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Abstract

This chapter reports new field, petrographic, and geo-
chemical data for two Tertiary volcanic units and underly-
ing sedimentary rocks in the southeast corner of the Mount 
McKinley 1:250,000-scale quadrangle. The volcanic units 
include the late Paleocene and early Eocene volcanic rocks 
of Foraker Glacier and the late Eocene and early Oligocene 
Mount Galen Volcanics. New 40Ar/39Ar dating on two samples 
from the lower part of the volcanic rocks of Foraker Glacier 
yield ages of 56.9±0.2 and 55.5±0.1 Ma. The volcanic rocks 
of Foraker Glacier unconformably overlie a 550-m-thick 
sequence of Late Cretaceous(?) sedimentary rocks that dip 
steeply north and unconformably overlie Paleozoic meta-
morphic rocks with a schistosity that dips steeply south. 
The sedimentary sequence includes a metamorphic-clast 
cobble-boulder alluvial-fan conglomerate overlain by fluvial 
and lacustrine conglomerate, sandstone, and mudstone. The 
coarse grain size and presence of bounding unconformities 
indicate that these sedimentary rocks fill a contractional 
basin and record pre-late Paleocene tectonic uplift of the 
adjacent Paleozoic metamorphic rocks. The overlying vol-
canic rocks of Foraker Glacier consist of a 200-m-thick 
interval of basalt and andesite lavas containing interbedded 
mudstone and volcaniclastic fluvial conglomerate overlain 
by 1,500 m of rhyolite lava and interbedded pyroclastic-flow 
deposits. The basalts are slightly depleted in incompatible 
trace elements (light rare-earth elements, Rb, Th, K) and 
along with the andesites have high Ba/Ta ratios (464–1,160). 
The rhyolites are strongly enriched in light rare-earth ele-
ments (LREEs), Rb, Th, and K, are depleted in Sr, P, and Ti, 
and have low Ba/Ta ratios (23–137), all of which indicate a 
combination of crustal assimilation and fractional crystalliza-
tion in their petrogenesis.

The Mount Galen Volcanics consists of basalt, andesite, 
dacite, and rhyolite lavas and dacite and rhyolite tuff and 
tuff-breccia. New 40Ar/39Ar dating of a basaltic andesite flow 
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46 m above the base of the Mount Galen Volcanics yields an 
age of 42.8±0.5 Ma. The Mount Galen Volcanics is enriched 
in Ba, Th, Sr, and LREEs, has high Ba/Ta ratios (446–3,734), 
and exhibits a distinct paired Nb-Ta-depletion trend, all of 
which are common characteristics of subduction-related 
volcanic rocks.

We interpret that the Late Cretaceous(?) sedimentary 
rocks record uplift and shortening during the final stages of 
accretion of the Wrangellia composite terrane to southern 
Alaska. The volcanic rocks of Foraker Glacier represent the 
final phase of Late Cretaceous and early Tertiary Alaska 
Range-Talkeetna Mountains magmatism that ended with 
suturing of the Wrangellia composite terrane. The Foraker 
Glacier primary basaltic magmas were probably derived from 
a relatively depleted subcontinental mantle source; the rhyo-
lites were then formed by partial melting of crustal rocks and 
fractional crystallization. The mantle source may have been 
a partially depleted remnant mantle wedge formed during 
earlier Kula Plate subduction beneath southern Alaska. The 
Mount Galen Volcanics is part of the northern segment of 
the Eocene and Oligocene Alaska-Aleutian arc that crosscuts 
older igneous rocks of the region.

Introduction

Periodic magmatism is an integral component in the tec-
tonic history of the central Alaska Range. For example, two 
regional magmatic belts that overlap in the central Alaska 
Range include Late Cretaceous and early Tertiary rocks of 
the Alaska Range-Talkeetna Mountains belt and Eocene and 
Oligocene rocks of the Alaska-Aleutian belt (fig. 1). Each 
of these belts is generally interpreted to record magmatism 
that occurred in response to subduction beneath southern 
Alaska (Wallace and Engebretson, 1984; Moll-Stalcup, 1994). 
Whereas research has been done to investigate the plutonic 
rocks of the central Alaska Range (Reed and Lanphere, 1974; 
Lanphere and Reed, 1985; Reiners and others, 1996), there 
has been very little work published on the contemporaneous 
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volcanic rocks (except for Decker and Gilbert, 1978). This 
chapter presents new stratigraphic, age, and geochemical 
data, along with a compilation of existing data, for Tertiary 
volcanic rocks that are exposed in the southern part of the 
Mount McKinley 1:250,000-scale quadrangle (fig. 2). Our 
main goals are to present a synthesis of Tertiary volcanism 
and related sedimentation in the Mount McKinley quadrangle 
and to provide a regional tectonic context for these events. In 
a broad sense, these volcanic rocks and underlying synorogenic 
sedimentary deposits provide a record of pre-late Paleocene 
tectonic uplift followed by two distinct volcanic episodes 
along the northwest flank of the ancestral Alaska Range. The 
first volcanic episode, which occurred during late Paleocene 
and early Eocene time, closely followed accretion of the 
Wrangellia composite terrane to southern Alaska (fig. 1). 
The Wrangellia composite terrane had a prolonged history of 
accretion to western Canada and southern Alaska extending 
from Late Jurassic through Late Cretaceous time (Stone and 
others, 1982; McClelland and others, 1992; Nokleberg and 
others, 1994). The final phase of accretion of the Wrangel-
lia composite terrane, which is recorded in the study area by 
deformation in the Cantwell Basin, ended by late Paleocene 
time (Cole and others, 1999). The second volcanic episode, 
which occurred largely during early Oligocene time, can be 
correlated with the subduction-related Alaska-Aleutian mag-
matic belt.

Figure 1. South-central Alaska, showing locations of regional magmatic 
belts, major faults, accreted-terrane assemblages, and map units: FG, vol-
canic rocks of Foraker Glacier; GA, Mount Galen Volcanics; CW, Cantwell 
Formation volcanic rocks; SCT, southern margin composite terrane; WCT, 
Wrangellia composite terrane (stippled area). Magmatic belts after Moll-
Stalcup and others (1994); composite terranes after Nokleberg and others 
(1994) and Plafker and others (1994).

Figure 2. Generalized geologic map of study area in south-central Alaska. Dashed lines denote boundaries of 
adjacent 1:250,000-scale quadrangles (italic names). Geology from Reed (1961), Reed and Nelson (1980), Csejtey and 
others (1992), and Wilson and others (1998). Radiometric ages are from this study (table 1).
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Ages and Locations of Volcanic-Rock Units

The Tertiary volcanic rocks described in this chapter are 
exposed in the southern part of the Mount McKinley quad-
rangle along the east and west sides of Foraker Glacier, the 
west side of the Muldrow Glacier terminus, and in the vicinity 
of Mount Galen (fig. 2). All of these rocks were mapped by 
Reed (1961) as part of the Cretaceous Cantwell Formation. 
We agree with his mapping that the volcanic rocks of Foraker 
Glacier are part of the Cantwell Formation, but the age of 
the Cantwell Formation has since been revised. Ridgway and 
others (1997) revised the age of the lower part of the Cantwell 
Formation to Late Cretaceous on the basis of the presence of 
late Campanian and early Maestrichtian pollen in sedimen-
tary rocks (lithologically equivalent to unit Tcs of Wolfe and 
Wahrhaftig, 1970). Cole and others (1999) revised the age of 
the upper part of the Cantwell Formation to late Paleocene and 
early Eocene on the basis of radiometric ages of volcanic rocks 
(lithologically equivalent to unit Tcv of Wolfe and Wahrhaftig, 
1970). The new 40Ar/39Ar-plateau ages reported here for the 
volcanic rocks of Foraker Glacier (fig. 3; table 1) indicate that 
these rocks are latest Paleocene and early Eocene, coeval with 
the upper part of the Cantwell Formation at the type area in the 
Healy quadrangle (Cole and others, 1999).

The volcanic rocks of the Mount Galen area are not part 
of the Cantwell Formation. These rocks were shown to be late 
Eocene and early Oligocene and were named the Mount Galen 
Volcanics by Decker and Gilbert (1978). Published K-Ar ages 
(Decker and Gilbert, 1978) for the Mount Galen Volcanics 
(table 1) range from 38.7±1.1 to 41.2±1.2 Ma, with minimum 
ages of 34.8±1.4 to 39.6±1.2 Ma. The new 40Ar/39Ar-plateau 
age of 42.8±0.5 Ma reported here for a basaltic andesite flow 
46 m above the base of the Mount Galen Volcanics (sample 
GA1–46, tables 1–3) more precisely confirms a late Eocene 
age for the onset of Mount Galen volcanism. On the basis of 
the K-Ar ages reported by Decker and Gilbert and geochemi-
cal correlations of the present study, we concur with Decker 
and Gilbert that the volcanic rocks of the Muldrow Glacier 
area correlate with the Mount Galen Volcanics and are part of 
the late Eocene and early Oligocene group of rocks.

In summary, there are two age groups of volcanic rocks in 
the study area. The first group, the volcanic rocks of Foraker 
Glacier, are late Paleocene and early Eocene and occur in the 
Foraker Glacier area. The second group, the Mount Galen 
Volcanics, is late Eocene and early Oligocene and is exposed 
in the vicinity of Mount Galen and along the west side of the 
Muldrow Glacier terminus.

