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Abstract This paper presents a new annually lam-
inated record (varves) from Lake Walker, Québec
North Shore (eastern Canada) spanning the period
from ~ 3230to0 2320 £ 20 cal BP. A ~ 3.5-m-long
composite sequence was established with the best
regular and continuous laminated intervals using
computed tomography and high-resolution pho-
tographs. The varve chronology was built based on
two methods: manual multi-parameter counting using
the PeakCounter software, and manual counting on
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thin-section images obtained by scanning electron
microscopy (SEM). The latter correlates more closely
with the ages derived from AMS radiocarbon dating,
suggesting that thin-section analysis is here a more
reliable counting technique. Varves are clastic, com-
posed of a silt layer deposited in spring and summer,
and a clay layer deposited in winter. Annually
resolved grain size obtained using image analysis
technique on SEM images of thin sections and
elemental composition from X-ray microfluorescence
analyses performed on the floating varve chronology
suggests that the record is sensitive to the North
Atlantic Oscillation (NAO), as revealed by the strong
co-variability with another lower resolution record
from Greenland. This suggests that periods of negative
winter NAO promoted a thicker snow cover that

G. St-Onge - E. G. H. Philippe

Canada Research Chair in Marine Geology, Institut des
Sciences de la mer de Rimouski (ISMER), Université du
Québec a Rimouski, Rimouski, Canada

P. Lajeunesse - T. Labarre
Département de Géographie, Université Laval, Québec,
QC G1V 0A6, Canada

D. Fortin
Department of Geography and Planning, University of
Saskatchewan, Saskatoon, SK S7TN5C8, Canada

J.-P. Jenny

Université Savoie Mont Blanc, INRA, CARRTEL,
74200 Thonon-les-Bains, France

@ Springer


http://orcid.org/0000-0001-9132-2619
http://orcid.org/0000-0002-0546-7780
http://orcid.org/0000-0001-5465-1966
http://orcid.org/0000-0001-6958-4217
http://orcid.org/0000-0002-0761-0210
http://orcid.org/0000-0002-2740-174X
https://doi.org/10.1007/s10933-021-00220-x
https://doi.org/10.1007/s10933-021-00220-x
https://doi.org/10.1007/s10933-021-00220-x
https://doi.org/10.1007/s10933-021-00220-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s10933-021-00220-x&amp;domain=pdf
https://doi.org/10.1007/s10933-021-00220-x

36

J Paleolimnol (2022) 67:35-57

resulted in higher river discharges and stronger clastic
component in the varves. In modern times, cooling of
the North Atlantic in the mid 1970s to the late 1980s
was also characterized by concurrent negative phase
of NAO, which condition translated into increase
snow precipitation over the region. Overall, these
results highlight that the new Lake Walker varve
record presents remarkable prospects of developing a
longer and high-resolution paleoclimatological recon-
struction of the NAO in a region where similar records
are scarce.

Keywords Laminations - Varves - Thin-section -
Image analysis - Québec North Shore

Introduction

Annually laminated (varved) sediments can serve as
reliable archives of past environmental conditions
because of the quality of their chronology (Francus
et al. 2013a; Lapointe et al. 2017; Ojala et al.
2012, 2013). Indeed, counting sediment successions
deposited over the course of one year or less allows
establishing precise varved-based chronologies with
annual and/or seasonal resolution (Francus et al.
2013b; Jenny et al. 2013; O’Sullivan 1983; Ojala
et al. 2012; Schnurrenberger et al. 2003; Zolitschka
et al. 2015).

Annually resolved records of past climate condi-
tions in the Québec North Shore (eastern Canada)
region during the late Holocene are seldom
(Zolitschka et al. 2015). To date, only instrumental
data and paleoclimatic reconstructions from tree rings
and stable isotopes from tree stems covering the past
200 years to the last millennium are available in
northern Québec (Arseneault et al. 2013; Naulier et al.
2014; Nicault et al. 2014), while a new 160-year-long
varved record from Grand Lake, Labrador, about
600 km to the north-east of the present study, is arising
(Gagnon-Poiré et al. 2021). Nevertheless, annually
laminated sediments from that period have been
generally difficult to find in the region, hence, the

E. G. H. Philippe
Institut de Physique du Globe de Paris, Sorbonne Paris-
Cité, UMR 7154 CNRS, Paris, France

@ Springer

discovery of new varved sequences from this boreal
region reported by Nzekwe et al. (2018) increased the
prospects to reconstruct past regional modes of
climate variability.

On the Québec North Shore, in the southeastern
Canadian Shield (eastern Canada), three adjacent deep
fjord lakes (lakes Pentecote, Walker and Pasteur) were
studied in order to evaluate laminae preservation and
potential for varve formation. Facies analysis of short
sediment cores using digital images and thin-sections
revealed that the lakes contain bioturbated, partially
laminated and well-laminated sediments (Nzekwe
et al. 2018). It has been demonstrated that of the three
earlier-studied lakes, Lake Walker is characterized by
morphological factors that better favour the preserva-
tion of sediment laminae, which include higher
relative depth, mean depth, maximum depth, critical
depth and topographic exposure (Nzekwe et al. 2018).
Based on comparison of laminae couplet counts to the
chronology derived from 2'°Pb measurements from a
short core (core WA14-06-R from Lake Walker), the
uppermost (recent) sediments are most likely to be
annually laminated (Nzekwe et al. 2018). More so, it
was suggested that laminated sediments in Lake
Walker are better preserved in deeper parts of the
lake based on laminae visibility index (LVI), a semi-
quantitative index that was established using image
observation of thin sections from core WA14-06-R
(Nzekwe et al. 2018). However, the demonstration that
laminations present in the deeper part of Lake Walker
sedimentary sequence are annual has yet to be
exposed.

The specific objectives of the present study are to:
(1) produce a long continuous composite sequence
from the set of parallel long cores that was collected
from Lake Walker in March 2015, (2) establish an age
model based on radiocarbon dating and laminations
counting, evaluate the best varve counting technique
and verify the hypotheses that laminated intervals in
the composite sequence are varved, (3) characterize
the laminations properties in order to evaluate the
potential to extract a high resolution record of past
climate from Lake Walker sediments.

Study site
Lake Walker (50° 16.02' N, 67° 9’ W) is a picturesque

lake situated on the Québec North Shore, north west of
the Gulf of St. Lawrence in eastern Canada (Fig. 1A,
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Fig. 1 A Regional setting and geographic location of Lake
Walker situated on the Québec North Shore (A1) in southeastern
Canada, as shown in the insert (A2). B Panoramic view of Lake
Walker (N-S direction) showing the materials used during
fieldwork in March 2015. As shown, coring in Lake Walker
posed technical challenges due to its remote location and

B). The maximum depth of the lake is 271 m (Gagnon-
Poiré et al. 2019) (Fig. 1C) and the elevation above
modern sea level is 115 m (Nzekwe et al. 2018). It has
a ~ 30-km-long predominantly longitudinal north-
south oriented basin (Gagnon-Poiré et al. 2019).
Morphologically, it is typically U-shaped, with steep
sidewalls and relatively deep V-shaped bottom
(150-271 m), and thus described as a fjord lake
(Gagnon-Poiré et al. 2019; Lajeunesse 2014). It
consists of two deep basins in the northern and
southern parts, separated by a central sill. The area of
the lake covers 41 km?, while its watershed extends
over 2187 km?> (Gagnon-Poiré et al. 2019).

