipman, 1969), containing contents of these minor
elements as low as or lower than most Hawaiian or Japanese
tholeiites (fig. 4B; Hedge and Lipman, 1972). The low-silica
alkalic basalts of the High Plains and the Mount Taylor areas
are generally similar to the nepheline-normative alkalic basalts
of oceanic islands. The silicic alkalic basalts, although generally
similar in elemental composition to hawaiites and mugearites
of oceanic islands, form a significantly greater proportion of
the total basalt accumulation in the southern Rocky Moun-
tains, and for that matter throughout the Western United
States (Lipman, 1969; Leeman and Rogers, 1970).

The diversity of basalt types in the southern Rocky
Mountain region seems most plausibly interpreted as related to
depth of magma generation (Lipman, 1969; Lipman and
Moench, 1972; Stormer, 1972). The general trends of chemical
variations from tholeiitic to nepheline-normative alkalic
basalts, involving increase of alkalis as silica decreases, cannot
be produced by crystal-liquid fractionation at low pressures
(Powers, 1935; Yoder and Tilley, 1962). Furthermore, com-
positional variations within basalt sequences related to some
individual centers, such as Los Mogotes volcano, cannot be
accounted for by addition or subtraction of the low-pressure
phenocryst phases present in the basalts, and seemingly must
also be due to high-pressure fractionation (P. W. Lipman and
C.E. Hedge, unpub. data). It therefore appears likely that
much of the chemical variation among basalts of the southern
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Rocky Mountain region reflects fundamental differences in the
conditions of magma generation at depth in the source area,
presumably in the mantle. Either the source area differs in
composition roughly symmetrically across the area of the Rio
Grande depression or, more likely, the pressure-temperature
conditions of magma generation vary symmetrically across the
region.

Crystallization experiments on basalts at high pressures
(Green and Ringwood, 1967; Green, 1968; Kushiro, 1968)
have shown that basaltic magmas can be generated by partial
melting of probable mantle constituents and that the compo-
sition of the basaltic melt is determined by the depth of
melting and the depth at which the melt last equilibrates with
the refractory residium (O’Hara and Yoder, 1967). Experi-
mental fraction trends at different pressures suggest that
tholeiitic basalt should be generated at lesser depths than
alkalic basalt, and these relations have been cited to interpret
the origin of compositionally varied basalt associations in the
Western United States like those of the southern Rocky
Mountain region (Wise, 1969; Leeman and Rogers, 1970;
Condie and Barsky, 1972) and also to account for basalt
variations in oceanic areas (Kuno, 1959, 1968; Jackson and
Wright, 1970).

Effects of sialic crustal contamination on basalts of the
southern Rocky Mountain region, although locally significant
in affecting concentrations and isotopic compositions of some
elements (Doe and others, 1969; Laughlin and others, 1972),
seem generally to have played an insignificant role in genera-
tion of the diversity of basalt types. In the present study the
rocks with the highest Th and U contents are the low-silica
alkalic basalts; these high Th and U values cannot be due to
contamination by sialic crust, which would have concurrently
increased the silica contents of these basalts. Interpretation of
Sr data leads to similar conclusions: the rocks richest in U and
Th also have the highest Sr contents—as much as 2,500 ppm
Sr, in contrast with 250—300 ppm Sr in the Th- and U-poor
olivine tholeiites (C. E. Hedge, written commun., 1971)—but
contamination by any plausible crustal material would lower
the Sr concentration in these basalts, not increase it. The
Sr-poor rocks should also be much more sensitive to effects of
contamination than the Sr-rich rocks, yet the Sr®7/Sr®  ratios
of the most Srrich Clayton Basalts of the High Plains
(0.7041—0.7049; four samples) bracket the radiogenic Sr of
the Sr-poor tholeiitic basalts of the Rio Grande depression
(0.7042—0.7048; four samples); data from Hedge and Lipman
(1972 and unpub. data).

Perhaps the slightly high Th/K and U/K ratios of the
xenocrystic basaltic andesites of the Rio Grande depression, in
comparison with silicic alkalic basalts from the same area (fig.
24), are due to effects of sialic crustal contamination, as
Pb-isotopic comparisons of similar rocks show significant
differences (Doe and others, 1969). However, the origin of
such xenocrystic rocks is in doubt. In addition to possible
derivation from Precambrian sialic crust, they may represent
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disequilibrium remnants from high-pressure crystallization in
the upper mantle (Nicholls and others, 1971) or result from
mixing with phenocryst-bearing rhyolitic magma, as can be
demonstrated for a few small basalt rhyolite mix-lava com-
plexes in the southeastern San Juan Mountains (Lipman,
unpub data).

Table 2.—Analyses of K, Th, and U in basalts of the southern Rocky

Mountain region

Field
Th K U Th
h —
No. sumple  (pom) (ppm) (pereent) MY &5057 K16
Rio Grande depression—tholeiitic basalt
1. 68L-10..... 0.51 1.02 0.62 1.99 0.82 1.65
2. 14A ... .36 .81 60 2.25 .60 1.35
3. 14B.... .36 .83 53 231 .68 1.57
4. .14C ... .36 .86 55 239 .65 1.56
5. 14D ... .38 1.17 .71 3.08 .54 1.65
6. 14E ... 50 1.21 7 242 .65 1.57
7. 14F .. 38 1.27 .69  3.34 .55 1.84
8. 14G . 39 130 68 3.33 .57 191
9. 14H . 38 1.29 75 3.39 51 1.72
10. 18B4 | .29 .81 .53 2,79 .55 1.53
11, 19..... 52 142 62 273 .84 2.29
12. 111, .23 .52 32 2.26 .72 1.62
13. 112. .32 .63 .38 1.97 .84 1.66
14. 13.... .37 .79 62 214 .60 1.27
15. 114.. .29 .88 .51 3.03 .57 1.73
16. 119C .26 .80 47 3.08 .55 1.70
17. 119D . 42 1.20 75 2.86 .56 1.60
18. 119E .36 1.03 63 2.86 57 1.63
19. 119F 18 .69 .31 3.83 .58 2.23
20. 119G . .28 .70 .54 250 .52 1.30
21. 120. .. .24 .73 37 3.04 .65 1.97
22. 121.... .27 .63 34 233 .79 1.85
23. 125. . .30 71 42 237 71 1.69
24. 126. . 32 .76 .58  2.38 .55 1.31
25. 127. .24 .64 46 2.67 .52 1.39
26. 128. . .32 .94 42 294 .76 2.24
27. 129.. 34 114 62 3.35 .55 1.84
28. 140.... .32 .62 .30 1.94 1.07 2.07
29, 145A .. .31 .89 .59 287 .53 1.51
30. 145B .. .35 1.00 .61 2.86 .57 1.64
31. 147.... .38 .79 45 2.14 .82 1.76
Rio Grande depression—alkalic basalt
32, 68L-116.... 0.76 2.62 1.24 345 0.61 2.11
33. 119A .. 65 217 1.43 3.34 45 1.52
34. 119B .. .64 217 1.40 3.39 46 1.55
35. 137.... .57 1.59 1.70 2.79 .34 .94
36. 138.... .81 3.10 1.57 3.83 .52 1.97
37. 139.... .79 295 2,27 3.73 .35 1.30
38. 141.... .50 171 75 342 .67 2.28
39. 142.... 42 141 1.04 3.36 40 1.36
40. 146.... .45 1.64 1.63 3.64 .28 1.01
Rio Grande depression—xenocrystic basaltic andesite
41, 67L-102.... 0.77 4.29 1.94 5.56 0.40 2.21
42. 68L-115.... .74 2.83 1.64 3.82 .45 1.73
43. 117.... .69 2.68 1.21 3.88 .57 2.21
44, 118.... 91 3.55 1.58 3.90 .58 2.25
45. 122A .. .86 2.83 2.28 3.29 .38 1.24
46. 122B1 . .63 2.93 2.36 4.65 .27 1.24
47. 122B2 . .74  2.98 2.39  4.03 31 1.25
48. 123.... 92 3.63 2.05 3.95 45 1.77
49. 13L... 1.09 3.17 1.72 291 .63 1.84
50. 143A .. .88 4.05 1.80 4.60 49 2.25
Sl. 143B .. 1.03 3.49 1.65 3.39 .62 2.12
52. 144.... 80 299 1.73 3.74 46 1.73
Southeastern San Juan Mountains

53. 67L-12..... 0.71. 2.08 1.53 293 0.46 1.36
54. 13..... .59 1.73 1.48 2.93 .40 1.17
55. 16..... 54 2,04 1.01 3.78 .53 2.02
56. 103.... .42 1.91 1.40 4.55 .30 1.36
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Table 2.—Analyses of K, Th, and U in basalts of the southern Rocky
Mountain region—Continued

