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GEOLOGY OF THE RAINBOW MOUNTAIN—GULKANA GLACIER AREA,
EASTERN ALASKA RANGE,
WITH EMPHASIS ON UPPER PALEOZOIC STRATA

By GERARD C. BOND'

ABSTRACT

The Rainbow Mountain—Culkana Glacier area is
located in the eastern Alaska Range neayr the Richnrdson
Highway between Phelan Creek and the upper reaches of
College Glacier. The bedrock in this area is part of the
complex terrane that is extensively exposed along the
south {lank of the eastern Alaska Range. This terrane
consists of metamorphic rocks of uncertain age, upper
Paleozoic volcanic and sedimentary deposils, middle
Triassic greenstones, granitic intrusives of Mesozoic and
Tertiary age, and Tertiary nonmarine sedimentary and
volcanic deposits, Mosl of the work was devoted to the
upper Paleozoie voleanic and sedimeniary rocks to es-
tablish late Paleozoic paleogeography and paleotectonics
for the eastern Alaska Range region,

The late Paleozoic and Tertiary strata are folded into
discontinuous anliclines and synclines with steeply
dipping limbs, Fold axes trend norithwest in the western
part of the area. In the eastern parl of the area the
folded strata appear to have been rotated counterclock-
wise, and the fold trend there is dominantly northeast.
High-angle, reverse, and thrust faults are common
throughout the area, and a major north-dipping reverse
fault separates the upper Paleozolc strata from the
Tertiary deposits,

The upper Paleozoic strata have been divided into
two lithologic successions, The older is named the
Tetelna Complex, and it ranges in age from middle
Pennsgylvanian to early Permian, The Tetelna Complex
is overlain by the younger Mankomen Group, which is
early to middle Permian and possibly tate Permian in
age. The two successions are separated by an erosional
unconformity.

The Tetelna Complex consists of approximately 35
percent andesitic-basaltic lava flows, 12 percent andesitic
pyroclastics, 50 percent dacitic pyroeclastics, and about
3 percent rhyodacitic pyroclastics (compositions based
on minevalogy). These volcanic rocks are interbedded
with feldspathiec and lithic sandstones and conglom-
erates, all of which were derived from volcanic sources.
Silicified siltstones, claystones, and fossiliferous lime-
stones alsa are present. The sediments of the Tetelna
Complex were deposited in a moderately deep marine
environment in which the principal depositional proces-
ses were submarine pravity flows and settling from sus-
pension. Graded bedding, contorted stratification, and
submarine debris flow deposits are coraomon throughout
the Complex. The nature of many of the pyroclastic
deposits suggests that highly explosive Pelean and
Plinian eruptions were especially common during deposi-
tion of the Tetelna strata. Grain-size and thickness
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changes in several of the pyroclastic deposits indicate
that active vents were located a few miles west ot
southwest of the map area, The Tetelna Complex
probably is part ol an extensive succession of strata
that accumulated on the flanks of a volcanic arc thati
was active during the tale Paleozoic. The arc may have
been similar Lo modern arcs of the western Pacific,
especially those in the Kamchatka and Japanese islands,

The Mankomen Group consists of well-bedded cal-
carenites and calcirndites, black argillite, highly fossil-
iferous argillaceous caleitutites, and bryozoan bicherms.
Most ol the strata in Lthe Group were deposited in
shallow water at or above wave base, Volcanism in the
arc had ended by the lime deposition of the Mankomen
Group began, and volcanic source areas were not
preseni. The Mankomen Group probably was deposited
on top of the voleanjc arc after it became Inuctive and
subsided.

INTRODUCTION

‘The Rainbow Mountain—Gulkana Glacier area covers
approximately 100 square miles in the eastern Alaska
Range between Phelan Creek and the upper reaches
of Coltege Glacier (pt. 1). The area is readily accessible
from both the Richardson Highway and an unpaved road
thal extends northeast from the Richardson Highway
along the lower part of the Guikana Glacier outwash
plain, Most of the area is characterized by high relief,
steep slopes, and relatively little vegetation, resulting in
good exposures over tong distances.

Mapping in the area was done during the summers of
1967, 1968, and 1972. The principal objective of the
work during these summers was to map and sample in
detail the late Paleozoic voleanic and sedimentary rocks
that are well exposed In the higher elevations of the
map area. These strata are part of an extensive belt of
late Paleozoic volcanic and sedimentary yvocks that
extends atong the south flank of the eastern Alaska
Range eastward to the Canadian border. It was felt that
a detailed study of these volcanic and sedimentary strata
in a small area would lead to a better understanding of
the nature of the rocks in the belt and migh¢ also have
significant implications for regional late Paleozoie paleo-
gengraphy and paleotectonics in the eastern Alaska
Range. Tertiary sediments, Mesozoic intrusives, and
metamorphic rocks also are present in the map area.
However, these rocks were mapped and sampled only
to the extenl that their general character and relation
to the late Paleozoic strata could be eslablished.
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GEOLOGIC SETTING

The Denali Fault, a major northwest-trending strike-
slip fault, is the principal geologic feature in the eastern
Alaska Range. In this region the fault forms the
boundaty between two terranes of markedly different
composition (pl. 1). North of the fault the terrane
consists mainly of quartzites, phyllites, schists, anad
greenstones that may range from early Paleozoic to
Mesozoijc in age (Richter and Jones, 1973, p. 409). The
terrane on the south side of the fault is a complex of
metamorphic rocks, ultrabasic roeks, granitic plutons,
a narrow, northwest-trending belt of upper Paleozoic
volcanic and sedimentary rocks, and Tertiary strata
thal consisi of nonmarine pyroclastic rocks and fluvial
sedimentary deposits.

Rocks in the map area are part ol the complex
terrane south of the Denali Fault. Metamorphic rocks
are exposed in the northern part of the map area, and
they extend northward to the Denali Fault (pl. 1). Al
the north end of Rainbow Mountain, the metamorphic
rocks are mostly marbles, schists, and phyllites that
locally contain serpentinite dikes (Hanson, 1963, p. 10-
19). The age of these metamorphic rocks has not been
determined; howeveyr, they lie on strike with similat
metamorphic socks that exiend from the Delta River
(pl. 1) westward for at least 30 miles to the Maclaren
River. Near the Maclaren River the age of wmeta-
morphism s known to be Late Cretaceous (Smith and
Tummer, 1973, p. 23). In the headwall of Gulkana Glacier
the metamorphic rocks are polymetamorphic amphi-
bolites, peridotites, and gneisses in which the age of
oldest metamorphism may be Precambrian (Ragan and
Hawkins, 1966, p. 601-603).

Granitic intrusives ranging from quartz diorite to
granodiorite are exposed in a belt south of the meta-
morphic rocks. These intrusives are probably Mesozoic
in age. However, late Paleozoic and Cenozoic K-Ar
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ages have been reported on a {ew granitic intrusives of
similar composition elsewhere in the eastern Alaska
Range (Lanphere and Reed, 1973, p. 3775). Ragan and
Hawkins (1966, p. 602) reported a K-Ar date of 149
my, for a gneiss at the head of Gulkana Glacier and
suggested that the date indicates the time of intrusion
of the plutoniec vocks in that area. Small bodies of
uttrabasics occur within the plutonic belt north of
Rainbow Mountain along the Canwell Glacier valley
(pt. 1). The age and relationship of these ultrabasics to
the surrounding rocks are not known,

South of the plutonic rocks, interbedded volcanic and
sedimentary rocks of upper Paleozoic age are exposed in
a belt trending west to northwest (pl. 1). These de-
posits are in fault contact with the plutonic rocks to the
north. South of the upper Paleozoic rocks are non-
marine pyroclastic and sedimentary deposits of Teriiary
age, and these deposits are in faull contact with the
upper Paleozoic rocks throughout the map area (pls. 1,
2).

The upper Paleozoic rocks can be traced across
Phelan Creek and the Delta River into the upper
Paleozoic strata mapped by Rose (1365, p. 5-8) and
Stout (1965) west of the Delta River (pl. 1). There is no
evidence of significant offset of the strata across the
Phelan Creek—Delta River area. The Tertiary rocks seem
to be confined mainly Lo the area east of the Delta
River, although limited exposures of Tertiary deposits,
too small to show on the geologic map, occur along
Bureka Creek and in the area to the south.

The extent of the rocks eastward beyond the map
area is not known because of the lack of detailed
mapping between the head of College Glacier and
Gakona Glacier. However, reconnaissance mapping by
Moffit (1954, pl. 7) shows that Tertiary strata imme-
diately east of the Gakona Glacier lie directly on strike
with the upper Paleozoic rocks exposed along College
Creek. In addition, a granitic pluton is exposed south-
east of College Glacier near upper Fish Creek (pl. 1).
This pluton is in intrusive contact with what appears to
be the upper part of the Mankomen Group. Thus, the
ouicrop paibern in the map area does not appear to
continue eastward beyond the headwall of College
Glacier.

STRATIGRAPHY
UPPER PALEOZOIC ROCKS

The earliest stratigraphic studies of the upper Pa-
leozoic rocks in the map area were made by Mendenhall
(1900, p. 313) and Moffit (1912, p. 27-29; 1954, p. 94-
118) during their reconnaissance mapping in the central
and eastern Alaska Range. These authors noted the
abundance of volcanics in the rocks exposed north of
Phelan Creek. Moffif (1912, p. 27) suggested that the
strata there were correlative with the Chisna Formation
of Carboniferous age (Mendenhall, 1905, p. 33-35). The
Chisna Formation is exposed aboul 15 miles east of Lhe
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map area in the headwaters of the Chistochina River
(pl. 1). Later, Moffit (1954, p. 106, pl. 7} reported
Permian fossils from rocks near The Hoodoos (map unit.
Pmlsg, pl. 2) and correlated this smalt ouicrop with the
Permian Mankomen Formation {(Mendenhall, 1905, p.
40-46) exposed east of the Middle Fork of the Chisto-
china River (pl. 1).

Hanson (1963, p. 19-31) and Roweti (1969, p. 10-
24) completed the first detailed stratigraphic studies of
the upper Paleozoic rocks in the northwesiern parl of
the ‘map area. These authors divided the volcanic and
volcanic-derived sedimentary rocks between MeCallum
Creek, Canwell Glacier, and the Richardson Highway in-
to the Rainbow Mountain sequence and the McCallum
Creek sequence (fig. 1). On the basis of scattered fossil
colleclions from these strata, the Rainbow Mountain
sequence was considered to be middle Pennsylvanian
(Atokan-Desmoinesian?) in age and the McCallum Creek
sequence was placed in the lower(?) Permian (Wheeler,
in Hanson, 1963, p. 50-52; Unkiesbay and Pauken,
1966; Rowett, 1969, p. 17-24). However, in this
veport and in Bond (1969}, the author has shown that
part of the Rainbow Mountain sequence at the south
end of Rainbow Ridge is lower Permian in age (compare
fig. 1 with pl. 2). In addition, Hanson stated that the
two sequences are nearly identical lithologically. It is
clear that the Rainbow Mountain sequeuce is not a
valid time stratigraphic unit, nor are the two sequences
sufficiently distinct lithologically to qualify as valid
lithologic map units. Consequently, lhe stratigraphic
nomenclature proposed by Hanson and Rowett should
be discontinued.

The area to the east, between McCallum Creck and
College Glacier, was previously mapped by Lhe author
(Bond, 1965). He found that the strata described by
Hanson extend into this atea and are overlain by a
thick succession of lower Permian limesiones and black
argillites. In marked contrast Lo the underlying strata,
these limestones and argillites contain no erupted
voleanic material.

In this report, the author has divided the upper
Paleozoic strata in the map area into two lithologic
successions which, although variable within themselves,
are significantly distinct from each other. The upper of
these Lwo successions includes the limestones and
black argillites exposed east of MeCallum Creek that
were found to overlie Hanson’s siratigeaphic divisions,
This succession includes map units Pmly, Pmay, Pmig,
Pmag, and Pmal (pl. 2). It is now clear that these map
units are part of the Mankomen Group as defined by
Rich{er and Dulro (in press), and are designated as such
on the geologic maps (pls. 1, 2).

The lower succession includes the divexse volcanic
and volcanic-derived sediments of upper Paleozoic age
that underlie the Mankomen Group. All of the map
units Pwg to Pbm (pl, 2) are included in this succession.
The top of the lower succession is defined as the top of

the stratigraphically highest volcanic deposit, unit Phm.

Reeent work in the eastern Alaska Range has shown
that these pre-Mankomen sirata are part of an extensive
upper Paleozoic volcanogenic complex. This complex is
exposed along the south flank of the central and eastern
Alaska Range from a few miles west of the Delta
River (pl. 2) to and probably beyond the Canadian
border (Rose, 19265, p. 5-8; Richter and Jones, 1973,
p. 412; Bond, 1973). Richler and Dutro (in press)
recentiy have referred to the volcanic succession as the
Telelna Volcanics, a name [irst used by Mendenhall
(1905, p. 36-38) for a succession of late Paleozoic
volcanic rocks exposed near Mentasta Pass, about 60
miles southeast of the map area. Their usage will be
followed here except that the word Complex will be
used in place of volcanics. Use of volcanics is some-
what wisleading because, although the Tetfelna straca
are composed largely of voleanics, the strata slso
conlain a significant amount of nonvolcanic rocks
including fossiliférous limeslones, claystones, siltstones,
conglomerates, and shallow intrusives (pl. 3). The
term complex is defined in the American Code of
Straligraphic Nomenclature (1972) as “... a mass of
rock composed of diverse types of any class ov clas-
ses...”’; and the term therefore i3 more appropriate than
the restrictive volcanics.

[n previous papers by the author, the volcanogenic
complex has hHeen called the Phelan Creek formation
and the Delta River sequence, and the upper succession
of limestone and black shale was named the Gulkana
Glacier formation (Bond, 1969, 1973). These were
local, infoymal names used primarijly for putposes of
description at a Lime when the regional stratigraphic re-
lations in the eastern Alaska Range were poorly under-
stood. Use of these informat names is now discentinued.

TETELNA COMPLEX

The Tetelna Complex in the map area consists of
andesitic to basaltic fjows and andesitic to rhyodacitic
pyroclastics inlerbedded with tuffaceous claystones and
siltstones, volcanic-derived sandstones and conglom-
crates, and a few discontinuous lenses of fossitiferous
limestones. The total exposed thickness of the Complex
in the map areu, based@ on a composite section (pl. 3),
is approximalely 8,600 f[ect. These strata have been
divided into several informal map units (pi, 2), each of
which is characterized by distinct sedimentary and/or
voleanic rock types (see Appendixes 1 and II for de-
tailed descriptions of these units). Pyroclastic materials,
which are abundani in Lhe Telelna Complex, were
especially useful in correfating these map units across
faults and covered inteyvals. The pyroclaslics were
correlated using several criteria, the most important of
which are presence ovx ahsence of quartz and K-feldspar
phenocrysis, phenocryst composition of pumice, abun-
dance and types of lithic clasts, and internal layering.
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FIGURE 1.—Location of the Rainbow Mountain and MeCallum Creek sequences in the Rainbow Mountain acca.
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However, because of the complex structure and large
covered intervals on Rainbow Mountain, the correlations
of map units in the lower part of the Complex (units
below Pov) are tentative, Also, the contacts between
some of the units in this part of the section are faulted
(see the composite section, pl. 3), and the thicknesses of
these units are only approximate. On the other handg,
the upper part of the Complex (units Pov Lo Pbm) is
much better exposed, and stratigraphic relations in these
strata are well established,

The age of strata in the Complex has been reported
by Gilbertson (1969, p. 27-31), Rowett (1969, p.
17-24), and Rowett and Timmer (1973, p. 3-4). The
oldest dated strata are in map unit Psc. A fusilinid-
hearing limeslore was coltected from this map unil at
the south end of Rainbow Ridge, about 1/2 mile due
west of measured section 20 (pl. 2). J.W. Skinner of
Humble Oil Company identified these fusulinids as
Fusulinella sp. of Alokan or Desmoinesian (Middle Pean-
sylvanian) age (Skinner, personal communication, 1969).
A large collection of fossils hag been made from map
unit Pkr [n a black limey bed exposed at milepost 212
on the Richardson Highway in measured section 24
(pl. 2, pl. 3). Rowelt and Timmer (1973, p. 3-4) have
confitmed a lower-middle Pennsylvanian (post-Morrow—
pre-Missouri) age for this fossil assemblage. Higher in the
section, map units Pmr and Pfc contain (usulinids of
tower Wolfcampian (lowest Permian) age (Gilbertson,
1969, p. 27-28). Most of the fossil collections from
these two units were obtained from strata in measured
sections 6, 7, 10, 12-14, and 17 (pl. 2). Although only a
few horizons in the stratigraphic section can be dated,
it appears thal the Tetelna Complex in the map area
ranges in age from at least middle Pennsylvanian to
lower Permian. There are too few dala to accurately
locate the Pennsylvanian-Permian boundary, although
it must lie between map units Pkr and Pmr. For con-
venience, the boundary ts placed at the top of map unit
Prh because this unit is a distinctive dacitic pyroclastic
deposit (Appendix I) that can easily be traced across the
map area. Stout (1965) described a similar quartz-
bearing deposit (his map unit dp) exposed near the
mouth of Ann Creek, about 4 miles north of Rainey
Creek (pt. 1), This deposit may be equivalent to map
unit Prh.

The base of the Tetelna Complex has never been seen
either in the map area or in other paris of the eastern
Alaska Range. Consequently, rocks older than middie
Pennsylvanian may he present in the Complex. Also,
theve is as yet no conclusive evidence indicating the
type of terrane on which the Complex was deposited.
Richter and Jones (1973, p. 412) suggested that the
Complex may rest on oceanic crust, whereas Bond
{1978) postulated that the Complex may have been
deposited on continental crust, a part of which is now
exposed in the metamorphic terrane northeast of the
Denali Fauit.

MANKOMEN GROUP

A middle Wolfcampian age for the lower part of the
Mankomen Group (unit Pmly) is well established by
{usulinids colleeted from measured sections 4 and 5
(Gilbertson, 1969, p. 28-29). A conodont found in a
limestone sample from unit Plms near The Hoodoos
(pY. 2) was identified as Lonchodina sp. aff. L. festiva
Bender and Stoppel (F.H. Behnken, personal communi-
cation, Univ. Wisc., 1969). The range of this conodont
is not well known, buf it probably is middie to upper
Permian in age.

The contacl between the Teteina Complex and the
Mankomen Group is exposed in measuyed sections 4 and
5 (pi. 2). The contact may also be present above section
1, although the rocks there are severely deformed. Both
faunal and lithologic evidence indicate that the contact
is an erosional unconformity. In both sections 4 and 5,
lenses of feldspathic sandstone, rarely more than 3 feet
thick, occuy sporadically at the base of the Mankomen
Group. These lenses contain rounded lithic fragments,
some of which are identical in fexture and apparently in
composition to the underlying tapilli tuff (unit Pbm).
The fragments must be local concentrations of sand
eroded from the underlying lapilli tuff prior to de-
position of the overlying Mankomen limestones.

An unconformity is further indicated because map
units Pmr, Pfe, and Pme of the Tetelna Complex contain
the fusulinid genus Thompsonella, whereas the lime-
stones of the Mankomen Group Immediately above unit
Pbm in sections 4 and 5 contain Eoparafusulina and
Schwagerina and lack the genus Thompsonella (Gilbert-
son, 1969, p. 28-29). The occurrence of Thompsonella
in the upper units of the Tetelna Complex (Pfc and Pmc)
indicates tha! Lhese members are correlative with zone A
of the McCioud Formation of lower Permian age in Call-
fomia. The occurrence of Foparafusulina and Schwag-
erina, together with the absence of Thompsonelld n
the lower parl of the Mankomen Group, is evidence that
the strata immediately above unit Pbm are equivalent in
age to zone E of the McCloud Formation. As is shown in
a following scction, unit Pbm was deposiled during a
single, major volcanic eruption that may have lasted no
more than a few months. The evidence, therefore,
supgests that a faunal gap corresponding to zones B, C,
and D of the MeCloud Formation occurs at the contact
belween the Tetelna Compiex and the Mankomen
Group.,

Recently, Rowell (1963, p. 26-29) completed a
study of the corals in the upper Paleozoic strata of the
map area. He established 11 coral zones that he thought
would be useful for regional correlation, His uppermost
four coral zones (Caning peloczi to Durhamine alask-
ensis) are from strata placed in the Mankomen Group in
this report. Howevey, by comparing figure 2 with plate
2, it can be seen that at least five of his other coral zones
occur within map unit Pfc in the Tetelna Complex. The
five zones are Herilschioides summitensis, at location
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FIGURE 2.—Location of coral zonee in the upper part
of the Tetelna Complex.

