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Cover. DGGS geologist Chris Wyatt on an outcrop of sheared Divide Mountain augen gneiss. Photo: Alicja Wypych.
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CHAPTER A: INTRODUCTION TO THE NORTHEAST

TANACROSS GEOLOGIC MAP
Alicja Wypych'

INTRODUCTION

The Mineral Resources section of the Alaska
Division of Geological & Geophysical Surveys
(DGGS) conducted 500 mi? of 1:63,360-scale
geologic mapping in the northeastern Tanacross
Quadrangle (Tanacross D-1, and parts of the
C-1, C-2, and D-2 quadrangles), located 15 miles
southeast of Chicken, Alaska (fig. 1). The project
took place during two periods: a reconnaissance
mapping effort June 12-22, 2017, and a detailed
campaign June 18-July 16, 2018. This map is
located within an area of current industry interest;
it includes the Taurus porphyry copper-gold-mo-
lybdenum + rhenium deposit and several other
occurrence types including gold, copper, and
molybdenum in porphyritic intrusions, struc-
turally controlled silver-lead-zinc prospects, and
placer gold deposits (fig. 2). The economic value
of the map area is described in detail in chapter
F of this report (Twelker and Newberry, 2021),
whereas the geochemical properties, similarities,
and differences of the intrusive sites are addressed

in chapter E (Wypych, 2021).

Prior to DGGS work in the area, the most-de-
tailed mapping was a reconnaissance map at
1:250,000 scale (Foster, 1970). The region also was
the focus of a detailed structural study (Hansen
and Dusel-Bacon, 1998). In the decades following
publication of Foster’s map, U.S. and Canadian
researchers established a regional geologic and
tectonostratigraphic  framework (for example,
Colpron and others, 2006; Dusel-Bacon and others,
2006) that involves two fundamental compo-
nents: the allochthonous Yukon-Tanana terrane
(YTT) and the parautochthonous North American
margin (pNA) from which the YT'T initially rifted,

and to which it was eventually re-accreted. The

boundary between the allochthonous YT'T and
pNA is one of the fundamental suture zones in the
northwestern Cordillera. It has a complex, multi-
phase structural and metamorphic history (Hansen
and Dusel-Bacon, 1998), and the northeastern
Tanacross Quadrangle is one of the rare areas in
which it is exposed. The conceptual framework has
been developed in the literature but it is not fully
represented in published geologic maps of eastern
Alaska (for example, Wilson and others, 2015).
Chapters C and D (Naibert and others, 2021;
Naibert, 2021) addresses the newest structural
findings as well as detailed mapping of the YT'T/
pNA boundary in the area using *’Ar/**Ar dating
techniques in conjunction with field data. Recent
detailed studies in the northeastern Tanacross and
adjacent area include geophysical surveys (Emond
and others, 2015; Burns and others, 2011, 2015;
fig. 2). These studies can be used for three-dimen-
sional magnetic modeling of features present under
the surface, as shown in chapter G (Emond and
Wypych, 2021). The complexity of the geophys-
ical data, ongoing U.S. Geological Survey (USGS)
studies (Jones and others, 2017a, 2017b), previous
1:63,360-scale mapping in the Eagle A-1 and A-2
quadrangles immediately to the north (Szumi-
gala and others, 2002; Werdon and others, 2001)
and resurgent mineral industry interest in the area
prompted DGGS to conduct new 1:63,360-scale
geologic mapping in this area (chapter G; map
sheet 1 in chapter B).

GEOLOGIC BACKGROUND

The northeastern Tanacross Quadrangle
is characterized by a very complex geologic
history, which can be distilled to four main
periods. Prior to the Late Devonian the region
experienced passive margin deposition equivalent

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
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Figure 1. Location of the Northeast Tanacross geologic map area, Tanacross D-1, and parts of the C-1, D-2, and C-2 quad-
rangles, Alaska.
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~ Magnetic and EM
(Burns and others,

Figure 2. Magnetic surveys overlain on hillshade relief map with location of main prospects in the Northest Tanacross map area.
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to Selwyn basin. In the Late Devonian to Early
Mississippian the YTT rifted away from the
North American margin, which resulted in a
major magmatic episode, emplacing plutons and
depositing volcanic rocks, and in the formation of
an ocean basin—the Slide Mountain/Seventymile
ocean (Dusel-Bacon and others, 2013). From
the Mississippian through the Permian, the YI'T
underwent multiple episodes of arc magmatism
while pNA was magmatically quiet. During
the Permian the Slide Mountain/Seventymile
ocean was consumed by subduction beneath
the Klondike arc, and prolonged re-accretion
of YI'T began (Dusel-Bacon and others, 2013;
Beranek and Mortensen, 2011). This resulted in
polydeformed metamorphic rocks that underwent
regional metamorphism up to amphibolite grade
and subsequent exhumation and cooling in the
Jurassic to mid-Cretaceous (Hansen and Dusel-
Bacon, 1998; Dusel-Bacon and others, 2002).
Triassic to Paleogene magmatism variably affected
the YI'T and pNA as the YT'T was re-accreted to

form the integrated southern Alaska margin.

1:250,000-scale
mapping of the Tanacross Quadrangle does not

Previous reconnaissance
address the terranes present; however, it does
delineate general amphibolite faces, greenschist
faces and carbonaceous Paleozoic units, Tertiary
mafic volcanic rocks, Mesozoic granitic rocks,
and Paleozoic or Precambrian metamorphic units
(Foster, 1970). Coney and others (1980) proposed
a “suspect Yukon-Tanana composite terrane” due
to the existence of fragments of oceanic arcs and
an unknown origin of the metamorphic rocks in
this region. The composite Yukon-Tanana terrane
concept evolved and was eventually defined as
both a parautochthonous continental margin of
North America, represented in the southern part
of the map area by the Lake George assemblage,
and an allochthonous YT'T, which is represented
by the Fortymile River assemblage in the northern
half of the map area (Colpron and others 2006,
Dusel-Bacon and others, 2006; Dusel-Bacon and
Hansen, 1992).

Lithotectonic units of the allochthonous
Yukon-Tanana terrane (locally represented by the
Fortymile River and Nasina assemblages; Dusel-
Bacon and others, 2017; Szumigala and others,
2002; Werdon and others, 2001) present in the
northern part of the Tanacross map area are inter-
preted as arc and basinal deposits formed on top
of, and adjacent to, the rifted YI'T during the early
Mississippian and thrust over pNA during Permian
to Jurassic time (Dusel-Bacon and others, 2006,
2017). Detailed mapping in the Eagle A-1 and A-2
quadrangles revealed the complexity of this terrane
immediately north of the field area, and provided a
very detailed framework to guide mapping within
the Fortymile River assemblage in the northeastern
Tanacross Quadrangle (Szumigala and others,
2002; Werdon and others, 2001).

Regionally, metamorphic assemblages of
YTIT and pNA are intruded by Triassic, Creta-
ceous, Quaternary, and possibly Neogene volcanic
and plutonic rocks. The oldest Mesozoic magmatic
body in the region, the Taylor Mountain batho-
lith, is described by Werdon and others (2001) as a
multi-phase intrusion with structural fabric present
only on the margins of the batholith. This pluton
has a complex intrusive history but, based on a
titanite U-Pb crystallization age, it was emplaced
around 214 Ma (Dusel-Bacon and others, 2009).
Mid-Cretaceous intrusions include granites such as
the ca. 117 Ma Crag Mountain pluton in the Yukon
(Yukon Geological Survey, 2019) as well as gabbro,
granodiorite, and quartz monzonite ranging in age
from ca. 97 to 101 Ma along the Alaska Highway
(Solie and others, 2019). Regionally, vein, scarn, and
porphyry-style mineralization is often attributed to
the mid-Cretaceous intrusions (Allan and others,
2013). Late Cretaceous intrusions include the
Mount Fairplay syenite (Foster, 1967), a known
rare earth element prospect (Newberry, 2020), and
other granodiorite, diorite, monzonite, trachyandes-
itic porphyries, and andesite bodies in the region,
which have a narrow age range between ca. 68
Ma and ca. 76 Ma (Benowitz and others, 2017).
Cu-Mo-Au porphyry mineralization is often associ-
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ated with Late-Cretaceous rocks in the uplands, for
example, Taurus porphyry present in the map area
(Harrington, 2010). The youngest igneous rocks
in the adjacent Eagle A-2 and A-1 quadrangles are
gabbro/diabase emplaced ca. 58 Ma (**Ar/*Ar crys-
tallization age; Werdon and others, 2001) and basalt
with a ca. 14 Ma *Ar/*Ar whole rock age (Szumigala
and others, 2002), respectively. Small fault-bounded
sedimentary basins were mapped in the Eagle A-1
and A-2 quadrangles (Szumigala and others, 2002;
Werdon and others, 2001).

The sedimentary successions consist of
conglomerate, sandstone, coal, siltstone, and gray-
wacke, with local felsic tuff, and are Cretaceous to
Paleogene (Szumigala and others, 2002; Werdon

and others, 2001).

CHAPTERS INCLUDED IN THE
REPORT:

*  Chapter A: Introduction to the northeast
Tanacross geologic mapping project

*  Chapter B: Northeast Tanacross geologic map
and map units and descriptions

*  Chapter C: Metamorphic cooling history of
the Fortymile and Lake George assemblages
from *’Ar/*Ar data from northeast Tanacross

*  Chapter D: Structural geology observations in
northeast Tanacross

*  Chapter E: Geochemical interpretation of
samples of igneous rocks from northeast
Tanacross

*  Chapter F: Observations on the economic
geology of northeast Tanacross

*  Chapter G: Magnetic modeling of northeast

Tanacross
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CHAPTER B: NORTHEAST TANACROSS GEOLOGIC MAP AND
MAP UNITS AND DESCRIPTIONS

Alicja Wypych?, Trent D. Hubbard?, Travis J. Naibert!, Jennifer E. Athey?!, Rainer J. Newberry?,
Karri R. Sicard?, Evan Twelker!, Melanie B. Werdon!, Amanda L. Willingham?, W. Chris Wyatt?,
and Alec C. Lockett?

DESCRIPTION OF MAP UNITS
Quaternary Unconsolidated Deposits

This map includes unconsolidated surficial deposits in the Tanacross D-1 Quadrangle, the eastern
one-third of the Tanacross D-2 Quadrangle, the northern half of the Tanacross B-2 Quadrangle and the
northeastern one-third of the Tanacross B-2 Quadrangle (sheet 1). To create this map we incorporated (1)
geologic information from previous geologic mapping and published literature, (2) new interpretations
using remotely sensed imagery, and (3) information gathered from limited field investigations. Previous
geologic mapping of the unconsolidated deposits in the Tanacross Quadrangle includes work by Foster
(1970) at a scale of 1:250,000, which provided a framework for our mapping and was instrumental in
understanding the regional distribution and character of Quaternary deposits. Weber (1986) described the
glacial history of the Yukon Tanana Upland and gave detailed descriptions of the extent and character of
these deposits. Her work along with glacial limits mapped by Péwé and others (1967) helped us identify
and map glacial deposits in the map area. Work by Pinney (2001) and Stevens and Burns (2010) in the
Eagle A-1 and A-2 quadrangles enabled us to understand the distribution and character of deposits in
adjoining areas to the north and enhanced our understanding of the morphology and distribution of allu-
vial terraces, many of which are gold bearing and extend southward into this map area. Mapping at a scale
of 1:50,000 in the adjoining Borden Creek and Crag Mountain quadrangles by Jackson (2005a, 2005b)

allowed comparisons with the distribution and character of deposits in Canada.

Remotely Sensed Imagery

Surficial geology was mapped by interpreting 2.5-m-resolution SPOT 5 color-infrared and natural color
red-green-blue (RGB) imagery (©2013, Distribution Spotlmage S.A., SICORP, USA, all rights reserved)
collected in 2009 and 2010 and stereoscopic pairs of approximately 1:65,000-scale, false-color, infrared aerial
photographs taken in 1978 and 1981. SPOT 5 imagery was interpreted in ArcGIS Pro by overlaying it on
hillshade and slopeshade images derived from Interferometric Synthetic Aperture Radar (IFSAR) bare-earth
digital-elevation models (DEMs) created using data collected in 2010. By using the pseudo-3-D functionality
of ArcGIS Pro and adjusting the transparency of the SPOT 5 imagery and the transparency and color of
hillshade and slopeshade images, we were able to visualize subtle differences in features and identify geologic
landforms. We used aerial photographs to identify geologic features and check our interpretations. Geospatial
polygon features that represent geologic units were drawn using onscreen digitizing techniques in ArcGIS Pro.

Field Work
We conducted helicopter-supported surficial geology field work June 20-23, 2017, and July 34,

2018. During the field campaign we visited exposures and dug soil pits to examine material and gather
information for unit descriptions and to check geologic mapping. We also measured the thickness of the
active layer at several locations.

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
’Department of Geosciences, University of Alaska, P.O. Box 755780, Fairbanks, Alaska 99775-5780
3Colorado College, Department of Geology, 14 East Cachel la Poudre St., Colorado Springs, Colorado 80903
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Man-made deposits

PLACER-MINE TAILINGS AND ARTIFICIAL FILLS (QUATERNARY)—Pebble-cobble
gravel with trace to some sand and silt forming tailings piles. Well to poorly sorted. Surface
smooth to irregular.

Alluvial deposits

ALLUVIUM OF MODERN STREAM CHANNELS (QUATERNARY)—Stratified,
well-sorted to locally poorly sorted, rounded to subangular, polymictic pebble-cobble gravel,
sand, and silt. Includes sediments deposited in active stream channels, floodplains, and associ-
ated low terraces that cannot be differentiated at the scale of mapping. Frequency and timing of
deposition is uncertain. In areas where inundation is infrequent, deposits may be locally overlain
by ice-rich organic silt. Vegetation includes alders, willows, and scattered spruce that are more
dense along (but not in) active stream channels where stream inundation is more frequent and
the active layer is thicker.

ALLUVIAL-FAN DEPOSITS (QUATERNARY)—Fan-shaped deposits of stratified, well- to
poorly sorted gravel, sand, and silt with scattered pebbles and cobbles. Debris-flow deposits are
common in upper (proximal) zones of fans. Clast size decreases and degree of sorting increases
distally from the head of the fan. Deposits are found along the margins of larger valleys at the
mouths of tributary streams and gullies, where they are often associated with complex colluvial
and alluvial valley-fill deposits (Qca), and older terrace alluvium (Qatl and Qat2).

FLOODPLAIN ALLUVIUM (QUATERNARY)—Elongate deposits of well-sorted to locally
poorly sorted, rounded to subangular, polymictic, pebble-cobble gravel, sand, and silt in flood-
plains and associated low terraces. Lower surfaces may be flooded during times of maximum
stream discharge.

YOUNG TERRACE ALLUVIUM (QUATERNARY)—Elongate deposits of well-sorted to
locally poorly sorted, rounded to subangular, polymictic pebble-cobble gravel and sand with
trace to some silt overlain by ice-rich organic silt and overbank deposits. Deposits form low
terraces approximately 10—15 m above modern streams.

OLD TERRACE ALLUVIUM (QUATERNARY)—Elongate deposits of well-sorted to local-
ly poorly sorted, rounded to subangular, polymictic pebble-cobble gravel, sand, and silt capped
by variable thicknesses of ice-rich primary and reworked eolian silt. Vegetation generally consists
of tussock tundra with scattered to sparse and often stunted black spruce.

Most deposits are present as benched surfaces along valley margins that are 30-40 m above mod-
ern stream channels. Surfaces are moderate to gently sloping parallel to stream channels and have
typically been extensively modified by slope processes, such as gelifluction and solifluction. Based
on their mapping in the Eagle A-1 and A-2 quadrangles directly north of the map area, Stevens
and Burns (2010) and Pinney (2001) suggested these terrace deposits are not related to modern
drainage and may be Pleistocene in age as current streams do not appear to be capable of depos-
iting such material. Based on our observations including the degree of surface modification from
slope processes, we agree with this assertion although we were unable to date these surfaces.

OLDEST TERRACE ALLUVIUM (QUATERNARY)—Elongate deposits of well-sorted to
locally poorly sorted, rounded to subangular, polymictic, pebble-cobble gravel, sand, and silt.
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Vegetation generally consists of tussock tundra with scattered to sparse and often stunted black
spruce that are often tilted as a result of complex, frost-action processes.

Deposits occur on benched surfaces along valley margins that are up to approximately 125 m
above the modern stream channels. Surfaces are moderately sloping parallel to stream channels
and have been extensively modified by slope processes that include gelifluction and solifluction.
Primary morphology has generally been destroyed and deposits are often discontinuous. Oldest
terrace surfaces are often adjoined by colluvium (Qc) and mixed colluvial and alluvial valley fill
deposits (Qca) that are present on steeper slopes and valley sidewalls. Open-system pingos are
often found at these unit boundaries.

The oldest terrace surfaces are most common along valley side slopes in larger stream valleys
within the map area. The proximity of the oldest terrace deposits to older cirques with subdued
morphology in high-elevation source areas indicates that these deposits are of glaciofluvial origin.

Colluvial deposits

UNDIFFERENTIATED COLLUVIUM (QUATERNARY)—Blankets, aprons, cones, and
fans of heterogeneous, angular to subangular rock fragments, gravel, sand, and silt formed by re-
sidual weathering and complex, gravity-driven mass movements involving rolling, sliding, flowing,
solifluction (or gelifluction where frozen), and frost action on weathered bedrock and unconsoli-
dated deposits. Deposits are generally unsorted to poorly sorted. Thickness is highly variable, often
reflecting the configuration of bedrock where thin and forming thick deposits at the base of slopes.

Unit includes Quaternary deposits whose origins are uncertain or whose primary depositional
morphology was modified or destroyed by weathering and slope processes. May be complexly
mixed with terrace deposits (Qatl, Qat2, and Qat3), glacial drift (Qgd), and complex colluvial
and alluvial deposits (Qca).

FINE-GRAINED COLLUVIUM AND SILT (QUATERNARY)—Deposits of fine-grained
colluvium and silt. Silt is largely retransported from original hillside sites to lower slopes by a
variety of complex slope processes. Deposits are commonly perennially frozen and ice rich.

COLLUVIAL LANDSLIDE DEPOSITS (QUATERNARY)—Elongate to lobate mixtures of
bedrock blocks, angular to subangular rock fragments, and polymictic gravel, sand, and silt de-
posited on steep slopes by sliding of failed bedrock and unconsolidated surface deposits. Surfaces
modified by creep and flow.

RUBBLE DEPOSITS (QUATERNARY)—Heterogeneous mixtures of frost-rived, angular,
blocky rock fragments with trace to some gravel, sand, and silt deposited by free fall, tumbling,
rolling, and sliding. Most commonly found on steep bedrock slopes and downslope of bedrock
outcrops, and undifferentiated colluvium (Qc).

Complex deposits

COLLUVIAL AND ALLUVIAL VALLEY-FILL (QUATERNARY)—Massive to poorly strat-
ified sand and silt mixed with subangular to rounded pebble-cobble gravel and locally derived
bedrock clasts deposited in upper stream courses and on lower slopes along the margins of stream
valleys by complex mass-movement processes (including rolling, sliding, flowing, gelifluction,
and frost action). Locally may include debris flow deposits. Deposits are locally overlain by vari-
able thickness of ice-rich organic silt that, when exposed, undergoes active thermokarst degrada-
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tion. Surface commonly has numerous trees that are leaning as a result of frost action. Complexly

mixed with colluvium (Qc), older alluvial deposits (Qatl, Qat2), and glacial drift (Qgd).

These types of deposits are present where (1) streams are not able to remove material faster than it
is transported by downslope by colluvial processes, or (2) where material originally deposited by
stream processes has been reworked by complex slope processes destroying the original morphology.

Glacial deposits

UNDIFFERENTIATED GLACIAL DRIFT (QUATERNARY)—Heterogeneous mixtures of
poorly to moderately sorted, subangular to rounded boulders, gravel, sand, and silt deposited by an-
cient alpine glaciers and then extensively modified by slope processes. Preserved as irregular patches

of thin drift within colluvial deposits (Qc). Structure of underlying bedrock typically visible.

Associated valley headwalls in the highest elevations exhibit subdued, cirque-like morphology.
Valley cross-profiles are highly modified by the accumulation of colluvium on valley walls and
by stream erosion. Streams are markedly underfit for the valleys they occupy.

Based on characteristics such as subdued morphology, elevation of source areas, and apparent
extreme age, the mapped deposits could correlate with early Pleistocene glacial deposits of the
Charley River glaciation described by Weber (1986) in the Yukon Tanana Upland, Weber and
Wilson (2012) in the Eagle Quadrangle, and cirques of the pre-Reid glaciation mapped by Jack-
son (2005a, 2005b) in Canada just east of the map area.

