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GEOLOGY OF THE RAINBOW MOUNTAIN-GULKANA GLACIER AREA, 
EASTERN ALASKA RANGE, 

WITH EMPHASIS ON UPPER PALEOZOIC STRATA 

ABSTRACT changes in several of the pyroclastic deposits indicate 

The Rainbow Mountain-Gulkana Glacier area is 
located in the eastern Alaska Range near the Richiirdson 
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 flank of the eastern Alaska Range. This terrane 
consists of metamorphic rocks of uncertain age, upper 
Paleozoic volcanic and sedimentary deposits, middle 
Triassic greenstones, granitic intrusives of Mesozoic and 
Tertiary age, and Tertiary nonmarine sedimentary and 
volcanic deposits. Most of the work was devoted to the 
upper Paleozoic volcanic and sedimentary 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 anticlines and synclines with steeply 
dipping limbs. Fold axes trend northwest in the western 
part of the area. In the eastern part of the area the 
folded strata appear t o  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 Paleozoic 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 
Pennsylvanian to early Permian. The Tetelna Complex 
is overlain by the younger Mankomen Group, which is 
early to middle Permian and possibly late Permian in 
age. The two successions are separated by an erosional 
unconformity. 

The Tetelna Complex consists of approximately 35 
percent andesitic-basaltic lava flows, 1 2  percent andesitic 
pyroclastics, 50 percent dacitic pyroclastics, and about 
3 percent rhyodacitic pyroclastics (compositions based 
on mineralogy). These volcanic rocks are interbedded 
with feldspathic and lithic sandstones and conglom- 
erates, all of which were derived from volcanic sources. 
Silicified siltstones, claystones, and fossiliferous lime- 
stones also 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 gravity flows and settling from sus- 
pension. Graded bedding, contorted stratification, and 
submarine debris flow deposits are common 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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that active vents were located a few miles west or 
southwest of the map area. The Tetelna Complex 
probably is part of an extensive succession of strata 
that accumdlated on the flanks of a volcanic arc that 
was active during the late Paleozoic. The arc may have 
been similar to modern arcs of the western Pacific, 
especially those in the Kamchatka and Japanese islands. 

The Mankomen Group consists of well-bedded cal- 
carenites and calcirudites, black argillite, highly fossil- 
iferous argillaceous calcilutites, and bryozoan bioherms. 
Most of the strata in the Group were deposited in 
shallow water at or above wave base. Volcanism in the 
arc had ended by the time deposition of the Mankomen 
Group began, and volcanic source areas were not 
present. The Mankomen Group probably was deposited 
on top of the volcanic arc after it became inactive 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 College Glacier (pl. 1). The area is readily accessible 
from both the Richardson Highway and an unpaved road 
that extends northeast from the Richardson Highway 
along the lower part of the Gulkana Glacier outwash 
plain. Most of the area is characterized by high relief, 
steep slopes, and relatively little vegetation, resulting in 
good exposures over long 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 volcanic 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 rocks that 
extends along 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 might also have 
significant implications for regional late Paleozoic paleo- 
geography 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 
t o  the extent that their general character and relation 
to  the late Paleozoic strata could be established. 
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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 
boundary between two terranes of markedly different 
composition (pl. I). North of the fault the terrane 
consists mainly of quartzites, phyllites, schists, and 
greenstones that may range from early Paleozoic t o  
Mesozoic in age (Richter and Jones, 1973, p. 409). The 
terrane on the south side of the fault is a complex of 
metamorphic rocks, ultrabasic rocks, granitic plutons, 
a narrow, northwest-trending belt of upper Paleozoic 
volcanic and sedimeiitary rocks, and Tertiary strata 
that consist of nonmarine pyroclastic rocks and fluvial 
sedimentary deposits. 

Rocks in the map area are part of 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).  At 
the north end of Rainbow Mountain, the metamorphic 
rocks are mostly marbles, schists, and phyllites that 
locally contain serpentit~ite dikes (Hanson, 1963,  p. 10-  
19). The age of these metamorphic rocks has not been 
determined; however, they lie on strike with similar 
metamorphic rocks that extend from the Delta River 
(pl. 1 )  westward for a t  least 30 miles t o  the Maclaren 
River. Near the Maclaren River the age of meta- 
morphism is known to be Late Cretaceous (Smith and 
Turner, 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 

ages have been reported on  a few 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 1 4 9  
m.y. for a gneiss at  the head of Gulkana Glacier and 
suggested that the date indicates the time of intrusion 
of the plutonic rocks in that area. Small bodies of 
ultrabasics occur within the plutonic belt north of 
Rainbow Mountain along the Canwell Glacier valley 
(pl. 1). The age and relationship of these ultrabasics t o  
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 t o  northwest (pl. 1). These de- 
posits are in fault contact with the plutonic rocks t o  the 
north. South of the upper Paleozoic rocks are non- 
marine pyroclastic and sedimentary deposits of Tertiary 
age, and these deposits are in fault 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 (1965, 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 
t o  be confined mainly to the area east of the Delta 
River, although limited exposures of Tertiary deposits, 
too small to  show on the geologic map, occur along 
Eureka Creek and in the area t o  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 
outcrop pattern in the map area does not  appear t o  
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. Moffit (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 about 1 5  miles east of the 
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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 
Pml2, pi. 2) and correlated this small outcrop 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 Rowett (1969, p. 10-  
24) completed the first detailed stratigraphic studies of 
the upper Paleozoic rocks in the northwestern part of 
the h a p  area. These authors divided the volcanic and 
volcanic-derived sedimentary rocks between McCallum 
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 
collections from these strata, the Rainbow Mountain 
sequence was considered t o  be middle Pennsylvanian 
(Atokan-Desrnoinesian?) in age and the McCallum Creek 
sequence was placed in the lower(?) Permian (Wheeler, 
in Hanson, 1963, p. 50-52; Unklesbay and Pauken, 
1966; Rowett, 1969, p. 17-24). However, in this 
report and in Bond (1969), the author has shown that 
part of the Rainbow Mountain sequence a t  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 sequence is not a 
valid time stratigraphic unit, nor are the two sequences 
sufficiently distinct lithologically to  qualify as valid 
lithologic map units. Consequently, the stratigraphic 
nomenclature proposed by Hanson and Rowett should 
be discontinued. 

The area t o  the east, between McCallum Creek and 
College Glacier, was previously mapped by the author 
(Bond, 1965). He found that the strata described by 
Hanson extend into this area and are overlain by a 
thick succession of lower Permian limestones and black 
argillites. In marked contrast t o  the underlying strata, 
these limestones and argillites contain n o  erupted 
volcanic 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 two successions includes the limestones and 
black argillites exposed east of McCallum Creek that 
were found t o  overlie Hanson's stratigraphic divisions. 
This succession includes map units Pmll ,  Pmal ,  Pml2, 
Pma2, and Pmal (pl. 2). I t  is now clear that these map 
units are part of the Mankomen Group as defined by 
Richter and Dutro (in press), and are designated as such 
on the geologic maps (pls. 1 ,  2). 

The lower succession includes the diverse volcanic 
and volcanic-derived sediments of upper Paleozoic age 
that underlie the Mankomen Group. All of the map 
units I P W ~  t o  Pbm (pl. 2) are included in this succession. 
The top of  the lower succession is defined as the top of 

the slratigraphically highest volcanic deposit, unit Pbm. 
Recent work in the eastern Alaska Range has shown 

that these pre-Mankomen strata are part of an extensive 
upper Paleozoic volcanogenic complex. This complex is 
exposed along the south flank of the central and eastern 
Alaslia Itange Prom a few miles west of the Delta 
Rive-r (pl. 2) to  and probably beyond the Canadian 
border (Rose, 1965,  p. 5-13; Richter and Jones, 1973, 
p. 412; Bond, 1973). Richter and Dutro (in press) 
recelitly have referred' t o  the volcanic succession as the 
Tetelna Volcanics, a name first 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 uolcanics. Use of uolcaizics is some- 
what misleading because, although the Tetelna strata 
are composed largely of volcanics, the strata also 
contain a significant amount of nonvolcanic rocks 
iacli.~ding fossiliferous limestones, claystones, siltstones, 
con}:lomerates, and shallow intrusives (pl. 3). The 
tern1 complex is defined in the American Code of 
Stratigraphic Nomenclature (1972) as "... a mass of 
rock composed of  diverse types of any class or clas- 
ses...", and the term therefore is more appropriate than 
the restrictive uolcanics. 

In previous papers by the author, the volcanogenic 
coniplex has been called the Phelan Creek formation 
and the Delta River sequence, and the upper succession 
of  limestone and black shale was named the Gulkana 
(;lat:ier formation (Bond, 1969, 1973). These were 
local, informal names used primarily for purposes of 
desuiption a t  a time when the regional stratigraphic re- 
lations in the eastern Alaska Range were poorly under- 
stood. Use of these informal names is now discontinued. 

TETELNA COMPLEX 

The Tetelna Complex in the map area consists of 
andesitic t o  basaltic flows and andesitic t o  rhyodacitic 
pyroclastics interbedded with tuffaceous claystones and 
siltstones, volcanic-derived sandstones and conglom- 
erates, and a few discontinuous lenses of fossiliferous 
limestones. The total exposed thickness of the Complex 
in the map area, based on a composite section (pl. 3), 
is approximately 8,500 feet. These strata have been 
divided into several informal map units (pl. 2), each of 
which is characterized by distinct sedimentary and/or 
volcanic rock types (see Appendixes I and I1 for de- 
tailed descriplions of these units). Pyroclastic materials, 
which are abundant in the Tetelna Complex, were 
especially useful in correlating these map units across 
faults and covered intervals. The pyroclastics were 
correlated using several criteria, the most important of 
which are presence or  absence of quartz and K-feldspar 
phenoc~ysts,  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 McCallum Creek sequences in the Rainbow Mountain area. 
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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 hand, 
the upper part of the Complex (units Pov to Pbm) is 
much better exposed, and stratigraphic relations in these 
strata are well established. 

The age of strata in the Complex has been reportec! 
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- 
bearing limestone was collected from this map unit at 
the south end of Rainbow Ridge, about 112 mile due 
west of measured section 20 (pl. 2). J.W. Skinner of 
Humble Oil Company identified these fusulinids as 
Fusulinella sp. of Atokan or Desmoinesian (Middle Penn- 
sylvanian) age (Skinner, personal communication, 1969). 
A large collection of fossils has been made from map 
unit Pkr in a black limey bed exposed at  milepost 212 
on the Richardson Highway in measured section 24 
(pl. 2, pl. 3). Rowett and Timmer (1973, p. 3-4) have 
confirmed a lower-middle Pennsylvanian (post-Morrow- 
pre-Missouri) age for this fossil assemblage. Higher in the 
section, map units Pmr and Pfc contain fusulinids of 
lower 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 that the Tetelna Complex in the map area 
ranges in age from at  least middle Pennsylvanian to 
lower Permian. There are too few data to accurately 
locate the Pennsylvanian-Permian boundary, although 
it must lie between map units Pkr and Pmr. For con- 
venience, the boundary 1s 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 (pl. 1). This deposit may be equivalent t o  map 
unit Prh. 

The base of the Tetelna Complex has never been seen 
either in the map area or in other parts of the eastern 
Alaska Range. Consequently, rocks older than middle 
Pennsylvanian may be present in the Complex. Also, 
there 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 
(1973) 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 Fault. 

MANKOMEN GROUP 
A middle Wolfcampian age for the lower part of the 

Manlromen Group (unit Pmll) is well established by 
fusulinids collected from measured sections 4 and 5 
(Gilbertson, 1969, p. 28-29). A conodont found in a 
1imec;tone sample from unit Plm2 near The Hoodoos 
(pl. 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, but it probably is middle t o  upper 
Permian in age. 

The contact between the Tetelna Complex and the 
Mankomen Group is exposed in measured sections 4 and 
5 (pl. 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, 
lenscts of feldspathic sandstone, rarely more than 3 feet 
thick, occur sporadically at  the base of the Mankomen 
Group. These lenses contain rounded lithic fragments, 
some of which are identical in texture and apparently in 
composition to the underlying lapilli tuff (unit Pbm). 
The fragments must be local concentrations of sand 
eroded from the underlying lapilli tuff prior t o  de- 
position of the overlying Mankomen limestones. 

An unconformity is further indicated because map 
uni1.s Pmr, Pfc, and Pmc of the Tetelna Complex contain 
the fusulinid genus Thompsonella, whereas the lime- 
stories of the Mankomen Group immediately above unit 
Pbnl 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 that these members are correlative with zone A 
of the McCloud Formation of lower Permian age in Cali- 
fornia. The occurrence of Eoparafusulina and Schwag- 
erina, together with the absence of Thompsonella in 
the lower part 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 section, unit Pbm was deposited during a 
single, major volcanic eruption that may have lasted no 
more than a few months. The evidence, therefore, 
suggests that a faunal gap corresponding to zones B, C, 
and D of the McCloud Formation occurs at  the contact 
bet.ween the Tetelna Complex and the Mankomen 
Group. 

Recently, Rowett (1969, 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 (Canina peloczi to Durhamina alask- 
ensis) are from strata placed in the Mankomen Group in 
this report. However, by comparing figure 2 with plate 
2, i t  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 Heritschioides summilensis, a t  location 
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FIGURE 2.-Location of coral zones in the upper part 
of the Tetelna Complex. 

MC-6; Timania rainbowensis a t  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 lower five coral "zones" is needed. However, the 
uppermost four  zones in the Mankomen Group appear 
t o  be valid zones that should be useful for correlation. 

NIKOLAI GREENSTONE 

Three small exposures of greenstone (map unit I n )  
occur south of College Creek (pl. 2). These rocks are 
mainly greenish black t o  reddish, fine-grained amygda- 
loidal basalts. From a distance, vaguely defined layers 
several feet thick can be seen within parts of the 
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 (pl. 1 and Bond, 
unpublished field 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, 1973) 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 t o  the east. However, the 
similarity of the greenstones in the map area with 

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 Nikolai Greenstone. Clearly, ad- 
ditional work on  these volcanics, particularly chemical 
analyses, is necessary before such a correlation can be 
confirmed. 

A short distance east of the Delta River, similar 
greenstones apparently overlie the Mankomen Forma- 
tion (pl. l ) ,  although the contact is no t  exposed. 
Since these greenstones appear t o  occupy the same 
stratigraphic position as the Triassic greenstones east 
and west of the Middle Fork of the Chistochina, they 
are also tentatively correlated with the Nikolai Green- 
stone. 

