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a b s t r a c t

New Paleomagnetic Secular Variation (PSV) data from Fish Lake, Utah, USA, along with previously
published regional records, allow us to build an independently dated Western North America PSV stack
(WNAM17) from about 35 to 15 ka that quantifies dating and paleomagnetic uncertainties. In February
2014, we recovered a composite 11-m-long sediment record from Fish Lake, Utah that retrieved glacially
influenced and post-glacial sediments. Computed tomography (CT) scans and magnetic susceptibility
were used to build a precise depth scale, while radiocarbon dating of terrestrial macrofossils and
tephrostratigraphy provide tight age-control. Glacially influenced sediments have well-defined charac-
teristic remanent magnetizations with all maximum angular deviation values < 5�, resolving a record of
Late Pleistocene PSV. Comparison to the PSV records at Bear Lake, Utah/Idaho, USA and Bessette Creak,
British Columbia, Canada, which also contain terrestrial material radiocarbon age-control points, allow us
to develop the WNAM17 PSV stack which considers both dating and magnetic acquisition uncertainties.
We utilize a regional PSV chronostratigraphic modeling approach to assign chronology and uncertainty
to the PSV signal and to evaluate the fidelity of age-control points at the site level that are difficult to
objectively evaluate otherwise. The greatest strength of our age-depth model is that by approaching
chronostratigraphy from a regional perspective, assuming a common geomagnetic signal, we can address
sources of geologic uncertainty that would be difficult to quantify using only one site. We illustrate the
potential stratigraphic opportunities using the WNAM17 PSV template through assessing the timing of
paleoenvironmental and paleomagnetic events in Western North America, including the timing of gla-
ciations in the Fish Lake and Bear Lake catchments and the stratigraphic context for the Late Pleistocene
geomagnetic excursion recorded at Mono Lake.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Well-dated and high resolution sedimentary records of
Reilly).
geomagnetic paleosecular variation (PSV) have both transformed
our knowledge of geomagnetic field behavior on millennial time-
scales and provided a stratigraphic method independent of climate
correlation with wide-ranging application, including improvement
of paleoceanographic and paleoclimate chronologies (Darby et al.,
2012; Stoner et al., 2007), direct marine and terrestrial compari-
sons (�Olafsd�ottir et al., 2013), and assessment of reservoir age
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Fig. 1. Radial Field Strength at the Core Mantle Boundary (CMB) from 1590 to 1990
time averaged field, based on the historical reconstruction gufm1 (Jackson et al., 2000),
with locations of mid-latitude western North American PSV sites discussed in the text,
including Fish Lake, Utah, a British Columbia outcrop at Bessette Creek (Turner et al.,
1982), Bear Lake on the Idaho/Utah border (Heil et al., 2009), and Mono Lake in Cal-
ifornia (Lund et al., 1988).
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changes through time (Wündsch et al., 2016). PSV describes the
general spatial and temporal variability of the Earth's magnetic
field and typically is used in reference to directional variations
during periods of stable polarity (Johnson and McFadden, 2007;
Lund, 2007). While a number of stacks have been developed to
define regional templates for PSV in the Holocene (Barletta et al.,
2010; Snowball et al., 2007; Thompson and Turner, 1979;
Walczak et al., 2017; Zheng et al., 2014), Late Pleistocene paleo-
magnetic stacks have mostly focused on regional or global relative
paleointensity (RPI) changes (Laj et al., 2004; Nowaczyk et al., 2013;
Stoner et al., 2002). This is likely due, in part, to the difficulty of
establishing continuous, well-dated, and high-resolution records in
Late Pleistocene sediments that can also resolve the amplitude and
timing of centennial tomillennial directional changes characteristic
of PSV.

High-magnitude climate variability during the late Pleistocene
often led to large changes in environmental conditions and depo-
sitional processes in sedimentary basins. Such changes can result in
variations of magnetic remanence acquisition efficiency across
lithologic transitions and complicate continuous reconstructions of
RPI (e.g. Mazaud, 2006; Schwartz et al., 1996; Tauxe, 1993). Paleo-
magnetic directions are often less impacted by these lithologic
variations and can be directly compared between archives without
having to make scaling factor assumptions. This provides the op-
portunity to reconstruct past field morphology changes using ap-
proaches that integrate discontinuous PSV records and
chronologies, such as efforts to extend the Scandinavian PSV
reference curve through the last deglacial interval (Lougheed et al.,
2014).

PSV has been central to a number of Western North America
Late Pleistocene studies, and while many PSV records appear to
have regionally consistent features (Benson et al., 2003b; Liddicoat,
1992; Negrini et al., 1984), the lack of strong independent chro-
nologies has led researchers to use far field correlations to well-
dated Western North Atlantic records (Benson et al., 2011, 1998;
Lund et al., 2017) or rely on regional correlations to records with
poorly constrained chronologies (Clague et al., 2003).

We present new PSV data from Fish Lake, Utah (UT), which,
when combined with previously published PSV data from Bear
Lake, Utah/Idaho (Heil et al., 2009), and Bessette Creek, British
Columbia (Turner et al., 1982), offers a step forward in building a
well-defined and independently dated PSV reference curve that
considers chronologic andmagnetic uncertainties from ~35 to 15 ka
(Fig. 1). These sites are positioned on the southern margin of a re-
gion of high radial magnetic flux at the core-mantle boundary, or
‘flux lobe’, as recognized in the gufm1 historical geomagnetic field
reconstruction (Jackson et al., 2000). This high flux region is likely
persistent or recurrent on longer timescales (Bloxham, 2002;
Stoner et al., 2013). Evidence from independently dated Holocene
records from Western North America suggests that the timing of
high-amplitude PSV features, particularly inclination, are largely
consistent across the mid-latitude Western United States (Hanna
and Verosub, 1989, 1988; Lund, 1996), Northeast Pacific (Walczak
et al., 2017), and the Western Canadian Arctic (Barletta et al.,
2008; St-Onge and Stoner, 2011). Global comparisons of these
Holocene directional records suggest that high-amplitude features
that occur on roughly millennial timescales are a reflection of large-
scale geomagnetic field dynamics related to oscillation of intensity
between the North American and other Northern Hemisphere flux
lobes (Nilsson et al., 2011, 2010; Stoner et al., 2013; Walczak et al.,
2017). These PSV features provide a stratigraphic context for both
paleoenvironmental and paleomagnetic events recognized in
Western North American sediments that can be integrated with the
radiocarbon timescale to provide greater accuracy than is possible
with radiometric methods alone.
2. Fish Lake, Utah

Fish Lake, Sevier County, Utah (38.54� N, 111.71� W; elevation
2700m), a common name for North American lakes including the
important Holocene paleomagnetic site, Fish Lake, Oregon
(Verosub et al., 1986), is the largest natural mountain lake in the
state of Utah, USA. Lake dimensions are roughly 5 km by 1.7 km,
with a maximumwater depth of ~37m. The lake basin is located in
a northeast-southwest trending graben in the high plateau of Utah,
a transitional region between the Colorado Plateau and the Basin
and Range (Bailey et al., 2007). Glacial geology and lake bathymetry
suggest glaciers drained from the Fish Lake High-top plateau
(elevation 3546) to the Fish Lake basin without overrunning the
lake during the last and penultimate glaciations (Marchetti et al.,
2011), providing an opportunity to recover a continuous record of
Late Pleistocene glacial activity, paleoenvironmental conditions,
and paleomagnetism. 3He cosmogenic exposure ages of moraine
boulders suggest local last glacial maximum ice extent occurred
~21 ka with a possible readvance or standstill at ~15e18 ka
(Marchetti et al., 2011).

3. Methods and materials

3.1. Sediment cores and computed tomography (CT) scans

Sediment cores were collected in a series of ~2-m-long drives,
using a 9 cm diameter UWITEC system deployed from the frozen
surface of Fish Lake, UT in February 2014. Three adjacent holes were
cored, with two drives recovered from Hole A14, and five drives
recovered from both Holes B14 and C14 (Fig. 2). During the coring
effort, a MS3 Bartingtonmagnetic susceptibility meter with 100mm
diameter MS2C loop sensor was used to measure magnetic suscep-
tibility of each drive to ensure overlap and inform coring decisions.