Field
U Th K U Th
e- swﬁ‘gle (ppm) (ppm) (percent) ™V FxT57F K107
Southeastern San Juan Mountains—Continued
57. 68L-16A ... 0.69 217 1.20 3.14 0.58 1.81
58. 16B... .72 219 1.21  3.04 .60 1.81
59. 17B2 .. .48 1.76 1.30 3.67 .37 1.35
60. 134A .. .68 1.78 1.01  2.62 .67 1.76
61. 134B .. .68 1.77 1.01  2.60 .67 1.75
62. 134C .. 85 1.91 1.27 2.25 .67 1.50
63. 134D .. .73 1.97 1.32 270 .55 1.49
64, 134E .. 90 1.38 1.59 1.53 .57 .87
65. 134F .. .65 1.67 1.36 2,57 A48 1.23
66, 134G .. .70 1.79 1.38 256 .51 1.30
67. 134H.. .78 217 1.40 2,78 .56 1.55
68. 1341... .83 1.78 1.35 2.14 61 1.32
69. 135.... .58 1.69 1.44 291 40 1.17
70. 136.... .44 1.89 90 4.30 49 2.10
Tusas Mountains
71. 68L-92..... 0.51 2.09 0.91 4.10 0.56 2.30
72. 93..... 143  6.20 223 4.34 64 2.78
73. %M..... 1.58 6.25 2,28 3.96 .69 2.74
74. 95..... 50 181 .83 3.62 .60 2.18
75. 9%..... 710 252 1.10 3.55 .65 2.29
76. 97..... 1.62  6.55 2.25 4.04 72 2.91
77. 98..... 1.96 6.86 2.35 3.50 .83 2.92
78. 92..... 57 175 .79 3.07 72 2.22
79. 100. .89 3.51 1.61 3.94 .55 2.18
80. 101. 63 2.04 83 3.24 .76 2.46
Mount Taylor area—early alkalic flows and necks
81. 68L-202A .. 0.99 3.14 1.14 3.7 0.87 2.75
82. 202B .. 1.53 5.35 .77 3.50 1.99 6.95
83. 215.... 247 7.10 1.96 2.87 1.26 3.62
84. 217.... 151 5.48 98 3.63 1.54 5.59
Mount Taylor area—mesa basalts
85. 68L-7TA.... 1.07 5.42 1.75 5.07 0.61 3.10
86. 7B(2).. .83 3.69 1.12 445 .74 3.29
87. 7C..... .79 3.14 1.22 3,97 .65 2.57
88. .... .76 3.56 1.40 4.68 .54 2.54
89. 200A .. .73 3.54 1.27 4.85 .57 2.79
90. 200B .. .73 4.06 1.24 5.56 .59 3.27
91. 200C .. .73 442 1.36  6.05 .54 3.25
92, 200D .. 1.14 3.58 1.70 3.14 .67 2.11
93. 201A .. 1.84 4.33 1.42 235 1.30 3.05
94. 201B .. 1.87 4.52 147 242 1.27 3.07
95. 201C .. 1.03 3.97 1.27 3.85 .81 3.13
96. 202C .. .49 4.52 1.49 922 .33 3.03
97. 202D .. 117 4.25 1.31 3.63 .89 3.24
98. 203.... 1.09 3.78 1.18 347 92 3.20
99, 205.... .89 3.05 1.06 3.43 .84 2.88
100. 216A .. 1.05 3.54 1.36 3.37 77 2.60
101. 216B .. 1.06 3.44 1.34 3.25 .79 2.57
Mount Taylor area—late tholeiitic basalts
102. 68L8...... 044 1.60 0.45 3.64 0.98 3.56
103. 206. 43 1.13 .35 2,63 1.23 3.23
104. 207. 47 1.24 40 2.64 1.17 3.10
105. 208. . .67 195 .61 291 1.10 3.20
106. 209. . 67  1.89 .60 282 1.12 3.15
107. 213. 71 2.03 .65 2.86 1.09 3.12
108. 214. 76 1.92 57 253 1.33 3.37
109. 218. .57 166 51291 1.12 3.25
110. 219.... .62 1.72 62 277 1.00 2.77
111. 220.... .66 1.83 760 2,77 .87 241
Mount Taylor area—late alkalic basalts
112. 68L-210.... 1.16 293 1.16 2.53 1.00 2.53
113. 211.... 1.82 3.92 1.46 215 1.25 2.68
114 212.... 105 243 1.4 231 .92 2.13
Cimarron Mountains
115. 68L-187.... 0.38 1.58 0.71  4.16 0.54 2,23
116 188..... 1.70  4.24 1.07 249 1.59 3.96
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Table 2.—Analyses of K, Th, and U in basalts of the southern Rocky
Mountain region—Continued

N Field U Th K U Th
o.
Sm‘l‘)\j}:’l‘e (ppm) (ppm) (percent) Th/U KXl0—4 Kx10—4
Cimarron Mountains—Continued
117. 68L-189.... 0.76 2.76 090 3.63 0.84 3.07
118. 190.... .64 2.62 1.07 4.09 .60 2.45
119. 191.... .92 3.91 1.73 4.25 .53 2.26
120. "192.... 37 238 .70 6.43 .53 3.40
121. 193.... .62 193 1.12 311 .55 1.72
122. 194.... 212 797 1.96 3.76 1.08 4.07
123. 195.... 1.71 7.86 1.91 4.60 .90 4.12
124, 196.... 1.85 7.86 1.64 4.25 1.13 4.79
125. 228.... .54 210 1.13  3.89 48 1.86
High Plains—Raton Basalts
126. 68L-1A... 1.04 293 1.12 282 0.93 2.62
127. 1B..... 92 282 1.13  3.07 .81 2.50
128. 148.... 4.08 16.92 1.39 4.15 2.94 12.17
129. 149.... 1.50 4.36 1.16 291 1.29 3.76
130. 156A .. 2.99 6.94 1.51 232 1.98 4.60
131. 156B .. 228 7.14 1.02 3.13 2.24 7.00
132. 164.... 1.25 3.25 1.80 2.60 .69 1.81
133. 197.... 127 441 79 347 1.61 5.58
High Plains—Clayton Basalts
134. 68L-151.... 4.54 17.29 1.25 3.81 3.63 13.83
135. 157.... 6.74 23.46 89 348 7.57  26.36
136. 160.... 1.88 847 1.33 4.51 1.41 6.37
137. 165.... 2.73 11.55 96 4.23 2.84 12.03
138. 167.... 7.22 30.02 1.23 4.16 587 2441
139. 168.... 299 1281 .68 4.28 4.40 18.84
140. 169.... 2,55 11.21 91 440 2.80 12.32
141. 170.... 2,59 11.40 1.09 4.40 2.38 10.46
142, 171.... .88 4.93 .80 5.60 1.10 6.16
143. 172.... .73 3.27 73 448 1.00 4.48
144, 174.... 119 4.49 76 3.77 1.57 5.91
145. 175.... .31 2.00 79 645 .39 2.53
146. 176.... .15 141 43 940 .35 3.28
147, 177.... 2,57 8.70 88 3.39 2.92 9.89
148. 178.... 111  4.07 .64  3.67 1.73 6.36
149, 179.... .63 3.20 .63 5.08 1.00 5.08
150. 180.... .82 6.04 78 7.37 1.05 7.74
151. 181.... 2.16 8.16 1.13  3.78 1.91 7.22
152, 182.... 219 8.09 1.18 3.69 1.86 6.86
153. 183.... .76 270 .61 3.55 1.25 4.43
154. 184.... .71 228 55 3.21 1.29 4.15
155. 185.... 197 7.52 .69 3.82 2.86 10.90
156. 186.... 1.83 6.19 91 3.38 2.01 6.80
High Plains—Capulin Basalts
157. 68L-2...... 096 4.18 1.11  4.35 0.86 3.77
158. 152.... 2.72 6.82 1.76 2.51 1.55 3.88
159. 153.... 1.07 3.85 1.12  3.60 .96 3.44
160. 154A .. 2.66 7.15 1.60 2.69 1.66 4.47
161. 154B .. 247 742 1.68 3.00 1.47 4.42
162. 155.... 2.03 596 1.48 2.94 1.37 4.03
163. 158.... 1.08 290 92 2.69 1.17 3.15
164. 159A .. 1.19 3.74 1.03 3.14 1.16 3.63
165. 159B .. 1.15 3.49 1.08  3.03 1.06 3.23
166. 161A .. 118 3.34 98 283 1.20 341
167. 161B .. 111 3.24 1.00 292 1.11 3.24
168. 162.... .86 2.65 89  3.08 97 2.98
169. 163.... 118 291 90 247 1.31 3.23
170. 166.... .79 227 .82 287 .96 2.77

Basalt sample localities and comments:
1. Low cliff, east side of north-trending arroyo, 0.5 km southeast of
San Antonio, Colo.
2-9. Sequence of flow units or separate rapidly erupted lava flows,
from top of section down; nose of ridge between Rio de los
Pinos and Rio San Antonio, 0.4 km southeast of Ortiz,
N. Mex,
10. La Jara Canyon road, 4 km southwest of Capulin, Colo., at bend
in road around low cliff of basalt.
11. South of road intersection, 1.5 km south of Capulin, Colo.

