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Abstract

Paleanagnetic secular variation (PSV) records serve as valuable independent stratigraphi¢oooartiat
dating tools for marine and terrestrial sediment sequeraaebs enhance knowledge of geomagnetic field
dynamics.We present a new radiocarbdated record WINPSV-12K) of Holocene geomagnetic secular
variation from Windermere, updating thgisting 1981UK master PSV curve. Our analyses used continuous
U-channelsamples taken from the center of four sediment cores retrieved from Windermere in 2012. The
naturalremanenmagnetization (NRM) of each-thannel was measured before and aftemgtepalternating

field (AF) demagnetization on a superconducting rock magnetometégraials of0.5cm or tcm. The NRM

data reveal a stable and we#fined primary magnetization.
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Component declinations and inclinations estimated using Principal @@npAnalysis (PCA) of NRM data

from the four Windermere cores correlate well on their independent radiocarbon age models. The four records

were stacked using a sliding window bootstrap methiedulting in a composite Holocene PSV record

(WINPSV-12K).

On millennial timescalesWINPSV-12K correlateswell with other records fronWestern Europe and the
northern North Atlantic to a resolution eflL kyr, given age uncertainties and spatial variability between
records. WINPSV-12K also compares well to the CAL&L2 and pfm9k.la model predictions for
Windermere. Key regionalgignificant PSV inclination features of WINPSA2K which correlate with other
North Atlantic records include peaks at %, 8.5, and 10 cal ka BP, and a trough7atal ka BP. Key PSV
decination features include the eastward swing fromi5ZA&3 cal ka BP followed by a major westward
excursion at 2.3 cal ka BP, peaks atdnti7cal ka BP, and troughs at 5.4 é8@ cal ka BR with the caveat
that an estimated magnetic leitkdelay of aleast 100 200 years is presenPSV variations ol i 3 kyr
timescales are interpreted to represent strengthening and weakethiedNofth American versus the Siberian
and EuropeaiMediterranearhigh-latitude flux lobes, based on the close similasitteetween the North
Atlantic regional records and the antiphase existing in the East Asian Stackaeddhd North East Pacific
inclination stack WINPSV-12K provides a regionallimportant new PSV reference curve whose prominent

features may serve agratigraphic markers for North Atlantic palescords.

Keywords

PaleanagnetismFlux lobes lake sediments, Holocene, Windermdtaleoseculavariation

1. Introduction
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Pal eomagnetic secular variation (PSV) describes
of a hundred years or longer in periods of stable magnetic polarity, and exhibits substantial variation throughout
the HolocendTurner et al., 2015; Turner and Thompson, 1981; Zheng et al.,.Zdhé)magnetic particles

in marine and | acustrine settings often preserve
field duiing and shortly after depositiofarming acontinuous PSV archive. Lake sediments are conducive to
palearecord preservation due to relatively high sedimentation rates, good accessibility, and little influence
from currents, waves, and macrofaunal bicttidn. PSV records reconstructed from marine and lacustrine
sediments have become increasingly utilized over the last few ddtéaidsereth, 1971; Ojala and Saarinen,
2002; Snowball et al., 2007; Stoner et al., 2013, 2007; Turner et al., 2015; Zheng et al.TR€4dyecords
provide continuous information on geomagnetic fiegnamics beyond historical observations and
archaeological measuremefBatt et al., 2017; Jackson et al., 2QGM)d provide data to inform and improve
geomagnetic field mode(8rown and Korte, 2016; Constable et al., 2016; Nilsson et al., @ik serving

as a valuable stratigphic correlation and dating tool that is independent of climate and ecological systems
(Olafsdattir et al., 2013)in sediment cores exhibiting high sedimentaticesandittle bioturbation, PSV
records are particularly suitable for dating and improving the correlation of sedimentary records even over
large regiongZheng et al., 2014)andare thus valuable idevelopingunderstanding of rapid changes and
diachroneityin the Earth System at high temporal resolutidhere is a need across locations used in the study

of late Quaternary climate variability to produce and utitimre PSVremrds using reliable dating methods,

high measurement resolution (1 cm or bet@ny continuous sampling and measurenetthiques Having

an independent dating and stratigraphic tool other than té&pleesenabledhe correlation of more spatially

distributedrecords, especially between locatiavith no commortephra horizons.

The location of Windermere, UK, provides an opportunity to link continental Europe with Icelandic and
Greenlandic records (Fig. 1). Measurement of declination in the Wi¢nstrated the potential féne use of
PSV as a dating methdtackereth, 1971)The UK PSV master curve constructed in 387 (Thompson
and Turner, 1979; Turnand Thompson, 1981as been used both to date other PSV records from around
Europe(Saarinen, 1999; Vigliotti, 2006nd also in the construction of sevegpaleomagnetidield mocels,

thus furthering understanding of the geomagnetic {i€lohstable et al., 2016 here has been little stydf
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UK-based Holocengaleomagneticecords since the development of the existing UK master curve, which

largely dated using 20 cm thick bulk radiocarbon samples using older radiocarbon processing methods
(Thompson and Ter, 1979; Turneand Thompson, 1981Newpiston cores from Windermere provide the
opportunity to update the UK master curve (which was constructed partially from cores from Windermere
along with Uyn Geirionydd and Loch Lomondising modern dating and paleomagnetic analyses. The new
coresspah he | ength of Wi ndermere, whereas the Wi ndern

corer were all from a location similar to that of our Core 57 (FigT@jner and Thompson, 1981)

In this study, we construct a composite Holocene PSV record (WINRRY using four sediment cores from
Windermere, UK (Fig. 1)with a view to updating the UK PSV nias curve(Thompson and Trner, 1979;
Turnerand Thompson, 1981Yhe accelerator mass spectrometry (AMS) radiocadaded record is high
resolution, with core sedimentation rates of-ZAD cmkyr and paleomagnetic measurements everyi A5
cm. WINPSVA12K is compared to wetlated records from the North Atlan{ielazaud et al., 2012; Stoner et
al., 2013) Scandinavig&Sagnotti et al., 2012; Snowball et al., 2QQf¢ existing UK master PSV cur{Eurner
and Thompson, 1981the UKarcheomagnetic cur@att et al., 2017)eastern Canad8arletta et al., 2010)
East Asia(Zheng et al., 2004 and theNorth EastPacific (Walczak et al., 200). WINPSV-12K serves as a
valuablenew curve for synchronization of Holocene marieeresrial records across the northern North

Atlantic (NNA) geomagnetic region.

