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Abstract: Portable X-ray fluorescence (pXRF) is a useful geochemical technique employed to explore
toolstone procurement strategies in the lithic record, commonly utilized in sourcing obsidians.
Non-obsidian volcanic toolstones (e.g., dacites, rhyolites, basalts, and andesites) are abundant in
interior Alaskan assemblages yet understudied compared to obsidian. Geochemical analyses of these
non-obsidian materials offer the potential to gain new insights into ancient toolstone provisioning
behaviors. This paper presents a synthesis of geochemical (pXRF) analyses of rhyolite artifacts,
systematic regional raw material surveys, and lithic technological analyses collected from nineteen
late Pleistocene and Holocene assemblages from the Nenana valley, interior Alaska. Previous research
studies on archaeological rhyolites from the region are replicated, new rhyolite artifact groups are
identified, and one new rhyolite source is reported and described here. Ultimately, this paper
contributes to a growing body of geochemical research seeking to provide a more nuanced look at
the complex late Pleistocene and Holocene record of eastern Beringia.
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1. Introduction

The archaeological record of human dispersal and settlement in Beringia is becoming
increasingly complex. New paleogenomic studies confirm ancient Beringians arose from
an Asian population, but specifics regarding the timing and dispersal of these populations
leave us with more questions than answers when reconciling the archaeological and genetic
records [1–13]. The earliest known well-accepted archaeological sites in eastern Beringia
post-date the hypothetical arrival of first Beringians predicted by geneticists. These sites,
dating from about 14.2–12 thousand years ago (ka), express a complicated, highly variable
lithic record. This complexity persists throughout the Holocene. Explanations of the
variability are just as complicated, ranging from distinct human groups to site-function
differences to changing responses to fluctuating climate and resource availability from the
late Pleistocene through Holocene [14–26]. Agreement on the most plausible explanations,
however, still eludes us [3,15]. How did the earliest Beringians adapt to their surroundings
as they arrived in interior Alaska and learned the landscape, and how did they respond to
fluctuations in climatic regimes as they settled in?

Because there is a rich record of archaeological sites in the Nenana River valley (herein
referred to simply as the Nenana valley), this region provides an excellent case study for ex-
amining initial human dispersal and landscape learning in interior Alaska. The valley’s site
assemblages consist of lithic artifacts; therefore, one of the best ways to address landscape
learning behaviors in this context is to reconstruct the local lithic landscape by characteriz-
ing lithic raw material (toolstone) availability so that inferences about procurement can be
made. This paper maps the rhyolite lithic landscape in the Nenana valley by presenting
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results of a detailed lithic raw material survey, geochemically characterizing samples from
both rhyolite outcrops and dozens of alluvial collection locations and comparing these
natural occurrences to rhyolite artifacts from several local sites to assess if, and to what
degree, any of these potential source materials were used. The main objective is to map
the rhyolite lithic landscape in the Nenana valley with the goal of explaining how humans
used this resource when technologically provisioning, landscape learning, and settling into
the uplands of interior Alaska.

2. Background
2.1. Settlement of Beringia

Interior Alaska preserves the earliest unequivocal sites with well-stratified cultural com-
ponents thought to be representative of the arrival of humans in eastern Beringia [3,19,27–30].
Many Eastern Beringian sites preserve cultural components spanning the Allerød, Younger
Dryas (YD), Holocene Thermal Maximum (HTM) chronozones, and beyond into the middle
Holocene, though Holocene-aged components in eastern Beringia are often underreported
and understudied [14,31].

The oldest Eastern Beringian site occurs at Swan Point [19,32–34]. Here in central
Alaska, a late Upper Paleolithic occupation found in the lowest cultural zone, CZ4, dates to
14.2 ka and preserves wedge-shaped microblade cores and microblades [19,35,36]. Follow-
ing the climatic amelioration of the late glacial, humans began to widely re-settle Beringia,
this time extending into Alaska. The sites of Berelekh, Nikita Lake, and Ushki Lake in
northwestern and western Beringia have bifaces, blades, and distinctive teardrop-shaped
and waisted bifacial points dating to 14.2–13 ka in their lowest layers. In several Tanana
and Nenana valley sites the lowest archaeological layers contain teardrop and triangular-
shaped projectile points similar to those found in western Beringia and not found with the
microblade-bearing composite tool technology observed at Swan Point [16,17,24,27,28,36–43].
These often-diminutive bifacial points are manufactured on flakes, sometimes with minimal
bifacial retouch, distinguishing them technologically from other bifacial projectile points
of terminal Pleistocene Beringia [37], and perhaps suggesting their use was not always as
weapons but also as processing tools [44–46].

At the onset of the YD at 12.8 ka [47] and thereafter, a change in technological vari-
ability is evident across Beringia. In the Tanana valley lowlands of Alaska, sites exhibit
biface-based assemblages consistent with those in the previous Allerød interval, while
sites along the Alaska Range uplands in the Nenana, Tanana, and Susitna valleys, as
well as at Ushki Lake in Kamchatka have a combined lanceolate bifacial projectile and
wedge-shaped microblade-core industry, not unlike Diuktai during the late glacial in north-
eastern Siberia [48] that also includes burins, side scrapers, and notches as part of the
toolkit [16,17,27,28,37–39,41,49]. Less than a millennium after the onset of the YD, fluted
bifaces associated with other Paleoindian projectile point technologies appear across eastern
Beringia from the Seward Peninsula to the Brooks Range [50–53]. Sites in interior Alaska
dating to the HTM, 11.7 ka, contain only biface or flake-based toolkits (e.g., Carlo Creek),
only microblade technologies (e.g., Little Panguingue Creek), or both microblades and
bifaces (e.g., Dry Creek, Moose Creek, Owl Ridge) [28,54–56].

The early-to-middle Holocene record of eastern Beringia is as complex as the late
glacial, with the emergence of notched projectile points across Alaska at sites like Onion
Portage, Palisades, Tuktu, Landmark Gap, and others, found variably alongside burins,
tci-tho scrapers, knives, microblade technologies, and stemmed, concave-based, and lanceo-
late bifacial points [57–59]. Much like industries from previous millennia, middle Holocene
sites preserve little fauna and are largely lithic except for the Agiak Lake and Pond sites
that preserve caribou bones and drive lines [14,22,23,60–66]. Broadly, major shifts and
patterns in adaptive strategies, mobility, land use, and technological choices that accompa-
nied humans as they continued to make their living during the Holocene remain poorly
understood [14,22,23,31].
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The archaeological record of interior Alaska is largely lithic, and studies of techno-
logical organization, such as raw material use, must be undertaken to investigate past
human behaviors [16,67–70]. While raw material procurement was likely embedded within
other resource-specific tasks to reduce risk and energy costs [71,72], quality toolstone was
a valuable and important economic resource to ancient humans significantly shaping life
decisions [73–78].

Toolstone procurement strategies are influenced by a complex array of variables such
as technological goals (e.g., portable cores, planned and curated or expedient tools), mobility
levels, raw material availability and accessibility, nodule size, knappability, distance to
source, ease of embedding into larger resource-use strategies, and social and political factors
(e.g., exchange and territoriality) [72–75,78–85]. Because acquiring raw materials for toolkit
use likely played a large role in hunter-gatherer lifeways, understanding the distribution,
abundance, and properties of toolstones on a landscape is important in reconstructing
overall adaptive strategies [67,73,86].

2.2. Establishing the Nenana River Valley Lithic Landscape

As humans settle into unknown environments, they must discover and familiarize
themselves with resource patches to exploit them. How did initial inhabitants of the
Nenana valley provision themselves on the “lithic landscape,” and how did behavioral
strategies change as humans adapted to this landscape? Identification of potential sources
of known lithic materials in the region, to map the lithic landscape of this key area, is
essential to answering these questions. A lithic landscape may be defined as the physical
distribution of available and usable materials in a given area [77]. Effectively defining the
layout of the Nenana valley’s lithic landscape provides a baseline of the availability of local
toolstones. With this baseline established, both qualitative and quantitative analyses are
employed to deduce which toolstones are local or exotic to comprehensively describe past
toolstone procurement and selection strategies [67,83]. The overarching goal of this paper
is to contribute to building lithic landscape knowledge through a focus on archaeological
rhyolites, an important toolstone used in the region.

Advances in understanding Beringian raw material procurement have been made
mostly through regional obsidian studies [87–94]; however, obsidian artifacts are rare in
assemblages across the interior, especially within the Nenana valley. Efforts focused only
on one type of a rare toolstone provide a limited view of the range of raw material activities
represented in an entire lithic assemblage. The archaeological record shows that once
arriving in the valley, humans relied upon fine-grained volcanic materials (FGVs) such
as basalt, andesite, dacite, rhyolite, and obsidian as well as other rock types (e.g., cherts,
chalcedonies, and quartzites) to make their toolkits [16,41,54–56,67,95,96]. Cherts have been
investigated in the Brooks Range [97] and southeastern Alaska [98], but aside from these
studies, relatively few specific source regions are known and described in detail [67,96].

Artifacts produced on FGV toolstones are amenable to geochemical sourcing analysis,
making them useful proxies in studies of procurement and mobility [99–102]. The appli-
cation of non-destructive geochemical methods such as pXRF has long been employed
to investigate the movement of obsidians in Beringia [88,91], but geochemical analysis
of other archaeologically abundant materials is still in its infancy, especially in interior
Alaska [95,96,98]. Knowledge of non-obsidian FGV toolstones has been limited, with in-
termediate and mafic volcanics minimally considered [16], despite their prevalence in the
record of interior Alaska and potential to inform on prehistoric landscape use within the
region [27,28,67,95]. Important first steps at characterizing the distribution and nature of
rhyolite artifacts in the interior were recently undertaken by Coffman and Rasic [95], who
were the first to characterize rhyolites present in interior Alaskan archaeological assem-
blages using pXRF geochemistry. Here, a rhyolite group is defined as a geochemically
similar grouping of artifacts in which specimens share similar trace-element signatures,
and therefore, presumably originate from the same toolstone source.
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Coffman and Rasic [95] identified 10 geochemically distinct groups and called for
an increase in additional raw materials survey and geochemical studies to locate geo-
graphic sources for rhyolite groups. This paper builds upon Coffman and Rasic’s previous
study [95] by replicating rhyolite groups present in a region-specific context and goes
beyond this study by adding new groups to the list and quantitatively linking geographic
source locations to some of these novel rhyolite groups through geochemical analysis.
Consideration of rhyolite transport can potentially explain hunter-gatherer provisioning
and landscape learning behaviors in the region.

As climate fluctuated from the late glacial to Holocene and eastern Beringian land-
scapes changed, humans had to respond to shifting resource availability (e.g., water,
toolstones, and animals). Climate warmed and precipitation increased during the HTM,
and the encroaching boreal forest may have obscured or otherwise hindered access to
previously important toolstone resources such as rhyolite, and/or significantly affected
land-use strategies by re-organizing or redistributing food resources impacting access to
lithic resources.

3. Materials
3.1. The Nenana River Valley and Its Geology

The Nenana River is a northward-flowing tributary of the Tanana River, bisecting
the Alaska Range before flowing through foothills and flats into the Tanana. Here, the
extent of the Nenana valley encompasses the Nenana River watershed, bounded by Broad
Pass and the Reindeer Hills to the south, the Teklanika River basin to the west, the Wood
River basin to the east, and the confluence of the Nenana and Tanana rivers near the city of
Nenana to the north. Apart from a handful of sites located within the Alaska Range, known
archaeological sites in the Nenana valley are concentrated within the northern foothill zone
extending approximately 30 km beyond the front of the Alaska Range and situated within
a series of loess sequences and aeolian deposits atop glacial outwash terraces [103–106].

The hard-rock geology of the valley, located in the central Alaska Range as well as
surrounding foothills, is complex and diverse [106–111] and has been studied since the
mid-20th century because of mining activities and railroad construction. As such, areas
beyond the railroad corridor and outside of the mines are largely generalized and limited
to non-specific formation descriptions [107–115].

Rocks in the valley downstream from the mountain and foothill slopes are found as
cobbles and boulders in Pleistocene-aged glaciofluvial outwash terraces and Holocene-
aged alluvium and floodplain deposits of the Nenana River and its tributaries. Bedrock
formations include the early Pleistocene-aged Nenana Gravel primarily composed of
sandstones, conglomerates, granites, schist, and other intrusive rocks abundant in the
Alaska Range [106,111,116]. To the north, the main formation is the Middle Devonian-aged
Totatlanika Schist consisting of metavolcanics, schists, and gneisses [107,117]. Running
east to west, the Paleozoic-aged Keevy Peak formation is composed of meta-sedimentary
and meta-igneous rocks including quartzites, quartzes, schists, slates, and interbedded
marble [111,117–119]. Running east to west in the southern portion of the valley, the
Cantwell formation is a Paleocene to Late Cretaceous sequence of mudstones, sandstones,
conglomerates, coals, andesites, basalts, and rhyolites [107,117,120,121]. To the south, west, and
north, portions of the Paleozoic Birch Creek Schist formation are mapped [108–110,115,117];
this formation extends to the Yukon-Tanana uplands north of the Tanana River and com-
prises of schists, quartz-sericite schists, and quartzites [108–110,113,117].

Surface geography of the valley is diverse in igneous formations and intrusions
[107–111,113,117,122–124] Igneous rock types, from hornblende andesites, basaltic lapilli,
cinders, and bombs to diabase and rhyolite outcrops, have been recorded in the valley over
the past several decades [115,119,125]; however, most are only generally described and
not mapped in geological detail [113,117,125,126]. Despite this, several specific rhyolite
outcrops are known within the Alaska Range including in the headwaters of Eva
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Creek, on Sugarloaf Mountain, and inside Denali National Park and Preserve (DENA)
[107–111,113,120,123,127].