BEDROCK GEOLOGIC UNITS
Sedimentary rocks

RSN CONGLOMERATE AND SANDSTONE (LATE CRETACEOUS)—Lithified conglomer-

Qb

ate, sandstone, claystone, and poorly lithified gravel, sand, silt, and clay. Beds are rarely graded.
Sandstones are typically medium grained. Conglomerates are clast-supported to matrix-supported,
are poorly- to well-sorted, and include pebbles, cobbles, and rare boulders up to 50 cm in diam-
eter. Subangular to rounded clasts of semischist, augen gneiss, volcanic rocks, vein quartz, chert,
paragneiss, greenschist, and graphitic quartzite are hosted in either a pale-green clay-rich matrix or
quartz-rich matrix. The field relationship between this conglomerate and the volcanic rocks (unit
Kv) in the vicinity of VABM Lode suggests the conglomerate was deposited before the volcanic
rocks, requiring this unit to be Late Cretaceous or older. The unit is up to 150 m thick. No direct
contact was observed. Two samples, a sandstone and a conglomerate, yielded youngest detrital zir-
con age populations of 106.1 + 0.9 Ma and 105.5 + 5.6 Ma, respectively, indicating a Cretaceous
depositional age (on 4 grains; Wypych and others, 2020). Foster and Igarashi (1990) found pollen
assemblages indicating that both Late Cretaceous and Miocene or younger sedimentary rocks
comprise a belt extending westward from the westernmost exposure of unit Kc in the map area.
Similar conglomerate in the Eagle A-1 and A-2 quadrangles (Szumigala and others, 2002; Werdon
and others, 2001), elsewhere in the northern Tanacross Quadrangle, and to the east in Canada
(Yukon Geological Survey, 2019) were likely deposited in Late Cretaceous, Miocene or later based
on pollen ages (Foster and Igarashi, 1990).

Igneous rocks
PRINDLE VOLCANO BASANITE (QUATERNARY)—Cinder cone deposits, flows, and dikes

of basanite, trachyandesite, and alkali-basalt. The cinder cone at Prindle Volcano in the Tanacross
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C-2 Quadrangle consists of interlayered spatter and flow deposits. A composite lava flow extends
8 miles (12.9 km) to the southeast from the vent site. Spatially limited flows and dikes of the same
composition are locally present throughout the map area. Dark-gray, brown-weathering, vesicular
flows contain abundant xenoliths of peridotite, tonalite, and metamorphic rocks. Mafic lavas are
composed of aphanitic, weathered volcanic glass with about 7 percent phenocrysts, which include
subhedral to anhedral olivine, and 3 percent subhedral to euhedral pigeonite. Olivine phenocrysts
form two distinct populations: one larger fraction (up to 2 mm in diameter), which is often resorbed
on the rims, and a smaller (about 0.3 mm in diameter) anhedral fraction. Pigeonite crystals are up
to 0.2 mm in diameter, with rare augite lamellae. Unit is magnetic, with magnetic susceptibility
ranging from 1.7 to 18.4 x 107 Systeme International (SI). Cinder cone basanite yielded whole rock
“Ar/¥Ar plateau age of 200,000 + 60,000 years and an age of 176,000 = 16,000 years using the
(U-Th)/He method on zircon (Andronikov and Mukasa, 2010; Blondes and others, 2007).

VOLCANIC FLOWS, DIKES, AND PLUGS (LATE CRETACEOUS)—Basaltic andesite and
andesite with rare dacite to rhyolite flows; gray, pale green, to dark maroon or gray, weathers orange,
tan, or brown. Flows are porphyritic, with aphanitic groundmass, and are autobrecciated at flow
edges. Phenocryst size ranges from 0.01 to 7 mm. Mineralogy includes 10— 30 percent plagioclase
laths, 5 percent hornblende, 1 percent quartz, less than 1 percent biotite, some disseminated mag-
netite, and rare pyrite. Large hornblende phenocrysts (up to 8 mm in length) and partially clay-al-
tered plagioclase laths (up to 2 cm in length) occur in a gray groundmass. Plagioclase phenocrysts
are subhedral, with polysynthetic twinning, some sericitization, and rounded and altered rims. Eu-
hedral hornblende phenocrysts are smaller, I mm long on average, but up to 8 mm, with inclusions
of opaque minerals and quartz(?). Quartz phenocrysts are rare, subhedral, 2 mm long, and rounded
and resorbed on the edges. Rare, medium-grained, subhedral biotite phenocrysts are elongate and
often have resorbed edges. The groundmass is recrystallized to a mixture of fine-grained feldspar
+ quartz and opaque minerals, with spheroidal chlorite. Weathering is fracture controlled. The
volcanic flows are generally thin; however, in the central Tanacross D-1 Quadrangle they reach a
thickness of around 150 m. Base on the presence of andesite in drill hole BL11-004 and magnetic
properties of the rock underlying the East Fork of the Dennison River, we infer about 38 km?of the
volcanic flow to be present there. Magnetic susceptibility varies with alteration. In altered rocks it
is as low as 0.1 x 107 SI, and in unaltered outcrops the magnetic susceptibility reaches 55 x 10~ SI
and averages 18-20 x 10~ SI. A dacite whole rock analysis yielded an “’Ar/*’Ar plateau age of 65.5
+ 0.4 Ma (Naibert and others, 2018) and two samples of andesites yielded U-Pb zircon crystalliza-
tion ages of 67.7 £ 0.9 Ma and 71.5 + 3.0 Ma (Todd and others, 2019).

PIKA DIORITE (LATE CRETACEOUS)—Dikes, plugs, and intrusions of diorite to gran-
odiorite in general vicinity of the Pika and Fishhook prospects. Gray, tan, green-gray, or light
brown, and weathers orange-tan. Texture is massive, porphyritic, seriate, or equigranular. Por-
phyritic phases consist of 5-30 percent plagioclase, 1-15 percent hornblende, and 2—10 percent
biotite phenocrysts in a gray aphanitic groundmass. Hornblende phenocrysts are up to 8 mm
long, and partially clay-altered plagioclase laths are up to 2 cm in length. Rare euhedral biotite
is medium grained. Equigranular to seriate phases consist of up to 85 percent plagioclase crystals
between 0.5 and 5 mm in length, up to 20 percent quartz, up to 15 percent pyroxene, 5-14
percent biotite, about 2 percent hornblende, up to 5 percent magnetite, and rare epidote. Some
propylitic alteration and chloritization is present. This unit is very magnetic— the average mag-
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netic susceptibility is 20 x 107 SI, but it ranges between 2 and 45 x 107 SI. Biotite from diorite
yielded “Ar/*Ar plateau age of 66.3 + 0.7 Ma (diorite; Naibert and others, 2018) and a zircon
U-Pb age of 70.3 + 0.5 (diorite porphyry; Todd and others, 2019).

TAURUS GRANODIORITE (LATE CRETACEOUS)—Dikes and intrusions of granodi-
orite with lesser quartz monzonite and porphyries of andesitic to dacitic composition located
in the Taurus prospect area. Gray, pinkish gray, pink-green, or pale green; weathers orange or
pale brown. Outcrops are massive and jointed. Porphyritic phases have a grain size between
0.01 and 10 mm. Contains up to 75 percent feldspar, 15 percent hornblende phenocrysts, and
up to 7 percent clinopyroxene in fine-grained or aphanitic matrix. Minor biotite and quartz
are sometimes present but generally do not exceed 1 percent. Feldspar and quartz look fresh
and are between 2 and 5 mm. Hornblende is chloritized, often has biotite cores, and ranges
from 3 to 7 mm in length. Sulfides can be disseminated through the rock. In the porphyry
end-member, groundmass forms up to 94 percent of the rock. This porphyry is locally altered
to a sericite-tourmaline assemblage carrying elevated silver values (Wypych and others, 2017,
2018). Unaltered samples have high magnetic susceptibility values ranging from 0 to 52 x 107
SI, averaging 8 x 107 SI. The granodiorite has been dated using U-Pb to be 71.0 + 1.1 Ma (Wy-
pych and others, 2020).

QUARTZ-FELDSPAR PORPHYRY (LATE CRETACEOUS)—Dikes and small intrusive
bodies of porphyry with trachyandesite to monzodiorite composition, located in the Taurus
and Bluff prospects. Tan, pale gray to pale green, pale pink, jointed, porphyritic to equigranu-
lar, with grain sizes between 0.01 and 8 mm. The porphyritic rocks are more common, and an
aphanitic matrix. Equigranular phases have up to 30 percent quartz, 20 percent biotite, up to 3
percent hornblende, and 75 percent feldspar. Both phases are highly altered with potassic as well
as quartz-sericite-pyrite alteration and are cut by molybdenite-pyrite veins. Altered rocks have
elevated gold and molybdenum (Wypych and others, 2017; Wypych and others, 2018) and low
magnetic susceptibility averaging about 1 x 10 SI. The porphyry phase has a U-Pb age of 70.6
+ 0.9 Ma (Todd and others, 2019).

FRED GRANITE (CRETACEOUS?)—Medium-grained, biotite-bearing granite to quartz-sy-
enite occurring as small stocks in the vicinity of VABM Fred. Pink to gray, jointed, porphyritic
to equigranular, and hypidiomorphic; grain size ranges from 1 to 6 mm. Mineralogy includes
up to 45 percent euhedral potassium feldspar, up to 25 percent subhedral quartz, 20-25 percent
plagioclase, and up to 15 percent biotite. Potassium feldspar phenocrysts are up to 6 mm in
length and are hosted in a finer-grained matrix of plagioclase, quartz, and biotite. In the outcrop
scale, the granite locally contains inclusions of metamorphic material and has similar trace-element
lithogeochemistry as the intrusive rocks in the map area (unit Kg); therefore, it is most likely of
mid-Cretaceous age. The magnetic susceptibility is very low, ranging from 0.05 to 0.21 x 10~ SL

GRANITE (CRETACEOUS)—Garnet-bearing granite and biotite-bearing granite stocks and
intrusions, with aplite and pegmatite dikes of similar composition. Granite is tan, cream, or light
gray to pale pink, seriate to equigranular, hypidiomorphic, with grain size between 0.1 and 35
mm. Typically the granite has up to up to 40 percent potassium feldspar, 30 percent plagioclase,
30 percent quartz, 3 percent white mica, 3 percent biotite, and locally 1 percent garnet. Locally
altered to clay and chlorite, but is generally fresh with rare veins of pyrite. Weak foliation is locally
observed, generally near intrusion edges.
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Pegmatite dikes are similar in composition to the granite, with up to 50 mm long euhedral
orthoclase and microcline crystals in a matrix of about 10 mm diameter quartz and plagioclase.
Thin books of biotite between 50 and 70 mm long are found irregularly throughout the rock.
Biotite is slightly chloritized on margins, and forms up to 5 percent of the rock.

Aplite dikes are light gray and equigranular, with grain sizes between 0.5 and 2 mm. Mineralogy is
similar to larger granitic intrusions, and includes rare metamorphic xenoliths. Locally altered with
up to 1 percent disseminated pyrite, sparse quartz veinlets, sericite, and local tourmaline clots (up
to 0.1 percent).

The granites, pegmatites, and aplites are characterized by low magnetic susceptibility, ranging
between 0 and 1.5 and averaging 0.3 x 107 SI. Granite and pegmatite “°Ar/*Ar ages in the
map area range from ca. 105 to 110 Ma (Naibert and others, 2018), and a granite zircon U-Pb
age is 114.1 + 1.4 Ma (Wypych and others, 2020). On the eastern edge of the Tanacross D-1
Quadrangle, the granite extends into Yukon, Canada, where it is mapped as the ca. 110-109
Ma Crag Mountain pluton, which is part of the Whitehorse Plutonic Suite (Yukon Geological
Survey, 2019). The granite has similar age and composition to other granites in the Yukon such
as the Dawson Range batholith, the Coffee Creek granite, and the Moosehorn Range granitoids
(Allan and others, 2013).

TIMBER GRANITE (CRETACEOUS)—Biotite-bearing granite intrusion forming the bulk
of Timber Mountain in the Tanacross C-1 Quadrangle. Gray to dark gray and weathers tan,
pink or gray. Massive, equigranular to porphyritic, and hypidiomorphic; grain size ranges from
0.2 to 15 mm. Composed of 45-70 percent feldspar, 20-40 percent quartz, up to 15 percent bi-
otite, and up to 10 percent muscovite. Fine-grained equigranular phases are found on the edges
of the intrusion whereas porphyritic and medium-grained equigranular phases are typically ob-
served towards the center. Porphyritic phases have up to 10 percent, 15-mm-long feldspar phe-
nocrysts in a fine-grained quartz-feldspar-biotite matrix. The fine-grained equigranular phase is
composed of near equal amounts of quartz, potassium feldspar, and plagioclase, with 2 percent
biotite and 1 percent muscovite. The intrusion is weathered, chloritized, and partially replaced
by opaque minerals, biotite, and slightly sericitized plagioclase. The medium-grained equigran-
ular phases generally are unaltered. In both equigranular phases, quartz is anhedral, interstitial,
and generally inclusion free. Potassium feldspar is anhedral to euhedral, with no twinning or mi-
crocline twinning, faint zonation, and rare perthitic exsolution textures. Plagioclase is subhedral
to euhedral, with clear polysynthetic twinning, slight sericitization, and myrmekite exsolution
textures. The pluton is non-magnetic, with magnetic susceptibility ranging from 0.006 to 0.564
x 107 SI. Biotite from this pluton yielded a K-Ar age of ca. 108 Ma (Foster and others, 1976)
and zircon yielded a U-Pb age of 110.3 +1.4 Ma (Wypych and others, 2020).

WITHERSPOON FELDSPAR PORPHYRY (LATE TRIASSIC)—Granite to diorite dikes,
plugs, sills, and intrusions. Green, dark green, dark gray, or pink-gray, and weathers to maroon.
Typically, porphyritic, with phenocrysts ranging from 0.1 to 15 mm. Composed of up to 72
percent feldspar, about 30 percent amphibole, 20 percent quartz, and 10-25 percent biotite
with disseminated iron oxides. Abundant feldspar phenocrysts, up to 15 mm long, occur in a
dark green groundmass with extensive secondary chlorite and some epidote replacement of pla-
gioclase. Possible weak magmatic or metamorphic fabric and chloritic alteration were observed
locally. The unit is non-magnetic to weakly magnetic, with magnetic susceptibility ranging from



16

Report of Investigation 2020-9

0.089 to 0.528 x 102 SI. Two samples, a porphyry and a granite, yielded zircon U-Pb ages of
203.7 + 1.6 and 206.2 + 2.6 Ma (Wypych and others, 2020). Based on the ages and mineral
composition and textures observed in the field, this pluton can be assigned to Taylor Mountain
Batholith suite (Werdon and others, 2001).

METAMORPHIC ROCKS
(GREENSCHIST TO EPIDOTE-AMPHIBOLITE FACIES)

Meta-mafic rocks
SERPENTINIZED ULTRAMAFIC ROCKS (TRIASSIC TO PALEOZOIC)—Fine-grained

serpentinite with local relict olivine. Occurs along the thrust fault between Nasina and Forty-
mile River assemblages. As described by Flynn (2003), unit is typically green to dark gray, un-
foliated, and weathers orange-brown. Typically consists of a matrix of fine-grained serpentine,
up to 20 percent relict olivine, and 5-10 percent disseminated magnetite and magnetite veins.
Serpentine is antigorite, with scarce chrysotile near contacts. Locally altered to coarse-grained
chlorite rock. Ultramafic rocks appear to be serpentinized dunite metamorphosed to greenschist
facies. Magnetic susceptibility of the serpentinized ultramafic rocks generally is very high; typ-
ically, 10-60 x 107 SI. Waxy massive serpentinite with relatively low magnetic susceptibility,
between 0.1 and 1 x 107 SI, is present near some contacts. This unit is a continuation of the
greenschist-facies serpentinite (unit MzPzs) mapped in the southeastern Eagle A-1 Quadrangle
(Szumigala and others, 2002) and across the border in Yukon (Yukon Geological Survey, 2019);
both maps correlate these rocks to the Seventymile terrane (Slide Mountain terrane of the Yu-
kon). At Clinton Creek, Yukon, these mafic and ultramafic rocks are interlayered with sedimen-
tary rocks that yielded a Triassic conodont age (Abbott, 1983), likely the minimum age for this
unit. The maximum age may be constrained by the opening of the Seventymile/Slide Mountain
ocean in the Devonian to Mississippian (Dusel-Bacon and others, 20006).

Allochthonous rocks of Klondike assemblage

The Klondike assemblage is suspected to be present in the southeastern corner the map area adjacent to
the Alaska-Yukon border. The contact of the Klondike assemblage units with other allochthonous Yukon
Tanana terrane units is interpreted as one or more low-angle. The Klondike units are also in low-angle fault

contact with the parautochthonous Lake George assemblage. The assemblage is mapped across the border

in Yukon, where it rests unconformably over Snowcap assemblage metasediments and is intruded by coeval

Permian orthogneisses of the Sulphur Creek plutonic suite. Unit description for the Klondike assemblage
schist is from Twelker and others (2021).

Pks?

SCHIST (PERMIAN)— A unit consisting primarily of chlorite schist, muscovite schist, and
semischist with mixed sedimentary and felsic volcanic protoliths. The unit also contains minor
quartzite and porphyroclastic orthogneiss and rare conglomerate. Outcrops are generally pale
green to dark green to gray and grain size ranges from 0.1 to 10 mm. Rare conglomerates have
clasts up to 60 mm. The unit is schistose and the dominant foliation is often folded at the deci-
meter to meter scale and also crenulated on the sub-cm scale. Schistose texture and mineralogy
indicate the unit reached greenschist-facies metamorphic conditions. Mineralogy includes 30—
60 percent quartz, up to 40 percent actinolite, up to 40 percent plagioclase feldspar, up to 15
percent muscovite, up to 15 percent biotite, up to 10 percent chlorite, up to 5 percent epidote,
and traces of pyrite. Schists are locally iron stained and contain traces of pyrite along fracture



Chapter B: Northeast Tanacross geologic map and map units and descriptions 17

surfaces and veinlets. Magnetic susceptibility ranges from a minimum of 0.04 x 102 SI units
to a maximum of 2.91 x 107 SI units, with an average of 0.89 x 107 SI units and a median of
0.23 x 107 SI units. U-Pb ages between 257 and 267 Ma (Jones, personal commun., 2020) were
recorded from four metavolcanic schist samples in the map area and support correlation to the

mapped Klondike Schist units in Yukon.

Allochthonous rocks of Nasina assemblage

The Nasina assemblage is a greenschist- to amphibolite-facies metasedimentary package that is generally
interpreted to be in thrust contact with the Fortymile River assemblage. The two assemblages are broadly
interpreted to be different facies of the same overall lithotectonic assemblage—the Finlayson assemblage—
in the Yukon (Colpron and others, 2006). Szumigala and others (2002) report local biotite, kyanite, and
pyrophyllite, implying the rocks have been metamorphosed to upper greenschist facies. Felsic lithologies
interlayered within this unit have yielded zircon U-Pb ages from ca. 349 to 359 Ma (Dusel-Bacon and
others, 2006), and ca. 348 Ma (Yukon Geological Survey, 2019). Mapping and unit descriptions for the
Nasina assemblage in the northeastern portion of this map are adapted from Flynn (2003).

MDsgc | CARBONACEOUS SCHIST AND QUARTZITE (DEVONIAN TO MISSISSIPPIAN)—
Fine-grained, carbonaceous metasedimentary rocks. Predominantly dark-gray, carbonaceous,
white mica-quartz schist and quartzite, graphite-quartz schist, and banded gray and massive light
gray quartzite. Thin layers of white mica-quartz schist are locally interlayered on a scale of milli-
meters to centimeters in the carbonaceous schist and quartzite. Carbonaceous quartz schist and
quartzite grades into biotite-quartz schist + carbonaceous material and quartzite + white mica
in numerous areas. Biotite-feldspar-quartz schist + actinolite + white mica and white mica-feld-
spar-quartz metafelsite + biotite are present in a few locations. The carbonaceous quartz schist is
locally calcareous, with rare small areas of marble rubble. Foliation is locally crenulated and my-
lonitic textures are present in some areas. Magnetic susceptibility of the unit is low; ranging from
0.01 to 0.15 x 107 SI. Unit is interpreted to be part of the Nasina assemblage and is correlative
with carbonaceous units to the north (MDq and MDkq) in the Eagle A-1 and A-2 quadrangles
(Szumigala and others, 2002; Werdon and others, 2001) and with carbonaceous metasediments
in the Finlayson assemblage (DMf3) in the Yukon (Yukon Geological Survey, 2019).

- GNEISS AND SCHIST (PALEOZOIC?)—Heterogeneous unit characterized by fine- to
medium-grained gneiss and schist. Lithologies include biotite-muscovite-quartz schist + feld-
spar, quartz-albite-epidote-hornblende gneiss + biotite + feldspar + chlorite, biotite-quartz-epi-
dote-hornblende schist, biotite-quartz-feldspar gneiss + muscovite + garnet, and muscovite-feld-
spar-quartz gneiss + biotite + sparse garnet. Some outcrops of gneiss and schist are intensely
deformed, with complex folding. Magnetic susceptibility of felsic lithologies is low, ranging be-
tween 0.05 and 0.2 x 10 SI. Magnetic susceptibility of lithologies with a substantial mafic com-
ponent typically is moderate; ranging between 0.15 and 0.7 x 107 SI, with sporadic higher values.