Before being split, all sediment cores were scanned on the
Oregon State University (OSU) College of Veterinary Medicine
Toshiba Aquillon 64 Slice medical computed tomography (CT)



Fig. 2. Simplified lithologic log, CT scan slices (3.5x horizontal exaggeration), CT numbers, and magnetic susceptibility for Fish Lake, Utah cores recovered during the 2014 field
season on the meters composite depth scale (Table 1). The simplified lithologic changes (from top to bottom) of brown organic-rich mud, to massive gray silty clay, to gray silty clay
with faint black laminations. Magnetic susceptibility data are offset by 10�4 SI so that they can be plotted on a log scale, as some values measured in the upper 6.5mcd are negative,
and include u-channel (dark continuous line) and field whole round (light dashed line) measurements. The field whole round data are arbitrarily scaled by 40% to match the u-
channel data. A composite record is made by splicing the CT scans together (Table 1) and stacking all u-channel magnetic susceptibility data on the mcd scale. Shading for the
composite record indicates the hole used for each interval in the CT splice (Green¼ A14; Blue¼ B14; Red¼ C14). Note CT image grayscale has non-linear scaling to account for large
density differences between lithologic units. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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scanner at 120 kV. A “sharp” algorithm was used to produce 2mm
thick coronal slices, which have an effective resolution of
0.5� 0.5mm within the plane of each slice. SedCT MATLAB tools
were used to extract downcore CT number profiles, which largely
reflect changes in sediment density, and CT slice images (Reilly
et al., 2017). A composite record splice was developed for the CT
scans, based on the meters composite depth (mcd) scale (devel-
oped by correlation of the CT scan number profiles and u-channel
magnetic susceptibility as discussed below) and identification of tie
points that correlate at the sub-cm scale in the CT number profiles
(Table 1).

Cores from Holes B14 and C14 were split at the OSU Marine and
Geology Repository. Three principle lithologies were observed: a
low density brown organic mud in the upper 6.35mcd, a massive
gray silty clay from 6.35mcd to about 9.34mcd, and a gray mud
with faint black laminations below ~9.34mcd. These lithologic
units correspond to major density changes, as observed in the CT
scans, and are associated with large changes in the concentration of
ferrimagnetic minerals, as reflected by measurements of magnetic
susceptibility (Fig. 2).

3.2. Sediment magnetic measurements

U-channel samples, ~2 cm� 2 cm x up to 150 cm u-shaped
plastic containers with a plastic lid, were sampled from the center
of theworking halves of Fish Lake, UTcores fromHoles B14 and C14.
Because the UWITEC cores were commonly longer than 150 cm, u-
channels were preferentially sampled away from the tops and
bottoms of core sections to avoid potentially compressed or
disturbed sediments and to ensure a complete sampling of the
entire stratigraphy based on the field magnetic susceptibility
correlations.

The sediment natural remanent magnetization (NRM) and
anhysteretic remanent magnetization (ARM) were measured at the
OSU Paleo and Environmental Magnetism Lab on a 2G Enter-
prises™ model 755e1.65UC superconducting rock magnetometer
(SRM) with inline alternating field (AF) coils optimized for u-
channel samples. Measurements were made every 1 cm with a
10 cm leader and trailer; however, the effective resolution is the
integrated remanent magnetization within the 7.6 cm full width at
half maximum (FWHM) response function of the magnetometer
(see Oda and Xuan, 2014 for detailed discussion of the OSU system).
In this study SRM data from the leader, trailer, and 5 cm at either
end of each u-channel are not reported in the results but are
necessary for the deconvolution experiments discussed below.

The NRMof Core B14-D1wasmeasured before and after peak AF
demagnetization every 5mT from 10 to 70mT and at 80mT (15
measurements). Due to this sample's weak magnetization and



Table 1
Depth table for 2014 field season fish lake, UT UWITEC cores.

Hole Drive Difference End Cap/Sediment Start (m) U-Channel Start in Section (m)a mcd
Offset (m)a

Section# in Splice Top Section
Depth (m)a

Bottom Section
Depth (m)a

A14 1 0.03 e 0.41 1 0 0.80
2 0.04 e 2.33 e e e

B14 1 0.04 0.00 0.46 2 0.75 1.25
2 0.02 0.15 2.41 4 0.62 1.70
3 0.05 0.08 4.30 6 0.26 1.44
4 0.02 0.02 6.35 8 0.06 1.24
5 0.02 0.34 8.25 10 0.12 1.76

C14 1 0.03 0.00 1.51 3 0.20 1.52
2 0.03 0.13 3.47 5 0.64 1.09
3 0.01 0.00 5.47 7 0.27 0.94
4 0.01 0.06 7.45 9 0.15 0.92
5 0.02 0.18 9.44 11 0.55 1.79

a Measured from start of sediment in core liner.
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demagnetization behavior, the NRM of the other nine u-channels
were measured every 2.5mT from 10 to 40mT, every 5mT from 45
to 60mT and every 10mT from 70 to 80mT (20 measurements).
Following demagnetization of the NRM, an ARM was applied using
a 100mT peak AF and 0.05mT biasing field. The ARM was
measured before and after peak AF demagnetization every 5mT
from 10 to 70mT and at 80mT (15 measurements).

U-channel magnetic susceptibility was measured every 1 cm on
a motion-controlled u-channel track built at OSU with a Bartington
MS3 meter attached to an MS2C loop sensor with an internal
diameter of 36mm. Reported values are the mean of three repeat
measurements. A magnetic susceptibility stack was created from u-
channel data on their composite depth scale, after trimming the top
and bottom 3 cm to account for edge-effects of the Bartington Loop
sensor. The stack was created at 1 cm composite depth intervals
using a weighted running mean with weighting based on a narrow
Gaussian function filter with a FWHM of 1 cm.
3.3. Processing and stacking magnetic data

Flux jumps in the SRM datawere monitored and corrected using
UPmagMATLAB tools (Xuan and Channell, 2009) and Characteristic
Remanent Magnetization (ChRM) directions, inclination and
declination, were calculated using the PCA method (Kirschvink,
1980). For intervals with very well defined ChRMs (B14 Drives 4
and 5 and C14 Drives 4 and 5), deconvolution experiments were
performed with UDecon MATLAB Tools (Oda and Xuan, 2014; Xuan
and Oda, 2015).

After removing sections based on quality criteria (discussed in
RESULTS) and rotating declinations first to a zero mean and then
modified based on agreement between overlapping drives, paleo-
magnetic directions were stacked every 1 cm by calculating a
weighted running vector mean with weighting defined by a 5 cm
FWHM Gaussian function filter after applying the error propagation
technique described below. For the deconvolved Fish Lake, UT data, a
3 cm FWHM Gaussian function filter was used. Error related to
measurement precision was propagated by scaling maximum
angular deviation (MAD) values to 95% confidence intervals (after
Khokhlov andHulot, 2016) and selecting 1000 randomvalues from a
normal distributionwith standard deviations (s) for inclination and
declination calculated from the 95% confidence interval (after
Donadini et al., 2009). At each stack depth (Ds), each set of 1000
random values for each paleomagnetic measurement whose com-
posite depth (Dcd) were within ±5 s (s is the standard deviation of
theGaussian function and is equal to about 42% of the FWHMwidth)
were binned andweighted using the Gaussian distribution function:
gðDiÞ ¼ exp
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Where n is equal to the number of data in each bin and xi, yi, zi, are
the east-west, north-south, and vertical components, respectively,
of the ith binned value. The weighted mean component directions
are calculated by:

x ¼
Pn

i¼1gðDiÞxi
R

(3)

y ¼
Pn

i¼1gðDiÞyi
R

(4)

z ¼
Pn

i¼1gðDiÞzi
R

(5)

Which allows the mean inclination and declination to be
calculated by the standard method. The Fisher statistic precision
parameter (k) and a95 are approximated by:

k ¼ ðN � 1Þ
ðN � RÞ; Where N ¼

Xn
i¼1

gðDiÞ (6)

a95 ¼ 140ffiffiffiffiffiffi
kC

p (7)

Where C is equal to the number of cores that contribute to the bin
and have a sum Gaussian weight for their measurements greater
than one. We choose to normalize by the number of cores rather
than the number of measurements used because the u-channel
measurements are an integration of the magnetometer response
function and are not independent measurements (as discussed
above).
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3.4. Additional regional records

For our regional comparison, we use paleomagnetic data from
Bear Lake on the Utah and Idaho border from Heil et al. (2009) and
the Bessette Creek Outcrop, British Columbia, originally studied by
Oberg and Evans (1977) and later studied in detail by Turner et al.
(1982) (Fig. 1). Sampling and paleomagnetic methods for these
locations can be found in their original studies. While we use the
complete Bessette Creek record, we focus only on the 9.75e25m
interval in Bear Lake, due to the excellent agreement between
inclination in the BL00-1D and 1E Holes in this interval docu-
mented by Heil et al. (2009) and more ambiguous relationship
above and below that.
3.5. Age control

Terrestrial macrofossil material, including charcoal, wood, and a
seed, were used for radiocarbon dating of Fish Lake, UT sediments
(Table 2). Bulk sediment samples were disaggregated with 7% H2O2

and sieved using a 125 mm stainless steel screen. The remaining
material on the sieve was examined and macrofossil material iso-
lated using a fine detail paint brush. Macrofossils were pretreated
using a standard acid-base-acid pretreatment (Abbott and Stafford,
1996) before being combusted and reduced to graphite for AMS
radiocarbon measurements at the Keck Carbon Cycle Accelerator
Mass Spectrometer Laboratory at the University of California,
Irvine. All radiocarbon samples were calibrated using MatCal
(Lougheed and Obrochta, 2016) and the IntCal13 calibration curve
(Reimer et al., 2013).

