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Normalized remanence, a proxy for relative geomagnetic paleointensity, along with
radiocarbon and U-Th age constraints, facilitates the generation of a well-constrained
chronology for sediments recovered during International Continental Scientific Drilling
Program (ICDP) coring of Lake Junín, Peru. The paleomagnetic record of the ∼88 m
stratigraphic section from Lake Junín was studied, and rock magnetic variability
constrained, through analysis of 109 u-channel samples and 56 discrete samples.
Downcore variations in sediment lithology reflect climate and hydrological processes
over glacial-interglacial time frames and these changes are strongly reflected in the
bulk magnetic properties. Glacial sediments are characterized by higher detrital silt
content, higher magnetic susceptibility and magnetic remanence values, and a magnetic
coercivity that is characteristic of ferrimagnetic (titano)magnetite and/or maghemite.
Interglacial sediments and low lake-level facies are dominated by carbonate lithologies
and/or peat horizons that result in lower magnetic concentration values. Sediments with
moderately high Natural Remanent Magnetization (NRM) intensity (>1× 10−3 A/m) have
well resolved component directions and inclination values that vary around geocentric
axial dipole expectations. This remanence value can be used as a threshold to filter
the lowest quality paleomagnetic data from the record. Normalized NRM intensity
values are also sensitive to lithologic variability, but following NRM remanence filtering,
only the highest quality ferrimagnetic dominated data are retained which then show
no coherence with bulk magnetic properties. Constrained by the existing radiocarbon
based chronology over the last 50 kyrs and 18 U-Th age constraints that are restricted
to five interglacial sediment packages, filtered normalized remanence parameters
compare well with global relative paleointensity stacks, suggesting relative variations
in geomagnetic intensity are preserved. By adjusting the existing age-depth model we
improve the correlation between the Junín normalized intensity record and a well-dated
RPI stack and RPI model. We then incorporate these paleomagnetic tie points with the
existing radiometric dates using a modeling approach to assess uncertainty and refine
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the age-depth model for Lake Junín. In combining relative and radiometric dating, the
new age-depth model captures glacial-interglacial variations in sedimentation rate and
improves the orbital-scale age model for the sediments accumulated in Lake Junín basin
over most of the Brunhes.

Keywords: lake sediments, paleomagnetism, RPI, age models, stratigraphy, chronology

INTRODUCTION

To derive meaningful information about earth systems
from marine and lacustrine sediment records relies on the
development of a robust chronological framework. A number
of chronological tools have been developed to address this
need that include, but are not restricted to; radiometric dating
(e.g., radiocarbon, U-Th, and Ar-Ar), paleomagnetism [e.g.,
reversal stratigraphy, paleosecular variation (PSV), relative
paleointensity (RPI)], exposure dating (e.g., in situ cosmogenic
nuclides (10Be, 26Al), optically stimulated luminescence (OSL)],
layer counting (e.g., varves, ice cores), and tuning of some
physical or geochemical property [e.g., magnetic susceptibility,
color reflectance, and X-Ray Fluorescence (XRF)] to well-dated
reference records (e.g., δ18O, Earth’s orbital parameters). Each
approach often has unique advantages or applications over
other techniques, but all methods are constrained to a specific
or optimal time window, have a set of underlying assumptions
that need to be adhered to, and often require a specific set of
environmental conditions to be met (e.g., sediment composition,
lack of post depositional alteration). In an ideal setting, an
abundance of available datable material is accompanied by
steady-state environmental conditions, over a period of time that
is contained within, and optimal for, that specific chronological
application. In these situations, quasi-continuous application
of a single method can lead to generation of a high-quality
age-depth relationship that can be used to generate an age model.
In practice, the environmental changes that are often the object
of study frequently dictate that this idealized setting rarely occurs
in the natural environment and compromises are often required.

These compromises most often take the form of relatively
large spacing between datable horizons and can result in
the sub-optimal application of specific techniques and/or
unconstrained age-model projections that go beyond the window
of application. As a result, variations in sedimentation rate
and/or hiatuses can go unnoticed and large uncertainties can
be introduced, or more importantly, can go unrecognized in
the resulting age-depth model. Lacustrine settings are often
more dynamic depositional settings than deep-sea marine
environments, heightening the potential for environmental
change and non-steady state conditions. Therefore, in these
settings, chronologies are most secure when multiple lines of
independent chronostratigraphic evidence are integrated and
uncertainties are accurately characterized. This approach builds
confidence in any resulting age model by increasing the viable
number of datable horizons, optimizing chronometer application
to specific lithofacies, and independent multi-method dating of
the same intervals. However, application of this approach beyond
the radiocarbon window (>50 kyrs) can be difficult, making

the study of long lacustrine records such as those recovered
on International Continental Scientific Drilling Program (ICDP)
projects particularly problematic.

The majority of long lake-sediment age-models rely on the
aggregation of discretely dated horizons using a variety of “one
sample, one date” methods (e.g., radiocarbon, U-Th, OSL, and
paleomagnetic reversals) with varying degrees of success and
attempts to constrain measurement and geological uncertainty
(Fritz et al., 2007; Melles et al., 2011; Scholz et al., 2011; Shanahan
et al., 2013). In contrast, paleomagnetic techniques can provide
quasi-continuous measurements of geomagnetic paleosecular
variation (PSV; e.g., Turner and Thompson, 1981; Thouveny
et al., 1990; Peng and King, 1992; Lund, 1996; Lougheed et al.,
2012; Reilly et al., 2018) and relative paleointensity (RPI; Peck
et al., 1996; Stoner et al., 1998, 2002, 2003; Williams et al., 1998;
Channell et al., 2002, 2019) that can be correlated in a wider
chronological context to well-dated reference templates. These
approaches that exploit regional directional variability (PSV) or
regional to global intensity changes (RPI) in the earth’s magnetic
field have demonstrated the potential to generate accurate
chronologies either as stand-alone techniques (Lougheed et al.,
2012; Ólafsdóttir et al., 2013; Blake-Mizen et al., 2019) or in
concert with other approaches to bridge gaps between dated
horizons (Stott et al., 2002; Channell et al., 2014; Hatfield
et al., 2016). However, these approaches are more frequently
employed in marine settings than in sedimentologically complex
lacustrine environments. Here, we make continuous u-channel
based paleomagnetic measurements on sediments recovered
during ICDP Drilling of Lake Junín, Peru to augment and refine
the existing 14C and U-Th radiometric-based age model (Woods
et al., 2019; Chen et al., 2020). We then integrate all new and
existing age-depth constraints and use the age-depth modeling
software “Undatable” (Lougheed and Obrochta, 2019) to provide
estimates of uncertainty alongside the new higher-density age-
model for the Lake Junín sediment record.