TERTIARY DEPOSITS 
MAP UNIT Tv 

The oldest Tertiary unit in the map area is a light- 
tan rhyodacitic lapilli tuff exposed south of College 
Creek (pl. 2). This deposit appears t o  be in fault con- 
tact with the pre-Tertiary rocks, although it  may uncon- 
formably overlie the southernmost exposure of the 
Nikolai Greenstone (pl. 2). The pyroclastic deposit is 
unconformably overlain by a coarse conglomerate, map 
unit Ts l .  The total thickness of the rhyodacite tuff is 
unknown, but the maximum exposed thickness probably 
exceeds 600 feet. The pyroclastic material consists 
mainly of crystals, glass shards, and pumice, but large 
amounts of lapilli-sized lithic debris are present locally. 
A limited petrographic study of this tuff indicates that  
it is welded, a t  least in part. The deposit is characteristi- 
cally well stratified, and the layers range from a few 
inches t o  several feet in thickness. A crude columnar 
jointing is visible in a few outcrops. 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 tuff specimens examined contain approxi- 
mately equal amounts of  crystal fragments and glass 
with minor amounts of lithic fragments. Crystal 
fragments consist of sanidine, orthoclase (positive 
potassium feldspar strain, 2V 700), plagioclase (An 
40), quartz, and biotite. Sanidine is usually poikili- 
tic, with plagioclase, biotite, and apatite inclusions. 
Plagioclase commonly exhibits fine albite or com- 
bined Carlsbad and albite twinning and less common- 
ly normal oscillatory zoning. The glass fraction 
consists 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 diorite fragment 
a fragment composed of epidote and serpentine, and 
several fragments of andesite (dacite?) with highly 
devitrified matrices. Of the latter, one fragment 
contains phenocrysts of fresh biotite, sanidine, ortho- 



clase, plagioclase, and a faint suggestion of a welded 
glass fraction. 

Grain shape and size vary considerably. Biotite 
and plagioclase grains are euhedral and the latter are 
commonly fractured along one or  more edges. Quartz 
and potassium feldspar are subheclral t o  anhedral, 
embayed, and in many cases have fractured outer 
edges. Lithic fragments are rounded t o  subrounded. 
Glass shards are irregularly shaped but  generally 
elongated in one direction. Grain size of lithic, 
crystal, and shard fragments ranges from 0.1 t o  3 
millimeters. 

Welding and compaction have affected both shards 
and small biotite grains. Elongated shards arc aligned 
over short distances and in some cases partially fused. 
Many shards have been molded around sharp edges 
of crystal fragments. Edges of larger shards typically 
are frayed and drawn ou t  parallel t o  surrounding 
smaller shards. Small biotite grains are aligned with 
the shards and in several places severely warped or 
broken. 

A K-Ar date of 49 m.y. (Eocene-Oligocene) was 
determined for a sample of this deposit collected about, 
1 mile southeast of The Iloodoos (D.L. ~ u r n e r ,  Univer- 
sity of Alaska, personal communication, 1973). 

MAP UNIT Tsl 

The rhyodacitic lapilli tuff is overlain, probably 
unconformably, by a coarse conglomerate shown on the 
map (pl. 2) as unit T s l .  An abundance of dark-colored 
clasts in this deposit gives it a distinctive black color 
when viewed from a distance. A few thin white t u f h  are 
interbedded with the conglomerate, in the southern 
exposures of the deposit, indicating that volcanism was 
contemporaneous with deposition of thrb gravels. In  
exposures along the ridge immediately south of College 
Creek (pl. 2), clasts in this deposit are as much as 3 feet 
wide. The grain size appears to  decrease to  fine pebbles 
southward, suggesting that the conglomeratic debris 
were derived from the north. The coarse grain size of 
this deposit, together with the abrupt decreasr 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 
derived from the older map units in the area. Fragments 
of the rhyodacitic lapilli tuff, Nikolai Greenstone, 
Mankomen Formation, and the Tetelna Complex are 
abundant. Less abundant clasts include quartz diorite 
and a variety of metamorphic rocks. 

The age of this conglomerate is uncertain. It  clearly 
is younger than the rhyodacitic lapilli tuff. Ilowever, the 
relationship of the conglomerate to  map unit Ts2, late 
Miocene t o  early Pliocene in age, is obscurecl by faulting. 
The deposit probably is older than map unit Ts2 be- 
cause the conglomerate lies directly on the rhyodacitic 
lapilli tuff. The conglomerate is tentatively considered 
to be post-Eocene t o  pre-Miocene in age. 

MAP UNIT 'rs2 

Map unit Tsg (pl. 2) consists of intrrbedded light- 

colored conglomerates and sandstones, gray siltstones 
and claystones, and a few thin white ash layers. The 
conglomerates and sandstones tend t o  be lenticular and 
prob;tbly are channel deposits laid down by braided 
strearns. The siltstones and claystones typically contain 
orgal~ic debris, much of which consists of carbonized 
leaf in~pressions and parts of tree trunks. The ash layers 
are siliceous, probably rhyodacitic t o  rhyolitic in com- 
position. A cursory study of the clasts in the con- 
glomerates indicates that granitic and metamorphic rock 
types are especially abundant. Some of the conglomer- 
ates exposed about 1 mile north of the word Creek in 
Phelan Creek (pl. 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 argillite in the Mankomen Group. De- 
posits of this unit exposed south of College Creek 
contain distinctive white quartzite clasts along with 
grarritic and metamorphic rock fragments. Obviously, 
this map unit was derived from one or more source 
areas that 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 
gravtbls could easily be undertaken, and might provide 
rntoresting data on Tertiary source areas and drainage 
pattc~rns. 

A K-Ar date of 5 m.y. (late Miocene t o  early Plio- 
cerre) was oblained from a sample of a white ash layer 
collected in a small gully about 112 mile south of The 
Hoodoos (pl. 2; D.L. Turner, University of Alaska, 
personal communication, 1973). In addition, plant 
fo!,sils collected from exposures of gray siltstone along 
MfltCallum Creek were found t o  be Miocene t o  Pliocene 
in age (Florence R. Weber, USGS, personal com- 
munication, 1973). Probably, most of map unit Ts2 is 
late Tertiary In age. 

STRUCTURE OF' UPPER PALEOZOIC 
AND TERTIARY STRATA 

FOLDING 

The upper Paleozoic strata in the map area have been 
folded into anticlines and synclines, most of which 
have steeply dipping limbs. Some of the folds have 
vertical axial planes; however, most of them are slightly 
overturned t o  the south, and the axial planes dip 70 t o  
80 degrees northwestward. Most of these overturned 
folds occur in the northwest part of the map area be- 
t w e n  McCallum Creek and the south end of Rainbow 
Ridge (pl. 2). From McCallum Creek northwestward t o  
the south end of' Rainbow Ridge, folds in the upper 
Paleozoic st.rata trend mostly northwest. Farther t o  the 
northwest, on Rainbow Ridge itself, fold troughs and 
crests are not exposed, bu t  reversals in dip suggesting 
folding occur across faults and covered intervals (pl. 2). 
The trend of these inferred folds appears t o  be north- 
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westward also. East of Gulkana Glacier, along the 
College Glacier valley, the strike of bedding and the fold 
trend in the upper Paleozoic rocks have changed to 
northeast, roughly 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 (pl. 2). 

The Tertiary deposits also are folded, but the limbs 
generally are not as steeply 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 parallel to the fold 
trends in the upper Paleozoic deposits. 

FAULTING 

The pattern of faultlng within the map area changes 
significantly across the Gulkana River; consequently, 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 faults can be 
distinguished: (1) a 'north- to N. 200 Eytrending set 
with nearly vertical planes along which the slip has been 
mostly lateral; (2) a set trending about N. 500 W. with 
nearly vertical planes; (3) a set of reverse faults with 
fault planes dipping northeast at an angle of about 
60 degrees; and (4) thrust faults with fault planes nearly 
horizontal (pl. 2). With the exception of the reverse 
faults, these are essentially the same sets of faults 
described by Hanson (1963, p. 59-63) for the Rainbow 
Ridge area. Hanson (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 Ts2) 
shows that the vertical axial plane of an anticline in the 
Tertiary sediments is offset by about 500 feet of left 
lateral slip along a north-trending fault (pl. 2). 

On the northwest-trending faults, the vertical strati- 
graphic offset may reach 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 patterns in 
the upper Paleozoic strata can be matched across the 
faults. 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 different 
lithologies within coeval strata. 

The north-dipping reverse faults are exposed along 
the southwest side of Rainbow Ridge, north of Phelan 
Creek, between West Gulkana and College Glaciers, and 
itlong the north wall of the College Glacier valley (pl. 2). 
These reverse faults cut the plutonic rocks, the upper 
Paleozoic strata, and the Tertiary deposits. The most 

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 inferred 
primarily from the trend of the Tertiary-upper Paleozoic 
contact in the Gulkana 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 gravels exposed along the west wall of the 
Gulkana River valley contain only a few clasts 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. 21, 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 fault zone. 

Thrust faults with nearly flat 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 to the upper Paleozoic strata. 
Juxtaposition of stratigraphic units along these faults 
indicates that the upper plates moved southward (pl. 2). 
The maximum stratigraphic displacement along the 
thrusts 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 approximately N. 400 W. (pl. 2). 
Whether lateral or vertical slip (or both) has occurred 
along these 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 large northwest- 
trending fault separating map units Tv and Ts2 (pl. 2). 
Maximum vertical stratigraphic offset across these/ faults 
is difficult to calculate because the thickness of the 
Triassic and Tertiary deposits is unknown. However, 
since most of the Mankomen Group and the Nikolai 
Greenstone has been faulted out along some of the 
northeast-trending faults (pl. 2), vertical stratigraphic 
offset may be on the order of a few thousand feet. 

A northeast-trending fault has been placed along the 
Gulkana River (pl. 2) to account for the stratigraphic 
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 Pml2, Pma2, and Pmal, pl. 2) are exposed east of 
the Gulkana River, but are not present anywhere west of 
the river. The absence of these rocks west of the river 
suggests that the pre-Tertiary strata west of the valley 
have been uplifted more than pre-Tertiaw 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. I t  is interesting to note that if 
the upper Paleozoic, Triassic, and Tertiary strata east of 
~ u l k a n a  River were rotated about 30 degrees clock- 
wise, both the strike of bedding and trends of faulting 
in these units would become parallel t o  the trends of 
bedding and faulting west of the Gulkana River (see 
pl. 2); also, the N. 400 W.- and N. 600 E.- trending sets 
of faults east of the river would become parallel to the 
north-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 into a major nortli- 
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 early Pliocene age of the 
upper Tertiary sediments (unit q's2, pl. 2) clearly in- 
dicates a post-Miocene age for the folding of these 
deposits. Also, the rhyodacitic tuff of Eocene to  
Oligocene age is not as severely folded as the upper 
Paleozoic strata. This suggests that the tight folds and 
thrust faults in the pre,Tertiary rocks ol' the map area 
were produced during pre-Eocene-Oligocene time. North 
of Phelan Creek, the three north-trending faults in the 
upper Tertiary deposits and the reverse fault separating 
the 'Tertiary and Permian strata are most likely post- 
Miocene in age. This relation suggests that all of the 
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 set. Therefore, this fault set must postdate the 
folding of the pre-Tertiary rocks (pl. 2). 

Assuming that the faults east of the Gulkana River 
were parallel t o  those west of the river prior to the 
rotation postulated above, then the fault southeast of 
The Hoodoos that separates map unit Ts2 from unit Tv 
would have been part of the N. 500 W.-trending set west 
of the Gulkana River. It is clear from the map (pl. 2) 
that this fault southeast of The Hoodoos is post- 
Miocene in age. This suggests a very speculative post- 
Miocene age for the N. 500 W.-trending fault set in the 
map area. Finally, assuming that the strata east of the 
Gulkana River have been rotated clockwise by move- 
ment along a fault in the Gulkana River valley, this 
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 tho pre-Tertiary rocks; (2) a second period of folding 
occurred 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 small thrust faults; (3) also in post-Miocene time, 
deformation produced the reverse faults, the north-to- 
N. 200 E.-trending fault set, and possibly the N. 5O0 W.- 
trending set; and (4) the most recent deformation in the 
map area may have occurred along the inferred fault 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 Paleozoic strata is largely 
secondary. 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 (mostly penninite), 
epidote, and calcite. The original glassy matrix of 
pyroclastic rocks is either replaced by chloritelike 
material or has recrystallized to a mosaic of micro- 
crystalline feldspar and quartz. Relict shards were 
recognized in only a few samples. Feldspar phenocrysts 
are mostly albitic in composition (An()-10, determined 
by indexes of refraction on cleavage pieces and by 
microprobe analysis). However, these secondary minerals 
developed withoul appreciable shearing, since most of 
the clastic textures in the sediments are partly or 
completely preserved. Also, textures in the volcanic 
deposits and in the lithic fragments in sediments are 
generally still visible. Even pumiceous textures are 
remarkably well preserved, and usually can be re- 
cognized, especially if observed on wetted, polished 
surfaces as suggested by Fiske (1969, p. 6). The lime- 
stones in both the Tetelna Complex and Mankomen 
strata are recrystallized to a certain extent, but the 
original textures still are visible, and most of the 
skeletal struclures in fossils can be recognized. 

The secondary mineralogy, together with the lack of 
schistose structure, generally has been taken to in- 
dicate a greenschist-facies metamorphism that was pro- 
duced by a thermal event. However, it should be noted 
that the minei.alogy and texture of these rocks, part- 
icularly those in the Tetelna Complex, are not unlike 
the mineralogy and textures of rocks of the spilite- 
keratophyre association. The abundance of albitic feld- 
spar is particularly indicative of a soda-rich rock suite. 
Significantly, most of Ihe feldspar is relatively free of 
inclusions such as ep~dote  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 keratophyric rocks. A few 
chemical analyses of these rocks have been made 
(table 1); they indicate abnormally high sodic com- 
positions similar to those of spilite and keratophyre 
rock types. Although more chemical data are needed to  
confirm the presence of spilitic-to-keratophyric rock 
types in the upper Paleozoic volcanics, the data pre- 
sently available raise some question as to the degree of 
true greenschist-facies metamorphism in the upper Pa- 
leozoic rocks. In any case, the original stratification and 
textures of the sedimentary aria volcanic rocks are 
sufficiently well preserved that stratigraphic and sedi- 
mentologic 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 examined in detail. The individual 
lithologies in the Complex are not unique sedimentary 
deposits; rather, the unusual' feature of these strata is 
the complex stratigraphic relations between highly di- 
versified rock types. This phenomenon is especially 
well illustrated by the common interstratification of 
calcarenites and calcirudites, bioherms and biostromes, 
coarse-grained pyroclastic materials, lava 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 
to 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?) t o  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 
basaltic-andesitic flows are composed of albitic plagio- 
clase and mafic (amphibole?) phenocrysts in a fine- 
grained matrix of plagioclase microlites (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  
60 percent), and variable amounts of lithic clasts and 
recrystallized glassy matrix. Quartz and potassium feld- 
spar are absent. The mineralogy does not  exclude a 

TABLE I .  Chemical analyses o f  volcanic rocks in the Tetelna Complex. 