MC-6; 'imania rainbowensis at location MC-13; Syring-
opora katoi at location MC-5; Bothrophylium cf. B.
pseudoconicum at location MC-3; and Timania sp. A

at location MC-0 (fig. 2). Evidently, Rowett was not
aware that map unit Pfc is repeated by faulting, and he

assumed that each of the limestone outcrops that
yielded these corals was in a different stratigraphic
unit. The corals in the five zones probably are species
from different communities within the same limestone
deposit in map unit Pfc, Clearly, a complete restudy of
the lowey five coral ‘““zones” is needed. However, the
uppermost four zones in the Mankomen Group appear
to be valid zones that should be useful for correlation.

NIKOLAI GREENSTONE

Three smail exposures of greenstone (map unit 'Rn)
occur south of College Creek (pl. 2). These rocks are
mainly greenish black to reddish, fine-grained amygda-
loidal basalts, From a distance, vaguely defined layers
several feet thick can be seen within parts of lhe
greenstone. These layers probably are individual flows.
The greenstones strongly resemble fine-grained amyg-
daloidal greenstones exposed east and west of the
Middle Fork of the Chistochina River (pi. 1 and Bond,
unpublished (eld data, 1973). The greenstones in that
area are middle Triassic in age (Richter and Jones,
1973, p. 412-414; Matteson, 1973); and Richter (per-
sonal communication, 1873) has correlated them with
the Triassic Nikolai Greenstone exposed in the southern
Wrangell Mountains (Mackevett, 1964). Richter (1967,
p. 7) and Matteson (1973) reported that the contact of
the greenstone sequence near the Chistochina River
with the underlying Mankomen Formation is a slight
angular unconformity. Unfortunately, the greenstones in
the map area are separated from the Mankomen For-
mation by faults and the nature of the contact cannot
be compared with that to the east. However, the
similarity of the greenstones in the map area with
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those described by Richter and Matteson suggests that
they may be part of the same flow complex. Accord-
ingly, the greenstones in the map area are tentatively
correlated with the Nikolal Greenstone. Clearly, ag-
ditional work on these volcanics, particularly chemical
analyses, is necessary before such a correlation can be
confirmed,

A short distance east of the Delia River, similar
greenstones apparently overlie the Mankomen Forma-
tion (pl. 1), although the contact is not exposed.
Since these greenstones appear {o occupy the same
stratigraphic position as the Triassic greenstones east
amd west of the Middle Fork of the Chistochina, they
are also tentalively correlated with the Nikolai Green-
stone,

TERTIARY DEPOSITS
MAP UNIT Tv

The oldest Tertiary unit in the map area is a light-
tan rhyodacitic fapilli tuff exposed south of College
Creek (pl. 2). This deposit appears to be in faul¢ con-
tact with the pre-Tertiary rocks, although it may uncon-
formably overlie the southemmost exposure of the
Nikolai Greenstonc (pl. 2). The pyrociastic deposit is
unconformably overlain by a coarse conglomerate, map
unit Ts1. The total ihickness of the rhyodacite tuff is
unknown, bui the maximum exposed thickness probabty
exceeds 600 feet. The pyrociastic material consists
mainly of crystals, glass shards, and pumice, but large
amounts of lapilli-sized lithic debris are present locally.
A limited petrogrtaphle study of this tuff indicates that
it is welded, at leasl in part. The deposit is characteristi-
cally well stratified, and the layers range from a few
inches io several feet in thickness. A crude columnar
jointing is visible in a few outerops. Rose {1967, p. 13)
reported the presence of a similar tuff just east of
Gakona Glacier, and this deposit also is included in map
unit Tv (pl. 1).

The following petrographic description was given by
the author (1965) for two samples collected south of
College Creek.

Two tulf specimens examined contain approxi-
mately equal amounts of crystal fragments and glass
with minor amounts of lithic fragments. Crystal
{ragrments consist of sanidine, orthoclase (positive
potassium feldspar strain, 2V 7090), plagioclase (An
40), quartz, and biotite, Sanidine is usvally poikili-
tic, with plagioclase, biotite, and apatite inclusions.
Plagioclase commonly exhibits fine albite or com-
bined Carlsbad and albite twinning and }ess common-
ly normal oscilatory zoning. The glass fraction
congists of clear glass shards embedded in a matrix of
isotropic brown silica dust. Larger shards exhibit
perlitic fractures and contain phenocrysts of biotite,
plagioclase, sanidine, and orthoclase. Lithic fragments
include siltstone, a possible altered diovite fragment
a fragmenl composed of epidote and serpentine, an
several fragments of andesite (dacite?) with highty
devitrified matrices. Of the latter, one fragment
contains phenocrysts of fresh biotite, sanidine, ortho-
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clase, plagioclase, and a faini suggestion of a welded
glass fraction,

Grain shape and size vary considerably, Biolite
and plagioclase grains are euhedral and the latter are
commonly fractured along one or more edges. Quartz
and potassium (eldspar are subhedral to anhedra),
embayed, and in many cases have fracturcd outer
edges. Lithic lragments are rounded 1o subrounded.
Glass shards are irtegularly shaped but penerally
clongated in one direction. Grain size of lithic,
crystal, and shard fragments ranges from 0.1 to 3
miltimeters.

Welding and compaction have affected both shards
and small biotite grains, Elonguted shards arce aligned
over short distances and in some cases partially fused.
Many shards have been molded around sharp edges
of orystal fragments. Edges of larger shards typicaily
are frayed and drawan out parallel Lo surrounding
smaller shards, Small biotite grains are aligned with
the shards and in several places severely warped or
broken.

A K-Ayr date of 49 m.y. (Bocene.Oligocene) was
determined for a sample of this deposit cotlected aboul.
1 mile southeast of The Boodoos (D.L. Turner, Univer-

sity of Alaska, personal communication, 1973).

MAP UNIT 'I‘sl

The rhyodacitic lapilli tuff is overlain, probably
unconformably, by a coarse conglomerale shown on the
map (pl. 2) as unit Tsy. An abundance of dark-colored
clasts in this deposil gives il a distinctive black cotor
when viewed from a distance. A few thin white tuffs ave
interbedded with the conglomerate. in the southern
exposures of the deposit, indicating that volcanism wis
contemporaneous with deposition of the gravels. In
exposures along the ridge immediatety south of College
Creek (pi. 2), clasts in this deposit are as much as 3 feet
wide. The grain size appears to decreasc to fine pebbles
southward, suggesling that the conglomeratic debris
were derived (rom the north, The coarse grain size of
this deposit, together with the abrupl decrease in grain
size southward, suggests that it is a fanglomerate de-
posited near the source area on a steeply sloping surface.
Many of the clasts in the conglomerate obviously were
detived from the older map units in the arca. Fragments
of the rhyodscitic lapifii toff, Nikolai Greenstone,
Mankomen Formation, and the Tetelna Complex are
abundant. Less abundan{ clasts include quartz diorite
and a variety of metamorphic rocks.

The age of this conglomerate is uncertain. It clearly
is younger than the rhyodacitic Japilli tuff. However, Lthe
relalionship of the conglomerate to map unii Tsg, late
Miocene to early Pliocene in age, is obscured by faulting.
The deposil praobably is older than map unit Tso be-
cause the conglomerate lies directly on the rhyodacitic
lapilli tuff. The conglomeraie is lentalively considered
to be posi-Eocene to pre-Miocene in age.

MAP UNIT Ts,

Map unit Ts9 (pl. 2) consists of interbedded light-

colored conglomerates and sandstones, gray siltstones
and claystones, and a few thin white ash layers. The
conglomerates and sandstones tend {o be lenticular and
probubly are channel deposits laid down by breided
streasms. The siltstones and claystones typically contain
organic debris, much of which consists of carbonized
leaf impressions and parts of {ree trunks. The ash layers
are siliccous, probably rhyodacitic to rhyolitic in com-
position. A cursory study of the clasis in the con-
glomerates indicates that pranitic and metamorphic rock
types are especially abundant. Some of the conglomer-
ales exposed aboul 1 mile north of the word Creek in
Phelan Creek (p). 2) contain black argillite fragments.
A few of these black clasts bear upper Paleozoic bryozoa
and brachiopods, and the clasts probably were derived
from black argjllite in the Mankomen Group. De-
posits of this unit exposed south of College Creek
contain distinctive white quartzile clasts along with
granitic and metamorphic rock fragments. Obviously,
this map unit was derived from one or mote source
areas Lhal were composed of a variety of rock types.
Cross bedding, ripple marks, pebble imbrication, and
other directional sedimentary structures are abundant in
these gravels. A study of these sedimentary structures
and a compositional analysis of the diverse clasts in the
gravels could easily be undertaken, and might provide
interesling dala on Tertiary source areas angd drainage
patterns.,

A K-Ar date of 5 m.y. (late Miocene to early Plio-
cerie} was oblained from a sample of a white ash layer
collected in a small gully about 1/2 mile south of The
Hoodoos (pl. 2; D.L. Turner, University of Alaska,
personal communication, 1973). In addition, plant
{ossils collected from exposures of gray sillstone along
McCallum Creek were found to he Miocene to Pliocene
in age (Flovence R. Weber, USGS, personal com-
taunication, 1973). Probably, most of map unit Tsg is
late Tertiary in age.

STRUCTURE OF UPPER FALEOZOIC
AND TERTIARY STRATA
FOLDING

The upper Paleozoic strata in the map area have been
folded into anticlines and synclines, most of which
have steeply Qdipping limbs. Some of the folds have
verlical axial planes; however, most of them are slightly
overturned to the south, and the axial planes dip 70 to
80) degrees northwestward. Most of these overturned
folds oceur in the northwesl part of the map area be-
tween McCallum Creek and the south end of Rainbow
Ridge (pl. 2}. Fram McCallum Creek northwesiward to
the south end of Rainbow Ridge, folds in the upper
Paleozoic strata trend mosily northwest. Farther to the
notthwest, on Rainbow Ridge itself, fold troughs and
crests are not exposed, but reversals in dip suggesting
fotding occur across faults and covered intervals (pl. 2).
The trend of these inferred folds appears to be notth-



westwerd also. East of Gulkarna Glacler, along the
College Giacier valley, the strike of bedding and the fold
trend in the upper Paleozoic rocks have changed to
nottheast, xoughly parallel to the valley itself (pl. 2). A
surprising deviation from the northeast direction of
folding occurs in this area near The Hoodoos, where
fold axes in limestones and argillites of the Mankomen
Group trend almost due north (pi. 2).

The Tertiary deposits also are folded, but the limbs
generally are not as steepty dipping as those in the
upper Paleozoic strata. Folds of the Tertiary deposits
have not been mapped in detail, but fold axes appear to
trend northwestward, essentially paralle! to the fold
trends in the upper Paleozoic deposits,

FAULTING

The pattern of faulting within the map area changes
significantly across the Gutkana River; consequenily, the
faults west and northwest of the Gulkana River valley
are discussed separately from those east of the valley.
Northwest of the valley, from the north end of Rainbow
Ridge to the Gulkana River, four sets of fauits can be
distinguished: (1) a north- to N. 200 E-trending set
with neady vertical planes along which the slip has been
maostly lateral; (2) & set treading about N. 50° W, with
nearly vertical planes; (3) a set of reverse fawits with
fault planes dipping northeast at an angle of about
60 degrees; and (4) thrust faulis with fault planes nearly
horizontal (pl. 2). With the excepfion of the reverse
faults, these are essentially the same sets of faults
described by Hanson (1963, p. 59-65) for the Rainbow
Ridge area. Harison (1963, p. 64) concluded that the
lateral slip along the north to N. 200 E. trending faults
is left lateral on some and right lateral on others. In
addition, mapping by the author In the Tertiary de-
posits about 2 miles east of McCallum Creek (unit Tsp)
shows that the vertical axial plane of an anticline in the
Tertiary sediments is offset by about 500 feet of left
lateral slip along & novth-trending fault (pl. 2).

On the northwest-trending faults, the vertical strati-
graphic offset may reachb as much as 3,000 feet (es-
timated from cross sections, pl. 2). Whether this dis-
placement is due to vertical or lateral slip is unclear.
However, more than 2 or 3 miles of lateral slip on
these faults seems unlikely because facies patiems in
the upper Paleozoic strata can be matched across the
fauvlts. As is shown in a following section, lithofacies
within the upper Paleozoic strata change laterally within
such short distances that more than 2 or 3 miles of
lateral slip would have juxtaposed markedly diiferent
lithologies within coeval sfrata.

The north-dipping reverse faults are exposed along
the southwest side of Rainbow Ridge, north of Phelan
Creok, between West Gulkana and College Glacigrs, and
along the north wall of the College Glacier valtey (pt. 2).
These reverse faults cut the plutonic rocks, the upper
Paleozoic strata, and the Tertiary deposits. The most
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extensive of these reverse faults is the one separating the
Tertiary and upper Paleozoic deposits along the south-
west part of the map area (pl. 2). This fault is inferved
primarily from the srend of the Tertiary-upper Paleozoic
contact in the Guikana River valley. The Tertiary-upper
Paleozoic contact bends northward into the valley on
the west side, a pattern suggesting the trace of a north-
dipping fault plane. The bend also could indicate an
unconformable contact between the Tertiary gravels and
an irregular pre-Tertiary erosion surface, However, the
Tertiary graveizx exposed along the west wall of the
Gulkana River valley contain only a few clasis of
lithologies that could have been derived by erosion of
the upper Paleozoic rocks in the immediate area.
Furthermore, along the first ridge north of Phelan
Creek where the reverse fault is shown as a solid line
(pl. 2), the Tertiary deposits dip 20 degrees north
directly into or below the upper Paleozoic strata. Also,
just below the fault in this same area, the Tertiary
strata are sheared and oxidized--as would be expected in
a fauit zone.

Thrust faults with nearfy fiat planes are exposed on
the south side of the ridge immediately south of the
west fork of McCallum Creek (pl. 2). Offset along
these faults is confined {o the upper Paleozoic strata.
Juxteposition of stratigraphic units along these facits
indicates that the upper plates moved southward (pl. 2).
The maximum stratigraphic displacement along the
thrysts is not more than a few hundred feet.

In the area east of Gulkana River and south of
College Creek, the faults can be grouped into two sets:
(1) faults with steeply dipping planes trending ap-
proximately N. 600 E; and (2) faults with steeply
dipping planes trending approximatety N. 400 W. (pi. 2).
Whether lateral or vertical slip (or both) has occurred
along lhese two sets of faults Is not clear. However, the
bend in folding in the upper Paleozoic strata from
N. 600 E. to north at The Hoodoos could be due to
drag caused by left lateral slip along the targe northwest-
trending fanlt separating map units Tv and Ts9 (pl. 2).
Maximum vertical stratigraphic offset across these faults
is difficuit to caleulate because the thickness of the
Triassic and Textiary deposits is unknown. However,
since most of the Mankomen Group and the Nikolai
Greenstone has been faulted out atong some of the
northeast-trending faults (pl. 2), vertical strafigraphic
offset may be on the order of a few thousand feet,

A northeast-trending fault has been placed atong the
Gukapa River (pl. 2) to account for the stratigrephic
and structural differences in the areas east and west of
the Gulkana River valley, In particular, the Nikolai
Greenstone and the upper part of the Mankomen Group
(units Pmig, Pmag, and Pmal, pl. 2) are exposed east of
the Gulkana River, but are not present anywheye west of
the river, The absence of these rocks west of the rivey
suggests that the pre-Tertiary strata west of the valley
have been uplifted more than pre-Tertiary strata east of
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the valley. The differential movement can be accounted
for by assuming that the western area is the upthrown
side of a vertical fault concealed beneath the Gulkana
River valley deposits (pl. 2). Also, movement along such
a fault could be responsible for the marked change in
the strike of bedding and trend of faulting across the
Gulkana River valley, It is interesting to note that if
the upper Paleozoic, Triassie, and Tertiary strate east of
Gulkana River were rotated about 30 degrees clock-
wige, both the stnike of bedding and trends of faulting
in these units would become paralle} to tlie trends of
bedding and faulting west of the Gulkanu River (see
pl. 2); also, the N. 400 W.- and N. 60° E.. trending sels
of fauits east of the river would become parallel to the
porth-to-N. 200 E. and N. 500 W. sets, respectively,
west of the river. Thus, it appears likely that the
Gulkana River valley has been cut inlo a major north-
east-trending fault zone. A glance at plate 1 shows that
the Gakona and Chistochina Glacier drainages also are
in northeast-trending valleys. Perhaps these valleys also
mark major northeast-trending fault zones.

AGES OF FOLDING AND FAULTING

The structural and stratigraphic relations in the map
area permit{ a tentative reconstruction of deformation
events, The late Miocene to carly Pliocene age of the
upper Tertiary sediments (unit Tsp, pl. 2) clearly in-
dicates a post-Miocene age for the folding of these
deposits. Also, the rhyodacitic tuff of Eocene to
Oligocene age i8 not as severely folded as the upper
Paleozoic strata. This suggests that the tight folds and
thrust faults in the pre.Tertiary rocks of the map area
were produced during pre-Eocene-Oligocene time. North
of Phelan Creek, the three north-trending faults in Lhe
upper Tertiary deposits and the reverse fault separating
the Teritary and Permian slrata are most likely post-
Miocene in age. This relatlon suggesis that all of Lhe
other N- to N 200 E.-trending faults and the reverse
faults in the map area are post-Miocene in age. In the
ridges north of McCallum Creek, the fold axes in the
upper Paleozoic strata are cut by the N. 500 W.-trending
fault sel. Therefore, this fault{ set must postdate the
folding of the pre-Tertiary rocks (pl. 2).

Assuming that the faults easl of the Gulkana River
were parallel to those west of the river prior to the
rotation postulated above, then the faull southeast of
The Hoodoos that separates map unil Ts2 from unit Tv
would have been part of the N. 500 W.-{rending set west
of the Gulkana River. [t is clear (rom the map (pl. 2)
that this fault southeast of The Hoodoos is post-
Miocene in age. This suggests a very speculative post-
Miacenc age for the N. 500 W.-trending (ault sel in the
map area, Finally, assuring that the strata east of the
Gulkana River have been rotated clockwise by move-
ment along a fault in the Gulkana River valley, Lhis
fault must have been the most recently active one in the
map area.

In summary, the sequence of folding and faulting in
the map area would appear to be: (1) prior to the
Eocene, a period of deformation produced the folds
in the pre-Tertiary rocks; (2) a second period of folding
oceurred after Miocene or early Pliocene time, Possibly
this second period of folding steepened and overturned
the earlier folds in the pre-Tertiary rocks and produced
the smail thrust faults; (3) also in post-Mjocene time,
deformation produced the reverse faults, the north-to-
N. 200 E.-trending fault set, and possibly the N. 500 W..
trending set; and (4) the most recent deformation in the
map area may have occuyred along the inferred [ault in
the Gulkana River valley, and may have caused counter-
clockwise rotation of the block east of the Gulkana
River.

DETAILED DISCUSSION OF THE
UPPER PALEOZOIC ROCKS

METAMORPHISM

Hanson (1963, p. 21-32) reported that the min-
eralogy in most of the upper Pateozoic strata is largely
sccondary. The secondary mineralization is especially
widespread in the volcanic rocks of the Tetelna Com-
plex. Nearly all of the original mafic minerals have
been replaced by chloritic minerals (imostly penninite),
epidote, and calcile. The original glassy matrix of
pyroclastic rocks is either replaced by chloritelike
malerial or has recrysiallized (o a mosaic of micro-
crystalline feldspar and quartz. Relict shards were
recognized in only a few samples. Feldspar phenocrysts
are mostly albitic in composition (Ang.10, delermined
by indexes of refraclion on cleavage pieces and by
microprobe analysis). However, these secondary minerals
developed without appreciable shearing, since most of
the clastic textures in the sediments are partly or
completely preserved. Also, lextures in the volcanic
deposits and in Lhe lithic fragments in sediments are
generally still visible. Even pumiceous lexiures are
rernarkably well preserved, and uvsually can be re-
cognized, especially if observed on wetted, polished
surfaces as suggested by Fiske (1969, p. 6). The lime-
stones in both the Telelna Complex and Mankomen
strata are recrystellized 1o a cerlain extent, bul the
original lextures still are visible, and most of the
skeletal structures in fossils can be recognized.

