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GENERATION OF POTASSIUM-POOR MAGMAS IN THE
NORTHERN SIERRA NEVADA AND THE SVECOFENNIAN OF FINLAND

By ANNA HIETANEN, Menlo Park, Calif.

Abstract.—Comparison of the evolution of magmas in the
Precambrian of southwestern Finland with that in the Paleo-
zoic and Mesozoic of the northern Sierra Nevada brings out
features that may clarify the origin of potassium-poor silicic
magmas. In the northern Sierra Nevada, Paleozoic sodarhyo-
litic effusive rocks and associated trondhjemite represent
silicic differentiates of andesitic magmas formed near a Beni-
off zone. These potassium-poor magmas were formed early,
before thickening of the crust, and were followed by basaltic
and rhyolitic magmas with normal potassium content. In
southwestern Finland, where 70 percent of the area is cov-
ered by silicic and intermediate plutonic rocks, the early
synkinematic intrusive masses are trondhjemitic and the later
ones are graniti¢' with eutectic ratios of quartz, plagioclase,
and potassium-féldspar. The latest granites are exceptionally
rich in potassium feldspar. The oldest rocks, cordierite-garnet-
sillimanite gneisses and interbedded metavolcanic rocks, are
folded on gently plunging axes that steepen diapirically
around large.late- kinematic plutonic masses. Trondhjemite
occurs as thin sheetlike masses parallel to the folded bedding
and could not have traveled far without losing its initial
heat. Therefore it seems that the trondhjemitic magma was
formed at shallow depths. By analogy with the shallow depth
of early magma generation in the northern Sierra Nevada, it
is suggested that the trondhjemitic magmas in Finland formed
at mantle depths near a Benioff zone or at the base of the
early thin crust at pressures where phlogopite or biotite was
stable. Later, after thickening of the crust above, potassium
from the biotite was released, making the late Kkinematic
magmas rich in potassium. A plate-tectonic model of an
island-arc environment explains the coeval age of the Sve-
cofennian and “Karelian” foldbelts and the increase of po-
tassium with decreasing age in the extrusive and intrusive
magmas.

Studies of Cenozoic volcanic rocks in island arcs
and continental margins indicate that the composi-
tion of magmas changes regularly across these struc-
tures, particularly the potassium content, which, at a
given silica content, increases toward the continent.
This feature has been related to the depth of the Beni-
off zone and associated melting of the subducted litho-
spheric slab (Dickinson and Hatherton, 1967; Dickin-
son, 1970). Moore (1959, 1962) has called attention to
the increase of potassium in plutonic as well as in
volcanic rocks eastward in western North America.
Bateman and Dodge (1970) have shown that the

K;0:Si0; ratio in plutonic sequences across the cen-
tral Sierra Nevada generally increases to the east with
decreasing age. Some plutonic rocks richer in po-
tassium and older than the main batholith are, how-
ever, exposed on the east side. In detail, the distribu-
tion of potassium-poor and potassium-rich plutonic
rocks is complicated by a time factor similar to that
found for volcanic rocks by Gill (1970) and Jakes
and White (1972).

Jakes and White (1970, 1971, 1972), in discussing
the variation of major and minor elements in the ex-
trusive rocks of orogenic zones, showed that the abund-

" ances of potassium and of certain trace elements

(rubidium, barium, strontium, and light rare earths)
increase not only with the depth of the seismic zone
but also with time, the stratigraphically younger rocks
being richer in these elements. The earliest magmas,
which come from shallow depths, are poor in potas-
sium and related trace elements and have chrondritic
rare-earth elements (REE). Jakes and Gill (1970)
suggested the name “island arc tholeiitic series” for
the rocks differentiated from these magmas as con-
trasted with the normal calc-alkaline series, which
have high concentrations of potassium and differen-
tiated REE patterns.

A similar increase in the potassium content has
seemingly been repeated through geologic time during
various periods of magmatic evolution, not only dur-
ing volcanism but also during plutonism. Viljoen and
Viljoen (1969a, b) have described a steady increase in
the potassium content of plutonic rocks in the Bar-
berton region, South Africa, some of the oldest in the
Precambrian. There, the oldest silicic plutonic rocks
(3.2-3.4 b.y.) are low in potassium (<0.6 K:Na) and
related trace elements and are thus tonalitic or trond-
hjemitic in composition, whereas the youngest (3.07
b.y.) granitic plutons of this region are rich in po-
tassium and have a 22 K:Na ratio. The tonalitic
magmas are thought by these authors to be comple-
mentary to the ultrabasic lavas, the komatiites, which
were extruded prior to the plutonism.
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Goodwin (1968) and Baragar and Goodwin (1969)
have stressed a uniformity in the evolution of early
magmas (>2.5 b.y.) in the Archean volcanic belts of
the Canadian Shield. In each of the four belts studied,
the volcanism began with eruption of tholeiitic mag-
mas, followed by andesitic and silicic magmas, all low
in potassium, titanium, barium, and strontium. The
trace-element content of the salic rocks was found to
be different from that of the average crust in the
shield area, thus excluding the possibility that these
magmas were formed by melting of the crust.

In the western part of the Fennoscandian shield in
central Sweden, soda-rich hilleflinta and leptite pre-
dominate in the lowest part of the stratigraphic col-
umn, whereas the upper part includes silicic volcano-
genic rocks rich in potassium (Geijer, 1963). The lep-
tite formation continues from Sweden to southern Fin-
land, where it includes much sedimentary material.
The evolution of plutonic magmas (1.7-1.9 b.y.) in
southwestern Finland greatly resembles the: evolution
of Archean plutonic magmas in South Africa. The
_geologically oldest synkinematic plutonic rocks are
trondhjemite and related potassium-poor intermediate

rocks, whereas the youngest late kinematic granites
- are exceptionally rich in potassium (Heitanen, 1943,
"1947).

In the northern Sierra Nevada, igneous activity in
Paleozoic (Devonian?) time began with the eruption
of potassium-poor magmas of the andesite-sodarhyo-
lite suite followed in the Permian (%) by eruptions of
potassium-rich rhyolite and basalt (Hietanen, 1973a,
b). Small trondhjemitic masses that were emplaced
early during the orogeny represent deep-seated equiva-
lents of sodarhyolites. The large postorogenic plutons
have quartz dioritic border zones but have granitic
centers that contain 24 percent potassium.

The trend from potassium-poor to potassium-rich
silicic magmas seems to be repeated during each mag-
matic cycle through geolegic time. It is hoped that
this comparison of the evolution of magmas in the
Precambrian of Finland with that in the northern
Sierra. Nevada will better our understanding of rea-
sons underlying this trend and its repetitional nature.

GENERATION OF MAGMAS IN THE NORTHERN
SIERRA NEVADA

The sequence of major events in the northern Sierra
Nevada is (1) Paleozoic island-arc-type voleanism and
sedimentation, (2) deformation culminating-in the
- Jurassic, (3) postorogenic plutonism in ‘the Late
Jurassic and Early Cretaceous, uplift, and (4) re-
newed volcanism in the Cenozoic.

GENERATION OF POTASSIUM-POOR MAGMAS

Paleozoic extrusive magmas

The earliest Paleozoic (Devonian?) magmas in the
northern Sierra Nevada are represented by a suite of
metavolcanic rocks, called the Franklin Canyon For-
mation (fig. 1; Hietanen, 1973b), that have the chemi-
cal characteristics of island-arc andesites. They range
in composition from calcium-rich basaltic andesite to
dacite and sodarhyolite, all exceptionally poor in po-
tassium (<0.15 K.O, Hietanen, 1973b, table 1) and
contain less barium and strontium than the Mesozoic
plutonic rocks of the same area (Hietanen, 1973b,
tables 5 and 6). The silica content of the andesitic
suite is notably low. Jakes and Gill (1970) have
pointed out that similar chemical features together
with chondritic rare-earth element (REE) patterns
are characteristic of the early stages in island-arc
evolution. In the northern Sierra Nevada, the potas-
sium-poor andesitic suite was deposited on a sequence
of interbedded chert and shale, typical of sediments
deposited on ocean floors. The Franklin Canyon For-
mation is overlain by the Horseshoe Bend Formation,
which consists of Permian(?) basaltic and rhyolitic
rocks and interbedded metachert, phyllite, and shal-
low-water carbonates. The metarhyolites of the Horse-
shoe Bend Formation contain as much as 4.5 percent
K;O and thus differ markedly from the potassium-
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poor silicic volcanic rocks of the Franklin Canyon
Formation.

A similar sequence of potassium-poor to potassium-
rich magmas erupted during Mesozoic time. The old-
est of the Early Jurassic metavolcanic rocks are chem-
ically and mineralogically similar to those of the
Devonian(?) andesite-sodarhyolite suite, but the tex-
tures and structures are markedly different, the Meso-
zoic rocks being less deformed and better preserved.
The cause of the repetition in compositional trend is
not known, but it could be associated with a repeti-
tion of tectonic events. The northern Sierra Nevada
is cut by several large northwest-trending faults, some
of which are thrusts (figs. 1 and 2); all dip steeply
to the east and may have been rotated to the vertical
(Davis, 1969). The presence of ultramafic rocks along
these fault zones is consistent with both the concept
of large-scale underthrusting to the east and the hypo-
thesis of an oceanic plate subducting under the North
American continental plate during Paleozoic and
Mesozoic time. Trench deposits related to the inferred
Paleozoic subduction zone have not been recognized in
the northern Sierra Nevada but are known in the
Klamath Mountains, 150 km to the northwest (Burch-
fiel and Davis, 1972). In the northern Sierra Nevada,
the Mesozoic volcanic rocks are west of the Paleozoic

I1. High-pressure-low-temperature

metamorphism. Glaucophane

schist facies Franciscan rocks )
(Latest Jurassic and Creta- "_;0
ceous) C(

GREAT VALLEY

During continued collision of plates,
the down-dragged oceanic sedi-
ments in the wedge-shaped section
were pushed up while still cool
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rocks. They are probably related to a younger Meso-
zoic subduction zone that evolved to the west of the
Paleozoic zone and probably surfaced somewhere
within, or west of, the present Coast Ranges. Such
seaward steppings of subduction zones are reflected in
the repetition of blueschist belts in the Coast Ranges
(Ernst, 1973). After subduction, there must have been
considerable vertical displacement along the Coast
Range faults to bring the blueschist-facies rocks up
from a depth of at least 30 km.

Two fundamentally different ways for generation
of calc-alkaline andesitic and dacitic magmas in an
island-arc environment have been suggested by experi-
mentalists. Green (1972) has suggested that quartz-
normative liquids could be formed in the basaltic
layer of down-going oceanic lithosphere at tempera-
tures >700°C and depths of 70-100 km or by two-
stage melting of the mantle peridotite, the first liquid
being tholeiitic. Yoder (1969), Kushiro and Yoder
(1972), and Kushiro (1972) report a quartz-norma-
tive melt from a simple peridotitic mixture under hy-
drous conditions at temperatures of 1000°-1025°C and
pressures of 10-26 kbar. Green (1973, p. 290) has re-
futed these reports, pointing out that the composition
of the quench glass is not the composition of liquid
formed in equilibrium with primary minerals of the
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FIGURE 2.—Relations between deformation, metamorphism, and plutonism in the northern Sierra Nevada. In relation to
magma chamber A, B is regional contact metamorphism. At the level presently exposed, zone B was metamorphosed to
the border line between the greenschist and epidote amphibolite facies, and contact zone C to andalusite-cordierite (-stau-
rolite) subfacies of the epidote amphibolite facies (Hietanen, 1967).
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peridotite. In similar experiments he found quench
amphibole and quench clinopyroxene crystals in the
glass and concluded that the primary melt is quartz
tholeiitic and the silicic glass a production of fraction-
ation. This argument was supported by the observation
of magnesium-iron disequilibrium partitioning be-
tween the glass and the primary minerals of the peri-
dotite, olivine and orthopyroxene. Boettcher (1973)
recently reported that olivine together with clinopy-
roxene and spinel is a liquidus phase if a magnetite-
wiirstite-water buffer (fo,~10~'!atm)is used in the
experiments. The work of Modreski and Boettcher
(1972) shows further that at high pressures quartz-
normative liquids in equilibrium with olivine are pro-
duced from enstatite plus phlogopite plus water. In-
asmuch as these minerals are common phases in man-
tle peridotite, this relationship would indicate that un-
der certain conditions quartz-normative magmas can
be generated from the wet mantle peridotite. The
model of Nichols and Ringwood (1973) also is based
on the expansion of the stability field of olivine un-
der hydrous conditions. The trend of differentiation
of the tholeiitic magma in their model is toward a po-
tassium-rich calc-alkaline series and would not apply
directly to the origin of the potassium-poor magmas.

The average composition of the andesitic magma
of the Franklin Canyon Formation in the northern
Sierra Nevada was estimated on the basis of areal dis-
tribution and chemical composition of its various
members. This weighted mean composition (table 1,
col. 1) is remarkably close to the composition of the
metadiorite in the same area (table 1, col. 2). Both
contain less silicon and alkalies, especially potassium,
than average calc-alkaline andesites, and more alumi-
num, calcium, and magnesium. The composition is
close to the island-arc basaltic andesite (table 1, col.
3) except for an exceptionally low amount of alkalies
and high calcium and magnesium. These peculiarities
of composition are discussed below under “Plutonic
Magmas.”

Alteration of extreme mafic and silicic layers is typi-
cal of parts of the Franklin Canyon Formation. The
silicic layers are rich in quartz and albite (An;) and
contain muscovite, chlorite, and epidote. The presence
of numerous phenocrysts of quartz and albite in these
layers proves that they crystallized from silicic mag-
mas. The interbedded metadacite has hornblende and
chlorite as dark constituents, and quartz is in the
groundmass and in amygdules. Intercalated with the
silicic metavolcanic rocks are basic layers that con-
sist of hornblende, chlorite, and epidote with minor
albite. Pseudomorphs of chlorite and epidote after
pyroxene and those of albite and epidote after plagio-

GENERATION OF POTASSIUM-POOR MAGMAS

TABLE 1.—Comparison of composition of magmas in the north.
ern Sierre Nevada, island arc, and southwestern Finland
[Values are given in percentage]

Franklin Metadi- Basaltic Plutonic Trond-

Canyon orite andesite Tocks hjemite
Formation in in New in mite

(estimated north- Britain 3 north- series

average)? ern ern in

Sierra Sierra Fin-
Nevada 2 Nevada land

(esti- (esti-

mated mated

aver- aver-

- age)¢ age)s
(1) (2) (3) (4) (5)
Si0; . _______ 51.63 53.36 53.83 66.0 67.6
TiO: - .58 .54 1.01 ——e .04
ALOs _________ 17.81 15.20 15:42 16.0 16.1
Fe:O3 o ____ 2.02 2.56 5.00 _——— 0.6
FeO _________ 4.70 4.95 6.74 2.0 2.6
MnO _________ .13 A7 .20 P 01
MgO _________ 5.83 7.58 4.36 15 15
CaO _________ 10.52 10.36 8.83 4.0 3.6
Na.O _________ 1.96 1.80 2.99 4.5 5.0
KO ________ .06 .03 92 18 1.8

POs o ____ 13 .-16 .21 PR 0

HO o ___ 3.11 2.89 44 [ 0.8
Total ____ 9848 99.60 99.95 100.1 ——

1 Hietanen, 1973b.

2 Hietanen, 1973b, table 1, sample 465.
3 Lowder and Carmichael, 1970.

4 Hietanen, 1973b, table 3.

5 Hietanen, 1943.

clase are common. These layers are extremely rich
in calcium (15 percent CaO) and aluminum (20 per-
cent Al,0,) and contain only about 40 percent SiO..
They probably represent accumulations of clinopy-
roxene, hornblende, and calcic plagioclase from the
basaltic andesite magma of the early island-arc type.
No potassium-bearing minerals occur in any of the
rocks of the Franklin Canyon Formation, and the
K,O content is consistently below 0.2 percent.

The chemistry and stratigraphy of the Permian(?)
metavolcanic rocks in the northern Sierra Nevada—
the Horseshoe Bend Formation—are very different
from those of the Devonian(?) meta-andesite suite—
the Franklin Canyon Formation. The Permian(?)
lavas are mainly basaltic with discontinuous inter-
layers of potassium-rich rhyolite in the lower part of
the section and only a few small occurrences of ande-
site, dacite, and sodarhyolite within the interlayered
sedimentary rocks. The occurrence of potassium-rich
metarhyolite as discontinuous layers and lens-shaped
bodies within the metabasalt indicates contemporane-
ous eruption of these two end members. Yoder (1973),
in reviewing several field occurrences of contempor-
aneous basalt and rhyolite, suggested, on the basis
of Kushiro’s (1969) study of the diopside-forsterite-
silica system, that melting of a quartz-normative
parent rock would yield a rhyolitic melt until all
quartz is exhausted. Upon removal of this melt, the
bulk position would move to the diopside-enstatite
join. Further melting would require a higher tem-
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perature, and the liquid formed would be basaltic. No
intermediate compositions would occur.

The transition from Devonian(?) to Permian(?)
volcanism involves a radical change in the potassium
content of the magmas from potassium-poor to po-
tassium-rich, a trend not explained by these experi-
ments. The potassium content is apparently time de-
pendent, as in the stratigraphic columns of some mod-
ern island arcs that do not have a clearly developed
seismic plane or where this plane is steep, as dis-
cussed by White, Jakes, and Christie (1971) and Jakes
and White (1972). Individual volcanoes in the Fiji
Islands show similar trends (Gill, 1970). Glikson
(1972) has pointed out that the pattern of evolution of
magmas in early Precambrian time was similar to
that in the Fiji volcanoes and suggested that the in-
crease in the potassium content was brought about by
repeated partial fusion, first of oceanic crust, then
of its differentiation products. The details of the pos-
sible mechanism were not discussed.