In addition to the volcanic-rock units of this study, sev-
eral important plutonic-rock units occur in the study area. 
Significant late Paleocene and early Eocene plutonic rocks in 
the region include the McKinley sequence granites, as well 
as a series of compositionally zoned (peridotite to granite) 
plutons (Reed, 1961; Reed and Nelson, 1980; Lanphere and 
Reed, 1985; Reiners and others, 1996). Major plutons of Oli-
gocene age include the Foraker and McGonnagal granites and 
granodiorites (Reed, 1961; Reed and Lanphere, 1974) and the 
Mount Eielson granodiorite (Reed, 1933; Decker and Gilbert, 

1978). In addition, a poorly exposed fine-grained hornblende 
granite of unknown age is exposed north of the Mount Galen 
Volcanics (Reed, 1961).

Volcanic Rocks of Foraker Glacier

The late Paleocene and early Eocene volcanic rocks out-
crop along the north flank of the Alaska Range in the vicinity 
of the McKinley Fault Zone (fig. 2). We studied these rocks 
along the west side of the Foraker Glacier (fig. 4), where the 
volcanic sequence is more than 2,000 m thick and uncon-
formably overlies 610 m of sedimentary rocks (fig. 5). The 
sedimentary sequence beneath the volcanic rocks is significant 
because it records an episode of tectonic uplift and basin sub-
sidence before volcanism.

Late Cretaceous(?) Sedimentary Rocks

Lithology and Stratigraphy

The base of the sedimentary sequence is a well-exposed 
angular unconformity above folded schist and metasedimentary 
rocks (fig. 6). The contact can be traced for several kilometers 
along strike (fig. 4). The stratigraphically lowest sedimentary 
unit is a 230-m-thick boulder to cobble conglomerate. This unit 
is coarsest in the lower 100 m, where clasts typically range from 
0.4 to 1.2 m in diameter, with maximum clast sizes of more than 
2 m in diameter. This unit fines upward and is a cobble-pebble 
conglomerate in the uppermost 20 to 30 m. Matrix consists 
of medium grained to pebbly sandstone. The conglomerate is 
poorly to moderately sorted, mostly clast supported, and occurs 
in poorly defined 1- to 5-m-thick beds. The bases of beds are 
typically scoured with a few to tens of centimeters of relief. 
Conglomerate beds range in texture from poorly organized and 
massive with randomly arranged clasts to well organized with 
imbricated clasts, planar crossbedding, and normal grading. The 
poorly organized conglomerate is more abundant than the well-
organized conglomerate. Interbedded throughout the conglom-
erate are 15- to 60-cm-thick, trough-cross-stratified, medium- to 
coarse-grained sandstone beds that are lenticular and typically 
reach a few meters in width. Also interbedded with the con-
glomerate are 30- to 60-cm-thick, dark-gray, pebbly mudstone 
beds. These beds are matrix supported, poorly sorted, and drape 
underlying conglomerate beds.

Clast composition of the lower conglomerate unit is 
almost entirely metamorphic (fig. 5). The metamorphic-rock 
clasts include muscovite-quartz schist, quartzite, and argillite, 
which are the same rock types as the metamorphic rocks that 
underlie the conglomerate. Paleoflow data, on the basis of con-
glomerate-clast imbrication, show a westward and southwest-
ward drainage pattern (fig. 7).

Overlying the lower conglomerate unit are alternating 
intervals (ranging from about 65 to 115 m in thickness) of 
dark-gray mudstone, sandstone, and conglomerate (fig. 5). The 



mudstone intervals are mostly dark-gray shale with very thin 
to thin interbeds of siltstone. The siltstone displays horizontal, 
low-angle, and ripple cross-stratification. Some shale intervals 
contain abundant plant fragments. The sandstone-conglomer
ate intervals include medium- to coarse-grained gray to tan 
("salt and pepper") lithic sandstone and pebble to cobble 
conglomerate with thin interbeds of dark-gray shale. The sand
stone beds typically range from 0.3 to 1 m in thickness, and 
the conglomerate beds average 0.5 to 2 m in thickness. The 
sandstone beds commonly display trough cross-stratification 
and range in texture from massive to horizontally laminated. 
Pebbly sandstone lenses are common within the axial parts 
of large-scale troughs. The conglomerate beds are lenticular, 
well sorted, and clast supported and in some areas display 
well-developed clast imbrication. Average clasts range from 
1 to 5 cm in diameter. The conglomerate beds typically have 
erosional bases and commonly grade upward into trough
cross-stratified sandstone beds. Clasts in the upper conglomer
ate unit are primarily argillite, quartzite, and chert, with minor 
amounts of sandstone and schist. 

The sedimentary rocks unconformably overlie folded 
Paleozoic metamorphic rocks of uncertain, possibly Devo
nian and Carboniferous age (Reed, 1961) and are overlain 
unconformably by the volcanic rocks of Foraker Glacier (fig. 
4). Samples of mudstone from the middle and upper parts 
of the sedimentary sequence were analyzed for pollen but 
were found to be barren (S. Reid, written commun., 1999). 
Although a precise age control for these strata does not yet 
exist, a working hypothesis is that they are equivalent to the 
Late Cretaceous lower Cantwell Formation described and 
dated in the Healy quadrangle by Ridgway and others (1997). 
The strata beneath the volcanic rocks of Foraker Glacier are 
bounded below and above by unconformities, as is the lower 
part of the Cantwell Formation in the Healy quadrangle (Ridg
way and others, L997; Cole and others, 1999). Also, the sedi
mentary strata near Foraker Glacier and the lower Cantwell 
strata in the Healy quadrangle are overlain by coeval volcanic 
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Sample Unit/location Description Material
dated1 Age (Ma)2 Notes3,4

This study (40Ar/39Ar step heating)3

GA1–46 Mount Galen Volcanics. North
side of Mount Galen in the
Mount McKinley B–1
1:63,360-scale quadrangle, lat
63º28′19″ N., long 150º21′22″
W.

Basalt, 46 m above the
base of the Mount
Galen Volcanics.

W
W

42.8±0.5
43.4±0.5

Plateau age.
Isochron age.

FGW–46 Volcanic rocks of Foraker.
Glacier/west side of Foraker
Glacier in the Mount
McKinley A–3 1:63,360-scale
quadrangle, lat 63º05′45″ Ν.,
long 151º24′49″ W.

Basalt; 46 m above the
base of the volcanic
rocks of Foraker
Glacier.

W
W

56.9±0.2
56.5±0.3

Plateau age.
Isochron age.

FGW–345 Volcanic rocks of Foraker.
Glacier/west side of Foraker
Glacier in the Mount
McKinley A–3 1:63,360-scale
quadrangle, lat 63º5′52″, long
151º24′53″ W.

Porphyritic rhyolite; 345
m above the base of
the volcanic rocks of
Foraker Glacier.

W
W
K
K

55.5±0.1
55.6±0.4
54.6±0.2
55.4±0.3

Plateau age.
Isochron age.
Plateau age.
Isochron age.

Previous K-Ar studies5

1 Mount Galen volcanics-------------- Andesite ---------------------- P
H

41.1±1.2
38.9±1.1

40Arrad/
40Artotal=0.652

40Arrad/
40Artotal=0.554

2 Mount Galen volcanics-------------- Basalt ------------------------- P 34.8±1.4
35.7±1.4

(minimum
ages)

40Arrad/
40Artotal=0.734

40Arrad/
40Artotal=0.743

3 Mount Galen volcanics-------------- Basalt ------------------------- P 39.6±1.2
(minimum

age)

40Arrad/
40Artotal=0.481

6 Mount Galen volcanics-------------- Andesite ---------------------- H 38.7±1.1 40Arrad/
40Artotal=0.435

4 West side of Muldrow Glacier ----- Basalt ------------------------- P 33.1±1.0
(minimum

age)

40Arrad/
40Artotal=0.586

1Materials: H, hornblende; K, K-feldspar; P, plagioclase; W, whole rock.
2Preferred ages shown in bold.
3Laser: Step-heated using an Ar-ion laser, measured on a VG3600 spectrometer. Furnace: Step-heated using a resistance-type

furnace, measured on a Nuclide 6–60–SGA spectrometer.
4Ages of this study were run against standard Mmhb–1 with an age of 513.9 Ma and processed by using standards of Steiger and

Jäger (1977). Error limits, ±1σ. Analytical data and age spectra are available from the authors on request.
5

 

Age data reported by Decker and Gilbert (1978) corrected according to Dalrymple (1979); sample numbers refer to map
numbers of Decker and Gilbert (1978).

Table 1. Compilation of radiometric ages for volcanic rocks in the Mount McKinley quadrangle.

rocks. Finally, the sedimentary strata along Foraker Glacier 
contain lithofacies that are similar to the lower part of the 
Cantwell Formation in the Healy quadrangle.

Interpretation

We interpret these sedimentary strata to record a signifi-
cant episode of tectonic uplift and basin subsidence before 

the onset of late Paleocene and early Eocene volcanism in the 
region. The very large clast size of the lower conglomerate 
unit indicates proximity to an uplifted source area, and the 
clast compositions, along with the basal angular unconformity, 
indicate that the underlying metamorphic rocks were part of 
this uplift. Collectively, the rocks in the lower conglomerate 
unit are typical of alluvial-fan deposits. We interpret the poorly 
organized conglomerate facies as the deposits of high-concen-
tration stream floodflows and (or) noncohesive debris flows. 
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The absence of internal stratification and the poor sorting of 
these deposits preclude dilute streamflow bedload deposition. 
Also, the absence of muddy matrix and the clast-supported 
fabric indicates deposition from high-concentration water-
sediment dispersions or fines-depleted debris flows (Costa, 
1988). Similar types of deposits were described by Allen 
(1981), Nemec and Steel (1984), and DeCelles and others 
(1991) as thick sheets on alluvial-fan surfaces. The massive 
pebbly sandstone and the trough-crossbedded sandstone inter-
beds were most likely deposited during waning flood stages by 
hyperconcentrated flows and more dilute-phase streamflows 
(Pierson and Scott, 1985; Smith, 1986). The well-organized 
and imbricated conglomerate facies and trough-cross-stratified 

sandstone interbeds represent episodes of dilute-phase flood-
flows and streamflows, respectively (Costa, 1988).

