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POSSIBLE EXTENSION OF MINERAL BELTS,
NORTHERN PART OF COEUR D'ALENE DISTRICT, IDAHO

By GARLAND B. GOTT and JOSEPH M. BOTBOL,

Denver, Colo., Reston, Va.

Abstract—The ore deposits in the northern part of the
Coeur d’Alene district are located within rocks of the Belt
Supergroup that have been intruded by Cretaceous quartz
monzonites. Lead-zine-silver replacement veins constitute most
of the deposits. The geometry of the district has been modi-
fied by post-ore faulting along the Osburn, Dobson Pass, and
other faults. The original position of the Gem stocks, before
their separation from the Dago Peak stocks by the Dobson
Pass fault, can be approximately reconstructed by moving the
truncated stocks and associated geochemical dispersion pat-
terns back into matching positions. The known mineral belts
are defined by dispersion patterns of both lead and the Pb:Zn
ratio. Similar dispersion patterns of lead and the Pb:Zn ratio
northwest of the original position of the Gem stocks suggest
that the mineral belts extend into that area.

The ore deposits in the Coeur d’Alene district of
northern Idaho (lat 47°28" to 47°35’ N., long 115°45’
to 116°00’ W.) are largely lead-zinc-silver replace-
ment veins in highly folded Precambrian Belt Super-
group quartzites, siltites, and argillites. Within the
Coeur d’Alene district the exposed Belt Supergroup
rocks range in-thickness from 6,250 to.8,540 m (20,500
28,000 ft) where the top has been eroded and the bot-
tom is not exposed. These rocks have been intruded by
Cretaceous quartz monzonites (fig. 1). Galena, sphaler-
ite, and tetrahedrite are the most important ore min-
erals, and chalcopyrite is probably present in most, if
not all, ore deposits. Siderite is an abundant gangue
mineral, and pyrite is ubiquitous.

The geometry of the Coeur d’Alene district has been
modified by post-ore faulting along the Osburn, Dob-
son Pass, and other faults (Hobbs and others, 1965).
Movement along the normal, westward-dipping Dob-
son Pass fault has offset the roots of the monzonite
intrusions, known as the Gem stocks, from their cupola
which is represented by the Dago Peak stocks and
parts of numerous lead-zinc-silver veins (Fig. 3). The
eastward fault block has been the locus of mining of
lead-zinc-silver ores since mining began in the district.

As a result of the mining activity, several mineral
belts have been delineated (Fryklund, 1964, pl. 24;
Crosby, 1969) and are shown in figure 2. These belts
have not been proved to continue beyond the Dobson
Pass fault. However, inasmuch as the mineral belts
appear to be older than the Dobson Pass fault, their
extension northwestward into the area west of the
Dobson Pass fault is a reasonable possibility.

Acknowledgments—We are greatly indebted to
Susan Truesdell and Reinhardt Leinz for the analyses
of lead and zinc in the Denver laboratories of the U.S.
Geological Survey. We are also indebted to J. B. Cath-
rall for his assistance in sample collection and to T. M.
Billings, both for sample collection and for retrieval
and manipulation of computerized data.

GEOCHEMICAL DATA

The writers and others of the U.S. Geological Sur-
vey recently have made geochemical investigations in
the Coeur d’Alene district that involves the collection
and analysis of several thousand rock and soil samples.
The analytical data pertaining to the rock samples
have not yet been evaluated; the discussion that fol-
lows is, therefore, based on the analyses of soil sam-
ples. The soil-sample localities within the area dis-
cussed in this paper are shown in figure 2. Contours
shown in figures 4 and 5 are based on the lead and
zinc data determined by atomic absorption methods.

The A horizon of the soil is only 2.5-5 cm (1-2 in)
thick in most places within the Coeur d’Alene district.
This horizon was not sampled because of the possibil-
ity of contamination resulting from mining activity.
Orientation studies of several dozen soil profiles indi-
cate that, except in the Kellog area 11 km (7 mi) to
the west, soil samples collected in the Coeur d’Alene
district from depths greater than about 15 cm (6 in.)
below the A horizon are free from contamination. All
samples from the area discussed in this report, there-
fore, were collected at or below this depth.
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FIGURE 1.—Generalized geologic map of the Coeur d’Alene district (modified from Hobbs and others, 1965, pls. 3-5).

A computer-implemented graphics technique has
been used to-illustrate the geochemical relationships.
The original analytical data were expanded to include
ratios of the more common sulfide-forming elements.
All data were then gridded to a rectangular coordinate
system with mesh points 305 m (1,000 ft) apart.

In accordance with the computer graphics technique,
the original data points are transposed to grid coordi-
nates or mesh points by drawing a circle of arbitrary
size around each mesh point and shifting the coordi-
nates. of data points within each circle to the coor-
dinates of the mesh point. When the coordinates are
shifted, each point is weighted according to its distance
from the mesh point; as a result, close-lying data
points have more influence than outlying data points
on the final value to be used at the mesh point. After
data points have been weighted and projected to a
mesh point, the multiplicity of values created at the
mesh point is removed by averaging. The extent of
interpolation between mesh points is determined by
the radius of the search circle drawn around each
mesh point. The larger the radius of the circumscribed
circle, the larger is the number of data points repre-
sented by a single value. Thus, larger circle sizes have

a smoothing effect on the resulting geochemical sur-
face. For the illustrations presented here, a circle of
- radius 305 m (1,000 ft) was used.

The computed geochemical values were plotted at
coordinate intersections on an z-y flatbed plotter
equipped with a 127- by 152-cm (50 by 60 in) table.
All contouring of isoconcentration was done manually
to permit interpretation of stratigraphic and structural
discontinuities and, in areas of low sample density, to
allow extrapolation beyond the bounds set in the grid-
ding program.

KNOWN MINERAL BELTS

The generalized boundaries of the known mineral
belts as shown in figure 2 have been taken from Fryk-

lund (1964, pl. 24). The mineral belts pertinent to -

this paper are the Gem-Gold Hunter belt, the Rex-

Snowstorm belt, the Tamarack-Marsh subbelt, the -
Carlisle-Hercules belt, and the Sumset belt. The belts -
are nearly parallel to each other and trend about N.°
65° W-. They range in width -from about 900 to-1,500 ~ -
m (3,000-5,000 ft). Their boundaries are obscure and -
are generally determined by the outermost mineralized
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workings, Dago Peak and Gem stocks, and soil-sample
localities.

structures. The mineral belts cross fold structures,
lithology, and the various formations of the Belt
Supergroup. The ore shoots that constitute the ore
bodies are fracture controlled and, in general, trend
parallel or subparallel to the mineral belts.

These mineral belts have been the center of mining
activity since ore was first discovered in the district in
1885. Crosby (1969) gives the tonnage of lead-zine-
silver ore mined through 1967, from all the mineral
belts north of the Osburn fault, as 54,301,376 tons with
a weighted average of 7.2 percent lead, 4.0 percent
zinc, and 4.4 ounces silver per ton. The extent of this
mining activity can be seen from some of the under-
ground workings, generalized from the mapping by

F1cURE 3.—Block diagram showing offset of Gem stocks from
Dago Peak stocks.

Generalized position of
mineral belt

Underground mine workings

7.2  Weighted average percent Pb and
32 Zn, and ounces Ag per ton

Pb
Zn
Ag (from Crosby, 1969)

® Soil-sample locality

A

: -
GEM <
DAGO STOCKS~ Eroded |
STOCKS pad 4’




4 POSSIBLE EXTENSION OF MINERAL BELTS, COEUR D’ALENE DISTRICT, IDAHO

116°00° ' i . ’ o e
47°35" 5!5 ,5? 1 15| 45

47°30°

Golconda-

Gem stocks Lucky Friday
bel

| Dago Peak stocks
Generalized position of mineral belt

Fault — Dotted where concealed

} I2MILES

T T
1 2 KILOMETRES

oO—T0

EXPLANATION

B

\ Original position of Gem stocks

Tamarack-Marsh ' Original position of Dago Peak stocks
subbelt and

Rex-Snowstorm belt . . .
Generalized position of mineral belt —

Dashed where postulated’

1| 2|MILES

o—T]0

I T
1 - 2 KILOMETRES

Contours on the left
side of the map are
based on the Pb /
content of soils to
the left of the
original position
of the Gem stocks,

¥ 8o
S
¥

Contours on the right side of the map

are based on the Pb content of soils
to the right of the Gem stocks and
to the right of the dashed line

FI1GURE 4.—Map showing present distribution of lead (4) and diagram showing dispersion pattern of lead restored to its pre-
Dobson Pass fault position (B). Contours are at 50, 100, 200, 300, 400 and 500 ppm Pb; dashed where projected.



GOTT AND BOTBOL 5

116°00’ ' ’ ° 45’
27°38" 5I5 SIO 115l 5

Tamarack-C~
Marsh
subbelt.

: Carlisle-Hercules beit

47°30" —

Gem stocks
. ,@%” Dago Peak stocks
m Generalized position of mineral belt
Fault — Dotted where concealed

1 2 MILES
| J

| I
1 2 KILOMETRES

o—T-©°

B |

EXPLANATION

Carlisle-Hercules belt . -
< Original position of Gem stocks

Original position of Dago Peak stocks

Generalized position of mineral belt —
Dashed where postulated

1] %MILES

[ f
1 2 KILOMETRES

0
|
[

0

4 <~
I\ e
;

)\Contours on the right side of the .map
Contours on the left side of the' are based on the Pband Zn content
map are based on the Pband of soils to the right of the dashed
Zn content of soils to the left line
of the'dashed line

F1eURE §.—Map showing present Pb:Zn dispersion pattern (4) and diagram showing Pb:Zn dispersion pattern restored to its
pre-Dobson Pass fault position (B). Contour interval is 1; not contoured above 6; dashed where projected.



6 POSSIBLE EXTENSION OF MINERAL BELTS, COEUR D'ALENE DISTRICT, IDAHO

Hobbs, Griggs, Wallace, and Campbell (1965, pls. 3—
5), as plotted in figure 2.

The mineral belts are characterized by a dominance
of lead over zinc. The data given by Crosby (1969;
fig. 2) show that within the various mineral belts the
Pb:Zn ratio of the ores ranges from about 1:1 to 6:1.
The soil samples collected over these mineral belts
have a similar Pb:Zn ratio which ranges from 1:1 to
-greater than 6:1. In contrast, the median values for
lead and zinc of all soil samples collected from the
Coeur d’Alene district as a whole are 43 and 95 ppm
respectively.

The known mineral belts in this area are in part
defined by the geochemical distribution of lead, silver,
zine, copper, and antimony, but are best defined from
the data resulting from the analysis of soil samples
according to the distribution of lead and the Pb:Zn
ratio. Lead and the Pb:Zn ratio (figs. 4 and 5) well
define the Gem—Gold Hunter belt and the Tamarack-
Marsh subbelt and partly define the Rex-Snowstorm
and Carlisle-Hercules belts. Insufficient samples were
collected to determine whether or not the Sunset belt
could be defined.