The recent experimental work by Allen, Modreski,
Haygood, and Boettcher (1972), Modreski and
Boettcher (1972), and Boettcher (1973) on the stabili-
ties of amphiboles and biotite or phlogopite at high
pressures and temperatures provides a possible ex-
planation for the increase in potassium with time. On
the basis of their experimental work, they suggest
that amphiboles are stable down to depths of 75 km,
whereas phlogopite does not begin to decompose un-
til depths of about 100 km and ceases to be stable
at depths greater than 175 km. When the subducting
oceanic lithosphere reaches depths of 60-90 km, am-
phiboles would break down, releasing water for mag-
ma generation from basaltic rocks. Most of the
sodium would be incorporated into the magma, where-
as potassium might remain as phlogopite or biotite.
This would yield a high Na:K ratio for the early
magmas. After the oceanic plate had descended to
depths of 100 km, biotite would begin to decompose,
releasing potassium into the magma. Inasmuch as
oceanic plates have been traced down to depths of
600-700 km as cool rigid bodies (Barazangi and
others, 1970), it is likely that the earliest quartz nor-
mative magmas are generated from the mantle peri-
dotite of the contental plate above the Benioff zone
by adding only water from the subducting, oceanic
lithosphere below. The relative stabilities of amphi-
boles and phlogopite could still give rise to the forma-
tion first of sodium-rich, and, somewhat later of po-
tassium-rich magmas. According to the experimental
work of Huang and Wyllie (1973), muscovite is not
stable at high pressures and could not contribute to
the change of the Na:K ratio across island ares.
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According to the stability relations between horn-
blende and biotite, the change from potassium-poor
Devonian(?) to potassium-rich Permian(?) magmas
in the northern Sierra Nevada would require an in-
crease in the pressure of magma generation. Such an
increase could be brought about by stepping of the
Benioff zone to the west or by thickening of the crust
above the magma chamber by accumulation and de-
formation, as suggested earlier (Hietanen, 1973a).
Seaward steppings of the Benioff zone in the island-
arc systems are common. Such an event seems the most
likely cause for the repetition of potassium-poor ande-
sitic volcanism west from the Paleozic volcanic rocks
in Mesozoic time (figs. 1 and 2). Thickening of the
crust by accumulation and tectonism is indicated by
the stratigraphy and structure of the area. All these
mechanisms could have been in operation to increase
the load pressure above the zone of partial fusion.
Thickening of the crust of the continental plate from
Devonian(?) to Permian(?) by accumulation, folding,
and faulting could have been of order of 10-20 km
and could alone have produced the increase in pressure
necessary to break down phlogopite and release po-
tassium into the magma.

Plutonic magmas

The earliest plutonic rocks in the northern Sierra
Nevada are small synkinematic bodies of gabbro,
quartz diorite, and trondhjemite that were deformed
and recrystallized with the Paleozoic metavolcanic
rocks (Hietanen, 1973b). In their chemical composi-
tion and trace-element content, these rocks are simi-
lar to the equivalent effusive rocks, suggesting a com-
mon origin. The plutonic magmas intruded their own
voleanic pile.

Large quantities of plutonic magmas were gener-
ated later, at the end of the peak of Jurassic defor-
mation. These magmas contain more potassium than
the earliest ones, the average (table 1, col. 4, estimated
on basis of areal distribution of analyzed rocks; Hiet-
anen, 1973b, tables 3, 4) being similar to the western
sequences in the central Sierra Nevada (Bateman
and Dodge, 1970). Members of a typical calc-alkaline
differentiation series from hornblende gabbro and
quartz diorite to monzotonalite and granite crystal-
lized from these magmas. Comparison with the earli-
est group shows that there was a notable increase in
the potassium content of the plutonic magmas with
decreasing age (as was true also for the extrusive
magmas). Generation of large quantities of quartz
dioritic magma most likely resulted from partial melt-
ing of basaltic rocks attached to the seafloor of the
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downgoing slab during early stages of subduction.
These rocks could have been dehydrated during the
generation of andesitic extrusive magmas and would
consist of eclogite and gabbro, and therefore, accord-
ing to the models of Hanson and Goldich (1972) and
Arth and Hanson (1972) would yield quartz dioritic,
tonalitic, and trondhjemitic magmas.

An explanation for the low potassium content of
these magmas could be the same as that proposed by
Allen, Modreski, Haygood, and Boettcher (1972) for
the low potassium content of early island-arc ande-
sites, that is, retention of potassium in the form of
phlogopite in the residue. Under these conditions the
partial melting that produced trondhjemitic magmas
would have occurred at depths of less than 100 km.

An alternative model for the origin of trondhje-
mites is by the separation of abundant biotite at an
early stage during the crystallization differentiation
of “wet” gabbroic (or dioritic) magma. This origin
was first proposed by Goldschmidt (1922) for trond-
hjemites in the type locality in Norway and thought
by Hietanen (1943) to explain the origin of similar
rocks in Finland. The difficulty in this model in Fin-
land, however, is the relative amounts of trondhje-
mite (60 percent) and associated tonalite (30 percent)
and diorite (10 percent) and the absence of exception-
ally large amounts of biotite in the tonalitic rocks.
The chemical analyses (Hietanen, 1943; see figs. 5, 6)
show that all members of the differentiation series
are low in potassium, the weighted average (table 1,
col. 5) being close to the average of plutonic magmas
in the northern Sierra Nevada. This leads to the con-
clusion that the parent magma, formed by partial
melting of an unknown source rock, was low in po-
tassium. In essence, the problem is once more returned
to the rentention of potassium in a residue. Inasmuch
as phlogopite (or biotite) is the only potassium-rich
mineral stable at mantle depths, it seems that this
mineral played a dual role in generation of trond-
hjemitic magmas.

Only some of the quartz dioritic plutons in the
northern Sierra Nevada differentiated toward a
trondhjemitic center or are cut by trondhjemitic dikes
in which the potassium feldspar content is 2 to 10 per-
cent. Crystallization of large quantities of biotite at
an earlier stage explains the scarcity of potassium
feldspar in these late-stage trondhjemites. Numerous
hexagonal biotite phenocrysts are common in rhyolitic
sheetlike bodies along the eastern border of the Mer-
rimac pluton (Hietanen, 1951, pl. 2). Most of the po-
tassium in this rock (4.3 percent) is in these early
biotite phenocrysts. Some other plutons have a trond-
hjemitic core surrounded by a zone of biotite-rich (10
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percent) tonalite. These relations suggest that an
early fractionation of biotite in a dioritic or grano-
dioritic magma can yield only a small amount of
trodhjemitic end product unless the parent magma is
low in potassium.

The simultaneity of the cessation of deformation
and formation of large quantities of calc-alkaline plu-
tonic magmas supports the concept that both these
events resulted from a large-scale partial fusion of the
subducted oceanic lithosphere as well as of the deeper
part of the continental plate above it. Neither plate
supported a further deformation. As suggested earlier
(Hietanen, 1973a), magmas rising from the mantle
initiated partial or total melting in deeper parts of
the downfolded metavolcanic and interbedded meta-
sedimentary rocks, resulting in mixed origin of most
plutonic magmas. In support of this mixed origin,
the 0.703-0.708 Sr87/Sr®* ratios of the plutonic rocks
(Hurley and others, 1965; Kistler and Peterman,
1973) are somewhat higher than those of the mantle-
derived basalts and andesites. Trondhjemitic affinities
of the Bald Rock pluton (Hietanen, 1951; Compton,
1955) were probably enhanced by digestion of large
quantities of the Mesozoic potassium-poor metavol-
canic rocks into which this pluton was emplaced. Soda-
rhyolitic layers among these rocks contain only 0.9
percent K,O but 4.7 percent Na,O (Hietanen, 1951).

At the present level of erosion, selective partial fu-
sion of the metamorphic rocks is reflected in their
chemical composition. Comparison with unmetamor-
phosed island-arc andesite (table 1) and the average
of andesites and dacites as given by Daly (1933) and
Chayes (1969) suggests that the metavolcanic rocks
have lost much of their alkalies and silicon and have
been enriched in calcium and magnesium. Their
mineralogy and textures indicate that these changes
took place during regional metamorphism (B in fig.
2). In many layers large amounts of amphibole and
epidote minerals, which form stable mineral assem-
blages with albite at low to medium metamorphic
temperatures, increase the amount of calcium and
magnesium to several percent more than is common
in average andesite and dacite. Silica is notably low
(41 percent, Hietanen, 1973b) and there is less than
0.1 percent K,;O. Yet in many dacitic and rhyolitic
layers relict phenocrysts of quartz are preserved.
There must have been extensive outward migration of
silicon and alkalies during the metamorphism. Com-
parison of the mean composition of the plutonic rocks
(table 1, col. 4) with that of calc-alkaline andesites
shows that the plutonic rocks contain considerably
more silicon and alkalies and less calcium, iron, and
magnesium than the average andesite (table 1, col. 4).
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The elements lost (Si, Na, K) and gained (Ca, Fe,
Mg) by the metavolcanic rocks during metamorphism
should be added to, and subtracted from the andesitic
magma to yield magma of the same composition as
the plutonic rocks. This supports the hypothesis of
migration of silicon and alkalies from the surrounding
rocks into a eutectic melt forming in the lower part
of the crust.

Mineral assemblages in the metamorphic contact

aureoles of the plutons provide some limiting values
to the possible pressure-temperature conditions of the
generation of the monzotonalitic magmas. The andalu-
site-cordierite-biotite assemblage is common in pelitic
layers next to the plutons. Staurolite occurs in the
outer contact aureole but has been pseudomorphosed
to mica in the highest grade zone. Pressures during
metamorphism were lower than at the triple point of
the three aluminum silicates and temperatures higher
than the upper stability limit of staurolite. Tempera-
tures of about 600°C and pressures around 4 kbar
seem reasonable and could have been reached 12 to 15
km below the surface. The region of melting was at
a lower level. Assuming a geothermal gradient of
30°-25°C/km, monzotonalitic magma could be formed
by differential melting at about 700°C (Piwinskii,
1968) at depths of 25-30 km. Textures of the plutonic
rocks suggest that this magma contained crystals of
plagioclase (Ang_s), epidote, hornblende, and biotite.
Oscillatory zoning and resorption of early plagioclase
phenocrysts indicate fluctuations in the pressure-tem-
perature conditions and in the composition of the melt.
Large amounts of early epidote may have been in-
herited from the metavoleanic rocks digested by the
magma.

Cenozoic volcanism

Volcanism in the western Cordilleran region was re-
newed after the large deep-seated batholiths solidified
and were exposed by erosion when the crust of the con-
tinental margin was cool and rigid again. The evolu-
tion of this late volcanism is related to a renewed
subduction of the Pacific floor under the North Ameri-
can continent in Cenozoic time (Dickinson, 1970; Lip-
man and others, 1972). A change from predominant-
ly island-arc type andesitic volcanism to a bimodal
basalt-rhyolite phase occurred in late Cenozoic time
(Christiansen and Lipman, 1972).

Late Cenozoic basaltic lavas east of the Sierra Ne-
vada are thought by Scholz, Barazangi, and Shar
(1971) to be related to an extensional deformation
typical of interarc basins behind the island ares simi-
lar to the process suggested by Karig (1971) for de-
velopment of marginal basins in the western Pacific.
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An interarc-type spreading in the Basin and Range
province could be a direct result of the termination of
subduction of the Pacific floor under the North Ameri-
can continent. Scholz, Barazangi, and Sbar (1971) have
suggested the following mechanism for the related
volcanism : Partially melted material from the upper
part of the subducting slab rises diapirically through
the mantle, is trapped beneath the lithosphere, flat-
tens there, and spreads outward ; extensional deforma-
tion accompanied by volcanism occurs when the stress
is released.

SVECOFENNIAN IGNEOUS ROCKS

Outline of general geology

Radiometric age data obtained in recent years from
rocks in all parts of the Fennoscandian Shield have
radically changed the formerly accepted concept of
an Archean age for the highly migmatized Svecofen-
nian foldbelt and its tectonic relation with the “Kare-.
lian” foldbelt to the east. The “Karelian belt” con-
sists mainly of well-preserved shelf type sedimentary
rocks, such as quartzite, dolomite, and pelite, and was
considered to be younger than the more highly meta-
morphosed and migmatized Svecofennian eugeosyn-
clinal graywacke-type sediments and interbedded vol-
canic rocks. Synkinematic plutonic rocks in these two
foldbelts, however, are of about the same age, 1.7-1.9
b.y. (Kouve and Tilton, 1966; Kouvo and Kulp,
1961; Wetherill and others, 1962; Welin, 1966a, b;
Welin and others, 1971), suggesting that they repre-
sent different facies of the same orogenic belt. The
basement gneisses east of the “Karelian” sedimentary
formations are older, 2.6-2.8 b.y. (Kouvo and Tilton,
1966 ; Kahma, 1973). The oldest part (>3.6 b.y.) of
the Fennoscandian Shield is farther northeast in the
Kola Peninsula, where, according to Pavlovskiy
(1971), basal conglomerate of the highly metamor-
phosed Kola Series rests on gabbroic and noritic
rocks. Granites cutting the Kola Series have potas-
sium-argon ages of 2.8-3.6 b.y. and uranium-lead-
thorium ages of 2.8 b.y. (Gerling, Kratz, and Lobach-
Zhuchenko, 1968).

A wide mineralized fault zone (I{ahma, 1973) shown
as the Svecokarelian fault zone of figure 3, separates
the older (2.6-2.8 b.y.) Karelian block to the northeast
from the Svecofennian block (U-Pb ages 1.8-1.9
b.y.) to the southwest. In central Sweden, where the
Svecofennian formations continue, they are bordered
by younger (1.2-1.7 b.y.) north-south-trending Goth-
ian formations to the southwest (Lundegirdh, 1971;
Hjelmqvist, 1978) and by the Paleozoic Caledonian
Mountains to the west-northwest. The ages of synkine-
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Fieure 3.—Geotectonic elements and their radiometric ages
in the Fennoscandian Shield. Svecokarelian fault zone

separates the older (2.8 b.y.) continental Karelian block -

from the younger Svecofennian block, which was trans-
formed from oceanic to continental during the Svecofennian
orogeny (1.9-1.7 b.y. ago).

matic plutonic rocks in these tectonic blocks are gen-
erally younger westward. The exposed Svecofennian
area extends for about 1000 km in an east-west di-
rection through southern Finland and central Sweden
and for more than that in the north-south direction in
Sweden.

Several anticlines and synclines on east-west trend-
ing axes have been mapped in southern Finland and
central Sweden. Farther north, the trends wrap
around the granite complex of central Finland (fig.
4) and turn to the northwest and north in northern
Sweden. Near Vassa, on the east coast of Bothnian
Gulf, the trends bend around a synkinematic granite
pluton, conforming with the geosynclinal structure of
central Norrland in Sweden (Magnusson, 1960), west
of the gulf. A low ratio between the length and width
of this “geosyncline” as well as of other sedimentary
basins in the Svecofennian belt, the type of folding
(eye folds and flow folds being common), a diapiric
rise of numerous granite masses and a profound mig-
matization of high grade metamorphic rocks are fea-
tures common in many other Precambrian shield areas
(for example Windley and Bridgewater, 1971; An-
haeusser and others, 1969). Comparison of the litho-
logy of the Svecofennian belt in southwestern Fin-
land with that of the northern Sierra Nevada, how-
ever, brings out many similarities between these two
orogenic belts of vastly different ages.

POTASSIUM-POOR MAGMAS

A complete stratigraphic column of the Svecofen-
nian belt in Finland is difficult to establish because
the area is intruded by plutonic masses of various sizes
to the extent that only about one-third of the ground
is underlain by older metamorphic rocks (fig. 4). From
detailed studies of several small but well-preserved
parts of the area (Eskola, 1914; Hietanen, 1943, 1947;
Neuvonen, 1954, Harme, 1954, 1960, Seitsaari, 1954;
Edelman, 1960, Gaal and Rauhamiki, 1971; Laitala,
1973), its is clear that the metamorphic rocks in the
Svecofennian belt originally were mainly graywacke-
type sediments interbedded with argillaceous and
arenaceous layers and metavolcanic rocks, constituting
a sedimentary-volcanogenic succession typical of
eugeosynclinal orogenic belts. The occurrences of
quartzite and limestone are few and small. The meta-
volcanic rocks are either basaltic lavas and tuffs meta-
morphosed to amphibolites, or silicic and intermediate
metavolcanic rocks interbedded with tuffaceous and
sedimentary material and generally mapped as leptite.
The leptites are particularly common in the east-west
trending zone through Orijarvi and Kemioé (Eskola,
1914, 1963) in southern Finland, where they form
the lowest part of the stratigraphic section (Edelman,
1960) and include andesitic, dacitic, and rhyolitic
rocks. They are overlain by metasedimentary and basic
metavolcanic rocks. A few discontinuous limestone
layers occur in this zone. In the westernmost part of
the Svecofennian belt, in central Sweden, where open
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Fi1GURE 4.—Distribution of plutonic rocks in southern Finland.
Modified from Simonen (1960a). Fault zone, here named
Svecokarelian, according to Kahma (1973).
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folding allows establishing a stratigraphic succession
with considerable certainty (Geijer, 1963; Hjelmqvist,
1966), soda-rich volcanic rocks predominate in the
lower part of the section, whereas potassium-rich
rhyolites and some intermediate and mafic volcanic
rocks are in the upper part. Chemically precipitated
sedimentary rocks such as carbonates and quartz-
banded iron ores are common in the lower part. The
upper part of the leptite formation in central Sweden
consists mainly of detrital material: slate and argil-
lite in the western part and shales and subgraywacke
in the eastern part.

A wide synclinal basin filled by graywacke-type
metasediments interrupts the leptite belt in central
Norrland, Sweden. This basin, a geosyncline accord-
ing to Magnusson (1960), continues eastward to cen-
tral Finland, where it has been intruded by a large
granite complex. North of the basin in the Skellefted
region, Sweden, metavolcanic rocks crop out again and
form there the lowest part ot a stratigraphic section
(Gavelin, 1955). All members of a potassium-poor
island-arc type andesitic suite are represented rang-
ing from sodarhyolite (keratophyre and quartz
keratophyre by Gavelin, 1955) through dacite to an-
desite and basalt.

The grade of metamorphism increases generally
from north to south. In Finland, the lowest grade is
near Tampere, just south of the central granite com-
plex where the graywacke-type sediments are meta-
morphosed to the epidote amphibolite facies. Farther
south and west, these sediments were recrystallized to
micaschists with cordierite and andalusite at places;
the highest grade rocks, cordierite-garnet-sillimanite-
biotite-potassium feldspar gneisses, are common in
southernmost Finland.

The primary structures of the metasedimentary
rocks, such as graded bedding, are excellently pre-
served in the low-grade zone near Tampere. In the
high-grade zone near Turku, bedding and foliation
are recognizable except where obliterated by intense
migmatization. The folding on eastward-plunging
axes is isoclinal or gentle with round hinges. Folia-
tion parallel to the axial planes is vertical or dips
steeply. Near the plutonic masses and in places where
pegmatitic material is abundant, a second folding
around steep axes is common, particularly in migma-
tites, in which intricate flow folding typical of all
Precambrian migmatite areas prevails.

Evolution of magmas and plate tectonic model

In relation to the deformation of the Svecofennian
foldbelt, two major structural groups of plutonic
rocks can be distinguished, synkinematic and late
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kinematic. Several large masses of younger postor-
ogenic rapakivi granite were emplaced after all de-
formational movement had ceased.

The earliest synkinematic plutonic rocks in south-
western Finland are trondhjemites and charnockites,
both poor in potassium. They occur as long sheetlike
masses parallel to the folded bedding of the cordierite-
garnet gneisses and show the same structural patterns,
including orientation of minerals, as their metasedi-
mentary wall rocks (Hietanen, 1943). It is unlikely
that these thin masses would have traveled through
great crustal thicknesses without losing their initial
heat. Farther east and northeast, the synkinematic
plutonic rocks consist mainly of quartz diorite and
granodiorite with some gabbroic rocks. Trondhjemitic
masses, however, occur locally to the eastern border
of the Svecofennian belt (Gaal and Rauhamiki, 1971).