SiO 2 
A1203 
Fe203+FeO 
MgO 
CaO 
Na2O 
K20  
Ti02 
MnO 

Fine-grained volcanic clasts 
in lithic sandstones from 

map unit Pmcl Flow breccia from map unit Pwf2 

a 

58.00 
19.91 

4.5 
2.80 
4.86 
7.15 
1.02 
0.85 

not det. 

b 

57.45 
20.09 

6.0 
4.55 
1.47 
8.63 
0.20 
0.83 

not det. 

C - 
55.16 
19.83 

6.4 
3.11 
4.87 
6.74 
1.77 
0.70 

not det. 

Total 100.0 99.7 99.09 99.22 98.58 

Analysis by  broad-beam electron microscope; semiquantitive only. 
Analysis by X-ray flourescence. 
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basaltic composition, but it is unlikely tliat basaltic 
pyroclastics are present because large amounts of pumice 
are more commonly produced during eruptions of 
siliceous, viscous magmas. The dacitic pyroclastics also 
contain albitic plagioclase, large amounts of pi~mictl, and 
variable amounts of lithic clasts and glassy matrix, b~ci. 
are distinguished by the presence of more t,han 1 0  per- 
cent quartz (percentage of total minerals delt~rmined by 
point count). Some of these dacitic: deposits contain as 
much as 4 0  percent quartz. Biotite and potassiunl 
feldspar are present in small quantities in ;I few of the 
deposits. A small number of rhyodacitic pyroclastic 
deposits containing more than 1 0  percent quartz and 3.0 
percent potassium feldspar are scatlorc:d throughout the 
composite section. 

Calculations of rock proportio~is i ~ r  the composite 
section (pl. 3) indicate that thc volcanics in Ihe Complex 
consist of 35 percent andesitic-basaltic flows, 12  percetll 
andesitic pyroclastics, 50  percent dacitic ~,yroclaslics, 
and 3 percent rhyodacitic pyrocl:~stics. 'l'he ratio o f  
flows to pyroclastics is about 1: 2. However, this ratio 
could be in error for the total latc Paleozoic volcanic 
activity because a complete section of the upper 
Paleozoic volcanics has not been found. These data 
indicate the lniddle Pennsylvanian t o  oarly Pcmnian 
volcanism was characterized by highly explosive tlacitic 
eruptions. Eruptions of this type are chari~ct,rristic of 
the large stratovolcanoes in thc Tertiary ~ ~ n t l  modrrn 
volcanic arcs of,  for example, Japan, Ihmchatka,  and 
Indonesia. It seems likely that comparable stratovol- 
canoes dominated the late Paleozoic paleogeography in 
the map area. 

ENVIRONMENT O F  DE:l'OSITION 

The available evidence in the map area indicates t,hat 
nearly all of the Tetel l~a Complex was doposited bclolv 
sea level. Lenses of fossiliferous limestor~t~s and 1imc.y 
siltstones are common in these strata throughout the 
map area. Also, many of the graded sandst.ones and 
conglomerates contain fragments of marint? fossils. 7'he 
pyroclastic deposits are conformably inlcrbecided will1 
the fossiliferous deposits, and many of them also contain 
a t  least a small percent,age of marine fossil debris. In 
addition, subaerial features such as plant, debris, strranl 
channels, and weathered zones were not  found in any of 
the pyroclastic units. 

One problematical pyroclastic deposit is unit Pbm, an 
exceptionally thick dacitic lapilli tuff. i2ltliough the 
lower part of this lapilli tuff conformably overlies th r  
marine rocks of unit Pmc, the upper part, is separated 
from the overlying Mankomen Group limclstones by an 
erosional unconformity. It  cannot be proved that tlict 
deposit is entirely subaqueous. IHowevc~r, none of the 
beds examined contain evidence of crosshcdtling, ripplc 
marks. or other indications of tractivr curretlts that 

would be expected if deposition had reached or con- 
tinued above sea lovel. I t  seems likely that this unit also 
was deposited entirely below sea level. 

Lava flows are present in unit Pwf, and these are 
conformably interbedded with marine rocks. Although 
pillow structures are absent, these flows most likely are 
submarine. Unfortunately, unit Pwg, which is composed 
entirely of flows, is completely separated from the rest 
of the Complex by a fault. Consequently, the environ- 
ment in which these flows accumulated cannot be 
determined from the nature of associated sedimentary 
deposits. The flows in this unit are massive in places and 
brecciated in others; pillows appear to  be absent. How- 
ever, the lack of pillows does not  necessarily eliminate a 
marine origin. In one thin section of these flows, nearly 
spherical fragmer~ls 0.5 t o  1 cm across were observed. 
These resemble the spherical droplets sometimes formed 
when ho t  fluid lava is quenched by water. 

There are also several indications tliat the environ- 
ment of  deposit.ion in which most of the Complex 
accumulated was a moderately deep one, entirely helow 
wave base. For example, current-produced features such 
as good sorting, large-scale cross bedding, oscillation 
ripple marks, and rip-up:; are rare. Instead, the pre- 
dominant sedimentary structures are graded beds, slump 
structures, and f,hin parallel bedding and laminations. 
These are structures typical of deposits that accumulate 
in quiet water below wave base. Furthermore, a min- 
imum water depth of 150 to 700 feet is indicated for 
parts of  the Complex by tlie thicknesses of several of the 
pyroclastic tunits For example, map unit Pfc contains a 
coarse dacitic pyroclastic deposit that reaches a max- 
imum thickness of nearly 300 feet (fig. 3, WSD). This 
unit does not  contain interbeddcd normal marine strata, 
and it is conformably overlain and underlain by slightly 
fossiliferous marine claystones and graded sandstones. 
'I'he lack of intc~rbedded marine deposits indicates that 
the pyroclastic unit was deposited rapidly during one 
major eruption. Thus a water depth of a t  least 300 feet 
must have existed at  the time of the eruption to accomo- 
date thc 300 ftbet of pyroclastic material. Similar 
reasoning can b~ applied to  other unbroken successions 
of pyroclastic deposits in units Pnc and Pbm, in which 
the dcposils h;ive respective thicknesses of 155  and 
700 fret.  

In a quiet-water env~ronment  below the limit of 
effective wave base, two major categories of sedimentary 
procc,sses can bv clxprctetl to  have controlled sedimenta- 
tion: sc.tlling from suspension, and subaqueous gravity 
flows. Strata in the Complex contain evidence of both of 
these processes, bul  the subaqueous-gravity phenomena 
were tlie most important and were largely responsible 
for the influx and depositio~i o f  sand-sized and coarser 
material. Gravity processes deposited at  least parts of 
the pyroclastic~c, and produced slumps and slides, debris 
flow deposits. and a variety of graded beds. 
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FIGURE 3.-Fence diagram showing lithofacies in the upper part of the Tetelna Complex. 



TETELNA COMPLEX 

Over two-thirds of the Tetelna Complex is composed 
of  pyroclastic rocks, and these are remarkably diverse in 
stratification, texture, and composition. Particular em- 
phasis is given t o  these deposits because of their volu- 
metric importance in the Complex, and because an 
understanding of  their eruptive origin and their mode of 
deposition has an important bearing on paleogeographic 
interpretation and reconstruction of geologic history in 
the map area. 

In the following discussion, the pyroclastic deposits 
are grouped into three categories on the basis of the 
inferred mode of deposition. The first category, pyro- 
clastic fall deposits, are those believed t o  have been 
deposited directly by fallout through the water column. 
The. second, mixed fall and flow deposits, consist of a 
lower part deposited from a marine pyroclastic flow and 
an upper part deposited by fallout. The third category, 
unstratified deposits, are those pyroclastics for which 
the depositional mechanism is uncertain. They may have 
been deposited by fallout or entirely from submarine 
pyroclastic flows. Most of the detailed work has been 
done on map units Pnc, Pr, Pfc, and Pbm (pl. 2); the 
discussion is primarily devoted t o  the pyroclastic rocks 
in these strata. 

PYROCLASTIC FALL DEPOSITS 

LITHOLOGY AND PETROGRAPEIY 

A large number of the pyroclastic fall deposits in the 
Tetelna Complex consist of fine-grained tuffs. Many of 
these occur in the upper part of map unit Pnc (fig. 4), 
but they are also found sporadically throughout the 
Complex. On the outcrop surface these tuffs appear as 
distinctive greenish-white t o  medium-green beds, which 
range in thickness from 1 inch t o  slightly over 2 feet. 
Close examination usually reveals an indistinct 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 lithic ash is embedded in a matrix 

l ~ ~ m c l a s t i c  terminology used in this report is after Fisher 
(1966, p. 292-296). Ash refers to unconsolidated particles 
ranging from clay and silt size (fine ash) to  sand size (coarse ash). 
Consolidated rocks composed mostly of ash are called tuff. 
Lapilli refers to unconsolidated material ranging from 2 to 64  
mm in diameter and is subdivided in the following manner: 
uery fine lapilli - 2 to 4 mm; fine lapilli - 4 to 8 mm; medium 
lapilli - 8 to 16 mm; coarse krpilli - 16 to 32 mm; and very 
coarse lapilli - 32 to 64  mm. Consolidated lapilli is called lapilli- 
stone, and the term may be modified according to grain size by 
the prefixes given above. Poorly sorted pyroclastic rocks com- 
posed of about equal amounts of tuff and lapillistone are called 
lapilli tuffs. Pyroclastic deposits composed of fragments from 
64 to 265 mm in diameter are called fine pyroclastic breccias; 
those composed of fragments mostly larger than 256 mm are 
coarse pyroclastic breccias. 

that was probably fine glassy material but which has 
since recrystallizecl to  an exceedingly fine (approx- 
imately 2- t o  4-micron) light-green aggregate of quartz, 
feldspar, and chlorite flakes. Many of the samples 
contain layered concentrations of flattened chloritic 
platelets that  have the porous or tubular texture 
indicative of p u m ~ c e  fragments. The grain size of the 
lithic and crystal material rarely exceeds that  of coarse 
silt, and the tuffs typically are well sorted. The tuffs 
examined are probably dacitic t o  rhyodacitic in com- 
position since they usually contain more than 10 percent 
quartz and potassium feldspar. 

The good sorting and stratification in these deposits 
is evidence that the fine ash was spread in eruption 
clouds away from the eruptive vents and settled slowly 
through the water column to the se floor. 

Two pyl.oclastic deposits in map unit Pfc deserve 
special emphasis because they are much thicker and 
coarser gra~ned than the tuffs 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 
correlation, and J'or the purposes of this discussion the 
two units are named marker bed C and marker bed D. 
The stratigraphic position of these two deposits in the 
complex is shown in figure 3 (WSC and WSD). 

Marker 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 pyroclastics in the Complex. 
The stratification is typically defined by slight dif- 
ferences in grain size or color, and in many samples 
examined, by graded bedding (fig. 5). Irldividual layers 
in marker bed C are mostly fine- t o  coarse-grained tuffs 
that vary in thickness from less than 1 inch t o  about 6 
inches. In 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 difficult 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 deposits indicates that they are composed mainly 
of albitic plagioclase (50-70 percent) and quartz (30-40 
percenl); the original composition of these beds was pro- 
bably dacitic. The plagioclase grains are generally angular 
broken fragments, and the quartz is typically embayed. 
Accessory lithic fragments of andesitic or dacitic com- 
position occur but  rarely in amounts greater than about 
10 percent. Wispy, flattened pumice or scoriaceous 
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 to  coarse ash, whereas 
marker bed D is composed of coarse ash to  medium 
lapilli. Both units are moderately t o  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 texture of 'salt 
and pepper' extinction typical of completely recrystal- 
lized glass. In fact, several relict glass shards, now com- 
posed entirely of chlorite, could be distinguished within 
this recrystallized aggregate in a few samples. 

SEDIMENTATION OF MARKER BEDS C AND D 

The potential for resedimentation of marine pyro- 
clastic debris during explosive eruptions is quite high; 
however, i t  is unlikely that turbidity current sedimenta- 
tion played an important role in the deposition of 
individual layers within marker beds C and D, despite 
the frequent occurrence of graded bedding in the 
deposits. The well-developed stratification, the mod- 
erately good t o  good sorting, and the gradational 
contacts between individual beds in both deposits are 
characteristics usually considered t o  be diagnostic of 
deposition directly from eruption clouds (Fiske, 1963,  

p. 397; Williams, 1926, p. 240-241; Ross and Smith, 
1960, p. 18-22). In addition, many of the layers within 
the two pyroclastic deposits are lenticular and cannot be 
traced laterally for more than 1 0 0  t o  200 feet. 1,en- 
ticular stratification on this scale is not characteristic of 
turbidity current deposits. However, subaerial air-fall 
pyroclastic rocks have been described in deposits of the 
Katmai region of the Alaska Peninsula that  are char- 
acterized by internal lenticular stratification comparable 
t o  that observed in the pyroclastics in marker beds C and 
D (Curtis, 1968,  p. 167). Considered together, the 
characteristics of the pyroclastics strongly suggest that 
the individual layers in the two marker beds were 
deposited directly by fallout from eruption clouds 
rather than by turbidity currents. The lenticular strat- 
ification was probably produced by a combination of 
explosive pulses during the eruption and turbulence in 
the eruption cloud. The graded bedding in many of the 
individual layers can be attributed t o  the faster settling 
velocities of the larger-sized (heavier) fragments. 

SOURCE OF MARKER BEDS C AND D 

The fallout origin of marker beds C and D is an 
important fact t o  establish because explosive eruptions 
are rarely capable of ejecting lithic lapilli---especially of 
medium size---more than a few miles from the vent 
(Rittmann, 1962,  p. 74; Ross and Smith, 1960,  p. 18- 
22). The significance of these two deposits, therefore, 
lies in the fact that their grain size requires the erupting 
vents t o  have been located probably no more than a few 
miles from the present exposures of the deposits. 
The probable direction t o  the vents is indicated in figure 
6,  which shows the thickness and grain-size variations of 
both deposits within the area. Although the data are 
scant, they indicate that marker bed C thins in an 
easterly direction. Also, the grain size in marker bed C 
decreases in an easterly direction. Too few data are 
available t o  determine the exact direction of thinning in 
marker bed D, but the two thicknesses known are 
consistent with an easterly or northeasterly thinning of 
marker bed C. It  is inferred, therefore, from these data 
that 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, Permian 
strata in the critical area t o  the southwest are mostly 
covered by Tertiary and Quarternary deposits, and the 
inferred location of the vents cannot be confirmed by 
more direct evidence. 

MIXED FALL AND FLOW PYROCLASTIC DEPOSITS 

Most of the coarse-grained pyroclastics in the Com- 
plex belong to this category. These deposits are char- 
acterized by a distinctive stratification consisting of an 
ascending succession of graded beds that tend t o  become 
progressively finer grained (fig. 7). This type of layering 
was initially termed double 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) t o  describe a similar stratification in pyro- progressively more distinct higher in the upper zone of  
clastic deposits of Japan. the deposit (fig. 7). 

