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GEOLOGICAL SURVEY RESEARCH 1967

This collection of 49 short papers is the first published chapter of “Geological Survey
Research 1967.” The papers report on scientific and economic results of current work by
members of the Geologic, Topographic, and Water Resources Divisions of the U.S. Geological
Survey.

Chapter A, to be published later in the year, will present a summary of significant results
of work done during fiscal year 1967, together with lists of investigations in progress, reports
published, cooperating agencies, and Geological Survey offices.

“Geological Survey Research 19677 is the eighth volume of the annual series Geological
Survey Research. The seven volumes already published are listed below, with their series
designations.

Geological Survey Research 1960—Prof. Paper 400
Geological Survey Research 1961—Prof. Paper 424
Geological Survey Research 1962—Prof. Paper 450
Geological Survey Research 1963—Prof. Paper 475
Geological Survey Research 1964—Prof. Paper 501
Geological Survey Research 1965—Prof. Paper 525
Geological Survey Research 1966—Prof. Paper 550
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RARE EARTHS IN PHOSPHORITES—
GEOCHEMISTRY AND POTENTIAL RECOVERY

By Z. S. ALTSCHULER, SOL BERMAN, and FRANK CUTTITTA,
Washington, D.C.

Abstract.—Rare earths are only trace constituents of marine
apatite, but as millions of tons of such apatite are dissolved
annually to make phosphoric acid, an opportunity exists for
greatly increasing rare-earth output as a byproduct of fertilizer
production. New, quantitative analyses of rare earths in repre-
sentative apatite concentrates reveal that the potential for
byproduct rare earths equals current production. The rare-
earth assemblage in marine apatite is unusual, showing de-
pletion in cerium and relative enrichment in the heavier
lanthanons, a favorable distribution for rare-earth technology
and utilization. Uranium, thorium, and scandium may also
be recoverable from phosphoric acid.

A potential for doubling our domestic production of
rare earths entirely as a byproduct of fertilizer manu-
facturing is demonstrated in this study of the geo-
chemistry of marine phosphorite, the principal raw
material of phosphate fertilizers. Extensive marine
phosphorites, such as those mined in Florida and Idaho,
comprise vast storehouses of the rare earths and several
other strategic metals. These elements occur as traces
in solid solution in the structure of apatite (Ca;o[PO,]s
F.), the essential mineral of phosphorites.!

The rare earths (lanthanons and yttrium) generally
make up from 0.01 to 0.1 percent by weight of marine
apatite. However, these traces achieve unusual signif-
icance as a mineral resource for American industry in
view of the explosive increase in the use of phosphorite
for ammonium- and triple-superphosphate fertilizers.
These fertilizers are made mostly from “wet process”
phosphoric acid and hence involve the acidulation and
complete solution of apatite, the basic raw material and
the rare-earth host. In effect, the costs of mining, bene-
ficiating, processing, and completely solubilizing the

*The occurrence of rare-carth elements in apatite {s an example of
diadochic (or coupled) substitutions in which the replacement of diva-

lent calclum by a trivalent rare earth is electrostatically balanced by

the replacement of another calcium by Na+#, or by substitution of
SiO«¢ for PO«-3.
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rare earths in phosphorites are therefore already paid
for in the normal course of phosphoric acid production.

The magnitude of the potentially extractable rare-
earths byproduct may be judged from the statistics for
national production of wet-process phosphoric acid. In
1964 this production amounted to 2,275,000 tons (100
percent P,O;) (U.S. Bur. Census, 1965). This neces-
sitated solution of 6,000,000 tons of apatite, and lib-
erated roughly 8,500 tons of rare earths elemental to
solution. During the same year U.S. production of
rare-earth oxides, primarily from bastnaesite and
monazite ores, amounted to 2,300 tons (Parker, 1965).

Major deposits of marine phosphorite are presently
mined in the Bone Valley Formation in central Florida
and the Phosphoria Formation in Idaho and Montana,
and large new reserves are being developed in northern
Florida and North Carolina. The rapid expansion of
rare-earth research and utilization, and the parallel
surge in phosphate mining and fertilizer production,
make it particularly timely to assess the amounts of
total and individual rare earths available for recovery
from phosphoric acid.

HISTORICAL REVIEW

The first observation of rare earths in apatite, by
R. de Luna in 1866, was accompanied by a suggestion
that “the crystals of apatite from Jumilla (Spain)
could serve for the extraction of cerium, lanthanum,
and ‘didymium’.” Jumilla apatite occurs in rare-earth-
rich alkalic igneous rocks, in which apatite may be
present in massive segregations. The Kola Peninsula
(Soviet Karelia) contains the largest and best-known
deposits of such apatite. Kola apatite contains several
percent of rare earths, and byproduct recovery of rare
earths is now practiced in the Kola-based fertilizer
industry (Ryabtchikov and others, 1958). Rare-earth

. PAPER 575-B, PAGES B1-B9
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reserves in the Kola apatite deposits are estimated at
160 million tons (Bril, 1964).

Rare earths in apatites of sedimentary and bio-
logical origin were first detected by Cossa in 1878, in
spectrographic studies of phosphorites, fossil bone,
and coprolites from Nassau, Germany. Since then
the occurrence of rare earths in apatites of diverse
origins, and of wide geographic distribution, has been
cited in geological, agricultural, and chemical litera-
ture. Borneman-Starynkevitch (1924) and Drobkov
(1937) reported up to 0.8 percent of rare earths in
individual samples of Russian phosphorites. Hill and
others (1932) and Robinson (1948) give rare-earth
contents of various domestic and foreign phosphorites
from 0.01 to 0.15 percent. Spectrographic data on
rare earths in marine and insular phosphorites from
foreign and domestic sources have been widely re-
ported (Swaine, 1962).

PRESENT STUDY

The suggestion of de Luna (1866) to extract rare
earths from apatite was reiterated by Russian investi-
gators and by McKelvey, Cathcart, and Worthing
(1951) in their presentation of spectrographic data
on yttrium and lanthanum in significant composites
of Florida phosphorite. However, the potential for
recovery of rare earths from phosphorites could not be
adequately evaluated due to the lack of complete
quantitative data on apatite from marine phosphorite,
and the paucity of data on typical ores. Quantitative
analyses that we have recently completed for geo-
chemical study of rare earths in marine apatite have
been applied to such an evaluation, and the results
reveal a rare-earth resource of considerable import-
ance. They are presented below to stimulate indus-
trial investigation of the rare earths in individual
mining properties, and in the various products of
apatite solution and smelting.

DISTRIBUTION OF RARE EARTHS IN MARINE APATITE
Preparation and analysis of samples

Marine sedimentary apatite typically occurs as
microcrystalline ovules and nodules, of sand and
pebble size, in extensive sands, clays, and carbonate
rocks, that are designated “phosphorites” if rich in
apatite. Analyses were made on apatite concentrates
that were separated by heavy liquids from marine
phosphorites from Florida, Idaho, and Morocco, and
then powdered and further purified of mineral in-
clusions by heavy-liquid and magnetic extraction.
The samples are thus comparable to (although
slightly purer than) the flotation concentrates used

ECONOMIC GEOLOGY

as feed for phosphoric acid manufacturing. In con-
trast to most phosphorite analyses that have been
made of total rock, our results give rare-earth contents
inherent to the apatite, and therefore apply directly
to studies of the rare-earth geochemistry or recovery.
The rare earths were determined by a combination of
chemical and spectrographic procedures. They were
made soluble in perchloric-nitric acid and concen-
trated by triple oxalate precipitation, using calcium
as a carrier. The rare earths were then freed from
caleium by a triple ammonium hydroxide precipita-
tion, with fixed amounts of aluminum as a carrier.
The individual rare-earth elements in the precipitate
were then quantitatively determined by optical emis-
sion spectroscopy, using a powder d-c arc technique
(Bastron and others, 1960).

Analytical data

Table 1 presents the analytical results for three
apatite concentrates separated from phosphorite of
the Bone Valley Formation of Florida. One of these
is a quantitatively composited sample of material
beneficiated during a week of mining, and represents
some tens of thousands of tons of raw phosphorite.
These quantitative data are supported, in their order
of magnitude, by several dozen semiquantitative spec-
trographic analyses on other purified apatite com-
posites from various mines in the Bone Valley For-
mation (Altschuler, unpub. data). Scandium was
also separated and analyzed with the rare earths
(table 1), as its recovery, along with these elements,
may be industrially feasible.

TaBLE 1.—Quantitative spectrographic analysis of rare earths and
scandium in three apatite samples from the Bone Valley Forma-
tion of Florida, in weight percent

[Analyst: Sol Berman]

Element Range Average

La e 0. 018 -0. 0081 0. 015

Ce . e . 017 - . 0074 . 012

Pr_ oo . 004 - . 0017 . 003

N e 010 - . 0037 . 007

Sm._ . . 005 - . 0011 . 003
Bu. oo . 0007- . Q001 . 0004
Gd oo . 002 — . 0008 . 0014
4 N Y 0006— . 0003 . 0004
Dy . . 0021~ . 0007 . 0016
Ho o __ 0005- . 0002 . 0004
Er_ oL 0026- . 0013 . 0021
4 < S . 0002- . 0001 . 0002
D 4 T . 001 — . 0004 . 0008
Lu. e meea-l . 0003- . 0002 . 0003
Total lanthanons_ - - - - _:| oo _-_ 0. 0476

____________________________ 0. 016 -0. 005 . 011
Total rare earths__ . ____| - oo __-- 0. 0586
SC e e 0. 0006-0. 0002 . 0003
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Relative distribution and geochemistry of lanthanons

The analyses in table 1 reveal unusual, and possibly
unique, fractionation of rare earths in apatite of
marine origin. Most major rocks, including marine
limestone, deep-sea clays, and manganese nodules, re-
flect the crustal abundance pattern for rare-earth dis-
tribution (Goldberg and others, 1963; Wildeman and
Haskin, 1965). Although minor departures are
known and may be geochemically significant, rare-
earth distribution in most rocks is in accord with the
well-known Oddo-Harkins “law,” showing cerium to
be much more abundant than lanthanum (table 2).
In marine apatite, however, cerium is markedly de-
pleted, being less abundant than lanthanum, and
commonly less abundant than neodymium. Moreover,
the heavier lanthanons are slightly enriched over their
proportions in terrigenous sediments (fig. 1). We
have found this abundance pattern to be consistent in
marine apatite from the Bone Valley Formation (3
analyses), the Phosphoria Formation (1 analysis),
and the Moroccan deposits (2 analyses). This frac-
tionation parallels that of rare earths in sea water?
and probably reflects precipitation from the marine
environment (fig. 1). The relative enrichment of the
less abundant, heavy lanthanons in marine apatite has
important technological implications which are dis-
cussed later in this report, and important geochemical
implications which will be discussed in a later publi-
cation.

The cerium deficiency that characterizes marine apa-
tite is not shown by igneous apatite (Denisov and
others, 1961; Lyakovitch and Barinski, 1961) or by
subaerially precipitated apatite of ground water or
guano origins (Altschuler, Berman, and Cuttitta,
unpub. data). Thus rarve-earth distribution in apatite
may distinguish marine from terrestrial or igneous
apatite, and may provide a test of the theory of
precipitation of marine apatite from upwelling ocean
waters.

In view of the economic and geologic implications
of the unusual rare-earth distribution in marine apa-
tite, it must be noted that our data appear to conflict
with a large body of rare-earth analyses on phos-
phorite. Complete rare-earth determinations are
available on 67 organic-rich and pyritic bone beds
of the Maikop sediments (Kochenov and Zinovieff,
1960), on 23 phosphorites from Kara Tau and eastern

20nly 1 complete analysis of rare earths in sea water is published
(from coastal California waters, Goldberg and others, 1963). Though
this analysis confirms determinations for Ce and La by Goldschmidt
(19387), preliminary data by D. W. Hayes, J. F. Slowey, and D. W.
Hood, Texas A. and M. Univ., (unpub. data, 1966) and Spirn (1965)

are not in complete accord. Discussions of rare earths in sea water
are therefore tentative.

45 T T T T T T T T T T T T
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RELATIVE ABUNDANCE, IN ATOMIC PERCENT

F16URE 1.—Abundance of lanthanons in marine apatite, sea wa-
ter, and terriginous sediments. Apatite is an average of 3
samples from the Bone Valley Formation of Florida, 1 from
the Phosphoria Formation in Idaho, and 2 from Khouribga,
Morocco (this report) ; sea water is 1 sample from coastal
‘California (Goldberg and others, 1963) ; and shale is a com-
posite of 40 samples of shale from North America (Wilde-
man and Haskin, 1965).

Europe (Semenov and others, 1962), 13 phosphorites
from Bulgaria (Alexiev. and Arnaudov, 1965), and
1 continental-shelf phosphorite from southern Cali-
fornia (Goldberg and others, 1963). Except for 3
of the Bulgarian phosphorites and 1 earlier Florida
sample (Waring and Mela, 1963) none of these has
the cerium deficiency we have found to characterize
marine apatite. :

Two probable causes for these differences are:
(1) Other investigations were made on whole-rock
samples, and the rare earths determined thus include
contributions from nonphosphatic clastic and chemical
constituents. This suggestion is supported by the
similarity of the rare-earth analyses on phosphorites
(that is, whole rock) to published rare-earth analyses
of shales; in contrast there is a close similarity of
the rare-earth assemblage in purified apatite to that
in sea water (see table 2). (2) Significant differences
in depositional environment may create pronounced
variations in solubility and fixation of the individual
rare earths. This is particularly applicable to the
highly reduced organic- and pyrite-rich bone beds
such as those of the Maikop sediments, which were
deposited in a hyposaline, euxinic basin (Blokh and
Kochenov, 1964; Kholodov, 1963). These bone beds
are unusually rich in scandium (0.001-0.015 percent,
Borisenko, 1961) and rare earths (0.08-1.34 percent,
Kochenov and Zinovieff, 1960), particularly of the
cerium group. Undoubtedly many other causal fac-
tors will be revealed with more study, but it should
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be emphasized that definitive information for recovery
or geochemical study can be obtained only from indi-
vidual mineral concentrates.

TABLE 2.—Relative atomic abundance of lanthanons in marine
apatite, sea waler, phosphorite, and shale (normalized to lan-
thanum)

ECONOMIC GEOLOGY

TABLE 3.—Rare earths and scandium made available for recovery
in wet-process phosphoric acid manufacture

{On basis of 1964 production]

Marine apatite Sea Phosphorite
(concentrated from water (whole rock) Shale
phosphorite)
1 2 3 4 5 6 7 8 9
1.0 1.0 1.0 1.0 1.0 1.0 1.0 | 1O 1.0
.81 .64 .54 .4 2.056 1.43 1.81 | 2.59 | 1.94
.21 .21 .12 .22 .45 .22 .25 .30 26
.47 1.39 .69 .74 1.43 .82 .98 | .72 92
.18 .24 .10 .14 .31 .20 .18 | .32 17
.03 .04 .03 .04 04 .01 .04 05 05
.10 .27 .14 .18 33 .12 .24 30 14
.03 .04 03 oo o 04 .06 .03 05 03
.10 .23 .08 22 20 .15 .19 21 ...
.03 .07 .03 06 04 .06 .05 06 03
.14 .18 .07 17 12 00 14 11 9
.01 .08 .02 04 02 .06 .02 01 01
.05 .17 .07 14 13 .18 .10 12 07
.02 .02 .01 03 02 .05 .02 .03 01

. Bone Valley Formation, Florida, average of 3 samples (this report).

. Moroccan phosphate, K'houribga, Morocco, average of 2 samples (this report).

. Phosphoria Formation, averaged duplicate analysis of 1 sample (this report).

Sea water, coastal California (Goldberg and others, 1963).

. Ex}%%e;;n Europe and Kazakhstan, average of 23 samples (Semenov and others,

Bulgaria, average of 13 samples (Alexiev and Arnaudov, 1965).

. Phosphate nodule, coastal California (Goldberg and others, 1963).

. Average of 3 composite samples of 50 Paleozoic shales of Europe and Japan, and
10 Mesozoic shales of Japan (Minami, 1935).

. Composite of 40 American shales (Wildeman and Haskin, 1965)..

POTENTIAL FOR RARE-EARTH RECOVERY

Florida land-pebble phosphate field

The potential for annual byproduct recovery of the
rare earths can be evaluated by applying the data
on the grade of apatite (table 1) to the yearly pro-
duction statistics for wet process phosphoric acid
(table 3). The only available complete rare-earth
analyses on separated apatite from typical domestic
ores are those for Florida phosphorite. The Florida
industry thus serves as a test case. This is appropri-
ate as more than 2,000,000 of the 2,275,000 tons of
wet-process phosphoric acid produced in the United
States during 1964 were made from rock of the Bone
Valley Formation. For several reasons the tonnages
shown must be construed as orders of magnitude of
potential recovery rather than a precise evaluation.
For example, the most recent phosphoric acid produc-
tion statistics are those for 1964, whereas production
has been steadily increasing since then. Also, the
averages for the individual rare earths are based on
three samples, and the computed grade for the entire
Bone Valley Formation, or for the holdings of a par-
ticular mining company, would undoubtedly change
with more data. The tonnage evaluation (table 3)
is deemed correct, however, as the determinations on
the composite sample of large tonnage gave the highest
values.

Phosphoric acid production
Florida phosphate Northwestern
field phosphate fleld
H3P O« (100 percent P20s) - __short tons... 12, 000, 000 275, 000
Apatite dissolved 2______.__..._.__ do.... 5, 260, 000 725, 000
Element Percent in Short tons dissolved
apatite 3
FLORIDA PHOSPHATE ROCK

La . 0. 015 789
Ceome e . 012 631
Pro_ . . 003 158
Nd.__ . . 007 368
Sm_____.________ . 003 158
Bu . ______ . 0004 21
Gd__ .. . 0014 74
Tho . . 0004 21
Dy . . 0016 84
Ho_ ____.________ . 0004 21
Er .. . 0021 110
Tm__ . ____ . 0002 11
Ybo . . 0008 42
Lu. . . 0003 16
Total lanthanons 0. 0476 2, 504
Y . . 011 579

Total rare
earths________ 0. 0586 3, 083
SCo o . 0003 16

NORTHWESTERN PHOSPHATE ROCK

Total rare
earths________ 0. 04 300
Seo oo . 00009 <1

TOTAL

Rareearths_______|__________ 3, 383
Se e 17

! Compiled from unpublished data of Business and Defense Services Administra-
tion and U.S. Bureau of Mines. .

2 Converted from H3PO4 produced. Based on analyses of apatite from Bone
Valley Formation, Florida (Altschuler and others, 1¢53).

3 Florida phosphate, see table 1, Northwestern phosphate: rare earths, see text;
Se, Altschuler, Berman, and Cuttitta unpublished data).

National potential

To assess the national potential the rare earths liber-
ated in phosphoric acid produced from the Phosphoria.
Formation, or Northwestern phosphate deposits, must.
be considered in addition to the Florida deposits. In
view of the vastness of the Northwestern field, the pav-
city of complete rare-earth analyses on separated
apatites or large-scale composites, and the possible re-
gional variations in rare-earth contents, the potential
for recovery from this district is difficult to estimate.

Several sources of information may be utilized to
appraise the rare-earth contents of the Northwestern
phosphorites. Analyses of three high-grade samples
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of mined rock published by the U.S. Department of
Agriculture give 0.056, 0.098, and 0.155 percent RE.O;
(rare-earth oxides) (Hill and others, 1932; Robinson,
1948). Some of these values may be atypically high
for use as an average. A significant group of 14 analy-
ses on samples representing individual beds of North-
western phosphate rock shows a range of 0.02 to 0.06
percent RE,O, (V. E. McKelvey, U.S. Geol. Survey,
unpub. data). Our own complete analysis of an apatite
concentrate from Idaho phosphorite yielded 0.03 per-
centt RE with a distribution somewhat like that in
table 1. A large number of semiquantitative spectro-
graphic determinations obtained on apatite samples in
the U.S. Geological Survey laboratories (Altschuler,
unpub. data) confirm a range of 0.02 to 0.06 percent
RE,O, in apatite from the Phosphoria Formation.
Accordingly, a median RE,Q; content of 0.04 in apatite
of the Northwestern field is tentatively assumed in esti-
mating potential recovery and reserves of rare earths
(tables 3, 4).

It is important to note that mining and beneficia-
tion losses are accounted for in the above evaluations,
as these are based on actual phosphoric acid produc-
tion.

Near-future potential

A projection of recent growth in wet-process phos-
phoric acid production indicates a virtual doubling
of the 1964 output by 1970. The annual rate of
growth has been 12 percent in 1962, 23 percent in
1963, and 16 percent in 1964 (U.S. Bur. Census, 1965).
Moreover, planned expansions and current new plant
construction indicate a continuing high rate of growth
(Horner, 1965). Although an increasing part of our
phosphoric acid will come from the Northwestern and
North Carolina phosphate fields, whose rare-earth
content is not adequately known, the bulk of the out-
put in 1970 will derive from the Bone Valley Forma-
tion. Thus, by extrapolation based on phosphoric
acid production, a quantity of recoverable rare earths
in the neighborhood of 6,000-7,000 tons annually by
1970 may reasonably be predicted.

RESERVES AND RESOURCES

Reserves of rare earths in phosphorites should be ap-
praised in terms of phosphorite mineable at present,
and future phosphorite reserves or resources; the latter
category is too low in grade or amenability, for mining
at present. Utilizing the previously derived contents
of rare earths for the Bone Valley and the Phosphoria
apatites, an analysis of rare-earth reserves, restricted

solely to currently mined rock, yields a potential re--

source of approximately 1.6 million tons of rare earths
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(table 4). The appreciable new reserves of marine
phosphorite in the developing North Carolina field and
northern Florida fields (roughly 400 million tons of
P,O;, J. B. Cathcart, U.S. Geol. Survey, preliminary
estimate) suggest a total domestic resource of rare
earths in phosphorite in the realm of 2 million tons,
available under present conditions. The ubiquity of
rare earths in marine apatite supports this estimate.
These orders of magnitude of established reserves in
the ground (1.6 million tons RE now available from
the Florida “Land Pebble” and the Northwestern fields,
and a total of 2 million tons RE soon to be available)
appreciably exceed reserves actually obtainable. Ob-
viously, obtainable reserves should be restricted to rock
mined only for phosphoric acid production.

During 1964 phosphoric acid production by wet
process amounted to 27.3 percent of the total phos-
phate commodity production (R. W. Lewis, U.S. Bur.
Mines, oral commun., 1965). Calculated on.this basis,
and allowing for losses during mining and beneficia-
tion, the reserves of obtainable byproduct rare earths
would be roughly 25 percent of the available (min-
able) reserves, or approximately 400,000 tons of rare
earths. Considered in the light of the dramatic
growth rate in wet-process phosporic acid production,
obtainable reserves could be about half of available
reserves by 1970, or approximately 800,000 tons of
rare earths, from the Florida and Northwestern fields
alone, and possibly 1 million tons from all domestic
sources.

FAVORABILITY OF PHOSPHORITES FOR RECOVERY.
OF RARER LANTHANONS

Much of the new impetus to rare-earth mining
stems from new uses which have spurred demands for
less abundant members of the series and have even
dictated new recovery operations solely for the pur-
pose of segregating these rarer and more costly ele-
ments. Such demands are illustrated by the new
market for cracking catalysts using samarium and
praesodymium, by the use of europium in ¢olor tele-
vision and home lighting phosphors, and by the use
of neodymium as an activator in laser materials.

The versatility in fundamental properties of the
rare earths makes them especially valuable in reactor
and medical technology. Those with low-neutron cross
section (Y, Ce, La) are ideal diluents for reactor
fuels. Those with high-neutron cross section (Gd,
Dy, Sm, Eu) are useful in shielding alloys and con-
trol rods. A number of short-lived radioactive iso-
topes (Gd 153, Tm 170, Tm 171, Lu 177) are of pos-
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TaBLE 4.—Phosphate and rare-earth resources in currently mined domestic phosphorites

Reserves minable at present Resources minable under changed conditions Total resources
Total Total Total Total | Total Total
Area and formation P,05! | Apatite 2|lantha- Y RE P,052 | Apatite 2 |lantha- Y RE |lantha- Y RE
nons nons nons
Millions of Thousands of Millions of Thousands of Thousands
short tons short tons short tons short tons short tons
Florida land-pebble field (Bone Valley Forma-
tion) 3 ... 360 950 450 100 550 670 1, 800 850 200 | 1,050 1, 300 300 1,600
Northwestern field (Phosphoria Formation) s.____ 970 2,560 foooo oo 1,020 6,400 16,800 {-ocoeooo|oeoamann 6,700 |- _oofeeeeeao 7,740
Metal .. 1, 300 3,500 |- oooofeaamial 1, 600 7,100 18,600 |.___.___f._...... 7760 ||t 9, 300

! McKelvey and others (1953).

* Apatite converted from P20; on basis of 38 percent P20; in the carbonate fluorapatite. (Altschuler and others, 1958)
? RE tonnages for Florida calculated on basis of 0.047 percent Ln and 0.011 E?ercent Y in apatite.

4 RE tonnages for Northwestern field calculated on basis of 0.04 percent R

sible interest as sources of radioactivity, thermal en-
ergy, or power. Thulium is noteworthy, as its radio-
active isotopes are sufficiently long-lived for such crit-
ical uses as heart machines and space exploration, and
Tm 170 has low volatility and lacks alpha activity,
and 1s thus free of obvious biological hazard. More-
over, thulium isotopes can be produced directly from
natural raw materials: Tm 170 (half-life 128 days)
from monoisotopic natural Tm 169, and Tm 171 (half-
life 1.9 years) from Er 170 (15 percent of naturally
occurring erbium).

The marine phosphorites are particularly attractive
raw materials for this new technology. Compared to
conventional rare-earth sources they are unusually en-
riched in yttrium, and in the middle and higher atomic
weight rare earths. The latter enrichment is due
principally to marine apatites’ deficiency in cerium,
the normally preponderant lanthanon. The enrich-
ment in heavier elements is clearly shown by compar-
ing the distributions of lanthanons in marine phos-
phorites, monazites, and bastnaesite ores. It is ex-
pressed in the following table in terms of the aggre-
gate percentage of the total lanthanon suite (RE less
Y) contributed by the first four lanthanons (lantha-
num through neodymium). The remaining lantha-
nons (samarium through lutetium) thus typically

TaABLE 5.—Distribution of rare earths in phosphorites, monazites,
and bastnaesttes, in relative weight percent

Element Phosphorites 1 Monazite ? Bastnaesites 3

%a _____________

G .
Pr. T 70~80 85-95 954
Nd.__________.
Bu____________ .5~1. 0+ L0x—- .1 1t
Gd. ... __. 1. -6. 1.0 -4. .1-.5
Tm___ ... __ .3~ .6 .1

L This report.

2 Vainshtein and others (1956); Murata and others (1957); Fleischer (unpub. com-
pilation).

3 Murata and others (1957); Fleischer (unpub. compilation).

in apatite.

aggregate in phosphorites to 25 percent, in monazites
to 10 percent, and in bastnaesites to 5 percent (table
5). This distribution is further illustrated by three
elements of immediate interest, europium, gadolinium,
and thulium (table 5).

Approximately 21 tons of europium, 74 tons of
gadolinium, and 11 tons of thulium were available for
recovery during the production of wet-process phos-
phoric acid from Florida rock in 1964 (table 3). Thus
the marine origin of phosphorite adds an additional
economic and industrial significance to the extraction
of rare earths from it.

ECONOMIC VALUE OF RECOVERABLE RARE EARTHS
IN PHOSPHORITES

The monetary value of the recoverable rare-earth
byproduct in phosphorites is difficult to assess, as such
major new sources may influence prices markedly.
Calculated at the current price of $1.50 per pound
of mixed rare-earth oxides (Chemical and Engineer-
ing News, 1965), the gross value of the potentially
recoverable rare-earth product from Florida alone
during 1964 (about 3,100 tons, see table 3), would
have been $9.3 million. Estimated expansion of phos-
phoric acid production by 1970 in Florida would in-
crease this considerably.

The potential value of the rare-earth byproduct is
orders of magnitude higher, however, when reckoned
on the basis of individual rare-earth elements. For
example, the current price for purified europium oxide,
even after appreciable reduction in response to greatly
increased production, is $600 per pound. Cerium
oxide currently sells for $5.00 a pound, yttrium oxide
for $50 a pound, and a pound of thulium oxide may
cost $1,500. The acceleration in national needs for
individual rare earths, coupled with the favorable
capacity of phosphorites to meet these needs, suggests
that some of our future market for individual rare
earths could be served by the phosphoric acid industry.
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The prospect of rare-earth recovery from phosphoric
acid offers additional benefit to the American chemical
industry. Several major purchasers of rare-earth ores
for production of rare-earth compounds are also major
producers of phosphoric acid.

POSSIBLE EXTRACTIVE PROCESSES

The realization of this byproduct potential for rare-
earth production is clearly dependent on a program
of extraction research. The essentials of a recovery
technology are now available in established practices
in the fields of concentration-separation chemistry,
liquid extraction, ion exchange, and gas chromatog-
raphy (Eyring, 1964). These practices must be
adapted, however, to the specific technology of the
American phosphoric acid industry, which is based
on sulfuric acid attack. Elsewhere, nitric and hydro-
chloric acids are also used.

The following discussion is not intended as an ex-
haustive or definitive treatment of the recovery prob-
lem. It outlines several areas of research which are
technically feasible and may be auspicious commer-
cially.

Liquid-liquid extraction

A major recovery-separation route of potential in-
dustrial importance is selective liquid-liquid extraction
of rare earths from acid solution with immiscible
solvent systems containing either phosphorus-based or
nonphosphorus-based organoextractants. The counter-
current extraction of rare-earth nitrates, chlorides, and
sulfates into a tri-n-butyl phosphate (TBP) phase is
well understood operationally (Peppard and others,
1952; Peppard, 1964; Weaver and others, 1953) and
has been applied successfully on a large scale (Bochin-
ski and others, 1958). Rare earths have also been
segregated with o variety of primary amines, oximes,
and aldehydes (Dryssen, 1956; Weaves, 1964). These
should be studied for their effectiveness in phosphoric
acid solutions.

Successful extraction of uranium from phosphoric

acid, incident to triple-superphosphate and sodium-

phosphate production, was practiced industrially in
the United States The uranium recovery was based
on countercurrent extraction with an alkyl pyrophos-
phate (octyl pyrophosphoric acid, OPPA) from orig-
inal ores containing only 0.01 percent uranium (Long
and others, 1956).

Research on use of organophosphorus compounds
for liquid-liquid extraction of the rare earths from
phosphoric acid is also attractive for possible recovery
of other rare-metal byproducts. The chemical simi-
larity of scandium and thorium to the rare earths
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extends to their complexing behavior in acid media
with these organophosphates Interest in cheap, low-
grade sources of uranium for long-term supply creates
still another incentive for coupling the recovery of
other metals in phosphorites to that of rare earths.
The quantity of these metals made available for by-
product recovery in phosphoric acid is outlined in
table 6, in terms of 1964 production from Florida. The
figures might double by 1970.

TaBLE 6.—Tonnage of scandium, thorium, and uranium available
for recovery in 1964 production of wet-process phosphoric acid
Jrom Florida phosphortte

Element Percent in Short tons

apatite dissolved !
S e o e 2 0. 0003 16
The L 3.0005 26
U e 3.01 500

t Based on U.S. Bur. Census (1965) statistics for H3PO« production.
2 Table 1, this report.
3 Altschuler and others (1958).

Selective precipitation

The successful extraction of rare earths during phos-
phoric acid production in the Soviet Union attests to
the availability of selective precipitation processes based
on nitric acid solution of the ores (Ryabtchikov and
others, 1958). Rare-earth phosphates in the filtrate
are collected through precipitation by partial neutrali-
zation with ammonia, urea, or calcium oxide (Mazgaj,
1957). Processes have also been developed for rare- .
earth recovery after sulfuric acid solution of the ores
for normal superphosphate production (Bril, 1964).

Extraction from caustic solutions

The caustic treatment of phosphate rock or phos-
phoric acid solutions for production of sodium phos-
phates may also permit rare-earth recovery. Caustic
metathesis (<70 percent NaOH=~140°C) is an estab-
lished means of obtaining rare earths as hydroxides
from the decomposition of phosphates. The reaction
product is extracted with hot water and the residue
(rare-earth hydroxides, and phosphates) separated by
filtration from the trisodium phosphate (Poirier and
others, 1958; Kaplan and Uspenskaya, 1958). As
caustic attack of apatite yields a relatively high-grade
raffinate at an early processing stage, it may have addi-
tional significance for separation of individual rare-
earth metals either by liquid-liquid extraction of the
hydroxides solubilized in nitric acid, or by ion exchange
of the sulfates,

lon exchange, gas chromatography, physical methods
A number of techniques are available for concen-
trating individual or groups of rare-earth elements.
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Some of these warrant research for gross recovery of
rare earths during phosphoric acid or ammonium
phosphate manufacturing. They may be based on (1)
basicity differences amenable to fractional precipita-
tion, ion exchange (Spedding and others, 1951;
Powell and Spedding, 1959), or solvent extractions;
(2) thermal stability of organometallic compounds,
as in gas chromatography; (3) physical separations
such as those involving differences in volatility (as
in, rare-earth halides at elevated temperatures), in
speed of ion migration, or in magnetic attraction.

The recently reported gas-chromatographic separa-
tion of 13 lanthanons, yttrium, and scandium using
2,2,6,6-tetramethyl heptanedione (Hthd) (Eisentraut
and Siever, 1965) is an interesting example of com-
bined physical and chemical techniques. Heptanedi-
one chelates are volatile, thermally stable, anhydrous,
and unsolvated. Differences among rare earth-Hthd
volatilites permit fraction sublimation at atmospheric
pressure using helium as a carrier. Reported data
justify serious research efforts in the application of
such techniques to industrial recovery of rare earths
from phosphoric acid solutions.
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SILVER AND MERCURY GEOCHEMICAL ANOMALIES
IN THE COMSTOCK, TONOPAH, AND SILVER REEF DISTRICTS, NEVADA-UTAH

By H. R. CORNWALL,' H. W. LAKIN,? H. M. NAKAGAWA? and H. K. STAGER,!

Menlo Park, Calif.: 2 Denver, Colo.

Abstract.—Approximately 450 samples of residual soil, rock
from mine workings, and bedrock were collected in two bonhanza
silver-gold districts (Comstock and Tonopah) in Nevada, and
in one silver sandstone district (Silver Reef) in Utah, and
analyzed for Ag, Hg, and Au by colorimetric and atomic-
absorption methods. Geochemical anomalies for silver clearly
delineate areas of principal silver mines in all the districts,
and mercury anomalies show the same pattern at Tonopah
and Silver Reef. In the Comstock district, however, mercury
values are highest outside the main silver-gold mining area;
this suggests horizontal zoning from a central silver-gold
area outward to a mercury area. If similar zoning occurs in
the vertical plane, several mercury anomalies may be under-
lain by silver-gold mineralization. Areas where further ex-
ploration might be warranted are also indicated at Tonopah
and Silver Reef.

Fresh and altered rocks from outcrops, mine work-
ings and dumps, and residual soils were systematically
collected and analyzed for trace amounts of gold,
silver, and mercury at two gold-silver bonanza dis-
districts (Comstock and Tonopah) in Nevada and a
silver-bearing sandstone district in southwest Utah
(Silver Reef). The results for each area are described
separately below.

Representative samples of surface bedrock and soil,
and wallrock in mine workings were collected in each
area, but those from mine dumps were selected from
materials that appeared to be favorable hosts for
silver and gold. Mine workings and dumps were sam-
pled only at Comstock and Tonopah, and the results of
this sampling are grouped in one category in figures
1-4. In each district approximately half the samples
are from mine workings. Figures 1 and 3 show that
most of the samples in this category are high in silver
content ; it should be kept in mind, however, that half
these samples are truly representative, and half are
selective. All the samples except two at Tonopah are
very low in gold content.

* The samples were analyzed for silver and mercury
in a mobile camper laboratory at field sites. Silver
was measured indirectly by its catalytic action on the
persulfate oxidation of manganous ion to permanga-
nate ion (Nakagawa and Lakin, 1965). The intensity
of the permanganate color in sample solutions was
compared with standard solutions containing known
amounts of silver. Mercury was determined by the
atomic absorption of its vapor in an instrument de-
signed for field use by Vaughn and McCarthy (1964).

Analysis of separate splits of these samples was
made in the laboratory in Denver, and these results
generally showed higher silver and mercury contents
than the field results. Finer and more uniform grind-
ing of the Denver laboratory splits is probably the
principal reason for this difference.