Five sediment samples were prepared for tephra analysis. Each
sample was wet sieved, separated at a density of 2.5 g/cm3 using a
solution of lithium heteropolytungstates, mounted in epoxy, pol-
ished to a 0.3 mm final grit, and carbon coated. Following Kuehn
Table 2
Age control points.

Core Section Depth
Interval (cm)

Composite Depth
Midpoint (m)

Depth in BL00,
Bear Lake (m)

Material

Fish Lake, Utah
B14-D1 89e90 1.355 e Charcoal
C14-D1 31e33 1.830 e Wood
C14-D1 174e175 3.255 e Charcoal
C14-D2 55.5e56.5 4.030 e Wood
C14-D2 111.5e112.5 4.590 e Wood
C14-D2 136e137.5 4.838 e Charcoal
C14-D2 165e168 5.135 e Charcoal
B14-D3 151e152 5.815 e Wood
C14-D3 40e41 5.875 e Seed
C14-D3 60e61 6.075 9.21 Plant Material
B14-D4 61 6.960 12.08 Tephra Correlati
B14-D4 91.5 7.265 12.84 Tephra Correlati
B14-D5 91.5 9.165 17.54 Tephra Correlati
C14-D5 125e126 10.695 20.00 Wood
C14-D5 136e139 10.815 20.15 Wood
Bear Lake, Utah/Idaho
BL96-2-2D 7 10.05a 10.05 Pollen Extract
BL96-2-2D 8 10.08a 10.08 Pollen Extract
BL96-3-3E 15 16.72a 16.72 Pollen Extract
BL00-1D-6H2 109e110 18.00 18.00 Pollen Extract
BL00-1D-7H1 19e20 18.59 18.59 Pollen Extract
Bessette Creak, British Columbia
Outcrop 19.82 18.25b 16.26 Moss
Outcrop 6.90 6.90 20.21 Peat
Outcrop 4.50 4.50 21.19 Wood
Outcrop 1.25 1.25 23.26 Peat
Outcrop 0.00 0.00 24.06 Bark

a Correlation to BL00 depth scale based on Table 3 of Colman et al. (2009).
b Adjusted depth scale of Turner et al. (1982), after removing gravel layers.
(2016), geochemical analyses for 11 major and minor elements
(SiO2, TiO2, Al2O3, FeO, MnO, CaO, Na2O, K2O, P2O5, and Cl) were
performed at Concord University on an ARL-SEMQ electron
microprobe automated by Probe for EPMA software using one
large-area energy-dispersive spectrometer (EDS) for Si and Al and
four wavelength-dispersive spectrometers (WDS) for all other el-
ements. Analytical conditions were 14 kV accelerating voltage,
10 nA beam current, and 4 to 10 mm diameter spot. A time-
dependent intensity correction was applied as needed for Na, and
water-by-difference was incorporated into the X-ray matrix cor-
rections. Mean atomic number modeled X-ray backgrounds were
used for all WDS elements with a blank correction to enhance
minor/trace level accuracy. Lipari ID3506 (rhyolite), BHVO-2g
(basalt), and NKT-1g (nephelinite) reference glasses were
included in each analytical session (Kuehn et al., 2011). Following
analysis, representative backscatter electron images were collected
for the tephra grains.

Three of the five tephra layers observed in cores were matched
to the Tabernacle Hill, Pavant Butte, and Pony Express tephra layers
identified in the Lake Bonneville Basin (Oviatt and Nash, 1989,
2014) based on major and minor trace metal chemistry and strat-
igraphic relationships (Tables 2 and 3; Supplementary Dataset).
Each of the samples contains a major elemental population along
with tephra grains of multiple other compositions, suggesting a
relatively high background level of reworked tephra grains in the
lake sediments. Sample B14-D5 91.5 cm (CU1344) is an strong
match to the approximately 20 14C ka basaltic Pony Express tephra
described by Oviatt and Nash (2014). Samples B14-D4 61 cm
(CU1342) and B14-D4 91.5 cm (CU1343) contain compositionally
indistinguishable basaltic glass compositions that compare closely
to the ~15.6 14C ka Pavant Butte and ~14.4 14C ka Tabernacle Hill
tephra described by Oviatt and Nash (1989), which we assign based
on their stratigraphic order. Sample B14-D4 23 cm (CU1341)
UCIAMS#/Lab# 14C age (BP) ± Ref.

141387 2455 20 This Study
141379 2890 20
141380 4585 50
141381 5840 25
141382 6630 80
141383 7940 25
141384 9150 30
141388 11270 60
141385 11325 40
152063 11760 250

on (Tabernacle Hill) e 14400 100
on (Pavant Butte) e 15650 350
on (Pony Express) e 20160 254

152064 24300 2800
141286 28200 2100

WW-1774 12710 50 Colman et al., 2009
WW-2602 12545 90
WW-2606 22150 210
WW-6452 24280 110
WW-6453 23340 100

GSC-913 19100 240 Westgate and
Fulton, 1975GSC-1945 25400 270

GSC-1953 25300 320
GSC-1938 31100 480
GSC-2031 31200 900



Table 3
Summary of geochemical data for major tephra glass populations, normalized to 100% totals. FeOt is total iron oxide reported as FeO (Fe2þ), some materials may contain
significant Fe3þ (Fe2O3); n¼ number of analyses; S.C.¼ similarity coefficient; Pavant Butte and Tabernacle Hill tephra glass compositions from Oviatt and Nash (1989); Pony
Express glass composition from Oviatt and Nash (2014). Table with complete data, including outliers and reference glass are available as a supplementary dataset.

Sample SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5 Cl n S.C.

CU1341 - Core B14-D4 23 cm Mean 71.69 0.68 13.78 2.41 0.06 0.29 0.80 3.35 6.78 0.10 0.07 13
StDev 0.73 0.04 0.34 0.13 0.01 0.03 0.09 0.38 0.25 0.02 0.01

CU1342- Core B14-D4 61 cm Mean 50.89 1.95 15.55 12.08 0.21 5.28 8.69 3.57 1.32 0.45 0.03 28
StDev 0.52 0.07 0.39 0.61 0.02 0.46 0.41 0.22 0.11 0.04 0.01

Pavant Butte tephra (L-2) 51.40 1.74 15.82 12.19 0.19 5.00 8.55 3.33 1.34 0.34 0.02 0.97
Tabernacle Hill tephra (TH-3A) 50.56 1.82 15.69 11.69 0.18 5.34 9.62 3.32 1.28 0.49 0.02 0.96

CU1343 - Core B14-D4 91.5 cm Mean 50.86 1.91 15.68 12.11 0.21 5.22 8.76 3.48 1.29 0.45 0.04 26
StDev 0.36 0.06 0.29 0.49 0.03 0.44 0.42 0.18 0.10 0.04 0.01

Pavant Butte tephra (80e15) 51.19 1.66 15.83 11.82 0.18 5.32 8.93 3.37 1.29 0.34 0.02 0.98
Tabernacle Hill tephra (TH-3A) 50.56 1.82 15.69 11.69 0.18 5.34 9.62 3.32 1.28 0.49 0.02 0.97

CU1344 - Core B14-D5 91.5 cm Mean 51.08 1.69 15.57 10.13 0.18 6.56 10.29 3.25 0.91 0.31 0.03 36
StDev 0.21 0.05 0.15 0.20 0.02 0.15 0.13 0.17 0.04 0.02 0.02

Pony Express tephra (SK-2) 50.79 1.71 15.62 10.18 0.19 6.52 10.48 3.18 0.90 0.33 0.11 0.99

CU1345 - Core C14-D3 116.5 cm Mean 50.73 1.97 15.76 11.66 0.20 5.35 9.09 3.52 1.25 0.45 0.03 13
StDev 0.24 0.11 0.21 0.36 0.03 0.33 0.32 0.29 0.08 0.04 0.01

Pavant Butte tephra (PBN-SW) 51.26 1.78 15.71 11.48 0.16 5.37 9.22 3.31 1.27 0.35 0.02 0.98
Tabernacle Hill tephra (TH-3A) 50.56 1.82 15.69 11.69 0.18 5.34 9.62 3.32 1.28 0.49 0.02 0.98
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contains a rhyolitic major population of unidentified origin. Traces
of glass of similar composition are present in all the other samples,
suggesting that this may represent reworkedmaterial. Sample C14-
D3 116.5 (CU1345) contains a lower abundance of tephra grains
than the other samples with a major population that could be
correlative to either the Pavant Butte or Tabernacle Hill tephra.