The secondary mineralogy, together with the lack of
schistose structure, generally has been taken $o in-
dicate a greenschisi-facies metamorphism that was pro-
duced by a Lhermal event. However, it should be noted
that the mineralogy and texture of these rocks, part-
icularly those in the Telelna Complex, are not unlike
the mineralogy and textures of rocks of the spilite-
keratophyre association. The abundance of albitic feld-
spav is particularly indicative of a soda-rich rock suite,
Significantly, most of the feldspar is relatively free of
inclusions such as epdole and calcite. Such inclusions
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would be abundant if the albitic plagioclase was entirely
the result of decalcification of the feldspar during
greenschist-facies metamorphism. On the other hand,
albitic plagioclase free of secondary minerals is char-
acteristic of spilitic and Kkeratophyric rocks, A few
chemical analyses of these rocks have been made
(tabte 1); they indicate abnormally high sodic com-
positions similar to those of spilite and keratophyre
rock types. Although motre chemical data are needed to
confirm the presence of spilitic-to-keratophyric rock
types in the upper Paleozoic volcanics, the data pre-
sently avajlable raise some question as to the degree of
true greenschist-facies metamorphism in the upper Pa-
ieozolc rocks. In any case, the original stratification and
textures of the sedimentary and volcanic rocks are
sufficiently well preserved that stratigraphic and sedi-
meniologic studies are not severely hampered by the
degree of metamorphism in these rocks.

TETELNA COMPLEX

This project was devoted largely to a study of the
lithology and sedimentation of deposits in the Tetelna
Complex because, although rocks of this type are
common in the eastern Alaska Range and in parts of
Canada (Bond, 1973), their characteristics and genesis
rarely have been cxamined in detail, The individuat
lithotogies in the Complex are not unjque sedimentary
deposits; rather, the unusual feature of these strata is
the complex stratigraphic relations betwecen highly di-
versified rock types. This phenomenon is especially
well illusirated by the common interstratification of
calcarenites and calcirudites,- bioherms and biostromes,
coarse-grained pyroclastic materials, iava flows, and
marine sandstones and conglomerates with distinct
graded bedding. These lithologies were observed in the

field to change vertically and laterally from one to the
other, in some places within a distance of less than
100 feet. In the following sections, special emphasis is
given to the composition of the volcanic deposits,
types of volcanic eruptions, depositional environments,
manner in which the pyroclastic and sedimentary rocks
were deposited, and a reconstruction of the late Pa-
leozoic paleogeography and geologic history.

COMPOSITION OF THE VOLCANIC ROCKS

Compositional names are difficult to apply accurately
Lo the volcanics because of the widespread occurrence of
secondary minerals in these rocks and a lack of enough
chemical analyses. The problem is further complicated
by the possibility, discussed in a previous section, that
some, and perhaps all, of the rocks are abnormally sodic.
The main purpose of this section is to show that the
volcanic rocks of the Complex are mostly siliceous
pyroclastic deposits which, on the basis of mineralogy,
are predominately andesitic (keratophyric?) to dacitic
(quartz keratophyric?).

Both flows and pyroclastic deposits are present in the
Complex (pl. 3), and the composition of the volcanics
ranges from basaltic or andesitic to rhyodacitic. The
basaltjc-andesitic flows are composed of albjtic plagio-
clase and mafic (amphibole?) phenocrysts in a fine-
grained matrix of plagioclase mictolites (albite?) and
fine-grained chloritelike minerals (originally glass?). The
microlites usually show a distinct trachytic texture.
Potassium feldspar is absent (determined by staining
sodium cobaltinitrite). The andesitic pyroclastics con-
tain albitic plagioclase, large amounts of pumice (20 to
B0 percent), and variable amounts of lithic clasts and
recrystallized glassy matrix. Quartz and potassivm feld-
spay are absent. The mineralogy does not exclude a

TABLE 1. Chemical analyses of voleanic rocks in the Tetelna Complex.

Fine-grained volcanic clasts
in lithic sandstones from
map unit Pmel

Compoungd a b
Si0o 50.59 50.89
AlgOg 23.50 23.50
FeqO3+FeO 9.25 8.78
MgO 4.14 4,08
CaO 0.68 1.07
NagO 11.56 10.99
KoO 0.08 0.08
TiOo 0.12 0.27
MnO 0.12 0.10
Total 100.0 99.7

1 Analysis by broad-beam electron microscope: semiguantitive only,
Apalysis by X-ray flourescence.

Flow breccia from map unil Pwf2

a b c
58.00 57.45 55.16
19.91 20.09 19.83

4.5 6.0 6.4
2.80 4.55 3.11
4£.86 1.47 4,87
716 8.63 6.74
1.02 0.20 1.77
0.85 0.83 0.70
not det. not det. not det.
99.09 99.22 98.58
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basaltic composilion, but it is unlikely thai basaltic
pyroclastics are present because large amounis of pumice
are mote commonly produced during eruptions of
siliceous, viscous magmas. The dacilic pyroclastics also
contain albitic plagioclase, large amounts of pumice, and
variable amounts of fithic clasts and glassy matrix, but
are distinguished by the presence of more than 10 per-
cent quartz (percentage of lotal minerals determined by
point count). Some of these dacilic deposits contain as
much as 40 percent quarlz. Bjolile and potlassium
feldspar are present in small quantities in a few of the
deposits. A small number of rhyodacitic pyroclastic
deposits containing more than 10 percent quartz and 10
percent potassium feldspar are scatiered throughoul Lhe
composite section.

Calculations of rock proportions in the composite
section (pl. 3) indicale that the volcanics in the Complex
consist of 35 percent andesilic-basaltic flows, 12 percenl.
andesitic pyroclastics, 50 percent dacilic pyroclastics,
and 3 percent rhyodacitic pyroclastics. The ratio of
flows to pyroclastics is about 1:2. However, this ralio
could be in error for the total late Paleozoic voleanic
activity Dbecause a complete section of the upper
Paleozoic volcanies has not been found. These dala
indicate the middle Pennsylvanian to carly Permiab
voleanism was characterized by highly c¢xplosive dacitic
eruptions. Bruptions of this type are characteristic of
the large stratovolcanoes in Lhe Terllary wnd modem
volcanic arcs of, for example, Japan, Kamchatka, and
Indonesia. 1t seems likely that comparable stralovol-
canoes dominated the late Paleozoic paleopeography in
the map area.

ENVIRONMENT OF DEPOSITHON

The available evidence in the map area indicates that
nearly all of the Tetelna Complex was deposited below
sea level, Lenses of fossiliferous limestones and limey
siltstones are common in these sirata throughout Lhe
map area. Also, many of the graded sandstoves and
conglomerates contain fragmenis of marine fossils. ‘I'he
pyroclastic deposits are conformably interbedded with
the fossiliferous deposits, and many of them also conlain
at least a small percentage of marine fossil debris, In
addition, subaerial features such as planl debris, stream
channels, and weathered zones were not lound in any of
the pyroclastic units.

One problematical pyroclastic deposil is anit Pbhm, an
exceptionally thick dacitic lapidli tulf. Although Lhe
lowey part of this lapilli tuff conformably overlies the
marine tocks of unit Pme, the upper part is separated
from the overlying Mankomen Group limestones by an
erosional unconformity. It cannot be proved that the
deposit is entirely subaqucous, However, none of the
beds examined contain evidence of crosshedding, ripple
marks, or othet indications ol Llractive cuvrents thatl

would be expected il deposition had veached or con-
tinued above sea level. It seems likely that this unit aiso
was deposited entirely below sea level.

Lava flows are present in unit Pwf, and these are
conformably interbedded with marine rocks. Alithough
pillow structures are absent, these flows most likely are
submarine. Unfortunately, unil Pwg, which is composed
enlirely of flows, is completely separated from the resi
of the Complex by a fault. Consequenlly, the environ-
ment in which these flows accumulaled cannot be
determined from the nature of associated sedimentary
deposiis. The flows in this unit are massive in places and
brecciated in olhers; pillows appear Lo be absent. How-
ever, Lhe lack of pillows does not necessarily eliminate a
marine origin. In one thin seclion of these {lows, nearly
spherical fragments 0.5 to I cm across were observed.
These resemble the sphetical drople(s sometimes formeq
when hot fluid lava is quenched by water.

There are also several indications that the environ-
ment of deposilion in which most of the Complex
accumulated was a moderately deep one, entirely helow
wave base. For example, cuxrent-produced features such
as good sorting, large-scale cross bedding, osciliation
ripple marks, and rip-ups arc rare. Instead, the pre-
dominanl sedimenlary structures are graded beds, slump
structures, and Lhin parallel bedding and laminations.
These are structures typical of deposits thal accumulate
in quicl water helow wave base. Furthermore, a min-
imur water depth of 150 to 700 feet is indicated for
parts of the Complex by the thicknesses of severat of the
pyroclagtic units, For example, map unit Pfc contains a
coarse dacitic pyroclastic deposil thal reaches a max-
imum thickness of nearly 300 feet (fig. 3, WSp). This
unit does not contain interbedded normal marine strata,
and it is conformably overlain and underlain by slightly
fossiliferous marine elaystones and graded sandstones.
The lack of interbedded marine deposits indicates that
the pyvoclastic unit was deposiled rapidly during one
major cruplion. Thus a8 water depth of at least 300 leet
must have existed at the time of the eruption to accomo-
date the 3800 fee! of pyroclastic material. Similar
reasoning can be applied to other unbroken successions
of pyroclastic deposits in units Prnie and Pbm, in which
the deposits have respective thicknesses of 155 and
700 feet.

In a quict-water cnvironment below (he limil of
effective wave base, two major categories of sedimentary
processes can be expected to have controlled sedimenta-
tion: settling from suspension. and subaqueous gravity
flows. Strata in the Complex contain evidence of both of
these processes, bui the subaqueous-gravity phenomena
were the most important and were largely responsible
for the mflux and deposition of sand-sized and coarser
material. Gravity processes deposited at least parts of
the pyroclastics and produced slumps and slides, debris
flow deposils, and a variely of graded beds.
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PYROCLASTIC DEPOSITS!

Over two-thirds of the Tetelna Complex is composed
of pyroclastic rocks, and these are remarkably diverse in
stratification, texiure, and composition. Particulay em-
phasis is given to these deposits because of their volu-
metric imporlance in the Complex, and because an
understanding of their eruptive origin and Lheir inode of
deposition has an important beatring on paleogeographic
interpretation and reconstruclion ot geologic history in
the map area.

In the foliowing discussion, the pyroclastic deposits
are grouped into three categories on the basis of the
inferred mode of deposilion. The fitst category, pyro-
clastic fall deposits, are those believed Lo have been
deposited dirvectly by [allout through the water column,
The. second, mixed fall and flow deposits, consist of a
lower part deposited from a matine pyroclastic flow and
an upper part deposited by falloul. The third category,
unstratified deposits, are those pyroclastics for which
the depositional mechanism is uncertain. They may have
been deposiied by fallout or entirely from submarine
pyroclastic flows. Most of the detaited work has been
done on map units Pnc, Pr, Pfc, and Pbm (p). 2); the
discussion is primarily devoted to the pyrociastic rocks
in these strata.

PYROCLASTIC FALL DEPOSITS
LITHOLOGY AND PETROGRAPHY

A large number of the pyroclastic fall deposits in the
Tetelna Complex consist of {ine-grained tuffs. Many of
these occur in the upper paxt of map unit Pne (fig. 4),
but they are also found sporadically throughoul the
Complex. Onr the outcrop surface these Luffs appear as
distinctive greenish-white to medium-green beds, which
range in thickness from I inch to slightly over 2 feet.
Close examination usually reveals an indislinet strati-
fication within the beds that is defined by slight dif-
ferences in grain size, color, or graded bedding.

A few of the tuffs were examined in thin section. The
identifiable ash-sized material is composed of broken
albitic plagioclase crystals, quartz, potassium feldspar,
and a small percentage of accessory lithic fragments.
This crystal and tithic ash is embedded in a malrix

YPyroclastic terminology used in this report is after Fisher
(1986, p. 292-296). Ash rafexs to uncongolidated parlicles
ranging from clay and siit size {{ine ash) to sand size (coarse ash),
Consolidated roeks composed moslly of ash are called (ufr.
Lapilll xefers Lo unconsolidated material ranging from 2 to 64
mm ip diameter and is subdivided in the following manner:!
very fine lapilli - 2 to 4 mm;: fine taptll - 4 Lo 8 mm: medium
lapilli - 8 to 16 mm: coarse Inpilli - 16 o 32 mm; and very
coarse 1apilli - 32 to 64 mm. Consolidnied lapilli is called lapilli-
stone, and the term may be modified according ¢o grain size by
the prefixes glven above. Poorly sorted pyroclastic rocks com-
posed of ubout ¢qual amounts of tuff and lapillistone are called
lapRl tuffs. Pyroclastic deposits composed of fragments from
64 to 265 mm in diametey are called fine pyroclastic breccias;
those composed of fragmants mosily larger than 256 mm are
coarse pyroclastic breceias.

that was probably fine glassy material but which has
since recrystallized to an exceedingly fine (approx-
imately 2- to 4-micron) light-green aggregate of quartz,
feldspar, and chlorite fiakes, Many of the samples
contain layered concentrations of [lallened chloritic
platelets that have the porous or tubular texture
indicative of pumice fragments. The grain size of the
lithic ancl crystal material rarely exceeds that of coarse
silt, and the tuffs typically are wel} sorted. The tuffs
examined are probably dacitic to rhyodacitic in com-
position since they usually contain more than 10 percent
quar(z and potassium feldspar.

The good sorling and stratification in these deposits
is evidence that the fine ash was spread in eruption
clouds away from the eruptive venis and setiled slowly
through the water column lo the se fioor.

Two pyrociastic deposits in map unil Pfc deseyve
special emphasis because they are much thicker and
coatser grained than the tulfs discussed above, and
they give some indication of the location of the vents
from which the pyroclastic material was erupted. These
two deposits were used as stratigraphic markers for
corvelation, and for the purposes of this discussion the
two uniis are named marker bed C and marker bed D.
The stratigraphic posilion of these two deposits in the
complex is shown in figure 3 (WSc and WSp).

Markey beds C and D are characterized by a dis-
tinctive color and stratification. They range from light
green to medium gray---a sharp contrast from the darker
green of most of the other pyrociastics in the Complex.
The stratification is typically delined by slight dif-
ferences in grain size or color, and i many samples
examined, by graded bedding (fig. 5). Individual layers
in markey bed C are mostly fine- Lo coarse-grained tuffs
that vary in thickness from less than 1 inch to about 6
inches. [n marker bed D most of the beds are lapilli-
stones, ranging in thickness from 4 inches to slightly
over 1 foot. Both marker beds C and D have thinner and
finer-grained beds in the upper and lower one-thirds of
the deposits. Although this stratification is distinct from
a distance, the contacts between the layers, if examined
closely, are usually vague and difficull to locate {fig. 5).
This is a bedding phenomenon also observed in many
air-fall pyroclastics (Sigvaldason, 1968, p. 93-96; Went-
worth, 1926).

A thin-section examination of selected samples from
both deposiis indicates that they are composed rnainly
of albitic plagiaclase (50-70 percent) and quartz (30-40
percent); the original compaosition of these beds was pro-
bably dacitic. The plagioclase grains are generally angular
broken fragments, and the quartz is typically embayed.
Aceessory lithic fragiments of andesitic or dacitic com-
position oceur but rarely in amounts greater than about
10 percent. Wispy, flatiened pumice or scoviaceous
fragments are randomly scattered throughout the in-
dividual layers.

The grain size of both deposits varies slightly ver-
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FIGURE 5. -Graded bedding in stratified pyroclastic
fall deposit, marker bed C.

tically and significantly laterally (fig. 6). On the average,
marker bed C is composed of fine Lo coarse ash, whereas
marker bed D is composed of coarse ash Lo medium
lapilli. Bolh units are moderately Lo well sorted.

The ash and lapilli are embedded in a fine-grained,
recrystallized aggregate consisting mostly of quartz,
feldspar(?), and a small amount of chlorite. Much of this
aggregate has the interlocking granular lexture of ‘salt
and pepper’ extinction (ypical of completely recrystal-
lized glass. [n facl, several reliet glass shards, now com-
posed entirely of chlorite, could be distinguished within
Lhis recryslallized aggregate in a few samples.

SEDIMENTATION OF MARKER BEDS C AND D

The potential for resedimentalion of marine pyro-
dastic debris during explosive eruptions is quite high;
however, it is unlikely thai lurbidity current sedimenta-
iion played an imporlant role in the deposition of
individual Jayers within marker beds C and D, despite
the frequeni occurrence of graded bedding in Lhe
deposils. The well-developed stralification, the mod-
crately pood to good sorting, and the gradational
contacls between individual beds in both deposits are
characteristics usually considered to be diaghostic of
deposition directly from eruption clouds (Fiske, 1963,

p. 397, Williams, 1926, p. 240-241; Ross and Smilh,
1960, p. 18-22). in addition, many of the layers within
the two pyroclastic deposits are lenticular and cannot be
Lraced laterallv for more Lthan 100 to 200 feet. len-
Licular stratiticalion on this scale 1s nol characteristic of
turbidily currenl deposils. However, subaerial air-fal(
pyroclasiic rocks have been described in deposits of the
Katmai region ot the Alaska Peninsula thal are char-
acterized by internal lenticular stratificalion comparable
Lo that observed in the pyroclastics in marker beds C and
D (Curtis, 1968, p. 167). Considered togeiher, the
characterislies of the pyroclastics strongly suggest thal
the individual layers in the two marker beds were
deposiled directly by Tfallout (rom eruplion clouds
rather than by turbidity currents. The lenticular strat-
ilication was probably produced by a combination of
explosive pulses during the eruptlion and Lurbulence in
the eruption cloud. The graded bedding in many of Lhe
individual layers can be atlributed Lo the fasler setlling
velocilies of the larger-sized (heavier) fragnenis.

SOURCE OF MARKER BEDS C AND D

The fallout origin of marker beds C and D is an
important lact to eslablish becauvse explosive eruptions
are rarely capable of ejecting lithic lapilli---especially of
medium size--~-more than a few miles (rom the venl
(Rittmann, 1962, p. 74; Ross and Smith, 1960, p. 18-
22). The signiliciince of Lhese two deposits, Lherefore,
lies iu the fact that their grain size requires the erupting
venls Lo have heen located probably no more than a few
miles from the present exposures of the deposits.
The probable direction to the vents is indicated in {igure
6, which shows the thickness and grain-size variations of
bolh deposits within the area. Although the data are
scant, they indicate that marker bed C thins in an
easterly direction. Also, fhe grain size in marker bed C
decreases in an easlerly direciion. Too few data are
available to determine the exact girection of thinning in
marker bed D, bul the two thicknesses known are
consistenl with an easlerly or northeasterly thinning of
marker bed C. It is inferred, therefore, from these dala
thal the pyroclastic material in marker beds C and D was
erupted from vents located only a few miles west or
southwest of McCallum Creek. Unfortunately, Petmian
sttata in the critical area to the southwest are mostly
covered by Tertiary and Quarternary deposils, and the
inferred location of the vents cannot he confirmed by
more direcl evidence,

MIXED FALL AND FLOW PYROCLASTIC DEPOSITS

Most of the coarse-grained pyroclastics in (he Com-
plex belong lo this calegory. These deposits are char-
acterized by a distinctive stratification consisting of an
ascending succession of graded beds that tend to become
progressively finer grained (fig. 7). This type of layering
was initially termed doubic grading by Fiske (1964,
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FIGURE 6.—Grain-size and thickness changes in four pyroclastic deposits in the Tetelna Complex,

p. 83-88) to describe a similar stratification in pyro-
clastic deposits of Japan.