Near Turku, granodiorite is a member of a differen-
tiation series represented by small sheetlike or oblong
masses of gabbro, quartz diorite, granodiorite, and
granite. The contacts are generally concordant but
at some places granodiorite cuts the veined structure
of the cordierite-garnet gneiss. These contact relations
and signs of only a weak deformation indicate that
the granodiorite and related quartz diorite were em-
placed later than the trondhjemite series (Hietanen,
1947).

Near Tampere, granite with a eutectic Q-Or-Ab
composition represents the silicic end member of a
normal differentiation series from gabbro through
quartz diorite and granodiorite to granite (Simonen,
1960b). The individual plutonic masses are elongate in
the direction of the regional trends and may have in
part concordant and in part discordant contacts. Foli-
ation and lineation are well developed near the con-
tacts and are parallel to the steep foliation and linea-
tion of the wall rocks. The shouldering effect of the
rising magma is demonstrated by a common curva-
ture of the structures of the wall rocks around the
masses. According to Simonen (1960b), similar struc-
tures are typical of the central granite complex, espe-
clally of masses of intermediate composition, whereas
many of the granite bodies show minerals in random
orientation. Based on these contact relations and struc-
tures, the granites near Tampere and those in central
Finland are considered late kinematic.

Large quantities of microcline granite exceptional-
ly rich in potassium feldspar invaded southernmost
Finland during the latest stages of deformation (fig.
4). These rocks occur in the broad east-west zone where
the early kinematic rocks are poor in potassium. The
individual masses range from a few hundred meters
to 50 km or more in length, have mainly concordant
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but irregular outlines, and include numerous elongate
and ghostlike remnants of older rocks, still in their
original position. A profound migmatization, anatexis,
and potassium-feldspathization of all older rocks are
genetically connected with the microcline granite.
Large masses of rapakivi granite, emplaced later after
the Svecofennian orogeny (age 1.6 b.y.; Kouvo and
Tilton, 1966) also are exceptionally rich in potassium
feldspar.

The chemistry of the charnockitic suite is identical
with that of the trondhjemitic suite. The differences
between the suites are strictly mineralogical and reflect
the water content of the magma. The two-pyroxene—
potassium-feldspar assemblage typical of the “dry”
charnockites is replaced by hornblende and biotite in
the “wet” trondhjemites. In the ternary Or-Ab-An
and Or-Ab-Q diagrams (figs. 5 and 6), the molecular
norms for both rock series plot in the same area far
from the orthoclase corner. In the QFM diagram (fig.
7), the charnockites (7-10) plot with the trondhje-
mites close to the feldspar (F) corner. In contrast the
late-kinematic microcline granite plots toward the
orthoclase corner (T17 in figs. 5 and 6), as would
the postkinematic rapakivi.

Simonen (1960b) has plotted the weight norms of
all analyzed Svecofennian plutonic rocks in various
ternary diagrams. The ternary diagram (fig. 8) modi-
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fied from his Or-Ab-An diagram shows that the oldest
synkinematic plutonic rocks, the trondhjemite and
charnockites, are poor in normative orthoclase and
that the synkinematic granodiorites have only a
moderate or low orthoclase content. In contrast, the
silicic end members of the late-kinematic quartz dio-
rite-granite suite of central Finland have a composi-
tion of eutectic melts, and the youngest group, the
microcline granites, are exceptionally rich in potas-
sium.

In summary, the potassium content of the plutonic
magmas increased with decreasing age and plutonism
migrated northward to central Finland, where the
youngest plutonic rocks are late kinematic granites
with eutectoid composition. In southernmost Finland,
the zone of early potassium-poor plutonism was re-
invaded during the latest phase, and these younger
magmas were exceptionally rich in potassium. The
increase in the potassium content of the plutonic
magmas from the south to north and with time is
similar to that in the Sierra Nevada from the west
to east.
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The evidence for a similar fractionation of alkalies
during the Svecofennian volcanism in Finland is frag-
mentary and obscured by later migmatization and po-
tassium-feldspathization. Sodium-rich and potassium-
rich silicic metavolcanic rocks have been reported
from areas where leptite is well preserved. In central
Sweden, where the stratigraphic sequence has been
established, the sodium-rich volcanic rocks are older
(Geijer, 1963; Hjelmqvist, 1966). Moreover, minor
rhyolitic leptites with considerable potassium-felds-
par are interbedded with basaltic metavolcanic rocks
near Tampere and to the southwest (Eskola, 1963;

Neuvonen, 1954). These volcanogenic features, together-

with stratigraphic features, such as prevalence of
graywacke-type metasedimentary rocks and scarcity
of limestone indicate broad similarities in the evolu-
tion of the Svecofennian and western Cordilleran
metamorphic belts.

The similarities in magmatic evolution suggest a pos-
sibility of similar plate-tectonic development for the
western Cordilleran and Svecofennian orogenic belts.
An island-arc system may have existed southwest of
the Karelian continent at the time when shelf-type
sediments were deposited on the continental margin
(fig. 9). Volcanoes in this island arc poured out
andesitic to rhyolitic lavas in which the potassium con-
tent increased with time. Graywacke-type sediments
were deposited in an inter-arc basin between the con-
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Ficure 8.—Or-Ab-An diagram showing normative proportions
of orthoclase, albite, and anorthite in weight percentages for
rocks. of_synkinematic trondhjemite-charnockite series (solid
line) and granite series (broken line). Late kinematic micro-
cline granites” (dotted line) are richer in potassium felds-
par than the older granites. Modified from Simonen (1960Db).
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F1gURE 9.—Cross-section through figure 3 from southwest to
northeast .showing the possible island-arc system in the
Fennoscandian Shield 2.5 to 2 b.y. ago. Deposition of quartz
sand, dolomite, and pelite on the Karelian continental shelf,
deposition of. graywacke-type sediments in the Bothnian in-
terarc basin, and volcanism in the Svionian island arc were
coeval. The oldest nucleus is in Kola Peninsula at right and
the subduction zone marked by a trench on the surface at
left.

tinent and the island arc. In detail, the type of sedi-
mentary and volcanogenic rocks deposited depended
on the geotectonic environment and closeness of either
the continent or the island-arc volcanoes.

The old familiar names of geologic units, such as
Karelian;-Svecofennian, Bothnian, and Svionian have
lost their original meaning, which contained a con-
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notation of relative ages that was later disproved by
radiometric age determinations. However, the geo-
graphic connotations may be preserved, and new geo-
tectonic meanings can now be attached to these names,
as shown in figure 3. The Svecokarelian fault zone
separates the oceanic Svecofennian block in the south-
west from the continental Karelian block in the north-
east. The Svionian island arc is shown through the
leptite belt. The Bothnian Basin, in essence an interarc
basin between the Karelian continent and the Svio-
nian island arc, truncates the volcanic belt in the west,
possibly indicating a zone of weakness parallel to a
preexisting east-west lineament. The trench associated
with the subduction zone in this plate-tectonic model
could have been in southwest Sweden, where Gothian

formations are separated from the Svecofennlan belt‘

by a sharp boundary.

For about 40 years the-name- “K'ueha,n”’ has been
used collectively for all:the. mlooeosynchnal sedimern-

- tary rocks (quartzite, dolonute, pehte) dep051ted on

arelian, contment To
,ehan in thls paper is

the contlnental she]f of; thel
avoid copfusmn, _the name: ]

and its evi utlonary pemod wheleas the name “Kale-
vian,” formerly used for some of the schist and phyl-
lite units of the. shelf facies, is here proposed as a col-
lective name for the metamorphic rocks northeast of
the Svecokarelian fault zone. '

The differences in the geotectonic environment and
the thickness of underlying crust are likely causes for
differences in tectonic features of the eastern (Kale-
vian) and the western (Svecofennian) foldbelts. The
Kalevian shelf sediments were deposited on a con-
tinental margin that had been thickened by an earlier
orogeny and by a large volume of earlier (2.8-b.y.-old)
granite, whereas the Svecofennian belt was underlain
by a thin oceanic crust in which basins can easily form
parallel to some earlier lineament. Tuffs and gray-
wacke-type sediments were deposited in a wide sub-
siding basin between the continent and the island are,
and a major fault zone developed along the boundary
between the two major domains. During the Sveco-
fennian orogeny 1.9-1.7 b.y. ago, all sediments and
volcanogenic rocks were folded and intruded by plu-
tonic magmas. The curvature of the Svecofennian
trends around the granite complex of central Finland
suggests that the trends were modified by diapiric em-
placement of large masses of granite. This is supported
by the fact that the trends northeast of the granite
complex are parallel to the Svecokarelian fault zone
and in northern Sweden the east-west trends turn to
the north.

GENERATION OF POTASSIUM-POOR MAGMAS

The emplacement of large volumes of microcline
granite during the latest phase of the Svecofennian
orogeny was accompanied by extensive development
of migmatites or veined gneisses. The granitic plutons
commonly have gradational contacts and include
ghostlike remnants of wall rocks, indicating that large
amounts of older rocks were digested by the magma.
It has been suggested by Scandinavian geologists that
these granites are products of granitization (Simo-
nen, 1960b) or palingenesis or formed through par-
tial melting of the metamorphic rocks, particularly
those of sedimentary origin (Gavelin, 1955; Magnus-
son, 1960; Harme, 1962). If the granitic veins of the
migmatites formed through partial melting and segre-
gation, then large masses of granite could indeed have

:formed' by segregation of granitic melt from down-
. folded metasedimentary and metavolcanic rocks at
levels not much below the present erosion surface.
.Diapiric rise of calc-alkaline magma rich in potassium

from the upper mantle into these downfolded meta-
morphic rocks probably initiated a large-scale melt-
ing and raised the potassium content of the newly
formed magmas above that of the earlier granite.

A general increase of the Sr®7/Sr®® ratio with a de-
crease in age in similar granites in Sweden (Welin
and others, 1971) agrees with the concept that the
region of melting expanded upward to the lower part
of the downfolded strata. The experimental work by
Stern and Wyllie (1973a, b) indicate that granitic
liquids are not obtained at mantle pressures existing
in the subduction zones but rather at crustal depths
less than 35 km. Depths of only about 15 km are in-
dicated for the partial melting of the Svecofennian
migmatites by mineral assemblages such as andalu-
site-cordierite and cordierite-garnet-sillimanite in the
parent rocks (Hietanen, 1967).

COMPARISON OF THE PRESSURE-TEMPERATURE
CONDITIONS FOR THE MELTING OF GRANITE

The major difference in conditions of magmatic
evolution in the western Cordilleran and Svecofen-
nian orogenic belts is a higher temperature and there-
fore much more extensive melting during the latest
phase of plutonism at the level exposed in the Sveco-
fennian area. It has been suggested by many investi-
gators that this higher temperature is a function of a
deeper level now exposed in the Precambrian areas
such as the Svecofennian. The metamorphic mineral
assemblage (andalusite-cordierite-sillimanite) found
in both areas, however, indicates about the same pres-
sure level. In the northern Sierra Nevada, cordierite
and andalusite crystallized only near the contacts of
the plutons, whereas the rocks farther from the plu-
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tons were recrystallized under conditions transitional
between the greenschist and epidote amphibolite facies.
In the Svecofennian area sillimanite is common with
cordierite, and hypersthene rather than hornblende
crystallized locally. This indicates temperatures close
to the border of the higher amphibolite and the cor-
dierite granulite facies, which is within the region of
melting of granite (Hietanen, 1967). The higher tem-
perature can be attributed to a more extensive radio-
active heat production in Precambrian time and to
the fact that the crust was thin and the heat flux from
the mantle therefore higher. Radioactive decay and
thickening of the crust probably were the major causes
for the changes in the geothermal gradient and the
depth of melting with time.
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PROGRESSIVE METAMORPHISM OF SCHISTS RECOVERED
FROM A DEEP DRILL HOLE NEAR FAIRBANKS, ALASKA

By ROBERT B. FORBES * and FLORENCE R. WEBER,
Fairbanks and College, Alaska

Abstract.—In 1965, a deep test hole drilled near Eielson Air
Force Base, Fairbanks district, Alaska, penetrated 9,774 ft
(2,979.1 m) into schists of the metamorphic complex of the
Yukon-Tanana Upland. Cores recovered from the test hole show
that the section is dominated by calc-magnesian rocks with
subordinate pelitic schists. Pelitic mineral assemblages define
a progressive increase in metamorphic grade with depth, from
. the garnet to the kyanite isograd. Diopside first appears in the
cale-magnesian schists that were cored at a depth of 9,766 ft
(2,976.5 m), indicating the onset of the reaction: Tremolite
-+ 3 calcite 4+ 2 quartz->5 diopside 4+ 3CO0:+4H:0. Ubiquitous
staurolite and rare andalusite occur in the kyanite-bearing
pelitic schists. Andalusite appears to have crystallized under
postkinematic conditions, and the staurolite is apparently of
both synkinematic and postkinematic origin. Hornblende and
biotite from calc-magnesian schists sampled at depths of
7,1421% ft (2,176.9 m) and 9,766 ft (2,976.5 m) gave “K/“Ar
ages of 140+8 and 57.3+1.9 m.y., respectively. The hornblende
age is believed to represent the age of the latest synkinematic
metamorphism, and the biotite age appears to be an anom-
alously young one related to the outgassing of argon from
biotite at greater depth in the section. Recent experimental data
on andalusite-kyanite-sillimanite and staurolite equilibria and
the stability field of calcite4-quartz--tremolite versus diopside
in cale-magnesian rocks suggest that the rocks recovered from
the 8,218- to 9,770-ft (2,504.7- to 2,977.7-m) interval were
synkinematically recrystallized at crustal depths of 17 to 19
km and at temperatures of 515° to 580°C; the present thermal
gradient (31.5°C/km) is similar to that which accompanied
metamorphism in Jurassic time.

The core samples discussed in this paper were re-
covered from the Eielson deep test hole adjacent to
Eielson Air Force Base (sec. 2, T. 2 S., R. 5 E., Fair-
banks Meridian), approximately 26 mi (41.8 km) east-
southeast of Fairbanks, Alaska (fig. 1). The hole was
drilled by the Brinkerhoff Drilling Co. under contract
to the Corps of Engineers, U.S. Army.

The drill site is at an altitude of 1,350 ft (411.5 m)
above sea level in the low hills that define the south-
west margin of the Yukon-Tanana Upland. The up-
land in this area is maturely dissected terrain with a
relief of approximately 2,500 ft (762 m). The site is

1 University of Alaska, Fairbanks.

flanked by the Chena River valley to the north and
the Tanana River flood plain and valley to the west.
Outcrops are rare near the site, as the hills are mantled
with loess derived from the Tanana River flood plain.

Several exploratory holes were drilled by the U.S.
Corps of Engineers to acquire bedrock information be-
fore drilling of the deep test. Additional bedrock data
were gathered from roadcuts, powerline cuts, and other
excavations in the area.

The deep test was spudded in on April 26, 1965, and
completed to a depth of 9,774 ft (2,979.1 m) in De-
cember of that year. Eleven 314-in (8.9-cm) cores
(recovered diameter) were taken at approximately
1,000-ft (304.8-m) intervals, and samples of the well
cuttings were taken at 10-ft (3.05-m) intervals during
drilling. Average recovery was about 4 ft (1.2 m) per
core.

This particular drill hole offers unique opportunities
for geophysical and petrologic studies because it cuts
schists of the Yukon-Tanana metamorphic complex
throughout its entire length, and the section pene-
trated by the drill hole is better exposed than any in
the surrounding uplands. The edge of a quartz mon-
zonite pluton is within 2 mi (3.2 km) of the test site,
and some thermal effects on the rocks from the em-
placement of this body were noted.

(Geothermal and heat-flow data have been measured
from the drill hole by Lachenbruch and Bunker
(1971). Radioelement distribution in the hole was re-
ported by Bunker, Bush, and Forbes (1973).

Acknowledgments.— We gratefully acknowledge
the cooperation of the U.S. Army District Engineers
in obtaining core samples and data from the Eileson
deep test hole and the collaboration of A. H. Lachen-
bruch and J .H. Sass on the geophysical implications
of our findings.

PETROLOGIC SETTING OF DRILL SITE

The site is in a northeast-trending belt of rocks of
the greenschist facies of probable early Paleozoic age
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F1gUure 1.—Geologic map of the Yukon-Tanana Upland Showing the location of the Eielson deep test hole. Modlﬁed by authors

from Foster and others (1973) and Beikman (1974).

(fig. 1). On the basis of samples collected during geo-
logic mapping in the surrounding area, characteristic
rock types In outcrop include cale-mica schist, cale-
phyllite, greenschist, phyllitic schist, slate, and fine-
grained quartzites that appear to be metachert or silt-
- stone. Where unaffected by superimposed thermal met-
morphism, the mineral assemblages are characteris-
tically those of the greenschist facies (Foster and
others, 1973).

The deep test-hole site is on calc-mica schist that is
typically composed of carbonate, quartz, muscovite,
and minor amounts of phlogopite and albite. At some
localities phlogopite is a major constituent, and the
resultant rocks are more aptly described as calc-phlog-
opite schists. These rocks have been traced into the

Fairbanks area where they form bold outcrops and
steep bluffs overlooking the Tanana River.

The foliation has a northeasterly strike along the

north margin of the belt but becomes. highly variable
in the central and south parts of the belt where the
schists have been deformed and lLiornfelsed by the in-
trusion of the granitic plutons.

To the north, rocks of the greenschist facies are suc-
ceeded by schists that are transitional from green-
schist to amphibolite facies. To the south, rocks of the
greenschist facies are separated from terrane of the
amphibolite facies by an intervening zone of cata-
clastic rocks. This zone is composed of mylonites that
are characterized by feldspar porphyroclasts sur-

rounded by a matrix of sericite, albite, and quartz. = -
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EXPLANATION

SEDIMENTARY AND
METAMORPHIC ROCKS

IGNEOUS ROCKS
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quartz schists, greenstone, and phyllite:

These rocks appear to be partly derived from retro-
graded gneisses. The tectonic significance of this zone
is not yet fully understood, other than its importance
as a broad zone of mechanical disruption in which
cataclasis appears to postdate amphibolite-facies meta-
morphism and predate Mesozoic granitic intrusions.

Amphibolite-facies rock types include mica schist,
garnet-mica schist, quartz-mica schist, micaceous
quartzite, amphibolite, and subordinate biotite gneiss
and marble. These rocks are characterized by poly-
metamorphic fabrics that record metamorphism to the
amphibolite facies followed by a retrograde event of
the greenschist facies.