3.2. Archaeological Sites in the Nenana Valley

The Nenana valley has an abundance of well-stratified sites with preserved lithic
assemblages whose occupations date from the late glacial through the Holocene, providing
an appropriate area to investigate questions regarding shifts in lithic resource procurement
and land-use strategies in response to landscape learning and climate change. Most archae-
ological sites in the valley are situated on top of the Pleistocene-aged Healy glacial-outwash
terrace overlooking waterways, and many contain multiple cultural occupations with dates
ranging from the late Pleistocene to the late Holocene [25,103,128,129]. Lithic artifact as-
semblages from the Nenana River valley were analyzed comparing materials encountered
during raw material survey to identify toolstone sources utilized in prehistory. Nineteen
lithic assemblages come from ten archaeological sites: Owl Ridge, Dry Creek, Walker
Road, Moose Creek, Panguingue Creek, Eroadaway, Carlo Creek, Little Panguingue Creek,
Teklanika West, and Houdini Creek (Figure 1). The ages of each archaeological component
(e.g., Dry Creek C1) are presented in Table 1. Most of these site components are well-dated,
though some (e.g., Moose Creek C4 and Carlo Creek C2) have no radiometric dates. These
were assigned age estimates based on stratigraphic position to dated stratigraphy and
cultural occupations, volcanic tephras, and regional valley stratigraphy [41,54]. Seven
assemblages (Owl Ridge C1, C2, C3; Dry Creek C1, C2, C4 materials from 2011 excavations;
Little Panguingue Creek) were analyzed at the Center for the Study of the First Americans,
Texas A&M University and fourteen assemblages (Dry Creek C1, C2, C4 materials from
1970’s–80’s excavations; Panguingue Creek C1, C2, C3; Houdini Creek; Teklanika West C3;
Walker Road; Moose Creek C1, C2, C3, C4; Carlo Creek C2; and Eroadaway) were analyzed
at the University of Alaska Museum of the North.Minerals 2023, 13, x FOR PEER REVIEW 6 of 52 

 

 

 
Figure 1. Map of archaeological sites, sample locations, and survey boundaries in the Nenana River 
valley. Rhyolite outcrops: 1: Triple Lakes; 2: Sugarloaf Mountain; 3: Ferry 1; 4: Ferry 2; 5: Ferry 3; 6: 
Ferry 4; 7: Ferry 5; and 8: Calico Creek rhyolite (approximate location reported by Coffman and 
Rasic [98]; this location was not sampled during survey). Rhyolite alluvial samples: 1: Bear Creek; 
2: California Creek; 3: Savage and Teklanika Confluence; 4: Teklanika River. 

Table 1. Radiocarbon dates for site assemblages from the Nenana valley used in this study. 

Site Assemblage 
Artifact 

Sample (n = 
675) 

Calibrated Date 
(ka BP) 1 

Radiocarbon Dates Reference 

Dry Creek C1 48 13.5–13.3 ka 

11,510 ± 40 (UCIAMS-135114) 
11,530 ± 50 (BETA-315411) 

11,580 ± 40 (UCIAMS-135113) 
11,635 ± 40 (UCIAMS-135112) 

[27] 

Walker Road 98 14.1–13.3 ka  

11,820 ± 200 (BETA-11254) 
11,010 ± 230 (AA-1683) 
11,170 ± 180 (AA-1683) 
11,300 ± 120 (AA-2264) 

[130,131] 

Moose Creek C1 22 13.2–13.0 ka 11,190 ± 60 (BETA-96627) [41] 

Owl Ridge C1 31 13.3–12.8 ka 11,060 ± 60 (AA86969) [28] 

Figure 1. Map of archaeological sites, sample locations, and survey boundaries in the Nenana River
valley. Rhyolite outcrops: 1: Triple Lakes; 2: Sugarloaf Mountain; 3: Ferry 1; 4: Ferry 2; 5: Ferry 3;
6: Ferry 4; 7: Ferry 5; and 8: Calico Creek rhyolite (approximate location reported by Coffman and
Rasic [98]; this location was not sampled during survey). Rhyolite alluvial samples: 1: Bear Creek;
2: California Creek; 3: Savage and Teklanika Confluence; 4: Teklanika River.
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Table 1. Radiocarbon dates for site assemblages from the Nenana valley used in this study.

Site Assemblage Artifact Sample (n = 675) Calibrated Date (ka BP) 1 Radiocarbon Dates Reference

Dry Creek C1 48 13.5–13.3 ka

11,510 ± 40
(UCIAMS-135114)

11,530 ± 50 (BETA-315411)
11,580 ± 40

(UCIAMS-135113)
11,635 ± 40

(UCIAMS-135112)

[27]

Walker Road 98 14.1–13.3 ka

11,820 ± 200 (BETA-11254)
11,010 ± 230 (AA-1683)
11,170 ± 180 (AA-1683)
11,300 ± 120 (AA-2264)

[130,131]

Moose Creek C1 22 13.2–13.0 ka 11,190 ± 60 (BETA-96627) [41]

Owl Ridge C1 31 13.3–12.8 ka 11,060 ± 60 (AA86969) [28]

Eroadaway 8 12.9–12.5 ka 10,890 ± 40 (BETA-24155)
10,570 ± 50 (BETA-368365) [132]

Moose Creek C2 14 12.7–12.5 ka 10,500 ± 60 (BETA-106040) [41]

Owl Ridge C2 33 12.5–11.4 ka

10,485 ± 25
(UCIAMS-71261)

10,420 ± 60 (AA-86960)
10,340 ± 75 (AA-86963)

10,020 ± 40 (BETA-289382)

[28] 2

Panguingue Creek C1 4 12.2–11.4 ka 10,180 ± 130 (AA-1686)
9836 ± 62 (GX-17457) [133]

Owl Ridge C3 33 11.3–11.2 ka 9880 ± 40 (BETA-330172)
9790 ± 40 (BETA-289379) [28]

Dry Creek C2 127 11.1–10.4 ka
9480 ± 35

(UCIAMS-135115)
9460 ± 40 (BETA-315410)

[27]

Little Panguingue Creek C2 30 9.6 ka 8620 ± 40 (BETA-431673) [55]

Panguingue Creek C2 52 9.0–8.4 ka

7850 ± 180 (BETA-15093)
7130 ± 180 (BETA-15094)

7430 ± 270 (AA-1688)
7595 ± 405 (GX-13012)

[133,134]

Houdini Creek 42 8.8 ka 7880 ± 60 (Beta-74737) [135]

Teklanika West C3 32 7.7–7.5 ka
6770 ± 50 (BETA-276455)
7030 ± 40 (BETA-292107)

7330 ± 40 (GX-18518)
[136,137]

Carlo Creek C2 26 7.5–6.0 ka - [54]

Moose Creek C3 8 6.6–6.4 ka 5680 ± 50 (BETA-106041) [41]

Panguingue Creek C3 4 6.4 ka 4510 ± 95 (GX-13011)
5620 ± 65 (SI-3237) [134]

Moose Creek C4 24 6.4–4.0 ka - [41]

Dry Creek C4 39 3.9–3.5 ka
3430 ± 75 (SI-2332)
3655 ± 60 (SI-1934)
4670 ± 95 (SI-1937)

[56]

1 Radiocarbon date ranges calibrated using Reimer [138] calibration curve in OxCal online software IntCal20.0;
2 Representative dates selected; for full list of all dates, see [28].

4. Methodology
4.1. Rock Survey and Collection of Geological and Archaeological Samples
4.1.1. Field Survey

This study draws upon data from an extensive, multi-year raw material survey con-
ducted from 2014–2017 to derive the presence and extent of both outcrop and alluvial
locations of knappable lithic materials and their proximity to known archaeological sites
in the valley (Figure 1). The survey area extends from Rex Bridge in the north to Windy



Minerals 2023, 13, 1146 7 of 50

Creek in the south and from the Teklanika River in the west to California Creek in the
east, including several focused areas of survey. Rhyolite outcrops within the valley and
the rhyolite makeup of all accessible alluvial waterways (creeks, drainages, and rivers)
within the survey boundaries were recorded identifying potential sources for rhyolite arti-
facts found within archaeological assemblages in the valley. Outcrop collection locations
include lithic deposits occurring as in situ outcrops from bedrock, previous lava flows,
or intrusive sills, while alluvial collection deposits include reworked, erosional, and/or
redeposited lithic materials such as glacial till and streambed gravels [139]. At each alluvial
collection location, a one square-meter unit was laid out, and each rock found within the
square and measuring > 1 cm in maximum linear dimension was counted, recording total
makeup of alluvium represented at that location. All rhyolite materials within the square
were collected for geochemical analysis. Each alluvial location was further subjected to
pedestrian survey of an area of no less than 500 m both downstream and upstream of the
collection square. Supplementary toolstones were recorded to provide an additional means
of characterizing available toolstones in each waterway.

Selection of sampling locations was directly informed by extant geologic maps of
the valley and locations of known archaeological sites. All in situ outcrops sampled were
located using geologic maps, and at least 20 samples were collected from each outcrop for
geochemical pXRF analysis following [101,139]. In alluvial locations, 20 samples of rhyolite
were collected if present, though the rarity of these rocks in some locations limited the
number of collected specimens to <20.

4.1.2. Artifact Sample Selection

The rhyolite artifact sample selected for geochemical comparison with geological
samples numbered 675 specimens. Prior to selection, all artifact assemblages were subjected
to basic lithic technological analysis in which artifact class and type, raw material class
and type, cortex amount, and artifact size class were scored. This analysis facilitated the
selection of an artifact sample from each assemblage expected to capture the full range of
rhyolite procurement strategies and lithic reduction sequences present [140]. A minimum of
20 samples for each assemblage was attempted, though sample numbers vary per site due
to low rhyolite density in the assemblage (e.g., Moose Creek C2 and C3 [41]) or absence of
secure provenance information of an assemblage (e.g., Panguingue Creek C1 and C3 [134]).

4.2. Geochemical Analysis
4.2.1. Collecting the Geochemical Data

Geochemical analyses were conducted at the Center for the Study of the First Ameri-
cans, Texas A&M University using a portable Bruker Tracer III-V energy dispersive X-ray
fluorescence spectrometer equipped with a rhodium (Rh) tube and a silicon PIN diode
detector operating at 40 kV and 40 µA from an external power source. All selected samples
exceeded 3 mm in thickness and were placed with the flattest, cleanest surface directly in
front of the instrument window to allow full exposure to X-rays during sampling [141].
Each sample was run for 180 live count seconds, the minimum amount necessary for
accurate elemental counts for FGV materials [142]. Bruker’s 6-mil Cu (copper), 1-mil Ti
(titanium) and 12-mil Al (aluminum) filter was placed in the beam path to concentrate on
mid-range elements well-suited for the characterization of obsidian, rhyolites, and other
fine-grained volcanics [90,95,143–145]. Nine elements were measured, including Man-
ganese (Mn), Iron (Fe), Gallium (Ga), Thorium (Th), Rubidium (Rb), Strontium (Sr), Yttrium
(Y), Zirconium (Zr), and Niobium (Nb). X-ray counts were processed using the S1PXRF pro-
gram provided by Bruker, and peak intensities of these elements were calculated as ratios to
the Compton peak of Rhodium (Rh) and converted to parts per million (ppm) counts using
Bruker’s S1CalProcess. This program converts measurements to elemental concentrations
derived from known values of forty obsidian and other FGV standards, cross-checked by
neutron-activation analysis (NAA) and inductively-coupled mass-spectrometry (ICP-MS)
conducted at the University of Missouri Nuclear Reactor (MURR) [143,146].
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4.2.2. Analyzing the Geochemical Data

Geochemically based rhyolite groups of both geological samples and archaeological
samples were identified using exploratory approaches (e.g., multivariate principal compo-
nents analysis, scatter plot matrices, and elemental biplots) following Glascock et al. [139].
These approaches were performed using MURRAP statistical routines and Gauss soft-
ware, an open-source program available from the University of Missouri Archaeometry
Laboratory (https://archaeometry.missouri.edu/gauss.html, accessed on 1 March 2021).
Before analysis of the data was performed, elemental measurements with zero values were
replaced with a constant value 65% of the detection limit of the given element, then all
elemental measurement values were log transformed (base 10) to control for variability in
magnitude between measurements of elements [139,147,148]. Statistical operations relied
on the use of mid-Z elements commonly employed in obsidian and FGV sourcing studies
(Sr, Rb, Y, Zr, and Nb) to define initial clusters because they are appropriate for sourcing
volcanic materials and accurately measured by pXRF instruments [139,149].

Examination of the geochemical data was conducted in four parts. First, outcrops were
examined to determine the degree to which they could be differentiated from each other.
Second, outcrops were compared to alluvial rhyolite samples to determine geochemical
relatedness (i.e., whether rhyolite visible in the alluvium today originated from these out-
crops). Third, artifact samples were analyzed to assess if rhyolite groups (i.e., geochemically
related rhyolite artifacts likely originating from the same source) exist, following Coffman
and Rasic [95]. Fourth, rhyolite artifact groups were compared to the outcrop and alluvial
geological samples to determine if there are any matches, thereby identifying likely sources.
In this study, a “source” represents a geochemically characterized rhyolite from a known
geographic location (e.g., outcrop or alluvium) that shares geochemical similarity with
artifacts [101,150].

Formation of rhyolite groups and subsequent comparisons of these groups with geo-
logical samples were conducted in two stages. First, groups were explored by performing a
principal components analysis (PCA) on the variance-covariance matrix of the data helping
to define initial clusters, then values for the first five principal components were plotted in
bivariate and trivariate plots to identify discrete clusters of artifacts. These were initially
placed together in groups. Confidence ellipses for each preliminary group were calculated
at 90%, representing probability intervals surrounding each group, drawn at a constant
Mahalanobis distance (MD) from each group centroid. Unassigned artifacts were then
plotted against these preliminary groups, and those that fell within a 90% confidence
ellipse around a given group were included in that group. With each artifact addition or
removal, a new group centroid was calculated, producing a new confidence ellipse for
comparison with the data. This process was repeated until no additional samples could
be added or removed from artifact groups. Second, provisional artifact groups based on
the PCA results were then re-examined under the same analytical protocol using bivariate
plots of logged raw compositional data (ppm) to verify specimen inclusion within artifact
groups. Artifacts were added to or removed from identified groups if necessary. If group
membership for a sample was ambiguous even after examining bivariate plots of principal
components and logged elemental concentrations, the group membership probabilities
for that specimen were calculated. This calculation is based on the MD distance of each
sample to the constructed reference groups, with samples jackknifed from each reference
group before distance and probability calculations were made. The artifact in question was
removed or added to the group based on this calculation. The observation and construction
of geochemical groups matching those previously identified by Coffman and Rasic [95]
was aided by the inclusion of 16 artifacts also analyzed in their study.