The thick intervals of mudstone and sandstone-conglomer-
ate that overlie the lower conglomerate unit probably represent a 
period of basin subsidence with intermittent episodes of renewed 
tectonic uplift and (or) shifting drainage systems. During this 
period, ponded environments (lakes, swamps) formed in the basin, 
and the mudstone intervals were deposited. The sandstone-con-
glomerate intervals represent the influx of braided fluvial systems 
into the ponded environments. This fluvial influx could represent 
progradation during periods of tectonic uplift, or simply changes 
in drainage patterns or source-rock types within the basin (for 
example, DeCelles and others, 1991).

Figure 5. Composite stratigraphic column for the Foraker Glacier area, south-central Alaska (fig. 2). His-
tograms show conglomerate-clast-count data.
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Volcanic Rocks

Lower Basalt-Andesite and Sedimentary Sequence

The late Paleocene and early Eocene volcanic rocks are 
unconformable with the underlying sedimentary sequence and 
generally dip about 35º–45º N. (fig. 4). The lowermost part of 
the volcanic sequence includes basalt and andesite lavas that are 
interbedded with sedimentary rocks (figs. 8, 9). The andesite lavas 
and sedimentary rocks are present only in the lowest 100 m of this 
sequence. The basalt lavas are brown to dark gray in flows that 
range from 2 to 18 m in thickness (avg 5–6 m thick). Many flows 
are columnar jointed and have vesicular tops; some basalt flows 
have thin to thick scoriaceous upper zones that weather yellow-
red. In thin section, the basalt contains euhedral to subhedral 
plagioclase laths (An40 to An70) with minor amounts of continuous 
zoning. Clinopyroxenes and olivine are present but are very fine 
grained and occupy interstices in the groundmass between the 
plagioclase laths. Needles and equant grains of opaque minerals 
(Fe-Ti oxides) are also present. There is some calcite replacement 
of plagioclase and some alteration of groundmass into clay miner-
als. The andesite lavas are less abundant than the basalt, occur 
in flows that range from 2 to 12 m in thickness, have tabular to 
lenticular bed shapes, are medium gray to brown, have few ves-
icles, and are typically porphyritic. The andesite consists almost 
entirely of plagioclase (An50 to An88) with needles and equant 
grains of Fe-Ti oxides and trace amounts of biotite. Plagioclase 
is euhedral to subhedral and commonly displays resorption 
textures and reaction rims. Continuous zoning is common. The 

Figure 6. Paleozoic-Late Cretaceous(?) contact along west side of 
Foraker Glacier (fig. 2). A and B, Nonconformable contact between 
south-dipping Paleozoic metamorphic rocks (M) and north-dipping 
Late Cretaceous(?) cobble to boulder conglomerate (Cg). C, Cobble to 
boulder conglomerate about 5 m above Paleozoic contact. Boulder-
size metamorphic clasts are outlined.

Figure 7. Paleocurrent rose diagrams for fluvial conglomerates 
along west side of Foraker Glacier (fig. 2), as measured from imbri-
cated clasts and restored by using average bedding for each unit. 
A, Westward-directed paleoflow for cobble-boulder conglomerate 
within 100 m above Paleozoic metamorphic rocks. B, Eastward-
directed paleoflow for two intervals of pebble-cobble conglomerate 
within lowermost 72 m of volcanic-rock unit.



26 Studies by the U.S. Geological Survey in Alaska, 2000 27Stratigraphy, Age, and Geochemistry of Tertiary Volcanic Rocks and Associated Synorogenic Deposits, Mount McKinley Quadrangle

40 39
40 39

Figure 8. Detailed stratigraphic column for lowermost volcanic rocks of Foraker Glacier (fig. 2), measured bed by bed by using a Jacob 
staff. Note stratigraphic positions of two new 40Ar/39Ar radiometric ages reported in this study.
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groundmass consists of microcrystalline plagioclase, devitrified 
glass, and opaque minerals.

The sedimentary rocks interbedded with the basalt and 
andesite lavas include shale-siltstone and conglomerate intervals. 
The shale-siltstone intervals range from 3 to 9 m in thickness and 
include fissile dark-gray to black shale, with 0.5- to 5-cm-thick 
dark-gray siltstone to very fine sandstone beds. The siltstone and 
very fine sandstone beds display horizontal, low-angle, and climb-
ing ripple laminations, and some beds contain groove and flute 
casts at their bases. All of these intervals contain abundant plant 
fragments and very thin (a few millimeters thick) coal seams. 
Two conglomerate intervals that are each about 6 m thick (fig. 8) 
consist of 0.3- to 0.8-m-thick beds of clast-supported, moderately 
sorted to well-sorted pebble-cobble conglomerate (clast size, avg 
3–5 cm, max 9–10 cm in diameter). The conglomerate ranges in 
texture from massive to imbricated and contains 0.2- to 0.5-m-
thick interbeds of lenticular, trough-crossbedded coarse sandstone. 
The conglomerate contains 49 percent volcanic clasts (mostly 
medium-gray porphyritic felsic rhyolite-dacite), 42 percent meta-
morphic clasts (mostly quartzite), and 9 percent sandstone clasts 
(fig. 5). Paleoflow as measured from clast imbrication in the con-
glomerate intervals was eastward (fig. 7).

Rhyolite Lavas and Pyroclastic Deposits

Rhyolite lavas and pyroclastic deposits are the most abun-
dant volcanic rocks in the Foraker Glacier area. At least 1,500 m 
of felsic volcanic rocks overlies the lower interval of intermedi-
ate and mafic lavas (figs. 4, 5). The rhyolite lavas are medium to 

light gray and porphyritic, weather light gray and light purple, and 
occur as massive intervals with poorly defined bed contacts. Some 
intervals are flow banded and display red-gray wispy layering. The 
more massive intervals are columnar jointed. In thin section, the 
rocks show a groundmass of devitrified glass with spherulitic tex-
ture and microlites of feldspar and quartz. The phenocrysts include 
quartz, alkali feldspar, and biotite. The quartz is euhedral to subhe-
dral, showing bipyramidal forms, and is commonly embayed. The 
alkali feldspar is mostly orthoclase (2V angle, >60º) in subhedral 
rectangular to equant grains. Graphic intergrowth with quartz and 
exsolution textures are common. The biotite is strongly oxidized 
and is present as only a small percentage of the modal mineralogy.

Two pyroclastic lithofacies occur within the volcanic 
sequence along Foraker Glacier. The first lithofacies is a thin-
bedded lithic-crystal lapilli tuff, and the second is a massive lithic 
tuff-breccia. The lapilli tuff is light to medium gray and occurs in 
3- to 8-m-thick intervals that consist of 1- to 8-cm-thick horizon-
tally laminated beds. Individual laminations within beds range 
from a few millimeters to 20 mm in thickness and consist of alter-
nating fine and coarse couplets with finer grained crystal-lithic-rich 
bases and pumice-rich tops. Grain size in the first lithofacies is 
predominantly 1 to 5 mm, with scattered thin and discontinuous 
lenses of lithic grains, as much as 2 to 3 cm in diameter. Parts of 
this lithofacies are welded and exhibit a strong eutaxitic texture 
defined by flattened and aligned pumice and glass shards. Two 
compositional types of the first lithofacies, andesitic and rhyolitic, 
can be defined on the basis of crystal composition. The andesitic 
lapilli tuff occurs in only one stratigraphic interval at the top of 
the basalt-andesite sedimentary sequence, 102 to 115 m above the 
base of the volcanic rocks (fig. 8). This first compositional type 

Figure 9. Lowermost interval of volcanic and sedimentary rocks exposed along west side of Foraker 
Glacier (fig. 2). Volcanic rocks sharply overlie interval of pebble-cobble conglomerate at top of Late Cre-
taceous(?) sedimentary rocks (Ks); contact is at about 14-m level in stratigraphic column (fig. 8). Tertiary 
volcanic and sedimentary units: A, andesite lava; B, basalt lava; C, conglomerate; M, mudstone with 
interbedded fine-grained sandstone.
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is characterized by crystals of quartz, plagioclase, and minor 
biotite and by pumice grains with large, thick-walled vesicles. 
The rhyolitic lapilli tuff is interbedded with the rhyolite lavas 
and includes crystals of quartz, alkali feldspar with exsolution 
and graphic textures, and rare plagioclase, with finely vesicular 
and wispy pumice grains. Both compositional types contain 
cuspate and bladed vitric shards (mostly devitrified) and include 
similar accidental lithic grain populations of basalt, schist, sand-
stone, and polycrystalline quartz. The second compositional 
type also contains lithic grains of porphyritic rhyolite (similar in 
texture and mineralogy to the rhyolite lavas).