The gold determinations were made on the labora-
tory splits by a colorimetric method (Lakin and Na-
kagawa, 1965).

COMSTOCK MINING DISTRICT, NEVADA

The famous Comstock mining district includes, from
north to south, the Virginia City, Gold Hill, and
Silver City districts, and also the Flowery district 3
miles east of Virginia City. Total recorded produc-
tion has amounted to $398 million, according to Couch
and Carpenter (1943, p. 92-94, 134-138). Lincoln
(1923, p. 225-226) reported that from 1859 to 1921
the production In this area, exclusive of the Silver
City district, was 12,399,366 tons of ore that contained
gold valued at $164,023,917 and silver valued at
$222,315,814 for a total of $386,339,731.

The geology of the Comstock district was described
by Becker (1882), Bastin (1923), Gianella (1936),
Calkins (1944), and Thompson (1956). Volcanic
rocks of Tertiary age cover most of the district (figs.
1 and 2). The most widespread units are the Alta
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and overlying Kate Peak Formations, composed of a
series of andesitic flows, pyroclastic rocks, and intru-
sive rocks. Tertiary rhyolitic welded tuff, Cretaceous
granodiorite, and Triassic(?) metamorphosed volcanic
and sedimentary rocks underlie the Alta Formation,
and small bodies of granodiorite and andesite por-
phyry have intruded it and older rocks. Younger
Tertiary and Quarternary andesite and basalt flows
overlie the Tertiary units. Normal faults, striking
northwest to northeast, have moderately disrupted the
gently to moderately dipping volcanic rocks. The
largest of these is the Comstock fault, which dips 45°
E., with the east side displaced downward more than
2,000 feet.

The main gold-silver ore bodies occur in intensely
altered andesite of the Alta Formation along the
hanging wall of the Comstock fault for a distance of
3 miles in the Virginia City area, and along a south-
east-trending normal fault at the south end of the
district (fig. 1). The ore minerals argentite, electrum,
native gold, native silver, and minor polybasite, as
well as pyrite, sphalerite, chalcopyrite, and galena,
occur in quartz and calcite veins and as replacements
of altered wallrocks along veins. The average value
of the ore mined between 1839 and 1921 was $31 per
ton, but the largest bonanza ore body averaged $93
per ton (Lincoln, 1923, p. 227).

Widespread bleaching of the andesites of the Alta
and Kate Peak Formations has resulted from altera-
tion by hydrothermal solutions and possibly also from
weathering of propylitized areas peppered with pyrite.
In the present investigation these altered rocks were
sampled at nearly 100 localities both in and outside
the mining areas (figs. 1 and 2). A few samples of
fresh andesite were also collected for comparison

All but one of the samples of altered material from
dumps and mine workings in the mining areas con-
tain 1 part per million or more of silver, and 16 of
the 18 samples contain more than 5 ppm. Mercury
exceeded 300 parts per billion in 11 of the 18 samples.

The silver content of 18 samples outside the mining
district is greater than the background values, which
are 0.10 ppm or less for silver and 100 ppb or less
for mercury. These samples obtained 6 miles north-
west of Virginia City contain more than 0.3 ppm of
silver, and one of these contains more than 500 ppb
of mercury. Five samples from scattered localities
due north of the Comstock district, more or less along
the extension of the Comstock fault, also contain
silver in excess of 0.3 ppm, and 10 samples in this
area contain 0.1-0.3 ppm of silver. Mercury values
are particularly high in the same area and also in a

.241-334 0—G7——2
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sample from the extreme northwest corner of the map.
The two samples 6 miles north of Virginia City that
contain more than 3,000 ppb of mercury are from the
Castle Peak mine, which produced over 2,500 flasks
of mercury. The two clusters of samples containing
anomalous mercury, that occur 1 to 3 miles south
of the area shown at north edge of figure 2 are in
an area that has been rather intensively prospected
for mercury, but no workable ore has been discovered
(Thompson, 1956, p. 72). In this area andesite flows

“of the Kate Peak Formation have been intensely

altered to opal, quartz, clay, and alunite.

The distribution of mercury anomalies in the area
of figure 2 indicates that mercury is more abundant
outside the area of principal gold-silver deposits. This
pattern suggests a lateral zoning from higher tem-
perature gold-silver-base-metal mineralization to
lower temperature mercury mineralization. There
might also be similar vertical zoning from mercury
at the surface to gold-silver at depth.

Two particularly promising areas for possible gold-
silver mineralization at shallow to moderate depth
are the clusters of mercury anomalies at the sample
localities 2 miles and 414 miles north of the center of
Virginia City. These anomalies occur in altered an-
desite of the Alta Formation, or of the Kate Peak
Formation near its contact with the underlying Alta;
both sample sites are on the northward extension of
the Comstock fault. Furthermore, we find that these
areas apparently have not been thoroughly explored
by trenches, pits, or diamond-drill holes.

Other promising areas for gold-silver metallization
at depth are the mercury anomalies at the Castle Peak
mine and in the two clusters of samples in the area
1-3 miles south of the north edge of figure 2. The
silver anomaly in the area shown near the west edge
of figure 1 might also warrant some exploratory work.

All the samples from the area of figure 1 were also
analyzed for gold; every sample contained 0.05 ppm
or less of Au except two in the Flowery district that
ran 0.15 ppm of Au.

TONOPAH MINING DISTRICT, NEVADA

Tonopah, one of the largest and most famous silver-
gold districts of the United States, was discovered in
1900. Between 1901 and 1946 the total production
was $150,085,000 from 8,396,000 tons of ore, averaging
$17.87 per ton (Kral, 1951, p. 171). The geology of
the district was first described by Spurr (1905), also
by Burgess (1909), Bastin and Laney (1918), and
most recently by Nolan (1935), who mapped and
studied the underground workings



B12

R 26 E.

R. 2% E.

fTO RENO

ECONOMIC GEOLOGY
739730) EXPLANATION
& ey
- o > ~D
Alluvium e Older rocks C9E
Gravel, sand, and silt =3 Rhyolitic welded tuff, Lo © &
¥ o o w o on < W
granodiorite, meta- | o —
> volcanic and meta- | & & ©
[ B Eo =
Younger rocks ; < sedimentary rocks <
Truckee Formation and _‘—( g E
- flows and | & < 2 =T
younger f 0 a1 x : Contact
{T.19 N intrusions of andesite, | = 3 .
o basalt, and rhyolite = Dashed where approvimate
T.18 N —_————
Normal fault
Kate Peak Formation Dashed where approrimate;
Andesite flows, breccias, - ball on downthrown side
and intrusive rocks Ve
Strike and dip of beds
>
Intrusive rocks ?g Y
Granodiorite and andesite | & Sesmud”
porphyry w Area of principal silver-
gold mines
Alta Formation
Andesite flows and pyro-
clastic rocks
SAMPLES
Mine working  Bedrock  Soil Silver
or dump outerop (ppm)
5 >5
O [ 1.0-5
7N A 0.4-0.7
o L ] @ 0.1-0.3
(] ] <0.1
R. 21 E. R.22E,

119°40"

y /.
,.//////'/’//??/

g/ Ta
4
5 /) FLOWER

7O FALLON X\

T 17 1M

2 M
|

T.16 N.

ILES

| 39°185"

S 2
TO CARSON CITY7

Geology modified after Thompson (1956)

119°30'

F1aUuRrE 1.—Geochemical map of silver distribution in the Comstock mining district, Nevada.




CORNWALL, LAKIN, NAKAGAWA, AND STAGER

R. 20 E.

R: 21 E;

39°30'

T. 19 N
T.18 N.

B13

EXPLANATION
& ey s9=
Alluvium = Older rocks o=
< < ayls = Lk b=
Gravel, sand, and: silt 2= Rhyolitic welded tuff, ek
granodiorite, meta- < = B
QTy. > voleanic and meta- | & o 2
Younger rocks > = sedimentary rocks oz
Truckee Formation and E 2 E o
younger flows a't'Ld E < .:( Contact
intrusions of andesite, | = = 5
busalt, and rhyolite = Dashed where approximate
Normal fault
Kate Peak Formation Dashed where approximate;
Andesite flows, breccias, ball on downthrown side
and intrusive rocks I0
= Sy
. Strike and dip of beds
g
Intrusive rocks L=< & s,
Granodiorite and andesite | 7 SR
dorihyny i Area of principal silver-
gold mines
Alta Formation
Andesite flows and pyro-
clastic rocks SAMPLES
Mine working Bedrock  Soil Mercury
or dump outerop (ppb)
o L 2 =>3000
o [} b 1000-3000
v v v 500-990
A A a 300-490
o ® ® 100-290
R. 22 E. o | <100

\
/é//'FLOWER
]

Ri 21 E.

1
Ta

TO FALLGN\

119°40

TO CARSON CITY

2 MILES
I | -
s 39°15'
Geology modified after Thompson (1956) 119°30'

FI16URE 2.—Geochemical map of mercury distribution in the Comstock mining district, Nevada.

report



B14

The ore bodies occur in the Mizpah Trachyte, a
group of andesitic flows that are part of a Tertiary
volcanic sequence of andesitic to rhyolitic tuffs, flows,
plugs, and tuffaceous sedimentary rocks. According
to Nolan (1935, p. 41-47) the ore bodies are replace-
ment veins of quartz, carbonates, barite, electrum, ar-
gentite, polybasite, and other silver and base-metal
sulfides that occur along faults and fractures. Lo-
cally, near the center of the mineralized area, cerargy-
rite, iodyrite, and embolite are abundant in a zone of
supergene enrichment.

Individual ore shoots range from a few feet to 1,500
feet 1n length, 1-40 feet in width, and are restricted
to a domed shell 300-600 feet thick of altered and
fractured rock that nearly reaches the surface in the
center of the district. Several faults containing the
principal ore veins are also within and generally par-
allel to this domed shell. The Mizpah Trachyte, which
is the host rock for the ore bodies, has been albitized
and further altered to quartz sericite and adularia in
the central part of the district. Beyond the central
area, chlorite-carbonate alteration predominates. The
ore ratio of silver to gold varies from 85:1 in the
central area to more than 100:1 in peripheral areas
(Nolan, 1935, p. 45). The features described above
are believed to be related to an igneous intrusion,
below the central area, that produced the crescent-
shaped faults by forceful intrusion and supplied heat
and solutions that altered the andesite and deposited
the ore minerals.

One hundred and forty three samples, including some
soils, and some material from dumps and mine work-
ings, were collected in the Tonopah district and ana-
lyzed for silver and mercury. The analytical results
are given in figures 3 and 4, which also show what
types of samples were taken and the general geologic
setting for each sample within the district.

The 18 samples from mine dumps in the main part
of the district are all high in silver content; all but
2 contain more than 4 ppm. Mercury is anomalously
high in 12 of these samples, 9 of which contain 500
ppb or more. The background for silver in the To-
nopah district appears to be 0.05 ppm or less, and for
mercury, 20-60 ppb.

Another very promising area of anomalous silver
and mercury values was found 3/4 to 134, miles north
of the center of Tonopah. Soils and dumps in this
area contain, for the most part, more than 1 ppm
of silver, and 6 samples near and north of the King
Tonopah mine (figs. 3 and 4) have a high mercury
content (300~>1,000 ppb). This is an area of intense

ECONOMIC GEOLOGY

alteration in the Mizpah Trachyte similar to that at
Tonopah (quartz-sericite-adularia). The area was
drilled by the Calumet and Hecla Co. in the 1940’s,
and they intersected quartz veins containing gold and
silver. The silver and mercury anomalies found in
that area in the present investigation indicate a need
for more exploratory work.

In addition, samples were taken along normal faults
north and east of Tonopah as well as in a large area
of Mizpah Trachyte east of Tonopah. Leakage from
hidden ore bodies at depth might provide surface
anomalies locally along these faults. Such an anomaly
was found at the King Tonopah mine. Silver values
are also high in 3 samples, 114 miles northeast of
Tonopah, just north of an area shown as alluvium
and mine tailings in figure 3. Exploration might be
warranted there also. Results of sampling in the rest
of the area were rather discouraging, particularly for
mercury.

The Tonopah samples were also analyzed for gold,
and all contain 0.05 ppm or less except 2 from dumps
of the Mizpah and Silver Top shafts in Tonopah that
contain 0.07 and 3.8 ppm, respectively, and one from
a dump 1 mile north of Tonopah, just west of the road
shown on figures 3 and 4, that contains 2.5 ppm.
These samples are also high in silver content (12, 8,
120 ppm, respectively) and 2 of the 3 are high n mer-
cury content (6,500, 1,800, 170 ppb).

SILVER REEF MINING DISTRICT, UTAH

The Silver Reef district, also known as the Harris-
burg or Leeds district, was discovered in 1869. Be-
tween 1875 and 1909, 7,200,000 ounces of silver was
recovered (Butler, 1920) from deposits in the Spring-
dale Sandstone Member of the Moenave Formation.
The Springdale is locally known as the “Silver Reef
sandstone” (Proctor, 1953). The stratigraphic no-
menclature used in this paper is based on recent work
by Averitt and others (1955), and Wilson (1965).

The Moenave and Kayenta Formations of Late Tri-
assic( %) 'age,/u/nd the underlying Chinle Formation of
Late Triassic age are folded into a major anticline
with a subsidiary anticline and syncline plunging
northeastward down the nose of the major structure.
A northeast-trending normal fault, and a thrust fault
with minimum eastward displacement of 1,500 feet
(Proctor, 1953) repeat the silver-bearing Springdale
Sandstone Member three times across the nose of the
anticline. Quaternary alluvium and basalt locally
overlie these units (figs. 5 and 6).
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The silver deposits occur in a white to light-brown,
fine-grained sandstone, 30 to 60 feet thick, with inter-
bedded lenses of dark gray, green, or maroon shale
commonly less than 1 foot thick. Beds containing
clay galls, and fossil reeds and rushes are also present.

The silver deposits are irregular, generally elongate
bodies, a few feet to several hundred feet long, and 1
inch to 20 feet thick. The ore mined averaged 20 to
30 oz. of silver per ton. The silver minerals cerargy-
rite (AgCl), plus a little reported argentite, occur as
disseminated grains replacing the matrix of the sand-
stone, as thin seams along bedding-plane joints, and
as replacements of fossil plants. The copper carbon-
ates azurite and malachite are present, and locally
are abundant; small amounts of vanadium-uranium
minerals have also been found.

The sandstone and included lenticular ore bodies
dip 15° to 35° north to northwest on the northwest
part of the nose and flank of a large anticline.

A total of 167 samples, predominantly of residual
soil (figs. 5, 6), were collected in the district. Resid-
ual soil near the base of the scarp slope of the silver-
bearing Springdale Sandstone Member was sampled at
regular intervals for a distance of approximately 10
miles. Residual soil samples were also obtained for a
distance of approximately 3 miles, mainly in the area
of principal silver ore bodies, along the base of the
dip slope of the sandstone.

The area of principal silver ore bodies i$ clearly
delineated by anomalous high values of both silver and
mercury. The background value for silver appears to
be 0.5 ppm or less, and values greater than 1 ppm are
anomalous. In the area of known silver ore bodies,
most of the samples range from 3 to more than 10
ppm of silver, whereas outside the area the majority
of the samples contain less than 1 ppm. The back-
ground value for mercury is 20-200 ppb. In the area
of known silver ore bodies, most of the samples con-
tain more than 300 ppb of mercury, and the majority
contain more than 1,000 ppb.

Anomalous silver values extend for nearly 1 mile
southwest of the area of known silver ore bodies, and
mercury values are high for half this distance. This
might be a favorable area for finding new ore bodies.
Half a mile north of Leeds, northwest of the normal
fault shown in figures 5 and 6, is another favorable
area in which silver has not heretofore been mined
and where anomalous silver and mercury values were
obtained from the majority of 10 soils samples.

At 32 of the sample sites along the scarp slope of the
Springdale Member, paired samples of residual soil
and sandstone ledge were taken. In two-thirds of the
localities silver and mercury values are comparable in
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soil and bedrock. Only one of these sites, located 1,000
ft. southwest of the area of principal silver ore bodies
shown in figures 5 and 6, has anomalously high values.
At 8 localities, however, where silver values are anom-
alously high in the soils, ranging from 2 to 10 ppm,
mercury values are also high in the soils (240-2,000
ppb), but low in the rocks (20-100 ppb). In 5 of
these samples the rocks also have high silver values
(1-14 ppm).

These results suggest that mercury values in areas
of silver mineralization are apt to be higher in resi-
dual soils than in the parent rock. The reason for
this is not clear, but possibly the erratic distribution
of silver-rich, and presumably also mercury-rich, len-
ses in the sandstone ledge makes representative sam-
pling difficult. Residual soils might more accurately
represent the silver and mercury content of the weath-
ered sandstone face. Friedrich and Hawkes (1966)
have reported a somewhat similar situation in the
Pachuca-Real del Monte district, Hidalgo, Mexico.
They state that residual soils above a system of well-
mineralized silver veins contain 250-1,900 ppb of mer-
cury as contrasted to a background of 50 ppb, whereas
wallrock immediately adjoining mercury-rich silver
ore showed no enrichment in mercury.

Gold was determined in 122 of the Silver Reef sam-
ples. Ninety-nine contain 0.05 ppm or less. Nineteen
have 0.07 ppm; three have 0.10 ppm, one has 0.35 ppm.
All but 4 of the higher values are in soil samples, and
all but 6, including the highest one, came from the
area of principal silver ore bodies.
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MINERALIZED VEINS

GEOLOGICAL SURVEY RESEARCH 1967

AT BLACK MOUNTAIN, WESTERN SEWARD PENINSULA, ALASKA

By C. L. SAINSBURY and JOHN C. HAMILTON, Denver, Colo.

Abstract.—Veins at Black Mountain contain anomalous
amounts of Sn, Pb, Zn, and Ag and trace amounts of Be, Cu,
Bi, and Mo, elements characteristic of tin deposits. The veins
are associated with a small stock of biotite granite of Late
Cretaceous(?) age, and occur for the most part in limestone
altered to calc-silicate rock near the stock. By analogy with
ore-bearing veins at the Lost River tin mine, 20 miles to the
west, where the higher levels of a tin ore shoot contain only
small amounts of Sn and other rare metals, the veins at Black
Mountain may contain an ore shoot at depth.

A small biotite granite stock intruded and metamor-
phosed older slates, phyllites, and argillaceous lime-
stones at Black Mountain in the Seward Peninsula tin
belt. Pyrite and arsenopyrite were noted in rocks of
the contact aureole by Steidtmann and Cathcart (1922,
p. 116), but no valuable ore minerals were known
until 1963 when Sainsbury (U.S. Geol. Survey, 1964,
p. A5) found cassiterite and wolframite with topaz
and fluorite in altered granite during a reconnaissance
traverse of the mountain. Several veins and miner-
alized faults were found during geologic mapping in
1966, and are shown on figure 1. The mineralized
structures are called veins if there is only minor offset
of beds, and mineralized faults if offset is appreciable
and introduced minerals are confined to only a part of
the fault. Some of the veins can be traced for several
thousand feet, and more work is warranted to deter-
mine the tenor of the veins at depth.

The ore deposits herein discussed are on the public
domain. They are accessible by bush plane, or by boat
and foot traverse, from Teller or Nome, respectively
20 and 80 miles to the southeast of the deposits.
Small, high-performance bush planes can land on a
small airstrip on a flat bench about 1.5 miles east of the
deposits (fig. 1).

GEOLOGY

The small stock of Late Cretaceous(?) biotite gran-
ite crops out on the south side of Black Mountain,

where it intrudes a pre-Ordovician slate altered to bio-
tite-andalusite hornfels (fig. 1). Above the granite
and slate, pre-Ordovician thin-bedded argillaceous
limestone has been altered to calc-silicate rock. Near
the granite, the calc-silicate rock is composed mainly
of garnet, vesuvianite, and tourmaline with minor
amounts of other contact minerals, and generally is
greenish gray on weathered surface. Farther from
the granite, the calc-silicate rock is composed of wol-
lastonite and other light-colored calc-silicate miner-
als, and contains pods and lenses of recrystallized
limestone. Southeast of the granite, limestone and do-
lomite of Ordovician age are thrust over the older
limestone. The slate locally is intruded by irregular
bodies of medium- to coarse-grained gabbro also of
pre-Ordovician age, but no gabbro intrudes the argil-
laceous limestone or cale-silicate rock.

The granite was intruded forcibly; it occupies the
center of a domal uplift with the slate generally dip-
ping away from the granite. This fact, and the clus-
tering of normal faults around the area of the stock,
indicates a genetic relation of intrusion, doming, and
normal faulting. The faults mapped form three dis-
tinct sets: one set strikes about N. 20°-45° E.; a second
set strikes N. 20°-50° W., and a third set strikes gen-
erally east. Some faults of all sets are altered locally
by hydrothermal solutions, and one such altered fault
cuts the granite (Helen fault, fig. 1).

Sainsbury (1965) gives a description of the rock
units shown on figure 1, as well as the tectonic history
of the general area.

MINERALIZED VEINS

Mineralized veins occur in a faulted area about 1
mile square just north of the granite stock (figs. 1,
3). Two mineralized faults (Winkley and Helen
faults, fig. 1) contain anomalous amounts of tin. The
Winkley fault is a normal fault striking northwest-
ward and dipping steeply southwestward. The miner-

U.S. GEOL. SURVEY PROF. PAPER 575-B, PAGES B21-B25

B21



B22 ECONOMIC GEOLOGY

166°40’

anch
Deer B 3

65°
30'f

Area of
figure 3

Airst!

0
—

;pé

0 1 2 MILES
a L 1 ]
EXPLANATION
L~
<Ke' 2o \©
Av A w2
Biotite granite Sa Contact ; .
o Approximately located Strike-and dip of beds
| =
o
a 5 e ‘\(’30
Limestone and dolomite o= Contact Stiike and dip of
7 May be a thrust fault Tike and dip o:
X crenulated beds
Cale-silicate rock (tactite) Argillaceous limestone | Z e 8
= Fault \
J"""" g Dashed where approximately Strike and dip
L o located; queried where in-
Gabbro & ferred. U, upthrown side; of cleavage
] D, downthrown side
w .o l.l .
Slate and phyllite Major thrust fault e i
Locally hornfels J Sawteeth on upper plate Mineralized fault

F1cUure 1.—Geologic map of the Black Mountain area, western Seward Peninsula, Alaska.



SAINSBURY AND HAMILTON

alized segment lies along the fault in the valley of
Willow Branch of Tozer Creek, where the fault forms
a distinct bench about 100 feet above the creek level.
North of the fault, the bedrock is contorted slate; on
the south side, the bedrock is light-colored calc-silicate
rock containing lenses of recrystallized limestone.
For a distance of about 2,500 feet along the fault, ore
solutions have converted the cale-silicate rock to dark
garnet-rich tactite containing several percent of sulfide
minerals, including ferroan sphalerite (marmatite),
pyrite, arsenopyrite, and a sooty-black unidentified
material. Gangue minerals younger than the light-
colored calc-silicate rock are fluorite and fine-grained
silica. On the north side, where the bedrock is slate,
the vein material consists of white quartz, tawny fine-
grained silica, and cassiterite (sparse).

The distribution of sulfide-bearing tactite float, as
well as scattered outcrops of tactite, shows that ore
solutions spread outward from the fault and irregu-
larly replaced the calc-silicate rock updip, as shown on
figure 2. An analysis of a random chip sample (66—
ASn—485) of the sulfide-bearing tactite is shown in
table 1, and the sampled locality is shown on figure
2. The mineralized part of the Winkley fault is fa-
vorably located for drilling, for water is available in
Willow Branch, and inclined holes of moderate length
can test the downdip extension of the fault.

The Helen fault (fig. 1) strikes about N. 20° E.,
dips steeply northwest, and probably cuts the granite
along the northwest border. The granite contact fol-
lows the line of the fault, as does altered granite con-
taining float of cassiterite and wolframite-bearing
topaz-fluorite veins, suggesting that the fault controls
the granite contact. The fault plane, however, was
covered by frost-broken rubble and snow, which pre-
vented conclusive determination of the relation be-
tween faulting and granite. Mineralized segments of
the fault are marked by distinct linear depressions
with associated clay minerals and iron stains.

At the northeast end of the granite, near the Helen
fault, quartz-topaz greisen containing cassiterite, py-
rite, pyrrhotite, sphalerite, and galena has replaced
the granite irregularly. This greisen may be related
to ore solutions rising through shattered wallrocks
along the fault. At the head of the valley of the
unnamed south fork of Willow Branch, the Helen
fault contains lenses of both white quartz and rusty
fine-grained silica. The quartz does not contain ob-
servable cassiterite or sulfide minerals, but it does con-
tain trace amounts of gold and silver. . No samples
for analysis were collected along the Helen fault, but
cassiterite and sulfide minerals are megascopically visi-
ble in altered rock along it.
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Fieure 2.—Schematic drawing of the relation between sulfide-
bearing cale-silicate rock and the Winkley fault, Black Moun-
tain, Alaska. Wavy-line symbols in the contorted strata show
the strike and the direction of dip of crenulated beds.

The shorter veins are confined to the outcrop area
of the calc-silicate rock on the top of a tablelike area
just north of the granite of Black Mountain (figs. 1,
3). Several veins were found, and others probably
exist. They are grouped in two areas separated by
a small knoll on which are several rock pinnacles 6
to 10 feet high. A schematic map of the veins, with
sample locations, is shown on figure 3. The main vein
(vein X)) can be traced at least 5,000 feet; it consists
of an east part striking about east, and a west part
that trends about N. 70° W. downward off the hilltop.
In the east part, where one wall of the vein is calec-
silicate rock and the other slate or siltstone, fluorite is
abundant, whereas quartz and minor fluorite form the
gangue in the west half where hornfels forms both
walls. The vein outcrops are marked only by frost-
broken fragments of iron-stained vein material, some
of which contain radiating needles of wollastonite(?)
or diaspore(?). Small specks of cassiterite(?) and a
very dusky purple sulfide mineral are noticeable in the
northwest part of the vein. Owing to the scattering
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TABLE 1.—Semi§uantitative spectrographic analyses, in weight
percent, of random chip samples of float vein material, Black
Mountain, Alaska

[Analyst: J. C. Hamilton, U.S. Geol. Sutvey]

Sample No..._.__.___ 66-ASn-308 | 66-ASn-308A. | 66-ASn-471 66~A Sn-485
Lab. No...__._.___. ABG-756 ABG-757 ABG-763 ABG-764
Map reference....._. Fig. 3 Fig. 3 Fig. 3 Fig. 2
Sn_ ... 0. 003 0 0. 007 0. 07

Be . .. . 00015 0 . 0003 . 00015
Cu_.___.___..__ . 003 . 0001 . 003 .03
Po__ . _______ . 003 0 .03 .03

In_ ... ____. 0 0 .03 3.0
Moo . 0 0 0003 0
Bi__..._..._..| 0 0 0 . 007
Ag_ . . 00015 0 0 . 0015
Sb_ ... .15 0 0 0
St . 003 2 . 003 .03

NortE.—0 indicates below detection limits, which are as follows: Sn, 0.001; Be,
0.0001; Cu, 0.0001; Pb, 0.001; Zn, 0.02; Mo, 0.0003; Bi, 0.001; Ag, 0.0001; Sb, 0.02; and
Sr, 0.0005.
of vein float by frost action, the width of float varies
from a few feet to 12 feet, and the true thickness of
the vein cannot be determined. The same is true for
the other veins. A semiquantitative spectrographic
analysis of a random chip sample of float vein mate-
rial in which sulfide minerals are megascopically de-
tectable is shown in table 1 (66-ASn-471).

A second vein trending about N. 80° E. lies a few
hundred feet south of the main vein, and can be traced
about 2,000 feet. The float consists of iron-strained
vein material containing fluorite, fine-grained silica,
and altered calc-silicate rock. :

The veins in the southern part of figure 3 lie just
north of the contact zone of the granite; they are more
numerous but not as persistent along the strike nor
as well mineralized as are those previously discussed.
These veins are confined to cale-silicate rock and com-
prise two distinct sets which strike about N. 80° E.,
and north. The float vein material consists of porous
iron-stained silica, fluorite, and carbonate. The long-
est north-trending vein can be traced for a distance of
about 1,500 feet, and the longest N. 50° E. trending
vein is 800 feet long. Several smaller veins, princi-
pally belonging to the set striking N. 50° L., were
found, and others probably exist. Spectrographic
analyses of two chip samples of vein float are shown
in table 1; in one, only Sr is anomalously abundant.
The veins probably do not exceed a few feet in thick-
ness, but judged from their lateral continuity they
probably extend to some depth.

ECONOMIC IMPORTANCE

With the possible exception of the mineralized part
of the Winkley Fault, none of the surface exposures

ECONOMIC

GEOLOGY

of the veins herein discussed contain minable amounts
of ore minerals. However, the same elements which
are characteristic of the tin lodes at Lost River (Sn,
Be, Cu, Pb, Zn, Bi, Ag, and Mo) occur in the veins
at Black Mountain, and fluorite is a common gangue
mineral at both places. At the Lost River mine, 20

miles to the west, a strong downward zonation is char-
acterized by surface exposures of barren lodes with
only anomalous amounts of metals and commercial ore
at a depth of a few hundred feet (Sainsbury, 1965).
This change from barren lodes to commercial ore
occurs at depths that do not exceed the projected depth
to granite in the Black Mountain area.

| i
{ |
|
| / |
\ ‘\ / ! \\
\\ \ /] b
\ /
\ .’.\'_JEI‘N'—._-‘ / //
| ! l/ {
\\ \ \ \\
/) \\) \l \\
- ~77N
7/ - - ) / ]
/ - - o / /
/ 7 L 8e / /
/ o~ Rock / /
/ /! pinnacles / /
/ /o { [
l/ /] \ \\
i )56-ASn-308A
~ AN
\\ N
N\
\ \
\
\
N < \ \
0 ! \
Z ! \
/l l
/
// /
\ /
\ / /
\\ // //
N / /
~o // //
\\\ 7/ ,/

15100 FEET

APPROXIMATE SCALE

Fieurk 3.—Sketch map of known veins north of the granite at
Black Mountain, Alaska. Sample numbers (66-ASn-308) and
localities (X) are shown. Contour interval is approximately
50 feet.
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MONOGRAPTUS HERCYNICUS NEVADENSIS N. SUBSP.,

FROM THE DEVONIAN IN NEVADA

By WILLIAM B. N. BERRY, Berkeley, Calif.

Abstract.—A new subspecies of Monograptus hercynicus, M.
hercynicus nevadensis, is described from two localities in
Nevada. One locality, near Carlin, is in Western assemblage
rocks; the other, in Coal Canyon in the Simpson Park Moun-
tains, is in Eastern assemblage rocks. The new subspecies has

a greater width than European members of the species but is’

generally similar in other characteristics, The graptolite is
indicative of a probable Siegenian age for the beds from which
it came, and necessitates reconsideration of denoting the Silu-

rian-Devonian boundary on the basis of the last appearance of

monograptids.

Recently, great interest in Momograptus hercynicus

has arisen because the species is considered to have a
possible age range of late Gedinnian into Siegenian
(Jaeger, 1962; Solle, 1963). It may well be restricted
to the Siegenian (Jaeger, written commun. 1966). In-
asmuch as these stages are commonly included in the
Devonian System, the denoting of the Silurian-Devon-
ian boundary on the basis of the last appearance of
monograptids now must be reconsidered. The defini-
tion of the Silurian-Devonian boundary is still in
debate. Holland (1965) has summarized several opin-
‘ions on its position. The writer suggests that, inas-
much as the Gedinnian and Siegenian Stages have
long been included in the Devonian, they remain with-
in that system.

Although M. hercynicus was originally described in
1899 by Perner from Bohemia, it had long been over-
looked until studies by Jaeger (1959, 1962, 1964) fo-
cused attention on it. Jaeger’s work has resulted in
worldwide interest in M. hercynicus and allied species.
It has been recognized by Jaeger (1959, 1962, 1964) in
Thuringia, the Kellerwald, Marburg, and West Sude-
ten in Germany; Spassov (1963) described it in Bul-
garia; Obut (1960) noted its presence in central Asia;
Hollard and Willefert (1961) recorded it from Mo-
rocco; Legrand (1961) described it from the Chaines
d’Ougarta in Algeria; and Greiling and Puschmann
(1965) listed it from a locality near Barcelona, Spain.

The species has been found by Johnson (1965) in the
stratigraphic section in Coal Canyon in the Windmill
window, Simpson Park Mountains, Nev. (fig. 1, Horse
Creek Valley quadrangle, NW14SE1j sec. 17, T. 25
N, R. 49 E.). It has also been collected by J. F.

- Smith, Jr., K. B. Ketner, and R. J. Ross, Jr., of the

U.S. Geological Survey, near Carlin, Nev. (fig. 1; Car-
lin quadrangle, W14 sec. 34, T. 32 N, R. 52 E.).
Specimens from these two Nevada localities are de-
scribed below. '
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F1eUurRe 1.—Index map showing the position of the
two localities at which Monograptus hercynicus
nevadensis was found. :
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The specimens of the subspecies of M. hercynicus
described herein were collected in Nevada from both
Eastern (primarily carbonate), and Western (primar-
ily chert and argillite) assemblage rocks. The simil-
arity of the specimens from the two localities suggests
that free communication existed between these areas
when the graptolite-bearing deposits were forming.

Acknowledgments—The author is indebted to Dr.
Hermann Jaeger, Humboldt University, Berlin, for
examining some of the specimens described and for
critically reviewing the manuscript and to Dr. R. L.
Ethington, University of Missouri, for information
concerning the conodonts found near the graptolites
at the Carlin, Nev., locality. Thanks are also due his
colleagues on the U.S. Geological Survey for sending
the specimens to him and for their suggestions concer-
ning the manuscript.

AGE OF MONOGRAPTUS HERCYNICUS IN NEVADA

Although Monograptus hercynicus is known to
occur in Europe in beds of possible late Gedinnian
and Siegenian age (Jaeger, 1962), the evidence bear-
ing on the age of the beds that contain the Nevada
subspecies needs evaluation. Inasmuch as the Gedin-
nian and Siegenian Stages have been recognized in
Europe on the basis of shelly fossils, the age range of
M. hercynicus in North America must be based on an
analysis of the shelly fossils that occur with it. John-
son (1965, p. 370-371 and fig. 4) has provided such
an analysis of the shelly faunas that occur below and
above the graptolite-bearing beds in his Windmill
Limestone at Coal Canyon, where he grouped the bra-
chiopods from his Windmill Limestone into the Quad-
rithyris zone, and considered the Quadrithyris zone
as correlative with the Gedinnian or Siegenian. John-
son has continued his study of these brachiopods and
is now of the opinion that they indicate correlation
only with the Siegenian (written comm., 1966).
Johnson’s studies of the brachiopods occurring with
the Nevada subspecies of M. hercynicus at Coal Can-
yon indicate that the Nevada subspecies of M. hercyn-
tcus falls within the age range of this species estab-
lished in Europe.

The evidence concerning the age of the Nevada sub-
species of M. hercynicus at Carlin is not as precise as
at Coal Canyon. According to J. F. Smith (written
comm., 1966), “The locality is in Wl4 sec. 34, T. 32
N, R. 52 E.,” and “the rock there is almost black to
pale brown siltstone, some of which is very carbon-
aceous. It isin a formation that makes up part of the
upper plate of the Roberts thrust.” Smith also indi-
cates that the monograptid-bearing beds are in the
lower part of a formation that includes most of the

241-334 0—67——3
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Devonian; fossils suggestive of a Late Devonian age
had been found in the same unit several miles away
from the monograptid locality. R. J. Ross, Jr. (writ-
ten comm., 1964) has noted that conodonts considered
indicative of a Devonian age had been obtained from
not more than 10 feet stratigraphically above the mon-
ograptids. R. L. Ethington, who had collected some
of the conodonts and examined the fauna, states (writ-
ten comm., 1966) that “the conodont fauna consists
almost exclusively of Zcriodus latericrescens with an
occasional specimen of a new species of Spathognatho-
dus” and indicates that the age suggested by the con-
odont fauna was consistent with that of the grapto-
lites, namely, late Gedinnian or Siegenian. The evi-
dence from the Carlin occurrence thus tends to sub-
stantiate the age of the Nevada subspecies of M. her-
cynicus as documented by Johnson.

Johnson (1965, p. 370-372) discussed correlation of
the Quadrithyris zone, pointing out that it had been
recognized in the lower part of the McMonnigal Lime-
stone of Kay and Crawford (1964, p. 440) at Ikes
Canyon in the Toquima Range. Johnson (1965, p.
370 and fig. 3) also indicated that his Windmill Lime-
stone was the lateral equivalent of a part of the Lone
Mountain Dolomite and pointed out that the Quad-
rithyris zone fauna had closest affinities with those
from Asiatic Russia and the Urals.