4.3. Rhyolite Transport, Provisioning Strategies, and Landscape Learning

The goal of this study is twofold: first, to geochemically identify the rhyolite lithic
landscape using the methodology detailed above; and second, to use this data to investigate
human use of the rhyolite landscape through time. Established theoretical framework focus-

https://archaeometry.missouri.edu/gauss.html
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ing on toolstone transport, technological provisioning strategies, and landscape learning,
can be applied to the Nenana valley archaeological record and lithic landscape to inform
on human behaviors and technological adaptation through time (Table 2). To consider
diachronic changes in rhyolite use, site assemblages are grouped into time periods corre-
sponding to global paleoclimatic events so that comparisons can be made. Sites dating
between 13.5 ka and 12.8 ka are grouped together as “Allerød” sites, those dating between
12.5 ka and 11.7 ka are termed “YD” sites, sites dating between 11.7 ka and 9 ka are “early
Holocene” sites, and those dating between 8–3.5 ka are “middle Holocene” sites [17].
Finally, comparative statistics on variables outlined in this sub-section were performed
in IBM SPSS and the open-source program R v. 3.5.0 [151] using the pgirmess package
version 1.7 [152].

4.3.1. Rhyolite Transport

Toolstone transport is defined in terms of distance and direction an artifact was carried
between its source discard locations. Distance and direction can only be precisely measured
when both locations are known. When a rhyolite source was identified and matched with
rhyolite artifacts in this study, then transport distance was measured, and direction noted.
Here, a local raw material source is defined as one positioned within 20 linear km of a site.
Therefore, nonlocal sources are those exceeding 20 linear km from a site. Ethnographic
studies suggest this distance is an appropriate estimate of the average maximum distance a
forager will travel in one day [78].

Often, precise locations are unknown and relative measures of distance and direction
are used. In cases when rhyolite groups are identified, but their locations are unknown,
it is assumed the cost of procuring and transporting that toolstone increases as distance
traveled between site and toolstone source increases. Therefore, nonlocal rhyolite toolstone
is expected to occur in lower frequencies in archaeological assemblages based on assumed
costs of long-distance transport. Inversely, local rhyolite toolstones are expected to occur in
higher frequencies within assemblages because the cost of transport is low.

Identifying cortex amount within geochemical groups of rhyolite artifacts is used
to establish relative “localness” of rhyolite artifact groups with geographically unknown
sources [16,67]. This study assumes that cortex frequencies will decrease as distance to
source increases. Therefore, if rhyolite groups contain many cortical pieces, then they are
relatively local and represent intraregional sources, whereas rhyolite groups with few or no
instances of cortex represent nonlocal, extra-regional sources [16,67]. This model suggests
the main source(s) of rhyolite in the valley would have been alluvial given the ubiquity of
alluvial cobbles present in Pleistocene glaciofluvial deposits.

Therefore, total frequency of rhyolite groups in the valley, relative frequency of rhyolite
groups within each site, total frequency of cortex presence within rhyolite groups across
the valley and within individual site assemblages can describe transport patterns.

4.3.2. Provisioning Strategies

Interpretations of the lithic record are guided by the expectation that lithic technologies
reflect a spectrum of behaviors indicative of provisioning strategies [68]. The two ends of
that spectrum are provisioning place versus provisioning individuals. Foragers provisioning
place locate their sites at or near resources, whereas “gearing up” or equipping individuals
with toolkits that maximize efficiency and curation in the event lithic resources are unknown
or in short supply is representative of provisioning individuals [64,71,153–157]. The largely
lithic record of Alaska has the potential to inform on past foraging and land-use strategies
through this lens.

In the context of this rhyolite study, a pattern of reliance on local rhyolites is expected
to reflect a strategy based on provisioning place, whereas reliance on nonlocal rhyolites
represents a strategy based on provisioning individuals (Table 2). Mobility strategies likely
involve varying degrees of rhyolite transport. If the overall strategy of a foraging group
is to provision place at a base camp, yet some members regularly participate in long-
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distance forays, those traveling long distances are expected to provision individuals for
tasks performed at distant foray locations. Both local and nonlocal rhyolites are expected to
be present in associated assemblages, but with local materials dominating. Conversely, if
the foraging group is practicing a provisioning-individuals strategy, then mostly nonlocal
rhyolites are expected in assemblages; however, some local material could be present if
some of the sites in the foraging system are located at or near rhyolite sources. This study
uses the variable of rhyolite transport to understand provisioning strategies.

4.3.3. Landscape Learners

When humans are new to a region, they will not know where to find all, or the best
resources, including toolstones. They learn as they forage in this new location, however,
this process takes time [16,67,85,158–162]. With regards to rhyolite procurement, landscape
learners should be expected to bring more diverse raw materials with them because they
do not know where to find local raw materials. As they learn the rhyolite landscape, they
discover, test, and gradually include more local rhyolite sources into their toolkits and
become less reliant on nonlocal rhyolites. Therefore, if an assemblage contains a high
diversity of rhyolite groups, in other words, more groups to the total groups expressed in
the valley, then this is expected to represent landscape novices. If an assemblage contains a
low diversity of rhyolite groups, then it likely represents landscape experts. Rhyolite group
diversity is used as a variable to determine landscape learning [158]. Linear relationships
and the coefficient of determination (R2) are used to estimate diversity values for total
artifacts sampled compared with total number of rhyolite groups. Data are log transformed
(base 10) to control for varied sample sizes. Because R2 reflects the goodness of fit between
the regression line and the data variables ranging from zero to one with a value of zero
indicating the dependent and independent have no relationship, position above the best-fit
line indicates higher-than-expected diversity and position below the best-fit line indicates
less-than-expected diversity [163].

Table 2. Expectations of rhyolite transport and technological provisioning.

Variables Transport Expectations

Local Nonlocal

Diversity of Rhyolite Groups High Low

Cortex Presence in Rhyolite Groups High Low

Provisioning Strategy Expectations

Place Individuals

Local Rhyolite Transport High Low

Nonlocal Rhyolite Transport Low High

Rhyolite transport and provisioning strategies are used to further assess landscape
learning. If rhyolite transport is mostly nonlocal, then this pattern reflects landscape
learners who had yet to identify sources of high-quality local rhyolites. If, however, rhyolite
transport is mostly local, then this pattern likely reflects more comprehensive knowledge of
the local lithic landscape. To minimize risks of foraging in an unknown location and being
unprepared, newcomers are expected to have used a provisioning-individuals strategy. As
humans settle in and learn where to find local rhyolites, they may begin to shift strategies
toward more place-oriented rhyolite provisioning. Therefore, learners in new landscapes are
expected to have provisioned individuals with mostly nonlocal rhyolites while foragers with
extensive landscape knowledge are expected to provision place with local rhyolites (Table 3).
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Table 3. Expectations of landscape learning.

Variables Landscape Learning Expectations

Learners Experts

Rhyolite Group Diversity High Low

Rhyolite Transport Mostly Nonlocal Mostly Local

Rhyolite Provisioning Strategy Individuals Place

5. Results
5.1. Raw Material Survey

Survey of 42 river and creek drainages for materials available in alluvium deposits
found the primary rock types in these drainages to be low-quality, non-knappable rocks
including schist, schistose, quartz, and quartzites (Supplementary Table S1). Geologists
previously mapped rhyolite at several localities in the Nenana valley, including in the
Cantwell Formation in the vicinity of Riley Creek and the road entrance into DENA
and in the foothills east of the river near the village of Ferry at the headwaters of Eva
Creek [17,118,127,164]. During survey, seven outcrops of rhyolite were identified and sam-
pled from these mapped locations (Figure 1). Details of these rhyolites are presented below.

5.1.1. Sugarloaf Mountain Rhyolite

The Sugarloaf Mountain rhyolite is located ~16 km southeast of the town of Healy.
There are multiple exposures of rhyolite on the mountain, though not all are easily accessible.
Samples reported in this study were obtained from an exposure on the south side of the
mountain accessed by following animal trails to the top. Rhyolite at this ~500-m long
exposure is weathered and actively eroding. Nodules are available as fragmented, angular
scree deposits mostly ranging in size from <5–30 cm in maximum linear dimension with
few larger nodules. These materials are low quality, chalky in texture, and range from light
grey to light tan in color.

5.1.2. Triple Lakes Rhyolite

The Triple Lakes rhyolite is located on a ridge upslope of Riley Creek in DENA along
a popular hiking trail, ~5 km south of the park entrance. The exposure is ~50 m wide on
top of the ridge and extends westward downslope to a creek tributary where it is largely
obscured by boreal forest and scrub vegetation. Nodules are weathered, fragmented, and
exhibit angular structure, ranging in size from <5–20 cm in maximum linear dimension.
This rhyolite is chalky in texture and light tan in color.

5.1.3. Ferry Group Rhyolites

The remaining five rhyolite outcrops are in the foothills 14 km east of the village of
Ferry, near the active Liberty Bell Mine, and produced from Oligocene-aged intrusive sills
into schist bedrock [117]. The Ferry 1 rhyolite outcrop is 2 km southwest of the Liberty Bell
mine. Recent bulldozer activity created a 30–40 m exposure. Ferry 2 rhyolite outcrop is
located 1.5 km northwest of Ferry 1 rhyolite. This exposure is small, approximately 10–20 m
wide. Three more exposures, Ferry 3, Ferry 4, and Ferry 5 are present on the high ridge
1–2 km north of Eva Creek at the Liberty Bell Mine. These three exposures trend north to
south and are spaced ~300 m apart. Each exposed area of rock ranges from 300–400 m in
length. Rhyolites from these outcrops tend to range in color from white to light tan, have
platy structure, and are chalky in texture. Rock can be extracted in 10–30 cm nodules, but
this material is very brittle and prone to platy breakage.
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5.2. Geochemical Analyses of Rhyolite Outcrops and Alluvial Sample Locations
5.2.1. Rhyolite Outcrops

The seven outcrop-location rhyolites identified and collected in this study were eval-
uated to assess inter-outcrop variability. Basic statistical summaries of each outcrop’s
geochemical data are listed in Table 4, and results of a principal components analysis are
shown in Figure 2 and Table S2. Confidence ellipses of the first two principal components
(Figure 2), with a cumulative variance of 91.2%, show slight overlap between Ferry 1, 3,
4, 5, and Sugarloaf; between Ferry 4 and 5; and between Triple Lakes, Ferry 3, 5, and
Sugarloaf rhyolites. The Ferry 2 sample does not overlap with any of the other outcrops in
this comparison. Plots of additional PCs and logged elemental concentration data, however,
help to differentiate most overlapping groups. PCs 2 and 4 (38.2% cumulative variance)
differentiate Ferry 3 and 5 from Sugarloaf (Figure 3a). The elements Zr and Nb differentiate
Ferry 3 from Ferry 5, and Triple Lakes from Sugarloaf (Figure 3b). Three-dimensional
plots of PCs 1, 2, and 4 (94.1% combined variance) differentiate Ferry 1 and 3 (Figure 4a);
and PCs 2, 3, and 5 (41.4% cumulative variance) differentiate Ferry 3 from Triple Lakes
(Figure 4b). Ferry 5 could not be confidently differentiated from Ferry 3 or Triple Lakes
rhyolite in any of the analyses. These slight overlaps between sample locations may be due
to shared parent material contributing to each rhyolite flow during its genesis. Otherwise,
the overall geochemical results suggest that most of these regional rhyolite outcrops are
geochemically distinct from one another.

Table 4. Statistical summaries of minimum, maximum, mean, standard deviation (St Dev), and percent
standard deviation (%SD) of element concentrations (ppm) measured from outcrop sample locations.

Outcrop Element Min Max Mean St Dev %SD

Ferry 1 Mn 61.19 211.05 115.79 39.34 33.98

N = 20 Fe 3630.54 23,158.37 8935.53 5553.00 62.15

Zn 7.36 33.89 15.95 6.78 42.49

Ga 9.32 26.22 17.89 3.98 22.24

Rb 171.54 263.27 214.68 28.26 13.16

Sr 137.69 265.34 216.41 36.21 16.73

Y 12.79 41.25 19.66 6.58 33.47

Zr 85.44 164.38 130.11 22.63 17.39

Nb 9.76 23.75 15.96 3.06 19.18

Th 10.21 38.20 17.48 8.76 50.12

Ferry 2 Mn 11.25 583.46 119.46 135.68 113.58

N = 20 Fe 1349.99 9994.88 3462.48 1832.98 52.94

Zn 5.86 44.00 13.21 8.55 64.68

Ga 2.51 17.02 9.46 3.19 33.69

Rb 6.31 30.65 14.62 7.08 48.40

Sr 2.04 46.15 22.30 13.41 60.15

Y 3.29 17.65 7.35 3.10 42.15

Zr 23.67 71.73 42.09 10.99 26.10

Nb 0.47 4.70 2.12 1.12 52.81

Th 0.01 4.52 1.29 1.30 100.76
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Table 4. Cont.

Outcrop Element Min Max Mean St Dev %SD

Ferry 3 Mn 4.26 450.85 71.60 92.10 128.63

N = 20 Fe 1919.03 15,409.16 6848.11 3705.87 54.12

Zn 2.93 27.63 12.65 6.65 52.59

Ga 11.83 19.94 17.06 2.18 12.79

Rb 72.86 224.56 119.88 40.34 33.65

Sr 17.12 150.06 58.14 41.86 72.00

Y 11.04 122.65 25.60 23.76 92.80

Zr 58.54 148.98 77.45 18.65 24.09

Nb 9.89 28.65 19.13 4.52 23.60

Th 11.11 16.77 13.75 1.83 13.28

Ferry 4 Mn 44.08 132.77 80.32 24.88 30.97

N = 20 Fe 1595.39 8553.46 4762.00 1622.45 34.07

Zn 7.65 71.73 47.35 18.06 38.15

Ga 9.82 22.76 18.95 3.13 16.52

Rb 135.14 321.92 242.22 48.57 20.05

Sr 54.31 158.89 118.59 27.38 23.09

Y 18.66 107.77 34.74 22.47 64.68

Zr 56.73 122.54 77.39 13.77 17.79

Nb 14.74 39.70 22.77 6.11 26.82

Th 14.35 34.65 21.53 5.30 24.61

Ferry 5 Mn 29.76 137.83 80.64 28.60 35.46

N = 20 Fe 1211.18 9561.48 2820.66 1989.66 70.54

Zn 4.26 16.64 10.05 3.44 34.17

Ga 7.57 21.63 14.02 4.01 28.58

Rb 96.41 261.04 175.34 54.74 31.22

Sr 21.98 98.40 50.48 22.67 44.91

Y 11.68 73.40 23.83 13.48 56.56

Zr 66.09 130.92 96.00 17.06 17.77

Nb 3.18 12.47 7.94 2.26 28.46

Th 7.60 40.94 16.54 9.26 56.02

Sugarloaf Mn 82.85 869.66 257.05 181.16 70.48

Mountain Fe 3224.23 10,923.04 5249.46 1782.22 33.95

N = 20 Zn 17.72 76.58 42.37 18.21 42.97

Ga 15.57 25.87 20.13 2.63 13.08

Rb 203.57 557.97 366.38 106.76 29.14

Sr 2.57 26.99 10.10 7.71 76.30

Y 30.84 91.18 59.91 13.70 22.86

Zr 54.41 70.88 62.97 4.45 7.06

Nb 12.67 24.64 19.79 4.00 20.21

Th 13.63 25.94 19.08 3.35 17.58



Minerals 2023, 13, 1146 14 of 50

Table 4. Cont.

