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Abstract The natural remanent magnetization (NRM) of high sedimentation rate sediments provides
significant information about paleomagnetic secular variation of the Earth's magnetic field and can also
potentially be used for stratigraphy. However, NRM acquisition depends on conditions inherent to the
depositional environment. In addition to recording a precise annual chronology, varved sediments reflect
marked annual sedimentary changes. The Earth's magnetic field does not vary significantly over such a

short period, so magnetic changes recorded by varves are expected to reflect the influence of depositional
parameters on the recording process. We focus here on a sequence of 27 + 1 varves from the former proglacial
Lake Ojibway (~8.5 ka cal BP) from which individual cm-thick summer and winter beds were sampled.
Paleomagnetic, granulometric and geochemical analyses were conducted on each bed. A mean inclination
shallowing of 24.3° is observed in winter beds, along with an 11.3° shallowing in summer beds. Magnetic
declinations follow, on average, the expected field direction, but differences of up to 20° occur between
successive beds. Summer beds are thicker than winter beds and have stronger magnetic susceptibility, higher
Ca/Fe ratios and coarser sedimentary and magnetic grains. This grain size pattern reflects the input of coarser
detrital particles during summer, while the finer fraction remained in suspension until it was deposited in
winter. A combination of differential compaction between the winter and summer beds, seasonally varying
physical and magnetic properties of sediments, and delayed NRM acquisition explains the variable and
coercivity-dependent inclination shallowing.

1. Introduction

Acquisition of detrital remanent magnetization (DRM) by sediments is a complex phenomenon that results from
a statistical alignment of magnetic grains by the local geomagnetic field (DRM = & B, where £ is the sediment
response function and B the geomagnetic field). The sediment response function depends on several parameters
related to the depositional environment, sediment matrix, and nature of magnetic grains. Numerous experiments
and models aimed at simulating depositional processes and sediment magnetization have been proposed over
the last 60 years (Nagata, 1961; Philippe et al., 2022; Spassov & Valet, 2012; Tanty et al., 2016; Tauxe, 1993;
Tauxe et al., 2006; Yoshida & Katsura, 1985). However, a major limitation of laboratory deposition experiments
is the impossibility to simulate natural sedimentation conditions in the absence of adequate scaling that accounts
for the much longer duration of the magnetization process in nature (Katari et al., 2000; Spassov & Valet, 2012;
Tauxe, 1993; Tauxe et al., 2006; Valet et al., 2017; Yoshida & Katsura, 1985). Experiments are also constrained
by the limited size of containers used for deposition, which imposes a high concentration of suspended sediment,
and the lack of adequate simulation of the hydrodynamic environment (Spassov & Valet, 2012; Valet et al., 2017;
Yoshida & Katsura, 1985). Despite these limitations, it is possible to constrain the role of specific parameters in
magnetic particle alignment using artificial laboratory-deposited mixtures (Valet et al., 2017). It is also possi-
ble to compare the results of laboratory experiments with natural analogs of rapidly deposited sediments. The
role of lithology and grain size in the magnetization process can be studied in turbidite sequences that provide
useful indications about the influence of hydrodynamic conditions and the role played by magnetic and sediment
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grain sizes (Philippe et al., 2022; Tanty et al., 2016). Another interesting approach focuses on varved sediments
(Mellstrom et al., 2015; Nilsson et al., 2018), which can potentially provide highly detailed magnetic records with
annual temporal resolution.

Here, we investigate the magnetic properties of a 61-cm-long sediment sequence composed of 27 + 1 annual
varves from former proglacial Lake Ojibway (Godbout et al., 2019). Within this sequence, we conducted addi-
tional analyses on a 7-year packet of varves, where the role of secular variation in the record variability cannot
exceed a few degrees, in order to investigate the causes of seasonal differences.

2. Origin of Samples and Geological Context

Lake Ojibway formed during the last deglaciation by accumulation of meltwater that was trapped between the
decaying ice margin of the Laurentide Ice Sheet (LIS) to the north and elevated land of the Hudson Bay/St.
Lawrence River drainage divides to the south, where meltwater overflow is routed through the Ottawa River
Valley (Figure 1a). This ice-dammed lake occupied vast portions of NE Ontario and NW Quebec (Canada)
following northward ice retreat and reached its greatest extent ~8.5 ka cal BP, when it presumably merged with
Lake Agassiz to the west to form a larger meltwater reservoir (e.g., Dyke, 2004; Thorleifson et al., 1996). Lake
Ojibway disappeared at around 8.2 ka cal BP (e.g., Brouard et al., 2021; Roy et al., 2011), following its drainage
through the Hudson Bay ice dam (e.g., Clarke et al., 2004; Lajeunesse & St-Onge, 2008).

The high melt rate of the LIS southern margin led to varve deposition in the Ojibway Basin, which formed an
important sedimentary archive that documents early Holocene regional deglacial ice dynamics and lake paleohy-
drology (e.g., Antevs, 1925; Breckenridge et al., 2012). In general, glaciolacustrine varves are characterized by
alternating couplets of light- and dark-colored layers of silt/clay-sized sediments that reflect seasonal sediment
input variations. During summer, pronounced melting releases large amounts of coarse-grained detrital material
to the basin with concomitantly high deposition rates, while cold wintertime temperatures considerably reduced
meltwater and sediment inflow, with attendant lake ice cover favoring settling of suspended fine-grained sedi-
ment (Smith & Ashley, 1985).

A 3.6 m-long sediment sequence containing 231 + 7 varves that crops out on the shore of Lake Matagami, Quebec
(49°56'43.494"N, 77°13'4.663"W), was studied here (Figure 1b) (Godbout et al., 2019). Paleogeographic consid-
erations indicate that the sequence was deposited in ~150 m water depth (Godbout et al., 2020; Veillette, 1994).
This section was sampled twice using 61-cm-long oriented metal gutters (bottom-G7 to top-G1) with ends that
stratigraphically overlap each other. The gutter orientation was used to calculate the true declination. Each gutter
was duplicated to obtain one sequence for sedimentary studies and one for magnetic measurements. A small gap
of a few millimeters is possible between the sediment and magnetic gutter. We report here measurements from
the bottom of G7 gutter (27 + 1 varves), which contains the oldest sediments of the sequence. This interval also
contains the thickest varves with a 2.01 cm a~! average sedimentation rate.