POTASSIUM, THORIUM, AND URANIUM, SOUTHERN ROCKY MOUNTAINS

12. 1.6 km east of U.S. Route 285 on gravel road; lat 36°58’ N., long
105°59’ W.; at spot elevation 8,073 ft. Especially coarse
grained.

13. Same road 5 km east of U.S. 285; 36°57' N., 105°56’ W.; at spot

elevation 7,953 ft. Zeolite vesncle coatings.

14. Same road, about 9 km east of U.S. 285;36°57' N., 105°54' W.;

west side of small hill with spot clevation 7,967 ft.

15. Road through saddle about 2 km west of No. 13; at 8,050 ft on

west side of 8,113-ft hill. Relatively dense and fine grained.

16—20. Rio Grande gorge at Dunn Bridge; sequence of five flows,
from base up. Lowest flow (Nos. 33—34) is alkalic basalt.

21. Road to Dunn Bridge, at first main arroyo, about 4.5 km

southeast of intersection with N. Mex. 111.
22. Along N. Mex. 111, about 0.5 km southeast of intersection with
Dunn Bridge road; first roadcut.

23. Roadcut, U.S. 285, west of La Segita Peaks, 0.2 km south of

spot elevation 8,460 ft.

24. N.Mex. 111, 1.3 km east of Tres Piedras intersection, at Arroyo

Aguaje de la Petaca.
25. Roadcut, U.S. 285, at arroyo 4.5 km northeast of Cerro Mojimo.
26. South slope of Cerro Mojimo, at about 7,750-ft elevation. Cerro
Mojimo is a small tholeiitic shield volcano.

27. Roadcut, U.S. 285, 2 km south of Stong, N. Mex.

28. Lower flow, Arroyo Aguaje de la Petaca, along gravel road 1.5

km northeast of Red Hill,

29-30. Lower and upper flows in roadcut, U.S. 285, 0.2 km north
of Arroyo Aguaje de la Petaca, 0.9 km north of No Agua
mill road.

31. Rio Grande gorge bridge, N. Mex. 111, west abutment.

32. Southeast Pinabetoso Peak; thin lava flow interlayered with

cinders in dissected remnant of old cone.

33—34. Rio Grande gorge at Dunn Bridge; base and top of lowest
flow, overlain by tholeiitic flows (Nos, 16—20).

35. Red Hill, flow on north ridge at 8,560 ft.

36. Red Hill, red cinders from most northwesterly prospect on east

side, at about 8,560 ft.

37. Same locality as No. 28, upper flow; zeolitic vesicle linings.

38. Los Cerritos de la Cruz, northwest cone; cinders from pit on

southeast side at about 9,020 ft.

39. Los Cerritos de la Cruz; flow in arroyo 0.9 km southeast of

northwest cone, at 8,850-ft elevation.

40. Roadcut, U.S. 285, west of No Agua Peaks, 0.2 km north of

Bareta Canyon. Fine-grained dense texture,
41. Mouth, Ra Jadero Canyon, west of La Jara, Colo.; same locality
as analyzed sample (Lipman, 1969, table 1, No. 7).

42. Same locality as No. 15; from top of hill, Uncertain whether

older or younger than flanking tholeiitic flows.

43. Crest of north La Segita Peak.

44. North La Segita Peak, south slope at 8,540 ft. Flattened vesicles

partly filled by zeolite,

4547, Cinder cone at northeast base of San Antonio Mountain, No,
45, black cinders; Nos. 46—47, two different horizons of
red cinders.

48. Northeast side of San Antonio Mountain; flow along road to

cinder qll)xarry, at about 8,340-ft elevation.

49. Flow on Petaca Mesa; talus block along road about 1.0 km north

of Petaca, N. Mex.

50-51. Los Cerritos. de la Cruz, east slope of south cone at about
8,900 ft. No. 50, upper flow, is rather oxidized; No. 51,
lower flow, appears less oxidized but has zeolite-coated
vesicles.

52. Flow, 1.5 km northeast of south cone, Los Cerritos de la Cruz,

knob south of road; probably erupted from this cone.

53. Southeast flank of Los Mogotes volcano, top flow on mesa rim,

along road, 2.5 km northwest of Mecntas Colo.

54. Flow at base of dissected main cone, along road, about 1 km east

of central peak.

55. North rim of crater; fairly coarse interior of dense flow.

56. Ridge south of Ra Jadero Canyon, west of La Jara, Colo.; knob

east of logging road, at about 8,850 ft.

57—58. Lower La Jara Canyon, lower and upper parts of lowest
flow, mouth of Vicente Canyon. May not have been
erupted from Los Mogotes volcano.

59. Lower La Jara Canyon, middle flow; along road about 3.5 km

northeast of locality 57—58.

60—68. Sequence of nine flows, from top down, on south mesa rim
about 5 km west of Mecitas, south flank of Los Mogotes
volcano.

69. Flow along road, east flank of main cone; about same locality as

54

70. F lov'/ on north crater rim; about same locality as 55.



71.
72.
73.
74.
75.
76.

717.

LIPMAN, BUNKER, AND BUSH

Tierra Amarilla flow; roadcut, U.S. 84, at 7,400-ft elevation, just
south of Park View, N, Mex.

Cebolla flow; along logging road at 8,750 ft, about 6 km east of
Cebolla, N. Mex.

Cebolla flow; along logging road at about 8,500 ft, about 5 km
east of Cebolla, N, Mex.

Tierra Amarilla flow; north of road (N. Mex. 112), 1.0 km
northeast of La Puente, N, Mex.

Til;:rra Amarilla flow; along N. Mex. 112, 2.2 km southwest of La

uente,

Agua Fria flow; south of road, about 1 km west of junction of
Rito de Tierra Amarilla and Rito de Agua Fria. Rather
vesicular,

Agua Fria flow; about 1 km above mouth of Rito de Agua Fria.

78—80. Cluster of cinder cones, about 4 km southeast of Brazos

100.
101.
102,
103.

104.
105.

106.

107,
108.

109.
110.

111.

112.
113.

114.
115.
116.
117.
118.
119.

120,
121,

122,
123,

Box. No. 78 is agglutinate spatter from near the crest of
the west cone; No. 79 is a flow on the southwest side of
the north cone; and No. 80 is a flow on the west side of
the east cone,
Flow 1; see Lipman and Moench (1972, table 1, No. 1).
Flow 2; see Lipman and Moench (1972, table 1, No. 2).
Pica)lcho Peak plug; see Lipman and Moench (1972, table 1, No.
4).
Flow 2; see Lipman and Moench (1972, table 1, No. 3).
Flo)w 4; same locality as Lipman and Moench (1972, table 1, No.
.
Flow 6; see Lipman and Moench (1972, table 1, No. 7).
Flow 8; sce Lipman and Moench (1972, table 1, No. 8).
Fl&)w %3; same locality as Lipman and Moench (1972, table 1,
0. 7).
Flow 37 Rio Paguate, about 1 km northeast of Evans Ranch.
Flow 5? Same locality as 89.
Flow 6; same locality as 89.
Flow 87 Same locality as 89.
Flow 9; see Lipman and Moench (1972, table 1, No. 9).
Flow 11; see Lipman and Moench (1972, table 1, No. 10).
Flow 4? See Lipman and Moench (1972, table 1, No. 6).
Flow 4; see Lipman and Moench (1972, table 1, No. 5).
Flow 5; same locality as 96.
High basalt of La Jara Mesa: Lobo Canyon road, San Mateo
quadrangle,
Ball\?a.lt of) Horace Mesa; see Lipman and Moench (1972, table 1,
o. 11).
Flow 12; see Lipman and Moench (1972, table 1, No. 12).
Flow 13; see Lipman and Moench (1972, table 1, No. 13).
Laguna flow at Laguna, N. Mex., just east of bridge across Rio
San Jose.
Bluewater flow; roadcut, U.S. 66, about 1.5 km west of
Anaconda mill.
Bluewater flow; see Lipman and Moench (1972, table 1, No. 16).
Fine-grained vesicular flow, southeast end of Zuni uplift; N. Mex.
53, at about 6,800-ft elevation.
Olivine-rich flow, N. Mex. 53, at about 7,250 ft just east of
Continental Divide.
McCarty flow; see Lipman and Moench (1972, table 1, No. 15).
McCarty flow; roadcut, U.S. 66, 11 km southeast of Grants,
north end of Las Ventanas Ridge.
Laguna flow; see Lipman and Moench (1972, table 1, No. 14).
Dill}tgtg)éitic flow; N. Mex. 6, 8 km southeast of intersection with
Fine-grained porous flow with large olivine phenocrysts; N. Mex.
6, about 10 km east of Rio Puerco.
Roadcut, N. Mex. 53, just west of Continental Divide.
Junction of Zuni and La Jara Canyons; flow came down La Jara
Canyon,
Zl]1r71i Canyon flow; see Lipman and Moench (1972, table 1, No.