Lake Walker is dimictic and receives seasonal
inputs of surficial material from two rivers, the
Schmon and Gravel Rivers that flow into the

YN

g

geomorphology. C Map showing the northern part of Lake
Walker (C1) that was cored. (C2) Multibeam bathymetry of the
cored area (modified from Gagnon-Poiré et al. 2019). Also
shown is the location of two cores: core WA14-06-R previously
analysed (Nzekwe et al. 2018), and the composite core WA15-
08-U (this study)

northwestern and northeastern parts of the lake,
respectively (Nzekwe et al. 2018). The headwaters
of these rivers originate northwards from the boreal
forests around Lake Manicouagan and the Caniapiscau
River (Fig. 1A). The Québec North Shore has a
subarctic climate where spring runoff occurs between
April and May. Instrumental climatic data for the
region are available from isolated meteorological
stations, the closest being the Sept—iles airport (50° 13’
00" N, 66° 15’ 00” W, 52.60 m asl), which is ~ 70
km east of Lake Walker (Centre d’expertise hydrique
2016). Detailed morphological and limnogeological
characteristics of Lake Walker have been presented by
Gagnon-Poiré et al. (2019), Normandeau et al. (2016)
and Nzekwe et al. (2018).

@ Springer
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Methods and materials

Sediment coring and construction of the composite
sequence

The coring location was selected based on previously
obtained multibeam bathymetric and subbottom pro-
filer data (Gagnon-Poiré et al. 2019) and short
sediment coring (Nzekwe et al. 2018) (Fig. 1C). A
succession of core sections ranging from 100 to
200 cm in length were obtained from Lake Walker at a
water depth of ~ 140 m using a UWITEC piston
corer on the lake ice cover (~ 15 c¢cm) in March 2015.
The core sections were retrieved from two boreholes
(08C and 08D), which were used to name individual
core sections (Table 1, ESM 1). A gravity core was
also retrieved at the site (08B-G). Collected sediment
cores were stratigraphically realigned using marker
beds (such as visible laminae, image artefacts and/or
rapidly deposited layers) to construct a 352-cm-long
composite sequence, WA15-08-U (Table 1, ESMs 2,
3). Hereafter, stratigraphical positions are expressed in
centimeter composite depth (cm cd).

Computed tomography

Whole core sections were analysed using a SIEMENS
SOMATOM Definition AS + 128 Volume Access
sliding gantry medical CT-scanner (SIEMENS AG,
Munich, Germany) at the Institut National de la
Recherche Scientifique, Centre Eau Terre Environ-
nement (INRS-ETE). The resulting images (0.6 mm
resolution) were shown in gray scale. Gray scale

values are expressed as CT numbers or Hounsfield
units (HU), a proxy for sediment bulk density, porosity
and mineralogy (Boespflug et al. 1995; Cremer et al.
2002; Fortin et al. 2013). Lighter and darker areas
indicate higher and lower X-ray attenuations, respec-
tively (St-Onge et al. 2007).

X-ray microfluorescence and X-radiography

An ITRAX core scanner with a molybdenum tube
(Cox Analytical Systems, Mdolndal, Sweden) was used
to acquire microgeochemical (u-XRF) and microden-
sity (radiography) variations in the split long sediment
cores at INRS-ETE. Prior to measurement, RGB
colour images (50 pum resolution) of the cores were
taken using the ITRAX line scan camera. The number
of counts for each element in a spectrum acquired for a
specific depth interval was normalized by the total
number of counts of that spectrum (expressed in
counts per second, cps). “Inc” is the incoherent
scattering or Compton scattering and “coh” is the
coherent or Rayleigh scattering (Croudace et al. 2006).
The inc/coh ratio is inversely proportional to the
average atomic weight (Croudace et al. 2006). p-XRF
data was acquired at a down-core resolution of
100 pm at an exposure time of 5 s, using a voltage
of 30 kV and current of 45 mA. Data were analysed
using Q-Spec 8.6.0 software developed by Cox
Analytical Systems (Croudace et al. 2006). Only
elements that are well above the detection limit and
that can be interpreted in a meaningful sedimentolog-
ical way are discussed in this paper: they are Si, K, Ti,
Fe, Ca and Zr. These p-XRF data were annually

Table 1 List of sediment cores used to reconstruct the (~ 4 m upper part of) composite core WA15-08-U (Lake Walker)

Core sections Sections Length (cm)

Core sections depth interval (cm)

Core section depths used to
construct composite (cm cd)

WA15-08B-G 143 0-143 0-139
WA15-08D-1-U-1 84 6-90

WA15-08C-I-U-1 134 10-144

WA15-08D-1-U-2 90 90-180 139-178*
WA15-08D-1I-U-1 87.5 175-262.5 178-262.5%*
WA15-08C-1I-U-1 89 193-282

WA15-08D-11-U-2 89.5 262.5-352 262.5-352
WA15-08C-1I-U-2 96 282-378

*Part of the composite core that was subsampled for thin-section analysis. Geographic location of core is shown in Fig. 1. Correlation
panel of cores and list (including depths) of laminations that were used to reconstruct the composite sequence of are shown in ESM 2)

@ Springer
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averaged in order to describe their variability in time
(Lapointe et al. 2020). Additional high-resolution
radiographs of the split cores were also obtained using
a voltage of 50 kV, current of 45 mA and an exposure
time of 700 ms.

Stratigraphy, chronology and radiocarbon dating

Terrestrial plant macrofossils (wood fragments) and
bulk sediments (in the absence of datable fossils) were
collected at various depths from the composite core
WA15-08-U (Table 2). The samples were prepared for
'4C dating at the Centre d’etudes Nordiques (CEN),
Universite’ Laval and analysed using accelerator mass
spectrometry (AMS) at the Earth System Science
Department Keck Carbon Cycle AMS Facility at the
University of California at Irvine. The dates were
calibrated using Calib 7.1 software using the Northern
Hemispheric calibration curve INTCAL2013 (Reimer
et al. 2013). The age-depth model was established
using the Clam software version 2.2 (Blaauw 2010a)
interface with the R software (Blaauw 2010b), which
allowed for plotting the “best fit” with 95% confi-
dence interval. For the reconstruction of the varve
chronology, only the '*C ages within the selected
sediment depth interval were considered (Table 2).