METAMORPHIC ROCKS (AMPHIBOLITE FACIES)
Allochthonous rocks of Fortymile River assemblage

The Fortymile River assemblage comprises a heterogeneous group of amphibolite-grade metamorphic
lithologies composed mainly of metasedimentary rocks (quartzite, semischist, schist, and paragneiss),
which are interlayered with amphibolite and lesser orthogneiss. Regionally, the age of this assemblage is
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constrained by datable interlayered lithologies. Orthogneiss, interpreted as having a volcanic protolith,
yielded zircon U-Pb ages of ca. 355 to 341 Ma (Dusel-Bacon and others, 2006). Other felsic orthogneiss
layers yielded Permian zircon U-Pb ages and apparently represent later intrusions (Jones and others, 2017a).
The thick marble layer located west of the map area at the headwaters of Alder Creek in the Tanacross D-2
Quadrangle yielded a mid-Mississippian to early Permian conodont age (Dusel-Bacon and Harris, 2003).
This assemblage is a part of the Yukon-Tanana terrane as defined by Dusel-Bacon and others (2006) and
is correlative to Finlayson assemblage of Colpron and others (2006) in Canada. The boundary between
the allochthonous Fortymile River assemblage and the parautochthonous Lake George assemblage is a
regionally significant low-angle structure accommodating both contractional and subsequent extensional
displacements (Dusel-Bacon and others, 2015). The Fortymile River assemblage is characterized by Tri-
assic to Jurassic ““Ar/*Ar cooling ages, whereas all the cooling ages from Lake George are late Aptian to
Albian (Dusel-Bacon and others, 2002; Jones and others, 2017a, 2017b; Naibert and others, 2018).

- AMPHIBOLITE (MISSISSIPPIAN TO DEVONIAN)—Amphibolite and amphibole gneiss
interlayed with subordinate amphibole-bearing gneiss, orthogneiss, quartz schist, and dark-gray
quartzite on decimeter to multi-meter scales. The amphibolite is pale- to dark-green to gray-
green, commonly with light peach-white bands, weathering brown, with foliated or gneissic
texture. Foliation is defined by aligned amphibole, biotite, and/or chlorite. Amphibole and
garnet locally form porphyroblasts. Grain size ranges from 0.05 to 40 mm. Layers contain up
to 98 percent amphibole, 15 percent feldspar, up to 10 percent biotite, 5 percent garnet, up
to 88 percent chlorite, 3 percent quartz, 3 percent sericite, up to 5 percent magnetite, 0.05—
2 percent sulfides, and 1-5 percent epidote. Amphibolites are interlayered with subordinate
amphibole-bearing gneiss, orthogneiss, quartz schist, and dark-gray quartzite on decimeter to
multi-meter scales. Amphibole is dominantly euhedral with grains ranging up to 40 mm in
length; less commonly acicular. Hornblende is the dominant amphibole, but actinolite is locally
present. Disseminated sulfides (pyrite and pyrrhotite) up to 5 mm in diameter were observed in
some outcrops. Quartzofeldspathic augen up to 15 mm in diameter and rare quartz phenocrysts
or xenocrysts were also observed. Plagioclase is generally interstitial. Magnetic susceptibility var-
ies widely, and depends on how mafic the amphibolite is and its magnetite content. Magnetic
susceptibility measurements are generally low, ranging between 0.04 and 36.6 x 10 SI, with an
average of 0.52 x 10~ SI. Amphibolite bodies are thin, up to 30 m, with the exception of one
70-m-thick body. Amphibolites have predominantly volcanic arc trace-element-indicated signa-
tures, with some within-plate signatures (Dusel-Bacon and others, 2009; Wypych and others,
2018). Similar amphibolites have been divided into three different units by Werdon and others
(2001): Amphibole-feldspar gneiss (pMaf), amphibolite and gneiss (pMa), and amphibolite
(pMam) and into four units by Szumigala and others (2002): amphibolite and gneiss (pMag),
amphibolite, gneiss, and schist (pMa), amphibolite (pMam), and amphibolite, paragneiss, and
schist (Pza). Similar rocks have been combined with intermediate and mafic metavolcanic rocks
into the Finlayson assemblage unit DMf1 by the Yukon Geological Survey (2019). A sample from
this unit yielded a zircon U-Pb age of 336.9 + 3.8 Ma, which is interpreted to be the age of the
mafic igneous protolith (Wypych and others, 2020).

MBfo = ORTHOGNEISS (MISSISSIPPIAN TO DEVONIAN)—DPrimarily orthogneiss with subor-
dinate interlayered amphibolite and paragneiss. Outcrops are weakly to moderately foliated,
grain size ranges from 0.1 to 15 mm, and feldspar augen are rare. Orthogneiss chemistry sug-
gests protoliths range from intermediate to felsic calc-alkaline. Unit contains 30-80 percent pla-
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MDfmb

MDfms

gioclase feldspar, up to 30 percent potassium feldspar, 2055 percent quartz, up to 45 percent
hornblende, 3-25 percent biotite, 1-12 percent muscovite, 5-40 percent chlorite, and up to 5
percent garnet; interstitial calcite occurs locally. Accessory minerals include epidote, hematite,
magnetite, and pyrite. Petrography shows weak to moderate foliation defined by muscovite and
biotite and the presence of an S-C fabric. Magnetic susceptibility measurements were generally
low, ranging between 0.04 and 10.5 x 107 SI, with an average of 0.18 x 102 SI. In the Eagle A-1
Quadrangle, this unit is split into tonalitic orthogneiss (Motn), felsic orthogneiss (Mog), and un-
differentiated orthogneiss (Mo; Szumigala and others, 2002). Trondhjemitic orthogneiss (Motr)
was also mapped in the Eagle A-1 Quadrangle and was observed in the Tanacross Quadrangle at
multiple localities, mainly as dikes that were not spatially extensive enough to map. These trond-
jemitic metadikes are leucocratic medium-grained, massive to weakly foliated quartz-plagioclase
gneiss and minor white mica up to 15 percent. Orthogneiss interlayered with metasedimentary
units and amphibolites may have originated as sills or depositionally interlayered volcanic rocks.
Volcanic protoliths were interpreted for fine-grained orthogneisses in this unit (Dusel-Bacon
and others, 2015) and metavolcanics make up a significant portion of the correlative unit Mo
in the adjacent Eagle Quadrangle (Szumigala, 2002). Zircon from undifferentiated orthogneiss
in the Eagle A-1 Quadrangle yielded a U-Pb age of 343 + 4 Ma (Day and others, 2002), and a
sample from this map area yielded zircon age of 341.1 + 2.3 Ma (Wypych and others, 2020).
These ages are interpreted to represent crystallization of the igneous protoliths.

MARBLE AND IMPURE MARBLE (MISSISSIPPIAN TO DEVONIAN)—White to gray,
medium- to very coarse-grained, crystalline calcite marble. Marble is locally dolomitic and epi-
dote-bearing, has quartzose layers, and is sparsely micaceous (Flynn, 2003). Magnetic suscep-
tibility of this unit is very low, generally 0.1 x 10 SI or lower. This unit forms beds within
metasedimentary and orthogneiss packages of Fortymile River assemblage. The unit is correlated
with the marble and calcareous rocks unit (pMm) mapped in the Eagle A-1 and A-2 quadran-
gles (Szumigala and others, 2002; Werdon and others, 2001) and the Finlayson assemblage
marble unit (DMf5) on the Yukon bedrock geologic map (Yukon Geological Survey, 2019). The
age range of this unit is inferred from regional zircon data (Jones and others, 2017b) and inter-
layered felsic metavolcanic rocks (orthogneiss) dated by U-Pb zircon methods (Day and others,
2002), although conodont evidence suggests the unit could be as young as early Early Permian
(Dusel-Bacon and Harris, 2003).

UNDIVIDED METASEDIMENTARY ROCKS (MISSISSIPPIAN TO DEVONIAN)—
Heterogeneous unit consisting of interlayered schist, quartz schist, semischist, quartzite, and
paragneiss, with subordinate greenschist and carbonate-silicate schist. Marble, impure marble,
and graphitic quartzite layers are present locally. Schist, quartz schist, and semischist contain
3—75 percent muscovite, up to 30 percent biotite, up to 85 percent quartz, up to 15 percent
feldspar, and up to 35 percent garnet. Garnet porphyroblasts are typically 1-3 mm in diameter
and rarely up to 5 mm. Schistosity is defined by muscovite and fine-grained quartz, chloritized
biotite, and garnet porphyroblasts, which are commonly altered to biotite or chlorite along
fractures and along grain edges. Feldspars are commonly altered to sericite. Paragneisses have
similar mineralogy, with higher feldspar content (up to 60 percent) and less muscovite. Gneissic
foliation is defined by quartz- and feldspar-rich bands separating quartz- and mica-rich bands.
Gneissic foliation varies from weakly to strongly foliated. Quartzite contains 85-99 percent
quartz, with anhedral crystals 0.05—1 mm in diameter. Quartzite foliation is defined by elongate
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quartz grains and 1-15 percent micas, dominantly muscovite with minor chloritized biotite.
Accessory minerals include epidote/clinozoisite and graphite. Strong S-C fabric, multiple folia-
tion orientations, and small-scale folding indicate the unit has undergone multiple deformation
events. The unit contains relatively thin (less than 10 m thick) interlayered amphibolite, and is
cut by thin, up to 0.5 m thick, trondhjemitic orthogneiss dikes and sills as well as unmetamor-
phosed to weakly metamorphosed diorite, granite, granodiorite, and pegmatite dikes. Magnetic
susceptibility measurements showed a broad range between 0.02 and 46.9 x 107 SI with an
average of 0.16 x 107 SI. The metasedimentary unit is estimated to be more than 600 m thick.
Detrital zircons were dated from two samples of quartzite from this unit. The youngest popu-
lations of ages from those samples are 258.0 + 3.4 and 264.9 + 4.6 Ma (Wypych and others,
2020), which are interpreted as metamorphic zircon overgrowths typical of allochthonous rocks.
The maximum deposition age of the quartzite is Paleozoic (Wypych and others, 2020). Szumi-
gala and others (2002) and Werdon and others (2001) divide this unit into quartzite (pMq) and
quartzite-paragneiss schist (pMqgs) units. The Yukon bedrock geologic map describes a similar
unit as Finlayson assemblage felsic metavolcanics and quartz-muscovite schist (DMf2; Yukon
Geological Survey, 2019).

PARAGNEISS (MISSISSIPPIAN TO DEVONIAN)—DParagneiss with subordinate interlay-
ered amphibolite, orthogneiss, and thin marble. Grain size ranges from 0.05 to 15 mm with
moderate to strong foliation. Paragneiss contains 30—-88 percent quartz, 1-20 percent biotite,
5-15 percent chlorite, 2055 percent feldspar, 2—10 percent muscovite, 5-20 percent calcite, up
to 1 percent garnet, minor hornblende, and trace magnetite. A couple samples in the vicinity of
the detachment have been highly altered, with up to 55 percent sericite in one of the samples; up
to 1.5 percent pyrrhotite was observed near this sericite-altered sample. Magnetic susceptibility
measurements are generally low, ranging between 0.04 and 11.1 x 10 SI, with an average of 0.30
x 107 SI. This unit is relatively uncommon in the map area, and is less than 150 m thick. Similar
units have been described in the Eagle A-1 and A-2 quadrangles (Szumigala and others, 2002;
Werdon and others, 2001) as schist and paragneiss (pMsg) and gneiss (pMg).

Parautochthonous rocks of Lake George assemblage

The Lake George assemblage represents the parautochthonous North America assemblage (pNA) in the

map area and is dominated by augen gneiss (MDag) and orthogneiss (MDlo, MDlom). Orthogneiss forms

tabular bodies intruding, or interlayered with, homogeneous metasedimentary (predominantly quartzite

and semischist) rocks with occasional amphibolite layers and bodies. The metasedimentary and orthogneiss

package is intruded by augen gneiss of plutonic origin (unit MDag). The assemblage is metamorphosed

to amphibolite grade.

MDag

DIVIDE MOUNTAIN AUGEN GNEISS (MISSISSIPPIAN TO LATE DEVONIAN)—
Granite and locally granodiorite orthogneiss with prominent potassium feldspar augens up to
10 cm long. Pale cream, pale gray, and pale pink; weathers pink gray. The meta-intrusions is
porphyroclastic and coarse grained near the center, and finer grained and sheared toward the
edges. The unit consists of up to 70 percent feldspar, with up to 40 percent potassium feldspar
augen, 20—40 percent quartz, up to 10 percent plagioclase porphyroclasts, about 10 percent mica
(biotite, muscovite, or both), and local trace tourmaline. In the vicinity of Cretaceous intrusions,
the augen gneiss is locally highly altered, sericitized, and brecciated. Anhedral feldspar crystals are
about 0.5 mm long, often recrystallized, with no twinning. Sericitization was observed in some
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MDIlom

samples. Plagioclase is anhedral, with clear polysynthetic twinning, and some samples preserve
myrmekite textures. Anhedral quartz up to 0.5 mm in diameter has slight to strong undulatory
extinction and forms approximately 1-mm-thick quartzose layers. The felsic layers are parted by
thin muscovite and biotite layers. Biotite often has inclusions of opaque minerals and in some
instances about 10 percent of biotite crystals are chloritized. Feldspar augen vary in size, from as
small as a few millimeters up to 10 cm in length. The stretching of the augen seems dependent
on the location within the body; more stretching and shearing are observed near the edges. This
results in preservation of original igneous textures in some areas away from contacts. The non-
stretched or weakly stretched feldspars are subhedral, twinned, and are often rotated. Recrystal-
lized augen usually have no twinning preserved. Samples have accessory relict garnet, zircon, and
opaque minerals. The unit is locally altered to chlorite, tourmaline, and sericite. The rocks are
often cut by quartz veins (up to 20-cm thick) and pegmatite dikes. The augen gneisses are the
main unit observed for the Lake George assemblage, and are characteristically non-magnetic to
weakly magnetic, ranging from 0.03 to 0.2 x 107 SI. One augen gneiss yielded a U-Pb zircon
crystallization age of 355.0 + 4.5 Ma (Todd and others, 2019). The augen gneiss can be correlated
with the Lake George orthogneiss along the Alaska Highway (Solie and others, 2019).

ORTHOGNEISS (MISSISSIPPIAN TO DEVONIAN)—Orthogneiss with diorite to granite
composition occurring as tabular bodies interlayered with minor quartzite, paragneiss, amphi-
bolite, and schist. Black and white in color, weathering gray to orange, foliated, with grain
size ranging from 0.5 to 7 mm. Mineral composition varies: up to 5 percent quartz in dioritic
orthogneiss to 60 percent in granitic varieties, 85 and 15 percent feldspar, respectively, and
between 15 and 20 percent biotite, up to 9 percent white mica, and up to 1 percent garnet.
Accessory minerals include zircon, fluorite, epidote, and chlorite. Quartz crystals are subhedral
to anhedral with undulatory extinction and grain size ranges from 0.1 to 2 mm. Anhedral to
subhedral feldspars include plagioclase and microcline, which are largely recrystallized, have no
twinning, range in size from 0.5 to 2 mm, and are commonly replaced by sericite (up to 50 per-
cent replacement). Biotite is up to 2-mm long with birds-eye extinction and rare chloritization
along edges. Weak foliation is defined by biotite and fine-grained muscovite in irregular sub-
mm-thick mica bands. Bodies are non-magnetic with measured susceptibilities between 0.01
and 0.2 x 107 SI. The tabular bodies vary in thickness from 30 cm to about 300 m. This unit
differs from augen orthogneiss (MDag) in: 1) lack of large potassium feldspar augen, 2) great-
er compositional range, and 3) greater heterogeneity and interlayering with metasedimentary
rocks. A granite orthogneiss sample yielded a U-Pb zircon crystallization age of 370.6 + 9.6 Ma
(Todd and others, 2019). This unit is included in the undifferentiated orthogneiss (unit MDlo)
of Solie and others (2019).

ORTHOGNEISS, MAGNETIC (MISSISSIPPIAN TO DEVONIAN)—Magnetite-bearing
felsic orthogneiss. Light pink, foliated, with grain size between 0.1 and 5 mm. Mineral compo-
sition includes: 74 percent feldspar, 25 percent anhedral quartz, and 1 percent magnetite. Folia-
tion planes are defined by biotite. This unit is no more than 30-m thick and it is observed north
of Fishhook Bend in the Tanacross D-1 Quadrangle. Magnetic susceptibility ranges between 6
and 15 x 107 SI.

AMPHIBOLITE (MISSISSIPPIAN TO DEVONIAN)—Amphibolite to amphibole-bearing
gneiss located south of North Ladue River near the Alaska-Canada border. Dark green to gray,



22

Report of Investigation 2020-9

weathering brown, foliated, gneissic, and with grain sizes of 1-3 mm. Mineral composition
includes 55-85 percent amphibole, 4-50 percent plagioclase, up to 3 percent biotite, and rare
quartz that is present locally. One anomalous sample has 5 percent quartz, one sample has
48 percent of chlorite, and two samples have 55 and 95 percent metamorphic clinopyroxene.
Minerals are generally fresh with strong lineation defined by amphibole. Veins cutting the unit
are 1-7 mm thick and contain feldspar and quartz. The magnetic susceptibility has a relatively
narrow range of 0.25-0.49 x 107 SI. Amphibolite is characterized by a strong within-plate
geochemical signature, but volcanic arc trace-element-indicated signatures are present as well.
This amphibolite is correlated with Lake George assemblage amphibolite (pMa) from the Alaska
Highway Corridor (Solie and others, 2019).

BBE AMPHIBOLITE AND SERPENTINITE (MISSISSIPPIAN TO DEVONIAN)—Amphibo-

pMims

lite, amphibole orthogneiss, serpentinite, and clinopyroxenite occurring within Lake George as-
semblage north of McElfish Creek in the Tanacross C-2 Quadrangle. These units occur together
and comprise several, approximately 300-m-thick, tabular bodies that trend east-west and dip
60—80 degrees to the north. All lithologies are black to dark green and weather orange, brown, or
black. The rocks are foliated, with grain size ranging from 0.2 to 40 mm. Amphibolite and am-
phibole orthogneiss are composed of 4095 percent tabular hornblende, 4-50 percent plagioclase,
1-10 percent biotite, and rare samples have up to 40 percent quartz and 0.3 percent pyrite clots.
Hornblende is up to 30 mm long and often is rimmed with actinolite. Rare gabbro has 55 percent
euhedral metamorphic clinopyroxene, 43 percent feldspar, and 2 percent epidote. Gabbro is mod-
erately foliated with no appreciable compositional banding. Pyroxene crystals are vitreous, euhe-
dral, and preferentially oriented; interstitial space is filled with granular feldspar. Thin feldspathic
veinlets run parallel to foliation and have an epidote alteration rind approximately 3—6 mm wide.
Serpentinite is porphyroblastic with weak to no foliation and is composed of 3075 percent ser-
pentine, up to 60 percent hornblende, up to 40 percent tremolite and anthophyllite, up to 20 per-
cent olivine, and 5 percent vein-filling magnetite. Talc and relict orthopyroxene were observed in
thin section. The serpentine and talc creates a groundmass for relict olivine, orthopyroxene, and up
to 40-mm-long acicular hornblende. This mineralogy is consistent with amphibolite-facies region-
al metamorphism. The serpentinites are highly magnetic, with magnetic susceptibilities ranging
from 16 to 138 x 10 SI with mean of about 30 x 10 SI, whereas the amphibolites have a mean of
about 8 x 107 SI. The amphibolites have a primitive mid ocean ridge basalt trace-element-indicat-
ed chemical composition. Occurring together, the amphibolite and serpentinite appear to be the
metamorphosed equivalent of differentiated mafic-ultramafic intrusions. An amphibolite sample
yielded a zircon U-Pb age of 360.5 + 3.6 Ma, which is interpreted to represent crystallization of
the igneous protolith (Wypych and others, 2020).