Outcrop Element Min Max Mean St Dev %SD

Triple Mn 21.54 309.13 109.56 69.03 63.01

Lakes Fe 1420.06 12,011.21 7569.19 2610.31 34.49

N = 20 Zn 12.64 37.11 23.26 8.40 36.13

Ga 5.17 20.42 14.27 3.76 26.33

Rb 45.30 186.38 124.87 49.42 39.58

Sr 5.30 25.53 12.12 5.74 47.39

Y 11.48 173.96 32.39 35.65 110.08

Zr 51.83 105.92 85.63 13.32 15.56

Nb 5.93 18.10 9.50 2.44 25.65

Th 5.80 12.70 9.85 1.80 18.25
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5.2.2. Alluvial Samples

Although rhyolites are present in and around the Nenana valley, they were found
at only four alluvial sample localities: Bear Creek, California Creek, Teklanika River, and
the confluence of the Savage River with the Teklanika River. At all four findspots, the
rhyolite comprises less than 10% of the bed load makeup (Table S1). Table 5 lists statistical
summaries of elemental concentrations for each sample location.

The alluvial samples were compared to rhyolites collected from outcrop contexts.
Figure 5a shows the first two PCs, summarizing 83.9% of total variance (Table S3). Most
alluvium is discriminated from outcrop samples. Some alluvial samples appear to fall
within the 90% confidence interval of Sugarloaf Mountain, Triple Lakes, and Ferry 3, 4,
and 5 rhyolites, including 10 samples from the Teklanika River and three samples from the
Savage and Teklanika confluence (Figure 5a); however, these alluvial pieces are separated
from the outcrop locations by the third PC (Figure 5b). Comparisons of alluvial rhyolites
to outcrops suggest they are not derived from the outcrops sampled in this study. These
results are expected given none of the sampled outcrops is located near headwaters of
major tributaries within the vicinity of the alluvium sampled. Alluvial samples reported
here likely originated from rhyolite outcrops that either no longer exist because they were
completely eroded away, or their locations remain undiscovered.

Minerals 2023, 13, x FOR PEER REVIEW 18 of 52 
 

 

 
Figure 5. Logged (base 10) biplots comparing alluvial and outcrop samples by (a) principal compo-
nents 1 and 2 scores and (b) principal component 1 and 3 scores. Ellipse confidence intervals drawn 
at 90%. 

5.3. Geochemical Analyses of Rhyolite Artifacts 
A total of 675 rhyolite artifacts were analyzed for their geochemical signature using 

pXRF analysis. Six hundred and sixty three artifacts were assigned to 14 distinct geochem-
ical groups. Forty two artifacts could not be assigned to any geochemical group (Table 6). 
Tables 7 and S4 present geochemical summary data for each group and associated princi-
pal components analysis. Ten groups reported here, A, B, C, D, E, F, G, H, I, and J, replicate 
those previously reported by Coffman and Rasic [95]; however, groups K, L, M, and N are 
newly identified. Biplots in Figure 6 visualize these 14 groups, with PCs 1 and 2 compris-
ing 88.2% of the total variance (Figure 6a). Biplots of both PCs 1 and 3 and PCs 1 and 4 
show groups A, I, L, and N are discrete (Figure 6b,c). When considering PCs 1 and 5, 
groups M and N are discrete and groups F and K are virtually separate from the others 
(Figure 6d). A description of each artifact group is presented below.  

5.3.1. Previously-Reported Groups 
Of the 10 groups identified by Coffman and Rasic [95], G and H were given approx-

imate geographical locations by these authors. Group G is thought to come from the 
Talkeetna Mountains near the headwaters of the Talkeetna River, as reported by the 
United States Geological Service (USGS). Group H is thought to come from an area near 
Calico Creek in the upper Teklanika drainage (Figure 1). Nevertheless, artifacts assigned 
to groups G and H may have come from the Talkeetna Mountains area and upper 

Figure 5. Logged (base 10) biplots comparing alluvial and outcrop samples by (a) principal
components 1 and 2 scores and (b) principal component 1 and 3 scores. Ellipse confidence intervals
drawn at 90%.



Minerals 2023, 13, 1146 17 of 50

Table 5. Statistical summaries of minimum, maximum, mean, standard deviation (St Dev), and
percent standard deviation (%SD) of element concentrations (ppm) measured from alluvial samples
collected from each alluvial collection spot.

Sample Element Min Max Mean St Dev %SD

California
Creek
(N = 2)

Mn 190.27 405.09 297.68 151.90 51.03

Fe 6021.65 9492.02 7756.83 2453.92 31.64

Zn 15.48 31.28 23.38 11.17 47.77

Ga 19.90 20.79 20.34 0.62 3.07

Rb 179.43 198.58 189.00 13.55 7.17

Sr 46.42 62.22 54.32 11.17 20.57

Y 45.58 48.79 47.19 2.27 4.81

Zr 102.70 171.80 137.25 48.86 35.60

Nb 32.00 38.31 35.15 4.46 12.68

Th 12.19 21.08 16.64 6.29 37.78

Bear
Creek
(N = 2)

Mn 62.94 1135.13 599.03 758.15 126.56

Fe 12,586.94 25,039.91 18,813.43 8805.58 46.80

Zn 61.20 134.92 98.06 52.13 53.16

Ga 15.11 25.27 20.19 7.18 35.57

Rb 185.37 236.91 211.14 36.44 17.26

Sr 20.46 23.29 21.87 2.00 9.14

Y 40.76 50.51 45.63 6.89 15.11

Zr 549.00 706.16 627.58 111.12 17.71

Nb 35.45 49.14 42.29 9.68 22.89

Th 19.01 22.65 20.83 2.57 12.34

Teklanika
River

(N = 23)

Mn 70.80 1089.70 305.49 277.19 90.73

Fe 3681.07 33,096.17 12,819.91 7490.47 58.43

Zn 23.09 128.00 72.03 29.60 41.10

Ga 13.75 24.92 19.78 3.01 15.23

Rb 41.32 240.49 142.15 55.78 39.24

Sr 6.79 114.46 30.36 27.32 89.98

Y 23.47 89.22 60.29 18.15 30.11

Zr 118.30 624.44 306.97 137.85 44.91

Nb 10.63 47.15 29.99 9.07 30.23

Th 7.21 23.80 16.41 4.23 25.79

Confluence
of Savage

and
Teklanika

Rivers
(N = 20)

Mn 139.05 1749.46 507.72 408.94 80.55

Fe 5636.63 53,700.45 25,842.64 11,448.51 44.30

Zn 63.63 310.54 140.39 62.25 44.34

Ga 16.15 27.95 21.76 3.19 14.66

Rb 93.34 229.62 175.21 41.02 23.41

Sr 7.11 70.74 33.22 16.20 48.77

Y 42.40 111.49 71.12 16.30 22.92

Zr 196.99 661.74 461.21 178.54 38.71

Nb 18.91 46.79 35.73 8.39 23.48

Th 12.84 24.38 18.92 3.70 19.54
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5.3. Geochemical Analyses of Rhyolite Artifacts

A total of 675 rhyolite artifacts were analyzed for their geochemical signature using
pXRF analysis. Six hundred and sixty three artifacts were assigned to 14 distinct geochemi-
cal groups. Forty two artifacts could not be assigned to any geochemical group (Table 6).
Tables 7 and S4 present geochemical summary data for each group and associated principal
components analysis. Ten groups reported here, A, B, C, D, E, F, G, H, I, and J, replicate
those previously reported by Coffman and Rasic [95]; however, groups K, L, M, and N are
newly identified. Biplots in Figure 6 visualize these 14 groups, with PCs 1 and 2 comprising
88.2% of the total variance (Figure 6a). Biplots of both PCs 1 and 3 and PCs 1 and 4 show
groups A, I, L, and N are discrete (Figure 6b,c). When considering PCs 1 and 5, groups M
and N are discrete and groups F and K are virtually separate from the others (Figure 6d). A
description of each artifact group is presented below.

5.3.1. Previously-Reported Groups

Of the 10 groups identified by Coffman and Rasic [95], G and H were given approx-
imate geographical locations by these authors. Group G is thought to come from the
Talkeetna Mountains near the headwaters of the Talkeetna River, as reported by the United
States Geological Service (USGS). Group H is thought to come from an area near Calico
Creek in the upper Teklanika drainage (Figure 1). Nevertheless, artifacts assigned to groups
G and H may have come from the Talkeetna Mountains area and upper Teklanika drainage;
therefore, from here these are referred to as the Talkeetna Mountains source area and
the Calico Creek source area to highlight their potential as known sources. Coffman and
Rasic [95] did not report comparative geochemical data to establish if groups G and H
artifacts match geochemical signatures from Talkeetna and Teklanika samples, or fully
characterize these source localities. A single rhyolite sample that matches Group H was
encountered as an alluvial cobble in the upper Teklanika drainage, but the exact nature of
the outcrop contributing to this alluvium is unknown (Coffman, personal comm. 2021).
Additional work is needed to establish these locations as toolstone sources tied to group G
and H artifacts.

Group A represents the largest group membership (39.4%) of all sampled rhyolite
artifacts (Table 6), replicating the high numbers of this grouping observed by Coffman and
Rasic [95] in their analysis that reached outside the Nenana valley. Group A is characterized
by high Rb, very low Sr, high Y, moderate Zr, and moderate Nb compared to other groups
(Table 7). Group B rhyolite comprises 6.2% of sampled artifacts and is characterized
by moderately high Rb, low Sr, moderately low Y, low Zr, and moderate Nb relative to
other groups. Seventeen artifacts, 2.5% of the total, are assigned to Group C. Group C is
characterized by moderate Rb, moderate Sr, high Y, high Zr, and moderate Nb. Group
D, representing 1.2% of the total, is characterized by very low Rb, moderate Sr, high Y,
high Zr, and moderate Nb. Group E consists of 2.2% of the total, and is characterized by
moderate Rb, high Sr, moderate Y, moderate Zr, and moderate Nb. Group F comprises 1.7%
of sampled artifacts and is characterized by moderately low Rb, high Sr, high Y, high Zr and
moderate Nb. Talkeetna Mountains rhyolite makes up 2.9% of sampled artifacts, reflecting
moderately low Rb, moderate Sr, low Y, very low Zr, and low Nb. Rhyolite artifacts
belonging to Calico Creek, 3.1% of the total analyzed, are characterized by moderate Rb,
moderately low Sr, and moderate Y, Zr, and Nb. Group I makes up 13.0% of analyzed
artifacts and is characterized by moderately high Rb, low Sr, low Y, high Zr, and moderately
low Nb compared to other groups. Group J rhyolites, 7.8% of the total, are characterized by
very high Rb, low Sr, very high Y, low Zr, and high Nb (Figure 6; Tables 7 and S4).

5.3.2. New Reported Groups

This study identifies four new rhyolite groups: K, L, M, and N. Group K rhyolite com-
prises 3.7% of sampled artifacts, and is characterized by low Rb, high Sr, moderate Y, very
high Zr, and high Nb compared to other groups. Group L (1.5% of total) is characterized by
high Rb, very low Sr, very high Y, very high Zr, and high Nb. Group M makes up 4.4% of
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sampled artifacts and is characterized by low Rb, very high Sr, moderately low Y, moderate
Zr, and very low Nb. Group N comprises 3.8% of the artifact sample and is characterized
by very low Rb, very high Sr, and low Y, Zr, and Nb compared to other groups (Figure 6;
Tables 7 and S4). More sampling will be needed to further corroborate these results.

There are, at minimum, 14 rhyolite groups represented in the Nenana valley archaeo-
logical assemblages, increasing the diversity of rhyolites coming from potentially different
sources by at least 40% beyond Coffman and Rasic’s [95] initial assessment.
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Figure 6. Logged (base 10) biplots of (a) rhyolite artifact samples and their assigned groups by scores
of principal components 1 and 2, (b) principal components 1 and 3, (c) principal components 1 and
4, and (d) principal components 1 and 5. Unassigned artifacts denoted by black crosses in all plots.
Ellipse confidence intervals drawn at 90%. TM = Talkeetna Mountains source area, formerly “group
G;” CC = Calico Creek source area, formerly “group H.”.
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Table 6. Count of artifacts in each archaeological assemblage by geochemical rhyolite groups.
TM = Talkeetna Mountains; CC = Calico Creek.