BACKGROUND, MATERIALS, AND
METHODS

Proyecto Lago Junín (The Lake Junín
Project)
Lake Junín (11.03◦ S, 76.11◦W) is a large (300 km2), but shallow
(<15 m water depth), semi-closed basin lake located 4,085 m
above sea level in the Peruvian Andes (Seltzer et al., 2000;
Rodbell et al., 2014) (Figure 1A). Regional moraine mapping
and cosmogenic radionuclide dating indicate that paleoglaciers
reached the lake edge, but have not overridden the lake in

Frontiers in Earth Science | www.frontiersin.org 2 June 2020 | Volume 8 | Article 147

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00147 May 29, 2020 Time: 20:20 # 3

Hatfield et al. Paleomagnetic Dating of Lake Junín

FIGURE 1 | (A) Location of the Lake Junín drainage basin and the position of the PLJ-1 ICDP drill site (yellow circle), and (B) existing Bacon-derived
radiometric-based age-depth model (blue line) based on 79 radiocarbon dates and 18 U-Th age constraints for the Lake Junin splice (Woods et al., 2019; Chen
et al., 2020) with 2-sigma uncertainty (blue shading) and calculated mean sedimentation rate (black line). The 79 radiocarbon and 6 U-Th age constraints from the
last 50 kyrs are not shown on the age-depth plot for clarity. Marine Isotope Stages (MIS) are indicated with glaciations shaded gray and interglaciations shaded
yellow as defined in LR04 (Lisiecki and Raymo, 2005).

the last million years (Wright, 1983; Smith et al., 2005a,b).
Previous shallow coring efforts revealed that Lake Junín is
strongly sensitive to tropical hydroclimate and that δ18O records
from Junin sediments are comparable to stable isotope records
from regional ice cores and speleothems (Thompson et al., 1985,
2000; Seltzer et al., 2000; Kanner et al., 2012; Burns et al.,
2019). A 2012 geophysical site survey revealed that the Lake
Junín basin contained a thick (>125 m) sediment package that
spanned several hundred thousand years if extrapolated using
shallow coring sedimentation rates. The aim of the Lake Junín
ICDP project was to develop continuous high-resolution records
to study phenomena such as the El Nino-Southern Oscillation,
the South America Summer Monsoon, and the Intertropical
Convergence Zone, and their influence on tropical glaciation over
multiple glacial-interglacial cycles. The first step of this, and of
any paleo-study, is to establish a robust age model within which
to seat the observed environmental changes.

Sediment Coring
Five holes were drilled in the deep central part of Lake
Junín in 2015. The uppermost sediments were resampled with
a Livingstone push corer that better preserves softer, less-
consolidated materials, and a quasi-continuous stratigraphic
splice (PLJ-1) was constructed for the upper ∼95 m composite
depth (mcd) (Hatfield et al., 2020). Sediment composition
alternates between the influx of detrital clastic sediments
during glacial periods, accumulation of authigenic calcite
during interstadial periods, and organic matter rich peat
horizons during lake-level low stands that results in a
heterogenous lithostratigraphy that reflects sensitivity to climatic
and hydrological variations (Seltzer et al., 2000; Woods et al.,
2019; Chen et al., 2020; Hatfield et al., 2020). Following
completion of the field season all cores were shipped to the
National Lacustrine Core Facility (LacCore) at the University of
Minnesota for acquisition of physical property measurements,

splitting, imaging, and long term curation. A color profile and
color indexes (L∗a∗b∗) were generated for the PJL-1 splice during
this process by scanning the split cores at 0.5 cm intervals using a
color spectrophotometer (absorption bands ranged between 360
and 740 nm at 10 nm spacing) mounted on a multi-sensor track.

Existing Age Models and Dating Strategy
The sediment splice from Lake Junín has been dated using 79
radiocarbon dates that tightly constrain the upper∼17 mcd to the
last ∼50 kyrs (Woods et al., 2019) and 18 U-Th age constraints
located between 1 and 71 mcd that project a mean age of∼671 ka
at 88 mcd (Figure 1B). The 18 U-Th age constraints are error-
weighted means of 55 U-Th dates from 18 unique samples. Six
of the U-Th age constraints are within the radiocarbon window
validating the upper 17 mcd of the U-Th age model (Chen et al.,
2020), while the remaining 12 U-Th age constraints group around
five carbonate-rich horizons with ages consistent with the Marine
Isotope Stage (MIS) 4/5 and 7/6 boundaries, and MIS 9, 11, and
13–15 interglaciations (Figure 1B). Because the U-Th dates are
largely limited to intervals with authigenic carbonate facies that
formed during warmer, likely interglacial, periods, the resulting
age-depth model is forced to bridge up to 140 kyrs between
adjacent U-Th constraints (Chen et al., 2020; Figure 1B). The
linear sedimentation rates implied by the U-Th constraints fails
to capture glacial-interglacial changes in sediment accumulation
observed in the radiocarbon interval (Woods et al., 2019) and
might be expected in the earlier part of the record (Figure 1B).

In contrast to U-Th dating approaches, which perform best
with carbonate samples that are free from detrital material
(Edwards et al., 2003 and references therein), paleomagnetic
records are often best resolved in sediments with high lithogenic
content. Therefore, the occurrence of silt-rich detrital lithofacies
between the carbonate-rich U-Th dated horizons in Lake Junín
sediments presents an opportunity to use the paleomagnetic
normalized intensity record in conjunction with reference RPI
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templates to examine the existing U-Th based chronology and
to bridge the relatively large gaps between U-Th age constraints.
The RPI reference records we use for comparison are PISO-
1500 (Channell et al., 2009) and PADM-2M (Ziegler et al.,
2011). PISO-1500 is a stack of 13 globally distributed RPI
records, many with sedimentation rates of 10–15 cm/kyr which
are similar to those of deeper Lake Junín record (Figure 1B).
The PISO-1500 record was constructed by tuning paired RPI
and δ18O records to the RPI and δ18O record of Integrated
Ocean Drilling Program (IODP) Site U1308; the chronology of
IODP Site U1308 results from the tuning of its benthic δ18O
record to the LR04 benthic δ18O stack (Lisiecki and Raymo,
2005; Channell et al., 2008). PADM-2M is a lower resolution
global paleointensity model developed using both relative and
absolute paleointensity data constrained by more lower-latitude
paleointensity data than used in the PISO-1500 stack. Each of the
76 RPI records remains on its own chronology in PADM-2M,
but minor age recalibrations are applied to fix the Matuyama–
Brunhes boundary at 780 ka, compared to 775 ka in PISO-
1500. These two different approaches yield slight differences for
apparently coeval geomagnetic features, for example, the RPI-low
associated with the Iceland Basin excursion is given an age of
189 ka in PADM-2M and 194 ka in PISO-1500. Notwithstanding
these slight offsets, through the integration of the radiometric
and paleomagnetic chronologies, we can then generate a new,
higher-density, age-depth model for the Lake Junín sediment
record and, using age-depth modeling approaches, generate
uncertainty estimates.

Laboratory Methods
The PLJ-1 splice was sampled continuously between 6.67 and
88 mcd using 109 u-channels (2 × 2 × 150 cm samples
encased in plastic); the lowest part of the PLJ-1 splice (88–
95 mcd) was not sampled as the splice at these depths is
discontinuous and relies on recovery from a single hole (Hatfield
et al., 2020). In addition, discrete 1–2 cc samples were taken
from the end of every 1–2 u-channels (every 1.5–3 m) for the
measurement of rock magnetic properties. Measurements of the
Natural Remanent Magnetization (NRM) were made on each
u-channel at 1 cm intervals on a 2G Enterprises superconducting
rock magnetometer (SRM) optimized for the measurement of
u-channel samples at Oregon State University (OSU). NRM
directions (inclination and declination) and intensity were
measured before and following stepwise alternating field (AF)
demagnetization over a 10–80 mT range. The characteristic
remanent magnetization (ChRM) directions were determined,
and maximum angular deviation (MAD) values calculated, using
principal component analysis (PCA) (Kirschvink, 1980) over a
20–60 mT range without anchoring to the origin. Cores were
not oriented during drilling so declination for each core in
the splice was rotated to a mean of 0◦. Maximum angular
deviation (MAD) values are used to monitor the stability of
demagnetization and are converted to an alpha 95 confidence
interval (Khokhlov and Hulot, 2016) to provide uncertainty
estimates on the directional data.

