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ARTICLE INFO ABSTRACT

Communicated by Harvey Thorleifson We present luminescence ages from glaciofluvial and glaciolacustrine sediments in western New York, USA, that
build on prior constraints on the timing of ice sheet retreat during the last deglaciation. Fourteen luminescence
ages from six sites indicate that 1) glaciofluvial outwash just inboard of the maximum Olean ice limit in western
New York was deposited before 19.0 + 1.8 to 16.7 + 1.2 ka (age + 10), providing a minimum constraint on ice
retreat from this position and suggesting that the Olean Moraine is local Last Glacial Maximum in age, 2) the
Laurentide Ice Sheet deposited the Lake Escarpment Moraine at between 20.1 + 4.2 ka and 18.7 + 1.7 ka, and
before 15.3 + 2.4 to 14.0 + 2.1 ka, 3) Lake Warren I existed between 11.2 + 2.9 ka and 12.0 + 2.8 ka, and 4)
large deltas formed in a proglacial lake in the Genesee Valley between 16.3 + 2.2 ka and 15.6 + 2.1 ka. Despite
uncertainties, luminescence dating in western New York can be of use in future studies aiming to constrain the
age of glacial deposits where organic material for radiocarbon dating is sparse, or where deposits are beyond the
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age range of radiocarbon dating.

1. Introduction

The Laurentide Ice Sheet was the largest Northern Hemisphere ice
sheet during the Last Glacial Maximum (LGM; 26-19 ka; Clark et al.,
2009), stretching longitudinally from the Rocky Mountains to the
Atlantic Ocean and latitudinally from the Arctic Ocean to the northern
United States of America (USA; Fig. 1). Widely traceable moraine sys-
tems across much of the northern USA record retreat from the ice sheet’s
terminal position. During ice-sheet retreat, large proglacial lakes formed
across the Great Lakes basins. These lakes periodically shifted drainage
routes as ice sheets waxed and waned, leading to significant meltwater
re-routing events that are hypothesized to have greatly impacted North
Atlantic climate and led to marked cold periods as recorded in
Greenland ice core records (Barber et al., 1999; Broecker et al., 1989;
Calkin and Feenstra, 1985; Donnelly et al., 2005; Fairchild, 1907; Leydet
et al., 2018; Porreca et al., 2018; Rayburn et al., 2007; Yu et al., 2010).
Thus, characterizing shifting ice front positions and associated melt-
water routing throughout the last deglaciation is of much interest.

The chronology of Laurentide Ice Sheet recession across the northern
USA has been investigated using radiocarbon dating of stratigraphic

sections and basal sediments in kettle bogs and lakes, varve chronolo-
gies, and cosmogenic nuclide dating (e.g., Balco et al., 2002; Balter-
Kennedy et al., 2024; Corbett et al., 2017; Curry and Petras, 2011;
Glover et al., 2011; Heath et al., 2018; Ridge, 2003, 2004; Ridge et al.,
2012; Ullman et al., 2015). However, there is a dearth of chronological
data across much of New York state between the Hudson Valley, where
deglaciation is constrained with cosmogenic nuclide dating and also tied
to the New England Varve Chronology, and Lake Erie at the western end
of the state (Balter-Kennedy et al., 2024; Ridge, 2003; Ridge et al.,
2012). This paucity of constraints across New York is largely due to a
dearth of organic matter suitable for radiocarbon dating found within
key stratigraphic sections (Muller and Calkin, 1993). Additionally, basal
radiocarbon ages from kettle basins have been shown to date permafrost
melt that took place thousands of years following moraine deposition,
compromising their use for dating deglaciation (Prince et al., 2024).
Finally, there are few published cosmogenic nuclide exposure ages due
to the lack of suitable boulders. While the overall framework of degla-
ciation is in place, details on the exact timing are still lacking across New
York State (Dalton et al., 2023).

Luminescence dating can fill in chronological gaps in areas where
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radiocarbon dating and/or cosmogenic nuclide dating is challenging.
This technique provides a sediment burial age, which in turn constrains
the age of sedimentary deposits associated with moraine formation (e.g.,
kame deltas and outwash deposits) and proglacial lake levels (e.g.,
shorelines and deltas). Luminescence dating of glacial deposits thus
provides a direct constraint on ice positions rather than minimum- or
maximum-limiting ages often derived using radiocarbon dating (e.g.,
Fisher et al., 2008; Fisher et al., 2020; Lowell et al., 1990; Szabo et al.,
2003). However, luminescence dating of glacial sediments can be
challenging due to a variety of factors, including poor luminescence
properties of glaciogenic quartz and the high likelihood of incomplete
bleaching of sediment grains in glacial, glaciofluvial, and glaciolacus-
trine deposits (Fuchs and Owen, 2008; Rhodes and Pownall, 1994;
Rhodes, 2000; Thrasher et al., 2009). The advent of single-grain lumi-
nescence techniques has led to substantial advances in dating glacio-
fluvial and glaciolacustrine sediments. With this technique,
luminescence signals from single sand grains—rather than aliquots of
hundreds of grains—can be measured. By looking at the luminescence
signal from individual grains, fully bleached sediment grains that more
accurately record the timing of deposition can be identified using
various age models, offering more precise burial ages (e.g., Duller, 2006;
Ou et al., 2015; Rittenour et al., 2015).

We measured infrared stimulated luminescence (IRSL) signals from
individual potassium feldspar grains and optically stimulated lumines-
cence (OSL) signals from aliquots of quartz grains to date the deposition
of glacial outwash deposits, lake shorelines, and deltas to probe the
potential of luminescence dating for refining the Laurentide Ice Sheet
chronology in western New York. We chose a variety of glacial and
associated landforms that span a several thousand-year time frame
(~20-13 ka) to assess whether luminescence dating could help refine
the local glacial chronology. We find our moraine and glacial lake
chronologies are consistent with the few published local investigations
and with inferred ages correlated to regional studies in adjacent regions.
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Although this first suite of luminescence ages from across western New
York is somewhat limited by precision, we suggest that luminescence
dating in western New York holds promise as a tool for dating deposits in
areas lacking organic material for radiocarbon dating, for deposits that
are beyond the range of radiocarbon dating, or in areas where there are
no suitable boulders for cosmogenic nuclide dating.