Lamination and varve counting

A semi-quantitative index, the “Lamination visibility
index (LVI)” was used to describe the visibility of
laminations: 0—none, 1—faint, 2—visible, 3—<clear,
and 4—distinct on the composite sequence WA15-08-
U, using similar method as Nzekwe et al. (2018). Two
varve counting methods were tested on the
175-263 cm cd interval of core WA15-08-U (Table 1)
having the best LVI indices: manual counting using
the PeakCounter software, and manual counting on
thin-sections supported by image analysis.

Manual counting using PeakCounter

A multi-parameter approach of manual counting using
the freeware PeakCounter 1.6.4 (Marshall et al. 2012)
was used to count the laminations on core WA15-08-U
(~ 175-263 cm cd). In order to analyse the lamina-
tions, the X-ray radiograph (with gray scale values),
optical image (from ITRAX line scan camera) and
(XRF) elemental variations (Si, Ti, K, Fe and Ca) and

also the inc/coh ratio were evaluated adjacently. These
elements were selected because they were the ones
following better the varves components, yet allowing
the best varve identification (Marshall et al. 2012;
Nakagawa et al. 2012). The following pre-defined
criteria were set in order to facilitate varve counting
using PeakCounter: (1) the n-XRF was run at a high
resolution (100 pm) such that peaks in elemental
compositions would represent sub-layers in the lam-
inae couplet (varve) structure, and (2) the p-XRF step
size and the X-radiography resolution were the same
(100 pm) in order to facilitate correlation of XRF
elemental composition and digital images. Consider-
ing the mean laminae couplet thickness of ~ 0.7 mm
(minimum laminae couplet thickness is 0.18 mm,
maximum laminae couplet thickness is 3.85 mm and
the standard deviation is 0.57) in the uppermost
(recent) sediments from Lake Walker (Nzekwe et al.
2018), seven p-XRF measurements (0.1 mm) were
obtained on average per laminae couplet.

Similar to the LVI, a varve quality Index (VQI) was
used to describe how XRF elemental peaks within the
PeakCounter 1.6.4 software correlate with laminae
boundaries of the selected core section
(~ 175-263 cm cd): VQI 1: faint—where medium
to low peaks in two or less XRF elements correlate but
do not clearly correspond with laminae/varve bound-
aries in the digital images; VQI 2: visible—where
medium to low peaks in at least three elements
correlate and do not clearly correspond with lami-
nae/varve boundaries in the digital images; VQI 3:
clear—where high to medium peaks/lows in at least
four XRF elements correlate and are distinguishable
with laminae/varve boundaries in the digital images;
VQI 4: distinct—where high peaks/lows in all selected
XRF elements correlate and correspond with lami-
nae/varve boundaries in the digital images. Hence,
VQI 4 represents the best quality.

Thin-section counting, image analysis and particle
size analyses

Undisturbed sediments were subsampled using alu-
minium slabs (measuring 8 x 1.5 x 0.5 cm), freeze-
dried and epoxy-resin embedded based on the methods
by Francus and Asikainen (2001) and Lamoureux
(1994). The thin-section slabs were scanned at 2400
dpi in plain and cross-polarized light to obtain digital
images using an Epson transparency flatbed unit. Then

@ Springer
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Table 2 AMS '*C age of dated materials from the composite core WA15-08-U (Lake Walker)

Core name Material Core section Composite Depth UC Irvine Université “CaBP  'C cal BP
depth (cm) (cm cd) Lab # Laval #

WAI15-08D-  Bulk 45 47 UCIAMS- ULA-6395 980 £ 15 891 £ 40
I-U-1 sediment 179151

WAI15-08D-  Bulk 10.5 104.5 UCIAMS- ULA-6396 1265 £ 15 1223 + 30
I-U-2 sediment 179152

WAI15-08C-  Wood 119 128 UCIAMS- ULA-6442 1565 £ 15 1466 + 40
I-U-1 fragment 179988

WAI15-08D-  Bulk 51 145 UCIAMS- ULA-6397 1750 £ 15 1666 £ 30
I-U-2 sediment 179153

WA15-08D-  Bulk 6 176 UCIAMS- ULA-6399 2735 £ 15 2803 + 20*
1I-U-1 sediment 179953

WAL15-08D-  Wood 32 179 UCIAMS- ULA-6441 2370 £ 15 2361 + 5
I-U-2 fragment 179985

WAI15-08D-  Bulk 89 207 UCIAMS- ULA-6400 2320 £ 15 2347 £ 20
I-U-2 sediment 179154

WA15-08D-  Bulk 41.5 217.5 UCIAMS- ULA-8512 2765 £ 20 2853 £ 30
II-U-1 sediment 217742

WAI15-08D-  Bulk 65 241 UCIAMS- ULA-8513 3035 £ 20 3272 £ 40
1I-U-1 sediment 217743

WAI15-08D-  Bulk 85 260 UCIAMS- ULA-6400 3190 +£ 15 3417 £ 20*
II-U-1 sediment 179954

WAI15-08D-  Bulk 11 273 UCIAMS- ULA-6401 3360 £ 15 3608 £ 20
II-U-2 sediment 179955

WAI15-08D-  Bulk 50 312 UCIAMS- ULA-6402 3785 £ 15 4169 £ 50
1I-U-2 sediment 179956

WAI15-08D-  Bulk 88 350 UCIAMS- ULA-6435 6180 £ 15 7081 £ 15
1I-U-2 sediment 179979

Two of the outliers (at 176 and 207 cm cd) are located near the depth interval where there is an age reversal (between 176 and
179 cm cd). These samples were sampled near the (~ 5 cm) edge of the individual core sections that make up the composite
sequence (Table 1, ESMS 1, 2), where some disturbance, and possible contamination can occur

*Dates from the test interval of the composite core (cm cd) from which thin-section were subsampled. Correlation panel of core

sections is shown in ESM 2

these digital images were used for lamination counting
using an in-house software developed at INRS-ETE
(Francus and Nobert 2007). Varve counting was done
by two different researchers (O.P.N and F.L). An error
estimate was calculated based on the difference in the
number of laminae couplets in each thin-section
divided by the total varves expressed in percentage
(Zolitschka et al. 2015).