Anhysteretic Remanent Magnetization (ARM) was imparted
in a peak AF demagnetization of 100 mT and a 50 µT

direct current (DC) bias field. ARM was measured at 1 cm
intervals before and following stepwise (5–10 mT increments) AF
demagnetization over a 10–100 mT range. U-channel magnetic
susceptibility (MS) was measured at 1 cm interval spacing using
a 38 mm Bartington MS2C loop sensor connected to a MS3
susceptometer mounted on a computer motion-controlled track
at OSU. Each u-channel was measured three times and the
average and standard deviation of the three runs calculated.
Although MS, NRM, and ARM are measured every centimeter,
the response functions of the SRM and MS2C integrate data
over a larger window, smooth the data downcore, and introduce
volumetric edge effects at the end of u-channels. The first and
last three datapoints are removed from each u-channel dataset
to reduce this effect. κarm/κ was calculated for the u-channel
data by first normalizing the ARM for the DC bias field (κarm)
and then by MS (κ) to generate a proxy for ferrimagnetic
grain size (Banerjee et al., 1981; King et al., 1982). The median
destructive field (MDF) of the ARM (MDFARM) provides an
estimate of magnetic coercivity, which is sensitive to magnetic
mineralogy and grain size variations, and is calculated as the
AF field size at which the imparted ARM is demagnetized by
50% (Johnson et al., 1975; Dankers, 1981). The NRM intensity
following 20 mT AF demagnetization was normalized by MS
(NRM20mT/MS) and the NRM intensity was also normalized by
ARM using the slope method over the 20–60 mT demagnetization
range (NRM/ARMslope) (Tauxe et al., 1995; Channell et al., 2002).
The linear correlation coefficient (r-value) of the NRM/ARMslope
normalization monitors the quality of the fit to the slope and
can be used as an estimate of data quality and RPI reliability
(Xuan and Channell, 2009).

Saturation magnetization (Ms), saturation remanence
(Mrs), and coercivity (Hc) data were derived from hysteresis
loops measured to a saturating field of 1,000 mT in 5 mT
steps and are presented after correction of paramagnetic
contributions using the high field slope above 800 mT unless
otherwise stated. The coercivity of remanence (Hcr) was
determined by demagnetization of the 1,000 mT Isothermal
Remanent Magnetization (IRM) in 2.5 mT steps. All hysteresis
measurements were made on a Princeton Measurements
Corporation Micromag model 3900 vibrating sample
magnetometer at Western Washington University. High
temperature magnetic susceptibility (HTMS) was measured for
16 discrete samples on a Kappabridge KLY-3 at a frequency
of 920 Hz in a 300 A/m field at the University of Florida.
Samples were measured in air every 3–4◦C on heating from
room temperature to 700◦C and during cooling to 50◦C.
Data are presented as normalized values using their initial
room temperature MS value for normalization (κ(T)/κ0). U-
channel, hysteresis, and HTMS measurements are available in
Supplementary Data Sheet S1.

RESULTS

Sediment and Rock Magnetic Properties
Sediments in the Lake Junín PLJ-1 splice vary between intervals
of authigenic carbonate, glacially derived clastic silts, and
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FIGURE 2 | From left to right. Stratigraphic column of the Lake Junín splice from Chen et al. (2020). Downcore u-channel derived magnetic properties; magnetic
susceptibility (black line), natural remanent magnetization (NRM) (purple line), anhysteretic remanent magnetization (ARM) (red line), median destructive field of the
ARM (blue line), and κarm/κ (green line). Downcore physical properties; b* color index (orange line) and the synthetic color profile generated from the
spectrophotometer. Discrete sample, paramagnetic slope corrected, Ms values [red (>1.5 × 10-3 Am2/kg) and gray (<1.5 × 10-3 Am2/kg) symbols] overlie the b*
color index. Gaps in the κarm/κ record relate to negative κarm/κ values that cannot be plotted on the x-axis logarithmic scale, letter annotations on the Ms data are
used as sample identifiers across Figures 3, 4. Note the prominent shifts across, and sensitivity of, all five magnetic property datasets associated with visible
changes in sediment color and generalized lithology.

discrete horizons of organic-rich peats. This lithologic variability
results in pronounced changes in sediment color and magnetic
properties (Seltzer et al., 2000; Woods et al., 2019; Chen et al.,
2020; Hatfield et al., 2020) (Figure 2). Carbonate dominated
intervals (lithotypes 1 and 5 in Figure 2) have lower median MS
[3.1 × 10−6 SI; Inter-Quartile Range (IQR) = −2.9–23 × 10−6

SI], NRM (0.5 × 10−3 A/m; IQR = 0.1–2.7 × 10−3 A/m), and
ARM (4.1 × 10−3 A/m; IQR = 0.8–19 × 10−3 A/m) values than
the median values of the other 5 lithofacies [MS = 66 (IQR = 45–
92) × 10−6 SI; NRM = 6.1 (IQR = 3.4–11) × 10−3 A/m;
ARM = 25 (IQR = 14–40)× 10−3 A/m] suggesting that lithology
drives magnetic concentration variations. This relationship is
again illustrated when the magnetic datasets are compared to
the color profile output from the spectrophotometer and the
sediment b∗ values that monitor yellow (+b∗) and blue (−b∗)
sediment coloration (Figure 2). Creamy colored carbonates and
browner colored organic rich sediments are associated with more
positive b∗ values and the lowest values of MS, NRM, and ARM
whereas the grayer sediments that suggest higher detrital input
have more negative b∗ values, higher MS, NRM, and ARM
values (Figure 2).

Bulk magnetic coercivity, as estimated by MDFARM, is also
influenced by lithology with lithotypes 1 and 5 possessing lower

median MDFARM values (17.4 mT) than those lithotypes with
higher bulk magnetic concentration values (26.9 mT). Gray
laminated carbonate silts (lithotype 3) have relatively high MS
and ARM values and also possess the highest MDFARM values,
often in excess of 40 mT (Figure 2). In addition, several discrete
peat rich layers with low magnetic concentration values (e.g., at
20.5 and 23.5 mcd) also appear to have relatively high values
of MDFARM (Figure 2) that indicates a similar fine-grained
ferrimagnetic mineral assemblage. κarm/κ shows a similar
strong dependence on lithology with highest κarm/κ values
associated with creamy carbonate muds and silts (lithotypes 1
and 5) (Figure 2). For a uniform magnetic mineral assemblage
dominated solely by magnetite, we would expect higher MDFARM
values to correspond to higher κarm/κ values (Maher, 1988).
The observed inverse relationship in the Lake Junín sediments,
where low values of MDFARM are associated with high κarm/κ
values, suggests a more heterogeneous magnetic mineralogy that
varies with lithotype.