2. Materials and Methods

2.1 Geological setting of Windermere

Windermere, situated in the southeast of the English Lake Dis&#gtthe West coast of Englaftet 04° N,

2.95° W), is a nortksouth trending glacial ribbon lake in a stesiged preglacial river valley overdeepened

by successive glaciatiofBennington and Pearsall, 1973; Pinson et al., 201®) lake is 17 km long with a
maximum width of 1.5 km, an elevation of 39 m above Ordnance Datum Newlyn, and a present maximum

4



111  water depth of 62 nfLowag et al., 2012; Miller et al., 2013)Vindermere drains a catchment of 242°km
112  (Miller et al., 2013)with Ordovician Borrowdale Volcanic Group bedrock in the north and Windermere
113  Supergroup (Silurian mtbnes and siltstones) in the south. A bedrock high separates Windermere into a north
114 and south basin, and a sill dams the lake in the south forcing drainage to the west into the Ri@Yilsugn

115 1987) Windermere in its present form has been accumulating sedimenesesurgollowing the retreat

116 of the Britishlrish Ice Sheet c. 17 KAP (Ballantyne et al., 2009; Coope and Pennington, 1977)

117

118 2.2 Coring and core stratigraphy

119

120 A multibeam bathymetry site survey coupled with chirp, parametric, and ‘tiodthnel boomeseismic

121 reflectionsurveys were used to identifgediment depocess which had not been significantly distatbby

122 meterscale mass transport depodit®wag et al., 2012; Miller et al., 2013; Vardy et al., 2018@veral

123 sediment cores &re collected using bothldwitec piston coreland Uwitecgravity corer in2012 as part of a
124  coring campaigrby the British Geological SurveyBGS) and the University of SouthamptoRiston cores
125 were acquired in 1 sequentiabections with 9 cm diameter core barrels. Plstoncore sections were then
126 cutinto 1m sections and split lengthways intorking and archive halves. Foéir 10 mlong coreswith the

127 highest deposition rates and longest timespans of the coreveu@selected fothis study Fig. 2).

128

129 Each of the four cores has inorganianineratrich base and a brown orgarrich top with a sharp transition
130 between the two major lithologi€sig. 2) Cores from the North Basin (Cores 64 and 68) have disturbesl base
131 attributed to oscillating proximal glaciers in the north basin catchment, whilst the bases of the cores from the
132  south basin (Cores 57 and 67) have thicksoale varves comprising silt and clay. Overlying the basal
133 sediment of all four cores are nsunak clastic silt and clay varves. These are overlain by an organiing

134 nonwvarved silty clay unit with differing smaficale features in each core (e.g. diatoms, iron inclusions,
135 presence/absence of laminations) controlleddyyocentespecific conditims. This is succeeded by a unit of
136 mmscale clastic varves, overlain in turn by a relatively uniform, orgaci intermittentlylaminated brown

137 pelletized mud of Holocene age. Mdsansport deposits (MTDs) are present in all cores, mostly of a theknes

138 less than 20 cm, although there are two thicker MTDs: one in the Lateglacial sediment of the South Basin (1.5



139 m), and the other in the early Holocene sediment of the North Basin (0.53 m) (Higsp&ction of the

140 microstructure of the sediment usingaanning electron microscope and transmitted light microscope indicate
141 that MTDs are not present in the Holocene sediment of the piston cores except at the base.

142

143  2.3Paleomagnetisamplesand measurements

144

145 The four cores were continuously sampled usinchdnnelg~1.83 1.9 cnf crosssectionand the length of

146 thecore sectionjrom thecenter of the working hatif eachcoresection.The natural re@mnentmagnetiation

147 (NRM) of each U-channelwas measuredat the University of Southamptoon a 2G Enterprises

148 superconducting rock magnetometer (SRM) designedJtohannel samplesMeasurements for each-U

149 channel were made at &ch (Core 68) oritm (Cores 57, 64, and 67, since the results were equally good but
150 quicker to produce) intervalgith an additional 10 cm measured beyond berids of the sampl&lRM of the

151 U-channels were measured before and after ste@hiemating field AF) demagnetizatiowith peak fields

152 up to 100 mT (see Supplementary Table 1 for deta#ifs@r completion of NRMmeasurements for eath

153 channel an anhysteretidemanent magnetization (ARM) was imparted in a-&00peak AF and a 56T

154  direct current (DC) bias field along the leagis of theU-channel The acquired ARM was measured prior to
155 demagnetizatin and aftestepwise AF demaxgtizationatthe same peak fields used for NRMibsequently,

156 the Uchannels were used for progresshRM acquisition, during which each-thannel acquired increasing

157 ARM as the peak AF (along the long axis of thetiannel) was incread usinghe same peak fields used for

158 NRM with a constant 5@ DC bias field.For each ARM acquisition step, the acquired (partial) ARM was
159 measured at the same intervals as for NRM.

160

161 Bulk sediment samples from representative lithologies of the fowsoeere taken for room temperature
162 hysteresis loops, backfield, and isothermal remanent magnetization (IRM) acquisition experiments on a
163  Princeton Measurements Corp. Model 3900 Vibrating Sample Magnetometer (VSM) at the University of
164 SouthamptonIlRM of the samples were acquired and measured at fifty field steps on a logarithmic scale
165 ranging from ~0.4 uT to 1 T. Hysteresis loops of the samples were measuretTatiédd steps, with the

166 applied field ranging betweerd T and +1 T. For the backfield expeent, a 1T field was first applied,

6
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followed by repeated remanence measurements after increasing the applied field (withiacBement) in
the opposite direction until zero remanence was reached. Hysteresis loop data weoeréciked following
the procedures suggested bgckson and Solhe{@010) and normalized against sample mass. Seleciiéd b
samples were also freedéed and groundthenmagnetic susceptibility of the samples waenitored on
heating from room temperature to 700 and subsequent cooling to room temapere, in an argon gas

enviromment, using @ AGICOKLY -4S Susceptibiliy Bridge

2.4 Age model construction

Age models forCores 57, 67, 64 and 68 (Fig. 3) were constructed usirgg 4} and 9 accelerator mass
spectrometry (AMS) radiocarbon dates respectively. Dates were ascertained from both macrofossils such as
terrestrial leaves and twigs, and frdncm thicknesbulk sediment sampleRadiocarbon sample depths are
indicated in Fig. 2Radiocarbon datesere provided by the NERC Radiocarbon FaciiityEast Kilbride,
Scotland,anddates were calibrated usi@alib 7.1 (Stuiver and Reimer, 1993)nd the Intcall3 calibration

curve (Reimer et al.,, 2013)An additional date at each core top waacquired using*’Cs and 2'%Pb

radiochronologyDating sample details are summarized in Supplementary Table 2.