The second lithofacies is white to light gray and occurs in 14- 
to 20-m-thick intervals with poorly defined bedding contacts. This 
lithofacies, which typically overlies the first lithofacies (fig. 8), is 
massive and poorly sorted and exhibits inverse grading at the base 
of each interval. Quartz is the predominant crystal in the second 
lithofacies and is present as euhedral, subhedral, and broken or 
shattered grains. The groundmass consists of devitrified fine ash 
and relict cuspate shards. Lapilli to block-size lithic clasts (2–30 
cm in diameter) are mostly laminated to welded rhyolitic lapilli 
tuff and porphyritic rhyolite (glassy groundmass with phenocrysts 
of quartz and alkali feldspar). A trace (<2 volume percent) of non-
volcanic grains (sandstone and polycrystalline quartz) is present.

Interpretation

The late Paleocene and early Eocene volcanic episode in 
the Foraker Glacier area began with the outpouring of basalt and 
andesite lavas. These lavas flowed into a tectonically active basin, 
the fill of which is represented by the underlying sedimentary 
deposits. The presence of an angular unconformity at the base of 
the volcanic rocks implies that the area underwent an episode of 
uplift before volcanism; this uplift could have been partly caused 
by thermal doming associated with the onset of volcanism or 
might represent an episode of tectonic shortening that preceded 
volcanism. The absence of pyroclastic deposits in the lowermost 
part of the volcanic sequence suggests that the lavas were erupted 
from fissures within or close to the basin. We interpret the mud-
stone and siltstone deposits that are interbedded with the basalt 
and andesite lavas to represent background sedimentation within 
the basin between eruptions. The conglomerate intervals interbed-
ded with the lowermost lavas contain an abundance of porphyritic 
rhyolite clasts; we interpret these conglomerates to represent syn-
volcanic sedimentation during the onset of felsic volcanism at a 
more distant ventsite. The lenticular shape of beds, well-developed 
imbrication of rounded clasts, clast-supported framework, and 
trough-crossbedded sandstone all indicate deposition from braided 
fluvial systems (Rust, 1972; Miall, 1977; Costa, 1988). These 
streams flowed eastward through the basin, possibly draining 
volcanic source areas to the west and southwest. The mixture of 
volcanic and metamorphic clasts implies that even during the onset 
of felsic volcanism there was continued erosion of metamorphic 
source rocks and (or) erosion of the Late Cretaceous(?) metamor-
phic-clast conglomerate.

The presence of the andesitic lapilli tuff interval interbed-
ded with the basalt lavas is the first sign of explosive volcanism 

recorded in the basin. Explosive volcanism became most pro-
nounced after the effusion of the basalt lavas when about 50 m of 
rhyolitic thin-bedded lapilli tuff and tuff breccia was deposited. 
The composition of the lapilli tuff and tuff breccia (vitric shards, 
pumice, euhedral to subhedral crystals, volcanic lithic grains, and 
only traces of nonvolcanic lithic grains), along with the presence 
of welding, indicates that these are primary pyroclastic deposits. 
We interpret these facies as pyroclastic-surge and pyroclastic-flow 
deposits, respectively. Pyroclastic surges are dilute, turbulent flows 
of hot gas and ash that form during explosive eruptions and can be 
independent or cogenetic with denser, high-concentration pyro-
clastic flows (Fisher, 1979; Wright and others,1980). The andesitic 
lapilli tuff and the lowermost rhyolitic lapilli tuff (fig. 8) most 
likely represent pyroclastic-surge deposits that formed during rela-
tively smaller pulses of explosive eruptions, possibly signaling the 
early growth of the felsic eruptive center. Intervals of pyroclastic-
surge deposits have also been documented to mark the beginning 
of felsic eruptive episodes in other volcanic settings (for example, 
Cole and DeCelles, 1991). The laminations and alternating fine-
coarse couplets of this facies most likely represent traction-carpet 
sedimentation along the base of flows, similar to that of high-den-
sity turbidity flows (Lowe, 1982). Pyroclastic-flow deposits are 
commonly described in terms of flow units, which are produced 
during the passage of a single pyroclastic flow. Pyroclastic-flow 
units typically are inversely graded, with crudely laminated lower 
intervals (commonly tens of centimeters thick) and massive, 
poorly sorted upper zones (Sparks and others, 1973; Fisher, 1979). 
The second lithofacies includes at least two major pyroclastic-flow 
units but may consist of several amalgamated pyroclastic-flow 
deposits with poorly defined contacts. This episode of pyroclastic-
flow deposition marks a more explosive interval during the early 
phase of felsic volcanism. After this phase, the basin was inun-
dated by rhyolite lavas and additional pyroclastic deposits. The 
ventsites for this phase of volcanism were most likely within a few 
kilometers of the basin because rhyolite lavas are highly viscous 
and typically flow no more than a few kilometers from their vents 
(Cas and Wright, 1987).

Mount Galen Volcanics

The Mount Galen Volcanics, of late Eocene and early Oli-
gocene age, is exposed on the west side of the Muldrow Glacier 
terminus and in the Mount Galen area (fig. 2). The base of the 
volcanic sequence in the Muldrow Glacier area is not exposed, 
but in the Mount Galen area the volcanic rocks unconformably 
overlie interbedded sandstone and shale of the lower part of the 
Cantwell Formation. The rocks in these two areas are described 
separately below.

Muldrow Glacier Area

Approximately 280 m of volcanic rocks is exposed along 
the west side of the Muldrow Glacier terminus (figs. 10, 11). 
This exposure consists mostly of pyroclastic deposits with 
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Figure 10. Stratigraphic column for the Mount Galen Volcanics exposed along west side of Muldrow Glacier terminus 
(fig. 2), measured bed by bed by using a Jacob staff. Light-shaded blocks, basalt; dark-shaded blocks, felsic lava.
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intervals of felsic lavas (dacite and minor rhyolite) and basal-
tic lavas. All of these volcanic deposits show some degree of 
alteration; many of the pyroclastic deposits, especially finer 
grained tuff beds, are strongly altered to clay minerals and 
chlorite. Secondary pyrite is common in tuff deposits within 
the lower 50 m of the exposed volcanic sequence.

The felsic lavas, which occur in the stratigraphically 
lowest part of the exposure, are porphyritic, with phenocrysts 
of plagioclase, alkali feldspar, and quartz. The plagioclase 
is commonly euhedral, discontinuously zoned, and Na rich 
(An20 to An50). The alkali feldspar is subhedral, with partial 
alteration to clay minerals, and displays graphic intergrowths 
with quartz. The groundmass ranges in texture from a devitri-
fied glass to a microlitic trachyte. The basaltic lavas (basalt to 
basaltic andesite) occur near the top of the exposed volcanic 
sequence (figs. 10, 11A). The rocks are aphanitic to porphyritic 
and consist mostly of plagioclase, with smaller amounts of 
altered pyroxene, opaque minerals, and devitrified glass in the 
spaces between plagioclase laths.

The pyroclastic deposits are primarily massive intervals 
of light-gray to light-purple lithic tuff-breccia and pumice 
lapilli tuff, with minor amounts of interbedded vitric tuff (fig. 
10). The lithic tuff-breccia forms massive deposits that range 

from 1 to 32 m in thickness. The thicker intervals probably 
include amalgamated beds, but except for the bases and tops 
of each interval, bedding contacts within these deposits are 
poorly defined. Inverse grading is common at the bases of 
these deposits, and the upper parts typically are more pumi-
ceous. The deposits are poorly sorted and contain angular to 
subrounded clasts (fig. 11B). The lithic clasts in these deposits 
typically range from 0.5 to 5 cm in diameter, but the two thick-
est deposits contain blocks as much as 2 m across (fig. 11C). 
Lithic-clast types include light-gray to light-purple porphyritic 
rhyolite (similar to the rhyolite in the lower part of the volca-
nic sequence), brown to dark-gray mafic aphanitic lava (basalt 
and basaltic andesite with intersertal and trachytic texture), 
light-gray pumice tuff, granite, and minor sandstone. Ground-
mass material is mostly devitrified glass containing wispy 
pumice grains, relict cuspate vitric shards, and crystals of pla-
gioclase, quartz, and biotite.

The pumice-rich lapilli tuff occurs in 2- to 17-m-thick, 
poorly sorted intervals, some of which display inverse grading. 
These intervals are characterized by abundant pumice, which 
ranges in clast size from 0.5 to 10 cm across. Groundmass 
in the deposits consists of devitrified cuspate shards, wispy 
pumice, euhedral to subhedral plagioclase, and subhedral 

Figure 11. Characteristics of pyroclastic rocks in the Mount Galen Volcanics in Muldrow Glacier area (fig. 2). A, Exposed section of volcanic 
rocks, showing pyroclastic deposits capped by mafic lava (ML); view westward. B, Lithic-lapilli-tuff facies with clasts of porphyritic felsic lava 
(F) and basalt (B). C, Large block of basalt within lithic-tuff-breccia facies. D, Thin-bedded vitric-tuff facies.
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quartz. A small percentage of lithic grains in these deposits 
includes mostly aphanitic and porphyritic rhyolite and vitric 
tuff. Many intervals of the pumice-rich lapilli tuff are grada-
tional with underlying lithic tuff-breccia deposits.

The vitric-tuff deposits are light to dark gray, yellow, and 
green and range from about 1 m to 8 m in thickness. These 
deposits form massive to thin-bedded intervals with horizon-
tal and low-angle stratification (fig. 11D). The tuff deposits 
contain mostly devitrified cuspate shards and wispy pumice 
grains, with scattered quartz and plagioclase crystals.