Rhyolite Group

Assemblages by
Time

Total
(%) A B C D E F TM

[G]
CC
[H] I J K L M N Una 1

13.5–12.8 ka

Dry Creek C1 48
(7.1)

1
(0.2)

3
(0.4)

1
(0.2)

9
(1.3)

2
(0.3)

2
(0.3)

26
(3.9)

4
(0.6)

Walker Road 98
(14.5)

56
(8.3)

2
(0.3)

2
(0.3)

4
(0.6)

1
(0.2)

1
(0.2)

32
(4.7)

Moose Creek C1 22
(3.3)

15
(2.2)

2
(0.3)

2
(0.3)

1
(0.2)

2
(0.3)

Owl Ridge C1 31
(4.6)

11
(1.6)

15
(2.2)

1
(0.2)

1
(0.2)

3
(0.4)

Eroadaway 8
(1.2)

6
(0.9)

1
(0.2)

1
(0.2)

Subtotal 207
(30.7)

12.5–11.7 ka

Moose Creek C2 14
(2.1)

9
(1.3)

2
(0.3)

1
(0.2)

1
(0.2)

1
(0.2)

Owl Ridge C2 33
(4.9)

18
(2.7)

1
(0.2)

14
(2.0)

Panguingue C1 4
(0.6)

1
(0.2)

2
(0.3)

1
(0.2)

Subtotal 51
(7.6)

11.7–9 ka

Dry Creek C2 127
(18.8)

73
(10.8)

8
(1.2)

3
(0.4)

4
(0.6)

2
(0.3)

17
(2.5)

2
(0.3)

10
(1.5)

8
(1.2)

Owl Ridge C3 33
(4.9)

17
(2.5)

3
(0.4)

1
(0.2)

2
(0.3)

2
(0.3)

8
(1.2)

Panguingue C2 52
(7.7)

4
(0.6)

18
(2.7)

1
(0.2)

2
(0.3)

2
(0.3)

5
(0.7)

16
(2.4)

1
(0.2)

3
(0.4)

Little Panguingue
Creek C2

30
(4.4)

2
(0.3)

1
(0.2)

1
(0.2)

26
(3.9)

Subtotal 242
(35.9)

8–3.5 ka

Houdini Creek 42
(6.2)

8
(1.2)

10
(1.5)

2
(0.3)

22
(3.3)

Teklanika West C3 32
(4.7)

16
(2.4)

1
(0.2)

6
(0.9)

2
(0.3)

1
(0.2)

4
(0.6)

4
(0.6)

Carlo Creek C2 26
(3.9)

26
(3.9)

Moose Creek C3 8
(1.2)

1
(0.2)

5
(0.7)

1
(0.2)

1
(0.2)

Panguingue C3 4
(0.6)

1
(0.2)

3
(0.4)

Moose Creek C4 24
(3.6)

4
(0.6)

3
(0.4)

1
(0.2)

16
(2.4)

Dry Creek C4 39
(5.8)

3
(0.4)

2
(0.3)

4
(0.6)

2
(0.3)

1
(0.2)

24
(3.6)

7
(1.0)

Subtotal 175
(25.9)

Total 675
(100)

266
(39.4)

42
(6.2)

17
(2.5)

8
(1.2)

15
(2.2)

12
(1.8)

20
(3.0)

21
(3.1)

88
(13.0)

53
(7.9)

25
(3.7)

10
(1.5)

30
(4.4)

26
(3.9)

42
(6.2)

1 Number of unassigned artifacts.
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Table 7. Statistical summaries of minimum, maximum, mean, standard deviation (St Dev), and
percent standard deviation (%SD) of element concentrations (ppm) measured for each artifact rhyolite
group A-N.

Rhyolite Group Element Min Max Mean St Dev %SD

A
(N = 266)

Mn 167.61 2632.84 529.55 357.28 67.47

Fe 12,018.14 53,436.82 27,960.76 7237.21 25.88

Zn 76.99 542.73 188.96 70.33 37.22

Ga 21.25 62.52 42.51 10.76 25.31

Rb 141.10 348.59 231.57 37.54 16.21

Sr 14.87 32.16 22.76 4.19 18.43

Y 36.05 76.97 49.48 6.55 13.23

Zr 128.44 236.36 179.44 22.03 12.27

Nb 13.51 27.48 19.34 2.63 13.59

Th 22.18 62.19 36.05 7.30 20.25

B
(N = 42)

Mn 200.52 2624.06 662.20 618.84 93.45

Fe 9693.97 75,573.25 34,981.70 16,681.32 47.69

Zn 49.50 423.30 203.85 77.32 37.93

Ga 19.65 57.50 32.87 10.39 31.60

Rb 120.61 205.80 151.49 26.22 17.31

Sr 60.36 107.68 86.25 13.21 15.32

Y 24.65 42.09 32.74 4.42 13.50

Zr 130.06 241.38 176.34 26.82 15.21

Nb 10.32 29.57 19.85 4.05 20.42

Th 7.36 26.81 15.35 4.12 26.83

C
(N = 17)

Mn 427.61 1213.79 898.38 204.21 22.73

Fe 15,376.75 44,958.66 29,165.56 7836.33 26.87

Zn 51.08 112.30 67.80 14.75 21.75

Ga 19.26 49.85 31.96 8.59 26.86

Rb 86.92 159.82 121.69 21.27 17.48

Sr 86.87 134.01 107.32 12.56 11.70

Y 31.49 53.40 41.93 4.77 11.37

Zr 212.03 321.12 262.19 30.90 11.79

Nb 13.84 24.93 18.83 2.81 14.92

Th 3.15 12.90 7.99 2.81 35.13

D
(N = 8)

Mn 319.62 1456.81 561.58 348.98 62.14

Fe 26,677.44 77,584.69 36,458.86 16,121.86 44.22

Zn 93.65 188.10 128.85 31.35 24.33

Ga 19.70 46.56 26.61 8.51 31.98

Rb 82.97 119.60 100.02 12.19 12.19

Sr 175.19 231.04 200.40 15.93 7.95

Y 19.73 32.10 26.02 3.43 13.18

Zr 141.19 190.07 165.96 14.78 8.91
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Table 7. Cont.

Rhyolite Group Element Min Max Mean St Dev %SD

Nb 12.08 13.93 13.14 0.73 5.59

Th 8.01 10.24 8.83 0.88 9.97

E
(N = 15)

Mn 38.16 672.75 445.51 166.31 37.33

Fe 21,266.01 72,755.27 36,810.69 14,019.00 38.08

Zn 121.92 189.63 147.92 18.69 12.64

Ga 19.65 41.09 30.27 6.67 22.05

Rb 103.51 163.13 130.26 13.29 10.20

Sr 168.60 220.66 194.24 14.63 7.53

Y 27.86 40.39 33.02 3.53 10.70

Zr 167.87 244.08 207.36 22.22 10.72

Nb 16.77 19.62 18.44 1.04 5.64

Th 9.54 17.83 14.82 2.61 17.61

F
(N = 12)

Mn 404.04 853.67 697.26 150.43 21.57

Fe 18,920.76 35,043.29 25,785.28 4521.77 17.54

Zn 75.08 150.12 102.86 23.75 23.09

Ga 20.46 51.60 40.90 11.22 27.44

Rb 91.81 128.05 107.10 10.75 10.04

Sr 253.15 284.65 270.81 9.56 3.53

Y 24.61 44.57 35.93 5.75 15.99

Zr 162.35 308.43 264.37 54.31 20.54

Nb 12.66 17.99 15.50 1.84 11.87

Th 8.21 14.56 10.59 1.97 18.57

G (Talkeetna Mountains)
(N = 20)

Mn 260.31 1647.17 793.21 438.51 55.28

Fe 20,343.63 118,057.51 50,268.94 28,194.58 56.09

Zn 81.74 214.23 132.14 33.45 25.31

Ga 12.26 56.95 27.30 11.04 40.43

Rb 72.96 157.74 110.24 22.82 20.70

Sr 112.92 165.68 144.28 13.86 9.61

Y 22.30 40.27 29.27 4.73 16.15

Zr 143.10 204.18 163.95 16.81 10.25

Nb 11.33 16.55 13.47 1.29 9.56

Th 6.85 14.37 9.91 2.18 22.03

H (Calico Creek)
(N = 21)

Mn 160.12 1568.79 444.56 315.27 70.92

Fe 15,911.55 45,849.76 26,805.77 6881.30 25.67

Zn 41.93 184.59 103.88 34.66 33.37

Ga 11.69 33.41 22.52 5.92 26.30

Rb 54.32 208.67 115.74 29.67 25.64

Sr 52.26 76.98 64.88 7.03 10.83

Y 30.64 39.59 34.63 2.96 8.54

Zr 149.73 259.80 200.06 25.93 12.96
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Table 7. Cont.

Rhyolite Group Element Min Max Mean St Dev %SD

Nb 9.07 19.20 14.74 2.59 17.58

Th 2.99 22.02 11.26 3.68 32.70

I
(N = 88)

Mn 10.64 2521.64 288.31 379.92 131.77

Fe 3130.63 97,848.56 19,925.22 16,254.09 81.58

Zn 16.23 151.73 48.09 28.62 59.52

Ga 13.43 53.68 33.86 9.64 28.46

Rb 96.64 314.50 196.23 42.38 21.59

Sr 18.80 43.28 30.58 5.97 19.52

Y 17.22 41.08 27.64 4.35 15.72

Zr 161.69 374.81 280.23 41.16 14.69

Nb 8.58 23.73 14.04 2.89 20.59

Th 4.91 25.29 9.63 3.28 34.02

J
(N = 53)

Mn 198.27 2180.51 413.82 275.58 66.59

Fe 13,199.05 38,572.39 21,995.97 6327.29 28.77

Zn 99.56 428.76 206.34 63.88 30.96

Ga 23.27 56.68 40.19 9.75 24.27

Rb 164.03 323.25 225.54 37.87 16.79

Sr 38.91 104.55 62.87 16.04 25.51

Y 38.36 72.30 53.86 8.06 14.96

Zr 130.68 242.99 179.30 24.44 13.63

Nb 14.20 26.98 20.87 3.19 15.27

Th 24.23 65.57 36.24 8.93 24.65

K
(N = 25)

Mn 994.75 2446.14 1659.44 382.38 23.04

Fe 68,174.28 95,913.51 83,166.85 8709.30 10.47

Zn 135.58 264.68 170.79 32.95 19.29

Ga 25.98 53.93 39.79 8.37 21.04

Rb 63.00 140.52 103.21 18.72 18.14

Sr 262.35 384.52 336.05 32.64 9.71

Y 22.57 46.93 35.19 6.66 18.93

Zr 234.01 362.86 308.52 31.18 10.11

Nb 24.59 36.87 30.25 3.69 12.18

Th 5.30 14.12 10.69 2.07 19.33

L
(N = 10)

Mn 197.49 511.97 302.62 89.57 29.60

Fe 10,422.01 28,481.93 17,671.27 5104.69 28.89

Zn 41.91 85.93 62.30 15.43 24.78

Ga 17.67 45.95 33.85 9.02 26.66

Rb 164.21 256.32 215.65 29.15 13.52

Sr 15.97 23.71 19.01 2.51 13.22

Y 45.28 58.63 52.29 4.75 9.09

Zr 317.68 445.47 395.00 38.97 9.87
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Table 7. Cont.

Rhyolite Group Element Min Max Mean St Dev %SD

Nb 20.18 27.66 24.58 2.68 10.89

Th 9.34 12.98 11.55 1.21 10.44

M
(N = 30)

Mn 552.29 1997.76 1096.03 371.57 33.90

Fe 21,355.78 74,821.33 49,030.37 13,900.62 28.35

Zn 39.81 153.76 92.96 33.80 36.36

Ga 15.96 58.30 35.92 10.55 29.36

Rb 81.07 148.18 106.53 18.51 17.38

Sr 295.98 670.40 447.18 106.55 23.83

Y 25.85 42.57 32.14 4.50 14.02

Zr 189.31 348.11 248.22 36.79 14.82

Nb 8.48 18.20 12.60 2.47 19.61

Th 2.06 12.23 7.80 2.25 28.81

N
(N = 26)

Mn 318.53 709.07 496.68 100.54 20.24

Fe 8499.05 20,228.21 13,466.29 3135.81 23.29

Zn 37.60 105.12 60.52 17.78 29.37

Ga 13.65 45.33 27.71 9.02 32.54

Rb 33.86 85.05 59.04 11.12 18.83

Sr 617.22 1102.29 804.09 125.72 15.64

Y 12.22 19.56 15.34 1.80 11.75

Zr 98.59 176.08 136.58 22.24 16.28

Nb 8.20 14.65 10.57 1.65 15.60

Th 8.59 16.04 11.28 1.70 15.03

5.4. Combining Geochemical Analyses of Geological and Archaeological Samples to Define Sources
5.4.1. Rhyolite Artifacts and Rhyolite Alluvium

Comparison of rhyolite artifact groups A–N (including Talkeetna Mountains and
Calico Creek) with the four alluvial sample sets by PCs 1 and 2 (91.1% of the total variance)
indicates separation of groups B, C, D, E, F, K, M, N, and Talkeetna Mountains rhyolite
from the alluvial samples; however, five groups, A, I, J, L, and Calico Creek, overlap
with several alluvial sample locations (Figure 7; Table S5). By examining just these five
artifact groups and alluvial samples by PCs 1 and 3, only one California Creek sample
overlapped with the Group J ellipse (Figure 8a). When isolating just Group J and the
alluvium against PCs 3 and 5, the California Creek sample no longer falls within the Group
J ellipse (Figure 8b). Therefore, none of the alluvial samples collected in this study clearly
pairs with the artifact groups.

Considering only unassigned artifacts and alluvium in a comparison of PCs 1 and
2, only eight artifacts appear close to any alluvium sample (Figure 9a), but examination
of PCs 1 and 3 show five of these eight artifacts plot away from their respective alluvium
sample (Figure 9b), and PCs 1 and 4 show separation of the remaining three artifacts from
the alluvium sample (Figure 9c). Thus, no unassigned rhyolite artifacts were paired with
alluvium samples.
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5.4.2. Rhyolite Artifacts and Outcrops 
When comparing rhyolite artifact groups and unassigned rhyolite artifacts with rhy-

olite outcrops, PCs 1 and 2, comprising 90.1% of the total variance, illustrate groups K, M, 
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5.4.2. Rhyolite Artifacts and Outcrops

When comparing rhyolite artifact groups and unassigned rhyolite artifacts with rhy-
olite outcrops, PCs 1 and 2, comprising 90.1% of the total variance, illustrate groups K,
M, and N separate from the outcrop ellipses (Figure 10a; Table S6). PCs 1 and 3 show
Talkeetna rhyolite removed from Ferry 1; groups C, I, Talkeetna, and Calico Creek rhyolites
removed from Ferry 3; groups B, C, J, Talkeetna, and Calico Creek rhyolites removed from
Ferry 4; groups I and Calico Creek rhyolites removed from Ferry 5; and groups I and L
removed from both Sugarloaf and Triple Lakes outcrops (Figure 10b). Additional rhyolite
artifact groups separated from outcrops by PCs 1 and 4 are D and E removed from Ferry 1
(Figure 10c), and artifact groups separated by PCs 2 and 3 are groups B and J from Ferry 3;
Group J from Ferry 5; and Group A from Triple Lakes (Figure 10d). Although artifact
Group B appears to overlap slightly with the Ferry 5 outcrop, a 3D plot of artifacts and
outcrop samples show they are clearly separate (Figure 11). To summarize, no artifact
groups can be unequivocally linked with known rhyolite outcrops in the Nenana valley.