INTERPRETIVE EXTENSIONS OF THE MINERAL BELTS

The rocks in the area east of the Dobson Pass fault
have been more dissected than have the rocks on the
western side. On the eastern side of the fault, favorable
host rocks in the Prichard, Burke, Revett, and St.
Regis Formations have been exposed. In contrast, on
the western side of the fault, parts of the Striped Peak
and Wallace Formations, and the upper part of the
St. Regis Formation overlie the older rocks. Termina-
tion of the mineral belts against the post-ore Dobson
Pass fault gives reason for speculation that these belts
continue in the favorable host rocks at depth beneath
the Wallace Formation and the upper part of the St.
Regis Formation west of the fault. This speculation
encouraged an attempt to approximate the original
geologic structure by removal of the Dobson Pass fault
on the premise that this restoration of the original
structure would reveal evidence indicating whether the
mineral belts do extend beyond the fault.

According to Hobbs, Griggs, Wallace, and Camp-
bell (1965, p. 83-86 and pl..4), the Dobson Pass fault
dips about 30° W. and has a normal displacement of
about 4,270 m (14,000 ft) and a probable met slip
displacement of about 5.6 km (3.5 mi). This implies
that before displacement along the fault the Gem
stocks were attached to the Dago Peak stocks—stocks
now exposed 2.44.8 km (1.5-3 mi) west of the trace
of the Dobson Pass fault. Truncation of the Dago
Peak-Gem stocks and eastward displacement of the
footwall block moved the Gem stocks into their pres-

ent position, leaving the Dago Peak Cupola in the
hanging wall to the west.

In accordance with this interpretation, restoration
of the geologic structure prior to Dobson Pass faulting
(figs. 4B, 5 B) can be accomplished by sliding the part
of the map that is east of the fault under the western
part of the map, fitting the Gem stocks under the Dago
Peak stocks, and matching the details of the geochem-
istry to their best fit. The best fit obtained by this pro-
cedure required a western translation of about 5.6 km
(3.5 mi) and a 21° clockwise rotation of the Gem
stocks from their present position (fig. 44). The out-
lines of the south stock and that part of the north stock
occurring west of the Dobson Pass fault were then
traced on the map in their approximate original posi-
tions (fig. 4B.)

This restoration brings the lead and the Pb:Zn dis-
persion patterns that currently define all or parts of
the known mineral belts into juxtaposition with simi-
lar lead-dominant dispersion patterns which occur on
opposing sides of the restored Gem stocks (figs. 4B
and 5B). Strong dispersion patterns of lead west of
the original position of the Gem stocks, shown in fig-
ure 48, match the Gem—Gold Hunter belt and the com-
bined Rex-Snowstorm-Tamarack-Marsh belts. A some-
what weaker dispersion pattern corresponds to the
Carlisle-Hercules belt.

The Pb:Zn dispersion patterns west of the original
position of the Gem stocks (fig. 5B) correspond to
extensions of the Gem—Gold Hunter belt and the Car-
lisle-Hercules belt. However, because of an increase in
zinc in that area, these patterns do not indicate an
extension of the Rex-Snowstorm belt or the Tamarack-
Marsh subbelt.

In addition to these northwest-trending dispersion
patterns that correspond, in part, to the known mineral
belts, northeast-trending dispersion patterns of lead
and Pb:Zn are also present. These patterns conform
to the shape and orientation of the south Gem stock.
This conformity suggests that these patterns may have
resulted from the migration of the metals from the
northwest-trending mineral belts as a result of heat
that was still emanating from the stock.

The anomalously high lead northwest of the Dago
Peak stocks occurs along the strike of the Revett and
Wallace Formations, and, if present, lead-rich strata
in these formations probably would account for the
distribution patterns shown in figures 4 and 5. Numer-
ous deposits of the stratiform type have been observed
within the Belt Supergroup in recent years. For ex-
ample, Clark (1971) described strata-bound copper
deposits in the Revett Formation, which are overlain
by a lead-rich zone in the Idaho-Montana area north
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of the Coeur d’Alene district. According to Harrison
(1972) strata-bound copper, in concentrations as high
as ore grade, occurs throughout most of the formations
of the Belt Supergroup over a wide geographic area.
The presence of strata-bound lead in the lead-rich
zones northwest of the Dago Peak stocks would negate
the postulation that these zones represent the exten-
sions of vein deposits included within the mineral belts
present southeast of the Gem stocks. The distribution
patterns of lead in the soils throughout the Coeur
d’Alene district, however, suggest that concentrations
in the range of 400-500 ppm or more have been derived
from deposits that are structurally controlled.” By
analogy, therefore, the dispersion patterns of lead and
Pb:Zn in the area northwest of the Dago Peak stocks
have probably been derived from vein deposits similar
to those in the known mineral belts rather than from
stratiform deposits. ‘

This interpretation permits the conclusion that the
dispersion patterns northwest of the Dago Peak stocks
(figs. 4B and 5B) represent extensions of the mineral
belts. The dominance of lead over zinc, which charac-
terizes the dispersion patterns northwest of the Dago
Peak stocks as well as patterns in the known mineral
belts, suggests that the dispersion patterns beyond the
original position of the Gem stocks define extensions
of the mineral belts.

A simple dichotomy at the Dobson Pass fault influ-
ences the interpretation of the position of mineral belts
west of the fault trace: the mineral belts in the

hanging-wall block have been truncated by the fault,
whereas the mineral belts in the footwall block are
structurally continuous across the trace of the fault
and have been rotated about 20° in a counterclockwise
direction. There would, therefore, be a divergence in
the alinement of the belts in the two blocks depending
on the precise amount of rotation in the footwall block.
For this reason the projected extensions of the mineral
belts shown in Figures 48 and 58 would apply only
to the hanging-wall block.
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ORE GRADE, METAL PRODUCTION, AND ENERGY

By NORMAN J PAGE and S. C. CREASEY, Menlo Park, Calif.

Abstract.—Recent resource estimates have been stimulated
by national concern over present and pending shortages of
energy and mineral resources. Although some believe that the
resource base of a commodity is the total amount in the crust,
the energy consumption for mining and milling under present
technology suggests that grades of the metallic ores have a
lower limit when production is assumed to be for common
usages. The tonnage required to mine and mill ores to obtain
one unit of metal is a hyperbolic function of the grade, and
as the tonnage increases hyperbolically, so does the energy
consumed. For copper, the hyperbolic relation suggests that
deposits with grades below about 0.20-0.25 percent Cu will
not be mined to produce metal for common electrical and con-
struction uses. Although the energy used to mine and mill a
unit of metal differs from one metal to another, all show the
hyperbolic increase in energy consumption as grade decreases.

National concern over present and pending shortages
of energy and mineral resources has stimulated a rash
of statements on resource estimates and resource posi-
tions from both private and government sectors of our
society. At least two independent mineral-resources
surveys by prestigious groups have been completed re-
cently (Malenbaum, 1973; Brobst and Pratt, 1973).
The resource summations of these independent surveys
are difficult to compare because of different views on
the restrictions, if any, that should be placed on what
are classed as resources. Some (Govett and Govett,
1972, p. 285) hold that the resource base of a commod-
ity is the total amount within all the Earth’s crust.
Pragmatists, however, hold that such figures are not
only meaningless but misleading because they promise
resources that will not ‘be available to society within
the predictable future.

There is much merit in computing resource figures
on the basis of known technology and much merit in
using restrictions to resources where such restrictions
can be defined with sufficient precision that they cannot
be eliminated by present technology or by predictable
economics. One restriction that may be ‘placed on re-
sources of selected metals is the energy necessary to
mine, mill, smelt, and refine the ore material to pro-
duce the metal in a form usable by man. The hard
resources, the ones that will be used by society, are
strongly dependent on factors other than mere exist-

ence of material at some place with some grade and in
some form. Also, consideration of energy requirements
to extract and process a few ores, although based on
limited data, demonstrates that low-grade resources,
types of resource occurrences for exploitation, and
eventual substitution of one metal for another may be
ultimately determined by availability of the required
energy.

Normally, mining geologists and engineers evaluate
metal extraction and processing in terms of costs for
drilling, blasting, loading, hauling, and labor (for
example, Eng. and Mining Journal, 1968) or in terms
of equipment, supplies, and power. Relation of all the
mining costs directly to energy cycles is beyond the
scope of this report, but the primary energy cycles de-
veloped by Bravard, Flora, and Portal (1972) involved
in the utilization of selected metals are an initial and
important factor in such an evaluation. No claim or
inference that our present treatment of energy require-
ments can be converted into the total cost of producing
a unit of metal is intended.

Our data are based on energy requirements for cur-
rent established mining, milling, smelting, and refining
methods. Until these techniques are replaced, they rep-
resent the most efficient methods known for production
of metals from their ores. Evaluation of assumptions
about the amount of energy needed for undeveloped or
theoretical methods of mining, milling, smelting, and
refining such as chemical leaching or use of breeder
reactors is speculative, and metal resources calculated
from such energy uses are therefore equally specula-
tive, not only as to amount but also whether they exist
at all.

ENERGY CONSUMPTION AS A FUNCTION OF
ORE GRADE

Brobst and Pratt (1973, p. 8) recognized that an
important factor in considering progressively lower
grades of ores for processing is the relation between
the amount of energy required and the particular
grade. Consideration of data presented by Bravard,
Flora, and Portal (1972), who were concerned with

9
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the energy expenditures of recycling versus the refin-
ing of metals, shows that there is indeed a relation
between the energy requirement and grade of material
processed. Because the mill concentrates used in a
large number of smelting and refining processes have
a fixed or narrow range of mineral compositions, the
energy requirement for a particular smelting and re-
fining process is basically fixed, remains constant, and
is independent of the initial grade of ore used. But the
energy required for mining and milling of the ore to
obtain the concentrate is a function of the grade of
the ore. The tonnage of ore necessary to produce 1 ton
of metal from different grades of material shows a
hyperbolic increase as the grade decreases (fig: 1).
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FicUure 1.—Relation between ore grade and ore tonnage re-
quired to produce 1 ton of metal.

Obviously, the energy required to mine and mill dif-
ferent grades of ore by a particular technique increases
as a function of the tonnage of ore necessary to pro-
duce 1 ton of metal and is the product of the energy
required to mine and mill 1 ton of rock and the num-
ber of tons of rock necessary at that particular grade.

If we let £ represent the total energy necessary to
process 1 ton of metal from its ore, £, the energy to
mine and mill 1 ton of ore, £, the energy to smelt and
refine the concentrate to produce a ton of metal, 7' the
tonnage of rock needed to recover 1 ton of metal, and
g the grade of the ore, then Ey=(£,-7) + E,, and
T = 1/g. Therefore Er= (E./q)+E, where £, and

E, are constants. For most metals and mineral prod-
ucts, the constants Z',, and £, are not readily available
and for many metals and processes probably have not
been evaluated.

APPLICATION TO SELECTED METALLIC RESOURCES

Figure 2 shows an evaluation of the equation
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KIGURE 2.—Equivalent coal energy requirements for different
grades of copper sulfide ores. Grades of some copper deposits
are shown; data from Cox, Schmidt, Vine, Kirkemo, Tour-
telot, and Fleischer (1973) and Beall and Haddon (1969).