2. Background

Previous investigations have described the Laurentide glacial and
lake-level history of western New York in detail (Fig. 2; Calkin, 1970;
Calkin and Brett, 1978; Fairchild, 1907, 1932; Muller and Calkin, 1993;
Prince et al., 2024). The landscape today hosts striking glacial features
including broad moraine belts, outwash terraces, proglacial lake
shorelines, and meltwater flood deposits (Fairchild, 1932; Muller,
1977). In western New York, early mapping suggested that the different
units of glacial drift marking the maximum Laurentide Ice Sheet extent
were uniform in age, dating to the late Wisconsinan (LGM; Lewis, 1884).
Later researchers suggested that tills bordering the Salamanca Reentrant
(the ice-free area in western New York; Fig. 2) were of different ages
based on weathering profiles and lithology, assigning the Kent Moraine
to the late Wisconsinan and the Olean Moraine to the Altonian (pre-
LGM; MacClintock and Apfel, 1944; Muller, 1977). However, subse-
quent studies shifted back to the original 19th century interpretation,
reclassifying the Olean Moraine as LGM in age, coeval with the Kent
Moraine, though absolute chronology remains greatly lacking (Braun
and Brennan, 1988; Cotter et al., 1986; Muller and Calkin, 1993).

The LGM terminal moraine in western New York is correlated with
the Kent Moraine in northeastern Ohio, the Olean Moraine in Pennsyl-
vania, the Harbor Hill Moraine in New Jersey and Long Island, New
York, and the Martha's Vineyard Moraine in Massachusetts. Two OSL
ages of 19.8 + 2.6 and 20.6 + 2.9 ka from an ice contact delta associ-
ated with the Kent Moraine in western New York (Prince et al., 2024) are
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Fig. 1. Northeastern United States and southeastern Canada showing Laurentide Ice Sheet Last Glacial Maximum ice limit and 14 ka ice limit from Dalton

et al. (2023).
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Fig. 2. Western New York showing sample sites. Lake Warren extent shown in transparent light blue; modern Lake Erie in solid blue. Mapped ice limits and lake
extents after Muller (1977). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

coeval with estimates of deglaciation in Ohio at ~22 ka based on basal
radiocarbon ages from across the state summarized by Glover et al.
(2011). These ages postdate the onset of retreat in New Jersey at 25.2
+ 2.1 ka (cosmogenic nuclide ages of moraine boulders; Corbett et al.,
2017) and ~24 cal ka (basal radiocarbon ages; Stanford et al., 2021),
and 25.5 + 0.4 ka in Massachusetts (cosmogenic nuclide ages of moraine
boulders; Balco et al., 2002, Balco et al., 2009). A recent synthesis of
cosmogenic nuclide ages from southern New York and New England
found that the Laurentide Ice Sheet reached its maximum extent
~26-25 ka and stayed near this position until ~22 ka, after which there
was slow recession over the following few millennia (Balter-Kennedy
et al., 2024). Prince et al. (2024) produced basal radiocarbon ages in
kettle basins on top of the Kent Moraine of ~15.4-15.0 cal ka in western
New York. This post-dates local constraints on moraine deposition and
may instead reflect the presence of persistent permafrost conditions
until the melt out of ice-cored moraines after ~15 ka (Prince et al.,
2024).

The southernmost widely traceable post-LGM recessional moraine in
western New York is the Lake Escarpment Moraine, which has been
correlated with the Ashtabula Moraine in Ohio and northwestern
Pennsylvania, and the Valley Heads Moraine in central New York (Fig. 2;
Muller and Calkin, 1993). The Lake Escarpment Moraine formed
following the Erie Interstade, constrained with radiocarbon dating to
between 19.3 and ~17.7 cal ka (Morner and Dreimanis, 1973; Ridge,
1997). A recent study posits that maximum ice recession during the Erie
Interstade occurred at 17.7 + 0.1 cal ka, with the deposition of the
Valley Heads Moraine sometime after (Karig, 2023). Previously pub-
lished luminescence ages in interstadial sediments broadly support this
timing, though the reported age range of 20.1-14.5 ka does not offer
more precise temporal estimates for the Erie Interstade (Young et al.,
2020). Ties to the New England Varve Chronology place the outer and
inner Valley Heads moraines at 17.2 cal ka and 16.2 cal ka, respectively
(Ridge et al., 2012). This varve-chronology age assignment predates

moraine deposition recorded by basal radiocarbon ages in basins on the
outer Valley Heads moraine of ~14.9-14.2 cal ka (Kozlowski et al.,
2018; Ridge, 2003). While Kozlowski et al. (2018) suggested that these
data reflected reoccupation of the outer Valley Heads moraines, wide-
spread permafrost across New York until the Bglling may instead be
responsible for these younger basal radiocarbon ages (Prince et al.,
2024).

In western New York, ages constraining Lake Escarpment Moraine
deposition are sparse. Calkin and McAndrews (1980) dated wood
stratigraphically above Lake Escarpment outwash sands at the Nichols
Brook Site to ~15.3-13.7 cal ka, which Muller and Calkin (1993) used to
extrapolate a Lake Escarpment Moraine age of ~17.6 cal ka. Prince et al.
(2024) produced basal radiocarbon ages in basins on top of the Lake
Escarpment Moraine of ~15-14 cal ka, suggesting moraine deposition
prior to this time. The ice front positioned at the Lake Escarpment
Moraine created Lake Maumee in the Lake Erie Basin, which drained
westward (Bleuer and Moore, 1971). This lake level has been dated to
16.8 + 1.0 ka with OSL dating of shorelines in Ohio (Fisher et al., 2015).
There are no direct ages on Lake Escarpment Moraine deposition in
western New York.

The timing of further Laurentide Ice Sheet retreat in western New
York is not well-constrained (Fig. 3). Instead, existing knowledge relies
on age correlations with scarcely dated ice-dammed lake levels in the
Lake Erie basin that fluctuated with shifting ice positions (Muller and
Calkin, 1993). After deposition of the Lake Escarpment Moraine, many
moraines were deposited in western New York during northward retreat
including: the Gowanda, Hamburg, Marilla, Alden, Buffalo, Niagara
Falls, Batavia, Barre, and Albion moraines. There are ice sheet-dammed
lake levels marked by distinct shorelines coeval with these various
moraine positions in the Lake Erie Basin (from highest to lowest eleva-
tion): Whittlesey, Arkona, Warren I-III, Wayne (hypothesized to be a low
stand between Warren II and III), Grassmere, Lundy, and a hypothesized
short-lived post-Lundy glacial lake (Calkin, 1970; Fisher et al., 2015;
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Fig. 3. Summary time-distance diagram of moraines and associated proglacial
lake levels in western New York demonstrating spatial and cross-cutting re-
lationships. Existing age constraints are presented in more detail in Fig. 7.

Howard, 2010).

Essentially, rapidly shifting ice margins across western New York and
the growth and decay of proglacial lakes in the Erie and Ontario basins
led to complex interactions between numerous moraine deposits and
rapidly fluctuating lake levels in a short period of time between ~16 and
~14 ka. This is further complicated by large uncertainties in calibrated
radiocarbon ages in western New York, leading to imprecise age control.
Because of a lack of ages from the Lake Erie basin, much of the glacier
margin and proglacial lake chronology here is pinned on relationships to
the inception and demise of Lake Iroquois in the Ontario basin (Calkin
and Feenstra, 1985; Muller and Prest, 1985). A brief overview follows.