Most of the doubly graded pyroclastics oceur in the
lower two-thirds of map unit Pne (fig. 4) and at the Lop
and bottom of the map unit Pn (fig. 4 and DPF 4 and
DPFpR in fig. 3). The deposits have a distinctive green to
dark green color, and in the field lhey can be easily
recognized from a distance. The thickness of the
doubly graded deposits is variable, ranging from 5 to
over 50 feet. Individual deposits are continuous laterally
for aboul a mile, but thin markedly or pinch out within
a distance of 3 to 4 miles.

The typical doubly graded pyroclastic unit can be
divided into a lower zone, which is a massive, graded
lapitli tuff, and an upper zone, which is composed of
numerous, well-stratified graded tuffs and lapillistones
(fig. 7). In some of the doubly graded intervals, the two
zohes are about equal in thickness, but Lypically the
lower zone makes up only one-third {o one-fourth of the
deposit. In all of the exposures examined, the contact
between the two zones is gradational; an indistinct
stratification appears above the lapitli tuff, and becomes

progressively more distinct higher in the upper zone of
the deposit (fig. 7).

LITHOLOGY AND PETROGRAPHY OF THE LOWER ZONE

The lapilli tuffs in the lower zones are characterized
by a chaotic mixture of lithic fragments, plagioclase
crystals, pumice lapilli, and glassy ash. Quartz crystals
are present in many of the deposils, especizlly in the
Rainbow Ridge unit (Pr). The lithic fragments ave
angulay and are extremely variable in size, ranging from
fine ash o coarse lapilli. The fragments are ‘basaltic-
andesitic to dacitic, and exhibit a variety of textures,
including porphyritic, trachytic, pilotaxitic, glassy, mi-
crovesicular, and scoriaceous. The plagioclase crysials
are mostly broken fragments ranging in size from coarse
ash to fine lapilli. They are almost entirely albitic and
exhibit albite, Carlsbad-albite, and pericline twinning.
Pumice lapilli are very abundant, commonly totalling as
much a8 40 percent of the pyroclastic debris (fig. 8).
The pumice commonly occurs as irregular plateleis and
dises flattened parallel to bedding. The wmatrix in
these deposits is a f(ine-grained aggregate of chlorite,
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FIGURE 7.—~Typical douhle grading in pyroclasiic de-
posits of the Tetelna Complex.

quartz, feldspar, and some leucoxene, and probably
represents altered glassy dust and ash. Foreign fragments
of corals, brachiopods, echinoids, and crinoids oceur in
nearly all of these lapilli tuffs, and claystone clasts
similar to lhe bedded claystones in other paris of the
formalion were observed in several of the deposits.

The most significanl features of these lapilli tuffs
are the verlical size grading of {ragments, the very poor
sorting, and Lhe lack of bedding. The grading is de(ined
by an upward decrease in the size of lithic debris,
typically from coarse lapilli al the base Lo ash at Lthe top
(fig. 7). In some of the lapilli tuffs, this verlical decrease
in grain size is accompanied by a gradual increase in
pumice and glassy fragments. The distinctive poor
sorling can be seen in ligures 8 and 9. This chaolic¢
mixture ol lapilli and ash occurs in all of the deposits
examined, and it creates a markedly heterogencous
appearance that is strikingly apparent in the field.
Bedding is absent, even in those lapilli tuffs thal are over
20 feet Lhick. Although a crude discontinuous strat-
ification is commonly present, it is defined by Llhe
alignment of elongated fragments parallel Lo the uppey
and lower contacts, and is in no way a phenomenon
produced by successive depositional processes. Each
massive lapilli tuff was undoubtedly deposited by a
single sedimentation event.

SEDIMENTATION OF THE LOWER ZONE

The lack of well-developed stratification and sorling
in these lapilli tuffs suggesls that they were nol de-
posited by fallout {rom eruption clouds. Instead, these

FIGURE 8.—Typical lapilh tuft from lower
doubly graded pyroclastic deposils.
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FIGURE 9.—Photomicrograph ol lapilli tuff in lower
part of a doubly graded pyroclastic deposil.

characleristics are more compalible with an origin by
gravily-induced subaqueous flow. From studies in Wash-
ington and Japan, Fiske (1964, p. 83-84: 1963, p. 397-
400) has recognized nonwelded subagucous pyroclaslic
flow deposits that are composed of freshly erupted
pyroclastic matexial dispersed along Lhe sea floor by
processes akin Lo Lurbidity currents. ‘hese deposils,
like Lhe lapilli tuffs in the ma) area, arc characterized
by a distinct lack of sorting and bedding. Fiske con-
sldered that these two features were diagnostic of an
origin by pyroclastic flow rather than air-fall. Also, Ross
and Smith (1960, p. 18-22) and Mauri (L1861, p. 191-
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199) have suggested that poor sorling and lack of
well-developed siratification distinguish unwelded sub-
aerial ash flows from most Lerrestrial air-fall tuffs,

Admitledly, thick deposits of poorly sorted, un-
slratified pyroclastics can be produced by [allout within
the immediate vicinily of the active venl (Mauri,
1961, p. 199; Rittmann, 1962, p. 80), and these can be
confused with unwelded ash flows (Ross and Smith,
1960, p. 21). However, the scattered fossil-shell debris
and claystone clasts in the lapili tuffs of Lhe Complex
are the kinds of material typically torn from the sea
Moor by turbidity currents or other subaqueous flowing
masses, and the presence of this material in Lhe lapilli
Luffs is a further indication of an origin by ftow. It is
unlikely that the (ossil debris could be accidental
malerial incorporated during the eruption because some
of the fossil fragments are paris of crinoid stems with as
many as seven articulated columnals, The violence of a
volcanic eruplion probably would have [ragmented
delicate structures such as these.

An analysis of the (low mechanism by which the
debris in these lapilli tuffs was dispersed is beyond the
scope of this paper. However, the fact thal each deposit
is graded from bottom to lLop suggests Lhal the flow was
fluid and Lurbulent, and the pyroclastic debris probably
was transported by turbidity currents of high density.

LITHOLOGY AND PETROGRAPRY OF THE UPPER ZONE

The stralified upper zone of the doubly graded
deposits contains several alternating light-gray and green
beds (fig. 10). These beds range in thickness from 2 Lo 6
inches at the base of the zone, but tend to be less than 1
inch thick at the top. The grain size in the lower,
thicker-bedded part of the zonc typically is coarse ash or
fine lapilli, whereas the grain size in the upper, thinner-
bedded part is usually fine ash. This upward decrease in
grain size and bedding thickness is not gradual and
continuous, ang there are many reversals in the trend;
however, if the lowermost beds are compared wilh the
upper beds, the changes are obvious. The Lop of this
stratified zone commonly is a green, pumiceous, fine-
grained tuff identical Lo Lhe finc-grained fallout tuffs
discussed in a previous section. Although the contacts
between the light-gray and green beds appear sharp in
hand specimen ([ig. 10), thin seclions across Lhese con-
tacts show that they are aclually somewhal gradational.

As the contrast in colors suggestls, the lighl-gray and
green heds are markedly different in composition. The
former beds are composed mainly of albitic plagioclase
crystals, quartz, and a few lithic fragmenis embedded
in a clear siliceous matrix Lhat is probably a micro-
crystalline silica cementi. [n contlrast, the green beds
contain---in addilion Lo gquartz, albitic plagioclase, and
lithic fragments---an exceptionally large volume of pum-
ice and scoriaceous fragments, locally as much as 30 lo

FIGURE 10.—Typical strat:afied pyroclastic deposil [rom
the upper zone of a doubly graded pyroclastic
deposit,

50 percent, The pumice and scoriaceous fragments have
been replaced by chlorilic minerals that give lhe beds
their characteristic green color. ''he sorting of crystals
and lithic¢ fragments in the tight-gray bands is moderate
1o good (eslimaled from Lhin seclions). Sorting in the
green bands cannoi be estimated because of the large
amount ol highly altered pumice.

SEDIMENTATION OF THE UPPER ZONE

[n those deposits examined in detail, the well-
developed stratification and moderate to good sorling in
the upper zones strongly suggest a fallout origin for Lhe
tuffs and lapillistones. The combination of distinct
stratification and difference in composition between the
light-gray and green beds can be explained besi as the re-
sult of a densily segregation of the erupled debris while
settling through water. During the eruption, each ex-
plosive pulse would have ejeclted a mixlure of crysials,
lithic fragments, punice, and glassy ash into the water,
As the mixture seltled, lhe lighter, slower-settling
pumice and scorigceous material were separated [rom
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the denser, faster-settling crystal and lithic ejecta.
Although complicated by many f{actors, each explosive
pulse would tend Lo produce s couplet composed of
crysiats and lithic fragments at the base (light-gray
beds), and pumice, glass {ragments, and scoria at the top
(green beds). The upward reduction of grain size and
bedding thickness in the upper part of the zone pro-
bably would then be caused by a comnbination of
waning volcanic activity and the slower settling of
finer-grained ejecta, Marked separation of pyroclaslic
matexial by settling through water has been described
by Fisher (1965, p. 351-353), fiske (1964, p. 103), and
Sigvaldason (1988, p. 4).

It could be argued thal each light gray—green couplet
was deposited by a small turbidity cuvrent carrying a
slurry of pyroclastic debris away from the erupting vent,
a process that was suggested by Fiske (1864, p, 93-96)
to explain a somewhat similar doubly graded sirat-
ification in pyroclastic deposits in Japan, However, the
graded beds are distinetly lenticular. As indicated in the
discussion of marker beds C and D, this lenticularity is
evidence of a fallout rather than a turbidity- current
origin. Furthermore, the sorting in the light-gray part of
the couplets appears Lo be much betler than the sorting
in samples of similar grain size from the lapilti tuff in the
lower zone, interpreted as a product of turbidity-current
deposition. This is further evidence of a fatlout. origin
for the units of the upper zone because settling of debris
through water should produce a better sorted deposit
than the churning, turbulent low of a tuybidity current.

ERUPTIVE ORIGIN

Since the two zones in the doubly graded pyro-
clastics are gradational into each other, the subaqueous
pyroclasiic flows that deposited the lapilli tuffs must
have been initiated by the erugtions that produnced the
upper zone tuffs and lapillistones. The initial exptosion
of the eruption must have ejected a large quantity of
lithic fragments, crystals, pumice, and ash. The debris
were immediately carried away from the venl by sub-
aqueous flow. After the initial explosion, large quan-
tities of crystals, pumice, and glassy ash were ejected in
billowing eruption clouds. The pyrociastic debris in
these clouds settled through the water and were de-
posited as stratified tuffs and lapillistones on top of the
massive lapilli tuffs produced by the pyroctastic flows.

Simitax eruptions have been noted in modern voleanic
regions. In Indonesia, terrestrial pyrociaslic deposits
produced by a Pelean type of eruption consist of a lowey
chaotic tuff breccia laid down by a 'ladu,’ or a pyro-
clastic block and ash flow, and an upper part consisting
of air-fall lapilli and ashes that settled from eruption
clouds (van Bemmelen, 1349, p. 192-194).

Although it cannot be determined if the deposits are
welded, it is unlikely that welding couid occur after the
debris came into contact with sea water even if the
eruptions took place below sea level. Fiske (1964,

p. 84), for example, could find no evidence of welding
in the subagueous ash flows in Japan, even though the
eruptions were jnferred Lo have been the submarine
equivalents of eruptions that produce wetded tuffs on
land.

SOURCE

The relatively coarse grain size in the tuffs and
lapillistones of lhe upper zones indicates the proximity
of Lhe active vents, probably within a few miles of Lhe
area of investigation. The probable direction to these
vents is shown in figure 6. This diagram summarizes
thickness and grain-size variations in the two successions
of doubly graded pyroclastics that occur at the top and
bottom of map unit Pr (fig. 6). These are named marker
bed A (Jower succession) and marker bed B (upper
succession), In the fence diagram (fig. 3), these two
successions are shown as DPFp and DPFR. Although
the diagram in figure 6 shows a systematic thickening
in a v.esterly direction, these data must be interpreled
with caution because each doubly graded interval
contains both deposits from subaqueous pyroclastic
flows thal moved down the local paleosiope and fallout
deposits thal were deposited as blankets on top of the
flows independent of the topography. Conceivably, the
direction from the crupting vents could be somewhat
different than the down-dip direction of the local paleo-
slope. Consequently, the thickness variations would,
in that case, reflect control by both factors. However,
since two-thirds to three-fourths of the doubly praded
intervals consist of fallout tuffs angd lapillistones, il can
be assumed that the direction of thickening indicates
essentially the direction to the active vents. The source
vents therefore must have been Jocated a few miles to
the west.

The grain-size measurements for deposits DPF and
DPFR shown in figure 6 are fietd estimates of the
coarsesl material in the lapilli tuffs of the lower zones.
Since the decrease in grain size is a measure of the
direction in which the subagueous pyrociastic flows
moved, Lhe graln-size changes therefore indicate a
paleosiope inclined down to the east; within the limits
of error in the dala, this is in agreement with the
inferred direction to the active vents. It is concluded
that the doubly graded pyroclastics were deposited on
the eastward-dipping submarine flanks of a volcano(es)
with active vents located a few miles to the west.

UNSTRATIFIED DEPOSITS
LITHOLOGY AND PETROGRAPHY

This category is represented by only one pyroclastic
deposit in the area, but the deposit is exceptionaily thick
and constitutes one of the map units in the Tetelna
Comptlex—-the Bear Mouniain lapilli tuff (unit Pbm).
The deposit is a medium- to light-green crystal-vitric
lapilli tuff and, as it lacks potassium feldspar and
contains up to 20 percent quartz, is probably dacitic.
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The thickness of the deposil is belween 600 and 700
feet; because the upper contacl is an erosional uncon-
formity, this is only a minimum estimate of the original
Lhickness., The lower contacl of the lapilli tuff is
conformable, and the deposit always overlies the clay-
stones at the top of map unit Pmc. No consistent
variation in thickness or in grain size could be seen
wilhin the area of exposures examined, and the member
almosl certainly exlends well beyond the map area.

The Bear Mountain lapilli tuff differs in several
respecls from the pyroclastics of the two previous
types. Il is al least three Lo four times thicker and is
perhaps an order ol magnitude grealer in areal exlenl
than any of the other pyroclastic deposits in Lhe
formation. Well-developed stralificalion was nol seen in
any of lhe exposures examined, and the deposit, seen
from a dislance, appears massive and completely homo-
geneous. Closer examinafion usually reveals the presence
ol a crude, very gisconlinuous banding, defined by the
alignment ol large, dark-green, elongated pumice or
glassy [ragments (fig. 11), bul this is nol a stratification
produced by successive sedimentation cvents. Lenses
with a high concentration of crysial ash and lapilli
oceur within Lhe more vitric porlions of the deposit,
but these are nol bounded by dislincl bedding planes.
If bedding originally was present in the deposit, it must
have been poorly developed and was obliteraled by

FIGURE 11.—Bear Mountain map unit.

metamorphism. None of the exposures examined ex-
hibited graded bedding; Lhe texiure immediately above
the lower contact is not significantly different [rom that
observed throughout the deposit,

The crystals in the lapiili tuf{ are quartz and angular,
broken fragments of albitio plagioclase ranging in size
from fine ash (o fine lapilli. Pumice fragments, many of
which are of the long tube variety, also are abundant.
They range in size (rom less Lhan a centimeler across Lo
large, elongaled bodies that in some exposures are nearly
1 meter long. As evident in thin scclion, the pumice
tubes are filled with a dislinctive, greenish chioritic
malerial, making the original porons texlure readily
visible. A few lithic (ragmenls, probably andesitic, were
seen in the thin sections examined, but these are
apparently rare in the deposil. The matrix is a brownish,
microcrystalline aggregate ol chloritic flakes and inter-
locking quartz-feldspar(?) granules, n texture and com-
position suggestive of an original glassy matertal. Only
one or two faint traces ol glass shards were [ound in thin
section, but shards probably were more abundant
originally and Lheir outlines have been Qdeslroyed by
subsequent metamorphism. The sorting of ash and
lapillt is usually poor, The crystal fragments are scaltered
throughout the malrix without respect to size, and the
fragments are rarely in mutual conlacl. The pumice
fragments also are distribuled in a random, unsorted
manner. The amounl of fine ash and dust appears to be
verv high, probably between 30 and 50 percent, al-
though it should be pointed oul Lhal much of ihis
matrix originally may have been coarser, ash-sized
glassy fragments or shards.

SEDIMENTATION

The poor sorting and lack of distincl bedding in Lhe
Bear Mountain lapilli tuff suggesls either that il is
composed of a Lhick succession of rapidly erupted tuffs
deposited near a volcanic venl, or lhal it was deposited
from a single or several closely spaced subaqueous
pyroclastic flows. ‘The nbsence of included mud clasts
and (oss)ls makes the choice between the two alter-
natives difficult. No evidence of scour was seen al the
base of the deposil. bul subagueous pyroclaslic flows
do nol always erode the substrate over which they move
{Fiske, 1963, p. 400). The texture and bedding in air-fall
Luffs deposited near vents typically change abruptly with
increasing dislance from vents, and the lateral homo-
gencily of the Bear Mountain lapiili tuff for a distance of
over 8 miles probably 1s the besl evidence Lhal il is a pro-
duct of flow rather than air [lall.

ERUPTIVE ORIGIN

The exposures of the lapilli tuff are too restricted Lo
permit a Lhorouglt analysis of the eruplion thal pro-
duced the deposil, bul the marked contrast belween this
lapilli tulf and the underlying pyroclasties points (6 a
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quite different eruptive mechanism than earlier ones.
The absence of distinet stratification supgests that the
entire lapili tuff was rapidly deposited, and is evidence
that, atthough the eruption may have consisted of
several closely spaced explosive pulses, it was essentially
a single eruptive event. The thickness of the deposit
requires that a large volume of material was ejected in 2
relatively shori period of time. Because Lhe deposit
containg an exceptionally large amount of pumice and
glassy material and relatively few blocks of lava, the
erupted material must have been of the frothy, viscous
type with a very high gas conlent. These are features
typica) of the Krakatoan type of eruption as defined by
Williams (1941, p. 2B63-265). During this lype of
eruption, an exceptionally large amount of viscous,
frothy magma is erupted rapidly, and the resnlling
deposits may be hundreds of feet thick, unstratified
{or vaguely stratified), pumice-rich lapilii tuffs,
Regardless of the eruptive mechanism, the event that
prodoced the Bear Mountain lapilli tufl must have been
one of the largest and most significant voleanic eruptions
that occurred during the lale Paleozoic in the map area.

RESEDIMENTED NONPYROCLASTIC DEPOSITS

Resedimented nonpyrociastic deposits are common
throughout the Tetetna Camplex. These deposiis include
slumps and slides, pebbly mudstones, 2 variety of graded
sandslones, and graded limestones,

SLUMPS

Evidence of soft sediment slumping can be found on
both a large and small scale in the strata of the Tetelna
Complex. The large-scate phenomena occur in zones 10
to 70 feet thick, and are characterized by highty con-
torted faulted and folded beds, isolated masses of
twisted beds, sand dikes, scattered areas of chaolle
fossil rubble in a claystone matrix, and a general lack of
continuous stratification. The smaller zones cohtain
structures that are not as chaotic as in the larger, bul
which do exhibit a variety of smallscale fautts, folds,
pull-aparts, and other soft-sediment deformations. These
smaller features are commonly conflined lo beds not
more than 3 to 5 feet thick. Soft-sediment slumps occur
in every member of the Complex and ave so numerous
that practically every outerop contains some evidence of
this phenomenon. It is not difficult Lo conclude that the
strata were deposited on a submarine slope that musl
have been relatively steep.