Sections of sedi ment containing MTDs were removed
sedi mentationd age model ehasheeg date@td ~11.7Tchl ka(BRkem et al., o f t
2009) and the radiocarbon dates from the Windermere cores show that an abrupt lithological transition from
inorganicdominant silt and clay varves to organich intermittently laminated mud occurred around this

time. We therefore take this transitimmark the start of the Holocene in Windermere.

3. Results

3.1 Magnetic minerology
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Median destruction field (MDF) of the NRM across the four cores (Supplementary Fig) Tanges from

44-58 mT (comparable to 48 mT reported byurner and Thompsof198]) for Windermere corg¢sNRM

of the Holocene sediment in all four cores was completely demagnetized after AF demagnetization with a 100
mT peak field (see Fig. 4), suggesting a-owercivity Holocene NRM carrier such as magnetite. Magnetic
susceptibility of Holocene samples fronetbores show possibleHopkinson peak at ~520 °C upon heating

(Fig. 5a) and abrupt decrease or increase at temperatures é68%8G during heating (Fig. 5a) and cooling

(Fig. 5b) respectively, further suggesting magnetite as the primary magnetizatien o the Holocene
sediment. Additionally, gradients of the IRM acquisition curves for Holocene sediments follow normal
distributions (on logarithmic field scales) with mean coercivity of-Z80mT (Fig. 5¢ d), consistent with
magnetite being the pniary remanence carrieflysteresis loop data (Fig. 5e) show that the Holocene sediment
samples typically reach saturation at an applied field ¥0<mT, and contain a significant amount of
paramagnetic materials. Coercivity of remanence for the samples is mostly around 45 mT (inlet in Fig. 5e).
Hysteresis parameter ratios (i.e. Mr/Ms and Hcr/Hc, where Mr, Ms, Hcr, and Hc are saturation remanence,
saturation magnetization, coercivity of remanence, and coercivity, respectively) of all Holocene samples are
shown on ®ay et al(1977)plot in Fig. 5f. Holocene sediments from all four cores fall into the pseundye

domain (PSD) category, in the area associated with fine magnetite particles.

AF demagnetization on NRM of@Holocene (Lateglacial) sediments in the cores clearly show the presence
of a high coercivity component (e.g. Supplementary Fig. 2). Further magnetic mineralogy experiments
including hysteresis loops and IRM acquisition also indicate the existence igh adercivity magnetic
mineral. This high coercivity magnetic component clearly has a large influence on NRM of the sediments, for
example large inclination deviations of tens of degrees from the Holocene interval and from the expected
geocentric axial giole (GAD) inclination for the core locations. It is possible that magnetite in the Holocene
Windermere sediments is saiérived through soil magnetite enrichméftullins, 1977) while Lateglacial
Windermere sediments are mainly derived from erosion of thmatghment weathered volcanic bezkahat

could containhematite(Stone et al., 2010)The preHolocene Windermere sediments are not considered
suitable for PSV studies due to large litholaggiuced inclination fluctuations. This PSV study therefore

focuses on Wi nder me rwighdmagnélie ashecsegiecprinsary dnagmetizattors carrier.
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The Holocene sediments of Windermere appear similar between cores, and relatively uniforronéthin

(with the exception of the very early Holocene, where terrigenous material is more abundant). The base
sediment ratrix comprises pelletized mud containing organic fragments and numerous microfossils (e.g.
diatoms and chironomids), with no detectable carbonate. Each core exhibits intermittent midoakter
laminationswhich differ in detrital versus organic matdyiand therefore densitySsome iron variations
correspond with these laminations, which gary over several lamina&he bands are much thinner than the
SRM response function angbon inspection of the sedimeshd not appear to affethe downcore magnet
parameters. The mineralogy experiments also confirm thagfaeed magnetite is dominant throughout the
Holocene.Total organic content for the majority of the Holocene is typicaly6%. Downcore values of
ARM/ @ (where a8 i s )foaGpresdri6d4 ansl 68largelp foliovb thd gertenal pattern of

ARM, whil st ARM/ a for Core 57 is in antiphase wit

3.2 Paleomagnetic directional records

For each U-channel measuremetnterval, componentmagnetization directions were calculated using
principal component analysis (PCRirschvink, 1980 and UPmag softwai&uan and Channell, 20099CA
calculations used NRM data acquired during the6@0nT demagnetization intervgvithout anchoring
directions to the origin of orthogonal projectiprendareassociated with maximum angular deviation (MAD)
values that monitor the quality 6fting for the PCA. MAD values associated with the PCA estimates for all

four cores are generally <1°, indicating the component directions are very well defined (see Supplementary
Fig. 1a- d). Results were removed from intervals with voids, apparentrdiastce (including the core tops),
andMTDs. Resultsirom the top and bottom 4 cm of theddannels were also removeravoid edge effects

due to convolution of the magnetometer sensor response function.

The studied cores had not been azimuthally oriedteing coring and splitting, s@dlination value$or each
coresection are arbitrary. The approximate time duration covered by individual 1 m core sections ranges from
approximately I 4 kyr according to the radiocarbon based age models. Correcti@ciaiation values of

each core by a simple subtraction of the mean was considered unsuitable because significant secular variation
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occurs on this millennial timescale. Component declinations of each core were placed on their independent
radiocarbon age odels and compared to the wedlted Greenlandceland composite declination record
(Stoner et al., 2013, 200 Declination correction for each core section was performed by subtracting the mean
difference between prominent declination featunegte Greenlandteland composite curve and those of

each Windermere core section where they overlap in time. Cores used to construct the Gedatahd
composite curve had been split on a constant fatomer et al., 200@nddeclination of the cores had been
corrected to have zero mean, which is reasonadmeidering thabverten thousangears of geomagnetic

behavior is being averagéMerrill and McFadden, 2003)

Component inclinations from the four cores vary between 54° to 83° with similar mean values- G10°65

