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The Ziegler Reservoir fossil site near Snowmass Village, Colorado (USA), provides a unique opportunity to recon-
struct high-altitude paleoenvironmental conditions in the Rocky Mountains during the Last Interglacial Period.
We used four different techniques to establish a chronological framework for the site. Radiocarbon dating of
lake organics, bone collagen, and shell carbonate, and in situ cosmogenic 10Be and 26Al ages on a boulder on
the crest of a moraine that impounded the lake suggest that the ages of the sediments that hosted the fossils
are between ~140 ka and N45 ka. Uranium-series ages of vertebrate remains generally fall within these bounds,
but extremely low uranium concentrations and evidence of open-system behavior limit their utility. Optically
stimulated luminescence (OSL) ages (n = 18) obtained from fine-grained quartz maintain stratigraphic order,
were replicable, and provide reliable ages for the lake sediments. Analysis of the equivalent dose (DE) dispersion
of the OSL samples showed that the sediments were fully bleached prior to deposition and low scatter suggests
that eolian processes were likely the dominant transport mechanism for fine-grained sediments into the lake.
The resulting ages show that the fossil-bearing sediments span the latest part of Marine Oxygen Isotope Stage
(MIS) 6, all of MIS 5 and MIS 4, and the earliest part of MIS 3.

Published by Elsevier Inc. on behalf of University of Washington.
Introduction

The unearthing of several bones of a juvenile Columbian mammoth
in October 2010 during the expansion of Ziegler Reservoir, located near
Snowmass Village, Colorado (Fig. 1), led to the discovery of one of the
most prolific Pleistocene paleontological sites in North America. During
the late Pleistocene, the site was occupied by a high-altitude lake that
was bounded and underlain by till deposited during the Bull Lake glaci-
ation, which has been dated elsewhere in the Rocky Mountains to ~200
to 130 ka (Blackwelder, 1915; Licciardi, 2000; Pierce, 2003). Lake sedi-
ments on top of the till are ~10 m thick, consist primarily of organic-
rich silts and clays, and contain thousands of vertebrate and inverte-
brate fossils, as well as trees, logs, aquatic plants, invertebrates, plant
macrofossils and pollen (Fig. 2).

To establish the ages of various sedimentary units at the site, and to
date the fossils and environmental markers (directly or indirectly), we
used four independent chronometric techniques: radiocarbon (14C),
ity of Washington.
surface exposure dating (in situ cosmogenic 10Be and 26Al), uranium-
series disequilibrium (U-series), and optically stimulated luminescence
(OSL) dating. Radiocarbon dating constrains the age of carbon-bearing
materials bymeasuring the time-dependent concentration of the unsta-
ble 14C isotope following plant or animal death (Hedges, 1981). Surface
exposure dating using in situ cosmogenic radionuclides is used to deter-
mine the amount of time that a rock has been exposed at or near the
ground surface by measuring rare isotopes that are produced by the in-
teraction of cosmic radiation and target nuclei, mainly Si and O (Gosse
and Phillips, 2001). U-series dating determines the age of materials
that contain or uptake uranium, such as bone or calcium carbonate, by
measuring isotopic concentrations of uranium, thorium, and associated
daughter products (Ku, 2000).

In contrast to isotopic methods, OSL dating is not a function of a
particular chemical element decay or buildup. Rather, it measures the
growth of natural environmental radiation that results in trapped elec-
tron charged signals within amineral grain that are eliminated by expo-
sure to light or intense heat. The primary assumption involved in
luminescence dating is that any residual signal from previous burial is
removed by exposure to light (or in rare cases to heat) during transport,
which would effectively “zero out” the luminescence clock (Aitken,
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Figure 1. Site map with radiocarbon, cosmogenic (“cosmo”), and OSL sampling localities and “bone cloud” location.
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1998; Rhodes, 2011). The potential for heterogeneous or incomplete
bleaching is of foremost concern in any optical dating study involving
glacial or lacustrine sediments (Fuchs and Owen, 2008). However, if
transport pathways and burial conditions can be assessed based on sed-
imentologic or geomorphologic parameters, then luminescence dating
can provide ages in a variety of geologic settings (Simms et al., 2011;
Alexanderson and Murray, 2012; Bateman et al., 2012). Moreover,
if dose rates are sufficiently low and luminescence signals in the sedi-
ments are stable, then the technique can provide reliable ages up to
~200 ka or more (Rhodes et al., 2006; Rhodes, 2011).
Figure 2. Stratigraphic section with labeled geological units (measured in meters), location
Materials and methods

Radiocarbon

We collected three sets of samples at the Ziegler Reservoir fossil site
(ZRFS) for radiocarbon dating, including (1) wood, plant macrofossils,
sedges, and shell fragments from the main exposures at localities 43,
51, and 52, (2) pieces of bone and tooth enamel from the Clay Mam-
moth at Locality 67, and (3) wood from near-shore sediments along
the eastern margin of the reservoir at Locality 75 (Fig. 1). The analyzed
s of significant fossil bone finds, and OSL sample locations highlighted as yellow stars.
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organic sampleswere incrediblywell preserved (Supplemental Fig. S.1).
Pretreatment procedures varied bymaterial and included the following:

• Organics. Most aliquots of wood, plant macrofossils, and sedges were
subjected to the standard acid–base–acid (ABA) treatment to remove
unwanted contaminants.

• Collagen. Dentin taken from within tooth enamel of the Clay Mam-
moth (Fig. 2; ZR11.60708)was crushed to b2mm,washed in an ultra-
sonic bath of ultrapure water (ASTM Type I, 18.2 MΩ; UPW), rinsed
with UPW until the water remained clear, and dried at room temper-
ature under vacuum. Results of elemental analysis suggested that col-
lagen suitable for 14C dating was present in the dentin (Table S.1,
Supplemental information). The cleaned dentin was demineralized
in 0.5 N HCl at room temperature. The resulting collagen residue
waswashed in a 0.1 NNaOH solution, and then denatured into gelatin
in 0.01NHCl at 60°C. The highmolecularweight fraction of the gelatin
was concentrated by ultrafiltration using a 30 kDa molecular weight
cutoff, and dried in a vacuum centrifuge.

• Humic acids. The nitrogen content of the cortical bone from a radius of
the ClayMammoth (Fig. 2; ZR11.67.3) indicated that collagen suitable
for 14C datingwas not present in this sample. Further analysis indicat-
ed that the organic compounds present consisted primarily of humic
acids, which were extracted, precipitated, rinsed, and dried for analy-
sis with the goal of establishing at least a minimum age for the speci-
men.

• Shell carbonate. Shell fragments of aquatic gastropods collected near
the base of Unit 18 at Locality 51 were sonicated in UPW and then
treated with hot 3% H2O2 to remove any persistent organic residues.
After rinsing, shell fragments were leached in dilute HCl to remove
secondary carbonates. The leached material was then rinsed in UPW
and dried.

• Untreated. Two wood samples, ZR11.49.8 (−20) and ZR11.ALJW.1,
and bone powder from the Clay Mammoth radius (Fig. 2) were
washed in UPW but otherwise remained untreated.

After pretreatment, materials were either combusted in the pres-
ence of excess O2 (organics) or digested in H3PO4 (shell carbonate).
The resulting CO2 was purified using a combination of cryogenic and
Table 1
Summary of sample information, carbon-14 ages, and calibrated ages.

Sample # Lab ID Material dated Unit Treatment Yiel

Clay Mammoth
ZR11.60708 Aeon-981 Dentin collagen 18 Ultrafiltration 45.0
ZR11.67.3a Aeon-833 Bone powder 18 None 2.2
ZR11.67.3b Aeon-844 Humic acids 18 ABA 36.2

Lake-center sediments
ZR10.51.18.193-201 Aeon-705 Shell fragments4 18 Acid leach 11.1
ZR10.43.16.275 Aeon-663 Peat 16 ABA 41.6
ZR10.51.16.113 Aeon-664 Wood 16 ABA 54.9
ZR10.43.13.85 Aeon-662 Wood 13 ABA 51.4
ZR10.43.12.44 Aeon-661 Sedges 12 ABA 47.5
ZR10.43.10.17 Aeon-660 Wood 10 ABA 50.9
ZR10.52.9b. (−21) Aeon-659 Plant macrofossil 9b ABA 54.7
ZR10.52.9a. (−39) Aeon-658 Plant macrofossil 9a ABA 48.0
ZR10.52.8. (−123) Aeon-657 Wood 8 ABA 54.5

Near-shore sediments
ZR11.ALJW.1a Aeon-819 Wood White clay None 33.3
ZR11.ALJW.1b Aeon-821 Wood White clay ABA 37.2
ZR11.49.8. (−20)a Aeon-818 Wood Main silt None 35.0
ZR11.49.8. (−20)b Aeon-820 Wood Main silt ABA 34.2

1 Calibrated ageswere calculated using CALIB v. 6.0.0, IntCal09.14C dataset; limit 50.0 calenda
are calculated as the difference between the midpoint and either the upper or lower limit of th

2 P = probability of the calibrated age falling within the reported range as calculated by CA
3 Exceeds the 50.0 calendar ka limit of the IntCal09.14C dataset.
4 Shells identified in this stratum included the aquatic gastropod Stagnicola caperata and biva

ed fragments of all three taxa.
high-temperature copper and silver wool traps, and the yield wasmea-
suredmanometrically. A small aliquotwas taken for stable isotope anal-
ysis (δ13C). The remainder was converted to graphite by hydrogen
reduction over an iron catalyst and analyzed for 14C activity by acceler-
atormass spectrometry (AMS). Finite 14C ageswere calibrated using the
IntCal09 dataset and CALIB 6.0 (Stuiver and Reimer, 1993; Reimer et al.,
2009). Ages are presented in thousands of calibrated 14C yr BP (Before
Present; 0 cal yr BP = AD 1950) unless otherwise noted, and uncer-
tainties are given at the 95% (2σ) confidence level (Table 1).