The orientation of nine folds in the larger stump
zones were measured in an attempl to confirm lhe
orientation of (he paleoslope suggested by grain size
and thickness changes in the subaqueous pyroclasiic
flow deposits. The strike of these folds was found to be
in a northwest direction, which suggests that the siiike
of the paleoslope was also northwest (fig. 12). Sig
nificantly, the northwest strike of the paleoslope in-

dicated by these slump structures is compatible with the
postulated northerly strike of the paleoslope inferred
from grain-size and thickness variations in the sub-
aqueous pyroclastic flow deposits (fig. 8).

DEBRIS FLOW DEPOSITS
LITHOLOGY AND PETROGRAPHY

Most of the debris flow deposits in the Complex
occur in the Orange Valley unit (map unit Pov, fig, 4).
These deposits are green (o greenish while on fresh
surfaces and are usually a distinctive, dull grayish green
on weathered surfaces. The individual bheds range in
thickness from a few inches Lo stightly over 10 feet, and
most of the beds can be (raced for over 100 yards
without noticeable variation in the thickness, This
succession is persistent throughout the area west of
Gulkana Glacier, and although exposures are generally
poor except in the western part of the area, the overal)
grain size and thickness of the deposits appear Lo de-
crease in a northeasterly direction.

The most striking characteristic of the debris flows in
the Orange Valley unit Is their very poor sorting, a
fealure best illustrated by the presence of large, angular
fragments from 5 to 20 cm across that are dispersed in a
mixture of sand, slit, and mud-sized material (fig, 13).
Many of the fragments are disk-shaped or (lat, and they

tend to lie with their flat surfaces parallel to the bed-
ding, defining in some places a crude stratification
{fig. 13). The base of some of the deposits Lruncates
the upper parts of the underlying unils, probably an
indication of scour during deposition. Although the
grain-size distribulion is chaotic throughout the lower
and middle parts of each bed, the clastic fragments are
nearly always graded in the upper 2 to 3 feet of the
thicker beds (shown diagrammatically in fig. 4). At the
top of these graded intervals, there is usually a zone of
parallel laminations 3 to 4 inches thick.

N

o '\0
==
Scola i milas

FIGURE 12.—Orientation of slomp (old axes in the
Teielna Complex.
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FIGURE 13.—Orange Valley map unit,

The composition of grains (malerial coarser than fine
silt) in the Orange Valley strata consisls of a mixture of
fossil debris, voleanic roek frigments, plagioclase, ang
quarlz (fig. 14). The (ossil debris consisls moslly of
crinoid stems and picees of brachiopods, ¢chinoids, and
broken coral calyxes. No fragments of lithified car-
bonate were found. The recognizable rock fragments
probably arc andesitic Lo dactic, although ihe ex-
lensive alteraltion and decalcification inake exacl de-
lermination difficult. The lextures of the rock frag-
ments, although partly dastroved by the alteration,
appear o he mostly Lrachytic, pilotaxitic, scoriaceous,
pumiceous, glassy, and pyroclastic. Most of Lhe rock
fragmentls are angular and subangular, but many ol the
larger ones show some evidence of rounding. Sig-
nificantly, a few of the sand-sized grains are rounded o
subrounded (fig. 14). Detrilal plagiociase grains are
moslly albitic with Carlshad, Carlshad-albite, and some
pericline twinnmg. Zoned plagioclsse cryvstals are rare,
and staining ol several hand specimens Failed to indicate
the presence of potlassium (eddspar. These delrital
plagioclase grains are idenlical in composition and
twinning lo the plagioclase phenocrysts in the rock
(ragroents, The matrix (clay and (ing silt size) is moslly
secondary material composed of microcrystalline quartz,
fine chloritic Nakes, and a small amount of finely
disseminatled leucoxene. 'he original composiiion of (his
malrix comd not be delermined.

A smaller, more resiricted inlerval of debris flow
deposits occurs in the upper part of the Foggy Creek
unil (map unit Pfe). This unit is a lentlicular body found
only in those oulcrops of the Foggy Creek unit in
mezasured section 9 (pl. 2), This interval prades laterally
Lo the west and cast into pyroclastic deposits (fig. 3).

The debris flows in the Foggy Creck strala have the
same mixture of fossil and voleanic debris found in the
Orange Valley deposits, and the lower part ol each hed

FIGURE 14.—Pholomicrograph of sample from the
Orange Valley map unil,

contains pebbies and cobbles of volcanic material
suspended in a finer grained matrix. The Foggy Creek
deposits dilfer from Lhose in the Qrange Valley unil in
two respects. 'The Foggy Creek deposits contain a
senicilic instead of a chlorilic matrix, which gives them
a grayish-brown rather than green color. Also, the
individual deposits in the Foggy Creck unil are much
Lhicker, varying from 30 to 50 feet in thickness. The
upper 10 Lo 30 feet of each deposil is always graded,
and lhe grain size ranges from coarse pebbles in the
lower parls of the graded interval Lo fine sand al lhe
top. As in the Orange Valley strata, Lhe top of lhese
graded inteyvals is thin-bedded or taminated, bul this
stratified zone is usually 1 Lo 2 feet thick rathey than a
few inches. [n fact, il il were nol for the ungraded,
typical pebblv mudstone Lexture in the lower paris of
these deposits, the beds would more closely resemble
thick. coarse-praincd turbidites. These deposits are quite
similar in Lexture and stratification to the complexly
stratified ‘fluxoturbidites’ reported Lo oceur in flysch
successions in those parts of flysch basins that are
presumably near the source (Dzulynski, et al., 1959,
p. 1095).

SEDIMENTATION

Debris flow deposits such as those in the Orange
Valley and Foggy Creek unils have been shown to be
the product of subaqueous mass (low initialed by
sediment failure on a submarine slope. When the liquid
fimit is exceeded in (he metastable, water-rich sedi-
ments, the masses move swiftly downslope by viscous,
turbulent Mow, a process that is responsible for the
poor sorting and general absence of stratification (Dott,
1963, p. 113-114; Crowel}, 1957, p. 1003-1005). During
the llow of Lhe deposils in the Orange Valley and oggy
Creek units, sea water apparently mixed with Lhe upper
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part of the moving debris, reducing viscosity sufficiently
to allow Lrue turbidily Dow Lo develop in the surface
layers of (he mass: this resulted in the graded and
laminated upper parts of the deposits.

A number of faclors mnay have caused Lhe sediment
faifure that initiated the movement of malerial down-
slope. Rapid deposition, entrapment of large quantities
ol pore water during sedimenlalion, liguelaction, and
sudden shocks may have been important conlributors to
the phenomenon (Crowell, 1957, p. 1004; Doli, 1963,
p. 114-116). However, in a volcanically active region,
sedimenl failure would be especially apl to occur during
a volcanic eruption as a resull of both rapid deposition
of pyroclastic matlerial and earthquake shocks accom.-
panying the eruptions. It is imporiant in this respect Lo
recall that the Foggy Creek pebbly mudstone could be
traced lalerally into pyroclaslic deposits, demonstrating
their synchroneity. Furlthermore, this mudstone inlerval
also contains scaltered lenses of dacitic tulls (fig. 3).
Bolh facts suggest that the flow of debris leading Lo the
deposition of the Foggy Crevk pebbly mudstones was
initialed during volcanic eruplions, probably by rapid
sedimentalion or earthquakes, or bolh. Alithough the
pebbly mudslones in the Orange Valley unit could notl
be Lraced into contemporaneous pyroclastic deposits,
many ol these deposits are overlain by 1 to 2 inches of
Gine tufl. Tu is likely thal sediment failure occurring
during volcanic eruptions was also a major faclor in the
production of the Orange Valley deposils.

GRADED SANDSTONE DEPOSITS

LITHOLOGY AND PETROGRAPHY

Graded sandslone deposils are gistributed through-
out the Complex, bul they are particularly notable in
the McCallum Creek unit, where they compose nearly
20 percent of Lhe stratigraphic thickness (fig. 4). These
deposits arc gray, gray brown, or gray green, and range
in thickness from less than 1 inch to over 3 feel, Indivi-
dual beds Lypically are interstralified with laminated or
massive silty claystones a few inches Lo several feel in
thickness, a sliratification pattern similar to the sand-
shale interbeds characleristic of turbidite or flysch
successions in other parts of the world. The graded
sediments differ from many Lurbidiles, however, in that
the deposils have no internal current leatures such as
crossbedding, convoluied bedding, parallel lamination,
or ripple-adrift lamination. Sole marks, if present, could
notl be seen because the lower surface ol the graded
units is usually firmly cemented by silicification Lo the
underlying claystones.

The textural properiies of the graded deposits (fig.
15) are those lypical of many immiuture, graded gray-
wacke sandstones. Within any single graded unit, the
grain size may range (rom medium pebbies at the base
Lo fine sand al Lhe top: Lhe coarser sizes Ltend Lo occur
in béds thicker than 1 1o 1.5 feet. A few notable
exceplions were observed in which the grain size ranges

FIGURE 15.~Photomicrograph ol a graded bed from
the Tetelna Complex.

from medium pebbles Lo medium sand in beds less than
3 inches Lhick. Mosl of the detyitus is angular to
subangular, although soime sampies had a significanl
number of rounded Lo subyounded rock fragments. The
sorling ol grains in any part of the graded bed is poor,
bul nol to the extent that the larger fragments appear
Lo be suspended in a finer grained material as in the
pebbly mudstones. The malrix conlent varies from as
little as 1 Lo 2 percenl to as much as 20 percent by
volume (values estimated from thin section). Some of
the deposils, especiully those thal liave small amounts of
matrix, are cemented by what is probably secondary
chlorite occurring in the form of elongate sheaths
growing in a cockscomb pablern between the detrilal
fragments.

The composition of grains is generally similar (o the
composition of the volcanically derived delritus in the
pebbly mudstoncs. Andesitic(?) rock (raginents, plagio-
clase, and quartz are present in variable proportions,
allthough rock Iragments wilth pyroclastic, pilotaxilie,
trachylic, and glassy texlures tend (o predominate.
Rock (ragmenls with scoriaccous and pumiceous tex-
tures are present in some of the sandsiones, but they are
rarely important componenis. Jn some samples, Lhe
more porous of these vesicular Iragmentls are com-
pressed around the denser detrital grains, producing a
‘psendowelded’ texture, which is probably the result of a
combinatlion of compaction and alleration. The quartz
and plagioclase in Lthese deposits are similar in size,
shape, and composition Lo those in the pebbly mud-
stones. As is true of the pebbly mudstones, the detrital
quarlz and plagioclase are identical to e quartz and
plagioclase in the rock fragments, indicaling that these
compohents also are probably derived from volcanic
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rocks, The matrix Is a dark, microcrystalline aggregate
of chlorite and leucoxene with minor amounts of quartz
and feldspar; the matrix is probably an aiteration
product of mostly clay minerals because it contains no
relict fragments of pumice or glass shards and because it
is much darker than the matrix of the pyroclastic rocks
(probably due to the presence of very fine carbonaceous
material).

SEDIMENTATION

‘The depositional origin of the graded sandstones is
difficuit to determine. The presence of graded bedding
suggests a turbidity-current origin; however, such a
hypothesis must be considered carefully because graded
bedding in deposits composed of angular, voleanic rock
fragments could have been formed simply by gravita-
tional settling ol the coarse debris produced after a
volcanic eruption of predominantly lithic material. [n
other words, the graded sandsiones could be lithic
pyroclastics deposited directly from eruption clouds.
The problem is particulayly evident in that these deposits
in the Complex lack the displaced fauna and internat
stratification characteristic of turbidites in other parts of
the world.

On the other hand, the graded sandstones differ in
many respects from pyroclastics. The deposits contain
very little glassy matrix or pumice and scoriaceous
fragments, and pumice or ash rarely occurs at the top of
the graded beds. The sandstones occur as single unstrati-
fled beds separated by thick intervals of claystone, and if
they were produced by settling following volcanic erup-
tions, the eruptions would have Lo have been single
explosions separated by long time intervals. However, an
eruption typically consists of several explosive pulses,
and these pulses are partly the cause of distinct tayering
or strafification in deposits formed directly from erup-
tion clouds.

More competling avidence can be cited, howevey, to
show that the volcaniclastics are most probably the
product of resedimentation processes. A few of the
deposits contain scattered, small mudehips (1 to 2 em
across) whose texture and composition resemble those
of the interbedded silty claystones. Mudchips such as
these are common in turbidites and are thought to be
fragments of cohesive mud ripped from the sea floor,
presumably during passage of the turbidity current. In
addition, the presence of rounded to subrounded rock
fragments in several of the graded beds is evidence that
some of the detrital material is not freshly erupted
debris but instead underwent a period of abrasion before
final deposition.

The combined presence of mudchips, rounded grains,
and graded bedding in these graded beds is considered to
be strong evidence that these beds were deposited from
turbidity currents. The lack of internat stratification is
not unhusual in turbidites, and this may be due tlo
deposition near the source of the turbidity current, an
exptanation offered by Walker (1367, p, 1018-1020).

GRADED LIMESTONE
LITHOLOGY AND PETROLOGY

Many of the carbonate units in the Tetelna Complex
exhibit graded bedding. Although these yocks are classi-
fied as limestones, they are discussed under this heading
because they were deposited by resedimentation pro-
cesses. The graded limestone beds occur almost entirely
in the Middle Ridge unit (Pmr), bui a few beds are also
found in the lower part of the Orange Valley unit
(fig. 4). Although (igure 4 shows only three graded
limestone beds in the Middle Ridge strata, this small
number is exceptional; as many as 20 to 30 are present
in sectlons measured in other paris of the area, The
coloyr of these deposits varies from gray green (relatively
large amount of volcanic impurities) to gray or grayish
white (mostly carbonate debris). Individual beds typical-
ly are a few inches thick in the Orange Valley unit and 1
to 10 feet thick in the Middle Ridge unit. Unlike the
graded volcaniclastics, these graded limestones are inter-
bedded with a variety of lithologies, including calcareous
sittstones, graded volcaniclastics, and pyroclastics. The
individual beds also contain, in theiy upper parts,
internal stratification In the form of hotizontal lamina-
tions and small-scale planar cross bedding. As is true of
other graded units in the formalion, the lower surfaces
of the ‘graded limestones are too poorly exposed to
reveat sole marks, if any.

The texture of these graded limestones is similar in
many respects to lhe texture of the graded sandstones,
The grain size of the carbonate 4nd volcanic fragments in
the thicker beds usually ranges from coarse pebbies
(calcirudite) at the base Lo fine sand (calcarenite) al the
top. Typically, the average grain size is inversely related
to the thickness. The coarsest grains are usually the
voleanic rock fragment impurities, but a few large
fossil fragments, 2 to 3 cm across, occur in the lower
parts of some of the thicker beds. Most of the vol-
canically derived grains are angular to subangular, but a
few are rounded to subrounded. The margins of the
detrital carbonate are so badly corroded that ryounded
surfaces, if originally present, have been destroyed. The
individual graded beds are poorly sorted throughout, and
the matrix content ranges from fess than 5 percent in
some beds to as much as 15 percent in others.

The composition of the graded limestones is some-
what similar to the carbonate-volcanic mixture charac-
teristic of the pebbly mudsiones in the Orange Valley
strata, except that the percentage of volcanic detritus is
much lowey in the graded limestones. Most of the
volcanic detritus is composed of andesitic(?) rock
fragments with trachytic, pilotaxitic, glassy, and pyro-
clastic textures, and the detritus also includes vol-
canically derived quartz and albitic plagioclase. However,
in some of the beds, a surprisingly large number of the
volcanic impurities are dark-green pumice fragments that
are usually much larger (4 lo 5 cm across) than the other
detrital components. All of these pumice fragments
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only to emphasize the contrast between it and the
underlying strata of the Teteina Complex.

WEST OF GULKANA GLACIER

West of Gutkana Glacier, the lower 200 feet of the
Mankomen Group (unit Ply, pl. 2) consist of an
almost cyclic arrangement of thin- to medium-bedded
units of calcitutite, calcarenite, and fine calcirudite
(fig. 16). The calcarenite and calcirudite are composed
of moderately to well-sorted bioclastic detritus em-
bedded either in a micritic matrix or in sparry cement.
The bioclastic material is a heterogeneous mixture of
coral, bryozoan, brachiopod, echinoid, crinoid, fusuli-
nid, and algal(?) fragments. Planar cross bedding 6
inches Lo 1 foot was observed in a few exposures.

The uppermost 10 to 20 [eet of this 200-foot
limestone Inlerval is fine-grained and silty, and grades
upward into black silty claystone. The black claystone,
excepl for one 10-foot bed of calcirudite, characterizes
the remaining part of the Mankomen Group exposed
wesl of Gulkana Glacier (unit Pma, pl. 2).

The abundance ol well-hedded, moderately to well-
sorted, and occasionally cross-bedded bioctastic lime-
stones indicates that, in contrast to strata in the Tetelna
Complex, the lower part of the Mankomen Group was
deposited in a relatively shallow marine environmenti
above wave base. This shallow sea floor must have been
heavily populated by benthonic organisms, which con-
tributed abundant carbonate detritus to the local site of
deposition. The gradual change from limestone to black
shate at the top of the 200-foot limestone intervat
probably indicates a stow subsidence of the shallow,
agitated environment to a depth abl which botlom
agitation was considerably reduced and conditions were
no longer favorable for the development of organic
communities. These condilions persisted long enough for
at least 300 feet of black silty shale to accumulate.

EAST OF GULKANA GLACIER

East of Gulkana Glaciey, the Group consists of four
facies: a bryozoan biostrome facies of which about 500
feet are exposed (lower part of Pmlg); a bloclastic
limestone facies 300 feet thick (upper part of unit
Pmig); a facies composed of btack argillite (Pma}); and a
facles composed of interbedded bioclastic limestone,
black shale, and silty fossiliferous limestone (unit Pmla),
of which approximately 600 feet are exposed. Sections
measured through unit Pmly (section 2) and Pmia
(section 2A) are described jn appendix 1.

Faulting, poor exposures, and severe recrystallization
prevented more than a superficial examination of these
facies east of Gulkana Glacier. The bioclastic limestones
are thin- to medium-bedded caicarentite and caicirudite
with moderate to googd sorting and some cross bedding.
The bioclastic debris appears to be mostly echinoderm
and bryozoan fragments. Like the lower part of the
Group west of Gutkana Glacier, these bioclastic lime-
stones were apparently deposited above the local wave
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base next to targe organic communities. The bryozoan
biostromes are commaonly less than 1 foot thick, and are
composed almost entirely of Cfenestrate and ramose
bryozoans. The bryozoans are mostly broken and
scatteved, buf a few of them appear to have formed a
framework strycture. The matrix in these biostromes is
mostly calcilutite. The silty (fossiliferous limestones
contain ostly spiriferid brachiopods and bryozoans
embedded in a calcareous matrix with silt-sized quartz
and feldspar impurities.

Some of the bioclastic limestone beds near The
Hoodoos confain lenses of well-rounded and well-sorted
calcareous terrigenous sandstone and fine pebbly con-
glomerate. In thin section, the terrigenous grains were
found to contain a surprisingly large number of quartzite
and guartz-sericite schist fragments, togethér with abun-
dant chert (ragments and a few volcanic rock fragments.
This occurrence marks the only important concentration
of metamorphic rock fragments within the upper Pa
leozoic strata in the map area.

PALEOGEOGRAPHIC SYNTHESIS
AND GEOLOGIC HISTORY

MIDDLE PENNSYLVANIAN
TO EARLY WOLFCAMPIAN

ACTIVE VOLCANIC SOURCE AND PALEOSLOPE

Evidence of the active volcanic source and the
orientation of the paleosiope has already been discussed
in the section on pvroclastics; therefore only a brief
summary of the conclusions is given here, During middie
Pennsylvanian to early Wolfcampian time, an active
volcanic source area (probably a group of marine
stratovolcanoes) continually supplied pyroctastic and
nonpyroclastic debris into a moderately deep marine
environment. tn the lower Permian strats, the varialion
in thickness and in grain size of pyrociastics deposited
from eruption clouds indicates that the volcanoes lay
only a few miles to the west of the area of investigation.
Grain-size changes in pyroclastics deposited from sub-
aqueous pyroclastic flows indicate that the active vents
were linked to the basin by a paleostope inclined down
to the east.