3. Methods
3.1. Sedimentary Analyses

Non-destructive measurements were performed at INRS-ETE, Québec City. High-resolution tomograms (1
pixel = 100 x 100 pm) of the varves were obtained with a Siemens SOMATOM Definition AS+ 128 CT-Scanner
(Boespflug et al., 1995; Crémer et al., 2002; Fortin et al., 2013; St-Onge et al., 2007). The resulting images
are displayed in gray scale, with darker and lighter zones representing lower and higher sediment densities,
respectively.

X-ray fluorescence and optical scans were obtained using an ITRAX core scanner from Cox Analytical Systems.
Analyses were performed using a 500 pm resolution and 10 s counting time (Croudace et al., 2006; Francus
et al., 2002; Rothwell et al., 2006; St-Onge et al., 2007) to provide downcore geochemical profiles of a wide range
of elements. Grain-size analyses were also carried out for each sediment layer, that is, the center of the summer
and winter beds contained within the G7 gutter. Sediment particle size was measured at UQAM using a Microtrac
Bluewave/S3500-SDC laser diffraction particle size analyzer. Finally, organic matter contents were determined
by loss-on-ignition using a protocol adjusted for the clay content and composition of the carbonate-rich Ojibway
sediments (i.e., 48 hr oven-dried at 60°C and heated for 4 hr at 450°C; Godbout et al., 2019). A thin section was
also sampled in the G7 gutter, following the method of Francus and Asikainen (2001).
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Figure 1. Locations of (a) Lake Ojibway (b) and the modern remnant, Lake Matagami, during deglaciation ~8500 cal
BP. Stars indicate the site location. Blue arrows are glacial flow-lines associated with residual ice domes. Modified from Roy
et al. (2015).
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3.2. Magnetic Measurements

Magnetic measurements were performed using 2 X 2 cm square section U-channels. U-channel measurements
average remanent magnetization variations over 7-cm (Philippe et al., 2018) and therefore smooth details of strati-
graphic features inherent to the finely laminated sequence. For individual varve analysis, 1 cm? plastic cubes were
used to sample a fine sediment slice from each stratigraphic level. All the remanent magnetization measurements
of these samples were made with a special 3D printed sample holder. The resolution obtained using this technique
remained evidently too low to resolve millimetric varves, but it was adequate for individual thicker varves.

The natural remanent magnetization (NRM) was measured using a 2-G Enterprises Model 755-1.65 cryogenic
magnetometer with direct current (DC) SQUID sensors at the Institut de Physique du Globe de Paris (IPGP). The
NRM of all samples was demagnetized along three orthogonal axes using alternating fields (AF) up to 140 mT
in 10 mT steps. Anhysteretic remanent magnetization (ARM) was then imparted in the presence of a 0.5 mT DC
field and a 60 mT maximum AF field. Additional magnetic measurements were performed to characterize the
magnetic mineralogy, magnetic grain size and magnetic anisotropy across winter and summer beds. The S-ratio
defined as § = %2 (1 — IRM_;;/SIRM, ;) (Bloemendal et al., 1992) represents the ratio between low and high
coercivity minerals and was calculated after remagnetizing the samples in a 1 T field (SIRM) and subsequently in
a 0.3 T (IRM) reversed field. Measurements of magnetic susceptibility during heating to 600°C were performed
using a KLY3 Kappabridge system. The anisotropy of the magnetic susceptibility was measured using the KLY 3
Kappabridge system to check sedimentary fabrics. Hysteresis loops were obtained using a PMC Series 3900
vibrating sample magnetometer (VSM).

Detailed rock magnetic analyses of two samples representative for winter (G7 35.5 cm) and summer (G7 39.6 cm)
beds were derived from high-resolution first-order reversal curve (FORC) measurements performed with a Lake
Shore 8600 Series VSM at the ZAMG material magnetism laboratory in Vienna. For each sample, 950 curves
were acquired in steps of AB = 0.25 mT. Nine collections of identical curves have been stacked to increase
the signal-to-noise ratio and capture a minor contribution from non-interacting single-domain (SD) particles.
FORC measurements have been processed with VARIFORC (Egli, 2013) and the following parameters: mini-
mum smoothing factor s = 6, the rate of smoothing factor increase 4 = 0.2, smoothing factor limitation across the
central ridge: s, = 3. Coercivity distributions associated with the FORC measurements (Egli, 2021) have been
extracted with VARIFORC.

Additional information on the NRM carriers and the nature of the small (<3.8°) dependence of the NRM direc-
tion on the AF demagnetization has been obtained by fitting the NRM data of representative winter and summer
beds with two vector components, such that the NRM magnetization M, remaining after the application of a
demagnetizing field B, is given by

2

Min(Bar) = Y ami[1 = F(Bu, p1)] M

i=1

where F is the integral of a probability density function f whose shape is controlled by the vector of parameters
P, a, is the total NRM contribution of the ith component, and n,, the unit vector representing the direction of
this component in a coordinate system where x points to the North, y to the West, and z upwards. In analogy
with coercivity analysis, f is interpreted as the coercivity distribution of magnetic minerals that recorded the
same paleomagnetic direction, and 1 — F(B,,) as a function describing the fraction of the original magnetization
carried by these minerals after a demagnetizing step with B ;. The Burr Type XII distribution has been chosen as
a model for f (Zhao et al., 2016), due to its resemblance to the generalized Gaussian function commonly used for
the coercivity analysis of AF demagnetization curves (Egli, 2004), and the fact that F' can be expressed analyti-
cally. Least-squares regression of NRM data with Equation 1 is based on the minimization of mean square vector
residuals given by

2
=Y llam;[1 = F(Byr. pi)] = Mum(Bao)l|” @
i=1

Like classic parametric coercivity analysis (Egli, 2003), least-squares regression yields multiple solutions,
depending on the initial parameter choice. The multiplicity of solutions has been explored using 1,000 regression
results from randomly chosen initial parameter vectors p,, direction vectors n,, and NRM contributions a;, using
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Figure 2. From left to right as a function of depth within the G7 gutter core: core photograph, HU numbers related to
sediment density derived from the CT-Scan images and composite column that summarizes the succession of winter

(black) and summer (white) beds. Downcore magnetic (inclination, declination, magnetic susceptibility) and sediment (Ca/
Fe ratio, Fe/cps and grain size) parameters. The inclination and declination indicated in black correspond to single sample
measurements and are compared with U-channel measurements (pink). The red line corresponds to the geocentric axial
dipole value. The Fe profile in the peak area is normalized by the counts per second (cps) at the corresponding depth. Orange
shading represents the studied interval illustrated in Figure 7.
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the built-in FindMinimum function in Wolfram Mathematica. Results have been found to converge to a limited
number of discrete solutions (typically ~10). Only the 14 solutions with the smallest 7> and smallest maximum
angular residuals were considered for further analysis.