Stratigraphic correlation and cross-cutting relationships of lake
shorelines and moraines in western New York indicates that the
Gowanda and Hamburg moraines were formed coevally with Lake
Whittlesey, constrained to between 16.6 and 14.2 cal ka with radio-
carbon (Calkin and Feenstra, 1985; Goldthwait, 1958) and OSL dating of
shoreline deposits (Fisher et al., 2015). The Marilla, Alden, Buffalo,
Niagara Falls, and Batavia moraines are correlated with lakes Warren
and Wayne, though their exact relationships remain unclear (Calkin,
1970; Calkin and Feenstra, 1985; Calkin and McAndrews, 1980; Muller
and Calkin, 1993). Maximum-limiting radiocarbon ages on the Lake
Warren I level from New York and Ohio date to between 16.4 and 14.2
cal ka (Calkin and McAndrews, 1980; Totten, 1985) and are supported
by an OSL age from an undifferentiated Warren shoreline in Ohio of 14.2
+ 1.3 ka (Higley et al., 2014). Local constraints of these proglacial lake
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sequences and associated moraines are sparse due to the lack of direct
dating of Warren and Wayne shorelines in western New York. However,
peat now submerged in Lake Erie with a radiocarbon age of 15.6-14.2
cal ka constrains the cessation of the proglacial lake sequence in the Erie
basin and provides a distant minimum age for lakes Warren and Wayne
(Calkin and Brett, 1978; Lewis, 1969). However, Calkin and Feenstra
(1985) and Coakley and Lewis (1985) note that this may have
occurred shortly after the reported 15.6-14.2 cal ka age. In sum,
available data bracket the timing of lakes Warren and Wayne to some-
time between 16.4 and shortly after 14.2 cal ka.

Following ice retreat from the Batavia Moraine, lake levels dropped
in the Erie basin, forming lakes Grassmere and Lundy at the same time as
the Barre and Albion moraines (Calkin and Feenstra, 1985; Muller and
Prest, 1985). Lake Grassmere likely formed—Lake Lundy existed
contemporaneously—with early Lake Iroquois in the eastern Ontario
basin, before the formation of early (non-glacial) Lake Erie. The genesis
of Lake Iroquois in the eastern Ontario basin is dated to as early as 14.7
cal ka with bulk radiocarbon ages from gyttja sediment samples, though
these can be anomalously old due to carbon recycling (Calkin and Brett,
1978; Clark and Karrow, 1984; Karrow, 1981; Lewis and Anderson,
2019; Muller and Prest, 1985; Terasmae, 1980). In western New York,
wood from an Iroquois shoreline feature near Lewiston, New York, dates
to between 16.1 and 13.8 cal ka, which was later rerun and dated to
15.1-13.4 cal ka (Muller and Prest, 1985). These are supported by a
minimum-limiting age from twigs embedded in silt overlying Lake Iro-
quois beach gravel dated to between 14.3 and 13.8 cal ka (Muller and
Calkin, 1985, 1993). Meanwhile, recent evidence suggests that Lake
Iroquois terminated by ~13.0 cal ka, serving as an absolute minimum-
limiting age on the glacial lake sequence in the Erie basin (Lewis and
Anderson, 2019).

Early (non-glacial) Lake Erie formed following glacial lakes Grass-
mere and Lundy and existed concurrently with Lake Iroquois (Muller
and Prest, 1985). Dates for early Lake Erie formation are sparse, but it
may have occurred as early as between 15.6 and 14.2 cal ka (Lewis,
1969), though Calkin and Feenstra (1985) estimated this as between
approximately 14.1-13.7 cal ka. In any case, early Lake Erie could have
formed no earlier than 14.7 ka, as this is the earliest inception date of
Lake Iroquois. The relationships between Lake Iroquois and early Lake
Erie tentatively date glacial lakes Grassmere and Lundy to between 14.7
and 13.7 cal ka.

Additional information on ice sheet and proglacial lake history can
be found in the Genesee River Valley near Avon, New York (Fig. 4).
Here, proglacial Lake Avon formed in the valley following ice-sheet
retreat from the Batavia Moraine. Three primary channels and associ-
ated deltas indicating the eastward flow of Erie basin proglacial lake
water into Lake Avon are apparent: the Taylor, Dugan, and White Creek
channels (Fig. 4). The Taylor Channel delta is ~210 m asl, while the
Dugan and White Creek channels are ~180 m asl, representing two
distinct periods of deposition into two different levels of Lake Avon
(Muller et al., 1988). All three deltas were deposited after ice retreat
from the Batavia Moraine (Calkin and Feenstra, 1985). While Taylor
Channel and its delta were formed during a Lake Lundy drainage event,
the Dugan and White Creek channels and the associated deltas are hy-
pothesized to have been created when water from the Erie Basin entered
Lake Avon during 1) normal outflow of a short-lived post-Lundy glacial
lake, 2) jokullhaups as ice receded and opened up eastern flow out of
Lake Grassmere or Lake Lundy, or 3) normal drainage from Lake Warren
I(Calkin and Feenstra, 1985; Fairchild, 1932; Kehew et al., 2009; Muller
and Calkin, 1988; Muller and Prest, 1985; Paardekooper et al., 2008).
Peat deposited on top of delta deposits in the Dugan Channels dated to
between 13.2 and 12.7 cal ka serves as a distant minimum estimate of
channel abandonment and deposition of these deltas (Muller et al.,
1988).

Clearly, existing additional geochronological data has the potential
to lead to better understanding of the glacial history in western New
York.
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Fig. 4. Genesee Valley showing Lake Avon extent, eastward meltwater routes, and channels with deltas deposited in Lake Avon (Muller et al.,

3. Sampling techniques and locations

To build on the local chronological framework of the glacial history
of western New York, we explored the utility of luminescence dating of
various sediments related to the Laurentide Ice Sheet. We targeted
sediment deposits associated with the various moraines and proglacial
lake-levels for luminescence dating. We identified sampling targets such
as outwash terraces, shorelines, and deltas using previously published
surficial maps assisted with LiDAR-based hillshade maps (Muller, 1977).
We targeted fine sand/silt layers in these deposits for sampling. At most
sites, we collected samples from exposed quarry faces in 2.5-cm-diam-
eter, 25-cm-long steel tubes following standard sampling protocols for
luminescence dating including exposing fresh surfaces, minimizing light
exposure, and collecting water and dose rate samples in water-tight
bags. At all quarry sites, quarry operators indicated that some amount
of material was removed from the land surface before quarrying began.