METASEDIMENTARY ROCKS (PRE-MISSISSIPPIAN)—Quartzite, semischist, and schist
with subordinate paragneiss, marble, amphibole-bearing gneiss, and mafic metavolcanic rocks.
Quartzites are gray or pale green, and locally weather brown to orange. Quartzite is weakly
foliated with grain size ranging from 0.01 to 3 mm, and is composed of up to 96 percent an-
hedral quartz parted by single-crystal layers of white mica (up to 14 percent) and/or biotite (up
to 10 percent). Some quartzite contains up to 1 percent garnet porphyroblasts reaching 3-mm
in diameter. Schist and semischist are pale gray, silver, silver-pink, and white; weathering tan to
orange with local iron staining. Schist and semischist are foliated, lineated, and often porphy-
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roblastic, with grain size ranging from 0.05 to 18 mm. Felsic layers in the schist and semischist
are composed of 0.5- to 1-mm-diameter quartz (20 to 85 percent), and 0.5- to 1-mm-diameter
feldspar (2—40 percent), parted by sub-millimeter-thick mica layers (up to 40 percent) with
chlorite replacing biotite, and rare graphite. Samples have 0.5-4 percent euhedral porphyro-
blasts of garnet up to 18-mm in diameter. Subordinate paragneiss is the most common minor
lithology; it has a nearly identical mineral composition to the semischist and schist but differs
in texture—exhibiting gneissic banding and a generally coarser grain size. Rare amphibole-bear-
ing gneisses and mafic metavolcanic rocks are characterized by up to 40 percent amphibole,
15 percent chlorite, up to 20 percent feldspar, and up to 15 percent quartz. A couple of folia-
tion-parallel beds of marble have been described near the detachment separating the unit from
the Fortymile River assemblage to the north in the Tanacross D-1 Quadrangle. Marbles are tan
to gray, granoblastic, and have grain size ranging from 1 to 2 mm. Interlayered marbles are 93
percent calcite, 5 percent quartz, 1 percent muscovite, and 1 percent biotite. Metasedimentary
lithologies of this unit have low magnetic susceptibility ranging between 0.01 and 1.84 x 107 SI
and averaging about 0.4 x 107 SI. The amphibole-rich layers however can reach up to 28.8 x 107
SI. This unit is more than 300 m thick and can be correlated with the Scottie Creek Formation
in Canada (Yukon Geologic Survey, 2019), and paragneiss and schist, quartzite and felsic schist,
and quartzite of Lake George assemblage in Alaska (Solie and others, 2019).

pMip | PARAGNEISS (DEVONIAN TO PRE-MISSISSIPPIAN)—Paragneiss interlayered with sub-
ordinate orthogneiss, quartzite, semischist, schist, and amphibolite. Unit is intruded by augen
gneiss (MDag) as well as Cretaceous granitoids, pegmatite and aplite dikes, and Late Cretaceous
porphyry intrusions (Kg, Kfg, Kv and Ktgd). Paragneiss is predominantly black and white or
tan to dark gray, weathering orange to gray. Paragneiss is foliated with gneissic textures and grain
sizes ranging from 0.1 to 8 mm. Composed of 30— 70 percent quartz, 10— 70 percent feldspar,
2-35 percent biotite, 1-15 percent white mica, and up to 5 percent garnet as porphyroblasts,
and has local tourmaline-rich layers. Alternating 0.25-7.5 centimeter layers consist of white-
tan quartzofeldspathic bands and dark biotite-dominant bands. Garnetiferous bands seem to
be concentrated in zones of highest ductile deformation. Interlayered lithologies are of similar
composition as those described for Lake George metasedimentary unit (MDIms). This unit is
over 300 m thick, and characterized by low magnetic susceptibility between 0.06 and 0.47 x
10 SI with a mean of 0.15 x 10 SI. Correlated with the Scottie Creek Formation in Canada
(Yukon Geological Survey, 2019) and with paragneiss and schist, quartzite and felsic schist, and
quartzite of Lake George assemblage in Alaska (Solie and others, 2019).
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CHAPTER C: METAMORPHIC COOLING HISTORY OF THE
FORTYMILE RIVER AND LAKE GEORGE ASSEMBLAGES

FROM “AR/** AR GEOCHRONOLOGY FROM THE NORTHEAST
TANACROSS AND SOUTHEAST EAGLE QUADRANGLES, ALASKA

Travis J. Naibert?, Alicja Wypych?, Evan Twelker?, an Jeffrey A. Benowitz?

INTRODUCTION

This report presents interpretations of “’Ar/*’Ar
ages of metamorphic rocks from the northeast Tana-
cross and southeast Eagle quadrangles, Alaska,
which lie within the Yukon-Tanana Upland and
cover the boundary between the Fortymile River
and Lake George Assemblages (Dusel-Bacon and
others, 2006). Recent 1:63,360 scale mapping by
the Alaska Division of Geological & Geophysical
Surveys (DGGS) (Wypych and others, 2021, sheet
1) delineated the boundary between parautochtho-
nous North America (Lake George assemblage) and
the allochthonous Fortymile River assemblage of
the Yukon Tanana terrane. The exact nature of the
boundary is difficult to assess due to poor exposure
and segmentation of the boundary by subsequent
Cenozoic strike-slip faulting, but it is mapped as an
extensional detachment as proposed by Hansen and
Dusel-Bacon (1998). DGGS samples for this study,
reported in Naibert and others (2020) were analyzed
from both sides of the detachment to confirm the
mapping in areas of poor bedrock exposure. We
synthesize the new data, along with “Ar/*Ar and
K-Ar ages from digital data in Wilson and others
(2015 and references therein) and from Jones and
Benowitz (2020), to further constrain the cooling
histories of metamorphic rocks on either side of the
detachment and to further refine the timing and
rates of exhumation of the terranes on either side of
the detachment.

METHODS

Methods of sample collection and prepara-
tion, analytical methods, sample descriptions, and
discussion of preferred “°Ar/*’Ar ages for the 16
metamorphic samples collected during the DGGS

northeast Tanacross Quadrangle mapping project
were reported in Naibert and others (2020).
Muscovite is the most common potassium-bearing
mineral in amphibolite-facies metasedimentary
and metaplutonic rocks in both the Fortymile
River and Lake George assemblages in the north-
east Tanacross quadrangle, followed by biotite.
Fourteen “Ar/*Ar ages were calculated from
muscovite-bearing samples and biotite ages were
also calculated from seven of these samples. Biotite
was analyzed from one sample without muscovite.
Most of these samples were collected within 5 km
of the detachment. Hornblende was only analyzed
from one sample (18ET177) approximately 16 km
south of the detachment and hornblende was not
present in the rocks collected near the detachment.

Thin section descriptions in Naibert and others
(2020) suggest the mica in each of these samples repre-
senta single generation, as mica grain size and texture
are consistent within each thin section. Micas define
the foliation in all samples except the amphibolite
sample 18ET177. Muscovite appears largely unal-
tered since formation. Biotite is commonly partially
to completely chloritized but does not appear to be
recrystallized. In a few samples, biotite was observed
surrounding garnet, and could have crystallized as
a replacement of garnet under upper-greenschist/
lower-amphibolite retrograde conditions, but this
biotite has similar color and pleochroism to the rest
of the biotite in the thin section, suggesting forma-
tion under similar metamorphic conditions.

Hornblende is more abundant in the Forty-
mile River assemblage in the southeast Eagle
Quadrangle, possibly due to more varied protoliths
existing in that area, and “°Ar/*?Ar and K-Ar horn-

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
2University of Alaska Fairbanks Geochronology Laboratory, P.O. Box 755940, Fairbanks, AK 99775-5940.
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blende ages reported in Hansen and others (1991),
Dusel-Bacon and others (2002), and Wilson and
others (2015) are included in our interpretation.
Most of these hornblende ages are from 20 to 35
km north of the detachment, though hornblende
has been dated just south of the detachment at two
locations. Locations of muscovite and biotite age
samples range from 15 km south of the detach-
ment to 35 km north of the detachment. Previously
published “Ar/*°Ar ages used in this study include
total fusion, isochron, and plateau ages. K-Ar ages
are analogous to total fusions ages.

We calculated
temperatures for biotite and hornblende using the
CLOSURE program of Brandon and others (1998)

assuming a grain size of 100 um and a range of

argon  diffusion closure

cooling rates of 5-25°C/million years (m.y.). The
CLOSURE program applies diffusion parameters
given in Grove and Harrison (1996; for biotite) and
Harrison (1981; for hornblende). The calculated
closure temperature for biotite is 304 + 11°C and the
estimated closure temperature for hornblende is 495
+ 14°C. We use an argon diffusion closure tempera-
ture of 410 + 15°C for muscovite for a grain size of
100 pm and a range of cooling rates of 5-25°C/m.y.
as shown in Harrison and others (2009).

RESULTS

Allochthonous Fortymile River
Assemblage

Four muscovite cooling ages in the Forty-
mile River assemblage within 6 km of the Forty-
mile River-Lake George detachment (17ET038,
18MBW399, 18RN122, 18RN358; fig. 1, table
1) range from 163.9 to 149.4 Ma (Naibert and
others, 2020). The step-heating spectra for musco-
vite from the Fortymile River assemblage are gener-
ally flat. Weighted-average ages were calculated for
two of the samples without appropriate plateaus.
None of these Fortymile River muscovite samples
had younger ages for lower-temperature steps, and
there are no indications of alteration or argon loss
from a younger thermal event after cooling from
peak metamorphic temperatures. Both biotite

and muscovite ages were measured for sample
18RN358. The biotite step-heating spectrum has
a hump shape with younger ages from the lowest
and highest-temperature heating steps. A plateau
age of 96.4 Ma was calculated from the interme-
diate-temperature heating steps, which is unlike
other ages in the map area. We do not interpret this
age as a reliable cooling age for the Fortymile River
assemblage due to 1) the high atmospheric content
and low radiogenic argon content of all heating
steps in the sample, and 2) the lack of similarity to
other sample ages. Sample 18RN358 was collected
within 3 km of Late Cretaceous volcanic rocks and
the biotite age could have been partially reset by
unexposed intrusions of this age.

A 1455 Ma “Ar/*Ar muscovite age for
sample 16-YTT-30 (Jones and Benowitz, 2020)
from approximately 10 km north of the detach-
ment is similar to the ages reported by Naibert and
others (2020). A 165.6 Ma biotite age from 3 km
north of the detachment (sample 90ADb17A) was
previously interpreted by Dusel-Bacon and others
(2002) to be Lake George assemblage or from
within the detachment zone itself, but we reinter-
pret that sample to be part of the Fortymile River
assemblage based on lithologic observations in the
immediate vicinity that more closely match other
Fortymile River assemblage rocks in the map area.
The within-plate chemistry of nearby amphibolite
previously used by Dusel-Bacon and others (2002)
to assign the sample to the Lake George assem-
blage has not proven to be unique to Lake George
amphibolites (Wypych and others, 2017; Wypych
and others, 2018). Mica cooling ages reported
by Flynn (2003) are similar to those reported by
Naibert and others (2020), but hornblende ages
reported by Flynn are more similar to the cooling
ages along the Taylor Highway (discussed below).

Two “Ar/*Ar samples from rocks mapped
by Wypych and others (2021) as Fortymile River
assemblage have Cretaceous cooling ages (fig. 1).
The cooling age for biotite from sample 18MLW132
is 123.9 Ma, which is only slightly older than Lake

George assemblage samples (discussed below) and
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Table 1. “°Ar/*Ar and K-Ar age data in the northeast Tanacross and southeast Eagle quadrangles from metamorphic samples in the Fortymile River and Lake George
assemblages. Reported ages are preferred ages with 1-sigma uncertainty. Locations are in the WGS84 datum. Distance (m) is map distance to the Fortymile River-Lake
George detachment.

Sample Mineral 3::;:)% Age Type Age Assemblage wgt;g: ngi;;ie Dis(’::;\ce Source
OORF126A Muscovite “OArAr integrated 167.1+0.8 Fortymile River 63.95964467  -141.0719656 12161  Flynn, 2003
OORF126B Hornblende “OAr/*Ar plateau 174.4 + 3.2 Fortymile River 63.95964426 -141.0727822 12161  Flynn, 2003
O0RF222A hornblende “OAr/*Ar plateau 1910+ 1.6 Fortymile River 64.046217 -141.110096 21930  Flynn, 2003
OORF463A Biotite YOArAr plateau 109.3+0.6 Fortymile River 63.97706972  -141.0776282 14113  Flynn, 2003
0O0RF463A Hornblende YOAr/P°Ar plateau 1757+ 1.6 Fortymile River 63.97706972 -141.0776282 14113 Flynn, 2003
16-YTT-029 hornblende AOAr/®Ar plateau 1916+ 15 Fortymile River 63.93196 -141.4174 9256 Jones, written communication, 2018; Jones and others, 2017
16-YTT-030 muscovite “OAr/PAr weighted average 1455+ 1.1 Fortymile River 63.92421 -141.50203 8313 Jones, written communication, 2018; Jones and others, 2017
16-YTT-035 hornblende “OAr/P°Ar plateau 1898+ 1.3 Fortymile River 63.95756 -141.43656 12066  Jones, written communication, 2018; Jones and others, 2017
16-YTT-036 biotite YOArAr plateau 1726 +0.7 Fortymile River 63.95889 -141.44202 12218  Jones, written communication, 2018; Jones and others, 2017
17ET038 Muscovite WOArAr weighted average  149.4 + 2.0 Fortymile River 63.871074 -141.09595 1482 Naibert and others, 2020
18ET177 Hornblende AOAr/*Ar weighted average 167.1+27 Fortymile River 63.638082 -141.023323 23706  Naibert and others, 2020
18MBW399 Muscovite “OAr/*°Ar plateau 1639+ 27 Fortymile River 63.865231 -141.560388 1452 Naibert and others, 2020
18MLW132 Biotite AOAr/Ar weighted average 1224 +2.1 Fortymile River 63.880768 -141.092841 2419 Naibert and others, 2020
18RN122 Muscovite “OAr/*Ar plateau 161.3+29 Fortymile River 63.864276 -141.342487 2490 Naibert and others, 2020
18RN259 Biotite AOAr/PAr weighted average 108.2+3.0 Fortymile River 63.852687 -141.292813 1970 Naibert and others, 2020
18RN259 Muscovite AOAr/P®Ar plateau 120.7 £ 2.0 Fortymile River 63.852687 -141.292813 1970 Naibert and others, 2020
18RN358 Biotite AOAr/*Ar plateau 96.4+2.3 Fortymile River 63.90686 -141.123432 5662 Naibert and others, 2020
18RN358 Muscovite AOAr/*Ar plateau 1525+ 19 Fortymile River 63.90686 -141.123432 5662 Naibert and others, 2020
60ACh100 biotite K-Ar 177 Fortymile River 64.116667 -141.533333 26425  Wilson and others, 2015
74ASj137 biotite K-Ar 177 +5 Fortymile River 64.166667 -141.333333 35805  Wilson and others, 2015
74ASj137 hornblende K-Ar 182 Fortymile River 64.166667 -141.333333 35805  Wilson and others, 2015
776-65 biotite K-Ar 993 +3 Fortymile River 64.083333 -141.65 20676  Wilson and others, 2015
82AFr4033 hornblende “OAr/*Ar plateau 194 +2 Fortymile River 64.110667 -141.260667 29422  Wilson and others, 2015
82AFr4039 hornblende AOAr/*Ar plateau 213+2 Fortymile River 64.084667 -141.892167 15529  Wilson and others, 2015

82AFr4041 Hornblende “OAr°Ar plateau 201+5 Fortymile River 64.094167 -141.843333 17541  Wilson and others, 2015




Table 1, continued. “°Ar/**Ar and K-Ar age data in the northeast Tanacross and southeast Eagle quadrangles from metamorphic samples in the Fortymile River and Lake
George assemblages. Reported ages are preferred ages with 1-sigma uncertainty. Locations are in the WGS84 datum. Distance (m) is map distance to the Fortymile River-
Lake George detachment.

Sample Mineral 3::;:;% Age Type Age Assemblage ngt;gz ngistgge Dis(':;;\ce Source
83AFr4087A  hornblende AOAr/*Ar plateau 204 + 4 Fortymile River 64.211833 -141.256 40681  Wilson and others, 2015
83AFr4087B biotite AOAr/*Ar plateau 187 +2 Fortymile River 64.211833 -141.256 40681  Wilson and others, 2015
89-65A hornblende K-Ar 175351 Fortymile River 64.166667 -141.333333 35805  Wilson and others, 2015
90ADb17A Biotite AOAr/*Ar weighted average 165.6 +0.8 Fortymile River 63.866167 -141.5095 2960 Dusel-Bacon and others, 2002
90ADb8A Biotite AOAr/*Ar weighted average 1236 +0.7 Fortymile River 63.914167 -141.005333 7009 Dusel-Bacon and others, 2002
90ADb8A Muscovite AOAr/*Ar platuea 1768+ 09 Fortymile River 63.914167 -141.005333 7009 Dusel-Bacon and others, 2002
90ET11 hornblende AOAr/*Ar total fusion 2024 +1.6 Fortymile River 63.942 -141.059 9205 Dusel-Bacon and others, 2002
91ADb3 hornblende AOAr/*Ar total fusion 186.2+ 1.3 Fortymile River 63.992 -141.287167 16257  Dusel-Bacon and others, 2002
91ADb4A biotite AOAr/*Ar total fusion 1856 + 0.4 Fortymile River 64.202 -141.343333 39187  Dusel-Bacon and others, 2002
98ADb16 biotite AOAr/*Ar plateau 1904 +18 Fortymile River 64.195833 -141.389167 37573  Dusel-Bacon and others, 2002
TH-11 biotite AOAr/*Ar isochron 1882+ 1.0 Fortymile River 64.1852 -141.3548 37264  Hansen and others, 1991
TH-11 muscovite AOAr/*Ar isochron 185.0 + 0.6 Fortymile River 64.1852 -141.3548 37264  Hansen and others, 1991
TH-29 biotite AOAr/*Ar isochron 185.4 +0.3 Fortymile River 64.1682 -141.327 35963  Hansen and others, 1991
TH-29 hornblende AOAr/*Ar isochron 187.0+0.2 Fortymile River 64.1682 -141.327 35963  Hansen and others, 1991
TH-39 biotite AOAr/*Ar isochron 186.1+1.0 Fortymile River 64.1682 -141.4185 34180 Hansen and others, 1991
TH-39 hornblende AOAr/*Ar isochron 188.3+0.3 Fortymile River 64.1682 -141.4185 34180 Hansen and others, 1991
14AJJ046A biotite AOAr/*Ar isochron 120.2+0.8 Lake George 63.71301 -141.0285 15350  Jones, written communication, 2018; Jones and others, 2017
14AJJ046A Muscovite AOAr/*Ar plateau 1141+1.1 Lake George 63.71301 -141.0285 15350  Jones, written communication, 2018; Jones and others, 2017
17A))148 Biotite AOAr/*Ar plateau 1086+ 1.0 Lake George 63.667571 -141.164124 20127  Jones, written communication, 2018; Jones and others, 2017
18AW068 Biotite AOAr/*Ar plateau 90.7 £ 2.0 Lake George 63.839244 -141.213635 934 Naibert and others, 2020
18AW068 Muscovite AOAr/*Ar plateau 1112+14 Lake George 63.839244 -141.213635 934 Naibert and others, 2020
18ET312 Muscovite AOAr/*Ar plateau 1150+ 15 Lake George 63.829381 -141.331759 831 Naibert and others, 2020

18KS062 Muscovite AOAr/*Ar plateau 112.1+16 Lake George 63.841915 -141.429834 587 Naibert and others, 2020




Table 1, continued. “°Ar/**Ar and K-Ar age data in the northeast Tanacross and southeast Eagle quadrangles from metamorphic samples in the Fortymile River and Lake
George assemblages. Reported ages are preferred ages with 1-sigma uncertainty. Locations are in the WGS84 datum. Distance (m) is map distance to the Fortymile River-
Lake George detachment.

Dating Latitude Longitude Distance

Sample Mineral Method Age Type Age Assemblage WGS84 WGS84 (il Source
18KS131 Biotite “OAr/*Ar weighted average 106.4 +0.3 Lake George 63.647391 -141.124253 22460  Naibert and others, 2020
18KS131 Muscovite “OAr/*Ar plateau 1142 +29 Lake George 63.647391 -141.124253 22460  Naibert and others, 2020
18KS133 Muscovite “OAr/*Ar plateau 111.2+17 Lake George 63.644343 -141.114449 22820  Naibert and others, 2020
18KS199 Biotite “OAr/*Ar plateau 109.3+13 Lake George 63.836759 -141.58707 1716 Naibert and others, 2020
18KS199 Muscovite “OArOAr plateau 1156.8+3.0 Lake George 63.836759 -141.58707 1716 Naibert and others, 2020
18KS208 Biotite “OArOAr weighted average 1066+ 1.4 Lake George 63.838378 -141.317977 24 Naibert and others, 2020
18KS208 Muscovite “OArOAr plateau 1152 +20 Lake George 63.838378 -141.317977 24 Naibert and others, 2020
18MLW 126 Biotite “OArOAr plateau 1104 +2.1 Lake George 63.8659 -141.029008 2207 Naibert and others, 2020
18MLW126 Muscovite “OArOAr plateau 1209+ 1.4 Lake George 63.8659 -141.029008 2207 Naibert and others, 2020
18TINO68 Biotite “OAr/BAr plateau 1102+2.1 Lake George 63.838531 -141.431765 947 Naibert and others, 2020
18TINO68 Muscovite “OAr/*Ar plateau 1095+ 18 Lake George 63.838531 -141.431765 947 Naibert and others, 2020
74ASj104T biotite K-Ar 103 Lake George 63.8 -141.716667 6554 Wilson and others, 2015
74ASj104T Muscovite K-Ar 107 Lake George 63.8 -141.716667 6554 Wilson and others, 2015
81ADb14b biotite K-Ar 106.7 Lake George 63.753333 -141.025 10440  Wilson and others, 2015
83ADb23 Hornblende “OArOAr weighted average 1176+ 1.2 Lake George 63.816667 -141.618833 4209 Dusel-Bacon and others, 2002
90ADb12 biotite “OAr/*Ar plateau 1103+ 1.1 Lake George 63.908333 -141.829167 2736 Dusel-Bacon and others, 2002
90ADb12 Muscovite “OAr/*Ar plateau 1075+ 0.6 Lake George 63.908333 -141.829167 2736 Dusel-Bacon and others, 2002
90ADb23B Hornblende “OArOAr total fusion 1057+ 1.3 Lake George 63.837833 -141.546333 3 Dusel-Bacon and others, 2002
90ADb24 Muscovite “OAr/*Ar total fusion 108 £ 0.3 Lake George 63.836333 -141.535333 7 Dusel-Bacon and others, 2002
90ADb2E Biotite “OAr/*Ar total fusion 1076 +£0.3 Lake George 63.831167 -141.315833 522 Dusel-Bacon and others, 2002
90ADb2E Muscovite “OArOAr total fusion 110.6 +0.7 Lake George 63.831167 -141.315833 522 Dusel-Bacon and others, 2002

90ADb6B Biotite “OAr/*Ar total fusion 107.8+0.3 Lake George 63.776333 -141.103333 7685 Dusel-Bacon and others, 2002
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significantly younger than other Fortymile River
assemblage samples. Biotite in sample 18MLW132
is interpreted as primary biotite, though biotite
observed in thin section around garnet grains
could potentially be secondary. Similar color and
pleochroism suggest that all biotite formed under
similar conditions and cooled at the same time.
Cooling ages of 120.7 Ma for muscovite and 108.2
Ma for biotite from sample 18RN259 are also
similar to Lake George assemblage cooling ages.
Both of these samples were collected along ridges
composed primarily of metasedimentary units—
including graphitic quartzite—that most closely
resemble rocks of the Fortymile River assemblage.
Age spectra for biotite separates from both samples
stepped up to older ages at higher heating steps.
The highest heating steps record ages of 129 Ma for
18MLW132 (represented by over 50 percent of the
argon released) and 125 Ma for 18RN259, which
predate Lake George cooling, post-date Fortymile
River cooling, and might indicate bulk argon loss
after initial cooling. We continue to interpret these
samples as Fortymile River assemblage based on
their similarities with other lithologies common to
the assemblage.