High temperature magnetic susceptibility (HTMS) values
of cooling curves are consistently higher than heating curves
suggesting alteration of the magnetic mineral assemblage at high
temperature (Figure 3). Although some variability is observed
between samples, no samples show strong evidence for a
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FIGURE 3 | High temperature magnetic susceptibility (HTMS) of 16 select discrete samples. MS was measured during heating from room temperature to 700◦C (red
curves) and on cooling to 50◦C (blue curves). Data at each temperature [κ(T)] are presented normalized to the MS value at the beginning of the experiment κ0 and
are shown alongside the sample depth, room temperature mass normalized MS (χlf) and the lithotype from which it was sampled (Figure 2). Where variations in the
normalized MS data on heating between ∼25 and 400◦C are obscured by higher values on cooling (A,C,D,K,L) the ∼25 – 400◦C heating curve is provided as an
inset. Panel letter identifiers are used consistently across Figures 2, 4 to aid comparison of samples. Note the general lack of Curie temperatures associated with
ferrimagnetic pyrrhotite (∼320◦C) and/or greigite (∼350◦C) and the dominance of weakly paramagnetic mineral phases that alter above ∼400◦C to produce
ferrimagnetic magnetite.

Curie temperature associated with either ferrimagnetic pyrrhotite
(∼320◦C; Dekkers, 1989) or greigite (∼350◦C; Dekkers et al.,
2000; Chang et al., 2008) on heating. The only sample that
shows a significant decrease in MS on heating between 300
and 350◦C (Figure 3G) is preceded by a large increase in
MS between 225–260◦C. This change is consistent with the
lambda-transition (Schwarz, 1975) in hexagonal pyrrhotite (e.g.,
Fe9S10 or Fe11S12) as it alters into ferrimagnetic monoclinic
pyrrhotite (Fe7S8), suggesting that at room temperature any
sedimentary pyrrhotite exists in an antiferromagnetic form.
A subset of samples (Figures 3A,C–E,K–M) show relatively
weak MS on heating to ∼400◦C, strong increases between
∼400 and 500◦C, followed by strong decreases to zero values
between ∼500 and 600◦C. Slight increases in MS in some

of these samples on heating between ∼300 and 400◦C could
be indicative ferrimagnetic greigite as it oxidizes to magnetite
(Roberts and Turner, 1993; Roberts et al., 2011). However, the
lack of minimum magnetizations in this temperature range
suggests an admixture of magnetic minerals (Roberts et al., 2011)
of which greigite is likely only a minor constituent. Large MS
increases on cooling at ∼580◦C is consistent with magnetite
being the primary product of the high temperature alteration
of paramagnetic and/or clay minerals in these samples. The
remainder of the samples (Figures 3B,F,H–J,P) generally show
decreasing MS values with increasing temperature and Curie
temperatures consistent with titanomagnetite and magnetite.
Cooling curves are also higher than heating curves, but MS
increases are not as high as in the first subset of samples
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indicating a lower intensity of paramagnetic alteration. One
weakly magnetic sample (χ = 0.023 × 10−6 m3/kg; Figure 3N)
from lithotype 5 shows more complex behavior associated with
the carbonate rich sediment intervals.

Uncorrected hysteresis loops also reveal strong paramagnetic
contributions, consistent with the HTMS data (Figure 4A).
Samples with higher Ms values (red symbols in Figure 2)
are associated with lower values of b∗ and possess identifiable
ferrimagnetic hysteresis behavior, while weaker samples that
have higher b∗ values and are more commonly dominated by
paramagnetic contributions (Figures 2, 4A). For the samples with
higher Ms values, saturation (following paramagnetic high field
slope correction) is achieved in a field < 300 mT and when
hysteresis and other magnetic and ratio data are compared with
the data of Peters and Thompson (1998) (Figures 4C,D) the Lake
Junín samples are consistent with ferrimagnetic mineralogies e.g.,
titanomagnetite, magnetite, maghemite, and/or greigite. Several
Lake Junín samples span the (titano)magnetite – greigite space
in Figure 4C and three of these samples showed alteration
during heating to 400◦C (Figure 3). While greigite can overprint
the primary depositional remanent magnetization (DRM) with
a secondary CRM, potentially complicating paleomagnetic
interpretations (Roberts and Weaver, 2005; Rowan et al., 2009),
it also may grow rapidly soon after deposition so that it would
be considered equivalent to a DRM (Vasiliev et al., 2007; Chang
et al., 2014). Examination of the demagnetization behavior of
the NRM can assist in discriminating these contributions. When
Mrs/Ms and Hcr/Hc values for these paramagnetic slope corrected
samples are combined and viewed on a Day Plot (Day et al., 1977)
they suggest a relatively fine average magnetic mineral assemblage
which follows a magnetite trend that spans the mixing space from
ultra-fine superparamagnetic (SP) grains through psuedo-single
domain (PSD) space (Figure 4B) that generally have proven
suitable for paleomagnetic reconstruction (King et al., 1983;
Tauxe, 1993).

Because lithology has a strong influence on the down
core variability in magnetic concentration, the magnetically
weaker, non-ferrimagnetic intervals that are likely inferior for
paleomagnetic reconstructions (e.g., Figure 3N) can be effectively
filtered from the magnetic record using magnetic concentration
parameters. Organic-rich layers that could potentially fuel early
sediment diagenesis and alteration of the primary detrital
magnetic signal (Roberts and Turner, 1993; Liu, 2004; Rowan
et al., 2009) are also characterized by low magnetic concentration
values and would also be filtered out via this process.
From the hysteresis data, it appears that an approximate Ms
value > 1.5 × 10−3 Am2/kg appears suitable to discriminate
the ferrimagnetic and paramagnetic dominated discrete samples
(Figure 2). Although limited in number, these discrete data
can be compared to the u-channel results to suggest equivalent
filtering thresholds that can be applied to the MS (∼4 × 10−5

SI), NRM intensity (∼1 × 10−3 A/m), and/or ARM intensity
(∼5× 10−3 A/m) values (Figure 2).

Paleomagnetic Record
Stepwise AF demagnetization progressively reduces the
NRM intensity and reveals a soft viscous component to the

magnetization that is removed following peak AF of 15–20 mT
(Figure 5). Following demagnetization in a peak AF of 60 mT
a median of ∼9% of the NRM remains, and after increasingly
higher AF demagnetization NRM directions often become
increasingly scattered, justifying our use of the 20–60 mT
component demagnetization range for estimation of ChRM
directions (Figure 5). Like the environmental magnetic record,
NRM intensity and paleomagnetic data quality appears to be
strongly influenced by sediment lithology. For sediments with
NRM0 mT intensity values > 1 × 10−3 A/m the median MAD
value is 1.7◦ (IQR = 1.0–2.7◦) and ∼95% of MAD values are
<5◦ (Figure 6). Relatively low MAD values indicate that the
remanent vector is stable, well-defined, and possesses a single
component that trends linearly toward the origin during AF
demagnetization; criteria that are optimal for paleomagnetic
reconstructions (Tauxe, 1993; Stoner and St-Onge, 2007). Low
MAD values and single component, linearly demagnetizing
vectors (Figure 5), also suggest that the magnetization is likely
controlled by a (post)depositional remanent magnetization
pDRM process, free of complications and overprints that
would arise from a greigite induced gyroremanence and/or
secondary CRM (e.g., Roberts et al., 2011). In contrast, sediments
with NRM0 mT intensity values < 1 × 10−3 A/m have higher
MAD values (median = 8◦; IQR = 4.3–18.9◦) that result in
less well-defined remanent vectors (Figure 5) and greater
uncertainty in ChRM directions (Figure 6) that should be
treated with caution (Stoner and St-Onge, 2007). Building on
the observations provided by rock magnetic parameters we
adopt a NRM intensity value of 1 × 10−3 A/m as a threshold to
discriminate higher quality and higher intensity paleomagnetic
data (H-NRMint), from lower quality and lower intensity
(L-NRMint) paleomagnetic data.