SYSTEMATIC PALEONTOLOGY

Class GRAPTOLITHINA Bronn, 1846
Order GRAPTOLOIDEA Lapworth, 1875
Suborder MONOGRAPTINA Lapworth, 1880
Family MONOGRAPTIDAE Lapworth, 1873
Genus MONOGRAPTUS Geinitz, 1852
Monograptus hercynicus Perner, 1899
The species M. hercynicus has been fully described
by Jaeger (1959, p. 87-92; table 1, figs. 1, 10, table 2,
table 3, fig. 1, Abh. 15 a-h), who noted that the most
characteristic features of this species were the unique
trumpet shape of the sicula, the thecal hooks, and the
near-vertical form of a major portion of the free ven-
tral wall of most of the thecae. The Nevada speci-
mens have all these features and clearly fall within
the species M. hercynicus. However, they have some-
what wider rhabdosomes than the European M. her-
cynicus and appear to constitute a distinct subspecies.

Monograptus hercYnicus subsp. nevadensis n. subsp.
Figure 2, a - %

Description.—The rhabdosomes are straight for the
greater part of their length, except that they com-
monly have a slight to moderate ventral curvature from
the level of the sicula apex up to about 6 to 8 mm from
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that level (fig. 2, 2, ). A slight to moderate dorsal
flexure commonly occurs throughout the length of the
sicula (fig. 2, @, ¢, ¢). All of the rhabodosomes studied
are incomplete or immature; the longest of them
measured 4 to 5 cm.

The rhabdosomes widen from about 0.7-0.8 mm
(without thecal hook) and 1.2-1.4 mm (with thecal
hook) at the first theca (th 1) to 1.3—-1.5 mm (without
thecal hook) and 1.5-1.8 mm (with thecal hook) at 5
mm from that level, to 1.5-1.8 mm (without thecal
hook) and 1.9-2.1 mm (with thecal hook) at 10 mm
from that level to & maximum of 1.8-2.2 mm (without
thecal hook) and 2.4-2.6 mm (with thecal hook) at 12
to 15 mm from that level. The commonest maximum
width is 2.0 mm without thecal hook and 2.5 mm with
thecal hook.

Five to 5% thecae occur in the proximal 5 mm of the
rhabdosome and 9% to 11 in its proximal 10 mm.
Seven to 8} thecae are present in 10 mm in the distal
portions of the rhabdosome of the Coal Canyon speci-
mens, and 8% to 9 in the distal portions of the rhabdo-
some of the Carlin specimens. In all rhabdosomes,
the thecae are more markedly hooked in the proximal
portion of the rhabdosome than in the distal portion
(see figs. 2g, ¢, h). Marked thecal hooks may be
present in only the proximal 2 or 3 thecae in some speci-
mens (see figs. 2¢, g, ), but may be present in as many
as 15 to 18 thecae in others (see fig. 2b). Commonly,
however, the initial 5 to 7 thecae are markedly hooked
and the more distal ones less so. The general shape
of the proximal thecae is similar to that of the thecae
in Monograptus uncinatus (see figs. 2a, g, h, 7). The
hooked portion of these thecae is a tube that is approxi-
mately 0.2 mm wide and 0.3 to 0.4 mm high. The

FIGURE 2.—Monograplus hercynicus nevadensis n. subsp.
a. Proximal end of rhabdosome showing shape of sicula (s)
and first theca (th 1). X 10. USNM 155931. Windmill
Limestone, Coal Canyon.
b. Distal portion of rhabdosome showin
and thecal hooks (thh). X 10. US
mill Limestone, Coal Canyon.
¢. Nearly complete rhabdosome; s, sicula; pth, proximal
" thecae. X 5. USNM 155933. Unnamed unit, Carlin.
USGS Silurian-Devonian Loc. D62.

d. Proximal end of rhabdosome showing sicula (s) shape and
- virgella spine (vs). X 10. USNM 155934. Unnamed
unit, Carlin. USGS Silurian-Devonian Loc. D62.

e. Medial part of rhabdosome showing change in thecal form
from the proximal (bottom of photo) to the distal (top
of photo) thecae. X 10. USNM 155935. Unnamed
unit, Carlin. USGS Silurian-Devonian Loc. D62.

f. Distal part of rhabdosome. X 5. USNM 155936. Wind-
mill Limestone, Coal Canyon.

g. Proximal end of rhabdosome shown in ¢ illustrating shape
of sicula (s) and proximal thecae (pth). X 10.

h. Distal end (de) of one rhabdosome and proximal ends (pe)
of two others showing sicula (s) and proximal thecae
pth). X 5. USNM 155937. Windmill Limestone,

oal Canyon.

i. Proximal end of rhabdosome showing shape of sicula (s)
and proximal thecae (pth). X 10. SNM 155938.
Windmill Limestone, Coal Canyon.

nature of thecae
M 155932. Wind-
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distal thecae are somewhat different in shape (see figs.
2b, ¢, f) in that the tubular hooked part of the theca is
reduced to scarcely 0.1 mm in width and in height. The
hooked part in the distal thecae of some specimens has
been drawn out to such an extent that it appears as a
small spine projecting from the ventral thecal wall (see
figs. 2¢, f). In most highly compressed specimens the
tiny hooks appear as small flanges projecting from the
ventral side of the rhabdosome. In addition to the
small size of the thecal hook, the distal thecae have a
relatively unique shape, inasmuch as the greater part
of the free ventral wall is vertical and approximately
parallel with the rhabdosome axis. The free portion
of the ventral wall (see figs. 2b, ¢, f, g, h) appears to be
vertical at the ventral rhabdosome margin. It then
curves abruptly inward, making a near-90° angle before
curving around to form the thecal hook. The marked
depression formed beneath the thecal hook in the distal
thecae (see figs. 2b, ¢) is 0.3 to 0.45 mm deep and 0.3 to
0.4 mm high. The vertical portion of the free ventral
wall in the distal thecae is 0.75 to 0.95 mm long. The
interthecal septum is approximately S-shaped with the
inner part almost normal to the rhabdosome axis. The
greater part of the septum makes a 30° to 40° angle
with the rhabdosome axis.

The sicula of the Nevada specimens, as is true of the
European members of this species, has a shape similar
to that of the bell of a trumpet (fig. 2 @, ¢, d, g, 4, 7).
The shape of the sicula, characterized by a marked
rate of widening in the apertural region, is a diagnos-
tic feature. The siculae of the Nevada specimens
range from 1.5 to 2.1 mm in length and 1.0 to 1.3 mm
in width at the aperture. Most of the siculae are 1.8
to 2.0 mm long and 1.0 to 1.1 mm wide. The sicula
apex commonly attains the level of the second thecal
aperture. The sicula aperture appears to have short
spines projecting from both its dorsal and ventral
sides. The virgella spine from the margin on the ven-
tral side commonly appears to be the more robust,
measuring 0.2 to 0.4 mm in length (see fig. 2d).

Discussion.—The Nevada specimens are wider than
the European specimens described by Jaeger (1959, p.
87-92). The European forms have a maximum width
of 1.8 to 2.0 mm (with thecal hook), whereas the Ne-
vada specimens are fully 14 mm wider in maximum
width. In all other features, however, the Nevada
specimens appear to fall within the range in variation
of the European material as discussed by Jaeger
(1959, p. 87-92). The differences between the Ne-
vada and European specimens are indeed relatively
slight but may be considered to be those of geographic
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(and perhaps some slight temporal) difference. Be-
cause of the apparent geographic separation, the Ne-
vada specimens are considered to comprise a sub-
species within the species of M. hercynicus. Jaeger
(written comm., 1962) noted that central Asian speci-
mens of M. hercynicus he had examined were wider
than the European ones and similar in width to those
from Nevada. If other characteristics are similar, the
Asian and Nevada forms might fall within the same
subspecies, thus emphasizing the closeness of the fau-
nal affinities between Asia and the Western United
States during the early Siegenian revealed by John-
son’s (1965, p. 370) analysis of the brachiopods.

The Nevada specimens are relatively similar in most
characteristics to the African ones described by Le-
grand (1961) from the Chaines d'Ougarta and by
Hollard and Willefert (1961) from the Erfoud region
near Tafilalt in Morocco. The Moroccan specimens
are, however, thinner than either the European or
Nevada ones as they are but 1.7 mm.in maximum
width (with thecal hook). Both sets of African spec-
imens have more closely spaced thecae in the proximal
region (12 in 10 mm) than do those from either Eu-
rope or Nevada.

Abraded and otherwise poorly preserved specimens
of M. hercynicus may be relatively difficult to iden-
tify. If the thecal hooks in the distal thecae particu-
larly become indistinct, the medial and distal portions
of the rhabdosomes may appear similar to those in
M. vomerinus. If the thecal hooks are preserved in
such a way that they are readily seen and the ventral
portions of the thecal walls are not, then the forms
may be mistaken for some monograptid with small
hooked thecae such as M. riccartonensis. The sicula
shape is perhaps the most important feature and- must
be seen to identify M. hercymicus correctly in poorly
preserved material.

Although the specimens from Carlin and Coal Can-
yon may be grouped within a single subspecies, some
slight differences exist between the two groups. These
may be the result of local environmental differences
between the two areas. They could also reflect, at
least in part, some slight difference in time of exist-
ence of the two groups. The Coal Canyon specimens,
as a group, have slightly wider rhabdosomes than the
Carlin ones, although many specimens in the two
groups have rhabdosomes of the same width. A few
of the Carlin specimens appear to have a maximum
rhabdosome width of 2.0 mm (with thecal hooks).
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These are fragments of rhabdosomes and may reflect
only a slow rate of widening. The Carlin specimens
commonly have slightly more closely spaced thecae in
10 mm (most have 8 34 to 9) in the distal portions
of the rhabdosomes than do the Coal Canyon ones,
which commonly have 7 14 to 8 14 in the same region.
The two groups of specimens are similar in other
features.
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PALEOGEOGRAPHIC SIGNIFICANCE OF TWO MIDDLE MIOCENE BASALT FLOWS,
SOUTHEASTERN CALIENTE RANGE, CALIFORNIA

By H. EDWARD CLIFTON, Menlo Park, Calif.

Abstract.—Two basalt flows interbedded with marine-non-
marine transitional deposits of middle Miocene age in the
southeastern Caliente Range provide information about the
paleogeographic setting and the depositional environment of
the sediments. The distribution, thickness, and internal struc-
tures of the flows indicate their source, their direction of flow,
and the location at which one flow advanced across the strand
line. Except at this location both flows seem to be subaerial
even though they lie in many places upon sandstone of mar-
ginal marine origin. The sandstone is a very near shore, and
perhaps a littoral, facies.

Pronounced interfingering of marine, continental,
and transitional deposits characterizes the sedimentary
rocks of middle Miocene age in the southeastern Cal-
iente Range of southwestern California (fig. 1). The
upper part of this sequence contains three basalt flows
that Eaton (1939, p. 269) termed the “Triple” basalts.
The lower two of these flows extend laterally across
the transitional zone from a dominantly continental
sequence into a sequence composed mostly of marine
strata. 'These two flows are similar in composition
and distribution, and probably erupted from the same
feeder system. The third flow, the uppermost of
Eaton’s Triple basalts, is missing over much of the
area, and has not been studied in detail.

The lower two flows of the Triple basalts not only
provide time lines for the study of sedimentary facies
relationships, but also contain clues as to the local
paleogeography at the time of their eruption. Study
of these flows has established their source area, the
direction of flow, and the location at which one flow
crossed the strand line. These data facilitate interpre-
tation of facies changes and directional structures in
adjacent sediments.

GEOLOGIC SETTING

The sedimentary rocks that enclose the lower two
basalt flows change laterally, northwest to southeast

(fig. 1), from niarine siltstone (Saltos Shale Member
of the Monterey Shale of Hill and others, 1958, p.
2989), through a marginal marine sandstone (Branch
Canyon Formation of Hill and others, 1958, p. 2991),
into continental sandstone and red mudstone (Caliente
Formation of Hill and others, 1958, p. 2993) (Vedder
and Repenning, 1965). These units interfinger in beds
several feet thick.

The strata lie on the south limb of the southeast-
plunging Wells Ranch syncline (Eaton and others,
1941, p. 235). The north limb of the syncline is most-
Iy covered by Quaternary alluvium ‘of the Carrizo
Plain, and middle Miocene sedimentary rocks and
basalt crop out on this limb only near the nose of the
syncline or as small, isolated, structurally complex in-
liers surrounded by alluvium (fig. 1). Neither of the
lower two flows of Eaton’s (1939) Triple basalts
occurs near the nose of the syncline, and the identity
of the poorly exposed basalt within the inliers is
unknown (J. G. Vedder, oral commun., 1964). The
lower two flows, therefore, are exposed in a homocline
that dips 40°-55° to the northeast under the alluvium
of the Carrizo Plain.

The sequence of Triple basalts is overlain by con-
tinental deposits of the upper Caliente Formation.
This part of the Caliente Formation contains several
other basalt flows, the uppermost and largest of which
is the “Main” basalt of Eaton (1939) of Clarendonian
(late Miocene to early Pliocene) age (Repenning and
Vedder, 1961, p. C238).

To facilitate discussion of the rock units used
throughout this report, the informal terms “Triple”
basalts and “Main” basalt applied by Eaton (1939)
to the volcanic rocks, and the formal stratigraphic
names applied by Hill and others (1958) to the sed-
imentary rocks, have been retained in this report.
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DISTRIBUTION AND THICKNESS

The middle and lower flows of the Triple basalts
extend continuously from the East Fork of Padrones
Canyon to the western wall of Abbott Canyon (fig. 1),
a distance of more than 8 miles (Eaton, 1939; Vedder
and Repenning, 1965). On the southeast, the lower
flow pinches out in an area of poor exposures in the
East Fork of Padrones Canyon, and the middle flow
can be traced with certainty only a short distance far-
ther eastward. On the northwest, the lower flow crops
out intermittently nearly a mile northwest of Abbott
Canyon (figs. 1 and 2), whereas the middle flow is
not present beyond the western slope of the ridge
west of Abbott Canyon.

The two flows lie in contact with either the Caliente
or Branch Canyon Formations; they are nowhere in
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contact with the Saltos Shale (fig. 2). In the south-
east both flows are enclosed within continental sand-
stone or mudstone of the Caliente Formation. To the
northwest, both are overlain mostly by the Branch
Canyon Formation, but whereas the middle flow over-
lies sandstone of the Branch Canyon Formation, the
lower flow rests mostly upon red and green mudstone
of the Caliente Formation (fig. 2).

The thicknesses of the flows vary similarly (fig. 2).
Both flows are thickest (100-140 ft) near the West
Fork of Padrones Canyon, and thin rather abruptly
to the southeast. Northwestward, they gradually thin
to a minimum of 25-30 feet near section 9; just west
of this point the thickness of the flows increases to
60-80 feet and remains nearly constant westward to
the vicinity of Abbott Canyon. The thickness of the

Abbott

Canyon
NW ,

Lower flow

500’

West Fork
Padrones Canyon

! East Fork
15 Padrones Canyon SE

Caliente Formation
(continental)

(marginal marine)

EXPLANATION

[
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of Monterey Shale
(marine)

]

Basait Covered interval

Fieure 2.—Stratigraphic cross section along the strike of the lower two flows of the Triple basalts of Eaton (1939).

Location

of numbered stratigraphic sections is shown on figure 1.
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sedimentary rocks between the flows follows a some-
what reciprocal pattern, being smallest on the south-
east and increasing northwestward, although it, too,
decreases locally near section 9.

In the vicinity west of the fork of Padrones Can-
yon, the flows are accompanied by two less extensive
ones (fig. 2, not shown in fig. 1 because of the small
map scale). A basalt flow, as much as 40 feet thick,
lies beneath the lowest flow of the Triple basalts and
is separated from it by a lens of basaltic sandstone.
Another flow, as much as 60 feet thick, overlies con-
tinental sediments above the middle flow. Both of the
smaller flows are discontinuous and of limited extent;
the lower one crops out intermittently for nearly 3
miles and the uppermost for more than 1 mile.

In the west fork of Padrones Canyon, basaltic dikes
as much as 3 feet thick intrude the sedimentary rocks
beneath the Triple basalts. The dikes are nearly ver-
tical and strike north. They are petrographically sim-
ilar to the flows, and, although not in contact with
them, probably are part of the system that fed the
flows.

DESCRIPTION

The flows appear from a distance as dark-gray
streaks intercalated with cream-colored sandstone beds
of the Branch Canyon Formation and pastel mud-
stones and sandstones of the Caliente Formation. The
basalt is relatively resistant to erosion in the south-
eastern part of the area, but relatively unresistant in
the northwestern part.

The flows typically are dark gray and speckled near
the top and bottom by white amygdules. The basalt
weathers to a monotonous hackly surface which is in-
terrupted by zones as much as 20 feet wide containing
resistant basalt spheroids which range from a few
inches to several feet in diameter (fig. 3). Except
for the spheroidal masses, the outcrops generally are
covered with a thin layer of basaltic debris. The flows
commonly have a partly stratified aspect resulting
from platy partings and alternating layers of differ-
ent resistance to weathering (fig. 4).

The lower contact of the flows is generally planar,
although in a few places the basalt seems to have sunk
into the underlying sediment or to have been injected at
the base by small amounts of sediment. Such features
are analogous to the load casts and flame structures of
sedimentary rocks. Where red mudstone underlies the
flow, the color of the mudstone is intensified along the
contact. In most places where sandstone underlies the
flow the uppermost few inches are generally red or
purple, but in the northwestern part of the area most of
the sandstone under the middle flow is uncolored.

B35

Ficure 3.—Middle flow of the Triple basalts near section 15 (figs.

1 and 2). Note resistant spheroids in central part of flow.
Tbz, middle basalt flow of the Triple basalts; Tc, Caliente
Formation.

The tops of the flows show evidence of erosion. Over-
lying mudstone contains coarse angular basalt rubble in
the lower foot or so. Where sandstone overlies a flow,
the rubble is absent and the sandstone lies directly on
the flow, filling irregular cracks and pockets. Isolated
basalt fragments are common, however, in such sand-
stone.

COMPOSITION AND TEXTURE

Originally the flows consisted of 5-20 percent euhedral
phenocrysts and granules of high-magnesium olivine,
10-15 percent plagioclase phenocrysts (Anss-Ang), 25—
45 percent plagioclase microlites (An;,-Ang;), 0-25 per-
cent titaniferous subcalcic (2V'=30°-40°) augite, 5-10
percent opaque iron-titanium oxides, 0-55 percent dark-
brown glass, and 0-10 percent interstitial voids.

The original mineralogy of the flows is considerably
altered. A clay mineral of the montmorillonite group
in most places forms pseudomorphs after the olivine.
Plagioclase commonly is partly to completely altered
to celadonite, which also occurs interstitially, probably
as a void-filling. The glass is devitrified to a slightly
birefringent, very fine grained aggregate. Calcite
commonly replaces olivine, plagioclase, and glass near
the base of the flows and, particularly, at the western
terminus of the middle flow. Augite, in contrast to
the other primary minerals, shows no sign of replace-
ment or alteration.

The texture of the basalt depends upon its location
within the flow. The texture is hyalophitic at the
bottom and top of the flow. Here, devitrified glass
encloses small olivine and plagioclase microlites, and
augite is absent, as it is wherever the basalt has been
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FI1GURE 4.—Lower flow of the Triple basalts near section 10 (figs.
land2). Note banding in upper part of flow. Ths, basalt flow ;
Tch, Caliente and Branch Canyon Formations.

chilled. Awugite first occurs as microlites in the basal
6 inches or upper 3 feet of the flow, and increases in
abundance within a foot or so toward the center of the
flow to form a subophitic or ophitic texture. The dis-
tribution of augite—particularly its absence from the
chilled basalt at the western end of the middle flow
—indicates that it did not begin to crystallize until
movement had ceased.

STRUCTURES

The flows contain these primary structures: vesicles,
pipe vesicles, contraction joints, indistinet flow band-
ing, and locally, pillows.

Most vesicles now are amygdules consisting of either
calcite or montmorillonitic clay minerals, although a
few consist of calcite rimmed by radially fibrous clay
minerals. Most amygdules are about half an inch
across, although some are as much as 2 inches long.
Their shapes range from spheroids to irregular knob-
by masses; knobby amygdules are equally abundant
in the tops and bottoms of the flows. In general, the
amygdaloidal zones extend for 2 to 3 feet below the
top of a flow and for half a foot to 1 foot above the
base. Locally, amygdaloidal layers several inches
thick also occur in the flow interior, but such layers
lack lateral persistence. Some larger cavities, as much
as several inches long, are partly filled with drusy
quartz or calcite, but they occur only locally.

A few pipe vesicles, vertical tubes half an inch to
1 inch in diameter and as much as several feet long,
occur in the lower half of the flows. The tubes are
either empty or filled with disintegrated basalt. The
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tops of the tubes commonly are bent in the direction
of flow.

Contraction joints a quarter of an inch to 1 inch
wide, filled with a friable mixture of calcite and mont-
morillonitic clay minerals, are abundant in the lower
part of the flows. Most of these joints curve upward
randomly and join an anastomosing network of simi-
lar joints in the flow interior. Similar fractures in
the upper part of the flow tend to parallel the upper
flow surface. Basalt in contact with the joints is finer
grained than that several inches away, indicating
formation of the joints before complete crystallization.
The joints are not uniformly deflected from the base,
however; therefore, they probably developed after
flowage had ceased.

An indistinet horizontal banding appears in the
basalt at many places (fig. 4). The banding, which
reflects variation in the degree of alteration and
weathering of the basalt, results from alternating
zones of different resistance that may be due to un-
equal volatile concentrations in zones of internal shear
during flowage.

Well-shaped pillows occur only at the western
terminus of the middle flow, and are described in de-
tail later since they relate to the movement of the flow
across the strand line. Other structures, similar to
poorly defined, possibly incipient, pillows, occur in
numerous places near the base of the flows. They are
outlined by spheroidal clusters of amygdules or by
anastomosing contraction joints. They are probably
not pillows, however, for the basalt in the amygda-
loidal clusters is texturally similar to the nonvesicular
rim; this similarity suggests that internal volatile
concentration, not external chilling, caused the struc-
ture. Resistant spheroids that are common on ex-
posures of the basalt have a pillowlike appearance
but probably are weathering phenomena. They are
distinctly less altered than the surrounding rock but
show no textural difference.

SOURCE OF FLOWS

Much evidence indicates that both flows originated
near the present West Fork of Padrones Canyon (sec-
tions 14 and 15, figs. 1 and 2). Here the flows reach
their greatest thickness and are associated with small
local flows. Nearby subjacent dikes of similar ba-
saltic composition suggest a feeder system. In addi-
tion, the partly volcaniclastic rocks between the flows
imply nearby volcanism.

A lens of basaltic sandstone as much as 50 feet
thick separates the lower flow of the Triple basalts
from the thin, local, flow beneath it. More than half
of this sandstone consists of altered basalt clasts
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ranging in size from fine sand to blocks several inches
across. Basalt in sand-size grains is much more glassy
and vesicular than in the flows and commonly contains
grains of detrital quartz. Nearly all the basaltic
grains are intensely oxidized and appear bright red in
transmitted light. The grains probably formed while
the basalt was still fluid, for many have an opaque,
unvesiculated rim that completely envelops them.
Moreover, some seem to have been deformed while
pliable, because stretched vesicles conform with the
shapes of the grains (fig. 5). Olivine phenocrysts,
now replaced by a tan clay mineral of low Dbire-
fringence and refractive index, have “charred,” nearly
opaque rims which suggest strong oxidation prior to
and during eruption. These features indicate that the
basaltic grains are lapilli ejected under hot, oxidizing
conditions. Their concentration in these beds indi-
cates that the vent was nearby.

The lapilli have been reworked, for they are mixed
with a considerable amount of nonvolecanic detritus,
and the larger basalt fragments probably were derived
from erosion of the lower local flow. Broken oyster
shells, probably derived from nearby marine deposits,
are scattered through the sandstone, which also has
yielded a jaw fragment of a Miocene felid (C. A.
Repenning, oral commun., 1965).

A different type of pyroclastic material also occurs
in this vieinity. Both the middle and lower flows of
the Triple basalts are locally overlain by bentonitic
mudstone as much as 2 feet thick. Glass shards in
the mudstone, altered to a montmorillonitic clay,
attest to its pyroclastic origin. The mudstone also
contains vesicular basaltic clasts as much as several
inches across that contain much altered basaltic glass.
Plagioclase microlites in the glass are much smaller
than those in the flows. Chilled rinds enveloping
these fragments indicate that they, too, are ejecta, and
their presence in a volcanic ash bed suggests direct
pyroclastic activity.

In summary, the lower and middle flows of the
Triple basalts emanated from a source very near the
West Fork of Padrones Canyon. This interpretation
differs from that of Eaton and others (1941, p. 225),
who surmised that the flows “originated several miles
northeast of the present Wells Ranch” (fig. 1).

DIRECTION OF FLOW

Evidence of flow direction (Waters, 1960) is
meager. The best indication occurs in the lowermost
part of the flows, where amygdules locally are inclined
with respect to the flow base. Where oriented, they
consistently are elongate in a generally west-southwest
direction and plunge toward the east. Such inclina-

FrcUrRe 5.—Photomicrograph of basaltic sandstone below the

lower flow of the Triple basalts near section 14. Note de-
formed vehicles (V), detrital quartz in basaltic grains (Q),
chilled rim on basaltic grain (R), and opaquely rimmed relict
olivine phenocrysts (O). X 25.

tion generally is toward the source (Waters, 1960, p.
360) and in this area indicates flowage to the west
and southwest (fig. 6), with a hint of fanning from a
postulated vent just north of the present West Fork
of Padrones Canyon. The only other indication of
flow direction, the westward deflection of pipe vesicles
(Waters, 1960, p. 358), supports the idea of lava flow-
age toward the west.

Paleocurrent. data from a fluviatile sandstone (Tcs
on fig. 1) in the upper part of the Caliente Formation
substantiate this interpretation of local paleoslope. The
sandstone disconformably overlies the middle Miocene
strata that contain the basalt flows. It has yielded no
diagnostic fossils but grades upward into strata that
bear fossil vertebrates of Clarendonian age (Repen-
ning and Vedder, 1961, p. C238). Therefore, the age
of the sandstone is probably late Miocene (Mitchell
and Repenning, 1963, p. 15; Evernden and others, 1964,
fie. 1), and the hiatus separating it from middle Mio-
cene strata is likely minor. Pebble imbrication (fig. 6)
in this sandstone as well as a consistent westward de-
erease in clast size, indicate a paleoslope direction simi-
lar to that suggested by the structures in the basalts and
establish a local paleoslope toward the west-southwest.

POSITION OF THE STRAND LINE

The lower flow of the Triple basalts lacks pillows
or breccia indicative of subaqueous flow and seems
everywhere to be subaerial. So, for nearly its full
extent, does the middle flow, even though it rests upon
sandstone of the Branch Canyon Formation for more
than half its length (fig. 2). Near Abbott Canyon,
however, the middle flow contains many features that
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FicUure 6.—Direction of flow (arrows) of the lower two flows
of ‘the Triple basalts as indicated by amygdule orientation.
Rose diagram (inset) shows direction of currents that de-
posited sandstone of the Caliente Formation (Tcs, fig. 1), based
on measurements of pebble imbrication in 98 beds.

suggest that it here crossed the strand line (fig. 7):
pillows near the bottom and top of the flow, breccia
at its base, and numerous geodes as much as 3 inches
across that are partly filled with quartz or calcite.
The basalt adjacent to the geodes is chilled, indicating
that they were large primary cavities, probably
formed by expanding steam.

Pillows near the bottom of the middle flow are ex-
posed under a veneer of basaltic debris on the ridge-
top west of Abbott Canyon (sec. 2). The pillows are
isolated, generally less than a foot across, and flat-
tened parallel to bedding. Many contain a geode or
large amygdule in their upper part. Each pillow has
a yellowish chilled margin about a quarter of an inch
thick. The matrix between the pillows contains much
more altered glass than the basalt in the pillow in-
teriors. The matrix may be basalt breccia, but
samples sufficiently large to demonstrate fragmenta-
tion could not be obtained because of thorough de-
composition of the material.

A cluster of pillows also occurs in the upper 8 feet
of the flow about 500 feet west of this ridge top, at a
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point where the flow thickness abruptly decreases to-
ward the west (fig. 2). These pillows, as much as 3
feet in diameter, are larger than those at the base.
Individual pillows are separated by an envelope of
sandstone, and the basalt in contact with the sand-
stone is chilled. A few yards west of the pillows,
the upper surface of the flow is quite irregular and
suggests invasion into loose wet sand, possibly heaped
onto the front of the advancing lava. '

The flow at this point rests on sandstone that con-
tains impressions of marine mollusks, and the lower-
most foot of basalt is brecciated. Westward the ba-
salt continues to thin (fig. 2) and grades laterally
from a thin, glassy basalt flow with a brecciated base,
through basaltic breccia, into basaltic sandstone. The
basaltic sandstone bed, little more than a foot thick,
becomes progressively diluted by terrigenous material
and can be traced as a distinct bed for only about
100 feet.

In summary, indications of lava passage into the
marine environment exist only in the middle flow at
its western end. The lava appears to have crossed the
strand line at a point near the ridgetop west of
Abbott Canyon. Sand-encased pillows at the top of
the flow suggest that the flow plowed under wet sand
as it advanced into the water.

CONCLUSIONS

The lower and middle flows of the Triple basalts
erupted near the West Fork of Padrones Canyon and
flowed toward the west-southwest. Directional prop-
erties of slightly younger fluviatile sandstone indicate
a similar local paleoslope. The depositional strike of
sediments deposited in this area during the middle
Miocene, which can be considered to be normal to this
paleoslope, serves as a base relative to which features
of the sediment such as directional structures and
facies change can be interpreted. The middle flow
crossed the strand line near the terminus of the flow
just west of Abbott Canyon; otherwise neither flow

NW Abbott Canyon Section 3 SE
v 7 o
[¢] 500"
[ S - 200'

FIeure 7.—Features at the western end of the middle flow of Eaton’s (1939) Triple basalts. For location see figure 1.
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shows evidence of having flowed into water. The
middle flow extensively overlies sandstone of the
Branch Canyon Formation, as does the lower flow
locally; much of the marginal marine sandstone of
the Branch Canyon Formation is therefore thought
to have been subaerially exposed during at least part
of middle Miocene time.

REFERENCES

Eaton, J. K., 1939, Geology and oil possibilities of Caliente
Range, Cuyama Valley, and Carrizo Plain, California:
California Jour. Mines and Geology, v. 35, no. 3, p. 255-274.

Baton, J. E., Grant, U. 8., and Allen, H. B., 1941, Miocene of
Caliente Range and environs, California: Am. Assoc. Pe-
troleum Geologists Bull,, v. 25, no. 2, p. 193-262.

Evernden, J. F., Savage, D. E., Curtis, G. H., and James, G. T.,
1964, Potassium-argon dates and the Cenozoic mammalian

R

B39

chronology of North America : Am. Jour. Sci., v. 262, p. 145~
198.

Hill, M. L., Carlson, 8. A., and Dibblee, T. W., Jr., 1958, Stratig-
raphy of Cuyama Valley-Caliente Range area, California:
Am. Assoc. Petroleum Geologists Bull,, v. 42, no. 12, p. 2973-
3000.

Mitchell, E. D., Jr., and Repenning, C. A., 1963, The chronologic
and geographic range of desmostylians: Los Angeles County
Museum Contr. in Sci., no. 78, 20 p.

Repenning, C. A, and Vedder, J. G., 1961, Continental verte-
brates and their stratigraphic correlation with marine mol-
lusks, eastern Caliente Range, California: Art. 235 in U.S.
Geol. Survey Prof. Paper 424-C, p. C235—-C239.

Vedder, J. G., and Repenning, C. A., 1965, Geologic map of the
southeastern Caliente Range, San Luis Obispo County, Cal-
ifornia: U.S. Geol. Survey Oil and Gas Inv. Map OM-217,
scale 1:24,000.

Waters, A. C., 1960, Determining direction of flow in basalts:
Am. Jour. Sei., v. 258-A (Bradley Volume), p. 350-366.



GEOLOGICAL SURVEY RESEARCH 1967

MICROFOSSIL EVIDENCE FOR CORRELATION OF PALEOCENE STRATA

IN BALLARD COUNTY, KENTUCKY,

WITH THE LOWER PART OF THE PORTERS CREEK CLAY

By S. M. HERRICK and ROBERT H. TSCHUDY, Atlanta, Ga., Denver, Colo.

"Work done in cooperation with the Kentucky Geological Survey

Abstract.—Foraminiferal and palynological evidence suggests
an early Porters Creek age for deposits in northern Ballard
County, Ky. Comparison with microfaunas described from
localities in the Gulf Coast and Mississippi embayment regions
indicates an horizon above the Clayton and in the basal part
. of the Porters Creek that is equivalent to Plummer’s “transi-
tion zone” (Paleocene of Texas) and to Kellough’s Polymor-
phina cushmani zonule in the basal part of the Wills Point
Formation (Paleocene of Texas).

. The purpose of this paper is (1) to record the pres-
“ence of certdin Foraminifera and palynomorphs
(pollen, spores, acritarchs, and dinoflagellates) from
an exposure in northern Ballard County, Ky., (2) com-
paring these Foraminifera and palynomorphs with
previously described assemblages from other parts of
the Gulf Coast and the Mississippi embayment region,
and (3) to suggest the nature of the environment
under which the sediments yielding these fossils were
deposited.

Two samples were collected by W. W. Olive, of the
U.S. Geological Survey, in Ballard County, Ky., from
an exposure of Paleocene deposits on the bank of the
Ohio River (fig. 1), 0.5 mile below the landing at
Olmsted, Ill. (Kentucky coordinates S1,030,700-
323,120).. Sample Od-2, taken from an altitude of
295 feet, was a dark-greenish-gray, silty, micaceous,
sparsely glauconitic clay that yielded palynomorphs.
Sample Od-1, taken from an altitude of 286 feet, was
much sandier and more abundantly glauconitic and
phosphatic, and it yielded both Foraminifera and
palynomorphs. Other fossils observed in the samples
were some unidentified fish teeth. U.S. Geological
Survey paleobotanical locality numbers D-3691 and

D-3692 were assigned to samples Od-2 and Od-1,
respectively. :

C. L. Cooper apparently was the first to publish on
the Foraminifera from the northern part of the
Mississippi embayment. Cooper (1944) described and
illustrated a fauna derived from cuttings from a well
drilled in 1938 near Cache, Alexander County, Ill.
These fossils, with some taxonomic changes by the
authors, are listed under locality 2 in table 1. On the
basis of the species identified from these well cuttings,
Cooper concluded that “this fauna was of Porters
Creek age.

Pryor and Ross (1962, p. 24) assigned an 18-foot
clay bed of a measured geologic section in Pulaski
County, in southern Illinois, to the Clayton Formation
on the basis of the foraminifer, Globigerinoides daub-
jergensis. However, this fossil occurs throughout the
Paleocene of the Atlantic and Gulf Coasts (Loeblich
and Tappan, 1957, p. 185); consequently, it is not
diagnostic of the lower unit (Clayton or Kincaid) of
the Paleocene of North America. Pryor and Ross
noted that material from about 4 to 11 inches from
the base of the 18-foot clay bed was very sandy. On
the basis of field evidence, W. W. Olive (written
commun., 1965) considers this basal sandy horizon of
Pryor and Ross to be the probable equivalent of a
4-foot fossiliferous sandy clay containing the 286-foot
horizon herein discussed.

Browne and Herrick (1963) described and illus-
trated a Paleocene foraminiferal fauna from an out-
crop near Reidland, McCracken County, Ky., and
concluded that this fauna was of probable Porters
Creek age.
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Fioure 1.—Location of fossil localities referred to in text.

Although there is almost a complete lack of pub-
lished information on palynology of Paleocene rocks
of the Mississippi embayment region, an exception is
a paper by Jones (1962) in which some of the palyno-
logical characteristics of the Porters Creek Clay and
the Wilcox Group in south-central Arkansas are dis-
cussed. In a 70-foot Porters Creek sequence, Jones
found taxodiaceous pollen to be the dominant form
present. He reported also the presence of the genus
A quilapollenites. 'This genus, until recently, had not
been found in rocks of the northeastern part of the
embayment. Jones noted the similarity of some of
his fossils to Paleocene fossils from other regions,
but no closer age determinations were drawn.