On the radiocarbon chronology, component inations of the cores show correlations. The age model for
each core was refined by transferring selected radiocarbon dates (closed square; Fig. 6) from the other three
cores through correlating appropriate inclination features. The refined age modedsi (lifess; Fig. 3) were

then used for other dowaore records. On a millenniimescale component inclinations from the four cores
show a similar pattern including steeper inclinations betweery kal ka BP and shallower inclinations
between 6 9 calka BP (Figs. 6 and 7aommonsub-millennial inclination features include the four peaks
between ~3.56 cal ka BP and similar variabilities between ~813.5 cal ka BP. Corrected declinations from

the four cores also show common features such asanigiitude variabilities since 4 cal ka BP and relatively

low amplitude changes prior to 4 cal ka BP (Fig. 7b). There are also differences in both inclination and
declination records between the four cores, especially on centennial timescales. Thesealifierald be
caused by changes in sedimentation rates not accounted for by the radiocarbon dates from éach core
Olafsdottir et al., 2013)he differing smoothing effesbf the sediment magnetization process (due to-lock

in) from each sedimentation rate, aage modeluncertainties. The cores may also haubtlydiffering
lithologies, since they are s#ted in separate sediment depocenters (Fig. 1). Differences between the
paleomagnetic directions of the four cores do not appear to relate to higher MAD values. ARM/k and NRM
MDF both show similar overall trends: ARM/in all four cores indicates magnetic grain size slightly fining

upward from the base of the Holocene to about 6 cal ka BP, then slightly coarsening throughout the remainder

10
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of the Holocendand theDay Plot also shows little difference in grain size withindabetween cores$o

magnetic grain size does not appeauriderliethe betweertore differences.

To average out noise and highlight common paleomagnetic directional changdisedtien and intensity

records of the Windermere cores were stacked theelast ~12 kyr to form WINPSY2K. Construction of

the stack records followed a similar methodXiean et al.(2016)for a North Atlantic paleoitensiy stack
(HINAPIS) record.The four Holocene records were normalized to have common means and standard
deviations for each variable. The stacking was performedg&0intervals betwees0 and 11750 cal y BP,

with an interval haHwindow size of 150 yea (comparable to the mean uncertainty of the calibrated ages). At
each intervatenterand for each variable, 2500 values were randomly taken from each core record within the
intervalwindow. A square interval window was used, giving all age possibiltigsin the windowan equal

weight. Each subsequent window overlapped with the previous ongQuy. Zor each time interval, the stack

was formed from the mean of the total randomly taken values (10,000 where no core records had gaps), and

the topand bdtom 5%of values werédentifiedto estimate the@6 confidence interval@-ig. 7).

3.3 Relative paleointensity estimates

Normalized records of sadentaryNRM are oftenusedasa proxy forrelative paleointensityRPI) of the
geomagnetic fieldLevi and Banerjee, 1976; Tauxe, 199Bprmalizaion is generally carried out using
laboratoryinduced magnetization such ashysteretic remment magnetization (ARM), isothermal remanent
magnetization (IRM)or magnetic susceptibilitgp compensate for changes in magnetic concentration of
remanence carrying grainsor each0.5-cm (Core 68) or tm (Cores 57, 67, and 64)easuement interval

of the Windermere coreRPI proxiedSupplementary Fig. 3yere calculated using the slopes of Héadines
between NRM lost vsARM lost as well as NRM lostsy ARM acquiredduring 2660 mT treatment steps
(where the slopes of befit lines between NRM lost and ARM acquired are multiplied By RPI1 estimates
were determined using the UPmag softw@tean and Channell, 2009and each slope calculation was
accompanied by a linear correlation coefficidRtv@lue) that monitors the quality of the line fihean R

values sat around 0.9810.996)

11



306
307
308 4. Discussion
309

310 4.1Holocene PSV at Windeare

311

312 The WINPSV-12K inclination stack (Fig. 7a)exhibits centenniadcale variation with peato-trough

313 boundaries 0b65°- 75° and a mean of ~65°, close to (and slightly shallower than) the expected geocentric
314 dipole inclination of~70° at WindermereThe whole Holoceneinclination stackshows a quasgiegular

315 inclination variability ona ~1-kyr timescale with each swing (peak to trougbging ~6° WINPSV-12K

316 inclinations aregenerally shallower between-@2 cal kaBP (mean of ~63°) and steeper since 6 cal ka BP
317 (mean of ~69°)Notable nclination stack features include characterigéaks at-8.5 and~11 cal ka BRPand

318 troughs at-7 and ~10 cal ka BP.

319

320 The WINPSV12K declination stack exhibits pedas-trough variation within a range of 55° (Fig. 7b). The
321 individual declination curves follow similar trends on a mkitr timescale but are less similar on short
322 timescaleghan the inclination curves, possibly related noertainties on core section declination corrections.
323 An eastward declination feature from ~2.8.5 cal ka BP dominates the record, accompanied by other
324  prominent eastward declinations at ~1,/#-4nd ~7 cal ka BP. WINPSY¥2K declination also exhibitearked

325 troughs (i.e. westward declinations) at ~2.2, ~5.4, and ~8.2 cal ka BP.

326

327 The four RPI records generally agree with each other on millennial timescales, showing high RPI bgétween ~
328 -5 cal ka BP, and low RPI between ~861 cal ka BP and after ~2cal ka BP (Fig. 7c). On sutfnillennial

329 timescales, the four record®rrelateare less well. A reliable RPI record woutdt correlate with the

330 normalizer, since a high correlation impliegppropriatenormalization and undue influence of grain size or
331 lithology on the RPI signal. RPI estimates from Cores 57, 67, and 68 show low correlations with their

332 corresponding normalizer records (Supplementary Figs. 1 and 3), suggesting the RPI records from these cores

12
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are generally not influenced by lithology. Téteong correlation between RPI and ARM for core 64 is mostly

caused by the sedimeyaunger thar2.5cal ka BP (~0.8 m depth) (Supplementary Figs. 1c and 3c).