A biotite age of 109.3 Ma from a biotite-horn-
blendite sample in the Fortymile River assemblage
was interpreted as the age of a thermal resetting
event by Flynn (2003). The thermal resetting event
may be related to mid-Cretaceous intrusions and
pegmatite dikes in the area. Hornblende from the
same sample has a cooling age of 175.7 Ma and is
similar to other cooling ages in the Fortymile River
assemblage. A K-Ar biotite age of 99.3 Ma from
sample 776-65 (Wilson and others, 2015) is also
significantly younger than other nearby Fortymile
River cooling ages and we do not consider the age
to be a reliable cooling age.

A cooling age for hornblende from sample
18ET177 is 167.1 Ma. The sample is from an
amphibolite collected in the southeastern corner
of the Northeast Tanacross map area (fig. 1).
Abundant actinolite was observed in thin section,
indicating that the sample has undergone incom-

plete retrograde greenschist-grade metamorphism
of hornblende to actinolite. High Ca/K ratios
in high-temperature heating steps used for the
weighted-average age indicate the “°Ar/*Ar age
may be from the retrograde actinolite, a Ca-rich
amphibole. We interpret this sample to be from
the allochthonous Yukon Tanana terrane and not
from the Lake George assemblage as the cooling
age is significantly older than Lake George assem-
blage cooling ages. If the sample is from the Forty-
mile River assemblage it suggests that the detach-
ment is folded or faulted and that hanging wall
rocks are exposed in the area south of the north-
east Tanacross map of Wypych and other (2021).
This is supported by mapped allochthonous rocks
with cooling ages greater than 200 Ma (Jones and
others, 2017) in the area around the Ladue River
in the eastern Tanacross Quadrangle and across the
international border in Yukon.

Parautochthonous Lake George
Assemblage

Seven cooling ages for muscovite from Lake
George assemblage samples (18AW068, 18ET312,
18KS062, 18KS199, 18KS208, 18MLW126,
18TJNO068; fig. 1) from within 5 km (map view)
of the Fortymile River-Lake George detachment
range from 120.9 to 109.5 Ma (Naibert and
others, 2020). Biotite cooling ages from four of
these samples (18KS199, 18KS208, 18MLW 126,
18TJNO068) range from 110.4 to 106.6 Ma. Musco-
vite from sample 18TJNOGS yielded a younger
cooling age than biotite from the same sample, but
the ages are within analytical error. The other three
samples have younger biotite ages than muscovite
ages, as expected based the difference in estimated
closure temperatures of biotite (304 + 11°C) and
muscovite (410 + 15°C).

Two samples (18KS131, 18KS133) with
muscovite cooling ages of 114.2 and 111.2 Ma were
collected from Lake George assemblage schist and
orthogneiss about 20 km south of the Fortymile
River-Lake George detachment. A biotite age of
106.4 Ma was also measured for sample 18KS131.



Chapter C: “°Ar/**Ar data from the northeast Tanacross Quadrangle, Alaska 35

These ages are similar to other Early Cretaceous
ages for the Lake George assemblage reported by
Dusel-Bacon and others (2002) and Jones and
Benowitz (2020).

A 90.7 Ma “Ar/*Ar biotite age from Lake
George assemblage sample 18AW068 is 15 m.y.
younger than other Lake George assemblage biotite
samples and over 20 m.y. younger than muscovite
from the same location. The age spectrum has
young ages at lower heating steps, indicating that a
younger alteration or argon loss event affected the
biotite after initial cooling. Chlorititic alteration of
biotite and minor epidote were observed in thin
section, indicating the sample experienced some
retrograde greenschist-grade metamorphism. The
age spectrum does have an acceptable age plateau
over the highest heating steps. It is possible that the
age and shape of the age spectrum resulted from
argon loss during retrograde metamorphism, due
to unidentified fluid flow along the nearby Forty-
mile River-Lake George detachment, or due to
unidentified magmatic activity nearby. We hesitate
to interpret the 90.7 Ma age as a cooling age for the
Lake George assemblage from amphibolite-facies
temperatures because it is so much younger than
nearby samples.

DISCUSSION
Both the Lake George and Fortymile River

assemblages are interpreted by Dusel-Bacon and
others (2002) to have reached amphibolite facies
metamorphism at temperatures above the “°Ar/*Ar
closure temperatures of muscovite, biotite, and
hornblende, which resulted in diffusive loss of
radiogenic argon produced prior to cooling. It is
therefore appropriate to interpret data from all
three minerals as post-metamorphic cooling ages
for the Fortymile River and Lake George assem-
blages (Warren and others, 2012). Post-cooling
neocrystallization of micas is not indicated by the
petrographic descriptions in Naibert and others
(2020). Dusel-Bacon and others (2002) ascribed
“Ar/*Ar ages in the Fortymile River assemblage
(between 191 and 185 Ma) to rock uplift during

northwest-directed thrusting of the allochthon
over North American continental-margin rocks
of the Lake George assemblage during the Late
Triassic to Early Jurassic. They attribute younger
cooling ages (between 120 and 108 Ma) in the
Lake George assemblage to a southeast-directed
extensional event that caused footwall exhuma-
tion below a shallow-dipping ductile detachment.
Structural data presented by Hansen and Dusel-
Bacon (1998) support this two-stage model of
thrusting followed by extension in the Fortymile
River and Lake George assemblages in the north-
east Tanacross Quadrangle.

“Ar/*Ar ages presented in Naibert and others
(2020) arealso interpreted to record cooling following
amphibolite metamorphism. Consistent
with results from Dusel-Bacon and others (2002),
the “Ar/*Ar ages presented in Naibert and others
(2020) indicate that the Fortymile River and Lake
George assemblages cooled at different times and

facies

rates. However, they differ in that Fortymile River
samples within 10 km (map view) of the detach-
ment are 2040 m.y. younger than Fortymile River
samples reported by Dusel-Bacon and others (2002)
from 20-35 km north of the detachment. Cooling
ages in the Fortymile River assemblage previously
reported by Hansen and others (1991), Dusel-Bacon
and others (2002), and Wilson and others (2015)
were mostly from samples collected along the Taylor
Highway in the Eagle Quadrangle (fig. 1). These
locations are 20-35 km north of the detachment
and have cooling ages 20—40 m.y. older than cooling
ages from samples collected closer to the Fortymile
River-Lake George detachment reported by Naibert
and others (2020). Figure 2 shows these geograph-
ical differences in cooling ages from within 20 km of
the detachment and cooling ages from more than 20

km from the detachment along the Taylor Highway.

Fortymile River Assemblage

Cooling rates and exhumation rates can be
calculated for samples with cooling ages from multiple
minerals that have different argon closure tempera-
tures. Hornblende and biotite ages from samples
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Figure 2. Schematic illustration showing cooling ages in relation to the ductile detachment separating the Fortymile River

assemblage of the Yukon Tanana terrane from the Lake George

83AFr4087A and 83AFr4087B were collected in the
Fortymile River assemblage about 40 km north of
the detachment. The cooling ages differ by 17 m.y.
(Wilson and others, 2015), indicating a cooling rate
of 11.2°C/m.y. using the closure temperatures calcu-
lated above and an exhumation rate of 0.4 km/m.y.
assuming a geothermal gradient of 25°C/km. Horn-
blende and biotite ages closer to the detachment
(about 12 km) from samples collected less than 2
km apart also vary by over 17 m.y. (16-YT'T-035
and 16-YT'T-036 in Jones and Benowitz, 2020) and
record an exhumation rate of 0.4 km/m.y. Paired
hornblende and muscovite ages from O00RF126A
and O0RF126B (Flynn, 2003), also 12 km north
of the detachment, differ by 7.3 m.y. and suggest a
cooling rate of 11.6°C/m.y. and an exhumation rate
of 0.5 km/m.y. between 175 and 167 Ma.

Paired biotite and hornblende cooling ages
were analyzed from both samples TH-29 and
TH-39 (Hansen and others, 1991). These samples
were collected from the Fortymile River assemblage
along the Taylor Highway more than 30 km from
the detachment. “°Ar/*’Ar cooling ages from these
minerals vary by less than 2.3 m.y., and imply cooling
rates of 87 to 119°C/m.y. Assuming a geothermal
gradient of 25°C/km, the cooling rates suggest
very high exhumation rates of 3.5 to 4.8 km/m.y.
during the Late Triassic to Early Jurassic thrust event
proposed by Hansen and Dusel-Bacon (1998).

assemblage of parautochthonous North America.

The calculated exhumation rates indicate
a period of tectonic uplift of 0.4-0.5 km/m.y.
between 204 and 167 Ma for a large area north
of the Fortymile River-Lake George detachment.
A period of more rapid 4 km/m.y. exhumation is
implied for an area along the Taylor Highway at
around 185 Ma. This exhumation rate is as high as
periods of rapid uplift in the eastern syntaxis of the
Himalaya (Bracciali and others, 2016) and much
higher than other studied orogens. We therefore
suggest that rapid uplift was very local or short-

lived, or the “’Ar/*Ar hornblende and biotite ages
from samples TH-29 and TH-39 actually record
heating by a nearby unseen intrusion. Early Jurassic
plutons have been mapped near the sample loca-
tions (Werdon and others, 2001). Alternatively,
the apparent rapid exhumation rate could also be
a result of misinterpretation of the hornblende
cooling ages. We are not able to determine if the
hornblende in the samples from Hansen and
others (1991) contained phyllosilicate inclusions
or exsolution lamellae, since K/Ca ratios were not
provided. If phyllosilicate inclusions were present,
hornblende closure temperatures would be lower
than expected (Baldwin and others, 1990), which
would result in calculated exhumation rates being
too high. Additionally, if cooling rates were greater
than 25°C/m.y. the closure ages used for biotite and
hornblende in this modeling would not be valid.
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Two Fortymile River assemblage samples with
anomalous Cretaceous cooling ages were collected
within 2 km of the mapped Fortymile River-Lake
George detachment and it is possible that the
detachment is a wide shear zone that incorporated
slivers of hanging-wall Fortymile River rocks into
the footwall during exhumation. If that were the
case, then the Fortymile River slivers, represented
by samples 18MIW132 and 18RN259, would have
been rapidly uplifted and cooled along with the Lake
George assemblage (fig. 2). It has also been docu-
mented that crustal-scale extensional faults advect
sufficient heat in their exhuming footwalls to reset
thermochronometers in the overlying hanging walls
(Dunkl and others, 1998). Therefore, it is possible
that Fortymile River rocks proximal to the detach-
ment were partially reset within or adjacent to the
shear zone by hot lower plate rocks. Alternatively,
hydrothermal fluid flow in the shear zone from
nearby magmatism (e.g. the Cretaceous granite (Kg)
south of the detachment) may have provided a heat
source for partial resetting of the argon system in the
adjacent hanging wall. Though the nearest mapped
pluton is kilometers away, abundant aplite and
pegmatite dikes with the same age and composition
have been mapped throughout the area and could be
responsible for local heating of surrounding rocks.

We interpret the Fortymile River-Lake George
detachment as a north-dipping shear zone that
separates the Fortymile River assemblage (hanging
wall) from the Lake George assemblage (footwall).
The detachment has been segmented by subsequent
left-lateral strike-slip faults, including the Sixty-
mile-Pika fault zone (Wypych and others, 2021).
The dip of the detachment is not well determined
but is estimated to be shallow and between 15 and
30 degrees (Wypych and others, 2021). Figure
3 shows K-Ar and “Ar/*’Ar cooling ages versus
structural distance above or below the detachment,
assuming a 15 degree dip to the north. Hornblende
cooling ages in the Fortymile River assemblage
range from 213 to 175 Ma. Hornblende ages do
not vary systematically with structural distance,
though hornblende ages have not been reported

within 2500 meters of the detachment. The lack
of a trend in hornblende ages with distance to
the detachment suggests the entire Fortymile
River assemblage in the study area cooled through
approximately 500°C in the Early Jurassic. Musco-
vite and biotite ages from more than 6000 m above
the detachment range from 194 to 177 Ma. As
expected, mica cooling ages are younger than horn-
blende cooling ages, consistent with lower closure
temperatures for the micas. The similar range of
cooling ages suggests rapid cooling of Fortymile
River assemblage from approximately 500°C to
300°C in the Early Jurassic. At structural distances
less than 6,000 m above the detachment muscovite
and biotite ages range from 177 to 146 Ma. There
may be several interpretations for the younger,
more heterogeneous muscovite and biotite ages
within 6,000 m of the detachment. It is possible
that the cooling from 500°C to 300°C was much
slower in this part of the Fortymile River assem-
blage, though there is no structural data to support
a difference in tectonic history between the upper
and lower parts of the Fortymile River assemblage.
Our preferred interpretation is that young and
heterogeneous muscovite and biotite ages represent
a Jurassic partial retention zone (PRZ) for micas.

An argon PRZ was defined by Baldwin and
Lister (1998) as the range of depths in the crust
where temperatures allow radiogenic argon to be
partially retained and partially diffused from potas-
sium-bearing minerals. The proportion of argon that
is retained will vary with grain size and the residence
time in the PRZ. When subsequently uplifted, the
apparent age of samples from within the PRZ will be
younger than the initial tectonic event and older than
later tectonic events. The PRZ depths for different
potassium-bearing minerals are related to their
closure temperatures, with higher closure tempera-
ture correlating with deeper partial retention zones,
though the zones can overlap (Baldwin and Lister,
1998). Consequently, all potassium-bearing minerals
will record a tectonic event at shallow levels, but at
deeper levels, the ages from lower-closure-tempera-
ture minerals will be heterogeneous and younger than
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Ar/Ar and K/Ar ages versus structural distance from Fortymile-Lake George Detachment
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Figure 3. Plot of “°Ar/**Ar and K-Ar cooling ages of metamorphic rocks versus structural distance from the Fortymile Riv-
er-Lake George detachment, assuming a 15 degree north dip on the detachment. Cooling ages of all potassium-bearing
minerals from higher structural levels in the Fortymile River assemblage record Late Triassic—Jurassic exhumation. Hetero-
geneous cooling ages at lower structural levels in the Fortymile River assemblage suggest a fossil partial retention zone is
exposed at the surface. Cooling ages in the Lake George assemblage and within the shear zone record Early Cretaceous

exhumation due to extension on the detachment.

the tectonic event. The cooling ages in the Fortymile
River assemblage from hornblende, muscovite, and
biotite record Late Triassic-Jurassic uplift at structural
distances more than 6,000 m above from the detach-
ment (fig. 3). Hornblende records similar cooling ages
within 6,000 m of the detachment, but mica cooling
ages are younger and heterogeneous, suggesting Late
Triassic-Jurassic PRZs for both biotite and musco-
vite (fig. 3). The cooling ages record broad uplift of
the Fortymile River assemblage across the north-
east Tanacross and southeast Eagle quadrangles and
imply subsequent northward tilting of the Fortymile
River assemblage to expose the fossil biotite PRZ and
muscovite PRZ north of the Fortymile River-Lake

George detachment (fig. 4). Cooling ages range from
mid-Jurassic to mid-Cretaceous at the structural level
of the proposed fossil muscovite and biotite PRZs
(fig. 3), with most of the ages between 176 and
146 Ma. The youngest cooling ages in this layer are
mid-Cretaceous, which suggests that this structural
level of the Fortymile River assemblage cooled below
the temperatures of partial argon retention during or
after the mid-Cretaceous.

Lake George Assemblage

The Lake George assemblage in the study
area is dominated by Mississippian potassium feld-
spar augen-bearing Divide Mountain orthogneiss
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Figure 4. Schematic cross-section showing “°Ar/3*Ar and K-Ar cooling ages and partial retention zones (PRZ) in the study
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(Wypych and others, 2021). The Cretaceous
cooling ages across the map area confirm that the
Divide Mountain orthogneiss underwent similar
uplift and cooling wherever it is exposed. There-
fore, the location of the shallowly north-dipping
Fortymile River-Lake George detachment can
confidently be mapped north of the northern-most
observation of Divide Mountain orthogneiss and
north of similar Early Cretaceous cooling ages
within other Lake George assemblage units.

Cooling rates between 10.1 and 16.3°C/m.y.
were calculated from three paired muscovite/biotite
samples from Naibert and others (2020). Assuming
a geothermal gradient of 25°C/km, these cooling
rates suggest extensional exhumation between 0.4
and 0.7 mm/year between 121 and 106 Ma along
the nearby detachment. Slightly higher exhumation
rates of 1.1 and 1.4 mm/year were calculated for
samples 74ASj104T (Wilson and others, 2015) and
90ADb2E (Dusel-Bacon and others, 2002) with
paired muscovite and biotite ages. These samples are
all within 7 km of the Fortymile River-Lake George
detachment. A cooling rate of 13.6°C/m.y. and an
exhumation rate of 0.5 mm/year were calculated for
sample 18KS131 from 20 km south of the detach-
ment. The calculated exhumation rate is similar to
the rates closer to the detachment. These data support
a model of broad uniform uplift and cooling in the
Lake George assemblage across the northeast Tana-
cross Quadrangle between 121 and 98 Ma (fig. 2).

CONCLUSIONS

Our preferred interpretation of exposed
structural levels after Triassic-Early Jurassic thrust
faulting and Cretaceous extension is shown in figure
4. The Fortymile River assemblage was uplifted
during Triassic-Early Jurassic thrust faulting and
the northern part of the Fortymile River assem-
blage around the Taylor Highway was exhumed
through the argon closure temperatures of all the
potassium-bearing minerals at that time (fig. 4A).
The southern part of the Fortymile River assem-
blage was exhumed through the closure tempera-
ture of hornblende during thrust faulting but likely

remained at temperatures high enough to allow
partial argon diffusion from muscovite and biotite.
Exhumation in the Fortymile River assemblage
during thrusting was around 0.4-0.5 mm/year.
Higher exhumation rates may have occurred locally
or over short time periods. Muscovite and biotite
partial retention zones were then exhumed during
mid-Cretaceous extension on the Fortymile River-
Lake George detachment by northward tilting in
the hanging wall of the detachment followed by
erosional unroofing (fig. 4B). Lake George assem-
blage rocks in the footwall were exhumed through
the argon closure temperature of all three minerals
during the mid-Cretaceous (Fig. 4B). Consistent
Cretaceous cooling ages and exhumation rates of
0.4 to 1.4 mm/year across the Lake George assem-
blage suggest broad-scale uplift without major
tilting or internal deformation in the footwall of
the detachment. One 167 Ma hornblende “°Ar/*Ar
cooling age from the southeast corner of the study
area is presumably Fortymile River assemblage or
another allochthonous unit, indicating that the
Fortymile River-Lake George detachment may
be folded and exposed to the south of the study
area. Further geochronology and future mapping
is needed to identify allochthonous units in the
eastern Tanacross Quadrangle.

Future “Ar/*Ar studies would benefit from
dating multiple potassium-bearing minerals at the
same location or at nearby locations so that cooling
and exhumation rates can be calculated, and so fossil
partial retention zones can be identified or verified.
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CHAPTER D: STRUCTURAL GEOLOGY OBSERVATIONS IN

NORTHEAST TANACROSS
Travis J. Naibert!

INTRODUCTION

Structure orientations were measured at
951 stations in the northeast Tanacross map area,
including measurements of joint planes, minor
faults, dikes, foliation and schistosity planes,
mineral and crenulation lineations, and fold axes.
Shear sense indicators were only noted at a few
locations on fault and fracture surfaces and within
deformation fabrics. Faults and unit contacts
were identified using lithology, magnetic suscep-
tibility, geochemistry, and metamorphic grade at
field stations, as well as interpreted from topog-
raphy, satellite imagery, and published geophys-
ical surveys (Burns and others, 2011; Emond and
others, 2015).