17).

High flow, U.S. 85, 1.5 km north of Wagon Mound, N, Mex,

High flow, in quarry 2 km east of Wagon Mound.

Maxson flow, roadcut, U.S. 85, at hillcrest southeast of Maxson
crater.

Dense basalt, probably welded spatter; eroded cinder cone 0.5
km north of N. Mex, 120, 13 km northwest of Wagon Mound.

Xenocrystic basalt on low mesa; just north of N. Mex. 120, 1.5
km east of Naranjos, N. Mex.

Diktytaxitic flow; N. Mex, 21, 1 km south of Ocate.

D%nslg fine-grained flow; N. Mex, 21, about 2 km south of Qjo

elix,

Xenocrystic flow; N. Mex. 38, about 3.5 km north of Guada-
lupita.

Basaltic andesite; N. Mex. 38, at pass south of Black Lakes.
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124. Basaltic andesite(?); outlet of Black Lake.
125. L(l{]wl\i;'llow; west of U.S. 85, about 9 km north of Wagon Mound,
. Mex.
126—127. Northwest end of Mesa de Maya, 5 km south of Tobe,
Colo., upper and lower flows.
128. Johnson Mesa, upper flow; roadcut, N. Mex. 72, about 3 km
northwest of Windrow Peak at about 8,000-ft elevation.
129. Johnson Mesa, pressure ridge, top of flow; roadcut, just south of
intersection with N. Mex. 72, 1.5 km west of Windrow Peak.
130—131. Mesa rim, 2.5 km northwest of Capulin cone. No. 130 is
top blocky ledge; 131 is lower ledge of denser and finer
grained basalt. Probably same locality as that of sample
ana::y)zed by Baldwin and Muehlberger (1959, table 4,
RB

132. East rim of Johnson Mesa; first major roadcut, N. Mex. 72, at
about 7,400 ft. Probably same locality as that of sample
analyzed by Aoki (1967b, table 1, No. 1).

133. Beirtlett Mesa; talus block on slope at Raton Pass, rest area on
-25.

134. Flow from Yankee volcano; south of N. Mex. 72 at Yankee,
N. Mex. Approximately same locality as that of samples
analyzed by Lee (1922).

135. Mud Hill cinder cone; small fine-grained dense flow on west side.

136. Purvine Mesa flow; from vent No. 4 (south of main line of cones)
in Purvine Hills,

137. Be(::Hisle Mountain flow; N. Mex. 72, at west boundary of Union

ounty.

138. East Big Hill; N. Mex. 325, about 5 km northeast of Folsom,
N. Mex. May be a dike within the cinder cone,

139. Emory Peak flow; underlies sample 138 at same locality.

140. Emory Peak flow; west end of flow at falls over Baby Capulin
flow. Locality of sample analyzed by Baldwin and Muehlberger
(1959, table 4, EP).

141. Bellisle Mountain flow; N. Mex. 325, about 3 km northeast of
Folsom, N. Mex.

142. Robinson Mountain flow; about 4 km west of Folsom, N. Mex.,
at about 6,400-ft elevation, in tributary of Dry Cimarron
Creek; fine diktytaxitic texture,

143. Jose Butte flow, as mapped by Baldwin and Muehlberger (1959),
but appears continuous with Robinson Mountain flow locality
142; collected 0.5 km upstream from locality 142.

144. Van Cleve flow, at Weatherly Lake; about same locality as that
Zf ‘s,a(lzmple analyzed by Baldwin and Muehlberger (1959, table

145. Gaps flt))w; 5 km south of Weatherly Lake, from scarp west of
road; fine-grained diktytaxitic texture,

146. At road intersection, 1.5 km northeast of Greenville, N. Mex.;
fairly coarse diktytaxitic texture,

147. Flow from Cienquilla del Barro Mountain; at railway cut, 1.5 km
east of Mount Dora, A few large quartz xenocrysts; some
zeolites in vesicles,

148. Flow at Royce; along gravel road, about 0.1 km north of railway,
Some calcite-filled vesicles, Near locality of sample analyzed by
Aoki (1967b, table 1, No. 7).

149. R&ad“'/:[ut, N. Mex. 370, about 3 km northwest of Clayton,

. Mex.

150. Mesa rim flow, south of Clayton Reservoir, on access road.

151. Middle-level flow; N. Mex. 370, about 4 km northwest of Rabbit
Ear Mountain, at 4,900-ft elevation; erupted from Rabbit Ear
vent.

152. High flow; N.Mex. 370, about 1.5 km west of Rabbit Ear
Mountain, at 4,500 ft; erupted from Rabbit Ear vent.

153. C?Vrriﬁ) flow; N, Mex. 56, about 20 km southwest of Clayton,

. Mex.

154. Flow at southeast edge of San Carlos Hills; N. Mex. 56, just west
of Passamonte Ranch,

155. Similar flow; N. Mex. 56, about 4 km east of Gladstone, N, Mex.

156. Hi%hﬁ/li level flow; N. Mex. 56, about 10 km east of Gladstone,

. Mex.

157. Capulin cone; dense flow, at campground on south side of cone.

158. Xenocrystic flow from Capulin cone; roadcut, N. Mex. 64.
groba?ly locality of sample analyzed by Aoki (1967b, table 1,

o. 8).

159. Ca};ulin cone; flow or large block within scoria fall on south side

of cone.

160—161. Capulin cone; scoria fall along road 0.1 km north of crater
parking lot. No. 160 is red cinders; 161, black cinders.
162, Capulin cone; xenocrystic flow on west side; roadcut, N. Mex.

163. Baby 'Capulin; flow on west side of cone, about 0.1 km east of
N. Mex. 325.
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164—165. Baby Capulin; scoria fall, east quarry pit. No, 164 is red
cinders; 165, black cinders.
166—167. Twin Mountain; scoria fall, east quarry pit. No. 166 is red
cinders; 167, black cinders.
168. Flow probably from west Purvine Hill vent; 0.5 km east of Twin
Mountain, on cinder quarry road.
169. Twin Mountain flow; tumulus south of paved road, just north of
Twin Mountain.
170. Baby Capulin flow near toe; along Cimarron River south of
Devoys Peak. Probably near locality of sample analyzed by
Baldwin and Muehlberger (1959, table 4, BC).
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A PRECAMBRIAN DIAMICTITE BELOW THE BASE OF
THE STILLWATER COMPLEX, SOUTHWESTERN MONTANA

By NORMAN J PAGE and RANDOLPH A. KOSKI, Menlo Park, Calif.

Abstract.—The metasedimentary rocks of Precambrian age below the
base of the Stillwater Complex, southwestern Montana, contain a
metamorphosed diamictite similar to diamictite in strata of late
Precambrian and Early Cambrian age in Canada and the Western United
States. The diamictite consists of a quartz-cordierite matrix containing

an average 10—15 percent of rock fragments diverse in shape, size,

angularity, lithologic types, and textures. The diamictite unit is poorly
sorted, crops out discontinuously for 14 miles, and locally has a crude
layering containing dropstones. Its origin is debatable, but the rock is
suggestive of glacial marine deposition. The minimum age of the
diamictite of the complex is 2,750 m.y. from U-Pb determination on
zircon of intrusive quartz monzonite, the maximum 3,140 m.y. as
determined on zircon from metasedimentary rocks interbedded with
the diamictite.

Recently Gabrielse in Canada (1967, 1972) and Crittenden
and others in the Western United States (1971) have called

attention to a widespread but discontinuous diamictite in -

strata of late Precambrian and Early Cambrian age. This
diamictite is commonly interpreted as glacial in origin (Aalto,
1971; Crittenden and others, 1971; Troxel, 1967) and is used
as a synchronous unit for correlation in Western North
America (Stewart, 1972). Similar diamictites occur in the
hornfelsed metasedimentary rocks that form the basement
below the Stillwater Complex of Precambrian age in south-
western Montana. As the age of the diamictite-bearing meta-
sediments by U-Pb determinations of Nunes and Tilton (1971)
on zircon is between 2,750 and 3,140 m.y., these pre-
Stillwater diamictites are not correlative with those in the
upper Precambrian, although they may be similar in aspect and
origin. Because the aspect of the diamictites below the
Stillwater Complex is distinctive, this report presents a
detailed description of the rocks for comparison with other
diamictites. Such rocks might furnish a lithologic basis for
correlation in the older Precambrian strata.