At our Lake Warren I shoreline site, we collected our samples in ~4-
cm-diameter, 20-cm-long aluminum tubes using a handheld auger
modified to eliminate light exposure and below 1 m depth to minimize
cosmogenic contributions to the geologic dose rate (Hanson et al., 2015;
Nelson et al., 2019).

3.1. Glaciofluvial outwash inboard of Olean Moraine — Nannen Northrup
Quarry

We collected two samples (Electronic Supplementary Material (ESM)
Figs. S1 and S3) from the Nannen Northrup Quarry (42.20°, —78.64°)
near Great Valley, New York, where we identified a deposit of glacio-
fluvial outwash via LiDAR mapping (Fig. 2, Fig. 5). The age of the gla-
ciofluvial outwash was not assigned in previous mapping, likely as a
result of the map resolution, but it is inboard of the terminal Olean
Moraine and beyond the limit of the Kent Moraine (Fig. 1, Fig. 5; Muller,
1977). It is also adjacent to a deposit of mapped Olean outwash (Fig. 5).
Thus, it may relate to an ice-sheet position during ice retreat from the
Olean Moraine, and its age could serve as a minimum age constraint on
the deposition of this moraine. This could confirm whether the Olean
Moraine is LGM or pre-LGM in age, settling a longstanding debate in
western New York glacial history (Braun and Brennan, 1988; Cotter
et al., 1986; Lewis, 1884; MacClintock and Apfel, 1944; Muller, 1977;
Muller and Calkin, 1993). However, glaciofluvial outwash associated

1988).

with the Kent Moraine is mapped farther down valley beyond the
Nannen Northrup Quarry, opening the possibility that our target deposit
may instead relate to the Kent Moraine (Fig. 1).

On one quarry face, we noted ~6.7 m of imbricated cobbles over-
lying 20 cm of gravel and a ~10 cm lens of fine sand (21NN-01; collected
~7 m below top of quarry wall). Another quarry face was capped with
2.5 m of fine, massive silt (21NN-02; collected ~2.4 m below surface)
that overlies the main deposit of rounded gravels and sands.

3.2. Lake Escarpment glaciofluvial outwash — Waterman'’s Gravel Pit

Waterman’s Gravel Pit (42.54°, —78.64°) is quarried into an outwash
deposit ~200 m down valley of the Lake Escarpment Moraine. We
sampled from an actively quarried face dominated by cobbles that
contained minor sand lenses (ESM Fig. S6). The top of the sample face
consisted of ~0.6 m of imbricated, rounded cobbles. Below this was a
~1.8-m thick coarse sand layer with sub-rounded gravels, which in turn
overlaid another ~0.6-m layer of imbricated, rounded cobbles. Next,
was an 18-cm-thick layer of interbedded medium and fine sands, from
which we collected sample 21WAT-01 (~3.1 m below surface). Matrix-
supported coarse sands and gravels extended from here to the quarry
floor.

3.3. Lake Escarpment glaciofluvial outwash — Gable Thomas Mine

The Gable Thomas Mine (42.56°, —78.48°) is in another outwash
plain deposited during Lake Escarpment Moraine formation and lies
~13 km east of Waterman’s Gravel Pit. Here, we noted 1.8 m of
rounded, imbricated gravels with interspersed 5 cm layers of coarse
sands. Below this was ~15 cm of coarse sand and a < 4.5-cm fine sand
lens, from which we collected 21GT-01 (~3 m below original surface;
ESM Fig. S8). Below this sampled layer was coarse sand that became
covered by slumped material from quarry activity. We sampled a second
sand layer ~30 m away. At this second site were ~2.5 m of coarse sands,
rounded gravels, layers of interspersed sands and gravels, and cross-
bedded coarse sands overlying a <12-cm fine-medium sand lens,
where we collected our second sample (21GT-02; ~3.5 m below original
surface; ESM Fig. S11).
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Fig. 5. Maps of field sites and luminescence ages. Base DEMs are from 1-m New York LiDAR survey (https://gis.ny.gov/lidar; last accessed 8 December 2025).
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3.4. Cattaragus Creek Valley proglacial lake delta — Vail Road Gravel Pit

Soon after the Laurentide Ice Sheet retreated from the Lake Escarp-
ment Moraine position, a small ice-dammed lake formed in the lower
Cattaraugus Creek Valley with a present-day elevation of 348 m asl. This
is higher than the Lake Whittlesey shoreline in this vicinity (247 m asl),
so we interpret this lake as being localized and not part of the Lake Erie
basin lake sequence. Instead, this lake was likely dammed by ice as it
stabilized at the Gowanda Moraine position (Muller, 1977). Sediments
deposited in this lake formed a Gilbert-type delta at the Vail Road Gravel
Pit (42.45°, —78.90°). There are >7-m high sediment sections exposed
with sub-horizontal topset beds atop foreset beds. We collected two
samples from sub-horizontal fine-sand lenses within these foreset beds
near the quarry floor 6.5 m (21VRG-01; ESM Fig. S13) and 5.5 m
(21VRG-02; ESM Fig. S15) below the modern surface.

3.5. Lake Warren ages— Warren I shorelines

Lake Warren I shorelines are clearly expressed near Alden, New York
(42.89°, —78.52°; Calkin, 1970). Here, we collected two samples from a
Warren I shoreline using a handheld soil auger and a lightproof sampling
tube (ESM Fig. S17). We found rounded gravels, sands, and clays down
to at least 1.5 m and collected samples from 1.05-1.25 m (23ALDINGER-
01) and 1.12-1.39 m (23ALDINGER-01A).

3.6. Genesee Valley deltas — Valley Sand and Gravel

Water from proglacial lakes in the Lake Erie basin drained into
proglacial Lake Avon in the Genesee Valley, forming large deltaic de-
posits at the distal end of the Taylor, Dugan, and White Creek channels
(Fig. 4, Fig. 5). We sampled two outcrops at the Valley Sand and Gravel
quarry (42.92°, —77.79°) built into the White Creek Channel delta. Both
samples are from fine sediments overlain by ~10 m of bedded coarse
sands and gravels. We collected 21VSG-01 (~10.5 m below surface; ESM
Fig. S20) from dipping silt and fine-medium sand layers, which
continued down 4 m to the quarry floor. We sampled 21VSG-02 (~11 m
below surface; ESM Fig. S24) from dipping silt, and fine sand layers
~0.25 m below the bedded sands and gravels.

4. Luminescence dating

We applied luminescence dating methods to our samples to constrain
their depositional age. We used both IRSL measurements from potas-
sium feldspar and OSL measurements from quartz to derive our burial
ages.