Two metamorphic assemblages underlie
most of the northeast Tanacross map area. The
Fortymile River assemblage consists of amphib-
olite facies schist, quartzite, and paragneiss, with
minor marble, intermediate to felsic metavolcanic
orthogneiss, and amphibolite. The Fortymile River
assemblage was previously described by Dusel-
Bacon and others (2002) and interpreted as part
of the allochthonous Yukon-Tanana terrane. The
Fortymile River assemblage is intruded by the Late
Triassic Taylor Mountain Batholith and several
smaller Late Triassic to Early Jurassic plutons
(Hansen and Dusel-Bacon, 1998; Werdon and
others, 2001; Dusel-Bacon and others, 2002). The
amphibolite facies Lake George assemblage is domi-
nated by Mississippian-Devonian potassium-feld-
spar augen orthogneiss. DParagneiss, quartzite,
schist,
(without augen) also appear in the Lake George

quartz-mica and granitic orthogneiss
assemblage as host rocks for the augen gneiss. The
Lake George assemblage is interpreted as part of
parautochthonous North America (Dusel-Bacon

and others, 2002). The Fortymile River assem-
blage was thrust over the Lake George assemblage
during collision of the Yukon-Tanana terrane with
North America after the Early Jurassic, and the
Lake George assemblage was later exhumed during
regional extension (Dusel-Bacon and others,
2002). Both the Lake George and Fortymile River
assemblages are intruded by similar Early Creta-
ceous (100-110 Ma) granite plutons, and aplitic
or pegmatitic dikes, which suggests that the two
units were juxtaposed at a similar structural level by
that time (Naibert and others, 2018).

FOLIATION MEASUREMENTS AND
FOLDING

Metamorphic units in the Fortymile River
and Lake George assemblages are moderately to
strongly foliated, and foliations are dominantly
subhorizontal to moderately dipping. Lithologic
contacts are parallel to foliation at most outcrops
with multiple lithologies, butlimited exposure makes
it unclear if this relationship is true throughout the
field area. Field observations of sub-meter-scale
recumbent isoclinal folds of an early generation of
foliation are parallel or subparallel to the dominant
foliation, which suggests that the dominant folia-
tion is an axial-planar fabric formed after the early
generation of folding, or that the early generation
of foliation has been transposed by isoclinal folding
into the dominant foliation (fig. 1). Outcrop-scale
isoclinal recumbent folding was observed mostly in
metasedimentary units, and related folding in meta-
plutonic rocks is likely present at different scales due
to different unit thicknesses.

Observed foliations were often broadly
consistent between adjacent ridgelines but varied
considerably across the field area. Foliations in the
Fortymile River assemblage do not have a domi-

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
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Figure 1. Outcrop photos at (A) station 18MBWO034 just
above the detachment in the Fortymile River assemblage
and (B) station 18AWO070 in the Lake George assemblage.
An early foliation (yellow) was observed in some metasedi-
mentary units and is isoclinally folded. A later foliation (red)
formed parallel to the axial planes of these folds and is the
dominant foliation in the Lake George assemblage.

nant orientation—except that dips steeper than
50 degrees are uncommon (fig. 2A). Foliations in
the Lake George assemblage also vary widely, but
poles to foliation plot in a wide girdle pattern on
a stereonet (fig. 2B), suggesting that Lake George
assemblage foliations are folded around a common
subhorizontal WNW-ESE axis. This interpretation
matches the orientation of outcrop-scale fold axes
measured in the Lake George assemblage, which are
dominantly NW-SE and gently dipping, irrespective
of axial plane orientation (fig. 2C). Outcrop-scale

fold axis measurements from the Fortymile River
assemblage are similar to those in the Lake George
assemblage, despite no dominant foliation pattern
at the map scale in the Fortymile River assemblage.

Meter-scale to outcrop-scale folding was
observed in both the Fortymile and the Lake
George assemblages and ranged from open upright
folding to recumbent isoclinal folds. A consistent
fold vergence direction was not observed in the
field area. Hansen and Dusel-Bacon (1998) previ-
ously described open to gentle upright folding
with east-west axial traces in both metamorphic
assemblages. While map-scale folding is indicated
by foliation measurements in a few locations, lack
of exposure makes it unclear how extensive large-
scale folding is. Identification of large-scale folding
is also complicated by later motion on high-angle
brittle faults that cut the ductile fabrics (see below).

Comparable meso-scale folding in both
the Fortymile River and Lake George assemblages
suggests that folding occurred during or after the
assemblages were juxtaposed by Triassic to Jurassic
thrusting of allochthonous assemblages over conti-
nental North America (Hansen and Dusel-Bacon,
1998). Alternatively, folding in the Fortymile and
Lake George assemblages could have occurred
during ductile extension along a north-dipping
detachment (discussed below), which exhumed the
parautochthonous Lake George assemblage in the
mid-Cretaceous (Hansen and Dusel-Bacon, 1998).

LINEATION MEASUREMENTS AND
LOW-ANGLE DETACHMENT

The contact between the Fortymile River
assemblage and the Lake George assemblage is
poorly exposed across the map area south of Liberty
Creek and the Sixtymile River. We concur with the
interpretation of Hansen and Dusel-Bacon (1998)
that the boundary is a shallowly to moderately
north-dipping extensional detachment surface
(Fortymile-Lake George Detachment; fig. 3, red
lines). Late Jurassic to Early Cretaceous “Ar/*Ar
metamorphic cooling ages have been reported for
Fortymile River assemblage rocks north of the



Chapter D: Structural geology observations in the northeast Tanacross map area 45

N =362

N =264
Best-fit fold axis trend/plunge:
295/2.3

N=16
Best-fit fold axis trend/plunge:
120.7/18.8 +32.7

Figure 2. Lower hemisphere, equal-area stereonet plots of (A) poles to foliation planes in the Fortymile assemblage; (B) poles
to foliation planes in the Lake George assemblage including a cylindrical best fit plane and axis (in red); (C) trend and plunge
of measured fold axes in the northeast Tanacross field area in Fortymile River and Lake George assemblage metamorphic

rocks, including a conical best fit axis (in red).

detachment, and Mid-Cretaceous “°Ar/*Ar meta-
morphic cooling ages have been reported for Lake
George assemblage rocks south of the detachment
(hg. 4; Hansen and Dusel-Bacon, 1998; Jones and
others, 2017; Naibert and others, 2020), indicating
that crustal extension along the proposed detach-
ment and exhumation of footwall rocks likely
occurred during the mid-Cretaceous. The Fortymile
River and Lake George assemblages both include
significant quartzite, schist, and paragneiss layers,
as well as interlayered orthogneiss, and it can be
difficult to differentiate the assemblage in the field
at the outcrop scale. Where metamorphic cooling
ages are available, the detachment has been mapped
between stations with mid-Cretaceous (~-100—120
Ma) and Jurassic/Early Cretaceous metamorphic
cooling ages. Between “Ar/*’Ar age locations, the
detachment has been mapped north of the north-
ernmost observations of Divide Mountain augen
orthogneiss (-355 Ma; Naibert and others, 2021;
MDag in Wypych and others, 2021), a definitive
unit in the Lake George assemblage in this part of
the map area. The detachment is likely an approx-
imately kilometer-wide fault zone in map view
(structural thickness of at least 350 m) that extends
north into the lower Fortymile River assemblage.

Evidence for a broad shear zone includes multiple
abrupt changes in foliation- orientation over short
distances, increased shear of porphyroclasts and
decreasing porphyroclast grain size in orthogneiss
within the shear zone, and a pronounced band of
conductivity in published electromagnetic surveys
(Burns and others, 2011).

Mineral and stretching lineations in both the
Fortymile River and Lake George assemblages are
dominantly subhorizontal and trend NW-SE (fig.
5A). The exception is a population of mineral linea-
tions in the Fortymile River assemblage between
Liberty and Dewey Creeks, which are subhorizontal
and trend NE-SW (fig. 5B, shown in green; fig.
3, circled in white). If mineral lineations are inter-
preted as a reflection of ductile shear sense, then
these data are in general agreement with Hansen and
Dusel-Bacon (1998), who reported northeast-di-
rected shear sense indicators in the Fortymile River
assemblage and northwest- and southeast-directed
shear sense indicators in the Lake George assem-
blage and across the detachment in the lower Forty-
mile River assemblage. Hansen and Dusel-Bacon
(1998) interpreted the northeast-directed shear to
be due to Triassic subduction-related compression
in the Fortymile River assemblage. Subduction was
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Figure 3. Map of the northeast Tanacross area showing major structures: Fortymile-Lake George Detachment (red); Sixty-
mile-Pika fault zone (yellow); NE-SW high-angle fault set (blue); WNW-ESE Liberty Creek and Dewey Creek faults (green);
and NW-SE high-angle faults (orange). Areas circled in white are a population of NE-SW-trending lineations depicted in
figure 5B. Map unit colors are as indicated on the northeast Tanacross Geologic Map (Wypych and others, 2021).



Chapter D: Structural geology observations in the northeast Tanacross map area

L

9% mASSE

m106.3
mil16.3;

hi191.4

©172.6;
h191.6:

mi145.5

m115.8
hill05.
76

m105,2

b[10:3]

K/Ar

“OAr/*Ar

h: hornblende

m: muscovite

b: biotite ‘

w: white mica Ty - 5
s: sericite ‘ mail1.2

Cl Chicken Metamorphic Complex |:| Sedimentary rocks - Seventymile terrane
:| Klondike assemblage - Tertiary/Quaternary basalt/gabbro E Jurassic plutons
- Nasina assemblage E Cretaceous/Tertiary volcanics E Triassic plutons
|:| Fortymile River assemblage | Late Cretaceous intrusions

Kilometers
_ Lake George assemblage - mid-Cretaceous plutons PR U

N

47

Figure 4. Map of the northeast Tanacross map area and the surrounding area showing “°Ar/3°Ar cooling ages in the Fortymile
and Lake George assemblages near the interpreted low-angle detachment. Ages as reported in Dusel-Bacon and others,

2002; Jones and others, 2017, Wilson and others, 2015, and Naibert and others, 2018, 2020.
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Figure 5. Lower hemisphere, equal-area stereonet plots of (A) mineral lineations and stretching lineations in the NE Tana-
cross field area with NW-SE subhorizontal mean direction. B. Mineral lineations and stretching lineations in the Fortymile
River assemblage including overall mean direction (red) and the mean directions of two sub-populations (NE-SW population
mostly between Liberty and Dewey Creeks in green and NW-SE population in blue). C. Mineral lineations and stretching
lineations in the Lake George assemblage with NW-SE subhorizontal mean direction.

followed by northwest-directed Jurassic thrusting
of the Fortymile River assemblage over the parau-
tochthonous Lake George assemblage. Subsequent
southeast-directed =~ mid-Cretaceous  extension
caused exhumation of the Lake George assemblage.
Measured NE-SW stretching lineations between
Liberty Creek and Dewey Creek (fig. 5B, in green)
may record the earlier northeast-directed compres-
sion in the Fortymile River assemblage. The domi-
nant NW-SE orientation of stretching lineations in
the Fortymile River assemblage (fig. 5B, in blue),
including observations multiple kilometers north
of the mapped detachment surface, suggest that
evidence of northeast-directed compression was over-
printed by subsequent northwest-directed compres-
sion or southeast-directed extension throughout
much of the Fortymile assemblage in the field area.
These observations indicate that N'W-SE ductile
shear is widespread at lower structural levels within
the allochthonous units, as described by Hansen
and Dusel-Bacon (1998). Our field data included
limited observations of shear sense and it is unclear if
the dominant NW-SE lineations recorded across the
field area were formed during northwest- or south-
east-directed shear, or a combination of both.

HIGH-ANGLE FAULTING

fault
possible in the map area due to poor exposure.
Minor fault planes measured in the field area did

Few direct measurements were

not have a dominant orientation, possibly due to
multiple fault generations or to rotation of struc-
tural blocks on unmeasured faults. Multiple orien-
tations of high-angle faults cut the map area and
were interpreted using field relations, acromagnetic
and electromagnetic surveys (Burns and others,
2011; Emond and others, 2015), and linear stream
valleys or aligned topographic saddles along ridges.
Interpreted faults were broadly similar to faults
identified by Sinchez and others (2014) using a
multi-dataset stacking methodology.

'The most prominent fault system in the field
area is the Sixtymile-Pika fault zone (striking 4550
degrees) that extends from the Yukon border to the
East Fork of the Denison Fork River and offsets the
Fortymile-Lake George boundary detachment (fig.
3, yellow lines). The fault zone includes numerous
parallel fault strands. We interpret this fault zone to
be dominantly left-lateral strike-slip, though a small-

scale fault with similar orientation was observed
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near Divide Mountain with apparent left-later-
al-normal oblique slip. We have mapped a series of
parallel left-lateral faults throughout the central and
southern parts of the map area (Wypych and others,
2021). We mapped similar Cretaceous granites (Kg
in Wypych and others, 2021) on both sides of the
Sixtymile-Pika fault near the Yukon Border and just
west of Prindle volcano. If these granites are part of
the same intrusion, then approximately 33 km of
left lateral slip has occurred on the Sixtymile-Pika
fault system since the mid-Cretaceous. Quaternary
basanite flows erupted from Prindle Volcano are
likely structurally controlled by the Sixtymile-Pika
fault zone and contain ultramafic xenoliths, which
resemble mantle material. These observations suggest
that the Sixtymile-Pika fault system is a deep feature
that extends through the crust.

A second set of sinistral, strike-slip faults
exist in the map area and have strikes from 15 to
30 degrees (fig 3, blue lines). The most prominent
of these faults cuts through three saddles just to the
east of Dude Creek north of the Fortymile-Lake
George boundary detachment. It is unclear if these
faults offset, are offset by, or are mutually offsetting
the main NE-SW oriented faults. These faults could
have formed as R shears to the main Sixtymile-Pika
fault set.

Two parallel NW-SE faults (290-300 degree
strike) were interpreted within the Fortymile assem-
blage in the valleys of Liberty and Dewey creeks
based on parallel linear valleys (fig. 3, green lines).
These faults appear to offset the NE-SW striking
faults, but age relationships are difficult to determine
due to poor exposure. A fourth set of high-angle
faults and aeromagnetic lineations with 300-330-
degree strikes are offset by NE-SW striking faults
(fig. 3, orange lines). This set of faults could be R’
shear to the main Sixtymile-Pika fault set, but it is
unclear if these faults are strike-slip or dip-slip from
map relations.

Poorly consolidated conglomerates and
sandstones (Kc in Wypych and others, 2021) in
the northern half of the map area suggest local

sedimentary depocenters or preservation of more
extensive sedimentary units near some of the
mapped faults, possibly due to normal or oblique-
normal motion during mid-Cretaceous extension
and exhumation of the Lake George assemblage or
continuing extension since the Cretaceous. Similar
sedimentary rocks in the Mount Fairplay area have
moderately to steeply dipping beds (Foster, 1967)
indicating post-deposition tilting, possibly due
to local faulting. Bedding measurements in sedi-
mentary rocks were not possible in the northeast
Tanacross map area due to poor exposure; similar
sedimentary rocks were noted at similar elevations
on both sides of high-angle faults, ruling out signif-
icant throw on these faults. The exposure of Late
Cretaceous intrusive rocks near similar age volcanic
units in the map area and the adjacent Mount Fair-
play area further suggests vertical fault block move-
ment occurred to juxtapose rocks from different
depths since the Cretaceous.

DIKES

Granitic dikes with both aplitic and pegma-
titic textures are common throughout the map area
and are especially clustered in a few areas, including
in the area surrounding Cretaceous granite (Kg
in Wypych and others, 2021) intrusions near the
Yukon border, as well as in the area surrounding
Prindle Volcano, and on Hill 3916 west of McElfish
Creek. These dikes are likely related to larger Creta-
ceous granite intrusions. The dikes were observed to
be both concordant and discordant with foliation in
metamorphic host rocks. Dikes sometimes appear to
be folded within the Lake George assemblage. It is
possible the dikes intruded along previously folded
foliation planes. Weak foliation was rarely observed
within the dikes. Dike orientations were similar in
both aplite and pegmatite dikes and grouping by
texture did not result in any preferred orientations.
Both dike textures have similar geochemistry and
are part of the same magmatic system. Aplite dikes
were often crosscut by pegmatite dikes, indicating
the pegmatite phase intruded later, but the two
textures also were gradational in some instances,
indicating close timing of intrusion.
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A muscovite “Ar/*Ar age of 105.2 + 0.7
Ma from a pegmatite dike is similar to metamor-
phic cooling ages of the host Lake George assem-
blage (Naibert and others, 2018), which suggests
dike intrusion occurred before or during the
mid-Cretaceous extension and uplift of the Lake
George assemblage. Measured dike orientations fall
into two broad populations: steeply dipping north-
south dikes and subhorizontal sills. About 30
percent of dikes do not fit well into either of these

populations. The two populations both have better
grouping before correction for foliation orientation
of their host rocks than after unfolding (fig. 6).
This indicates that dikes were likely intruded after
ductile folding. The apparent folding of some dikes
with the host metamorphic rocks may indicate that
dike intrusion did overlap the end of ductile defor-
mation or the apparent folded dikes resulted from
intrusion along previously folded foliation planes.

N=13
Mean vector of poles to dikes
As measured: 269.5/02.2 agg: 11.2

N-S vertical dikes

N=13
Mean vector of poles to dikes
After unfolding: 091.3/15.5 Qgg: 12.5

N=7
Mean vector of poles to dikes
As measured: 195.4/75/3 dgg: 13.2

Subhorizontal sills

N=7
Mean vector of poles to dikes
After unfolding: 177.0/76.5 ags:26.8

Figure 6. Lower hemisphere, equal-area stereonet plots of poles to two populations of measured dike planes as measured and
after unfolding (using foliation measurements taken at the same outcrops). A. Data from a population of nearly vertical aplite and
pegmatite dikes with north-south strikes. B. Data from a population of subhorizontal aplite and pegmatite sills. Closed circles
indicate poles in the lower hemisphere and open circles indicate poles in the upper hemisphere. Mean vectors are reported with
the half-apical angle of 95 percent confidence (a95). Measurements from both populations are more clustered as measured
than after unfolding, indicating that folding in the host rocks occurred prior to dike intrusion.
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CHAPTER E: GEOCHEMICAL INTERPRETATION OF SAMPLES OF
IGNEOUS ROCKS FROM NORTHEAST TANACROSS

Alicja Wypych'

INTRODUCTION

During a span of two summer field seasons in
2017 and 2018 geologists from the Alaska Division
of Geological & Geophysical Surveys (DGGS)
carried out a geologic mapping and geochemical
sampling project in the northeast Tanacross map
area. Modern, high quality geochemical data were
collected for 490 samples. This report focuses on
the igneous subset of the samples collected, which
are split into five major groups based on crystalliza-
tion ages (Andronikov and Mukasa, 2010; Blondes
and others, 2007; Todd and others, 2019; Wypych
and others, 2020b), geochemical composition,
and textural differences: 1) Triassic granites and
granodioritic porphyries, 2) mid-Cretaceous gran-
ites and pegmatites, 3) Late Cretaceous dioritic to
granitic porphyries, 4) Late Cretaceous andesite
to rhyolite volcanic rocks, and 5) Quaternary
basalts to basaltic trachyandesites (figs. 1, 2A and
2B). Petrological and geochemical investigations
further distinguished igneous rock types associated
with mineral occurrences as described in chapter
F (Twelker and Newberry, 2021). Intrusive suites
include the ca. 205 Ma Witherspoon porphyry,
ca. 110 Ma granite and pegmatite, ca. 110 Timber
pluton, suspected ca. 110 Fred granite, ca. 70 Ma
Taurus granodiorite, ca. 70 Ma quartz-feldspar
porphyry, and ca. 70 Ma Pika diorite (Wypych and
others, 2018) all of which are shown on the total
alkali (Na,0O +K O) versus silica (SiO,) diagram
(TAS) for intrusive rocks (fig. 2A; Cox and others,
1979; Wilson, 1989). The plutonic rocks exhibit
a range of intermediate to felsic compositions. As
with the intrusive suites, the volcanic rocks have
a broad composition ranging from mafic to silicic
(SiO, from 43 to 76 wt.%) illustrated on the TAS
diagram for volcanic rocks (fig. 2B; LeBas and

others 1986), and are divided into two groups: ca.
70 Ma volcanic flows and 176 ka basanites.

All major and trace element compositions
used in this report can be obtained as raw data
files (Wypych and others, 2017; Wypych and
others, 2018). A supplemental spreadsheet that
relates map units to samples from the geochemical
reports used for this interpretation can be down-
load from doi.org/10.14509/30542. See Wypych
and others (2017, doi.org/10.14509/29778; 2018,
doi.org/10.14509/30113) for full documentation
of the sample collection, preparation, and analytical
methods.