Previously published pollen extract radiocarbon dates from Bear
Lake cores BL96-2, BL96-3, and BL00-1D (Colman et al., 2009, 2006)
and various terrestrial radiocarbon samples from the Bessette
Creek Outcrop (Westgate and Fulton, 1975) that cover the Late
Pleistocene were also used in this study after calibration using
MatCal (Lougheed and Obrochta, 2016) and the IntCal13 calibration
curve (Reimer et al., 2013). We follow the recommendation of
Colman et al. (2009) for which radiocarbon samples to include and
reject in Bear Lake and transfer depths to the BL00 depth scale
using Table 3 in that publication.
4. Results

4.1. Fish Lake, Utah natural and laboratory remanent
magnetizations

NRM intensities are relatively weak, typically between 10�4 and
10�3 A/m, in the low density brown organic mud above 6.35mcd
but increase by up to three orders of magnitude below 6.35mcd
(Figs. 3 and 4). A viscous remanent magnetization (VRM) with
anomalous directions is present in all lithologies but can generally
be removed with a 10mT AF demagnetization. Following removal
of the VRM, AF demagnetization shows systematic, although
sometimes noisy, behavior with magnetic directions demagnetiz-
ing towards the origin on a Zijderveld plot (Fig. 3). ARM intensities
are stronger but follow the same general pattern as NRM in-
tensities. There are large variations in ferrimagnetic mineral coer-
civity, tracked by the ratio of the ARM intensity remaining after
20mT AF demagnetization relative to the primary ARM intensity
(ARM20mT/ARM) (e.g. Blanchet et al., 2007; Stoner and St-Onge,
2007), with the lowest coercivity ferrimagnetic mineral assem-
blages stratigraphically above and below the high density massive
gray clay lithologic unit (Fig. 4).
Based on the demagnetization behavior, ChRMs were calculated
using a PCA using all values over the 15e50mTAF demagnetization
rangewithout anchoring to the origin. MAD values are higher in the
low NRM intensity unit of the upper 6.35mcd, with the majority
ranging from about 5 to 10�. Below, 6.35mcd, MAD values indicate
the ChRM is much better defined, with all values less than 5�. The
average ChRM inclination value for all data after removing u-
channel edges is 57.1�, similar to the 58� for the site that is predicted
based on the assumption of a geocentric axial dipole. 95% of all
inclination values are within 16.3� of the average value, consistent
with observations of well-defined mid-latitude western North
America Holocene paleosecular variation records from arche-
omagnetic, volcanic, and sedimentary archives (e.g. Hagstrum and
Blinman, 2010; Hagstrum and Champion, 2002; Verosub et al.,
1986). However, due to the weak NRM intensities in the upper
unit, large changes in NRM intensities in the lower unit, and large
changes in ferrimagnetic coercivity, we determine this site is not
well-suited for a continuous relative paleointensity reconstruction
through the entire recovered interval (e.g. Stoner and St-Onge,
2007; Tauxe, 1993), and focus our efforts on the directional PSV
record. Future investigations to reconstruct relative paleointensity
at Fish Lake, UTmay need to consider the lithologic units separately
or experiment with objective correction factors (e.g. Brachfeld and
Banerjee, 2000; Mazaud, 2006).

To further investigate the directional record from the well-
defined ChRM interval below 6.35mcd, we performed deconvolu-
tion experiments on the u-channel data, using UDECON MATLAB
tools (Xuan and Oda, 2015) and a conservative smoothness
parameter (ln(u)) of 2 in our final result (Fig. 5)). One of the key
assumptions required in deconvolution of u-channel data is that
the downcore magnetization varies as a smooth function (Jackson
et al., 2010). Ultimately, deconvolution models are a trade-off be-
tween the model-data misfit, some of which is likely due to mea-
surement error, and smoothness (Jackson et al., 2010; Oda and
Shibuya, 1996). Larger, more conservative ln(u) values, similar to
the ones employed here, result in a smoother deconvolution solu-
tion but are more robust to measurement noise by not allowing
solutions that overfit the raw data. As a result, conceptually, our
conservative approach to deconvolution may be more akin to



Fig. 3. AF demagnetization behavior of the 25 cm position in each u-channel taken from the Fish Lake, Utah cores. For each pair, (left) magnetization (J) of the NRM (black) and ARM
(blue/red) during AF demagnetization normalized by the 20mT AF demagnetization step and (right) Zijderveld plots (Zijderveld, 1967) of the vertical (black) and horizontal (blue/
red) components of the NRM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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simulating a magnetometer with a narrower response function
than solving for discrete 1 cm magnetizations.

To test the results, we compare the deconvolved u-channel SRM
data with the u-channel magnetic susceptibility data. The Bar-
tington loop used to collect the magnetic susceptibility data has a
narrower response function (~3.0 cm FWMH) than the SRM
(~7.5 cm FWMH). Assuming the concentration of ferrimagnetic
minerals is a primary control on both magnetic susceptibility and
NRM intensity and that the signals are a reflection of the same
geologic processes, we expect the correlation between the two
parameters to improve following deconvolution of the NRM,
recognizing that in some circumstancesmagnetic susceptibility and
remanence parameters may reflect differences in magnetic mineral
assemblages and grain sizes (e.g. Maher, 1988). To test this, we
calculate the linear correlation coefficient in 30 cm bins between
the detrended logarithmic magnetic susceptibility and detrended
logarithmic NRM intensity after 20mT AF demagnetization (Fig. 5).
We use the detrended logarithmic data to mitigate the impact of
large susceptibility and intensity changes and long wavelength
variations on the calculation. We find, in most instances, an
improvement in correlation coefficients for the deconvolved SRM
data. We also note that ChRMMAD values from calculating the PCA
of the deconvolved data are not significantly different from those
calculated before the deconvolution, suggesting the deconvolution
is creating consistent results for each demagnetization step. These
findings provide added confidence in our application of the
deconvolution method of Oda and Xuan (2014) and in using the
deconvolution results in our discussion.
4.2. Stacking paleomagnetic directions for Fish Lake, Utah and Bear
Lake, Utah/Idaho

Paleomagnetic data from Fish Lake, UT and Bear Lake were
stacked to increase signal to noise and assess uncertainty of the PSV
estimates. We do not create a new stack for the Bessette Creek data,
but use the data and uncertainty as reported by Turner et al. (1982),



Fig. 4. Magnetic Results for the Fish Lake, Utah cores from holes B14 (blue) and C14 (red). From top to bottom: NRM intensity measured before and after every 10mT AF
demagnetization step between 0 and 80mT. ARM intensity at the same steps as the NRM intensity. NRM and ARM, before AF demagnetization, plotted as a composite record. ARM
coercivity, tracked as the ratio of the ARM after 20mT AF demagnetization to the ARM before demagnetization. ChRM Inclination and Declination and MAD values are calculated
with a PCA for steps measured between 15 and 50mT AF demagnetization (points). Mean stacked directions are shown (black line) with a95 uncertainty (gray shading). Mea-
surements that did not pass quality criteria are plotted in a lighter color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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as discrete samples were directly sampled from the Bessette Creek
outcrop and each stratigraphic horizon is already the mean of 3e4
specimens.
4.2.1. Stacking Fish Lake, Utah cores
Four intervals were not used in the creation of the Fish Lake, UT

PSV stack, due to coring disturbances or anomalous magnetic re-
sults. High MAD values and negative inclinations in B14-D2 be-
tween 3.30 and 3.40mcd were removed, which most likely result
from remagnetization post recovery, although the exact origin is
unknown. Significant gas expansion observed in the CT scans
(Fig. 2) at the base of C14-D2 below 4.71mcd is associated with
anomalously shallow inclination values with respect to overlapping
sediments in B14-D3 and was also removed. We removed an in-
terval in B14-D4 between 5.86 and 6.17mcdwith anomalously high
ARM intensity and low ARM coercivity which also has negative
inclinations, suggesting the anomalous magnetic mineralogy is not
suitable for paleomagnetic analysis. Finally, we remove the upper
19 cm in the B14-D4 u-channel, above 6.48mcd, as we suspect the
sediments near the top of the core were significantly twisted



Fig. 5. (Left) Results of deconvolution experiment for the Fish Lake, Utah cores for the 4th and 5th drive from holes B14 (blue) and C14 (red). Primary SRM data are plotted as gray
dashed line. From top to bottom: Magnetic susceptibility measured with a 36mm diameter Bartington loop compared with the NRM intensity after 20mT AF demagnetization. A
30 cm bin moving correlation coefficient is used to quantify the general improvement in correlation of the detrended logarithmic NRM intensity compared to the detrended
logarithmic magnetic susceptibility for each u-channel. ChRM Inclination, Declination and MAD values calculated with a PCA for steps measured between 20 and 50mT. (Right)
Comparison of PSV stacks with 1 s uncertainty made with primary SRM data (black line/gray shading) and deconvolved data (blue line/light blue shading). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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during recovery, leading to a large swing in declinationwhich is not
reproduced in C14-D3.

As there was no azimuthal orientation of the cores during re-
covery, declinations are only relative changes within each core.
Accordingly, we first rotated the declination in each core to a mean
of zero, calculated after removing edge effects and disturbed in-
tervals. In all but one circumstance, we chose to use this simple
correction as it provided a reasonable agreement between over-
lapping drives. The only exception is for C14-D5. There was a sig-
nificant offset between B14-D5 and C14-D5 and we added an
additional 25� eastward rotation to C14-D5 to account for it.