We processed and analyzed all samples at the University of Texas at
Arlington Luminescence Laboratory under amber-light conditions. We
prepared potassium feldspar and quartz separates from each sample
through wet sieving to isolate the 150-200-pm size fraction, hydro-
chloric acid digestion for 24 h, heavy liquid separation (target density
<2.565 g cm > for potassium feldspar and 2.62-2.68 g cm > for quartz),
and concentrated hydrofluoric acid treatments for 1 h (for quartz). To
estimate the burial dose of our samples, we measured the equivalent
dose (D) on single grains of potassium feldspar and small aliquots (~2-
mm diameter monolayer grain mask) of quartz on a Risg DA-20 lumi-
nescence reader. For all feldspar samples, we used the post-infrared IRSL
protocol (Buylaert et al., 2009) modified for single grain stimulation.
Following a preheat to 250 °C for 10 s, grains were stimulated at 50 °C
and then 225 °C for 3 s per grain to measure the infrared 50 (IRso) and
post-infrared infrared 225 (pIRIRyy5) signals, respectively. We incor-
porated a hot bleach with infrared diodes at 290 °C for 60 s at the end of
each cycle. We conducted fading tests of individual grains for several
samples on timescales of hours to several days. The pIRIR225 signal did
not fade on observed timescales and the IRsq signal yielded a g-value of
3.56 + 0.39% loss per decade (tc = 1325 s; ESM Fig. S27; Huntley and
Lamothe, 2001). We performed fading corrections with the R-
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Luminescence package (Kreutzer et al., 2012).

For quartz OSL measurements (21GT-01, 21VSG-01, and 22NN-02),
we used a standard single aliquot regenerative (SAR) protocol (Murray
and Wintle, 2003) with a preheat of 220 °C and a cutheat of 200 °C
for 10 s each. Following the preheat, aliquots were stimulated with
infrared diodes at 60 °C for 60 s (Duller, 2003) and then with blue diodes
at 125 °C for 60 s. We added a hot bleach of 220 °C with blue diodes for
60 s at the end of each SAR cycle.

We summarize our D, measurements using standard age models
(Galbraith et al., 1999). Most of our samples exhibited single-grain po-
tassium feldspar overdispersion (OD) values larger than are typical for a
single dose population (OD > 20 + 9%; Arnold and Roberts, 2009). This
is expected in glaciofluvial environments where incomplete bleaching is
likely. In these cases, we applied a minimum age model (MAM), solving
for three parameters and imposing an OD value of 24% (based on
observed overdispersion of samples 21GT-01 and 21NN-02; Fuchs and
Owen, 2008; Galbraith et al., 1999; Thrasher et al., 2009). Post-infrared
IRSLgos measurements on 21GT-01 and 21NN-02 had overdispersion
values of 24.5 and 24.0%, respectively, and we used a central age model
(CAM) to model their D, values. For our quartz measurements, we
applied a CAM to 21NN-02 (OD = 10.2%) and 21GT-01 (OD = 0%; only
three aliquots accepted). For quartz measurements from 21VSG-01 (OD
= 40.4%), we applied a MAM, solving for three parameters and
imposing an OD value of 15%.

To determine environmental dose rates, we sent 10 g of bulk sedi-
ment to SGS Canada for elemental composition determination via
inductively-coupled plasma mass spectrometry and inductively-coupled
plasma optical emissions spectrometry. We determined water content by
drying portions of sediment for 48 h in a 50 °C oven and subtracting the
dry mass from the wet mass. We calculated environmental dose rates
using the DRAC luminescence age calculator (ESM Table S1), applying
standard attenuation factors (Brennan et al., 1991; Guérin et al., 2011;
Liritzis et al., 2013), an internal potassium content of 12.5 + 0.5 wt%
(Huntley and Baril, 1997), and standard error propagation (Durcan
et al., 2015).

5. Results

Here, we report the results of samples collected at each of our six sites
described above. We group the results into four phases of the glacial
history of western New York: 1) the Olean terminal limit, 2) the Lake
Escarpment (Valley Heads) stadial, 3) Lake Warren I development, and
4) the formation of the White Creek Channel and delta complex in the
Genesee Valley (Fig. 4, Fig. 5, Fig. 6; Table 1).

5.1. Glaciofluvial outwash inboard of Olean Moraine

Sample 21NN-01 from the terminal moraine glaciofluvial outwash
yielded D, estimates (ESM Fig. S2) with a clear leading edge; in turn, this
provided an age of 13.1 + 2.6 ka (pIRIRgss; all ages reported +16). We
interpret the massive silt unit capping the outwash gravels as loess,
given its fine, uniform grain-size (silt) and lack of larger clasts, lack of
lateral variability in facies, and lack of sedimentary structures. Equiva-
lent dose estimates from our sample (21NN-02) within this silt unit
suggest a well-bleached sediment (ESM Figs. S4 and S5). Luminescence
ages of 16.7 £+ 1.2 ka (pIRIRg95) and 19.0 + 1.8 ka (OSL) from this loess
provide a minimum age constraint for the underlying glaciofluvial
outwash.

5.2. Lake Escarpment stadial

Equivalent dose measurements using the pIRIRy25 signal from Lake
Escarpment outwash sediments at Waterman’s Gravel Pit have a clear
leading edge and yield an age of 20.0 + 4.2 ka (21WAT-01; ESM
Fig. S7). Post-infrared infrared 225 estimates of D, from our lower
sample at the Gable Thomas Mine also display a clear leading edge with
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Gable Thomas Mine
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23ALDINGER-01/-01A
11.2* 2.9 ka

Fig. 6. Representative photos from field sites and luminescence ages. Unless noted, all ages are pIRIR;,5 ages.

an age of 18.7 + 1.7 ka (21GT-02; pIRIRy35). In our sample strati-
graphically above this (21GT-01), pIRIR,25 equivalent dose measure-
ments show a more normal distribution (ESM Fig. S9). 21GT-01 has ages
of 13.2 & 0.8 ka (21GT-01; pIRIRyys5) and 11.9 + 4.1 ka (21GT-01; OSL).
Our two samples from Gowanda delta deposits (formed after the Lake
Escarpment ice position) at the Vail Road Gravel Pit both yielded D,
distributions with clear leading edges, and date to 15.3 + 2.4 ka
(21VRG-01; pIRIRyy5; ESM Fig. S14) and 14.0 + 2.1 ka (21VRG-02;
PIRIR,25; ESM Fig. S16).

5.3. Lake Warren I

Equivalent dose measurements (pIRIRy25) from our two samples
within the Warren I shoreline show clear leading edges (ESM Figs. S18
and S19) and provide ages of 11.2 + 2.9 ka (23ALDINGER-01) and
12.0 + 2.8 ka (23ALDINGER-01A).