Radiometric dating methods were first applied to the
metamorphic complex by Wasserburg, Eberlein, and
Lanphere (1963). Muscovite separated from a phyllitic
schist collected near Montana Creek, in the Circle dis-
trict, gave a 8"Rb/*’Sr age of 511 m.y. and a discord-
ant *K/*°Ar age of 111 m.y. The parent rock, how-
ever, provided a whole-rock #Rb/®"Sr age of 1,020 m.y.,
the only Precambrian radiogenic age yet taken from
the rocks or constituent minerals of the metamorphic

complex. According to the authors, however, (oral
commun., 1973) there is now considerable doubt as to
whether recrystallization was adequate for complete
reequilibration of the Rb/*"Sr system in this roek,
and the age determination may be related to the mini-
mum age of the clastic mica and feldspar of the parent
rock. We attach considerable importance to the dis-
cordant Rb/%"Sr and *°K/4°Ar muscovite ages, how-
ever, because they agree with two thermal events that
have been detected from discordant hornblende, mus-
covite, and biotite *°K/*Ar ages in the Fairbanks dis- -
trict (Forbes and others, 1968a, b). Early Paleozoic,

Jurassic, and Cretaceous synkinematic or thermal -

events are indicated by the *K/*°Ar ages obtained
from the metamorphic complex.

Two granitic plutons are present in the greenschist-
facies belt. The Eielson pluton, which is about 8 mi
(12.9 km) in diameter, is east of Eielson Air Force
Base. The north contact of this pluton is approximate-
ly 2 mi (3.2 km) from the well site. The elliptically

shaped Tors pluton is about 20 mi (32.2 km) north- ... -.

east of the site (fig. 1). Field evidence suggests it is
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possible the two plutons are actually part of the same
mass, which is continuous in the subsurface.

The plutons are composed of similar granitic rocks
that range in composition from quartz monzonite to
granite. They are composed of perthitic orthoclase,
oligoclase, quartz, and biotite, with minor muscovite
and hornblende; zircon, allanite, and magnetite are
accessory minerals. Some of the coarse-grained gran-
ites are porphyritic, and granophyric variants occur
in the chilled contact zones of the plutons. The granitic
rocks are massive, and no linear or planar microfabric
elements have been detected in either pluton.

Both plutons are surrounded by contact aureoles as
much as 1 mi (1.6 km) wide, which include rocks that
have been recrystallized under temperatures equivalent
to the hornblende or pyroxene hornfels factes. In some
areas contact metamorphism has been accompanied by

pneumatolytic alteration that includes tourmaliniza-

tion and sericitization of the wallrocks.

PETROLOGY OF ROCKS FROM DRILL HOLES

Eleven cores were retrieved from the deep hole and
two from some shallow preliminary test holes. Splits
of all identifiable compositional variations were taken
from the cores, and thin sections were prepared from
each of these. Table 1 lists the rock types sampled
from the cores, their constitutent major, minor, and
accessory minerals, and the facies or isograd assign-
ment of the respective metamorphic mineral assem-
blages.

Preliminary Test Holes
DDH1—-40 ft (12.2 m)

Calc-mica schist.—This rock is dominantly com-
posed of carbonate, quartz, and muscovite, with minor
albite, chlorite, and sphene. Trace amounts of phlogo-
pite, apatite, zircon, and opaque minerals are present.
The fabric is characterized by alternating carbonate-
and mica-rich layers and a crystallization foliation
that is defined by the preferred orientation of the
mica. The assemblage -carbonate-quartz-muscovite-
chlorite is typical of the greenschist facies in calec-
magnesian rocks. The bulk composition of this rock is
suitable for the crystallization of tremolite, garnet,
diopside, and wollastonite, and the absence of these
phases indicates that pressure-temperature conditions
were below those of the amphibolite facies.

DDH2-521 ft (158.8 m)

Cale-mica schist—The mineralogy of this rock is
basically the same as that of core DDH1 described
above.

PROGRESSIVE METAMORPHISM OF SCHISTS NEAR FAIRBANKS, ALASKA

Eielson Deep Test Hole

EDT1-1,032, 1,034, and 1,035, ft (314.5, 315.1,
and 315.5 m)

Calc-mica schist—These rocks have a mineralogy
similar to those described from the 40- and 521-ft
(12.2- and 158.8-m) levels; they are composed chiefly
of carbonate, quartz, and muscovite, with chlorite as
a major constituent in one sample (1,034 ft; 315.1 m).
Minor and accessory minerals include chlorite, phlogo-
pite, albite, tourmaline, and opaque minerals. The ab-
sence of amphibole in these rocks indicates that pres-
sure-temperature conditions were below those asso-
ciated with the tremolite isograd during crystalliza-
tion.

EDT2--2,010 ft (612.6 m)

Calec-phlogopite schist—This rock is composed of
the assemblage carbonate-quartz-muscovite-chlorite-
phlogopite, with sphene, apatite, albite, zircon, and
opaque minerals as accessories. Much of the phlogo-
pite is apparently of postkinematic origin. Some grains
have grown across the earlier schistosity, late phlogo-
pite has partly replaced some chlorite grains, and a
vein of phlogopite has filled a fissure that cuts through
schistosity and compositional layering. However, the
presence of phlogopite in calc-mica schists from higher
in the section indicates that phlogopite is also a stable
phase in the synkinematic assemblage. The crystalliza-
tion of phlogopite, without the appearance of either
tremolite or diopside, implies that these rocks were
thermally overprinted in the outer part of the contact
aureole under conditions of the albite-epidote hornfels -
facies.

EDT3—2,341 ft (713.5 m)

Quartz-biotite-clinozoisite schist.—The definitive as-
semblage in this rock is quartz-clinozoisite-phlogopite-
albite. There are- also trace amounts of muscovite,
sphene, apatite, and opaque minerals. Postkinematic
phlogopite is also present, in addition to earlier phlog-
opite that appears to have been in equilibrium with
the other phases in the synkinematic assemblage. This
assemblage has been frequently described from the
biotite zone in progressively metamorphosed belts and
coincident with the upper part of the greenschist
facies.

EDT3-2,3431 ft (714.3 m)

Calc-mica schist—This rock is a compositional
variation taken from the same core as the rock de-
scribed above. It is composed of the essential phases
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Constituent minerals

Depth Metamorphic
Core (£t) Rock type Major Minor Accessory facies or
(>10 percent) (2-10 percent) (<2 percent) isograd
DDH1 ..._ 40 Cale-mica schist __  Carbonate, Sphene, plagioclase  Phlogopite, Greenschist.
muscovite, (albite), chlorite. opaques, zircon,
quartz, apatite.
DDH2 ._.. 521 ceedO PR [\ S Chlorite, sphene, Phlogopite, apatite, Do.
plagioclase opaques,
(albite).

EDT1 _.___ 1,032 JEUURNN s (s S a0 Chlorite —_— oo Opaques, Do.

1,034 plagioclase

1,035% (albite), sphene,

apatite,
tourmaline.

EDT2 __.___ 2,010 Calc-mica- Carbonate, Chlorite, sphene __ Tourmaline, Do.
phlogopite schist. muscovite, plagioclase

quartz. (albite), opaques,
phlogopite. zircon(?),
apatite.

EDT3 _.__. 2,341 Phlogopite- Phlogopite, Plagioclase Sphene, apatite, Do.
clinozoisite schist. quartz, epidote (albite), opaques.

(clinozoisite). muscovite.

2,3431%,  Calc-mica schist - Carbonate, Opaques, sphene __ Do.
muscovite, :
quartz,
phlogopite.

2,345 Clinozoisite- Carbonate, = oo Tourmaline, Do.

carbonate-mica muscovite, opaques, albite,

schist. quartz, sphene.
phlogopite,
epidote
(clinozoisite).

EDT4 _____ 3,193 Cale-greenschist .__  Amphibole Chlorite, quartz ---  Plagioclase Do.

(actinolite), (albite),
biotite. opaques sphene.
carbonate,
epidote
(clinozoisite).

3,195 ___.do ___________ Chlorite, Quartz oo Sphene, plagioclase Do.
phlogopite, (albite), epidote.
actinolite,
carbonate.

EDT5 ... 4,065 Garnet-bearing Quartz, muscovite, Plagioclase, Tourmaline, Albite-epidote-
quartz-mica garnet. chlorite. carbonate. hornfels (?).
schist
(hornfels?).

4,066 Garnet-tourmaline Garnet, tourmaline, Chlorite, muscovite. Opaques _________ Do.

rocks quartz,
(hornfels?). plagioclase
(albite-
oligoclase).
4,06714  Garnet-mica schist Quartz, muscovite. Tourmaline, Opaques, Albite-epidote.
(hornfels?). chlorite. plagioclase
(albite-
oligoclase).

___________________________________________________________________________________________ Possible garnet

isograd.

EDT6 _____ 5,011 Garnet-mica schist. Muscovite, Biotite, plagioclase = Opaques, chlorite __  Albite-epidote.

plagioclase (oligoclase).
(oligoclase),
garnet, quartz.

5,013 o0 o e e

EDT7T .. 6,141 Biotite-bearing Hornblende, Plagioclase Apatite, sphene ___ Do.
amphibolite. biotite. (oligoclase),

quartz, opaques.

6,142 Garnet-mica schist. Biotite, muscovite, Plagioclase (albite- Epidote, opaques __ Do.
quartz. oligoclase),

garnet.

6,143 Biotite-amphibolite = Hornblende, Plagioclase Apatite __._______ Do.
biotite. (oligoclase),

quartz, sphene.

EDT8 ... 7,140 Epidote-bearing Biotite, muscovite, Epidote Opaques, apatite _. Do.
quartz-mica plagioclase (clinozoisite).
schist. (oligoclase),

quartz.
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TABLE 1.—Petrographic date for analyzed cores from drill holes near Fairbanks, Alaska—Continued

- Constituent minerals Metamorphic
" Core D&It’gh Rock type Major Minor Accessory facies or
(>10 percent) (2-10 percent) (<2 percent) isograd
EDT8—Con. 17,1401 Garnet-mica schist.  Muscovite, biotite, Epidote, opaques, Do.
garnet, quartz, apatite.
plagioclase
(albite-
oligoclase).
7,1421, Biotite-hornblende Hornblende, Quartz o __ Sphene, opaques, Do.
schist. biotite. plagioclase.
7,144 JRURNN s (o S, Hornblende, Sphene, plagioclase  Opaques, epidote, Do.
biotite. (oligoclase), chlorite. i
quartz, garnet.

____________ —_— JE S e Kyanite and
staurolite
isograds.

EDT9 ____. 8,216 Kyanite-staurolite Muscovite, garnet, Staurolite, Opaques, chlorite ..  Amphibolite
schist, kyanite, quartz. plagioclase facies.

(oligoclase),
biotite.
8,217 @O0 Biotite, muscovite, Plagioclase (albite- @O Do.
garnet, oligoclase),
staurolite, tourmaline,
quartz. kyanite.
8,218 @0 Biotite, muscovite, Tourmaline, eedo L Do.
garnet, kyanite,
plagioclase staurolite.
(oligoclase),
: quartz,
8,2181;  Andalusite-bearing Biotite, muscovite, Staurolite JRR s s S Do.
kyanite-staurolite garnet, kyanite, andalusite,
schist. quartz. plagioclase
(oligoclase).

EDT10 ... 9,196 Biotite-epidote Biotite, epidote, Sphene, plagioclase  Opaques, apatite __ Do.
schist. quartz. (oligoclase).

9,198 Quartz-mica schist. Muscovite, quartz_- Chlorite, plagioclase Apatite, opaques, Do.
(oligoclase), allanite.
biotite.

EDT11 ____ 9,766 Diopside-bearing Carbonate, Actinolite, Sphene, zoisite __. First evidence
actinolite- phlogopite, K-feldspar, of reaction
carbonate-mica quartz, diopside. tremolite
schist. plagioclase +3 calcite

(oligoclase). +2 quartz
=5 diopside
+3 CO:

. +H.0.
9,767 N  {s S, Carbonate, Muscovite __._____ Sphene, opaques __  Amphibolite
phlogopite, facies.
actinolite, quartz,
plagioclase
(albite-
oligoclase).
9,770 Actinolite-bearing Phlogopite, Carbonate, Sphene, zoisite, Do.
calc-mica schist. muscovite, actinolite. opaques.

quartz,

plagioclase

(oligoclase).

carbonate-quartz-phlogopite-muscovite. Apatite and
opaque minerals are present as accessories.

EDT3—2,345 ft (714.7 m)

Clinozoisite-carbonate-mica schist.—This rock rep-
resents a third compositional variation taken from
the same core; it is composed of the diagnostic as-
semblage carbonate-clinozoisite-muscovite-phlogopite-
quartz, with accessory amounts of tourmaline, albite,
" sphene, and opaque minerals. This assemblage is also
‘stable in the biotite zone (upper greenschist facies).

EDT4-3,193 ft (973.2 m)

Cale-greenschist.—This assemblage consists of ac-
tinolite-carbonate-clinozoisite-phlogopite-quartz. Minor
phases include sphene, apatite, albite, chlorite, and
opaque minerals. This assemblage signals the tremolite
isograd, with the first appearance of amphibole with
coexistent carbonate, quartz, and chlorite. Although
two generations of phlogopite appear to be present,
there is no evidence that the appearance of actinolite
in the assemblage is related to a superimposed thermal
event. The presence of amphibole as a major phase
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with coexistent quartz, carbonate, and chlorite sug-
gests metastable equilibrium at the tremolite isograd,
as defined by the reaction: Calcite + quartz + chlorite
—tremolite.

EDT4-3,195%/ ft (973.9 m)

Calc-greenschist.—The composition of this rock is
defined by actinolite-chlorite-carbonate-phlogopite-
quartz, with minor albite and accessory clinozoisite,
sphene, and opaque minerals.

EDT5—4,065 ft (1,239 m)

Garnet-bearing quartz-mica schist.—The rock is
dominated by the assemblage quartz-muscovite-garnet.
Minor and accessory minerals include albite, chlorite,
tourmaline, carbonate, and opaque minerals. The
quartz fabric has been annealed in this rock, and
the garnet occurs as skeletal growths along inter-
granular zones between quartz grains, where it has
recrystallized from argillaceous cement. Reticulated
garnet growths such as these are usually disrupted
during synkinematic metamorphism, and the garnet is
clearly of late or postkinematic origin.

EDT5—4,066 ft (1,239.3 m)

Garnet-tourmaline rock.—The fabric is dominated
by large. garnets surrounded by a matrix of quartz,
plagioclase (albite-oligoclase), and tourmaline (schor-
lite). The plagioclase is partly replaced by sericite or
carbonate. Accessories include chlorite, muscovite, and
opaque minerals. Some garnet grains do not display
any evidence of synkinematic growth but appear to
have undergone late growth under static thermal con-
ditions. The tourmaline composes over 25 volume per-
cent of the rock and is concentrated in zones that
coincide with boundary surfaces between compositional
layers in the schist. The hornfelsic texture, abnormally
high tourmaline content, and matrix alteration in this
rock suggest pneumatolytic alteration.

EDT5-4,0671; ft (1,239.6 m)

Garnet-mica schist.—The rock is composed of the
assemblage garnet-quartz-muscovite with accessory
tourmaline, chlorite, plagioclase, and opaque minerals.
This rock is similar to the preceding specimen, but
without the copious tourmaline.

EDT6-5,011 ft (1,527.3 m)

Garnet-mica schist—The assemblage consists of
garnet-muscovite-biotite-quartz-oligoclase. Trace chlo-
rite and opaque minerals are also present. This as-
semblage is diagnostic of the garnet (almandine) zone.
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The garnet porphyyroblasts are of synkinematic
origin, as- interpreted from folded inclusion trains
within the garnet grains. Because some of the garnet
grains in the rocks from core EDT5 appear to have
undergone postkinematic growth and garnet-bearing
pelitic schists have been collected from outcrops in the
nearby areas, these assemblages cannot be used to de-
fine the garnet isograd.

EDT6-—5,013 ft (1,527.9 m)

Garnet-mica schist.—The rock is composed of the .
assemblage biotite-muscovite-quartz-garnet-albite-oli-
goclase with accessory tourmaline, apatite, and opaque
minerals. This rock is similar to the rock sampled at
5,011 ft (1,527.3 m).

EDT7-6,141 ft (1,871.7 m)

Biotite-bearing amphibolite. — Hornblende-biotite-
quartz-oligoclase dominate the mode, accompanied by -
trace sphene, apatite, and opaque minerals. Hornblende
exceeds 85 percent of this rock, and the bulk composi--
tion is that of a basic igneous rock. Plagioclase has
developed incipient twinning, but many grains show
decalcification and annealing effects from retrograde
metamorphism.

EDT7—-6,142 ft (1,872 m)

Garnet-mica schist—The composition of this rock
is dominated by the assemblage garnet-muscovite-bio-
tite-quartz-oligoclase. Accessories include epidote and
opaque minerals.

EDT7—6,143 ft (1,872.3 m)

Biotite-bearing amphibolite—The mineralogy and
bulk composition of this rock are similar to that de-
scribed at the 6,141-ft (1,871.7-m) level.

EDT8-7,140 ft (2,176.2 m)

Quartz-mica schist.—This rock is composed of the
assemblage muscovite-biotite-quartz-oligoclase. Acces-
sories include clinozoisite, apatite, and opaque miner-
als. Garnet does not occur even though the composi-
tion seems to be aluminous. Biotite rosettes appear
to cut across the earlier mica foliation, suggesting
post-kinematic recrystallization.

EDT8—7,1401/ ft (2,176.2 m)

Garnet-mica schist. — Garnet-muscovite-biotite-
quartz-oligoclase is the facies assemblage in this rock,
accompanied by accessory apatite, epidote, and opaque
minerals. Biotite rosettes appear to transect the earlier .
foliation, as described above. Large plagioclase grains
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show retrograde effects, including exsolution and the
obliteration of twinning.

EDT8-7,1421/, ft (2,177 m)

Biotite-bearing amphibolite—Although this massive
amphibolite is composed of about 95 percent horn-
blende, it contains the assemblage hornblende-biotite-
quartz-plagioclase. Accessories include sphene and
opaque minerals. Hornblende separated from this rock
gave a *K/*Ar age of 140+8 m.y.

EDT8-7,144 ft (2,177.4 m)

Biotite-bearing amphibolite—This rock is very simi-
lar to the amphibolite described above, but sphene is
more abundant in this variant.

EDT9-8,216 ft (2,504.1 m)

Kyanite-staurolite-mica schist—This rock contains
the diagnostic assemblage kyanite-staurolite-garnet-
muscovite-biotite-quartz-plagioclase. Trace constituents
include chlorite and opaque minerals. This and the
subsequent kyanite-staurolite and kyanite-staurolite-
andalusite-bearing rocks that were examined from this
core document a rather complex petrogenetic history.
Coarse-grained kyanite is cut by a later foliation de-
fined by second-generation kyanite and muscovite.
Staurolite appears to have crystallized under both
synkinematic and postkinematic conditions. The first
appearance of both staurolite and kyanite in alumin-
ous pelitic schists indicates that pressure-temperature
conditions were transitional between the staurolite and
kyanite zones of Barrovian metamorphism. This as-
semblage is also considered to be diagnostic of the
amphibolite facies on the basis of the critical reactions:
Chlorite + muscovite—staurolite + biotite + quartz,
-and muscovite + quartz—K-feldspar + kyanite +
H.O.