Our estimates of uncertainty in the stacked Fish Lake, UT PSV
record (Fig. 4) suggest that while the low NRM intensity unit at the
top of the core is noisy and can only resolve longer wavelength PSV
features, the higher NRM intensity unit below 6.35m has well
resolved PSV features. A second stack was created for B14-D4, B14-
D5, C14-D4, and C14-D5 using the deconvolution results, with
ChRMs calculated in the same manner as the primary data (Fig. 5).
The stack created with the deconvolution results does not create
any new high amplitude PSV features when compared to the stack
created with the primary measured data. The biggest difference is
that well-defined PSV features in the deconvolved data stack are
more sharply defined.

4.2.2. Stacking Bear Lake, Utah/Idaho cores
The Bear Lake PSV stack was created with all data (Heil et al.,

2009) between 9.75 and 25m from Hole BL00-1D Cores 4He9H
and Hole BL00-IE Cores 4He9H, after removing u-channel edges
and rotating declinations of overlapping sediments to match
(Fig. 6). As there is more overlapping sediment between the Bear
Lake Cores than the Fish Lake, UT cores, we believe this approach is
justified over simply rotating each drive to a mean of zero. How-
ever, we found it difficult to rotate Bear Lake declinations with this
strategy below 17mwithout imparting a large ~8m linear trend to
the east (~7.5�/m). We interpret these linear declination trends to
be twisting artefacts of coring. To address this issue, we subtract the
linear trends found in BL00-1D Cores 7H and 8H and in BL00-1E
Cores 7He9H. The result improves the agreement in declination
in overlapping sediments; however, we recognize that uncertainty
in this declination correction could only be fully quantified bymore
observations from additional overlapping cores. After detrending,
the final rotations were 35, 55, �15, 60, 55, and �30� for BL00-1D
Cores 4He9H, respectively, and �50, �40, �30, 90, �10,
and �125� for BL00-1E Cores 4He9H, respectively, with positive
values indicating eastward rotations.

4.3. Regional comparison and establishing an integrated regional
chronology

While we recognize broadly consistent PSV signals between the
three sites for the Late Pleistocene, we also know that all three sites,
like many Late Pleistocene records, do not have the strong inde-
pendent chronologies needed to make robust comparisons of these
features on age. Accordingly, we adopt the approach of Stoner et al.
(2007) by correlating the Fish Lake, UT (deconvolved), Bear Lake,
and Bessette Creek records to a common depth scale through
graphical correlation and transferring available age control points
to a single age-depth model (Table 4; Fig. 7). We choose the Bear
Lake BL00 depth scale as the common depth scale, as the Bear Lake
record spans the longest period of time. To account for any geo-
metric effects due to variations in latitude and longitude between
the three sites, directions were projected to Seattle, Washington
(47.621 oN, 122.349 oW) via their virtual geomagnetic pole (VGP)
paths. This site was chosen as it is a mid-latitude location for
Western North America and will establish a central location for
future work that will explore high resolution Northeast Pacific
marine andWestern North American terrestrial archives. While we
find good agreement between the absolute projected inclinations



Fig. 6. Paleomagnetic data from Bear Lake Drill Holes BL00-1D and BL00-1E (Heil et al., 2009). All inclination data are plotted, but only corrected declination data from cores used in
the stack as discussed in the text. While data were stacked from 9.7 to 25m, only the 9.7e24m data (yellow shading) were used in the WNAM17 PSV stack, as this was the interval
that overlapped with the Fish Lake, UT and Bessette Creek, BC records. Horizontal black lines indicated the predicted values based on the geocentric axial dipole hypothesis for the
Bear Lake latitude. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Tie points to regional depth scale.

Fish Lake, UT Bessette Creek, BC

Fish Lake, UT Depth (mcd) Bear Lake BL00 Depth (m) Bessette Creek Elevation (m) Bear Lake BL00 Depth (m)

0 0 14.45 17.15
6.4 9.7 8.2 19.04
6.56 10.8 6.93 20.19
6.77 11.18 4.07 21.28
7.01 12.32 2.11 22.65
7.42 13.15
7.77 14.09
7.87 14.29
8.01 14.46
8.25 15.15
8.42 15.42
8.85 16.98
9.16 17.53
9.67 18.66
10.85 20.25
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in Fish Lake, UT and Bessette Creek, Bear Lake inclinations are on
average about 8� steeper. This difference could be the result of
coring artefacts (e.g. drilling overprint or minor deformation) or
poorly understood differences in sediment magnetic remanence
acquisition that might result from differences in each basin's
depositional processes. Since we are primarily interested in relative
PSV variations for stratigraphic purposes, we subtract 8� from Bear
Lake inclinations for the regional stack, as Fish Lake, UT and Bes-
sette Creek agree and Bear Lake site inclination values are almost
always greater than predicted based on the geocentric axial dipole
hypothesis (Fig. 7a). However, additional paleomagnetic observa-
tions are needed to fully assess the inclination differences. Decli-
nation from all three records agree well and we do not apply any
further correction. We consider these reasonable estimates for past
absolute changes in declination, as the Bessette Creek data are
derived from oriented outcrop samples and the furthest distance
(~1500 km) between two sites is about half the distance associated
with spherical harmonic degree 6e7 wavelengths, which is used as
the distance for relative declination orientation in the pfm9k
spherical harmonic model (Nilsson et al., 2014). Stacking the three



Fig. 7. PSV records, projected to Seattle, Washington via their VGP paths, with 1 sigma uncertainty and age control points for Bear Lake (red, (a)), Fish Lake (blue, (b)), and Bessette
Creek (green, (c)). Correlated PSV records (d) were used to create the WNAM17 PSV Stack (e), which averages 2e3 records and typically has a95 uncertainty of less than 10� (f).
Horizontal gray lines in (aee) reflect predicted inclination and declination values based on the geocentric axial dipole hypothesis for the latitude of Seattle. (g) 14C age estimates,
transferred to the common depth scale, were calibrated to calendar years and the median and 95% confidence interval age-depth model for the WNAM17 PSV stack was generated
from 10,000 accepted model runs, as described in the text. Calibrated age PDFs from each site are indicated with colors matching (aec) and the transferred maximum range for lock-
in offset (30 cm) is indicated by a vertical line. The regional chronostratigraphic model factors three main sources of uncertainty: (1) the measurement precision and calibration of
the radiocarbon measurements, (2) that only a subset of age estimates closely approximate the age of the sediment, and (3) that there is an unknown difference in the age of the
sediment and the age of the magnetization. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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records, using the same method as described above, reveals a well
resolved regional signal with a95 values typically less than 10�,
which we have named the WNAM17 (Western North AMerican
2017) PSV stack (Fig. 7eef).

The resulting age-depth relationship of the three integrated
records contains a number of age reversals, notably the pollen
extract radiocarbon ages between 16 and 19m in Bear Lake, the
peat radiocarbon ages from Bessette Creek, and a small mass
(0.04mg carbon) sample with large uncertainty from Fish Lake, UT.
While this could result from mismatches in the PSV correlations,
some age reversals are not surprising given the difficulty in dating
Late Pleistocene terrestrial archives devoid of high quality macro-
fossils and, in the case of Bessette Creek, limitations in samples
appropriate for radiocarbon dating before the advent of accelerated
mass spectrometry (Westgate and Fulton, 1975). While post-glacial
Bear Lake pollen extract samples generally give younger ages by
several hundred years than paired total organic carbon (TOC) and/
or carbonate samples, suggesting less contamination from old
carbon (Colman et al., 2006), Colman et al. (2009) found last glacial
pollen extract ages were up to several thousand years older than
stratigraphically lower samples and attributed this difference to
higher relative proportions of refractory organic carbon in the ex-
tracts. As a result, the authors rejected many of these dates from
their age model. The three pollen extracts used in their age model
and this study from below the facies interpreted as the local glacial
maximum were described as containing better preserved pollen.
Similarly, the rest of our age control points, particularly the peat
samples, are all samples that could have issues with being anom-
alously old and incorporating reworked carbon from the landscape.
Few samples, if any, used in the creation of theWNAM17 agemodel
are the high quality terrestrial macrofossils needed to closely
approximate the age of the sediment, such as deciduous leaf
macrofossils (e.g. Howarth et al., 2013). Nevertheless, these
terrestrial samples have little risk for modern carbon contamina-
tion, as has been demonstrated to impact some lake carbonate
samples from Western North America by progressive leaching
(Hajdas et al., 2004; Kent et al., 2002), or complications from old
lake carbon reservoir issues. At a minimum, these ages can be
considered robust maximum limiting ages.

Another source of age uncertainty for the WNAM17 PSV Stack is
that the age of the physical sediment and age of the sediment
magnetization are not necessarily equal due to sediment magne-
tization acquisition in a lock-in zone following deposition (e.g. Egli
and Zhao, 2015; Irving and Major, 1964; Løvlie, 1976; Verosub,
1977). While sediment magnetization acquisition processes are
not completely understood andmay result from different processes
in different depositional environments, studies commonly find
decimeter offsets in the age of magnetizations in bioturbated and
varved sediments where independent chronometers and/or su-
perposition allow comparison (Channell and Guyodo, 2004;
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deMenocal et al., 1990; Mellstr€om et al., 2015; Nilsson et al., 2018;
Simon et al., 2018; Snowball et al., 2013; Stoner et al., 2013;
Suganuma et al., 2010).