In situ cosmogenic radionuclides

A small moraine bounds the ZRFS to the north, east and south. It was
formed when a large glacier overtopped a low spot on the east side of
Snowmass Creek Valley west of the site (Fig. 1; see Pigati et al., 2014–
in this volume, for details on the geologic setting). A second moraine
cuts off this bounding moraine on the northwestern side of the basin.
Both have crests varying 5–10m inwidth, but locally they exhibit crests
up to 30 m wide. The crests of both moraines were searched for boul-
ders suitable for surface exposure dating by in situ cosmogenic 10Be
and 26Al. Only one large granitic boulder was found in a stable position
on the crest, on a ~30-m-wide portion of the northeastern section of the
boundingmoraine (Figs. 1, 3a). The boulder is positioned severalmeters
below a sharper-crested zone to the northwest on the moraine, indica-
tive of erosion in the area. Other boulders were present, but were either
small (less than ~25 cm in height) or positioned on unstable, sloping
surfaces.

The sampled boulder (ZR11-BL0) was 1.7 m × 1.1 m × 0.4 m high,
and was very dense, ringing when hit with a hammer, which suggests
a lack of burial and weathering. Samples were collected by breaking
off parts of the upper 1–2 cm of the top surface of the boulder using a
hammer and chisel (Fig. 3b). The sample location was measured with
a handheld GPS, and the altitude was tied to the detailed survey of the
excavation (Lucking et al., 2012).

A depth profile was also sampled from a soil pit dug adjacent to the
surface boulder to augment chronologic information from that single
in situ cosmogenic nuclide sample and to constrain surface erosion
d δ13C (vpdb) F14C 14C age (14C ka BP) Age (cal ka BP)1 P2

% −19.8 0.0032 ± 0.0008 46.20 ± 1.90 –3

% −16.3 0.1146 ± 0.0016 17.40 ± 0.11 20.77 ± 0.45 1.00
% −28.0 0.0949 ± 0.0012 18.92 ± 0.10 22.61 ± 0.37 0.94

23.18 ± 0.06 0.06

% −11.4 0.0040 ± 0.0009 44.30 ± 1.90 –3

% −9.6 0.0032 ± 0.0009 46.30 ± 2.40 –3

% −22.7 0.0002 ± 0.0009 N49.3 –

% −22.5 0.0010 ± 0.0009 N47.3 –

% −13.9 0.0012 ± 0.0009 N46.7 –

% −24.6 0.0015 ± 0.0009 N45.9 –

% −23.3 0.0002 ± 0.0009 N49.3 –

% −20.5 0.0021 ± 0.0009 49.30 ± 3.50 –3

% −23.0 0.0023 ± 0.0009 48.60 ± 3.00 –3

% −22.7 0.0073 ± 0.0009 39.49 ± 0.96 43.6 ± 1.4 1.00
% −23.9 0.0062 ± 0.0009 40.80 ± 1.10 44.5 ± 1.6 1.00
% −22.0 0.0009 ± 0.0009 N47.7 –

% −22.3 0.0004 ± 0.0009 N48.9 –

r ka BP. Calibrated ages are reported as themidpoint of the calibrated range. Uncertainties
e calibrated age range, whichever is greater (reported at the 95% confidence level; 2σ).
LIB.

lves Sphaerium rhomboideum and Pisidiummilium. The aliquotmeasured here likely includ-



Figure 3. (a) Photograph of cosmogenic sampling site for ZR11-BL0 (“Cosmo boulder” in
Fig. 1), looking northwest up themoraine crest, (b) close up photograph of sampled boul-
der ZR11-BL0.

1 Any use of trade, product, or firm names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.
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magnitude. Seven quartzite and well-indurated conglomeratic cobbles
likely from the Maroon Formation were sampled from depths ranging
from 28 to 91 cm below ground surface for 10Be and 26Al analysis
(Supplemental Table S.2).

In the laboratory, each sample was first crushed and sieved to
250–500 μm. Quartz was then isolated using procedures modified
from those of Kohl and Nishiizumi (1992). After checking the resulting
purity by measuring Al concentrations via inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (Table 2), the sample was dis-
solved and Be and Al were isolated using standard cation and anion ex-
change column procedures (Strelow et al., 1972; Ochs and Ivy-Ochs,
1997). The resulting Be and Al hydroxides were combusted to BeO
and Al2O3, mixed with Nb and Ag powders, respectively, and pressed
into target holders for analysis by accelerator mass spectrometry
(AMS) at PRIME Lab.

Surface exposure ages from each nuclide were calculated using
the CRONUS-Earth online calculator (http://hess.ess.washington.edu/
math/) (Balco et al., 2008). We assumed that the boulder was exposed
continuously since the ice retreated from the moraine on which it sits,
with no erosion of the boulder nor inherited inventories from a prior ex-
posure event. We utilized the time-dependent Lal (1991)/Stone (2000)
(Lm) scaling model for this discussion, and corrected production rates
for attenuation by snow cover at the site based on the National
Resources Conservation Service's SNOwpack TELemetry (SNOTEL)
data in the vicinity from 1981 to 2010 (http://www.wcc.nrcs.usda.
gov/snotel/Colorado/colorado.html) (Table 2, Supplemental Fig. S.2,
and Supplemental Tables S.2 and S.3).
Uranium series

A variety of samples were selected to evaluate the U–Th characteris-
tics of excavated bone and the viability of the U-series datingmethod on
these materials. Specimens came from a number of stratigraphic hori-
zons including Unit 15, Primary Debris Flow, Beach Silt, Main Silt, and
Basement Silt (Table 3; Fig. 4). Samples included limb bones from
large animals (mammoth, mastodon, and bison), skulls, horn-core,
and tusks, as well as whole bone or bone fragments from small animals
(salamander and rabbit). Large bones were sectioned and polished so
that multiple subsamples could be taken at varying distances from
outer and inner surfaces of compact layers. Smaller bones were cleaned
in an ultrasonic bath of deionized water prior to removal of remaining
detrital material or fragments that looked degraded under binocular
magnification using dental burs. Secondary mineralization of compact
bone was minimal as most retained a strong odor of burning organic
material when carbide or diamond grinding tools were used. Photo-
graphs of samples along with locations of analyzed subsamples are in-
cluded in the Supplemental information (Supplemental Figs. S.5 to
S.15).

In addition to bone, two samples of groundwater were collected
from seeps flowing out of the walls or floors of active excavations.
Sample ZR-1-HOH was collected on June 21, 2011 from a seep flowing
at ~0.03 l s−1 out of the Basement Silt unit southeast of Locality
43 (Fig. 1). Sample ZR-3-HOH was collected on the same day out of a
freshly dug pit in the uppermost clayey units at Locality 79 from a seep
flowing at ~0.08 l s−1. Both samples consisted of fresh, clear discharge
with no likelihood of contamination by surface flow.

Small amounts of coarsely crushed or powdered bone sample rang-
ing from 0.064 to 0.313 gwereweighed in perfluoroalkoxy (PFA) teflon
vials and spiked with known amounts of a mixed-isotope tracer solu-
tion (236U–233U–229Th). Samples were digested using inorganic acids
(HNO3 + HCl). U and Th were separated from digested solutions and
purified using standard ion chromatographic methods using AG1 × 8
(200–400 mesh) anion resin. Total process blanks, measured along
with samples, were approximately 20 pg for U and 100 pg for Th and Sr.