4. Results
4.1. Lithological and Chemical Characteristics

A photograph of the G7 series along with CT-scan profiles of sediment density variations between higher density
summer (light) and lower density winter (dark) beds (e.g., Boespflug et al., 1995; St-Onge et al., 2007) are shown
in Figure 2. Grain size variations within the G7 interval are also shown as a function of depth, revealing system-
atic differences between silty summer (2.8 + 0.8 pm mean grain size) and clayey winter beds (0.7 + 0.1 pm mean
grain size) (ISO 14688-1:2002). Grain size and XRF data reveal that summer silty beds are richer in Ca and
winter clayey beds in Fe (Figure 2), confirming the observations of Stroup et al. (2013) on Ojibway varves. Along
with similar studies on varved sediments (Croudace et al., 2006; Rothwell et al., 2006; Striberger et al., 2011;
Stroup et al., 2013), we used the median Ca/Fe value to delimit the positions of the summer bed maxima and
winter minima with £500 pm accuracy to produce the bar code of the winter/summer beds shown in Figure 2.
Downcore magnetic susceptibility (k) changes at room temperature largely exceed the typical values of paramag-
netic minerals (Moskowitz, 1991), therefore depicting mainly downcore changes in iron oxide concentration and/
or mineralogy.

A thin section of two successive varves under normal (Figure 3a) and polarized light (Figure 3b) highlights the
sedimentological and lithological differences between the summer and winter beds. Each summer bed contains
load casts at the bottom, micro-laminations in the mid-part and coarser particles, calcite aggregates and minute
traces of bioturbation in the upper part, while winter beds appear homogeneous and massive.
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Figure 3. Photograph of a thin section from core G7 under (a) normal light and (b) polarized light. A bar code is shown
on the right with white and black zones, corresponding respectively to summer and winter beds. The polygonal network of
cracks was produced during thin-section production in the clay-rich sediment.

4.2. Bulk Magnetic Properties

Thermomagnetic curves for summer and winter beds are similar (Figure 4). In both cases, a rapid magnetization
decrease was observed between 560°C and 610°C. This decrease is consistent with the Curie temperature of
magnetite (580°C), with no indication of higher Curie temperatures. Thermally stable magnetite is therefore the
main magnetization carrier in summer and winter beds. A minor decrease in k occurs between the peak at ~280°C
and the onset of the Curie transition in summer beds. This decrease is irreversible, as seen from the cooling
curves, and indicates a progressive transformation of a ferrimagnetic phase to a less magnetic or a nonmagnetic
one above 280°C. This behavior is compatible with the presence of greigite (Dekkers et al., 2000; Roberts
et al., 2011), as also hinted by the FORC diagrams (see below). The same signature, albeit less pronounced, is
also present in the heating curves of the winter beds. The S-ratio values range from 99.3% to 100%, confirming
the absence of high-coercivity minerals like goethite or hematite.

Representative high-quality NRM demagnetization diagrams (Cogné, 2003) are shown in Figure 5 for the same
summer and winter bed samples of Figure 4. All samples are progressively demagnetized up to the maximum AF
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Figure 4. Thermomagnetic curves of low-field susceptibility versus temperature for two summer and two winter beds.
Heating (cooling) curves are shown in red (blue).

field of 140 mT, with no evidence of overprints or viscous behavior. The AF field required to demagnetize the
sediments is unusually large, and likely reflects the presence of very elongated magnetite grains. The character-
istic directions are defined unambiguously by slightly curved lines that pass through the origin, with maximum
angular deviation (MAD) values generally lower than 1°. The characteristic remanent magnetization declina-
tion and inclination records are plotted in Figure 2 for comparison with other parameters. Also, shown in pink
(Figure 2) are the directions derived from low-resolution U-channel measurements. As expected, the response
curve of the magnetometer has considerably smoothed yearly variations that are resolved with discrete sample
measurements (Philippe et al., 2018).

Declinations of discrete samples oscillate between 240° and 265°, sometimes between consecutive layers, but do
not display a clear long-term trend. The amplitude of yearly variations can reach 30° within the upper 15 cm of
the sequence, while it does not exceed 10° below this depth. About 5°~10° declination differences can result from
uncertainties such as those generated by sampling of tiny specimens and/or reflect lithological and/or sediment
matrix influences on magnetic particle alignment. The declination was used to establish the chronostratigraphy of
laminated glaciolacustrine sediments (Ridge et al., 1990); therefore, averages over few summer and winter beds
are expected to yield reliable paleofield directions.

Seasonal inclination variations reach 40° in the upper part of the record and decrease in amplitude below
12-15 cm. Inclinations are significantly shallower than the 67.2° value predicted by the geocentric axial dipole
(GAD) at this latitude. Given the short time interval (~25 years) covered by the G7 record, these variations are
unlikely to reflect significant geomagnetic changes, although local non-dipole (ND) fields can generate some
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Figure 5. Demagnetization diagrams. Vector end-point diagrams for two summer and two winter beds. Solid symbols
correspond to projections onto the horizontal plane, while open symbols represent projections onto the vertical plane.
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Figure 6. Stereoplot (equal angle) of magnetic directions recorded by the beds

deviations from the GAD inclination. The ND present-day value explains
deviations of ~0.075°a~" (Thébault et al., 2015). ND components can repre-
sent up to 20% of the dipole field, yielding GAD deviations of up to 15°.
During periods of low dipole intensity, these deviations are further ampli-
fied. Global paleointensity compilations (Barletta et al., 2010) indicate that
8.5 ka cal BP ago (the age of these sediments), the dipole was about 10%
weaker than at present, which is insufficient to account for inclinations that
are 30° lower than the GAD value. Therefore, other factors must be consid-
ered to explain the observed inclination shallowing.