Inclination values of the H-NRMint intervals cluster around
the expected value of −21◦ (median = −23.8◦; IQR = −20.1 –
−27◦) during periods of normal polarity for the site latitude
assuming a Geocentric Axial Dipole (GAD) field. VGP latitude of
the H-NRMint intervals cluster between +80◦ and +90◦ further
suggesting that paleomagnetic directions reflect geomagnetic
behavior and that the entire record was deposited during the
Brunhes chron and is younger than ∼773 ka (Channell et al.,
2010; Simon et al., 2019; Singer et al., 2019) (Figure 6),
consistent with the U-Th age constraints by Chen et al. (2020).
Variability in both inclination and declination of a few tens
of degrees throughout the H-NRMint record is consistent with
normal secular variation suggesting that the Junín sediments
may also preserve non-axial dipole features of the field. During
the L-NRMint intervals paleomagnetic directions deviate more
widely from expected values (median inclination = −19.47◦;
IQR = −6.8 – −27.4◦), with higher MAD values resulting
in greater directional uncertainty. Filtering out the L-NRMint
data effectively cleans the lowest quality directional data that
are dominantly associated with carbonate rich lithologies, while
still retaining 78% of the record. We should note that this
threshold filtering process does not discriminate between low
NRM intensity data associated with lithologic variations and
low intensity data associated with true geomagnetic variability.
Therefore, for examination of potential geomagnetic excursion
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FIGURE 4 | (A) Uncorrected hysteresis loops of discrete samples from the Lake Junín Splice. Red loops and blue loops (slope corrected Ms > 1.5 × 10-3 Am2/kg)
have an identifiable ferrimagnetic component in addition to paramagnetic behavior, gray loops (slope corrected Ms < 1.5 × 10-3 Am2/kg) have weaker
magnetizations and are dominated by paramagnetic behavior. The four blue loop samples have Ms values > 0.1 Am2/kg and are plotted on a separate y-axis with a
different color for clarity purposes only. (B) Discrete samples following paramagnetic correction plotted within Day Plot space [Hcr/Hc 0–6; Mrs/Ms 0–0.6; (Day et al.,
1977)]; magnetically weaker gray loop data are denoted as crosses. (C) Hcr vs. Mrs/χ biplot and (D) ARM intensity following 40 mT AF demagnetization normalized
by the acquired ARM intensity prior to AF demagnetization (ARM40 mT/ARM0 mT) vs. Mrs/χ biplot. Data in (C,D) are compared to measured data from individual
mineral species by Peters and Thompson (1998) and show that titanomagnetite and/or magnetite are important ferrimagnetic components of the Lake Junín
sediments. Letter annotations for individual samples are consistent across Figures 2–4.

candidates in this, or any other record that follows this approach,
the original unfiltered dataset would need to be examined.
For Lake Junín, if we exclude the extended L-NRMint interval
between 64 and 75 mcd, then eight L-NRMint intervals have
VGP latitude values shallower than 45◦ (Figure 6). However,
detailed investigation of each of these intervals revealed that the

L-NRMint values resulted from lithogenic and rock magnetic,
rather than paleomagnetic, variability and therefore cannot be
used as additional chronostratigraphic constraints.

Natural Remanent Magnetization intensity was normalized to
generate a proxy for RPI using two methods. First, the NRM
intensity following 20 mT AF demagnetization (NRM20 mT) was
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FIGURE 5 | Examples of orthogonal projections of AF demagnetization from u-channel samples. Red data and blue data represent the vertical and horizontal
components of the field, respectively. The core section depth, meters composite depth, NRM0 mT intensity value, MAD value, ChRM inclination, and ChRM
declination are given. Note the stable and well-defined AF demagnetization structure and relatively low MAD values of samples with NRM0 mT intensity
values > 1 × 10-3 A/m (A–F) that contrasts with the more scattered AF demagnetization and higher MAD values of samples with NRM0 mT intensity
values < 1 × 10-3 A/m (G,H).

normalized using MS (NRM20 mT/MS) (Figure 7A). Second,
NRM intensity was normalized by ARM intensity over the
20–60 mT AF demagnetization range using the slope method
[NRM/ARMslope)] with the fit of the two datasets monitored
using the R-value (Figure 7A). L-NRMint intervals have lower
NRM/ARMslope values (median = 0.09; IQR = 0.06–0.14) and
lower average R-values (r = 0.83) than the H-NRMint intervals
(median = 0.23; IQR = 0.17 – 0.28; R-value > 0.99). A similar
relationship is observed in the NRM20 mT/MS dataset with
many of the L-NRMint intervals possessing negative values of
NRM20 mT/MS that originate from the weakly negative MS values
of the diamagnetic carbonate dominated sediments (Figure 7A).
Distributions of normalized ratios reveal the bias that L-NRMint
values have for lower ratio values, that lithological variation

strongly affects the normalized NRM ratios and the quality
of the normalization, and that these poorly defined values
can be effectively filtered out by restricting our analysis to
the H-NRMint dataset (Figures 7B,C). Neither filtered ratio
dataset shows affinity to its normalizer suggesting little to no
magnetic concentration influence on the H-NRMint normalized
ratios (Figures 7D,E). Long period changes in the H-NRMint
NRM/ARMslope and H-NRMint NRM20 mT/MS values largely
track each other suggesting a common driver of variability,
however, the NRM20 mT/MS data appears more afflicted by higher
frequency spike noise and negative values (Figure 7A). This
increased variability likely relates to discrete intervals of lithologic
variability that are likely inefficiently normalized using MS
compared to ARM and NRM that are only sensitive to remanence
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FIGURE 6 | Maximum angular deviation (MAD) values (red points), NRM intensity before (black data) and through progressive AF demagnetization (gray data),
component inclination (orange) compared against a predicted value assuming a GAD and corrected (rotated to core mean of zero) component declination (blue), and
virtual geomagnetic pole latitude (green points). a95 directional uncertainties (colored shading around the inclination and declination values) are calculated from MAD
values using the method of Khokhlov and Hulot (2016). Gray vertical shading denotes NRM0 mT intensity values below a 1 × 10-3 A/m threshold. Note the higher
MAD values, greater directional variability, uncertainty, and VGP latitude scatter with lower than threshold NRM0 mT intensity values.

carrying minerals and to the different response functions of the
measurements. As a result we restrict the following discussion
to the H-NRMint NRM/ARMslope dataset, which coupled with
R-values > 0.99, implies a well-defined and stable ratio.