AGE IMPLICATIONS
Foraminifera
In using Foraminifera as age indicators, known
ranges for the individual species are usually satisfac-
tory in an analysis of this kind. In this paper, the
Foraminifera listed in table 1 were compared with the
same species as previously reported by Plummer
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(1926). The Foraminifera from the 286-foot horizon
of locality 1 were considerably leached but were
sufficiently well preserved to permit identification of
approximately 45 species. : :

With the exception of Vaginulina gracilis, which
according to Plummer (1926, p. 23-24) characterizes
the lower part (Kincaid) of the Paleocene in Texas,
the species listed in table 1 are of Porters Creek age.

TaBLE 1.—Paleocene Foraminifera from Kentucky and Illinois

Locality 1! Locality 22
(Ballard_ (Alexander
County, Ky.) | County, Ill.)
Clavulinoides midwayensis Cushman.____| X | _________
Robulus degolyert (Plummer). .. _______ X L.
R. tnornatus (d’'Orbigny) ___ .. _____|..________ X
R. magnaficus Toulmin____ .. _______|._________ X
R. midwayensts (Plummer)_.__________ X X
R. pseudomamilligerus (Plummer)._____ D
Marginulina earlands (Plummer)_______ X |-
Dentalina aculeata d’Orbigny__________ D, G .
D. coler Cushman and Dusenbury______|_____.____ X
D. delicatula Cushman________________ X e
D. pauperata &’Orbigny_______________|._________ X
D. plummerae Cushman_______________ D G
D. vertebralis (Batsch) var. albatrossi?
(Cushman)________________________ X .
Nodosaria affinis Reuss_ ______________ X X
N. latejugata Gumbel _________________ X X.
N. ? cf. N. longiscatea d’Orbigny________ X R,
N. ? spinocostata Cooper__ ___________._ X - X
. Chrysalgonium eocenicum Cushman and
Todd. oo .. 0. G .
C. grants (Plummer).______________.___ X X
‘Pszudonodosaria laevigata (d’Orbigny)
var. occidentalzs Cushman___________ D G S
Vaginulina gracilis Plummer_________ X X
V. midwayana Fox and Ross_.________ X X
Lagena laevis (Montagu)_._________.___[.__ e X
Guttulina problema d’Orbigny__________ X

X
Globulina gibba d’Orbigny_____________ X |eeooooo__
Polymorphina cushmant Plummer_____._ X X
P. subrhombica Reuss.____.__________ X
Bullopora ? laevis (Sollas) - .. _.________ %

Spirobolivina scanica (Brotzen) . __._____

Rectoguembelina alabamensis Cushman__{__________ X
Siphogenerinoides eleganta (Plummer)___| X X
Buliminella elegantissima (d'Orbigny)___| X  |o_._.._.._..
B. cacumenata Cushman and Parker..._| X | ________
Bolivina midwayensis Cushman________ D. G
Pleurostomella paleocenica Cushman____| X | _________
Stilosomella midwayensis (Cushman and

Todd) . - oo e X X
S. paleocenica (Cushman and Todd)_...| X X
S. plummerae (Cushman) . ____________ X X
Gyroidinoides aequilateralis (Plummer)__| X | __._.__
Eponides plummerae Cushman_________ D G PR
Pulsiphonina prima (Plummer)________ X X
Epistominella cf. E. vilrea Parker®___ __ D S
Alabamina wilcoxensis Toulmin________ X X
Pullenia quinqueloba (Reuss) var.

angusta Cushman and Todd._______._ X |-
Globigerina triloculinoides Plummer____._| X X
Globigerinoides daubjergensts (Bronni-

mann) ___ oo D (O
Globorotalia compressa (Plummer) ______ X X
Anomalinotdes acuta (Plummer)_____.__| X X
A. midwayensis (Plummer)____._______._ X X
Cibicrdes vulgaris (Plummer) - _________ X N
Cibicidoides allens (Plummer) ... . ______|.__._____. X

. 1ldentified by S. M. Herrick, (this paper); sample Od-1 (286-foot level).

-2 Identified by Cooper (1944, pis. 54, 55), with some taxonomic changes (this paper).

3 Identified by Ruth Todd (this paper), U.S. Geological Survey, Washington, D.C. .
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Elsewhere in the Mississippi embayment these species
occur in the upper and lower units of the Midway
Group, are confined to the upper unit of the Midway,
or occur in formations that are geologically younger
than Midway. ' Of the species listed in table 1, four
are considered here as significant indicators of the
geologic age of these deposits. These include Robulus
pseudomamilligerous, Polymorphina cushmani, Cibi-
cides vulgaris, and Cibicidoides alleni. All four are
regarded by Plummer (1926, p. 98, 125, 145) as indi-
cative of the “transition zone,” an horizon she places
between the upper (Wills Point Formation) and lower
(Kincaid Formation) units of the Texas Paleocene.
Kellough (1959, fig. 7) gives the Foraminifera com-
posing this unique fauna the name “Polymorphina
cushmani zonule” and places it in the basal part of the
Wills Point of the Paleocene section as exposed along
Tehuacana Creek, Limestone County, Tex.

The three species, Vaginulina gracilis, Nodosaria *
spinocostrata, and Epistominella cf. E. vitrea prob-
ably should be added to this group. Regarding V.
gracilis as an indicator of her “transition zone,” Plum-
mer (1926, p. 111) states, “In the areas where a nar-
row zone of transition lies between the basal and
upper beds, V. gracilis dies out through these few feet
of section as the upper form, V. midwayana becomes
more and more abundant . . .” In the 286-foot horizon
V. gracilis occus rarely, whereas V. midwayana is
rather numerous—a condition similar to that reported
by Plummer (1926, p. 21, 111) in the region north and
northeast of the Mexia area, Texas, where this faunal
transition prevails in the Texas Paleocene section.
Nodosaria ? spinocostrata, its stratigraphic range yet
to be established, was described by Cooper (1944, p.
349) as a new species. This species may represent a
variant of Stilostomella midwayensis. However, until
appropriate comparisons have been made, this species
is here regarded as distinct and as a possible indicator
of early Porters Creek age in the northern part of the
embayment. E'pistominella vitrea was described by
Haynes (1956, p. 88) from the upper Paleocene
(Thanet beds) of East Kent, England. Its presence
in the “transition zone” of the Paleocene sequence in
Ballard County, Ky., is interesting, though its strati-
graphic significance in this part of the embayment
remains to be determined. On the basis of this foram-
iniferal comparison, the age of the 286-foot horizon
in Ballard County, Ky., is early Porters Creek.

Plant fossils

So that the fossil pollen and spores in the two
Ballard County samples similarly might be used for
correlation purposes, the U.S. Geological Survey
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palynological laboratory in Denver, Colo., determined
the microfloral content of “control” samples collected
from well-dated sections of the Clayton Formation
and of the Porters. Creek Clay. '

The control samples of the Clayton were collected
in the SLLNW1 sec. 8, T. 6 S,, R 3 E., from an ex-
posure in the southwest wall of a tributary to Guyton
Creek in Union County, Miss. This exposure, which
is shown as locality 4 in figure 1, is along a county
road 1.5 miles south-southwest of the town of Cotton
Plant and is in an area mapped geologically by
Conant (1942) as Clayton. The samples yielding
abundant and well-preserved microfossils were given
U.S. Geological Survey paleobotanical location num-
bers D1966A, B, C, and F.

Although sampled in several places, the Porters
Creek Clay generally yielded only a few very small
palynomorphs or only finely divided organic remains.
However, a sample (OHA-2) suitable for use as a
control was obtained from the channel of McCollough
Fork, 300 feet north of the Kentucky-Tennessee State
line, Hazel quadrangle, Calloway County, Ky. (Ken-
tucky coordinates S1,263,500-70,250). This sample

‘was given U.S. Geological Survey paleobotanical

locality number D-3285, and the site of collection is
shown on figure 1 as locality 3.

Table 2 lists the percentage occurrence of groups of
plant microfossils in the Clayton and Porters Creek
control samples and in the two samples from the
Ballard County exposure (D-3691, D-3692). The
Ballard County samples contained corroded but never-
theless easily recognizable pollen grains and a few
spores intermixed with well-preserved marine dino-
flagellates and acritarchs. These assemblages were in
contrast to the assemblages from Clayton -control
samples which yielded, in addition, an abundance of
bisaccate conifer pollen that is poorly represented in
the Ballard County samples.

As shown in table 2, the percentage of several
microfossil groups in the control samples from the
Clayton Formation and Porters Creek Clay differed
markedly. Compared to the sample from the Porters
Creek, the composited sample from the Clayton con-
tained much smaller percentages of monosulcate,
tricolpate, and tricolporate pollen and much larger
percentages of bisaccate conifer and taxodiaceous
pollen. Moreover, the composited sample from the
Clayton contained 160 code species,® whereas the Por-
ters Creek control sample and the two Ballard County
samples together contained 106. Only 4 of the code

lMany of the species have not been named formally. For the pres-
ent both those named and not named have been given temporary code

designations and a “type” specimen of each has been placed on file in
the U.S. Geological Survey paleobotanical laboratory in Denver, Colo.
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TaBLE 2.—Comparison of percentages of total pollen and spores

Ggund in control samples and in samples from Ballard County,
Y.

[ Percontages computed from spccimcns counts by R. H. Tschudy, U.S. Geological

urvey]
Locality 4 Locality 3 Locality 1
(Union (Calloway (Ballard
County, Miss.)| County, Ky.) County, Ky.)
Plant microfossil groups Clayton Porters
Formation Creek Clay 0d-1 0d-2
control control (286-t (295-t
samples sample altitude) | altitude)
composited ’
D1966 D3285 D3692 D3691
Monolete spores. . ____ 1.2 |||l
Trilete spores.._...._. 3.9 2.0 3.5 1.5
Monosulcate pollen..._ 5.4 12.0 13.0 8.5
Triporate pollen. . ____ 37.4 33.0 35.5 42.0
Arcoid triporate pollen. 1.5 2.0 3.5 .5
Tricolpate pollen______ 9.2 22.5 17.0 14.5
Tricolporate pollen____ 9.7 17.0 15.0 16.5
Brevitricolporate
pollen_ . ___________ 1.9 5 5 5
Bisaccate conifer
pollen_ - ______...__ 15.0 1.5 2.5 2.0
Taxodiaceous pollen. . 6.0 3.0 3.0 2.5
Other pollen and
SPOres. - _.__._._ 8.8 6.5 6.5 11.5
100.0 100.0 | 100.0 100.0
Total count exclusive
of dinoflagellates
and acritarchs_ _____ 600 400 200 200

species found in the Porters Creek samples were not
found in the Clayton, and more than 50 code species
found in the Clayton were not found in the Porters
Creek. Furthermore, the 4 samples from the Clayton
contained an average of 66 code species, the single
sample from the Porters Creek contained .54, and of
the two Ballard County samples one contained 54 and
the other 41. Thus the available evidence indicates
a decline in the number of different species living in
the Mississippi embayment area from Clayton to Por-
ters Creek time. This decline accords with other evi-
dence that a decrease in the number of plant species
in the embayment area began with the end of the
Cretaceous and continued through the Paleocene.
Recently, a sidewall core sample was obtained from
the upper part of the Porters Creek sequence in a
hole drilled for the U.S. Geological Survey in Lauder-
dale County, Tenn., (locality 5, fig. 1). The Porters
Creek sequence, according to the authors’ interpreta-
tion of the electric log, extends from depths of about
1,720 feet to about 2,350 feet. The sidewall core
sample, which was from a silty layer at a depth of
1,803 feet, yielded, specimens of 7'homsonipollis and
Aguilapollenites. The former is present in the upper
Paleocene Naborton Formation of Louisiana and
commonly is found in samples of upper Paleocene and
241-334 0—67T—4

B43

lower Eocene sediments in the northern part of the
embayment region. Aguilapollenites previously had
been reported by Jones (1962) from the Porters Creek
of Arkansas. This genus occurs commonly in Upper
Cretaceous rocks of the Rocky Mountain region, but
has not been found in the Cretaceous or lower Ter-
tiary rocks of the Mississippi embayment region other
than from these two localities. It appears unlikely
that specimens of A4quilapollenites from the 1,803-foot
level in the Lauderdale County well were redeposited.
Several clumps made up of dozens of specimens were
found, indicating deposition of whole anthers rather
than disseminated pollen grains. During redeposition
these anthers certainly would have been broken apart.
The presence of Agquilapollenites in Jones’ (1962)
Porters Creek material suggests that his samples were
from the upper part of the Porters Creek Clay.

The samples from the Ballard County exposure
clearly pertain to the Porters Creek rather than to the
Clayton, and the absence of late Paleocene genera
such as Aquilapollenites and Thomsonipollis point to
a lower Porters Creek stratigraphic position. The
foraminiferal evidence obtained from the 286-foot
level not only confirms this hypothesis but also pro-
vides a tie with Plummer’s “transition zone” between
the Kincaid and Wills Point Formation of the Paleo-
cene of Texas.

ENVIRONMENT OF DEPOSITION

From the Foraminifera and lithology of the 286-
foot horizon, the ecologic environment under which this
material was deposited doubtlessly involved a rather
warm, shallow-water shelf or epeiric sea. This is de-
duced from the sandy nature of the clay containing
the Foraminifera as well as by the relative scarcity
of pelagic Foraminifera, the latter as noted by Plum-
mer (1926, p. 12) and substantiated by the foramini-
feral species listed in table 1.

In addition to the Porters Creek Clay samples dis-
cussed herein, at least 10 other Porters Creek Clay
samples from the northern embayment region have
been examined. These yielded only finely divided
organic fragments and a few small pollen grains. All
the organic matter was nearly the same size, ranging
from about 5 to about 20 microns in diameter. This
suggests winnowing, and deposition of the small-sized
organic fraction along with clay at a distance from
the margins of the basin. The three Porters Creek
samples reported herein all yielded good suites of
plant microfossils, although many were somewhat
corroded. Large-sized spores and pollen were few but
conspicuous by their scarcity. This, with the sandy
nature of the clay, suggests a nearer shore deposition



B44

site than that of the more winnowed nearly barren
other Porters Creek samples.

The presence in both the Clayton and Porters Creek
samples of acritarchs and dinoﬁmgellates indigenous
to a marine basin indicates marine deposmon Large-
sized and abundant pollen and spores in Clayton
samples indicate nearshore deposition. With the ex-
ception of the sidewall core sample from the Lauder-
dale County well (which yielded no marine forms),
the Porters Creek samples yielded a larger number
and higher proportion of marine forms than did the
Clayton.

CONCLUSIONS

Correlation of the Ballard County exposure with
the Porters Creek Clay rather than with the Clayton
Formation is indicated by both the foraminiferal and
palynological assemblages. Furthermore, correlation

with Plummer’s “transition zone” between the Kincaid -

and Wills Point Formations and with Kellough’s
Polymorphina cushmani zonule in the basal Wills
Point of the Texas Paleocene is based on foramini-
feral similarities. The lack of upper Paleocene genera
such as Aquilapollenites and Thomsonipollis in the
Ballard County exposure indicates correlation with
the lower and not the upper part of the Porters Creek.
The sandiness and the relative scarcity of pelagic

PALEONTOLOGY AND STRATIGRAPHY

Foraminifera at the 286-foot horizon of the Ballard
County exposure suggest that the depositional en-
vironment was a shallow-water, shelf epeiric sea.
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PALYNOLOGICAL EVIDENCE FOR DEVONIAN AGE OF THE
NATION RIVER FORMATION, EAST-CENTRAL ALASKA

By RICHARD A. SCOTT and L. IMOGENE DOHER, Denver, Colo.

Abstract.—The Nation River Formation of Alaska has been
considered to be of Pennsylvanian or Early Permian age.
Fossil spores from the upper part of the formation at its type
aren show that it is not as young as Pennsylvanian and that
it is most probably Late Devonian in age.

The term Nation River Formation was applied by
Mertie (1930, p. 113) to a portion of the rocks along
and near the Yukon River originally called the Nation
River series by Brooks and Kindle (1908, p. 294).
Mertie (1930) considered the Nation River Formation
to be of Pennsylvanian age despite a tentative assign-
ment, of Late Devonian or Early Mississippian age
made by David White (¢n Mertie, 1930) on the basis
of poorly preserved plant megafossils. Churkin and
Brabb (1965) assigned a Late Devonian age to the
Nation River Formation, partly on the basis of plant
spores identified by Scott.

Laudon and others (1966) have questioned on non-
paleontological grounds the assignment of the Nation
River Formation to the Late Devonian rather than
to the Pennsylvanian or Early Permian. They con-
sider that serious structural and stratigraphic prob-
lems are raised if this formation is of Devonian age.
Some of the geologic problems will be discussed else-
where by Brabb; the evidence furnished by plant
spores regarding the age of the Nation River Forma-
tion is summarized here.

Several samples collected by Earl E. Brabb and
Michael Churkin, Jr. from the Nation River Forma-
tion have yielded spores. In this preliminary report,
material from only three samples is considered; these
are from near the top of the Nation River Formation
I its type area opposite the mouth of the Nation
River, about 175 miles east of Fairbanks (fig. 1).
These samples are from a locality designated by
USGS paleobotany locality numbers D1940A, B, and
C. The locality is in the Charley River A-2 quad-

rangle, NW1/ sec. 17, T. 4 N, R. 30 E., lat 65°10.8" N.,
long 141°41.8" W. Sample 1940C is from the top few
inches of the.. Nation River Formation of Mertie
(1930), Brabb and Churkin (1964), and Churkin and
Brabb (1965) ; samples D1940A and B are from the
upper 75 feet of the formation. These samples occur
in the upper part of the “Permian” section of Laudon
and others (1966, fig. 5). No significant differences
were observed in the spore content of the three
samples, which are from the youngest beds in the
formation.

Forms included in more than 20 genera of spores
have been recognized thus far in the 3 samples studied,
despite certain deficiencies in preservation. Most of
these genera are listed in table 1 and illustrated in
part in figures 2 and 3. The outstanding feature of
this spore assemblage from the Nation River Forma-
tion is the presence of spores with prominent spines
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F1cure 1.—Location of spore-bearing beds in the Nation River
Formation, east-central Alaska.
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having bifurcate tips. The spores include several
species assignable to the genera Hystricosporites
McGregor and Ancyrospora Richardson (fig. 2e, f).
These spores with anchor-shaped processes are com-
-mon in the assemblage.

TaBLE 1.—Partial list of spore gemera from the Nation River
Formation

Acanthotriletes (Naumova) Potonié and Kremp 1954
Ancyrospora Richardson 1960

Archaeoperisaccus Naumova 1953

Archaeozonotrileles (Naumova) Allen 1965
Auroraspora Hoffmeister, Staplin, and Malloy 1955
Calamospora Schopf, Wilson, and Bentall 1944
Camptozonotriletes Staplin 1960

Convolutispora Hoffmeister, Staplin, and Malloy 1955
Corystisporites Richardson 1965

Cristatisporites Potonié and Kremp 1954
Diaphanospora Balmé and Hassell 1962

Foveosporites Balmé 1957

Hymenozonotriletes Naumova 1953

Hystricosporites McGregor 1960

Leiotriletes (Naumova) Potonié and Kremp 1954
Leiozonotriletes Hacquebard 1957

Lophozonotriletes (Naumova) Potonié and Kremp 1954
Lycospora (Schopf, Wilson, and Bentall) Potonié and Kremp 1954
Pustulatisporites (Potonié and Kremp) Imgrund 1960
Raligtg"ickia (Schopf, Wilson, and Bentall) Potonié and Kremp
Retusotriletes (Naumova) Richardson 1965.
Samarisporites Richardson 1965

The occurrence of spores with bifurcate spines is a
consistent feature of Middle and Late Devonian spore
assemblages from widely distributed areas. They are
known, for example, from Australia (Balmé and
Hassell, 1962), Scotland (Richardson, 1962), Spits-
bergen (Allen, 1965), Russia (see Richardson, 1965,
p. 595), Canada (McGregor and Owens, 1966), and
Ohio (Winslow, 1962).

The common occurrence of spores with bifurcate
spines in the Nation River Formation is well sub-
stantiated evidence that the formation cannot be as
young as Pennsylvanian or Early Permian, as sug-
gested by Laudon and others (1966), unless the con-
tained spore assemblage was eroded from Devonian
rocks and redeposited with the Nation River sedi-
ments. That this is unlikely is shown by the large
number of other genera (table 1), all consistent with
a pre-Pennsylvanian age, that are present with the
spores having bifurcated spines. No spores belonging
to taxa limited to strata younger than Devonian were
found in the samples; no evidence for reworking was
seen. ‘

Preliminary comparison of the Nation River spores
with published assemblages indicates that the Nation
River Formation is most probably of Late Devonian
age rather than Middle Devonian or Early Mississip-
pian. The number and variety of spores with bifur-
cated spines from the Nation River Formation is char-
acteristic of Middle and Late Devonian rather than

PALEONTOLOGY AND STRATIGRAPHY

Mississippian assemblages. In the few instances
where these spores range into the Mississippian (Play-
ford, 1962; Winslow, 1962) they typically are limited
in variety and number, bearing out the observation of
Richardson (1965) that spores with bifurcate pro-
cesses show a rapid decline in importance in the Lower
Carboniferous. Despite some obvious similarities,
such as the presence in the Nation River assemblage
of Pustulatisporites pretiosus Playford (fig. 2b), de-
scribed from the Mississippian Horton Group of
Canada (Playford, 1963, p. 19), clear differences exist
between the Alaskan assemblage and those from the
Horton Group. Significant compositional differences
also exist between the Nation River spores and the
Lower Carboniferous assemblages described by Play-
ford (1962, 1963) from Spitsbergen.

Comparison of the Nation River assemblage has
been facilitated by the recent publication of illustra-
tions of Devonian spores of eastern and northern
Canada by McGregor and Owens (1966). They show
from the Upper Devonian of northern Canada a
variety of types of Hystricosporites and Ancyrospora,
genera with bifurcate spines, comparable to the
variety found in the Nation River Formation. A
species of Archaeoperisaccus Naumova, cf. A. timani-
cus Pashkevich (McGregor and Owens, 1966, pl. 18,
figs. 4, 5), from the Griper Bay Formation (Fras-
nian) on Melville Island, appears identical with a
species of Archaeoperisaccus in the Nation River For-
mation (fig. 81). Foveosporites pertusus Vigran is
present among the spores from the Nation River For-
mation (fig. 3f). McGregor and Owens figure (1966,
pl. 27, fig. 1) a similar spore from the Griper Bay
Formation which they designate as ?Foveosporites
pertusus Vigran. Although there are some differences,

‘these and other similarities suggest relationships with

the Late Devonian assemblages from Canada for the
Nation River spores. :

Some of the Nation River spore genera are also
represented in the Middle Devonian of Scotland
(Richardson, 1965), where the proliferation of spores
with bifurcated tips is notable. One genus, Corysti-
sporites Richardson, based on material from the

Fiaure 2.—Spores from the Nation River Formation, east-
central Alaska. a-¢, X 500; d-h, X 250. Numbers are
- USGS paleobotany locality and slide numbers.

. Acanthotriletes sp. Locality D1940A, slide 26.
. Pustulatisporites pretiosus Playford. D19404, slide 21.
. Cristatisporites sp. D1940A4, slide 21.

. Hymenozonotriletes sp. D1940C, slide 20.

. Hystricosporites sp. D1940C, slide 20.

. Ancyrospora sp. D1940A, slide 21.

. Auroraspora macromanifestus (Hacquebard)

D1940C, slide 20.
. Unidentified megaspore. D1940A, slide 21.

Richardson.
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Middle Old Red Sandstone, has been identified tenta-
tively by McGregor and Owens (1966) from the
Lower and Middle Devonian of Canada. It is repre-
sented in the Nation River Formation by an unde-
scribed species (fig. 3k).

Despite these and other similarities, the Nation
River Formation apparently is not as old as Middle
Devonian, because it contains genera not known to
range below the Upper Devonian. Vigran (1964)
points out that the genus Fowveosporites Balmé has not
been reported from beds definitely older than Late
Devonian. Diaphanospora Balmé and Hassell, de-
scribed from the Upper Devonian of Australia, and
not known from below the Upper Devonian in Canada
(McGregor and Owens, 1966), is present in the Nation
River Formation (fig. 36). Richardson (1965) re-
ports that monolete spores, represented in the Nation
River Formation (fig. 37) and in the Upper Devonian
of Canada (McGregor and Owens, 1966) by Archaeo-
perisaccus, have been found only once in the Middle
Devonian (Russia) but are known from the Upper
Devonian of Russia, North America, and Australia.

The original determination of David White (én
Mertie, 1930) for the age of the Nation River Forma-
tion is borne out by this preliminary examination of
plant spores from its upper beds. We attempted to
obtain for palynological examination the specimens

Figure 3.—Spores from the Nation River Formation, east-
central Alaska. All specimens X 500. Numbers are USGS
paleobotany locality and slide numbers.

. Camptozonotriletes sp. D1940A, slide 20.

. Diaphanospora sp. D1940A, slide 21.

. Samarisporiles triangulatus Allen. 1D1940A, slide 21.

. Lophozonotriletes sp. D1940C, slide 20.

cf. l%on%lutispom mimerensts (Vigran) Allen. D1940C,
slide 20.

. Foveosporites pertusus Vigran. D1940A, slide 20.

. Calamospora sp. D1940C, slide 20.

. Letotriletes sp. D1940C, slide 20.

. Lezozonotriletes sp. D1940C, slide 20.

. ?Relusotriletes sp. D1940A, slide 27.

. Corystisporites sp. D1940C, slide 20.

Archaeoperisaccus, cf. A. ttmanicus Pashkevich.
slide 20.

m. Raistrickia sp. 1D1940A, slide 26.

sason
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White studied, but they have been discarded (S. H.
Mamay, oral commun., 1966). Because the Nation
River plant microfossil assemblage from the type area
of the formation is in striking contrast to well-known
assemblages from the late Paleozoic, a Pennsylvanian
or Permian age for the Nation River Formation is
precluded.
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TERTIARY STRATIGRAPHY AND GEOHYDROLOGY IN SOUTHWESTERN GEORGIA

By C. W. SEVER and S. M. HERRICK, Tifton, Ga., Atlanta, Ga.

Prepared in cooperation with the city of Cairo, Ga.,

and the Georgia Department of Mines, Mining, and Geology

Abstract.—The section of Oligocene rocks penetrated in the
drilling of a test well at Cairo, Ga., is believed from foramini-
feral evidence to include beds equivalent to the Marianna
Limestone, a formation not known previously to occur in
Georgia. Recognition of the Marianna necessitates assignment
of some of the overlying beds, formerly considered to be part
of the Ocala Limestone of late .Eocene age, to the Byram
Formation of Oligocene age. The Byram, not the Ocala,
probably is the source of the inferior water previously thought
to be contained by the Ocala in southwestern Georgia.

. Sediments representing the middle and upper Oligo-
cene section as known in the southeastern part of the
Atlantic Coastal Plain were discovered in the drilling
of a test well in southwestern Georgia. The test well
(GGS 962) drilled by the U.S. Geological Survey at
Cairo, Ga., (fig. 1) penetrated rocks of Oligocene age
from a depth of 471 feet to 965 feet, where it bottomed
in sediments belonging to the Marianna Limestone of
middle Oligocene age. The Oligocene section pene-

trated by this well includes a thickness of 494 feet
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Fi1gURE 1.—Location of wells in Coffee and Grady Counties, Ga.

(fig. 2) which compares favorably with that previ-
ously described by Applin (1960, p. B208) from a
well (GGS 509)* in Coffee County, Ga. In that well
a thickness of approximately 635 feet was assigned to
the late Oligocene, or post-Marianna part of the Oli-
gocene section, as now recognized in Georgia.

STRATIGRAPHY AND PALEONTOLOGY

In the Cairo test well the Suwannee Limestone of
late Oligocene age occupies the 24-foot interval 471 —
495 feet. The sediments composing this part of the
section are typically Suwannee, consisting of hard to
soft yellowish-gray much calcitized crystalline fossili-
ferous limestone. Calcium carbonate makes up about
97 percent of the rock. The Foraminifera Pararotalia
mezicana (Nuttall) var., Asterigerina subacuta Cush-
man, A. elabamensis Cushman and McGlamery, and
Quinqueloculina byramensis Cushman are prominent
in this interval and place this part of the section in
the Suwannee.

The Byram Formation, of middle Oligocene age,
occupies the interval 459 — 673 feet. These sediments
consist predominantly of yellowish-brown dense
clayey finely crystalline dolomite. They are similar
to the Byram described by Puri and Vernon (1964,
p. 102) where it crops out along State Highway 71 in
Jackson County, Fla. Clay was not observed in un-
treated cuttings from the Byram at Cairo, but when
the dolomite is dissolved in hydrochloric acid the
residue is a green clay. The clay appears to occur
within the rhombohedrons of dolomite instead of be-
tween them. Probably owing to their having been
dolomitized, the strata assigned to the Byram in the
Cairo test well yielded no identifiable fossils.

1 Carpenter Oil Co., C. T. Thurman No. 2, Coffee County, Ga.
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Fieure 2.—Lithologic and electric log of U.S. Geological Survey test well GGS 962 at

Cairo, Ga.
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The interval 673-965 feet in the Cairo test well defi-
nitely belongs in the Marianna Limestone of middle
Oligocene age. This part of the section consists of inter-
bedded pale-orange to cream soft granular fossiliferous
limestone, cream fossiliferous marl, and thin beds of
pale-brown dolomite and dolomitic limestone. It is
lithologically similar to exposures at the type locality
near Marianna, Fla., as described by Puri and Vernon
(1964, p. 98-102).

Foraminifera representative of the Marianna Lime-
stone are listed below (according to order of first ob-
served occurrence) :

725-730 feet:
Robulus arcuato-striatus (Hantken) var.
vicksburgensis (Cushman)
Nonion affine (Reuss)
Bolivina byramensis Cushman
Bllipsonodosaria cf. E. jacksonensis (Cushman and
Applin)
Discorbis araucana (D’Orbigny)
assulata (Cushman)
Eponides advenus (Cushman)
byramensis (Cushman)
Siphonine advena Cushman
Anomaline bilateralis Cushman
Cibicidina mississippiensis (Cushman)
730-735 feet:
Buliminae sculptilis Cushman
Reussella byramensis Cushman and Todd
Uvigerina vicksburgensis Cushman and Ellisor
Cibicides choctawensis Cushman and McGlamery
Cibicidina americane (Cushman) var. entiqua (Cush-
man and Applin)
735-740 feet :
Marginuline sp.
770-775 feet:
Globuline gidbae D’Orbigny
T80-785 feet:
Robulus cf. R. alato-limbatus (Giimbel)
Cibicides pippeni Cushman and Garrett
850-855 feet :
Planulina cocoaensis Cushman
925-930 feet :
Bolivina mississippiensis Cushman var. costifera Cush-
man
930-935 feet: -
Planulinae mezxicana Cushman
940-945 feet:
Nodosaria latejugata Giimbel
vertebralis (Batsch)
Guttulina problema (D’Orbigny)
Gyroidine vicksburgensis (Cushman)
Cassiduling cf. C. lacvigata D’Orbigny
960-965 feet :
Bolivina choctawensis Cushman and McGlamery

The fauna listed above contains the following species
in common with those reported by Cole and Ponton
(1930) from outcrops of the Marianna Limestone, Jack-
son County, Fla.: Robulus arcuato-striatus, R. vicks-
burgensis, Nodosaria latejugata, N. vertebralis, Globu-
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lina gibba, Guttulina problema, Bulimina sculptilis,
Bolivina byramensts, Reussella byramensis, Uvigerina
vicksburgensis, Ellipsonodosaria cf. E. jacksonensis,
Discorbis araucana? Gyroidina wvicksburgensis, Epo-
nides byramensis, E. advenus, Nonion affine,* Siphonina
advena, Anomaling bilateralis, Planulina mexicana,
Cibicidina americana, and C. mississippiensis. These
Foraminifera constitute evidence for correlating the in-
terval 673-965 feet in the Cairo test well with the Mari-
anna Limestone of Florida.

Oligocene sediments in southwestern Georgia were
deposited in a relatively shallow warm sea that ap-
parently oscillated over the inner continental shelf.
The limestones, dolomites, and marls composing the
Oligocene in this part of Georgia are but a small part
of the total volume of carbonates that were deposited
in a warm shallow shelf sea that periodically covered
the southeastern United States from Late Cretaceous
to middle Miocene time. The marine invasions were
oscillatory and interrupted by periods of subaerial
erosion throughout much of the central Atlantic
Coastal Plain as well as in southwestern Georgia, as
suggested by Spangler and Peterson (1950, p. 97) and
Applin (1960, p. B208). Applin further points out
the spotty occurrences of known Oligocene deposits
from North Carolina southward to and including
Nagsau and Duval Counties, Fla.

The Late Cretaceous to mid-Miocene sea in north-
eastern Florida was a relatively shallow and warm
one, probably similar to present-day conditions off the
west coast.of Florida. This is suggested not only by
the carbonate nature of the sediments but also by the
foraminiferal species they contain, many of which
have wide geographic distribution in the Gulf of
Mexico and Caribbean areas. The smaller Foramini-
fera found in the Cairo test well, particularly the
fauna belonging to the Marianna Limestone, show a
preponderance of benthonic forms accompanied by a
relative scarcity of planktonic species, such as those
belonging to the Globigerinidae and the Globorotalii-
dae; this is additional evidence as to the shallow na-
ture of this ancient sea.

Throughout much of southwestern Georgia the
Oligocene sediments consist of an upper part, the
Suwannee Limestone of late Oligocene age, and a
lower part, the Byram Formation of middle Oligocene
age. In the Cairo age, an additional unit, the Mari-
anna Limestone also of middle Oligocene age, is pres-
ent. Presumably the Marianna overlies the Ocala
Limestone of late Eocene age in Grady County. How
far this tripartite Oligocene section extends southwest-

2 Reported by Cole and Ponton (1930, p. 40) as Discorbdis sp.
3 Identified by Cole and Ponton (1930, p. 37) as Nonion umbilicatulum.
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ward as well as northeastward (toward Coffee
County) from the Cairo area remains to be deter-
mined.

QUALITY-OF-WATER CONDITIONS

Ground-water studies have indicated that the Su-
wannee and Ocala Limestones together yield nearly
all of the water pumped by the municipal and in-
dustrial wells that tap the principal artesian aquifer
beneath southwestern Georgia. Some of the water,
particularly that in the Cairo area, is known to be
extremely hard and to contain concentrations of sul-
fate, iron, fluoride, and dissolved solids exceeding to
a degree the recommended limits of the U.S. Public
Health Service (1962).

Prior to the drilling of the Cairo test well the poor-
quality ground water was thought to occur within the
Ocala Limestone. However, geologic and water-
quality studies in the Cairo test well plus reexamina-
tion of other wells in Grady and neighboring counties
have shown that the inferior water actually is derived
from the Byram Formation. The poor quality of
water is attributed to the dolomitic character of the
rocks in the Byram, a part of the geologic section that
previously had been placed by Herrick (1961, p. 398)
in the upper part of the Ocala. By stopping wells

R
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short of the deeper lying Byram Formation and limit-
ing pumping to the Suwannee Limestone, or upper
part of the Oligocene, the problem of inferior water
could be avoided in the Cairo area. If more water is
needed than can be obtained from the Suwannee and
if additional water supplies are sought by drilling to
the presumably much more deeply buried Ocala Lime-
stone, the Byram Formation should be cased out in
order to eliminate pumping inferior water from it.
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FUSTISPOLLENITES, A NEW LATE CRETACEOUS GENUS FROM KENTUCKY

By ROBERT H. TSCHUDY and HELEN M. PAKISER, Denver, Colo.

Work done in cooperation with the Kentucky Geological Survey

Abstract.—Fustispollenites, a new pollen genus from the
Upper Cretaceous McNairy Formation of Kentucky, is de-
scribed and may have biostratigraphic value. It has distine-
tive morphologic characteristics, including prominent apical
and subequatorial clavae; comparisons are made with other
genera sharing some of these characteristics.

During investigations of plant microfossils from
the Mississippi embayment region, a rare, morphologi-
cally bizarre angiosperm pollen species was found. It
was recovered from a sample of dark-gray clayey silt-
stone from the McNairy Formation of Late Creta-
ceous age. The sample is from an outcrop 1.5 miles
northeast of Faxon School, Kentucky coordinates
1,289,050-185,150 (Carter coordinates 26-C-16), Hico
quadrangle, Calloway County, Ky. The sample has
been assigned USGS paleobotanical locality No.
D3000.