90 Given the millimetric size of individual beds in the upper part of the
sequence, we focused on the interval with the thickest layers between 48 and
31 cm, which comprises 7 summer beds and 6 winter beds (highlighted in
orange in Figure 2) and analyzed each bed separately. Successive inclina-
tion and declination values are plotted in stereographic projection (Figure 6)
and against depth (Figure 7). These data reveal that the summer and winter
beds have similar declinations, but they also confirm that winter inclinations
(41.7° £ 4.3°) are 13° shallower than the summer ones (54.7° + 3.3°). All
values remained lower than the GAD inclination of 67.2° (Figure 7). Stacked

180 geomagnetic field records at the same latitude (~50°N) and the same period
® Summer beds (~8500-9000 cal BP) are characterized by steeper inclinations, that is,
® Winter beds 66.1° + 4.1° for the eastern Canadian stack and 65.4° + 1.9° for the west
¥ GAD Eifel stack from Germany. The mean of these two stacks over this period,

which is 66° + 4°, is similar to the GAD inclination at the site latitude. From
this, we deduce an average inclination shallowing of 11.3° + 7.3° for summer

within the studied interval of core G7. Red and blue dots indicate summer beds and 24.3° + 8.3° for winter beds relative to the geomagnetic field at
and winter beds, respectively. The gray asterisk indicates the geocentric axial the same latitude and over the same time interval. No significant geomag-

dipole (GAD) direction at the site. The summer bed inclinations are closer to

netic field intensity variations have occurred during such a short period, so

the GAD value at the site than the winter ones.

NRM/ARM values (Figure 7) provide information about seasonal changes in

the NRM acquisition efficiency £&. The NRM acquisition efficiency can be

affected by the depositional environment (e.g., turbulence), by the nature of
detrital material (in particular, its tendency to flocculate), and by the nature of the magnetic minerals (e.g., their
magnetic moment), and by post-depositional processes (e.g., compaction).

The ratio between the ARM and the low-field-volume susceptibility (x) is a proxy for the grain size of remanence
carriers, with high values being characteristic for SD minerals (Figure 7). In the absence of strong paramagnetic
contributions, as it is the case for core G7, ARM/k has the advantage of being primarily sensitive to the size of
ferrimagnetic minerals, thus avoiding biases related to variable concentrations of hematite, goethite, and other
high-coercivity minerals (Stoner & St-Onge, 2007). As far as the differences between summer and winter beds
are concerned, ARM/k is negatively correlated with NRM/ARM, with higher values pointing to smaller magnetic
grains occurring systematically in winter beds. The day plot (Day et al., 1977; Dunlop, 2002) also shows system-
atic differences between summer and winter beds, which fall into two separate clusters (Figure 8). While both
clusters are contained in the so-called pseudo-single-domain (PSD) range of M, /M_ and B_/B,, the winter cluster
is significantly shifted toward larger values of B /B, away from the grain size trend or SD-multidomain mixing
trend typical of magnetite particles. This shift is typical for samples containing large number of superparamag-
netic (SP) particles (Dunlop, 2002).

4.3. Magnetic Mineral Components

High-resolution FORC measurements of two representative samples provide further details about the nature of
NRM carriers in the winter and summer beds (Figure 9). Both are characterized by FORC diagrams that can
be explained by the superposition of typical signatures from two magnetic domain classes: (a) SD particles,
and (b) PSD particles, which are too large to contain a single domain and too small to accommodate several
well-defined magnetic domains (Nagy et al., 2019). The SD component is characterized by a narrow horizon-
tal ridge (central ridge) centered near B, = 0 (Egli et al., 2010), which contributes to ~10% of the total FORC
magnetization in the winter bed, and ~2% in the summer bed (Figures 9c and 9d). The associated SD coercivity
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Figure 7. Magnetic and sediment properties for each bed from the 7-year interval are outlined in orange in Figure 2. Red and
blue data points correspond to summer and winter beds, respectively. The red line and green dashed lines on the inclination
plot represent, respectively, the geocentric axial dipole and inclination values at the same latitude around 8500-9000 cal BP.
distributions, which extend up to ~100 mT, are typical of non-interacting magnetite particles but have markedly
different shapes. In summer beds, the nearly zero amplitude at B, = 0 and the peak at B, =~ 25 mT are compatible
with low-coercivity magnetofossils, that is, chains or chain fragments, made of equidimensional crystals (Amor
etal., 2022; Egli, 2004). In winter beds, the peak at B, = 0 and the rapid decrease in the 0-50 mT range are typical
of magnetite particles lacking a strong intrinsic anisotropy source, and with a size distribution across the lower
limit of the SD stability range (Egli, 2021; Lanci & Kent, 2018). This means that a significant fraction of the SD
particles in winter beds are SP, as confirmed by the B_/B, shift in the Day plot (Figure 8). The central ridge in
the FORC diagram of the winter bed is similar to that of pedogenic magnetite
06 in soils (Egli, 2021), but its characteristics are also compatible with authi-
' genic magnetite, as far as individual magnetic particles are well dispersed
® in the sediment matrix. Unfortunately, a term of comparison for the FORC
0.5 . . . . .
signature of authigenic magnetite does not exist, as synthetic examples, such
as magnetite produced by dissimilatory iron-reducing bacteria (Moskowitz
041 et al., 1993), or by the reduction of precursor minerals (Till et al., 2017),
® PSD contain clusters of strongly interacting particles incompatible with the central
s . . .
<, 0.3 ridge signature of Figure 8d.
=
8958516 D The PSD contribution of winter and summer beds is characterized by triangu-
0.2 4;'4307 ° 35;46 3 ay2 385 lar contour lines in the upper half of the FORC diagram, which diverge toward
- 40.9
“atoe B_ =0, and a more complex signature in the lower half, with a characteristic
0.1 © Summer beds indentation of contour lines caused by the superposition of negative contribu-
® Winter beds tions along B, = 0 and along the descending diagonal B, = —B, (Egli, 2021;
0 ; ; ‘ Roberts et al., 2017). These characteristics are typical of a broad distribution
1 2 3 WM 4 5 6 of grain sizes ranging from the upper SD threshold to small multidomain

Figure 8. Day plot for beds within the 7-year interval. Red (blue) data points
are for summer (winter) beds.

particles. The associated coercivity distribution is broad, with a median of
~80 mT and a range extending to >200 mT. The coercivity range is unusu-
ally large value for magnetite with comparable FORC signatures (e.g., Lascu
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Figure 9. High-resolution first-order reversal curve (FORC) diagrams for the summer bed at 39.6 cm (a) and the winter
bed at 40.9 cm (b). (c, d) Backfield, hysteresis, and central ridge coercivity distributions derived from the original FORC
measurements of the summer and winter beds, respectively. All diagrams and coercivity distributions were generated using
VARIFORC built-in functions (Egli, 2013).

et al., 2018) and likely associated with exsolved magnetite inclusions in silicate, whose median destructive fields
can reach up to ~90 mT (Feinberg et al., 2005).