Er=(Ewn/g)+E, for copper sulfide deposits mined by
open-pit methods; energy is expressed as equivalent
coal energy in kilowatt-hours (kWh), and the con-
stants and calculations are based on Bravard, Flora,
and Portal’s (1972) data. The value of E,, 47.975
kWh per ton of ore, includes energy for blasting,
transporting the ore, crushing, grinding, flotation, lime
calcination, and limestone crushing, all of which are
dependent on ore grade. The value of £, is 8715 kWh
per ton of metal and is not dependent on grade. The
hyperbolic shape of this relation: (fig. 2) suggests that-
deposits with grades below about 0.20-0.25 percent Cu
will not-be mined to produce metal for common elec-
trical and construction uses because of the sharply in-
creasing amount of energy necessary to produce a unit
of the metal. In other words, the energy consumption
per unit of metal for low-grade ore is extremely high.
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"The term E,/g in the equation Ep= (En/g) +E,
shows that a 10-fold decrease in grade results in a
10-fold increase in the energy necessary to mine and

mill enough ore to produce 1 ton of copper (Ew/g).

The significance, however, of a 10-fold increase in en-
ergy depends on the amount of energy relative to the
other agents required to produce the ton of copper, or
stated in another way, a 10-fold increase of a very
small amount of energy is still not much energy. An
informative procedure for such a comparison ‘is to
reduce all production factors to cost. On this basis,
the cost of the primary energy (electrical power and
fuel) for mining and milling at the Silver Bell open-
pit copper deposit in Pima County, Ariz., is 30 percent
of the total cost of mining and milling ore containing
0.9 percent copper (Hardwick, 1963). This percentage
figure does not include secondary energy costs, such as
the energy requried to build mining and milling equip-
ment, to produce other supplies, and to supply labor.
Even so, a 10-fold decrease in grade would result in a
300 percent increase in the cost of mining and milling
considering only the cost of primary energy, assuming
that the energy is available and at the same unit price.

Energy is not a trivial part of the production of

metals.

Examination of other metals, their ore grades, and
energy requirements shows similar relations. Prelimi-
nary mining and milling constants for iron, aluminum,
and titanium from various natural sources were esti-
mated from the data of Bravard, Flora, and Portal
(1972). In order to derive £, the mining and milling
part of each process is assumed to be a direct function
of grade for iron, titanium, and bauxite sources. In
addition, for clay and anorthosite aluminum sources a
mining value of bauxite and open-pit copper were
added, respectively. Table 1 lists the %,, and X esti-
mated values for processes and respective metals. Plots
of the energy requirements for recovery of these metals
at various grades (fig. 3) show that (1) recovery of
different metals has as much as about a two-hundred
variation in energy requirements (compare iron and
titanium), (2) each metal has an independent fixed
energy requirement for smelting and refining, and (3)
as the grade in any particular source of metal de-
creases, the total energy to recover the metal increases
at first gradually until the energy for mining and mill-
ing approaches that for smelting and refining, after
which the total energy required increases rapidly as
the mining and milling demands become larger than
the smelting demands.

Other metals for which the energy requirement data

TABLE 1.—Calculated energy constants for smelting and refining
(E,) and milling and mining (E,)

[Constants based on data from Bravard, Flora, and Portal, 1972]

Calculated energy constants

B, : Em
Metal, source, and grade (ki}lgwgg t (ki}ll%vl;'l:‘l t
per ton per ton
of metal) of ore)
Aluminum :
Bauxite, 50 percent Al,Os ______ 38,774 5,302.5
Clay by bauxite mining tech- 38,500 9,216.6
niques, 30 percent Al.Os.
Anorthosite by porphyry copper 38,500 11,455.6
open-pit mining method, 30
percent Al:0s.
. Iron: .
High-grade hematite, 58.5 4,209 38.685
percent Fe.
Magnetic taconite, 32.5 percent 4,209 145.275
Fe.
Nonmagnetic taconite, 28 percent - 4,209 297.97
Fe.
Specular hematite, 38 percent 4,209 351.88
Fe.
Iron laterite ______ __________ 4,209 988.8.
Copper, in 1-percent sulfide ores ___ 8,715 47.975
Titanium, 1.4 percent TiO; in 148,357.5 65.765

ilmenite beach sands.

are unavailable must have grade-energy relations as
expressed by the formulas or such as those in figure 3.
The mining and milling methods for disseminated
molybdenum deposits are virtually the same as for
disseminated copper ores. The energy consumption for
mining and milling of these molydenum ores, there-
fore, must be close to that for the copper ores. Simi-
larly, the energy consumed in smelting and refining of
sulfide nickel ores may not differ significantly from
that for sulfide copper ores.

CONCLUSIONS

The energy required to produce a unit of metal can
be used to determine a lower limit on the grade of
ores used to calculate potential resources. This grade
restriction can be evaluated and the figure used as a
limiting factor in the search for low-grade minerals
that might be mined in the predictable future. Further
refinement of this concept would involve considering
the energy requirements along similar lines as Bra-
vard, Flora, and Portal (1972) for the mining, milling,
smelting, and refining of different metallic and indus-
trial minerals. Given this refinement, evaluation of
resources would then have a practical lower limit in
terms of grade for a particular mineral commodity.
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THE MEGASPORE GENUS HENRISPORITES FROM
THE CRETACEOUS OF MASSACHUSETTS

By ROBERT H. TSCHUDY, Denver, Colo.

Abstract.—A new megaspore species belonging to the genus
Henrisporites was found in Cretaceous (probably Cenomanian)
rocks from Massachusetts. Megaspores of Pawillitriletes dako-
taensis (Hall) Hall and Nicolson were found in the same
rocks. This paper discusses the occurrence of these two mega-
spores in North America and describes Henrisporites angustus
n. sp. from Massachusetts.

The genus Henrisporites was first proposed by Po-
tonié (1956) for megaspore species recovered from
Wealden rocks, species which had previously been in-
cluded in the genus 7'riletes by Dijkstra (1951). Po-
tonié included two of Dijkstra’s species, affinis and
undulatus, in the new genus. I find no other reference
to the genus until 1968 when three new species were
proposed for inclusion in the genus Henrisporites by
Binda and Srivastava (1968). These species were
based upon specimens of silicified megaspores iso-
lated from the Knee Hills Tuff (Maestrichtian) of
western Canada. Some of the morphological char-
acteristics of these new species prompted emendation
of the genus by Binda and Srivastava (1968) in
order that the species could be included. The only
other reference to Henrisporites that I find is that
of Gunther and Hills (1972), who listed Henrisporites
megaspores from the Brazeau Formation of western
Canada and assigned them to the previously estab-
lished species H. affinis and H. undulatus. These mega-
spores were found in the Belly River equivalent at
the base of the Brazeau Formation and are of Cam-
panian age. At present only five species have been
assigned to the genus Henrisporites. I am here pro-
posing a sixth species.

Acknowledgments—I thank Imogene Doher for
isolating some of the megaspores and calling my at-
tention to them; also, Kathryn Dieterich for isolating
additional megaspores and for photographing the
specimens.

MATERIAL AND METHODS

The rock sample was provided by Mr. J. V. A.
Trumbull of the U.S. Geological Survey. It was from
the westernmost exposure of a 2-ft (0.6-m) bed of

lignitic clay about 7 ft (2.1-m) above mean sea level.
The clay is overlain by Pleistocene gravel on the
southern shoreline of Nonamesset Island, Mass., about
1% mi (2.5 km) southwest of the town of Woods Hole.
The sample was assigned USGS paleobotany locality
D3727.

The lignitic clay was broken up and treated with
52 percent hydrofluoric acid for about 4 h, then sub-
jected to Schulze solution for about 6 min. The suc-
ceeding treatment with 10 percent potassium hydrox-
ide dissolved the humates and freed the palynomorphs.
The megaspores were then picked from the washed
coarse residue, dehydrated in alcohol and alcohol-
xylene, and mounted in canada balsam.

TYPE AND ILLUSTRATED SPECIMENS

All specimens illustrated in this report are pre-
served on slides deposited in the paleobotanical col-
lections of the U.S. Geological Survey, Denver, Colo.
ATl illustrated specimens are within black inked cir-
cles marked directly on the slides; they may also be
located on the slides by the mechanical-stage coor-
dinates given in the figure captions. In order that
other workers may convert their mechanical-stage
readings to those recorded for specimens included in
this report, the coordinates for the center point of a
1- by 3-in. standard microscope slide are 108.0 and
12.3 mm (designated as 108.0%12.3). The method of
accurately locating the center of a standard micro-
scope slide is described by Tschudy (1966, p. D78). If
the slide label is placed to the left, the vertical co-
ordinates decrease toward the near edge of the slide
and the horizontal coordinates decrease toward the
right edge of the slide.

In addition to slides of illustrated specimens, color
photographs are available from the U.S. Geological
Survey laboratory, Denver, Colo., on a limited-time
loan basis.

AGE OF THE SAMPLE

The palynomorph assemblage that accompanied the
megaspores consisted of abundant well-preserved small
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spores, conifer pollen, and a very few anglosperm
pollen grain types. The most common angiosperm
pollen grain present probably can be assigned to
T'ricolpopollenites minutus Brenner. Another, much
less common, type can be assigned to 7'7icolporopollen-
ites cf. T. triangulus Groot, Penny, and Groot. The
former is apparently restricted to the Patapsco forma-
tion of Maryland (Brenner, 1963) and the latter was
found in both the Raritan and Magothy Formations
(Groot and others, 1961). Doyle (1969) and Wolfe
and Pakiser (1971) found 7'ricolporopollenites cf. T.
triangulus in the lower Raritan and in the Patapsco-
Raritan transition zone in the Atlantic Coastal Plain
region. The paucity of angiosperm pollen taxa and
the presence of tricolporate pollen are suggestive of
the early Late Cretaceous (no younger than Cenoman-
ian). The presence in the sample of a few specimens
of Complexiopollis cf. C. funiculus (Tschudy, 1973)
is also suggestive of the early Late Cretaceous. The
presence of megaspores of Paxillitriletes dakotaensis
(Hall) Hall and Nicolson in this material is of par-
ticular interest. P. dakotaensis has been reported only
from the top of the Dakota Sandstone of Iowa (Ceno-
manian age). This taxon was originally described by
Hall (1963) as Thomsonia dakotaensis and more rec-
ently transferred to the new genus Pawillitriletes by
Hall and Nicolson (1973); they found the generic
name 7Thomsonia Miadler (1954) invalid as it was
clearly a later homonym of Thomsonia Wallich (1830),
an extant angiosperm.

The available evidence all points to an early Late
Cretaceous, probably Cenomanian, age for the sample.

SYSTEMATIC DESCRIPTIONS
Genus HENRISPORITES (Potonié) Binda and Srivastava,
1968, emend.

Type species—Henrisporites (al. Triletes) affinis
(Dijkstra, 1951 [Netherlands] Meded. Geol. Stichting,
new ser., no. 5, p. 13, pl. 2, fig. 4) nov. comb.

Diagnosis.—(From Potonié, 1956, p. 68) genotype
440 um (according to the illustration), trilete zonate
megaspores, equatorial outline subtriangular to tri-
angular, Y-marks reaching to the equatorial outline of
the zona, clearly higher than broad, often much higher
(wndulatus), contact areas and distal side sparsely oc-
cupied by coni to spinae whose lengths in the genotype
are about 1-114 times their breadths at their bases.
Auriculae may be developed by elongation of the Y-
marks (undulatus as well as afinis), remainder of
exine wrinkled.