EDT9-8,217 ft (2,504.4 m)

Kyanite-staurolite-mica schist.—The mineralogy and
fabric of this rock are very similar to those described
for the 8,216-ft (2,504.1-m) interval. Postkinematic
staurolite is more abundant than at 8,216 ft (2,504.1
m).

EDT9-8,218 ft (2,504.7 m)
Kyanite-staurolite-mica schist.—This rock is similar

to those at 8,217 and 8,216 ft (2,504.4 and 2,504.1 m).
EDT9-8,2181; ft (2,504.8 m)

Andalusite-bearing kyanite-staurolite-mica schist.—
This rock is similar to the previously described kyan-
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ite-staurolite rocks, but it also contains andalusite and
associated biotite aggregates that are clearly of post-
kinematic origin.

EDT10-9,196 ft (2,802.8 m)

Biotite-epidote schist.—The rock is dominated by the
assemblage biotite-epidote-quartz-oligoclase. Accessory
constituents include sphene, apatite, muscovite, and
opaque minerals.

EDT10-9,198 ft (2,803.4 m)

Quartz-mica schist.—The assemblage muscovite-
biotite-quartz-oligoclase composes most of the rock.
Trace amounts of chlorite, allanite, apatite, and opaque
minerals are present.

EDT11-9,766 ft (2,976.5 m)

Diopside-bearing actinolite-carbonate-mica schist.—
This rock is composed of the assemblage diopside-
actinolite-carbonate-phlogopite-quartz-plagioclase, and
accessory sphene, clinozoisite, and K-feldspar. This
rock is very similar to those described from core
EDT4, except for incipient diopside. The pressure-
temperature parameters affecting these rocks should
be those of the kyanite zone in the amphibolite facies.
The first appearance of diopside in this assemblage
with increasing depth in the section reinforces the
apparent downhole increase in metamorphic grade.
Biotite separated from this rock gave a “K/%*Ar age
of 57.3+1.9 m.y. The discordance between this age
and that determined for the hornblende taken from
the 7,14215-ft (2,177-m) level (1408 m.y.) suggests
that thermal overprinting or differential argon diffu-
sion is responsible for the apparent younger age of the
biotite. Implications of these discordant mineral ages
are discussed in more detail later.

EDT11-9,767 ft (2,976.8 m)

Diopside-bearing actinolite-carbonate-mica schist.—
The mineralogy of this rock is similar to that at the
9,766-ft (2,976.5-m) level.

EDT11-9,770 ft (2,977.8 m)

Actinolite-bearing cale-mica schist—The mineral
composition of this rock is similar to that at the 9,766-
ft (2,976.5-m) and 9,767-ft (2,976.8-m) level, but diop-
side is absent.

CONCLUSIONS

Parentage of the Crystalline Schists

Rock types recovered from the drill hole can be sub-
divided into the following compositional groups.
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Calc-magnestan

Quartzose Pelitic (with carbonate) c((#;bi:z%:)
Quartz- Garnet-quartz- Calc-mica Phlogopite-
mica mica schist. schist; clinozoisite
schist. diopside- schist.
bearing
actinolite-
carbonate-
mica schist.

Garnet-kyanite- Carbonate- Biotite
staurolite clinozoisite- amphibolite.
schist. mica schist.

Garnet- Cale-green- Biotite-
andalusite- schist. hornblende
kyanite- schist.
staurolite
schist.

Biotite-epidote
schist.

Quartz-
clinozoisite

" schist,

The above rock types appear to be of sedimentary
parentage, except for the carbonate-free and quartz-
poor biotite amphibolites that are more likely derived
from the recrystallization of basic igneous rocks. The
cores were taken from widely spaced intervals in the
drill hole, so lithologic extrapolations must be made
with caution. On the basis of intervening chip samples
and the drilling logs, however, approximately the top
3,195 ft (974m) of the section is composed chiefly of
calc-mica schist and calc-greenschists that represent
recrystallized impure (argillaceous) dolomitic lime-
stones and marls. From 4,065 to 9,198 ft (1,239 to
2,803.4 m), the section includes both calc-magnesian
and pelitic schists and rare layers of micaceous
quartzite. The deepest core (EDT11) is composed of
diopside-bearing actinolite-carbonate-mica schists that
are compositionally similar to the actinolite-carbonate-
mica schists in the cores taken from the 3,193- to
3,19514-ft (973.2- to 973.9-m) interval.

Metamorphic Facies and Reactions

The metamorphic mineral assemblages in the section
cut by the drill hole indicate that metamorphic grade
increases with depth. This increase in grade represents
the transition from upper greenschist to amphibolite
facies. Calc-mica schists taken from cores above the
2,345-ft (714.7-m) level, with bulk compositions suit-
able for the development of tremolite or actinolite, do
not contain this phase. Actinolite was observed in cale-
magnesian schists at the 3,193-ft (973.2-m) level. Epi-
dote, which should also be a stable phase in these
rocks, is first seen in assemblages in cores taken at
2,341 ft (713.5 m). Phlogopite, which is present in
trace or minor quantities in calc-mica schists in the
upper part of the section, increases in model percent
with depth in compositionally suitable rocks. Both
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synkinematic and postkinematic phlogopite fabrics
were detected in the cores, however, so this mineral is
of questionable value as a synkinematic metamorphic
index mineral.

Upper pressure-temperature limits can be assigned
to the calc-magnesian assemblages in the deepest part
of the section on the basis of the first appearance and
continuance of green hornblende and accompanying
sphene in both carbonate-bearing and carbonate-free
assemblages and the appearance of incipient diopside
without wollastonite in rocks containing the reactive
assemblage amphibole+ quartz+ carbonate. Rutile does
not appear in any of these assemblages, and sphene
appears to be the stable titanium-bearing phase
throughout the section.

On the basis of experimental data summarized by
Turner (1968) and Winkler (1967), tremolite should
appear in compositionally suitable systems at tempera-
tures between 400° to 480°C, when Pg,o=Fco, at 500
to 1400 bars, through the reaction: 5 dolomite
+8 quartz+ H,O—tremolite+3 calcite+7CO,. In the
same pressure range, we could expect tremolite to be-
come unstable at temperatures ranging between 490°
and 580°C in the presence of coexistent calcite and
quartz, which encourages the reaction: Tremolite
+3 calcite+2 quartz—5 diopside+3CO.+H,O.

Mineral assemblages in pelitic rocks reinforce the
evidence for the transition from greenschist to amphib-
olite facies indicated by the cale-magnesian assem-
blages. The transition includes a progressive increase
in metamorphic grade through the garnet, staurolite,
and kyanite isograds. Rocks exposed at the surface
may actually be in the biotite zone because the garnets
that occur in nearby pelitic schists may be related to
thermal metamorphism from the Eielson pluton.

Problems associated with the recognition of possible
superimposed thermal metamorphism include the diffi-
culty of determining whether the rocks in the upper
part of the hole are within the biotite or the garnet
zone; and the uncertainty that surrounds the para-
genesis of the andalusite and the staurolite in the core
from the 8,2181/-foot (2,504.7-m) level. Microfabric
relations appear to support strongly the development
of kyanite and first-generation staurolite as coexistent
stable phases during synkinematic metamorphism.
Chloritoid does not appear in the pelitic schists of
lower metamorphic grade, and staurolite was more
likely derived from chlorite+muscovite through the
reaction :

Chlorite + muscovitesstaurolite + biotite + quartz + H,O,
rather than
23 Chloritoid + 7 quartz
»2 staurolite + 5 almandine + 19H,O.
Although experimental data do not establish an
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upper pressure limit for the stability field of stauro-
lite, the data of Garlick and Epstein (1967), Richard-
son (1968), and Richardson, Gilbert, and Bell (1969)
when plotted on a pressure-temperature diagram (fig.
2) show that Barrovian schists that carry the assem-
blage kyanite-staurolite-quartz-biotite were crystallized
at pressures no less than 4.5 kbar, at a minimum tem-
perature of 515°C. The appearance of diopside in the
calc-magnesian assemblages that are stratigraphically
below the kyanite-bearing rocks indicates that kyanite-
staurolite equilibrium must have been obtained in the
upper part of the pressure-temperature stability field
for this mineral pair. At a fluid pressure of 4.5 kbar,
the diopside reaction should proceed at a temperature
of 580°C in compositionally suitable rocks. On the
basis of the diopside reaction in the calc-magnesian
rocks in the bottom of the hole, we conclude that maxi-
mum temperatures of crystallization were no less than
580°C.

Radiogenic Age Determinations

Hornblende separated from biotite-hornblende schist
from the 7,14214-ft (2,177-m) level gave a *°K/®Ar
age of 140+8 m.y., which is thought to be related to
the latest synkinematic metamorphic event in the
region. Biotite from a diopside-bearing actinolite-
carbonate-mica schist from a core taken from 9,766
feet (2,976.5 m) was dated at 57.3+1.9 m.y. Initially,
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Ficure 2.—Composite pressure-temperature diagram show-
ing equilibria relations of kyanite, sillimanite, andalusite,
and staurolite from the data of Garlick and Epstein
(1967), Richardson (1968), and Richardson, Gilbert, and
Bell (1969).
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the age discordance was attributed to thermal over-
printing accompanying the emplacement of the nearby
Eielson pluton. Subsequently, however, biotite from
the Eielson pluton gave a *°K/*°Ar age of 67.8£2 m.y.,
and fission-track and “°K/*Ar mineral age data have
revealed a systematic downhole decrease in the appar-
ent age of discordant biotite-hornblende pairs. This
effect is believed to be related to the steep thermal
gradient in the section, and the rate at which the
argon-blocking isotherms moved through the successive
rock units.

Geothermal Gradients and Depth of Tectonic Burial

The kyanite-staurolite-bearing assemblages are lo-
cated at a depth of 8,216 feet (approx 2.5 km) as inter-
sected by the drill hole. Kyanite-bearing rocks have
rarely been detected in outcrops in the Yukon-Tanana
Upland. The presence of kyanite-bearing rocks in the
subsurface and the rarity of such rocks in surface ex-
posures suggest that epeirogenic uplift has proceeded
rather slowly since the last major synkinematic thermal
event in Jurassic time.

There has been considerable discussion concerning
the thermal gradients that accompany Barrovian meta-
morphism. 30°C/km is considered a normal gradient.
A 30°C/km gradient curve intersects the kyanite field
at a very low angle when plotted on the pressure-
temperature diagram for the Al,SiO; system as de-
rived by Richardson, Gilbert, and Bell (1969).

If a 30°C/km gradient is used, temperatures of 515°
to 580°C could have existed at depths of 17 to 19 km.
This depth range correlates with hydrostatic pressures
of 4.8 to 5.3 kbar, a pressure range that is compatible
with minimum pressures indicated by the pressure-
temperature diagram for the stable association of
staurolite + kyanite.

Geothermal data obtained from the drill hole by
A. J. Lachenbruch and J. H. Sass (oral commun.,
1970) about 6 mo after its completion, included the
bottom-hole temperature of 94.75°C and a linear tem-
perature-depth curve that defined a thermal gradient
of approximately 31.5°C/km. This gradient is very
close to the 30°C/km gradient proposed for crustal
sections undergoing synkinematic metamorphism of
the Barrovian type and in excellent agreement with
parameters defined by the metamorphic mineral assem-
blages and reactions previously discussed.

On the basis of a 31.5°C/km geothermal gradient,
the temperature at 17 km would be approximately
535°C. This temperature is within the 515°-580°C
range assigned to the constituent mineral assemblages
in the rocks from the 8,216- to 9,770-ft (2,504.1- to
2,977.8-m) interval.
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Few data are available on the behavior of geother-
mal gradients during various orogenic cycles. It is
possible that certain geothermal gradients may be
unique to a particular type of metamorphic process or
belt (for example, Barrovian, blueschist facies,
Buchan). The decay rates of thermal gradients after
the end of a synkinematic event are not well known. In
this area, however, it appears that the geothermal
gradient, as measured in the Eielson drill hole, may
have changed little since Jurassic time.

-
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Abstract.—The distribution of potentially economic phos-
phate deposits and the locations of major users of phos-
phate products in Colombia are some of the economic fac-
tors that indicate the capability of the deposits to supply
domestic demands. Much research is required to determine
the types of processing plants needed and to outline changes
from standard procedures, but there is little doubt that with
proper planning a phosphate chemical industry could be de-
veloped that would supply domestic demands for the forseeable
future.

Potentially minable phosphate rock deposits in
Colombia are known in the Cordillera Oriental from
Neiva in the southwest to Ccuta in the northeast (fig.
1). The deposits are in two facies; that nearest the
craton is sandy and contains little or no calcite, whereas
that to the west is characterized by abundant calcite.
Data on tonnage and chemical characteristics of the
phosphate rock are derived from geologic mapping
and sampling of outcrops or samples taken from shal-
low trenches, except for the Conejera area (loc. C, fig.
1) where exploratory drilling has been done.

Deposits of sandy phosphate rock have been ex-
amined in some detail at Sardinata (loc. A, fig. 1),
and at Conejera (loc. C, fig. 1). Deposits of phosphate
rock near Yaguara-Llanoverde (loc. D) have been
mapped and sampled, in part. The deposits of calcare-
ous phosphate rock at Azufrada-Conchal-Vanegas (loc.
B) have been mapped and sampled by trenching at
the outcrop. Other areas have been mapped ; additional
detailed mapping is needed in intervening areas and
additional drilling is needed to determine the chemical
characteristics, thickness, and tonnage. For this re-
port, only areas A, B, C, and D (fig. 1) will be con-
sidered. :

SARDINATA AREA

The Sardinata area (loc. A, fig. 1) was originally
mapped by geologists of the Instituto Nacional de In-

vestigaciones Geolégico-Mineras (INGEOMINAS)
(Cathcart and Zambrano O., 1967; Zambrano O.,
1971) ; later detailed trenching and sampling by Em-
presa Colombiana de Minas (ECOMINAS) (Abozaglo
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Figure 1.—Index map of part of Colombia showing approxi-
mate location of outcrops of phosphate rock (A, Sardinata
area; B, Azufrada-Conchal-Vanegas area; C, Conejera area;
D, Yaguari-Llanoverde area) and of phosphate mines (1,
La Cascajera; 2, La Juanita). )
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M., 1973) was done in the area amenable to open-pit
mining. This part of the deposit is flat or dips gently
to the north, and overburden is very thin (from 0.5
to 5 m). The phosphate bed ranges in thickness from
0.5 to 3.5 m and is weathered and poorly consolidated.
Stripping ratios are excellent and mining can be done
cheaply by means of simple earthmoving equipment.
Measured reserves of strippable rock are about 9 mil-
lion tons; recovery should be high, perhaps as much
as 90 percent.

Chemical data (table 1) show that all the P.O;,
Ca0, CO,, and F can be assigned to the apatite min-
eral and that no calcite is present. X-ray diffraction
patterns of samples from the phosphate bed at Sar-
dinata show that the rock consists of carbonate fluo-
rapatite and quartz as major mineral phases and feld-
spar, organic material, and a clay mineral in minor
or trace amounts. The clay mineral is either illite or
a mixed-layer clay, probably chlorite-montmorillonite.
Trace amounts of an iron oxide are also present.
Although all samples are weathered, only a few sam-
ples (the most thoroughly weathered) contain trace
amounts of the aluminum phosphate mineral, wave-
llite, and the clay mineral, kaolinite.

TABLE 1.—Partial chemical composition, in percentage, of se-
lected phosphate samples, Colombia

A B C D

POs 28.18 21.6 20.1 23.8
Ca0 41.37 40.3 28.3 31.7
COg oo 2.1 8.5 1.16 1.55
r 3.15 2.4 2.21 2.28
A1Qs o ___ 1.86 1.9 1.57 e
FeOs _ . _________ .87 .56 92 ——
Acid insoluble ._.__ 16.55 19.6 44.0 31.75
Ratios :

CaO:P:05 _____ 147 1.87 141 1.33

F:POs —______ 112 A11 110 .095

CO:P0Os _-—___ .096 .394 058 065

A. Sardinata area: Average of many samples; analyses by Em-
pressa Colombiana de Minas (FCOMINAS)
B. A/utmdn Conchal-Vanegas area: Average of 44 samples analyses
Instituto Nacional de Investigaciones Geologlco Mineras
(INGEOMINAS) (Pedro Mojica G., unpub. data, 1969) excent
analyses of I and CO: by Instxtuto Fomento Industrial (IFI)
(Lasman and others, 1968).

C. Conejera area: Average of 25 samples; analyses by INGEOMINAS
and U.S. Geological Survey (USGS) (J. B. Cathcart and Fran-
cisco Zambrano O., unpub. data, 1973).

D. Yaguari-Llanoverde area:

A\erage of 11 samples; analyses by
USGS and INGEOMINAS.

If this rock is to be used in a chemical plant for
making phosphoric acid or other phosphate chemicals,
the only deleterious material is organic, which can be
removed by calcining. '

The average content of acid-insoluble material in
the rock is about 16 percent (table 1) of silica which
present as quartz, but is very fine grained, chertlike
material. When the rock is ground the silica forms
sharp angular fragments that could cause excess wear,
by abrasion, in pumps, pipelines, and filters. Serubbing
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and screening after grinding may ease the problem.
Grinding, scrubbing, screening, and calcining tests are
currently being made.

Sardinata is the only area known in Colombia where
phosphate rock can be mined by open-pit methods. Re-
serves are adequate for mining at a rate of a few
hundred thousand tons per year, P.O; content is fairly
high, and the mining area is about 100 km (airline)
from the Magdalena River. Phosphate rock at the

Magdalena River can be transported north to Barran- ..

quilla and Cartagena and south to Barrancabermeja-
where the major fertilizer plants of.the country are
located.

AZUFRADA-CONCHAL-VANEGAS AREA

The Azufrada-Conchal-Vanegas area (loc. B, fig. 1)
has been mapped and sampled by geologists of IN-
GEOMINAS (Pedro Mojica G., unpub. data, 1969)
and Instituto Fomento Industrial (IFI) (Lasman
and others, 1968). The phosphate rock is folded and
faulted ; much is in beds that are nearly vertical; and- -
the only data available are from trenches and outcrops.

The main phosphate bed ranges from 1 to 2 m in
thickness and probably ‘averages about 1.5 m. Total
reserves are not known, but Lasman, Cuevas B., and
Pefia (1968) have.shown indicated reserves of about
1 million tons in a strike length of only 4 km in the
Azufrada area, and Pedro Mojica G. (unpub. data,
1969) showed inferred reserves of about 3.5 million
tons of possible mineable material in the Azufrada-
Conchal area. Inferred mineable reserves in the
Azufrada-Conchal-Vanegas area total about 1.5 mil-
lion tons; the total resource is about 6 million tons.
Reserves are computed only to a depth of 100 m below
the surface, and possible minable reserves are that part
of the rock that is above entry level. Almost all mining
would have to be underground, although Mojica G.
(unpub. data, 1969) indicated that about 0.8 million
tons may be minable by open-pit methods. Drilling is
necessary to prove reserves and to determine the best
mining sites.