The pollen is characterized by 5 colpi separated by
5 ridges, each ridge bearing two prominent sub-
equatorial projections or clavae, and two polar clavae.
This morphologically unusual pollen resembles in
some aspects the genera Senegalosporites Jardiné and
Magloire, 1963 (pl. IV, fig. 8; pl. V, fig. 1), Elatero-
colpites Jardiné and Magloire 1963 (pl. IV, figs. 6, 7),
and the species Steevesipollenites binodosus Stover
1964 (pl. 2, figs 7-9), all Upper Cretaceous forms from
northwest Africa.

The spore genus Senegalosporites and the ephedroid
pollen species Steevesipollenites binodosus both possess
prominent polar nodes or clavae, but do not possess
colpi. The pollen genus Elaterocolpites, perhaps
closest morphologically to Fustispollenites, possesses
colpi and 10 subequatorial projections or outgrowths
of the exine, but no polar clavae.

Careful comparison reveals that resemblance to the
above forms is only superficial and that this distinc-
tive pollen merits description as a new genus and
species. Samples from most of the Upper Cretaceous
and lower Tertiary formations of the Mississippi em-

bayment have been examined for fossil pollen con-
tent; the genus Fustispollenites has been observed
only in the McNairy Formation. Although rare, its
distinctive form makes it a potentially very useful
marker fossil in the Late Cretaceous of the Mississippi
embayment region.

SYSTEMATIC DESCRIPTIONS

All photographed specimens of the new genus and
species described herein are on slides deposited in the
U.S. National Museum, Washington, D.C. All illus-
trated specimens are within black-ink circles marked
directly on the slides; they may also be located on
the slides by the mechanical-stage coordinates given in
the explanation of figure 1 of this paper.. In order that
others may convert their mechanical-stage readings
to those recorded for our specimens, our coordinates
for the center point of a 1 x 3-inch standard microscope
slide are 108.0 and 12.3 mm. The method of accu-
rately locating the center of a standard microscope
slide is described by Tschudy (1966, p. D78).

Color photographs of the new genus and species
described in this paper are available from the U.S.
Geological Survey laboratory, Denver, Colo.,, on a
limited loan basis.

EXPLANATION OF FIGURE 1

a—d Holotype (Slide T3), coordinates 86.3X14.2 mm. USNM
42633. a—c, taken at different focal planes to show
details of colpi, clavae (cl), and surface ornamentation.
d, taken with a Wratten-H filter to show detail of colpus

(cp).
e-f Paratype (Slide T1), coord. 104.1X6.3 mm. USNM 42634.
g. (Slide T8) coord. 83.6X14.5 mm. USNM 42635. One
cla.va,)has been broken out (upper right side of photo-
raph).

h. (Sllde T7) coord. 94.3X20:2 mm. USNM 42636. Note
colpus, and vesicles at base of apical clava (acl.)
i-k. (Slide T12) coord. 86.6X3.9 mm. USNM 42637. Polar

views, showing lobed outline and wall thickness. ¥,
taken with a Wratten-H filter, shows the apical termina~
tion of a colpus (cp) and the granulate ornamantation of
the outer wall.
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F1Gure 1.—Fustispollenites conspicuus. USGS paleobot. loc. D3000. X 1,000.
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Genus Fustispollenites n. gen.

Type species—Fustispollenites conspicuus n. sp.

Diagnosis.—Pentacolpate, ellipsoidal to fusiform
pollen with 5 meridional ridges separating colpi.
Exine two layered, the outer layer bearing 10 sub-
equatorial clavae and two polar clavae. The distinc-
tive ornamentation suggests the latin term “fustis”, a
knobbed stick or club.

Fustispollenites conspicuus n. sp.
Figure 1, a-k

Holotype: USNM 42633, slide D3000 (T3), coordi-
nates 86.3 X 14.2, fig. 1, a—d. Size 43 microns X 28
microns exclusive of clavae,

Paratype: USNM 42634, slide D3000 (T1), coordi-
nates 104.1 X 6.3, fig. 1, ¢, f. Size 38 microns X 24
microns exclusive of clavae.

Description (18 specimens).—These pentacolpate
pollen grains are elongate, cylindrical to spindle shaped,
and symmetrical around the longitudinal axis. In polar
view the outline is five lobed, the colpi lying in the
grooves between the lobes. The colpi extend about
three-quarters of the distance to the poles. They are
open, possess rounded ends, and are dilated at the
equator, giving the appearance of a pore. The inner-
wall layer (endexine) is uniformly slightly more than
2p thick except at the colpi, where it is absent. The
outer-wall layer (ektexine) is less than 1p thick and
possesses a finely granulate surface.

On each of the lobes of the outer wall, midway
between the colpi, two clavae are inserted. The
clavae are solid, smooth, and slightly enlarged at their
ends. The subequatorial clavae range from 5 to 7u in
length, and average 3.1y in diameter at their midpoints
and 4.3y in diameter at their ends. Two somewhat
larger clavae are inserted on the two poles. They are
7 to 9u in length and average 5u in diameter at their
midpoints and 6.4y in diameter at their ends.

The size of this pollen grain, excluding the clavae,
ranges from 37 to 43u in length, and from 18 to 28y in
diameter.

R
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PALEONTOLOGY AND STRATIGRAPHY

Discussion.—The clavae are inserted into the outer
layer of the wall, rather than being extensions of the
wall. This is shown on figure 1, g, where one of the
clavae has been clearly broken out. The granulate
surface texture of the outer-wall layer is shown on
@ and %, taken with a Wratten-H filter.

Occurrence—McNairy Formation of Kentucky.

Age—Late Cretaceous, Maestrichtian.

Comparisons.—Fustispollenites conspicwus differs
from other genera possessing prominent polar or lat-
eral knobs or clavae as shown in table 1.

TaBLE 1.—Comparison of Fustispollenites conspicuus with other

genera
Fustis- Elatero- Senegalo- Steevesi-
pollenites .| colpites sporites ollenites
conspicuus inodosus
Polar knobs or clavae____| +  |________ + +
10 subequatorial clavae + e PR
or extensions of exine.
Colpi..o_ .. _______| + S PR
Equatorial clavae as  |..______ S R
extensions of outer
membrane.

This distinctive, easily recognized angiospermous
fossil pollen shows no direct affinity with any knewn
palynomorph.
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ORIENTATION OF CARBONATE CONCRETIONS
IN THE UPPER DEVONIAN OF NEW YORK

By GEORGE W. COLTON, Beltsville, Md.

Abstract.—Argillaceous limestone concretions are abundant
in the lower Upper Devonian marine sequence in New York.
Typically they are elongate in plan view, and their long axes
are preferentially oriented to the northeast. The alinement
of the concretions is probably parallel to the primary deposi-
tional fabric of the enclosing rock. In turn, the fabric was
probably controlled by, and oriented parallel to, marine cur-
rents.

The lower Upper Devonian rocks in the western
half of New York consist of evenly interstratified
black shale, gray shale and mudrock, siltstone, and
sandstone. Regional stratigraphic studies (fig. 1) in-
dicate that they accumulated in a marine basin whose
axis and eastern shoreline trended approximately
northeast-southwest. The Genesee, Sonyea, West
Falls, Java, and Perrysburg Formations, which make
up the lower Upper Devonian sequence, thicken to
the east and southeast across most of the area. As the
formations thicken, members composed largely of silt-
stone and sandstone increase in number and in thick-
ness. Conversely, the percentage of gray shale and
mudrock and of black shale in each formation de-
creases to the east and southeast.

Calcareous concretions occur in large numbers in
all the formations. They are most abundant in mem-
bers composed largely of shale and mudrock, and
consequently occur in greatest abundance in the west-
ern part of the area, where shale and mudrock make
up the bulk of the formations. The directional prop-
erties of concretions were studied at 27 localities in an
area 105 miles wide, extending from Lake Erie east-
ward to Seneca Lake. Data were collected in the
following counties: Chautauqua, Cattaraugus, Erie,
Wyoming, Livingston, Ontario, Yates, Steuben,
Schuyler, and Tompkins.

DESCRIPTIONS OF CONCRETIONS

“Concretion” is a general term used here to include
three forms of accretionary structures: nodules, true

concretions, and septaria or septarian nodules (Petti-
john, 1949, p. 149-154). All three forms are com-
posed largely of clay, quartz, and calcium carbonate.
Pyrite or marcasite, and barite are the most common
accessory minerals. On the basis of field observations
in New York, nodules in general are the smallest con-
cretionary structures. They are commonly irregular
in shape, have a warty or pustulose surface, and do
not appear to be internally laminated. In many
places, nodules occur in such great numbers along bed-
ding planes that they locally coalesce to form lumpy
lenses and lenticular beds of argillaceous limestone.
True concretions are commonly larger, more symmet-
rical in shape, and have smoother surfaces than nod-
ules, and, as a rule, contain an internal lamination
that is parallel to that of the surrounding rocks. In
most places, true concretions are widely spaced along
the bedding plane in which they occur and coalesce
less commonly than nodules. Septaria are charac-
terized by fractures containing coarsely crystalline
calcite and smaller amounts of pyrite, barite, siderite,
and other minerals. The fractures have a tendency
to radiate irregularly outward from near the center
of the concretion and to become narrower or to ter-
minate near its surface. Concentric banding, due
largely to variations in the amounts of finely crys-
talline pyrite, calcite, and argillaceous material, is pro-
nounced in many septaria. In size, shape, surface
texture, and in their arrangement along -bedding
planes, septaria are similar to true concretions. The
long axes of concretions range from a fraction of an
inch to about 15 feet in length, and invariably lie
along the bedding plane. With few exceptions, the
short axis of the concretion is perpendicular to bed-
ding. Small fragments of plants, pteropods, thin-
shelled gastropods, and pelecypods occur in many true
concretions and septaria and in some nodules. Most
fossils in the concretions are undeformed by compac-
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F1cure 1.—Map of report area in western New York, showing localities (dots) where data were
collected.

tion, whereas fossils in the surrounding shale or mud-
rock are highly compressed.

Of the concretions observed, approximately two-
thirds are noticeably elongate in plan view, and the
remainder are for the most part equant or highly ir-
regular in plan view (fig. 2). The degree of elonga-
tion varies from slightly ellipsoidal in some specimens
to rodlike or nearly cylindrical in others.

ORIENTATION OF CONCRETIONS

The orientations of the long axes of 647 concretions
are compiled in figure 3. It is apparent that the long

Elongate

Irregular and equant

FIcUre 2.—Typical shapes of concretions.

axes are preferentially grouped about a northeast axis
and that the mean trend is N. 55° E. To determine
if a relationship exists between the orientation of con-
cretions and the environment of deposition of the en-
closing rocks, the concretions were divided into two
groups. One group includes concretions in the area
west of the Genesee River, where the rock sequence
is composed largely of shale and mudrock. These
rocks accumulated in the marine basin far west of
the shoreline. The other group includes concretions
in the area east of the Genesee River, where siltstone
and sandstone constitute an appreciable part of the
sequence. The rocks in this area accumulated closer
to the shoreline, presumably in shallower water under
the influence of stronger currents.

The orientation of the long axes of the concretions
in the two areas is compared in figure 3. The fact
that the primary peaks of both groups coincide sug-
gests that the principal orienting force or phenomena
was constant in direction regardless of geographic
location and environment. A secondary peak in the
lower line (in the northwest quadrant) suggests an-
other orienting force or the same force operating in
a different direction or manner in the western area.
This secondary maximum is absent among the elon-
gate concretions measured in the east. Figure 3 also
shows that the orientation of concretions in the west
is less pronounced than that of concretions in the east.

An earlier investigation of other elongate sedimen-
tary and organic structures in the same rock sequence
(Colton, 1967) showed that specimens of Fucoides
graphica Vanuxem and of plant fragments in shale
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Fraure 3.—Frequency diagram of long axes of elongate con-
cretions. Shaded area is frequency polygon of concretions
measured in eastern area.

and mudrock are oriented preferentially about a north-
east axis. That investigation indicated that the orien-
tation was caused by mud-depositing currents which
flowed approximately parallel to the axis about which
the fucoids and plant fragments are grouped. The
frequency distribution of elongate concretions in beds
of shale and mudrock agrees closely with the previ-
ously observed distribution of specimens of Fucoides
graphica and plant fragments in the same beds or in
closely associated beds. The vector mean trends for
the long axes of concretions, fucoids, and plants are
N. 55° E,, N. 49° E., and N. 50° E., respectively.
This parallelism strongly suggests that the orientation
of concretions also is controlled by current action and
that the long axes of the concretions tend to be parallel
to the trend of the mud-depositing currents.
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If we assume that marine currents are effective in
orienting concretions, the frequency polygons in fig-
ure 3 suggest the following possibilities: (1) The less
strongly developed preferential alinement in the west-
ern area may be attributed to marine currents that
were weaker and less effective in orienting the speci-
mens, or that the currents were less persistent in their
direction of flow. (2) The secondary peak in the
western area may indicate another direction of flow.
A shoal area along the west edge of the area (Pepper
and de Witt, 1951, fig. 8) may account for this sec-
ondary flow direction. )

To date, no field criteria have been found to indi-
cate whether the mud-depositing currents flowed from
the northeast or the southwest, nor is it known how
the currents controlled the elongation of the concre-
tions. The presence of bedding-plane laminations in
many concretions suggests that they accumulated con-
temporaneously with the enclosing sediment, and the
presence of uncompressed thin-shelled invertebrate
fossils in many concretions suggests that the concre-
tions solidified before the surrounding sediments were
compacted. Elongation may have been caused by
preferential precipitation of calcium carbonate along
a fabric pattern imparted to the sediment by the ac-

tion of marine bottom currents. As suggested by

J. F. Pepper (written commun., 1961), elongation may
have been controlled by precipitation around elongate
organic structures which were oriented by current
action as they accumulated on the sea floor. However,
except for a vaguely defined concentration of limonite
in some specimens, which may represent a weathered
iron sulfide mineral, there is no suggestion of foreign
matter in the center of the great majority of concre-
tions. '
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A STATISTICAL MODEL OF SEDIMENT TRANSPORT

By W. J. CONOVER ! and N. C. MATALAS, Manhattan, Kans., Washington, D.C.

Abstract.—A statistical model is constructed to simulate the
behavior of sediment particles in flowing water in order to
obtain a theoretical shape for the suspended-sediment concen-
tration profile. The model yields the same shape or profile as
does the classical deterministic model based on the linear-
diffusion hypothesis.

Knowledge of the theoretical shapes of the velocity
profile and sediment-concentration profile helps in de-
termining the total suspended-sediment load being car-
ried by a stream. The classical profile of suspended-

sediment concentration given by Rouse (1950) has

long been used for this purpose. This paper shows
that for suspended particles of uniform fall velocity,
the same theoretical shape of profile can be computed
by a statistical model as by the differential equation
model used in Rouse.

On the basis of a statistical model of turbulence,
Matalas and Conover (1965) derived the vertical-
velocity profile for two-dimensional uniform flow in
open channels. The model itself was based on a prob-
ability law that governed the transfer of momentum of
the fluid, taking into account momentum loss due to
friction at the streambed and to fluid viscosity. Some
simple modifications of this model alter its interpreta-
tion from that of the transfer of momentum to that of
the transfer of mass. With these modifications, the
model may be used in studies of sediment transport.
In the following paragraphs, the main features of the
mass-transfer model and the application of this model
to derive the vertical sediment-concentration profile are
presented.

Flow is assumed to be confined to a two-dimensional
channel of depth D and unit width, with discharge
restricted to the downstream direction. The channel
of flow is considered to be subdivided into n different
levels, B,, ranging from B, just below the surface to
B, resting on the streambed. These levels resemble
layers of unit width and depth AD=D/n. As the
model represents a situation which changes continuously
in time, it will be convenient to denote ‘“level 4 at time

1 Kansas State University.

t” by B,(t). For the present, time will be considered
in terms of discrete intervals of duration At. Later, a
continuous model is evolved from the discrete model by
allowing At and AD to approach zero.

The transfer of sediment mass from one level to
another is assumed to be governed by the following
probability law. The mass M,(t) associated with level
Bi(t) is transferred to level B;_,(t+At), B,(t+At), or
B, (t+At) with probability p, ¢, or 7, respectively,
where p+q+r=1, for all values of ¢ except :=1 and
i=n. The stream surface and bed are assumed to act
as reflecting barriers, so that any mass which attempts
to penetrate these barriers is returned to the flow sec-
tion in the following manner. The mass M,(t) associ-
ated with block B,(t) is transferred to level B,;(t+At)
or B,(t+At) with probability (p+¢) or r, respectively.
And the mass M, (t) associated with level B, (t) is trans-
ferred to level B,(t+At) or B,_,(t+ At) with probability
(r+q) or p, respectively. This probability law holds
for the transfer of mass from any time ¢ to time ¢--At
and, therefore, the total sediment mass at any time is
a constant. The probabilities p, ¢, and » are referred
to as 1-step transition probabilities.

If P,,(k) denotes the k-step transition probability
for the transfer of mass from B;(0) to-B,(k-At), where
t=0 is an initial time reference point, then

P, (k)=pP, 1 (k—1)+qP ,(k— 1).

+7'P.i,j_1(k‘—1); .7—’_—-2, ey 'n—l
Pii(k)=(p+q)P11(k—1)+pP:.(k—1);
: j=1 (1)
Pia(k)=rP;n1(k—1)+(q+7)Pra(k—1); '
=N

The expected value of the sediment mass transferred
from B,(0) to B,(k-At), denoted by M, ;(k), is equal to
M, (0)P, ,(k), and the total expected value of mass con-
tributed to B,(k-At) from B(0) for all values of 1,
denoted by M,(k), is given by

n

M, (k)=2M, ,(k). )

i=1
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To solve for M,(k) ip the limiting case where n—w
and k—, the following properties of the probability
model must be considered:

1. The transition probabilities have a long run distri-
bution so that in the limit as k—w, P, (k)—,,
where =, is some constant independent of ¢ (Par-
zen, 1962).

2. For a fixed value of D, AD goes to zero as n goes to
infinity and the ith level approaches the surface
for a fixed value of 4. Therefore, to consider the
mass at a constant depth proportional to D as
n—e, let 1—1i/n=m, the proportionate height
from the bed.

3. To obtain meaningful results as AD—0, At must
approach zero in such a way that (AD)/At ap-
proaches a constant (Feller, 1957).

4. Because the density of sediment exceeds that of
water, p<r. Thus the expected level of a sedi-
ment particle starting at level ¢ is 1+ (r—p) after
a time interval At, where (r—p) is the expected
fraction of AD that a sediment particle drops
during the time interval At.

5. The total expected drop per unit time (r—p)AD/At,
which equals (r—p)(AD)*n/DAt, should approach
a constant as AD and At go to zero for the model
to be meaningful. Thus n(r—p) approaches a con-
stant. In particularlet the constant g=n(r—p)/r
=n(1—p/r), so the above requirement is met.
Then p/r is equal to 1—g/n, which satisfies the
condition that p/r—1 as n—wo (Feller, 1957).

With these properties, the mass at level j as k—wis

kl_l)lg M,(k)=M,= ;:; M(0)m;=nMm, 3)

where M denotes the mean value of the mass in the
vertical. The values of 7, are obtained from the solu-
tion of the systems of equations 1 where n;, m;,m-1,
Ty, M, Wi, Tn, Ta-1, 80d 7, are substituted for P, ;(k),
P{.j+l(k_1)y Pi.j—l(k"‘l); Pt,l(k)y Pi,l(k_l); Pi.z(k_l);

P,.(k), P, (k—1), and P,.(k—1), respectively.
T his solution is given by
my=(p/r)" 1 —(p/m)l/[1— (p/r)"]. 4)
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In the limit as n—,

gn nwy=pe t"/(1—e"F), 6))

where m=1—j/n. Therefore, the sediment-concentra-
tion profile is given by

lim nMnr;=M,=Mge#"/(1—e~#). (6)

The parameter 8 is a function of the fall velocity of
the sediment particles and of the intensity of turbu-
lence. " As 8—0, the sediment-concentration profile ap-
proaches M. That is, in the limit, the concentration
of sediment is a constant, independent of depth. In
general, the concentration is a minimum at the stream
surface and increases exponentially to a maximum at
the streambed. This description of the sediment-
concentration profile is essentially the same as that
obtained by the use of the differential equation of
diffusion (Rouse, 1950). It is of some interest to note
that equation 6 leads to

oM, B8
amD— _"'D_ Mm’ (7)
which has the same form as the differential equation
in Rouse (1950). Therefore

w

E———atd

D e

where W is the fall velocity and e is the turbulent
mixing coefficient.
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NEW OBSERVATIONS ON THE SHEYENNE DELTA OF GLACIAL LAKE AGASSIZ

By CLAUD H. BAKER, JR., Salt Lake City, Utah

Work done in cooperation with the

North Dakota State Water Commission and the North Dakota Geological Survey

Abstract.—The Sheyenne delta is an extensive deposit of
gravel, sand, and silt near the south end of the basin of glacial
Lake Agassiz. The deposit has been called both a delta and
a body of ice-contact stratified drift, but recent test drilling
and field observations indicate that the deposit is a true delta
and that the steep slope formerly described as an ice-contact
face is probably a wave-cut “cliff.” The delta is not so ex-
tensive as originally believed, and the boundaries have been
redefined. The location of dunes on the delta surface with
respect to possible sources of sand indicates that prevailing
winds probably were from the southwest when the dunes were
formed.

In late Pleistocene time, the valley now drained by
the Red River of the North was the floor of a large
proglacial lake. The existence of such a lake was
recognized as early as 1823, and the lake was named
Lake Agassiz by Warren Upham (1880, p. 85) in
honor of Jean Louis Agassiz, an early advocate of the
glacial theory. At its maximum, Lake Agassiz prob-
ably extended from northern South Dakota to central
Manitoba.

At several points where large valleys enter the Lake
Agassiz basin, the mouths of the valleys are marked
by extensive bodies of gravel, sand, and silt, which
are believed to be deltas deposited in the former lake
by melt-water streams that emptied into it. One of
the largest of these deposits is in southeastern North
Dakota, near the southern end of glacial Lake Agassiz.
Because it radiates from the point where the present
Sheyenne River enters the Lake Agassiz plain, it has
been called the Sheyenne delta (fig. 1).

Upham (1895) made the first comprehensive survey
of the southern end of Lake Agassiz. Leverett (1913,
1932) generally agreed with Upham’s views of the
lake basin, but concluded that the deltas were ice-
contact deposits of stratified drift. Although Elson
(1957) agreed with Leverett on the origin of the

deltas, Dennis and others (1949, 1950) found subsur-
face evidence to support Upham’s views. Laird (1964)
summarized the existing literature on Lake Agassiz.
This report is based on work done in 1963 and 1964
in connection with a study of the geology and ground-
water resources of Richland County, N. Dak. The
study was conducted under the cooperative program
of the U.S. Geological Survey, the North Dakota State
Water Commission, and the North Dakota Geological
Survey.
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Most of the information reported here about the
delta has been obtained by test drilling. Thirty-four
test holes were drilled during this study, and 53 test
holes were drilled during earlier studies (Dennis and
others, 1949, 1950, and unpublished data).

AREAL EXTENT AND TOPOGRAPHY

The Sheyenne delta has an area of about 750 square
miles and is roughly deltoid in outline (fig. 1). It is
bounded on the west and southwest by the drift
prairie and on the northeast, east, and southeast by
the Lake Agassiz plain. The northeastern edge is a
well-defined steep slope, but the southeastern edge
merges imperceptibly with the lake plain.

The area of the Sheyenne delta is somewhat less
than was mapped originally by Upham (fig. 2).
Upham’s map included in the delta a portion of an
ice-marginal channel called the Milnor channel
(Baker, 1966) that is somewhat older than Lake
Agassiz, an area of glacial till between the Milnor
channel and the delta, a part of the lake floor, and
a large sandy tract southeast of the delta. Presum-
ably, Upham included the area of till in his map of
the Sheyenne delta because he believed that the line
of the Milnor channel represented the southwestern
edge of the delta and the shoreline of Lake Agassiz.
Recent studies by the writer indicate that the highest
shoreline of Lake Agassiz is marked by the line of
the Herman beach, and that the till southwest of the
Herman beach does not appear to have ever been
covered by water. The southern area of sand (Lake
Agassiz beaches, fig. 2) is a beach complex of the
same age as, or slightly younger than, the Sheyenne
delta. Erosion of the delta may have furnished part
of the sand to the southern beach complex, but the
area is not a part of the delta proper. Part of the
lake floor. between the delta and the beach complex
was apparently included in the delta by assuming that
the eastern edges of the delta and the beach complex
were continuous.

The Sheyenne River crosses the north end of the
delta in a deeply incised meandering valley. The
valley floor is as much as 100 feet below the adjacent
delta surface.

A large part of the delta surface is covered by sand
dunes. In places, the topography is highly undulat-
ing, with local relief as much as 75 feet. Most of the
dunes are well stabilized by vegetation, but consid-
erable sand movement still occurs whenever the vege-
tal cover is broken. The high dunes are bordered on
the southwest by a wide band of nearly level sand
on the delta; the average elevation of the sand plain
is about 1.075 feet. The probable significance of the
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sand plain will be discussed in a later section of this
report (p. B67).

THICKNESS, GRAIN SIZE, AND BEDDING OF
SEDIMENTS

The bottom of the delta deposits cannot be distin-
guished in drill holes. An advancing delta is built
out over its own bottomset beds, as well as over any
preexisting lake-floor deposits, and it is nearly im-
possible to distinguish between delta bottomset beds
and lake silts of similar composition. The thickness
of the lake-floor deposits east of the delta averages
about 60 feet. In this discussion the thickness of the
Sheyenne delta will be taken as the total thickness
of sand, silt, and clay—that is, the depth to the glacial
till.

The greatest known thickness of the delta is 198 feet
(fig. 3) and the average thickness of the eastern half
is about 150 feet. West of the Richland-Ransom
County boundary the surface of the till beneath the
delta slopes sharply upward, and the delta is only a
few feet thick near its western edge.

The average grain size of the delta sediments de-
creases from west to east (fig. 3). Near the western .
margin, where the deposits are only a few feet thick,
they consist of very coarse sand and fine gravel; but
near the eastern margin, where the deposits are more
than 150 feet thick, they consist of very fine sand and
silt. This gradation of average grain size is consistent
with the increased distance of transport across the
top of the growing delta.

The average grain size of the sediments also de-
creases from top to bottom. The decrease is not
marked near the thin western margin of the delta but
is quite apparent in the thicker central part. Near the
eastern margin, material making up the entire thick-
ness of the delta is fine grained, and vertical differ-
ences in grain size are difficult to determine. This too,
is consistent with the concept of a delta that expanded
eastward.

In figure 4, parts of the deposit have been distin-
guished as predominantly silt or predominantly sand.
The silt is thickest near the eastern margin and wedges
out to the west; the sand wedges out to the east.
Again, these relationships would be expected in this
particular deltaic environment.

Exposures of the bedding in the delta are very
scarce. The best exposures found are in the bank of
a short gully in the E14 sec. 15, T. 136 N, R. 51 W,
near the northeastern edge of the delta (location 0-1,
fig. 3). At this location, the sediment consists of very
fine sand, silt, and clay. Here the sand and silt are
well stratified, and ripple lamination is the most com-
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mon form of stratification (fig. 54). No stratification
is apparent in the clay layers. Some of the sand and
silt beds are strongly. contorted on a small scale (fig.
5B), but the causes of this are not known. However,
such contortions are common in deltaic and flood-plain
deposits.

The delta bedding was exposed temporarily in a
roadcut in the NE1, sec. 18, T. 136 N., R. 51 W. (loca-
tion 0-2, fig. 3). Here, the ripple-laminated sand con-
tains thin films and pockets of carbonaceous material
(fig. 50). This exposure was destroyed later by road
hnprovements.

PROBABLE PROCESS OF FORMATION

The Sheyenne delta probably was deposited rather
rapidly, during the earliest and highest stages of Lake
Agassiz. The Sheyenne River apparently was an ice-
marginal stream just prior to the formation of Lake
Agassiz (Baker, 1966) and probably was diverted into

Lake Agassiz soon after the lake was formed. Be- -

cause the river was fed primarily by glacial melt
water, it must have carried abundant sediment, and

deposition of the delta would have begun as soon as
the stream began flowing into the lake.

Most of the surface of the delta is at or near the
altitude of the highest (Herman) shoreline of Lake
Agassiz. Two slightly lower shorelines (the Tintah
and the Norcross) were mapped across the delta by
Upham (1895), but this author was unable to distin-
guish them. The fourth, or Campbell, shoreline is
probably represented by the steep slope at the north-
eastern edge of the delta.

The steep northeastern edge of the delta was the
principal evidence cited by Leverett (1913, 1932) for
his belief that the delta was a deposit of ice-contact
stratified drift. Leverett (1932, p. 127) had very little
subsurface data, and he thought that glacial till was
only a few feet below the surface near the top of the
slope. However, logs of test holes in the area show
that the sand, silt, and silty clay are more than 150
feet thick near the northeastern edge of the delta. No
other evidences of ice-contact deposition were found
during the present study. The slope is at the level
of the Campbell shoreline north and south of the delta,
and this author concludes that the slope is a wave-cut
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“cliff” representing the Campbell shoreline of Lake
Agassiz.

When Liake Agassiz began to recede from its high-
est (Herman) level, the base level of the Sheyenne
River was lowered, and the river entrenched itself
into the recently formed delta. The position of the
present valley was determined by the position that the
river happened to occupy when the lake level was
lowered.

SAND DUNES ON THE DELTA

The sand dunes that cover much of the surface of
the delta probably began to form when Lake Agassiz
was first lowered to the Campbell level. As the lake
level declined, the emerging surface of the delta would
have been highly susceptible to erosion by wind. The
dunes are largest and most numerous near the north-
eastern margin of the delta and become smaller and
less numerous southwestward. Thus, the broad sand
plain on the part of the delta southwest of the high

Fieure 5.—Stratification and small-scale structures in sedi-
ments of the Sheyenne delta. A, Stratification in a section
exposed in the bank of a gully on the east side of sec. 15, T.
136 N., R. 51 W. (location 0-1, fig. 3). B, Small-scale contor-
tions in stratified sediments; location same as 4. C, Ripple-
laminated delta sand containing films and pockets of car-
bonacecus material, exposed in temporary roadcuts in NE1
sec. 13, T. 136 N., R. 51 W. (location 0-2, fig. 3).

dunes may have been the source area of the dune sand,
and, if this were so, the prevailing winds would have
been from the southwest. Because the dune area con-
sists of hummocky topography rather than of discrete
well-formed dunes, the orientation of the dunes is of
little help in determining wind directions. Further-
more, the stratification within the dunes is not exposed
well enough to be used as a key to wind direction.
Clayton and others (1965, p. 655) have interpreted
lineations on the Lake Agassiz plain to mean that
prevailing winds were probably from the northwest or
southeast in late Lake Agassiz time. However, the loca-
tion of the dunes with respect to possible source areas
of the sand does not support such a hypothesis. The
sediments near the lakeward margin of the delta are
predominantly silt size, whereas the material in the
dunes is largely in the fine-sand range, and there is
no nearby source of fine sand to the north, east, or
southeast of the delta front. Although the evidence
from the Sheyenne delta is hardly conclusive, the
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presence of an extensive sand plain southwest of an
area of dunes suggests that prevailing winds were
from the southwest when the dunes were formed.
Possibly the prevailing winds were from the southwest
in Campbell time and shifted to northwest-southeast
later.

If the sand plain was the source of the dune sand,
the depth to which erosion by the wind lowered the
surface of the sand plain would have been controlled
by the water table in the delta sediments. Hence the
1,075-foot present elevation of the sand plain may
have been the average elevation of the water table
during Campbell time.

SUMMARY

In summary, recent studies of the Sheyenne delta
lead to the following conclusions:

1. The form, lithology, and stratification all indi-
cate that the Sheyenne delta is a true deltaic deposit,
as suggested by Upham (1895), rather than a body
of ice-contact stratified drift, as postulated by Lev-
erett (1913, 1932). The steep northeastern slope is not
an ice-contact face, but a wave-cut “cliff” marking a
shoreline of Lake Agassiz.

2. Upham’s map of the delta included parts of
the Lake Agassiz beaches, a pre-Lake Agassiz outwash
channel, and adjoining areas of ground moraine and
lake floor that are not parts of the delta.

3. The location of dunes on the delta with respect

R
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to sources of sand indicates that prevailing winds
probably were from the southwest when the dunes
were formed, and that the average position of the
water table at that time may have been at about the
1,075-foot elevation of the sand plain.
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GROSS COMPOSITION OF PLEISTOCENE CLAYS
IN SEATTLE, WASHINGTON

By DONAL R. MULLINEAUX, Denver, Colo.

Work done in cooperation with the Municipality of Metropolitan Seattle

Abstract.—Unweathered glaciolacustrine and glaciomarine
deposits of relatively uniform composition are the principal
clay formations in the Seattle area. Their major clay minerals,
in order of decreasing abundance, are chlorite, illite, and mont-
morillonite, and their dominant exchangeable cations are cal-
cium and magnesium. Nonglacial and weathered glacial clays
are more variable in composition and are of smaller volume.
Typically they contain more montmorillonite clay minerals
and fewer exchangeable calcium cations. The differences in
composition are useful for identification of clay units and for
interpretation of their environments of deposition and history.

The bulk of Pleistocene clay formations in Seattle
(fig. 1) are glacial deposits that are seemingly un-
weathered. These units are grossly uniform in com-
position; they show only minor variations in content
from place to place within the same formation, or even
from one formation to another. As expected, they con-
sist largely of rock flour—even their predominant clay
mineral probably was derived from the parent rocks
by mechanical rather than chemical weathering. In
contrast, nonglacial clay layers and weathered glacial
clays are of relatively small volume and show wide
variations in composition. Their clay-mineral content
may be quite different from that of unweathered gla-
cial deposits.

The clayey sediments in Seattle are being investi-
gated to determine the composition of identifiable geo-
logic units and the relation of composition to geologic
origin, history, and engineering properties of those
units. Clay-mineral and exchangeable-cation content
especially can provide important clues to the identity
and geologic record of sediments, and may strongly
influence their engineering properties. This interim
report describes the gross composition of some typical
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local clays as indicated by about 50 samples, and dis-
cusses briefly the origin of some of the clay minerals and
the relation of composition to origin and history. The
relation of composition to engineering properties and
classification tests will be described in a later report.

For this investigation, constituent minerals were
identified by T. C. Nichols, E. E. McGregor, P. D.
Blackmon, and H. C. Starkey, of the U.S. Geological
Survey, by X-ray diffraction techniques. The X-ray
techniques are widely regarded as the most effective
for identification of clay minerals (Weaver, 1958;
Konta, 1963), but may be only roughly quantitative.
Because of the quantitative limitations, only the rela-
tive abundance of clay minerals is presented in this
report. The methods used for quantitative estimates
on which the reported abundance is based are de-
scribed by Schultz (1964). The exchangeable-cation
data were determined by Starkey, and the other labor-
atory tests were performed by Nichols, McGregor, R.
A. Speirer, and G. S. Erickson, all of the U.S. Geo-
logical Survey.
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Outcrop samples were collected by the writer.
Drill-core samples, all from exploratory holes drilled
for the Municipality of Metropolitan Seattle, were
provided by E. R. McMaster and D. S. Tillson of the
engineering firm serving the Municipality under con-
tract.

TERMINOLOGY

Numerous terms used to describe clays may have one
common meaning for surficial geologists, but another
for engineers, planners, or even other geologists. Fol-
lowing are definitions, as used in this report, of several
terms that have proved to be confusing. Most impor-
tant are the terms “clay” and “silt,” which are applied
to either deposits or their constituents, and which may
refer to plasticity, grain size, or nature of component
minerals (see Grim, 1953, p. 1-2, or Mackenzie, 1963,
for discussions). In this report the term “clay” is
used in a general sense to describe a natural fine-
grained sediment that exhibits readily detectable plas-
ticity when mixed with a limited amount of water.
The term “clay-size” refers to particles whose “size” or
“diameter” is less than 2 microns, and the term “clay
mineral” is used to describe certain hydrous aluminum
silicate minerals that have special properties because
of their sheetlike or layered structure and usual small
size. Similarly, the term “silt” is used in a general
sense to describe a fine-grained sediment that exhibits
little or no plasticity. The term “silt-size” refers to
particles whose diameters are between 2 and 64 mi-
crons. The term “nonclay” describes minerals that
are more nearly equidimensional than sheetlike and do
not have the special properties of clay minerals.

The names “chlorite,” “illite,” “montmorillonite,”
and “kaolinite” refer to clay-mineral groups, within
which considerable chemical and some structural var-
iation is possible (Grim, 1953, p. 27-38). The criteria
for their identification in complex mixtures by X-ray
diffraction are reviewed by Schultz (1964). Mont-
morillonite and mixed-layer minerals that consist
mostly of montmorillonite are, for the present, re-
ported simply as montmorillonite.