Potonié (1956) included two of Dijkstra’s species,
affinis and wndulatus, in this new genus.

The genus was emended by Binda and Srivastava

(1968, Micropaleontology, v. 14, no. 1, p. 108) as fol-
lows: ‘

Diagnosis—*“Megaspores trilete, zonate; amb sub-
triangular to triangular; tetrad mark reaching the
equatorial outline of the zona; arms higher than their
breadth, sometimes very high; proximal and distal
surfaces with sparse granulate to spinate ornamenta-
tion.”

Binda and Srivastava (1968, p. 106) emended the
genus to include “* * * all zonate trilete megaspores
having a raised tetrad mark, granulate to spinate
ornamentation, and exine with or without wrinkles.”
This emendation was considered necessary in order for
the genus to accommodate some of the silicified mega-
spores found in the Knee Hills Tuff. Binda and Sri-
vastava (1968) proposed the new species H. granula-
tus, H. ellewaterensis, and H. sheilae.

Henrisporites angustus n. sp.
Figures 1, 2

Holotype.—Locality D3727 (fig. 2a).

Paratypes.—Locality D3727 (fig. 2b6-f).

Diagnosis—Shape of megaspores subtriangular in
polar view, spherical to gabled spherical in equatorial
view. Rims of trilete laesurae membranous; membranes
with somewhat irregular margins, prominent, probably
consisting of two fused membranes (acrolameliae—
Tschudy, 1966), one on either side of the laesurae.
Acrolamellae 40-70 pm high, smooth or with small sur-
face verrucae or reduced spines. Zona subequatorial on
the proximal hemisphere, narrow, threadlike in ap-

Fieure 1—Diagram of Henrisporites angustus. Magnification
of approximately X 200. A, Variation in sculpture of acrola-
mellae is shown; left side—almost smooth, right side—
with small coni; note the subequatorial narrow zona with
irregular, somewhat fimbriate margin. B, Single spine show-
ing hollow nature and development from ektexine; inner,
very thin endexine also shown.
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FI16URE 2.—Henrisporites angustus Tschudy n. sp. Megaspores

a.

from Massachusetts. Magnification X 200.
Holotype. Locality D3727, slide 4, coordinates 110.8X21.0,
equatorial view.

Paratype. Locality D3727, slide mega 4, coordinates
112.5% 3.6, polar proximal view

Paratype. Locality D3727, slide mega 4, coordinates
103.4X 7.8, equatorial view.

Paratype. Locality D3727, slide mega 1, coordinates

@

7.

111.2% 204, polar proximal view. Note small auriculae
with somewhat fimbriate outline as extensions of the zone
at contact with the triradiate lamellae.

Paratype. Locality D3727, slide mega 1, coordinates
110.53.0, equatorial view. Note small coni on acro-
lamella and wrinkled ektexine.

Paratype. Locality D3727, slide mega 5, coordinates

103.1x10.5, polar proximal view. Note abundant spines
and open laesurae at the pole.
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pearance, 7-11 pm wide, often with somewhat toothed
outline. Triangular small auriculae developed on the
zona at the confluence of the trilete extensions. Wall
two layered, commonly wrinkled ; ektexine up to 4 um
thick; endexine very thin, about 1 um thick. Surface
granulate to scabrate with scattered coni or spinae up
to 40 um long; spines hollow at bases and developed
from ektexine. Diameter 240-350 pm, average 296 pm
(100 specimens measured).

Remarks—Henrisporites angustus n. sp. can be dis-
tinguished from . affinis and H. undulatus principally
by its much narrower zona. Furthermore, H. affinis
possesses a wrinkled reticulate distal surface. In H.
undulatus the distal surface is densely covered with
spinae or hairlike appendages. H. angustus can be
readily distinguished from the three species proposed
by Binda and Srivastava (1968) by its much more
prominent acrolamellae, and by its conspicuous elong-
ate spines.

Gunther and Hills (1972) figured specimens of Hen-
risporites, which they assigned to the species H. affinis
and H. undulatus. The photographs of these specimens
show very wide, prominent equatorial flanges and so
are excluded from H. angustus.

Affinity—The probable affinity of the genus Henri-
sporites is with the family Selaginellaceae.

Genus PAXILLITRILETES Hall and Nicolson, 1973, nom. nov.

1954. Thomsonia Madler, Geol. Jahrb.,, v. 70, p. 150, pl. 5,
fig. 15.

1978. Pawillitriletes Hall and Nicolson, Taxon, v. 22, no. 2/3,
p. 319.

Type species.—Paxillitriletes (al. Thomsonia) reticu-

lata Médler, 1954,

Paxillitrileteé dakotaensis (Hall) Hall and Nicolson, 1972
Figure 3

1963. Thomsonia dakotaensis Hall, Pollen et spores, v. §, no.
2, p. 438, pl. 91, figs. 837-39.

1973. Pawillitriletes dekotaensis (Hall). Hall and Nicolson,
Taxon, v. 22, no. 2/3, p. 319.

Remarks—Of the dozen or so species previously re-
ported, only Paxillitriletes dakotaensis and P. midas
possess prominent robust distal projections. However,

P. midas is much smaller (diameter of spore body 250-"

450 pm, mean 380 um) and only rarely do the spores
bear prominent distal appendages. The original de-
scription of P. dakotaensis was based upon observa-
tions and photographs taken by reflected light. The
following notes, based on observation and photographs
taken by transmitted light, may serve to clarify some
of the characteristics of the species, but they are not
intended as an emendation.

Description.—Trilete, spherical to subtriangular
megaspores possessing a subequatorial flange or zona
on the proximal hemisphere and broad auriculae oppo-
site the ends of the laesurae; zona with an irregular,
somewhat fimbriate margin, 20-50 um wide between
auriculae; auriculae generally rounded at their tips
but occasionally slightly notched or dissected (200 pm
long by about 240 pm wide). Laesurae extend to the
subequatorial flange or zona and are bordered on each
side by one row (rarely more than one row) of cylin-
drical to strap-shaped, pointed or blunt projections;
projections 200-250 um long and 15-35 um broad, some-
times recurved at their tips. Distal surface with scat-
tered similar cylindrical projections, sometimes hook
shaped at their tips; projections up to 140 um long
and up to 50 pm wide, often slightly constricted at
their bases; projections on distal hemisphere commonly
more robust than the projections adjacent to the lea-
surae. Diameter of spores 480-720 pm (according to
Hall, 1963) ; 420-610 um, average 520 um not including
auriculae, in our material (10 undistorted spores mea-
sured). Wall two layered, ektexine about 11um thick,
endexine about 1 um thick. Sculpture of proximal and
distal surface reticulate; at the juncture of adjacent -
muri, short irregular spinelike processes 6-25 pm long
are developed. '

F16URE 3.—Pawillitriletes dakotaensis (Hall) Hall and Nicol-
son. Megaspores from Massachusetts. Magnification X 100
unless otherwise indicated.

a. Locality D3727, slide mega 6, cobrdinates 116.0X3.7.
Proximal polar view showing auriculae, narrow zona, and
strap-shaped appendages adjacent to the laesurae.

b. Same specimen as that in @. Distal polar view showing
distal coarse outgrowths of the ektexine.

c. Locality D3727, side mega 6, coordinates 113.7%x12.2.
Partial equatorial view showing many distal outgrowths
as well as partially eroded appendages adjacent to the
laesurae.

d. Locality D3727, slide mega 7, coordinates 94.813.6. Note
elongate strap-shaped appendages adjacent to the lae-
surae, as well as the narrow zona.

e. Locality D3727, slide 4, coordinates 108.2%16.1: magnifi-
cation X 200. Note reticulation of proximal surface and
small spines developed at junctures of muri.

f. Locality D3727, slide mega 6, coordinates 101.5X4.3; mag-
nification X 200. Distal surface with small spines at june-
tures of muri. Note granular surface sculpture.

g. From same specimen as that in f; magnification X 500.
A single distal outgrowth with granular structure and
constricted base. A small surface spine is visible at the
left of the base of projection.
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QUANTITATIVE DETERMINATION OF DAWSONITE IN
GREEN RIVER SHALE BY POWDER-SAMPLE
X-RAY DIFFRACTION: EFFECT OF GRINDING

By E-AN ZEN and JANE G. HAMMARSTROM, Reston, Va.

Abstract.—In an effort to evaluate the method of quantita-
tive analysis by X-ray diffraction as a means of determining
dawsonite abundances in Green River oil shale, we performed
a series of grinding experiments. Weighed mixtures of daw-
sonite + quartz and dawsonite 4 quartz 4 shale were ground
for preset lengths of time, and the following X-ray diffraction
peaks were measured for intensity: dawsonite (110) at 15.6
20 and (211) (002) at 82.1° 26, and quartz (100) at 20.9° 29
and (101) at 26.6° 26. Heights and areas were measured. In-
tensity ratios were plotted as functions of grinding time with
a calculated probable error. Intensity ratios generally de-
crease as grinding time increases. The intensity of the 15.6°
peak, Dis.e, is most affected, and the most drastic reduction
occurs during the first 20 min of grinding. The Dg. peak is
least sensitive to grinding but is subject to interference by
other minerals in the shale. We conclude that the X-ray
diffraction method is not well adapted to the routine quan-
titative determination of dawsonite in oil shale of the Green
River Formation,

The discovery of significant quantities of dawsonite,
NaAlCO;(OH),, in the Parachute Creek Member of
the Green River Formation, Piceance Basin, north-
western Colorado, is of considerable interest because
dawsonite is potentially a source of readily recoverable
aluminum. Many reports on the geology, mineralogy,
chemistry, and technology of these dawsonite-bearing
rocks already exist (for example, Smith and Milton,
1966; Hay, 1966; Hite and Dyni, 1967; Dyni and
Hite, 1968; Young and Smith, 1970; Trudell and
others, 1970). A detailed study of the Parachute Creek
Member was recently made by Brobst and Tucker
(1973). ‘

Dyni and Hite (1968) and Huggins, Green, and
Turner (1973) used the powder-sample X-ray diffrac-
tion method to determine dawsonite quantitatively in
the shales of the Green River Formation. These au-
thors as well as Brobst and Tucker (1973) recognized
that the intensities of dawsonite diffraction peaks de-
pend not only on the amount of dawsonite present but
also on the extent of grinding of the sample. We now
report the results of a systematic study of the effect of
grinding on dawsonite diffraction peak intensities;
these results show that grinding of a sample causes

drastic changes in dawsonite peak intensities. Serious
errors can result in the estimate of dawsonite abun-
dances by X-ray diffraction methods in the oil shale
of the Green River Formation.

SAMPLES

Samples used for the study were dawsonite, quartz,
and two samples of oil shale from the Green River
Formation.

The dawsonite comes from near Kanaskat Junction,
Cumberland quadrangle, King County, Wash. (fig. 1).
It occurs in the marginal zone of an andesite sill that
intruded coal beds of the Focene-Oligocene Puget
Group (Vine, 1969) and appears to have formed
through contact reaction between the magma and the
coal bed. The geology and mineralogy of the andesite
sill were described by Vine (1969, p. 35).