Most of the doubly graded pyroclastics occur in the 
lower two-thirds of map unit Pnc (fig. 4) and a t  the top 
and bottom of the map unit Pn (fig. 4 and DPFA and 
DPFB in fig. 3). The deposits have a distinctive green t o  
dark green color, and in the field they can be easily 
recognized from a distance. The thickness of the 
doubly graded deposits is variable, ranging from 5 t o  
over 50 feet. Individual deposits are continuous laterally 
for about  a mile, but  thin markedly or pinch out  within 
a distance of 3 t o  4 miles. 

The typical doubly graded pyroclastic unit can be 
divided into a lower zone, which is a massive, graded 
lapilli 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 
zones are about  equal in thickness, but  typically the 
lower zone makes up  only one-third t 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 lapilli tuff, and becomes 

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 deposits, especially in the 
Rainbow Ridge unit (Pr). The lithic fragments are 
angular and are extremely variable in size, ranging from 
fine ash t o  coarse lapilli. The fragments are 'basaltic- 
andesitic t o  dacitic, and exhibit a variety of textures, 
including porphyritic, trachytic, pilotaxitic, glassy, mi- 
crovesicular, and scoriaceous. The plagioclase crystals 
are mostly broken fragments ranging in size from coarse 
ash t o  fine lapilli. They are almost entirely albitic and 
exhibit albite, Carlsbad-albite, and pericline twinning. 
Pumice lapilli are very abundant, commonly totalling as 
much as 40 percent of the pyroclastic debris (fig. 8). 
The pumice commonly occurs as irregular platelets and 
discs flattened parallel to  bedding. The matrix in 
these deposits is a fine-grained aggregate of chlorite, 



TETELNA COMPLEX 

30 

UPPER ZONE 

BEDDED LAPI WSTONE 

AND TUFF 

' . .  
'.\ \. '* , .\ 

GRADED 

BRECCIA 
' . \ - ,  

FIGURE 7.-Typical double grading in pyroclastic 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 occur in 
nearly all of these lapilli tuffs, and claystone clasts 
similar t o  the bedded claystones in other parts of the 
formation were observed in several of the deposits. 

The most significant features of these lapilli tuffs 
are the vertical size grading of fragments, the very poor 
sorting, and the lack of bedding. The grading is defined 
by an upward decrease in the size of lithic debris, 
typically from coarse lapilli a t  the base t o  ash a t  the top 
(fig. 7). In some of the lapilli tuffs, this vertical decrease 
in grain size is accompanied by a gradual increase in 
pumice and glassy fragments. The distinctive poor 
sorting can be seen in figures 8 and 9. This chaotic 
mixture of lapilli and ash occurs in all of the deposits 
examined, and it creates a markedly heterogeneous 
appearance that  is strikingly apparent in the field. 
Bedding is absent, even in those lapilli tuffs that  are over 
20 feet thick. Although a crude discontinuous strat- 
ification is commonly present, i t  is defined by the 
alignment of elongated fragments parallel t o  the upper 
and lower contacts, and is in n o  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 sorting 
in these lapilli tuffs suggests that they were not de- 
posited by fallout from eruption clouds. Instead, these 

FIGURE 8.-Typical lapilli tuff from lower part of 
doubly graded pyroclastic deposits. 

FIGURE 9.-Photomicrograph of lapilli tuff in lower 
part of a doubly graded pyroclastic deposit. 

characteristics are more compatible with an origin by 
gravity-induced subaqueous flow. From studies in Wash- 
ington and Japan, Fiske (1964, p. 83-84; 1963, p. 397- 
400) has recognized nonwelded subaqueous pyroclastic 
flow deposits that are composed of freshly erupted 
pyroclastic material dispersed along the sea floor by 
processes akin t o  turbidity currents. These deposits, 
like the lapilli tuffs in the map area, are characterized 
by a distinct lack of sorting and bedding. Fiske con- 
sidered 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 (1961, p. 191- 
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199) have suggested that poor sorting and lack of 
well-developed stratification distinguish unwelded sub- 
aerial ash flows from most terrestrial air-fall tuffs. 

Admittedly, thick deposits of poorly sorted, un- 
stratified pyroclastics can be produced by fallout within 
the immediate vicinity of the active vent (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 lapilli tuffs of the Complex 
are the kinds of  material typically torn from the sea 
floor by turbidity currents o r  other subaqueous flowing 
masses, and the presence of  this material in the lapilli 
tuffs is a further indication of an origin by flow. I t  is 
unlikely that  the fossil debris could be accidental 
material incorporated during the eruption because some 
of the fossil fragments are parts of crinoid stems with as 
many as seven articulated columnals. The violence of a 
volcanic eruption probably would have fragmented 
delicate structures such as these. 

An analysis of the flow mechanism by which the 
debris in these lapilli tuffs was dispersed is beyond the 
scope of this paper. However, the fact that each deposit 
is graded from bottom t o  top  suggests that  the flow was 
fluid and turbulent, and the pyroclastic debris probably 
was transported by turbidity currents of high density. 

LITHOLOGY AND PETROGRAPHY OF THE UPPER ZONE 

The stratified upper zone of the doubly graded 
deposits contains several alternating light-gray and green 
beds (fig. 10). These beds range in thickness from 2 t o  6 
inches a t  the base of the zone, but  tend t o  be less than 1 
inch thick a t  the top. The .  grain size in the lower, 
thicker-bedded part of the zone 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, and there are many reversals in the trend; 
however, if the lowermost beds are compared with the 
upper beds, the changes are obvious. The top  of this 
stratified zone commonly is a green, pumiceous, fine- 
grained tuff identical t o  the fine-grained fallout tuffs 
discussed in a previous section. Although the contacts 
between the lighkgray and green beds appear sharp in 
hand specimen (fig. l o ) ,  thin sections across these con. 
tacts show that they are actually somewhat gradational. 

As the contrast in colors suggests, the light-gray and 
green beds are markedly different in composition. The 
former beds are composed mainly of albitic plagioclase 
crystals, quartz, and a few lithic fragments embedded 
in a clear siliceous matrix that is probably a micro- 
crystalline silica cement. In contrast, the green beds 
contain---in addition t o  quartz, albitic plagioclase, and 
lithic fragments---an exceptionally large volume of pum- 
ice and scoriaceous fragments, locally as much as 30 t o  

FIGURE 10.-Typical stratified pyroclastic deposit from 
the upper zone of a doubly graded pyroclastic 
deposit. 

5 0  percent. The pumice and scoriaceous fragments have 
been replaced by chloritic minerals that give the beds 
their characteristic green color. The sorting of crystals 
and lithic fragments in the light-gray bands is moderate 
t o  good (estimated from thin sections). Sorting in the 
green bands cannot be estimated because of the large 
amount of highly altered pumice. 

SEDIMENTATION OF THE UPPER ZONE 

In those deposits examined in detail, the well- 
developed stratification and moderate t o  good sorting in 
the upper zones strongly suggest a fallout origin for the 
tuffs and lapillistones. The combination of distinct 
stratification and difference in composition between the 
light-gray and green beds can be explained best as the re- 
sult of a density segregation of the erupted debris while 
settling through water. During the eruption, each ex- 
plosive pulse would have ejected a mixture of crystals, 
lithic fragments, pumice, and glassy ash into the water. 
As the mixture settled, the lighter, slower-settling 
pumice and scoriaceous material were separated from 
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the denser, faster-settling crystal and lithic ejecta. 
Although complicated by many factors, each explosive 
pulse would tend t o  produce a couplet composed of 
crystals and lithic fragments a t  the base (light-gray 
beds), and pumice, glass fragments, 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 combination of 
waning volcanic activity and the slower settling of 
finer-grained ejecta. Marked separation of pyroclastic 
material by settling through water has been described 
by Fisher (1965, p. 351-353), Fiske (1964, p. 103), and 
Sigvaldason (1968, p. 4). 

I t  could be argued that each light gray-green couplet 
was deposited by a small turbidity current carrying a 
slurry of pyroclastic debris away from the erupting vent, 
a process that was suggested by Fiske (1964, p. 93-96) 
t o  explain a somewhat similar doubly graded strat- 
ification in pyroclastic deposits in Japan. However, the 
graded beds are distinctly 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 t o  be much better than the sorting 
in samples of similar grain size from the lapilli tuff in the 
lower zone, interpreted as a product of  turbidity-current 
deposition. This is further evidence of a fallout. origin 
for the units of  the upper zone because settling of debris 
through water should produce a better sorted deposit 
than the churning, turbulent flow of a turbidity current. 

ERUPTIVE ORIGIN 

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

Similar eruptions have been noted in modern volcanic 
regions. In Indonesia, terrestrial pyroclastic deposits 
produced by a Pelean type of eruption consist of a lower 
chaotic tuff breccia laid down by a 'ladu,' o r  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, 1949,  p. 192-194). 

Although it  cannot be determined if the deposits are 
welded, it is unlikely that welding could 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 subaqueous ash flows in Japan, even though the 
eruptions were inferred to  have been the submarine 
equivalents of eruptions that produce welded tuffs on 
land. 

SOURCE 

The relatively coarse grain size in the tuffs and 
lapillistones of the upper zones indicates the proximity 
of the active vents, probably within a few miles of the 
area of investigation. The probable direction t o  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 a t  the top and 
bottom of map unit Pr (fig. 6). These are named marker 
bed A (lower succession) and marker bed B (upper 
succession). In the fence diagram (fig. 3), these two 
successions are shown as DPFA and DPFB. Although 
the diagram in figure 6 shows a systematic thickening 
in a 1,esterly direction, these data must be interpreted 
with caution because each doubly graded interval 
contains both deposits from subaqueous pyroclastic 
flows that moved down the local paleoslope and fallout 
deposits that were deposited as blankets on top of the 
flows independent of the topography. Conceivably, the 
direction from the erupting 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 t o  three-fourths of the doubly graded 
intervals consist of  fallout tuffs and lapillistones, it can 
be assumed that the direction of thickening indicates 
essentially the direction to the active vents. The source 
vents therefore must have been located a few miles t o  
the west. 

The grain-size measurements for deposits DPFA and 
DPFB shown in figure 6 are field estimates of the 
coarsest material in the lapilli tuffs of the lower zones. 
Since the decrease in grain size is a measure of the 
direction in which the subaqueous pyroclastic flows 
moved, the grain-size changes therefore indicate a 
paleoslope inclined down t o  the east; within the limits 
of error in the data, this is in agreement with the 
inferred direction to the active vents. I t  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 t o  the west. 

UNSTRATIFIED DEPOSITS 

LITHOLOGY AND PETROGRAPHY 

This category is represented by only one pyroclastic 
deposit in the area, but  the deposit is exceptionally thick 
and constitutes one of the map units in the Tetelna 
Complex---the Bear Mountain lapilli tuff (unit Pbm). 
The deposit is a medium- t o  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 deposit is between 600 and 700 
feet; because the upper contact is an erosional uncon- 
formity, this is only a minimum estimate of the original 
thickness. The lower contact 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 
within the area of exposures examined, and the member 
almost certainly extends well beyond the map area. 

The Bear Mountain lapilli tuff differs in several 
respects from the pyroclastics of the two previous 
types. It  is a t  least three t o  four times thicker and is 
perhaps an order of magnitude greater in areal extent 
than any of the other pyroclastic deposits in the 
formation. Well-developed stratification was not  seen in 
any of the exposures examined, and the deposit, seen 
from a distance, appears massive and completely homo- 
geneous. Closer examination usually reveals the presence 
of a crude, very discontinuous banding, defined by the 
alignment of large, dark-green, elongated pumice or 
glassy fragments (fig. ll), but this is not a stratification 
produced by successive sedimentation events. Lenses 
with a high concentration of crystal ash and lapilli 
occur within the more vitric portions of the deposit, 
but  these are no t  bounded by distinct bedding planes. 
If bedding originally was present in the deposit, i t  must 
have been poorly developed and was obliterated by 

metamorphism. None of the exposures examined ex- 
hibited graded bedding; the texture immediately above 
the lower contact is no t  significantly different from that 
observed throughout the deposit. 

The crystals in the lapilli tuff are quartz and angular, 
broken fragments of albitic plagioclase ranging in size 
from fine ash t o  fine lapilli. Pumice fragments, many of 
which are of the long tube variety, also are abundant. 
They range in size from less than a centimeter across t o  
large, elongated bodies that in some exposures are nearly 
1 meter long. As evident in thin section, the pumice 
tubes are filled with a distinctive, greenish chloritic 
material, making the original porous texture readily 
visible. A few lithic fragments, probably andesitic, were 
seen in the thin sections examined, but  these are 
apparently rare in the deposit. The matrix is a brownish, 
microcrystalline aggregate of chloritic flakes and inter- 
locking quartz-feldspar(?) granules, a texture and com- 
position suggestive of an original glassy material. Only 
one or two faint traces of glass shards were found in thin 
section, but  shards probably were more abundant 
originally and their outlines have been destroyed by 
subsequent metamorphism. The sorting of ash and 
lapilli is usually poor. The crystal fragments are scattered 
throughout the matrix without respect t o  size, and the 
fragments are rarely in mutual contact. The pumice 
fragments also are distributed in a random, unsorted 
manner. The amount of fine ash and dust appears t o  be 
very high, probably between 30 and 50 percent, al- 
though it  should be pointed out  that much of this 
matrix originally may have been coarser, ash-sized 
glassy fragments o r  shards. 

SEDIMENTATION 

The poor sorting and lack of distinct bedding in the 
Bear Mountain lapilli tuff suggests either that it is 
composed of a thick succession of rapidly erupted tuffs 
deposited near a volcanic vent, o r  that it was deposited 
from a single o r  several closely spaced subaqueous 
pyroclastic flows. The absence of included mud, clasts 
and fossils makes the choice between the two alter- 
natives difficult. No evidence of scour was seen a t  the 
base of the deposit, but  subaqueous pyroclastic flows 
d o  not  always erode the substrate over which they move 
(Fiske, 1963, p. 400). The texture and bedding in air-fall 
tuffs deposited near vents typically change abruptly with 
increasing distance from vents, and the lateral homo- 
geneity of the Bear Mountain lapilli tuff for a distance of 
over 8 miles probably is the best evidence that it is a pro- 
duct  of flow rather than air fall. 