The RPI stack exhibits a broadly similar trend on a rmitiennial timescale to other publisti records from

nearby regions, including FENNORP({Snowball et al., 2007}he stacked EGLACOM and SVAIS records

from the Barents Sg&agnotti et al., 2012;and IODP Site U13065toner et al., 2013Fig. 8). The Barents

Sea, FENNORPIS, and Windermere records all show generally decreasing RPI from early Holocene to ~7 cal
ka BP. After ~7 cal ka BP, the Barents Sea, FENNORPIS, and IODP Site U1305 records show increasing RPI
until ~1-3 cal ka BP, followed by decreasing RPI. The Windermere RPI, howstaess to declinafter~3.8

cal ka BPin all four cores (Fig. 7¢) No apparent changes in lithology magnetic remanence carrier were
observeverthelast ~4 kyr, compared with the earlier HolocerdimentThedisparityof the Windermere

RPI compared withother records during the 1a8t8 kyr is likely relatedto inappropriatenormalization
(probably ovemormalization)of the NRMin the upper sedimentd-or example, subtle chargja floc size

due to changes in lakeide water chemistry (e.g. salinitground 3.8 cal ka BBould have led to changes in

NRM acquisitionefficiency (e.g.Tauxe et al., 2006hatare not accounted for by the ARM recarthwever,

we currently cannot rule ouhat the dropff in RPI starting ~3.8 cal ka BP coulepresent a genuine

difference in fiéd behavior at Windermere compared with the other locations (Fig. 1).

4.2 Comparison with records froather locations

In Figs. 9 and 10, the WINPSY2K inclination and declination stack records are compared with other well
dated records from nearligcationsand from farther afieldFig. 1) Comparison curves include thorth-
East Pacific Inclination Anomaly Stack (NEPSIASalczak et al., 2017}heEast Asia StackZheng et al
2014) the Barents Sea recoffagnotti et al., 2012FENNOSTACK(Snowball et al., 20073he existing UK
master curvéTurner and Thompson, 198ahd the archeomagnetic curve from the British 1§zt et al.,
2017) the IcelandGreenlandcomposite recordStoner et al., 2013, 20Q7he IODP Site U305 record
Stoner et al., 2013andthe Eastern Canadian Stg@arletta et al., 2010)
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WINPSV-12K shares most of its inclinatiaand declinatiorieatures with thexistingUK maste curve(Figs.

9 and 10) whichincorporateglata from Loch Lomond, Lake Geirionydd, and Winderm@&&éNPSV-12K

has an inclination peak betwee8b 6 cal ka BP not present in the UK master but prominent in the IODP Site
U1305, Greenlandceland, and FENRSTACK records. Similarly, WINPSM 2K has a small doubleeak

in declination at ~4.and ~59 cal ka BP which is present in the Greenldeeland stack and IODP Site U1305
but not present in the UK master. eyeartime increment and 15¢ear averagingalf-window used during

the stacking producessmoother record than thristingUK master curvewith reducechoise associated with

centenniainclination features.

Over the whole Holocene, WINPSM2K shows similar inclination behavior to other regiofia. North

Atlantic margin) records, i.e. a gradual steepening in inclination through the Holocene, and particularly since
7 cal ka BP. The opposite trend is apparent in the Eastern Canadian stack, possibly implying weakening in the
North American fludobe and strengthening in the European flux i@&tener et al., 2013)On multimillennial
timescales (i.e. 2 3 kyr), WINPS\12K shows similar features to other regional records. For thi@ation
records, this includes the inclination peakaterecht8.5and 11 cal ka BP, a trouglentred at7 cal ka BP,

and a peak at.37 5.9 cal ka BP. These features may be used as key regional stratigraphic markers. In the
declination records, th@ain regional feature is the apparent gradual eastward swing starting frboaH&

BP, followed by a major westward excursion ati~2.3 cal ka BP. This feature is so prominent it can be
correlated over a long distance: the same feature is seenlashésia stack but in antiphase. There exist
other similarly wellcorrelated declination features, notably characteristic peaks atd 1.1 cal ka BP, and

troughs at 9.3 and 5.4 cal ka BP.

On a centennial scale, the WINPS¥K directional featuregppear slightly older (0 3 centuries) than those
of IODP Site U1305, Icelan@reenland composite records, and FENNOSTACK. When the age uncertainty
envelope (Fig. 7) is considered, the only one of these records which differs significantly from Windeemere

age differences consistently greater than the averaging window) is FENNOSTACK.
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There are several possible reasons for the observed age differences of declination and irfelihERs

prior to ~4 cal ka BPjeatures among the records. Snowbalhle (2007) note that the existing UK master

curve is consistently older than FENNOSTACK by a few centuries and attribute this to dating problems in the
UK master curve, where almost every date was ascertained using bulk sediment samples ~20 cm thick. The
dating used in the current study, however, is higher quality than that of the existing UK master curve, with the
use of?'%Pb and*'Cs radiochronology for the core tops, AMS radiocarbon dating, a higher proportion of
radiocarbon samples being macrofossited any bulk samples being only 1 cm thick rather than ~2Dost.

of the macrofossils used are terrestrial (e.g. leaves and twigs), precluding radiocarboatbaetror in at

least these samples; furthermore Windermere is not awetat catchmentlt is thereforeunlikely that
excessive dating uncertainty is the cause for the observed age differences. Bioturbation has also been suggeste
as a cause for greater ages for PSV records of the UK master(8aoxgball et al., 2007)ut microscopic

analysis of the sediment shows little evidenceliebioturbationmixed layer being greater than 1cm (420

50 yr).

There islikelya del ay i n maigmdé t iWindetmere sedimehte He depth at which the
Windermere sediment becomes cohesive enough to fisteris ~1925 cm, which corresponds to an age of
~90-140 years (based &#Pb and®’Cs dates in the gravity and piston cores). This possibleitotikne is
comparable to those reported for other European daklémentgHaltia-Hovi et al., 2010; Saarinen, 1999;
Snowball and Sandgren, 2002; Zolitschka et al., 2088) may partly explain the observed age differences
(up to 300 yr for FENNOSTACK, and up to 150 yr for othercords). When conaped with the
archeomagnetic recor@att et al., 2017and the ARCH3K.1 modgpredictions(Korte et al., 2009)the
WINPSV-12K declination matches well, and appears ar®0hgears older than the archeomagnetic curves.
Theinclination records match less well betweeni2155 cal ka BP and after 0.8 cal ka BP. Where the records
match, the apparent age difference is somewhat greater, drddpelars. Compaction in the tops of the cores
during coring may have influenced imation values in the last thousand years. Overall it is likely that the
time lag caused by loek for theupper part of th&/indermere record is between 10200 yearsDowncore

the sedimentation rate decreases such that in the period betwgeh6/cél ka BP, the sedimentation rate of

all four cores drops to below 20 fggr. Lock-in caused time delaycreases with decreasing sedimentation
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rate,explaining whycertain features of WINPSW2K, especially between 7i49.6 cal ka BPhave a greater
ace offset than those wgore. It should be noted thdor the existing UK master curvelyn Geirionydd and
Loch Lomondare both reported to have higher sedimentation rates than Wind€fraarer and Thompson,
1981)partially explaiing why it appears a little younger than WINPSYK in places (although the difference

is likely mostlydue to differing dting methods).