The X-ray pattern of a typical dawsonite separate
is given in figure 20. Figure 2D shows a trace of
dawsonite from Olduvai Gorge, Africa (Hay, 1966,
p. 42), for comparison. As the dawsonite in the Green
River shale occurs as paper-thin laminae, it could not
be concentrated for experimental use. However, the
X-ray peak qualities (height-width ratios) of the
dawsonite from Washington and from the Green River
shale (fig. 20, B) show that they are closely com-
parable. '

One sample of Green River shale used was from
Colorado and consisted mainly of quartz, dolomite,
and feldspar as well as an easily detectable amount
of dawsonite, The second sample of Green River shale
is dawsonite free and came from the 1,247- to 1,255-ft
(874.1- to 376.5-m) level, Texas Gulf Sulfur mine,
near Green River, Wyo. It is a paper-thin oil shale
containing dolomite, quartz, mica, and feldspar; an
X-ray pattern (fig. 24) shows absence of dawsonite
or other minerals whose peak positions might inter-
fere with our study. The oil-shale samples were homo-
genized for experimental use by grinding.
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FIGURE 1.—Photomicrograph of dawsonite from Kanaskat
Junction, King County, Wash. Closeup of a cluster of fibrous
dawsonite with crossed polarizers to show the fabric of
the fibers.

The quartz used in the experiments is a water-clear
single crystal of unknown origin.

PROCEDURE

Weighed amounts of the component minerals and
rocks were mixed and hand ground under acetone in
a porcelain mortar. Although the particle size of the
starting material varied somewhat from run to run,
the maximum particle size for all components of a
given run was constant and is stated later for indi-
vidual runs.

After it had been ground the preset length of time,
the sample was generally a compact mass. It was
fluffed up by sieving through a screen sufficiently coarse
to prevent sample loss and then prepared for X-ray
study by use of a small handpress and standard
Norelco aluminum sample holder. A pressure of
about 12-15 bars was applied to the press for each
sample. The prepared mount was inspected for surface
smoothness and evenness of the sample level against
the holder before use.

Several types of experiments were made. First, mix-

tures of dawsonite and quartz in fixed ratios were
studied for the effect of grinding on relative peak
intensities. Second, known amounts of both minerals
were added to a known amount of homogenized sam-
ple of dawsonite-free oil shale. As the shale already
contained some X-ray-detectable quartz, the total pro-
portions of quartz in such mixtures were undefined;
however, because the relative amount of quartz to
dawsonite was constant for a given series of runs, the
relative intensities of diffraction peaks are meaningful
quantities. Finally, a sample of Colorado Green River
oil shale containing dawsonite and quartz was prepared
for X-ray study by the same procedure used for the
synthetic mixtures.

A single Norelco diffraction goniometer and record-
ing unit (copper radiation and nickel filter) was op-
erated at 35 kV and 20 mA for all the experiments.
The goniometer was periodically alined. Each mount
was repeatedly measured, and each individual scan
was completed in less than an hour; therefore, instru-
mental drifts are considered negligible.

The sample was first scanned at 1°/min goniometer
speed and 14-in./min chart speed to record the 15.6°
and 32.1° 26 dawsonite peaks and the 20.9° and 26.6°
26 quartz peaks. The sample holder was then shifted
to two different positions on the goniometer head to
see if significant differences in relative peak intensities
resulted. If the sample was judged insufficiently homo-
genized by this procedure, it was broken up and re-
mixed by very light grinding until a scan of the mount
resulted in relative peak intensities that were not
position-dependent (fig. 3). Detailed measurements
then began.

The four peaks of dawsonite and quartz were traced
at 14°/min scanning speed and recorded at 14 in./min
chart speed. A time constant of 4 s was used; this
reduces the noise but does not significantly affect the
peak shape at the scanning speed used. The scale
factor was adjusted to obtain maximum intensities
without any peak going off the chart. Each peak was
traced at three different positions of the sample holder
in the goniometer head. Enough background was re-
corded on either side of each peak to establish a base-
line for measurement.

Peak intensities above the baseline were measured
in two ways: (1) Peak heights were directly observed
in chart-paper- units, and (2) integrated intensities
were measured planimetrically as areas. A typical set
of measurements (table 1) demonstrates the repro-
ducibility of planimeter measurements for a given
peak. After several complete runs were measured both
ways and showed consistent results, the tedious plani-
metric method was dropped for the sake of efficiency.
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Fioure 2.—X-ray diffraction patterns of dawsonite and Green River shale used in the experiments. 4, Dawsonite-free and

analcime-free Green River oil shale from Wyoming. B, Dawsonite-bearing Green River oil shale from Colorado. ¢, Separate
of dawsonite from Kanaskat Junction, King County, Wash. D, Dawsonite from Olduvai Gorge, Tanzania (Hay, 1966, p.
42). Notice the better peak quality of trace ¢ as compared with D. All traces were run on Norelco units, 1° 26 per min-
ute and l4-in./min chart speed; pressed mount in aluminum holder. Traces A and B, Geiger counter combined with an
AMR monochromator. Time constant, 4 s. Traces C and D, solid-state detector, full range 200 counts/s. (Use of trade
names is for descriptive purposes only and does not constitute an endorsement of the product by the U.S. Geological Survey.)

~



24 QUANTITATIVE DETERMINATION OF DAWSONITE BY X-RAY DIFFRACTION

T 1 T 7T 1 1 [ T R

INTENSITY

Mﬂ AL AR

| N R DR N N

16 15 16 15 16 15 16 15 16 15 16 15 16 15 16 15 16 15
DEGREES 24

' F16ure 3.—Effect of grain size and grinding on dawsonite peak intensity and reproducibility of peak intensity with different
positions of the sample on the goniometer. Dawsonite-bearing Green River shale. Time constant, 4 s; chart speed, 3% in./
min. Each triplet shows the sample holder in three different positions in the goniometer; the three triplets were run
consecutively on the same sample and the diffractometer unit was idling at untouched instrumental settings while the
sample was being treated between triplets of runs. Right-hand triplet, sample reground to pass 150-mesh sieve. Middle
triplet, sample reground to pass 270-mesh sieve. Left-hand triplet, sample reground another 5 min. Grinding under ace-
tone.

Individual measurements were averaged, normalized computed as ratios of peak intensities. These data were
to the same binary-stage instrumental setting, and then plotted as functions of grinding time.

TaBLE 1.—Sample calculations to show the procedure of peak-intensity measurement and measurement precision on an actual
run ’

[Quartz and dawsonite; 30 min grinding time)

. Dawsonite Quartz
Trace --aooa-- 15.6° *32.1° *20.9° 26.6°
Sample ... 1 2 3 Avg 1 2 3 Avg 1 2 3 Avg 1 2 3 Avg
Peak height. 30 34 29 31, 56 55 53 54.; 67 57 65 63.0 62 7 68 69
Peak area
Planimeter
measure-
ment No.:
1 8 98 173 178 173 160 149 159 156 169 206 188
2 8 100 75 172 166 173 149 153 153 164 209 180
8 oo 87 101 83 88 169 169 160 + 169 152 155 15 153 171 205 185 r187
4 . 8 99 83 169 169 167 144 167 150 175 207 180
> J— 84 98 83 174 168 172 153 . 153 152 169 207 187

*Because of a different setting of the binary stages on the recording panel, these intensity values must be divided by 4 for comparison with
the other values.
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RESULTS

The data of our study are summarized in figures
4-7. Figure 4 plots various combinations of peak-
intensity ratios against increment grinding times. The
curves labeled “run 1” refer to a mixture whose start-
ing particle size is no more than 50 um (—325 mesh) ;
the curves labeled “run 2” refer to a mixture whose
starting particle size is in the 75-150 um range. Equal
weights of dawsonite and quartz were used for both
series of runs. o

The symbols D;s s and Ds.; will be used throughout
for the intensities of the two dawsonite peaks having
26 values shown by the subscript; similarly, the sym-
bols Q00 and Qu¢ denote the intensities of the two
quartz peaks.

Each point in figures 4-7 is associated with an
error bar, which measures the reproducibility of each
peak intensity. (See the next section on errors.) For
each set of runs the median values of bars are used
to derive least-squares regression lines shown; the
solid lines are for straight-line regression; the dashed
lines, for quadratic regression. The latter led to a much
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better fit of the data, even though the degrees of
freedom remaining are only two or three.

The averaged measurements for D;;¢ drop sharply
(by about 30 percent) between 10- and 20-min grind-
ing and then continue to diminish at a less drastic rate.
After 50-min grinding, the peak intensities, measured
either way, become practically identical and are inde-
pendent of the starting grain size, presumably reflect-
ing the fact that after the long grinding the grains
have attained a uniform, stationary, though unknown
fine state. The value of Ds,, is practically unaffected
by grinding and is also nearly independent of the ini-
tial grain size.

The value of Qs (101) is increased by grinding;
this result agrees with the conclusions of Brindley and
Udagawa (1959). The value of Q.05 (100) is less sub-
ject to the effect of grinding, but the effect is still
noticeable and is apparently sensitive to initial grain
size. These facts of course are reflected in the intensity
ratios.

Although ratio plots tend to smooth out the data
somewhat, the rapid initial loss of dawsonite intensity
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F1cURE 4.—Peak-intensity ratios plotted as functions of grinding time for two mixtures, each containing equal amounts of
dawsonite and quartz. Run 1, materials passed through a 325-mesh sieve (50 um) ; run 2, starting materials had particle
gizes in the 75- to 150-um range. Data for run 2 are given both as integrated areas and as peak heights to demonstrate
the similarity in results obtained by the two methods of measurement. The solid lines represent a linear least-squares
regression fit of the averaged data; the dashed lines represent a quadratic fit of the same data. a Dis.o/ (Dis.e +
Qne); b = Dwni/(Dui 4+ Qse); ¢ = Duie/ (Diss + Quo); & = Dui/(Dui + Qus).
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is obvious. The finer starting material (run 1) dimin- nate the steady decrease in ratio intensities as grinding
ishes the intensity ratios; it does not, however, elimi-, time increases.
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FIcurEe 5—Trend of peak-height intensity ratio,
Duis.e/ (Dise 4+ Qu.6), with increased grinding
for three mixtures of dawsonite and quartz are
given in A. The same data normalized to results
of 10-min grinding time are given in B. a, 25-
weight-percent dawsonite; b, 50-weight-percent
dawsonite; and ¢, 75-weight-percent dawsonite.

The consistent -diminution in error bars indicates
that increased grinding time improves homogeneity of
the sample. Both peak-area and peak-height data are
given for run 2 to demonstrate the close agreement
between the two methods of measurement.