ERUPTIVE ORIGIN 

The exposures of the lapilli tuff are too  restricted t o  
permit a thorough analysis of the eruption that pro- 
duced the deposit, but  the marked contrast between this 

FIGURE 11.-Bear Mountain map unit. lapilli tuff and the underlying pyroclastics points t o  a 
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quite different eruptive mechanism than earlier ones. 
The absence of distinct stratification suggests that the 
entire lapilli tuff was rapidly deposited, and is evidence 
that,  although 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 a 
relatively short period of time. Because the deposit 
contains 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 content. These are features 
typical of the Krakatoan type of eruption as defined by 
Williams (1941, p. 253-265). During this type of 
eruption, an exceptionally large amount of viscous, 
frothy magma is erupted rapidly, and the resulting 
deposits may be hundreds of feet thick, unstratified 
(or vaguely stratified), pumice-rich lapilli tuffs. 

Regardless of the eruptive mechanism, the event that 
produced the Bear Mountain lapilli tuff must have been 
one of the largest and most significant volcanic eruptions 
that occurred during the late Paleozoic in the map area. 

RESEDIMENTED NONPYROCLASTIC DEPOSITS 

Resedimented nonpyroclastic deposits are common 
throughout the Tetelna Complex. These deposits include 
slumps and slides, pebbly mudstones, a variety of graded 
sandstones, 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-scale phenomena occur in zones 1 0  
t o  70 feet thick, and are characterized by highly con- 
torted faulted and folded beds, isolated masses of  
twisted beds, sand dikes, scattered areas of chaotic 
fossil rubble in a claystone matrix, and a general lack of 
continuous stratification. The smaller zones contain 
structures that are not as chaotic as in the larger, but 
which d o  exhibit a variety of small-scale faults, folds, 
pull-aparts, and other soft-sediment deformations. These 
smaller features are commonly confined t o  beds not  
more than 3 t o  5 feet thick. Soft-sediment slumps occur 
in every member of the Complex and are so numerous 
that practically every outcrop contains some evidence of 
this phenomenon. I t  is not  difficult t o  conclude that the 
strata were deposited on a submarine slope that must 
have been relatively steep. 

The orientation of nine folds in the larger slump 
zones were measured in an attempt to  confirm the 
orientation of the paleoslope suggested by grain size 
and thickness changes in the subaqueous pyroclastic 
flow deposits. The strike of these folds was found to be 
in a northwest direction, which suggests that the strike 
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. 6). 

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 t o  greenish white on fresh 
surfaces and are usually a distinctive, dull grayish green 
on weathered surfaces. The individual beds range in 
thickness from a few inches to  slightly over 1 0  feet, and 
most of the beds can be traced for over 1 0 0  yards 
without noticeable variation in the thickness. This 
successiotl is persistent throughout the area west of 
Gulkana Glacier, and although exposures are generally 
poor except in the western part of the area, the overall 
grain size and thickness of the deposits appear t o  de- 
crease in a northeasterly direction. 

The most striking characteristic of the debris flows in 
the Orange VaHey unit is their very poor sorting, a 
feature best illustrated by the presence of large, angular 
fragments from 5 t o  20 cm across that are dispersed in a 
mixture of sand, silt, and mud-sized material (fig. 13). 
Many of the fragments are disk-shaped or flat, and they 
tend to lie with their flat surfaces parallel t o  the bed- 
ding, defining in some places a crude stratification 
(fig. 13). The base of some of the deposits truncates 
the upper parts of the underlying units, probably an 
indication of scour during deposition. Although the 
grain-size distribution 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 t o  4 inches thick. 

N 

Scale 8n mllea 

FIGURE 12.-Orientation of slump fold axes in the 
Tetelna Complex. 
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FIGURE 13.-Orange Valley map unit. 

The composition of grains (material coarser than fine 
silt) in the Orange Valley strata consists of a mixture of 
fossil debris, volcanic rock fragments, plagioclase, and 
quartz (fig. 14). The fossil debris consists mostly of 
crinoid stems and pieces of brachiopods, echinoids, and 
broken coral calyxes. No fragments of lithified car- 
bonate were found. The recognizable rock fragments 
probably are andesitic t o  dacitic, although the ex- 
tensive alteration and decalcification make exact de- 
termination difficult. The textures of the rock frag- 
ments, although partly destroyed by the alteration, 
appear to  be mostly trachytic, pilotaxitic, scoriaceous, 
pumiceous, glassy, and pyroclastic. Most of the rock 
fragments are angular and subangular, but  many of the 
larger ones show some evidence of rounding. Sig- 
nificantly, a few of the sand-sized grains are rounded t o  
subrounded (fig. 14). Detrital plagioclase grains are 
mostly albitic with Carlsbad, Carlsbad-albite, and some 
pericline twinning. Zoned plagioclase crystals are rare, 
and staining of several hand specimens failed t o  indicate 
the presence of potassium feldspar. These detrital 
plagioclase grains are identical in composition and 
twinning to the plagioclase phenocrysts in the rock 
fragments. The matrix (clay and fine silt size) is mostly 
secondary material composed of  microcrystalline quartz, 
fine chloritic flakes, and a small amount of finely 
disseminated leucoxene. The original composition of this 
matrix could not be determined. 

A smaller, more restricted interval of debris flow 
deposits occurs in the upper part of the Foggy Creek 
unit (map unit Pfc). This unit is a lenticular body found 
only in those outcrops of the Foggy Creek unit in 
measured section 9 (pl. 2). This interval grades laterally 
t o  the west and east into pyroclastic deposits (fig. 3). 

The debris flows in the Foggy Creek strata have the 
same mixture of fossil and volcanic debris found in the 
Orange Valley deposits, and the lower part of each bed 

FIGURE 14.-Photomicrograph of sample from the 
Orange Valley map unit. 

contains pebbles and cobbles of volcanic material 
suspended in a finer grained matrix. The Foggy Creek 
deposits differ from those in the Orange Valley unit in 
two respects. The Foggy Creek deposits contain a 
sericitic instead of a chloritic matrix, which gives them 
a grayish-brown rather than green color. Also, the 
individual deposits in the Foggy Creek unit are much 
thicker, varying from 30 t o  50  feet in thickness. The 
upper 1 0  t o  30 feet of each deposit is always graded, 
and the grain size ranges from coarse pebbles in the 
lower parts of the graded interval t o  fine sand a t  the 
top. As in the Orange Valley strata, the t o p  of these 
graded intervals is thin-bedded or  laminated, but  this 
stratified zone is usually 1 t o  2 feet thick rather than a 
few inches. In fact, if it were not for the ungraded, 
typical pebbly mudstone texture in the lower parts of 
these deposits, the beds would more closely resemble 
thick, coarse-grained turbidites. These deposits are quite 
similar in texture and stratification t o  the complexly 
stratified 'fluxoturbidites' reported t o  occur in flysch 
successions in those parts of flysch basins that are 
presumably near the source (Dzulynski, e t  al., 1959, 
p. 1095). 

SEDIMENTATION 

Debris flow deposits such as those in the Orange 
Valley and Foggy Creek units have been shown t o  be 
the product of subaqueous mass flow initiated by 
sediment failure on a submarine slope. When the liquid 
limit is exceeded in the metastable, water-rich sedi- 
ments, the masses move swiftly downslope by viscous, 
turbulent flow, a process that is responsible for the 
poor sorting and general absence of stratification (Dott,  
1963, p. 113-114; Crowell, 1957, p. 1003-1005). During 
the flow of the deposits in the Orange Valley and Foggy 
Creek units, sea water apparently mixed with the upper 
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part of  the moving debris, reducing viscosity sufficiently 
t o  allow true turbidity flow t o  develop in the surface 
layers of  the mass; this resulted in the graded and 
laminated upper parts of the deposits. 

A number of  factors may have caused the sediment 
failure that  initiated the movement of material down- 
slope. Rapid deposition, entrapment of large quantities 
of pore water during sedimentation, liquefaction, and 
sudden shocks may have been important contributors t o  
the phenomenon (Crowell, 1957,  p. 1004; Dott,  1963,  

p. 114-116). However, in a volcanically active region, 
sediment failure would be especially apt  t o  occur during 
a volcanic eruption as a result of both rapid deposition 
of pyroclastic material and earthquake shocks accom- 
panying the eruptions. I t  is important in this respect t o  
recall that  the Foggy Creek pebbly mudstone could be 
traced laterally into pyroclastic deposits, demonstrating 
their synchroneity. Furthermore, this mudstone interval 
also contains scattered lenses of dacitic tuffs (fig. 3). 
Both facts suggest that  the flow of debris leading t o  the 
deposition of the Foggy Creek pebbly mudstones was 
initiated during volcanic eruptions, probably by rapid 
sedimentation or earthquakes, o r  both. Although the 
pebbly mudstones in the Orange Valley unit could no t  
be traced into contemporaneous pyroclastic deposits, 
many of these deposits are overlain by 1 t o  2 inches of  
fine tuff. I t  is likely that  sediment failure occurring 
during volcanic eruptions was also a major factor in the 
production of the Orange Valley deposits. 

GRADED SANDSTONE DEPOSITS 

LITHOLOGY AND PETROGRAPHY 

Graded sandstone deposits are distributed through- 
out the Complex, but they are particularly notable in 
the McCallum Creek unit, where they compose nearly 
20 percent of  the stratigraphic thickness (fig. 4). These 
deposits are gray, gray brown, or gray green, and range 
in thickness from less than 1 inch to over 3 feet. Indivi- 
dual beds typically are interstratified with laminated or  
massive silty claystones a few inches to  several feet in 
thickness, a stratification pattern similar t o  the sand- 
shale interbeds characteristic of turbidite or flysch 
successions in other parts of the world. The graded 
sediments differ from many turbidites, however, in that 
the deposits have no internal current features such as 
crossbedding, convoluted bedding, parallel lamination, 
or ripple-drift lamination. Sole marks, if present, could 
not be seen because the lower surface of the graded 
units is usually firmly cemented by silicification to the 
underlying claystones. 

The textural properties of the graded deposits (fig. 
15) are those typical of  many immature, graded gray- 
wacke sandstones. Within any single graded unit, the 
grain size may range from medium pebbles a t  the base 
t o  fine sand a t  the top; the coarser sizes tend t o  occur 
in beds thicker than 1 t o  1.5 feet. A few notable 
exceptions were observed in which the grain size ranges 

FIGURE 15.-Photomicrograph of a graded bed from 
the Tetelna Complex. 

from medium pebbles to  medium sand in beds less than 
3 inches thick. Most of the detritus is angular t o  
subangular, although some samples had a significant 
number of rounded t o  subrounded rock fragments. The 
sorting of grains in any part of the graded bed is poor, 
but not  t o  the extent that the larger fragments appear 
t o  be suspended in a finer grained material as in the 
pebbly mudstones. The matrix content varies from as 
little as 1 t o  2 percent to  as much as 20 percent by 
volume (values estimated from thin section). Some of 
the deposits, especially those that  have small amounts of 
matrix, are cemented by what is probably secondary 
chlorite occurring in the form of elongate sheaths 
growing in a cockscomb pattern between the detrital 
fragments. 

The composition of grains is generally similar t o  the 
composition of the volcanically derived detritus in the 
pebbly mudstones. Andesitic(?) rock fragments, plagio- 
clase, and quartz are present in variable proportions, 
although rock fragments with pyroclastic, pilotaxitic, 
trachytic, and glassy textures tend t o  predominate. 
Rock fragments with scoriaceous and pumiceous tex- 
tures are present in some of the sandstones, but they are 
rarely important components. In some samples, the 
more porous of these vesicular fragments are com- 
pressed around the denser detrital grains, producing a 
'pseudowelded' texture, which is probably the result of a 
combination of compaction and alteration. The quartz 
and plagioclase in these deposits are similar in size, 
shape, and composition t o  those in the pebbly mud- 
stones. .As is true of the pebbly mudstones, the detrital 
quartz and plagioclase are identical to  the quartz and 
plagioclase in the rock fragments, indicating that these 
components 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 alteration 
product of mostly clay minerals because it contains n o  
relict fragments of pumice or glass shards and because it  
is much darker than the matrix of the pyroclastic rocks 
(probably due t o  the presence of very fine carbonaceous 
material). 

SEDIMENTATION 

The depositional origin of the graded sandstones is 
difficult t o  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, volcanic rock 
fragments could have been formed simply by gravita- 
tional settling of the coarse debris produced after a 
volcanic eruption of predominantly lithic mate'rial. In 
other words, the graded sandstones could be lithic 
pyroclastics deposited directly from eruption clouds. 
The problem is particularly evident in that these deposits 
in the Complex lack the displaced fauna and internal 
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 o r  pumice and scoriaceous 
fragments, and pumice or ash rarely occurs a t  the top  of 
the graded beds. The sandstones occur as single unstrati- 
fied beds separated by thick intervals of claystone, and if 
they were produced by settling following volcanic erup- 
tions, the eruptions would have t o  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 layering 
or stratification in deposits formed directly from erup- 
tion clouds. 

More compelling evidence can be cited, however, to  
show that the volcaniclastics are most probably the 
product of resedimentation processes. A few of the 
deposits contain scattered, small mudchips (1 to 2 cm 
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 t o  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 internal stratification is 
not unusual in turbidites, and this may be due t o  
deposition near the source of the turbidity current, an 
explanation offered by Walker (1967, p. 1018-1020). 

GRADED LIMESTONE 

LITHOLOGY AND PETROLOGY 

Many of the carbonate units in the Tetelna Complex 
exhibit graded bedding. Although these rocks 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), but a few beds are also 
found in the lower part of the Orange Valley unit 
(fig. 4). Although figure 4 shows only three graded 
limestone beds in the Middle Ridge strata, this small 
number is exceptional; as many as 20  t o  30 are present 
in sections measured in other parts of the area. The 
color of these deposits varies from gray green (relatively 
large amount of volcanic impurities) t o  gray or  grayish 
white (mostly carbonate debris). Individual beds typical- 
ly are a few inches thick in the Orange Valley unit and 1 
to 1 0  feet thick in the Middle Ridge unit. Unlike the 
graded volcaniclastics, these graded limestones are inter- 
bedded with a variety of lithologies, including calcareous 
siltstones, graded volcaniclastics, and pyroclastics. The 
individual beds also contain, in their upper parts, 
internal stratification in the form of horizontal lamina- 
tions and small-scale planar cross bedding. As is true of 
other graded units in the formation, the lower surfaces 
of the ,graded limestones are too poorly exposed t o  
reveal sole marks, if any. 

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

The composition of the graded limestones is some- 
what similar t o  the carbonate-volcanic mixture charac- 
teristic of the pebbly mudstones in the Orange Valley 
strata, except that the percentage of volcanic detritus is 
much lower in the graded limestones. Most of the 
volcanic detritus is composed of andesitic(?) rock 
fragnlents with trachytic, pilotaxitic, glassy, and pyro- 
elastic 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 t o  5 cm across) than the other 
detrital components. All of these pumice fragments 
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only t o  emphasize the contrast between it and the 
underlying strata of the Tetelna Complex. 

WEST O F  GULKANA GLACIER 

West of Gulkana Glacier, the lower 200 feet of the 
Mankomen Group (unit P11, pl. 2) consist of an 
almost cyclic arrangement of thin- to  medium-bedded 
units of calcilutite, 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 o r  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 t o  1 foot  was observed in a few exposures. 