The fragmental rocks, though now hornfelsed, will be
referred to in this paper as diamictite, a term used to describe a
“nonsorted rock of sedimentary origin consisting of sand-size
and (or) larger particles in a mud matrix (modified from Flint
and others, 1960). Diamictites crop out discontinuously along
a northwest trend for 14 or 15 miles, some immediately

adjacent to the Basal zone of the Stillwater, others almost a
mile from the Basal zone (fig. 1). Owing to the complexity of
the geology and the sparsity of outcrops (Page and Nokleberg,
1970), continuity of the diamictite over the extent of the
trend cannot be  proved, but within areas of continuous
outcrop and simple structure, diamictite units 100—200 feet
thick can be traced in the hornfelsed metasedimentary rocks.

Although the stratigraphic sequence within the hornfelsed
metasedimentary rocks is not well established because of the
structural complexity, the recks contain a magnetite-silicate
mineral iron-formation; a blue-gray metaquartzite; a sequence
of layered rocks that contain relict small-scale crossbedding,
graded bedding, and cut-and-fill structures; and sequences of
finely banded rocks. But most of the exposed hornfelses are
massive, structureless rocks. The position of the diamictites in
the sequence is difficult to establish except on a local scale,
but their known occurrences appear to be at the same

stratigraphic- horizon.

The metasedimentary rocks have had a long, complicated
geologic history that includes the following sequence of
events: (1) at least two generations of folding (Page and
Nokleberg, 1972), (2) intrusion and hornfelsing by the basaltic
magma that formed the Stillwater Complex (Jones and others,
(1960), (3) local intrusion by quartz-monzonites and aplites
(Page and Nokleberg, 1970), (4) possible low-grade regional
metamorphism, deformation, faulting, and intrusion of diabase
dikes (Page and Nokleberg, 1972), and (5) normal and thrust
faulting (Jones and others, 1960). Events 1 to 4 occurred in
the Precambrian, event 5 during Laramide time (Jones and

- others, 1.960).-The -geologic: complexity introduced by these

events must be borne in mind throughout the discussion of the
diamictite rocks.

GEOLOGIC OCCURRENCE AND METHODOLOGY

Two of the better exposed and more accessible areas of
diamictite were chosen for study, one near the Mountain View

area; the other at-the.head of -Bobcat-Greek (fig:.1): The. .. - -

Mountain View area was studied by mapping the fragmental
rocks exposed in five roadcuts across a cliff face in Verdigris
Creek on a geologic base map at a scale of 1 inch to 100 feet
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Figure 1.—Geologic sketch map of the Stillwater Complex, Montana, showing occurrences of diamictite. After Page and Nokleberg (1970).

(Peoples and others, 1954) and in greater detail at a scale of 1
inch to 20 feet. This area (fig. 2) was selected for study partly
because it is intruded by noritic rocks of the Basal zone of the
Stillwater Complex. The diamictite forms a layer 100—-150
feet wide between finely layered hornfelses and massive
structureless hornfelses that probably form a limb of a
complex fold. No interfingering between the different rock
types was observed.

Exposures at the Bobcat Creek locality (fig. 1) are in cliffs at
the head of the creek about three-fifths of a mile south of the
Basal zone of the Stillwater Complex. The locality is between
two faults and apparently is part of a continuous unfaulted
section from the Basal zone to the diamictite. A reconstructed
geologic column based on Page and Nokleberg’s map (1970)
indicates that the diamictite is separated from the Stillwater
Complex (fig. 3) by about 2,860 feet of diabase massive
cordierite-orthopyroxene-biotite-quartz-plagioclase  hornfels,
blue metaquartzite, and iron-formation. At this locality the
diamictite, matrix and megaclasts, was examined in nine
subareas totalling more than 1,200 sq ft; all visible fragments
were cataloged.

Other localities shown on the geologic sketch map (fig. 1)
were not studied in detail but were briefly examined during
mapping.

At both localities all visible megaclasts, about an eighth of an
inch to tens of feet in diameter, were described and cataloged
according to texture, size (maximum and minimum dimen-
sions), shape, angularity, and probable original rock type
before metamorphism. Examination of the megaclasts in three
dimensions in the field was hindered because the outcrops
were in cliffs and roadcuts, where most exposures were
two-dimensional, and because there is little differential weath-
ering between the matrix and the megaclasts. Where possible,
megaclast attitudes were estimated in order to determine
structural orientation (long dimension or planar feature)
within the diamictite. Samples were collected for thin-section
and analytical studies.

DESCRIPTION OF THE DIAMICTITE

The general aspect presented by outcrops of the diamictite is
one of a minor proportion of megaclasts with diverse shapes,
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Figure 3.—Reconstructed geologic column for the Bobcat Creek
locality, based on an approximate north-south section drawn from
Page and Nokleberg (1970).

sizes, and angularity floating in a dark, fine-grained matrix (fig.
4). Some zones contain more megaclasts than others, suggest-
ing weak stratification. Estimates of the volume of megaclasts
in the matrix from subareas at the two localities range from
less than 1 percent to 65 percent (table 1) but average 10 to
15 percent. Two methods were used to make these estimates:
one was to measure the surface area of rock, sum the area

PRECAMBRIAN DIAMICTITE BELOW THE STILLWATER COMPLEX, MONTANA

Figure 4.—Diamictite outcrop in the Mountain View area. Maximum
length of visible megaclasts 30 cm.

Table 1.—Estimated volume percentages of megaclasts in matrix at the
Mountain View and Bobcat Creek localities

Volume of megaclasts

Subarea
Measured by areas Visual estimate
Mountain View locality
Traverse 1 ................. L4 s s
D e 8 5 e & BNEE ae § 4 904 0 saaawe
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covered by megaclasts, and derive a volume percentage; the
other was to estimate the megaclasts visually.

Properties of Megaclasts
Textural varieties

The abundance of visible megaclasts in the diamictite,
cataloged by texture recognized in the field, is given in table 2
for the Mountain View and Bobcat Creek localities. All of the
textures are relict, and all megaclasts except the metaquartz-
ites are composed of varying proportions of cordierite,
orthopyroxene, plagioclase, biotite, and quartz. It should be
emphasized that classification based on texture is by necessity
rather crude. One of our main objectives, however, is to point
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Table 2.—Abundance of rock megaclasts classified by .textural
categories at the Mountain View and Bobcat Creek localities

[Based on megaclast counts in the outcrops]

Bobcat Creek

Mountain View

Textural category

Number Percentage Number Percentage
Layered, banded, 101 35.2 490 364
or foliated. 56.1 80.0
Massive, 60 209 48  43.6
homogeneous.
Blue or gray 50 17.4 11 10
metaquartzite.
Gheissic . .. ... ... 45 15,7} 35.9 2 18 }11'3
Schistose ......... 8 2.8 0 0
Granitoid, 13 4.5 4 3.6
equigranular. } 4.5 } 8.1
Volcanic ......... 0 0 5 4.5
Not classified ... ... _10 3.5 0 0
Total ........... 287 100 110  99.9

out the heterogeneity of megaclasts found in the diamictite, a
diversity that has survived several periods of intense deforma-
tion and metamorphism. The textures and mineralogy cannot

be used directly to imply the source of the megaclasts as in.

sedimentary rocks.

Banded, layered, or foliated megaclasts are most easily
recognized and one of the more abundant types. The layering
consists of two types: (1) alternating dark and light lamina-
tions reflecting varying percentages of plagioclase, cordierite,
and orthopyroxene; and (2) layering formed by abrupt
changes in grain size. The layers are typically undeformed and
display no sedimentary structures; a few banded megaclasts
appear to contain folds or stump structures. Figure 5 shows
several examples.. Layered megaclasts showing effects of
deformation are uncommon, but a number of clasts at Bobcat
Creck (fig. 5E) display a peculiar convolute (disharmonic?)
folding of alternating light and dark layers with attenuated
fold limbs. Some of these distorted layers are finely laminated
or massive and somewhat coarser than intervening thicker
massive layers of very fine grained material. Septa of light
massive material often terminate or penetrate darker seams.
Whether this irregular deformation occurred before, during, or
after emplacement of the diamictite is not known.

Layers within megaclasts range in thickness from less than 1
mm to greater than 15 cm, a single megaclast containing two
layers or more. Some of the more finely layered megaclasts are
suggestive of varves formed in lacustrine environments; other,
coarsely layered megaclasts . resemble interlayered sandstones
and siltstones.