The coercivity distributions derived from hysteresis and backfield demagnetization data contained in the FORC
measurements (Figures 9c and 9d) feature a main peak at ~40 mT (summer bed) and ~0 mT (winter bed), as
well as a secondary peak, or shoulder, around 70-80 mT, which is associated with the common PSD signature
of summer and winter beds. The main peak at ~0 mT of the winter bed reproduces the coercivity distribution
of the central ridge, with a ~1:3 ratio between the central ridge and backfield coercivity distribution amplitude
that is similar to that of pedogenic magnetite (Egli, 2021). The main peak at ~40 mT of the summer bed, on
the other hand, is much larger than the central ridge distribution and can be explained by FORC contributions
characterized by nearly oval contour lines around the central ridge. The B, range of these contours, comprised
between ~20 and 100 mT, and their limited vertical extension are compatible with the typical signature of
authigenic greigite (Egli et al., 2010; Roberts et al., 2011). The coexistence of greigite FORC signatures with a
weak central ridge (Rowan & Roberts, 2006) might be explained by the coexistence of magnetite and/or greigite
magnetofossils (A. P. Chen et al., 2014) with diagenetic greigite during the early stages of greigite diagenesis.
As discussed above, the presence of minor greigite contributions in summer beds is also supported by x(7)
measurements.

Overall, summer and winter beds appear to contain a mixture of PSD magnetite grains, likely of detrital origin,
and distinct populations of SD particles, including a minor greigite contribution in the summer beds, and dispersed
magnetite particles of secondary origin in the winter beds. The S-ratio (Bloemendal et al., 1992) does not signif-
icantly differ between summer and winter beds (Figure 4), as expected from the absence of high-coercivity
minerals such as pyrrhotite and hematite.
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Figure 10. (a) Stereographic (equal angle) projection of the k, and k, axes of the magnetic susceptibility ellipsoid. (b) Flinn
diagram, where k,/k, represents the lineation and «,/k, the foliation. (c) 7-P’ diagram of the shape factor T = (2log , — log
k, — log k;)/(log x, — log k;) as a function of the corrected degree of anisotropy P’ = exp(V/2Z;(#; — n)? with p; = In(Ki)iz123
and n = (1 + n2 + 13)/3 (Jelinek, 1981). Red and blue dots indicate summer and winter beds, respectively.

4.4. Magnetic Fabric

Directions of the principal axes of the magnetic susceptibility tensor are shown in Figure 10a, with k; correspond-
ing to k. and k; to K,

min®

beds, meaning that the long axis of non-SD magnetic particles tends to lie horizontally. The axes of kx,___ are sub

max

As expected for normal sedimentary fabrics, k,;, points vertically, especially in summer

horizontal and oriented N-S in the case of summer beds, while a wide horizontal scatter is observed for the winter
beds. The Flinn diagram in Figure 10b shows the shape of the magnetic susceptibility tensor in terms of (x,/k,)
versus foliation (k,/k;) (Cogné, 2003; Jelinek, 1981). The shape factor (Figure 10c) provides information on the
ellipsoid oblateness (7 > 0.5) as a function of the corrected degree of anisotropy P’ (Jelinek, 1981), which meas-
ures the deviation from the spherical shape. Both winter and summer beds have oblate anisotropy, with almost
perfectly oblate summer beds and slightly more anisotropic winter beds.

Differences between the magnetic fabric of summer and winter beds might originate from physical processes,
such as the effect of bottom currents on magnetic grain deposition and compaction, or from differences in the
type of magnetic carriers. Winter beds contain a significant amount of SD magnetite: the superposition of the
inverse fabric of SD particles with the normal fabric of larger detrital particles might explain the scatter of k,,
and the deviation of k_;

hand, might be due to the alignment of magnetic grains by bottom currents during deposition. Finally, the lower

from the vertical. The preferential N-S alignment of «, in summer beds, on the other

NRM inclination of winter beds might be explained by the stronger magnetic fabric (as seen on P’) associated
with higher clay content (Borradaile & Almqvist, 2008), and, possibly, a stronger degree of compaction.

4.5. Origin of Curved Zijderveld Plots

All samples, regardless of their provenance from summer or winter beds, show a slight change in magnetization
direction as NRM is progressively removed. The absence of a sharp transition between two linear regimes in the
examples of Figure 5 suggests that the NRM is characterized by two paleomagnetic endmembers with completely
overlapping coercivity ranges. The parameterization of the coercivity distribution of the two endmembers with
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Figure 11. (a) Coercivity distributions of the paleomagnetic endmembers LC (low-coercivity) and HC (high-coercivity)
used to reconstruct the natural remanent magnetization demagnetization curves of samples G7 35.7 cm (winter bed) and G7
31.6 cm (summer bed). The endmembers of G7 35.7 cm are represented by Burr Type XII distributions with 4 = 15.27 mT,
y=1.925, a =0.3901 (LC), and A = 135.6 mT, y = 2.963, a = 3.307 (HC). The endmembers of G7 31.6 cm are represented
by Burr Type XII distributions with 4 = 15.13 x 10* mT, y = 1.290, @ = 2,047 (LC), and 1 = 116.0 mT, y = 2.642,

a = 1.793 (HC). (b) Zijderveld plots of samples G7 35.7 cm and G7 31.6 cm with measurements (dots and circles) and the
two-endmember model (gray line). The LC and HC endmember directions are indicated by straight dashed lines.