Resulting U salts were loaded on rhenium (Re) side filaments as part
of double-filament assemblies. Th saltswere loaded alongwith graphite
suspension on single Re-filament assemblies. Isotope ratios were ob-
tained on a Thermo Finnigan Triton thermal ionization mass spectrom-
eter (TIMS) equipped with an RPQ electrostatic filter1. U-series isotope
ratios (234U/235U, 236U/235U, 230Th/229Th, and 232Th/229Th) were deter-
mined using a single ETP electron multiplier operating in peak-
jumping mode. 234U/238U isotopic compositions of National Institute of
Standards & Technology (NIST) 4321B standard determined over the
same time period yielded results within analytical uncertainty of the
certified value (0.007294± 0.000028). Results for a U.S. Geological Sur-
vey (USGS) in-house secular equilibrium standard yielded an average
234U/238U activity ratio (AR) of 0.9984 ± 0.0025 (2σ) and an average
230Th/238U activity ratio (AR) of 0.993± 0.046 (2σ). Both values should
be 1.000 for a material in radioactive secular equilibrium.

230Th/U ages were calculated from measured 230Th/238U AR and
234U/238U AR data after correction for the presence of initial 230Th and
234U. Corrections were based on the assumption that (1) 232Th is insol-
uble in near-surface aqueous solutions and (2) any 232Th measured
in the samples is the result of transport of a non-authigenic (detrital)

http://hess.ess.washington.edu/math/
http://hess.ess.washington.edu/math/
http://www.wcc.nrcs.usda.gov/snotel/Colorado/colorado.html
http://www.wcc.nrcs.usda.gov/snotel/Colorado/colorado.html
image of Figure�3


Table 2
In situ cosmogenic sample data and results.

Sample
number

PRIME
ID

Location
(°N/°E)

Altitude
(m asl)

Thickness
(cm)

Shielding
factor1

Quartz
(g)

Be carrier
(g)2

10Be/9Be
(×10−13)

[10Be]
(106 at g−1)3

10Be Age
(ka)4

26Al/27Al
(×10−13)

[26Al]
(106 at g−1)3

26Al Age
(ka)4

ZR11-BL0 201101968 39.20865/
−106.96278

2720 2 0.938 30.67 0.265 69.5 ± 1.5 4.29 ± 0.10 138 ± 12 130 ± 4 26.36 ± 0.81 129 ± 12
158 ± 9 149 ± 9

Note: Assumed density of 2.65 g cm−3 due to granitic composition, and no erosion, yielding a minimum age. Uncertainties reported at 1σ level. Propagated uncertainties include error in
blank, carrier mass, and counting statistics. Age uncertainties include production rate uncertainties.

1 Topographic shielding factor of 0.993 calculated using the CRONUS-Earth geometric shielding calculator (http://hess.ess.washington.edu/math/general/skyline_input.php) combined
with a 0.945 snow cover correction. Mean snow water equivalent (SWE) depths from Natural Resources Conservation Service (http://www.wcc.nrcs.usda.gov/snotel/Colorado/
colorado.html) SNOTEL sites for 1981–2010. Sites are: Nast Lake (2652 m altitude), North Lost Trail (2804 m altitude), Kiln (2926 m altitude), and Ivanhoe (3170 m altitude). Mean
SWE depth = 9.1 cm. Snow cover correction assumes an exponential decrease in in situ production with increasing SWE depth, governed by an attenuation length of 160 g cm−2 and
a water density of 1.0 g cm−3.

2 Be concentration in carrier solution is 1069 ppm.
3 No Al carrier added. Stable Al concentration in the quartz sample was 4.86 ppm (±2%) by ICP-OES. 10Be and 26Al isotope ratios normalized to 10Be and 26Al standards prepared

by Nishiizumi et al. (2007) (10Be/9Be = 6.320 × 10−12) and Nishiizumi (2004) (26Al/27Al = 4.694 × 10−12), respectively, using 10Be and 26Al mean lives of 2.005 Ma and 1.02 Ma,
respectively. A procedural blank of 6.47 ± 2.50 × 105 at/g carrier (0.2149 g, 10Be/9Be = 9.06 ± 3.49 × 10–15) was used for background correction. Procedural blank for 26Al was not
detectable.

4 Top row of Be and Al model ages calculated using CRONUS-Earth online calculator (Balco et al., 2008), version 2.2, with scaling model Lm using “global” spallogenic sea level, high
latitude (SLHL) production rate for 10Be — value for Lm is 4.39 ± 0.37 10Be at g−1 yr−1. Bottom row (italicized) model ages calculated using a modified CRONUS-Earth calculator with
scalingmodel Lm (time-dependent Lal (1991)/Stone (2000)) using Northeastern North America 10Be spallogenic SLHL production rate of Balco et al. (2008), restandardized to Nishiizumi
et al. (2007). Value for Lm is 3.85 ± 0.19 10Be at g−1 yr−1. Muogenic production rates from Heisinger et al. (2002a,b) as implemented by Balco et al. (2008). Al SLHL production rates
assume 10Be/26Al production ratio of 6.75.
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component that also contributes initial 230Th and 234U not generated by
in situ decay (Ludwig and Titterington, 1994; Ludwig and Paces, 2002).
Values assumed for the isotopic composition of the detrital component
are given in Table 3. Analyses were corrected for detrital contributions
only when U concentrations were N0.05 μg/g (ppm) and Th concentra-
tions were relatively small (232Th/238U AR b1.0). In cases where
these conditions were met (10 out of 28 analyses), finite 230Th/U ages
and initial 234U/238U AR values were calculated using the conventional
iterative solution to the 230Th/U age equations (Ivanovich and
Harmon, 1992; Ludwig, 2003). Multiple analyses of an in-house late
Pleistocene Acropora coral dating standard (preferred age of 119.6 ±
1.9 ka; Watanabe and Nakai, 2006) yielded an average 230Th/U age of
118.3 ± 3.5 ka (2σ, n = 25) and an average initial 234U/238U AR value
of 1.152 ± 0.004, which is within error of the modern seawater value
of 1.1496 ± 0.0060 (Delanghe et al., 2002).

Luminescence

Samples for luminescence dating were collected using three differ-
ent methods based on availability, access, and sample type.

• Outcrops. Sediments exposed in outcrop at localities 43, 51, and 52
(Fig. 1) were collected using standard procedures involving thick-
walled tubes. Prior to sampling, we removed at least 50 cm of sedi-
ment from the face of each exposure to minimize the possibility of
modern or accidental bleaching of the sediments. Solid black cloth
shielding was used while opaque polyvinyl chloride (PVC) tubes,
~20 cm long and 6 cm in diameter, were hammered perpendicular
into the exposed vertical faces to extract the sediment samples
(Fig. 5). In the USGS luminescence laboratory in Denver, CO, we re-
moved at least 5 cm of sediment from both ends of the OSL sampling
tube under “safe light” conditions (sodium vapor lighting) prior to
analysis.

• Tusks. Sediments trapped inside mammoth andmastodon tusks were
sampled at the Denver Museum of Nature and Science (DMNS) under
dark-room conditions. These samples were stored in film canisters
andwere entirely utilized since theywere collected in near total dark-
ness.

• Blocks. Opaque, solid blocks of sediment that were at least 6 cm in
diameter were collected from DMNS storage facilities. The block
surfaces were spray painted shortly after collection and transported
to the laboratory for further processing. Then we extracted 2-cm-
diameter cores from the center of the blocks under safe light conditions.
Equivalent dose (DE) calculations

Quartz OSL ages, using blue-light diode stimulation, were deter-
mined on fine sand-size (63–90 μm) quartz separates using single ali-
quot regeneration (SAR) protocols with continuous wave optically
stimulated luminescence (CW-OSL). We also determined luminescence
ages on the polymineralic fine silt fraction (4–11 μm) using infra-red
stimulated luminescence (IRSL) techniques on potassium feldspars.
Details are given in the Supplemental information (Figs. S.16 to S.46
and Tables S.5 and S.6).

The SAR-OSL procedure involved the measurement of the natural
OSL signal (LN) and successive regenerated OSL signals (LX) for each
grain analyzed. The latter are used to construct a dose–response curve,
onto which LN is projected to determine the DE. The SAR procedure in-
cluded the use of a 40-second blue-light diode wash step (Murray and
Wintle, 2003) at the same temperature as the preheat step and the pre-
ferred component of SAR dating (the “fast” component; Wintle and
Murray, 2006; Rhodes, 2011), a signal usually released in the first 1 s
of a typical blue diode stimulation. The SAR protocol was used because
precision of ~10% (and sometimes less) can be attained routinely with
multigrain SAR quartz methods (Murray and Olley, 2002; Lian and
Roberts, 2006; Duller, 2008) when applied to almost any sediment
type (Rhodes, 2011). All sample aliquotswere analyzed at temperatures
of 125°C after 10 second preheats between 240 and 260°C. These tem-
peratures were based on in-house experiments and prior results with
samples of similar age and lithology (Duller, 2008).