5.4.3. Triple Lakes: A New Source

Three of the 42 rhyolite artifacts unassignable to an artifact group appear to match
one of the outcrops presented above, Triple Lakes. These three artifacts are labeled OR1,
OR2, and MC in Figure 10a–d, where they repeatedly fall within (or adjacent to) the space
of the same confidence ellipse representing that source’s variation. These artifacts consist
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of one flake fragment and one secondary cortical spall from Owl Ridge C3 (~11.3–11.2 ka)
and a lanceolate bifacial point from Moose Creek C3 (~6.5 ka). The Moose Creek C3 biface
falls within the 90% confidence interval ellipses of the Triple Lakes outcrop sample when
comparing the first four PCs in this analysis. It also, however, lies within the ellipses of
the Ferry 3 outcrop sample when comparing these same PCs, and within the ellipses of
the Ferry 5 outcrop sample when comparing PCs 1–3 (Figure 10a–d). Group membership
probabilities based on MD calculations predict this biface belongs to the Triple Lakes sample
at 68% probability versus 0.006% probability it belongs to Ferry 3 and 32% probability of it
belonging to Ferry 5 (Table S7). Given these probabilities and lack of overlap between this
artifact and the Ferry 5 ellipses in two of the four PC comparisons, this artifact is assigned
to Triple Lakes. The two artifacts from Owl Ridge C3, a flake (OR1) and cortical spall (OR2),
are consistently positioned within Triple Lakes (Figure 10a–d). Artifact OR2, however, lies
just outside the confidence ellipse for Triple Lakes rhyolite in the biplot comparing PC 1
and PC 2. MD calculations predict this piece belongs to Triple Lakes at 31% probability, but
because it is from the same site and cultural component as the other Owl Ridge sample
(OR1), assignment to Triple Lakes cannot be confidently ruled out. Increased sampling
of rhyolites from Nenana valley assemblages and outcrop sources are needed to confirm
these results.
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None of the remaining outcrop or alluvium geological samples presented here match
the artifact groups. As mentioned above, however, artifact groups G and H have tentatively
been attributed to the Talkeetna Mountains and upper Teklanika River drainage, respec-
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tively, and 41 artifacts in the archaeological sample have been attributed to these sources.
Though the exact locations of these two groups are unknown and more work needs to be
conducted to confirm that general locations given for them are appropriate, artifacts of
groups G and H are attributed to these areas in discussion below. This leaves a minimum of
12 geographically unknown rhyolite groups used by prehistoric peoples from the Nenana
valley: A, B, C, D, E, F, I, J, K, L, M, and N.
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5.5. Rhyolite Transport, Provisioning Strategies, and Diversity
5.5.1. Rhyolite Transport

Based on the geochemical results presented above, there are 44 artifacts that can be tied
to on-the-ground source locations for which a specific transport distance can be ascertained.
A new known source, Triple Lakes, is defined above and accounts for three artifacts. In
addition, there are 20 artifacts tied to the Talkeetna Mountains source area and 21 artifacts
from the Calico Creek source area. Artifacts from Triple Lakes moved 47 km from southeast
to northwest when taken to the Owl Ridge site and 41 km from south to north when taken
to Moose Creek (Figure 1). Artifacts from the Talkeetna source area moved from south
to north over 200 km into the Nenana valley and were discarded at Dry Creek (200 km),
Panguingue Creek (202 km), Houdini Creek (205 km), Little Panguingue Creek (206 km),
Walker Road (210 km), and Moose Creek (220 km). Rhyolite from the Calico Creek area
moved as much as 41 km from southwest to northeast to Panguingue Creek, 42 km to Dry
Creek, and 50 km to Walker Road. Keeping in mind that these are all straight-line distances
between source areas and sites, it is important to note that at distances >40 km, these would
all be considered nonlocal raw materials.

Another, more indirect means of measuring rhyolite transport is to consider frequen-
cies of artifact groups and cortex present in each artifact group through time. A total of
207 artifacts came from Allerød assemblages, 51 from YD assemblages, 242 from early
Holocene assemblages, and 175 from middle Holocene assemblages (Table 6). The to-
tal number of rhyolite groups varies within each time period: there are a minimum of
12 groups present during the Allerød, five during the YD, 13 during the early Holocene,
and 12 during the middle Holocene (Table 8). Humans in the Nenana valley maintained
the use of at least five varieties of rhyolite from the late Pleistocene through the middle
Holocene. A Kruskal-Wallis test showed that use of specific rhyolite groups in each period
differs significantly: H (3) = 18.96, p < 0.001 (Table 8). A post hoc multiple comparison test
revealed significant differences between the Allerød and YD, the YD and middle Holocene,
and the early and middle Holocene. However, there was no significant difference between
the Allerød and early Holocene, Allerød and middle Holocene, or YD and early Holocene
(Kruskal-Wallis multiple comparison testing, p ≥ 0.05). Several rhyolite groups have high
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frequencies among the total sampled population and site occurrence. Group A rhyolite
comprises 39.4% of all artifacts and is present in 95% of all site assemblages in the valley
(Table 6; Figure 12). This rhyolite was continuously used through time (Figure 13a). Group
I is the second-most common rhyolite group sampled in both total sample number (13%)
and assemblage frequency (68.4%), being present at nearly every site in the valley (Table 9;
Figure 12). Group I rhyolite is represented in all time periods (Figure 13a). Two other
rhyolite groups have high total sample frequencies but are distributed variably in site
assemblages, site locations, and time periods. For example, Group J is third-most common
in total sample number (7.8%) and occurs in six assemblages (31.5% of total) at four site
locations and in all time periods except the early Holocene (Table 6; Figures 12 and 13a).
Artifacts from Group B are 6.2% of the total sample and occur in 11 assemblages (57.7%
of total) at four site locations in all time periods (Table 6; Figures 12 and 13a). These four
groups are the most widely used in the Nenana valley.

Table 8. Total number of artifact rhyolite groups used during each time period and the mean and
median of artifact rhyolite groups used at each site within the time period.

Time Period Total Number of Rhyolite Groups µ M

13.5–12. 8 ka 12 5.0 5.0
12.5–11.7 ka 5 3.3 3.0
11.7–9.0 ka 13 5.2 6.0
8.0–3.5 ka 12 3.9 4.0

A Kruskal-Wallis H test confirms that the differences in overall number of rhyolite groups at sites is statistically
significant between these time periods (H = 18.96, df = 3, p < 0.001).
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bar section, and percentages are measured along the y-axis.

By contrast, most of the other rhyolite groups, C, D, E, F, K, L, M, N and Calico Creek
rhyolite, were found in very low overall frequencies (≤4.4%) and/or in few sites (≤5)
and site assemblages (≤26.5%) (Table 6; Figures 12 and 13a). Further, these low-incident
rhyolite groups occur sporadically through time (Table 6). The Triple Lakes source is also
a low-occurrence rhyolite, represented by only three artifacts (0.4%) from two sites, three
site assemblages (10.5%), and in only two time periods (early-middle Holocene). Talkeetna
rhyolite is exceptional because though it is also present in low total sample frequencies
(2.9%), it occurs in more assemblages (42.1%), site locations (eight), and in all time periods
compared to other low-frequency rhyolite groups (Table 6; Figures 12 and 13).

Cortex amount varies among rhyolite groups (Table 9; Figure 13b). Group A possesses
the most cortical pieces out of all groups (23.1%). These pieces are present in every time
period in nine assemblages (47.7%). Group B exhibits the second-highest incidence of
cortex (19.2%) distributed among four site assemblages (21%) and three time periods
(Allerød-early Holocene), and Group I exhibits the third-highest incidence of cortex (15.4%),
present in three site assemblages (15.8% of total) and three time periods (Allerød, YD, and
middle Holocene).

Talkeetna, Group J, and Calico Creek rhyolites have moderately low amounts of cortex,
9.6%, 7.7%, and 5.8% of total, respectively. These groups occur in a handful of assemblages,
21.1%, 15.8%, and 5.3%, respectively, and are represented in three time periods (Allerød
and early-middle Holocene for Group J and Talkeetna rhyolite, and only the early Holocene
for Calico Creek rhyolite). Very low cortex amounts are observed in the D, E, F, K, and N
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rhyolite groups, each containing just one artifact with cortex (1.9% each) in the Allerød
(groups D and N), early Holocene (Group F), and middle Holocene (groups E and K).
Cortical pieces are completely absent in rhyolite groups C, L, and M (Table 9; Figure 13b).

Table 9. Count and percentage of artifacts with cortex in each archaeological assemblage and their
assigned artifact rhyolite group.

Rhyolite Group

Assemblages by Time Total
(%) A B C D E F TM CC I J K L M N TRL Una 1

13.5–12.8 ka

Dry Creek C1 1
(1.9)

1
(1.9)

Walker Road 7
(13.4)

2
(3.9)

1
(1.9)

1
(1.9)

1
(1.9)

2
(3.9)

Moose Creek C1 2
(3.9)

1
(1.9)

1
(1.9)

Owl Ridge C1 6
(11.5)

5
(9.6)

1
(1.9)

Eroadaway 0
(0.0)

Subtotal 16
(30.8)

12.5–11.7 ka

Moose Creek C2 5
(9.6)

2
(5.7)

1
(1.9)

1
(1.9)

1
(1.9)

Owl Ridge C2 2
(3.9)

1
(1.9)

1
(1.9)

Panguingue C1 1
(1.9)

1
(1.9)

Subtotal 8
(15.4)

11.7–9 ka

Dry Creek C2 4
(7.7)

1
(1.9)

1
(1.9)

1
(1.9)

1
(1.9)

Owl Ridge C3 1
(1.9)

1
(1.9)

Panguingue C2 12
(23.0)

7
(13.4)

1
(1.9)

1
(1.9)

2
(3.9)

1
(1.9)

Little Panguingue
Creek C2

0
(0.0)

Subtotal 17
(32.7)

8–3.5 ka

Houdini Creek 4
(7.7)

1
(1.9)

2
(3.9)

1
(1.9)

Tek West C3 1
(1.9)

1
(1.9)

Carlo Creek C2 2
(3.9)

2
(3.9)

Moose Creek C3 0
(0.0)

Panguingue C3 1
(1.9)

1
(1.9)

Moose Creek C4 3
(5.8)

1
(1.9)

1
(1.9)

1
(1.9)

Dry Creek C4 0
(0.0)

Subtotal 11
(21.2)

Total (%) 52
(100)

12
(23.1)

10
(19.2)

0
(0.0)

1
(1.9)

1
(1.9)

1
(1.9)

5
(9.6)

3
(5.8)

8
(15.4)

4
(7.7)

1
(1.9)

0
(0.0)

0
(0.0)

1
(1.9)

1
(1.9)

4
(7.7)

1 Number of unassigned artifacts.
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Unknown artifact groups A, I, and B are found in high sample and assemblage
frequencies with moderate-to-high amounts of cortex. Conversely, unknown groups C, D,
E, F, K, L, M, and N exhibit low sample frequencies, low assemblage distribution, sporadic
use through time, and low-to-absent cortex frequencies. Learning from the cortical piece of
Triple Lakes rhyolite found at Owl Ridge, small amounts of artifacts with cortex can travel
significant distances (>40 km) so that the simple use of presence or absence of cortex cannot
be used as a reliable determinant of transport distance. Instead, relative amounts of cortex
are used to infer degrees of transport. Although Group J rhyolite is present in high total
sample frequency, over half (60%) of the total group sample is located at just one Allerød
site, Walker Road (7.9% of total) with low assemblage distribution and low cortex amounts.
Sample frequency, assemblage distribution, and cortex frequencies indicate unknown
groups A, B, and I are probably local to the Nenana valley, while unknown groups C, D,
E, F, J, K, L, M, and N represent rhyolites likely procured from nonlocal sources, perhaps
outside the study area.

5.5.2. Rhyolite Provisioning Strategies

Figure 14 presents proportions of local and nonlocal rhyolites within each assemblage
based on the transport determinations determined from presence/absence of cortex and
transport distances presented above. Allerød assemblages Walker Road, Moose Creek C1,
Owl Ridge C1, and Eroadaway are dominated by local rhyolites (60%, 95%, 98%, and 86%,
respectively), but Dry Creek C1 rhyolites are nearly all nonlocal rhyolites (98%). All YD
assemblages are dominated by local rhyolites (92% at Moose Creek C2, 100% at Owl Ridge
C2, and 75% at Panguingue Creek C1). During the early Holocene, Owl Ridge C3, Dry
Creek C2, and Little Panguingue Creek were dominated by local rhyolite (96%, 76%, and
93%, respectively), while Panguingue Creek C2 has more nonlocal rhyolite (53%). Four
middle Holocene assemblages are dominated by local rhyolite (Teklanika West C3 (64%),
Carlo Creek C2 (100%), Moose Creek C3 (75%), and Panguingue Creek C3 (100%)), with
three assemblages dominated by nonlocal rhyolites (Houdini Creek (81%), Moose Creek C4
(67%), and Dry Creek C4 (87%)) (Figure 14; Table 10).

In sum, among the Allerød-aged assemblages, these data suggest people provisioned
individuals with nonlocal rhyolites at Dry Creek C1 but chose to provision place with local
rhyolites at Walker Road, Moose Creek C1, Owl Ridge C1, and Eroadaway. It is noteworthy
that Walker Road also contains a significant amount (40%) of nonlocal rhyolite because it
may represent a base camp where both local and nonlocal toolstones are expected to be
discarded. During the YD, foragers all chose to provision place with local rhyolites, as
was the case during the early Holocene, apart from Panguingue Creek C2 where people
shifted towards provisioning individuals with more nonlocal rhyolites. During the middle
Holocene, there was a mixture of provisioning strategies, with Houdini Creek, Moose Creek
C4, and Dry Creek C4 expressing a provisioning-individuals pattern of mostly nonlocal
rhyolites used, while Teklanika West C3, Carlo Creek C2, Moose Creek C3, and Panguingue
Creek C3 express a provisioning-place pattern of mostly local rhyolites (Table 10). Below,
these results are placed into a broader discussion of changing provisioning strategies
through time.