Burr Type XII model functions (Zhao et al., 2016) enables fitting the NRM demagnetization data with Equa-
tion 1. The directions of the two endmembers are poorly constrained, due to their sensitivity to the chosen model
function and the multiplicity of solutions. Possible solutions for the samples shown in Figure 5 include endmem-
bers with almost antiparallel directions, however, these are associated with unrealistic coercivity distributions
(e.g., excessively narrow, with sharp lower/upper limits, or extending to excessively large coercivities). Realistic
solutions that minimize the model residuals (Equation 2) and the MADs are shown in Figure 11 for a summer
and a winter bed example. The directions of the modeled low- and high-coercivity endmembers are close to the
vector differences between the first and last demagnetization steps, respectively, with similar angular differences
in both cases. The corresponding coercivity distributions are characterized by median destructive fields of 31-35
and 83-87 mT, respectively, with corresponding dispersion parameters of 0.43-0.60 and 0.21-0.25.

A downcore analysis of the above identified NRM endmembers was performed by identifying the directions of
LC and HC with the linear trends of the first (LC) and last (HC) 3 to 5 demagnetization steps in all cases where
the directional scatter of these segments did not exceed 5°. LC and HC inclinations are similar for all G7 samples
located below ~30 cm (Figures 12a and 12b), while large differences of up to ~22° develop toward the top of the
core, with the HC endmember becoming significantly shallower than LC. A large directional scatter is observed
between consecutive winter beds, regardless of core depth, while the scatter of summer beds is limited to the
upper ~30 cm. Despite this scatter, the inclination difference between the two endmembers defines a continuous
trend with no systematic differences between summer and winter beds, going from Al = 0 at the core bottom,
to Al = 20° toward the top (Figure 12c). The lack of scatter and systematic seasonal contrasts within this trend
suggests that the difference between LC and HC inclinations is governed by extrinsic factors, rather than seasonal
changes in sediment composition and short-term disturbances affecting absolute inclination values. Declination
differences between LC and HC (Figure 12d) show a similar trend, with no systematic differences between winter
and summer beds, albeit more scattered than inclination.

5. Discussion

The aim of this study was to constrain NRM acquisition mechanisms. Several parameters have an impact on
magnetic particle alignment by the geomagnetic field (Anson & Kodama, 1987; Arason & Levi, 1990; Katari
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Figure 12. (a) Low-coercivity (LC) and high-coercivity (HC) endmember inclinations in winter beds (dots). Connected dots
indicate consecutive beds. (b) Same as (a) for summer beds. (¢) Difference between LC and HC inclinations in summer and
winter beds. (d) Difference between LC and HC declinations in summer and winter beds.

& Bloxham, 2001; Philippe et al., 2022; Roberts et al., 2013; Shcherbakov & Sycheva, 2010; Tanty et al., 2016;
Tauxe, 1993; Tauxe et al., 2006). First, magnetic particle alignment depends on various factors related to deposi-
tional conditions and sediment lithology. Varve formation involves reduced turbidity caused by surface ice-cover
that allows clay flocculation in winter beds, and increased silt influx in summer (e.g., Smith & Ashley, 1985).
Rapidly deposited sediments such as turbidites can record shallow inclinations, with the event size, measured by
thickness, determining the extent of the shallowing effect (Philippe et al., 2022; Tanty et al., 2016). Unusually
large lock-in depths of up to 30-70 cm, have been reported for varved lake sediments (Mellstrom et al., 2015;
Nilsson et al., 2018), despite the absence of obvious post-depositional sediment mixing. The absence of bioturba-
tion in Lake Ojibway sediments is deduced from varve preservation and the absence of bioturbation traces in the
photographs, CT scans and thin-section photographs. The origin of this post-depositional remanent magnetiza-
tion (PDRM) in varved sediments is unclear and might be related to the formation or chemical transformation of
magnetic minerals, leading to the formation of chemical remanent magnetization (CRM), or to compaction-related
processes. The major role played by sediment composition and diagenetic processes is underlined in this study by
the large differences between the magnetic carriers and the NRM of summer and winter beds.

A notable feature of the Lake Ojibway sediments is the large inclination shallowing of 24.3° + 8.3° for winter
beds and 11.3° + 7.3° for summer beds, relative to the geomagnetic field at the same latitude and the same
epoch (Barletta et al., 2010; Stockhausen, 1998). This creates a ~13° inclination shallowing differential between
the winter and summer beds. The short time span of the studied varve sequence (<7 years; Figure 7) excludes
significant paleosecular variations that could explain the recorded values. Winter and summer beds are also char-
acterized by highly contrasting NRM/ARM ratios, with summer figures being, on average, ~10 times larger than
winter ones (Figure 7). For comparison, DRM/ARM values of redeposited single-crystal silicates with magnetic
inclusions, which might be associated with the PSD component of Lake Ojibway sediments, differ by up to ~40%
depending on their size and origin (Chang et al., 2021). The mean inclination flattening degree f (King, 1955) of
these materials is comprised of 0.3 and 0.4, which, for the site-specific GAD inclination of 67.2°, translates into
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an inclination shallowing of 24°-32°. This is compatible with our observations on the inclination; however, the
large differences between summer and winter NRM/ARM values cannot be explained by seasonal variations of
the detrital input. The interplay between variable detrital and authigenic NRM carriers can also not explain these
differences, since the NRM/ARM ratio of detrital and magnetofossil components in pelagic marine sediments has
been found to differ by a factor <2 (L. Chen et al., 2017).

We are thus left with physical processes affecting NRM acquisition during and after deposition. The NRM acquired
by particles settling across shear flows, such as those produced by horizontal currents near the sediment-water
interface, is affected by flow characteristics in a complex manner. For instance, Griffiths et al. (1960) reported
an increase in the inclination error with increasing flow velocities with an azimuth of 45° with respect to the
magnetic field. Significant bottom water circulation during the summer melt could have contributed to reduced
summer inclination shallowing compared to the hydrodynamically unperturbed wintertime, as suggested by
Griffiths et al. (1960). Griffiths et al. (1960) did not systematically explore the effect of shear flows at differ-
ent angles to the magnetic field; therefore, these observations cannot be fully related to paleocurrent indicators
obtained for instance from magnetic anisotropy. The effect of shear flow on DRM inclination is also demon-
strated by speleothems, with >5° shallowing occurring on steep flanks (Ponte et al., 2017).