Figure 54 shows the effect of the relative amount
of dawsonite on the Diss/(Qus6 + Disse) ratio, in
simple binary quartz-dawsonite mixtures. Three mix-
tures, respectively containing 25, 50, and 75 percent
by weight of dawsonite, were prepared. These mix-
tures have initial grain size in the 75-150 pm range
and were X-rayed after 10, 80, 60, and 90 min of
grinding. The rapid decrease in the ratio of intensities
after a short period of grinding is again apparent.
The impression given that lesser amounts of dawsonite
result in less decrease in intensity with time, however,
is not real. Figure 5B plots the same data, normalized
to the intensity values of 10-min grinding. The curves
for 25- and 50-percent dawsonite mixtures are indis-
tinguishable. The 75-percent mixture shows the least
amount of relative decrease in intensity, presumably
because this mixture contains the least amount of th:
hard mineral quartz. '

Figure 6 shows the result of using dawsonite-free
Green River shale as matrix. The intensjty ratios
of peak heights for two mixtures, runs 3 and 4, are
plotted against grinding time. Run 8 contained 15-
weight-percent dawsonite, and run 4 contained 30-
weight-percent dawsonite. The runs contained half
again as much quartz as dawsonite in the initial ma-
terial; the balance of the mixture was made up of
shale, which, as previously stated, contained some
quartz. The three starting materials had all been
ground to pass a 325-mesh sieve before mixing. Again,
it is clear that the dawsonite 32.1° peak is least af-
fected by grinding. _

A batch sample of dawsonite-bearing Green River
oil shale sample was ground to a maximum particle
size of about 100 ym. This starting material was
ground under acetone at 10-min intervals and was
X-rayed by-the usual procedure. Figure 7 plots the
results of intensity ratios of peak heights. The daw-
sonite 32.1° peak in this sample was very broad and
ill defined; its intensity, however, does not appear to
be affected by grinding. This peak in the shale may
not be a single peak but may result from superposition
of peaks from several phases.

ERRORS
Two kinds of errors contribute to the uncertainties
of our data: errors in statistics and errors in tech-
nique.
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FI1cURE 6.—Peak-height intensity ratios versus grinding time for mixtures of Washington dawsonite -4 quartz +
Wyoming Green River oil shale. Run 3 contains 15-weight-percent dawsonite; run 4 contains 30-weight-percent
dawsonite. All starting materials were finer than 50 pam in diameter.

Statistical errors are estimated by calculating the
probable error of the data points through multiple
measurements. Error bars are used in the figures to
represent the probable errors about a given intensity
ratio, Bpq, where Rne=D/(D+Q). D and Q, as be-
fore, stand for the intensities of chosen dawsonite and
quartz peaks.

The probable error on the measurements for one
peak, pD (for dawsonite) and pQ (for quartz), is

p==%0.6745 [3(Aa)*/(n—1)]%° (1)

- where A is the difference between individual meas-

urements and the average and = is the number of
measurements of a given peak. -

The probable error on the sum of two values, each
having a probable error of pD or pQ (eq 1), is

pS=1 (pD*+ Q)" (2)
The probable error (pR) on the ratio Bpq is
D(pS)*

PRpe== [(Z’D)%+—(m)2—]°'5/(D+Q)

The equations for error calculation are based on the
discussion in Daniels and others (1949).

Quantitative determination of mineral mixtures by
use of the X-ray diffractometer is subject to many
‘sources of error in technique. Figure 3 illustrates the
effect of initial particle size and grinding on homo-
‘genizing a mineral mixture; it also demonstrates
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FIGURE 7.—Peak-height intensity ratios versus
grinding time for an actual dawsonite-bearing
sample of Green River oil shale; a-d explained
in figure 4. .

the reduction of D,;¢ with grinding. Here, then, are
two immediate sources of error due to technique.

Grinding of the mineral mixtures was done in a
liquid medium in order to reduce the chance of ther-
mal decomposition of dawsonite and to improve mix-
ing of the materials. Dawsonite is water soluble and
also decomposes in most of the common organic sol-
vents. We chose acetone as a wetting agent for grind-
ing because it evaporates quickly without leaving a
residue, is less toxic than many other solvents, and

within the limits of our experiments shows no evi-
dence of affecting the stability of dawsonite.

In preliminary experiments, we found that daw-
sonite tends to mat and smear during grinding, thus
not to mix evenly with quartz or shale. Powered mortar
and pestle are unsuitable even for short grinding times
because the dawsonite sticks to the face of the pestle,
resulting in a stick-and-slip motion and percussion of
the grinding surfaces and lack of homogenization, even
when a liquid is used in grinding.

All starting materials were at least finer than 150
pm in diameter (passed through a 100-mesh screen),
and weighed mixtures were hand ground for 10 min
before X-ray measurements were started. We feel that
all materials were fine enough to eliminate the bulk
of extinction effects, yet coarse enough to reduce the
effects of microabsorption as a principal cause of
intensity loss (Klug and Alexander, 1954; Schmalz,
1958). Schmalz (1958) demonstrated that the pressure
applied to the handpress in the preparation of sample
mounts does not significantly affect the diffracted in-
tensity ratios, if the applied pressure exceeds about 6
bars (100 pounds per square inch).

Lack of homogenization of a sample is a major
source of scatter of data. By checking the mount at
various positions in the goniometer head, this problem
can be somewhat controlled (fig. 8). This problem of
achieving a homogeneous sample exists even for the
dawsonite-bearing Green River shale (fig. 7) because
this mineral tends to be concentrated in thin bands so
that an X-ray homogeneous sample still must be arti-
ficially achieved.

EVALUATION

The results of our study suggest that use of the
X-ray diffraction method for quantitative determina-
tion of dawsonite in shales from the Green River
Formation must be undertaken with great care.

Klug and Alexander (1954), Bragg (1967), and
Braun and Ramspot (1970) discussed various effects
that must be taken into account in quantitative min-
eralogical work by X-ray diffraction methods. Their
discussion was complemented, for example, by discus-
sions by Schultz (1964) in a specific application to
fine-grained shales.

In addition to the various general factors discussed
in the papers cited above, and many others, the follow-
ing conditions, mainly of mineralogical nature, must
be fulfilled:

1. There must be no serious interference between the
peaks chosen for measurement and peaks from
other minerals.

2. The mineral must be present above a certain mini-
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mum amount, so that the method of X-ray dif-
fraction can detect its presence quantitatively.
Smith and Milton (1966) reported that the de-
tection threshold for dawsonite in the Green
River shale is 3 percent.

3. The mineral must be “resistant” to grinding, or at
least its reduction in intensity relative to some
reference mineral (such as quartz) must be a
reproducible function of time, independent - of
the amount of the mineral present or the nature
of the matrix material.

With these conditions in mind, let us examine the
results of our experiments and evaluate the X-ray
method for quantitative determination of dawsonite
in Green River shale.

In the quartz-dawsonite mixtures, there is no major
interference between X-ray peaks. At slow scanning
speeds and short grinding times, the dawsonite (200)
peak shows up as a slight hump on the flank of the
much stronger quartz 26.6° peak, but constitutes no
real problem. In the quartz-dawsonite-Green River
shale mixtures, the dawsonite 32.1° peak cannot be
demonstrated to be free of interference from peaks of
other minerals in the shale; therefore the constancy
of the peak intensity (fig. 6) may not be real. Many
samples of the Green River shale contain significant
amounts of analcime (Brobst and Tucker, 1973). The
second most intense diffraction peak of analcime,
(211), is at 15.8° 26. This analcime peak can be re-
solved from the dawsonite (110) peak at 15.6° 2 for
identification purposes; however, we could not com-
pletely separate these two peaks even at slow scanning
speeds. Therefore, if analcime is present in appreciable
amounts, the intensity of the dawsonite 15.6° peak
may not be relied upon even for semiquantitative work
because the traces of the two peaks will be partly
superimposed and cannot be easily disentangled quan-
titatively. (See also Brobst and Tucker, 1973, p. 25.)
Because the precise cell parameters of analcime formed
in sedimentary conditions depend on its chemistry
(Coombs and Whetten, 1967), the separation between
the dawsonite and analcime peaks in the 15.6°-15.8°
region is not a wholly controllable factor.

Though the dawsonite 32.1° peak is the combined
effect of the (211) and (002) diffraction maxima, in
a truly random powder sample the intensity of this
combined peak should be, and is assumed to be, a
reproducible quantity.

The effect of organic material—notably kerogen—
in the Green River shale on the X-ray diffraction char-
acteristics of minerals has not been studied. J. R. Dyni
(written commun., 1970) noted that “organic matter
in oil shale rocks has an inhibiting effect in X-ray

diffraction analysis, and is not ‘transparent’ as is
commonly thought.” Dyni suggested that the organic
matter might act as X-ray energy absorbers. Our own
X-ray studies on sedimentary and low-grade meta-
morphic rocks containing high proportions of car-
bonaceous matter also indicate that carbonaceous mat-
ter seriously affects peak intensities. This effect may
or may not act on all minerals to the same extent, pre-
sumably in part depending on the surface properties
of the minerals. Thus, organic matter, abundant in
the Green River oil shale, could be another impediment
to the use of X-ray diffraction for estimating the
relative amounts of minerals.

One of the more striking effects of our data is that
apparently erratic results are noted even for fairly
well controlled experimental conditions. These are
shown by the large error bars associated with most
of the ratio plots. These large scatters in results sug-
gest that reliable quantitative data are not easily ob-
tained by this method.

Figures 4-7 show the importance of grinding time
on dawsonite peak intensity. Without exception, these
peak intensities decrease as grinding time increases,
as was already noted by J. R. Dyni (written commun.,
1970), Brobst and Tucker (1973), and Huggins, Green,
and Turner (1973). Our results (figs. 4-7) show that
the initial period of grinding, as long as about 20 min,
causes the most severe reduction in D;; ¢, and this part
of the curve should be avoided in quantitative work.

By comparing equivalent curves in figures 5-7, rough
estimates of the amount of dawsonite in the Green
River shale from Colorado can provide a crude test
of the method. Comparison of the result with that
derived from artificial mixtures of dawsonite and
quartz yields estimates of 25 to 50 percent dawsonite
in the shale, all seemingly high. The lowest estimate
corresponds to the comparisons at short grinding time.
Comparison with shale + dawsonite. + quartz mix-
tures yields more realistic estimates of 15 percent or
less. However, we do not believe that these numbers
are quantitatively significant.

In order to get reproducible results by the X-ray
method, longer grinding times are more desirable be-
cause the intensities of the peaks are then less sensi-
tive to the vagaries of grinding, as evidenced by the
general trend for error bars to shorten as grinding
times increases. Short grinding times, although most
desirable to attain maximum dawsonite peak intensi-
ties, are to be avoided. These points, combined with
the fact that much Green River oil shale contains sig-
nificant amounts of analcime, suggest that X-ray
methods are not suited to rapid reliable determination
of dawsonite in Green River shale. Other methods,
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such as direct chemical assaying (as developed, for in-
stance, by Smith and Young, 1969), and Young and
Smith, (1970) or the infrared method (Estep and
Karr, 1968) or the statistical method from oil-yield
assay (Smith and others, 1972) may be more promis-
ing. Huggins, Green, and Turner (1973) suggested
that the best method is to combine quantitative X-ray
diffraction with the direct chemical method of Smith
and Young (1969) ; however, use of the chemical meth-
od would seem to make the X-ray technique redundant.