5.4. Genesee Valley channel formation and delta deposition

Post-infrared infrared 225 D, estimates from the Valley Sand and
Gravel quarry built into the White Creek Channel delta show a leading
edge typical of a well-bleached sub-population of grains, but have
anomalously high D, values of 99.03 Gy and 48.19 Gy for 21VSG-01 and
02, respectively (ESM Figs. S21 and S25). These correspond to ages of
29.4 + 3.6 ka and 20.0 + 2.1 ka; at this time, the area was covered by
the Laurentide Ice Sheet, thus suggesting the likelihood of incomplete
bleaching (Table 1; ESM Figs. S20 and S24). IRso measurements of D,
also show a clear leading edge, with corresponding ages of 16.3 + 2.2 ka
(21VSG-01) and 15.6 + 2.1 ka (VSG-02). These are compatible with
existing ice-sheet chronologies and suggest that a population of grains
were fully bleached before deposition; this may be expected given the
increased bleachability of the IRs5g signal relative to the pIRIR,35 signal
(ESM Figs. S22 and S26; Buylaert et al., 2009). We also obtained an OSL
age of 30.1 + 7.6 for 21VSG-01, but we consider this unreliable as D,
measurements exhibited poor OSL characteristics including relatively
low signal-to-noise, irregular growth with dose, an elevated early

background, and did not show a clear leading edge (ESM Figs. S23 and
528).

6. Discussion
6.1. Age of glaciofluvial outwash inboard of Olean Moraine

The loess (21NN-02) overlying the outwash has ages of 16.7 + 1.2 ka
(pIRIRy35) and 19.0 + 1.8 ka (OSL). The underlying glaciofluvial
outwash (21NN-01) has an age of 13.1 + 2.6 ka (pIRIRyy5) and statis-
tically overlaps with 21NN-02 at the 20 level. However, given the in-
dividual sample precision and local context, we favor the ages of the
capping loess samples of 16.7 + 1.2 and 19.0 + 1.8 ka as a stronger
constraint post-dating the retreat of ice from the Olean position (Fig. 7).
We suggest that the pIRIRy25 age of 16.7 + 1.2 ka may be slightly
preferable compared to the OSL age of 19.0 + 1.8 ka because of a higher
number of accepted measurements (30 vs. 12) and greater precision.
This is also consistent with OSL ages reported by Prince et al. (2024)
from an ice-contact delta at the maximum Kent Moraine position of 19.8
+ 2.6 and 20.6 £ 2.9 ka.

Our luminescence chronology from glaciofluvial outwash inboard of
the terminal Olean position opens the possibility of an LGM age for this
ice limit (Fig. 7). However, because Kent outwash is found farther down-
valley from this site, we cannot rule out the possibility that our sampled
deposit instead relates to the Kent position (Muller, 1977). Additional
constraints from mapped Olean deposits along the Salamanca Reentrant
are required to confirm an LGM age for the Olean Moraine.

6.2. Age of the Lake Escarpment stadial

Our luminescence ages on Lake Escarpment glaciofluvial outwash
sediments of 20.0 + 4.2 ka (21WAT-01) and 18.7 £ 1.7 ka (21GT-02)
provide the first direct constraints on the deposition of this moraine in
western New York (Fig. 7). We attempted to replicate our youngest
PIRIR295 date of 13.2 + 0.8 ka (21GT-01) using OSL on quartz separates,
but this was hampered by poor quartz response (as often seen in glacial
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Pertinent luminescence age after Mahan et al. (2022), calculated using DRAC (Durcan et al., 2015). All additional information is included in ESM Table S1. Age models
are either Minimum Age Model with three parameters (MAM-3) or Central Age Model (CAM). The total dose rate includes internal dose rate from assumed internal K-
feldspar K content of 12.5 + 0.5 wt% (Huntley and Baril, 1997). IRs, ages are corrected for fading.

Sample ID Quartz or Measured Aliquots Age D.(Gy) Depth H,0 K Th U Rb Cosmic Total Age
K- signal (quartz)/Grains  model + 1o (wt (%) (ppm) (ppm) (ppm) dose rate dose (ka)
feldspar? (K-feldspar) %) + + 1o + 16 + 16 (Gy/kyr) rate +1¢6°

accepted + 1o + 1o (Gy/
[measured] error kyr)
+ 1o
21INN-01 K-feldspar PIRIR2:5 16 [300] MAM- 39.9 + 22.9 1.4 9.8 + 2.7 + 71.4 0.10 + 3.0+ 13.1
3 7.7 +5 + 0.5 0.1 + 3.6 0.01 0.1 + 2.6
0.1
21NN-02 K-feldspar PIRIR2:5 30 [300] CAM 64.4 + 3.2 1.5 10.0 3.1+ 77.3 0.17 + 39+ 16.7
3.3 +5 + + 0.5 0.2 + 3.9 0.02 0.2 + 1.2
0.1
21NN-02 Quartz OSL 12 [12] MAM- 58.7 + 3.2 1.5 10.0 31+ 77.3 0.17 + 31+ 19.0
3 4.9 +5 + + 0.5 0.2 + 3.9 0.02 0.2 +1.8
0.1
21WAT-01 K-feldspar PIRIR25 8 [300] MAM- 64.7 + 11.4 1.6 6.6 + 23+ 63.3 0.15 + 3.2+ 20.0
3 13.2 +5 + 0.3 0.1 + 3.2 0.02 0.2 + 4.2
0.1
21GT-01 K-feldspar PIRIR25 71 [300] CAM 39.8 + 11.2 1.5 53+ 21+ 65.6 0.16 + 3.0+ 13.2
1.4 +5 + 0.3 0.1 + 3.3 0.02 0.1 +0.8
0.1
21GT-01 Quartz OSL 3[12] CAM 27.4 £ 11.2 1.5 53+ 21+ 65.6 0.16 + 23+ 11.9
9.4 +5 + 03 0.1 +3.3 0.02 0.1 +4.1
01
21GT-02 K-feldspar PIRIR 225 102 [300] MAM- 46.2 £ 16.3 1.3 39+ 1.5+ 45.3 0.15 + 25+ 18.7
3 3.4 +5 + 0.2 0.1 +23 0.01 0.1 +1.7
0.1
21VRG-01 K-feldspar PIRIR25 61 [300] MAM- 40.8 + 14.2 1.4 4.5+ 1.8 + 55.8 0.10 + 2.7 + 15.3
3 6.1 +5 + 0.2 0.1 + 2.8 0.01 0.1 +2.4
0.1
21VRG-02 K-feldspar PIRIR 225 60 [300] MAM- 40.3 £ 5.9 1.4 4.6 + 1.8 + 52.6 0.12 + 29+ 14.0
3 5.6 +5 + 0.2 0.1 + 2.6 0.01 0.1 + 2.1
0.1
23ALDINGER- K-feldspar PIRIR 295 15 [300] MAM- 449 + 12.1 2.0 7.5+ 3.7+ 83.9 0.19 + 4.0 + 11.2
01 3 11.4 +5 + 0.4 0.2 + 4.2 0.02 0.2 +29
0.1
23ALDINGER- K-feldspar PIRIR 225 13 [300] MAM- 51.6 + 13.5 2.1 8.8 + 4.5+ 94.7 0.19 + 4.3 + 12.0
01A 3 11.8 +5 + 0.4 0.2 + 4.7 0.02 0.2 + 2.8
0.1
21VSG-01 K-feldspar IRs0 27 [500] MAM- 38.6 + 10.5 1.7 1.8 4.8 + 1.9+ 60.4 0.07 + 3.4+ 16.3
3 4.3 +5 + 0.2 0.1 + 3.0 0.01 0.2 + 2.2
0.1
21VSG-01 K-feldspar PIRIR 25 27 [500] MAM- 99.0 + 10.5 1.7 1.8 4.8 + 1.9+ 60.4 0.07 + 3.4+ 29.4
3 10.9 +5 + 0.2 0.1 + 3.0 0.01 0.2 + 3.6
0.1
21VSG-01 Quartz OSL 12 [12] MAM- 79.9 + 10.5 1.7 1.8 4.8 + 19+ 60.4 0.07 + 2.7 + 30.1
3 19.7 +5 + 0.2 0.1 + 3.0 0.01 0.1 +7.6
0.1
21VSG-02 K-feldspar IRso 87 [900] MAM- 26.5 + 6.7 1.2 3.4+ 1.3+ 39.0 0.07 + 2.4 + 15.6
3 3.0 +5 + 0.2 0.1 + 2.0 0.01 0.1 + 2.1
0.1
21VSG-02 K-feldspar PIRIR225 87 [900] MAM- 48.2 + 6.7 1.2 34+ 1.3+ 39.0 0.07 £ 24+ 20.1
3 4.2 +5 + 0.2 0.1 +2.0 0.01 0.1 +21
0.1