Rapid deposition events might combine an initial inclination shallowing of DRM with additional compaction
effects. According to Tanty et al. (2016), a 47-cm thick turbidite can generate a 13° inclination shallowing.
However, the average thickness of summer and winter beds in the G7 sequence (Figure 7) are only 1.76 + 0.21 and
0.9 + 0.1 cm, respectively. Compaction can induce substantial inclination shallowing (Anson & Kodama, 1987;
Arason & Levi, 1990; Borradaile & Almgqvist, 2008; Jackson et al., 1991; Kodama & Sun, 1992). Some experi-
ments indicate a significant effect of compaction on NRM intensity, but not on inclination (e.g., Hamano, 1980).
The higher magnetic anisotropy combined with the presence of load structures (i.e., load casts) in the finer-grained
winter beds indicates greater compaction compared to the coarser summer beds (Sun & Kodama, 1992). CT
number variations (Figure 7) reflect differences in sediment density (e.g., Boespflug et al., 1995; St-Onge
et al., 2007). The lower density and higher compressibility of winter beds could be explained by flocculation and
higher water contents (e.g., Locat & Lefebvre, 1981; O'Brien & Pietraszek-Mattner, 1998; Quigley et al., 1985).

The ~24° inclination shallowing of winter beds would require a >50% volume loss in the uppermost few cm of
the sediment column (Arason & Levi, 1990). Varved sediments are indeed subjected to a significant amount of
compaction, with varve thickness decreasing by up to a factor of 5 during the first few years, followed by a more
gradual porosity decrease at greater depths (Maier et al., 2013). Compaction of varved sediment has been clearly
linked to the loss of water, as well as an increase in dry sediment density due to organic matter degradation. Under
these conditions, the alteration of the sediment microstructure is expected to produce an irreversible rotation
of magnetic particles within the sediment matrix, under the action of a magnetic torque induced by the Earth's
magnetic field, similar to the case of bioturbated sediment (Egli & Zhao, 2015; Zhao et al., 2016). This process
progressively replaces the original DRM with a PDRM that becomes locked at a depth where the torque required
to rotate magnetic particles largely exceeds the magnetic torque. Compaction below the lock-in depth produces
a further randomization of particle orientation, decreasing the existing NRM intensity without acquiring new
magnetization. In the absence of bioturbation, the PDRM acquired in compacting sediment is much smaller than
the initial DRM. For instance, a 2-fold decrease in the pore space has been found to produce a four-fold decrease
in the PDRM acquisition efficiency (Hamano, 1980). Thus, compaction appears to be the main mechanism
responsible for the observed NRM differences between winter and summer beds. The role of compaction is
greatly attenuated by bioturbation (Zhao et al., 2016), explaining the lack of extreme downcore variations of the
NRM acquisition efficiency and inclination shallowing in most marine sediments.

Fe/k ratios >40 in the winter beds (49.06 + 2.05 Mcps) compared to 10.77 + 1.83 Mcps in the summer bed
may suggest a diagenetic influence on NRM acquisition (Hofmann et al., 2005; Hofmann & Fabian, 2009).
This hypothesis is also supported by a seasonally oscillating fraction of SD minerals, likely of authigenic origin.
The minimum contribution of SD magnetite to the saturation remanence, as deduced from the central ridge in
FORC diagrams, reaches ~10% in winter. Summer beds may contain a minor greigite contribution, which is
difficult to quantify. The relative contribution of a CRM to the total NRM is likely much larger, because SD
particles carry a saturated natural magnetic moment, compared to the much smaller natural moment of PSD
detrital minerals (Chang et al., 2021). Organic matter facilitates sulfate reduction and can generate CRM via
greigite formation (Roberts et al., 2011; Thompson & Oldfield, 1986). The low organic matter content of the
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studied sediment (<0.25% on average) does not support strong diagenetic processes that lead to a complete
chemical remagnetization. While greigite is clearly diagenetic, the origin of SD magnetite particles not associated
with magnetofossils, which have been identified in winter beds, is unclear. The pedogenic-like SD component
contributing to the central ridge in FORC diagrams of the winter beds (Figure 9b) might represent an authigenic
component, but an origin related soil erosion in the catchment area cannot be excluded.

Curved Zijderveld plots (Figure 5) point to a progressive NRM acquisition process that lasts long enough for
significant changes of the physical/chemical properties of the sediment and/or the magnetic field direction to
occur before the magnetization is completely blocked. Here, we discuss two limit scenarios. In the first case,
we assume that the curvature of Zijderveld plots is entirely due to compaction during PDRM acquisition in a
fixed magnetic field. This model requires that the HC paleomagnetic endmember (Figure 11) represents a DRM
or a PDRM acquired at an early compaction stage, and the LC endmember represents a PDRM acquired at a
later stage, when the sediment is already partially compacted. The greater extent of compaction experienced by
the HC endmember would cause a stronger inclination shallowing, as indeed observed. The lack of an obvious
mechanism capable of making compaction-driven PDRM acquisition depends systematically on the coercivity
of magnetic particles represents a main problem for this model. Furthermore, the disappearance of systematic
differences between the inclinations of summer and winter beds below ~30 cm (Figure 12) is not related to any
obvious change in sediment properties and can therefore not be attributed to the compaction process. Similar
reasoning applies to the difference between LC and HC declinations (Figure 12d) because the declination is not
expected to be systematically affected by sediment-specific post-depositional processes.

This brings us to the second model for the curvature of Zijderveld plots, where it is assumed that the directional
difference between the paleomagnetic endmembers LC and HC is caused by a change in the Earth's magnetic
field during the delayed lock-in of one endmember with respect to the other. For instance, LC could be a CRM
acquired by SD remanence carriers formed much later after deposition. This scenario is supported by the coer-
civity distributions of the two endmembers, which roughly match those of the SD and PSD components detected
with FORC measurements (Figure 9). In this case, temporal variations I; (t — 1, ) and I;(f — t;c) of the LC
and HC inclinations, corrected for the corresponding lock-in times #, . and f;,., are expected to yield synchronous
reproductions of the field inclination /,(f), after correcting the inclination shallowing. Inclination shallowing is
mathematically described by tan I = ftan I, with 0 < f < 1 (King, 1955; Tauxe & Kent, 1984). Assuming £, to be
the (uncertain) age of the topmost summer bed in Figure 2, we obtain the following identity

arctan|fg4 tan Tuc(f — 1o)] = arctan|f} tan Ic(t — to — AD)| = Ir (1), 3)

where f;; and f] . are the flattening factors of the HC and LC endmembers, respectively, At the lock-in delay of
LC with respect to HC, and I, the reconstructed local field inclination, for example, from the high-resolution
Holocene paleointensity stack for eastern Canada by Barletta et al. (2010). In principle, Equation 3 can be solved
for the unknown parameters #,, At, f;., and f; . by minimizing the RMS difference r, between /. and the corrected
HC and LC inclinations. A unique solution exists in the case of records that are sufficiently long to capture
distinctive field variations.