Where present in appreciable amounts and free of
other interfering phases, dawsonite can be estimated
by X-ray diffraction to 30 percent of the amount pres-
ent with relative ease; however, more. refined deter-
mination requires a disproportionate amount of labor
and is not feasible for production-line work.
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NOTES ON THE ORIGIN OF COLLUMA CRATER, BOLIVIA
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Abstract.—Colluma Crater, on the semiarid Altiplano (high
plain) of western Bolivia, is an oval structure having overall
dimensions of 6.7 km by 6.0 km. The structure has two al-
most concentric cuestaform rims (the inner rim is 3.6 km by
3.1 km) composed of poorly consolidated clastic sediments
that dip outward. The center of the crater is about 80 m
below the maximum height of the rims and about at the al-
titude of the surrounding plain. Because of the double rim, the
centripetal drainage, and the absence of volcanic rocks, this
structure is considered a collapsed dome. We believe it was
probably formed by the doming of lower Quaternary(?) sedi-
ments by a subjacent igneous intrusion, partial retreat of
the magma, collapse of the central part of the dome, ero-
sional etching of the two rims, and partial filling of the
center by detritus from the walls. Evidence for origin by
impact (nickel-iron materials, shock structures, ejecta, and
so forth) is lacking or was unrecognized, but this mode of
origin is not rejected at this time. Geophysical surveys are
recommended to determine whether the structure continues
in depth and if an igneous. plug is below the crater.

In 1964, geologists of the Geological Survey of
Bolivia (Geobol) mapped Colluma Crater as an ex-
plosion crater (Paz and Alverez, 1965), probably be-
cause of the proximity of volcanoes of the Western
Cordillera along the Chilean border, 30-100 km to
the west. However, examination of aerial photographs
suggests that the structure may have had any one of
several origins. Meteorite impact is a likely possibility
because of the existence of impact craters and strewn
fields in northern Argentina and Chile (Henderson,
1941; Cassidy and others, 1956; Sanchez and Cassidy,
1966).

We visited the crater on May 3-5, 1966, to collect
data that might indicate the mode of origin. Our
visit was part of a cooperative project of the U.S.
Geological Survey and Servicio Geolégico de Bolivia;
the project was sponsored by the Government of
Bolivia and the Agency for International Develop-
ment, U.S. Department of State. Three geophysical
traverses were made; 10 soil samples were taken for
analysis; the structure in the northeast half of the

1 Servicio Geolégico de Bolivia.

crater was mapped; samples of shiny black pebbles
and white clayey strata believed to contain micro-
fossils were collected, and nearby Tertiary strata
were examined and compared with lithology in the
crater. A preliminary report on Colluma Crater was
published by Rosenblum, Anderson, Montes de Oca,
and Delgadillo (1968). The present report provides
additional information about the geology and modes
of origin.

Acknowledgments—We thank J. E. Hazel and T.
G. Gibson of the U.S. Geological Survey for work
done on the microfossils, and the laboratory staff at
Geobol for differential thermal, X-ray, and spectro-
graphic analyses on the samples collected.

REGIONAL SETTING

Colluma Crater, on a large alluvial plain of the
Altiplano of western Bolivia at 18°35” S., 68°05’ W.,
is about 120 km west-southwest of Oruro, 100 km east
of the border with Chile, and 225 km south of La
Paz (fig. 1). The plain slopes gently southward to the
Salar de Coipasa, a large salt flat. From 12 to 25 km
northeast of the crater, the plain is interrupted by
partly buried low ridges of folded sedimentary rocks
of Tertiary age. The ridges extend discontinuously
many kilometres northwest and  southeast; several
small stocks are concentrated in these Tertiary roéks,
50-60 km southeast of the crater. Similar strata cut
by stocks 10-17 km north and 35 km to the west-
northwest represent high points of buried mature
topography. About 35 km southwest, near Huacha-
calla, two conical volcanoes-stand about 1,000 m
higher than the plains, and 100 km to the northwest
is the volcano Nevado Sajama, 6,520 m in altitude.

The region is a windswept, semiarid, treeless desert
that receives 300 mm or less precipifation per year.
Only a sagebrush-type shrub, thola, and grass clumps,
paja brava, grow on this high plain; they provide
grazing for small herds of llamas. Large expenses of
the plain are covered by sand which in places forms
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dunes as much as 3 m high. Water may be found in
temporary shallow lakes only during the rainy season,
November to February.

The average altitude of the plain around the crater
is about 3,830 m. Rim crests of the crater average
3,900 m and are as much as 3,920 m in altitude on
the northwest part of the inner rim; the rims ap-
pear, on aerial photographs (fig. 2), to be breached
on the west side. However, examination in the field
showed a divide about 6 m high between an interior
dried lake area (playa) and the external drainage
west of the inner rim. All drainage within the inner
rim is- toward the small playa; drainage between the
rims is annular and joins the radial drainage on the
outside slope of the structure. The large external in-
termittent stream courses, east and west of the crater,
are entirely in Holocene alluvium and were apparent-
ly unaffected by the process that formed the crater.

GEOLOGY OF THE CRATER

Colluma Crater is an eroded dome-shaped structure
that consists of two subparallel cuestalike rims; it is
oval in plan, the long axis trending about N. 15° E.
(see figs. 2 and 3). The overall dimensions are 6.7 km
by 6.0 km; the outer rim crest diameters are 5.2 km
and 4.1 km, and the inner ridge diameters are 3.6 km
and 3.1 km,

The double rim of the crater consists mostly of soft,
poorly consolidated, bedded clastic sediments. They
are mainly reddish-brown to buff silt, medium to
coarse sand, and conglomeratic sand in .the inner
cuesta; and fine sand, silt, and clay in the outer rim.
The fine drainage texture on the northeast half of
the outer rim (fig. 2) indicates a very fine grained
facies that wedges out to the southwest. Dips of the
bedded sediments in the entire stiructuré are general-
ly quaquaversal, but, locally, strikes diverge as much
_as 75° from the trend of the rim (fig. 3). Because.of
the. short. time_ allotted -to- the. survey, attitudes were
measured only in the northeast half of the structure;
those shown in parentheses in the southwest half of
the inner cuesta on figure 3 were estimated from aerial
photographs.

The spacing of the inner and outer rim crests is
wider on the west side than on the east, indicating
either that the axis of the dome (if the structure is
a dome) plunges to the west, or (more likely) that
the layers on the west side are thicker than those on
the east side of the crater.

Among the sandy layers of the inner cuesta are sev-
eral lenses of white clayey material, as much as a
metre thick, that were thought to be altered volcanic
tuff. A sample collected in the northern wall effer-
vesced with dilute acid, and the surface showed min-

ute rodlike and globular forms. A sample of this ma-
terial was sent to the U.S. Geological Survey in
Washington, D.C., for determination of the micro-
fossil content, but microfossil experts were unable to
determine whether these forms were of organic origin.
A similar sample that was treated with dilute acid
gave an insoluble residue (40 percent by weight) of
montmorillonite, ‘as identified in Geobol laboratories
by differential thermal analysis and X-ray powder
diffraction. .

The surfaces of the eastern rims are sparsely strewn
with shiny limonite nodules that apparently weathered
out of the poorly cemented sandy layers. No glass,
volcanic or impact, was found. :

Most of the floor of the crater is covered with sand,
silt, and clay washed from the walls of the inner ridge
and carried toward the small playa on the west side
of the crater floor. Outcrops of undifferentiated, poorly
consolidated sandy strata are partly buried by this
material. It is noteworthy that the playa representing
the low area of the crater floor is west of the center of
the structure. Moreover, erosion is in a youthful to
mature stage; thus, considering the incompetence of

‘the strata, we infer that the crater was formed in

Holocene time.

We made a brief visit to a low ridge about 15 km
northeast of the crater, a ridge where Paz and Alvarez
(1965) had mapped Tertiary strata; our objective was
to compare these strata with those in the crater. The
Tertiary strata were found to be well-indurated mod- -
erately dipping conglomeratic sandstone beds that are
vastly different from the poorly consolidated sediments
of the crater. The many large Tertiary clasts are
mainly granitic in composition; the relatively small
clasts in the crater sediments are volcanic. The sedi-
ments of the crater are decidely younger than these
Tertiary rocks.

In the Carangas and Aroma provinces, 60-120 km
north of Colluma Crater, soft sediments of the
Miocene-Pliocene Totora Formation (described by
Meyer and Murillo, 1961, p. 48) resemble the sediments
of the crater. The middle part of this formation con-
sists of 920 m of friable, very fine sand and clay that
overlie 350 m of medium-hard, medium sand in layers
2-3 m thick.

According to Jenks (1956, p. 184), “The present-
day lakes and salt flats of the Altiplano (Poopé, Coi-
pasa, and Uyuni) are relicts of Lake Minchin.” Ahl-
feld and Branisa (1960, p. 158-164) described Lake
Minchin in some detail, and their map (p. 159) indi-
cated that a large area of the Altiplano, including
Colluma Crater, was covered by the lake during the
last glaciation. They indicated that the lake deposits
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include fine sand, clay, calcareous tuff, marl, organic
travertine, and calcareous algae.

GEOCHEMICAL AND GEOPHYSICAL DATA

Nine soil samples were collected 250-300 m apart
along a trial from southeast to northwest across the
crater floor (fig. 3), and, for comparison, another sam-
ple was taken from the plain about 12 km east of the
structure. Semiquantitative spectrochemical analysis
by the Geobol staff indicated that all samples were
essentially the same. In view of the hexahedrite-type
meteorite occurrences in northern Argentina and Chile
(Cassidy and others, 1965; Henderson, 1941), the
nickel and iron contents were of great interest, but
only traces of nickel and small amounts of iron were
found in all samples (table 1).

TaBLE 1.—Spectrographic analyses, in weight percent, of 10
80il samples fom Colluma Crater, Bolivie

[Analyses by the Servicio Geolégico de Bolivia laboratory. M, major
constituent; -, detected; tr., trace]

1 2 3 4 6 6 i 8 9 10
M M M M M M M M M M
M M M M M M M M M M
+ + +  + + 4+ + + 4+ 4+
EEEEEEEE
+ + 4+ 4+ 4+ +  + :t + 4+
>1 1 1 1 1 1 1 1 1 1
+ + 4+ + 4+ 4+ 4+ + 4+ +
Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr
.06 .06 Tr. .06 06 .06 Tr. .06 006 06

1 Soil sample collected about 12 km east of Colluma Crater.

Geophysical surveys were made with a pocket-type
magnetometer and a small electromagnetic unit along
a southeast-northwest trail, along an east-west trail,
and in a traverse from the west side of the dry lake-
bed to a point on the southeast inner rim. The signal
on the electromagnetic unit was fairly constant ex-
cept over the dry lake area where it was somewhat
higher, probably because of underground water. The
magnetometer reading at the base camp, Estancia
Jaruma, was —4,200 gammas. Across the crater floor
on- all three traverses, readings were between —3,700
and —4,500 gammas. The only anomalies noted were
on the east inner rim where the reading was —5,000
gammas and on the northwest inner rim where the
instrument read —38,300 gammas (fig. 3). Thus, with-
in_the limitations of the two instruments, no subjacent
nickel-iron masses were detected that might indicate
a metallic meteorite origin for the structure.

MODE OF ORIGIN

Six possible modes of origin for Colluma Crater
were postulated before the visit to the site:

Volcanic caldera formation.

Explosion crater formation.

Normal dome formation due to compressive forces.
Salt dome. '

Meteorite impact.