Of the samples examined, the rock exhibiting the most
spectacular layering in a megaclast at the Mountain View
locality is the block shown as figure 5F', which contains a
near-linear contact between two contrasting fabrics, one
[ﬁne‘-grained, massive, and cordierite-rich, the other medium-
graincd and granitoid, with prismatic, euhedral pyroxenes
interlocked with plagioclase. The coarse segment of the
megaclast appears to be devoid of cordierite. Closer examina-
tion of the contact reveals several tonguelike protuberances of
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coarser grained material penetrating approximately 0.5 cm
into the massive portion of the fragment. Neither segment of
this clast resembles the matrix texturally, and the megaclast
boundaries are clearly marked. Other binary fragments were
observed in the outcrop.

Massive megaclasts, the other most abundant category, are
fine grained, dense, rich in cordierite and plagioclase or
combinations of these minerals, and have a texture closely
resembling that of the granofels matrix. These blocks are
commonly somewhat bleached, especially near their perime-
ters, owing to surface weathering of cordierite and plagioclase
and to a decrease of quartz in the megaclast. Some staining of
megaclasts results from oxidation of sulfides and iron-bearing
silicates. Microscopic examination of massive megaclasts re-
veals a relict texture with plagioclase and rounded or sub-
rounded grains of quartz surrounded by orthopyroxene and
cordierite. Locally the orthopyroxene exhibits sieve texture
(fig. 5H). Where pyroxene is less common, quartz and
cordierite have a distinct arrangement of isolated, round to
subround grains of quartz being surrounded by clots or
patches in which individual cordierite grains form a mosaic.
The massive nature of these megaclasts at the outcrop is less
apparent in thin section.

Megaclasts with a metamorphic fabric distinct from the
granofels matrix are the third most abundant group at both
localities. Most conspicuous are the blue and gray metaquartz-
ite clasts that are easily spotted in the field and occur in
slightly greater abundance at the Mountain View locality.
Although common throughout the localities, generally they
are so thoroughly dispersed that rarely do several metaquartz-
ite megaclasts occur in 4 or 5 sq ft of outcrop. Textures are
typically coarse grained with intergrown crystals of granular
quartz and a few accessory minerals.

Megaclasts with a gneissic texture have a unique color
banding resulting from differing proportions of quartz, cordi-
erite, and orthopyroxene. The bands usually parallel the
longest particle axes. In some megaclasts the variation in
thickness of individual bands is slight, in others the bands are
discontinuous and form lenses and “eyes” suggestive of augen
gneisses. Light bands tend to have greater thickness, producing
a pronounced color contrast between clast and matrix.

More difficult to distinguish at the outcrop are schistose
megaclasts, so termed because planar orientation of fine-
grained biotite results in the development of a pronounced
cleavage or fracture.

The fourth group of megaclasts have textures that resemble
those in igneous rocks. The majority of igneouslike megaclasts
are granitoid or coarse-grained equigranular; the equant grains
are easily observed without a hand lens and show interlocking
and penetrating relations. No foliation or banding was seen in
those megaclasts roughly classed as igneous. Megaclasts unique
to Bobcat Creek have a blastoporphyritic texture consisting of
sparse fine- to medium-grained phenocrysts of plagioclase set
in a finegrained massive matrix of plagioclase, cordierite,
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pyroxene, and quartz; such clasts are considered to represent
relict textures of volcanic rocks.

The layered and massive megaclasts that predominate at
both the Mountain View and Bobcat Creek localities may be
fragments of sedimentary rocks. The blue or gray metaquartz-
ites could have been sedimentary rocks before they were
hornfelsed but may also represent a contribution from an
older metamorphic terrane, as do the gneissic and schistose
megaclasts. Layered, massive, and metaquartzite megaclasts all
have lithologic counterparts within a few miles of the exposed
diamictite and within the same extensive metasedimentary
unit. The blue-gray metaquartzite megaclasts, in particular, are
suggestive of blue metaquartzite units in the hornfels unit
adjacent to the base of the complex. Layered megaclasts
closely resemble finely laminated metasediments that crop out
elsewhere in the Mountain View area. Local provenances for
the megaclasts of suspected metamorphic and igneous origins
are not known.

Size characteristics

The diamictite at the Mountain View locality is marked by
an extremely large range in particle size, from microscopic
single grains of quartz to room-sized heterogeneous boulders.
This millionfold size range is found along the entire strike of
the diamictite horizon. At Bobcat Creek, a wide distribution
of particle sizes exists, but unlike the Mountain View area, no
megaclasts with an average diameter greater than 1 m were
observed. The cumulative size-frequency curves based on the
average of the apparent maximum and minimum diameters of
megaclasts observed in only two dimensions at the Mountain
View and Bobcat Creek localities are compared in figure 6,
along with their statistical parameters. Since these curves
represent field data, which omit microscopic particles, they do
not represent a true size distribution for the diamictite. If
microscopic fragments less than 8 mm in size were included, the
dispersion, or coefficient of sorting, would be increased by
several units and probably would make the size distribution
curves bimodal. The size distributions of megaclasts at
Mountain View and Bobcat Creek differ slightly. The median
size is between 15 and 18 cm; distribution for both localities
shows moderate to poor sorting characteristics and some
skewness.

An accumulation of points relating apparent long and short
dimensions of megaclasts at the Mountain View and Bobcat

Figure 5.—Sketches and photographs of megaclasts. A, layered rectan-
gular megaclast, length 25 cm; B, layered rectangular megaclast,
length 23 cm; C, layered triangular megaclast, length 61 e¢m; D,
layered irregular megaclast, length 15 cm; E, etched slab of layered
megaclast containing folds (?); F, etched slab of megaclasts in matrix;
fragment in upper left consists of two rock types in contact; G and H,
microscopic texture of megaclast, diameter of circles about 2 ¢cm; I,
megaclast in matrix—possible dropstone.
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Figure 6.—Diagram showing cumulative frequency curves of megaclasts
observed on outcrops. Md, median; So, sorting coefficient; Sk,
skewness coefficient; Ku, kurtosis coefficient.

Creek localities (fig. 7) shows that the average of length-to-
width ratios can be roughly represented by a straight line
having a positive slope of about one-half. Megaclasts tend to be
elongate rather than equant in two dimensions. Three-
dimensional data from the few megaclasts so observed yield a
range of ratios of 1:1.13:1.13 to 1:9.6:1.6.

The extremely large size variation common to all megaclasts
regardless of texture is readily seen from the median and range
by category (table 3). Massive, gneissic, and layered megaclasts
tend to have the largest median diameters, greater than that of
metaquartzites; granitoid and volcanic megaclasts, the smallest.
Megaclasts of diameter less than 8 mm certainly exist but were
not readily observed in the field. Several boulder-sized chunks
of diamictite were brought back to the laboratory for more
detailed examination. By etching slabbed sections of dia-
mictite in hydrofluoric acid, several suspicions held in the field
were confirmed: (1) all particle sizes are present down to a few
tenths of a millimeter in diameter; (2) fragment density is
much greater than suggested by weathered surfaces; and (3) no
textural type can be placed within a restricted class size.

Shape characteristics

The shape of megaclasts at Bobcat Creek and Mountain
View can be determined in only two dimensions on the face
formed by the intersection of the clast and the weathered
surface. Rarely can the three-dimensional form be ascertained
at the outcrop, but where ohserved, megaclasts tend to be
prismatic. The heterogeneous shape characteristics of mega-
clasts of various textures at Bobcat Creek and Mountain View
are apparent in the diagram of shape abundance (fig. 8) and
the samples shown in figure 5. Nonetheless, a numerical
preference for rectangular or elliptical shapes consistent with
the length-width plots (given in fig. 7) prevails at the Mountain
View and Bobcat Creek localities. Elongate megaclasts display-
ing one or both ends tapering to a blunt or broad tip (ellipses,
triangles, pears, cigars) are more than twice as abundant at
Bobcat Creek than at Mountain View.
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Mountain View and Bobcat Creek localities.

Table 3.—Median diameters and ranges of the megaclasts of the
nliiffelfent textural categories at the Mountain View and Bobcat Creek
ocalities

[In millimeters]

Mountain View Bobcat Creek
Textural category

Median Range Median  Range

Layered, banded, or 179.2  >2,048-16 243.20 512-16
foliated.

Massive, homogeneous. . . . . 208 >2,048-16 88 512-32
Blue or gray metaquartzite. . 136.3 >2,048-16 198.40 2568
Gneissic................ 2214 >2,048-16 ...... 128-32
Schistose ...... .ottt it e e e,
Granitoid, equigranular .... ..... .......... ...... 128-32
Voleanic ............... coove ciiiiinn.. 198.40 512-64

When particle shape is compared with texture (fig. 8),
several affinities become apparent. Rectangular megaclasts are
most commonly layered or banded, whereas elliptical mega-
clasts tend to be massive or metaquartzite. These associations
probably reflect not only the agent of transportation but also
the mechanism by which the megaclasts were formed.
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Comparison of particle shape to particle size shows that at
both the Mountain View and Bobcat Creek localities rectangu-
lar and elliptical shapes make up 55 to 80 percent of the
megaclasts with average diameters between 1,024 and 16 mm.
There are few differences in shape-size correlations between
the two areas except for the apparent greater abundance of
elongate megaclasts at Bohcat Creek.