Although the terms “varved” and “varves” have
sometimes been used to describe any distinctly lamina-
ted deposit of silt and clay, they are used here only to
describe sediments that exhibit rhythmically alterna-
ting layers of silt and clay. Pairs of such layers are
interpreted as varves, each pair consisting of one silt
layer and an overlying clay layer that represent sum-
mer and winter layers, respectively, of an annual cycle
of sedimentation (Mackin, 1937; Mackin and others,
1950). Restriction of the terms is useful in Seattle
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because, where present, the typical stratification helps
to identify certain glaciolacustrine units.

The term “glacial” is used to describe deposits de-
rived chiefly from southward-moving continental gla-
ciers that occupied the Puget Sound lowland. The
term “nonglacial” is used for deposits not genetically
related to those glaciers. Some nonglacial sediments
were deposited during warm climatic conditions, but
others probably were deposited during colder times
when alpine glaciers were extensive in the adjacent
Cascade Range.

Most glacial deposits are described as unweathered,
meaning that they show little or no evidence of leach-
ing, oxidation, or clay-mineral transformation. The
alteration of deposits described as weathered is evi-
denced by differences in color and structure as well
as clay-mineral content (Mullineaux and others, 1964).

GLACIAL CLAYS

The largest, most extensively exposed glacial-clay
units in Seattle are lacustrine in origin (table 1).
They are thick units that probably were deposited in
proglacial lakes formed by glaciers that blocked the
normal northward drainage of the Puget Sound low-
land. The deposits typically are well sorted and stra-
tified, and are characterized by successions of thin
laminations of markedly different grain size. No fos-
sils have been found in them, but calcareous concre-
tions are common. The glaciolacustrine sediments
probably were deposited rapidly in relatively quiet
water, with little postdepositional reworking by plants
or animals, and with little disturbance except for minor
subaqueous slumping.

TaBLE 1.—Categories of clay units discussed

Glacial clays
Glaciolacustrine
Unweathered
Weathered
Glaciomarine
Nonglacial clays
Some glacial-clay units are regarded as at least
partly marine in origin because locally they contain
marine megafossils and microfossils and exchangeable
sodium cations. For this report, even though the fos-
sils and cations are sparse and are not distributed
throughout these deposits, the entire units are de-
scribed as glaciomarine. Lithologically, they are sim-
ilar to glaciolacustrine deposits. Although the glacio-
marine formations appear to contain more contorted
strata and to be less well stratified, they presently
cannot be differentiated where fossils and sodium ca-
tions are absent.
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TABLE 2.—Age and stratigraphic position of some principal
deposits in Seattle

QGeologic-climate unit Deposits
Vashon Stade of Fraser Vashon Till
Glaciation ! Drift Esperance Sand
Member
Lawton Clay Member

Nonglacial clay, silt, sand, gravel,

Olympia Interglaciation
! and peat

Pre-Vashon glaciations

Varved clay unit, underlain
undifferentiated

locally by till and gravel

Glaciomarine clay and “till”

I The Vashon Glaciation of Willis (1898) and most later authors was the latest
advance of the continental Puget glacier lobe over the Seattle-Tacoma area. Al-
though the Vashon advance is only one event of several representing the last major
(Fraser) glaciation of this region (Armstrong and others, 1965), it was the only ad-
vance of Fraser time during which the glacier reached the Seattle area.

The two most important glaciolacustrine units
recognized presently (1966) are the Lawton Clay
Member of Vashon Drift (Mullineaux and others, 1965 ;
and table 2 of this paper), and a fine-grained member
of an older, pre-Vashon drift that will be referred to
as the “varved clay unit.” The Lawton Member con-
sists almost entirely of clay and silt, and its lower part
is distinctly finer grained than its upper part. A few
sand beds occur near the base and top of the member.
In partly dry exposures, thin, light-gray silt layers
typically contrast with dark-gray clay layers that gen-
erally are thicker (fig. 2). The Lawton Member is

widespread and generally is about 80 feet thick. It
probably underlies much of the northwestern and
southwestern parts of Seattle between altitudes of
It is also known to underlie

about 70 and 150 feet.

FIcUre 2.—Stratification in lower part of Lawton Clay Member
of Vashon Drift. Light-gray silt layers generally are thinner
than adjacent dark-gray clay layers.
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parts of the central business district and the north-
eastern section of the city, occurring between altitudes
of about 100 and 180 feet. The Lawton is the young-
est and best. known clay unit of Seattle; it was laid
down during the advance of the Puget glacier lobe of
Vashon age shortly after 15,000 years ago (Mullineaux
and others, 1965).

The varved clay unit in the pre-Vashon drift con-
sists chiefly of thin, dark-gray clay layers and thicker,
light-gray silt and sand layers (fig. 3) described as
varves by Mackin (1937; 1948). Locally, however, it
contains lenses of sand or gravel. In the lower part of
the unit, the varves are both thicker and coarser
grained than in the upper part. The maximum known
thickness of the varved unit is about 140 feet, at the
north end of Beacon Hill (fig. 1) just south of Seat-
tle’s main business district (Mackin, 1948), where it
lies between altitudes of about 60 and 200 feet.
Varved sediments thought to be part of the same unit
crop out intermittently farther south for about a mile,
but are thin and occur only between about 175 and
200 feet. Similar varved sediments lie between about
120 and 140 feet 2 miles north of Beacon Hill, but they
have not been seen in the intervening area.

Pronounced weathering of glacial clay has been seen
only in the upper part of the varved unit at one local-
ity. The weathering profile is expressed by progres-
sive upward changes in color, structure, and clay-
mineral content (Mullineaux and others, 1964). The
color change, from gray in the unweathered material
to brownish green in the weathered zone, is accom-

Ficure 3.—Stratification of the varved clay unit. Thin dark-
gray clay layers alternate with thicker light-gray silt layers.
Thickness of varves is variable; they typically are several
inches thick in lower part of unit, and a few inches to less
than 1 inch thick near the top.
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panied by eradication of bedding and increase of de-
formation. In the upper, most-weathered material,
varves are almost indistinguishable, and the clay is
highly deformed and crossed by closely spaced, slick-
ensided fractures.

The varved clay unit underlies nonglacial sediments
of the Olympia Interglaciation, and probably was
deposited during the next older glaciation. The
weathering is believed to have occurred during the
Olympia Interglaciation.

Scattered marine fossils have been discovered by
H. H. Waldron (oral commun., 1963) in outcrops of
pre-Vashon glacial deposits in Seattle, and by J. S.
Fryberger and D. S. Tillson (oral commun., 1962) in
subsurface samples taken east of Seattle during ex-
ploratory drilling for the Municipality of Metropol-
itan Seattle. The glaciomarine deposits that contain
the fossils are thick and widespread units that consist
chiefly of clay and silt, but contain more scattered
stones and lenses of sand or gravel than do glaciola-
custrine deposits. They also contain till-like masses
of unstratified and unsorted stony silt and clay—in
some places, the Beacon Till of Mackin and others
(1950) is such a unit. Locally, stratification in the
glaciomarine deposits is as well defined as that in
glaciolacustrine sediments, but more commonly it is
less distinct and may be obscure. Bedding that has
been contorted by subaqueous slumping, however, is
more common than in glaciolacustrine strata. In
Seattle, the glaciomarine deposits have been recog-
nized in outcrop only at Beacon Hill south of the
varved clay localities, but exploratory -drilling has
shown that they are extensive under both the central
business district and the northeastern section of the
city. They are also extensive just east of Seattle
along the east side of Lake Washington.

The fossils suggest deposition of these sediments in
a marine environment, yet they are so sparse that this
interpretation is not certain. It is conceivable, for
example, that the few fossils were derived from a
marine environment farther north and transported to
Seattle by ice. Nevertheless, the fossils are presently
regarded as recording a marine environment at Seat-
tle, chiefly because some of the microfossil shells
appear whole and unabraded and because they occur
in clay containing exchangeable sodium cations, which
have not been detected in any samples of unweathered
clay deposited in a glaciolacustrine environment.

The ages of various glaciomarine units are not well
known, but those in Seattle are all older than the Olym-
pia Interglaciation, and glaciomarine clay may have
been deposited during more than one glaciation.

PLEISTOCENE GEOLOGY

Mineral composition

Glacial-clay formations in Seattle are composed
chiefly of clay and nonclay minerals, but typically
they include small amounts of rock fragments as well
as noncrystalline material that is not identified by X-
ray diffraction techniques. Organic material is very
scarce.

Most of the clay and nonclay minerals are of clay
and silt size, respectively, so that the proportion of
clay minerals in a deposit increases as the overall
grain size decreases. However, clay minerals also
occur as silt-size particles, and make up as much as
40 percent of some fine-grained sediments in which
only 10 percent of the particles are smaller than 2 mi-
crons. Similarly, nonclay minerals occur as clay-size
particles, and make up as much as 30 percent of sed-
iments in which only 20 percent of the particles are
larger than 2 microns. In sediments in which half the
particles are clay size, generally somewhat more than
half are clay minerals.

The nonclay minerals are mostly quartz and feld-
spar. Feldspar generally is slightly less abundant
than quartz, but it dominates some sediments that are
rich in volcanic ash. Ferromagnesian minerals, mostly
hornblende, are the only other nonclay minerals abun-
dant enough to be identified by X-ray diffraction in
all samples.

The principal clay minerals in unweathered glacial
deposits are, in order of decreasing abundance, chlo-
rite, illite, and montmorillonite (table 3). In un-
weathered glaciolacustrine clays, their proportions are
especially consistent; the same order of abundance was
found in all but one sample analyzed, even though
sample sites are widely separated areally and stra-
tigraphically. Chlorite not only is ‘most abundant,
but many samples contain as much or more chlorite as
all other clay minerals combined. In only one gla-
ciolacustrine sample (sample 2, table 3) did another
clay mineral (illite) appear to be as plentiful as chlo-’
rite. The X-ray data suggest that the chlorite is well
crystallized and iron rich, and the fraction reported as
illite includes some material that is also well crystal-
lized. Much of the montmorillonite includes some
illite interlayers, and perhaps little or none of the
montmorillonite is entirely pure. Kaolinite is present
in most samples, but only in trace amounts.

Chlorite and illite are the most common clay min-
erals in the silt-size fraction, and montmorillonite
occurs chiefly as clay-size particles. But even though
most montmorillonite is of clay size, chlorite is the
dominant clay mineral in clay-size as well as silt-size
material in unweathered deposits.

The glaciomarine deposits contain the same clay
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TanLe 3.—Clay-mineral and exchangeable-cation content of clays studied in Sealtle, Wash.

Amount
Num- of Clay minerals ! Cation-exchange data (milliequivalents
Samplo or ) ber sample per 100 g
group of Geologic General of Source (percent)
samples unit location sam- with
ples particle | Chlo- Mont- | Kao- | Ver- | Ca- Cal- | Mag- So- Hy-
size <2 | rite | Illite | moril- | linite | micu-| pac- | Sum | cium ne- dium dro-
microns lonite lite ity sium gen
Unweathered glaciolacustrine clay
) DR Lawton Clay | Northwestern 5 | Natural out- 10-85 A B [G7NN SO S, 9-27 1 19-32 | 15~23 | 4.1-10 ). ___|.c____.
Member. Seattle. crop.
bR PR [ {0 TP N [ 1 P, 1 ... do. ... 85| AB AB [ O (S 27 28 19 9.2 [
b J PR, d0uee...... Central Seattle.. 5 | Artificial 39-67 A B [ O7N IR SN 12-21 | 17-24 | 12-17 | 4.7-7.6 | .. _f....__..
excavation. )
..... [ 1 TR Ngrtl{(ﬁ;;\stcrn 4| Drillcore....... 29-54 A B C |eciooo]oooo ] 10-17 | 11-23 14.7-18 | 3.3-6.1 || ...
cattle. .
Varved clay Southern 3 | Natural out- 66| A B C e |eaes 18-23 | 32-33 | 28-29 | 2.7-5.2 |ocecoo|acaaaan
unit. Seattle. crop.
..... d0.........| Northern 1 | Artificial 65 A B (O IR SORI 28 32 24 8.0 |
Seattlo. excavation,
Weathered glaciolacustrine clay
Tecemacnnn Varved clay Northern 1 | Artificial 49| AB C AB D |..___.. 35 1 33 22 1.
unit. Seattle. excavation.
..do Central Seattle.. 1 d @) ?) ) O]
9. -.do dooaeoo .. 1 29 30 18 12
10.... .do. Northern 1 36 38 23 14
Seattle.
Unweathered glaciomarine clay
Northeastern 7 | Drillcore....... 17-37 A B
Seattle.
d 4 21-78 A BC
1 72 A BC
1 90 A (o]
1 60 A (o}
2 20-38 A B
Seattle. excavation.
East of Scattle_ . 5| Drillcore....... 2-70 | A B
..... [+ [ IR 1 | Artificial 28 A B
excavation.
Nonglacial clay
1 | Artificial 13| AB C AB D ... 8.9 14 4.5 81 |....... 1.6
excavation,
1 13 11 5.2 6.0
1 11 10 4.2 6.1
1 14 15 9.0 4.5
1 16 18 8.5 6.2
1 5.2 7.3 2.9 L5
1 do 16 16 8.6 3.3
1| Artificial 3| AB |ooofeeeaoos C AB (O] O] O] O]
Seattle. excavation,
27 emeeeaeeens [ [+ T Northwestern 3 | Natural out- 18-27 B (o] P N U AN 19-23 | 21-22 | 12-15 6-10 | ooofamaooa-
Scattle. crop.
b2 TR S, (<[« R P, Aol ) O R do......_.__ 29 A C B || 13 45 38 [0 I DR B,

! Alphabetical order of letters shows relative abundance of clay minerals tiiat make
up mloro t.hunt about 3 percent of the samples; doubled letters indicate approximately
equal amounts.

minerals as do those of glaciolacustrine origin, but
their proportions appear to be slightly less consistent.
The order of decreasing abundance of principal clay
minerals was chlorite, illite, and montmorillonite in
15 of the 22 glaciomarine samples analyzed. Locally,
the glaciomarine deposits contain somewhat less illite
and more montmorillonite than do the glaciolacustrine
sediments. :

Weathered glacial clay varies widely in clay-mineral
composition, and may be dominated by montmorillon-
ite and kaolinite rather than by chlorite and illite.
Montmorillonite and kaolinite are more abundant in
even the lower part of a weathered zone in the varved

2 Not analyzed.

unit than in the underlying, unweathered part of the
unit, and make up almost the entire clay-mineral frac-
tion in the upper part of the weathered zone.

Exchangeable cations

Exchangeable ions held by clay minerals are mostly
cations, because the electrical charges of the clay par-
ticles are predominantly negative. Since the amount
of exchangeable anions is small in the sediments stu-
died, only the cation content has been determined for
most samples. For some samples, the cation content
exceeds the exchange capacity, which represents the
number of positions around the clay particles available
for occupation by exchangeable ions. Thus, not all
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the cations around the clay particles are actually held
- in exchangeable positions. -

Table 3 shows the cations identified and the meas-
ured exchange capacity of most samples for which
mineralogy is reported. A cation content higher than
the measured capacity is typical of glacial deposits.
The dominant cations are calcium and magnesium.
Sodium has not been detected in the glaciolacustrine
varved clay unit or the Lawton Clay Member, but does
occur in most samples of glaciomarine deposits. Even
in the glaciomarine samples, however, sodium makes
up only a minor proportion of exchangeable cations.
Somewhat surprisingly, the cation content of each
sample of weathered varved clay is similar to that of

unweathered clay from the same unit. The excess of -

cations over capacity in glacial deposits indicates that
neither the unweathered nor weathered parts have
been substantially leached.

The dominance of calcium and magnesium is expect-
able, for these two cations are the most common and
abundant in clays generally (Grim, 1953, p. 126), and
are plentiful in rivers draining the adjacent Cascade
Range (Griffin and others, 1962). Sodium is abun-
dant in the same rivers, but calcium and magnesium
are adsorbed preferentially over sodium under most
conditions (see Grim, 1953, p. 144-146, and Mielenz
and King, 1955, p. 210, for reviews).

The exchangeable sodium cations, like the marine
fossils, probably record a marine or brackish-water
environment at Seattle. The varved clay unit and the
Lawton Member, in which exchangeable sodium was
not detected, are interpreted from other evidence as
fresh-water deposits. If they have not been signifi-
cantly leached, their cation content represents that
adsorbed during deposition in fresh water. The sodi-
um adsorbed by clay increases, however, as its-concen-
tration in the surrounding water increases; thus the
exchangeable sodium in some sediments implies their
deposition in marine or brackish water. Yet sodium
proportions in glaciomarine deposits in Seattle (table
3) are much lower than those in glaciomarine deposits
in British Columbia (Ahmad, 1961). The lower pro-
portion might record deposition in less salty water, or
even initial deposition of the material in marine water
north of Seattle and subsequent reworking by the gla-
cier. If the latter is possible, the presence of ex-
changeable sodium is not certain proof of marine or
brackish-water conditions at Seattle.

NONGLACIAL DEPOSITS

Nonglacial clays in Seattle are widespread, but their
volume is small. In contrast to glacial clays, they
occur in thin lenses that generally are interbedded
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w1th silt, sand, and gravel rather than in thick, rela-

" tively umform deposits. Peat, wood, and diatoms are

relatively abundant in these sediments, but concretions
are rare. Bedding may be indistinct except where it
is accentuated by concentrations of plant material.
These features suggest that most nonglacial clays were
laid down relatively slowly in shallow lakes and on
flood plains where they were partly reworked by
plants and animals during and after deposition.

The ratio of nonclay to clay minerals in most non-
glacial sediments is about the same as in glacial de-
posits. Four of the five samples of nonglacial clays
of Olympia age contained a slightly higher ratio of
clay - minerals to clay-size particles than glacial
deposits. However, the few samples examined of non-
glacial sediments older than Olympia age contained
a lower ratio, probably because the older deposits

sampled are rich in volcanic ash.

The principal clay minerals in nonglacml sediments
include the three that are prevalent in glacial deposits,
though in much less uniform proportions, plus kaolin-
ite and vermiculite. Only one of the nonglacial clay
samples analyzed (sample 23, table 3) showed the chlo-
rite, illite, montmorillonite order of abundance that is
common to unweathered glacial deposits. Montmorillon-
ite, which was less abundant than chlorite and illite in
most samples of glacial deposits, was predominant in
nearly half the samples of nonglacial clay and less
abundant than illite in only the one sample mentioned
above. Kaolinite occurred in more than trace amounts
n 4 of 12 samples. Vermiculite, which was unidentified
in the glacial clays, was reported in two nonglacial sam-
ples; in one (sample 26, table 3), a mixed-layer min-
eral of vermiculite and chlorite was virtually the only
clay mineral present. Thus the clay-mineral composi-
tion of the nonglacial deposits is highly varied. Even
within single outcrops of sediments of Olympia age,
there are differences from bed to bed that seemingly
are not related to variations in grain size or to surfi-
cial weathering profiles. These differences might rep-
resent occasional variation in the detrital materials
supplied during deposition, or differential alteration
in place either before or after deposition of overlying
beds.

In most nonglacial samples, the exchangeable-cation
content approximately equaled rather than exceeded
the exchange capacity. The prevalent cations are cal-
cium and magnesium, but they are not as abundant as
in glacial deposits. Sodium was not identified.
Exchangeable hydrogen, which has not been identified
in unweathered glacial deposits, was found in 4 of 12
samples of nonglacial clay; its irregular occurrence
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probably reflects an acid environment produced by
organic material in the nonglacial sediments.

ORIGIN OF CLAY MINERALS

A much-discussed point regarding the origin of clay
minerals in sediments is whether they are detrital min-
erals that were formed elsewhere and transported into
the depositional basin, or secondary minerals that were
formed in place by weathering or diagenesis after the
sediments were deposited. Most clay minerals in the
sediments at Seattle probably are detrital. Chlorite
and illite, for example, form the bulk of very uniform
sediments such as the Lawton Clay Member that are
seemingly unweathered. Perhaps these minerals
might form uniformly throughout such sediments by
diagenesis, but the proportion so formed is small even
in marine sediments (Weaver, 1958, 1959; Keller,
1963; Biscaye, 1965), and little if any diagenesis is
expected in fresh water (Grim, 1958). At Seattle,
chlorite and illite are less predominant in glaciomarine
clays than in glaciolacustrine, suggesting that diagen-
esis has not been significant even in the marine sed-
iments. Since neither weathering nor diagenesis
seems adequate to account for the chlorite and illite,
they are regarded as detrital in both glacial and non-
glacial sediments.

Montmorillonite, however, appears to be in part
detrital and in part secondary. In unweathered gla-
cial deposits, a detrital origin is suggested by uniform
distribution of montmorillonite along with chlorite
and illite throughout the Lawton Clay Member. Also,
in nonglacial sediments, a largely detrital origin seems
likely because of the abundance of montmorillonite in
sediments of Olympia age. Its proportion in those
sediments is much greater than in older glacial de-
posits; hence the montmorillonite was not formed by
any overall alteration of unconsolidated deposits in
place. Nor is it likely that it formed by surficial
weathering shortly after deposition; possible layer-by-
layer alteration cannot be completely discounted, but
no montmorillonitic weathering profiles were evident
in the sediments that were sampled. In contrast, the
bulk of the montmorillonite and kaolinite in the
weathered glacial clay evidently formed in place. Be-
cause the increase in those two minerals in the
weathered zone is accompanied by a decrease in chlo-
rite and illite, the montmorillonite and kaolinite prob-
ably formed chiefly from the chlorite and illite rather
than from nonclay minerals.

The detrital clay minerals probably were derived
from bedrock in source areas by both mechanical and
chemical weathering. The chief source of sediments
in the Seattle area is the Cascade Range of Washing-
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ton (fig. 1). From the northern part of the range,
detrital material is carried westward into the adjacent
lowland by rivers; during glacial episodes, it is moved
southward to the Seattle area by continental glaciers.
From the central part of the range, detritus is carried
directly into the area by rivers during both glacial and
nonglacial episodes. Clay minerals, especially chlo-
rite, fine-grained mica (illite), and kaolinite, have
been reported as common in the bedrock of the Cas-
cade crest by Smith and Calkins (1906) and most later
authors. Thus, any of the clay minerals that are com-
mon in the lowland sediments probably could have
been derived by mechanical weathering alone. The
fact that well-crystallized, iron-rich chlorite generally
is destroyed rather than formed by chemical weather-
ing (Jackson and others, 1948; Jackson, 1963, p. 40—
41) indicates that the chlorite is a product of mechan-
ical weathering. The prevalence of chlorite in glacial
deposits, in turn, indicates that mechanical weathering
was predominant during glacial episodes. It seems
likely that most clay minerals in glacial deposits at
Seattle, like those in similar clays in New England
(Allen and Johns, 1960), were ground from bedrock
by glaciers, with little if any chemical change.

In contrast, clay minerals that form readily by
chemical weathering, particularly montmorillonite, are
plentiful in many nonglacial sediments (table 3).
That such clay minerals are also largely detrital is
indicated by the content, chiefly montmorillonite, of
a sample of the clay being carried from the Cascade
Range to Seattle by modern rivers. Conceivably, the
plenitude of clay minerals other than chlorite and il-
lite in nenglacial sediments might reflect only their
greater abundance in bedrock of the central Cascades,
the chief source of the nonglacial detritus. It seems
more likely, however, that it results from generally
more effective chemical weathering during nonglacial
episodes. Comparison of clay mineral suites now
being carried by rivers from northern and central
parts, respectively, of the Cascade Range of Washing-
ton, should indicate whether or not different clay min-
eral suites are delivered from different parts of the
range under similar weathering conditions. And com-
parison of the same suites with those from unweather-
ed glacial deposits should indicate whether or not

chemical weathering is more effective at present than

during glacial episodes.

CONCLUSIONS

Clay-mineral and exchangeable-cation proportions
seem adequate to distinguish between most glacial and
nonglacial clays in the Seattle area, and exchangeable
sodium cations distinguish some glaciomarine deposits.
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However, the composition of at least some nonglacial
clays is like that of unweathered glacial clays, the
range of composition of weathered glacial clays
matches that of nonglacial clays, and exchangeable
sodium cations are not present in all samples of gla-
ciomarine deposits.

Glaciolacustrine clays apparently have a very uni-
form composition. The only significant variation
found in their composition was in weathered samples.
The clay minerals in the glaciolacustrine deposits prob-
ably are largely detrital particles transported by
streams into the Puget Sound lowland during glacial
episodes, when glaciers were producing abundant rock
flour in source areas. They evidently have been mod-
ified very little since deposition.

The clay-mineral composition of glaciomarine de-
posits is generally similar to that of glaciolacustrine
sediments, but the former are distinguished by fossil
and exchangeable-cation content. Their clay-mineral
composition is somewhat more variable, but the cause
of the variety is not presently known. The glacioma-
rine deposits probably record marine or brackish-
water conditions at Seattle.

Nonglacial sediments vary widely in content of both
clay minerals and exchangeable cations, but most are
characterized by relatively abundant montmorillonite.
Their composition may result from chemical weather-
ing that was more effective during nonglacial times.

While recognition of the composition of clay de-
posits is important to geologic interpretations, it
should also aid engineers in their efforts to under-
stand, predict, and modify clay properties. In Seat-
tle, knowledge of composition should afford better
interpretation of test and exploratory data, and more
effective extrapolation of experience from place to
place in the metropolitan area.
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SOME OBSERVATIONS ON A CHANNEL SCARP
IN SOUTHEASTERN NEBRASKA

By J. C. MUNDOREFF, Salt Lake City, Utah

Abstract.—Evidence suggests that manmade changes in a
drainage system in southeastern Nebraska about 50 years ago
may have caused the formation of a channel scarp that has
moved about 3.5 miles upstream from about 1914 to 1963.
Pronounced widening and deepening of the Muddy Creek chan-
nel have occurred as the scarp moved upstream. Rough esti-
mates indicate that mainstem channel erosion resulting from
scarp migration has contributed about 30,000 tons of sediment
annually to the downstream reach of Muddy Creek and ulti-
mately to the Little Nemaha River.

Manmade changes in mainstem stream channels and
tributary channels can result in later natural changes
in tributary channels. This report presents a history,
partly inferred, of such a tributary channel from the
time of o mainstem channel change in about 1914 to
1963.

In about 1914, a channel improvement project was
undertaken on the Little Nemaha River in the vicinity
of Syracuse, Nebr. (fig. 1). In some places, the exist-
ing channel was straightened; in other places, a new
channel was excavated half a mile or more from the
existing channel. About 8 miles southeast of Syra-
cuse, in the area where Muddy Creek joined the Little
Nemaha River, a straight channel was constructed
about half a mile southwest of the natural channel of
the Little Nemaha River. At about the same time,
the junction of Muddy Creek and the Little Nemaha
River was moved about 1 mile upstream by construc-
tion of a new channel for Muddy Creek. Information
is not available on elevations of the Little Nemaha
River and Muddy Creek channels at the new junction.

The drainage area of Muddy Creek is mantled
mainly with loess and glacial till of Pleistocene age.
For several miles upstream from the confluence with
the Little Nemaha River, the valley is about half a
mile wide, and the valley fill is unconsolidated allu-
vium. The scarp is being cut in a compact silty clay

that i1s somewhat more resistant than the alluvium that
forms the upper several feet of most of the valley.

DRAINAGE CHANGES

The position of former major channels of Muddy
Creek and its principal tributaries, except where they
coincide with the present channel of the main stream
(or with new tributaries), are shown by dashed lines
on figure 1. Prior to 1949 the main Muddy Creek
channel was about 14 to 14 of a mile south of its pres-
ent course in sections 21, 22, and 23. Aerial photo-
graphs dated June 1949 indicate that a new main chan-
nel of Muddy Creek had developed in the N4 sec. 21,
and a long reach upstream from sec. 21 had been
straightened. Runoff from about 40 square miles, or
about 85 percent of the drainage basin, had been di-
verted from the former main channel of Muddy Creek
to enlarged manmade drainage ditches and a former
tributary across the northern part of secs. 22 and 23.

As nearly as can be recontructed from reliable avail-
able data, the drainage changes in secs. 21, 22, and 23
occurred about as follows. The present nearly
straight channel between State Highway 50 and the
first tributary upstream from the highway may have
developed from a small drainage ditch that originally
was intended only to carry runoff from the northeast
part of sec. 21. The drainage ditch, which probably
was constructed before 1940, may have gradually eroded
and deepened and, during one or more large floods on
Muddy Creek, overbank flow may have caused major
scour in the ditch. Then flow from this ditch was
routed into the upstream end of a former tributary
which headed in the northwest part of sec. 22 and
flowed eastward. By 1949 all the flow of Muddy
Creek upstream from Highway 50 was through the
new straight reach and the former tributary, and
together they had become the new main stream.
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FIGUuRE 1.—Map showing location of Muddy Creek and location of channel scarp in 1930, 1940, 1949, 1955, 1958,
and 1963. Former channels of Muddy Creek and its tributaries are shown by dashed lines.

Also by 1949 the old main channel downstream
from Highway 50 was no longer continuous from the
diversion in sec. 21 to the junction with the new Mud-
dy Creek channel in sec. 24. It had become two trib-
utaries to the new main stream, which by this time had
settled in its present course—a former tributary—in
secs. 22 and 23.

POSSIBLE CAUSES OF SCARP

In 1957 a channel scarp several feet high was
observed on Muddy Creek immediately upstream from
the bridge on State Highway 50 about 6 miles south
of Syracuse and about 8.5 channel miles upstream from
the present junction of Muddy Creek and the Little
Nemaha River (fig. 1). In 1958 this scarp was about
280 feet upstream from the bridge. The scarp could
have resulted from any of the following causes, which
are listed in the order of estimated probability:

1. After construction, the channel of the Little
Nemaha River may have deepened initially at a much
faster rate than that of Muddy Creek. Perhaps a
major flood shortly after construction resulted in sig-
nificant deepening of the Little Nemaha River chan-
nel, and Muddy Creek may have been left as a hang-

ing tributary with a scarp at the new point of junction
of the two streams.

2. Muddy Creek may have been left as a hanging
tributary purely as a result of channel construction.

3. During construction, a scarp may have been
formed at the point where the constructed downstream
reach of Muddy Creek was joined to the natural chan-
nel near the center of sec. 24, T. 7 N, R. 11 E.

4. The scarp may have existed before the Little
Nemaha River and Muddy Creek channels were mod-
ified and may be the result of natural processes.

UPSTREAM RETREAT OF SCARP

A resident near the downstream end of Muddy
Creek recalls that during the period 1920-30, the scarp
moved slowly through the extreme south side of the
northwest quarter of sec. 24. Aerial photographs
taken in September 1940 do not show whether the
scarp moved up the channel of Muddy Creek; the area
where the scarp was most likely to have been in 1940
is obscured by @ dense cover of overhanging trees.
The photographs do indicate that a scarp was moving
up the channel of a tributary—later to become the
main channel of Muddy Creek—that was parallel to
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and about a quarter of a mile north of the Muddy
Creek channel. By 1940 the scarp in this tributary had
moved about half a mile upstream from the junction
with Muddy Creek (fig. 1).

Aerial photographs indicate that by 1949 the scarp

had moved nearly halfway across sec. 22 or about 1
mile upstream from its location in 1940. Also by
1949 the former main channel had been abandoned in
secs. 21, 22, and 23, and drainage from nearly the
entire basin was carried by the former tributary chan-
nels in these sections.
- Aerial photographs dated July 1955 show that the
scarp was only about 500 feet downstream from the
bridge at State Highway 50. Thus, the scarp moved
about half a mile during the period 1949-55.

Between 1955 and 1958 the scarp moved to a point
about 280 feet upstream from the bridge. During the
winter of 1962-63 the scarp was about 1,850 feet up-
stream from the bridge and was about 690 feet down-
stream from the junction of Muddy Creek and a trib-
utary (fig. 1). The average annual rate of movement
of the scarp was about the same during 1949-55 as
during 1956-63. The greatest rate of movement was
during 1940-49, when a drainage ditch and the
former tributary became the mainstem in sees. 21, 22,
and 23.

Upstream from the scarp, the width of the channel
bottom was commonly 18 to 25 feet; bank-to-bank
width at bank lips averaged about 45 feet. Down-
stream from the scarp, the width of the channel bot-
tom was 50 to 80 feet; bank-to-bank width was nearly
100 feet in places. Depth of the channel at any sec-
tion depends somewhat on irregularities in bank
elevation but probably averaged about 16 feet up-
stream from the scarp and about 26 feet downstream
from the scarp. The distance from the lip of the
scarp to the bottom of the scour pool was 9 to 10 feet
when observed in 1963 (fig. 2).

In addition to the scarp in the main channel, other
scarps probably occur in abandoned channels and in
the tributaries in secs. 14, 15, and 23. The movement
of the mainstem scarp past each tributary may have
resulted in formation of a scarp in the tributary. In
1963 a 4-foot scarp and a series of steeply sloping
steps were observed in a 150-foot reach of a tributary
in sec. 22. The scarp and steps are believed to reflect
the movement of the scarp up the main channel and
past the mouth of the tributary during the period
1949-55.

R
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FI1GURE 2.—Channel scarp in Muddy Creek, February 1963.

EFFECTS OF SCARP RETREAT

Rough estimates based on observations during 1957-
63 indicate that mainstem channel erosion resulting
from the scarp migration has contributed about 30,000
tons of sediment annually to the downstream reach
of Muddy Creek and ultimately to the Little Nemaha
River. Tributary channel erosion resulting from the
upstream migration of the mainstem scarp probably
contributed additional large quantities of sediment to
Muddy Creek. The channel changes have increased
channel capacity and reduced bottom-land flooding in
some areas; however, the long-term effects of these
changes on the drainage system probably were not
considered when the changes were made.

This scarp study site has been included in the Vigil
Network of the U.S. Geological Survey, which consists
of many sites throughout the United States at which
observations of hydrologic and geomorphic processes
will be repeated over a long period of time (Emmett,
1966 ; Leopold and Emmett, 1965).
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EFFECT OF LANDSLIDES ON THE COURSE OF WHITETAIL CREEK,

JEFFERSON COUNTY, MONTANA

By HAROLD J. PROSTKA, Denver, Colo.

Abstract—Three or more landslides dammed the valley of
‘Whitetail Creek causing channel migrations and development
of unusual transverse valley profiles. The landslides very like-
ly were caused by lateral stream corrasion, wet Pleistocene
climate, springs, and earthquake shocks.

Whitetail Creek, a major tributary of the Jefferson
River about 10-15 miles east of Butte, Mont., drains
the southeast part of the South Boulder Mountains.
In the north-central part of the Dry Mountain quad-
rangle the stream emerges from forested mountains
at an altitude of 5,240 feet and flows southeastward
for 3 miles across virtually barren semiarid rugged
terrain to an altitude of 4,760 feet (fig. 1). In this
3-mile reach the stream follows a sinuous course
through steep-walled narrow rocky canyons alternat-
ing with broad valleys eroded in unconsolidated land-
slide deposits. Profiles across canyon segments of the
stream course have distinctive and unusual configura-
tions as illustrated in figure 1. In each cross section
there is a thick deposit of landslide material on one
side of the valley separated from the gorge by a low
ridge of bedrock. This profile is present in many
places along the 3-mile stream segment, with the land-
slide deposits on one side or the other of the stream.
The purpose of this paper is to discuss the unusual
valley profiles and the manner in which they were
formed.

LANDSLIDE DEPOSITS

The landslide deposits are porous and unstratified
and are made up of poorly sorted angular fragments
mainly of diorite porphyry and welded tuff in a
matrix of weathered rock debris. Most of the frag-
ments range in size from less than 1 inch to about 12
inches across, though a few are as much as 15 feet
across. The landslide deposits are less than half a

mile to more than a mile long, they slope toward the
stream at about 6146°, and they probably are no more
than 350 feet thick. Their surface has been modified
by erosion which destroyed any preexisting hummocky
topography. The shape of the deposits indicates that
they had longitudinal ridges that bifurcated at their
distal ends into lobate tongues. Their slope and con-
figuration indicate movement at right angles to the
valley. The deposits are of local origin, since the
fragments are the same as the bedrock in the adjacent
valley walls.