Together, the demagnetization behavior, coherent directions,
and well-defined and behaved normalized remanence ratios
yield attributes that often result in the generation of reliable
paleomagnetic records. Tauxe (1993) proposed a set of criteria
to evaluate the reliability of sediment paleomagnetic and
paleointensity records which we briefly summarize here: (1)
the NRM must be carried by stable magnetite with a single
well-defined component to the magnetization; (2) the detrital
remanence must exhibit no inclination error; (3) concentration
variations of more than about an order of magnitude should
be avoided; (4) normalization by multiple methods should yield
consistent results; (5) normalized intensity records should not be

coherent with bulk rock magnetic parameters and; (6) records
from a given region should agree within limits of a common
timescale. Rock magnetic and paleomagnetic properties showed
that samples are dominated by ferrimagnetic mineralogies (e.g.,
magnetite, titanomagnetite, and/or maghemite), and that by
filtering the L-NRMint values from the dataset preferentially
removes intervals dominated by non-ferrimagnetic components
(Figures 2–4). In turn, this retains the most well-defined single-
component ChRM’s (Figure 5), reduces median MAD values to
1.7◦ and removes the more highly scattered directional variability
(Figure 6), reduces the variance in MS and ARM values (90%
of H-NRMint ARM intensity values are within one order of
magnitude) (Figure 2), and results in normalized ratios that have
little to no dependence on their normalizer (Figure 7D). As a
result the H-NRMint dataset predominantly satisfies the first
five criteria of Tauxe (1993) suggesting that the NRM/ARMslope
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FIGURE 7 | (A) Normalized remanence ratios NRM20 mT/MS (blue) and NRM/ARMslope (black) values and the associated R-value (red). Gray vertical shading
highlights NRM0 mT intensity values below a threshold of 1 × 10-3 A/m as in Figure 6. Median R-values of data with NRM intensity higher than the threshold
(H-NRMint) exceed 0.99 while R-values of data with NRM intensity lower than the threshold (L-NRMint) are much lower; median values of these two populations are
annotated. (B) Distribution of all NRM/ARMslope data (blue) and the H-NRMint NRM/ARMslope data (red). (C) Distribution of all NRM20 mT/MS data (blue) and the
H-NRMint NRM20 mT/MS data (red). Note the L-NRMint data are biased toward lower, and in the case of NRM20 mT/MS negative, values. (D) NRM/ARMslope values
plotted against ARM intensity values for the H-NRMint dataset. (E) NRM20 mT/MS values plotted against MS values for the H-NRMint dataset. Note the lack of
correlation between the normalized ratio and its normalizer for the H-NRMint datasets suggesting little influence of bulk magnetic concentration parameters on the
normalized ratios.

record is likely capable of recording and preserving variability in
geomagnetic field intensity.

To determine if Lake Junín sediments preserve a record
of geomagnetic field intensity changes, we would expect it
to reproduce the variability in independently dated reference
records (Tauxe, 1993; Stoner and St-Onge, 2007). The H-NRMint
filtered NRM/ARMslope record is shown on the Chen et al.
(2020) age model alongside the PISO-1500 global relative
paleointensity stack (Channell et al., 2009) and the PADM-2M
(Ziegler et al., 2011) axial dipole moment model in Figure 8.
Similar features are identifiable and appear to be correlatable
across the records (Figure 8). Low NRM/ARMslope values appear
associated with the low geomagnetic intensity values associated
with the Laschamp excursion (∼41 ka), but between ∼60 and
∼110 ka on the Chen et al. (2020) age model NRM/ARMslope
values are relatively low and invariant making it difficult to
correlate to PISO-1500 or PADM-2M. This carbonate dominated
interval (lithotype 1) between 20–24 mcd has some of the weakest
H-NRMint values (Figure 2), possibly explaining the reduced
quality of this interval. As the upper ∼50 ka is well constrained
by radiocarbon and two U-Th age constraints exist around
∼70 ka we focus our paleomagnetic investigations on the record
prior to 120 ka.

In detail, the similarity of the three records varies through
time with variability in the Lake Junín NRM/ARMslope record
appearing to both lead and lag changes in the global intensity
estimate reference records. Although magnetic acquisition
may play a role, any lock-in depth effect would only be

expected to cause hundreds to a few thousand years of delay
given sedimentation rates in excess of 10 cm/kyr (Roberts
and Winklhofer, 2004; Suganuma et al., 2011). Instead, it
is more likely that these longer-period offsets result from
variations in sedimentation rate linked to changes in the
regional environment, including lake level and glacial extent.
Clearly sediment lithology is not adequately captured in the
underconstrained radiometric-based age-model. By adopting 17
tie points (Table 1) based on the visual correlations in Figure 8
the correlation coefficient (r) between the NRM/ARMslope
record from Lake Junín and PISO-1500 improves from 0.15
to 0.51 and 0.62 to PADM-2M (Figure 8e), approaching the
r = 0.69 correlation between PISO-1500 and PADM-2M over
the same time period. The improved correlation argues for
viability of a paleointensity assisted chronology for the Lake
Junín record.

DISCUSSION

Normalized remanence ratios such as NRM/ARMslope are
frequently generated to address two main questions: (1) to
provide an estimation of geomagnetic relative paleointensity
(RPI) that can be used to comment on some behavioral aspect
of the geodynamo (e.g., reversals, excursions, and/or non-dipolar
PSV behavior) (Stoner et al., 2002, 2013; Valet et al., 2005;
Channell et al., 2009; Channell, 2017); and/or (2) to provide
a continuous record of paleomagnetic field intensity variability
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FIGURE 8 | (a) The 12 U-Th age constraints and 1-sigma uncertainty from the five horizons used to construct the age-depth model of Chen et al. (2020); the depth
ranges of the dated samples are also given. (b) PADM-2M (red) dipole moment model of Ziegler et al. (2011). (c) The filtered Lake Junín H-NRMint NRM/ARMslope

RPI estimate (blue) using the age model of Chen et al. (2020). (d) PISO-1500 (green) RPI stack of Channell et al. (2009). Gray dashed lines between the Junín record
and the PISO-1500 RPI stack is used to improve the correlation between the two from r = 0.15 to r = 0.51. (e) Comparison of PADM-2M, PISO-1500, and Junín RPI
estimate after age adjustment using the gray tie-points. Correlation is restricted to the period prior to 120 ka (see text for further details).

that can be compared to well-dated stacks for the purpose of
chronostratigraphy (Evans et al., 2007; Hatfield et al., 2016; Blake-
Mizen et al., 2019; Channell et al., 2019). Although the differences
between these two aims may seem subtle, the distinction can
be important. RPI records used to define and study some
aspect of the geodynamo should be of the utmost quality,
ideally homogenous in composition, and be unambiguously
clean of environmental influences or geochemical effects (Stoner
and St-Onge, 2007). Natural variations in lithology can often
complicate remanence normalization, but if these effects are
not too severe, then RPI proxies (i.e., NRM/ARMslope) can
be adequately matched to RPI reference templates to provide
chronological control (Stoner et al., 2000, 2003; Evans et al., 2007;
Blake-Mizen et al., 2019; Channell et al., 2019). By these criteria,
the sedimentological and rock magnetic variability outlined in

Figures 2–4 precludes the use of the Lake Junín record for
detailed study of geomagnetic variability. However, the filtering
process outlined in Figure 7 to retain the highest quality data
and the improved RPI correlations outlined in Figure 8 suggest
that we can potentially use the NRM/ARMslope values of the Lake
Junín sediments to provide additional age model constraints to
refine the existing chronology.