5.5.3. Rhyolite Diversity

To assess rhyolite diversity, Table 11 presents the ratio of the number of rhyolite
groups and sources found in each assemblage to the total number of rhyolite groups and
sources found among all assemblages within the Nenana valley. These ratios are high
for the Allerød, early Holocene, and middle Holocene time periods (0.80, 0.87, and 0.80,
respectively), reflecting higher overall diversity of rhyolites in these assemblages, whereas
the total ratio for the YD period is low (0.33), reflecting low overall rhyolite diversity.
Interestingly, if these ratios are examined more closely, there is quite a bit of variability
within the time periods that tells a more complicated story. For example, when comparing
the average ratio values between the YD (0.22) and the Allerød (0.32), it becomes clear
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that the Allerød period has as many low-diversity sites as the YD (3), showing similar
low-diversity signals. Though overall diversity seems less for the YD, this might be related
more to the amount of YD sites than to the fact that these sites are less diverse in their
rhyolite-use pattern. Alternatively, it may also be a result of similar site function, occupation
duration (with low-diversity sites being short-term occupations while Dry Creek C1 and
Walker Road were longer-term occupations), or sampling. Early Holocene assemblages
show an overall high diversity signal while a closer look at middle Holocene assemblages
reveals an average diversity of just (0.26) with the highest number of least-diverse sites.

To further assess rhyolite group diversity, the number of rhyolite groups used at each
site was compared with the total number of rhyolite artifacts studied by logging (base 10)
the numbers to control for small and variable sample sizes (e.g., Dry Creek C2 sample
is 119 and Panguingue Creek C3 is 4) (Figure 15). Linear regression evaluates diversity
among assemblages by assuming that as a site’s rhyolite assemblage size increases, the
diversity of identified rhyolite groups should increase. The Carlo Creek C2 assemblage
was omitted from this analysis because it is an outlier with only one rhyolite group present.
The scatterplot shows a strong linear relationship between the number of rhyolite groups
and the total number of rhyolites sampled (Pearson’s R = 0.824; p < 0.001) with randomly
patterned standardized residuals (Figure 16) indicating this positive correlation is a reliable
fit to the data. The slope coefficient for the rhyolite sample is 0.369 so the number of rhyolite
groups increases by this amount for each additional artifact sampled. The adjusted R2

value is 0.659, indicating that 66% of the variation in rhyolite groups can be explained by
the number of artifacts sampled for each site.

Examining the best-fit line (Figure 15), nine site assemblages have more-than-expected
rhyolite groups relative to the total number of rhyolite artifacts sampled, indicating greater
rhyolite diversity among these assemblages. These rhyolite-diverse assemblages include
Dry Creek C1, C2, and C4; Moose Creek C1, C2, and C3; Panguingue Creek C1 and C2;
and Owl Ridge C3. In contrast, seven site assemblages have less-than-expected rhyolite
diversity, including Walker Road, Eroadaway, Owl Ridge C2, Little Panguingue Creek,
Houdini Creek, Moose Creek C4, and Panguingue Creek C3. The Owl Ridge C1 and
Teklanika West C3 assemblages lie on the best-fit line with the Owl Ridge assemblage
slightly more diverse than expected and the Teklanika West assemblage slightly less diverse
than expected.

Among the more diverse assemblages, the majority (60%) are terminal Pleistocene in
age, with four dating to the Allerød and two dating to the YD. The reverse is true for the
less-diverse assemblages, where less than 40% date to the terminal Pleistocene: two dating
to the Allerød and one to the YD. Fifty percent of the less diverse assemblages are middle
Holocene in age (Figure 15). For each Nenana valley assemblage, Figure 17 compares the
relative frequencies of total number of rhyolite artifacts with the number of rhyolite groups
represented. Through time, there is a trend in decreasing diversity of rhyolite types relative
to the total amount of rhyolite in each assemblage, especially after the early Holocene.
There are recognizable spatial patterns in these diversity data (Figures 1 and 15). An equal
number of less-diverse assemblages are located on either side of the river; however, 70% of
the more-diverse assemblages are located west of the river.



Minerals 2023, 13, 1146 34 of 50

Table 10. Summary of local rhyolite transport, nonlocal rhyolite transport, and dominant provisioning
strategy within each assemblage, organized by time period.

Local Rhyolite Transport Nonlocal Rhyolite Transport Dominant Provisioning Strategy

Allerød

Dry Creek C1 Low High Individuals

Walker Road High Moderate Place

Owl Ridge C1 High Low Place

Moose Creek C1 High Low Place

Eroadaway High Low Place

YD

Panguingue Creek C1 High Low Place

Moose Creek C2 High Low Place

Owl Ridge C2 High Low Place

Early Holocene

Little Panguingue Creek C2 High Low Place

Owl Ridge C3 High Low Place

Panguingue Creek C2 High Low Place

Dry Creek C2 High Low Place

Middle Holocene

Houdini Creek Low High Individuals

Teklanika West C3 High Moderate Place

Moose Creek C3 High Low Place

Carlo Creek High Low Place

Panguingue Creek C3 High Low Place

Moose Creek C4 Low High Individuals

Dry Creek C4 Low High Individuals

Table 11. Comparison of number of artifact rhyolite groups and sources represented in each assem-
blage with the total number of groups and sources found in Nenana valley site assemblages.

Assemblage Total * n Groups/15 Total Groups (%)

Allerød Assemblages

Dry Creek C1 44 7/15 (0.47)

Walker Road 98 7/15 (0.47)

Moose Creek C1 20 4/15 (0.27)

Owl Ridge C1 28 4/15 (0.27)

Eroadaway 7 2/15 (0.13)

Subtotal 197 12/15 (0.80)

Younger Dryas Assemblages

Moose Creek C2 13 4/15 (0.27)

Owl Ridge C2 33 3/15 (0.20)

Panguingue C1 4 3/15 (0.20)

Subtotal 50 5/15 (0.33)

Early Holocene Assemblages

Dry Creek C2 119 8/15 (0.53)
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Table 11. Cont.

Assemblage Total * n Groups/15 Total Groups (%)

Owl Ridge C3 27 6/15 (0.40)

Panguingue C2 49 8/15 (0.53)

Little Panguingue Creek C2 30 4/15 (0.27)

Subtotal 225 13/15 (0.87)

Middle Holocene Assemblages

Houdini Creek 42 4/15 (0.27)

Teklanika West C3 28 6/15 (0.40)

Carlo Creek C2 26 1/15 (0.07)

Moose Creek C3 8 4/15 (0.27)

Panguingue C3 4 2/15 (0.13)

Moose Creek C4 24 4/15 (0.27)

Dry Creek C4 32 6/15 (0.40)

Subtotal 164 12/15 (0.80)

Sum of Artifacts 636

* Thirty-nine unassigned artifacts excluded.
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Figure 14. Stacked bar chart showing proportions and numbers of local and nonlocal rhyolites within
each assemblage. Assemblages proceed chronologically, oldest to youngest, from left to right. Raw
counts are given in each bar section, and percentages are measured along the y-axis.
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Figure 15. Linear regression graph comparing number of rhyolite groups (y-axis; log base 10) with
total number of rhyolite artifacts sampled (x-axis; log base 10). The slope coefficient is 0.369; the
intercept coefficient is 0.336; Pearson’s correlation coefficient (R) is 0.824; the R2 value is 0.659.
Assemblages are color coded by time period. WR is Walker Road; DC 1, DC 2, and DC 4 are Dry
Creek C1, Dry Creek C2, and Dry Creek C4, respectively; MC 1, MC 2, MC 3, and MC 4 are Moose
Creek C1, Moose Creek C2, Moose Creek C3, and Moose Creek C4, respectively; OR 1, OR 2, and
OR 3 are Owl Ridge C1, Owl Ridge C2, and Owl Ridge C3, respectively; PC 1, PC 2, and PC 3
are Panguingue Creek C1, Panguingue Creek C2, and Panguingue Creek C1, respectively; ER is
Eroadaway; TW 3 is Teklanika West C3; HOU is Houdini Creek; and LPC is Little Panguingue
Creek C2.
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Figure 16. Bar chart showing mean standardized residuals (y-axis) for each archaeological assemblage
(x-axis), color coded by time period. WR is Walker Road; DC 1, DC 2, and DC 4 are Dry Creek C1,
Dry Creek C2, and Dry Creek C4, respectively; MC 1, MC 2, MC 3, and MC4 are Moose Creek C1,
Moose Creek C2, Moose Creek C3, and Moose Creek C4, respectively; OR 1, OR 2, and OR 3 are Owl
Ridge C1, Owl Ridge C2, and Owl Ridge C3, respectively.
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6. Discussion

Humans develop mobility and provisioning strategies in response to environmental
conditions and the local lithic landscape [68,73,74]. Understanding the lithic landscape is
critical when interpreting adaptive behavior. Study survey results show the Nenana valley
is extremely limited in high-quality, easily knappable materials (e.g., rhyolites), comprised
of mostly hard-to-knap, low-quality quartzes, schists, and quartzites. Rhyolite availability
is limited in Nenana valley outcrops and alluvium. Geochemical analysis coupled with
geological survey has resulted in the discovery of only one new rhyolite source, Triple
Lakes, found within Denali National Park and Preserve boundaries. Further, this study
confirms two previously reported source areas, Calico Creek and Talkeetna Mountains [95]
and demonstrates their presence in Nenana valley archaeological assemblages. It also
confirms eight previously reported geographically unknown rhyolite artifact groups [95]
and reports an additional four geochemically distinct rhyolite groups without known
source locations. Discovery of a new geographically known source, additional unknown
rhyolite groups, and confirmation of previously reported source areas and geochemical
rhyolite groups provide more specific descriptions about rhyolite transport, provisioning,
and landscape knowledge.

6.1. Rhyolite Transport

The overarching chronological patterns recognized here suggest continuous reliance
on transporting local rhyolite groups (A in particular) from the initial occupation of the
valley onward, but that most rhyolite outcrops in the valley, Sugarloaf Mountain, Ferry
Group, and Triple Lakes, were not very desirable to any foragers no matter when or where
they were operating within the region. Nenana valley occupants in all time periods chose to
supplement local groups (A, B, and I) with nonlocal rhyolites. Rhyolite from the Talkeetna
Mountains source area was transported over 200 km to the Nenana valley, and Calico Creek
transported ~40–50 km, in addition to groups C, D, E, F, J, K, L, M, and N, which were
presumably transported from unknown sources outside of the valley.
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Examining distributions of concentrations of each rhyolite artifact group may reveal
information regarding source location (Figure 12). Group A cortical pieces are concentrated
in far northern sites and may have originated from a northern source location, confirming
an observation offered by Coffman and Rasic [95]. Group B artifacts and cortical pieces
are similarly concentrated in the foothills and northern sites, and may also originate from
the north, broadly consistent with a source origin in the central Alaska Range posited
by Coffman and Rasic [95]. Like groups A and B, Group I has wide distribution among
all sites in the valley but rhyolite artifact numbers and cortex values are highest at Owl
Ridge, perhaps indicating a western source origin. Group J artifacts and cortical pieces are
concentrated towards the east (Moose Creek C1, C2, C4, and Walker Road), supporting a
possible source location east of the Nenana River, perhaps in the eastern Alaska Range or
middle Tanana valley. Overall, spatial patterns show slightly more rhyolite groups found
in assemblages on the west side of the Nenana River, suggesting more rhyolite sources
occur to the west. For example, groups C, F, L, M, and N are absent in assemblages east
of the Nenana River. Similarly, Coffman and Rasic [95] suggested a western origin in the
Kuskokwim Mountains for Group C. Spatial trends of known sources may also reveal
patterns of movement. Pieces of Triple Lakes rhyolite are few, but this rhyolite is found
at just two archaeological sites 40–50 km north of the source outcrop, perhaps indicative
of movement of this rhyolite from south to north (or extensive but rare occurrence in the
region’s alluvium). Rhyolite from the Talkeetna Mountains source area also seems to have
been carried in a south-to-north direction because it was found in six sites in this study,
Moose Creek, Walker Road, Dry Creek, Little Panguingue Creek, Panguingue Creek, and
Houdini Creek. Specifically, it is missing from the two most southern sites in the Nenana
valley, more proximate to the Talkeetna Mountains.

Transport expectations are only partially met when focusing on the sourced raw
materials. For example, regarding the expectation of increased frequency of a rhyolite
source in nearby site assemblages, Triple Lakes and Calico Creek sources are expected to be
used more in the Nenana valley compared with use of the more distant Talkeetna Mountains
source area; however, neither Triple Lakes nor Calico Creek sources are prevalent in Nenana
valley assemblages. Artifacts on Triple Lakes rhyolite number just three and are found in
only two sites, Owl Ridge and Moose Creek. Calico Creek rhyolite numbers 23 artifacts
from just four sites (see [95], Table 6). Though Talkeetna Mountains rhyolite occurs in
low frequencies, it is distributed in six different site assemblages. Nevertheless, none of
these three nonlocal sources were used in every site nor in the frequencies documented for
groups A, B, and I. Regarding expectations of finding low frequencies of cortex on distant,
or nonlocal toolstones, Triple Lakes provides an interesting case. Although considered a
nonlocal source, it preserves cortex on a single artifact at Owl Ridge despite being located
at nearly the opposite end of the valley from this site. Perhaps more confounding and
counter to the expectations laid out here is the distribution of cortical pieces for the Calico
Creek and Talkeetna Mountains rhyolites. Sites in the Nenana valley with cortex on these
source materials are concentrated in the north, and therefore traveled the farthest. These
observations rely on simple distance measures, not on specific pathways (e.g., least-cost
pathways [165,166]) and cannot account for nuanced decisions made by users of these
toolstones. Directional trends discussed here remain somewhat speculative and warrant
further testing by increasing the sample size to include interregional comparisons.