GEOLOGIC BACKGROUND

Previous geologic investigations in the eastern
Yukon Tanana Uplands region suggest periods of
Triassic to Paleocene igneous activity (Foster, 1970,
1967; Gill, 1977; Harrington, 2010; Werdon and
others, 2001; Szumigala and others, 2002). Foster
(1970) describes the presence of felsic lavas, tufls,
tuff breccias, pumice-breccias, volcanic conglomer-
ates and tuffaceous sediments as well as mafic lavas,
breccias and tuffs in the region, and assigned them
a Tertiary age based on pollen fossils found in the
sedimentary units. Along with the Tertiary volcanic
rocks, Foster (1970) describes equigranular to
porphyritic diorite to granite intrusions of Mesozoic
age. Gill (1977) conducted a detailed study of the
area around the Pika and Fishhook prospects and
described the presence of diorite, monzodiorite and
monzonite, granodiorite, gabbro, multiple andesitic
volcanic rocks, and basalt, all presumed to be Early
Tertiary age. Harrington (2010) compiled previous
industry reports focused on the Taurus prospect area
and described Cretaceous granodiorite, along with

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
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Figure 1. Geographic distribution of igneous units in the northeastern Tanacross map area (Wypych and others,
2021, sheet 1). —Rwp —Witherspoon feldspar porphyry; Ktp—Timber granite; Kg—granite; Kfg—~Fred granite; Kgp—
quartz-feldspar porphyry; Ktgd—Taurus granodiorite; Kpd—Pika diorite; Kv—volcanic flows; Qb—~Prindle volcano and
Prindle-like basanites. Thin dotted, dashed, and continuous fine lines signify unit contacts; thicker dotted, dashed, and
continuous lines represent faults.



Chapter E: Geochemical interpretation from the northeast Tanacross map area 55

Tertiary quartz monzonite porphyry, feldspar-quartz
porphyry, quartz latite, quartz porphyry, intru-
sive breccia, and dacite. Here we compile, modify,
and simplify these previous findings based on the
research conducted by DGGS.

TRIASSIC INTRUSIONS

The oldest weakly metamorphosed to unmet-
amorphosed igneous rocks in the area are Triassic
granites and granodioritic porphyries of the With-
erspoon feldspar porphyry (‘Rwp, fig. 1). This unit
includes feldspar-rich dikes, plugs, and intrusions,
with abundant chlorite and epidote alteration and
slight foliation. They are granodioritic to granitic
with SiO, content between 65 and 74 wt.%, some
with elevated alkali contents (up to 8.5 wt.% total
alkali) and one dioritic sample (fig. 2A). The samples
are alkali-calcic to calc-alkalic, magnesian, and meta-
luminous to peraluminous (figs. 2C-E; Frost and
others, 2001; Frost and Frost, 2008). The Wither-
spoon porphyry is characterized by relatively high
strontium (Sr; up to 1300 parts per million [ppm];
fig. 3A) compared to other intrusions in the region,
but lower concentrations of elements like lanthanum
(La), thorium (Th), europium (Eu) or ytterbium
(Yb; figs. 3B-E). Relative to other intrusions in the
region, this unit has lower rubidium (Rb), yttrium
(Y), and niobium (Nb) concentrations, which are
typical of volcanic arc granitoids (fig. 3A; Pearce and
others, 1984 ), and Sr/Y ratios typical of adakitic
melts (fig. 4E).

MID-CRETACEOUS INTRUSIONS

Mid-Cretaceous include the
Timber granite pluton (Ktp), the Fred granite
pluton (Kfg) and other granite plutons and dikes
(Kg; fig. 1). The units are generally coarse grained

intrusions

(up to pegmatitic), equigranular to porphyritic,
and quartz rich, with biotite, minor hornblende,
and accessory garnet. The granites all have greater
than 70 wt.% SiO, and, in some cases, are enriched
in alkalis (fig. 2A). Generally, the granites are
calc-alkalic, ferroan (although the Timber granite
does have a significant magnesian component),
and peraluminous (figs. 2C-E). Trace element

compositions of the granites are distinct from the
Late Cretaceous and the Triassic intrusions, with
lower Sr and zirconium (Zr) concentrations (up to
473 and 477 ppm, respectively; figs. 3A and F).
Fred granite has higher La concentration than the
other mid-Cretaceous granites (fig. 3B); which
are also characterized by low Eu concentrations
(fig. 3D) typical of evolved rocks with plagioclase
fractionation. On tectonic discrimination diagrams,
the mid-Cretaceous samples are consistent with
a volcanic arc origin, but some within-plate and
syn-collisional affinity are also indicated (fig. 4B).

LATE CRETACEOUS IGNEOUS
ROCKS

Late Cretaceous igneous rocks are divided into
Taurus granodiorite (Ktgd) and quartz-feldspar
porphyry (Kqp), Pika diorite (Kpd), and several
occurrences of volcanic flows (Kv) within the

mapped area (fig. 1).

The Taurus granodiorite and Pika diorite
have similar ages and are both porphyritic, medi-
um-grained intrusive rocks characterized by the pres-
ence of hornblende. Tourmaline alteration is present
in both, but more common in Taurus granodiorite.
Taurus granodiorite has a tight range of SiO, compo-
sitions between 64 and 70 wt.% (one outlier sample
could bessilicified, fig. 2A), whereas Pika diorite has a
wide range of SiO, compositions between 56 and 68
wt.% (fig. 2A). Both the granodiorite and diorite are
mostly calc-alkalic, magnesian, and metaluminous
(with few exceptions, figs. 2C-E). The differences
in silica concentration correlate with differences in
trace element compositions, particularly the rare
earth elements (figs. 3B-D). The Taurus granodio-
rite follows a separate fractionation trend than the
Pika diorite, which is particularly well-highlighted
by the SiO, vs. Eu plot (fig. 3D) and has elevated
La, and Rb (figs. 3B and E fig. 4C and D). Both the
Taurus and Pika intrusions have volcanic arc gran-

itoid signatures (figs. 4C and D).

A second distinctive intrusion in the Taurus
area is the quartz porphyry (Kqp). This rock has a ca.
68 to 70 Ma crystallization age similar to the Taurus
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Figure 2. Classification diagrams for igneous rocks from northeast Tanacross map area. A. Total alkali versus silica diagram
with fields (labeled after Wilson, 1989) showing the compositional range of the plutonic rocks. B. Total alkali versus silica
diagram with fields (after LeBas and others, 1986) showing the compositional range of the volcanic rocks. C. Modified alkali-
lime index (MALI = Na,O + K,O - CaO; Frost and others, 2001). D. Fe*= (FeQ, ) / (FeO,, + MgO); Frost and others, 2001).
E. Aluminum saturation index diagram; ASI = Al/ (Ca-1.67P+Na+K); Frost and others, 2001). Oxide data have been normalized
to 100 percent anhydrous. Open symbols signify samples described (in the field by the collector) as “altered;” Closed symbols

represent samples described as “unaltered” or “fresh.”
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Figure 3. Bivariate plots of SiO, (wt.%) vs selected trace element abundances (ppm). Symbols and colors as in figure 2.

granodiorite (Todd and others, 2019). Based on
relationships observed in hand samples we interpret
this intrusion to be older than the granodiorite. This
porphyry is fine grained, has phenocrysts of quartz,
and is often highly altered to sericite. The samples
with the least amount of alteration are of granodi-
oritic to granitic composition (with 64 to 75 wt.%
SiO,, fig. 2A), but the altered samples have elevated
K,O and Na,O suggesting potassic and sodic alter-
ation. The quartz porphyry is calc-alkalic, ferroan,

and metaluminous to peraluminous (figs. 2C-E).
Rare earth elements in the quartz porphyry are
indistinguishable from the Taurus granodiorite (figs.
3B-E), but both Th and Zr concentrations are lower
in the porphyry than in the granodiorite (figs. 3C
and F) whereas Sr is generally higher (fig. 3A). The
porphyry is of volcanic arc provenance and is similar
to the Taurus granodiorite in the Rb vs Y+Nb plot
(fig. 4C). Some Taurus granodiorite samples have
higher Nb and Y concentration (fig. 4C).
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(1984) for A. Witherspoon porphyry rocks; B. mid-Cretaceous granites; C. Taurus area intrusive rocks; and D. Pika-Fishhook
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as in figure 2.

The volcanic flows observed in the Pika-Fish-
hook area and at VABM Lode are porphyritic with
aphanitic matrix and feldspar phenocrysts, and are
generally more siliceous than the Pika diorite—
spanning from andesite to dacite, with one basaltic
sample and a couple of rhyolitic samples (fig. 2B).

Some samples have elevated alkali concentration,
plotting them in trachyandesitic to trachydacitic
fields on the TAS diagram (fig. 2B). The samples
are calc-alkalic to alkali-calcic, mostly ferroan, and
span between metaluminous and peraluminous
(figs. 3C-E). In terms of trace element composi-
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tion, the volcanic rocks are indistinguishable from
the Pika diorite (figs. 3A—F). On the Pearce (1984)
diagram they lie along the same trend. One differ-
ence between them is that the volcanic rocks have
slightly lower Y and Nb concentrations compared to
the Pika diorite (fig. 4D). The similar trace element
compositions of igneous rocks in the Pika-Fish-
hook area, the general major-element trend, and
the proximity to the diorite lead us to believe that
the volcanic rocks are an extrusive equivalent of the
intrusive Pika diorite.

QUATERNARY BASANITES OF
PRINDLE VOLCANO

The basanite of Prindle volcano (fig. 1) is a
porphyritic black rock with aphanitic matrix and
olivine phenocrysts. Samples are often vesicular and
are characterized by the presence of numerous peri-
dotitic and granulite xenoliths (Foster and others,
1966). Rocks with similar chemical composition and
textural characteristics to the Prindle basanite have
been observed further north in the map area and are
included in the Prindle Volcano basanite unit for
simplicity (fig. 1). Most of the samples analyzed are
trachybasaltic to basanitic on the TAS diagram (fig.
2B), with few basaltic samples present. The basanites
have a distinctive trace element composition, with
very low Th and Yb concentration (figs. 3C and E)
and high Sr, La, Eu, and Zr (figs. 3A, B, D, and F).
The majority of samples are of within-plate alkalic

basalt affinity, with a couple tholeiitic within-plate
basalts (Meschede, 1986; fig. 4F).

CONCLUSIONS

The magmatic activity in the Northeast Tana-
cross map area spans from Triassic to Quaternary
and, apart from Prindle basanites, seems to be derived
from volcanic arc activity (figs. 4A-D). The magne-

sian signature of mafic to intermediate Triassic and
Late Cretaceous samples supports magma genesis
under oxidized conditions (Frost and Frost, 2008),
and elevated Sr/Y ratios with relatively low La/
Yb suggest partial melting of lower crust (Moyen,
2009) or contamination with upper crust mate-
rial. The mid-Cretaceous granites, similar to the
other magmatic rocks in the region, have a volcanic
arc affinity (fig. 4B), however, the elevated Rb and
ALO,, (figs. 4B and 2E) suggest crustal melt input.
Longer residency in the crust suggested by presence
of an Eu anomaly (Wypych and others, 2017, 2018)
could facilitate significant crustal melt input in the
magma chamber. Finally, the volcanic rocks of Prindle
volcano have a separate melt origin that indicates a
deep, more-fertile magma source and is consistent
with the presence of fertile mantle xenoliths (Todd,
2019, personal commun.) and within-plate tectonic

affinity (fig. 4F).
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CHAPTER F: OBSERVATIONS ON THE ECONOMIC GEOLOGY OF

NORTHEAST TANACROSS

Evan Twelker! and Rainer J. Newberry?

INTRODUCTION

The known and potential mineral resources of
the Northeast Tanacross map area include minor
placer gold and a variety of prospects that are likely
related to one or more porphyry copper-gold-mo-
lybdenum (Cu-Au-Mo) systems. The best-de-
fined lode mineralization is located in the Taurus-
Bluff area (fig. 1), where exploration since 1970
has identified an inferred mineral resource of 68
million metric tons grading 0.275 percent Cu,
324 ppm Mo, and 0.166 ppm Au at East Taurus
(Harrington, 2010). Prospects and mineral occur-
rences also cluster in the Pika-Fishhook area (fig.
1). Mineralization in both areas appears to be
magmatic-hydrothermal in origin and latest Creta-
ceous in age. An evaluation of the similarities and
differences between the two prospect clusters is
of particular interest in assessing the potential for
as-yet undiscovered porphyry Cu—Mo-Au systems
in the Pika-Fishhook area.

While the Taurus-Bluff area contains multiple
intrusive phases, the mineralization appears to
be associated with, and genetically related to,
quartz-feldspar porphyry intrusions of granitic
composition. Our fieldwork did not locate any
intrusions of this composition at the surface in the
Pika-Fishhook area, although they may occur at
depth or under vegetative cover.

The Taurus-Bluff and Pika-Fishhook areas are
somewhat similar in terms of the Cu-poor styles of
observed mineralization; mineralization enriched
in either gold (Au) or silver-lead-bismuth-arsenic
(Ag—Pb-Bi-As) occurs at both. Such mineraliza-
tion could be the distal expression of porphyry
Cu-Mo-Au systems. Further, both have broad

alteration footprints consisting of locally developed
sericite alteration, and potassic alteration occurs
locally within the broader footprint. Tourmaline
occurrences form notable clusters around each
area; however, this pattern cannot be interpreted
solely as alteration because our field observations
include both pre- and post-metamorphic (latest
Cretaceous?) tourmaline.

Placer gold, which has been mined at a small
scale from Liberty Creek (fig. 1), could be inter-
preted as the southernmost locality of the Forty-
mile placer district, which concentrates Jurassic
orogenic-type gold known to occur regionally in
the Fortymile River Assemblage. However, given
the lack of placer mining in nearby creeks (e.g.,
Dewey Creek) and the Liberty Creek placer’s loca-
tion downstream of the Fishhook prospect, placer
gold is most likely sourced from intrusion-related
mineralization in the Pika-Fishhook area. Alterna-
tively, the gold could be re-sedimented from Late
Cretaceous conglomerates mapped in the headwa-
ters of Liberty Creek.

INTRUSIVE ROCKS

At the scale of our mapping, the Cretaceous
intrusions in the Taurus-Bluff area are generalized
into three groups: pre-mineralization peralumi-
nous granite, syn-mineralization quartz-feldspar
porphyry, and post-mineralization intrusions of
granodiorite to quartz monzonite composition.
In the Pika-Fishhook area, we mapped hypabyssal
intrusions of diorite to granodiorite composition
and volcanic flows of mostly andesitic composition.

Granite (Unit Kg)

The oldest of the post-metamorphic intru-
sions in the map area are broadly scattered dikes,

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
’Department of Geosciences, University of Alaska, P.O. Box 755780, Fairbanks, Alaska 99775-5780
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sills, and stocks of locally garnet- or musco-
vite-bearing granite, aplite, and pegmatite. Intru-
sions of this type are most abundant in the area
northeast of Taurus and southwest of Fishhook;
the spatial distribution of this unit does not appear
to have any relation to the distribution of the Late
Cretaceous intrusions or the alteration footprints
around Taurus-Bluff or Pika-Fishhook. This unit
occurs as both sills intruding along foliation and
dikes cutting foliation, and in some field exposures
it appears to be strained; therefore, we infer that
it was intruded during the final stages of regional
metamorphism and deformation. “°Ar/*Ar dating
of this intrusive suite in the map area yields Early
Cretaceous ages around 105 to 110 Ma (Naibert
and others, 2018).

Quartz-Feldspar Porphyry (Unit Kqp)

One or more phases of intrusions that are
most closely associated with Cu—Mo—Au miner-
alization at Taurus and Bluff are moderately to
intensely altered but retain porphyry textures and
relict quartz and feldspar phenocrysts. This unit
also includes the strongly quartz-sericite-pyrite-al-
tered intrusion breccias at the East Taurus camp
and airstrip area. Whole-rock geochemical data
indicate that the less-altered samples from this
unit have 18-29 percent normative quartz out
of total quartz and feldspar. They are therefore
best described as granites. A molybdenite-bearing
sample taken from this unit at West Taurus
yielded U-Pb zircon age of 70.6 + 0.9 Ma (Todd
and others, 2019), while Allan and others (2013)
obtained a U-Pb zircon age of 71.4 + 0.3 Ma from
altered and mineralized quartz feldspar porphyry
at the Bluff prospect.

Taurus Granodiorite (unit Ktgd)

The youngest suite of intrusions in the Taurus-
Bluffarea issignificantly more maficand has compo-
sitions from granodiorite to quartz monzonite (unit
Ktgd; map sheet 1). Smaller dikes have porphyry
textures (hornblende-feldspar porphyry), while
a 200- to 500-meter-thick dike (true thickness)
north of Taurus is medium grained and equigran-

ular in texture. Mafic minerals include hornblende,
biotite, and clinopyroxene. Magnetite is relatively
abundant; the characteristically high magnetic
susceptibility of this unit makes it easily mapped
or modeled from aeromagnetic surveys, as shown
in the magnetic modeling section of this report.
This unit was intercepted by drilling in the heart
of the East Taurus prospect (Kenorland Minerals,
2017) and displays only propylitic alteration; it
is convincingly post-mineralization in timing.
Wypych and others (2020) obtained a U-Pb zircon
age of 71.0 + 1.1 Ma from a sample of this unit
from East Taurus; this age is within error of zircon
ages from the syn-mineralization quartz-feldspar
porphyry and indicates a compressed time frame
for emplacement of the intrusive phases in the area.

Pika Diorite (Unit Kpd)

Our mapping in the Pika-Fishhook area found
a single group of relatively shallowly emplaced
intrusions having a compositional range of diorite
to granodiorite (unit Kpd; map sheet 1). Textures
depend on the size of the intrusive body and range
from porphyry to medium-grained seriate or equi-
granular. Porphyry intrusions are characterized by
plagioclase, hornblende, and biotite in an apha-
nitic groundmass, while holocrystalline samples
are dominated by plagioclase, quartz, pyroxene,
biotite, and hornblende. Up to 5 percent primary
magnetite is present in most samples. U-Pb dating
of this unit yielded ages of 70.3 + 0.5 and 68.09
+ 0.94 Ma for diorite and porphyry intrusions,
respectively (Todd and others, 2019). Biotite from
the Pika diorite yielded an “°Ar/*Ar plateau age of
66.3 + 0.7 Ma (Naibert and others, 2018).

As discussed in chapter E (Wypych and others,
2020), the Pika diorite and the Taurus granodio-
rite are similar in geochemistry, mineralogy, and
age, although the Pika diorite is somewhat more
mafic in terms of major element geochemistry. The
Pika diorite may also be more shallowly exposed
given its smaller area of exposure and the presence
of coeval andesitic volcanic flows in the immediate

vicinity of Fishhook.



PORPHYRY STYLE
MINERALIZATION AND
ALTERATION

The mineralization of greatest economic
potential in the study area is the porphyry-type
Cu—Mo-Au defined by drilling in the East Taurus
area. Much of the surface exposure is character-
ized by weathered quartz-sericite-pyrite-altered
material that comprises a leached cap of variable
thickness extending in places to depths of 40 to 58
meters (Leriche, 1995). Recent drilling by Senator
Minerals (drill hole T08-40) intercepted relatively
un-leached mineralization (compared to the adja-
cent drill holes), hosted in potassic-altered intru-
sive rock, from a depth of 7.9 meters to the end of
the hole at 440 meters (Harrington, 2010).

Our petrographic observations of East
Taurus mineralization show that it occurs with
the assemblage pyrite, chalcopyrite, molybdenite,
magnetite, and local hematite. Pyrite locally
contains inclusions of pyrrhotite and chalcopy-
rite. Mineralization occurs as hairline A-type vein-
lets, local B-veinlets, and as disseminated sulfides.
Potassic alteration is mostly present as secondary
biotite replacement of primary biotite and rare
hornblende; it occurs only locally as potassium
(K)-feldspar flooding. Weak to moderate sericitic
and propylitic alteration comprising sericite, chlo-
rite, calcite, epidote, and rutile variably overprint
the potassic zone. Moderate sericitic alteration
includes replacement of plagioclase phenocrysts by
sericite, but residual primary or secondary biotite
may remain. In pervasively sericitized samples,
mafics may be altered to chlorite, epidote, and
rutile; D-type pyrite-quartz veinlets, and 5 percent
disseminated pyrite and trace chalcopyrite are
typical of this assemblage. Tourmaline does not
occur in any significant abundance within the
immediate East Taurus resource area.

No core was available from the West Taurus
prospect; however, our examination of variably
weathered surface samples indicates that the
geology may be similar to that of East Taurus.
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Observed mineralization included disseminated
and veinlet-hosted pyrite, chalcopyrite, magnetite,
and molybdenite; pyrite locally contains inclusions
of pyrrhotite and chalcopyrite. Samples collected
for thin section show weak potassic alteration char-
acterized by replacement of mafics by secondary
biotite; rocks do not have high K O bulk compo-
sitions or K-feldspar flooding. Potassic alteration
is partially overprinted by sericitic alteration or a
propylitic assemblage of chlorite, epidote, calcite,
titanite, and sericite. The greater exposure of
potassic alteration at surface plus the larger foot-
print of the soil geochemical anomalies (Leriche,
1995) may suggest a deeper level of exposure at
West Taurus than at East Taurus.

Our examination of the Bluff prospect found
several types of altered dikes or stocks, intrusive
breccia, and well-developed quartz-sericite-pyrite
alteration. Tourmaline occurs with sericitic alter-
ation in both intrusive and metamorphic rocks.
Surface samples are strongly weathered and may be

leached of copper.