Age Model Construction
To integrate the paleomagnetic data with the existing age-depth
points we use the MatLab-based age-depth modeling program
Undatable (Lougheed and Obrochta, 2019). The advantage
of using Undatable over other available age-depth modeling
programs is that it allows for uncertainties in both age and
depth, for a series of different types of age control points to be
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incorporated (e.g., absolute ages and tie-points), and for selective
bootstrapping of the included ages (Lougheed and Obrochta,
2019). The age-depth tie points we use take three forms: (1) the
79 radiocarbon dates for the upper 17 mcd (Woods et al., 2019);
(2) the 12 U-Th ages grouped around the 5 interglacial horizons
(Chen et al., 2020); and (3) the 17 tie points made between the
Junín NRM/ARMslope record and PISO-1500 (Figure 8). The 29
combined U-Th and RPI tie points are listed in Table 1. For the
radiocarbon dates, we assumed uniform depth uncertainty based
on the sampling interval (often 2 cm). When running Undatable,
radiocarbon calibration to calendar years using IntCal13 (Reimer
et al., 2013) is automatically performed with MatCal (Lougheed
and Obrochta, 2016), which uses highest posterior density to
calculate the discrete one- and two-sigma ranges. Where U-Th
age constraints occur within a few tens of centimeters of each
other, we group the dated horizons within a uniform depth

TABLE 1 | Tie points, sample depths, age, and age uncertainty for the U-Th and
RPI age-depth constraints used for the Undatable Lake Junín age model.

Tie
point

U-Th: Sample top
(cm)

RPI: Sample
mid-point (cm)

U-Th Sample
base (cm)

RPI: Sample
uncertainty (cm)

Age (yrs) 1-sigma age
uncertainty (yrs)

UTh-K16 2080.4 2082.4 69109 1209

UTh-L1 2080.4 2082.4 70499 1757

RPI #1 2420 5 120000 5000

RPI #2 2850 5 150000 5000

RPI #3 3108 5 166000 5000

RPI #4 3291 5 194000 5000

UTh-D6 3383.7 3384 184267 2910

RPI #5 3945 5 220000 5000

RPI #6 4072 5 239000 5000

RPI #7 4407 5 287000 5000

UTh-M1 4559.4 4574.2 322714 1539

UTh-M3 4559.4 4574.2 322595 1020

UTh-J8 4559.4 4574.2 317456 867

UTh-J9 4559.4 4574.2 311209 1659

RPI #8 4931 5 345000 5000

RPI #9 5279 5 396000 5000

UTh-E12 5531.7 5558.8 415608 9928

UTh-F4 5531.7 5558.8 391269 2738

RPI #10 5715 5 412000 5000

RPI #11 5890 5 442000 5000

RPI #12 6292 5 468000 5000

UTh-B5 7093.9 7119.1 513645 6781

UTh-B11 7093.9 7119.1 553699 9685

UTh-B13 7093.9 7119.1 575476 10938

RPI #13 7500 5 593000 5000

RPI #14 7728 5 615000 5000

RPI #15 8117 5 635000 5000

RPI #16 8335 5 657000 5000

RPI #17 8800 10 677000 10000

For the U-Th constraints the sample top and sample base depths are given, for the
RPI tie points the same mid-point and 1-sigma uncertainty on that depth point is
given. U-Th sample nomenclature follows (Chen et al., 2020).

window using the maximum range for the grouped samples. This
approach is used for the two U-Th age constraints at 20.80 and
20.82 mcd, the four constraints between 45.59 and 45.74 mcd,
the two constraints at 55.32 and 55.58 mcd, and the three
deepest constraints between 70.94 and 71.19 mcd (see Figure 8).
By grouping the age constraints in this manner we combine
their age probability density functions (PDFs) in Undatable
and sample the entire interval using the information from the
cumulative, multi-modal pdf ’s over the grouped depth range [see
Fujiwara et al. (2019) for an explanation and practical example].
Age uncertainties for the individual U-Th age constraints uses
the 1-sigma age uncertainty reported by Chen et al. (2020)
(Table 1). For the paleomagnetic tie points, we used a Gaussian
depth uncertainty (in most cases the range used was ±5 cm)
which is more appropriate than uniform uncertainty when
aligning reference series using tie points in Undatable (Lougheed
and Obrochta, 2019). We adopt a conservative 1-sigma age
uncertainty of ±5,000 years for the majority of paleomagnetic
tie-points to account for “fuzziness” in paleomagnetic acquisition
processes between records (e.g., sediment lock-in), potential
aliasing of the paleomagnetic signal, and age model differences in
different reference curves; e.g., the age of the RPI-low associated
with the Iceland basin excursion varies between PISO-1500
(194 ka), SINT-2000 (190 ka), HINAPIS (187.5 ka), and PADM-
2M (189 ka) (Valet et al., 2005; Channell et al., 2009; Ziegler
et al., 2011; Xuan et al., 2016). The tie-point uncertainties are
much greater than the depth uncertainties, but are similar in
duration to the 1-sigma uncertainties reported for the U-Th age
constraints by Chen et al. (2020) and are of the same order
of magnitude as age-model uncertainties for the same features
in different RPI stacks. The lowermost age-depth constraint
provides an end point for the age-depth simulation in Undatable,
cannot be included in the bootstrapping routine, and therefore
has greater weight in the resulting age model (Lougheed and
Obrochta, 2019). As a result we adopt a larger depth uncertainty
of ±10 cm and a 1-sigma age uncertainty of 10,000 years for the
basal paleomagnetic tie point, to provide a less rigid constraint to
facilitate more reliable uncertainty estimates.

Undatable was run using 100,000 simulations, an xfactor of
0.1, and a bootpc of 30. The xfactor controls the sediment
accumulation rate assumptions between pairs of age-depth
constraints with larger values leading to greater freedom and
therefore greater “uncertainty bubbles” (Lougheed and Obrochta,
2019). Published age models using Undatable have typically
adopted an xfactor value of 0.1 (Lougheed and Obrochta, 2019).
Bootpc controls the percentage of age-depth constraints that are
bootstrapped (i.e., randomly removed) during each simulation,
with a higher bootpc value allowing the age-model to explore a
larger number of routing possibilities that produces a smoother
result with larger uncertainty (Lougheed and Obrochta, 2019).
As the radiocarbon interval is well-defined (Woods et al., 2019)
and the major focus of the age-model refinement is the period
>120 ka we only bootstrap the U-Th and paleomagnetic tie-
points to prevent their under-sampling in the bootstrapping
routine if all available dates had been used. Experiments were run
varying the xfactor (0.05, 0.1, and 0.2) and bootpc (10, 20, 30,
40, and 50%) values, but these had little impact on the mean age
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FIGURE 9 | (A) The existing Bacon age model (blue line) of Chen et al. (2020) reproduced from Figure 1 for comparison. (B) The new Undatable derived age-depth
model (red line) using 79 radiocarbon dates (not shown for clarity) from Woods et al. (2019), 18 U-Th age constraints for the Lake Junín splice [blue symbols as in A;
(Chen et al., 2020)], and 17 paleomagnetic tie points (orange symbols) identified in Figure 8. The 2-sigma uncertainty (red shading) and calculated mean
sedimentation rate (black line) is also shown. Marine Isotope Stages (MIS) are denoted by gray shading for glaciations and yellow shading interglaciations as defined
in LR04 (Lisiecki and Raymo, 2005). (C) The Bacon age-depth mean-age model is subtracted from the Undatable age-depth mean-age model (black line) and the
radiometric only Undatable age-depth mean-age model (thinner gray line, see text for details). Positive [negative] values imply an older [younger] age of the
Undatable age-depth models compared to the Bacon age-depth model. The depth of U-Th age constraints (open blue circles) and paleomagnetic tie-points (orange
diamonds) are shown alongside the uncertainty envelope of the existing Bacon age-depth model (blue) and new Undatable age-depth model (orange). Note that the
offset of the two age models mostly falls within the uncertainty envelope of both age models.

model which remained entirely within the 1-sigma error of the
results of the xfactor = 0.1, bootpc = 30 derived age-depth model.