We evaluated the veracity of the SAR protocol usingmultiple tests to
ensure that the sediments from the ZRFS were responsive to the optical
techniques and that proper preheat temperatures were used. These
tests included: the recycling ratio, recuperation, IR repeat ratio, dose re-
covery, preheat plateau, and the DE (t) distribution (Duller, 2008). Sam-
ples that failed any of these tests, exhibited unstable OSL signals, or did
not yield SAR equivalent dose values were excluded from further anal-
ysis. Data rejection criteria followed standard protocols used by the lu-
minescence dating community (Wintle and Murray, 2006; Rhodes,
2011). In addition, DE distributions of N15% correlated with the pres-
ence of coarse-grained sediments derived from the adjacent moraine
via mass wasting processes; ages derived from such samples were also
excluded from the final chronology.

The growth of the luminescence signal (Fig. 6a) by increasing
the laboratory dose was well represented by a single saturating expo-
nential plus linear function and illustrates the generally reliable
behavior of the ZRFS quartz samples for the SAR protocol by forcing

http://www.wcc.nrcs.usda.gov/snotel/Colorado/colorado.html
http://www.wcc.nrcs.usda.gov/snotel/Colorado/colorado.html
http://www.wcc.nrcs.usda.gov/snotel/Colorado/colorado.html


Table 3
Measured uranium and thorium concentrations and isotope compositions, along with calculated detritus-corrected U-series isotope ratios, 230Th/U ages, and initial 234U/238U activity ratios for bone and groundwater samples.

Sample name Stratigraphic
unit

Sample type Description or
distance from
outer surface

Weight
(g)

U conc.
(μg/g)

Th conc.
(μg/g)

Measured activity ratios1 Detritus-corrected activity ratios2 230Th/U age
±2σ (ka)3

Initial 234U/238U AR
±2σ3

ρage-γo
232Th/238U AR
(±2σ)

230Th/238U AR
(±2σ)

234U/238U AR
(±2σ)

230Th/232Th AR
(±2 s)

230Th/238U AR
(±2σ)

234U/238U AR
(±2σ)

ρ48–08

60676-F1 Unit 15 Mammoth femur
section

0–2 mm 0.223 0.081 0.481 1.945 ± 0.006 1.37 ± 0.02 1.669 ± 0.008 0.7
60676-F2 2–4 mm 0.138 0.064 No U isotope data 1.0
60676-F3 4.5–7.0 mm 0.313 0.014 4.60 110.8 ± 1.4 29.1 ± 1 1.96 ± 0.04 0.3
60676-F4 7.0–9.0 mm 0.174 0.012 0.086 2.45 ± 0.04 3.26 ± 0.17 1.8 ± 0.1 1.3
60676-F6 12.5–15 mm 0.229 0.013 0.100 2.63 ± 0.05 3.09 ± 0.08 2.46 ± 0.11 1.2
60676-F8 19–22 mm 0.281 0.010 0.118 3.75 ± 0.08 2.19 ± 0.1 1.61 ± 0.05 0.6
60676-T1 Unit 15 Mammoth tusk Fragments 0.204 0.044 0.311 2.33 ± 0.02 1.33 ± 0.03 1.68 ± 0.04 0.6
60679a Unit 15 Bison femur

section
Outer 2 mm 0.129 0.061 0.090 0.485 ± 0.007 1.68 ± 0.03 1.48 ± 0.06 3.5 2.10 ± 0.37 1.78 ± 0.26 0.82 Excess 230Th Not calculated

60679b Outer 2 mm 0.124 0.146 0.078 0.176 ± 0.001 0.607 ± 0.011 1.412 ± 0.013 3.4 0.544 ± 0.056 1.478 ± 0.044 −0.57 49 ± 7 1.55 ± 0.04 −0.59
60679c Inner 2 mm 0.156 0.321 2.08 2.135 ± 0.008 1.41 ± 0.02 1.447 ± 0.006 0.7
69.114a Beach Silt Salamander

vertebrae
Multi-bone 0.064 5.21 9.47 0.599 ± 0.003 1.098 ± 0.006 1.221 ± 0.004 1.8 1.18 ± 0.24 1.42 ± 0.20 0.31 169⁎ ± 78 1.67⁎⁎ ± 0.29 −0.03

60680-A1 Primary
Debris Flow

Mastodon
femur section

0–2 mm 0.151 0.063 0.0676 0.355 ± 0.003 0.497 ± 0.016 1.33 ± 0.02 1.4 0.30 ± 0.17 1.46 ± 0.10 −0.71 25 ± 17 1.49 ± 0.09 −0.65
60680-A2 3–4 mm 0.164 0.020 2.08 35.2 ± 0.3 6 ± 0.2 1.43 ± 0.03 0.2
60680-A3 5–7.5 mm 0.170 0.006 11.18 579 ± 14 459 ± 12 1.6 ± 0.05 0.8
60680-A5 12–16 mm 0.172 0.020 0.104 1.718 ± 0.016 2.29 ± 0.07 1.76 ± 0.13 1.3
60681A Unknown Mastodon

tusk
Inner 11–20 mm 0.180 0.005 0.0941 6.3 ± 0.3 88 ± 5 0.89 ± 0.06 14.0

60681B Inner 25–33 mm 0.209 0.006 0.120 7.17 ± 0.13 173 ± 3 No 234U data 24.1
60720a PrimaryDebris

Flow
Bison horn
core

Fragment 0.250 0.053 0.104 0.648 ± 0.005 0.89 ± 0.02 1.43 ± 0.03 1.4 0.78 ± 0.29 1.86 ± 0.46 −0.38 56⁎ ± 37 2.01⁎⁎ ± 0.47 −0.66
60720a Fragment 0.292 0.067 1.46 7.22 ± 0.04 2.17 ± 0.04 1.372 ± 0.014 0.3
60720b Fragment 0.172 0.042 0.073 0.58 ± 0.04 No data 1.4 ± 0.02
48.018a Main Silt Bison horn

core
Fragment 0.203 0.707 0.122 0.057 ± 0.002 0.78 ± 0.19 1.467 ± 0.011 13.7 0.767 ± 0.195 1.489 ± 0.017 −0.02 75 ± 26 1.61 ± 0.05 0.90

48.018b Fragment 0.205 0.675 0.131 0.0638 ± 0.0004 0.551 ± 0.008 1.455 ± 0.015 8.6 0.527 ± 0.020 1.479 ± 0.021 −0.38 47 ± 3 1.55 ± 0.02 −0.53
54.260a Main Silt Salamander

vertebrae
Multi-bone 0.148 8.60 6.73 0.2577 ± 0.0011 0.837 ± 0.004 1.46 ± 0.004 3.2 0.796 ± 0.069 1.576 ± 0.077 −0.36 73 ± 11 1.71 ± 0.08 −0.56

72.127a Basement Silt Rabbit femur Fragment 0.065 2.39 0.184 0.0254 ± 0.0001 0.943 ± 0.005 1.454 ± 0.004 37.2 0.942 ± 0.007 1.463 ± 0.007 −0.06 104.4 ± 1.6 1.62 ± 0.01 −0.31
82.148a Basement Silt Mastodon

tooth
Outer enamel 0.155 0.001 0.011 2.5 ± 0.7 12 ± 0.7 1.71 ± 0.1 4.8

82.148b Inner enamel 0.281 0.009 0.007 0.26 ± 0.03 8.6 ± 0.7 1.37 ± 0.23 33
82.148d Dentin 0.176 0.277 0.010 0.0119 ± 0.0004 1.25 ± 0.02 1.47 ± 0.03 105 1.25 ± 0.022 1.476 ± 0.031 0.00 171⁎⁎ ± 11 1.77⁎⁎ ± 0.03 −0.50
82.148e Dentin 0.082 0.288 0.034 0.0385 ± 0.0009 2.3 ± 0.04 1.47 ± 0.03 60 2.345 ± 0.049 1.479 ± 0.036 0.09 Excess 230Th Not calculated
ZR-1-HOH Basement Silt Groundwater 0.00031 1.787 ± 0.005
ZR-3-HOH Unit 15 Groundwater 0.00057 1.542 ± 0.004

1 Measured isotope ratios corrected for mass fractionation, spike contributions, procedural blank & normalized relative to a value for NIST SRM 4321b 234U/238U = 0.0000529.
2 Detritus-corrected activity ratios calculated for samples with U concentrations N0.05 μg/g and 232Th/238U AR b1.0. Assumed Th-bearing detrital component has an atomic Th/U of 4 with the following activity ratios and 2 s errors: 232Th/238U

AR = 1.276 ± 0.64; 234U/238U AR = 1.0 ± 0.1; and 230Th/238U AR = 1.0 ± 0.25. ρ48–08 = error correlation between 234U/238U and 230Th/238U ratios.
3 230Th/U age, initial 234U/238U ratio and associated errors calculated using detritus-corrected activity ratios. ρage-γo = error correlation between age and initial 234U/238U ratio.
⁎ Large uncertainties due to initial 230Th correction. Calculated age and initial ratio are considered unreliable.
⁎⁎ Data show evidence of open-system behavior. Calculated age and initial 234U/238U AR are considered unreliable.
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Figure 4.U-series isotope evolution plot showing centroids and error ellipses for analyses
of ZRFS bones corrected for the presence of initial 230Th using criteria discussed in the text
and Table 3. Thick blue curves represent compositional evolution paths of 234U/238U and
230Th/238U isotopes under closed conditions (no loss or gain of mass since the time of for-
mation) for starting U-isotope compositions measured in ZRFS groundwater (234U/238U
AR of 1.54 and 1.79). Straight sloping lines are isochrons given at 20 ka intervals.