OTHER STYLES OF
MINERALIZATION AND
ALTERATION

We sampled mineralization at the East
Dennison prospect, which lies about 2.5 km south
of Bluff. Based on the observed texture and relict
mineralogy of the altered intrusive rock we interpret
that this prospect is hosted by feldspar-hornblende
porphyry (granodiorite; unit Ktgd) overprinted by
quartz-tourmaline veins and sericite-pyrite alter-
ation. This mineralization has a Ag—Pb-Bi—As—Sb
geochemical signature. Our mapping found similar
Ag-enriched, tourmaline-associated mineralization
elsewhere in the Taurus-Bluff area. It is unclear
whether the distribution of this style of mineral-
ization is controlled by intrusions, especially unit
Ktgd, structures such as the Tourmaline fault of
Leriche (1995), or a combination of both features.

We observed pervasive quartz-sericite-pyrite
alteration of orthogneiss along 650 m of ridgeline at
Hill 4280, about 2.5 km northwest of West Taurus.
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Samples from this zone carry weakly anomalous
Ag, Bi, Pb, and Zn; however, one sample from this
zone assayed 2.67 ppm Au, plus weakly anomalous
Ag, Bi, and Te (sample 18MBW082 of Wypych
and others, 2018). This gold-mineralized sample
is not anomalous in its content of sulfide and did
not contain vug-bearing quartz veinlets that occur
locally in the area.

Mineralization in the Pika and Fishhook area
appears to be largely structurally controlled and
hosted in veins, breccias, or in altered rocks close
to mappable structures. Some mineralization is also
hosted in altered intrusive rocks without evidence of
a clear structural control. Gold is the most econom-
ically significant element at the Fishhook prospect.
Our highest-grade sample carried 2.15 ppm Au,
plus 9.14 ppm Bi, 6 ppm Te, and 310 ppm Cu
(sample 17MBW119 of Wypych and others, 2017).
The sample is of faulted metamorphic rock carrying
up to 5 percent iron oxide (after sulfide) occurring
as both foliation-parallel bands and disseminations.
The sample is one of about 20 in the area (fig. 1)
where major element geochemistry yields higher
than normal molar K/Al ratios (0.5-0.7) suggesting
potassic alteration. These samples are massive to
mylonitic in texture, light in color, and dominated
by fine-grained quartz and potassium feldspar (iden-
tified in hand sample with support of whole rock
geochemistry). White mica and minor biotite are
present in some samples. Gill (1977) also describes
local potassic alteration; in this case within an intru-
sive stock at the Northeast Pika Canyon prospect.
We sampled another style of mineralization about
200 m to the west of 17MBW119; this sample
assayed 0.7 ppm Au associated with stockwork vein-
lets and pervasive sericitic alteration (17MBW130
of Wypych and others, 2017). We dated alteration
sericite from a felsic dike at the Fishhook prospect,
yielding an “°Ar/*’Ar plateau age of 63.7 + 0.5 Ma
(Naibert and others, 2018).

We observed Ag-bearing veins and vein brec-
cias at a few scattered locations within the broader

Pika-Fishhook area. All of these were deeply

oxidized, but from their gossanous appearance they
apparently contained a sulfide-rich infill. One such
sample, displaying relict banded sulfide textures,
assayed 56.5 ppm Ag, 3.5 percent Pb, 592 ppm Sb,
422 ppm Cu, and 323 ppm Zn. At another loca-
tion near the Pika prospect, approximately 1 cm
thick, unoxidized, medium-grained galena veins are
locally associated with druzy quartz and assay 4420
ppm Ag, 30 percent Pb, and 3430 ppm Sb (sample
17MLW002 of Wypych and others, 2017). Silver
mineralization also occurs in quartz-sericite-pyrite
altered intrusive rocks (unit Kpd); one sample from
the Pika prospect assayed 14.4 ppm Ag and 2070
ppm Pb (17ET008 of Wypych and others, 2017).
Another sample of iron-stained, weakly altered
intrusive rock from the Pika area assayed 0.175

ppm Au.

ALTERATION FOOTPRINT OF
MINERALIZATION

Potassic alteration consisting mainly of
secondary biotite and lesser K-feldspar replace-
ment of intrusive rock is narrowly distributed
and closely correlated with Cu—Mo—Au porphyry
type mineralization at East and West Taurus (fig.
1). Potassic alteration in the Fishhook area differs
in that it comprises K-feldspar-quartz alteration
of metamorphic rocks. It is not accompanied by
the Cu—Mo—Au mineralization, intrusive rocks, or
quartz veinlets that are typical of potassic alteration
in porphyry systems.

Sericitic alteration is more broadly distributed
(fig. 1) and affects a wider variety of rocks. At East
Taurus, quartz-sericite-pyrite alteration forms a
pervasive zone peripheral to the potassic alteration.
In places within the greater Taurus-Bluff area and
the Pika-Fishhook area, sericitic alteration affects
both intrusive and metamorphic rocks, is discon-
tinuous from outcrop to outcrop, and varies in
intensity. The distribution of intermittent sericitic
alteration noted by DGGS field geologists forms
two generalized clusters, one around Taurus-Bluff
and a second in the Pika-Fishhook area (fig. 1).

Tourmaline observed by DGGS field geol-



ogists occurs in both igneous and metamorphic
rocks as disseminations, veinlets, and breccia
infills. Tourmaline observations form two broadly
generalized clusters: one in the Taurus-Bluff area,
and one in the Pika-Fishhook area (fig. 1). For this
report we have not made any attempt to discrim-
inate among tourmaline observations based on
chemistry, textural style, or other variables, and it is
likely that the tourmaline distribution presented in
fig. 1 is the combined pattern of multiple original
events such as a combination of Late Cretaceous
and Paleozoic magmatic episodes.

All varieties of tourmaline contain about 10
percent B,O, (Deer and others, 1992). It is, for
the purposes of this report, a field-mappable boron
anomaly. Boron is an incompatible and volatile
element typically enriched in the most evolved
magmas, including pegmatites. The distribution of
tourmaline found during mapping does not appear
to be spatially related to the mapped distribution
of mid-Cretaceous granite and pegmatite (unit
Kg) or Late Devonian to Mississippian Divide
Mountain augen gneiss (unit MDag; map sheet
1), although tourmaline may be found in both
units. Instead, DGGS tourmaline observations
are clustered around the latest Cretaceous Taurus-
Bluff and Pika-Fishhook intrusive centers, both of
which appear to root in larger intrusive complexes
concealed at depth (see magnetic modeling results,

chapter G).

Tourmaline in the Taurus-Bluff area appears
to be temporally associated with latest Cretaceous
intrusions, even though it only rarely occurs in
the proximal (Cu—Mo—Au mineralized) portions
of the East and West Taurus prospects. A tourma-
line-bearing quartz-sericite-pyrite assemblage at
the East Dennison prospect yielded an “°Ar/*Ar
sericite age of 65.8 Ma (Doug Kreiner, U.S.
Geological Survey, personal commun., 2018).
Intense tourmaline alteration on the ridge north of
Taurus is crosscut by latest Cretaceous granodiorite
(unit Ktgd; late syn-mineralization at East Taurus)
indicating the tourmaline is related temporally
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to the hydrothermal system (Doug Kreiner, U.S.
Geological Survey, personal commun., 2018).

Tourmaline in the Pika-Fishhook area occurs
locally within Late Cretaceous igneous rocks, but
it is mostly observed in the metamorphic country
rock. Gill (1977) identified tourmaline as an alter-
ation mineral locally in granodiorite and andesite
(units Kpd and Kv, respectively, of this report).
Within a sample of chalcopyrite-bearing granodi-
orite at the Northeast Pika Canyon prospect, tour-
maline rosettes accompany alteration comprising
orthoclase replacement of plagioclase, plus lesser
sericite, epidote, and carbonate (Gill, 1977).
DGGS was not able re-locate this occurrence
during this project. In thin sections of metamor-
phic rocks from this area examined for our project,
1-5 percent tourmaline occurs as a fine (sub-100 to
500 micron) disseminated phase in otherwise unal-
tered rocks, or as macroscopic, randomly oriented
0.5-1.5 mm grains within foliation-parallel bands.
Two thin sections consistently show tourmaline in
trigonal cross section suggesting the mineral could
be aligned to a cryptic mineral lineation perpen-
dicular to the plane of the thin section. We did not
observe tourmaline partially replacing or forming
pseudomorphs of metamorphic minerals such as
biotite or hornblende.

DISCUSSION OF LODE MINERAL
SYSTEMS
The Taurus-Bluff and the Pika-Fishhook areas

have some important geologic similarities: clusters
of shallowly emplaced latest Cretaceous intrusions,
scattered to pervasive sericitic alteration of latest
Cretaceous age, and scattered “distal” (?) type Ag—
Pb—Bi—As and Au mineralization. For example, the
metamorphic host rock, alteration, and trace-el-
ement profile of gold mineralization at Fishhook
are similar to the mineralization at Hill 4280 near
West Taurus.

The most notable differences between Taurus-
Bluff and Pika-Fishhook are geologic elements that
are lacking in the Pika-Fishhook area including
significant (mappable) volumes of granitic compo-
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sition intrusive rocks that are closely associated with
mineralization at Taurus. Further, DGGS sampling
encountered no Cu—Mo—Au mineralization at
Pika-Fishhook; although Gill (1977) reported chal-
copyrite-mineralized rock, DGGS was unable to
re-locate this presumably small occurrence.

Some of the differences between the two areas
could be explained by the apparently shallower
depth of exhumation in the Pika-Fishhook area.
Smaller volumes of intrusive rock are exposed at
Pike-Fishhook, and coeval volcanic rocks (i.e., the
paleo-surface) are preserved locally. The sulfide-
rich veins carrying Ag-Pb-Bi-As mineralization and
the Au mineralization associated with sericite alter-
ation could conceivably be the distal expression of
a porphyry system. However, these veins and local-
ized sericite are not the advanced-argillic alteration
‘lithocap’ described for the near-surface levels above
porphyry systems elsewhere in the world (e.g.,
Sillitoe, 2010).

While both Pika-Fishhook and Taurus-
Bluff areas feature similar clusters of tourmaline
observations, the two areas differ in the timing of
tourmaline formation. Much of the tourmaline
observed in the Pika-Fishhook area may have a
pre-metamorphic origin. In the Taurus-Bluff area,
tourmaline appears to be spatially and temporally
associated with latest Cretaceous intrusions, and
we infer that this ‘boron footprint’ is an expression
of the latest Cretaceous magmatic-hydrothermal
systems mapped and geophysically modeled at
depth in the area.

Finally, the size of the underlying magmatic
systems may also help explain the differences
between the Taurus-Bluff and Pika-Fishhook areas.
Three-dimensional geophysical models accompa-
nying this report (chapter G; figs. 1 and 2) suggest
that the mapped intrusions in the Taurus-Bluff
area represent only the shallowest expressions of
a much larger intrusive complex that is almost
entirely concealed. Geophysical models do not
show a similar intrusion at depth in the Pika-Fish-
hook area.

PLACER POTENTIAL

A small amount of placer gold was produced
from Liberty Creek during periods of mining in the
1930s, 1970s, and 1990s. According to the Alaska
Resource Data File (ARDF), it is the only creek in
the study area with known gold production (U.S.
Geological Survey, 2018). The area of mining, as
determined from aerial photographs, lies approx-
imately 1 km downstream of the confluence of a
north-flowing tributary that drains the immediate
Pika area (fig. 1). Active mining claims extend east-
ward along the main stem of Liberty Creek approx-
imately 2 km above this confluence.

There are three possible lode sources for the
placer gold in Liberty Creek. The most logical source
for the gold is the intrusion-related mineralization in
the Pika-Fishhook area (fig. 1), which is described
above. A second possible source is the newly mapped
Late Cretaceous conglomerate and sandstone (unit
Kc) at the headwaters of Liberty Creek. Sedimen-
tary rocks of this age are spatially associated with
placer gold in the Chicken area (Werdon and others,
2001), and a source from this unit might explain the
extension of mining claims above the tributary that
drains the Pika Canyon lode prospect. Finally, gold
may be sourced from broadly distributed, as-yet-un-
discovered auriferous veins hosted by the Fortymile
River assemblage, possibly re-concentrated from
Neogene to Pleistocene alluvial gravels; this is the
geologic model for the Fortymile placer deposits
outlined by Yeend (1996).

If intrusion-related mineralization in the
Pika-Fishhook area is the source for placer gold,
portions of upper East Fork and Sixtymile rivers
may be prospective for undiscovered placer
resources. Our work seems to indicate that the Fish-
hook prospect, which is drained by these rivers, has
actively eroding gold mineralization at surface. If
gold is sourced from Late Cretaceous sedimentary
rocks, then placer gold should also occur in tribu-
taries to the Sixtymile River as well as the headwa-

ters of Liberty Creek.



CRITICAL MINERAL POTENTIAL OF
THE STUDY AREA: RHENIUM

The map area contains significant potential for
one critical mineral: thenium (Re). With an average
abundance of less than 1 parts per billion (ppb), Re
is one of the rarest elements in Earth’s continental
crust. It has an extremely high melting point, and
thus its primary industrial application is as a compo-
nent in high-temperature alloys used in jet aircraft
engines. Rhenium is produced as a byproduct of Cu
and Mo production, with Chile being the world’s
leading producer (John and others, 2017). In 2018,
the U.S. relied on imports for about 80 percent of
its Re consumption (U.S. Geological Survey, 2019).

DGGS geochemical sampling of the study

area is the first, to our knowledge, to include
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low-detection-limit Re analyses (Wypych and
others, 2018). These analyses indicate that the
East Taurus Cu—Mo—Au prospect contains signif-
icant concentrations of Re and could potentially
host a resource of this critical mineral. The average
Re concentration from 38 samples of East Taurus
Cu—Mo-Au mineralized drill core was 525 ppb,
and the maximum Re concentration was 3,500
ppb. Excluding one high-Re outlier, Re is closely
correlated to Mo (R?0.91) and to a lesser extent Cu
(R20.51). The Re/Mo indicated by these well-cor-
related samples is 0.0021.

East Taurus contains an inferred mineral
resource of 68 million metric tons grading 0.275
percent Cu, 324 ppm Mo, and 0.166 ppm Au
(Harrington, 2010). Assuming a Re/Mo of 0.0021,
the average Re grade of this resource is 672 ppb,
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and contained Re totals 46 metric tons. By this
extrapolation, Re grades at East Taurus are at the
high end of the range for global porphyry copper
systems (fig. 2). Future exploration may expand the
total Re endowment.
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CHAPTER G: MAGNETIC MODELING OF NORTHEAST TANACROSS

Abraham Emond?! and Aligja Wypych?

INTRODUCTION

Two magnetic modeling studies were
performed to assist with the geologic interpreta-
tion of the map area. A sub-regional unconstrained
magnetic susceptibility model was produced to
compare the depth extent of the magnetic intru-
sive rocks of the Taurus prospect area and the Pika
and Fishhook prospect area. A series of forward
magnetic models was created to determine the

likely depth extent and dip of the amphibolite and
serpentinite (MDlau) unit.

SUB-REGIONAL MODEL

The unconstrained magnetic inversion of the
Northeast Tanacross map area was performed using
MIRA Geoscience’s VPmg software resulting in a
3D magnetic susceptibility model. The uncon-
strained model is a merge of a smaller, more
detailed inversion and a larger coarser inversion
using VPmg’s incision option. MIRA Geosciences
provided technical support for creating the North-
east Tanacross map area model.

The detailed inversion model of the Northeast
Tanacross map area has a horizontal cell size of 100
meters by 100 meters and is 2 kilometers in depth
extent. The input data for this model were from
the DGGS Ladue survey (Burns and others, 2020).
The final regional model was used as the starting
model and basement for the map area inversion.

The regional model extends between 18
and 92 kilometers beyond the Northeast Tana-
cross map area as shown in figure 1. This model
has a horizontal cell size of 1000 meters by 1000
meters. The input data for the regional model was
from the Alaska and Yukon magnetic compilation
(Oneschuk and others, 2019). These data were
upward continued to 500 meters by DGGS staft

prior to performing the inversion. Three regional
inversions with different starting models were
calculated. The starting magnetic susceptibility
was 100 x 102 SI, 10 x 103 SI, and 1 x 103 SI. A
starting model of 10 x 107 SI was used for the final
regional model.

Figure 2 shows an oblique view of the final
Northeast Tanacross map area 3D model. The
magnetic model is shown as a susceptibility shell
with a value 17.5 x 107 SI that encloses modeled
values greater than 17.5 x 102 SI. The suscep-
tibility shell is colored by elevation. Important
prospects, magnetic geology, the project area, and
select waterways are also included in figure 2. The
modeled magnetic body is tens of kilometers in
horizontal extent and 15 or more kilometers in
depth, and extends to the south and below the
Bluff and Taurus prospects as seen in figures 1 and
2. In contrast, the Pika and Fishhook prospects sit
on a smaller magnetic body that is a few kilome-
ters in horizontal and vertical extent. The regional
models show a larger and deeper magnetic body
associated with the Taurus prospect regardless of
the starting magnetic susceptibility of the regional
model. The root of the VABM Lode unit is also
visible in figures 1 and 2.

AMPHIBOLITE AND SERPENTINITE
(MDlau) UNIT MODELS

A series of forward models were performed
on the magnetic signature of the amphibolite
and serpentinite (MDlau) unit shown in figures 1
and 2. These forward models were performed to
provide geometrical and orientation constraints on
the geobody associated with the observed magnetic
anomaly. The forward models were performed
using MIRA Geoscience’s VPmg software. The
model geometries were created from an inter-

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.


http://dggs.alaska.gov/pubs/gpdata/135

Chapter G: Magnetic modeling of the northeast Tanacross map area

VABM lode
Pikan = NE Pika
Fishook

MDlau unit

=Taurus

/7

s = Big Creek

Elevation

Figure 1. Aerial view of the final regional 3D model. The magnetic model is shown as a susceptibility shell
with a value of 17.5 x 10-3 Sl. The susceptibility shell is colored by elevation relative to mean sea level. The
project area is shown with important geologic features, prospects, and select waterways.
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Figure 2. Final magnetic susceptibility model of the Northeast Tanacross map area shown as susceptibil-
ity shell with a value of 17.5 x 103 SI. The susceptibility shell is colored by elevation. The project area is
shown with important geologic features, prospects, and select waterways.
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preted surface expression of the geobody. Eight
models were produced using the “Rapid Potential
Field modeling of 3D dipping bodies” function of
VPmg. The forward modeled data were compared
qualitatively to the observed data for magnetic
anomaly shape and quantitatively for anomaly
amplitude. Magnetic susceptibility values from 38
outcrop samples ranged from 0.02 x 10~ SI to 88 x
1073 SI with a mean value of 8.6 x 107 SI.

Figure 3 shows the eight forward models
produced using VPmg. Models that dip steeply
to the north show the best fit based on anomaly
appearance. Models with magnetic susceptibility
of 10 x 107 SI did not produce an anomaly with
the same magnitude as the recorded data. The
120-meter-thick, 60-degree-north-dipping model
produced an anomaly of similar magnitude and

shape to the recorded data. The MDlau unit is

Dip 60 Degrees South, 2 km Thick
Magnetic Susceptibility = 10 X 107 S|

Dip 30 Degrees North, 2 km Thick
Magnetic Susceptibility = 10 X 102 $|

Dip 30 Degrees South, 2 km Thick
Magnetic Susceptibility = 10 X 10 S|

Dip 90 Degrees, 2 km Thick
Magnetic Susceptibility = 10 X 103 S|

* Observed Data

E

-

nT

1km

Dip 60 Degrees North, 120 m Thick
Magnetic Susceptibility = 100 X 107 S|

Dip 60 Degrees North, 2 km Thick
Magnetic Susceptibility = 10 X 1025l

Dip 60 Degrees North, 200 m Thick
Magnetic Susceptibility = 10 X 107 si

Dip 60 Degrees South, 20 m Thick
Magnetic Susceptibility = 100 X 1038l

Figure 3. Results of eight forward magnetic models. Residual magnetic data are shown. The image in the center shows the

observed data. All magnetic data share the same colorbar and map-scale.
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interpreted as dipping steeply to the north, with
a depth extent of more than 100 meters and a
magnetic susceptibility greater than 10 x 10~ SL

SUMMARY

The sub-regional unconstrained inversion
shows a thick and large magnetic body under the
Taurus prospect region. Magnetic bodies under the
Fishhook and Pika prospects are isolated and have
smaller depth extents. The thick magnetic body
beneath the Taurus region is truncated at the Sixty-
mile fault that follows the East Fork Dennison and
Sixtymile Rivers. Its magnetic signature is consis-
tent with both Late Cretaceous Taurus granodiorite
(Ktgd). The Taurus-Bluff area contains locally abun-
dant secondary magnetite, veins of which may be
found in the Late Cretaceous intrusions as well as in
the surrounding rock (Doug C. Kreiner, personally
commun., 2020), another element adding to the
magnetic signature of the region.

The magnetic forward models indicate the
amphibolite and serpentinite (MDlau) unit is greater
than 100 meters in thickness and dips steeply to the
north. We interpret this body to be a dike due to the
steep dip of the body; its thickness, cutting relations
with the Lake George augen gneiss (MDag), and its
Mississippian age (Wypych and others, 2020).

Results of geophysical models modeling are
inherently non-unique. Other models than those
presented may fit the data.
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