The volcanic sequence near Muldrow Glacier records 
an episode of pyroclastic eruptions with intermittent lava 
flows. The lithic-tuff-breccia intervals that grade upward into 
pumice-rich lapilli tuff are typical of pyroclastic-flow deposits, 
in which the denser lithic clasts are commonly concentrated 
near the bases of flows, while pumice is rafted along the tops 
of flows (Walker, 1971; Sparks, 1976). The massive and thin-
bedded vitric tuff probably formed as pyroclastic-fallout and 
pyroclastic-surge deposits, respectively. The horizontal and 
low-angle stratification in the thin-bedded tuff is characteristic 
of low-density pyroclastic-surge deposits (Fisher, 1979). Pyro-
clastic-fallout deposits are typically massive, with even bed 
contacts (Fisher and Schmincke, 1984), similar to the charac-
teristics observed for the massive vitric tuff facies.

Mount Galen Area

The Mount Galen Volcanics was first named and 
described by Decker and Gilbert (1978), who defined the type 
locality at Mount Galen in the northwest corner of the Mount 
McKinley B–1 1:63,360-scale quadrangle. The unit has a min-
imum thickness of 1,000 m and consists of basalt and andesite 
lavas and andesite to dacite pyroclastic deposits (Decker and 
Gilbert, 1978). We report a new reference stratigraphic sec-
tion through the lower 250 m of the Mount Galen Volcanics 
(fig. 12), along with new geochemical data for these rocks 
(described below). The basalt lavas occur in beds a few meters 
to 30 m thick and are commonly columnar jointed. Many of 
the basalt and andesite lava flows exhibit brecciated and vesic-
ular upper zones. In some places, the lavas appear as volcanic 
breccia and are most likely lava autobreccia deposits because 
the groundmass is identical to the clasts and vesicles crosscut 
clast and matrix boundaries. Decker and Gilbert described the 
basalts as holocrystalline and porphyritic, with phenocrysts of 
clinopyroxene, zoned plagioclase (An55 to An60), magnetite, 
and olivine (listed in order of decreasing abundance). The 
basalt groundmass is mostly plagioclase microlites containing 
scattered Fe-Ti oxides and small amounts of devitrified glass. 
There are two varieties of andesite in the Mount Galen Volca-
nics: a hornblende andesite and a less abundant two-pyroxene 
andesite (Decker and Gilbert, 1978). The hornblende andesite 
is porphyritic, with a glassy to microcrystalline groundmass. 
The most abundant phenocryst is plagioclase (An52 to An65), 
which occurs as euhedral to subhedral rectangular to blocky 
grains and commonly exhibits continuous zoning and resorp-
tion textures. Hornblende is commonly zoned and also shows 

resorption textures. The two-pyroxene andesite is porphyritic 
and includes euhedral to subhedral plagioclase, with oscilla-
tory zoning and resorption textures, euhedral to subhedral and 
zoned hypersthene, euhedral to subhedral and twinned augite, 
and Fe-Ti oxides within a groundmass of microlitic plagio-
clase (Decker and Gilbert, 1978).

Pyroclastic deposits in volcanic rocks of the Mount Galen 
area include vitric-lithic tuff to lapilli tuff and lithic tuff-brec-
cia. These deposits are most conspicuous in a thick interval 
above the lowermost lavas (fig. 12). A thick, massive vitric tuff 
also marks the base of the Mount Galen Volcanics in this area. 
The vitric-lithic lapilli tuff and tuff-breccia are similar in com-
position and vary mostly in grain size. The lapilli tuff contains 
lithic and pumice grains that are generally 1 to 4 cm across, 
and the tuff-breccia contains angular to subrounded lithic 
blocks as large as 1 to 5 m in diameter (fig. 13). The lapilli tuff 
occurs in thinner (1–4 m thick) intervals that display faint hor-
izontal to low-angle stratification. The tuff breccia occurs in 
very thick (5–60 m thick) intervals that are massive and com-
monly are inversely graded in their lower third. Common lithic 
clasts in these deposits include hornblende and two-pyroxene 
andesite, basalt, vitric tuff, and felsic porphyritic lava (phe-
nocrysts of plagioclase, biotite, and quartz in a microlitic and 
devitrified groundmass).

The Mount Galen Volcanics records an initial pyroclastic 
eruption (tuff layer at base) followed by effusion of basalt and 
andesite lavas. The lava eruptions were followed by an interval 
of explosive volcanism. The lithic lapilli tuff and tuff-breccia 
facies consist almost entirely of juvenile volcanic grains (vitric 
shards, euhedral-subhedral crystals, porphyritic lava) and are 
primary pyroclastic deposits. The thin-bedded and laminated 
lapilli-tuff facies most likely represents deposition from pyro-
clastic surges, and the tuff-breccia facies consists of deposits 
derived from dense pyroclastic flows generated by more explo-
sive eruptions. (See sections above for discussions of these 
types of pyroclastic deposits.)

Volcanic-Rock Geochemistry

We report new major- and trace-element data on 14 samples 
from the volcanic rocks of Foraker Glacier and 17 samples from 
the Mount Galen Volcanics (9 from the Muldrow Glacier area and 
8 from the Mount Galen area; tables 2, 3). These data are the first 
published geochemical analyses for volcanic rocks of the Foraker 
Glacier and Muldrow Glacier areas, and the first set of trace-ele-
ment analyses for the Mount Galen Volcanics. Decker and Gilbert 
(1978) reported major-element data for six samples of the Mount 
Galen Volcanics.

Although all of these volcanic rocks are subalkalic, the volca-
nic rocks of Foraker Glacier and the Mount Galen Volcanics differ 
in major- and trace-element chemistry. On the basis of major-ele-
ment chemistry, the volcanic rocks of Foraker Glacier are a basalt-
andesite-rhyolite suite, whereas the Mount Galen Volcanics is 
primarily a basaltic andesite-andesite-dacite suite, although minor 
basalt and rhyolite is present (fig. 14). In addition, the volcanic 
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Figure 12. Stratigraphic column for the Mount Galen Volcanics exposed in type area (fig. 2), measured bed by bed by using a Jacob staff. Note 
stratigraphic position of new 40Ar/39Ar radiometric age reported in this study.



32 Studies by the U.S. Geological Survey in Alaska, 2000 33Stratigraphy, Age, and Geochemistry of Tertiary Volcanic Rocks and Associated Synorogenic Deposits, Mount McKinley Quadrangle

rocks of Foraker Glacier and Mount Galen Volcanics have differ-
ent K2O, Al2O3, and MgO trends with respect to SiO2 (fig. 14).

All of the samples from each suite of rocks exhibit some 
degree of light-rare-earth-element (LREE) enrichment (fig. 
15). Foraker Glacier rhyolites show greater LREE enrichment 
than do Foraker Glacier basalts, and one sample (FGW97–19, 
tables 2, 3) of Foraker Glacier basalt shows an exceptionally 
low LREE enrichment (fig. 15). Foraker Glacier rhyolites dis-
play a marked negative Eu anomaly. Samples of Mount Galen 
basalt and andesite vary widely in rare-earth-element contents 
and display a marked positive Eu anomaly (fig. 15). Samples 
of Mount Galen dacite and rhyolite are more uniform in rare-
earth-element contents than are the basalts. Mount Galen 
dacites and rhyolites are not as enriched in LREEs as are For-
aker Glacier rhyolites.

A comparison of trace-element contents using chon-
drite-normalized spider diagrams reveals some important 
differences between the volcanic rocks of Foraker Glacier 
and the Mount Galen Volcanics (fig. 16). The volcanic 
rocks of Foraker Glacier show a marked increase in Rb, Th, 
and K contents from the basalt to the rhyolite samples. For 
example, average Rb/Ba ratios for Foraker Glacier basalts 
and basaltic andesites, andesites, and rhyolites are 0.02, 0.1, 

and 1.3, respectively. The Mount Galen Volcanics does not 
show the same systematic strong increases in Rb, Th, and K 
contents between the mafic and felsic end members. (Aver-
age Rb/Ba ratios for Oligocene basalts and basaltic andesites, 
andesites, and dacites and rhyolites are 0.03, 0.09, and 0.05, 
respectively.) Another significant trace-element pattern is the 
systematic large decrease in Sr, P, and Ti contents between 
Foraker Glacier basalts, andesites, and rhyolites. In contrast, 
the Mount Galen Volcanics is enriched in Sr (especially the 
basalts and andesites) and shows smaller decreases in P and 
Ti contents from the mafic to felsic end members (fig. 16). 
Also, the Mount Galen basaltic through felsic samples show 
a pronounced Nb-Ta-depletion trend that is absent in Foraker 
Glacier basalts and is only subtly expressed in Foraker Glacier 
andesites and rhyolites.