Figure 5. Photograph of OSL sampling at Locality 43 with tubes in sediment. Yellow
horizontal bed (Unit 10) is the oxidized lake bed used as a stratigraphic tie point between
lake-center and near-shore sediments.
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the dose–response curves through the origin (Fig. 6b). Rodnight (2008)
suggested that at least 50 measured aliquots per sample are preferable;
we determined that 20 to 30 aliquots per sample were sufficient at the
ZRFS owing to the low dispersion of DE data (Figs. 7a, b, and c).

We then applied statistical indices of mean, median, standard devia-
tion, standard error, and scatter (over-dispersion) in the DE measure-
ments, and applied the central age model (CAM) as well as the
minimum age model (MAM) (Galbraith et al., 1999) when needed.
The experimental results did not show evidence of partial bleaching,
and the over-dispersion for samples within the ZRFS sediments was
low (generally b15%). Thus, the CAM protocol was favored, as the
MAM protocol may have underestimated the ages because of the tight
DE distributions (Duller, 2008; Rhodes, 2011). The finite mixture
model is generally considered to be themost useful forfluvial sediments
(Galbraith and Green, 1990).

Dose rate (DR) calculations

We employed four separate methods to determine dose rates at the
ZRFS, including two chemical methods: inductively coupled plasma
mass spectrometry (ICP-MS) and instrumental neutron activation anal-
ysis (INAA), and two differing radiation dosimetry techniques: in situ
gamma emission counting using a sodium iodide (NaI) detector and
high resolution gamma spectrometry with a high purity germanium
(HPGe) detector following the procedures described in Snyder and
Duval (2003).

ICP-MS and INAA analysis were performed at the USGS analytical
chemistry facilities in Denver CO. ICP-MSwas performed for all samples
and INAA was performed as a check for ICP-MS for samples ZR.OSL-1
through ZR.OSL-11. Measured elemental concentrations, associated
dose rates, and cosmic ray contributions are presented in Table 4. The
cosmic-ray dose rate was estimated for each sample as a function of
depth, altitude and geomagnetic latitude and added to the total dose
rate (Prescott and Hutton, 1994). Alpha and beta contributions to the
dose rate were corrected for grain-size attenuation (Aitken, 1985).
The alpha efficiency for the silt-sized samples was determined by com-
paring multiple aliquot additive dose (MAAD)-alpha source exposed
and MAAD-beta source exposed curves, using approaches in Aitken
(1985).
In situ measurements for samples taken at localities 43, 51, and 52
were performed to accurately capture the gamma dose rate in the
field (Duller, 2008). A probewas inserted into a position as close as pos-
sible to the exact location of sample collection using an Exploranium
GR-256 Gamma Spectrometer fitted with a 33 cm × 11.5 cm probe.
The probe was completely buried into an augured hole at each site
and counted for an average of 35 min per sample. Individual U, Th,
and K concentrations were taken from the peaks of 40K, 214Bi (as a
proxy for U), and 208Th (as a proxy for Th) (Bunker and Bush, 1966,
1967; Aitken, 1985).

Sampling subsets (multiple small samples around an OSL site) were
compared against each other in order to detect any heterogeneous sub-
surface conditions (i.e., large stones, clay layers, or incomplete cementa-
tion) as well as to fully account for any gamma activity that the OSL
sample received from layers above and below where different grain
sizes or sourceswere a potential issue. The bulk sampleswere dried, ho-
mogenized by gentle disaggregation, weighed, sealed in plastic plan-
chets with a diameter of 15.2 cm × 3.8 cm (a slight modification from
Murray et al., 1987; Snyder and Duval, 2003), and then immediately
placed in a gamma-ray spectrometer for ~8.5 h. Samples were then
stored for at least 21 days to allow radon to achieve radioactive equilib-
rium, and the gamma-ray spectrometric measurements were repeated.
The fraction of radon emanation was estimated from the difference
of these two spectrometer measurements. A sealed/unsealed ratio of
b1.10 is considered to represent negligible escape of radon under
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laboratory conditions. Further details and comparisons are in the on-
line Supplemental information section (Tables S.5 and S.6).

Luminescence age calculations

Water content and the effect on dose rate calculations were deter-
mined using methods described by Mahan et al. (2007) and Owen
et al. (2007). We assumed that the samples were continuously saturat-
ed since burial, which is supported by sedimentological evidence and
field observations. Ages are presented in “calendar” years before present
(0 yr = AD 2011) and uncertainties are given at the 95% (2σ) confi-
dence level in contrast to traditional reported values in the lumines-
cence literature which are usually given at the 68% (1σ) level.

Results and discussion

Radiocarbon

Both ABA-treated and untreated aliquots of wood collected from the
Main Silt at Locality 75 yielded “infinite” radiocarbon ages, i.e., ages in-
distinguishable from background levels (Table 1). Similarly, all but
two of the organic samples collected from the main exposures at local-
ities 43, 51, and 52 yielded infinite radiocarbon ages. The 14C activities of
the other two samples, ZR10.52.9a (−39) and ZR10.52.8 (−123),
differed from background by less than three sigma. We interpret these
as minimum ages because very small amounts of persistent exogenous
matter can easily produce such near-infinite ages from radiocarbon-
dead material, and incomplete removal of such trace amounts of
contaminants cannot be precluded.

Both treated and untreated aliquots of wood from the White Clay
near the top of the sedimentary sequence at Locality 75 yielded finite
ages (ZR11.ALJW.1, 44.5 ± 1.6 and 43.6 ± 1.4 cal ka BP, respectively).
Unlike the results described above, the measured 14C activities of
these samples were significantly higher than identically treated blank
material. The similarity in ages between the treated and untreated ali-
quots suggests that contamination is likely negligible and, therefore,
Figure 6. (a) Decay curves for OSL analysis of samples ZR11-OSL-6, ZR11-OSL-9, and MT1&2. S
(Murray andWintle, 2003). OSL decay curves demonstrate a dominant fast component and littl
ples from the ZRFS demonstrated this behavior, which we interpret as mature quartz (multiple
best fit with a linear + exponential regression and demonstrate recycle ratios of approximately
nor is thermal transfer present. Characteristics of the OSL signal are quite similar despite differ
we view these ages as valid. However, we cannot extrapolate the ages
between Locality 75 and sediments toward the center of the basin be-
cause the intervening material was removed prior to our arrival on
site in October 2010.

Gastropod shell fragments collected from Unit 18 yielded an uncali-
brated 14C age of 44.3 ± 1.9 14C ka BP and collagen from dentin of
the Clay Mammoth yielded an uncalibrated 14C age of 46.2 ±
1.9 14C ka BP, both of which are beyond the limit of calibration. As
with the near-infinite ages for the organic samples above, and for the
same reasons, we interpret these asminimum (andmost likely infinite)
ages.

The organic component of untreated bone powder from the Clay
Mammoth radius yielded an apparent age of 20.8 ± 0.45 cal ka BP.
The base-soluble fraction (mostly humic acids) dated to 22.6 ± 0.37/
23.2 ± 0.06 cal ka BP based on multiple intercepts that were permitted
during calibration (Table 1). The elemental compositions of these two
samples indicate that little, if any, of the organic carbon present is
from the original bone. Rather, it appears to be a mixture of microbial
remnants and humic acids introduced after the animal died. Thus,
these ages should be viewed asminima and are obviouslymuchyounger
than the true age of the Clay Mammoth, although how much younger
cannot be determined by the 14C data alone. In sum, nearly all of the
ages obtained by radiocarbon dating appear to be either compromised
by contamination or are beyond the limit of the technique.