Regions of interest (ROIs) on the flatbed digital
scans were identified using the in-house software
(Francus and Nobert 2007) and images of these ROIs
were automatically acquired using SmartSEM soft-
ware and further analysed using a Zeiss Evo50®
scanning electron microscope (SEM) in backscattered

@ Springer

electron (BSE) mode at INRS-ETE. 8-bit gray-scale
BSE 1024 x 768 pixels images, with a pixel size of
1 um, were obtained at a tilt angle of 0°, working
distance of 8.5 mm, and accelerating voltage of
20 kV, in order to optimize contrast between clastic
grains and clay matrix (Francus et al. 2008; Lapointe
et al. 2012). Approximately 1000 BSE images were
analysed such that clay matrix and clastic particle
appeared in white and black, correspondingly. Within
each laminae couplet (clay and clastic lamina) every
individual particle size was measured by image
analysis (Francus 1998), and the following particle
size distribution (PSD) indices were calculated:
medium disk apparent diameter (mD,) (Francus
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1998), standard deviation (sDp), maximum disk
apparent diameter (maxDy), and percentiles of particle
size distribution P75D,, P95D,, P98D, and P99D,,
using a similar method as Lapointe et al. (2019) and
Gagnon-Poiré et al. (2021). Subsequently, the Lake
Walker varved record was compared with other
records that are highly resolved and well dated in the
time interval corresponding to the 175-263 cm cd
interval of core WA15-08-U.

Statistical analysis of proxy data

The physical properties of the laminated sediments
such as varve thickness (VT) and particle-size indices
(Do50, sDg, P75Dg, P95D,, P98Dy and P99D,, and
maxD,) were analysed using the Paleontological
Statistic (PAST) software (Hammer et al. 2001).
Univariate analysis was used to calculate measures of
location (mean and median), and measures of spread
(variance and standard deviation). Normality test
using Shapiro-Wilk test indicated that the sample
data (VT and particle-size indices) were not normally
distributed (ESM 4), thus statistical correlation of VT
and particle size variables was done using a non-
parametric test, the Spearman’s rank order correlation
coefficient (r;) (Dodge 2003; Hammer et al. 2001).
Principal component analysis (PCA) was used to
transform the multivariate XRF elements into groups
that highlight similarities and differences (Hammer
et al. 2001).

Results
Sediment description

The laminae couplets from the core WA15-08-U
(~ 175-263 cm cd) comprise two main lithologic
layers: a fine silt layer rich in Ti and Zr, and a clay-rich
layer with small amount of barely visible diffuse and
degraded organic matter rich in Fe (Fig. 2). No diatom
or other recognizable organic component was visible
regularly in one of the components of the varves. The
clay-rich layer, otherwise referred to as clay cap
(Francus et al. 2008; Zolitschka et al. 2015) was the
main feature used to delineate the laminae couplet
boundaries due to their relatively fine and more
distinct borders compared to the silt-rich layer
(Fig. 2B). Three depositional events with thicknesses

of > 1 cm characterized by relatively high gray scale
value, high Fe, medium Mn and high Si and Ti (not
shown) were found at ~ 240, 241 and 246 cm cd
respectively (ESM 5). They are interpreted as rapidly
deposited layers (St-Onge et al. 2007, 2012) and were
used to correlate cores between them in the establish-
ing of the composite profile.

Univariate analysis of varve thickness (VT) and
particle size data (mD,, sDy, P75D,, P95D,, P98D,
and P99D,, and maxD,) extracted from the test
interval of core WAI15-08-U (175-263 cm cd) is
presented in Table 3. The mean VT is 0.86 mm
(minimum VT is 0.17 mm, maximum VT is 7.62 mm)
with variance of 0.29 mm and standard deviation of
0.54 mm (Table 3). Spearman’s rank correlation
indicates that there is a low, positive, monotonic
association (n =923, p <0.01) between VT and
particle size parameters (mDy, sDy, P75D,, P95D,,
P98D, and P99D,, and maxD,) (Table 4). Although
the correlation coefficient (Spearman’s rank order
coefficient, r,) is generally low (r, < 0.2) for all
variables, the strongest correlation with varve thick-
ness is obtained with the 75th percentile (r; = 0.2184,
p value = 0.0001; Table 4).

Stratigraphy, chronology and radiocarbon dating

The results of thirteen radiocarbon ages obtained from
the laminated intervals in the composite core WA15-
08-U (0-352 cm cd) from Lake Walker are presented
in Table 2. The radiocarbon based age-depth model
(Fig. 3A) is constrained by ten AMS '*C dates that
span from 4169 + 50 cal BP to 891 =+ 40 cal BP.
This corresponds to the late Holocene sedimentation.
Three dates derived from bulk sediment sampled at
176,207 and 350 cm cd, respectively were considered
as outliers because they were plotted outside the line of
best fit (marked in red colour; Fig. 3A). Using the age
model, the mean sedimentation rate in Lake Walker
during the last ~ 4 ka BP ranges from 0.52 to
1.75 mm afl, based on radiocarbon dating.

The sediment interval that was selected for varve
studies (~ 175 to 263 cmcd) spans from
3417 + 20 cal BP to 2347 +£ 20 cal BP (Fig. 3B).
Besides the outliers (as noted above), an age reversal
was noticed on the upper part of the selected section,
where bulk sediments sampled at 176 cm cd dated
2803 £ 20 cal BP, while wood fragment sampled at
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(A) Thin-section
cross-polarized light

Varve counts

0.2cm

e

WA15-08D-IIL

5mm

Fig. 2 Tllustration of typical varve structure from Lake Walker,
interpreted as clastic varves: A Flat-bed thin-section image
showing B two main lithologic layers: clay-rich laminae
(denoted as “c”’) deposited during winter and silt-rich laminae
(denoted as “s”) deposited between spring melt and autumn.
Black horizontal bars indicate varve boundaries while numbers

(B) Thin -section image analysis

¢ — clay-rich lamina, s — silt-rich laminae

(C) SEM
ROIls Varve
S washia g boundaries

abr

5pum

indicate varve counts (not in years). Regions of interest (ROIs)
are shown at the right side lettered squares. C SEM images
related to ROIs (as shown in B). SEM images show relatively
clear contrast between clayey and silty laminae (letters and
yellow squares indicate ROI boundaries, while black horizontal
lines indicate varve boundaries

Table 3 Univariate statistics of the physical parameters analysed using PAST software from the composite core WA15-08-U

(~ 175 to 263 cm cd) Lake Walker

VT mD,  sD, minDy maxD, P75 _D, P90_D, P95D, P98 D, P99 D,
N 923 923 923 923 923 923 923 923 923 923
Min 0.160 5171 2736 3.568 16.622 7.047 9.305 11.17 13.729 14.936
Max 7.620 9271 6945  3.568 109.645  13.446 19.278 24.067 32.047 37.701
Mean 0.861 6378 4265  3.568 31.758 9.483 13.211 16.094 19.889 22.566
Std. error  0.018  0.020  0.021  2.35E-15  0.264 0.030 0.047 0.063 0.087 0.107
VAR 0289 0380 0414  5.12B27 64232 0.848 2.053 3.648 7.053 10.594
SD 0537 0616 0.643  7.15E-14 8015 0.921 1.433 1.910 2.656 3.255

VT, varve thickness (mm); VAR, Variance; SD, Standard deviation
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Table 4 Spearman’s rank correlation of varve thickness and grain size parameters from the composite core WA15-08-U

(175-262.5 cm cd), Lake Walker

VT mDy sDp maxDq P75 Dy P90_D, P95_Dy P98_Dy P99_D,
r, 0.1944 0.1929 0.1586 0.2184 0.2035 0.2042 0.166 0.1713
p value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

VT, Varve thickness; r,, Spearman’s rank correlation coefficient

179 cm cd dated 2361 & 5 cal BP (Table 2) (dis-
cussed below).