The observed age differencesdinectionalfeatures on WINPSM2K (and possibly the UK master) and
FENNOSTACK could also be caused by geomagnetic field spatial variability. Higher bewmoeed
variability is expected between spatjatlistributed records where geomagnetic structure is more prevalent.
Wi nder mereds i ncl i naappeamtcshare choredsengality with thdseoaf theclaeland e s
Greenland composite record and IODP Site U1305 than FENNOSTACK or the Bare(fgSea and 10),
despite U1305 being twice the distance from Windermere longitudinally than the FENNOSTACKssecord

location (Fig. 1).

4.3 Comparison with model predictions

WINPSV-12K was compared against the CALS10k.2 and the pfm9k.1a model predictions for Windermere
(Constable et al., 2016; Nilsson et al., 2012ALS10k.2 is a time varying spherical harmonic model of the
geomagnetic field over the last 10 kyr, based on both archeomagnetic and sédiseengeomagnetic data.

The pfm9k.1a model is also a spherical harmonic model and uses the same data as QAh&lid&ats the

data differently (e.g. changing the weight distribution of sedimentary archives and adding more weight to
archaeological sources). The pfm9k.1a model prediction was acquired from the GEOMAGIA d@&edbase

et al., 2015)

Both models incorporate data from the original UK master cufxe two model predications of PSV at
Windermere are very similar to one another, the main differeacgythe amplitude of the inclination peak

at 5371 5.9cal ka BP (pfm9k.1a has the higher amplitude). The model predictions are rather similar to the
16



445  Greenlandiceland inclination curve before 5 cal ka BP, meaning the pattern in WINR&\between 5 7

446 cal ka BP is replicated in the models but that the inclination @e@lscal ka BP appears older than the model
447  predictiors(the data contributing tdhé Greenlandceland stack are included in the mod#lsrte et al., 2011;

448  Stoner et al., 2007After 5 cal ka BP, both models show more similarity to the UK master curve, meaning
449 some centenniadcale features do not quite correlate with WINPRRK, likely because of datingfégrences.

450 However, the millenniascale features are shared between data and models (e.g. the inclination pe&ks at
451 ~2.5, and 44 cal ka BP). The declination model curves have reduced amplitude compared with the WINPSV
452 12K data (and also the UK mastaurve data). The timing of features in the models is closkaimf the

453  Greenlandceland declination datapthe WINPSV12K declination curve can lag the model by 160yr

454  in places (e.g. ~7, ~4.5, and 1 cal ka BP). This difference is ligkdted to magnetization logk (especially

455 around 7 cal ka BRWwhich is minimal in the Greenlafideland stack due to its very high sedimentation rate
456  (Stoner et al., 2013put is estimaig to be 10200 years in théatterHoloceneWindermere sedimerand

457  possiblylongerin the earlier Holocengsection 4.2). The only major difference between WINPZK and

458 the models is in the inclination record betw&eamd 97 cal ka BP. The main peal the inclination feature

459 lags the moddby ~300 yr but also the steepness of the inclination drops before that of the models and some
460 other records. In addition to lag caused by {ogkhe fact that two of the individual Windermere cores (i.e.
461 Cores @ and 67) have core section breaks around this intervalikRalyecontributed to the lower inclination

462 values of WINPSV12K (Fig. 7a).

463

464 4.4 Implications on geomagnetic field behavior

465

466 Historical geomagnetic field measurements clearly show persistent refiomscentrated geomagnetic flux

467 (i.e. flux lobes) at the commantle boundary, which may reflect leteym regulation of heat flux from the core

468 to the mantled.g.Bloxham and Gubbins, 1983ackson et al., 2000Through comparisons of wetlated

469 high-resolution Holocene PSV records from the northern North Atlantic (NNA) and Eastern Canada (North
470 America), Stoner et al. (2013) hypothesizbdt Holocene PS\s largely driven by oscillations of flux

471 concentrations at afew recurrent high-latitude locations (e.g. below Canada, Siberia, arttie

472  Europe/Mediterranean regionyhe authors recogred two distinct modes controlling the PSV records: a
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ANorth American modeod char act e wdstereNbrthbAylantit deglihatiad,o r t h
and GADlI i ke virtual geomagnetic poles (VGPs)ylowand a
North American intensities, eastward North Atlantic declination, and lower latitude VGPs. Walczak et al.
(2017) recentt constructed &NE Pacific sedimentary inclination anomaly stack (NEPSI&&)turingthe

common signal over an area spanrongr30° longitude and latitude from Alaska through Oregon to Hawaii

(Fig. 1a).NEPSIASinclinations largely cevary with NNA declinationsduringthe Holocene i.e. steepeNE
Pacificinclinations are associated wittestward NNA declinationsguggesting that the Pacific is sensitive

to temporal variability in the relative strength of distal floke features in quagpiersistent loations under

North America and Europ@Valczak et al., 2017)

Similar to PSV records from the NNAYVINPSV-12K declinations and inclinations are more consistent with
European than North American records (F@and 10). The East Asia inclination stackwh a broadly in

phase relationship to the NEPSIAS and an apparenthphate relationship to the NNA and European records

on 1-3 kyr timescales. The fact that a relationship exists among these PSV records spanning such a large area
(20-70° in latitudesand almost all longitudefigure 1a), suggests that PSV from these regions are responding

to a common forcing at this timescale. The East Asian Stack and NEPSIAS (perhaps also East Canadian Stack
for some time intervals) are in antiphase with the NNA Bndopean records for most of the Holocene,
implying that the activity of the competing flux lobes is occurring between the sites of the East Asia
stack/NEPSIAS and the NNA and European regional records. For example, the eastward swing in declination
betwea 54 and 2.3 cal ka BP in the NNA and European records, and the westward swing in the East Asia
Stack along with the shallowing of inclination in the NEPSIAS and Eastern Canadian Stack suggest a steady
weakening of the North American flux lobe while thibeéian and European/Mediterranean region flux lobes
strengthenThe VGP positions estimated from the WINRE2K, the East Asia, and the Barents Sea PSV
records all show an apparent trend approximately along the ®¥5BV longitude line (Supplementary Fig

4). The offset between the different VGP position estimates could be related to declination correction and
resolution of the individual records. The ~45PB5°W longitude line may represent the main axis between

the competing flu&xhl Atmesicannkhodgot aedfifNBuropean/
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501 5. Conclusions

502

503 Paleomagnetic inclination and declination records from the Windermere cores show similar features on
504 millennial timescaleand were stacked to create a new PSV reference curve faskkh&/INPSV-12K.