environments; Fuchs and Owen, 2008; Thrasher et al., 2009). Quartz
from 21GT-01 responded poorly during measurement, with only three of
12 measured aliquots giving acceptable signals (ESM Fig. S10), with all
measured aliquots having a low signal-to-noise ratio. Thus, we have
greater confidence in the pIRIRy35 ages at this site (ESM Figs. S9 and
S12). However, because existing chronology constrains Lake Escarp-
ment Moraine deposition locally to ~18-16 ka (Muller and Calkin,
1993; Prince et al., 2024; Ridge, 2003), we posit that this sample is a
young outlier. Additionally, its normal distribution of D, measurements
(ESM Fig. S9; D, populations from other glaciofluvial outwash samples
yielded a distinct leading edge) may indicate a different depositional
setting, perhaps in a fluvial system following ice retreat from this posi-
tion. Therefore, we suggest that the ages of 20.0 + 4.2 ka (21WAT-01)
and 18.7 + 1.7 ka (21GT-02) represent our best constraint for the
deposition of the Lake Escarpment outwash and associated moraine

(Fig. 7).

The ice-dammed lake delta in the lower Cattaraugus Creek Valley
formed soon after ice retreat from the Lake Escarpment Moraine as
water was dammed by ice at the Gowanda position. The pIRIR,25 ages of
15.3 + 2.4 (21VRG-01) and 14.0 + 2.1 ka (21VRG-02) provide an es-
timate of Gowanda Moraine deposition, and a minimum age on Lake
Escarpment Moraine deposition (Fig. 7).

Our Lake Escarpment glaciofluvial outwash pIRIR225 ages of 20.0 +
4.2 ka and 18.7 + 1.7 ka are supported by estimates of Kent Moraine
deposition at ~20 ka (Prince et al., 2024) and the Erie Interstade be-
tween 19.3 and 17.7 ka (Ridge, 1997), both of which preceded Lake
Escarpment Moraine deposition. This is further bolstered by Muller and
Calkin’s (1993) extrapolation of wood ages found above Lake Escarp-
ment outwash (Fritz et al., 1987) dating this ice position to ~17.6 cal ka
(Fig. 7). Additionally, our new ages are compatible (overlap at 16) with
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Fig. 7. Summary ice-sheet time-distance diagram showing moraines, lake levels, and drainage events in western New York. Neither lakes stages nor moraines
overlapped with each other; the height of these merely represents the full range of possible ages for these based on existing chronology.

existing chronologies from the Valley Heads Moraine in central New
York dated to between ~17.2 and ~16.2 cal ka (Ridge, 2003) and an
OSL age of 16.8 &+ 1.0 ka from a Lake Maumee shoreline in the Ohio
(Fisher et al., 2015), both thought to be equivalent in age to the Lake
Escarpment Moraine. Our ages from the Cattaragus Creek Valley pro-
glacial lake delta associated with the Gowanda Moraine postdating the
Lake Escarpment stadial corroborate these existing chronologies.

6.3. Age of Lake Warren I shorelines in western New York

Our luminescence ages from Warren I shorelines of 11.2 + 2.9 ka
(23ALDINGER-01) and 12.0 + 2.8 ka (23ALDINGER-01A) statistically
overlap with maximum-limiting ages on Lake Warren I shoreline
inception dating between 16.4 and 14.2 cal ka (Fig. 7; Calkin and
McAndrews, 1980; Totten, 1985). Our IRSL ages also overlap with an
OSL age of 14.2 + 1.3 ka from an undifferentiated Lake Warren shore-
line in Ohio (Higley et al., 2014). Furthermore, our new ages from the
Lake Warren I shoreline are within error of a minimum-limiting radio-
carbon age from peat formed on top of Lake Warren shorelines dated to
15.7-14.1 cal ka (Lewis, 1969). Unfortunately, the large errors on our
IRSL ages from a Warren I shoreline make it difficult to more precisely
date this lake level and its associated ice positions.