Laminae couplet counts using thin-section
and image analysis

Laminae couplet counts by two different researchers
summed to 901 “varves” (O.P.N) and 923 varves
(F.L) within this interval (Fig. 3C). The difference
between the two individual counts (O.P.N and F.L)
ranged from =+ 1to & 12 varve years per thin section,
with a total difference of approximately 4 22 years
for the entire test interval (175-263 c¢cm cd). The error
in counting ranges from ~ 0.1 to ~ 1.5% (Fig. 3C).

Laminae visibility and counting, XRF data

The composite core WAI15-08-U (0-352 cm cd)
comprises mainly laminated and partially laminated
sediments (Nzekwe et al. 2018) (Fig. 2, ESMs 2, 3).
The laminations observed are generally horizontal and
continuous (Fig. 2A, B). Their “Lamination visibility
index” (LVI) (Nzekwe et al. 2018) is between 2 and 4
(visible to distinct) over the entire interval. Within the
selected interval (~ 175 to 263 cm cd; Fig. 4B-D),
the laminations appear clear to distinct (LVI: 3-4).

Downcore XRF data for selected elements (Ti, K,
Zr) on core WA15-08-U (~ 0-360 cm cd) is shown
in Fig. 5. The lower part of the core is characterized by
relatively steady and regular elemental variations
compared to the upper part of the core that is
characterized by a generally decreasing upward profile
of the selected elements.

Manual counting of laminae couplets using
PeakCounter

An illustration of laminae counting on the selected
interval of core WA15-08-U (175-263 cm cd) using

PeakCounter is shown on Fig. 6. Specifically, gray
scale value from the ITRAX radiograph and five
selected XRF elements (Fe, K, Si, Ti and the inc/coh
ratio) with traceable concentrations were overlapped
and compared within an active window (selected
interval) within the core (Fig. 6). As shown in Table 5,
a total of 561 laminae couplets were counted within
the 175-263 cm cd interval of core WAI15-08-U
which includes: 356 “VQI 17, 183 “VQI 27, 22
“VQI 3”, and 0 “VQI 4” (laminae couplets) counts.
The rapidly deposited layers (ESM 5) were excluded
from the PeakCounter varve count (shown as breaks in
the grey line, Fig. 3C). However, there was no sign of
erosion below each of these RDL based on CT-scans
and SEM images.

Statistical analysis of elemental data

Results of principal component analysis (PCA) of
XRF elements from core WA15-08-U reveal XRF
elemental associations and possible sources of sedi-
ments (Fig. 7, ESMs 6, 7). The eigenvalue of the first
five components are higher than the Joliffe cut-off
(0.7) respectively, which indicates these components
appear significant (ESM 6A). However, the broken
stick line (ESM 6B) indicates that the first component
explains 40% of the variance (red line) (Hammer et al.
2001). PCA loadings for the first principal components
show two groups: positive loadings (Si, K, Ca, Ti, Zn,
Rb, Ni, Zr) and negative loadings (Mn, Fe, and
inc/coh) (ESM 7). The PCA scatter plot for PCl
reveals four associations: (1) Si, Ti, K, Ca, Zr, Ni and
Zn; (2): Mn and Fe; (3): inc/coh, and (4): C1 (Fig. 7).

Annual p-XRF and grain-size variability
between ~ 3230 and 2320 BP

Most of the p1-XRF elements exhibit similar variability
during the interval under study (Fig. 8). The Zr and
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Fig. 3 A Age-depth model of the composite core WA15-08-U
(~50 to 350 cm composite depth, cd) from Lake Walker based
on radiocarbon dating. The model is constrained by ten dates
(shown in blue colour), with three other dates as outliers (shown
in red colour). The outliers were sampled at 176, 207 and
350 cm cd, and derived from bulk sediment (Table 3). The
insert B shows the age-depth model of the section of core
WAI15-08-U (~ 175 t0 263 cm cd) that was analyzed for varve
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occurrence. The grey shading represents the 95% confidence
interval calculated by Clam (Blaauw 2010a). C Comparison of
age-depth models for the laminated interval of core WA15-08-U
(~ 175 to 263 cm cd) based on AMS '*C dating (B), semi-
automatic counting using PeakCounter software (Marshall et al
2012); two individual varve counts based on thin-sections in this
study (O.P.N and F.L); and the mean varve count by the two
researchers
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grain-size data show an increasing trend from the
earlier part of the sequence and culminating around
2.7 ka cal BP. CT-scan (Hounsfield Unit: HU) reveals
similar variability compared to the p-XRF throughout
the interval of interest, including higher relative
density from 2800 to 2600 BP. Both Zr and the 99"
percentile (P99Dg) depict strong co-variability
throughout their overlapping period (Fig. 8, ESM 8).

Discussion
Chronology and radiometric dating

The chronology of recent sedimentation (deposited
during the last ~ 150 years) in Lake Walker was
established by 2'°Pb and '*’Cs dating (Nzekwe et al.
2018). The radiocarbon-based age-depth model
(Fig. 3A) of core WA15-08-U (~ 0 to 350 cm cd)
is constrained by ten radiocarbon ages, while 3 ages
are considered as outliers (176, 207 and 350 cm cd;
Fig. 3A, B). Age reversals are common issues when
dating bulk sediments in the absence of datable macro-
fossils (Grimm et al. 2009), which appears to be the
case for our three outlier samples. Two of the outliers
(at 176 and 207 cm cd) are located near the depth
interval (between 176 and 179 cm cd) where there is
an age reversal (Blaauw 2010a). These samples were
sampled near the (~ 5 cm) edge of the individual core
sections that make up the composite sequence
(Tables 1, 2), where some disturbance, and possible
contamination can occur. The older outlying dates at
176 cm cd could be attributed to the dating of
reworked bulk sediment material, while the occur-
rence of the younger date (at 207 cm cd) suggests
possible contamination during sediment deposition
and/or laboratory analysis (Butler et al. 2004; Hajdas
et al. 1995). However, the lowermost outlier (at
350 cm cd) is likely caused by the dating of material
from a relatively thick lamina, described as a rapidly
deposited layer (St-Onge et al. 2007, 2012), which
might have preserved older remobilised sediments
(Gagnon-Poiré et al. 2019). However, as shown in
Fig. 3A (and Table 2), the fact that the age of the two
(2) wood fragments, at 128 and 179 cm cd (which are
more reliable than bulk sediments) fit in a linear
relationship with the ages of eight (8) bulk sediment-
derived ages indicates that the radiocarbon age-depth
model is robust, despite the exclusion of three (3)

outlier dates. Hence, the varve chronology from the
selected interval of the composite core WA15-08-U
(175-263 cm cd) that is anchored on four radiocarbon
dates that range from 3230 to 2320 £ 20 cal BP, is
also reliable (Fig. 3B, C).