Collapsed dome.
Considering the above data and the lack of volcanic
layers and ejecta, the first two modes of origin can
be rejected. Much more disturbance of the layers and
widespread debris would be expected if a volcanic
explosion had. caused this structure.

Colluma Crater has all the features of a normal
dome formed by compression, except for the singular
feature of interior drainage. A dome that had formed
as a result of compressive forces and was eroded to
its present ground level during and after deformation
could only have been carved by a through-flowing or
an out-flowing stream. By projecting the 15° average
dip of the layers over the structure it can be estimated
that at least 2.5 X 10° m?® of material would have had
to be removed to produce the crater as it is today. As
there is no out-flowing drainage—indeed the floor of
the crater is aggrading owing to infilling—formation
by compression must be rejected.

Doming by a salt plug (about 3 km in diameter) is
unlikely for similar reasons; moreover, salt domes are
unknown in this part of the Andes. Local diapiric
structures of gypsum occur in the nearby Tertiary
strata, but these are at most tens of metres wide.
Doming by a salt plug and collapse following solution
of large amounts of salt is unlikely, for such a process
would require cavern formation on an immense scale,
and such caverns are not known in this region. More-
over, extensive solution of subjacent soluble material
would necessitate upward flow of water to the base
level of this region, the Salar de Coipasa.

. The absence of impact glass, recognizable meteorite
fragments, and impact-shocked structures makes a
meteorite-impact origin doubtful. A mass large enough
to have formed this crater would surely have vaporized
completely on impact and perhaps thrown debris sev-
eral kilometres in all directions. Presumably, the soil
within and around the structure would contain
anomalous amounts of nickel and iron, if the me-
teorite were like the hexahedrite meteorites of north-
ern Argentina (Cassidy and others, 1965) and north-
ern Chile (Sanchez and Cassidy, 1966; Henderson,
1941). Cassidy, Villar, Burch, Kohman, and Milton
(1965, p. 1062) postulated that the Chilean meteorites
represent a second fall from the same swarm of me-
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teorites that in part fell at Campo del Cielo in northern
Argentina after the Earth had turned 22° (fig. 4). On
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projecting the N. 60° E. line of flight beyond the
Chilean strewn field into Bolivia, Colluma Crater is
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seen to lie about 175 km northwest of this line. A path
starting about 23°30” west of Campo del Cielo would
intersect Colluma Crater, but not the Chilean meteorite
sites as well. It must be concluded that if Colluma
Crater was formed by impact, then the event was
unrelated to the events in northern Argentina and
Chile.

Four groups of presumed impact craters noted by
Thomas (1969) lie along the same projected line of
flight, but the material found in the craters is glassy
to fine grained and resembles amygdaloidal lava.
Thomas (1969, p. 908) interpreted this material to be
from a metorite swarm or a large meteorite which
must have subdivided high in the Earth’s atmosphere.
On projecting the N. 42° E. trend of these groups of
craters northeastward, we note that this line also
fails to come close to Colluma Crater.

One hypothesis suggests a satisfactory mode of
origin: the collapse of a sedimentary dome over a
partly retreated igneous plug. Origin of this structure
would have required the unique condition whereby an
igneous mass rose close enough to the surface to form
a “blister” about 614 km in diameter. As indicated in
figure 5, a subjacent intrusion probably domed the
soft sediments, then retracted to form an empty space
into which the center of the dome collapsed of its
own weight. Considering the outcrop pattern of the
sandy layers of the inner rim, the ring fault or zone
of fault planes along which the collapse occurred must
have been about 3-31% km in diameter. The center
of the dome had to drop at least 900 m, and possibly
as much as 1,300 m.

Evidence for the ring faults was difficult to find
on our brief visift. Exposures of the poorly consoli-
dated sandy layers of the inner rim did not yield any
evidence of faulting or shearing, and infilling has
covered most of the inside slopes of this rim. However,
the diverse dip directions of outcrops within the crater
are considered to be evidence in favor of collapse. These
partly buried segments of the roof of the dome would
have been rotated enough to show attitudes that
differed from those of the less disturbed parts of the
rim. The singular feature of interior drainage (noted
above) provides strong evidence for origin by collapse.

Finally, the possibility of a subjacent intrusive is
strongly supported by the existence in the region of
a number of Quaternary(?) stocks that are of the
same order of magnitude that is required of the postu-
lated igneous piston below Colluma Crater. We rec-
ommend geophysical surveys of Colluma Crater that
would determine whether the domal structure con-
tinues in depth and whether a subjacent igneous body
exists that caused the doming.
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Fieure 5.—Diagrammatic mode of formation of a collapsed
dome. 4, Molten or mushy magma has retreated after dom-
ing soft sediments. B, Center of dome collapsed into empty
space above plug.
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K-Ar AGE OF THE SIMILKAMEEN BATHOLITH
AND KRUGER ALKALIC COMPLEX,
WASHINGTON AND BRITISH COLUMBIA

By K. F. FOX, Jr., C. D. RINEHART, and J. C. ENGELS, Menlo Park, Calif.

Abstract.—Twelve K-Ar age determinations from the Simil-
kameen batholith and the contiguous Kruger Alkalic Com-
plex, including seven newly reported here, range from 69.9
m.y. to 177.2 m.y. Ages of coexisting hornblende and biotite
show discordancies ranging from about 72 m.y. to 106 m.y.,
with hornblende consistently showing the greater analytical
age. The hornblendes. with one exception, show increasing
analytical age with increasing potassium content and ap-
proximately fit a 191.0-m.y. “Ar (radiogenic)/K isochron.
The isochron shows a negative intersection with the “Ar
(radiogenic) axis, indicating partial argon loss. The large
negative deviation from the isochron of one low-potassium
sample suggests that the isochron is biased to older ages. If
S0, the Similkameen and Kruger rocks probably crystallized
between roughly 177 m.y. and 191 m.y. ago. The discordancies
between hornblende and coexisting biotite are attributed to
argon loss during one or possibly more episodes of thermal
metamorphism, the most recent of which was probably Dbe-
tween about 50 and 70 m.y. ago. This braclet is based on the
age of apparently unmetamorphosed sedimentary deposits
containing detritus from the Similkameen and Kruger bodies
and the analytical age of the youngest biotite.

The Similkameen batholith (Daly, 1906, 1912) is
composed of quartz monzonite, granodiorite, and mon-
zonite totaling about 315 km? (122 mi?®) in area. It is
partly girdled by shonkinite, malignite, pyroxenite,
and nepheline syenite of the Kruger Alkalic Complex,
totaling about 45 km? (17 mi?) in area. The complex,
here named for Mount Kruger, located 2 km (1.2 mi)
to the northeast (fig. 1), has previously been described
by Daly (1906, 1912) and by Campbell (1939). The
batholith is zoned, with quartz monzonite and grano-
diorite in the interior grading outward to monzonite
at the contact with the bordering alkalic rocks (Rine-
hart and Fox, 53-56, 1972). The alkalic rocks intrude
the enclosing metamorphic rocks of the Kobau Forma-
tion (fig. 1) and grade inward to the monzonitic outer
shell of the batholith. The alkalic complex is also cut
by dikes resembling rocks of the batholith. These re-
lations suggest that, although the exterior phases were
emplaced first, the batholith and Kruger Alkalic Com-
plex are the coeval elements of a composite pluton
(Rinehart and Fox, 1972).

The Kobau Formation unconformably overlies the
Upper(?) Permian Anarchist Group and is cut by the
Loomis pluton (fig. 1), from which hornblende and
biotite yielded K-Ar ages of 194+6 m.y. and 179+5
m.y., respectively (Rinehart and Fox, 1972, p. 46, 52).
Judging from the K-Ar data, the Loomis pluton is
probably Late Triassic, or perhaps older. Therefore
the Kobau 1s probably Late Permian or Triassic in
age. The Kobau consists of an unfossiliferous sequence
of greenstone, greenschist, and metachert, lithologi-
cally similar to the Upper Triassic Nicola Group
northwest of the area of figure 1, in Canada. The
Kobau has been regionally metamorphosed within the
greenschist facies in the eastern part of the study area
and within the amphibolite facies in the western part.

Arkose and interlayered conglomerate composed of
coarse, bouldery detritus, including cobbles of grano-
diorite, monzonite, and shonkinite eroded from the
Similkameen batholith and Kruger Alkalic Complex,
contain a fossil flora of probable Eocene age (J. A.
Wolfe, in Rinehart and Fox, 1972, p. 61). These epi-
elastic deposits are cut by several dacite plugs, two of
which yielded hornblende K-Ar ages of 51.4 and 52.1
m.y., respectively (Rinehart and Fox, 1972, p. 62).

The foregoing field relations indicate that the Simi-
kameen batholith and the Kruger Alkalic Complex are
definitely Permian or younger and—considering the
likely correlation of the Kobau with the Nicola—are
probably Late Triassic or younger. They are not
younger than Eocene.

Cannon (1966) measured a hornblende-augite K-Ar
age of 1529 m.y. on a sample (W-65-1, table 1) de-
scribed as “Kruger syenite” from a locality near the
north edge of the composite pluton (fig. 1). In addi-
tion, Engels (1971) reported K-Ar ages of two sam-
ples collected from the composite pluton (L-301,
L-618, table 1).

A Pb-alpha age of 114 m.y. was reported by Larsen,
Gottfried, Jaffe, and Waring (p. 57, 1958) for a sam-
ple (G-122) of tonalite collected from an outcrop
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Fieure 1.—Geologic map of the Similkameen batholith and Kruger Alkalic Complex, showing sample localities and age de-
terminations.

within the northeastern part of the Similkameen
batholith. Reported lead content was low (averaging
7.3 ppm), and in view of the fact that the lead deter-
minations were made before later improvements in
analytical techniques (Stern and Rose, p. 607-608,
1961), the reported lead value is suspect; hence this
Pb-alpha age is disregarded here.

Both the batholith and the Kruger Alkalic Complex
show evidence suggestive of postconsolidation cata-
clasis. For example, intergrain contacts in both Simil-
kameen monzonite and Kruger shonkinite and malig-
nite commonly are markedly to slightly mortared. Daly
(p- 455, 1912) hypothesized that the cataclasis of the
Kruger resulted from forceful intrusion of the nearby
Similkameen batholith. Since similar textures are also
widely distributed through at least the southeast fifth
of the batholith itself, we infer that the mortar tex-
ture is probably due to tectonic forces applied to the

Kruger and the Similkameen simultaneously at some
time after their consolidation.

In addition, primary mafic minerals in the composite
pluton, including hornblende (hastingsite in the al-
kalic rocks), augite, and biotite are extensively re-
placed by epidote and chlorite. Also, primary plagio-
clase, typically andesine in the batholith and oligoclase
in the alkalic rocks, is weakly to strongly saussuritized.
The alteration implied by the presence of these sec-
ondary minerals is consistent with the interpretation
of thermal metamorphism of the composite pluton, al-
though it is possible that the alteration is deuteric.

ANALYTICAL METHODS AND RESULTS

Argon determinations were made using standard
techniques of isotope dilution on a Nier-type 6-in. 60°
mass spectrometer. Potassium determinations were
made by Lois Schlocker on an Instrumentation Lab-
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