6.4. Timing of Genesee Valley channel formation

Infrared stimulated luminescence ages of 16.3 + 2.2 ka (21VSG-01)
and 15.6 + 2.1 ka (VSG-02) provide the first direct constraints on the
formation of the White Creek Channel complex. This new age of channel
formation between 16.3 + 2.2 ka and 15.6 £ 2.1 ka for this outburst
flood is compatible with extreme minimum-limiting ages from peat
deposited in the Dugan Channel (formed at the same time as the White
Creek Channel Complex) dating to between 13.2 and 12.7 cal ka (Muller
et al., 1988). However, based on these ages, we cannot confirm any of
the hypothesized mechanisms that formed these channels and the
associated deltas, whether normal outflow of a short-lived post-Lundy
glacial lake, jokullhaups as ice receded and opened eastern flow out of
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Lake Grassmere or Lake Lundy, or normal drainage from Lake Warren I.
6.5. Luminescence dating in western New York

Our luminescence ages bolster the limited chronology of glacial
fluctuations in western New York and broadly agree with existing age
constraints. Luminescence dating is often challenging in proglacial set-
tings (Fuchs and Owen, 2008; Thrasher et al., 2009), but nevertheless
our single grain potassium feldspar luminescence measurements provide
useful ages for proglacial depositional features in western New York.
Given the poor luminescence characteristics of quartz grains we
measured in Lake Escarpment outwash deposits and deltaic sediments in
the Genesee Valley, we caution using solely OSL approaches in western
New York. Optically stimulated luminescence ages from the Kent
Moraine seem robust (Prince et al., 2024) but, given the variability of
quartz luminescence characteristics depending on source lithology,
transport history, and weathering history (e.g., Jeong and Choi, 2012),
we suggest that future OSL work in western New York should be paired
with IRSL measurements on potassium feldspars.

We note that all our luminescence ages apart from a single young
outlier (21GT-01 pIRIR295 age of 13.2 £ 0.8 ka) overlap with each other
at the 2¢ level. While these ages are compatible with the limited existing
radiocarbon-based chronology in western New York, at present they do
not add additional precision (Fig. 7). Because of large uncertainties on
the luminescence ages, we propose that luminescence dating in western
New York should focus on 1) dating sediments beyond the usable range
of radiocarbon dating (>45 ka, <~200 ka; typical limit of luminescence
dating), and 2) assigning ages to deposits whose age is unknown by 5 kyr
or more. Thus, luminescence dating has great promise for dating — and
confirming the age of — mapped pre-LGM deposits that are not currently
dated, like those at previously described sections at the Otto and
Gowanda Hospital sites (Muller and Calkin, 1993).
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7. Conclusions

e Aloess capping glaciofluvial outwash within the Olean ice limit dates
to 17.9 £ 2.2 ka consistent with an LGM age. This age overlaps with
OSL ages from Prince et al. (2024) on a nearby kame delta sequence
associated with the Kent Moraine of 19.8 &+ 2.6 and 20.6 + 2.9 ka.
This suggests that the Olean Moraine is LGM in age and defines the
LGM limit along the Salamanca Reentrant with the Kent Moraine.
However, Kent outwash is also found further down-valley from this
site meaning that the dated deposit could instead be related to the
Kent Moraine. Additional dates from mapped Olean deposits are
required to confirm this.

Depositional ages of outwash terraces date the formation of the Lake
Escarpment Moraine to 20.0 + 4.2 ka to 18.7 & 1.7 ka. The Cattar-
augus Valley proglacial lake delta associated with Gowanda Moraine
deposition dates to 15.3 + 2.4 to 14.0 £ 2.1 ka. These are minimum
ages for Lake Escarpment Moraine formation. Our ages are
compatible with the existing chronology of the Lake Escarpment
Moraine and Lake Maumee.

e We provide first constraints on proglacial lake stages in the Lake Erie
basin from western New York and associated deltas within the
Genesee Valley. These ages overlap (at 206) with existing chronology
and additional work may improve their precision.

Given the poor OSL characteristics of many of our quartz samples, we
suggest that future efforts to date sediments in western New York
should consider making IRSL measurements on potassium feldspar in
addition to, or in lieu of, OSL dating of quartz.

Further luminescence work in western New York should focus on
constraining the age of pre-LGM deposits whose age is beyond the
usable range of radiocarbon dating (>45 ka). Potential targets
include deposits at the Otto and Gowanda Hospital sites.
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Figure S1: stratigraphic column from Kent Moraine outwash (2INN-01) at Nannen-Northrup

Quarry
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Figure S3: stratigraphic column from Kent Moraine outwash and capping loess (2INN-02) at
Nannen-Northrup Quarry
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Figure S5: Radial plot from 2INN-02 — OSL
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Figure S6: stratigraphic column from Lake Escarpment Moraine outwash (21WAT-01) at
Waterman’s Gravel Pit
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Figure S7: Radial plot from 2IWAT-01 — pIR IRSL ;5
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Figure S8: stratigraphic column from Lake Escarpment Moraine outwash (21GT-01) at Gable
Thomas Mine
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Figure S11: stratigraphic column from Lake Escarpment Moraine outwash (21GT-02) at
Gable Thomas Mine
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Figure S13: stratigraphic column from Cattaragus Creek ice-dammed lake delta at Vail Road
Gravel (21VRG-01) formed following retreat from the Lake Escarpment Moraine.
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Figure S15: stratigraphic column from Cattaragus Creek ice-dammed lake delta at Vail Road
Gravel (21VRG-02) formed following retreat from the Lake Escarpment Moraine.



21VRG-02 pIRIR225

n=601in2sigma=18.3%

2
]
£ o o
= o
2 , 5 © o o oo °
B 0 4 O o o o
2 2 3o 9--?.__809 ° S %o S
T - TS o-Q.__ O
3 = RO -
c o] O =----lllls
S -
n
Relative standard error [%]
20 10 6.7
l |
r % % T 1
0 5 10 15

Precision
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Figure S17: stratigraphic column from Lake Warren 11 shorelines at the Aldinger site
(23ALDINGER-01/-01A).
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Figure $19: Radial plot from 23ALDINGER-01A — pIR IRSL ;5
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Figure $22: Radial plot from 21VSG-01 — IR

400
300

200

100

D. [Gy]



21VSG-01 OSL

n=111in2 sigma =54.5 %

° 250
2 200
©
E 2
‘q,,,-; o
o 150
§ 0 - __ o o
T | T o o
s T
O
g2 = Tt/ 100
o T e
50
40
Relative standard error [%)]
100 50 33.3 25 20 16.7
| | | | | [
r T T I T I 1
0 1 2 3 4 5 6
Precision

Figure $23: Radial plot from 21VSG-01 — OSL
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Figure $25: Radial plot from 21VSG-02 — pIR IRSL ;35

15

400
300

200

100

De [Gy]



21VSG-02 IR50

n=871in2sigma=2.3%

400
300
o oo °
o o ° o 200
] (o}
.E (o] o o] o o] o
k7] o) o o O (9 8 QQ)O o
o o o o =
3 23 o o o g @ ® © 100 &
% -2~ T ° © o 00 o
5 000000000 e o N o o] ° o o o
g b - o o %0 4
s - oy
O O o o ©
~~~~~~ o
------- o
O o
o e
10
Relative standard error [%]
20 10 6.7 5 4
| l | | Il
T T I I T 1
0 5 10 15 20 25

Precision
Figure $26: Radial plot from 21VSG-02 — IR
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Figure S$28: plots of representative quartz characteristics from 21 VSG-01. A) OSL shinedown
curves. B) Dose response curves.
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