Shorter records unavoidably yield multiple solutions corresponding to local minima of 7,. In this study, the small-
est local minima of r, are comprised between ¢, ~ 8.2 and 8.5 ka, in good agreement with the estimated sediment
age (Figure 13a). These minima define a range possible At values comprised between —230 a (i.e., the LC
endmember is 230 years younger than the HC member), and +240 a (i.e., the LC endmember is 240 years older
than the HC member). Two examples corresponding to the smallest minima (Figures 13b and 13c) show that
the time interval of ~28 years covered by our record is significantly shorter than the delay between LC and HC
acquisition. The solution parameters are entirely determined by the increasing and decreasing trends of /;;(f) and
I, (1), respectively, and not by the large scatter between consecutive values, which, as discussed above, reflects
syn- and post-depositional disturbances of the NRM acquisition process, rather than true field variations. Both
solutions examples, as well as solutions corresponding to other minima in Figure 13a, are characterized by similar
flattening parameters, with f;;- ~ 0.37 and f| . ~ 0.49. For comparison, typical flattening factors reported in the
literature are comprised between 0.3 and 1.

If LC and HC are interpreted as endmembers carried by authigenic and detrital minerals, respectively, only the
second solution example, where LC is ~182 years younger than HC (Figure 13c), is physically meaningful. In this
case, the smaller flattening factor of the LC endmember would be compatible with a PDRM acquired at a later
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Figure 13. (a) RMS differences between the inclination /. from the high-resolution Holocene paleointensity stack for eastern
Canada (Barletta et al., 2010) and the low-coercivity (LC) and high-coercivity (HC) inclination values of Figure 12, after
optimized inclination shallowing correction, as a function of #, and At. (b) Solution example for 7, = 8,207.1 a, At = 100.2 a,
Juc =0.352, and f, . = 0.439, corresponding to the left arrow in (a). (c) Solution example for #, = 8,489.0 a, At = —181.7 a,
Juc = 0.386, and f; - = 0.491, corresponding to the right arrow in (a).

stage in partially compacted sediment. Given the exceptionally large mean deposition rate of v, ~# 20 mm a~!,

the lock-in delay of LC in the example of Figure 13c would yield a lock-in depth of ~3.7 m. Interestingly, this
result is compatible with previous paleomagnetic studies based on varved sediments if the lock-in delay, instead
of the lock-in depth, is considered: for instance, A estimates for the Swedish lakes Gyltigesjon (v, = 1.8 mm a~)
and lake Kilksjon (v, = 0.61 mm a~') obtained from lock-in depths correspond to 140-200 and 200-300 years,
respectively (Nilsson et al., 2018). On the other hand, CRM acquired at several meters’ depth by authigenic
particles that are nearly equidimensional—as suggested by the coercivity distribution associated with the central
ridge, especially in the winter beds—would not be strongly affected by inclination shallowing, because CRM
blocking occurs after initial sediment compaction.

The f|  ~ 0.49 estimate for the LC endmember thus points to solutions with smaller At, even if r, associated with
these solutions is slightly larger than the two solution examples in Figure 13. For instance, the solution corre-
sponding to 7, = 8.33 ka and Az = —20 years in Figure 13a yields a lock-in depth of ~40 cm, which is of the same
order of magnitude of the solutions reported by Nilsson et al. (2018). Smoothing of the stacked record used as
1, reference could explain the more elevated r, associated with small-A¢ solutions because the rapid inclination
changes required by the diverging inclination trends of our endmembers would be partially suppressed.

In the context of this second NRM acquisition model, sediments from Lake Ojibway might reflect a unique
setting where the NRM acquired by detrital magnetic minerals during depositions or an early compaction stage
is not masked by a strong CRM component, due to limited organic matter availability. The sum of this NRM and
a CRM acquired by authigenic SD particles yields curved Zijderveld plots whenever measurable changes of the
magnetic field direction occur within the formation time of the authigenic component. Curved Zijderveld plots
in marine sediments have been reported in at least one case during the Matuyama-Brunhes field reversal (Valet
et al., 2016), and might be explained by a similar mechanism.

6. Conclusions

Analyses of varves from former glacial Lake Ojibway provide information about the NRM acquisition mechanism
of unbioturbated sediment deposited in a large and natural depositional basin. The preservation of centimeter-thick
varves allows investigation of the magnetic properties of winter and summer beds separately with small 1 cm?
samples. The dominant characteristic of these varves is the strong contrast between winter and summer paleo-
intensities, and the inclination shallowing of winter beds by ~13° compared to summer beds. We interpret the
shallow winter bed inclinations to have been caused by the combined effects of differential compaction generated
by the overlying denser summer beds and sediment physical properties (grain size, flocculation). These processes
were likely initiated by the large water content of the winter beds. Limited organic matter availability prevented
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the formation of large number of diagenetic remanence carriers, leading to the superposition of two paleomag-
netic endmembers with overlapping coercivity distributions corresponding to the DRM or PDRM acquired by
detrital minerals during or shortly after deposition, and a CRM carried by authigenic magnetite and greigite. The
delayed CRM blocking produces curved Zijderveld plots with slightly different endmember directions that are
compatible with the location and estimated sediment age.

Seasonal variations of relative paleointensity by a factor of ~10, as expressed by NRM/ARM in summer and
winter beds, cannot be explained only by different remanence carrier compositions, thus demonstrating the
utmost importance of syn- and post-depositional processes related to flocculation, deposition, and compaction of
sediments in the absence of bioturbation. Variations in the NRM acquisition efficiency by these processes cannot
be corrected by normalization procedures used to calculate relative paleointensity. In less extreme cases than the
Lake Ojibway example discussed here, this can lead to undetectable recording artifacts, especially in the case of
unbioturbated or partially bioturbated sediments.
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