The geochemical data reveal different petrogenetic histo-
ries for the volcanic rocks of Foraker Glacier and the Mount 
Galen Volcanics. The volcanic rocks of Foraker Glacier were 
probably derived from a slightly depleted subcontinental litho-
spheric mantle source with some characteristics of subduction 
magmatism. Basalt sample FGW97–19 (tables 2, 3), from the 
stratigraphically lowest lava, is the most primitive sample from 
the volcanic rocks of Foraker Glacier and represents the least 

Figure 13. Lithic-tuff-breccia facies (pyroclastic-flow deposits) in the Mount Galen Volcanics at Mount Galen (fig. 2). Outcrop represents 
approximately 210–220-m interval in stratigraphic column (fig. 12).
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Sample SiO2 Na2O K2O Al2O3 MgO Fe2O3 CaO MnO TiO2 P205 LOI Total

Volcanic rocks of Foraker Glacier (late Paleocene and early Eocene)

FGW97–19 47.93 3.30 0.32 15.54 5.98 10.21 4.86 0.11 1.90 0.16 7.59 97.90
FGW97–140 50.94 2.48 1.39 14.64 4.74 8.85 8.05 .15 1.55 .39 5.56 98.74
FGW97–121 51.94 2.29 .38 15.52 4.03 9.07 7.64 .13 1.59 .37 6.00 98.96
FGW97–189.5 54.30 2.15 1.10 15.44 3.82 7.97 5.99 .12 1.58 .38 5.19 98.04
FGW97–154 55.81 2.14 1.56 14.58 3.99 8.19 6.25 .11 1.56 .33 5.04 99.56
FGW97–85 59.88 2.43 3.89 15.41 2.93 6.92 3.57 .10 1.24 .28 3.79 100.44
FGW97–46 60.76 3.20 3.83 14.62 2.35 6.16 3.11 .10 1.20 .26 4.53 100.12
FGW–1 71.76 2.18 5.79 12.22 .23 1.90 .31 .02 .10 .02 5.40 99.92
FGW–3 72.84 3.34 5.60 12.72 .10 .86 .43 – – – .12 .08 3.89 99.96
FGW–6 74.59 3.67 5.59 12.69 .16 1.45 .55 .03 .12 .04 1.05 99.94
FGW–7f 75.47 2.79 6.81 11.96 .35 1.49 .34 .03 .10 .09 .60 100.02
FGW97–291 77.91 2.52 5.23 12.44 .05 1.29 .63 <.01 .14 .01 .86 101.08
FGW97–345 78.43 1.89 6.26 12.14 .04 1.02 .16 .01 .13 .01 .82 100.91
FGW97–267 78.94 2.27 5.30 12.21 .08 1.17 .13 .01 .12 .01 1.01 101.25

Mount Galen Volcanics (late Eocene and early Oligocene)

Muldrow Glacier area

MG1–220bc 53.72 3.66 1.14 16.96 3.67 7.75 8.10 0.11 1.58 0.20 2.30 99.19
MG1–18a 57.16 1.62 3.91 14.23 2.47 5.20 7.23 .19 .67 .26 7.80 100.74
MG1–47.3 57.34 3.17 1.37 18.96 .45 8.76 6.49 .05 1.75 .05 .75 99.14
MG1–18 59.47 .28 3.71 13.33 2.99 4.99 6.89 .19 .66 .16 6.16 98.83
MG1–220GC 61.45 3.22 2.08 17.26 1.93 4.41 4.86 .10 .58 .18 2.80 98.87
MG1–40 64.81 2.07 5.41 14.17 .29 1.11 1.91 .02 .11 .10 8.65 98.66
MG1–220dc 70.67 3.49 2.77 15.09 .91 2.56 2.09 .05 .30 .08 1.25 99.26
MG1–28.5 72.18 3.33 2.80 13.66 .52 3.05 1.69 .05 .28 .04 3.81 101.41
MG1–86C1 75.99 2.56 2.37 12.41 1.03 2.87 .18 .04 .33 .05 2.59 100.42

Mount Galen type area

GA1–46 52.73 3.09 1.33 18.82 3.06 8.90 7.52 0.24 1.25 0.20 1.88 99.02
GA1–31 53.99 3.39 1.30 18.45 2.22 8.13 7.41 .25 1.31 .18 1.81 98.44
GA1–33 54.49 3.21 1.26 20.22 2.11 9.12 8.30 .19 1.29 .35 .42 100.96
GA1–123 59.83 3.40 1.04 17.81 2.06 4.23 5.04 .10 .67 .12 5.01 99.31
GA1–148.3 63.58 3.51 1.56 15.97 1.77 4.06 4.32 .08 .66 .19 3.88 99.58
GA1–100 65.28 3.76 2.19 17.23 .60 3.04 4.47 .03 .72 .14 1.72 99.18
GA1–225C 65.76 2.36 1.64 17.45 1.64 6.24 4.71 .11 .81 .05 .42 101.17
GA1–96.5 68.25 3.90 2.13 16.56 .70 2.71 4.35 .03 .79 .15 1.69 101.26

Mount Galen data from Decker and Gilbert (1978)

1b 46.00 3.40 1.10 17.00 5.00 5.80 8.20 0.04 3.00 0.35 – – – 89.89
2 47.00 3.80 1.20 17.00 4.40 5.30 8.10 .21 2.90 .45 – – – 90.36
6 58.60 3.20 .84 17.20 2.80 4.30 5.90 .04 .75 .09 – – – 93.72
5 59.20 3.10 .96 17.20 3.60 2.50 5.70 .05 .90 .10 – – – 93.31
4 61.50 4.20 1.60 18.10 2.40 1.60 6.00 .18 .90 .15 – – – 96.63
3 63.20 3.80 1.90 16.60 2.10 3.60 5.40 .09 .66 .10 – – – 97.45
7 64.80 3.60 2.20 15.70 1.70 4.00 4.10 .84 .46 .08 – – – 97.48
8 69.00 3.60 2.30 15.50 1.30 3.00 3.80 .77 .46 .10 – – – 99.83

Table 2. Major-element composition of samples from the volcanic rocks of Foraker Glacier and the Mount Galen Volcanics.

[X-ray-fluorescence analyses in weight percent by Chemex Laboratories, Inc. LOI, loss on ignition]
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Sample Ba Ce Dy Er Eu Gd Hf Ho La Lu Nb Nd Pr Rb Sm Sr Ta Tb Th Tm Y Yb Zr

Volcanic rocks of Foraker Glacier (late Paleocene and early Eocene)

FGW97–19 477 20.5 3.8 2.5 1.1 3.9 4 0.9 9 0.4 8 13.5 3 5.2 3.4 307 0.9 0.7 1 0.4 24 2.6 159
FGW97–140 928 64 5.5 3.1 1.8 6.4 6 1.2 31 .4 21 30.5 7.6 24.6 6.4 415 2 1.1 7 .5 30.5 2.9 244
FGW97–121 432.5 50.5 4.7 2.9 1.4 5.9 4 .8 24 .4 16.7 26 6.3 5.8 5 512 .9 .8 4 .4 20.1 2.6 204
FGW97–189.5 747 66.5 5.5 3.4 2.1 6.7 7 1.2 32.5 .4 19 33 8.2 19.6 6.8 392 1 1 8 .4 35.5 3.3 277
FGW97–154 1,155 55.5 5.4 3 1.6 5.7 7 1.1 27 .5 18 27.5 6.8 36.2 6 466 1 .9 7 .4 30 3.1 255
FGW97–85 1,160 63 5.6 3.4 1.9 6.8 7 1.1 30 .4 15 31.5 7.7 103 7 275 1 .9 9 .5 32 3 248
FGW97–46 885 65.5 5.8 3.3 1.5 6.6 7 1.2 31 .5 16 32.5 8.1 115.5 7.2 212 1.5 1 11 .5 34.5 3.4 257
FGW–1 210 192.5 12.8 6.8 .5 16.2 8 2.6 86 1.1 43 75 21.3 259 13.9 14.9 9 2.4 20 .9 57.5 7 222
FGW97–291 184 155 8.8 5.3 .4 10.6 7 1.7 76.5 .8 22 66 17.6 236 12.1 15 2 1.7 25 .7 51.5 4.9 191
FGW97–345 214 143 7.5 4.1 .4 9.4 7 1.5 73 .6 20 59 16.2 279 9.9 14 2 1.3 24 .7 40.5 4.2 169.5
FGW97–267 206 108 6.7 4.2 .3 7.9 6 1.3 53.5 .6 19 45.5 12.5 242 8.7 14 1.5 1.2 20 .6 39.5 3.9 151

Mount Galen Volcanics (late Eocene and early Oligocene)

Muldrow Glacier area

MG1–220bc 443 22.5 4.4 2.6 1.4 4.3 3 0.8 10 0.4 7.6 14 3.1 16.3 3.4 290 0.5 0.6 2.8 0.3 23.8 2.6 160
MG1–47.3 556 9.5 2.1 1.9 1 1 3 .4 5.5 .3 7 4.5 1 19  .9 387 .4 .1 2 .3 17.5 2.4 160
MG1–18 403.5 25.5 2.7 1.9 1.1 3.4 .9 .5 11.5 .2 4.9 15 3.2 118 2.4 229 .3 .4 3 .1 12.3 1.6 81.5
MG1–220GC 974 39 2.8 1.7 1.3 4.1 3 .7 19.5 .3 7 17 4.9 42 3.9 547 1.5 .5 5 .3 14 2 108
MG1–40 741 67 6.1 4.2 .5 6.3 5 1.3 33 .7 14 29 7.8 108 5.8 106.5 3.5 1 9 .7 32 4.3 167
MG1–220dc 1,307 28 1 .7 .5 1.8 .9 .1 14.5 <.1 4.6 10 2.9 42.6 1.8 382 .35 .1 6.6 <.1 7.3 1 83
MG1–28.5 1,095 40.5 2.3 1.5 .6 2.9 4 .5 21.5 .3 7 15.5 4.5 62.2 3.4 417 .5 .4 8 .2 15 1.5 92.5
MG1–86C1 539 22.5 1.6 1.1 .3 1.5 3 .3 11 .2 5 8.5 2.6 71.4 1.7 295 .5 .2 5 .1 11.5 1.3 83.5