In situ cosmogenic radionuclides

Based on the “global” production rate coded in the CRONUS calcula-
tor and the measured 10Be and 26Al concentrations given in Table 2, we
calculated exposure ages of 138 ± 12 ka and 129 ± 12 ka, respectively,
for sample ZR11-BL0. We also evaluated model ages using a “regional”
10Be production rate for northeastern North America (Balco et al.,
2008), which is more consistent with many of the production-rate
estimates generated recently that are ~5–10% lower than the global
values (e.g., Putnam et al., 2010; Goehring et al., 2011; Kaplan et al.,
2011; Briner et al., 2012). Predictably, ages calculated using the lower
amples were analyzed following the SAR protocol on aliquots of 90–63 μm quartz grains
e to nomedium or slow componentwhen subjected to blue light stimulation. All OSL sam-
bleach/dose cycles) with no significant feldspar contamination. (b) OSL growth curves are
1.0. The curve shape and recycle ratios suggest that the quartz has not reached saturation,
ences in equivalent dose dispersion.
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Figure 6 (continued).
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“regional” production rates are older than those derived with the
global values: 158 ± 9 ka for 10Be and 149 ± 9 ka for 26Al (Table 2
and Supplemental Table S.2).

Regardless of which production rate or scaling model is used, the
calculated ages should be viewed as minimum ages since any erosion
effects (whichwould increase the exposure age if considered explicitly)
are neglected. The ratio of concentrations of 10Be to 26Al is 6.15 ± 0.23,
somewhat below the generally accepted production ratio of 6.75 (Balco
and Shuster, 2009).When plotted on a two-isotope diagram, the sam-
ple and its 68% (1σ) confidence interval lie in the burial or complex
exposure (exposure, burial, re-exposure) field but overlap the con-
tinuous exposure with the steady erosion field. The sample is not
distinguishable from the line of continuous exposure with no erosion
at the 95% (2σ) confidence level (Supplemental Fig. S.2). Because a
surface exposure age of a single sample does not allow us to evaluate
issues related to inheritance or burial, we cannot confidently choose
one scenario (continuous exposure versus episodic burial) over the
other.

10Be and 26Al analytical results for the depth profile samples are pre-
sented in Supplemental Table S.3. We followed Goehring et al. (2010)
and fit an exponential profile for nucleon spallation to the data
for each nuclide, since spallation production dominates at the high site
altitude and shallow depths sampled here. We then compared the
projected surface concentrations to those from the surface boulder, for
a range of assumed mean profile bulk densities (2.2 to 2.7 g cm−3)
(Supplemental Table S.4). Predicted results are not particularly sensitive
to the assumed bulk density (Supplemental Figs. S.3 and S.4). Model fits
indicate no significant inheritance in the profile for either nuclide, while
projected surface concentrations are ca. 30% of the respective surface
boulder measured nuclide concentrations — corresponding exposure
ages are comparably low (Supplemental Table S.4). Assuming that the
surface boulder concentrations represent a simple exposure scenario
(i.e., no inheritance, no significant erosion of the boulder surface, no
burial and re-exposure), this suggests erosion of the moraine crest dur-
ing continuous exposure of the boulder at the surface, consistent with
the boulder's geomorphic setting on a broad, lower elevation portion
of the crest. We then modeled the range of predicted erosion depths
to bring the projected profile surface concentrations into agreement
with the surface boulder for both nuclides, assuming 160 g cm−2 for
the spallogenic attenuation length. Results suggest a minimum of ca.
70 ± 8 cm of erosion for themoraine crest during the boulder exposure
period, yielding a moraine crest erosion rate of at least ca. 4–6 mm/ka.
This supports our interpretation of the surface boulder exposure age
as a minimum.

Uranium-series

U concentrations in bone specimens ranged from 0.0015 to 8.60 μg/g
(ppm) with a median value of 0.053 μg/g. Many specimens have con-
centrations consistent with the low values present in living bone tissue,
reflecting the limited secondary mobility of U under the anoxic condi-
tions characteristic of the site. Profiles across several samples of thick,
compact bone did not show U-shaped concentration profiles that are
common in bone from environments where substantial U uptake has
occurred (Pike et al., 2002). Th concentrations also span a wide range
from 0.0068 to 11.2 μg/g with a median value of 0.111 μg/g. Conse-
quently, many samples had high Th/U ratios that were unfavorable
for obtaining precise U-series ages. Only a small number of analyses
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allowed calculation of finite 230Th/U ages with reasonably small uncer-
tainties (Fig. 4). Even these must be viewedwith caution because of the
likelihood of secondary U mobility.
A set of criteria was established for determining which analyses
preserved useful U-series geochronological information. In order to cal-
culate Th-corrected U-series compositions and viable 230Th/U ages,
samples first had to contain sufficient U to obtain reliable analytical
results. Analyses with U concentrations N0.05 μg/g were considered
necessary to yield robust 234U and 230Thmeasurements andnot beover-
ly susceptible to compromise from laboratory blanks or small amounts
of geological variability. Secondly, detrital Th must be low enough to
avoid large corrections and increased uncertainties propagated from
the unknown detrital component.

Although all analyses have similar analytical errors on measured ra-
tios, those with the lowest 232Th/238U AR (b0.3) or highest 230Th/232Th
AR (N3) yield calculated ages that are the least dependent on correct-
ness of the assumed composition of the detrital component and yield
the smallest age uncertainties. A final test of the viability of a calculated
age is whether or not the initial 234U/238U AR value derived from the
calculated 230Th/U age and measured 234U/238U AR are consistent with
U isotope compositions observed in groundwater incorporated into
the bone. Because Th is insoluble under near-surface conditions, open-
system chemical behavior involves gains or losses of U from the bone,
resulting in erroneously low or high estimates of the 230Th/238U AR
(movement of compositions along sub-horizontal trajectories on a
U-series isotope evolution plot such as Fig. 4).

Only a small number of analyses meet these criteria and provide
independent age information that helps constrain the history of the
site. Detailed results for samples that either did not contain sufficient
U, exhibited evidence of open-system behavior with respect to U, or
yielded indeterminate ages are provided in Table 3.

Detritus-corrected U-series isotope compositions were calculated
for two aliquots obtained froma bison femurpresent inUnit 15; howev-
er, the aliquot with the lower U concentration, 60679a, has excess 230Th
indicating open-system behavior. The other sample, 60679b, has higher
U (0.146 μg/g) and gives a 230Th/U age of 49±7 ka. The initial 234U/238U
AR of 1.55±0.04 obtained for this analysis is statistically identical to the
value obtained for groundwater from the upper stratigraphic units.

Specimens from themain silt include a sample consisting ofmultiple
salamander vertebrae, as well as a fragment of bison horn core. The
salamander vertebrae (54.260) have elevated U and Th concentrations
attributed to incomplete removal of fine detritus. However, this sample
requires relatively small corrections for detrital Th and gives a 230Th
age of 73 ± 11 ka and viable initial 234U/238U AR (Fig. 4). A similar
age of 75 ± 26 ka was obtained for one of two aliquots of a horn
core fragment (48.018a). The other (48.018b) yielded a younger age
of 47 ± 3 ka. Both aliquots have elevated U concentrations that suggest
post-mortem U uptake. Thus, differences in ages for the two aliquots
from the same bone fragment are attributed to different patterns of U
diffusion and uptake. The younger aliquot is interpreted to represent
more recent incorporation of Uwhereas the older datemore closely ap-
proaches the age of burial. The best estimate for theminimumage of the
Figure 7. (a) Radial plot of equivalent dose measurements for sample ZR11-OSL-6 (n =
30). Radial plot indicates that the best fit is at about 140 Gray (Gy) and the weighted
mean indicates a best fit at 139 Gy. There is very little scatter and the equivalent dose er-
rors are all better than 8% while the over-dispersion of the equivalent doses is better than
9%. All grain sizes from 180 to 63 μmwere combined to get enough quartz grains to ana-
lyze. (b) Radial plot of equivalent dose measurements for sample ZR11-OSL-9 (n = 20).
Radial plot indicates that the best fit is at about 115 Gy and the weighted mean indicates
a best fit at 114 Gy. There appears to be aminor trend to partial bleaching (note the scatter
of equivalent doses higher than 120Gy). All grain sizes from 180 to 63 μmwere combined
to get enough quartz grains to analyze. (c) Radial plot of equivalent dose measurements
for sample ZR-MT1&2 (DMNS #76.98), which was composed of sediments collected out-
side and adjacent to tusk (n= 27). Radial plot indicates that the best fit is at about 125 Gy
and the weightedmean indicates that the best fit is at 117 Gy. However, there is substan-
tial scatter in this sample and a trend from smaller equivalent doses that we attribute to
light exposure during the collection of the bones. The dispersion is higher due to the effect
of the scatter in the measured equivalent doses (at N20%). All grain sizes from 250 to
63 μm were combined to get enough quartz grains to analyze for this sample only.
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Table 4
Summary of OSL ages.