X-ray data show that the rock contains apatite,
quartz, and calcite as major mineral phases, dolomite,
pyrite, glauconite (in some samples) and the clay
minerals, illite, and a mixed-layer clay, probably
chlorite-montmorillonite as traces.

Thin sections show that the rock is composed of
phosphate pellets, rod-shaped grains, phosphatized
foraminifers, and some silt-sized quartz grains, ce-
mented by fine-grained calcite. Calcite-filled veinlets
that cut the pellets as well as the cement are common.

The location of the Azufrada-Conchal-Vanegas area
is excellent with regard to a future chemical plant at
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Barrancabermeja, and estimated reserves are adequate
for this plant’s potential demand. However, mining
costs probably will be high, and if the rock is to be
used for chemical processing, calcite must be removed.
Calcining at elevated temperatures followed by rapid
quenching and wet screening will eliminate calcite;
froth flotation may be used to remove calcite from
the phosphate rock as it is for similar rock mined in
Israel (Hoffman and Mariacher, 1961) Both processes
are expensive. .

CONEJERA AREA

The Conjera area (loc. C, fig. 1) has been mapped -

and sampled on a detailed scale by geologists.of IN-

GEOMINAS (Zambrano O. and Mojica G., 1973);
and the west flank of the syncline has been. drilled..
Drilling and sampling on the west flank of the'syn= -~
cline have established a measured reserve of12. mil: * :

lion tons and indicated and inferred reserves of about
40 million tons. The structure is synclinal; dips on the
west flank are 20°-80°. The bed is 2-4.m. thick and.-
probably averages about 2.5 m. Mining would have '
to be underground, but a slightly inclined adit could
be driven below the synclinal axis so all mined ma-
terial could be moved by gravity. A good unpaved
road connects the mine to the railroad at Sogamoso,
only a few kilometres away.

Chemical analyses of outcrop and core samples are
similar; average data are shown in table 1. The

Ca0:P,0; ratio is low, indicating that the rock con--..

tains no calcite. X-ray and thin-section data confirm

this. Apatite and quartz are the only major mineral
phases present, but the rock also contains trace amounts’.*"

of iron oxide (pyrite at depth), orthoclase, organic

material, and kaolinite. Surface samples contain wave: -

llite and crandallite, and certain core samples also

contain traces of wavellite. Thin sections show ‘that:

many of the phosphate pellets are phosphatized fora-
minifers, thus the rock originally contained calcite:
The silica content is high (44 percent acid insoluble,
table 1). Silica is present as silt-sized detrital quartz
grains, as partial replacement of foraminifers, as fine
silt inclusions in some of the phosphate pellets, and
as very fine grained cement. Much of the silica forms
sharp angular fragments on grinding.

Silica may cause problems in processing, as at Sar-
dinata, but preliminary tests in the laboratory indicate
that the rock can be used to make acceptable super-
phosphate and that good quality phosphoric‘acid can
be produced. The ratio of silica to apatite in the rock
is close to the ratio needed to make elemental phos-
phorus by electric furnace methods. Research on
processing methods is needed.
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Flotation tests made on ground and deslimed phos-
phate rock from Conejera using reagents standard for
Florida, U.S., phosphate rock were not successful,
probably because most of the silica is present as
chertlike material rather than as rounded quartz sand.
Different reagents or different amounts of the standard
reagents probably would produce acceptable results.

Conejera is close to the agricultural area of the
Sabana and could supply phosphate rock to the Llanos.
Measured and inferred reserves are large enough to
supply domestic demands for many years. The rock is

" somewhat lowgrade, but has no deleterious chemical

characteristics. Problems of exploitation include trans-
portation to a chemical plant and high silica content.
The rock may be usable for direct application in acid
soils.

YAGUARA-LLANOVERDE AREA

" Geologic mapping of Yaguari-Llanoverde (loc. D,
ﬁg 1) by geologists of INGEOMINAS has been go-
.ing.on for about 2 yr. Only gmb samples at the out-
cxop have been taken. Trenching is planned, and drill-
ing should be done to determine the chemical char-
acter of the phosphate rock in the subsurface.

The most promising locality is the Llanoverde
syncline. The phosphate bed here ranges in thickness
from about 0.8 to almost 2.0 m and probably aver-
ages about 1.2 m. The area of the Llanoverde syncline
is about 15 km?; dips are 25°-40° on the east flank
and are less steep (5°-10°) on the west flank. Struc-

“tural complications such as faulting and cross folding

are not extreme.

Reserves have not been measured, but a bed 1 m
thick underlying 1 km? represents about 2 million tons

.of phosphate rock; as much as 30 million tons may be

present in the 15 km? area. Drilling is needed to prove

~~thickness and structure.

Chemical analyses of outcrop samples by INGEO-
MINAS and the U.S. Geological Survey show an aver-
age of about 23 percent P.O; and show a distinct
deficiency of CaO in the samples (table 1), indicating
that the samples are leached. X-ray data show apatite
and quartz as major mineral phases, and kaolinite,
feldspar, the aluminum phosphate mineral wavellite,
and the iron phosphate mineral cacoxenite as trace
mineral phases.

- Thin sections show that the phosphate is present as

structureless pellets, phosphatized bone fragments, a
few phosphatized foraminifers, and some rod-shaped
grains.-Silica is present as silt-sized quartz grains and
very fine grained cement. Secondary iron and alumi-
num phosphate minerals are present in the ground-
mass and.around the phosphate pellets.
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The phosphatized foraminifers indicate that calcite
may be present in the rock in the subsurface. Drilling,
therefore, is necessary to determine the chemical char-
acter of the rock, which must be established before
plans for utilization can be made.

The Llanoverde area is in the southern part of the
country and could be a source of phosphate rock for
agricultural demands in the upper Magdalena Valley
and the Cauca Valley. Inferred reserves are large, but
must be be proved; chemical data are available only
for leached surface samples. Mining will have to be by
underground methods, but more data are needed to
determine the location of the actual mining area. If a
phosphate chemical plant is ever built in the south-
ern part of the country, a mine here might be possible.

A summary of tonnage data for the four localities
discussed is given in table 2.

TABLE 2.—Summary of phosphate-rock tonnage data for se-
lected localities

e Tonnage
Locality Measured Inferred
A. Sardinata _._.________________ 9x10® .
B. Azufrada-Conchal- Vanegas — 1Xx10° 5X10°
C. Conejera - ____.________ e 12%10° 40%10°
D. Yaguara- Llanoverde - R 30x10°

PHOSPHATE FERTILIZER MATERIALS IN COLOMBIA

PHOSPHATE FERTILIZER PRODUCTS

Announcements in December 1973 of dramatic price
increases in phosphate rock (Morocco high grade as
much as US$45 per ton; Florida low-grade as much
as US$21 per ton) point to the possibility of mining
and processing domestic Colombia phosphate rock and
delivering the products to areas of use within Colom-
bia at prices that would be competitive or cheaper than
imported materials. The following tables contain data
on imports to Colombia (table 3) and the producers
and amounts of fertilizer materials (mixed goods)
produced from the imported material (table 4). Both
tables show equivalent tons of P,Os; and the amount
of phosphate rock of 20 and 28 percent P,O; needed
to make the phosphate parts of the mixed fertilizers.
Almost 200,000 tons per year of 28-percent P.O;
phosphate rock or 300,000 tons per year of 20 percent
rock would have to be produced to meet the demands
for fertilizer products.

The principal users of the imported phosphate prod-
ucts in 1972 were Abocol in Cartagena, Monémeros in
Barranquilla, and Caja Agraria in Bogotd and Cali.

A mine at Sardinata could easily supply the raw
materials for Abocol and Monémeros (about 130,000
tons in 1972) by moving phosphate rock to the Mag-

TABLE 3.—Tonnages of phosphate products imported in 1972 and the equivalent phosphate rock needed to produce the products

Tonnage -
P20s 28-percent 2¢-percent
Product Imported equiva- P20s P20s Remarks
in L lent phos- phos-
1721 (rounde)  Dhafe  phatg
Ammonium phosphate _______________________ 33,232 15,000 54,000 75,000 46 percent P:0s in product.
Phosphoric acid __ . ____ 20,768 11,000 39,000 55,000 54 percent P.Os acid.
Triple superphosphate _____________________ 19,900 9,000 32,000 45,000 46 percent P20s.
Phosphate roek ______________________________ 37,188 12,000 43,000 60,000 32 percent P:Os.
Mixed goods (for example 10-80-10, 10-20-20)°_ 27,150 7,000 25,000 35,000 Average 26 percent P:Os.
Total ____________ e e 54,000 193,000 270,000  _____ o __

1 After Perdomo and Sanchez (1973).

2Tons of phosphate rock needed to make the tons of product if gmde of the phosphate rock is 28 percent (Sardinata) or 20 percent (other

deposits.) Figures rounded.

310-30-10 is amount, in percent, of available plant nutrient in the order of N (nitrogen), P, (P:205), and K (K20). This is standard fer-

tilizer notation.

TABLE 4.—Principal producers of fertilizer mixed goods, and
tonnages of 1972 production and of equivelent phosphate rock
needed to supply the P:0s for the products

1972 production Equivalent phosphate

rock!
Mixed 28 20
go:)figa *P20s percent percent
Abocol . _______ 137,400 26,000 93,000 130,000
Mondémeros —-oo-.- 56,570 11,000 39,000 55,000
Caja Agraria ______ 40,480 8,000 29,000 40,000
Others ____________ 49,460 9,000 32,000 45,000
Total _________ 283,910 54,000 193,000 270,000

1 Tonnage of phosphate rock needed to make tonnage of product
if 28 percent or 20 percent P:0s phosphate rock is used.

2 From Perdomo V. and SAnchez (1973).

3Tonnage of P:0s equivalent used in making the totals for mixed
goods, using an average of 19 percent P20; in the produects.

dalena River (perhaps by pipeline) and then to Bar-
ranquilla and Cartagena. In addition, if the 29,000
equivalent tons per year used by Caja Agraria (table
4) could be processed at the Ferticol plant at Barran-
cabermeja, this amount of phosphate rock could easily
be moved and shipped on the Magdalena River.

Chemical plants, of course, would have to be built to
make phosphoric acid, ordinary superphosphate, and,
perhaps, triple superphosphate. A possible example is
discussed below.

The nitrogen plant at Barrancabermeja makes urea
and ammonium nitrate, which is used by Caja Agraria
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at several places in the country. It would be possible
to move phosphate rock to this plant from Sardinata.
Nitric acid can be used to make phosphoric acid and
other phosphate fertilizer products. The plant at Bar-
rancabermeja has additional land, excess power, and
trained personnel, and additional natural gas is avail-
able, so nitric acid capacity can be increased. Making
mixed fertilizers here for delivery to other areas in
the country might be economical.

The calcareous phosphate rock at Azufrada (loc. B,
fig. 1) is particularly intriguing because of its prox-
imity to Barrancabermeja. Shipping costs for delivery
of phosphate rock should be very low, and reserves
are adequate for the present demand of 40,000 tons
per year (table 4).
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DESCRIPTION OF THE GEOELECTRIC SECTION,
RATTLESNAKE HILLS UNIT 1 WELL, WASHINGTON

By DALLAS B. JACKSON, Denver, Colo.

Abstract.—A complex 64-in. normal log from the 3,249-m-
deep Rattlesnake Hills well was digitized and reduced to a
form resembling a simple resistance log. The simplified form
of the log made it possible to recognize three major geoelectric
intervals in the well that were not apparent on the original
log. The apparent resistivity values from each geoelectric
interval are grouped into a frequency-distribution table, where
midpoints of the class interval are corrected for the effects
of hole diameter and mud resistivity. Using corrected class-
interval midpoint resistivities, first-approximation values are
calculated for five geoelectric parameters: total transverse
resistance, total longitudinal conductance, average longitudinal
resistivity, average transverse resistivity, and the coefficient
of anisotropy. Comparison of anisotropies, resistivity varia-
tions, and resistivity-frequency polygon shapes indicates quan-
titative differences among the three geoelectric intervals.

The Columbia Plateaus physiographic province,
which covers more than 130,000 km? in southeastern
Washington, northeastern Oregon, and western Idaho,
consists of nearly horizontal basalt flows with some
interflow tuffs and lacustrine deposits. The basalt flows
-issued from fissures and flowed out over the area
forming layers 30 to 150 m thick; many flows have been

traced 200 km without their edges being located (King,

1959). Most of the information on the thickness and
lithology of the rocks has been gained from exposures
in canyons incised as deep as 1,800 m into the plateau
surface.

In 1958, a Standard Oil Co. of California petroleum
exploration well, Rattlesnake Hills unit 1, sec. 15, T.
11 N, R. 24 E., was drilled in the Rattlesnake Hills
between the towns of Yakima and Pasco in south-
central Washington (fig. 1). The well bottomed at
3,249 m without penetrating the base of the basaltic
rocks. A complex electrical resistivity log was run in
the well by the Schlumberger Well Surveying Corp.
and furnished to the U.S. Geological Survey by the
Rocky Mountain Well Log Service, Denver, Colo. The
log was digitized, reduced to a simplified transverse
resistance log, and analyzed in terms of its geoelectric

parameters. The reduction of the digitized electric

log from this well to a simplified transverse resistance

log, and the examination of the geoelectric parameters
suggest that the volcanic rocks penetrated by the well
can be subdivided into three geoelectric intervals whose
boundaries are at 1,265 and 2,100 m. These boundaries
nearly coincide with major breaks in the geologic-
geoelectric section of the Rattlesnake Hills well iden-
tified by Raymond and Tillson (1968) at 1,500- and
2,100-m depths. Raymond and Tillson postulated that
the 1,500-m depth marks the base of the Columbia
River Group.

GEOELECTRIC PARAMETERS

Five geoelectric parameters that describe the average
electrical properties of a sequence of layered rocks
of thickness H may be computed from digitized elec-
tric logs (Keller, 1966 ; Zohdy, 1965). These parameters
for a column of rock 1 m? in cross section consist of
the following: '

1. Total transverse resistance, 7', is the total resistance
perpendicular to the bedding planes of a column

2o 21222 121° 120° 119° 118° 117° 116° 118° 1140 113 112 1

Rattlesnake Hills 1
unit 1 well K

ag°

43°

2 \_l_

0 100 200

300 KILOMETRES

FiGUure 1.—Index map showing the location of Rattlesnake
Hills unit 1 well.
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F1oure 2.—Resistivity log of Rattlesnake Hills unit 1 well, Benton County, Wash. 183-2,468 m, R 7.0 ohm-m at 47°F,
R. 2.3 ohm-m at 149°F, BHT; 2,468-3,249 m, Rn 7.0 ohm-m at 70°F and 2.0 ohm-m at 225°F. Rn is the mud
resistivity and BHT is the bottom hole temperature.
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of rock measured in ohm-metres squared.

T=2P‘L hi, (1)
i=1

where p; is the resistivity in ohm-metres, A; is the
thickness in metres of the ¢th layer, and n is the
total number of layers.

. Total longitudinal conductance, S, is the sum of
the conductances horizontally through the column
of layers of rock measured in mhos,

n }L‘

S=i§1 o (2)

Average longitudinal resistivity, p,, is the average
resistivity for current flow parallel to the layers
measured in ohm-metres.

py=H/S. (3)
4. Average transverse resistivity, p,, is the average

resistivity for current flow transverse to the lay-
ers measured in ohm-metres,

p,=T/H. (4)
Coeflicient of anisotropy, A is dimensionless and is
1 for an isotropic medium,

A=Vou /g ()

GEOELECTRIC PARAMETERS OF RATTLESNAKE
HILLS UNIT 1 WELL

As is evident from figure 2, a resistivity log of the
Rattlesnake Hills well, extreme resistivity variations
make it very difficult to separate the log objectively
into discrete major sections. A comparison of the
electric log to descriptions of 19 sidewall cores in the
well furnished by D. D. Hastings, Standard Oil Co.
of California, indicates that most of these resistivity
variations are caused by porous tuffaceous beds inter-
calated with the higher resistivity basalt flow material
of relatively low porosity. To reduce the complexity
of the log and to accentuate the major trends, a simple
numerical filtering technique was used ; the 64-in. nor-
mal log was digitized at 1.52-m (5-ft) intervals and
the total transverse resistance, 7', was computed for
‘the sum of each 30.48 m (100 ft). The values of 7" are
plotted on a logarithmic scale versus the values of
depth on a linear scale (fig. 34). A plot of 30.48-m
sums taken at 1.52-m samplings, of apparent resistiv-
ity, would have exactly the same shape as the plot
in figure 34. However, the curve would be shifted to
the left by log 1.52 m because

o

i

e

20
Tgo..;g m— 1.52 mzpn
1

or

20
log 7'=1log 1.52 m+ lOngn,
1

667

where 1.52 is the sampling interval in metres.
Although trends are more apparent in figure 34
than on the original electric log, further filtering is

TOTAL TRANSVERSE RESISTANCE, IN OHM-METRES SQUARED
1000
|

100 10,000
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7000

8000

9000
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|

Ficure 3.—Sums (4) of total transverse resistances at 30.48-m
intervals versus depth, and simplified transverse resistance
log B, showing running mean over 150-m intervals computed
for the curve of 4.
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desirable to emphasize the major resistivity units. Be-
cause the short-interval variations occur in cycles of
about 150 m a running arithmetic mean over 150-m
intervals computed for the data of figure 34 simplifies
the curve to that shown in figure 35.

From the simplified representation of the electric
log (fig. 3B) three major subdivisions, whose bound-
aries are at approximately 1,265 m and 2,100 m depth,
can be recognized.

Calculation of the geoelectric parameters, equations
1 through 5, of the three major intervals in the well,
is facilitated by constructing a frequency distribution
table of the resistivities in each geoelectric interval.
(A frequency distribution table is a tabulation of the
number of occurrences of a parameter in class intervals
over the range that the parameter covers.) After the
resistivities have been separated into classes, each class
midpoint is departure corrected for the effects of the
hole diameter and the mean mud resistivity (Pirson,
1963) of the geoelectric section being examined (table
1). (Values of mud resistivities are shown in fig. 2
caption.) The geoelectric parameters for each depth

GEOELECTRIC SECTION, RATTLESNAKE HILLS UNIT 1 WELL, WASHINGTON

“interval are then calculated using the values of the
class midpoints rather than departure correcting and
calculating 7' and § values for each digitized point of
the sampled interval.