WATER DEPTH IN THE SOURCE AREA

The numerous well-rounded sand-sized rock frag-
ments in some of the resedimented deposits must have
been abraded by current action prior to transport
downsiope into the deeper parts of the environment.
Admittedly, some potentiat for rounding exists in the
process of flow of the debris downslope, particularly
in the coarse material, but it js highly unlikely that
grains of sand size could be rounded during flow in the
short distance between the volcanic source and the
local basin of deposition. Therefore, the rounded grains,
especially those of sand size, are evidence that the active
vents in the source area were located in a relatively

shallow, wave-agitated environment.

That the active volcanoes rose above sea level as
volcanic istands cannot be determined from the available
data. However, since the vents apparenily were located
in relatively shallow water, it seems likely that from
time to time explosive volcanism could have raised the
vents above the surface of the sea.

DEPOSITIONAL SETTING

The environment of deposition was probably located
on the outer flanks of the active volcanoes during early
Wolfcampian time (fig. 17). The absence of current
structures in the strata indicates a quiet-water environ-
ment, and this, together with the thicknesses of the
pyroclastic deposiis, is evidence that the water depth
corresponded to the middle or outer part of the netitic
zone. Small coral, brachiopod, and bryozoan bioherms
and bjostromes developed on the sea floor. Their growth
probably was vestricted in large part by the rapid deposi-
tion of, pyroclastic debris following eruptions, and by
frequent subaqueous mudflows and turbidity currénts
moving downstope across the basin.

The thickness of the volcanogenic strata, together
with the absence of unconformities and the Jack
of evidence of shoaling conditions in the formation,
indicate that subsidence must have kept pace with
sedimentation.

SUBSEA FANS

An examination of figure 3 shows that as strata in ithe
upper part of the Complex are traced eastward, some of
the pyroclastic and sedimentary beds disappear, and an
entirely new succession of pyroclastic and sedimentary
deposits is found in the area immediately west of
Guikana Glacier. Although strata in the latter part of the
area are not exposed enough to permit detaited study,
the thickness of one pyroclastic deposit was found to
increase to the south from 65 feet in mesasured section 3
(fig. 3) to 95 feet in measured section 3A (pi. 2, fig. 3).
This evidence of southward thickening and the signifi-
cant change in stratigraphy to the east may indicate that
another active vent (or group of vents) was {ocated to
the south oy southeast of the area of investigation. The
pyroclastics in this area immediately west of Guikana
Glacier are mostly of the doubly graded type. The upper
parts of the doubly graded intervals are composed of
coarse ash and fine lapillistones, indicating that the
vents that erupted the pyroclasties in this part of the
area were only a few miles distant.

It is suggested from these stratigraphic relationships
that at least the upper part of the Complex was
deposited as a large wedge consisting of at least two
subsea fans that formed on the flanks of the active
volcanoes. One of these fans, which constitutes most of
the upper part of the Complex, radiated eastwarg, away
from the vents postulated to the west. The other
tadiated northward, away from the vents that probably
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occur as flattened disk-shaped bodies, with their short
axis more or less perpendicular to bedding, The recogniz-
able detrital carbonate is enlirely fossil debris---ctrinoid
‘stems, echinoid plates, pieces of brachiopods and corals,
bryozoan fragments, and a few fusulinids. The matrix
consists of fine detrital carbonate and an aggregate of
microcrystalline quartz and chlorite.

SEDIMENTATION

The presence of graded bedding, together with poor
sorting and some internal stratification in these bio-
clastic limestones, almost certainly indicates a turbidity-
current origin for these deposits. The abundance of
fossil debris further suggests that the turbulent flows
originated near organic communities---perhaps reefs or
banks--located upsiope in shallower water in places
where conditions were favorable for the development of
relatively large carbonate environments. Probabty, occa-
sional slumping of the carbonate debris in these environ-
ments led to the formation of turbidity currents thai
carried the carbonate debris and volcanic impurities---
perhaps present as foreign material in the organic
community--downslope to the deeper parts of the basin.
Graded limestones or carbonale turbidites are not
unusual; graded carbonate deposits, presumably formed
by turbidites in a similar manner, have been reported to
occur basinward of the Bahama Banks (Newell, 1955,
p. 307) and in deeper water northeast of the Yucatan
carbonate complex (Davies, 1968, p. 11021-11086). An-
cient graded carbonate beds have been described in the
Permtan limestones deposited baginward of Lhe Captain
Reef complex (Newell and others, 1953, p. 72).

SOURCE OF RESEDIMENTED DETRITUS

Several lines of evidence indicate that the resedi-
mented detritus in the pebbly mudstones, graded sand-
stones, and graded limestones in the Teielna Complex
was derived from the group of active volcanoes located
to the wesl. First, as these resedimented deposits are
the product of subaqueous gravity processes, the detritus
must have been transported eastward down the paleo-
slope; it has already been argued that the paleoslope
was linked directly to active volcanoes to the west.
Secondly, 2 westerty source also is suggested by the
facies patterns in the fence diagram in figure 3, espe-
cially in the Foggy Creek and Rainbow Ridge units.
The pyroclastic and sedimentary strata in these members
increase in thickness Lo the west, and lenses of sedimen-
tary material wedge out in a northerly or northwesterly
direction. Thirdly, because none of the resedimented
deposits examined in thin section contains metamotrphic
or plutonic rock fragments, the source area must bave
been entirely volcanic in compaosition. The presence of
pumice in some of the deposits is evidence that the
source was an area of active voleanism. Finally, the
volcanic rock fragmenis in the resedimented deposits
and the lithic fragments in the pyroclastic deposits are

quite similar in texture and in composition, implying
derivation of both from the same source.

Most of the resedimented deposits probably were
produced by slumping and avalanching of freshly erup-
ted volcanic debris piled around the active vents. Some
of the resedimented detritus also may have been pro-
duced by noneruptive processes such as crumbling of
viscous lava flows and the collapse of domes and spines.
Viscous flow breccias, domes, and spines are common
products of effusive activity near vents erupting inter-
mediate and acidic magma, and are well-known sources
of lithic debris around subaerial volcanoes (Fisher,
1960, p. 874-978; Parsons, 1967, p. 178-180; Curtis,
1954, p. 461-471).

The abundance of fossil fragments in some of the
resedimented deposits suggests that organic communi-
ties, possibly reefs or banks, developed In the source
area (probably near the active yolcanoes), and frequently
contributed carbonate debris to the deeper parts of the
environment by gravity processes, Because several small
bicherms and biostromes occur in the Complex, some of
the resedimented carbonate debris may also have been
supplied by such carbonate bodies located on the flanks
of the volcanoes seaward of the inferred reefs or banks.

LIMESTONE DEPOSITS

LIMESTONE TERMINOLOGY

The limestone nomenclature used here is based
mainly on hand-specimen characteristics and is modified
only where thin-section examination was made to
supplement field and hand-specimen study. Deposits
compased of reworked or transported carbonate debris
{calcarenite or calcirudite) are called bioclastic lime-
stones to distinguish them from bioherms and bio-
stromes thal consist of organic material essentially in
place. The term fine-grained limestone (calcilutite) refers
to limestone composed of wmostly siit or mud-sized
calcite. Many of the bioclastic limestones in the Tetelna
Complex contain some voleantc detritus, but the amount
of these impurities is never greater than 50 percent, and
these rocks may be classified as impure bioclastic
fimestone,

IMPURE BIOCLASTIC LIMESTONES

A relatively small but significant lens of bioclastic
limestone with volcanic impurities occurs in the middle
of the Foggy Creek unit in measured section 9 (p). 2,
fig. 3). Along the northern edge of the outerop, the lens
consists mainly of grayish, medium-bedded calcirudite,
but il becomes finer grained southward; al its southern-
most exposure it is a dark-gray, massive to medium-
beddeq calcarenite. The lens wedpes out abruptly to the
south and is reptaced by fine-grained fossiliferous
timestones,

The bioclastic wedge has a stratification, texture, and
composition that contrast markedly with the rest of the
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formation. Most of the limestone-.-especially that in the
southern part of the wedge--is moderately to well
sorted, and in the northern part of the lens planar
cross bedding, some with amplitudes of 1 to 2 feet,
can he seen in a few exposures. Most of the noncarbo-
pate impurities are moderately to well rounded. The
detrital carbonate, volcanic rock fragments, and plagio-
clase are identical with those in the graded limestones,
but the amount of deirital quartz is unusually high,
ranging from 10 to 15 percent higher than in any
other lithology in the formation.

The cross bedding, good sorting, rounding, and lack
of stratification in this deposit suggest that, unlike most
of the clastic deposits in the formation, this bioclastic
lens was deposited from tractive currents. The deposit
may have been produced by local bottom agitation that
simply mixed indigenous carbonate debris with the
sediment carried inta the basin by turbidity currents,
This seems unlikely, however, because the high quartz
content in the deposit suggests that the noncarbonate
fraction was derived from a ditferent source than that
which supplied the quartz-poor volcaniclastic debritus jn
the rest of the formation. This bioclastic lens probably
was deposited from a bottom current that carried
sediment with a high quartz content into the local area
of deposition.

The evidence of tractive currents in this part of the
Complex does not necessarily require that the deposi-
tional interface was, for a short period of time, elevated
into the zone of wave agitation. Relatively deep bottom
currents are known; for example, a current presently
flows along the toe of the Mississippi River Delta at a
depth of 400 feet and is depositing sediment on the
margin of the deltaic complex with a composition
foreign to that deposited by the Mississippi River
(Scruton, 1960, p. 90).

The cross-bedded exposures are too few and too
poorly exposed to obtain a statistically significant
measure of current direction, but the southward de-
crease in grain size and the facies pattern (fig. 3)
suggests that the current flowed along an axis trending
roughly northeast-southwest,

Other lenses of impure bioclastic limestones, usually
no greater than 3 to 5 feet thick, also occur in the for-
mation, mostly in the Middle Ridge unit, but these are
poorly sorted and quartz-poor. They were probably
formed by the accumulation of carbonate debris within
or onh the margins of bioherms and biostromes, and
mixing of the organic detritus with volcanic material was
probably facilitated by burrowing activity.

BIOHERMS AND BIOSTROMES

A few biohermat or mound-shaped masses of caninoid
and lonsdaleoid corals occur in the middle part of the
Fogpgy Creek unit (fig. 4). These mounds are small,
ranging from 2 to 5 feet high and 5 to 20 feet long. The
corals within these mounds are preserved in growth

position, and the framework is usually {illed with a
bioclastic matrix locally containing fusulinids. The
mounds themselves are swrrounded by either bioclastic
limestone or dark, fine-grained limestone.

All of the bioherms accur within a few feet strati-
graphically above or below graded beds, and in at least
one case, a smal) mass of corals is directly overlain by
interbedded graded sandstones and claystones. These
masses of corals apparently grew in quiel water below
wave base.

Bedded organic deposits or biostromes occur mostly
in the Foggy Creek and Middle Ridge strata (fig. 4). The
biostromes are rarely more than 2 feet thick, and
individual beds can be traced for at least 300 feet along
outcrop surfaces. Some of the biostromes are composed
of large caninoid corals embedded in a dark-gray
calciiutite matrix. Others consist of spiriferid and
productid brachiopods, commonly with delicate struc-
tures such as spines attached. The brachiopod bio-
stromes occur in a dark calcilutite matrix in the Foggy
Creek unit and in an impure bioclastic timestone in the
Middie Ridge unit. Fenestrate and ramose bryozoans,
embedded in a dark calcitutite, compose the third
common type of biostrome, and these occur only in the
tower part of the Foggy Creek sirata.

Complete fossil collections were made from these
limestones by R.L. Gilbertson, and a description of the
faupnal elements appears in his unpubtished M.S. thesis,
University of Wisconsin (1969).

FINE-GRAINED LIMESTONES

Fine-grained limestone or calcilutite, found mainly in
the Foggy Creek and Middle Ridge units (fig. 4), is the
most common Lype of carbonate deposil in the forma.
tion, The calcilutite typically is thin-bedded or lami-
nated, and js composed of silt-sized calcite and dolomite
grains, and varying amounts of dark organic matter. The
calcilutite is sparingly to abundantly fossitiferous, and
contains a variety of spirifers, produetids, corals, and
bryozoans. The richly fossiliferous beds are mainly in
the southern and eastern parts of the area, and unfossiti-
ferous and silicified calcilutite predominates in the
western part.

The occutrence of fossiliferous limestones in associa-
tion with pebbly mudsiones and flyschlike successions
of graded beds may seem anomalous, bul these associa-
tions are very common in the Tetelna Complex. One of
the conclusions thal may be drawn from this assaciation
is that the conditions favorable both for the growth of
organic communities and for the formation of resedi-
mentation phenomena such as graded beds and pebbly
mudstones are not necessarily mutually exclusive within
a sedimentary basin.

MANKOMEN GROUP

A Drief description of the Mankomen Group is given
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lay to the south or southeast. The stratigraphy in each
inferred subsea fan was controlled largely by the
eruptive activity of cach group of vents; consequently,
the pyroclastic units within each fan are more or less
continuous, as indicated in the western part of the area
in figure 3. However, the pyroclastic stratigrapbhy cannot
be matched from one fan to the other because of the
somewhat different eruptive histories in the two groups
of vents around which the fans were deposited. As is
suggested in the central part of the diagram, coalescing
of these subsea fans produced a complex interfingering
of pyroclastic and sedimentary deposits at the fan
margins.

Regional studies must be made in the area to test
this hypothesis of fanlike depaosition in the Tetelna
Complex. However, similar deposition seems io have
occurred recently in modem volcanic environments.
For example, Menard (1964, p. 82-87) has called
attention to the existence of hroad, archipelagic aprons
that have been deposited on the outer flanks of modern
volcanic islands and island ares in the Pacific Ocean.
According {0 Menard, at least part of these aprons was
deposited by turbidity curents carrying volcanically
derived material away from the islands and into deeper
water, The Inferred subsea fans in the Complex may be
similar in origin to modern archipelagic aprons.

TRANSITION FROM EARLY
TO MIDDLE WOLFCAMPIAN

Significant changes in paleogeography occurred be-
tween early and middle Wolfcampian time. The absence
of pyroclastics and resedimented sandstones throughout
the Mankomen Group indicates that by middle Wotf-
campian time the volcanoes to the south and west
became inactive and were no longer an important source
of claslic material in the basin. In addition, the
retatively deep environment in which most of the
Tetelna Complex accumulated was replaced, at least for
a short period of time, by a shallow, wave-agitated
carbonate environment in which 200 feet of bioctastic
limestone was deposited (fig. 17).

The erosional surface at the base of the Mankomen
Group suggests that the strata in the map area may have
been uplifted and eroded between eatly and middle
Wolfcampian time. Subsidence may have followed this
postutated upfift and produced the shallow depths in
which the lower 200 feel of limestone in the Mankomen
Group was deposited. During the postulated period of
uplift and erosion, the volcabic source. could have
become extinet and deeply eroded, and when Manko-
men sedimentation began, the volcanoes may nol have
been high enough to supply large amounts of volcanic
debris to the basin. Rough time limils on the postulated
period of erosion can be obtained by comparing the
stratigraphic succession in the map area with the
McCloud Formation (in California) that has subdivisions
based on fusulinids that may be compared with the

fusutinid zones in the Tetelna Complex and the Manko-
men Group. In the McCloud Formation, nearly 2000
feet of strata occurs between fuswlinid zones A and E
(Skinner and Wilde, 1965, p. 13), the inferred faunal gap
at the unconformity. Apparently there was sufficient
time for considerable uplift and erosion to occur.

Nevertheless, the eruption of the exceptionally thick
Bear Mountain lapilli tuff (unit Pbm), the disappearance
of the voleanic source, and the change from a moderate-
ly deep to a relatively shallow environmept could also
have been the result of a single volcanic event. The
inferred highly gaseous, paroxysmal eruption that pro-
duced the Bear Mountain lapilll tuff is the kind of
eruption often accompanied by a major catdera collapse
that can destroy much of the voleanic complex (Bullard,
1963, p. 75-91; Rittmann, 1962, p. 127-132; Williams,
1941, p. 253-265). The geologic history of Krakatoa is 2
familiar example (Williams, 1941, p, 253-265). Although
it j5 largely speculation, the eruption of the Bear
Mountain lapilli tuff may have been accompanied by a
major caldera coliapse that caused the rapid destruction
of the tocal volcanic source or sources to the west and
south. The pertod of volcanism in the source area may
have ended at this time. The same event could account
for the change In depositional environments in the
basin of deposition. Since the eruption of the Bear
Mountain lapilli {u(f rapidly ejected a very large volume
of pyroclastic material into the basin and produced a
deposit at least 600 feel thick, it is reasonable to
suppose that deposition of this pyrociastic unit caused
a significant change in the water depth in ihe loca)
marjne environment. In fact, the sudden accumutation
of this large volume of pyroclastic malerial may have
nearly filled the basin and, in whal was essentially a
geologic instani, produced a shallow, wave-agitated
platform where previously there had been a relatively
deep, unagitated sea floor (fig. 17). The erosional
surface and faunal gap at the top of the Bear Mountain
member could have been produced by an extended
period of subsea erosion and nondeposition before the
Mankomen Group was deposited. Either of these two
possibilities or a combination of both could be correct.
However, In a sedimentary basin located near active
volcanic vents, volcanism will have an important influ-
ence oh sedimentation, and very rapid changes in
paleogeography are to be expected.

MIDDLE WOLFCAMPIAN

By middle Wolfcampian time, the shallow surface at
the top of the Bear Mountain unit was rapidly populated
by organic communities (fig. 17). Wave agitation and
bottom currents distributed carbonaie debris produced
by these organisms over the surface of the plat{orm, and
a carbonate deposit about 200 feet thick accumulated
before the environment became unsuitable for organic
habitation (fig. 16), During the remainder of middle
Wolfcampian time (as recorded by the Mankomen
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Group in the vicinity of College Glacier), organic
communities occasionally occupied the sea floor, pet-
haps during periods of uplift and shoaling, and produced
a variety of carbonate deposits. Between these periods of
organic habilation, the basin apparently was stagnant
and possibly deeper, and only black silty claystone
accumulated.

When the bioclastic limestone facies in the vicinity of
Coliege Glacier was accumulating, a source area com-
posed of volcanics, chert, and metamorphic rocks
contributed terrigenous detritus into the local environ-
ment. This source area must have been relatively nearby
because the terrigenous rock fragments are locally as
coarse as fine pebbles. The available data are not
sufficient to determine the location of this source area.

SUMMARY

A detailed study of the early Permian strata in parl of
the east-central Alaska Range strongly supports Lhe
hypothesis that a volcanic istand archipelago, possibly
similar Lo modern islang arcs of the circumpacific type,
is recorded In rocks of the castern Ataska Range area.
The location and trend of this chain is not yet known,
but results of Lhis study show that at lcasl one group of
upper Paleozoic volcanoes, probably islands, was located
a short distance south of the preseni Alaska Range, a
few miles west of the map area.

Volcanism apparently began near the area of investi-
gation al least by middle Pennsylvanian time and
perhaps earlier, and persisted until the end of the early
Wolfeampian, Details of Pennsylvanian sedimentation
are not known, but during early Wolfcampian time,
deposition took place mostly below wave base in a
moderately deep neritic environment, ang sedimentation
was almost entirely controlled by volcanism in the
source to the west. Explosive eruptions produced
subaqueous pyroclastic flows thal repeatedly entered
the marine cnvironment and laid down thick successions
of coarse, poorly sorted, unstratified lapilli tuffs. A
large portion of the erupted debris also settled directly
from eruption clouds to the sea floor, depositing well-
stratified layers of tuff and lapillistone. Unslable masses
of volcanic debris that were piled around the volcanoes
frequently slumped and flowed Into the area as sub-
aqueous mud flows and turbidity currents. These pro-
cesses deposited numerous beds of pebbly mudstones
and graded sandstones. During periods of voleanic
quiescence, lenticular limestone deposits accumulated
(many of which consist of coral, brachiopod, and
bryozoan bioherms and biostromes). Numerous car-
bonate turbidites interbedded with the volcanic sedi-
ments suggest that organic communities, possibly reels,
populated shallow areas aroung the postulated voleanic
islands. Volcanism in the source ares to the west may
have ended with a cataclysmic eruption of the Kraka-
toan type, and the eruption may have been accompanied
by a caldera collapse. The rapid accumulation of over

600 feet of pyroclastic debris produced by this eruption
may have partly or completely filled the local marine
environment,

By middle Wolfcampian time, after a relatively
brief period of either erosion or nondeposition or
both, the limestone and black shales of the Mankomen
Group were deposited. The limestones were deposited
mainly above wave base by tractive currents that
distributed carbonate she}l debris over the platform
constructed by the preceding perxiod of volcanism.
Although the strata of the Mankomen Group are no
younger than Wolfcampian in the area of investigation,
stratigraphic studies completed elsewhere in the eastern
Alaska Range suggest that limestone and black-shale
deposition in the region continued throughout most of
the Permian.
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APPENDIX | - MEASURED STRATIGRAPHIC SECTIONS '

SECTION 1

Section begins on southeast side of College Creek at lowest exposure of beds immediately east of a small north-trending
gully in the valley wall. Section is measured up stratigraphically.