The deposits are interpreted as having formed by
ancient landslides. Their slope is within the range
observed for rockslide avalanches (Mudge, 1965, p.
1006), they are composed of a heterogeneous mixture
of rock fragments, and they are generally lobate in
form. Talus deposits are also porous but are much
steeper, 26°-36° (Sharpe, 1938, p. 30). Mudflows and
debris flows contain an abundant clayey matrix and
generally are steeper than 614° (Sharpe, 1938). The
inferred direction of sliding is indicated by the litho-
logies of the fragments; those from the northeast are
dominantly welded tuff, whereas the fragments from
the southwest are mainly diorite porphyry. All three
(or more) slides occurred at about the same time, as
indicated by the similar degree of erosion each deposit
has sustained and by the comparable dimensions of
the associated bedrock canyons and rims. Although
evidence is lacking for the age of the landslide de-
posits, they are very likely Pleistocene.

EFFECTS ON DRAINAGE

The landslides blocked the ancestral valley of
Whitetail Creek and diverted the stream to a new
course. The inferred process by which this was ac-
complished is shown in figure 2. Landslide debris
partially filled and dammed the ancestral valley. The
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debris dam was at least 350 feet high and may have
been as much as 600 feet high. The ponded waters
eventually spilled over the debris and established the
present channel alongside but above the floor of the
ancestral channel. Erosion of the new channel in
bedrock, and partial removal of slide material by rill
wash and tributary streams produced a distinctive
valley profile. The exhumed bedrock between the
gorge and landslide deposit formed the characteristic

“rimrock.” The gorges are predominantly linear,
northwest-trending features which probably were
eroded along joints and fractures in the bedrock. The
present stream channel is entirely in landslide debris
where it crosses the landslide deposits, thus indicating
that it is above the floor of the ancestral channel.
From these and other map data the approximate lo-
cation and depth of the ancestral channel can be in-
ferred (fig. 1).
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F1eure 2.—Schematic sections showing development of valley
profiles along Whitetail Creek.

CAUSES OF LANDSLIDING

The ancestral stream seems to have had a slightly
meandering course, with the outer bend of each mean-
der adjacent to the source of the slide debris. Here
the steepening of valley walls by lateral stream cor-
rasion may have been a contributing factor to land-
sliding. .

Lateral corrasion alone, however, would not explain
the slides. The bedrock, although extensively jointed,
does maintain steep slopes such as those in the present
stream gorges. Climatic changes account for some
landslides—perhaps increased moisture due to a wetter

Pleistocene climate was an important factor. Iris Seep,
" in the southwest part of the map area (fig. 1) is near
the edge of a landslide deposit. Perhaps this and
other now inactive springs may have supplied water
which aided sliding.

R

GEOMORPHOLOGY AND PLEISTOCENE GEOLOGY

Earthquakes also trigger landslides. Pardee (1926)
described rockslides caused by the Montana earth-
quake of June 7, 1925. The Hebgen Lake slide in
Montana occurred during an earthquake, and it has
been suggested (Waldrop and Hyden, 1963, p. E13)
that some of the large landslides in the Yellowstone
area, Wyoming-Montana, were a result of earthquakes.
Southwestern Montana has been seismically active
throughout late Cenozoic time (Pardee, 1950; Ross
and Nelson, 1964). Because all the landslides along
Whitetail Creek apparently occurred at about the
same time, it seems likely that they were triggered by
an earthquake.

In summary, the landslides probably resulted from
a combination of two or more of the following fac-
tors: lateral stream corrasion, wet Pleistocene climate,
springs, and earthquake shocks. The landslides were
responsible for channel migrations and development
of unusual transverse valley profiles.
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VARVED LAKE BEDS
IN NORTHERN IDAHO AND NORTHEASTERN WASHINGTON

By EUGENE H. WALKER, Boise, ldaho

Abstract.—Thick deposits of fine-grained sediment underlie
the floors of the Purcell Trench, the Pend Oreille Valley and
adjacent lowlands, and the Priest River valley in northern
Idaho and northeastern Washington. The deposits formed in
a late glacial lake while ice blocked the north-flowing stretch
of the Pend Oreille River. Sheets of clay, distinctly varved in
places, are interbedded with sheets of sand and silt. The
sheets of sand and silt are interpreted as drainage varves that
were deposited when the lake burst out past the ice dam at
about 12- to 65-year intervals. The sheets of sand in the low-
lands underlain by lake deposits provide small, but in most
places adequate, water supplies for domestic and stock needs.

The principal lowlands of northern Idaho—the
Pend Oreille Valley, the Purcell Trench, and the ad-
joining valleys (fig. 1)—are underlain by thick de-
posits of clay, silt, and fine-grained sand. The sedi-
ments accumulated in a lake that existed in late glacial
time when ice dammed the stretch of the Pend Oreille
Valley that extends northward into Canada.

GLACIAL LAKE IN WHICH VARVED BEDS WERE
DEPOSITED

The lake had & maximum shoreline altitude of a
little less than 2,500 feet above sea level, as shown by
patches of lake deposits on the margins of the low-
lands. The lake overflowed southward through a col
south of Newport, Wash., and also, at times, south-
ward past Athol, Idaho, to the Rathdrum Prairie.

This late glacial lake in the Purcell Trench and the
Pend Oreille lowlands should not be confused with
Lake Missoula, which was impounded in the Clark
Fork drainage when ice several thousand feet thick
occupied the Purcell Trench and extended at least to
the southern end of Lake Pend Oreille. According to
Alden (1953), Lake Missoula had a maximum water-
level elevation of about 4,200 feet behind the ice dam
in the gorge of Clark Fork and drained southward
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Fieure 1.—Map showing extent of late glacial lake in the Pend
Oreille and Priest River valleys and the Purcell Trench in
northern Idaho and northeastern Washington.

across the Rathdrum Prairie when the ice in the Pur-
cell Trench thinned. The late glacial lake, which
succeeded and was considerably smaller than Lake
Missoula, disappeared when ice melted from the
stretch of the Pend Oreille Valley that extends north-
ward into Canada.
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DESCRIPTION AND GEOLOGIC SIGNIFICANCE OF THE
VARVED LAKE BEDS

Purcell Trench and Pend Oreille Valley

Thick lake deposits occupy the Purcell Trench and
associated valleys. The trench was deepened by ice
that was several thousand feet thick and covered all
but the higher parts of the bordering mountains,
which rise almost 5,000 feet above the present valley
floors. Below part of Pend Oreille Lake the bedrock
is at least 1,140 feet (the depth of the lake at its
deepest known place) below the present lake level.
This suggests that the sediment thickness in this part
of the Purcell Trench may be about 1,000 feet. Wells
drilled many years ago in unsuccessful attempts to
obtain ground-water supplies at Sandpoint, Idaho,
are reported to have penetrated lake deposits only to
depths of nearly a thousand feet, and a recent un-
successful water well, 11 miles north of Sandpoint,
was finished in silt and clay at 330 feet (Walker,
1964). Although the lake deposits are thinner in the
Pend Oreille Valley, a well near the town of Priest
River penetrated 317 feet of silt, clay, and fine-grained
sand before being completed in a thin bed of water-
bearing gravel.

Exposures in most of the lowlands show that the
lake deposits consist of alternating beds of yellow to
blue clay, tan silt, and fine-grained sand. Bedding
planes are indistinct, and material in the beds is
poorly sorted. The beds of sand may be several feet
thick and occur at intervals of from 10 to 20 feet.
Beds of clay and sand tend to be silty, and beds of
silt contain a good deal of clay.

Priest River valley

In the Priest River valley, however, the lake sedi-
ments consist of varved clay and beds of well-sorted
silt and sand. Figure 2 shows a section of these beds
along the highway about 3 miles north of the town of
Priest River. A few minutes’ work with a shovel ex-
poses excellent glacial varves (fig. 3). Presumably,
well-sorted deposits were formed at this location be-
cause the narrow arm of the lake in the Priest River
valley was less disturbed by waves and currents than
the wider parts of the lake in the Pend Oreille Valley
and the Purcell Trench.

Description of a representative section.—The lake
deposits of the Priest River valley are illustrated by
a 2814-foot section (fig. 4) measured about 3 miles
north of the town of Priest River.

Only 18 percent of this section is sand (table 1).
That the rest is silt and clay shows that deposition
occurred in relatively quiet water.

PLEISTOCENE GEOLOGY

Fieure 2.—Glacial-lake beds in the Priest River valley, 3 miles
north of the town of Priest River, Idaho. The dark layers are
wet beds of sand and the light layers are mainly varved clay
coated with dry overwash. '

Ficure 3.—Typical varved clay in the southern part of the
Priest River valley. About 14 years of deposits are repre-
sented in the photograph.
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The varved clay indicates that the lake was ice
covered in winter and open during part of the summer
and was fed by melt water from an ice front. Also,
the varved clay indicates a stable lake level, because
currents produced by changing lake levels would in-
terfere with the delicate sorting process necessary for
the formation of varves.

At three places in the section, a foot or more of
varves is so deformed by wrinkling that the varves
cannot be counted or measured accurately. The de-
formation is more likely due to minor earth move-
ments after the Priest River intrenched the deposits
than to overriding by ice, for which there is no evi-
dence. The varves are saturated with water and pro-
vide gliding planes for motion toward the center of
the valley.

The varved clay accumulated at an average rate of
a foot in about 16 years. The varves range in thick-
ness from 0.3 to 3.1 inches and average about 0.8 inch,
and they are slightly thinner toward the top of the
section. Upward thinning of the varves can most
logically be interpreted as indicating increasing dis-
tance to the local source of sediment—the ice front,
which was shrinking northward in the Priest River
valley.

The unvarved clay provides no clues as to the rate
of deposition. Possibly it was deposited during
periods when the ice cover was continuous from year
to year and the only water entering the lake was from
the base of the glacier. Such inflow would have car-
ried in suspension the clay-sized products of glacial
grinding. Many other glacial lakes contain some clay
that lacks evidence of varving.

The beds of silt, generally less than a foot thick,
are tan or light brown, and show thin laminations.
They indicate currents strong enough to drift elay-
sized particles elsewhere but too weak to move sand
by traction. «

The beds of sand range in thickness from 0.3 to 2
feet. The grains are mostly finer than 0.3 mm and
are well sorted. Except for one thin bed that is cross-
bedded, all the beds show thin horizontal laminae.
The characteristics of the sand beds suggest sheetlike
movement of water at velocities just strong enough to
move small grains of sand.

Repetition of clay-sand-silt-clay sequence in the
representative section.—A principal feature of the
28.5-foot section is the repetition, 4 times, of the
following sequence: varved clay, a bed of sand, a bed
of silt, then varved clay. The 4 distinct sand-silt
couplets occupy about 7.5 feet of the 28.5-foot section.

Top of section
(land surface)

20 i _\

Drainage
varve

23 years

12? years

Winter
layer
/

9 years

21? years

Drainage
varve

28 years

17 years

12 years

28? years

0 0.5 1.0 15

THICKNESS OF VARVES,
IN INCHES

25 years
EXPLANATION

Drainage

varve Varved clay

14? years "
Distorted varves

10? years

19 years

Drainage
varve

Base of
section

Sand, fine-grained

Ficure 4.—Section of glacial-lake deposits measured in the
Priest River valley, 3 miles north of the town of Priest River,
Idaho.
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TABLE 1.—Summary of types of material found in representative
section of lake deposits in the Priest River valley

Total

thickness Percentage

Type of material (feet) of section
Clay, varved. _______________________ 12.4 43
Clay, unvarved__ . ___________________ 3.8 13
Silte o e 7.3 26
Sand, fine-grained. .. _ . ______________ 5.0 18
Total . - . ______ 28.5 100

The abrupt changes from varved clay to sand indicate
the sudden development of currents strong enough to
spread layers of sand where previously only silt and
clay had been settling from still or very slowly mov-
ing water. The silt upon the sand shows a slackening
of current. The varved clay upon the silt shows the
reestablishment of still water in the lake. The most
probable cause. for such a sequence is that a gush of
water suddenly escaped from the lake, thereby setting
up currents throughout the lake, and that later, still
water was reestablished. This train of events would
have resulted from retreats and readvances of the ice
that dammed the Pend Oreille Valley. .

Probably the late glacial lake was dammed at this
time by piedmont glaciers descending from the moun-
tains on both sides of the stretch of the Pend Oreille
Valley that runs northward into Canada, and not by
a massive valley-filling lobe. Slight recession of
whichever piedmont glacier dammed the lake would
allow water to spill, and the ensuing flood would
. quickly widen the breach, as has happened, for ex-
ample, during many historic outbreaks past ice dams
in Iceland. The lake level then would stabilize against
the next large mass of ice down the valley, and later
it might rise to its original level if the upvalley
tongue of ice advanced again.

The currents produced by release of large volumes
of water would spread a sheet of sand over the floor
of the lake. Then, after overflow ceased and currents
died down the fine-grained material that had been
stirred into suspension would settle out to form a bed
of silt. Finally, varved clay would again accumulate.

According to this interpretation each sand-silt se-
quence constitutes a single varve. That outbursts of
glacial lakes past ice dams and reestablishment of
still water occur within single years is shown by his-
torical records of outbursts of glacial lakes in the
Alps, Himalayas, and Iceland. For example, the
Mattmarksee in the Swiss Alps has broken out over
its ice dam in 26 years since 1859 (Charlesworth, 1957,
p. 453). In the Baltic area, unusually thick varves
of coarse-textured materials have long been recognized

as indicators of sudden drainage of glacial lakes. The
* thickness of the drainage varves in the Priest River

GEOMORPHOLOGY AND PLEISTOCENE GEOLOGY

valley, 1.5 to 2.4 feet (fig. 4), is not excessive; Petti-
john (1949, p. 468) states that megavarves may be
several feet thick.

The section (fig. 4) also shows that at times the
deposition of varved clay was interrupted and layers
of silt a few inches to a foot thick were spread on the
floor of the lake. Presumably such beds of silt indi-
cate minor outbreaks that did not set up currents
strong enough to spread a sheet of sand. If so, such
beds of silt each represent a year.

The number of years between some of the outbursts
can be determined by counting varves. The number of
years between other outbursts may be estimated by as-
suming that varves which are too distorted to count
accurately and unvarved clay accumulated at the same
rate as the clay with countable varves. The results
of such counting and estimates give the following
chronology :

Drainage

20 years
Drainage
657 years, 44 years of varved clay, clay representing 217
years

Drainage

28 years

Drainage, minor

17 years
Drainage, minor
12 years
Drainage
287 years, clay
Drainage, minor
25 years
Drainage
43? years, 33 years of varved clay, clay representing 10?
years
Drainage
Varved clay, base of section

The intervals so determined and estimated between
drainages range from 12 to about 65 years and average
about 20 years. Presumably the drainages occurred
in years of warmer-than-average weather, which
caused glaciers to shrink.

Weather and climate as indicated by the varved beds
Some fluctuations in weather are recorded in the
varves. In general, varves thicker than average indi-
cate warmer years when the ice-free season lasted
longer and the lake received more melt water and
sediment than usual. Also, winter layers will be com-
paratively thin compared to summer layers in years
when the ice cover persisted a relatively short time.
Plots of three sections of undeformed varves (fig. 4)
show that the thicknesses of varves increase and de-
crease through irregular intervals. Although the
lower two sections show a slight tendency for the pro-
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portions of summer-deposited sediment to increase
toward the bounding drainage varves, the varves as a
whole fail to show a distinct trend from warm to cool
to warm again between years when drainage occurred.
In other words, the varves do not consistently grow
thinner above a drainage varve and then thicken up-
ward toward the next overlying drainage varve, even
though they seem to show some variations in yearly
weather.

Rate of accumulation of the varved lake beds

Estimates indicate that the 28.5-foot section of lake
deposits measured in the Priest River valley accumu-
lated in about 250 years, or at an overall rate of about
a foot in 9 years. Sediment must have accumulated
much faster in the wider parts of the lake in the Pur-
cell Trench and Pend Oreille Valley. At a rate of
only a foot in 9 years it would have taken 10,000 years
for the accumulation of the 1,000 feet or more of lake
deposits in parts of the Purcell Trench, which is prob-
ably considerably longer than the life of this late
glacial lake. Because the main part of the lake re-
ceived sediment from extensive areas of glacial drain-
age to the Purcell Trench in Canada and also from
the basin of Clark Fork where the soft and easily
eroded deposits of former Lake Missoula provided
large amounts of silt and clay, it seems likely that the
rate of sediment accumulation throughout most of the

R
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lake would have been much greater than in the Priest
River Valley.

Ground water in the varved lake beds

The sand beds in the lake deposits are the main
source of ground water to domestic and stock wells
in the area of the glacial lake. These beds also feed
a number of small seep springs in the shallow valleys
intrenched in the lake deposits of the valley floors.
The yield of the beds of sand is very low, but ground-
water supplies adequate for rural use are developed
by boring wells about 3 feet in diameter and casing
them with sections of culvert or similar pipe. Such
wells store enough water to permit the pumping of
several hundred gallons during a few daytime hours,
and they fill again by seepage at rates of a gallon a
minute or less during hours of no pumping.
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THE DALLES-UMATILLA SYNCLINE, OREGON AND WASHINGTON

By R. C. NEWCOMB, Portland, Oreg.

Abstract.—One of the associated east-west structures formed
by the Cascadian orogeny in late(?) Pliocene to middle Pleisto-
cene time is the 160-mile-long Dalles-Umatilla syncline in which
the main exposed unit, the basalt of the Columbia River Group,
is warped down 2,000 to 4,000 feet below the bordering up-
lifts. The western part is asymmetrically steeper in the short-
er north limb; the eastern part is roughly symmetrical, but
uplift of the southern limb is greater. The general tilt of the
limbs is even and uniform, but local steepening and faulting
occurs. The deformation imposed a consequent pattern on
most of the drainage.

During studies of the effects of tectonic structure
on the occurrence of ground water in northern Oregon
and southern Washington, the structures of the basalt
of the Columbia River Group were mapped in the
15-minute quadrangles between the Hood River
Valley, Oreg., and Rufus, Oreg. Reconnaissance map-
ping of the geologic structure-also was done in nearby
areas not covered by previous reports. This paper
summarized some of the genetic features of a large
downwarp that was mapped in this study and that is
of major importance to agriculture, transportation,
and water resources of the Pacific Northwest.

The earth’s crust has been warped down in one
master syncline, herein called the Dalles-Umatilla
syncline, which extends from Mill Creek, near the
Dalles, eastward for 160 miles to a point on the Uma-
tilla River about 15 miles upriver from Pendleton,
Oreg. (fig. 1). The ends of the downwarp have pre-
viously been described separately: the Dalles syncline
by Piper (1932), and the Umatilla syncline by Hogen-
son (1964, p. 29).

The width of the broad downwarp ranges from
about 5 miles near the ends to about 50 miles in the
middle. The warp lowers the top of the basalt bed-
rock to an altitude that ranges from 200 to 1,000 feet,
which is generally 2,000 to 4,000 feet below the aver-
age altitudes of the basalt in the crests of the adjoin-
ing anticlines.

Rocks of Mesozoic and early Tertiary age are de-
formed in the Blue Mountains anticlinal uplift on the
soutly (fig. 1), and, by inference, are also deformed at
depth in the Dalles-Umatilla syncline. The exposed
rocks within the syncline are of Tertiary and Quater-
nary age; the areas of older rock, except for a few
small exposures near the Cascade Range, are shown
on the map (fig. 1).

The basalt of the Columbia River Group (middle
Miocene through early Pliocene) is the oldest exposed
unit within most of the syncline. Except for some
areas of sedimentary deposits and small areas of vol-
canic rocks overlying it, the basalt forms the land
surface. The basalt is several thousand feet thick and
consists of dark lava accordantly layered in flows
averaging about 80 feet in thickness. The upward
succession of the basalt, the Dalles Formation (early
and middle(?) Pliocene) and possibly other Pliocene
deposits, and the volcanic rocks of the High Cascades
(Pliocene?, Pleistocene, and Recent) can be examined
along the western part of the syncline.

The Dalles Formation consists of two facies, one
of volcanic tuff, agglomerate, and associated volcanic-
sedimentary rocks, and the other of sedimentary de-
posits (Newcomb, 1966). Along with its probable
time equivalent, the Pliocene fanglomerate of Hogen-
son (1964), and possibly some undifferentiated Plio-
cene deposits, it overlies the basalt in a generally con-
formable manner but with a slight erosional discon-
formity. The thickness of the Dalles Formation de-
creases eastward from 2,000 feet in a former fan of
volcanic debris at the edge of the Cascade Range to
950 feet in the sedimentary facies'at the rim of the
Deschutes River canyon and to 160 feet south of
Rufus, Oreg. This eastern sedimentary part, with
possibly small amounts of later Pliocene deposits and
some local Quaternary deposits, underlies the plateaus
along the Columbia and Umatilla Rivers eastward to
the Pendleton, Oreg., area (Newcomb, 1966).
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Younger volcanic rocks of the Cascade Range were
grouped by Callaghan and Buddington (1938, map)
under the name “volcanic rocks of High Cascades.”
The “Simcoe lavas” of the Horse Heaven anticline
north of Goldendale, Wash., are generally mapped as
being of similar age (Huntting and others, 1961).
The early lavas of the “volcanic rocks of High Cas-
cades” lie on erosion surfaces cut across deformed
strata of the Dalles Formation.

STRUCTURE

Boundary anticlines

From near the east side of the Cascade Range 40
to 100 miles south of The Dalles, and south of the
Dalles-Umatilla” syncline, several wide uplifts trend
northeast and east beneath the Columbia Plateaus.
The southernmost is the broad structure which forms
the west part of the Blue Mountains anticline (fig. 1).
A low arch trends east-west through Condon, Oreg.,
and approaches the Blue Mountains uplift 100 miles
east of the Cascade Range. In the western part, the
rocks of the Dalles-Umatilla syncline slope upward
mainly to the Condon anticline and to other arched
warps along the north side of the Blue Mountains
uplift. Eastward from the low end of the Condon
anticline, near Heppner, Oreg., and on throtgh the
Umatilla River basin, the Blue Mountains anticline
forms the south flank of the Dalles-Umatilla syncline.
The Blue Mountains uplift trends north and east be-
yond the area shown on figure 1 and to the Craigmont
uplift of Idaho (Lupher, 1945, p. 338), whence the
deformation continues to the Rocky Mountains. East
of Pendleton, Oreg., the trace of the axis of the Blue
Mountains anticline can be located only generally in
an upland where block faulting (Hogenson, 1964, pl.
1) continues north from the Grande Ronde Valley
(Hampton and Brown, 1964, pls. 2 and 3).

From the east part of the Cascade Range, and north
of the Dalles-Umatilla syncline, the complex linear
Columbia Hills anticline (in part formerly called
Ortley anticline) trends diagonally northeast and then
curves more nearly east. East of Arlington, Oreg.,
the individual names for the low discontinuous anti-
clinal ridges of this same trend are commonly used,
but in this paper the name “Columbia Hills anticline”
is applied to all this general anticlinal trend. The
Columbia Hills anticline is the southern and lower of
two generally parallel linear uplifts that bound the
Horse Heaven Plateau. The northern uplift is the
Horse Heaven anticline, which trends east from the
block-faulted upland of the Cascade Range near
Mount Adams, joins a southeast trend near Prosser,
Wash., and fades out at the flank of the Blue Moun-

STRUCTURAL GEOLOGY

tains anticline 30 miles east of the mergence of the
Columbia Hills anticline. The lowland along the
Swale Creek—Glade Creek syncline connects, through
sags and gaps in the Columbia Hills anticline, with
the lowland of the broad Dalles-Umatilla syncline.
Thus, in a broad sense, the northern limits of the
Dalles-Umatilla syncline could be said to shift to the
higher Horse Heaven anticline east of Arlington,
Oreg.

Dalles-Umatilla syncline

Between the southwestern part of the Columbia
Hills anticline and the long slope northward from
Tygh Ridge, the Dalles syncline plunges northeast
beneath Mill Creek valley to The Dalles (fig. 2).
There, in a basinal low, the Dalles syncline swings
east. Its floor ascends about 500 feet in the next 6
miles and, and as a 5- to 10-mile-wide band of hori-
zontal rocks, it continues east to near Arlington,
Oreg.; along this nonbasinal reach of the syncline the
Columbia River is entrenched at the northern edge.
East of Arlington, the Dalles syncline is continuous
with the Umatilla syncline.

The Umatilla syncline begins, at its east end, in the
complexly faulted area between the northeast-trending
Blue Mountains anticline and the northwest-trending
Horse Heaven anticline; in the plunge of the syncline
to the lowest part of the valley of the Umatilla River
the syncline is crossed by the Reith anticline. From
the sag at Umatilla, Oreg., its axial trough ascends
about 500 feet in a westward direction to Arlington,
where it is continuous with the Dalles syncline.

The virtually horizontal rock of the broad axial
zone of the Dalles-Umatilla syncline is flanked in its
western part by rather unlike limbs. On the north,
the syncline abuts against the steep upturn of the ba-
salt along most of the length of the Columbia Hills
anticline. The syncline is asymmetrical in cross sec-
tion, the northern limb short and abrupt with 5° to
45° dips, and the southern limb long and gentle, com-
monly with dips of only 1° to 3°. In the eastern part,
if the Columbia Hills anticline. is ignored, the limbs
are more nearly equal in width, although the Blue
Mountains anticline is higher than the northern limb.

The Columbia River follows the axis of the syncline
only within the Dalles and Umatilla basinal sags;
elsewhere, its gorge is north of the synclinal axis,
along the foot of the anticlinal slope. In the off-axis
segment of its course, the river gorge is cut mostly in
near-horizontal basalt; but at three places, opposite
Arlington, Oreg., and the mouths of the Deschutes
and John Day Rivers, the upper part of the north
side of the gorge is cut into steeply tilted basalt.
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F16URE 2.—View southwest down the general 2° to 5° dip of the basalt of the Columbia River Group (Tcb) to the basinal

part of the Dalles-Umatilla syncline at The Dalles.

The Dalles Formation (Td) underlies the rising slope south from

The Dalles but is largely eroded from the basalt in the central part of the basin.

These intersections occur at exceptionally steep parts
of the Columbia Hills anticline. Near the mouths of
the Deschutes and John Day Rivers the basalt of the
anticline is steeply folded and in places, is overturned,
or thrust, to the south. The very steep folding occurs
within blocks that are bounded on the west by strike-
slip faults that have right-lateral movement.

Parts of the broad axial trough and the evenly dip-
ping limbs of the syncline are interrupted by local
bulges and sags of minor anticlines and synclines, the
largest of which are shown on figure 1. Near the west
end of the syncline, the basin at The Dalles is bor-
dered by several subordinate warpings; the most im-
portant of these is a narrow curving anticline between
the forks of Mill Creek. This anticline is the south-
ern part of the Columbia Hills uplift, but farther
north it diverges to the side of the main structure.
It reaches east to the Columbia River in Wetle Butfe
at the northwest edge of The Dalles. The general
uniform dip of the long slope into the syncline from
the south is interrupted by subsidiary anticlines.
Among the largest of these is a faulted anticline at
Tyeh Ridge. Others are Lash Ranch anticline (just
south of The Dalles), Gordon Ridge anticline (just
north of Grass Valley syncline), and Ione Butte anti-
cline at Ione, Oreg. At the east end of the Dalles-
Umatilla syncline, the subsidiary structures include
the Service and Reith anticlines and Agency syncline,
mapped by Hogenson (1964) ; the latter two structures
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parallel the trend of the Blue Mountains anticline and
occupy flank positions equivalent to those of the Con-
don anticline and the Thirtymile Creek syncline
(Collier, 1914, p. 17, cross section B-B") farther west.
A third sag along the axis of the Dalles-Umatilla
syncline occurs where it crosses the Agency syncline
east of Pendleton, Oreg.

The general cross-sectional shape and structure of
the Dalles-Umatilla syncline is shown at four sections
located on figure 1.

Fault displacements of the basalt are commonly
associated with the steeper folds but occur also in
places distant from any steeply folded rock. Fault
displacements are lacking, however, in many exposures
of the lesser deformed basalt. Only the larger fault
displacements are shown on figure 1; most are near
the Cascade Range and are associated with the block
faulting from which the Horse Heaven anticline
branches. The Warwick fault marks the west side of a
block at the southern end of which the Columbia
Hills anticline was folded steeply on the south side.
In this steep fold the fault disappears, as do several
that extend from the Cascade Range and the Horse
Heaven anticline southeast to the Columbia Hills
anticline.

This Warwick fault is in no way related to a “War-
wick Fault” erroneously assumed by Hodge (1931,
p. 958) to run east-west through a nearby part of the
Columbia Hills.
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Deformation

The Dalles-Umatilla syncline and the bordering
anticlines were formed during movements of the
earth’s crust in the Cascadian orogeny. The manner
in which the Columbia Hills anticline and the Dalles-
Umatilla syncline continue from the Cascade Range
indicates that their deformation was accompanied by
tectonic movements in the Cascade Range.

The continuation of the Blue Mountains-Craigmont
uplift to the Rocky Mountains, where the rocks were
deformed mainly in an earlier orogeny, illustrates the
extent and force of the crustal adjustments, of which
this synclinal warp was a part. The length and con-
vergence of the Columbia Hills and the Horse Heaven
anticlines, along with the continuation of the Dalles-
Umatilla syncline to the Blue Mountains uplift, also
illustrate that these structures resulted from crustal
forces acting beneath an extensive area. The struc-
tures contrast in length with others of their group
(the Yakima Ridges farther north), some of the south-
ernmost of which merge with the Horse Heaven anti-
cline, and the remainder of which fade out north of
Pasco, Wash., only halfway to the Rocky Mountains.

The deformation at the east end of the Dalles-
Umatilla syncline (Hogenson, 1964) and the adjacent
Walla Walla syncline (Newcomb, 1965) fails to show
large tectonic displacements that might have occurred

in the Miocene to Pliocene basalt as a result of move- |

ment at depth along a hypothetical Olympic-Wallowa
lineament, although the same basalt is deformed in
the Wallowa Mountains farther east.

The warping of the Dalles-Umatilla syncline in-
volved two main stages. An erosional period that
intervened between two epochs of deformation of the
"Dalles Formation was suggested by Piper (1932, p.
141) as possibly correlative in places with Buwalda’s
(1929) Ochoco surface. Early flows of the volcanic
rocks of High Cascades covered parts of the erosion
surface that bevels the Dalles Formation and basalt
of the Columbia River Group in the uplands south-
west of The Dalles. Much of the early part of these
Pliocene(?) and ‘Quaternary volcanics was deformed
in the second, and main, epoch of folding. Similarly,
two stages of uplift were found in the Blue Mountains
at the east end of the syncline by Hogenson (1964, p.
34), in the Walla Walla Valley to the northeast by
Newcomb (1965, p. 10), and in the upper Grande
Ronde River basin to the southeast by Hampton and
Brown (1964, p. 32).

STRUCTURAL GEOLOGY

Inasmuch as the Dalles Formation, which is wholly
included in these deformations, is now considered to
be of early Pliocene age and there may be a possi-
bility that part of it could be middle Pliocene (New-
comb, 1966), the main warping of the Dalles-Umatilla
syncline must have started in, or after, middle Plio-
cene.

The principal uplift of the Horse Heaven anticline,
and depression of the Pasco Basin to the north,
occurred about middle Pleistocene time, when the
Columbia River was impounded in Lake Ringold of
the Pasco Basin and was first diverted across the
Horse Heaven anticline at Wallula Gap (Newcomb,
1958). Thus, the warping of the Dalles-Umatilla
syncline occurred in two main stages during the in-
terval from late middle, or late, Pliocene to middle
Pleistocene. These two main uplifts may have post-
dated initial warpings of the basalt of the Columbia
River Group in the Blue Mountains anticline.

EFFECTS OF TECTONIC STRUCTURE ON DRAINAGE

The middle Pleistocene diversion of the Columbia
River into the Dalles-Umatilla syncline (Newcomb,
1958) has been followed by the carving of a nearly
graded course through Wallula Gap (fig. 3), along a
100- to 1,000-foot deep gorge within the syncline, and
through Rowena Gap, north of the syncline. The
exit of the Columbia River from the syncline at Ro-
wena Gap and the course within the syncline probably
are partly inherited from the downvalley part of the
ancestral Umatilla River. Rowena Gap, Willow
Creek canyon through Ione Butte, and several other
watercourses follow canyons established prior to a
large part of the folding; but most stream courses,
particularly those of the smaller streams, are conse-
quent to the folded surface of the basalt.
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ELECTRON MICROSCOPY OF LIMESTONES

IN THE FRANCISCAN FORMATION OF CALIFORNIA

By ROBERT E. GARRISON and EDGAR H. BAILEY, Princeton, N.}J.,! Menlo Park, Calif.

Abstract.—Electron microscopy reveals nannoplankton in peel
replicas of limestones of Late Cretaceous age from the Fran-
ciscan Formation of western California. Red (Laytonville
type) limestones from the northern Coast Ranges consist most-
ly of coccoliths. Gray (Calera type) limestones from the San
Francisco peninsula contain fewer partly replaced coccoliths
as well as problematical nannoplankton, but postdepositional
changes may have obliterated many of their primary features.
Both types of limestone generally occur closely associated with
mafic volcanic rocks and are interpreted as pelagic deposits
with little or no clastic detritus. The lack of detritus could
have resulted from deposition on a seamount, above the gen-
eral sea floor that received clastic sediments. Alternatively,
these limestones might have formed by a very rapid prolifera-
tion of microorganisms resulting from volcanic extrusions
warming the water and adding calcium and perhaps even car-
bonate to it. ’

Limestones aggregate less than 0.1 percent of the
rocks in the Late Jurassic to Late Cretaceous Fran-
ciscan eugeosynclinal assemblage of the California
Coast Ranges. They are, however, a particularly in-
teresting component in that they furnish the closest
approach to a “key bed,” have provided many of the
diagnostic fossils, and contribute evidence regarding
the depositional environment of the sequence. They
occur only in sporadic, small exposures, chiefly in a
belt extending from the San Juan Bautista quad-
rangle on the south to the Scotia quadrangle in the
north (fig. 1). Most of the other rocks of the Fran-
ciscan Formation are also sedimentary, with gray-
wacke being much more abundant than shale or con-
glomerate. Mafic volcanic rocks that are believed to
be largely submarine extrusives amount to about a
‘tenth of the eugeosynclinal assemblage and are accom-
panied in many places by chert. Nearly all the lime-
stones rest directly on, or are embedded in, volcanic
piles. Bailey and others (1964, p. 77), although
recognizing the organic origin of part of the lime-

1Present address: Department of Geology, University of British
Columbia, Vancouver, Canada.

stone, believed that the bulk of the Franciscan lime-
stones was a chemical precipitate directly related to
the volcanism. Electron microscopy of selected Fran-
ciscan limestones, however, shows abundant nanno-
plankton (organisms smaller than 20 microns, Pro-
vasoli, 1963, p. 192), especially in red limestones most
closely related to volcanic rocks, indicating that the
organic component is far more abundant than for-

merly suspected. The abundance of these minute

fossils in these limestones suggests that nannoplankton
might also be abundant enough in some of the other
more common rock types to provide a means for bio-
stratigraphic dating within the generally unfossilif-
erous assemblage.

TYPES OF FRANCISCAN LIMESTONES

The limestones in the Franciscan Formation were
differentiated by Bailey and others (1964, p. 68-77)
into two general types, largely on the basis of occur-
rence and color, and were informally termed the
Calera and Laytonville types of limestone. The
Calera type of limestone is white weathering, light to
dark gray where unweathered, and occurs in sequences
of beds that are in some places a few hundred feet
thick. The contrasting Laytonville type of limestone
is pink to deep red and occurs in lenses a few feet to
a few tens of feet thick. At a few places, the colored
and white varieties are interlayered. Mostly, how-
ever, the limestones either contain enough iron oxide
to give them an obvious deep-pink to red color or they
lack iron oxides and are gray. The electron micro-
scope also reveals the other differences between the
two types of limestone in the Franciscan Formation
that are described below. :

Calera type of limestone

The Calera type of limestone is light colored, un-
usually hard, very fine grained, and locally contains
numerous Foraminifera (fig. 2). On the San Fran-
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Ficure 1.—Map of northern and central California, showing
distribution of Franciscan rocks and location of areas referred
to in text.

cisco peninsula, where it is most abundant, lenses of
the Calera type of limestone are generally no more
than a few tens of feet thick; in a few places they
are much thicker and are quarried for use as aggre-
gate or as raw material for cement. The lenses are
closely associated with mafic volcanic rocks, some of
which are pillow lavas, some aquagene tuffs, and some
of indeterminate character. Locally, a small amount
of graywacke occurs with what is dominantly a vol-
canic accumulation. In a few areas the light-colored
limestone consists chiefly of oolites, pellets, or abraded
fragments of various megafossils, suggesting either
accumulation above wave base or redeposition of de-
posits initially formed above wave base.