The uppermost 1 0  t o  20 feet of this 200-foot 
limestone interval is fine-grained and silty, and grades 
upward into black silty claystone. The black claystone, 
except for one 10-foot bed of calcirudite, characterizes 
the remaining part of the Mankomen Group exposed 
west of Gulkana Glacier (unit Pma, pl. 2). 

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

EAST OF GULKANA GLACIER 

- - - - - - - - - - - ---------- - - - - - - - - - - - ---------- - - - - - - - - - - - ---------- 

CALClRUOlTE 

CALCARENITE 

East of Gulkana Glacier, the Group consists of four 
facies: a bryozoan biostrome facies of which about 500 
feet are exposed (lower part of Pml2); a bioclastic 
limestone facies 300 feet thick (upper part of unit 
Pml2); a facies composed of black argillite (Pma); and a 
facies composed of interbedded bioclastic limestone, 
black shale, and silty fossiliferous limestone (unit Pmla), 
of  which approximately 600 feet are exposed. Sections 
measured through unit Pml2 (section 2) and Pmla 
(section 2A) are described in appendix I. 

Faulting, poor exposures, and severe recrystallization 
prevented more than a superficial examination of these 
facies east of Gulkana Glacier. The bioclastic limestones 
are thin- t o  medium-bedded calcarentite and calcirudite 
with moderate t o  good sorting and some cross bedding. 
The bioclastic debris appears t o  be mostly echinoderm 
and bryozoan fragments. Like the lower part of  the FIGURE 16.-Columnar section showing vertical lith- 
Group west of Gulkana Glacier, these bioclastic lime- ologic changes in the lower part of the Mankomen 
stones were apparently deposited above the local wave Group (map unit Pmll) .  



GEOLOGY O F  THE RAINBOW MOUNTAIN-GULKANA GLACIER AREA, ALASKA 

base next t o  large organic communities. The bryozoan 
biostromes are commonly less than 1 foot thick, and are 
composed almost entirely of fenestrate and ramose 
bryozoans. The bryozoans are mostly broken and 
scattered, but  a few of them appear t o  have formed a 
framework structure. The matrix in these biostromes is 
mostly calcilutite. The silty fossiliferous limestones 
contain mostly 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 contain lenses of well-rounded and well-sorted 
calcareous terrigenous sandstone and fine pebbly con- 
glomerate. In thin section, the terrigenous grains were 
found t o  contain a surprisingly large number of quartzite 
and quartz-sericite schist fragments, together with abun- 
dant chert fragments 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 paleoslope has already been discussed 
in the section on pyroclastics; therefore only a brief 
summary of the conclusions is given here. During middle 
Pennsylvanian t o  early Wolfcampian time, an active 
volcanic source area (probably a group of marine 
stratovolcanoes) continually supplied pyroclastic and 
nonpyroclastic debris into a moderately deep marine 
environment. In the lower Permian strata, the variation 
in thickness and in grain size of pyroclastics deposited 
from eruption clouds indicates that the volcanoes lay 
only a few miles t o  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 t o  the basin by a paleoslope inclined down 
t o  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 t o  transport 
downslope into the deeper parts of the environment. 
Admittedly, some potential for  rounding exists in the 
process of flow of the debris downslope, particularly 
in the coarse material, but it is 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 islands cannot be determined from the available 
data. However, since the vents apparently were located 
in relatively shallow water, i t  seems likely that from 
time t o  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 deposits, is evidence that the water depth 
corresponded t o  the middle o r  outer part of the neritic 
zone. Small coral, brachiopod, and bryozoan bioherms 
and biostromes developed on  the sea floor. Their growth 
probably was restricted in large part by the rapid deposi- 
tion of, pyroclastic debris following eruptions, and by 
frequent subaqueous mudflows and turbidity currents 
moving downslope across the basin. 

The thickness of the volcanogenic strata, together 
with the absence of unconformities and the lack 
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 the 
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 
Gulkana Glacier. Although strata in the latter part of the 
area are not  exposed enough t o  permit detailed study, 
the thickness of one pyroclastic deposit was found t o  
increase t o  the south from 65 feet in measured section 3 
(fig. 3) t o  95 feet in measured section 3A (PI. 2, fig. 3). 
This evidence of southward thickening and the signifi- 
cant change in stratigraphy t o  the east may indicate that 
another active vent (or group of vents) was located t o  
the south or  southeast of the area of investigation. The 
pyroclastics in this area immediately west of Gulkana 
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 pyroclastics in this part of the 
area were only a few miles distant. 

I t  is suggested from these stratigraphic relationships 
that a t  least the upper part of the Complex was 
deposited as a large wedge consisting of a t  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 eastward, away 
from the vents postulated t o  the west. The other 
radiated 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 t o  bedding. The recogniz- 
able detrital carbonate is entirely fossil debris---crinoid 
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 stratificalion 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 o r  
banks---located upslope in shallower water in places 
where conditions were favorable for the development of 
relatively large carbonate environments. Probably, occa- 
sional slumping of the carbonate debris in these environ- 
ments led t o  the formation of turbidity currents that 
carried the carbonate debris and volcanic impurities--- 
perhaps present as foreign material in the organic 
community---downslope t o  the deeper parts of the basin. 
Graded limestones o r  carbonate turbidites are not  
unusual; graded carbonate deposits, presumably formed 
by turbidites in a similar manner, have been reported t o  
occur basinward of the Bahama Banks (Newell, 1955, 
p. 307) and in deeper water northeast of the Yucatan 
carbonate complex (Davies, 1968,  p. 1101-1106). An- 
cient graded carbonate beds have been described in the 
Permian limestones deposited basinward of the 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 Tetelna Complex 
was derived from the group of  active volcanoes located 
to  the west. 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 t o  active volcanoes t o  the west. 
Secondly, a westerly 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 t o  the west, and lenses of sedimen- 
tary material wedge out  in a northerly o r  northwesterly 
direction. Thirdly, because none of the resedimented 
deposits examined in thin section contains metamorphic 
or plutonic rock fragments, the source area must have 
been entirely volcanic in composition. The presence of 
pumice in some of the deposits is evidence that  the 
source was an area of active volcanism. Finally, the 
volcanic rock fragments 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. 974-978; 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 o r  banks, developed in the source 
area (probably near the active volcanoes), and frequently 
contributed carbonate debris t o  the deeper parts of the 
environment by gravity processes. Because several small 
bioherms 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 o r  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 t o  
supplement field and hand-specimen study. Deposits 
composed of reworked or transported carbonate debris 
(calcarenite or calcirudite) are called bioclastic lirne- 
stones t o  distinguish them from bioherms and bio- 
stromes that consist of organic material essentially in 
place. The term fine-grained limestone (calcilutite) refers 
t o  limestone composed of mostly silt o r  mud-sized 
calcite. Many of the bioclastic limestones in the Tetelna 
Complex contain some volcanic detritus, but  the amount 
of these impurities is never greater than 50  percent, and 
these rocks may be classified as impure bioclastic 
limestone. 

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 (pl. 2, 
fig. 3). Along the northern edge of the outcrop, the lens 
consists mainly of grayish, medium-bedded calcirudite, 
but it becomes finer grained southward; a t  its southern- 
most exposure it  is a dark-gray, massive t o  medium- 
bedded calcarenite. The lens wedges ou t  abruptly t o  the 
south and is replaced by fine-grained fossiliferous 
limestones. 

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 t o  well 
sorted, and in the northern part of the lens planar 
cross bedding, some with amplitudes of 1 to 2 feet, 
can be seen in a few exposures. Most of the noncarbo- 
nate impurities are moderately t o  well rounded. The 
detrital carbonate, volcanic rock fragments, and plagio- 
clase are identical with those in the graded limestones, 
but the amount of detrital quartz is unusually high, 
ranging from 1 0  t o  1 5  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 bot tom agitation that 
simply mixed indigenous carbonate debris with the 
sediment carried into 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 different source than that 
which supplied the quartz-poor volcaniclastic detritus in 
the rest of  the formation. This bioclastic lens probably 
was deposited from a bot tom 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 a t  a 
depth of 400 feet and is depositing sediment on the 
margin of the deltaic complex with a composition 
foreign t o  that deposited by the Mississippi River 
(Scruton, 1960,  p. 90). 

The cross-bedded exposures are too  few and too  
poorly exposed t o  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 
n o  greater than 3 t o  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  on 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 biohermal o r  mound-shaped masses of caninoid 
and lonsdaleoid corals occur in the middle part of  the 
Foggy Creek unit (fig. 4). These mounds are small, 
ranging from 2 t o  5 feet high and 5 t o  20 feet long. The 
corals within these mounds are preserved in growth 

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

All of the bioherms occur within a few feet strati- 
graphically above or below graded beds, and in at  least 
one case, a small mass of corals is directly overlain by 
interbedded graded sandstones and claystones. These 
masses of corals apparently grew in quiet 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 trdced for a t  least 300 feet along 
outcrop surfaces. Some of the biostromes are composed 
of large caninoid corals embedded in a dark-gray 
calcilutite 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 limestone in the 
Middle Ridge unit. Fenestrate and ramose bryozoans, 
embedded in a dark calcilutite, compose the third 
common type of biostrome, and these occur only in the 
lower part of the Foggy Creek strata. 

Complete fossil collections were made from these 
limestones by R.L. Gilbertson, and a description of the 
faunal elements appears in his unpublished 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 type of carbonate deposit in the forma- 
tion. The calcilutite typically is thin-bedded or lami- 
nated, and is composed of silt-sized calcite and dolomite 
grains, and varying amounts of dark organic matter. The 
calcilutite is sparingly t o  abundantly fossiliferous, and 
contains a variety of spirifers, productids, corals, and 
bryozoans. The richly fossiliferous beds are mainly in 
the southern and eastern parts of the area, and unfossili- 
ferous and silicified calcilutite predominates in the 
western part. 

The occurrence of fossiliferous limestones in associa- 
tion with pebbly mudstones and flyschlike successions 
of graded beds may seem anomalous, but these associa- 
tions are very common in the Tetelna Complex. One of  
the conclusions that  may be drawn from this association 
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 brief description of the Mankomen Group is given 
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FIGURE 17.-Schematic representation of the change in environmental conditions for deposition of the 
Tetelna Complex and Mankomen Group. 
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lay t o  the south or southeast. The stratigraphy in each 
inferred subsea fan was controlled largely by the 
eruptive activity of each 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 stratigraphy cannot 
be matched from one fan t o  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 a t  the fan 
margins. 

Regional studies must be made in the area to  test 
this hypothesis of fanlike deposition in the Tetelna 
Complex. However, similar deposition seems to have 
occurred recently in modern volcanic environments. 
For example, Menard (1964, p. 82-87) has called 
attention t o  the existence of broad, archipelagic aprons 
that have been deposited on the outer flanks of modern 
volcanic islands and island arcs in the Pacific Ocean. 
4ccording t o  Menard, a t  least part of these aprons was 
deposited by turbidity currents carrying volcanically 
derived material away from the islands and into deeper 
water. The inferred subsea fans in the Complex may be 
similar in origin t o  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 Wolf- 
campian time the volcanoes to  the south and west 
became inactive and were n o  longer an important source 
of clastic material in the basin. In addition, the 
relatively deep environment in which most of the 
Tetelna Complex accumulated was replaced, a t  least for 
a short period of time, by a shallow, wave-agitated 
carbonate environment in which 200 feet of bioclastic 
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 early and middle 
Wolfcampian time. Subsidence may have followed this 
postulated Uplift and produced the shallow depths in 
which the lower 200 feet of limestone in the Mankomen 
Group was deposited. During the postulated period of 
uplift and erosion, the volcanic source. could have 
become extinct and deeply eroded, and when Manko- 
men sedimentation began, the volcanoes may not have 
been high enough t o  supply large amounts of volcanic 
debris t o  the basin. Rough time limits 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 

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

Nevertheless, the eruption of  the exceptionally thick 
Bear Mountain lapilli tuff (unit Pbm), the disappearance 
of the volcanic source, and the change from a moderate- 
ly deep to a relatively shallow environment could also 
have been the result o f  a single volcanic event. The 
inferred highly gaseous, paroxysmal eruption that pro- 
duced the Bear Mountain lapilli tuff is the kind of 
eruption often accompanied by a major caldera collapse 
that can destroy much of  the volcanic complex (Bullard, 
1963,  p. 75-91; Rittmann, 1962,  p. 127-132; Williams, 
1941,  p. 253-265). The geologic history of Krakatoa is a 
familiar example (Williams, 1941, p. 253-265). Although 
it  is largely speculation, the eruption of the Bear 
Mountain lapilli tuff may have been accompanied by a 
major caldera collapse that caused the rapid destruction 
of the local volcanic source or  sources t o  the west and 
south. The period 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 tuff rapidly ejected a very large volume 
of pyroclastic material into the basin and produced a 
deposit a t  least 600 feet thick, it  is reasonable t o  
suppose that deposition of  this pyroclastic unit caused 
a significant change in the water depth in the local 
marine environment. In fact, the sudden accumulation 
of this large volume of pyroclastic material may have 
nearly filled the basin and, in what was essentially a 
geologic instant, 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 o r  a combination of both could be correct. 
However, in a sedimentary basin located near active 
volcanic vents, volcanism will have an important influ- 
ence on sedimentation, and very rapid changes in 
paleogeography are t o  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 carbonate debris produced 
by these organisms over the surface of the platform, 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, per- 
haps during periods of uplift and shoaling, and produced 
a variety of carbonate deposits. Between these periods of 
organic habitation, the basin apparently was stagnant 
and possibly deeper, and only black silty claystone 
accumulated. 

When the bioclastic limestone facies in the vicinity of 
College 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 t o  determine the location of this source area. 

SUMMARY 

A detailed study of the early Permian strata in part of 
the east-central Alaska Range strongly supports the 
hypothesis that a volcanic island archipelago, possibly 
similar t o  modern island arcs of the circumpacific type, 
is recorded in rocks of the eastern Alaska Range area. 
The location and trend of this chain is not  yet  known, 
but  results of this study show that a t  least one group of 
upper Paleozoic volcanoes, probably islands, was located 
a short distance south of the present Alaska Range, a 
few miles west of the map area. 

Volcanism apparently began near the area of investi- 
gation a t  least by middle Pennsylvanian time and 
perhaps earlier, and persisted until the end of the early 
Wolfcampian. Details of Pennsylvanian sedimentation 
are not  known, bu t  during early Wolfcampian time, 
deposition took place mostly below wave base in a 
moderately deep neritic environment, and sedimentation 
was almost entirely controlled by volcanism in the 
source t o  the west. Explosive eruptions produced 
subaqueous pyroclastic flows that repeatedly entered 
the marine environment 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. Unstable 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 volcanic 
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 reefs, 
populated shallow areas around the postulated volcanic 
islands. Volcanism in the source area t o  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 o r  completely filled the local marine 
environment. 