Intervat Lithotogy Thickness

Foggy Creek (map unit Pfc)

1. Thin- to medium-bedded, light-green to greenish-gray fine tuffs and tuffaceous claystone-
siltslone. Some tuffs are slightly limey with some contemporaneous deformation. A few beds
of sandstone and conglomerate occur, some of which are graded. These beds probably have a

tuffaceous matrix. 42
2. Andesitic to dacitic lapilli tuff. The deposit is mostly crystat-vitric, but has some layers of lithic

debris, 40
3. Interbedded green to greenish-gray graded sandstones, fine tuffs and tuffaceous claystone-

sittstone, 25
4, Light-green dacite lithic-crystal lapilfi tuff. Characterized by abundant quartz. Alse contains

abundant fossil ctasts including corals and brachiopods. In addition, clasts of black claystone

Yip-ups ere common, Becomes finer-grained near top. 50
5. Covered. 35

McCallum Creek (map unit Pmc)
6. Interbedded black to gray claystone-siltstone and graded sandstones. A few coarse crystai-lithic
tuffs less than 10 feet thick also are present. Sandstones are composed entirely of volcanically
derived lithic and crystal material, 246
SECTION 2
Section begins at the bottom of the north Hoodoo on the northwesl side at the base of the lowest exposed strata, At the

top of interval 1, the section shifts to the south Hoodoo and continues up stratigraphically in the smali gully between the two
Hoodoos.

Interval Lithoiogy Thickness

Part of the upper Mankomen Group (map unit Pmlz)

1. Light-gray to yellowish-gray bioclastic to biohermal limestone, Bedding is thin to medium,
Lirestone consists mainly of bryozoa, many of which are nearly completely preserved. Some
colonies appear to be in growth position, but most tend to lie flattened in the plane of bedding.
Most of the bryozoa show little evidence of abrasion, and the skeletons have undergone little,
if any, transport. The bedding tends to be irreguiar or wavy, largely because of the abundance
of frregular masses of bryozoa. 20

2. Medium- 1o light-gray massive beds of bioclastic limestone. Close examination may show thin to
medium bedding in places, but this appears Lo be obscured in most of the interval because of
extensive recrystallization. From 2 distance, bedding is defined by prominent ledges 10 to 15
feet thick. The limestone consists mainly of ctinoidal debris and small pieces of bryozoa
skeleton, many of which are flattened in the plane of bedding. Grain size appears to vary
throughout the interval; some beds are calcirudite, otheys are fine-grained calcarenite. Sorting
also varies; some beds of crinoidal debris are well sorted, other layers consist of fossil debris
‘floating’ in a calcilutite matrix, 260

3. Light-gray to yellowish-gray medium- to thick-bedded bioclastic limestone, mostly calcarenite.
Numerous beds and lenses of terrigenous siltstone, sandstone, and fine pebble conglomerate are
scatlered throughout the interval. The terrigenous material is well sorted and usvally mixed

1. Al thicknesses in feet 35
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with about 10 to 40 percent bioclastic detritus. Some of the thicker beds of terrigenous
sediment are cross bedded; cross-bed sets are 6 to 18 inches high, and the cross stratification is
planar to slightly trough-shaped. The beds of terrigenous material range in thickness from a few
inches to 3 feet. Except for the presence of terrigenous sediment, the limestone is similar to
that in interval 2, 40

Part of the upper Mankomen Group (map unil Pma2)
4. Interval 3 is abruptly overiain by nonfissile black to dark-gray mudstone or argillite. Bedding
ranges from thin to medium. A few thin laminae of white fine tuff occur within parts of the
interval. These laminae are nearly always less than 1 inch thick. No fossils were found in the
interval, 200?
SECTION 2A

The section begins above the moraine on the notth side of the College Creek Valley in a small gully at the base of the
prominent white limestone ledge. The section is measured up stratigraphically.

Interval Lithology Thickness

Part of the upper Mankomen Group (map unit Pma])

1. Light-gray to white massive bloclastic limestone. Bedding not generally appareni but is pro-
bably thick fo massive. A crude stratification is defined in places by alighment of elongate
bryozoa fragments. A few crinoid columnals are evident on some outerop surfaces. Most of the
limestone is severely recrystallized; some parts appear Lo be marble. Lenses and pods of chert

are common in parts of the interval. The base of the limestone is not exposed. 50
2. Dark-gray to black nonfissile claystone or mudslone, Grain size in places may range up to sili-

stone. Parts of interval are highly indurated and approach an argillite or state. No limey beds or

fossils observed, 45
3. Interbedded gray to greenish-gray silistone, light-gray bioclastic limestone, and silty, muddy

limeslone, generally gray to orange gray. Bedding is thick {0 medium. A few lenses of chert or

silicified limestone occur in parts of the interval. 80

A succession of strata similar to interval 2. 150

il

Interbedded black to dark-gray silty or muddy limestone, gray-green siltstone to fine sand-
stone, and black mudstone or argillite. Abundant fossils occur in this interval, especially in the
upper part. The fossils are mostly brachiopods and bryozea, Bedding is thick to medium and in
many places appears to be wavy o lenticular. Much of this interval is highly fractured and in-
truded by gabbroic sills and dikes. 700

SECTION 5

Seclion begins near crest of ridge at Mankomen Group--Bear Mountain lapilli tuff (unit Phm) conlact. Section is measured
up stratigraphically.

Interval Lithology Thickness

Lower Mankomen Group (map unil Pml;)

1. Mostly thin- to medium-bedded calcitutite; weathers brownish gray, medium gray fresh. Small
pods of chert and silicified patches common. Fossils are mostly corals and brachiopods,
scatlered oy floating in the {ine matrix. Section line broken and shifted about 300 feet west be-

tween this and the next interval. 4]
2. Medium-bedded calcarenite to calcirudite; weathers brown, light gray fresh. Deposit contains

mixture of bryozoa, crinoid, and brachiopod debris, giving a fresh surface a black-and-white

speckled appearance. 2
3. Medium-bedded calcilutite; weathers dark-brownish gray, medium gray fresh., Pods of chert

locally present. Large rugose corals and brachiopods occur scattered or floating in the matrix. 39
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4, Gabbroic sill. 3
5, Medium- to thin-bedded calciradite; weathers dull gray, light gray fresh, Abundant crinoidal

debris. A few poorly preserved brachiopods and broken coral present also, 9
6. Medium- to thin-bedded calcarenite; weathers brownish gray, light gray fresh, Mixture of dark-

and light-colored fossil clasts gives deposit a speckled appearance. Pods of chext present locally.

Crinoid debris and brachiopods are abundant. 17
7. Medium- Lo Lthin-bedded calcilutite; weathers brown, medium to dark gray fresh. Brachiopods

occur (loating in matrix. Stringers and pods of chert are common. 8
8. Medium- to thin-bedded calcirudite; tight gray weathered, medium gray fresh. Contains abun-

dant crinoids, with lesser amounts of brachiopod fragments (mostly broken). Locally abundant

stringers of cherl and cherty calcirudite occuy aiso.
9. Calcarenite - essentiaily the same as interval 7. 27
10. Distinct, white recrvstallized limestone adjacent to a gabbro dike. 8
11. Medium-hedded calcarenite to calcirudite; weathers gray, light gray (resh, Mostly crinoidal lime-

stone with minot lenses of chert, 21
12. Mostly medium-bedded dark-gray calcilutite with abundant masses of chert and cherty lime-

stone, Scattered fossils, mostly corals and brachiopods. Amount of terrigenous clay ang siit
increases markedly in upper 23 feet of interval, In the uppermost part of the interval are thin
layers of black limey shale, Some bioturbation can be seen in shaley layers, 31

SECTION 6
Section begins at the stream level of the northeasternmost exposure and extends downstream to the point where the base

of a prominent limey unit (3) reaches stream level; section then breaks and continues along vatley wall In direction of dip of
strata, Section is measured up stratigraphically.

Interval Lithology Thickness

Part of Middle Ridge (map unil Pmr)

1. Several internally stratified lapilli tuffs and coarse tuffs, green to grayish green. Mostly crystal
tuffs, but lithic tuffs also are present, All are distinctly graded from coarse tuff to lapilti at base
to fine or coarse tuff at top. Pumice is abundant in parts of the tuffs; the pumice clasts typ-
ically are dark green, platelike fragments flattencd in the ptane of stratification. Double grading
is the most dominant type of internal stratification. The tuffs in the highest parl of the section

are slightty limey and contain broken {ragments of crinoid columnals. 108
2, Coagse breccia, massively bedded, dark, and composed almost entirely of angular, andesitic

volcanic clasts. Also contains a few fossils---mostly spiriferoid brachiopods. 4
3. Interbedded limey coarse tuffs, )imey tapilli tuffs, limey siltstones, and thin stringers of

calcarenite containing volcanic detritus. Abundant brachiopods on some bedding planes.
Plicatifera sp. are also present. Many tuffaceous beds have a distinclive yellowish color due to
abundance of epidote. 152

SECTION 10

Section begins in the lowest exposed strata on the north side of the ridge and extends up the ridge in the divection of dip.
Section is measured up stratigrapbically.

Interval Lithology Thickness

North Cirque (map unit Pnc) - probably middle and upper part,

1. Several doubly graded lithic lapilli tuffs, Thickness of the individual tuffs varies from less than
2 feet to over 50 feet. Coarse lithic material occurs at the base of most of the deposits; this
grades upward into stratified lapilli tuff and coarse tuff in which crystal debris typically pre-
dominates over lithic material. Lithic clasts are fine-~grained to porpyritic red, maroon, green,
and white volcanic rock fragments. Some of the banded layers are a distinet yeltow-green,
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probably due to abundance of epidote. Pumice is abundant throughout the deposits and has
altered to chloritic minerals giving the deposits a green to dark-green color.

Middle Ridge (mep unil Pmr)

2.

Interbedded bioclastic limestones with volecanic debris, doubly graded lithic lapilli tuffs, limey
siltstones, claystones, and graded sandstones. Color of the various deposits varies from green Lo
brownish green, depending largely on the carbonate content. The tuffs range up to 30 feet
thick. The bioclastic limestones are minor companents of the lithology and generally contain
large amounts of lithic, erystal, and pumiceous volcanic debris. Most of the fossils in the sitt-
stones and graded sandstones are ctinoid columnals, brachiopods, and a few rugose corals,
Bedding ranges {rom thin to medium in the sediments.

Lower part of Rainbow Ridge (mep unil Pr)

3.

Several green to light-green doubly graded lapilli tuffs and lapillistones. The tuffs are mostly
crystal-vitric with abundant greenish pumice, plagioclase, and a small amount of quartz. The
light-green color of these tuffs clearly distingnishes them from the darker green lithic {apilli
tuffs in the underlying North Cirque unit. Individual pyroclastic deposits are as much as 30
feet thick.

SECTION 12

Section begins on the south side of the east-trending gully al the lowest exposure of strata. Section
igraphically up.

Interval

Lithology

260

250

338

is measured strat-

Thickness

Upper part of Middle Ridge (map unit Pmr)

1.

Green tuffaceous silistones and graded sandstones. Bedding varies fvom thin to medium.
Interval also contains a few thin white layers ol fine tuff. The elasts in the sandstones are
prodominantly lithic volcanic material.

Thin- to medium-bedded limestone, limey siltstones, and graded lithic sandstones, Colors
range from gray to brown Lo green, depending on the barbonate content. Large productid and
spiriferoid brachiopods commonly occur on bedding planes in the more limey units and in the
limestones, The limestones contain an admixture of volcanicaily derived lithic debris,

Possibte fault.

Middle parl of the Rainbow Ridge (map unit Pr)

3.

Interbedded silicified claystones, siltstones, praded sandstones and fine pebble congtomerates,
and coarse tuffs to lapilli tuffs. The sedimentary malerial is much more abundant than the
pyroctastic rocks. Colors range from green to greenish white to maroon in some of the graded
beds. All of the sedimentary deposits are tuffaceous. Most of the graded beds are less than 1
fool thick.

Possible faull.

Loweyr part of this interval is a dacite lapillistone, 22 feet thick, lighl to medium gray. A dis-
tinct pumiceous layer occurs at the top of the deposit. Rest of interval consists of intetbedded
black to dark-brown silicified claystone, thin graded lithic sandstones and conglomerates, and
a few fossiliferous limestones containing brachiopods and covals. Many of the limestone beds
are argillaceous. Also, a few thin coarse tuffs, mostly dacitic in composition, are scattered
throughout the interval.

Mostly thin- to medium-beddeqd bioclastic limestones. Color ranges from light gray to brown.
In places, the limestones contain abundanl coral and brachiopod faunas; most of these aye not
in growth position but are not significantly abraded. The distance the organisms were trans-
ported appears to have been short. Most of the limestones contain inclusions of black clay-
stone similar to that in the underlying interval. There are also some inclustons of lithic voleanic

75

86

204

197



GEOLOGY OF THE RAINBOW MOUNTAIN—GULKANA GLACIER AREA, ALASKA 39

debris. Other lithologies in this interval are brown limey siltstones, thin dacitic coarse tuffs, and

graded sandstones to fine pebble conglomerates, 127
6. Light-green to gray dacitic lapillistones and lapilli tuffs. Probably all are part of a single major

eruplion. Most of the deposit is well stratified. Pumice is abundant and scattered throughout

the interval. Crystals consist of plagioclase and 10 to 20 percent quartz. Lithic (ragments are

rare but occur in scatlered lenses in parts of the interval. 'The most common lithic clasts are

ellipsoidal-shaped masses of black claystone identical Lo the black claystones that occur in the

underlying strata in interva) 4.

SECTION 13

Section begins on the northeast side of the ridge at the botiom of the sedimentary section that ovetlies the purplish in-
trusive breccia exposed above the morainal deposits, Section is measured up stratigraphically.

Interval Lithology Thickness

Lower part of North Cirque (map unit Pnc)

1. Several green to dark-green lithic lapilli tuffs, Most of these are doubly graded. Lithic clasts
are greenish to purplish basaltic-andesitic fragments with textures ranging from porphyritic to
fine grained. Crystals conslst of plagiociase; no quartz was observed in hand specimen. Pumice
is abundant and occurs throughout each deposit. The pumice is flattened in the plane of
bedding. Fossil clasts occur in the base of some of the pyroclastic deposits and one of the
coarser deposits contains a block of limestonc 8 feet long and 3 feet wide. 240

Middle Ridge (map unil Pmr)

2. Interbedded green to brownish-green claystone, sittstone, and graded sandstone to {ine pebbie
conglomerate, many of which are limey and fossil bearing. Bedding is thin to medium. Some
cross bedding occurs in parts of the interval. The graded sandstones and conglomerates are
mostly composed of lithic volcanic fragments and plagioclase. A {ew thin beds of tuffaceous
limesiones are also present in part of the interval. These beds are highty fossiliferous in places.
The fossils are mostly brachtopods. 120

Rainbow Ridge (map unit Pr)

3. Interbedded green Lo light-green crystal vitric lapilli tuffs and lapillistones. Most are doubly

graded. A distinct white-and-green banding characterizes the upper part of the doubly graded

beds. Pumice is abundant in the deposils and usually is flattened in the plane of bedding.

Crystals consist of plagioclase and a small amount of quartz. Silicified btuish-gray siltstones

and claystones are interbedded with the pyroclastics, but are not as abundant as the tuffs. Most

of these claystones-siltstones are tuffaceous and many contain pumice clasts. 53
4, Interbedded green, bluish-gray, and purplish claystone, siltstone and graded sandstone to fine

pebble conglomerate. Beds range in thickness from a few inches to about 2 feet. A few lapilli

tuffs and lapillistones also occur but they are not as abundant as those in interval 3. In the

upper part of this interval are a few beds of limestone---generatly less than 1 foot thick. Some

of the limestones contain brachiopod, coral, and fusulinid fossils. Clasts in the graded beds

consist of a mixture of plagioclase and lithic debris of volcanic composition. 124
5. At least four crystal.vitric lapitli tuffs; green to light green and doubly graded. Lower parts of

the tuffs are lithic-rich; the upper parts are crystal-vitric and banded witk layers ranging from

green to white. Crystals consist of plagioclase and a small amount of quartz. 16
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SECTION 17

Section begins on the north side of the ridge at the stratigraphically lowest calcareous bed and extends up and over ridge
crest.

Interval Lithology ' Thickness

Upper part of Middle Ridge (map unit Pmr)

1. Green to brownish-green tuffaceous claystones and siltstones, many of which are caleareous.

Mostly thin to medium bedded, but some have internal laminations. A few siltstones contain

scattered pebbile-sized clasts of volcanic composition. Sorling generally is poor. The siltstones

and claystones are interbedded wilh graded sandstones and fine pebble conglomerates that

occur in beds ranging from a few inches to 2 feet thick. The graded beds range in composition

from feldspathic Lo lithic sandstones; the lithic debris is entirvely volcanic. Color of the graded

beds varies from greenish to purplish. 30
2. Medium-gray coarse-grained bioclastic llmestones with scattered volcanic debris, siltstone

rip-ups, and pumice clasts. Abundant fossils---consisting of mostly corals and brachiopods---oc-

cur in places. Bedding ranges from medium to thick. 29
3. Mostly a succession of strata very similar to interval 1 but contains a greater number of cal-

careous beds and also a few relatively pure limestone layers usually less than 1 foot thick.

Abundant brachiopod and coral fossils occur in the limestones and in some of the siltstones, 9
4. Interbedded green to purplish siltsiones, sandstones, and fine pebble conglomerates, most of

which are graded. Most of the deposits appear to have a tuffaceous matrix. 34
5. Succession of strata similar to interval 3. Abundant fossils---mostly brachiopods ang corals---in

many of the beds. 44
6. Dark-green doubly graded lithic lapilli tuff. Largest lithic clasts about 1 to 2 inches in diameter,

Deposit contains abundant pumice and feldspar in addition to lithic debris. Probably andesitic,

as quartz is not evident in hand specimen. 11
1. Interbedded greenish to brownish calcareous siltstones and graded sandstones, most of which

are lithie, 8
8. Single bed of bioclastic limestone with fine pebble-sized clasts of volcanic debris at base of

deposit. A crude grading is evident in the upper part of the bed because of reduction in size

of the carbonate debris. Fossils are apbundant, and consist mainly of brachiopods, corals, and

gastropods. 10
9. Severa) graded beds of bioclastic limestone similar in composition to intervals 8 and 2. Graded
limestones range from 3 to 5 feet thick. 24

Rainbow Ridge (map unit Pmr)

10. At least seven medium-green cryslal-vitric lapilli tuf(s, each of which is doubly graded. Well-de-

veloped banding, consisting of alternating white angd green layexs, characterizes the upper patt

of each tuff. Abundant pumice also occurs in the upper part of each deposit. Crystals consist

mainly of feldspar and a small amount of quartz, 150
11, Mostly inlerbedded blue-gray to green silicified claystone, sittstone, and graded lithic sand-

stones. A few crystal-vitric lapillistones and coarse tuffs also presen{, The tuffs are several feet

thick. The lithic sandstones are mostly less than 1 foot thick. All of the sedimentary deposits

are tuffaceous. Some of the sandstones and siltstones in the middle and upper part of the

interval are purplish to olive green. A few are distinctly mottled purple and green. Mosl of the

lithic clasts in ¢the graded beds are fine grained to porphyrilic angd probably basaltic to andesitic. 249
12. Interbedded crystal-vitric lapillistones, lapilli tuffs, bfuish-gray silicified siitstones and clay-

stones, and a very few graded lithic sandstones. The predominant lithology is lapilli tuff and

lapillistone. The pyroctastic deposits are green Lo light green and most are doubly graded.