Comparison of varve counting methods and error
estimates

The varve chronology constructed using manual
counts from the PeakCounter software does not match
with the chronologies constructed from individual
counts from thin sections and the AMS '“C ages from
within the counted interval for the selected interval of
the composite sequence (175-263 cm cd) (Fig. 3C).
More specifically, the varve chronology model con-
structed using PeakCounter has a steeper slope
compared to the chronology constructed from indi-
vidual thin-section counts, and plots progressively
away from the radiocarbon age-depth model. How-
ever, the varve chronology model from thin-section
counts has a gentler gradient and correlates closely
with the radiocarbon age-depth model (Fig. 3C). The
mean varve count from the thin section (red line;
Fig. 3C) depicts the average of the individual counts
by two independent researchers (O.P.N and F.L). The
difference between the two counts (O.P.N and F.L)
and the mean varve count defines the standard
deviation of the varve chronology (Fig. 3C, Table 3).

The difference in varve counts between the varve
chronologies established using the PeakCounter soft-
ware and thin-section ranges from £ 5 to ~ 350
varve years (Fig. 3C), which corresponds to an error
of = 40%. As noted already, error in individual
laminae counts (O.P.N and F.L) using thin-section
ranges from ~ 0.1 to ~ 1.5%. For PeakCounter, the
VQI was used to estimate the error (counts by O.P.N
only) based on maximum standard deviation of counts
per VQI index. The VQI level 1 (with 356 counts out
of 561 total counts) accounted for the maximum
deviation, which indicates that the majority of counted
varves were “faint”. In summary, the varve chronol-
ogy established from the thin sections is interpreted to
be more reliable than that from the PeakCounter
because it more closely follows the AMS '*C
(Fig. 3C).
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Fig. 4 Illustration of multi-scale image analyses of the
composite core WAI15-08-U (Lake Walker) to select a
laminated interval and establish a varve record: a CT-scan of
the upper ~ 4 m part of the core to delineate laminated
intervals (black arrows indicate depths sampled for '*C dating;

Laminae formation and preservation

Favourable conditions for the deposition of varved
sediments in clastic environments include: a season-
ally contrasted sedimentary supply, adequate sedi-
mentation rates, seasonal or permanent anoxia, and a
relatively deep basin (O’Sullivan 1983; Larsen and
MacDonald 1993; Larsen et al. 1998; Schnurrenberger
et al. 2003; Tylmann et al. 2012; Jenny et al. 2013;
Zolitschka et al. 2015; Nzekwe et al. 2018). Varves
from Lake Walker can be classified into the clastic
varves category of Zolitschka et al (2015): a fine silt
layer is deposited between spring melt and autumn, is
overlain by clay-rich layer deposited during winter
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.1-49 Fm
Varve count ROls

b Line-scan image of a selected interval with regular
laminations; ¢ Thin-section from the selected interval showing
laminae with clear-distinct boundaries; d Image analysis of
varve counts and selection of regions of interests for particle size
analysis using SEM

(Fig. 2), which typically lasts for 5 months, from
December to April (Nzekwe et al. 2018). The fine silt-
rich layer is richer in elements usually interpreted as
indicators of a detritic input (Si, Ti and Rb), while the
clay-rich layer is richer in Fe and Mn, as observed
elsewhere in clastic varves (Cuven et al. 2010).

PCA scatter plots of annually resolved XRF data
(Fig. 7) indicates that the input is probably linked to
silicates and carbonates (Rothwell and Croudace
2015). Detritic influence is predominant during the
period of 2300 to 2800 BP, particularly during the
interval 2700-3000 BP (Fig. 7). The closer associa-
tion of inc/coh with Mn and Fe and divergent
association with Ti and K (Fig. 7) suggests that
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Fig. 5 XRF data for the composite core WA15-08-U showing
CT-scan frontal view (CT) and vertical profiles of selected
elements along the core. The number of counts for each element
in a spectrum acquired for a specific depth interval was
normalized by the total number of counts of that spectrum
(expressed in counts per second, cps). Elemental variations are

organic matter preferentially bounds with fine sedi-
ments that are deposited under the ice in an oxygen-
limited water column (Rothwell and Croudace 2015).

This study demonstrated that Lake Walker contains
laminated and varved intervals during the period 3230
to 2320 + 20 cal BP, and that the preservation of

O AN PP POE P O N & P
cT OF o 0¥ o ¥ 0¥ o o° o o & o°

Zr (cps)

L

WA15-08-U-II-U-1

relatively more regular in the lower part of the core compared to
the upper part, where they show general upward reduction. For
preliminary attempts to establish a varve chronology, the middle
part of the core (~ 175 to 263 cm cd) was selected for analysis
using PeakCounter software

varved sediments generally improves with increasing
depth in the composite core, as shown in Fig. 9. This
observation is similar to a study by Kinder et al.
(2013). The error limits in varve counting decreases
with increasing depths, suggesting improved laminae
preservation (Nzekwe et al. 2018; Tylmann et al.
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Fig. 6 Illustration of the multi-parameter approach using the
PeakCounter Software (Marshall et al. 2012) for lamina/varve
counts on core WA15-08-U (Lake Walker). Parameters include:
A Radiograph (top) and optical image (below, H) of the core
section (~ 175 to 263 cm cd). (Middle) For an active window

(see radiograph), grey scale and XRF elements (Fe, K, Ti, Si,
inc/coh ratio) are overlapped (B—G), where vertical marked
lines represent laminations labelled based on varve quality
index, with level 1 representing the lowest quality of varve, and
level 4 representing the highest quality (Table 5)

Table 5 Summary data of varve counts on a section of the composite core WA15-08-U (~ 175 to 263 cm cd) using the

PeakCounter software (Marshall et al. 2012)

Composite depth (cm cd) VQI 1 VQI 2 VQI 3 VQI 4 Total
175-240 264 148 22 0 434
240-241 2 0 0 0 2
241-246 19 15 0 0 34
246-263 71 20 0 0 91
Whole interval 356 183 22 0 561

Level 1, 2, 3, 4 represent the varve quality indices used, with level 1 representing the lowest quality of varve, and level 4 representing

the highest quality

2012; Zolitschka et al. 2015), which is possibly due to
favourable morphological factors such as higher
relative depth, anoxia and less sediment mixing
potential (Larsen and MacDonald 1993; Larsen et al.
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1998). Also, the LVI and VQI improve with increasing
depth, while varve composition remains principally
clastic at all depths (Fig. 9).
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Fig. 7 PCA scatter plots of annually resolved XRF data (PC1,
ESM 7). The red dots represent years 2300-2800 BP whereas
blue dots are years after 2800BP. In general, the years