The resulting age-depth plot is shown in Figure 9B alongside
the existing radiometric-only Bacon (Blaauw and Christen, 2011)
derived age model of Chen et al. (2020) that was parameterized

using; thickness = 50 cm, acc.mean = 80 yr/cm, acc.shape = 2.0,
mem.strength = 15, and mem.mean = 0.8 (Figure 9A). In
general terms the two age models possess a similar basal age,
occurring during MIS 16, similar average sedimentation rates
around 11 cm/kyr, and similar average uncertainties at the 95%
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confidence interval for sediments older then ∼120 ka; ∼39 ka
for the U-Th based age model, ∼37 ka for the new integrated
age model. However, the greater density of age-depth constraints
prior to ∼120 ka in the new age model results in clear variations
in sedimentation rate, age model structure, and age model
uncertainty in Figure 9C.

In order to examine whether these differences result from
the inclusion of the paleomagnetic data, or the use of different
age-depth modeling software, we reran Undatable using only
the radiometric-based 14C and U-Th ages. We adopted the
same xfactor and bootpc parameters as before and constrained
the basal age at 670.7 ka as projected by the mean Bacon age
model. The differences between the Undatable and the Bacon
radiometric-only results are shown as the thinner gray line in
Figure 9C. In the interval 0–50 mcd, the average difference
between the Bacon and Undatable mean results is 2.8 kyrs
(maximum = 7.6 kyrs) (Figure 9C). These differences are an
order of magnitude lower than the uncertainty structures of
both age-models and imply relatively little difference between
the two age-depth modeling approaches through these intervals.
Between ∼50 and ∼88 mcd the radiometric-only Undatable age-
model is generally older than the Bacon derived radiometric-only
age-model with a maximum age-difference averaging around
10 kyrs between 55 and 71 mcd (Figure 9C). These differences
likely arise from the way that the closely grouped data are input
into Bacon and Undatable, respectively. While the Undatable
age model is effectively sampling a cumulative and multi-modal
PDF of the combined ages within a grouped interval, Bacon
treats the individual ages as a spread of separate data points.
For the U-Th age constraints clustered around 55 and 71 mcd
the youngest age in each case has a lower uncertainty than the
older ages from the same grouping (Figure 8). As the Bacon
algorithm rewards samples with lower uncertainty (Blaauw and
Christen, 2011), these younger ages are favored over the older and
more uncertain ages in the close grouping. Indeed, the U-Th age
constraints at 415.6 and 575.5 ka are effectively ignored by the
Bacon algorithm, falling entirely outside the 2-sigma uncertainty
structure of the resulting age model (Figure 9A). As a result the
Bacon derived age-model is 9.7 and 8.2 kyrs younger than the
Undatable age model at ∼55.5 and ∼71 mcd (the depths of the
U-Th constraints) respectively (Figure 9C).

While the age-depth modeling approach used can account for
a large part of the age-model difference between 55 and 71 mcd,
significant deviations of the black and gray lines in Figure 9C
reveals that the inclusion of paleomagnetic tie points also drives
age-model variations. These deviations are greatest at ∼24.5,
∼40, and ∼77.5 mcd (Figure 9C). Between ∼34 and ∼50 mcd
the Undatable age model is younger than the Bacon derived
U-Th age model, while between ∼21 and ∼34 mcd and ∼50 and
∼88 mcd the Undatable age model is older than the Bacon age
model. In general the uncertainty of the Undatable age model
is greater than that of the Bacon age model, particularly around
the deeper U-Th dated horizons (Figure 9C). We argue that
this greater uncertainty and conservative approach is likely more
appropriate as Chen et al. (2020) found no reason to reject the
415.6 and 575.5 ka U-Th ages that appear largely ignored by the
Bacon age model. However, while the greater variability in age,

sedimentation rate, and uncertainty structure in the Undatable
age-model results from the inclusion of the paleomagnetic tie
points, almost all of this age-model variability falls within the
2-sigma uncertainty of the original Bacon age model (Figure 9C).

Within the resolution of the Undatable age model (∼104 yrs;
Figure 9B), sedimentation rate changes appear to mostly coincide
with glacial-interglacial cycles. For example, sedimentation rates
appear to be higher during the four periods of largest Pleistocene
global ice volume associated with MIS 16, MIS 12, MIS 6, and
MIS 2. These intervals are also characterized by higher magnetic
concentration and MDFARM values suggesting that increases in
clastic flux that occurred during the last local glacial maximum
(Woods et al., 2019) may be a consistent and reproducible
feature of the Lake Junín record over multiple glacial cycles.
In addition to increases in glacial sediment fluxes, increased
sedimentation rates also appear associated with the MIS 11
and MIS 9 interglaciations and the peak interglacial substages
of MIS 5e and MIS 7c-a Figure 9B. These increases suggest
that in addition to increases in glacial-clastic flux, variations in
the efficiency of the in-lake carbonate pump affects sediment
accumulation rate within the lake Junín basin as observed in the
Holocene (Woods et al., 2019). These variations were not able
to be resolved by the radiometric-based Bacon age model. Thus,
the addition of the paleomagnetic chronological constraints
to the existing radiometric derived age-model improves the
chronological framework for Lake Junín, and establishes an
age model capable of addressing the larger goals of the Lake
Junín project.

CONCLUSION

The time interval covered and varying lithology of the Lake
Junín sediments dictate that no single chronometer is able
to develop a chronology required to address the larger goals
of the Lake Junín project. Only the upper ∼17 mcd are
within the radiocarbon window and the older U-Th dated
intervals are limited to authigenic carbonate-rich horizons
that are largely deposited during interglaciations. As a result,
beyond MIS 3, glacial-interglacial variations in sedimentation
rate remained unconstrained. Paleomagnetic data acquired
from the Lake Junín splice record are of variable quality.
Higher lithogenic content associated with glacial advances
results in higher quality paleomagnetic records capable of
constraining sedimentation rates, whereas carbonate facies
are generally poorer paleomagnetic recorders. Filtering of
the paleomagnetic record based upon magnetic concentration
effectively separated these components, while still preserving
almost 80% of the normalized remanence record that pass criteria
for relative paleointensity estimates. Comparison to global
intensity estimate reference curves show significant similarities
on independent timescales with correlations greatly improved
through minor age adjustments within the uncertainties of
U-Th chronology. These age adjustments during glacial periods
that were previously unconstrained by U-Th dating provide
a series of new tie-points that were integrated with the
radiometric data in the age-depth modeling program Undatable
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to generate a new age-depth model for the Lake Junín splice
and provide an estimate of uncertainty. The new age-depth
model remains within the 2-sigma uncertainty structure of the
existing radiometric-based age-model, but now produces glacial-
interglacial variation in sedimentation rate that are similar to
those found in the radiocarbon dated interval. By integrating
the different chronometers, each with optimal temporal windows
and/or lithologies of operation an improved orbital scale
age model could be developed with realistic and transparent
uncertainties that can facilitate the larger goals of the Lake
Junín project.
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