By middle Wolfcampian time, after a relatively 
.brief period of either erosion or nondeposition o r  
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 shell debris over the platform 
constructed by the preceding period of  volcanism. 
Although the strata of the Mankomen Group are n o  
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 I - MEASURED STRATIGRAPHIC SECTIONS 

SECTION 1 

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

Interval Lithology 

Foggy Creek (map unit Pfc) 

1. Thin- to  medium-bedded, light-green t o  greenish-gray fine tuffs and tuffaceous claystone- 
siltstone. 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. 

2. Andesitic t o  dacitic lapilli tuff. The deposit is mostly crystal-vitric, but has some layers of lithic 
debris. 

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

4. Light-green dacite lithic-crystal lapilli tuff. Characterized by abundant quartz. Also contains 
abundant fossil clasts including corals and brachiopods. In addition, clasts of black claystone 
rip-ups are common. Becomes finer-grained near top. 

5. Covered. 

Thickness 

McCallum Creek (map unit Pmc) 

6. Interbedded black t o  gray claystone-siltstone and graded sandstones. A few coarse crystal-lithic 
tuffs less than 1 0  feet thick also are present. Sandstones are composed entirely of volcanically 
derived lithic and crystal material. 246 

SECTION 2 

Section begins a t  the bot tom of the north Hoodoo on the northwest 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 small gully between the two 
Hoodoos. 

Interval Lithology Thickness 

Part o f  the upper Mankomen Group (map unit Pm12) 

1. Light-gray t o  yellowish-gray bioclastic t o  biohermal limestone. Bedding is thin t o  medium. 
Limestone consists mainly of bryozoa, many of which are nearly completely preserved. Some 
colonies appear t o  be in growth position, but  most tend t o  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 irregular o r  wavy, largely because of the abundance 
of irregular masses of bryozoa. 
Medium- t o  light-gray massive beds of bioclastic limestone. Close examination may show thin to  
medium bedding in places, but  this appears t o  be obscured in most of the interval because of  
extensive recrystallization. From a distance, bedding is defined by prominent ledges 1 0  t o  1 5  
feet thick. The limestone consists mainly of crinoidal debris and small pieces of bryozoa 
skeleton, many of which are flattened in the plane of bedding. Grain size appears t o  vary 
throughout the interval; some beds are calcirudite, others 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. 

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

1. Al l  thicknesses in feet  3 5 
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with about 10 t o  40 percent bioclastic detritus. Some of the thicker beds of terrigenous 
sediment are cross bedded; cross-bed sets are 6 t o  18 inches high, and the cross stratification is 
planar t o  slightly trough-shaped. The beds of terrigenous material range in thickness from a few 
inches t o  3 feet. Except for  the presence of terrigenous sediment, the limestone is similar t o  
that in interval 2. 4 0 

Part o f  the upper Mankomen Group (map unit Pma2) 

4. Interval 3 is abruptly overlain by nonfissile black t o  dark-gray mudstone or argillite. Bedding 
ranges from thin t o  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. 

SECTION 2A 

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

Interval Lithology Thickness 

Part o f  the upper Mankomen Group (map unit Pmal) 

1. Light-gray t o  white massive bioclastic limestone. Bedding not generally apparent but is pro- 
bably thick t o  massive. A crude stratification is defined in places by alignment of elongate 
bryozoa fragments. A few crinoid columnals are evident on some outcrop surfaces. Most of the 
limestone is severely recrystallized; some parts appear to  be marble. Lenses and pods of chert 
are common in parts of the interval. The base of the limestone is not exposed. 

2. Dark-gray t o  black nonfissile claystone or mudstone. Grain size in places may range up t o  silt- 
stone. Parts of interval are highly indurated and approach an argillite or slate. No limey beds or 
fossils observed. 

3. Interbedded gray t o  greenish-gray siltstone, light-gray bioclastic limestone, and silty, muddy 
limestone, generally gray to orange gray. Bedding is thick t o  medium. A few lenses of chert o r  
silicified limestone occur in parts of the interval. 

4. A succession of strata similar t o  interval 2. 
5. Interbedded black t o  dark-gray silty o r  muddy limestone, gray-green siltstone t o  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 bryozoa. Bedding is thick t o  medium and in 
many places appears t o  be wavy or lenticular. Much of this interval is highly fractured and in- 
truded by gabbroic sills and dikes. 

SECTION 5 

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

Interval Lithology Thickness 

Lower Mankomen Group (map unit Pmll) 

1. Mostly thin- t o  medium-bedded calcilutite; weathers brownish gray, medium gray fresh. Small 
pods of chert and silicified patches common. Fossils are mostly corals and brachiopods, 
scattered or  floating in the fine matrix. Section line broken and shifted about 300 feet west be- 
tween this and the next interval. 

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. 

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. 
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Gabbroic sill. 
Medium- t o  thin-bedded calcirudite; weathers dull gray, light gray fresh. Abundant crinoidal 
debris. A few poorly preserved brachiopods and broken coral present also. 
Medium- t o  thin-bedded calcarenite; weathers brownish gray, light gray fresh. Mixture of dark- 
and light-colored fossil clasts gives deposit a speckled appearance. Pods of chert present locally. 
Crinoid debris and brachiopods are abundant. 
Medium- to thin-bedded calcilutite; weathers brown, medium t o  dark gray fresh. Brachiopods 
occur floating in matrix. Stringers and pods of chert are common. 
Medium- t o  thin-bedded calcirudite; light gray weathered, medium gray fresh. Contains abun- 
dant crinoids, with lesser amounts of brachiopod fragments (mostly broken). Locally abundant 
stringers of chert and cherty calcirudite occur also. 
Calcarenite - essentially the same as interval 7. 
Distinct, white recrystallized limestone adjacent t o  a gabbro dike. 
Medium-bedded calcarenite t o  calcirudite; weathers gray, light gray fresh. Mostly crinoidal lime- 
stone with minor lenses of chert. 
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 and silt 
increases markedly in upper 2 3  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. 

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 valley wall in direction of dip of 
strata. Section is measured up  stratigraphically. 

Interval Li t h o l o q  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 t o  lapilli a t  base 
t o  fine o r  coarse tuff a t  top. Pumice is abundant in parts of the tuffs; the pumice clasts typ- 
ically are dark green, platelike fragments flattened in the plane of stratification. Double grading 
is the most dominant type of internal stratification. The tuffs in the highest part of the section 
are slightly limey and contain broken fragments of crinoid columnals. 108 

2. Coarse 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, limey lapilli 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 distinctive yellowish color due t o  
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 direction of dip. 
Section is measured up  stratigraphically. 

Interval Lithology Thickness 

North Cirque (map unit Pnc) -probably middle and upper purl. 

1. Several doubly graded lithic lapilli tuffs. Thickness of the individual tuffs varies from less than 
2 feet t o  aver 50 feet. Coarse lithic material occurs a t  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 t o  porpyritic red, maroon, green, 
and white volcanic rock fragments. Some of the banded layers are a distinct yellow-green, 
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probably due t o  abundance of epidote. Pumice is abundant throughout the deposits and has 
altered t o  chloritic minerals giving the deposits a green t o  dark-green color. 

Middle Ridge (map unit Pmr) 

2. Interbedded bioclastic limestones with volcanic debris, doubly graded lithic lapilli tuffs, limey 
siltstones, claystones, and graded sandstones. Color of the various deposits varies from green t o  
brownish green, depending largely on the carbonate content. The tuffs range up t o  30 feet 
thick. The bioclastic limestones are minor components of the lithology and generally contain 
large amounts of lithic, crystal, and pumiceous volcanic debris. Most of the fossils in the silt- 
stones and graded sandstones are crinoid columnals, brachiopods, and a few rugose corals. 
Bedding ranges from thin t o  medium in the sediments. 

Lower part of Rainbow Ridge (map unil Pr) 

3. Several green t o  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 distinguishes them from the darker green lithic lapilli 
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 at  the lowest exposure of strata. Section is measured strat- 
igraphically up. 

Interval Lithology Thickness 

Upper part o f  Middle Ridge (map unit Pmr) 

1. Green tuffaceous siltstones and graded sandstones. Bedding varies from thin t o  medium. 
Interval also contains a few thin white layers of fine tuff. The clasts in the sand.stones are 
prodominantly lithic volcanic material. 7 5 

2. Thin- to  medium-bedded limestone, limey siltstones, and graded lithic sandstones. Colors 
range from gray t o  brown t o  green, depending or1 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 volcanically derived lithic debris. 86 
Possible fault. 

Middle parl o f  the Rainbow Ridge (map unit Pr) 

3. Interbedded silicified claystones, siltstones, graded sandstones and fine pebble conglomerates, 
and coarse tuffs t o  lapilli tuffs. The sedimentary material is much more abundant than the 
pyroclastic rocks. Colors range from green t o  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 
foot thick. 204 
Possible fault. 

4. Lower part of this interval is a dacite lapillistonc!, 22 feet thick, light t o  medium gray. A dis- 
tinct pumiceous layer occurs at  the top of the deposit. Rest of interval consists of interbedded 
black t o  dark-brown silicified claystone, thin graded lithic sandstones and conglomerates, and 
a few fossiliferous limestones containing brachiopods and corals. Many of the limestone beds 
are argillaceous. Also, a few thin coarse tuffs, mostly dacitic in composition, are scattered 
throughout the interval. 197 

5 .  Mostly thin- t o  medium-bedded bioclastic limestones. Color ranges from light gray t o  brown. 
In places, the limestones contain abundant coral and brachiopod faunas; most of these are not 
in growth position but are not significantly abraded. The distance the organisms were trans- 
-ported appears t o  have been short. Most of the limestones contain inclusions of black clay- 
stone similar t o  that in the underlying interval. There are also some inclusions of lithic volcanic 
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debris. Other lithologies in this interval are brown limey siltstones, thin dacitic coarse tuffs, and 
graded sandstones t o  fine pebble conglomerates. 127 

6. Light-green t o  gray dacitic lapillistones and lapilli tuffs. Probably all are part of a single major 
eruption. Most of the deposit is well stratified. Pumice is abundant and scattered throughout 
the interval. Crystals consist of plagioclase and 1 0  t o  20 percent quartz. Lithic fragments are 
rare but  occur in scattered lenses in parts of the interval. The most common lithic clasts are 
ellipsoidal-shaped masses of black claystone identical t o  the black claystones that occur irl the 
underlying strata in interval 4. 

SECTION 13 

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

Interval Lithology Thickness 

Lower part o f  North Cirque (map unit Pnc) 

1. Several green to dark-green lithic lapilli tuffs. Most of these are doubly graded. Lithic clasts 
are greenish t o  purplish basaltic-andesitic fragments with textures ranging from porphyritic t o  
fine grained. Crystals consist of plagioclase; 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 limestone 8 feet long and 3 feet wide. 

Middle Ridge (map unit Pmr) 

2. Interbedded green t o  brownish-green claystone, siltstone, and graded sandstone t o  fine pebble 
conglomerate, many of which are limey and fossil bearing. Bedding is thin t o  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 few thin beds of tuffaceous 
limestones are also present in part of the interval. These beds are highly fossiliferous in places. 
The fossils are mostly brachiopods. 

Rainbow Ridge (map unit Pr) 

3. Interbedded green t o  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 deposits and usually is flattened in the plane of bedding. 
Crystals consist of plagioclase and a small amount of quartz. Silicified bluish-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. 

4. Interbedded green, bluish-gray, and purplish claystone, siltstone and graded sandstone t o  fine 
pebble conglomerate. Beds range in thickness from a few inches t o  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---generally 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 lapilli tuffs; green t o  light green and doubly graded. Lower parts of 
the tuffs are lithic-rich; the upper parts are crystal-vitric and banded with layers ranging from 
green t o  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 a t  the stratigraphically lowest calcareous bed and extends up and over ridge 
crest. 

Interval Lithology Thickness 

Upper part of Middle Ridge (map unit Pmr) 

Green to brownish-green tuffaceous claystones and siltstones, many of which are calcareous. 
Mostly thin t o  medium bedded, but some have internal laminations. A few siltstones contain 
scattered pebble-sized clasts of volcanic composition. Sorting generally is poor. The siltstones 
and claystones are interbedded with graded sandstones and fine pebble conglomerates that 
occur in beds ranging from a few inches t o  2 feet thick. The graded beds range in composition 
from feldspathic t o  lithic sandstones; the lithic debris is entirely volcanic. Color of the graded 
beds varies from greenish t o  purplish. 
Medium-gray coarse-grained bioclastic limestones 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 t o  thick. 
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 l foot thick. 
Abundant brachiopod and coral fossils occur in the limestones and in some of the siltstones. 
Interbedded green t o  purplish siltstones, sandstones, and fine pebble conglomerates, most of 
which are graded. Most of the deposits appear to  have a tuffaceous matrix. 
Succession of strata similar t o  interval 3. Abundant fossils---mostly brachiopods and corals---in 
many of the beds. 
Dark-green doubly graded lithic lapilli tuff. Largest lithic clasts about 1 t o  2 inches in diameter. 
Deposit contains abundant pumice and feldspar in addition t o  lithic debris. Probably andesitic, 
as quartz is not  evident in hand specimen. 
Interbedded greenish t o  brownish calcareous siltstones and graded sandstones, most of which 
are lithic. 
Single bed of bioclastic limestone with fine pebble-sized clasts of volcanic debris a t  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 abundant, and consist mainly of brachiopods, corals, and 
gastropods. 
Several graded beds of bioclastic limestone similar in composition t o  intervals 8 and 2. Graded 
limestones range from 3 t o  5 feet thick. 