Comparison with other lacustrine records
in eastern Canada

Sedimentation rate in Lake Walker during the last ~
3.5 ka cal BP ranged from 0.4 to 1.75 mm a~". Such
sedimentation rates are comparable to those in lakes
within the central and southern regions of the province
of Québec, for example, in Lake Jacques-Cartier:
0.40 mma~! (Philibert 2012); Lake Yasinki: 0.50 mm
a~ ! (Fortin et al. 2012); Lake Mékinac 0.18 mm a~'
(Trottier 2016); Lake Pasteur 0.04—0.87 mm a’!
(Nzekwe et al. 2018); Lake Pentecote:
0.48-0.90 mm a~! (Gagnon-Poiré et al. 2019;
Nzekwe et al. 2018); Lake St-Joseph: 0.7 mm a”!
(Normandeau et al. 2013; Trottier et al. 2019), Lake
Aux Sables: 0.8 mm a_l, and Lake Maskinongé:
0.18 mm a~! (Trottier et al. 2019), though no varves
have been reported from these lakes. In general, the
sediment accumulation rate of Lake Walker and other
nearby lakes suggests that the regional sedimentation
rate ranges from 0.4 to ~ 2 mm a~! (Table 6). A
comparison of morphometric characteristics of the
above-listed lakes is shown in Table 6.

2642
2641
2639

26-20

pH-sensitive

Component 1

2300-2800 BP are characterized by more detritic influence,
particularly during the interval 2700-3000 BP

In the Québec-Labrador region, the most similar
reported varved site is Grand Lake, a fjord lake with
maximum depth of 245 m (Table 6), located in
Labrador, ~ 600 km northeast of Lake Walker (For-
tin et al. 2012; Gagnon-Poiré et al. 2021; Trottier et al.
2020). Although the reported average varve thick-
nesses are higher (between 1 to 5 mm) in proximal
sites at Grand Lake, they are thinner in more distal
cores (Gagnon-Poiré et al. 2021), and more impor-
tantly, the structure of these varves is similar to the
ones found at Lake Walker. Moreover, the headwaters
of the rivers feeding these two lakes are located in the
same area, covered by a hilly boreal forest. It is then
realistic to transpose the paleoenvironmental interpre-
tation made at Grand Lake to Lake Walker. Gagnon-
Poiré et al. (2021) found a strong correlation between
the thickness and the grain size of detrital silty layer of
the varves with the local instrumental hydrological
record of the Naskaupi River (r = 0.68 and 0.75,
respectively), and were able to reconstruct past mean
and maximum annual discharge. They also showed
that the record could be used as a proxy for regional
river discharge conditions. The record at Grand Lake
only extends back 160 years, but its qualitative
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Fig. 8 Physical and geochemical properties for the Lake
Walker from ~ 3230 to 2330 BP. Left panel: CT scan
Hounsfield Unit (HU), ratio inc/coh, Titanium (Ti), and

interpretation of varve thickness and varve grain size
can be applied to our older 900-yr-long varve records
at Lake Walker since the paleogeographic conditions
have not changed since then.

To mention, the late Holocene varves from Lake
Walker are different both in age and laminae structure
from glacial varves formed during the last deglaciation
in eastern Canada. Glacial varves reported from Lake
Walker (Gagnon-Poiré et al. 2019), Lake Barlow-
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Ojibway (Breckenridge et al. 2012), Lake Jacques-
Cartier (Philibert 2012), the Deschaillons varves in the
St. Lawrence Valley (Besré and Occhietti 1990), and
varves from western Québec-northeastern Ontario
(Brooks 2020) are marked by relatively thicker
(> 1 cm) varves comprising predominantly clay.
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Fig. 9 Illustration of the varve structure ate four different depths of the composite core WA15-08-U from Lake Walker, which
demonstrate that laminae visibility index (LVI) and varve quality index (VQI) improves with increasing sediment depth

Lake Walker varve record: prospects
and challenges

Although laminae couplets on core WA15-08-U (Lake
Walker) were generally visible on CT-scan images,
line-scan photos and radiographs, however, it was
more difficult to clearly delineate varve boundaries on
them (mean varve thickness of 0.86 mm), because

their resolution were insufficient, i.e., 600 pum, 50 um
and 100 pm, respectively. Using the PeakCounter
software for laminae counting proved to be unsuc-
cessful here at adequately delineating laminae couplet
boundaries (Fig. 6, ESM 6) because it relies on the
ITRAX resolution that is 100 um.

Possible sources of error associated with varve
counting using PeakCounter in Lake Walker include:
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Table 6 Comparison of lacustrine and morphometric data from some lakes in eastern Canada

Lake Latitude Longitude  Altitude Maximum Lake Sedimentation ~ Coring References
(°N) (°W) (m asl) depth (m) Area rate (mm a~') depth
(km?) (m)
Jacques- 47.585200 71.207300 795 67 12 0.40 2.5-55 Philibert (2012)
Cartier

Yasinki 77.583056 53.278056 142 - - 0.50 - Fortin et al. (2012)

Mékinac 47.067000 72.683000 165 145 23 0.18 - Trottier (2016)

Aux-Sables 46.898833 72.365833 150 41 52 0.80 39 Trottier et al. (2019)

Maskinongé 46.329667 73.398667 140 25 10.2 1.80 18.5 Trottier et al. (2019)

St-Joseph 46.916667 71.650000 160 37 11.3 0.5-0.7 37 Normandeau et al.
(2013), Trottier et al.
(2019)

Pasteur 50.217000 66.067000 86 70 19.3 0.04-0.87 71 Nzekwe et al. (2018)

Pentecote 49.867000 67.333000 84 130 18.9 0.48-0.90 40 Nzekwe et al. (2018),
Gagnon-Poiré et al.
(2019)

Grand 53.690439 60.535147 15 245 150 0.50-0.1 93-176  Trottier et al. (2020),

Lake* Gagnon-Poiré et al.

(2021)

Walker* 50.267000 67.150000 115 271 41 0.65-0.95 ~ 140  Nzekwe et al. (2018);

to 150 This study

Asl, Above sea level

(-) Data unreported

Coring depth refers to cores from which sedimentation rates were derived

*Lakes where varve records have been reported

(1) technical challenges such as image resolution with
respect to very fine laminae thickness and/or
detectable thresholds of XRF elements. Considering
a modal and median varve thickness of 0.65 and
0.74 mm, respectively, it means that more than 50% of
the laminations are represented by only 6 to 7 data
points, which is an insufficient number for delineating
a couplet; (2) subjectivity of delineation of lamina-
tions/varves by the analyst (Schlolaut et al. 2012); and
(3) depositional events such as the presence of rapidly
deposited layers (ESM 6), partial or incomplete
laminations and low depositional rates (Zolitschka
et al. 2015), as observed in Lake Walker.