Given these known uncertainties, we use an age-depth
modeling approach inspired by Haslett and Parnell (2008) to
calculate an ensemble of possible age depth combinations that
capture the uncertainty structure of the WNAM17 age of magnet-
izationdparticularly uncertainty related to (1) radiocarbon data
precision and calibration; (2) reworking of old carbon; and (3)
depth offsets in the magnetization age. Assuming that all age
control points are robust maximum limiting ages but only a subset
approximate the actual age of the sediment, we start each iteration
by randomly selecting eight of the sixteen (50%) age control points.
The ages of the control points are then randomly selected from the
calibrated age probability distribution function (PDF) and the depth
from a uniform distribution ranging from 0 cm (no offset in
magnetization age) to 30 cm (large offset in magnetization age) and
then transferred to the common BL00 Bear Lake depth scale. We
believe this range is justified; while some studies argue for little or
no offset (Valet et al., 2014), many observations suggest offsets of up
to 14e25 cm (Channell and Guyodo, 2004; Simon et al., 2018;
Stoner et al., 2013; Suganuma et al., 2010) or more in some cases
(Snowball et al., 2013). Additional synthetic age-depth pairs are
then added at random between these age control points to allow
for non-linear accumulation rates between dated horizons. While
the spacing of synthetic age-depth pairs varies for each iteration,
the result is approximately four real and/or synthetic age-depth
pairs per meter. We reject the iteration if there are age reversals,
as this violates the law of superposition, or if any of the sixteen
dated horizons are older than its maximum limiting radiocarbon
constraint, defined as the 99th percentile of the calibrated PDF. The
model is run until 10,000 iterations are accepted. The result is an
age-depth relationship for the magnetization age of the WNAM17
PSV Stack with large, but realistic uncertainty (median 95% confi-
dence interval of ~1.5 ka), allowing for refinement with future work
(Fig. 7). The greatest strength of our age-depth model is that by
approaching chronostratigraphy from a regional perspective,
assuming a common geomagnetic signal, we can address sources of
geologic uncertainty that would be difficult to quantify using only
one site.

5. Discussion

5.1. Implications for regional chronologies and the timing of major
lithologic transitions

Development of the independently dated WNAM17 PSV stack
provides a template for improving or assessing regional chronolo-
gies. As a first exercise, we look at the impact on the timing of major
lithologic changes observed at Fish Lake, UT and Bear Lake, UT/ID
on their independent chronologies and WNAM17 ‘tuned’ chronol-
ogies. We use the original correlations defined between Fish Lake,
UT and Bear Lake that were used when building the stack and
compare those depths to the ages of the same integrated horizons
in the WNAM17 Stack (Table 4). This ensures each record has the
same number of correlation points and each correlation point is at a
PSV feature that was recognized at both Fish Lake, UTand Bear Lake,
UT/ID. We generate PDFs from the ensemble of age-depth models
discussed in Section 3.3 at each tie point, which then can be used to
create a new ensemble of site age-depth models.

Age-depth modeling is done as in Section 3.3, with a few
modifications (Fig. 8). First, we do not need to drop any age control
points, as all dates based from the WNAM17 template are in
stratigraphic order and are estimates for the sediment's age of
magnetization. Second, we do not need to use the maximum
limiting age constraint for the same reason. Third, we do not per-
turb the depths of the age control points; rather, we run two sim-
ulations to illustrate the potential influence of constant offsets in
magnetization agedwith one assuming no offset (no pDRM) and
the other assuming a constant 15 cm offset (pDRM offset like
documented elsewhere). While it may be simpler for these two
lakes to just take the WNAM17 age-distributions at horizons of
interest, we create new agemodels in this way to illustrate how the
WNAM17 stack could be usedwith other recordswhere age-control
points can only be defined by where there are strong PSV correla-
tions. To illustrate the chronologic implications, we also use the
published age-depth model of Colman et al. (2009) for Bear Lake,
and a new age-model for Fish Lake, UT, using only the Fish Lake, UT
radiocarbon and tephra age control points, generated in the same
fashion as the WNAM17 tuned chronologies.

We treat major lithologic transitions as events and generate
PDFs of the event age from each of the age models described above
(Fig. 8c). For Bear Lake, the transitions are defined as the increase in
magnetic susceptibility below the red siliciclastic unit (18m) and
the top of the red siliciclastic unit (10.4m), interpreted as being
deposited during the local glacial maxima (Colman et al., 2009; Heil
et al., 2009; Kaufman et al., 2009; Rosenbaum and Heil, 2009). For
Fish Lake, UT, the transitions are defined by the bottom (9.17m) and
top (6.41m) of the high-density and high magnetic susceptibility
unit (Fig. 2). The focus here is to discuss the timing of the changes. A
detailed study of the paleoenvironmental and glacial implications
of these records will be discussed elsewhere.

On each site's independent chronology, the base of the lithologic
transitions would be considered separate events, with the transi-
tion at Bear Lake preceding the transition at Fish Lake, UT (Fig. 8c).
Applying the WNAM17 tuned chronology pushes the onset of this
event much younger at Bear Lake (~24e26 ka), with the new PDF
overlapping with that found at Fish Lake, UT independently of the
depth in magnetization offset we use. Similarly, for the top of the
lithologic unit, while the age of the transition is poorly defined at
Fish Lake, UT on its independent chronology, applying the
WNAM17 tuned chronology provides a stronger constraint for its
age (~14e16 ka). In both cases, a slightly better agreement can be
generated by invoking magnetic lock-in offsets, that vary in time
depending on sedimentation rate.

While there is no direct evidence that indicates that these
lithologic changes need to be regionally consistent, we consider
this anecdotal support for application of the WNAM17 template to
problems such as the timing of geologic events. Within the context
of regional PSV stratigraphy and uncertainties in radiocarbon
dating and the magnetic acquisition processes, we cannot rule out
the possibility that major glacial changes in the Late Pleistocene
occurred in phase in these two basins.

5.2. Assessing the chronology of Mono Lake, California

In our second exercise, we apply the WNAM17 PSV stack as a
reference to the magnetic record at Mono Lake, California. While,
many are interested in the age of the geomagnetic excursion found
at this site, our goal in this discussion is not to give a definitive
answer, but to explore the PSV stratigraphic context of the event
and discuss the implications for proposed timings of that event.

The chronology of sediment outcrops at Mono Lake have
received considerable attention for resolving the age and unique-
ness of the geomagnetic excursion recorded in its sediments
(Benson et al., 2003a; Cassata et al., 2010; Kent et al., 2002; Lund
et al., 2017; Vazquez and Lidzbarski, 2012; Zimmerman et al.,
2006) and the relationship between paleoenvironmental signals
and abrupt climate and/or orbital climate signals (Benson et al.,
2003b, 1998; Zimmerman et al., 2011a, 2011b). Initial



Fig. 8. Comparison of the ages of major lithologic contacts observed at Bear Lake, UT/
ID and Fish Lake, UT. Age depth models for (a) Bear Lake, UT/ID and (b) Fish Lake, UT
were generated using WNAM17 age PDFs (light red shading) at PSV correlation hori-
zons (Table 4). Two age models were generated to illustrate age-depth relationships if
sediment and magnetization ages are equal (0 cm lock-in; median age¼ red line) or if
the age of the magnetization is offset by 15 cm (15 cm lock-in; median age¼ light blue
line). For comparison, the previously published Bear Lake age model (Colman et al.,
2009) and an age model generated only using age control points from Fish Lake, UT
are plotted (black lines). (c) The resulting age PDFs for the two lithologic contacts for
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paleomagnetic work recognized a high-amplitude declination
feature around ash layer 15 in the Wilson Creek Formation
(Denham and Cox, 1971), which was later defined with more
detailed work as a significant and reproducible geomagnetic
excursion recorded at Mono Lake (Liddicoat and Coe, 1979). Lund
et al. (1988) compiled previously published and new PSV data for
the Wilson Creek Formation, revealing a well-resolved and high-
amplitude record of Late Pleistocene PSV and placed the excur-
sion event in the context of longer term geomagnetic change. As
there is no community consensus on the chronology of the Wilson
Creek Formation at Mono Lake, the WNAM17 PSV stack provides
the opportunity to assess the Wilson Creek Formation chronology
where they overlap in time.