Rainbow Ridge (map unit Pmr) 

10. At least seven medium-green crystal-vitric lapilli tuffs, each of which is doubly graded. Well-de- 
veloped banding, consisting of alternating white and green layers, characterizes the upper part 
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 interbedded blue-gray t o  green silicified ciaystone, siltstone, and graded lithic sand- 
stones. A few crystal-vitric lapillistones and coarse tuffs also present. 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 t o  olive green. A few are distinctly mottled purple and green. Most of the 
lithic clasts in the graded beds are fine grained t o  porphyritic and probably basaltic t o  andesitic. 249 

12. Interbedded crystal-vitric lapillistones, lapilli tuffs, bluish-gray silicified siltstones and clay- 
stones, and a very few graded lithic sandstones. The predominant lithology is lapilli tuff and 
lapillistone. The pyroclastic deposits are green t o  light green and most are doubly graded. 
Lithic-rich lapilli tuff tends t o  occur in the lower parts of most pyroclastics; the upper parts 
are characterized by alternating white and green layers. Crystals consist of plagioclase and a 
small amount of quartz. 7 0 
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Lower part o f  Foggy Creek (map unil Pfc) 

13. Interbedded blue-gray silicified siltstones,claystones, and graded lithic sandstones. The interval 
also contains a few thin layers of limestones with corals and brachiopods. 14 

14. Dacitic crystal-vitric lapillistone; well stratified. The tuff appears to  be a fallout deposit. It  is 
characterized by a light-green color and abundant quartz crystals. 4 

15. Black t o  greenish-black limey siltstone-claystone. Deposit is thin to  medium bedded. At 15 feet 
above base of interval, a 2-foot zoneof  rugose corals is preserved in growth position. 5 5 

16. Dacitic crystal-vitric lapillistone. The lapillistone is poorly expos'ed but appears to  be well 
stratified and is probably a fallout deposit. The deposit is characterized by a light-green t o  gray 
color and abundant quartz crystals, many of which are 2 t o  3 mm in diameter. 1 2  

SECTIONS 22 & 2 3  

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 these deposits; the pumice is porphyritic with both quartz and feldspar 
phenocrysts. Upper part of this interval is composed mainly of well-stratified fine tuffs with 
isolated pumice clasts. This interval probably is the top of the pyroclastic succession described 
in section 26. This interval includes section 22 and the lower part of section 23. 800 

2. Gabbro dike. 2 0 

Knife Ridge (map unit Llkr) 

3. Interbedded limestone, limey siltstone, and green t o  greenish-yellow fine tuffs, some of which 
are limey. The deposit also contains a few beds of sandstone composed of volcanic detritus. 
Most of the sandstones are less than 1 foot thick and are graded. 100  

4. Grayish-green coarse crystal tuff, well stratified, composed mainly of plagioclase and quartz; 
probably dacitic in composition. A distinct decrease in grain size occurs upward in deposit. 17  

5. Gabbro dike. 1 0  
6. Covered. 30 
7. Interbedded dark-green fine tuffs, medium-grained lithic lapilli tuffs, and graded volcaniclastic 

breccias. Breccias and lapilli tuffs contain reddish-green and dark-green andesitic clasts. Clast 
size ranges up to 2 inches in diameter. 6 5  

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 o f  Dry Canyon (unil Pdc)  

1. Grayish-green fine tuffs, dacitic, vitric t o  crystal composition, well stratified---probably a fall- 
out  deposit. Quartz and plagioclase crystals float in fine tuff matrix. Pumice bears crystals of 
quartz and plagioclase. 

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

1 0  percent pumice, and 65  percent fine vitric matrix. Pumice clasts range up to 5 inches long. 
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Pumice bears quartz and plagioclase crystals. Crystals occur in irregular lenses within a vitric 
matrix. White t o  yellow banding and mottling present in places. Composition is dacitic. 
Probably a fallout deposit. 

4. Greenish-gray well-stratified fine-grained lapillistone. About 20 percent lithic, 20 percent 
quartz and plagioclase, 30-40 percent pumice, and 20-30 percent vitric matrix. Lithic clasts 
appear t o  be mostly fragments of fine tuff. Pumice is dark green and porphyritic; pumice clasts 
are 5-6 inches long. Deposit appears t o  be doubly graded. Proportion of lithic material in- 
creases at  bottom of the interval. 4 0 

5. Porphyritic andesitic intrusive. 6 0  
6. Continuation of interval 5; lithic clasts range up t o  9 inches in diameter. This is probably the 

bottom of interval 5. 1 7  
7. Porphyritic andesite intrusive. 7 0 
8. Grayish-green, very poorly sorted coarse tuff t o  medium-grained lapilli tuff. Deposit is well- 

stratified and crystals occur in irregular discontinuous lenses. Lithic, crystal, vitric proportions 
similar to  interval 5. Pumice is highly porphyritic, containing both quartz and plagioclase 
crystals. Amount and size of lithic clasts increases downward, and tuff is a lithic lapilli tuff a t  
base. Fine-grained and porphyritic andesitic clasts common in lithic part of deposit. Double 
grading fairly well developed. 

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 
section bends into gully and continues up along the bottom of the gully t o  the top of the ridge. Section is measured up 
stratigraphically. 

Interval L i tho loq  Thickness 

West Fork (map unit P w f )  

1. Mostly a chaotic, massive breccia. Clasts are mostly maroon and slightly porphyritic---probably 
andesitic. Clasts vary from sand size up t o  2-3 inches in diameter. All clasts are angular. Many 
clasts have altered reddish margins. Parts of the breccia contain crinoid columnals and a few 
pieces of broken brachiopod shells. Breccias are probably monolithic submarine flow breccias. 
Interbedded with the breccias are 1- to 3-foot-thick graded sandstone beds composed of 
material similar t o  that in the breccias. 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 mostly a distinct green t o  maroon. 6 5 

3. Brownish t o  greenish-gray graded sandstone interbedded with greenish-gray claystone and 
tuffaceous siltstone. Some banded intervals are probably stratified fine tuff. Some sandstone 
beds are slightly limey. Dacitic dike about 20 feet thick in middle of interval. 7 5 

4. Brownish t o  gray-green graded sandstones and fine pebble conglomerates interbedded with 
maroon siltstones; a few thin layers of green fine tuff and lapilli tuffs. Clasts in graded beds are 
heterolithic volcanic material; a few graded beds contain pumice clasts. Interval has a distinct 
maroon color when seen from a distance. 237 

5. Graded sandstones and fine pebble conglomerate interbedded with dense green fine to  coarse 
tuffs. Much contorted stratification. Distinct stratification in the fine t o  coarse tuffs. Clasts in 
graded beds are volcanic. 130  

North Fork (map unit Pn f )  

6. Two olive-green fine- t o  medium-grained lithic lapilli tuffs. Well-developed internal stratification 
in both; double grading probably present but  not  well developed. Fine tuff a t  the top  of each 
deposit. Both are about  the same thickness. 6 3 

7. Light-grayish-green fine-grained crystal lapillistone. Well-developed stratification with layers 
2-8 inches thick. Probably a fallout deposit. Crystals consist of plagioclase and a small amount 
of quartz. 44 



GEOLOGY O F  THE RAINBOW MOUNTAIN-GULKANA GLACIER AREA, ALASKA 

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 overlying 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. 23. Strata are too  badly deformed t o  measure an accurate section. Strata 
in this succession consist of dacitic lapillistones and lapilli tuffs interbedded with reworked 
limey lapillistones, tuffaceous lithic sandstones and pebble conglomerates, and fossiliferous 
limestones. The most common lithology is lapilli tuff and lapillistone; the fossiliferous lime- 
stones are least abundant. The pyroclastics are stratified. Some exhibit good double grading; 
others are more uniformly stratified and are probably fallout deposits. Most of the lithic 
sandstones and pebble conglomerates are graded and consist of volcanic debris mixed with 
varying proportions of fossil material. Volcanic quartz is a common constituent of most of the 
sandstones and conglomerates. A prominent limestone deposit occurs in about the middle of 
this succession. This limestone is relatively pure and highly fossiliferous. Fusulinids belonging 
t o  the genus Fusulinella were collected from 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 a t  the south end of the ridge and west of section 20. The esti- 
mated thickness of these strata is 600 feet, and approximately 6 0  percent of the strata consist 
of lapilli tuffs and lapillistones. The lower part of this succession contains the greatest number 
of potassium-feldspar-bearing pyroclastics found in the map area. 

SECTIONS 2 1  AND 21A 

Section begins in lowest sedimentary deposits exposed above talus 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 facies equivalent of the flows in the lower part of  map unit 
Bwf. Lower part of this unit is faulted out.) 

1. Several feet of yellow-green graded sandstones 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; quartz and 60-70 percent plagioclase; overlain by a 20-foot-thick white 
t o  light-green crystal lapilli tuff, which contains 10-20 percent pumice, 70 percent plagioclase, 
and 10-15 percent quartz; the lapilli tuff is overlain by several graded sandstones that are 
calcareous and contain up to 20 percent plagioclase. 

2. Three green t o  dark-green lithic lapilli tuffs, with coarse lithic clasts (3-5 inches in diameter) 
predominant in lower parts; upper parts are mostly crystal lapilli tuffs with plagioclase and 
quartz. Lithic clasts are green, white, and maroon, and probably andesitic. All three are 
doubly graded. 

3. Green t o  grayish-green calcareous coarse tuffs. Individual layers are graded. Crinoid columnals 
are abundant. 

4. Mottled, dark-green and purple sandstones and massive breccias; some graded bedding. 
5. Dark- t o  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. 
6. Interval is poorly exposed but appears t o  consist of calcareous lithic lapilli tuffs, lapillistones, 

and coarse tuffs. Color varies from light to  medium green. Many lithic clasts are white t o  
greenish and fine grained. Several porphyritic andesitic intrusives occur in this interval also. 
Quartz phenocrysts are not  evident in hand specimen. 578 

7. Medium-green fine tuffs interbedded with grayish-green graded lithic sandstones. The lithic 
sandstones are composed of a mixture of volcanic lithic debris and plagioclase. Section 21A 
(below) probably contains part of the strata faulted out  a t  this point. 3 5 
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.) 

Interval -- Lithology Thickness 

1. Tnterbedded fine tuffs, coarse tuffs, and swirly masses of lapilli tuffs; medium t o  light green. 
The deposit is well stratified. Large masses of pumice are common and occur scattered ran- 
domly throughout the deposit. No quartz observed in hand specimen. 1 4 1  

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- t o  light-green doubly graded lapilli tuff. Lower part contains abundant lithic clasts; 
.the upper part is predominantly composed of crystal and vitric material. Uppermost part 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. 

4. Dark-green doubly graded lapilli tuff.  Lower part contains abundant lithic clasts that  appear t o  
be fragments of ash and porphyritic andesite with a distinct maroon color. No quartz was 
observed in hand specimen. 

5. Medium-green doubly graded lapilli tuff. Lower part contains abundant lithic clasts that consist 
mainly of maroon scoriaceous fragments and green porphyritic andesite. 
Fault. 

SECTION 2 1  (cont.) 

8. Crjrstal-vitric lapilli tuff without stratification; mostly light t o  medium green. Lithic clasts that 
appear t o  be fragments of fine tuff are abundant throughout the deposit. 

9. Medium- t o  light-green well-stratified fine tuff. In many places, thin white layers of fine tuff 
are interbedded with the green tuff. 

10. Highly contorted fine tuff. The color varies from green t o  mottled green and white t o  reddish. 
Abundant evidence of softsediment deformation. The entire deposit appears t o  have slumped. 

SECTION 25 

Section begins in the lowest exposed strata a t  the north end of the ridge. Section is measured up  stratigraphically. 

Interval Lithology Thickness 

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

1. Light-green t o  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 interval 10 in section 21. 

2. Interbedded green t o  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 o r  
absent in the pyroclastics. Most of the deposits are crystal vitric. 

3. Several 'green t o  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- t o  medium-green fine tuff and green porphyritic andesite. A few of the porphyritic 
clasts contain a minor amount of quartz. 

4. Interbedded calcareous siltstones and graded calcareous lithic sandstones. Color varies from 
green t o  greenish brown: Carbonate fragments are mostly crinoid columnals; lithic debris 
is entirely volcanic. 

5. Several green t o  dark-green lithic lapilli tuffs with contorted stratification similar t o  deposits in 
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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 a t  the lowest exposed strata near the floor of the canyon. The section is measured up stratigraphically. 
These strata are probably a facies equivalent of  part of the Dry Canyon unit (unit IPdc). 

Interval Lithology Thickness 

Eagle Ridge (map  unit Per) 

1. Pyroclastic(?) breccia, dark green t o  dark greenish brown. The bedding usually is massive and 
not distinct. The breccia consists mainly of dark-green clasts with distinct white plagioclase 
phenocrysts, giving the clasts a characteristic speckled appearance. Other clasts are white t o  
light-green fine tuff, and light-colored clasts containing quartz and plagioclase phenocrysts. 133 

2. Calcareous green t o  brownish-green lithic sandstones and conglomerates interbedded with 
medium- to dark-green fine tuff. The sedimentary deposits are graded and the fossil debris is 
mostly crinoid columnals. The amount of fine tuff increases upsection. Most of the sediments 
are  tuffaceous. The sediments are composed mostly of lithic volcanic debris and plagioclase. 46 

3. White t o  greenish-white well-stratified fine tuff. Thickness varies abruptly along strike. 7 
4. Essentially the same as the strata in interval 2. 37 
5. Very dark-green t o  dark-greenish-black lithic sandstones. Graded bedding is common in most 

of the sedimentary deposits. The sandstones are composed of volcanically derived lithic grains 
and plagioclase. Most of the deposits appear to  be tuffaceous. A few thin beds of green fine tuff 
are interbedded with the graded sediments. 82 
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The descriptions in this appendix are for those map units 
for which n o  measured section was made due t o  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 t o  grayish-green 
massive basaltic to  andesitic amygdaloidal flows. Bedding 
is apparent only from a distance, and the bedding planes 
are probably boundaries between individual flows. The 
flows are massive in places and brecciated in others. No 
clear indications of flow tops or  pillows were seen. Most 
of the flows are porphyritic with plagioclase and mafic 
(amphibole and pyroxene) phenocrysts. Amygdules are 
filled with chlorite, quartz, chalcedony, and a minor 
amount of epidote. 

SOUTH CIRQUE (map unit [Psc) 

This unit is best exposed on  the south side of the central 
part of Rainbow Ridge (pl. 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 sandstories and conglom- 
erates, and (3) impure t o  pure fossiliferous 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-rich pyroclastics contain 
distinctive maroon lithic clasts of basalt o r  andesite. 
Nearly all of the pyroclastics are well stratified. The 
tuffaceous sediments contain lithic clasts of volcanic origin 
and abundant plagioclase, which is typically replaced by 
epidote. The amount of plagioclase in these sediments 
seems t o  be somewhat greater than in the rest of the 
Tetelna Complex. Detrital quartz, probably of volcanic 
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, bryozoan, and 
coral skeletons are present also. Very rapid lateral changes 
from one lithology t o  another are typical of this unit. 

RICHARDSON HIGHWAY (map unit IPrh) 

This unit can be seen in several exposures along the 
Richardson I-lighway and a t  the south end of Rainbow 
Mountain (pl. 2). Strata in this unit are predominantly 
crystal-vitric lapillistones and lapilli tuffs of dacitic com- 
position. Fine tuffs and a few lithic lapilli tuffs also occur 
scattered throughout the unit. However, the fine tuffs 
tend t o  be most abundant in the upper part of the deposit. 
A few thin intervals (40 t o  1 0 0  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 composed 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 at  the south end 
of Rainbow Mountain (pl. 2). This unit consists of inter- 
bedded green t o  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 luffs. The graded sediments are 
partly tuffaceous and consist of lithic volcanically derived 
fragments and plagioclase. No fossils were recovered from 
the limestones. Most of the pyroclastics appear t o  be 
andesitic. 

47 