Roundness characteristics

Each megaclast observed in the diamictite at the Mountain
View and Bobcat Creek localities was placed in a roundness
classification consisting of four categories: angular, subangular,
subrounded, and rounded. Assignment to a particular category
is based mainly on primary comners and edges as seen in
outcrop; secondary corners are obscured by metamorphic
effects and fuzzy boundaries on smaller clasts; thin sections
show that recrystallization has greatly changed original clast
edges. At Mountain View, about 19.5 percent are round, 27.1
percent subround, 30.1 percent subangular, and 23.3 percent
angular, whereas at Bobcat Creek, 14.6 percent are round,
29.1 percent subround, 20 percent subangular, and 36.3
percent angular. As a group the megaclasts are predominantly
subround to subangular.

Degree of rounding varies according to megaclast texture,
size, and shape. In general, layered megaclasts tend to be
subround to angular, quartzite megaclasts rounded, massive
megaclasts round to subangular, gneissic megaclasts subround
to angular, granitic megaclasts round, and schistose round to
angular. In general, coarse clasts tend to be more angular, finer
clasts more rounded, with some convergence in the intermedi-
ate size range of 256—128 mm.

Orientation

Wherever possible, megaclast attitudes were measured
according to fabric or structural elements within each mega-
clast. Features used for megaclast orientation include foliation
or schistosity, coarse banding, and fine lamination. In many
places, a rough parallelism exists between planar elements in
elongate megaclasts and their long dimensional surfaces. This
direction of elongation of the megaclast and a rough estima-
tion of plunge were recorded as a lineation.

Contoured fabric diagrams representing poles to megaclast
foliations and lineations (plunge) are shown in figure 9.
Foliation within megaclasts (fig. 94) is represented by a
weakly developed girdle that trends approximately east-west
and dips 40° S. This pattern probably indicates deformation
by folding after formation of the diamictite and is similar to
the pattern obtained from layering in folded hornfelses within
the same fault block (fig. 9B). An expanded discussion of the
complexities of folding is given in Page and Nokleberg (1970,
1972) and other work of Page (unpub. data, 1972). Megaclast
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SHAPE Shape Shape
Texture (percentage Texture (percentage
of clasts) of clasts)

Rectangle 41.0 32.7
Ellipse Q 28.6 32.7
Square 8.6 4.5
Parallelogram 10.3 3.6
Circle Q | 3.4 Q| 2.7
Trapezoid 2.1 | Q | .9
Cigar 3.6
Triangle 10.0
Pear 3.6
Bleb [ Q | 9 .0
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Other .0 2.7
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Figure 8.—Diagram showing shape abundance correlated with textural categories at Mountain View and Bobcat Creek.

elongations (maximum diameter) (fig. 9C) form a maximum
plunging N. 226° E. at 47° SW., nearly in the plane of the
megaclast foliation girdle. Some caution is necessary in
interpreting  lineation data, because bias may have been
introduced in securing these “lineations” from nearly vertical
cliff faces striking east-west to N. 70° E. If the elongation

represented an original prefolding lineation, one would expect
it to be distributed as a small circle around the fold axis or as a
great circle with respect to the fold axes. Therefore, it would
appear that the orientation of the maximum diameter of the
megaclasts is a function of the nature of tectonism, as is the
present orientation of foliation in the megaclast.
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A fabric diagram of 51 recorded megaclast foliations at
Bobcat Creek, figure 9D, shows a single maximum with minor
girdling indicating a preferred orientation of planar elements
striking northwest-southeast and dipping to the northeast. This
orientation is roughly similar to the general attitude of
layering in the adjacent hornfels and is probably a result of
tectonism.

From examining foliations within megaclasts and comparing
these with layering and its tectonic history in adjacent rocks, it
appears that the megaclasts with preexisting structures and the
layering in adjacent rocks behaved in a similar fashion. The
correspondence between elongate, flattened megaclast shape
and foliation suggests that these blocks were deposited in an
equilibrium position, that is, with the largest surface parallel
with sedimentary layering. From the study of the orientation
of maximum diameters, it is probable that the long axes were
oriented randomly in the bedding plane.

Matrix Material

The dark matrix containing the megaclasts consists by
volume of 20—40 percent quartz, 30—40 percent cordierite,
15—20 percent orthopyroxene, 5—10 percent plagioclase,
0.5—3 percent biotite, less than 3 percent sulfide and oxide
minerals, and minor amounts of zircon, garnet, chlorite, and
sericite. The subrounded to subangular quartz grains (fig. 5H),
averaging less than a millimeter in diameter (0.2—3.5 mm) and
locally composed of more than one quartz crystal, appear to
represent remnants of a clastic texture. The quartz grains are
enclosed by sieve-textured orthopyroxene and anhedral masses
of twinned and untwinned cordierite that could be metamor-
phic equivalents of various combinations of chlorite and clay
minerals.

Comparison of chemical analyses of the matrix material with
analyses of sedimentary rocks (Pettijohn, 1963) suggests that
the matrix material has a composition similar to subgray-
wackes and graywackes but with higher MgO, FeO, Ni, and Cr
contents than an average graywacke.

Although most field observations indicate a complete
absence of bedding in the matrix material, laboratory studies
suggest that some may be present. Crude layering can be
recognized in the matrix upon etched surfaces and at places in
megaclast-layering relations. At one locality we found what is
interpreted to be bedding containing a dropstone (fig. 5I), a

Figure 9.—Contoured fabric diagrams showing orientation of fragments.
Contoured at 1E intervals where E is the expected number of points
within the counting area for a random pattern using a method
developed by Kamb (1959) and computerized by C.E. Corbato
(written commun., 1970). Dashed contour is the 1E contour, solid
contours are contours greater than 1E. A, poles to foliation in
fragments, Mountain View area, 55 points, E =3.73. B, poles to
layering in homnfels from the Mountain View area, 22 points,
E =3.38. C, elongate orientation of fragment axes, Mountain View
area, 21 points, E = 3.36. D, poles to foliation in fragments, Bobcat
Creek area, 51 points, E = 3.71.
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megaclast that has disturbed the underlying bedding and has
been buried by later deposits.

AGE

Some of the recent age dating by Nunes and Tilton (1971)
using U-Pb zircon methods on various rocks from the
Stillwater Complex area can be used to establish limits on the
age of the diamictite. The metasedimentary rocks intruded by
the Stillwater Complex contain detrital zircons approximately
3,140 m.y. old, which establishes that these rocks are at least
that old. Quartz monzonites intrude both the Stillwater
Complex and the metasedimentary rocks (Page and Nokleberg,
1970, 1972). These siliceous igneous rocks yield an age of
about 2,750 m.y. (Nunes and Tilton, 1971), which represents
a minimum age for the metasedimentary rocks. The diamictite
forms a layer or lenses within the metasedimentary rocks and
has been involved in the same complex folding and faulting as
the metasedimentary rocks. The age of the diamictite must be
between the above two dates.

POSSIBLE ORIGINS

The composition, shape, and provenance of the megaclasts
and the thickness, areal extent, and stratigraphic relations of
the diamictite suggest that it is not a volcanic, fault, intrusive,
or collapse breccia. The volume, abundant matrix, and
bimodal texture of the diamictite imply that the megaclasts
and matrix were transported by a viscous medium, either
subaerially or subaqueously, which did little sorting, or that
the megaclasts and matrix were separately transported to the
areas of deposition. Flint (1961, p. 148—149) lists several
depositional mechanisms that fit these qualifications, and
Harland, Herod, and Krinsley (1966) review and reassess the
criteria for the recognition of the products of these processes.
Another possible origin of the diamictite is by meteoritic
impact, as has been suggested for similar breccias associated
with the Sudbury irruptive (French, 1968). Characteristics not
supporting this origin are the appearance of megaclasts with no
local provenance and the folded nature of the diamictite. In
addition, the matrix fabric shows no evidence of flowage but
does retain crude layering which at places contains dropstones.
The most likely processes remain transport by a viscous medium
or separate deposition of megaclasts and matrix.

The lack of evidence for channels, weathered zones, lag
gravels, and alluvial sand and gravel deposits with channeling
and current structures (Blackwelder, 1928) suggests that the
diamictite did not originate as a subaerial mudflow, landslide,
alluvial fan, or slumped debris. It is difficult to envision five or
six drainage channels perpendicular to the general strike of the
diamictite that would contribute megaclasts and matrix of a
very similar nature, including clasts for which no local
provenance is known.
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Triangular and pentagonal clasts and dropstones could be
taken as evidence of rafting, possibly by ice. All of the other
described features of the diamictite are consistent with such an
origin in a glacial marine environment, including deposits of
drift and ice-rafted material, possibly reworked by slumping
and sliding. Crowell (1964) and others have emphasized the
difficulty of distinguishing such glacial marine deposits with-
out a study of paleotectonics, paleogeography, and sediment
sources, all of which are difficult, if not impossible, to evaluate
in this diamictite. Although a glacial marine origin seems
possible, the origin of the diamictite cannot be resolved with
the available data and may be similar to the origin of the
nonglacial pebbly mudstones in California described by
Crowell (1957).