Sample ID Unit Locality K
(%)1

U
(ppm)1

Th
(ppm)1

Cosmic dose addition
(Gy/ka)2

Total dose rate
(Gy/ka)3

Equivalent dose
(Gy)3

n4 Scatter
(%)5

OSL age
(ka)6

ZR12-87-2 18 87 1.86 ± 0.03 3.36 ± 0.07 9.65 ± 0.28 0.26 ± 0.02 1.83 ± 0.04 105 ± 3 25 (25) 12.2 57 ± 4
ZR12-87-1 18 87 1.86 ± 0.03 3.36 ± 0.07 9.65 ± 0.28 0.26 ± 0.02 1.83 ± 0.04 106 ± 3 28 (28) 12.9 58 ± 4
ZR12-87-3 18 87 1.54 ± 0.03 2.62 ± 0.14 7.88 ± 0.32 0.26 ± 0.02 1.52 ± 0.04 93 ± 3 19 (20) 12.0 61 ± 5
ZR12-87-4 18 87 1.54 ± 0.03 2.62 ± 0.14 7.88 ± 0.32 0.26 ± 0.02 1.52 ± 0.04 99 ± 4 20 (20) 8.9 65 ± 6
ZR11.OSL-9 17 51 1.57 ± 0.01 3.49 ± 0.12 8.38 ± 0.29 0.24 ± 0.02 1.64 ± 0.06 114 ± 5 20 (20) 14.2 70 ± 8
ZR11.OSL-6 14 (top) 43 1.69 ± 0.02 3.05 ± 0.09 8.73 ± 0.27 0.22 ± 0.02 1.64 ± 0.06 139 ± 5 30 (30) 8.9 85 ± 9
ZR11.OSL-5 14 (base) 43 1.82 ± 0.02 3.30 ± 0.10 9.03 ± 0.31 0.21 ± 0.02 1.73 ± 0.06 134 ± 5 30 (30) 8.8 77 ± 8
ZR11.OSL-4 13 (top) 43 1.89 ± 0.02 3.53 ± 0.10 9.34 ± 0.35 0.20 ± 0.02 1.78 ± 0.06 153 ± 8 20 (20) 8.5 86 ± 10
ZR11.OSL-3 13 (base) 43 1.72 ± 0.02 3.17 ± 0.09 8.42 ± 0.24 0.19 ± 0.02 1.62 ± 0.06 128 ± 5 30 (30) 12.8 79 ± 8
ZR11.OSL-2 10 43 1.84 ± 0.02 3.51 ± 0.10 8.42 ± 0.26 0.18 ± 0.02 1.71 ± 0.06 157 ± 6 30 (30) 10.7 92 ± 10
ZR11.OSL-11 10 –7 1.84 ± 0.02 3.55 ± 0.12 8.53 ± 0.34 0.19 ± 0.02 1.72 ± 0.07 172 ± 7 30 (30) 9.2 100 ± 12
ZR11.OSL-10 10 –8 1.49 ± 0.01 2.65 ± 0.09 6.40 ± 0.26 0.22 ± 0.01 1.42 ± 0.06 149 ± 8 20 (20) 10.6 105 ± 14
ZR11.OSL-1 9 43 1.84 ± 0.02 3.69 ± 0.11 8.42 ± 0.25 0.18 ± 0.02 1.76 ± 0.06 171 ± 6 28 (28) 10.7 97 ± 10
ZR11.OSL-7 9a 52 1.95 ± 0.02 3.66 ± 0.13 8.95 ± 0.35 0.17 ± 0.01 1.78 ± 0.07 201 ± 10 29 (30) 4.6 113 ± 14
ZR11.OSL-8 8 52 1.91 ± 0.02 4.08 ± 0.14 8.10 ± 0.32 0.16 ± 0.01 1.76 ± 0.07 238 ± 9 25 (25) 15.8 135 ± 15
Deep Pit-4.5 69 – 2.09 ± 0.04 3.42 ± 0.19 8.31 ± 0.21 0.07 ± 0.01 1.69 ± 0.07 200 ± 6 30 (31) 10.5 118 ± 12
MT-1a 5 – 1.53 ± 0.03 2.08 ± 0.07 6.93 ± 0.13 0.10 ± 0.01 1.36 ± 0.03 160 ± 4 27 (27) 8.1 118 ± 8
MT-1b 5 – 2.07 ± 0.08 3.04 ± 0.20 7.73 ± 0.48 0.10 ± 0.01 1.74 ± 0.06 213 ± 7 24 (26) 14.3 122 ± 12

Note: Uncertainties for all dose parameters and ages are given at the 2σ (95%) confidence level.
Additional information for ages used in depth modeling may be found in Supplemental information.

1 Analyses obtained using ICP-MS. All are total digests with HF and HNO3. Equilibration was done with 9 N HCl.
2 Cosmic doses and attenuation with depth were calculated following Prescott and Hutton (1994). See text for details.
3 Dose rate and equivalent dose for fine-grained 180–90 μm quartz sand at 100% water content. Linear + exponential fit on equivalent dose, with single aliquot regeneration.
4 Number of replicated (De) estimates used to calculate the mean. Figures in parentheses indicate total number of measurements made including failed runs with unusable data.
5 Defined as “over-dispersion” of the De values. Obtained by taking the average over the std deviation. Values b15% are considered to be well bleached sediments.
6 OSL ages are calculated by dividing the equivalent doses by the Dose Rates.
7 Sample OSL-11 was collected ~20 m south of Locality 43.
8 Sample OSL-10 was collected ~20 m north of Locality 43.
9 This unit designation is most likely correct but could not be verified in the field because of safety concerns. Therefore it was excluded from the BACON age–depth model.
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Main Silt based on U-series data is interpreted as 73 ± 10 ka based on
the weighted mean of ages for specimens 54.260 and 48.018a.

Specimens from the Basement Silt include a small fragment from a
rabbit femur (76.127) and amastodon tooth including enamel and den-
tine (82.148). The rabbit femur has an elevated U concentration of
2.39 μg/g and a very favorable 230Th/232Th AR of 37.2. The resulting
230Th/U age of 104 ± 2 ka requires negligible correction for initial
230Th. Furthermore, the initial 234U/238U AR of 1.623 ± 0.008 is statisti-
cally identical to the value from 48.018a giving increased confidence
that the U in both specimens evolved under closed-system conditions
after initial U uptake. In contrast, samples of the mastodon tooth have
U concentrations that are either extremely low (0.001 and 0.009 μg/g
for enamel) or show evidence of open-system behavior (Fig. 5).

Aliquots of dentine form a horizontal array with variable 230Th/238U
AR and measured 234U/238U AR values that project back to the value for
the 104 ka rabbit femur. These data are consistent with patterns of re-
cent U loss from material having a similar age as the rabbit femur.
Given these facts, the age of 171 ± 11 ka from the mastodon tooth, as
shown calculated in Table 3, is interpreted as an artifact of recent Umo-
bility, and the best estimate of theminimum age for the basement silt is
104 ± 2 ka.
Luminescence

A total of 18 luminescence samples were collected at the ZRFS, in-
cluding lacustrine sediments exposed in outcrop (n = 11), sediments
trapped within mammoth and mastodon tusks recovered from
the Main Silt (n = 2), and blocks of sediment from Unit 18 at Locality
87 (n = 4) and from Unit 6 exposed in a deep pit east of Locality 43
(n = 1) (Fig. 2). These samples span deposition of units 5 through 18,
which constitute ~90% of the stratigraphic column at the site. Nearly
all of the quartz in the samples show evidence that the grains were
bleached prior to deposition and produced DE distributions that exhibit
b15% over-dispersion (scatter), which is unusually good for an alpine
lake setting (Figs. 7a, b, and c; Lang, 1994; Fuchs and Owen, 2008).
We did not have a modern analog sample for the lake sediment since
the surrounding lake basin and overlying material had been either very
heavily modified or removed prior to the arrival of scientists at the site.
However, since fluvial input to the lake was likely minimal (see Pigati
et al., 2014), accumulation of eolian sediments would have been
interrupted occasionally by the near-shore slumps that consisted of
reddish-brown coarse sediments as compared to the mostly gray, fine-
grained lacustrine material. We did not sample for OSL anywhere near
the debris flows. We were also concerned about ice as a factor in the
amount of luminescence the sediment was able to receive during burial,
but we did not observe any evidence of ice wedges or ice-wedge casts
that would indicate continuous permafrost (Bateman, 2008).