Mount Galen type area

GA1–46 755.2 22.5 2.3 1.6 1.2 3 1 0.4 11 0.1 6.8 13.5 3.1 17.2 2.5 900 0.45 0.3 2.6 0.1 13.8 1.7 100
GA1–31 680 22.5 2.9 1.7 1.5 3 3 .5 10.5 .3 5 13.5 3.2 20 3.5 1,000 .45 .4 2 .2 15 1.6 91
GA1–33 696 36.5 4.8 2.4 2.1 5.4 3 .8 17.5 .3 9 23 5.4 21.4 5.3 1,085 1.5 .7 3 .4 20.5 2.4 108
GA1–123 747.2 24.5 1.6 1 1.1 1.6 1 .2 13 .1 6.1 11.5 2.8 13.4 2 725 .35 .3 4.6 <.1 8.6 1.1 92.5
GA1–148.3 846 35.5 2.4 1.2 1.1 2.9 3 .4 17.5 .1 6 17.5 4.2 16.8 3.5 666 .4 .4 5 .1 12 1.1 108
GA1–100 1,117 31 1.7 .9 1.3 2.8 2 .2 16.5 <.1 6.4 14 3.6 38.9 2.8 609 .4 .3 6.2 <.1 8.3 .6 109
GA1–225C 891 39 2.6 1.5 1.3 3.7 3 .5 21 .3 8 19.5 4.7 22 4.1 598 2 .5 6 .2 12.5 1.7 106
GA1–96.5 1,000 35 2.1 1 1 2.8 3 .4 18.5 .1 6 16.5 4.2 43.6 3.2 635 .45 .4 5 .1 10 1 96.5

Table 3. Trace-element composition of samples from the volcanic rocks of Foraker Glacier and the Mount Galen Volcanics.

[Inductively coupled plasma mass-spectrometric analyses in parts per million by Chemex Laboratories, Inc.]
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Figure 14. Major-element-variation diagrams for the volcanic rocks 
of Foraker Glacier and the Mount Galen Volcanics. Rock classifica-
tions after LeBas and others (1986).

Figure 15. Chondrite-normalized rare-earth-element dia-
grams for samples of the volcanic rocks of Foraker Glacier and 
the Mount Galen Volcanics. Average compositions of Pacific 
enriched midoceanic-ridge basalt (E–MORB), Mesozoic flysch 
in the Mount McKinley area (fig. 2), and upper-crustal rocks 
from Klein and Langmuir (2000), Lanphere and Reed (1985), and 
Taylor and McLennan (1985), respectively; chondrite-normal-
izing values from Boynton (1984).
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Figure 16. Normalized trace-element diagrams for samples of the volcanic rocks of Foraker Glacier 
and the Mount Galen Volcanics. Average compositions of Pacific enriched midoceanic-ridge basalt 
(E–MORB) from Klein and Langmuir (2000), of oceanic-island basalt (OIB) (Hawaii) from Spengler and 
Garcia (1988) and Sims and others (1999), of upper-crustal rocks from Taylor and McLennan (1985), 
and of Aleutian basalt from Kay and Kay (1994) and Fournelle and others (1994). Chondrite-normalizing 
values from Thompson and others (1984), and primitive-mantle-normalizing values from Sun (1980).



38 Studies by the U.S. Geological Survey in Alaska, 2000 39Stratigraphy, Age, and Geochemistry of Tertiary Volcanic Rocks and Associated Synorogenic Deposits, Mount McKinley Quadrangle

evolved magma for these rocks. This sample exhibits only 
slight LREE enrichment and low contents of the incompatible 
elements Rb, Th, and K (figs. 15, 16). The sample is similar 
in composition to enriched midoceanic-ridge basalts of the 
Pacific Ocean (E-MORB, fig. 16), with the notable excep-
tion of strongly elevated Ba content (fig. 16). Other Foraker 
Glacier basalts show more enriched trends than sample 
FGW97–19, with more LREE enrichment and higher Rb, 
Th, and K contents. These more enriched basalts are super-
ficially similar to oceanic-island basalts (OIB, fig. 16), but 
the basalts of Foraker Glacier have higher La/Nb ratios than 
do oceanic-island basalts (OIB, fig. 17), suggesting that they 
did not form directly from asthenospheric mantle (Thomp-
son and others, 1984; Fitton and others, 1988). Instead, the 
ranges of Zr/Nb and La/Nb ratios in Foraker Glacier basalts 
are similar to those in Miocene basalts derived from subduc-
tion-modified (hydrated) lithospheric-mantle sources beneath 
the Western United States (fig. 17; Fitton and others, 1988). 
The elevated Ba and Th contents of Foraker Glacier basalts 
also indicate the subduction-related processes whereby 
these elements become enriched in the lithospheric mantle 
wedge, possibly from subducted sedimentary rocks and the 
release of hydrous fluids from the downgoing slab (Kay, 
1984; Thorpe and others, 1984). Foraker Glacier basalts and 
andesites also have high Ba/Ta ratios (464–1,160); according 
to Gill (1981) a Ba/Ta ratio of >450 is a key characteristic of 
subduction-related volcanic rocks. Foraker Glacier basalts 
and andesites do not, however, show elevated Sr contents, 
which are typical of subduction-related arc rocks (Wilson 
and Davidson, 1984).

Foraker Glacier rhyolites were most likely formed by 
partial melting and assimilation of crustal rocks and evolved 
partly by fractional crystallization. A systematic increase in 
La/Nb ratio from Foraker Glacier basalts to rhyolites is one 
indication of crustal contamination (fig. 18; Thompson and 

others, 1984). The rhyolites are strongly enriched in Rb, Th, 
and K, as well as in LREEs, and are similar in composition 
to average upper continental crust (fig. 16). In contrast to 
Foraker Glacier basalts and andesites, the rhyolites have very 
low Ba/Ta ratios (23–137), indicating that the rhyolites did 
not evolve directly from subduction magmas (for example, 
Gill, 1981). Instead, we interpret that the rhyolites were 
formed by partial melting of crustal rocks by the basaltic 
magmas and evolved by a combination of assimilation and 
fractional crystallization. Strong depletion of Sr, P, and Ti 
in the rhyolites indicates that fractional crystallization of 
plagioclase, apatite, and Fe-Ti oxides was important in their 
formation (fig. 16). The strong negative Eu anomaly in the 
rhyolites also supports fractional crystallization of plagio-
clase (fig. 15).

Mount Galen basalts and andesites have elevated Ba, Th, 
and Sr contents and a marked paired depletion of Nb and Ta (fig. 
16), all common characteristics of subduction-related volcanic 
rocks (Kay, 1984; Wilson and Davidson, 1984; Thorpe and others, 
1984). Overall, these rocks have a trace-element pattern that is 
nearly identical to that of average Aleutian Arc basalt (fig. 16). 
Mount Galen dacites and rhyolites are similar in geochemical 
affinity to the basalts and andesites and display enrichments in 
Rb, Th, and Sr, as well as a distinctive Nb-Ta trough (fig. 16). The 
dacites and rhyolites also show slight P and Ti depletion, indicat-
ing that they evolved partly by fractional crystallization. Except 
for one sample, the samples of the Mount Galen Volcanics have 
high Ba/Ta ratios of 446 to 3,734: Dacite tuff sample MG1–40 has 
a Ba/Ta ratio of 212. We interpret that the Mount Galen Volcanics 
was formed as typical subduction-related magmas where basalts 
were derived by partial melting of an enriched mantle wedge and 
that the more felsic magmas evolved mostly by fractional crystal-
lization of the mafic magmas. The low Ba/Ta ratio of one dacite 
sample indicates that at least some of the felsic rocks were formed 
by partial melting and (or) assimilation of crustal rocks.

Figure 17. La/Nb versus Zr/Nb ratios in the volcanic rocks of Foraker 
Glacier and the Mount Galen Volcanics. Ranges for oceanic-island 
basalts (OIB) and midoceanic-ridge basalts (MORB) from Rollinson 
(1993, table 6.7). Same symbols as in figure 14.