REFERENCES CITED

Aalto, K. R., 1971, Glacial marine sedimentation and stratigraphy of
the Toby Conglomerate (upper Proterozoic), southeastern British
Columbia, northwestern Idaho and northeastern Washington:
Canadian Jour. Earth Sci., v. 8, no. 7, p. 753-787.

Blackwelder, Eliot, 1928, Mudﬂow as a geologic agent in scmland
mountains: Geol. Soc. America Bull., v. 39, p. 465—483.

Crittenden, M. D., Jr., Schaeffer, F. E., Trimble, D. E., and Woodward,
L. A., 1971, Nomenclature and correlation of some upper Precam-
brian and basal Cambrian sequences in western Utah and southeast-
ern Idaho: Geol. Soc. America Bull., v. 82, p. 581-602.

Crowell, J. C., 1957, Origin of pebbly mudstones: Geol. Soc. America
Bull.,v. 68, p. 993-1010.

—— 1964, Climatic significance of sedimentary deposits containing
dispersed megaclasts, in Naim, A. E. M., ed., Problems in palacocli-
matology: New York, Interscience Publishers, Inc., p. 86—99,

Flint, R.F., 1961, Geological evidence of cold climate, in Nairn,
A.E. M., ed., Descriptive palacoclimatology: New York, Intersci-
ence Publishers, Inc., p. 140-155.

Flint, R.F., Sanders, J.F., and Rodgers, John, 1960, Diamictite, a
substitute term for symmictite: Geol. Soc. America Bull., v. 71, p.
1809.

French, B. M., 1968, Sudbury structure, Ontario—some petrographic
evidence for an origin by meteorite impact, in French, B. M., and
Short, N. M., eds., Shock metamorphism of natural materials:
Baltimore, Md., Mono Book Corp., p. 383 —412.

Gabrielse, Hubert, 1967, Tectonic evolution of northern Canadian
Cordillera: Canadian Jour. Earth Sci., v. 4, p. 271 -298.

—— 1972, Younger Precambrian of the Canadian Cordillera: Am.
Jour, Sci., v. 272, p. 521 -536.

Harland, W. B., Herod, K. N., and Krinsley, D. H., 1966, The definition
and identification of tills and tillites: Earth-Sci. Rev., v. 2, p.
225--256.

Jones, W. R., Peoples, J. W., and Howland, A. L., 1960, Igneous and
tectonic structures of the Stillwater Complex, Montana: U.S. Geol.
Survey Bull. 1071-H, p. 281 -340.

Kamb, W.B., 1959, Petrofabric observations from Blue Glacier,
Washington, in relation to theory and experiment: Jour. Geophys.
Research, v. 64, p. 1908-1909.

Nunes, P. D., and Tilton, G. R., 1971, Uranium-ead ages of minerals
from the Stillwater Igneous Complex and associated rocks, Mon-
tana: Geol. Soc. America Bull., v. 82, p. 2231 -2250.

Page, N. J, and Nokleberg, W. J., 1970, Preliminary geologic map of the
Stillwater Complex, Montana: U.S. Geol. Survey open-file map,
scale 1:12,000.



414 PRECAMBRIAN DIAMICTITE BELOW THE STILLWATER COMPLEX, MONTANA

Page, N.J, and Nokleberg, W. J., 1972, Genesis of mesozonal granitic Data of geochemistry, 6th ed.: U.S. Geol. Survey Prof, Paper 440-S,
rocks below the base of the Stillwater Complex in the Beartooth p. S1-S21.
Mountains, Montana, in Geological Survey Research 1972: U.S.

.H. iti its in th dill line—
Geol. Survey Prof. Paper 800.D, p. D127—D141. Stewart, J. H., 1972, Initial deposits in the Cordilleran geosyncline

Peoples, J. W.. Howland, A. L., Jones, W. R., and Flint, Delos, 1954, Evidence of a la.te Precambrian (<850 m.y.) continental separation:
X . . Geol. Soc. America Bull., v. 83, p. 1345-1360.
Geologic map, sections, and map of underground workings of the
Mountain View Lake area, Stillwater County, Montana: U.S. Geol. Troxel, B.W., 1967, Sedimentary rocks of late Precambrian and
Survey open-file report, 2 maps, 8 sections. Cambrian age in the southern Salt Spring Hills, southeastern Death
Pettijohn, F.]J., 1963, Chemical composition of sandstones—excluding Valley, California: California Div. Mines and Geology Spec. Rept.
carbonate and volcanic sands—Chapter S, in Fleischer, Michael, ed., 92, p. 33—-41.

R



Jour. Research U.S. Geol, Survey
Vol.1, No.4,July—Aug.1973,p.415—419

IDENTIFICATION OF A LITHIUM-BEARING SMECTITE
FROM SPOR MOUNTAIN, UTAH

By HARRY C. STARKEY and WAYNE MOUNTJOY, Denver, Colo.

Abstract.—Chemical analyses, X-ray diffraction data, and cation
exchange determinations are given for a lithium-bearing smectite. The
X-ray data and Greene-Kelly’s lithium test indicate the presence of both
dioctahedral and trioctahedral phases. The exchange determinations
indicate that the lithium is in the structure of the clay, and the
chemical data are intermediate between those for hectorite and
montmorillonite. All data indicate that the clay is a mixture of
hectorite and montmorillonite.

Lithium was reported to be present, probably in montmoril-
lonite, in the clay-size fractions of samples from a bedded
rhyolite tuff at the Roadside claims in the NEY sec. 8, T. 13
S., R. 12 W., Spor Mountain, in western Juab County, Utah
(Shawe and others, 1964). Hectorite, which is trioctahedral, is
the lithium-bearing magnesium-rich end member of the
smectites, whereas montmorillonite is the dioctahedral
smectite that contains virtually no lithium. It appeared likely
that the Spor Mountain mineral might also be trioctahedral,
and an investigation was initiated to more accurately identify
the clay.
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METHODS AND RESULTS

The samples were fractionated by disaggregating them in
water, removing the sand-size fraction by wet sieving through a
230-mesh sieve, and then separating the clay and silt by
centrifugation.

X-ray diffraction analyses which were made of a randomly
oriented sample of each fraction showed that the disaggrega-
tion was not complete and that some of the clay minerals
remained in the sand and silt fractions as aggregates. Oriented
mounts of the clay fractions were air-dried and, after being
given various diagnostic treatments, were also examined by
X-ray diffraction.

The X-ray diffraction patterns of the randomly oriented
clay-size fraction are presented in figure 1. The impurities seen
in these patterns are traces of sanidine, which is present in all
samples; calcite, whose presence is seen in only three patterns;
and fluorite, which is present in all samples in small amounts,
but which gives very strong diffraction peaks. The differences
between the dioctahedral and trioctahedral minerals are
indicated by the position of the 060 peak at approximately
61—62°20. This part of each pattern was rerun at a slower
scanning speed (¥2°20/min as compared to 2°26/min for the
complete scan). A comparison of the patterns obtained by
slow scanning with patterns of hectorite and montmorillonite
similarly obtained shows (fig. 2) that the more intense 060
spacings of patterns a and b are closer to the-1.50-A (62°26)
spacing of the dioctahedral mineral montmorillonite and those
of patterns e and f are closer to the 1.52-A (61°26) spacing of
the trioctahedral mineral hectorite. The patterns for samples ¢
and d are intermediate with slight indications of two peaks.

The value (about 1.518 A) of the 060 spacing of the
hectorite sample shown in figure 2 is lower than some of the
values reported in the literature. Kerr and others (1950), who
reported a value of 1.527 A, and MacEwan (1961), who
reported 1.53 A, were quoting, in different ways, the value of
1.527 A reported by Nagelschmidt (1938). The hectorite used
in this study is A.P.I. standard H-34. Another pattern obtained
from an unnumbered hectorite sample from Hector, Calif.,
produced a spacing of 1.515 A. Both these values agree with
the 1.52 A reported by Faust, Hathaway, and Millot (1959).

The samples were treated with Greene-Kelly’s lithium test.
In this treatment the oriented sample is saturated with lithium
chloride, washed, and then heated overnight at 300°C and
X-rayed. Then it is saturated overnight with glycerol and
X-rayed again, Trioctahedral minerals will expand to a spacing
of about 17.7 A with the glycerol treatment, whereas
dioctahedral minerals will remain collaps<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>