The OSL ages ranged from 122± 12 to 57± 4 ka, excluding a single
sample (ZR11.OSL-8) which gave an anomalously old age of 135 ±
15 ka near the middle of the stratigraphic section (Table 4). Overall,
the luminescence agesmaintain stratigraphic order throughout the sed-
imentary sequence, fall within the bounds established by the 14C and
cosmogenic dating results, overlap the most credible U-series age on
the rabbit femur, and demonstrate that the fossil-bearing lake sedi-
ments span the latest part of Marine Oxygen Isotope Stage (MIS) 6, all
of MIS 5 and MIS 4, and the early part of MIS 3.

Despite their antiquity, we view the OSL ages as robust and reliable
for several reasons. First, we determined the dose rates using multiple
techniques both in the field and laboratory, which were consistent be-
tween the methods and show very little to no disequilibrium within
the lake sediments themselves (Supplemental Table S.6). We also
stayed away from sampling near peat because disequilibrium has
been previously documented for that particularmaterial (Duller, 2008).

Second, the sedimentary units that we sampled at localities 43, 51,
and 52 were located near the center of the lake, and were massive and
homogenous, which maximizes the accuracy of the dose rate determi-
nation. The measured dose rates (1.4–1.8 Gy/ka) were also low enough
that the growth of the luminescence signal was slow, steady, and appar-
ently undisturbed (Table 4).

Third, dispersion of the DE's were quite low (or highly symmetrical),
generally b15%, which leads to amore precise determination of the final
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ages because the random errors (variation in the brightness of DE in
grains, assessing the sensitivity of the DE signal, assumptions regarding
the form of the dose–response, errors in individual L/T ratios, and
transforming the error in the L/T ratios to an error in DE) and systematic
errors (water content of the sediment over time, cosmic dose compo-
nent that varies with elevation and depth over time, errors in the cali-
bration of the gamma or beta sources used to irradiate the sample, or
suitability of the sediment (or material) for use with the single-aliquot
regeneration procedure) (Duller, 2007) associated with calculating
an OSL age are small (Fuchs and Wagner, 2003; Lepper et al., 2011).
Traditionally, uncertainties arising from systematic errors tend to be
swamped by those arising from random errors, especially errors associ-
ated with measurement of DE values (Duller, 2007; Lepper et al., 2011).
The propagated age uncertainty (Aitken, 1985), which takes geological
uncertainties into consideration and is the traditional method of error
reporting for OSL dating, is therefore also small.

Finally, quartz grains deposited in the lake appear to be largely
eolian and fully bleached (see Supplemental Table S.5). This is ideal
in terms of dating as the majority of the sampled grains were
bleached distally, prior to deposition, in spite of the proximal glacial
environment and climate at the ZRFS during lake sediment forma-
tion. Our reconstructed scenario puts the burial of the quartz and
fine-grained silt in the best possible post-depositional conditions
for the OSL technique: fully bleached prior to deposition
Figure 8. The inset panels at the top show (a) the number of Markov Chain Monte Carlo (MCM
(gray) distributions of accumulation rates, and (c) the prior (green) and posterior (gray) distr
modeling (gray), individualOSL ages (light green), and the three ages derived from correlating t
95% probability intervals. Note that sample ZR-87-[1, 2, 3, 4] represents the average of fourOSL a
OSL ages obtained from Unit 10. All others represent individual OSL ages.
but entombed under perpetually dark, cold, non-bioturbated, and ho-
mogenous sedimentation.

Age-depth model

The OSL dates were used to produce a Bacon age−depth model
(Bayesian accumulation histories for deposits) that aims to model flex-
ible accumulation rates (Blaauw and Christen, 2011). The Bacon model
can work with radiocarbon dates as well dates on the calendar scale,
such as luminescence ages. Bacon divides a core into many thin vertical
sections (default resolution 5 cm), and through millions of Markov
Chain Monte Carlo (MCMC) iterations, estimates the accumulation
rate (in yr/cm; so more correctly, sedimentation times) for each of
these sections. Combined with an estimated starting date for the first
section, these accumulation rates then form the age−depth model
(Blaauw and Christen, 2011). The ZRFS sediments were divided into
52 vertical sections of 20 cm thickness each. Prior settings for the accu-
mulation rates were prescribed by a gamma distribution with shape 1.1
and a mean of 100 yr/cm. Flexibility in the accumulation rate between
neighboring depths (memory) was steered by a Beta distribution with
default parameters using a strength of 4 and a mean value of 0.7
(Figs. 8a–d).

OSL ages in units 13 and 14 did not change significantly with
depth and, therefore, it was necessary to assign independent ages
C) iterations used to generate the gray-scale graphs, (b) the prior (green) and posterior
ibutions of memory. The main panel (d) shows the posterior age–depth results of Bacon
heZRFS pollen record andmarine isotope stages (light blue). Gray dots indicate themodel's
ges obtained fromUnit 18. Similarly, sample OSL-[2, 10, 11] represents the average of three

image of Figure�8
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to these units based on changes in the ZRFS pollen spectra that ap-
pear to correlate with the transitions in the marine foraminifera re-
cords (Anderson et al., 2014–in this volume). The additional ages,
depths, and inferred transitions were (1) 100 ka, 538 cm depth,
MIS 5c–5b, (2) 89.5 ka, 340 cm depth, MIS 5b–5a, and (3) 77.5 ka,
215 cm depth, MIS 5a–4 (Murray et al., 1987). We
assumed uncertainties of 2 ka (1 sigma) for each. These additions
allow the model ages to increase with depth through these two
units, and appear to be reasonable based on observed changes in
other environmental proxy data (Elias, 2014–in this volume;
Haskett and Porinchu, 2014–in this volume; Sharpe and Bright,
2014–in this volume; Strickland et al., 2014–in this volume). How-
ever, given the dangers of circularity when including relative ages to an
otherwise independent chronology (Blaauw, 2012), we refrain from
any subsequent interpretation of climate leads or lags for this time pe-
riod. The final Bacon age−depth model (Fig. 8d) agrees well with the
OSL and pollen-based ages, showing no outliers and good mixing of
MCMC iterations.

Conclusions

The results of four independent chronometric techniques, including
14C, cosmogenic surface exposure dating, U-series, and luminescence,
show that the ages of sediments at the ZRFS span the end of MIS 6, all
of MIS 5 and MIS 4, and the earliest part of MIS 3. Radiocarbon and in
situ cosmogenic radionuclides placed limits on the upper (N45 ka) and
lower portions (~130 ka) of the sedimentary sequence, respectively. A
small number of samples met the criteria for U-series dating that
allowed calculation of viable ages for three stratigraphic units: 49 ±
7 ka for Unit 15, 73 ± 11 ka for the Main Silt, and 104 ± 2 ka for the
Basement Silt. Although the 230Th/U age results maintain stratigraphic
consistency and fall with thebounds set by radiocarbon and cosmogenic
radionuclide dating, lowU concentrations and evidence of open-system
behavior with respect to uranium limit the utility of these ages.

Luminescence dating (specifically quartz OSL) yielded robust and
reliable ages for the bulk of the sedimentary sequence at the site.
Although it is often difficult to obtain old (N100 ka) luminescence
ages due to issues with sources, transport mechanisms, and preserva-
tion potential, our results demonstrate that several components fortu-
itously merged at the ZRFS. First, dose rates were sufficiently low to
avoid saturation of the luminescence signal. Second, the narrow equiv-
alent dose distributions of the samples analyzed indicate that the sam-
pled sediments likely were transported into the lake basin via eolian
processes, which is ideal for luminescence dating. Finally, sediments
were largely homogenous and non-bioturbated, meaning there was
little chance for post-burial exposure of the sample sediments.

The SAR protocol used in this study is optimal for dating the ZRFS sam-
ples based on the results of multiple quality control tests, including the
recycling ratio, recuperation, IR repeat ratio, dose recovery, preheat pla-
teau, and the DE (t) distribution measurements. Low skewness, over-
dispersion, and rate of luminescence accumulation, along with an amena-
ble transport mechanism of the sampled sediments and the homogenous
nature of the lake sediments, give us confidence in the final OSL ages.
Moreover, the ages maintain stratigraphic order throughout the sedimen-
tary sequence and fall within the bounds established by 14C and cosmo-
genic surface exposure ages. Ages for specific fossil localities can be
extrapolated to the sampled units using stratigraphic correlation. The
Bacon age−depth model produced reasonable accumulation rates using
OSL and pollen-based ages. Finally, in addition to establishing a chronolog-
ic framework at the ZRFS, our study provides a temporal foundation for fu-
ture studies of the last interglacial period in the Colorado Rockies.
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