The geoelectric parameters calculated for the three
intervals of the Rattlesnake Hills unit 1 well are shown
in table 2. Distinct differences are apparent. The values
of 7" and § are related directly to the thicknesses of
the sections they represent; thus, they cannot be com-
pared directly. However, the average values of p,,
p,» and A are independent of the thickness of the sam-
pled interval and may be compared directly from sec-
tion to section or correlated from well to well. For
purposes of correlation, only the values of p, and A,
or p, and A, need be considered. Comparing anisotro-
pies and longitudinal resistivities among the three
intervals of the Rattlesnake Hills well (table 2) makes
it apparent that the central interval, from 1,265 to
2,100 m, differs markedly from the other two.

The data from the frequency distributions, table 1,
are plotted at class midpoints for each of the three
geoelectric intervals in figure 4. The abscissa gives

TABLE 1.—Apparent resistivity frequency distributions at the class midpoints and the corresponding departure-corrected class-

midpqim values for the the three geoelectric intervals

Resistivities (706 points)

Resistivities (550 points)
in geoelectric interval

Resisitivities (740 points)
in geoelectric interval

Apparent in geoelectric interval

resistivity Class 183-1,265 m 1,265-2,100 m 2,100-3,230 m
classes midpo_ints Frequency Corrected Frequency Corrected Frequency Corrected
(ohm-m) (ohm-m) distribution resistivity distribution resistivity distribution resistivity
(percent) (ohm-m) (percent) (ohm-m) (percent) (ohm-m)
13.3- 178 154 —_—— ———— 1.6 13.9 ———— ——
178~ 237 20.5 0.4 18.6 4.3 18.1 0.5 175
23.7- 316 27.3 0.4 24.5 8.2 23.5 0.8 22.8
31.6- 32 36.4 1.9 31.6 16.5 30.6 1.0 29.5
42 - 56 48.7 3.7 41.0 14.5 39.6 4.9 37.8
56 - 75 64.9 3.7 53.0 75 50.8 3.5 48.0
% - 100 86.6 5.5 68.7 6.7 65.0 13.3 61.5
100 - 133 115 1.8 87.5 6.1 87.5 8.5 79.5
133 - 178 154 54 112 5.5 107 - 6.1 104
178 - 237 205 45 144 6.5 139 6.2 135
237 - 316 273 6.3 186 6.9 180 4.8 178
316 - 422 364 52 242 71 237 6.7 236
422 - 562 | 487 9.0 317 4.3 315 7.1 320
562 - 750 649 9.9 418 29 425 10.3 442
750 - 1,000 866 9.0 563 1.2 583 84 622
1,000 - 1,330 1,150 9.9 793 —— ——— 45 881
1,330 - 1,780 1,540 73 - 1,080 e e 4.6 1,290
1,780 - 2,370 2,050 6.2 1,530 P ——— 6.1 1,950
2,370 - 3,160 2,730 59 2,180 ——e — 2.4 2,870
3,160 - 4,220 3,640 2.9 3,210 e ———e ——— ——_——
4,220 - 5,620 4,870 0.7 4,970 ——- ——e —— ——
5,620 - 7,500 6,490 ——e —— —— —— ——= —_———
7,500 -10,000 8,660 ——— —— ——- ———— ———— R
TABLE 2.—Geoelectric parameters of Rattlesnake Hills unit 1 well, Benton County, Wash.
Total Total Average Average
Geoelectric transverse longitudinal longitudinal transverse Anisotropy
interval (m) resistance, 7' conductance, § resistivity, pr resistivity, ptr (ohms)
(ohm-m?2) (mhos) (ohm-m) (ohm-m)
1831265 ___________ 966,000 5.24 206 893 2.08
1,265-2,100 ___________ 117,000 13.5 57.6 150 1.61
2,100-3,230 ___________ 754,000 7.35 162 634 1.98




JACKSON

NUMBER OF POINTS PER CLASS
NUMBER OF POINTS PER GEOELECTRIC INTERVAL

O 2N WA g O
T

!
1000
RESISTIVITY, IN OHM-METRES

0 100 10,000

F1aure 4.—Frequency polygons of resistivity classes versus
number of occurrences of resistivities per class normalized
to total points per geoelectric interval.

values for departure-corrected resistivity, from 10 to
10,000 ohm-m; the ordinate gives normalized values of
the frequency of resistivity value occurrences at the
class-interval midpoints. The resistivity classes begin
at 10 ohm-m; each successive class bound is V/I0 times
greater than the preceding class bound. This interval
of /10 gives eight equally spaced logarithmic classes
per decade.

In figure 5, which can also be thought of as a re-
sistivity modal analysis, two curves have similar shape
and a third is substantially different. The solid curve,
which is sharply skewed to the left and does not con-
tain resistivities above 1,000 ohm-m, is from the center
interval of the well; it confirms the conclusion, reached
by comparing the geoelectric parameters p, and A,
that the center interval differs from the other intervals.

The normalized frequency polygons also are useful
for comparing sections which might be lithologically
similar, but saturated with solutions of differing sa-
linity (as could happen from one area to another),
or from vertical separation of the same section, by
thrust faulting. In this event, the comparison of one
average resistivity and anisotropy is not sufficient for
correlation since identical sections saturated with dif-
ferent solutions will have identical anisotropies but
different average longitudinal and transverse resistivi-
ties. That is, from the well known Archie’s Law, rela-

w

tionship Fo=a (Keller and Frischknecht, 1966),

¢m
where I, is the rock resistivity, 2, is the formation
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water resistivity, ¢ is the porosity, and a and m are
constants, to a first approximation the resistivity of a
rock will vary directly with changes in the resistivity
of the formation water. Accordingly, both average
longitudinal and transverse resistivities will vary in
proportion to the ratio Ru:/Ru.., but the anisotropy
will remain constant. Thus, when two similar litho-
logic sections are saturated with different formation
waters, the basic shapes of the frequency polygons of
both sections will be similar; however, the curves will
be separated laterally on the abscissa, provided that a
logarithmic resistivity scale is used.

CONCLUSIONS

Evidence from the electric resistivity log of the

Rattlesnake Hills unit 1 well shows that:

1. A simplified transverse resistance log indicates three
major geoelectric intervals.

2. Comparison of average resistivities and anisotropies
indicates that each interval is distinctive.

3. The shape of frequency polygons definitely indi-
cates upper and lower geoelectric intervals, sep-
arated by a central geoelectric interval; the
central interval lacks the high resistivity of the
upper and lower intervals.

Significant lithologic differences probably exist be-
tween the major adjacent geoelectric intervals.

Similar treatment of additional borehole data may
enable correlation of major geoelectric intervals over
such large areas as the Columbia River Plateaus

(where most of the exposed rocks are widespread flood-

type basalts). Even though correlation of individual

flows may not be possible, thick sequences of flows and
interbeds could be correlated.
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STRUCTURE AND PALEOZOIC STRATIGRAPHY

OF A COMPLEX OF THRUST PLATES IN THE
FISH CREEK RESERVOIR AREA, SOUTH-CENTRAL IDAHO

By BETTY SKIPP and WAYNE E. HALL

Denver, Colo., Menlo Park, Calif.

Abstract.—Permian, Pennsylvanian, Mississippian, Devonian,
and Silurian marine rocks of diverse facies are brought to-
gether in a complex of six thrust sheets in the Fish Creek
Reservoir area on the north edge of the Snake River Plain,
Idaho. The lowest structural element, the parautochthon, is
made of more than 450 m (1,500 ft) of folded and faulted
Devonian miogeosynclinal carbonate rocks present in a 6.5-km®
(2.5-mi*’) window. Along the east margin of the window, a
sliver of continental margin transitional carbonate rocks of
Early Devonian and Late Silurian age assigned to the Roberts
Mountains Formation is thrust over the miogeosynclinal rocks.
The window of middle Paleozoic rocks is overridden along the
Fish Creek thrust fault by the flysch facies of the Copper
_ Basin Formation, a turbidite-submarine-fan sequence more
than 1,000 m (3,300 ft) thick, of Mississippian age. About 4.8
km (3 mi) southwest of the window, about 100 m (300 ft) of
deepwater siliceous oceanic facies clastic rocks are exposed,
which are assigned with question to the Milligen(?) Forma-
tion of Devonian age. These clastic rocks are interpreted to
be thrust over the Copper Basin Formation. The highest struc-
tural elements are sequences more than 610 m (2,000 ft) thick
of interbedded sandy and conglomeratic limestones, quartzites,
and conglomerates and interbedded siltstones and argillites of
the Wood River Formation of Middle Pennsylvanian to Early
Permian age. The Wood River Formation is in thrust contact
with the Milligen(?) Formation in the southwest part of the
mapped area and with Copper Basin Formation along the west
side of Fish Creek Reservoir. All the thrust sheets have moved
eastward. The minimum distance moved is estimated from sedi-
mentation models and facies reconstructions to range from per-
haps several kilometres for the allochthon of the Roberts
Mountains Formation to 48 km (30 mi) for the Milligen(?)
Formation allochthon. The principal period of thrusting was
post-Early Permian (post-Wood River Formation) and pre-
Eocene (pre-Challis Volcaniecs) and is of probable Sevier age.
Middle Paleozoic rocks of the Milligen and Roberts Mountains
Formations, however, also may have been involved in an
earlier period of thrusting of latest Devonian to earliest Mis-
sissippian age related to the Antler orogeny. The thrust sheets
were deformed into a northwest-trending dome in late Meso-
zoic time and were broken by basin-range faults during the
Tertiary.

Fish Creek Reservoir is on the north edge of the
Snake River Plain, 8 km (5 mi) north of U.S. High-

way 93A between the town of Carey and the Craters
of the Moon National Monument in Blaine County,
south-central Idaho (fig. 1). Three facies of Devonian
rocks (shelf, shelf margin, and ocean basin), flysch
deposits of the Mississippian Copper Basin Formation
(lower part), and continental basin deposits of the
Pennsylvanian and Permian Wood River Formation
were brought together by a complex of thrust faults in
an area of 65 km? (25 mi?®) in the vicinity of the reser-
voir. The six structural units in the area, in ascending
order, are the parautochthon (1) which consists of the
Devonian shelf carbonates of the Fish Creek Reservoir
window, and the following five allochthonous plates:
(2) small patches of the transitional facies continental
margin deposits of the Roberts Mountains Formation
of Late Silurian and Early Devonian age, (3) the tur-
bidite-submarine-fan sequence of the Copper Basin
Formation of Mississippian age, (4) deepwater transi-
tional siliceous oceanic clastics of the Devonian Milli-
gen(?) Formation, (5) calcareous siltstones and argil-
lites of the Permian part of the Wood River Forma-
tion, and (6) clastic limestones, quartzites, and con-
glomerates of the Pennsylvanian part of the Wood
River Formation (fig. 2). Some of the allochthonous
plates are absent locally.

The stratigraphy of each structural unit is de-
scribed, but the Devonian and Silurian rocks of the
Fish Creek Reservoir window, inasmuch as they are
dealt with in detail in a companion paper by Skipp
and Sandberg (1975), are only briefly mentioned here.
The Permian, Pennsylvanian, and Mississippian rocks
of the upper plates are discussed in detail, and the
overlying Cenozoic volcanic rocks are briefly described.

All Paleozoic rocks in the area, with the possible
exception of the miogeosynclinal Devonian rocks, are
allochthonous, having moved generally eastward or
northeastward on a complex of thrust faults that are
both. folded and faulted. The direction and amount of
translation of the thrust faults in the Fish Creek area
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Fieure 1.—Index map of central Idaho showing location of Fish Creek Reservoir window and map area.

can be estimated only from very generalized facies Fish Creek area can be correlated are exposed to the
reconstructions and sedimentation models. No autoch- west. The Wood River and Milligen Formations in the
thonous Paleozoic rocks with which the rocks in the Hailey-Bellevue area are allochthonous, and the area
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west of these exposures is underlain by the -Idaho
batholith (W. E. Hall, unpub. data, 1974; fig. 1).

Discussions of the structure of the parautochthon and
overlying thrust plates accompany the stratigraphic
descriptions. These are followed by a brief review of
ages of thrusting and descriptions of structural fea-
tures.

PARAUTOCHTHON
Stratigraphy

The lowest structural unit consists of about 457 m
(1,500 ft) of miogeosynclinal shelf carbonate rocks of
Middle and Late Devonian age that are exposed on
the north and east sides of Fish Creek Reservoir (figs.
2, 8).

The Carey Dolomite of Early and Middle Devonian
age (Skipp and Sandberg, 1975) is the oldest forma-
tion of the shelf sequence exposed in the window. It
consists of 148 m (485 ft) or more of light- to medium-
gray, mostly clean, finely crystalline laminated dolo-
mite which was deposited in a dominantly intertidal to
supratidal marine environment. The Carey Dolomite
is overlain disconformably by the Jefferson Forma-
tion of Middle and Late Devonian age. The Jefferson
consists of about 245 m (800 ft) of dolomite, dolomite
conglomerate, and minor sandstone deposited in a fluc-
tuating subtidal to intertidal marine environment. The
Jefferson Formation is overlain, locally conformably
but regionally unconformably, by the Picabo Forma-
tion of Late Devonian age (Skipp and Sandberg,
1975). The Picabo consists of 58 m (190 ft) or more
of gray fine-grained quartzose and calcareous sand-
stone, light-gray to pale-yellowish-brown sandy dolo-
mite conglomerate, and minor gray fine-grained dolo-
mite. All the dolomite clasts in the conglomerate prob-
ably were derived from beds coextensive with the un-
derlying Jefferson Formation and Carey Dolomite.
The well-bedded sandstones and conglomerates of the
Picabo were deposited in a relatively shallow subtidal
marine environment beyond the reach of major shore
currents. Westward-dipping imbrication of many peb-
bles indicates at least local eastward-flowing currents
and a possible western source for the dolomite clasts of
the Picabo Formation. Thus, Devonian miogeosyncli-
nal rocks probably extended west of the Fish Creek
Reservoir area, perhaps 8-16 km (5-10 mi). The con-
glomerates of the Picabo probably are associated with
an early phase of the Antler orogeny to the west
(Skipp and Sandberg, 1975). '

Structure

The rocks of the parautochthon are both folded and
faulted (figs. 2, 3). A series of steep faults of relatively
small displacement trend east, southeast, and north

673

and apparently are confined to the rocks of the parau-
tochthon and the Roberts Mountains Formation be-
neath the Fish Creek thrust. Fracture cleavage trend-
ing N. 70° E. is present in the Carey Dolomite beneath
the Fish Creek thrust in the northeast corner of the
window (fig. 4), and tectonic breccias were noted in
several places in the Carey Dolomite and Jefferson
Formation. Beds in the parautochthon are gently in-
clined to vertical, and have an average dip of about
35°. :

Much of the folding is probably the result of dom-
ing that postdates thrusting (see fig. 5 and “Folds”
section), but the presence of both discordant north-
east-trending fracture cleavage and normal faulting,
which apparently is confined to the window, suggests
an earlier period of folding and possible detachment
of the rocks of the parautochthon itself. Such a zone
of detachment is postulated on the cross sections (fig.
5). Eastward movement of these rocks over any great
distance is unlikely, as this area is one of the west-
ernmost exposures of Middle Devonian miogeosynclinal
rocks in Idaho (Skipp and Sandberg, 1972, 1975).

ALLOCHTHON OF THE ROBERTS MOUNTAINS
FORMATION

Stratigraphy

The Roberts Mountains Formation in the Fish
Creek area is a sequence more than 200 m (660 ft)
thick of Upper Silurian and Lower Devonian medium-
gray fossiliferous reef limestone, platy calcareous and
dolomitic siltstone, and limestone phenoplast conglom-
erate exposed in an area of less than 1.3 km? (0.5 mi?)
on the east side of the window (fig. 3). The rock types
are similar to those of the type Roberts Mountains
Formation in Nevada, described by Winterer and
Murphy (1960), where the facies have been interpreted
to represent the edge of the middle Paleozoic conti-
nental shelf (Berry and Boucot, 1970; Johnson and
others, 1973). Because the Devonian Picabo Formation
of the miogeosynclinal sequence contains clasts of do-
lomite that may have been derived from western con-
tinental shelf sequences as much as 8-16 km (5-10 mi)
distant,. the site of deposition of the Roberts Moun-
tains Formation is postulated to have been at least
that far west of the Fish Creek Reservoir area.

Structure

The Roberts Mountains Formation is thrust over the
Carey Dolomite and Jefferson Formation, both part of
the parautochthon. The thrust contact with the Carey
Dolomite is shown in figure 6. The top of the Roberts
Mounitains”Formation is cut out by the Fish Creek
thrust at the base of the Copper Basin Formation.
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FIQURE 2.—Structure map of the Fish Creek Reservoir area.

The rocks of the Roberts Mountains Formation are
both folded and faulted, and are more complexly de-
formed than the underlying Carey Dolomite. Within
the small area of outcrop in the southeast corner of the
window, the beds dip from 15° N. to 55° SE. (fig. 4).
Some north-trending vertical beds are present but not
shown. The underlying Carey is folded into a sym-
metrical north-northwest-trending anticline with
limbs dipping not more than 40°.

The Roberts Mountains Formation, therefore, has
been thrust from its western depositional site on the
Devonian continental edge to its present position
above younger Devonian continental shelf miogeosyn-
clinal rocks. The distance involved is estimated to have
been at least 8-16 km (5-10 mi). However, in the
Wildhorse window to the northwest (fig. 1), Dover
and Ross (1975) considered the Roberts Mountains
Formation possibly autochthonous.
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EXPLANATION FOR FIGURE 2

QT Quaternary and Tertiary undivided

Wood River II allochthon

~—~WRIa | Wood River I allochthon

Milligen(?) allochthon

/CBa Copper Basin allochthon

Allochton of the Roberts Mountains Formation

Parautochthon

Thrust fault — Sawteeth on upper plate. Dotted where covered;
queried where inferred

Steep fault — Bar and ball on downthrown side. Dotted where
covered; queried where inferred

Crestline of anticline — Showing direction of plunge and direction of
dip of limbs. Dotted where concealed

e
—
_t__

Troughline of syncline — Showing direction of dip of limbs. Dotted
where concealed

COPPER BASIN ALLOCHTHON

Stratigraphy

The Copper Basin Formation was the name given
by Ross (1962) to a thick sequence of clastic rocks ex-
posed in the upper part of Star Hope Creek at the
southern edge of Copper Basin (fig. 1). The forma-
tion was raised to group rank and subdivided into six
formations, five with new names, by Paull, Wolbrink,
Volkmann, and Grover (1972). In ascending order,

SOUTH
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the six formations are the Milligen Formation, Drum-
mond Mine Limestone, Scorpion Mountain Formation,
Muldoon Canyon Formation, Brockie Lake Conglom-
erate, and Iron Bog Creek Formation. Type sections
for the formations were designated in the central Pio-
neer Mountains west and south of Copper Basin (fig.
1; Paull and others, 1972, p. 1374).