While the initial chronology for the complete record was con-
strained by radiocarbon dating of carbonate samples, including tufa
and ostracods (Benson et al., 1990; Lund et al., 1988), progressive
leaching of radiocarbon samples indicated significant contamina-
tion by young carbon, suggesting age estimates for these sediments
were too young and radiocarbon dates may only represent a min-
imum limiting age (Hajdas et al., 2004; Kent et al., 2002), which
seems to support older radiometric dates on ash layers surrounding
the excursion (Cassata et al., 2010; Cox et al., 2012; Kent et al., 2002;
Vazquez and Lidzbarski, 2012; Zimmerman et al., 2006). However,
the radiocarbon ages are also complicated by unknown changes in
potentially very large reservoir ages (on the order of 103 yrs;
Benson et al., 1990; Broecker et al., 1988) and radiometric dating of
ash layers have been argued as being only maximum limiting ages
and not direct dates of the eruptions (e.g. Cassata et al., 2010; Kent
et al., 2002; Negrini et al., 2014), requiring assessment by inde-
pendent stratigraphic correlation.

Independent stratigraphic correlation has previously been
attempted using tephra and paleomagnetic correlation. For
example, Benson et al. (2003a) identified a tephra layer with similar
chemical composition to the Wilson Creek Formation ash layer 15,
which transects the excursion, in the Pyramid Lake Basin, Nevada
with a 14C age of 28,620± 300 yrs (IntCal13 2s:
31,693e33,474 cal yrs BP with no reservoir correction) based on
total organic carbon, which may be impacted by reservoir ages
(estimated at ~600 yrs in the late Holocene), but should not face the
same young carbon contamination as the carbonate samples in
Mono Lake. Excursional directions have also been documented just
beneath this ash layer in sediment cores from Pyramid Lake (Lund
et al., 2017) and outcrops within the basin (Liddicoat, 1992).
Conversely, a paleomagnetic correlation, based on relative paleo-
intensity, supports an older age for the excursion at Mono Lake,
coeval with the age of the Laschamp Excursion documented else-
where (Zimmerman et al., 2006) with an age of ~41 ka (Laj et al.,
2014; Lascu et al., 2016; Nowaczyk et al., 2012). While this chro-
nology is consistent with 238Ue230Th ages of the most recent
crystallization of allanite crystals at multiple ash layers (Vazquez
and Lidzbarski, 2012), it is difficult to reconcile with the leached
carbonate radiocarbon samples (Cassata et al., 2010). Less visually
appealing correlation scenarios than the Zimmerman et al. (2006)
relative paleointensity correlation proposed by Cassata et al.
(2010) could easily be justified as reflecting variations in mag-
netic remanence acquisition efficiency in different Wilson Creek
Formation lithologic units, as the intervals with highest absolute
values of normalized NRM intensity (the relative paleointensity
proxy) are consistently found in lithologic units with the lowest
weight percent total inorganic carbon (e.g. Benson et al., 1998).

Our WNAM17 PSV Stack offers an independent opportunity for
each set of age models. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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stratigraphic correlation, using the well resolved PSV record of
Lund et al. (1988) and transferred to the Wilson Creek Formation
type section height by linear interpolation between ash layers.
While PSV correlation to distal Western North Atlantic Sites has
been conducted previously (Benson et al., 1998; Lund et al., 2017),
we feel our approach is simpler and requires fewer assumptions
about the synchronicity of inclination and declination features over
significantly larger length scales. For direct comparison with the
WNAM17 PSV Stack, the Mono Lake directions are also projected to
Seattle, Washington via their VGP path. For the purposes of this
discussionwe do not apply an offset to themagnetization, as we are
comparing a magnetic age at Mono Lake to magnetic age in the
WNAM17 template. We feel this is appropriate, but it is important
to note that when comparing to the radiocarbon and ash layer dates
our magnetic ages may indicate a slightly older age for the sedi-
ment, with age offsets depending on accumulation rates.
Fig. 9. PSV Tuning exercise comparing the Mono Lake PSV record to the WNAM17 PSV Stack
(green line; Lund et al., 1988) transferred to the type section height by linear interpolation
Correlation of the Mono Lake PSV record to the WNAM17 PSV Stack (black line with 1s unce
scenario, PSV correlation is only used where there is good agreement between all chronome
model in (d). (d) Probability distribution functions (PDF) of the ages of tie points to the W
11e19 from Vaquez and Lidzbarski (2012) where used to develop 10,000 age models wit
compared to radiocarbon estimates from leached (Hajdas et al., 2004; Kent et al., 2002) and
and the excursion, defined by the interval including the eastern most declination swing and
rates with 1s uncertainty calculated from the linear sedimentation rates between tie poin
interpretation of the references to color in this figure legend, the reader is referred to the
Correlation of PSV features is straight forward for sediments
from the top of the section to just below ash layer 7, with good
agreement in inclination and declination without invoking large
sedimentation rate changes. These PSV features are also in good
agreement with the available radiocarbon samples, given their
uncertainty, and the Vazquez and Lidzbarski (2012) 238Ue230Th
date of ash layer 7, giving us confidence in this approach and adding
significantly stronger chronologic constraint to these sediments
than previously available. Differences in 40Ar/39Ar, 238Ue230Th, and
14C age estimates become more pronounced below this level.

Moving down section, below ash layer 7, the Mono Lake PSV
record has a number of high amplitude PSV features. The excursion
occurs during a longer wavelength inclination steepening, overlain
by a broad interval of shallower inclinations. The excursional
feature also occurs during a longer wavelength period of eastern
declinations, overlain by a broad interval of western declinations.
, following Scenario 1 in the main text (Section 3.5.2.1). (a) PSV record from Mono Lake
between ash layers. Vertical lines indicate the positions of Ash Layers 7 and 15. (b)

rtainty displayed in gray shading). Light blue lines are used to display tie points. In this
ters to just below Ash Layer 7. (c) The resulting PSV record on age, using the age depth
NAM17 PSV Stack (light green) and 238Ue230Th radiometric constraints on Ash Layers
h median (black line) and 95% confidence interval (gray shading). This age model is
unleached (Benson et al., 1990; Lund et al., 1988) carbonate samples. Ash layers (pink)
shallowest inclination, (yellow) are included for reference. (e) Resulting sedimentation
ts, compared with lithologic and paleolimnology proxies of Benson et al. (1998). (For
Web version of this article.)
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This pattern is typical of what is described for other examples
interpreted as the Mono Lake Excursion at other locations in
Western North America (Negrini et al., 2014, 1984). However, we
note that while the immediately older PSV pattern in the WNAM17
PSV Stack fits this description, there is no excursional behavior
documented in this depth interval at any of our sites. Thus, there
are at least two alternatives. As almost any stratigraphic correlation
is non-unique, we present a case for each scenario with their
respective magnetic, chronologic, and sedimentological implica-
tions. In each case, the PSV tie points from the top of the section to
just below ash layer 7 are the same.

5.2.1. Scenario 1: the Laschamp Excursion recorded at Mono Lake
Reconciling the strong PSV based chronology above ash layer 7
Fig. 10. PSV Tuning exercise comparing the Mono Lake PSV record to the WNAM17 PSV Stack
(green line; Lund et al., 1988) transferred to the type section height by linear interpolatio
Correlation of the Mono Lake PSV record to the WNAM17 PSV Stack (black line with 1s unce
result of applying a simple 15 cm half lock-in linear pDRMmodel (i.e. 30 cm boxcar filter) to t
illustrating that the excursion at Mono Lake may not be recorded in all sedimentary archiv
functions (PDF) of the ages of tie points to the WNAM17 PSV Stack (light green) were used to
shading). This age model is compared to radiocarbon estimates from leached (Hajdas et al., 2
samples. 238Ue230Th dating of allanite rims at Ash Layer 7, 11, and 15 (Vazquez and Lidzbarsk
of Zimmerman et al. (2006), are also shown. Ash layers (pink) and the excursion, defined b
(yellow) are included for reference. (e) Resulting sedimentation rates with 1s uncertainty, c
lithologic and paleolimnology proxies of Benson et al. (1998). (For interpretation of the ref
article.)
and the 238Ue230Th allanite dates below requires a decrease in
sedimentation rates, relative to the overlying sediments, or a hiatus
in sedimentation between ash layers 7 and 11 (Fig. 9). We have
difficulty finding a strong agreement in both inclination and
declination consistent with a lower sedimentation rate scenario
that still has good visual correlation with inclination and declina-
tion. Notably, the broad eastward declination and broad shallow
inclination features centered around 4m elevation in the Wilson
Creek Formation type section, would need to be stretched to
encompass two large eastward declination and two shallow incli-
nation features between about 18 and 23m in the WNAM17 PSV
Stack. This could be the result of low and/or variable sedimentation
rates attenuating or distorting the PSV signal (e.g. Balbas et al.,
2018; Lund and Keigwin, 1994; Valet and Fournier, 2016). It is
, following Scenario 2 in the main text (Section 3.5.2.2). (a) PSV record from Mono Lake
n between ash layers. Vertical lines indicate the positions of Ash Layers 7 and 15 (b)
rtainty displayed in gray shading). Light blue lines are used to display tie points. (c) The
he correlated Mono Lake PSV record on the regional correlated depth scale of WNAM17,
es from the region due to smoothing (e.g. Channell, 2017). (d) Probability distribution
generate 10,000 age models with median (black line) and 95% confidence interval (gray
004; Kent et al., 2002) and unleached (Benson et al., 1990; Lund et al., 1988) carbonate
i, 2012), which are in good agreement with the relative paleointensity based chronology
y the interval including the eastern most declination swing and shallowest inclination,
alculated as the linear accumulation rates between correlation points, compared with
erences to color in this figure legend, the reader is referred to the Web version of this



Fig. 11. Comparison of our WNAM17 PSV Stack Scenario 2 correlated age of the
excursion at Mono Lake to independent radiocarbon estimates from other regional
records (Benson et al., 2003a; Mankinen and Wentworth, 2004), 40Ar/39Ar estimates
from global volcanic records (Cassata et al., 2008; Kissel et al., 2011), and the 10Be flux
in Greenland Ice Cores (Muscheler et al., 2014), smoothed using a 392 year FWHM
Gaussian Filter. All radiocarbon estimates are calibrated to the IntCal13 timescale and
39Ar/40Ar are calibrated following the recommendation of Singer (2014). While these
age estimates are all within uncertainty of each other, an age-depth model that gives
an older age for the excursion recorded at Mono Lake, Scenario 1 displayed in Fig. 9c
gives an age for the excursion that is consistent with the high 10Be flux around 41 ka
associated with the globally recognized Laschamp excursion.