On the contrary, thin-section and SEM images were
more suitable to count varves due to their improved
phase contrast and higher resolution (Figs. 2, 4)
(Francus 2006; Francus and Karabanov 2000;
Lapointe et al. 2012). Therefore, these images could
provide the principal basis for counting lamina-
tions/varves from core WA15-08-U. Counting and
measuring varves on SEM images were facilitated by
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the use of an in-house software (Francus and Nobert
2007), allowing multiple counts by different research-
ers. However, possible sources of error associated with
this counting technique include: (1) technical chal-
lenges such as cracks in sediments generated during
resin embedding and freeze drying, and cutting
successive thin sections with adequate (at least
1 cm) sediment overlap, and (2) depositional factors,
as stated above.

Therefore, the quality of the laminations in our
composite sequence was not sufficient to develop a
robust continuous varved record over the entire length
of the composite profile. It does not mean that a fully
varved record does not exist at Lake Walker. Paleo-
geographic conditions remained stable in the region
since the last 6000 years, and sub-bottom profile
survey revealed many other potential suitable coring
sites devoid of disturbances (Gagnon-Poiré et al.
2019). Yet, a complete record most probably exists at a
more proximal location in Lake Walker and, if the
comparison with Grand lake is valid, laminations
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should be thicker and hence easier to delineate.
Nevertheless, it is possible to infer a paleoclimatic
interpretation at low resolution for the entire record,
with higher resolution for the 175-263 cm cd interval.

Paleoclimatic interpretation of Lake Walker record

The long-term p-XRF dataset underscores an interval
of relatively stable elemental variability from ~ 360
to 170 cm, whereas a declining trend in elemental data
(K, Zr, Ti) is observable from 170 cm to present
(Fig. 5). This is consistent with the overall decrease of
relative density values (CT-Scan) starting at ~ 170 to
0 cm cd observed in the same core (Gagnon-Poiré
et al. 2019). In addition, the radiocarbon age-depth
model indicates an increase in sedimentation rates
below ~ 170 cm cd (Fig. 3A). Altogether, this sug-
gests increased runoff conditions below 170 cm
(around ~ 2300 cal BP) and in the earlier part
(deeper) of the composite sequence. Increased run-
off is indicative of greater snow precipitation in
winter.

Although there are few reconstructions of NAO that
reach beyond our research interval/last 3200 yr BP,
the grain-size evolution at Lake Walker strongly co-
varies with a unique NAO from SW Greenland (Olsen
etal. 2012). The Lake Walker record is averaged every
25 years to equal the reconstructed NAO temporal
resolution, and this revealed a significant negative
correlation (Fig. 11;r = — 0.77, p < 0.001). We note
too that Titanium at Lake Walker is significantly
correlated (r = — 0.48, p = 0.002) to this NAO, unlike
the other proxies. Increasing trend in grain-size values
from ~ 3200 to 2800 cal BP that maximizes from
2800-2600 cal BP and from 2500 to 2400 cal BP is
also seen in the other grain-size proxies and the Zr data
(Fig. 8), possibly linked to periods of more persistent
negative NAO (Fig. 10).

Cool conditions associated with increased ice rafted
debris were recorded at ~ 3300 to 2500 cal BP,
coinciding with a long-lasting low solar activity that
peaked around ~ 2700 cal BP (Martin-Puertas et al.
2012; van Geel et al. 2000; Wanner et al. 2011).
Several studies underline that reduction in solar
irradiance can modify atmospheric pressure gradient,
with a tendency to project onto the negative phase of
the North Atlantic Oscillation (NAO) (Gray et al.
2013; Moffa-Sanchez et al. 2014).

To explore the possible connection between nega-
tive NAO and increased grain size at Lake Walker,
investigating the winter precipitation anomalies dur-
ing a similar period in the instrumental era would be
desired. Lower Atlantic SSTs (Fig. 11B) along with
negative NAO  (Fig. 11A) occurred during
1976-1986, offering a possible analogy to the climatic
context of ~ 2800 years ago. Observational evidence
indicates increased winter precipitation over most of
Québec during this cool period, including the Lake
Walker region (Fig. 11C). This positive precipitation
anomaly would then have promoted enhanced spring
runoff caused by greater snow accumulation, consis-
tent with the documented higher fluxes at Grand Lake,
in the Québec-Labrador region (Fig. 11C), from 1976
to 1986 (Gagnon-Poiré et al. 2021).

An anomalous period of drift ice and ice rafted
debris occurred at about 2700 cal BP, and this
inevitably contributed to the cooling of the North-
Atlantic (Bond et al. 2001), as also observed in a recent
reconstructed Atlantic SSTs (Lapointe et al. 2020).
This period appears to have also been one of a
persistent negative NAO (Martin-Puertas et al. 2012).
The cause of the cooling of the North Atlantic in the
mid 1970s to the 1980s is not fully understood, but
strong evidence shows that increased sea ice export
from Fram Strait during the 1960s certainly played a
major role (Ionita et al. 2016). Based on both
observational and paleo evidence (Figs. 10, 11), it is
plausible that the increase in grain size described at
Lake Walker some 2800 years ago was related to such
North-Atlantic cooling anomaly, with linkages asso-
ciated with persistent negative NAO.

Conclusions

This study analysed laminated sediments from the
composite core WA15-08-U (0-378 cm cd) collected
from Lake Walker, Québec North Shore region,
eastern Canada using multi-scale analyses of lamina-
tions/varves: CT-scan, u-XRF, PeakCounter software
and SEM image of thin sections. The main findings are
as follows:

e Lake Walker likely holds a continuous annually
laminated sediments record. The presence of
varves in the best-preserved interval between ~
3230 to 2320 cal BP has been confirmed. Laminae
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Fig. 10 North Atlantic
Oscillation (NAO)
compared to Lake Walker
99th percentile grain-size.
Data at Lake Walker is
resampled at the lowest
resolution (25 years)
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preservation and varve quality generally improves
with increasing depth.

e PeakCounter was not able to generate a robust
chronology matching the AMS '*C ages because
laminations were too thin (mean varve thickness is
0.86 mm) and sometimes not distinct enough.
However, the use of image analysis of thin-
sections and SEM images allowed delineate and
count varves to establish a floating chronology
consistent with the radiocarbon dates.

e This new ~ 900-year floating varved chronology
from Lake Walker, Québec North Shore region
spans the interval ~ 3230 to 2320 cal BP. The
record shows similarity with another low resolu-
tion NAO record in the region. Periods of syn-
chronized cool Atlantic SSTs and negative phase
NAO tend to coincide with greater snow accumu-
lation in the region, thereby increasing grain size
and sediment fluxes at Lake Walker.

e There is a high potential to establish a longer
record from other laminated intervals from Lake
Walker.
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