The term Milligen Formation as used by Paull,
Wolbrink, Volkmann, and Grover (1972) refers to
rocks which correlate in part with Lower Mississip-
pian beds previously given this name in the Pioneer
Mountains and Lost River Range (Ross, 1934; Sand-
berg and others, 1967; Sandberg and Mapel, 1967) ;
these rocks termed Milligen Formation do not corre-
late with the Devonian Milligen Formation of the
type locality in the Wood River area, with which
dark-gray siliceous argillites in the southwest corner
of the map area (fig. 4) are tentatively correlated.
(See Sandberg and others, 1975.) In its type locality,
the Copper Basin Group of Paull, Wolbrink, Volk-
mann, and Grover (1972) consists of more than 5,500
m (18,000 ft) of argillite, sandstone, conglomerate, and
limestone. Neither the base nor the top of the group is
exposed, and stratigraphic relations are speculative.

In the Fish Creek Reservoir area, we have not sub-
divided the Copper Basin into the formations of Paull,
Wolbrink, Volkmann, and Grover (1972), but have
called this sequence the lower part of the Copper
Basin Formation in the sense of Ross (1962). Probable
correlation of these rocks with parts of the Milligen
Formation, Drummond Mine Limestone, and Scorpion
Mountain Formation of Paull, Wolbrink, Volkmann,
and Grover (1972) is indicated. The sequence ranges
in thickness from 0 to more than 1,200 m (4,000 ft)
in the Fish Creek area.

NORTH

FIGURE 3.—View of east side of promontory at north end of Fish Creek Reservoir showing location of measured sections 1
through 5, distribution of some map units, the trace of the Fish Creek thrust, and a segment of the trace of the Wood River
thrust between the Wood River and Copper Basin Formations. Arrows denote ends of measured sections. (See also Skipp and
Sandberg, 1975.) Dc, Carey Dolomite; Dj, Jefferson Formation; Dp, Picabo Formation; Mc, Copper Basin Formation;
PPwu, upper part of Wood River Formation; Tc, Challis Volcanics; Qd, colluvial, alluvial, and lake deposits.
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approximate.

Alluvium (Quaternary) : Sand and gravel; in some
places forms thin cover over basalt: at Fish Creek
Reservoir includes lake deposits.

Landslide deposits (Quaternary) : Largely the result
of failure of incompetent tuff beds in Challis Vol-
canics,

Younger basalt (Quaternary) : Fresh black basalt ; un-
dissected. Contemporaneous with flows associated
with the Great Rift zone.

Description of units shown in figure 4

Snake River Group (Quaternary): Dark-gray dicty-
taxitic basalt extruded from vent just southeast of
dam. Basalt is dissected to a depth of about 10 m
(33 ft) at dam.

Older alluviwin and colluvium (Quaternary) : Sand
and. gravel composed Inrgely of Daleozoic detritus:
covered by basalt in the Fish Creck drainage: in-
clades some young” alluvium and colluvium along
present drainages.

Terrace deposits (Quaternary) : Gravels about 10 m
(33 ft) ahove present streams on extensive surfuces
inclined toward the plain; gravels near mouth -of
Fish Creek contain abundant Challis detritus;
whereas adjacent older alluvium does not.

Jasperoid (Quaternary or Tertiary) : Secondarily si-
licified upper Paleozoic limestone and argillite.-

Challis Volcanics (Eocene) : Gray, black, and brown,
reddish-brown-weathering, largely rhyolitic welded
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Wood River Formation:

Uppermost part (Permian) .. -

Upper part (Permian and Pennsylvanian) '

Lower part (Pennsylvanian)

Copper Basin Formation (Mississippian)

Lower part

Limestone lens

Picabo Formation (Upper Devonian)

Jefferson Formation (Upper and Middle Devonian)
Carey Dolomite (Middle and Lower Devonian)
Milligen(?) Formation (Upper and Middle Devonian)

Roberts Mountains Formation (Lower ' Devonian and
Upper Silurian) -

Contact — Dashed where approximately located

Faults — Dotted where concealed .

High-angle —

Bar and ball on downthrown side

Thrust — Sawteeth on upper plate

QUATERNARY
UNCONFORMITY
oecpcearcrs SN QUATERNARY
OR TERTIARY “”M ”
}Eocene TERTIARY 1l
UNCONFORMITY Lower Eocene
}to Upper TERTIARY TO 777 %%
Cretaceous(?) CRETACEOUS(?) llexss
UNCONFORMITY NN
(SEVIER? OROGENY)
PERMIAN F=DSim—]
) /P/ PENNSYLVANIAN
UNCONFORMITY
MISSISSIPPIAN
UNCONFORMITY
(ANTLER OROGENY) -
~ HH#L Il Upper
\ \ Devonian — A
R Middle DEVONIAN )
k . 0, / Devonian LRI Breccia zone
- Lower
Devonian V' w e Shear zone
Upper SILURIAN
Silurian

LIST OF MAP UNITS

Alluvium (Quaternary)

Landslide deposits (Quaternary)

Younger basalt (Quaternary)

Snake River Group (Quaternary)

Terrace deposits (Quaternary)

Jasperoid (Quaternary or Tertiary)

Challis Volcanics (Eocene)

Description of units shown in figure j—Continued

and nonwelded ash-flow tuffs, vitrophyres, some air-
fall tuff, and minor lava flows. Forms ledges.

.Conglomerate (lower Eocene to Upper Cretaceous?) :

Pebble to boulder conglomerate consisting of
rounded clasts of locally derived Paleozoic quartzite,
.argillite, conglomerate, and limestone. 0~6'm (0-20
ft) thick. Frosionn] remnant of pre-Challis alluvinl
fan; brecciated locally; forms slope and resistant
ledges.

Wood River Formation:

Uppermost part (Permian): Medium-gray limy
siltstone.. .varicolored and laminated in - places,

- ‘brown-wenthering dolomitic siltstone, dark-gray
argillite, light-brown fine-grained quartzite, and
“minor gray silty thin-bedded limestone. About
180 m (800 ft) thick. Top and base faulted:
forms steep slopes.

Folds — Showing crestline or troughline, direction of plunge,
and direction of dip of limbs

Anticline

Syncline

Strike and dip of beds

Older alluvium and colluvium (Quaternary)

Conglomerate (lower Eocene to Upper Cretaceous?)

35
Inclined
— Vertical
— Strike and dip of:planar flow-ih’welded: tuff:
Fracture cleavage o
85 Inclinéd
— Vertical
—E&. Line of measured section - -
24546 . .
. Fossil locality and number
22571
o Sample locality in Challis Volcanics

Upper part (Permian and Pennsylvanian): Very
light gray to medium-dark-gray fine-grained
siliceous sandstone and minor granule to pebble
conglomerate and sandy limestone, medium- to
thick-bedded. locally laminated. brecciated in
places; - conglomerate clasts are dominantly
chert and quartzite. Several hundred metres
thick. Top eroded: base of upper part grada-
tional with lower part: forms ledges and steep
slopes,

Lower part (Pennsylvanian): Medium-gray to

- medium-dark-gray sandy and conglomeratic

limestone and calcareous sandstone, locally”
-graded . and Jlaminated, medium-bedded: con- .

glomerate clasts, granule to pebble size. are
chert, quartzite, limestone, and argillite: inter-

.bedded with minor pale-red-purple caleareous™

siltstone and shale and siliceous sandstone;
weathers gray, light brown, and reddish brown.
More than 207 m (680 ft) thick. Top grada-
tional; base faulted; forms ledges and steep’
slopes.

Copper Basin Formation- (Mississippian) :

Lower part: Very light gray to medium-dark-
gray interbedded quartzite, granule to cobble
conglomerate, argillite, and limestone (see lime-
stone lens). Quartzite is fine grained to con-
glomeratic, noncalcareous, laminated and
graded-in-places;-medium bedded ; conglomerate
clasts are chert, quartzite, and argillite; quartz-
ite and conglomerate weather gray and moder-
ate.brown, but argillite weathers.mostly light
gray. More than.900 m (3,000 ft) thick. Top
eroded; base faulted: forms.ledges and cliffs.
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Limestone lens: Interbedded dark-gray to
pale-red and moderate-yellowish-brown fine-
grained silty and sandy laminated limestone
and gray to light-brown calcareous quartzose
sandstone, thin-bedded. 0 to about 34 m (0-110
ft) thick. Forms slope.

Picabo Formation (Upper Devonian): Interbedded
medium-light-gray to pale-yellowish-brown fine-
grained laminated dolomitic quartzose sandstone
and thick-bedded sandy dolomite conglomerate; do-
lomite clasts rounded and as much as 125 mm in
diameter. More than 57 m (189+ ft) thick. Top
faulted; forms ledges and steep slopes.

Jefferson Formation (Upper and Middle Devonian) :
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Description of units shown in figure j—Continued

Light-gray to grayish-black and pale-yellowish-
brown finely to coarsely crystalline dolomite. sandy
and silty in places, locally laminated: interbedded
with minor dolomite breccia, sandy dolomite con-
glomerate, and quartzose sandstone near the base.
About 244 m (802 ft) thick. Forms ledges and steep
slopes.

Carey Dolomite (Middle and Lower Devonian):
Light-gray to medium-dark-gray finely crystalline
to aphanitic dolomite, laminated ; sand and silt rare;
some dolomite granule to pebble conglomerate ; me-
dium bedded. More than 148 m (4854 ft) thick.
Base not exposed; forms steplike ledges.

Milligen(?) Formation (Upper and Middle Devo-

SECTION
c-¢’

East Fork

Fish Creek

nian) : Dark-gray siliceous argillite, fine-grained
quartzite, and black chert, medium-bedded, sheared;
fracture cleavage present in places. More than 90 m
(800+ ft) thick. Top faulted; base not exposed;
forms steep slopes with scattered ledges.

Roberts Mountains Formation (Lower Devonian and
Upper Silurian): Medium-gray to medium-dark-
gray fossiliferous medium-bedded limestone and
phenoplast conglomerate interbedded with gray,
grayish-orange, and grayish-red platy calcareous
siltstone and silty limestone. More than 140 m
(450+ ft) thick. Top faulted; base faulted; forms

ridge.
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F1GURE 5.—Cross sections, Fish Creek Reservoir area, Blaine County, Idaho. Lines of sections and correlation and ages
of units shown in figure 4. Qa, alluvium; Qls, landslide deposits; Qoa, older alluvium and colluvium ; Qs, Snake River
Group; Qt, terrace deposits; Tc, Challis Volcanics. Wood River Formation: Pwu uppermost. part; PIPwu, upper part;

Pwl, lower part. Copper Basin Formation: Mc, lower part; Mcl, limestone lens; Dp, Picabo Formation ;

Dj, Jefferson

Formation; Dc, Carey Dolomite; Dm, Milligen(?) Formation; DSrm, Roberts Mountains Formation; DSOr, Devonian,
Silurian, and Ordovician rocks undivided. Arrows indicate relative direction of movement on faults; A, movement

away from observer.
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FIeURE 6.—Oblique aerial photograph, looking south, of south-
west corner of Fish Creek Reservoir window, showing trace
of Fish Creek thrust (FC) between the Copper Basin For-
mation (Mc) and Carey Dolomite (Dc), and trace of the
thrust which brings Roberts Mountains Formation (DSrm)
over Carey Dolomite. Wood River Formation (PPw) exposed
on hills in background. Wood River Thrust (WR), which
separates Wood River and Copper Basin Formations, is
buried beneath Quaternary alluvial and colluvial deposits

(Qd).

The Copper Basin Formation is a complex sequence
of turbidites, interturbidites, and submarine fan depos-
its that Poole (1974) recognized and assigned to the
flysch deposits of the Carboniferous Antler foreland
basin.

Lithology and thickness

In the Fish Creek area, quartzite, chert, and quartz-
ite conglomerate constitute the major lithologies of
the Copper Basin Formation, which also contains
lesser amounts of argillite and minor silty and sandy
limestone.

A partial section (figs. 3 and 4, measured section 5)
of the formation, 372 m (1,230 ft) thick, was measured
on the ridge above the thrust fault contact with the
Upper Devonian Picabo Formation (fig. 7). About 50
percent of the section is exposed, consisting of more
quartzite than argillite in beds generally 0.3-0.9 m
(1-3 ft) thick. The quartzite is light gray to medium
dark gray and weathers gray and brown. It is fine
grained to conglomeratic, laminated and graded in
places; load casts and scour-and-fill structures are
common. Laminations are the result of alternating
concentrations of dark chert and light quartz grains.
Within 1 m (3 ft) of the thrust contact with the Pi-
cabo Formation, the laminated quartzites are iron
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stained and brecciated and weather moderate brown.
Chert-granule conglomerate beds are present in sev-
eral positions (fig. 7). The chert is medium gray, gray-
ish black, and some yellowish brown; granules are
subangular to subrounded. The matrix consists of
rounded quartz sand grains. The conglomerates are
moderately well sorted, and some beds are graded.
Poorly exposed interbedded argillite and siltstone are
mostly light gray, but some are grayish black, brown,
and pale red. Weathered surfaces are light colored.
The argillite and siltstone are generally thin bedded,
and some are laminated. Meandering trails identical
to those shown by Ketner (1970, p. D20, fig. 3) from
Mississippian turbidites in northern Nevada that be-
long to Seilacher’s (1964) Nereites facies are common
on argillite bedding surfaces. Flattened coiled ammo-
noid impressions are also present, and yellow-brown-
weathering impressions of stems or twigs are found in
both the argillites and quartzites.

Approximately 34 m (110 ft) of fine-grained, silty
and sandy limestone and minor interbedded calcareous
sandstone and quartzite is poorly exposed below a cliff
of massive conglomerate at the top of the measured
section (fig. 7). The limestone is dark gray, pale red,
and yellowish brown and weathers dark yellow orange
and pale yellowish brown. The limestone contains
meandering trails and calcareous sponge spicules. A
1.5-m (5-ft) bed of fine-grained medium-gray to light-
brown calcareous quartzose sandstone and dark-gray
laminated quartzite is 6 m (20 ft) above the base of
the unit. Limestone float from this unit contained
conodonts (collection FCR-15) and coiled imprints of
ammonoids. The massive conglomerate directly above
the limestone is gray and noncalcareous, and weathers
reddish brown. Clasts are rounded pebbles of black,
olive-gray, and yellowish-gray chert as much as 5 em
(2 in) in diameter, and black angular fragments of
argillite. Holes in the conglomerate probably resulted
from solution of carbonate fragments.

In the eastern part of the map area (fig. 4), more
than 900 m (3,000 ft) of Copper Basin Formation
crops out stratigraphically above the limestone lens of
the measured section. Quartzite and lesser amounts
of interbedded conglomerate, breccia, and argillite com-
pose this interval. The quartzites are very light to
medium light gray and weather yellowish gray to
moderate yellow brown. Bedding ranges from medium
to massive and outerops form ledges. Well-developed
fracture cleavage makes bedding difficult to ascertain
in many places. The quartzites are made up of quartz,
chert, and lithic fragments in a ecryptocrystalline
quartz matrix.

Massive chert- and quartzite-pebble conglomerates
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Copper Basin Formation (lower part) 372+ m (1,220+ ft)

Graded beds

Ammonoids
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{200) —
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Upper
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Laminae, scour-and-fill structures, load casts

Laminae, scour-and-fill structures, load casts

Laminae, scour-and-fill structures, load casts l

. Ammonoids (colln. 25389-PC"5

FISH CREEK THRUST —

FISH CREEK RESERVOIR AREA, IDAHO
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Pebble conglomerate

Ammonoids, meandering trails, conodonts (colln. FCR-16) o ©

Siltstone or silty

Limestone

Plant fragments ) R

Laminae, scour-and-fill structures

Laminae, scour-and-fill structures

Meandering trails, plant fragments;laminae

F1eure 7.—Measured-section 5. (see figs. 3, 4) of lower:part..of:-Copper:-Basin Formation in NE14 sec. 10 and
along the line between SW14 'sec. 2 and the SE4 "seci’3 (approx.) T. 1 N, R. 22 E., Blaine County, Idaho.

form ledges with the quartzites. Many of the conglom-
erates are brecciated. Quartzite clasts as much as 15 cm
(6 in) in diameter were noted in places. Paull, Wol-
brink, Volkmann, and Grover (1972, p. 1390) noted
quartzite clasts as much as 35 ecm (14 in) in diameter
at similar stratigraphic levels in their type Scorpion
Mountain Formation at Copper Basin about 40 km
(25 mi) to the north.

The massive quartzites: and conglomerates, the s

graded and laminated quartzites, the granule con-
glomerates, the impure limestones, and the spicular
limestones and argillites with abundant meandering
trails together make up a complex sequence of turbi-
dites, both proximal and distal, and interturbidites
composing flysch deposits of the Antler foreland basin
(Poole, 1974). The Copper Basin Formation in the
Fish.Creek area is-generally finer grained than that
~in-thexCopper: Basin area. Graded and laminated
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_quartzites and granule conglomerates, which make up
much of the sequence, probably are turbidites gener-
ally farther from the source than the massive conglom-
erates and quartzites described by Paull, Wolbrink,
Volkmann, and Grover (1972) to the north.

The formation has a minimum thickness of approx-
imately 1,200 m (4,000 ft) east of the Fish Creek
Reservoir window. It has been thinned tectonically
and by erosion which predated the Fish Creek thrust
(see discussion of structure of Wood River II alloch-
thon) to less than 300 m (1,000 ft) on the south and
west sides of the window between the Fish Creek
thrust and the overlying Wood River allochthon (figs.
3, 6). This thinning is projected westward to a zero
edge on cross section B-B’ (fig. 5).

Age and correlation

Recent paleontologic and stratigraphic evidence in-
dicates that the Copper Basin Formation is probably
entirely of Mississippian age. Locally, some latest De-
vonian rocks may be present at the base, and the possi-
bility remains that some Lower Pennsylvanian beds
are present at the top.

The Copper Basin Formation, when described and
named, was recognized to be in large part of Missis-
sippian age (Ross, 1960, 1962; Nelson and Ross,
1969b), but was assigned an Early Mississippian to
Early Permian age range. Doubt was cast on the Per-
mian age designation by Nelson and Ross (1969a)
. when they noted that “no paleontologic or stratigra-
phic evidence has been found to indicate that any of
the * * * formation is younger than Pennsylvanian.”
Paull, Wolbrink, Volkmann, and Grover (1972) as-
signed an Early(?) Mississippian to Middle(?) Penn-
sylvanian age range to the Copper Basin Group, but
emphasized the sparsity of fossils.

Recent faunal evidence—conodonts determined by
C. A. Sandberg and calcareous Foraminifera deter-
mined by Betty Skipp from samples collected by R. A.
Paull (Geology Dept., University of Wisconsin at
Milwaukee) and Skipp, and ammonoids identified by
Mackenzie Gordon, Jr., from samples collected by W.
E. Hall and Paull-—suggests that the Copper Basin
ranges in age from Early to Late Mississippian. Cal-
careous Foraminifera and conodonts of Early Missis-
sippian (Kinderhookian) age were identified from
beds just northeast of the Fish Creek area that were
correlated by Paull with his Drummond Mine Lime-
stone. A conodont fauna (colln. FCR-15, fig. 7) re-
covered from <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>