505 WINPSV-12K inclination and declination compare well with the CALS10k.2 and pfm9k.1a model predictions
506 for Windermere on millennial timescalgsomparison of WINPSML.2K directional recordsvith other PSV

507 curvesfrom theNNA- Europe region demonstrates that there are inclination and declination features on the
508 millennial scale which may be confidently correlated and could act as partial isochrones, especially when
509 inclination or declination features are wedtinstrained by fhra dating or reliable radiocarbon dates across
510 multiple records. Datingncertainties andoise in both the Windermere and the other presented records make
511 correlation on timescales shorter than a few centuries difficult. Over the whole Holocene, WIRR Skows

512  similar behavior to other regional records, especially on timescalet 8fkir. For inclination, this includes

513 the wide peaks @.5cal ka BP and 10 cal ka BP, a trougjty cal ka BP, and a peak abcal ka BPThe

514 most prominent declinath feature is the apparent eastward motion starting from ~5.5 cal ka BP, followed by
515 a major westward excursion at +2.3 cal ka BP. These regionaBignificant features may be used as key

516 stratigraphic markersvith the caveat that in the latter halftbe Holocene a magnetic loik delay of 10Q

517 200 years is estimated, and that due to reduced sedimentation rates in the early Holocene (prior to 7.4 cal ka
518 BP), the lockin delay here is likely to be greater

519 The antiphase relationship between [ii¢A regional records andNEPSIAS andhe East Asia Stack onil

520 3 kyr timescales indicates that competition between-kititude flux lobes is a common driver for PSV

521 variations throughout the Northern Hemisphere on these timesaalt$hat the main axi®if competiton

522  between flux lobes could be the ~45°E35°W longitude line

523  WINPSV-12K represents an update to the existing UK master curve. Given the location of the UK between
524  continental European archives and records from Iceland and Greenlandupélated UK PSV master curve

525 for the Holocene is of great importance to correlations between these regions.

526
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Fig. Captions

Fig. 1. Above: Map of thelOT 90° N latitudes showing the locations of both Windermered stay and
compaativerecords(other markers). Right: Map of the catchment of Windermere with 100 m contouyr lines

multibeam lake bathymetrgnd core locations. Inset: Location of Windermere in the British Isles (black box).

Fig. 2. Core image (left) antithostratigraphyright) of Windermere Cores 57, 67, 64, and Bige Holocene
PSV record is based on the dark brown organic sections of the fourldgtivestraigraphic tiepointsbetween
the cores are included. Sediment ages given are mpdhaability mdiocarbon dates in cal y BP calculated

with Calib 7.1 (Stuiver and Rener, 1993using the Intcall3 calibration cur¢Beimer et al., 2013)

Fig. 3. Age-depth profiles(upper panel) and sedimentation rates (lower pdoelWindermereCores 57
(green, 67 (blue), 64 fed), and 68 ¢ray). Ages ardased ortalibrated (Calib7.1Stuiver and Reimer, 1993)
radiocarbon dates (NRCF 1736.1013; NRCF 1856.1014) calibrated with the IntCall3 calibration curve
(Reimer et al., 2013Markers indiate median probability calibrated radiocarbon dated error bars indicate
the upper and | ower 20 age <calibrations. Points
dotted lines indicate transferred radiocarborptients from other aes and thus the refined age modséd

when building th&VINPSV-12K stack.Sedimentation rates are shown below on both original and refined age

models.

Fig. 4. Representative NRM AF demagnetizatisehaviorsof Holocene sedimentst Cores 57, 67, 64, and
68. For each selectedcin interval from the four cores, the NRM intensity versus AF demagnetization step
plot are shown on the left and the orthogonal projection plot of NRM is shown on the right (blue squares =

horizontal projetions, red circles = vertical projections). Three examples are shown from each core.

Fig. 5. Magnetic susceptibility of Holocene bulk sediments from the four cores monitored while (a) heating
the samples from room temperature to 700°C, and (b) coiengamples from 700°C to room temperature.
(c) IRM acquisition curves for selectbdlk samples fronthe fourcores (d) gradient of the IRM acquisition
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curves, (e) hysteresis loops and backfield data of representative Holocene samples from the fandgdyes
hysteresis parameter ratios of all measured Holocene samples shown on a Day et al. (19T plot
thermomagnetic curves show abrupt changes at ~580°C, and the gradient of IRM acquisition curves show

single magnetic components with mean coetgiof ~5070 mT.

Fig. 6. Holocene inclination curves for the Windermere suite (Core 57: green, Core 67: blue, Core 64: red,
Core 68gray) onrefined age models, showing the locations of radiocarbon dates for each core (black squares)
and radiocarbon das transferred from other Windermere cores based on inclination features (black circles)
Graydashed lines indicate tiepoints between curves. Declination and RPI curves were subsequently placed on

this age model (see Fig. 7).

Fig. 7. Stacked Windermengaleomagnetic records for (a) inclination; (b) declingtaord (c) RPI. Each panel
individual recordsfrom Cores 68 (gray), 64 (red), 67 (blueand57 (greenverlain with the WINPSV12K
stack(black) with 90% confidencdnterval estimate from 10,000 bootstrapped populatigrayenvelopg.
Dipole inclination value for the latitude of Winderméshown as dashed blatine in Fig. 7(a) Key features

of WINPSV-12K are marked with vertical arrows.

Fig. 8. WINPSV-12K RPI record empared with RPI records from nearby regidfiom top to bottomthe
Barents Sea (Sagnotti et al., 2012), FENRRIS (Snowball et al., 2007), WINPS¥2K, andIODP U1305

(Mazaud et al., 2012).