Fig. 12. Western North American PSV records projected to Seattle, WA discussed in the text
data are presented on our Scenario 2 age-depth relationship. An age-depth model that gives
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also possible that there is an unrecognized hiatus.
As we don't have PSV based age control beyond the constraints

of our stack, for this exercise we combine our tie points with age
control points from the 238Ue230Th allanite dates at ash layers 11,
15, 17, and 19 (Fig. 9) (Vazquez and Lidzbarski, 2012), as these age
control points are in good agreement with the relative paleo-
intensity age model of Zimmerman et al. (2006), used to support
the interpretation that they are good estimates of eruption age. The
results of 10,000 agemodel realizations suggest relatively low long-
term sedimentation rates (on the order of 10 cm/ka) for the sedi-
ments deposited below about 4m, although variations in sedi-
mentation rate cannot be assessed.
5.2.2. Scenario 2: the excursion at Mono Lake occurred between 30
and 34 cal ka BP

In our second scenario (Fig. 10), we continue tuning the PSV
record below Ash Layer 7 to the extent of the WNAM17 template.
Sedimentation rates are roughly comparable between ash layers 7
and 11 to the sediments overlying ash layer 7 and increase below
ash layer 11 (Fig. 10). In this scenario, 238Ue230Th allanite dates
would be anomalously old, meaning the final stages of allanite
crystallization are not equivalent to the eruption ages, and Cox
et al.’s (2012) (UeTh)/He ages of ash layer 15 would need to
reflect multiple populations of ages, with only the youngest pop-
ulation (i.e. 34.9± 1.1 ka; 35.2± 1.1 ka) approaching the true
eruption age (e.g. Negrini et al., 2014). The resulting excursion
recorded at Mono Lake would be a short event (on the order of
102 yrs), meaning Bear Lake and Bessette Creek records do not
preserve the excursion because of signal attenuation related to
differences in depositional processes, sedimentation rates, and
their impact on magnetic acquisition (Balbas et al., 2018; Lund and
Keigwin, 1994; Valet and Fournier, 2016). This is a common phe-
nomenon, with geomagnetic excursions often recorded in some
sedimentary archives and not others from the same region (e.g.
Channell, 2017). To illustrate this point, we use a simple linear
pDRM model with half lock-in depth of 15 cm (i.e. a 30 cm wide
boxcar filter) on our PSV correlation depth scale (i.e. the depth scale
and the WNAM17 PSV Stack placed on the WNAM17 median age timescale. Mono Lake
an older age for the excursion recorded at Mono Lake, Scenario 1, is presented in Fig. 9c.



B.T. Reilly et al. / Quaternary Science Reviews 201 (2018) 186e205202
of the BL00 cores at Bear Lake) and produce a signal similar to the
WNAM17 PSV stack with no obvious excursion (Fig. 10c). This ex-
ercise assumes that the higher resolution Mono Lake signal better
approximates the true geomagnetic signal, for which a smoothed
signal is recorded in other lower accumulation rate depositional
systems.

Applying 10,000 age-depth model realizations using the age
distributions of tie points to the WNAM17 PSV template places the
excursion at Mono Lake, defined by the shallowest inclination,
between 29.8 and 31.7 cal ka BP with a median age of 30.6 cal ka BP
on the IntCal13 timescale (range is 1s). This estimate is within
uncertainty of anomalous directions dated regionally and globally,
included basaltic lava groundmass 40Ar/39Ar estimates from New
Zealand (31.6± 0.9 ka; Cassata et al., 2008) and the Canary Islands
(32± 0.5 ka; Kissel et al., 2011) and radiocarbon estimates from
total organic carbon near the correlative ash layer in the Pyramid
Lake Basin after applying the 0.6 ka suggested reservoir correction
(31.4e32.2 cal ka BP; Benson et al., 2003a) and from terrestrial
macrofossils in anomalous magnetic directions in a drill core from
the Santa Clara Valley (31.5e32.4 cal ka BP; Mankinen and
Wentworth, 2004) (Fig. 11). Interestingly, in comparison to the
10Be flux record from Greenland ice cores on the GICC05 timescale
(Muscheler et al., 2014), these estimates are all more consistent
with relatively high 10Be production period around 31 ka than the
larger production episode around 34 ka that has been suggested to
be correlative with the Mono Lake excursion (Laj and Kissel, 2015;
Wagner et al., 2000). TheMono Lake PSV record is presented on this
age model and compared to all the records discussed in this paper
in Fig. 12.

In summary, both scenarios are possible, but have different
stratigraphic, sedimentological, and magnetic implications when
evaluated in the context of the WNAM17 template. In Scenario 1,
the age of the excursion would be consistent with the globally
recognized Laschamp Excursion (~41 ka) and would be consistent
with 238Ue230Th allanite rim dates approximating true eruption
ages. However, it is difficult to reconcile the much lower sedi-
mentation rates needed to fit this model without distorting the
large amplitude PSV features older than 30 ka and invoking a hiatus
or lower/variable accumulation rates complicating the signal. In
Scenario 2, the age of the excursion would be consistent with in-
dependent age estimates for a shorter duration anomalous
geomagnetic event recognized in a few locations between 30 and
32 ka. This scenario implies that sedimentation rates increase in the
lithologic unit containing the excursion, approaching ~100 cm/ka
or higher, allowing for better preservation of a short duration signal
compared to the lower accumulation rate (on the order of 101 cm/
ka) sites used to build the WNAM17 template. However, this sce-
nario also implies that 238Ue230Th allanite dates are anomalously
old for ash layers 11, 15, 17, and 19, but not ash layer 7.

6. Conclusion

We present new PSV and geochronological data from Fish Lake,
UT which, when compares and correlated to other regional PSV
records, provides improved constraints on the region's PSV signal
and the chronology of that signal. This template can be used to
address uncertainties in Late Pleistocene Western North American
chronologies. In addition to radiocarbon and age modeling un-
certainties, we also take into account uncertainties that result from
sediment magnetic acquisition processes to develop realistic
magnetic age estimates for our regional PSV stack, WNAM17,
spanning ~35e15 ka (Fig. 12). We illustrate with two examples that
an independently dated regional PSV template can be used to
assess chronologic uncertainties in sediments that are otherwise
difficult to date. Comparison of the timing of local glacial maxima in
the Bear Lake and Fish Lake, UT Basins using WNAM17 ‘tuned’
chronologies suggest major glacial advances and retreats could be
in-phase, in contrast to what is suggested from their independent
chronologies. Application of the stack to assess the controversial
chronology of Late Pleistocene sediments at Mono Lake, California
refines the age model for sediments younger than 25 ka and offers
new insight into magnetic, geochronological, and sedimentological
implications for the age of the excursion recorded in the Wilson
Creek Formation. Specifically, a ~30e34 ka aged excursionwould be
recorded in high accumulation rate sediments and the WNAM17
and Lund et al. (1988) PSV signals could be reconciled by invoking
reasonable smoothing associated with sediment magnetic acqui-
sition processes. Alternatively, a ~41 ka aged excursion would
require either low and/or variable accumulation rates that would
smooth and/or distort the Wilson Creek Formation PSV signal or an
unrecognized hiatus to reconcile the WNAM17 and Lund et al.
(1988) PSV signals.

PSV stratigraphy is a powerful tool for assessing the chronolo-
gies of Late Pleistocene sediments in Western North America. Our
regional chronostratigraphic model allows basin-specific age-
depth models that have geologic uncertainties to be evaluated, a
problem that is difficult to address otherwise. The WNAM17 PSV
template offers a new independently dated and regionally devel-
oped tuning target. Moving forward, we can reduce uncertainties
through the identification of records with strong chronologies and
well-defined PSV even for discrete time intervals and through an
improved understanding of sediment magnetic remanence acqui-
sition processes.
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