The typical Calera type of limestone can be seen
in thin section to consist of Foraminifera, mainly
globotruncanids and globogerinids, in a matrix of
micrite which makes up 70-80 percent of the rock
(fig. 2). The term “micrite” is used for carbonate
particles smaller than 30 microns (Leighton and Pen-
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dexter, 1962, p. 35). Wall structure of the foramini-
feral tests is generally well preserved, and test in-
teriors are filled with secondary sparry calcite, except
for a few outer chambers that have been filled with
micrite. Radiolaria that were completely replaced by
calcite were found in one unusual specimen. The
Foraminifera indicate that the limestones are of mid-
Cretaceous (Albian to Cenomanian) age (Thalmann,
1942; Kiipper, 1955; Loeblich and Tappen, 1961).

Laytonville type of limestone

The Laytonville type of limestone in the Franciscan
Formation is pink to red and is everywhere associated
with mafic volcanic rocks. Excellent exposures of
red limestone are found in the Franciscan near Lay-
tonville, where one exceptional lens is nearly 100 feet
thick. In an area 15 miles west of Healdsburg, red
limestone lenses are much thinner but more numerous.
At many places, the red limestone occurs interbedded
with red chert, some of which contains Radiolaria.
Typically, the red limestone lies on mafic pillow lava,
and locally it also occurs between pillows. Although
neither megafossils nor fragments of megafossils have
been found in the Laytonville type of limestone, it
contains the same microfossil assemblage as does the
Jalera type of limestone.

The red limestones range from massive to thinly
laminated rocks. Most of them consist of 70-90 per-
cent micrite and 10-30 percent tests of pelagic Foram-
inifera and possibly some Radiolaria (fig. 3). Un-

Fieure 2.—Photomicrograph of the Calera type of limestone
from Monte Bello ridge, Palo Alto quadrangle, showing plank-

tonic Foraminifera in a micritic matrix. Scale indicates 200

microns. X 100. Plane-polarized light.
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F1cure 3.—Photomicrograph of a Laytonville type of limestone

from Smith Ridge, Fort Ross quadrangle. Poorly preserved
tests of microfossils (Radiolaria or Foraminifera?) are filled
with clear sparry calcite; the majority of the rock is micrite.
Thin, clear calcite veins are truncated by dark stylolites which
are parallel to bedding. Scale indicates 200 microns. X 100.
Plane-polarized light.

usual specimens, however, contain more than 50 per-
cent Foraminifera tests (Bailey and others, 1964,
photo 44, p. 74). The Foraminifera commonly are
well preserved, though in some specimens they are
coarsely recrystallized. Nearly all the red limestone
contains closely spaced veins of caleite, which are
readily apparent because they are iron free and there-
fore white. Minute stylolites locally are developed
parallel to bedding. Despite the generally sheared
and locally metamorphosed state of the Franciscan
Formation, none of the Foraminifera seen in thin
sections show distortion, although this would be
readily apparent in the globular varieties.

The quantity of iron oxide, chiefly goethite, re-
sponsible for the red color is difficult to estimate, even
in thin section, because of its extremely small grain
size. Chemical analyses of deeply colored varieties,
however, indicate less than 3.0 percent ferric oxide.

Nearly identical red limestones occur with mafic
voleanic rocks in other eugeosynclinal areas and are
perhaps a characteristic feature of this environment.
Examples are provided by Eocene sequences on the
Olympic Peninsula (Park, 1946) and the Late Cre-
taceous-Focene sequences of Borneo (Reinhard and
Wenk, 1951, p. 65-66).

MINERALOGY AND PETROLOGY

ELECTRON MICROSCOPY

The electron microscope clearly reveals the com-
position of the micrite in these rocks, and shows that
in some specimens the micrite contains a large amount
of nannoplankton, especially coccoliths. None of the
nannoplankton can be seen in thin section, although
measurements show that some, if isolated, are clearly
large enough to be seen with optical microscopes under
high-power objectives. Even optical magnifications
up to 1,100 times of ultrathin sections (thin sections
10 microns or less thick, Honjo and Fischer, 196ba,
p. 242) of these limestones have shown only a mosaic
of tiny, anhedral calcite grains in the micrite.

The techniques used to prepare peel replicas of
limestones are deseribed in detail by Honjo and
Fischer (1965b) but are briefly described here for the
benefit of those unfamiliar with them. Since even
very thin slices of rocks are largely opaque to the
electron beam, it is necessary to prepare a thin carbon
replica of the rock surface. A small rock cube, about
5 mm on a side, is cut and mounted in an epoxide
plug. One face of the cube, on which a surface of the
rock is exposed, is ground flat and smooth through
successive stages of grinding with finer and finer
grinding compounds, ending with No. 3200 grit. The
ground face is then polished using gamma alumina;
care must be exercised in each stage of the grinding
and polishing to avoid seratches. The polished rock
surface 1s next delicately etched by immersing the
plug in very weak hydrochloric acid (0.1 to 0.05JV)
for 60-80 seconds.

After the plug is gently rinsed in distilled water
and allowed to dry, the etched limestone surface is
replicated in two stages. First, a thin acetate peel
is made. This is mounted on a glass slide, placed in
a vacuum evaporator, and shadowed at an angle of
about 30° with evaporated chromium. Next, a thin
layer of evaporated carbon is applied to the peel at
an angle of 90°. The carbon layer is transparent to
the electron beam, and the chromium shadowing
serves to heighten the contrast. Finally, the carbon-
coated peel is cut into small pieces which are placed
in acetone to dissolve the acetate film. The carbon
replicas are scooped from the acetone with electron
grids and are ready for observation with the electron
microscope.

The Calera type of limestone was studied by peel
replicas of four specimens from Cahil Ridge in San
Mateo County (southern part of the San Francisco
peninsula), and from Monte Bello Ridge and the
Permanente Cement Co. quarry in Santa Clara County
(southeast of the San Francisco peninsula). As
shown in figures 4 and 5, these specimens have a
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F16URe 4.—Electron micrograph of the Calera type of limestone
from Cahil Ridge, Montara Mountain quadrangle, on the San
Francisco peninsula. Radially arranged calcite wedges in
the center of the photograph are a probable nannoplanktonic
form. X 5,000. Scale in this and the following electron
micrographs indicates 1 micron.

micritic matrix consisting largely of anhedral calcite
grains from half a micron to about 8 microns in maxi-
mum dimension. Scattered through this material are
a few coccolith fragments and a probable nannoplank-
tonic fossil with a rosette structure (figs. 4 and 5).
The latter form, which is very similar to forms found
in Upper Jurassic (Tithonian) limestones of the Alps
(Honjo and Fischer, 1964, fig. 3, p. 838), consists of
1020 calcite wedges arranged radially around what
appears to have been a central cavity that is now
filled with caleite. Each of the calcite wedges is 2-3
microns long; the diameter of the rosette is 7-10
microns. This form resembles the problematic genus
Nannoconus but differs from it mainly in the lack of
a smooth external wall (Brénnimann, 1955, p. 28-30).

No complete coccoliths were observed in the Calera
specimens. The few plates noted (fig. 5) have been
partly replaced by adjacent anhedral grains—a pro-
cess termed ‘“grain growth” by Bathurst (1958, p. 24
31), and it is likely that other coccoliths have been
completely destroyed by this process. The remaining
rosettes and partial coccoliths compose from about 1
percent (Permanente quarry) to mnearly 30 percent
(Cahill and Monte Bello Ridges) of the micrite in
the Calera type of limestone.

The Laytonville type of limestone was investigated
by peel replicas from five samples from different lo-
calities in the Skaggs quadrangle, Sonoma County.
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As is shown in figures 6 and 7, the micrite of the red
limestone consists almost entirely of coccoliths, both
as fragments and whole specimens. The number of
coccoliths observed in the electron micrographs sug-
gests abundances on the order of 4 to 6 million cocco-
liths per cubic millimeter of rock. Some solution
along edges of coccoliths is suggested by the abrupt
truncation of the plate structure (fig. 6), but this may
be due to overlapping of plates, which is difficult to
detect on the plane surfaces replicated in the peels.
It is equally possible that the coccoliths have been
fragmented during sedimentation or compaction. The
large coccolith in the center of figure 7 seems to have
been broken along the calcite-filled fracture, and it
also has been partly replaced by the calcite in this
fracture. However, the resistant nature of coccoliths
is indicated by the specimen seen protruding slightly
into the secondary calcite at the upper right of the
photograph (fig. 7).

ORIGIN OF FRANCISCAN LIMESTONES

The enigmatic nature of the micrite in the fine-
grained Franciscan limestones, and the close associa-
tion of these limestones with submarine volecanic rocks,
has led to the suggestion that they were largely in-
organic chemical precipitates due to submarine vol-
canism (Bailey and others, 1964, p. 76-77). A similar
inorganic origin has also been proposed for the vir-

F1GURE 5.—Electron micrograph of the same specimen of the
Calera type of limestone shown in figure 4. A partially re-
placed coccolith is at the upper left, and another nanno-
planktonic form with rosette structure is toward the lower

right. X 5,000.



F1eure 6.—Electron micrograph of the Laytonville type of lime-
stone from Smith Ridge, Fort Ross quadrangle, showing

abundant coccoliths. X 5,000.

tually identical red limestones of the Olympic Penin-
sula by Park (1946, p. 310-311), following the origin
postulated by Kania (1929) for limestones associated
with volcanic rocks in western Canada. The discovery
of the organic nature of a large proportion of the
micrite in the Franciscan limestones, however, shows
that they are not chiefly primary chemical precipitates
and requires a reassessment of the ideas regarding
their origin. Although they bear similarities to
pelagic oozes, normal, slow, deep-sea accumulation
does not appear to adequately explain all their pe-
culiarities.

In its organic content, the Laytonville type of lime-
stone is much like indurated coccolith oozes accumu-
lated through particle-by-particle settling of pelagic
organic skeletons. Coccoliths are the individual skele-
tal plates from minute unicellular algae, most of
which live today within the photic zone of the open
oceans. These red limestones are comparable to
Globigerina ooze described by Black (1956, p. 173)
as having coccoliths as a major component. Similar,
well-indurated coccolith limestones have been de-
scribed from pelagic facies of Late Jurassic to early
Tertiary age in the Alps and in Spain (Honjo and
Fischer, 1964, p. 837; Garrison, 1964, p. 103-145).
This type of sedimentation implies an absence of
clastic deposition, or “starved basin” sedimentation,
but it does not necessarily imply bathyl or abyssal
depths.

MINERALOGY AND PETROLOGY

The ubiquitous association of the red limestones
with submarine volcanic rocks, generally pillow lavas,
might be merely a physical one with the limestone
collecting on volcanic seamounts. This would permit
the isolation of a site of slow particle-by-particle dep-
osition within a basin of rapid clastic accumulation,
such as must have provided the environment for the
deposition of tens of thousands of feet of Franciscan
graywacke. The newly discovered organic character
of the limestone seems to fit well with this speculation.
Other factors, however, do not seem to fit this con-
cept so well. For example, some of the lenses of red
limestone a foot or more thick occur with masses of
voleanic rock that also have apparent thicknesses of
only a few feet to a few tens of feet. Although post-
depositional tectonic movements might have distorted
the relations, it seems unlikely that such a thin layer
of volcanic material could have provided the required
isolation for particle-by-particle deposition through
the period of time required by mnormal rates of
accumulation of pelagic ooze (roughly 1 cm per thou-
sand years). Also, seamount isolation does not aid
in explaining the abundance of red iron oxide or its
remarkably uniform distribution through many feet
of beds. It seems possible that there is more than a
physical relation between the greenstone and lime-
stone and that a more complex genetic relation exists
between volcanism and limestone deposition. Perhaps
the relationship results from the rate of multiplication
of the coccolithophorids being greatly increased lo-

F16URE 7.—Electron micrograph of the same limestone shown in
figure 6. A calcite vein runs from top to bottom across the
micrograph. See text for discussion. X 5,000.
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cally by the action of lava extrusion through either
(1) warming of the water and increasing the nutrient
supply, or (2) the addition of calcium from the lava.
As indicated by Bailey and others (1964, p. 77),
chemical analyses of pillow lavas and aquagene tuffs
in the Franciscan strongly suggest that large amounts
of calcium were extracted from the voleanic material
and added to the sea water.

The origin of the iron-free Calera type of limestone
remains even more obscure. The preliminary electron-
microscope studies showed only scattered nannoplank-
ton and suggested greater recrystallization than in
the Laytonville type. We cannot yet be sure if many
more nannoplankton were present and have been de-
stroyed, or if a larger proportion of the micrite may
have been inorganic. Strictly diagenetic processes
seem inadequate to explain the poor preservation of
coccoliths in the Calera limestones we studied, inas-
much as calcite coccoliths have been shown to be very
resistant to alteration (Robertson, 1964, p. 544).
Thus, although the electron-microscope studies of the
Calera type of limestone tend to justify considering it
as different from the Laytonville type, more samples
must be studied before conclusions regarding the con-
tent or origin of its micrite are warranted.

POSSIBILITIES FOR BIOSTRATIGRAPHIC DATING

Study of the nannoplankton offers a possibility for
finer and more widespread biostratigraphic dating
within the Franciscan. No attempt has been made to
compare the forms observed in this study with known

and described species, although the degree of coccolith

preservation (figs. 8 and 9) indicates that for the
Laytonville limestones this could be done. One might
expect some difficulties because of the general lack of
knowledge of these nannoplankton, their taxonomy,
and their stratigraphic ranges, and because of the
problems introduced by comparing electron micro-
graphs of replicas with free specimens observed with
the optical microscope (Honjo and Fischer, 1964, p.
839; Bramlette and Martini, 1964, p. 293-294). The
nannoplankton, however, can be expected to occur also
throughout the Franciscan in shales from which free
specimens might be extracted and concentrated for
study. In the latter case, an electron microscope, al-
though helpful, is not a necessity as most biostrati-
graphic studies of the nannoplankton till now have
been made with the optical microscope. If the nanno-
plankton can be recovered from these generally un-
fossiliferous rocks, they should provide a much-needed
means of correlating or differentiating sequences
within the Franciscan Formation.

AND BAILEY

Ficure 8.—Electron micrograph of the Laytonville type of lime-
stone from Smith Ridge, Fort Ross quadrangle, showing a
large coccolith surrounded by smaller coccoliths and contain-
ing fragments of coccoliths within a central cavity. X 5,000.
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X-RAY DETERMINATIVE CURVE FOR SOME ORTHOPYROXENES
OF COMPOSITION Mgs.s5 FROM THE STILLWATER COMPLEX, MONTANA

By GLEN R. HIMMELBERG and EVERETT D. JACKSON, Menlo Park, Calif.

Abstract.—An X-ray determinative curve for 12 chemically
analyzed orthopyroxencs based on A20 (131) orthopyroxene — (111)
lithium fluoride gives the regression equation 420 (CuKa,)
=4.112-0.009132Mg. Two sigma for the regression equation
is 40.012°20, which corresponds to about 1.3 percent Mg.

An X-ray determinative method similar to that
developed by Jackson (1960) for natural olivines was
applied to 12 orthopyroxenes from the Precambrian
Stillwater complex, Montana. These orthopyroxenes
were separated by the method described by Schoen
and Lee (1964). Purity of the separates was estimated
from grain counts, and ranged between 98.9 and 99.7
percent. Two of the samples were split to make hidden
duplicates which were then treated as separate samples.
The 14 samples were chemically analyzed, and the Mg
content of each sample was calculated as the ionic
ratio of Mg to total octahedral cations. Splits of each
of the 14 analyzed samples were divided into 3 separate
parts for X-ray examination. These 42 separate parts
were assigned random numbers to determine run order,
mixed with about 10 percent lithium fluoride (reagent),
and prepared as slurries on cover glasses 7% inch in
diameter. The cover glasses containing the slurries
were placed in a rotating sample holder, and sample
heights were adjusted by placing prepared disks of the
proper thickness under the samples. Each of the 42
subsamples was allowed to oscillate up and down twice
between 34.5° and 40°26 on a diffractometer using
copper radiation and a focusing monochrometer. A
1° divergent slit, a 4° preslit, and a 1° receiving slit
were used. The scan speed was }° per minute, and
the chart scale was 2 inches per degree 26. The dis-
tances between the orthopyroxene (131) peak and the
lithium fluoride (111) peak were measured directly in
degrees from the charts and were compiled; means and
standard deviations of A26 were calculated from them.
Mg content, calculated from the analyses, and X-ray
data are summarized in table 1.

The information in table 1 forms the basis for the
determinative curve in figure 1. The X-ray data are
plotted directly as degrees A26 (CuKe,) on the ordinate,
the Mg value on the abscissa. A regression analysis
was made considering the 14 measurement sets to
represent individual samples, using the average X-ray
parameter A20 as the dependent variable, and taking
the chemically derived value of Mg as the independent
variable. The linear equation is:

A20 (CuKe,) (131) orthopyroxene—(111)
fluoride=4.112—0.009132Mg.

lithium

Two sigma for the regression equation is 4-0.012° 20,
which corresponds to about £ 1.3 percent Mg.

The determinative curve shown is based on ortho-
pyroxenes from a single petrographic province and with
similar minor-element contents. The aluminum con-
tent ranges from 0.038 to 0.119 ion per formula of 6

TaBLE 1.—Mg content and X-ray measurements of orthopyroxenc

samples

Mean of 12 readings Standard

Field No. Mgt of 20,3, (ortho- deviation of

pyroxene) —20, 12 readings

(LiF) (degrees) 2 (degrees)
56BE-1______________ 48.69 3.665 0.0139
53IN-2_ _ .. ______ 52.47 3.635 .0156
53NB-11..__.________. 54.27 3.621 .0108
55NB-13.________._.. 54.23 3.612 .0086
55BE-2______________ 72.08 3.461 .0089
55BE-4______________ 72.25 3.449 .0067
56BE-7_ . ___________ 79.04 3.400 .0106
52BE-356._______.____. 82.49 3.365 .0120
52BE-29_____________ 83.51 3.358 .0097
55MV-32_____________ 82.98 3.348 .0064
56MB-24 ____________ 83.02 3.352 .0072
55MV-29_____________ 82.91 3.349 .0073
55MV-26_____________ 84.08 3.343 .0108
618SC-B. .. ____..__ 83.93 3.339 .0130

! Ionic ratio of Mg to the sum of Mg, Fe+?, Mn, Ni, Co, Cu, AlVL, Fe+3, Cr, V, Sc,
Ti, Zr, Mo, and Sn X 100.

? CuKa, radiation.

3 Hidden duplicate of 53N B-11.

4 Hidden duplicate of 55MV-32.
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oxygens (0.86 to 2.87 weight percent Al;0;); the calcium
content ranges from 0.045 to 0.112 ion per formula of
6 oxygens (1.10 to 2.98 weight percent:Ca0O). Some of
this calcium however, is present in clinopyroxene
exsolution lamellae. Hess (1952), Kuno (1954), and
Zwaan (1954) have sliown that orthopyroxene X-ray
parameters are affected by aluminum and calcium
contents. The determinative curve should therefore
be used with caution in estimating or comparing
orthopyroxenes from different chemical, thermal, or
barometric environments,
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SERPENTINE-MINERAL ANALYSES AND PHYSICAL PROPERTIES

By NORMAN J. PAGE and ROBERT G. COLEMAN, Menlo Park, Calif.

Abstract.—Purified separates of serpentine minerals were
prepared from seven serpentinite samples from California and
New Zealand. Chemical and spectrographic analyses for the
separates are presented, together with their optical, physical,
and X-ray properties. A new serpentinite mineral assemblagé
consisting of clinochrysotile and corundum with or without
magnetite was found in a vein cutting massive serpentinite at
New Idria, Calif.

Chemical analyses of purified serpentine minerals,
accompanied by X-ray identification and physical de-
scriptions, are sparse in modern literature. The pur-
pose of this paper is to present new data on analysed
serpentine minerals that have been used as standards
in a more comprehensive long-term study of the ser-
pentines (Page, 1966; Hostetler and .others, 1966)
by the U.S. Geological Survey. Each sample was
carefully purified before analysis to insure that the
analyzed material consisted of a single phase. Stand-
ard heavy-liquid techniques were used to separate the
serpentine minerals from the parent serpentinites, ex-
cept for fibrous clinochrysotile. This .mineral was
disaggregated and heavy minerals intergrown with
it were removed by repeated elutriation. The ter-
minology and classification of the serpentine minerals
used in this report are those of Faust and Fahey
(1962) and Whittaker and Zussman (1956).

Acknowledgments—The chrysotile sample from the
Union Carbide Corp. plant was supplied by Dr. Fred
Mumpton. Miss Terry Clark, U.S. Geological Sur-
vey, provided some of the mineralogical support on
this study.

NEW CHEMICAL AND MINERALOGICAL DATA ON
SERPENTINE MINERALS

Complete chemical analyses of-the serpentine minerals
studied are given in table 1 and are comparable with
analyses by Faust and Fahey (1962). Spectrographic
analyses and descriptions of the samples are also given
in table 1.

Table 2 presents indexed d-spacings and intensities
for six of the specimens. In sample 3, traces of clino-
chrysotile are present; in sample 5, traces of lizardite
are present and in sample 6, peaks of corundum are
present. The d-spacings are similar to those given by
Whittaker and Zussman (1965) and completely charac-
terize the serpentine species for each sample.

Optical measurements of the different serpentine
minerals (table 3) were made in sodium light. Fibers
of sample 4 were impossible to mount on a spindle stage,
so only an index parallel to the fiber axis («) could be
‘measured, whereas in samples 5 and 6 of clinochrysotile,
a and B appeared to be equal. Refined unit-cell param-
eters and observed and calculated specific gravities are
also given in table 3.

The distribution of cations between octahedral and
tetrahedral positions, on the basis of 18 anions per min-
eral for 6 samples, is shown in table 4. No calculations
were made for sample 6 because of the abundance of
A1,0; that is present as corundum.

The chemical singularity of antigorite is clearly dem-
onstrated both in tables 1 and 4. The antigorites have
a ratio of FeO to Fe,O, greater than one, and appar-
ently all the alumina is present in octahedral coordina-
tion and none in tetrahedral coordination; in lizardite
and clinochrysotile the reverse is true. The data also
suggest that lizardites differ chemically from clinochry-
sotiles by having a large amount of total iron (Page,
1966).

ASSEMBLAGE CLINOCHRYSOTILE AND CORUNDUM

In sample 6, the assemblage clinochrysotile + corun-
dum with or without magnetite is present. The corun-
dum is irregularly distributed and occurs as colorless
to pale-yellow euhedral and subhedral grains varying
in size from submicroscopic to 0.1 mm in diameter.
Some sections subparallel with (0001) exhibit a small
2V that is anomalous -for an uniaxial mineral but that
is common in corundum (Deer and others, 1962). The
corundum was concentrated by dissolution of the clino-
chrysotile in a mixture of HCI, H,SO,, HNO;, and HF.
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TABLE 1.—Chemical and spectrographic analyses of serpentine minerals from New Idria, Calif., and New Zealand

[Gravimetric chemical analyses by L. B. Beatty, U.S. Geol. Survey; spectrographic analyses by R. E. Mays, U.S. Geol. Survey]

Antigorite Lizardite Clinochrysotile
1 la 2 3 4 5 16 7
CHEMICAL ANALYSES (WEIGHT PERCENT)

SiOp- . 44, 2 44. 8 43. 1 41. 1 42, 2 41. 4 32. 1 41. 0

AlOs. .. .90 .5 1.3 .78 . 66 .70 34. 6 .7

FesOao oo oo . .27 .2 . 80 2.4 1.2 1.4 . 82 1.3
FeO_ o :i__. 2.1 2.2 2.6 .21 .09 1.3 1.3 .95

MgO_ e 40. 1 39.9 39. 8 41. 5 41. 7 41. 4 20. 9 40. 7
CaO. . .02 .02 .02 .02 .01 .04 . 84 .13
Na O e B 00 PR SNSRI ISR FEUU RN (U .04
20 e 00 |- oo oo e et .00
TiOg . .01 0 . 002 . 003 . 002 . 002 18 <. 01
CroOse oo __ .22 .15 . 06 .20 .02 .01 . 009 .23
NiO_ o __.. .13 .5 11 .11 .04 .02 002 .22
MnO. . .02 .02 .03 .05 . 06 .04 .04 .07

H,O+ ... 11.9 11. 8 11. 9 13. 3 13. 3 13. 0 7.6 12, 8

HO . . .15 .13 .07 . 63 .95 . 63 1.4 1.5

Total . ____ 100. 02 99.9 99. 79 100. 30 100. 23 99. 94 99. 78 99. 6

SPECTROGRAPHIC ANALYSES (PARTS PER MILLION)

CUe - o 7 13 5 8 2 18 70 9
1)« VRO URURN NN URUN DRSSPSR (N OIS 20 <10 <10 |.________.
M. i 110 100 220 360 420 320 280 460
CoOo 30 14 26 40 40 46 26 70
Ni o 1, 000 1, 200 900 900 300 160 17 1,700
Voo e 14 8 16 <10 <10 <10 30 <20
/) U USRI AU RPN <10 <10 <10 440 [ _______.
SCe e e I 12 || 4
Sre e e e <4 <4 <4 60 |__________
Ba_ e 8 <4 <4 65 9
B oo 20 | e . 60 60 <20 100 30
Cr e 1, 500 1, 200 400 1, 400 1, 400 420 650 1, 000

1 Analysis of a mixture of corundum and clinochrysotile.

1. Field No. 38-NZ-62-5; lab. No. 63M-409. Massive greenish-black antigorite from
arock with the assemblage antigorite, tale, and magnetite. This same material
produces a clear translucent gem-quality material referred to as bowenite (Reed,
1957). Veins in dunite mylonite, Milford Sound, South Island, New Zealand
(Coleman, 1966).

1a. Lab. No. 656M-643. Same as sample 1, but a different separate.

2. Field No. 94-NZ-62; lab. No. 63M~410. Antigorite from a rock with an interlock-
ing matte of antigorite laths (0.5-0.1 mm length) perpendicular to each other with
the assemblage antigorite and magnesite with or without tale, masnetite, or
olivine. This sample is from the same area as the antigorite discussed by Zuss-
man (1954); geology and petrology described by Coleman (1966). Lens in
biotite-garnet schists, Griffin Range, Westland, New Zealand.

3. Field No. 19-NI-63A; lab. No. 63M-826. Light-green lizardite from a vein with
mesh structure cut by cross-fiber chrysotile veins with the assemblage lizardite
and magnetite with or without heazlewoodite and clinochrysotile. Vein in
serpentinite, Joe No. 5 Pit, Union Carbide Corp., New Idria, San Benito
County, Calif. Taken from same outcrop as sample 4.

4. Field No. 19-NI-63B; lab. No. 63M-827. White to pale-green clinochrysotile slip
fiber matte composed of fine *“‘thread-like’”’ material, consisting of serpentine
encrusting massive serpentinite. Joe No. 5 Pit, Union Carbide Corp., New
Idria, San Benito County, Calif. Taken from same outcrop as sample 3.

5. Field No. 14-NI-63A; lab. No. 63M-828. Green to black massive bladed clino-
chrysotile vein with traces of lizardite; in thin section, perpendicular to blades;
pseudoisotropic. Vein in serpentinite, Butler Estate chrome mine, New Idria,
San Benito County, Calif. Taken from same outcrop as sample 6.

. Field No. 14-NI-63C; lab. No. 63M-829. A mixture of clinochrysotile and corun-
dum from a ¥4- to 1%4-inch vein of clinochrysotile and magnetite with or without
corundum. Cross-fiber vein in serpentinite, Butler Estate chrome mine, New
Idria, San Benito County, Calif. Taken {rom same outcrop as sample 5.

. Union Carbide mill product; lab. No. 65M-1119. Clinochrysotile, representative
mill product from Union Carbide Corp., King City, Calif., plant. From Joe
No. 5 Pit, Union Carbide Corp., New Idria, San Benito County, Calif.
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TABLE 2.—Indezed d-spacing and intensily for serpeniine minerals ! 2

[Symbols: vs, very strong; s, strong; m, moderate; mw, moderately weak; w, weak; vw, very weak]

Antigorite Lizardite Clinochrysotile
1 2 4 5 6
(hkI) d(A) 7 d(A) 1 (hkI) d(A) I (hkD) d(A) I d(A) I d(A) I

001 7.30 Vs 7.29 Vs 001 7. 37 Vs 002 715 |..______ 7.31 vs 7.34 |_____._

6. 43 W 020 4. 61 m 020 453 j______._ 4. 57 m 4.55 |.__---
401 6. 23 W 112 4.06 |--______ 4. 05 VW
610 5. 82 w 022, 111 3. 88 w
311 5. 15 W 002 3. 66 VS 004 3.66 |-_______ 3. 65 ] 3.66 |._____
511 4. 93 mw 33.48 |______
020 4. 64 mw 023 3.36 |-._____. 3.34 |..-.___
420 4. 26 W 200 2. 669 W
711 4. 20 W 130, 210 2. 603 VW
021 4. 01 v 201 2.588 |.o_.____ 32.55 |..----
901 3. 99 vw 131 2. 504 S -
12. 0. 0, 002 3. 62 ] 3. 61 s 003 2. 455 vs 1003 2. 45 v >
11.4.0 _ 3.44 w 202, 006 2.435 |-._____. 2.453 |______ Q
11. 2. 1, 331 2. 794 W 203 32,382 [L_____ &=
730,422 2. 790 W 203 2. 270 w E
15. 0. 1, 622 2. 667 vw 204, 116 2. 205 w 2.207 |_____.
12.0. 2,731, } 2. 596 W 5204 2.095 W 204, 007, 043 2.083 |--___.-__ 2. 092 W 2.084 |______ o
1. 4. 20 224, 205 1.991 |.______. 2.010 [______ a
16. 0. 1 2. 530 vs 2. 525 vs 240 _ 1.913 |___.__. g
931 _ 2.458 m 004 1. 825 vw 008, 205 } 1.823 |.____._. 1. 827 w &
17.0. 1,203 2.423 w 2. 429 w 135 4
14.0.2 _ 2. 386 w 203 1. 797 vw _ E
141, 141, 640 2. 210 w 5206 1. 745 VW 206, 240 1.744 |________ 1. 744 w
832, 901 2.172 m 024, 114, 311 1. 700 VW
21.1.1 1.940 w 153 1.635 |..______ 31.601 |______
18. 2. 2, 842 1. 833 W 060 1. 539 s 060 1. 535 m 1.534 |______
15. 1. 3, 151, } 1. 814 w 1. 812 W ) 138 1.524 |________
20. 1. 2, 240 . 061 1. 505 w 4061 1. 506 w
650 1. 795 w 005 1. 459 m 0. 0. 10, 063 1.466 |- ___.__ 1. 463 W 1.489 |______
314 1. 780 w
751,20.2. 2 1. 741 w 1. 742 w 062 1. 417 w 4062 31.405 |___._.
23. 2.1 1. 709 AA\ 261 1. 311 W 2. 1. 10, } 1.310 |.____.__ 1. 313 W 1.311 |_____.
951 1. 702 262, 401
22.1.2 1. 694 m 170 1. 279 m _
452 1. 627 W 402, 262 1. 252 vw 405 1.238 |._..--
22. 4. 1. 508 W 424, 265 1.222 | ____.___
26. 4. 2 1. 278 vw 006 1. 215 vw 3006 _ 1.219 | ______
36.0.0,13.6. 3 1. 209 vw 354, 265, 355 } 1.189 [.._.-_-
26. 5.2 1. 181 vw 355

1 See table 1 for sample descriptions.

2 Indexing by computer program 9214, U.S. Geol. Survey, Menlo Park, Calif.

3 Corundum d-spacing.

4 Lizardite d-spacing.
$ Clinochrysotile d-spacing.
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TaBLE 3.—Oplical and physical properties of serpentine minerals !

Antigorite Lizardite Clinochrysotile
1 la 2 3 4 5 6
OPTICAL PROPEBTIES
L 1. 56340. 001 | 1. 5624-0. 002 1.556-1. 558 | 1.561+0.002 | _________________ 1. 5694 0. 002 1. 545+ 0. 002
BNB e m e oo 1. 565+ . 002 | 1. 565+ . 002 1. 565-1. 567 | 1. 565+ . 002 |__________ | |eecmeeoo
B < S 1. 5704+ . 002 | 1. 567+ . 002 1. 572-1. 569 | 1. 567+ . 002 1. 557+ 0. 004 1.570+& . 002 | _______.
2V 73+ 5° 78° ) 6143° Small |___________ | _ S 42°
Birefrigence_ ______________ . 007 . 005 . 016- . 011 . 006 ~. 001 . 001 ~. 002
PHYSICAL PROPERTIES
Unit-cell data 2
Qo A__ 43.4454+0.007 | _____________ 43. 53+0. 01 5. 339+0. 003 5. 3143 4+ 0. 0002 5. 3129+ 0. 0009 5. 32540. 001
b L A__ 9.374+ .002 |______________ 9.2594+ . 003 | 9.226+ . 002 9. 2533+ . 0004 9.120 + . 003 9.173+ . 003
Co e A__ 7.294+ 002 |___ . _________ 7.263+ .007 | 7.315+ . 006 14. 6307 + . 0003 14. 637 + . 002 14. 669+ . 008
B . degrees._| 90°47.9/40.7" | __.___.______ 91°8.4'+1. 6 90° | 92°52.4'40. 2’ 93°9. 8’ +0. 6’ 93°20. 6’ +-1. 6"
Cell volume (obs)_.____ As__ 2,907.24+ .8 | _____ 2,927.24 2.3 360.3+ .3 718. 56+ .02 708.24+ .3 715.3+ .3
‘Cell volume (eale) . _A3__| _________________ 2,925. 4 2, 886. 0 363.5 oo .. 731.2 e
Specific gravity
Observed._ _ _ . _____ | _____ 2. 605-2. 610 2. 65 2.5564+0.03 |- __________ 2.534+0.01 |- ___________
Calculated2._______________ 2.56 | ___________ 2. 61 2. 57 2. 56 2.61 .

1 See table 1 for sample descriptions.

2 Computer program 9214, least-squares unit-cell refinement translated into Algol from original Fortran 4,U.S. Geol. Survey, Menlo Park, Calif.
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TaBLE 4.—Structural formulas of the serpentine minerals, calculated by the hydrogen equivalent method based on 18 anions per formula ! 2

Antigorite Lizardite Clinochrysotile
1 la 2 3 4 5 7

S 4. 146 4. 201 4. 067 3. 832 3.923 3. 843 3. 897
Tetmhed”ﬂ{mw _________________________________________________________ . 086 - 072 077 078
Total -1 4146 4. 201 4. 067 3.918 3. 996 3.910 3.975

Al DT 4. 100 055 0.145 ||

Cr+_ I . 016 011 . 005 015 002 . 001 017

Fe+o I IITIIIIIIIIIIIIIII ) 8(1)? . 014 . 057 . 168 . 084 . 098 - 093

it Il 001 || 001
Octahedral{ \go4p” 777777 7TTTTTTTITIIIIIINT .5. 606 5. 576 5. 597 5. 768 5.778 5.727 5. 766
Nita__ I - 010 . 038 - 008 . 008 - 003 - 002 017

Fers I IIIIIIITIIIIIIIITI . 165 .173 205 . 016 . 007 - 101 076

Mn*_ DI IIIIIIIIIIIIIIIII - 002 002 - 002 . 004 - 005 . 003 006

Totel ____ .11 1TIITTIIII 5.919 5. 869 6. 019 5. 979 5. 879 5. 932 5. 976

OH-.._ . . L Il 7. 445 7.380 7. 489 8. 272 8. 248 8. 438 8 115

o 10.555 | 10.620 | 10511 9,728 9. 752 9. 562 9. 885

! See table 1 for sample descriptions. .
2 Computer program Mineral Norms 9377, U.S. Geol. Survey, Menlo Park, Calif.
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A NEWI(?) YTTRIUM RARE-EARTH IRON ARSENATE MINERAL

FROM HAMILTON, NEVADA

By ARTHUR S. RADTKE and CHARLES M. TAYLOR,!
Menlo Park, Calif., Palo Alto, Calif.

Abstract.—Magnetite grains in manganoan calcite or “black
calcite” associated with silver ores at Treasure Hill, Hamilton,
Nev., contain significant amounts of a new ( ?) yttrium rare-earth
iron arsenate mineral. Chemical analyses made with the elec-
tron microprobe analyzer shows the approximate formula to be

3( Y,Ce,Nd,Dy,Gd,Er) 205 Fe:05°2A5:0; 3 14H.0.

Small particle size and distribution of the rare-earth-rich
mineral precluded obtaining X-ray powder data. <Certain physi-
cal and optical data are given.
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