Fig. 9. Comparison ofWINPSV-12K inclination record with published records from the North Atlantic
Northern Europeand East Asia. In order from the tdpEPSIAS (Walczak et al., 2017 ast Asian Stack
(Zheng et b, 2014) the Barents Se@agnotti et al., 2012FENNOSTACK (Snowball et al., 2007), the UK
master curve (Turner and Thompson, 1981), WINA2¥, theGreenlandceland shallow marine composite
(Stoner et al., 2013), IODP U1308Mdzaud et al 2012, and the Easta Canadian Stack (Barletta et al.,
2010). WINPSV12K is shown overlain on the UK archeomagnetic cuBagt(et al., 2017pale gay solid

line), the ARCH3k.1 moddKaorte et al., 2009palegraydotted ling, the CALS10k.2 model (Constable et al.,
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2016; darkgray dashed line), and the pfm9k.1a mod¢iilsson et al., 20L4dark gray dotted ling. Key

inclination features of WINPSM 2K are shown with vertical black arrows.

Fig. 10. Comparison ofWINPSV-12K declination record with published records from the North Atlgntic
Northern Europgand East Asia. In order from the tapEPSIAS (Walczak et al ., 201 Bast Asian Stack
(Zheng et al., 2014}he Barents Se@agnotti et al., 2012FENNOSTACK (Snowball etl., 2007), the UK
master curve (Turner and Thompson, 1981), WINR2Y¥, theGreenlaneceland shallow marine composite
(Stoner et al., 2013), IODP U130Bdzaud et al 2012, and the Eastern Canadian Stack (Barletta et al.,
2010). WINPSV12K is shown ovdain on the UK archeomagnetic cunigaft et al., 2017palegray solid
line), the ARCH3k.1 moddKaorte et al., 2009palegraydotted ling, the CALS10k.2 model (Constable et al.,
2016; darkgray dashed line), and the pfm9k.1a mod@milsson et al., 20L4dark gray dotted ling. Key

inclination features of WINPSX 2K are shown with vertical black arrows.
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Figs.9 & 10

SUPPLEMENTARY MATERIAL FOR ONLINE PUBLICATION ONLY

SupplementaryFig. captions

SupplementaryFig. 1. Downcore paleomagnetic records for cores (a) 57, (b) 67, (c) 64, and (d) 68. From left
to right, records show: Declination, inclination, maximangulardeviation (MAD),NRM intensity, intensity

of progressivelyacquired anhystetic remanent magnetizatiofARMacq), intensity of progressively
demagnetizedRM, ARM/magnetic susceptibilitypedian destruction field (MDF)f NRM, MDF of ARM,

RPI derived from slopes of NRM vsRMacg and NRM vs ARM besdiit lines.

SupplementaryFig. 2.

Representative NRM ABemagnetizatiobehaviorof preHolocene sediment from Cores 57, 67, 64, and 68.
For each selecteddm interval from the four cores, the NRM intensity versus AF demagnetization step plot
are shown on the left and the orthogonal projection plot of NRM is shown on the rights@lares =

horizontal projections, red circles = vertical projections). Three examples are shown from each core.

Supplementary Fig. 3

RPI plotted against RPI normalizer (ARMacq) for (a) Core 57, (b) Core 67, (c) Core 64, and (d) Core 68.
Numbers indicte Rvalues of correlation, and the color of the number indicates reliability (restatue <
0.05; black = Pralue> 0.05). The inset in panel (c) indicates the correlation between RPI and ARMacq for

Core 64 prior to 2 cal ka BP.

Supplementary Fig. 4
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Supplementary Figure xx. Virtual geomagnetic pole (VGP) positions estimated from WHIBK\red circles), East
Asia PSV stack (Zheng et al., 2014) (black circles), and Barents Sea PSV record (Sagnotti et al., 2012) (yellow circles).
See Figure 1a for recotdcations. Overlaid contour map shows the vertical component of magnetic field at the core

mantle boundary averaged over the 13840 time interval (after Gubbins et al., 2006; Stoner et al., 2013).

Supplementary Tables

Supplementary Tablel. NRM ard ARM demagnetizatiotreatmenisteps and measuremeasolutionfor U-

channel samples fromotes 57, 67, 64 and 68

Measurement
interval, cm Alternating field demagnetization step peak fielthT No. steps
0.5 0, 5, 10, 15, 20, 25, 30, 35, 40, 89, 55, 60, 70, 80, 90, 100 17
1 0, 10, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90, 10C 16
1 0, 10, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90, 10C 16
1 0, 10, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90, 10C 16
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813 Supplementary Table 2. Accelerator Mass Spectrometry Radiocarbon measurements and subsequent calibrated
814 radiocarbon ages in calendar years BRCares 57, 67, 64 and 68

815

Reported Median

Depth, Material Weight, age, 14C Probability, Min. Max.
Core cm Sample number dated mg y BP cal y BP 2 0 20
57 194 - Bulk - 33 - - -
57 72.3 SUERG64862 Wood - 1739 1651 1554 1732
57 86.0 SUERG62199 Leaf 90 2646 2765 2737 2844
57 143.6 SUERG62194 Bulk 11000 5227 5974 5912 6175
57 176.6 SUERG62208 Bulk 5120 7885 8688 8588 8972
67 21.1 - Bulk 58 - - - -
67 48.1 SUERG62198  Twig 20 1260 1214 1083 1282
67 80.2 SUERG52714 Leaf - 2181 2199 2068 2315
67 160.4 SUERG55686 Leaf - 4505 5168 5044 5301
67 211.2 SUERG55684 Leaf - 7209 8018 7955 8157
67 228.5 SUERG55685 Seed - 8302 9324 9140 9434
67 257.2 SUERG62213 Bulk 10360 10119 11750 11409 12003
64 17.6 - Bulk 60 - - - -
64 85.0 SUERG62194 Leaf 230 2456 2544 2363 2705
64 1294 SUERG62203 Leaf 70 4046 4519 4423 4784
64 170.1 SUERG62204 Bulk 10300 5790 6591 6491 6673
64 219.2 SUERG62209 Bulk 13100 10008 11489 11280 11709
68 14.5 - Bulk - -13 - - -
68 72.0 SUERG64854 Bulk - 1114 1020 934 1172
68 120.7 SUERG64859 Bulk - 1708 1614 1548 1702
68 171.4 SUERG52708 Leaf - 2242 2232 2153 2342
68 237.7 SUERG52709 Leaf - 3499 3771 3649 3866
68 329 SUERG52710 Leaf - 5124 5862 5748 5939
68 377.1 SUERG62207 Bulk 10600 6468 7375 7295 7439
68 428.2 SUERG52711 Leaf - 8653 9600 9539 9688
68 454.4 SUERG62206 Bulk 11900 9061 10225 10180 10260
68 521.7 SUERG52713  Twig - 9708 11160 10881 11225

816 2 Calendar age ascertained ust@sand?%Pbradiochronology
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