Figure 18. Nb versus La contents in the volcanic rocks of Foraker 
Glacier and the Mount Galen Volcanics. Same symbols as in figure 14.
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Discussion

The volcanic and sedimentary rocks described above 
record an important sequence of tectonic events that shaped 
the ancestral Alaska Range. The sedimentary rocks that under-
lie the late Paleocene and early Eocene volcanic rocks of 
Foraker Glacier record an episode of tectonic uplift and basin 
subsidence. This uplift most likely coincided with an undeter-
mined amount of shortening of the underlying layers of Paleo-
zoic metamorphic rocks (fig. 4). The present-day orientation 
of metamorphic foliation implies that this shortening was in 
response to north-south compression, but more regional data 
are needed to evaluate shortening direction(s) and potential 
crustal rotations. Nevertheless, a significant point is that the 
metamorphic rocks of this region were uplifted and eroded to 
form the overlying synorogenic conglomerate. Although the 
timing of this uplift event is not yet precisely constrained, it 
preceded late Paleocene and early Eocene volcanism in the 
region. The Foraker Glacier synorogenic sedimentary deposits 
probably correlate with the lower part of the Cantwell Forma-
tion to the east in the Healy quadrangle, which also underlies 
late Paleocene and early Eocene volcanic rocks. The lower 
part of the Cantwell Formation in the Healy quadrangle was 
deposited along the leading edge of northward-vergent thrust 
sheets that formed in response to accretion of the Wrangellia 
composite terrane (Ridgway and others, 1997). By analogy, 
we propose that the Foraker Glacier synorogenic deposits 
also record uplift in response to accretion of the Wrangellia 
composite terrane and represent a westward extension of the 
Cantwell Basin (fig. 19A). If the Foraker Glacier synorogenic 
deposits are part of the lower part of the Cantwell Forma-
tion, then the lowermost conglomerate is the coarsest lower 
Cantwell deposit yet documented (maximum clast sizes, >2 
m in diameter). The very coarse grain size indicates that the 
Foraker Glacier conglomerates represent deposition near an 
area of uplift of the ancestral Alaska Range. Paleoflow data 
for Foraker Glacier conglomerates reveal westward drainage, 
opposite to the eastward-flowing drainages documented by 
Ridgway and others (1997) for the lower part of the Cantwell 
Formation in the Healy quadrangle. These paleoflow data 
might indicate that the Cantwell Basin was “segmented” into 
different drainage systems which could have formed adjacent 
to separate regions of uplift (fig. 19A). The Foraker Glacier 
synorogenic sedimentary rocks were then uplifted, as indi-
cated by the angular unconformity between them and the 
overlying volcanic rocks (fig. 4). This unconformity, which is 
analogous to the contact between the lower and upper parts of 
the Cantwell Formation in the Healy quadrangle, most likely 
represents the final stage of compression due to suturing of the 
Wrangellia composite terrane (Cole and others, 1999).

Magmatism associated with the Alaska Range belt 
of Wallace and Engebretson (1984) or the Alaska Range-
Talkeetna Mountains belt of Moll-Stalcup (1994) was 
occurring predominantly south of the Foraker Glacier area 
during the episode of synorogenic sedimentation. The latest 
phase of this magmatism is represented in the study area by 
the 55- to 60-Ma McKinley sequence plutons and the volcanic 

rocks of Foraker Glacier. These younger igneous rocks are 
geochemically distinct from older (60–72 Ma) rocks of the 
magmatic belt (generally higher K2O, lower Al2O3, lower Sr, 
and higher Nb contents; Lanphere and Reed, 1985; Moll-
Stalcup, 1994). Also, as shown in this chapter, the volcanic 
rocks of Foraker Glacier differ from rocks with “typical” 
subduction-related geochemical affinities. The volcanic rocks 
of Foraker Glacier and, by association, the other 55- to 60-Ma 
rocks in the belt most likely represent changes in the style of 
subduction magmatism caused by accretion of the Wrangellia 
composite terrane and the ensuing southward shift in the 
subduction zone (Wallace and Engebretson, 1984; Scholl and 
others, 1986). Coeval mafic magmas could have formed by 
partial melting of a remnant subduction-related mantle wedge, 
but Foraker Glacier basalts (especially sample FGW97–19, 
tables 2, 3) are more depleted in incompatible elements than 
would be expected for arc basalts. Reiners and others (1996) 
documented gabbro xenoliths in Alaska Range plutons with 
typical depleted-mantle isotopic compositions; they proposed 
that the Alaska Range plutons ultimately had a depleted 
mantle source of primary magmas which then evolved 
by several processes of partial assimilation and fractional 
crystallization. Our results, in combination with the those of 
Reiners and others (1996), imply that if a subduction-related 
mantle wedge was a source of primary magmas for these 
rocks, then it was more depleted than would be predicted for 
continental-margin arcs (for example, Pearce and Parkinson, 
1993). One possible source of depleted primary magmas could 
have been related to early Tertiary spreading-ridge subduction 
beneath southern Alaska (for example, Sisson and Pavlis, 
1993; Bradley and others, 1993). In this scenario, a depleted 
mantle-slab window could have formed beneath south-central 
Alaska as the spreading ridge was consumed—a hypothesis 
that has been proposed to explain the origin of plutons along 
the south coast of Alaska (Bradley and others, 1993) but has 
not yet been tested for early Tertiary volcanism in interior 
Alaska. We neither support nor refute the ridge-subduction 
hypothesis at this time but merely present it to provide a more 
regional perspective of magmatic and tectonic events.

The felsic magmas that were erupted to form the Foraker 
Glacier rhyolites were derived by melting of crustal rocks and 
evolved partly by fractional crystallization. Two sets of crustal 
rocks in the region that could have been involved in the forma-
tion of the felsic magmas are Paleozoic metamorphic rocks 
and the Mesozoic Kahiltna assemblage flysch (fig. 2). On the 
basis of geochemical evidence, Lanphere and Reed (1985) and 
Reiners and others (1996) suggested that early Tertiary gra-
nitic rocks of the Alaska Range were formed by melting of the 
Kahiltna flysch. In particular, Reiners and others (1996) pro-
posed that melting of the Kahiltna flysch was probably induced 
by an early stage of mica dehydration of the flysch caused by 
intrusion of mantle-derived mafic magmas. Foraker Glacier 
rhyolites are more enriched in rare-earth elements than is the 
Kahiltna flysch and are more similar in composition to aver-
age upper-crustal rocks (figs. 15, 16). Whereas partial melting 
and (or) assimilation of the Kahiltna flysch may have been 
involved in the formation of Foraker rhyolites, our data suggest 
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that other, more enriched crustal sources were involved as 
well. In a study of Tertiary granitic rocks to the northeast of 
our study area (in the Yukon-Tanana terrane), Aleinikoff and 
others (2000) ruled out flysch as a likely source and proposed 
that the felsic magmas were derived from partial melting of 
Paleozoic rocks. Foraker Glacier rhyolites may reflect a mixed 
crustal component in which some combination of Paleozoic 
rocks and Mesozoic flysch was involved in forming felsic 
magmas; additional geochemical work on these rocks, espe-
cially isotopic analyses, is needed to test this hypothesis.

Figure 19. Paleogeographic cartoons showing inferred Late Cretaceous drainage systems (A) 
and late Paleocene and early Eocene volcanic centers (B) in the Cantwell Basin. Stippling, sedi-
mentary rocks in lower part of the Cantwell Formation; gray shading, volcanic rocks in upper part of 
the Cantwell Formation. Gray arrows denote measured paleoflow directions; white arrows denote 
inferred drainage directions. Paleoflow data for the Healy quadrangle from the following sources: 
lower part of the Cantwell Formation, Trop (1996) and Ridgway and others (1997); upper part of the 
Cantwell Formation, Slaugenhoup and others (1997) and R.B. Cole (unpub. data). Paleoflow data 
shown for the Mount McKinley quadrangle are reported in text. Same map symbols as in figure 2.

The geochemical and age data reveal that the volcanic 
rocks of Foraker Glacier were comagmatic with Cantwell 
volcanic rocks of the Healy quadrangle (Cole, 1998; Cole and 
others, 2000). Paleoflow data from volcanic conglomerate 
interbedded in the lower part of the volcanic rocks of Foraker 
Glacier show eastward transport away from a probable erup-
tive center. Eastward paleoflow directions were also recorded 
in volcanic conglomerates of the Healy quadrangle (fig. 19B; 
Slaugenhoup and others, 1997; Cole and others, 1999). We 
interpret that these late Paleocene and early Eocene volcanic 
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rocks (both in the Foraker Glacier area and in the Healy quad-
rangle) were most likely erupted from multiple ventsites close 
to the southern margin of the Cantwell Basin. During early 
stages of volcanism, fluvial deposystems drained from the 
ventsites into the Cantwell Basin and then flowed eastward 
along the central part of the basin (fig. 19B). During later 
stages of volcanism, primary volcanic rocks prograded into 
and filled the Cantwell Basin.

The Mount Galen Volcanics displays a geochemical pat-
tern that is typical of arc rocks related to subduction processes. 
These rocks were most probably erupted along the north end of 
the Alaska-Aleutian subduction-related magmatic belt of Wal-
lace and Engebretson (1984), which crosscut late Paleocene and 
early Eocene rocks in the study area. The Oligocene plutons in the 
region (Foraker, McGonnagal, and Eielson plutons) are also con-
sidered to be part of this magmatic belt (Reed and Lanphere, 1974; 
Decker and Gilbert, 1978; Moll-Stalcup, 1994).

Conclusions

1. Two episodes of Tertiary magmatism are recorded in the 
southern part of the Mount McKinley 1:250,000-scale 
quadrangle. (i) A late Paleocene and early Eocene epi-
sode occurred after tectonic uplift and accretion of the 
Wrangellia composite terrane to southern Alaska. The 
volcanic rocks exhibit some of the characteristics of typi-
cal subduction-related arc rocks, but the primary magmas 
were more depleted than were magmas formed from 
enriched mantle sources. Their petrogenesis was most 
likely influenced by processes associated with accretion 
of the Wrangellia composite terrane where the magmas 
may have been partly derived from a modified (relatively 
depleted) remnant subduction-related mantle wedge or 
may have been related to a depleted mantle-slab window 
that formed during early Tertiary ridge subduction beneath 
southern Alaska. (ii) A late Eocene and early Oligocene 
episode of magmatism produced volcanic rocks that 
exhibit geochemical characteristics which are typical of 
subduction-related arc rocks and are most likely a north-
ward extension of the Aleutian-Alaska magmatic belt of 
Wallace and Engebretson (1984).

2. Before the late Paleocene and early Eocene magmatic 
event was a period of tectonic uplift during which Paleo-
zoic metamorphic rocks were folded. Part of this short-
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