Lithic-rich lapilli tuff tends to occur in the lower parts of most pyroclastics; the upper parts

are characterized by alternaiing white and green layers. Crystals consist of plagioclase and a

small amount of quartz. 10



GEOLOGY OF THE RAINBOW MOUNTAIN-GULKANA GLACIER AREA, ALASKA 41

Lower part of Foggy Creek (mup unit Pfc)

13. Intlerbedded blue-gray silicified silistones, claystones, and graded lithic sandstones. The interval

also contains a few thin layers of limestones with corals and brachiopods. 14
14. Dacitic erystal-vitric lapillistone; well stratified. The tuff appears to be a falout deposit, it is

characlerized by a light-green color and abundant quartz crystals, 4
15. Black to greenish-black limey silistone-claystone. Deposit is thin to medium bedded. At 15 feet

above base of interval, a 2-foot zone 'of rugose corals is preserved in growth position. 55
16. Dacitic crystal-vitric lapillistone. The lapillistone is paorly exposed but appears to be well

stratified and is probably a fallout deposit. The deposit is characterized by a light-green to gray

cotor and abundant quartz crystals, many of which are 2 to 3 mm in diameter. 12

SECTIONS 22 & 23

Section begins in lowest strata on northeast side of ridge and extends southward along narrow crest of ridge. Section is
measured up stratigraphically.

Interval Lithology Thickness

Part of Dry Canyon (unit [Pdc)

1. Several well-stratified tuffs ranging from fine tuffs to medium-grained lapilli tuffs. Mostly
vitric and crystal tuffs. Crystals are varying mixtures of quartz and plagioclase. Abundant
pumice in parts of Lhese deposits; Lhe pumice is porphyritic with both quartz and (eldspar
phenocrysts. Upper part of this intervat is composed mainly of well-stratified fine tuffs with
isolated pumice clasts. This interval probably is the Lop of the pyroctastic succession described
in section 26, This interval includes section 22 and the lower part of section 23. 800
2. Gabbro dike. 20

Knife Ridge (map unit Pkr)

3. Interbedded limestone, timey siltstone, and green Lo greenish-yellow fine tuffs, some of which

are limey, The deposit also contains a few beds of sandstone composed of voleanic detritus,

Most of the sandstones are less than 1 foot thick and are graded. 1G0
4, Grayijsh-green coarse crystal tuff, well stratified, composed mainly of plagioclase and quartz;

probably dacitic in compasition. A distincl decrease in grain size occurs upward in deposit. 17
5. Gabbdro dike. 10
6. Covered. 30
7. Interbedded dark-green fine tulfs, medium-grained lithic lapilli tuffs, and graded volcaniclastic

breccias, Breccias and lapilli tuffs contain reddish-green and dark-green andesitic ctasts. Clast

size ranges up Lo 2 inches in diameter. 65

SECTION 26

Section begins in the east canyon wall near the top of the steep face. Section is measured down from stratigraphically
highest to lowest material.

Interval Lithology Thickness

Lower part of Dry Canyon (unit Pdc)

1. Grayish-green fine tuffs, dacilic, vitric to crystal composition, well stratified---probably a fall-

out deposit. Quartz and plagioclase crysials float in (ine tulf matrix. Pumice bears erystals of

quartz and plagioclase. 15
2. Gabbro dike. 75
3. Greenish-gray well-stratified coarse tuffs. About 25 percent quartz and plagioclase crystals,

10 petrcent pumice, and 65 percent fine vitric matrix. Pumice clasts range up to 5 inches long.
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Pumice bears quarlz and plagioclase crystals. Crystals occur in irregular lenses within a vitxic

matrix. While to yellow banding and mottling present in places, Composition is dacitic.

Probably a fallout deposit. 23
4, Greenish-gray well-stratified fine-grained lapillistone. About 20 petrcent lithic, 20 percent

quartz and plagioctase, 30-40 percent pumice, and 20-30 percent vitric matrix. Lithic clasts

appear {0 be mostly fragments of fine tuff. Pumice is dark green and porphyritic; pumice clasts

are 5-6 inches long. Deposit appears to be doubly graded. Proportion of lithic material in-.

creases at bottom of the interval, 40
5. Porphyritic andesitic intrusive. 60
6. Continuation of interval 5; lithic clasts range up to 9 inches in diameter. This is probably the

bottom of interval 5. 17
1. Porphyritic andesite intrusive. 70
8. Grayish-green, very poorly sorted coarse tuff to medium-grained lapilli Wwff, Deposil is well-

stratified and crystals oceur in irregular discontinuous lenses. Lithic, crystal, vitric proportions
similar to interval 5. Pumice is highly porphyritic, conlaining both quartz and plagioclase
crystals, Amount and size of lithic clasts increases downward, and tuff is a lithic lapilli tufl at
base. Fine-grained and porphyritic andesitic clasts common in lithic part of deposil. Double
grading falrly well devetoped. 230

SECTION 20

Section begins in lowest strata on north side of the deep gully on the northwest side of Rainbow Ridge. At unit 8, line of
scction bends into gully and continues up along the bottom of the gully to the top of the ridge. Section is measured up
stratigraphically.

Interval Lithology Thickness

West Fork (map unit IPwf)

1. Mostly a chaotic, massive breccia. Clasts are mostly maroon and slightly porphyritic---probably

andesitic. Clasts vary from sand size up to 2-3 inches in diameter. Alt clasts are angular. Many

clasts have altered reddish margins. Parts of the breccia contain crinold columnals and a few

pieces of broken brachiopod shells, Breccias are probably monolithic submarine flow breccias.

Interbedded with the breccias are 1- (0 3-foot-thick graded sandstone beds composed of

material similar to that in the brececias. There is much evidence of penecontemporaneous de-

formation in the sedimentary deposits. 382
2. Numerous graded calcareous sandstones and fine pebble conglomerates interbedded with

reddish siltstones. Graded sediments contain a mixture of volcanic detritus and crinoidal

clasts. Color mosfly a distinct green to maroon. 65
3. Brownish to greenish-gray graded sandstone inierbedded with greenish-gray claystone and

tuffaceous siltstone. Some banded intervals axe probably stralified fine tufl. Some sandstone

beds are slightly limey. Dacitic dike about 20 feei thick in middie of interval. 5
4. Brownish to gray-green graded sandstones and fine pebble conglomerates interbedded with

maroon siltstones; a few thin layers of green fine tuff and Japilll tuffs. Clasts in graded beds are

heterolithic voleanic material; a few graded beds contain pumice clasts. Interval has a distinct

maroon color when seen from a distance. 237
S. Gyaded sandstones and fine pebble conglomerate interbedded with dense green fine to coarse

tuffs. Much contorted stratification. Distinct stratification in the fine to coarse tuffs. Clasts in

graded beds are volcanic. 130

North Fork (map uni! Pnf)

6. Two olive-green fine- to medium-grained lithic lapili tuffs. Well-developed internal stratification

in both; double prading probably present but not well developed. Fine tuff at the top of each

deposit. Both are about the same thickness. 63
1. Light-grayish-green fine-grained crystal lapillistone. Well-developed stratification with layers

2-8 inches thick. Probably a fallout deposit. Crystals consist of plagioctase and a small amount
of quartz. 44
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8. Dark-grayish-green fine-grained crystal lapillistone. Well-developed stratification with layers
2-12 inches thick. Pumice clasts abundant, and float in a crystal matrix. Crystals consist of
plagioclase and a small amount of quartz. 44
End of measured section; remainder of description is for strata ovetrlying interval 8. These 300
strata are exposed on the crest and on the southwest side of Rainbow Ridge down to the {approx.)

first reverse fault (pl. 2). Strala are too badly deformed to measure an accurate section. Strata
in this succession consist of dacitic lapillistones and lapilli toffs interbedded with reworked
limey lapillistones, tuffaceous lithic sandstones and pebble congiomerates, and fossiliferous
limestones. The most common lithology is lapilli tuf( and )apillistone; the fossiliferous lime-
stones are least abundant. The pyroclastics are stratified. Some exhibit good double grading;
others are more uniformty stratified and are probably (allout depasits. Most of the lithic
sandstones and pebble conglomerates are graded and consist of voicanic debris mixed with
varying proportions of fossil material. Volcanic quartz is a common constituent of most of the
sandstones and conglomerales. A prominent limestone deposit occurs in about the middle of
this succession. This limestone is velatively pure and highly fossiliferous, Fusulinids belonging
to the genus Fusulinells were collected fror this limestone. The limestone can be seen from the
Richardson Highway exposed as a series of white triangular-shaped blocks extending across the
upper part of Rainbow Ridge al the south end of the ridge and west of section 20. The esti-
mated thickness of these strata is 600 feet, and approximately 60 percent of the strata consist
of lapilli tuffs and lapillistones. The lower part of this succession contains the greatest number
of patassium-feldspar-bearing pyroclastics found in the map area.

SECTIONS 21 AND 21A

Section begins in lowest sedimentary deposits exposed above Lalus on southwest side of ridge, Section Is measured up
stratigraphically.

Interval Lithology Thickness

Blue Lake unit (map unit [Pbl). (Strata in this unit probably are a [acies equivalent of the flows in the lower part of map unit
Pwf. Lower part of this unit is faulted out.)

1. Several feet of yellow-green graded sandslones with abundant plagioclase and lesser amounts of

green and maroon lithic clasts, overlain by a 6-foot-thick stratified crystal lapillistone con-

taining 10-15 percent quarlz and 60-70 percent plagioclase; overlain by a 20-foot-thick white

to light-green crystal lapilli tuff, which contains 10-20 percent pumice, 70 percent plagioclase,

and 10-15 percent quartz; the fapilli tuff is overlain by several graded sandstones that are

calcareous and contain up to 20 percent plagiociase, 78
2. Three green to dark-green lithic lapilli tuffs, with coarse lithic clasts (3-6 inches in diameter)

predominant in lower parts; upper parts are mostly crystal lapilli luffs with plagioclase and

guartz. Lithic clasts are green, white, and maroon, and probably andesitic. All three are

doubly graded. 90
3. Green to grayish-green calcareous coarse (uffs. Individual layers are graded. Crinoid columnals

are abundant. 16
4. Mottled, dark-green and purple sandstones and massive breccias; some graded bedding. 51
5. Dark- {0 medium-green lithic lapilli tuffs, lapillistones, and fine tuffs. Abundant pumice in parts

of these tuffs, Crystals are mostly plagioclase; quartz is present but minor, 70
6. [nterval Is poorly exposed but appears to consist of calcareous lithic lapilli tuffs, lapillistones,

and coarse tuffs, Coloy varies from light to medium green. Many lithic clasts are white to
greenish ang fine grained. Several porphyritic andesilic intrusives occur in this interval also.

Quartz phenocrysts are not evident in hand specimen. 578
1. Medium-green fine tuffs interbedded with grayish-green graded lithic sandstones. The lithic

sandstones are composed of a mixture of voleanic lithic debris and plagiociase. Section 21A

(betow) probably contains part of the strata fautled out at this point. 35

Fault.
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SECTION 21A

North Ridge (map unit Pnr). (These strata probably are a facies equivalent of the fine tuffs and graded sandstones in the
upper part of map unit Pwf.)

Interva) Lithology Thickness
L Interbedded fine tuffs, coarse tuffs, and swirly masses of lapilli tufis; medium to light green,
The deposit is well stratified. Large masses of pumice are common and occur scattered ran-
domly throughoul the deposil. No quartz observed in hand specimen. 141
2. Light-green doubly graded lapilli tuff. Contains large clasts of pumice in a coarse-to-fine ash
matrix. Lithic fragments are rare; the deposit is mostly a crystal-vitric lapilli tuff. 67
3. Medium- {o lighi-green doubly graded iapiili tuff, Lower part contains abundant tithic clasts;

.the upper part is predominanlly composed of crystal and vitric material. Uppermaost parl is

highly pumiceous. The pumice clasts are several inches long and are not compressed into the

plane of bedding. No quartz was observed in hand specimen. 84
4. Dark-green doubty graded lapilli tuff. Lower part contains abundant lithic clasts thal appear to

be fragments of ash and porphyritic andesite with a distinct maroon color., No quartz was

observed in hand specimen. 137
5. Medium-green doubly graded lapilli tuff. Lower part contains abundant lithic clasts that consist

mainly of maroon scoriaceous fragments and green porphyritic andesite, 90

Fault.

SECTION 21 (cont.)

8. Crystal-vitric lapilli tuff without stratification; mostly light to medium green. Lithic clasis that
appear lo be fragments of fine tuff are abundant throughout the depasit. 16
9, Medium- to tight-green well-stratified fine tuff. In many places, thin while layers of fine tuff
are intetbedded with the green tuff. 406
10. Highly contorted fine tuff. The color varies from green to mottled green and white Lo reddish.
Abundant evidence of softsediment deformation. The entire deposit appears to have slumped. 137
SECTION 25

Section begins in the lowest exposed strata at the north end of the ridge. Section is measured up stratigraphicalty.

Interval Lithology Thickness

Upper part of North Ridge (map unil Pnr). (These strata probably are a facies equivatent of the interbedded fine tuffs and
graded sandstones in the upper part of map unit Pwf.)

1. Light-green to greenish-white fine tuff with highly contorted bedding produced by soft sed-

iment deformation, Very few crystals were observed in the deposit; the composition is mainly

vitric. The strata in this interval probably are the same as intervai 10 in section 21. 80
2. Interbedded green to light-green fine tuffs, lapillistones, and lapilli tuffs. Some double grading

is evident in a few of the deposits. All of the pyroclastics are well stratified, Pumice is abundant

in most parts of the deposits and usually is flattened in the plane of bedding. Quartz is rare or

absent in the pyroclastics, Mosl of the depogits are crystal vitric. 185
3. Several green to dark-green lithic lapilli tuffs. All are characterized by highly contorted strat-

ification, probably resulting from soft-sediment deformation. The lithic clasts consist mostly of

light- to medium-green fine tufl and green porphyrilic andesile. A few of the porphyritic

clasts contain 2 minor amount of quartz. 310
4, Interbedded calcareous siltstones and graded calcareous lithic sandstones. Color varies from

green to greenish brown:- Carbonate fragments are mostly crinoid columnats; lithic debris

is entirely voleanic.
5. Several green to dark-green lithic lapilli tuffs with contorted stratification similar to deposits in 45
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interval 2. A few of the deposits are graded tuffaceous sandstones, and many of these exhibit
contorted stratification. A few of the deposits are calcareous. Some clasts of pumice are present
in parts of these deposits. 365

SECTION 27

Section begins at the lowest exposed strata near the floor of the canyon, The section is measuyred up stratigraphically.
These strata are probably a facies equivalent of part of the Dry Canyon unit (unit Pdc).

Interval Lithology Thickness

Eagle Ridge (map unit Per)

1. Pyroclastic(?) breccia, dark green to dark greenish brown. The bedding usually is massive and
nol distincl. The breccia consists mainly of dark-green clasts with distinct white plagioctase
phenocrysts, giving the clasts a characteristic speckled appearance. Other clasts are while to
light-green fine tuff, and light-colored clasts containing quariz and plagioclase phenoerysts. 133
2. Calcareous green to brownish-green lithie sandstones and conglomerates interbedded with
medium- to dark-green fine tuff. The sedimentary deposits are graded and the fossil debris is
mostly erinoid columnals. The amount of fine tuff increases upsection. Most of the sediments

are Luffaceous. The sediments are composed mostly of lithic volcanic debris and plagtoclase. 46
3. White to greenish-white well-stratified fine tuff. Thickness varies abruptly along strike. i
4. Essentially the same as the strata in intetvat 2. 31
5. Very dark-green to dark-greenish-black lithic sandstones. Graded bedding is common in mosi

of the sedimentary deposits. The sandstones are composed of volcanically derived lithic grains
and plagioctase. Most of the deposits appear to be tuffaceous. A few thin beds of green fine tuff
are interbedded with the graded sediments. 82



APPENDIX IT - UNMEASURED STRATIGRAPHIC UNITS

The descriptions in this appendix are for those map units
for which no measured section was made due to poor
exposures or complex structure. The descriptions are based
on observations of several outcrops that are representative
of the map units.

WEST GULKANA (map unit Pwg)

This unit consists entirely of green to grayish-green
massive basattic to andesitic amygdaloidal flows. Bedding
is apparent only from a distance, and the bedding planes
are probably boundaries between individual ftows. The
flows are massive in places and brecciaied in others. No
clear indications of flow tops or pillows were scen. Most
of the flows are porphyritic with plagioclase and mafic
{smphibole and pyroxene) phenocrysts. Amygdules are
filled with chlorite, guartz, chalcedony, and a minor
amount of epidote.

SOUTH CIRQUE (map unit Psc)

This unit is besl exposed on the south side of the central
part of Rainbow Ridge (p!. 2). Three principal lithologies
occur within this unit. These are, in order of their abun-
dance: (1) andesitic and dacitic crystal-vitric to lithic
pyroclastics, (2) tuffaceous lithic sandstones and conglom-
erates, and (3) impure to puve fossififerous limestones.
The pyroclastics contain abundant plagioclase, some of
which has been replaced by epidote, giving the deposits a
distinct yellow color. Pumice is present in all of the
pyroclastics and typically is flattened in the plane of
bedding. Some of the lithic-vich pyroclastics contain
distinctive maroon lithic clasts of basalt or andesite.
Nearly all of the pyroclastics are well stratified, The
tuffaceous sediments contain lithic clasts of voleanic origin
and abundant plagioclase, which is typically replaced by
epidote. The amount of plagioclase in these sedimenis
seems {0 be somewhat preater than in the rest of the
Tetelna Complex. Dettital quartz, probably of voleanie
origin, is also an important component of the sediments.
Most of the limestones contain plagioclase, quartz, and
lithic impurities that probably were derived from pyro-

clastic materials. Crinoidal columnals are the most common
fossil fragments, but pieces of brachiopod, bryvozoan, and
coral skeletons are presenl also. Very rapid lateral changes
from one lithology to another are typical of this unit.

RICHARDSON HIGHWAY (map unit [Prh)

This unit can be seen in several exposures along the
Richardson Highway and at the south end of Rainbow
Mountain {pl. 2). Strata in this unit are predominantly
crystal-vitric lapillistones and lapilti tuffs of dacitic com-
position. Fine {ufls and a few lithic lapilii tuffs also occur
scattered throughout the unil. However, the fine tuffs
tend to be most abundani in the upper part of the deposit.
A few thin intervals (40 to 100 feet thick) of sedimentary
rocks also occur, but their stratigraphic position is not
established. 'These sediments are mostly black argillaceous
siltstone and black claystone interbedded with a few
brown-weathering, slightly calcareous lithic sandstones.
Most of these sandstones are graded, A few thin limestone
beds composcd largely of sand-sized skeletal debris are
exposed west of Phelan Creek along the west bank of the
creek. No fossils were found in the limestones. The pyro-
clastics are well stratified and contain abundant pumice,
most of which is flattened in the plane of bedding. The
pumice is porphyritic and contains abundant phenocrysts
of quartz and plagioclase.

CAMP CREEK (map unit Pc¢)

The best exposures of this unit occur al the south end
of Rainbow Mountain (pl. 2). This unit consists of inter-
bedded preen to dark-green coarse to fine tuffs, thin white
fine tuffs, a few lapilli tuffs, graded lithic sandstones and
conglomerates, and a few thin layers of calcilutite and
graded calcarenite. The pyroclastics typically contain dark-
green, mostly nonporphyritic pumice clasts. Lithic frag-
ments and plagioclase crystals are also present in many of
the lapilli tuffs and coarse tuffs. The graded sediments are
partly tuffaceous and consist of lithic volcanically derived
fragments and plagioctase. No fossils were recovered from
the limestones. Most of the pyroclastics appear to be

andesitic.
47