6.2. Rhyolite Provisioning Strategies

This study used relative measures of local and nonlocal rhyolites to inform on overall
provisioning strategies. Expectations are that humans choosing to provision place would
leave behind assemblages with a preponderance of local materials alongside nonlocal mate-
rials, while humans engaging in provisioning individuals would leave behind assemblages
of mostly nonlocal rhyolites. There are variable patterns in rhyolite provisioning strategies
in the Nenana valley through time, and these are discussed below.
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During the Allerød, most site assemblages appear to have relied on local rhyolites
(mostly A and I), except for Walker Road and Dry Creek (Figure 14; Table 6). Dry Creek
(C1) has only one artifact belonging to Group A, the only local group represented in
the assemblage, while the remainder (98%) represents nonlocal rhyolite groups, indica-
tive of provisioning individuals. Walker Road is described as a base-camp occupation
with an assemblage produced on mostly local materials, reflecting a provisioning place
strategy [67,130]. Rhyolites make up nearly 50% of assemblage’s toolstones (Figure 18),
and nearly 40% of these consist of nonlocal materials (Figure 14). Because it is suspected to
be a base camp, Walker Road is expected to have a mixture of local and nonlocal rhyolites,
with local rhyolites possessing relatively high cortex values. The former expectation of an
assemblage with both local and nonlocal rhyolite groups is met, but the latter expectation
of local rhyolites exhibiting high cortex values is not. Neither local nor nonlocal rhyolites
express many cortical pieces. Further, local groups B and I were not selected by Walker
Road inhabitants. The Dry Creek C1 and Walker Road assemblages contain the most
nonlocal rhyolites of all Allerød-aged sites, reflecting more of a provisioning-individuals
pattern for these two earliest sites. The Allerød occupations of Moose Creek C1, Owl
Ridge C1, and Eroadaway are described as camps where occupants used primarily local
toolstones, supported by geochemical results of the rhyolites reported here [16,41,96,132].
These results indicate a change to more of a provisioning-place strategy near the end of
the Allerød.
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Figure 18. Stacked bar chart showing proportions of toolstone types within each assemblage,
with percentages measured along the y axis; raw material type scored during lithic analysis of
these assemblages.

During the YD, the percentage of nonlocal rhyolites in assemblages decreases com-
pared to Allerød sites. The Moose Creek C2 and Panguingue Creek C1 assemblages are
small, but nevertheless contain mostly local rhyolites, while rhyolites at Owl Ridge C2
are exclusively local, indicative of a continuation of a provisioning-place strategy with
ever-increasing familiarity of the rhyolite landscape. Previous descriptions of YD tech-
nological organization, however, suggest YD populations may have been provisioning
individuals because site toolkits were highly standardized, well-planned as part of a mobile
land-use system [16,17]. Gore and Graf [16] studied the complete array of raw materials
and technological strategies represented at a single site in the foraging system, Owl Ridge,
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a short-term, special-task site; here the focus is solely on rhyolite use at all sites in the
region. The two studies represent two scales of the research, and continued work will be
geared toward bringing these varied lines of inquiry together for a more holistic view. For
example, individuals operating in a provisioning-place system are expected to still gear
up when undertaking task-specific forays at resource extraction sites, especially if there
were known local sources of toolstone near the camp. In addition to the presumed local
rhyolites in the Owl Ridge assemblage, andesite, too, was used and readily available in the
alluvial cobbles within 1 km of the site [16].

During the early Holocene, foragers at Owl Ridge C3, Dry Creek C2, and Little Pan-
guingue Creek continued to utilize predominantly local rhyolites, while at Panguingue
Creek C2 the opposite pattern is true. This would seem to indicate humans provisioned
place at Owl Ridge, Dry Creek, and Little Panguingue Creek, but provisioned individuals
at Panguingue Creek. While place provisioning was likely employed at Owl Ridge [16]
and Little Panguingue Creek [55], previous analyses of the Dry Creek C2 assemblage note
that overall toolstone procurement was both local and nonlocal with formal, planned tech-
nologies, reflecting a mobility strategy emphasizing the provisioning of individuals [56,67].
Therefore, on the spectrum between provisioning individuals and provisioning place, these
early Holocene assemblages express a pattern of provisioning place with some individual
provisioning represented at Dry Creek and Panguingue Creek, a similar pattern to the one
described for the YD interval.

Middle Holocene assemblages exhibit a clear shift back to incorporating more nonlocal
rhyolites in their toolkits. Three assemblages, Houdini Creek, Moose Creek C3, and Dry
Creek C4, are dominated by nonlocal rhyolites, expressing the provisioning of individual
foragers. The remaining sites are dominated by local rhyolites, representing provisioning
of place. Overall, this pattern resembles that identified for the earliest few hundred years
of human occupation in the Nenana valley.

6.3. Rhyolite Diversity

Rhyolite group diversity helps us estimate degree of landscape knowledge. This assumes
that landscape novices will procure fewer local rhyolite groups because they are unfamil-
iar with where to find these resources, and they will bring more nonlocal rhyolites with
them to reduce the risk of not finding adequate toolstone [87,160,162,167–169]. As foragers
learn the landscape, they will encounter new, local resources and gradually incorporate
them into their toolkits, ultimately resulting in less-diverse assemblages. Much of this
variability likely reflects different site functionality. Base camps accumulate more artifact
and raw material diversity, whereas special-task sites express less diverse, task-specific
assemblages [154]. In this study of rhyolite use, there are two important trends to highlight.
First, the majority of more-diverse-than-expected Nenana valley assemblages date to the
terminal Pleistocene, especially the Allerød interval (Figures 15–17). This behavior fits our
model of landscape learners entering a new landscape. Second, middle Holocene sites
demonstrate less diversity than expected. Beringian foragers in the Nenana valley during
the terminal Pleistocene were engaged in landscape learning, while Holocene foragers
increasingly accumulated landscape knowledge.

Landscape Learning. Together, rhyolite transport, provisioning, and diversity can
elucidate patterns in landscape learning processes through time. Expectations of this study
are that landscape learners would have provisioned individuals with mostly nonlocal
rhyolites because they did not yet know where to find local rhyolites, while landscape
experts would have known where to obtain local materials and provisioned place with
mostly local rhyolites. In the two oldest sites of the Allerød interval, Dry Creek C1 (~13.5 ka)
and Walker Road (~14–13.3 ka), there is more nonlocal rhyolite than expected, suggesting
the earliest inhabitants of the Nenana valley were bringing rhyolite materials to the valley.
Both early sites express mixed patterns of provisioning, yet there is a strong current of
provisioning individuals. Diversity within the Dry Creek C1 assemblage is among the
highest of all sites. For example, Group N is only found in the Dry Creek C1 assemblage.
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Though the Walker Road assemblage falls below the regression line in Figure 15, because of
its large sample size, it still expresses a considerable amount of diversity in rhyolite groups
compared to many other site assemblages in the valley. Despite this diversity, local rhyolite
groups A, B, and I were virtually unused and unknown, while these earliest foragers were
using the Talkeetna Mountains source, located ~200 km away. Together, these data suggest
the Dry Creek C1 and Walker Road assemblages represent forager groups still learning the
nuances of the Nenana valley lithic landscape.

After 13.3 ka, foragers in the Nenana valley began using more local raw materials and
increasingly engaged in a provisioning place strategy supported by deep knowledge of high-
quality rhyolite sources. This pattern continues through the YD when reliance on distant
rhyolite sources is reduced, except for Talkeetna Mountains and Group J. Results indicate C,
L, and Triple Lakes groups remained unknown until the early Holocene, indicating humans
were still building complete knowledge of local toolstone; alternatively, groups C and L
may have been located high in the mountains and remained under glacial cover. During
the early Holocene, transport was predominantly local, and people were provisioning
place, but more nonlocal sources were being used compared to the late Allerød and YD. All
rhyolite groups are represented at this time except M and N which were known and used
by the earliest people to enter the Nenana valley.

By 8 ka, assemblages exhibit more nonlocal rhyolites overall, however, these are
represented by fewer groups. In other words, nonlocal rhyolite diversity falls precipitously.
This suggests these hunter-gatherers were selectively provisioning individuals, coupling
this strategy with provisioning of place when needed. Middle Holocene foragers had
become familiar enough with regional rhyolite sources to deftly practice a strategy relying
on gearing up for special tasks and provisioning place as needed.

6.4. Paleoenvironment and Human Settlement of the Nenana Valley

This examination of rhyolite procurement and use in the Nenana valley shows a
pattern of initial landscape learning and settling in, followed by a quick accumulation of
nuanced knowledge. Learning a landscape is achieved through the gathering of environ-
mental information [85–161]; therefore, this process is contextualized by considering how
fluctuating climate regimes shaped the region’s environments and influenced human be-
havioral response. The earliest Allerød assemblages (~14–13.3 ka) reflect humans subsisting
in an environment transitioning from a treeless, xeric herb-tundra to a more mesic shrub-
tundra. During the latter climatic regime there was an increase in archaeological visibility,
representing human expansion into the Alaskan interior. The Allerød landscape supported
a variety of large- and small-game resources procured by humans (e.g., bison, wapiti, and
waterfowl) and perhaps provided more woody vegetation for fueling fires used for cooking
and warmth compared with the herb-tundra of pre-Allerød times [128]. If the expansion
of shrub-tundra brought about increased fuel opportunities while supporting plentiful
ungulate populations, this environmental transition may have been key in enabling humans
to expand, explore, and successfully establish themselves in the region. This, in addition
to the high surface visibility offered by a shrub-tundra landscape, enabled initial valley
occupants to successfully accumulate specific locational knowledge of toolstone sources
beyond the largest, most visible ones. It seems initial humans arriving in the Nenana valley
during the early Allerød brought high-quality rhyolite (and obsidian [91]) from outside the
area but were less knowledgeable of local rhyolites. Through the end of the Allerød and
into the YD, visitors to the valley had gained enough local knowledge to map onto several
local rhyolite sources.

By contrast, Holocene rhyolite use suggests a more complete and nuanced knowledge
of the local and regional lithic landscape, but there is a general decrease in diversity among
Holocene assemblages compared to late Pleistocene assemblages. Arrival of the HTM is
marked by transition from a shrub-tundra to boreal-forest biome with warmer and more
mesic conditions, peatland, conifer expansion, and range restriction of both small and
large fauna [170–172]. While wood-fuel would have been plentiful, gregarious animals
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(e.g., caribou) would have been accessed seasonally in uplands, with more solitary species
(e.g., moose and bear) being more common throughout the region. In response, human
land-use patterns changed, and technologies shifted [14,22,23,173,174]. Given these shifting
environmental conditions and subsequent behavioral adaptations, perhaps some rhyolites
were no longer cost-effective to procure despite persisting knowledge of source locations.
In addition, a decrease in rhyolite diversity could indicate that some sources were less
visible or accessible because of boreal-forest cover, more months with snow cover, difficulty
crossing glacially fed streams and rivers during warm summers, or limited accessibility due
to increased glacio-fluvial erosion, especially during the early Holocene. Regardless, these
environmental conditions did not completely prohibit access to all high-quality rhyolites
because many continued to be used in the Nenana valley.

7. Conclusions

The overarching goal of this study was to contribute to the nascent body of raw
material studies in eastern Beringia by establishing the local lithic landscape of the Nenana
valley and investigating rhyolite use through a geochemical and behavioral approach. Raw
material surveys completed to date show that high-quality raw materials are limited in
quantity, availability, and even distribution within the region. In the case of rhyolites,
several outcrops are available within the valley, but geochemical comparison indicates
most of these geological outcrops were not utilized by prehistoric humans. Only a few
known sources were used sporadically, one being the newly identified Triple Lakes source.
It seems these were never compelling sources of toolstone for Alaskans. Work reported
here provides compelling support for most rhyolite procurement elsewhere, perhaps
deeper within upland settings of the Alaska Range as posited by Coffman and Rasic [95].
Clearly the use of the Talkeetna Mountains source area is a good example of upland source
exploitation. Perhaps groups A, B, and I will eventually be found in similar upland contexts.

Several interesting patterns in rhyolite use are evident from the incorporation of pXRF
geochemistry and lithic analyses. First, a broad number of rhyolites were used from the
earliest visible occupation of the Nenana valley through the middle Holocene. Ancient
Alaskans inhabiting the valley during the Allerød provisioned their sites with a wide variety
of local and nonlocal materials, showing that they had sufficient knowledge of raw material
locations in the greater interior region of Alaska [67,91,95,175,176]. All geochemically
identified rhyolites appearing within Allerød assemblages, except one, continue to be
used by humans within the Nenana valley into the Holocene, further suggesting humans
at this time were already engaged in learning the local lithic landscape. However, the
absence of rhyolites seen later in Holocene assemblages indicates landscape knowledge was
incomplete. As the shrub-tundra transitioned to a boreal-forest regime in interior Alaska,
landscape knowledge appears to have increased as new local rhyolites were procured by
Nenana valley inhabitants. By 8 ka, the Indigenous peoples of interior Alaska had become
rhyolite experts. During this time there is an increase in the use of nonlocal rhyolites and
a concurrent decrease in rhyolite diversity, perhaps because the warm temperatures and
boreal cover of the HTM brought about different constraints and opportunities, such as
decreased rhyolite visibility and accessibility and/or seasonal focus on caribou hunting
which likely led to a need for traveling greater distances to social aggregation sites during
caribou hunting season. This may have brought about the opportunity to easily embed
procurement of distant rhyolites (i.e., Talkeetna Mountains source) [20,71,177].

This study shows that locations of high-quality rhyolites in interior Alaska were
understood and valued as significant raw material sources from the earliest occupation
of the Nenana valley throughout the Holocene, implying that the process of landscape
learning happened quickly upon arrival. Questions remain, however, about the degree
to which the complexity of this landscape knowledge was affected by environmental
constraints, provisioning strategies, and/or settlement patterns. The limited archaeological
record and scope of this study permitted discussion of just a few aspects of human behavior.
To unravel the complexities of these behaviors as reflected in the lithic record, further
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studies incorporating toolstone sourcing and assemblage studies must be conducted at the
local and regional level to clarify behavioral strategies underlying patterns described here.
Doing so will elucidate a more holistic picture of the complex behaviors that contributed to
lithic provisioning, mobility, and behavioral adaptation in prehistoric Alaska.

Continuing systematic, region-wide raw material surveys in interior Alaska is integral
in the search for geographic locations of rhyolite sources. Geochemically characterizing
new rhyolite sources is essential in anchoring geochemical rhyolite groups to known source
locations and providing further insight into mobility patterns. Such legwork will eventually
untangle questions of technological provisioning and use, including full characterization of
lithic landscapes, landscape knowledge, technological needs, mobility strategies, seasonal
landscape use, climate regimes, social interaction, trade, and exchange.
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for rhyolite outcrop samples; Table S3: Principal component eigenvalues and variance for rhyolite
outcrop and alluvial samples; Table S4: Principal component eigenvalues and variance for rhyolite
artifact samples; Table S5: Principal component eigenvalues and variance for rhyolite artifact and
alluvium samples; Table S6: Principal component eigenvalues and variance for rhyolite artifact and
outcrop samples; Table S7: Rhyolite outcrop group membership probabilities.
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