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[1] Sediment and archeomagnetic data spanning the Holocene enable us to reconstruct the
evolution of the geomagnetic field on time scales of centuries to millennia. In global field
modeling the reliability of data is taken into account by weighting according to uncertainty
estimates. Uncertainties in sediment magnetic records arise from (1) imperfections in

the paleomagnetic recording processes, (2) coring and (sub) sampling methods, (3) adopted
averaging procedures, and (4) uncertainties in the age-depth models. We take a step toward

improved uncertainty estimates by performing a comprehensive statistical analysis of

the available global database of Holocene magnetic records. Smoothing spline models
that capture the robust aspects of individual records are derived. This involves a
cross-validation approach, based on an absolute deviation measure of misfit, to determine
the smoothing parameter for each spline model, together with the use of a minimum
smoothing time derived from the sedimentation rate and assumed lock-in depth. Departures
from the spline models provide information concerning the random variability in each
record. Temporal resolution analysis reveals that 50% of the records have smoothing times
between 80 and 250 years. We also perform comparisons among the sediment magnetic
records and archeomagnetic data, as well as with predictions from the global historical and
archeomagnetic field models. Combining these approaches, we arrive at individual
uncertainty estimates for each sediment record. These range from 2.5° to 11.2° (median:
5.9°; interquartile range: 5.4° to 7.2°) for inclination, 4.1° to 46.9° (median: 13.4°;
interquartile range: 11.4° to 18.9°) for relative declination, and 0.59 to 1.32 (median: 0.93;
interquartile range: 0.86 to 1.01) for standardized relative paleointensity. These values
suggest that uncertainties may have been underestimated in previous studies. No
compelling evidence for systematic inclination shallowing is obtained from the analysis of
the available database of Holocene sediment magnetic records. The analysis highlights the
importance of collecting oriented cores, publishing and archiving unprocessed raw
paleosecular variation determinations, and presenting a detailed chronology so that changes
in the sedimentation rate can be assessed. With regard to future field models, workers
should consider rejection of anomalous cores through comparisons to other sources and
ensure that realistically large uncertainties are allocated to high-latitude declination records.

Citation: Panovska, S., C. C. Finlay, F. Donadini, and A. M. Hirt (2012), Spline analysis of Holocene sediment magnetic
records: Uncertainty estimates for field modeling, J. Geophys. Res., 117, B02101, doi:doi:10.1029/2011JB008813.

1. Introduction

[2] The Earth’s magnetic field is characterized by both
its spatial morphology and temporal variation. Fluctuations
with time scales of years to millennia are referred to as
geomagnetic secular variation. The study of temporal vari-
ation with periods of hundreds to thousands of years requires
very long records. Lake sediment magnetic records are
important archives of geomagnetic field behavior on these
time scales, particularly in the Holocene for which a large
number of records exist compared to earlier times. The
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recorded signal exhibits variations, some of which are field
behavior, but others are due to the effect of depositional and
environmental changes. Their fidelity is subject to numerous
interdependent factors, and it is probably not possible to
completely isolate true variation of the Earth’s magnetic
field from that due to other sources. The major advantage
of lake sediment records is that they are continuous in time
and have a broad geographic distribution. In recent years
there have been a number of corings conducted on new lake
systems that have enhanced the global coverage.

[3] Geomagnetic field models, constructed either from
modern [Finlay et al., 2010], historical [Jackson et al., 2000]
or archeomagnetic and paleomagnetic data [Korte and
Constable, 2003, 2005, 2011; Korte et al., 2009, 2011;
Nilsson et al., 2010; Pavon-Carrasco et al., 2010], provide a
global picture of the geomagnetic field and its evolution both
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at the Earth’s surface and at the core mantle boundary. When
field models are constructed, the reliability of underlying
data is taken into consideration by weighting the data
according to uncertainty estimates. Therefore, a pertinent
question for attempts to accurately recover geomagnetic
field behavior on time scales of centuries to millennia, is
how to assign appropriate and consistent estimates of data
uncertainty for lake sediment records.

[4] Uncertainties in archeomagnetic and paleomagnetic
records are much higher than in direct field measurements.
Many factors can influence the accuracy of these records,
and unfortunately there is no simple theory of how uncer-
tainties should be assigned. Previously, the uncertainties in
declination and inclination have been estimated in a variety
of ways. For example, records have been compared with
the historical field model gufinl [Jackson et al., 2000] in
overlapping time intervals [Constable et al., 2000], or by
assigning minimum uncertainties for different classes of
data. Errors in the ages of paleomagnetic samples are
another important source of uncertainty. In most cases, the
age uncertainties range from a few decades to a few centu-
ries, depending on the dating method. Radiocarbon (*C)
dating is commonly used, but some sediments are varved
and ages can then be determined with close to annual
accuracy, although there are also uncertainties associated
with these methods [Stanton et al., 2010; Oldfield et al.,
1997; Stuiver and Reimer, 1993; Stuiver et al., 1998].
Ideally, all these sources of uncertainty should be taken into
account during the modeling procedure.

[5] When quantifying uncertainties in sediment magnetic
records, the process by which the sediments become mag-
netized must be considered. Sediments acquire the magne-
tization in a process known as depositional or detrital
remanent magnetization (DRM) [Johnson et al., 1948; King,
1955], which involves magnetic grains aligning with the
ambient magnetic field in the water column. The original
DRM is often destroyed by sediment compaction and dia-
genesis, and the remanent magnetization that eventually
locks in is then refereed to as postdepositional remanent
magnetization (pDRM) [lrving and Major, 1964]. Inclina-
tion flattening is proposed to be another effect in the lake
sediment records due to the compaction of the sediments [cf.
Tauxe, 2005; Tauxe et al., 2008]. The acquisition process
occurs over a certain time period and often leads to a
smoothed record of the actual field behavior. The amount of
smoothing depends on factors including sample size,
porosity, sedimentation rate, grain size, bioturbation and the
lock-in depth. Bioturbation occurs in the surface mixed layer
that has an estimated mean value of 9.8 cm for marine
sediments [Boudreau, 1994, 1998], which causes a time lag
between the sediment deposition and magnetization ages.
The ambient magnetic field vector only starts to lock below
the mixed layer when the sediment becomes consolidated.
Estimates of the lock-in depth vary over a range of values on
the order of 10-20 cm in the deep sea sediments [Hyodo,
1984; Yamazaki, 1984; Lund and Keigwin, 1994; Channell
and Guyodo, 2004; Suganuma et al., 2011]. An average
lock-in depth of 24 cm, corresponding to 150 years, has been
determined in the sediments from three maar lakes from the
West Eifel (Germany) by Stockhausen [1998] from com-
parison of stacked sediment data with archeomagnetic data.
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Roberts and Winklhofer [2004] have produced models of the
lock-in process that display a lock-in depth of 10 cm (below
the surface mixed layer), with 95% of the pDRM being
locked in within the first 5 cm. This depth is important
because together with the sedimentation rate it provides an
estimate of the minimum smoothing time expected due to
the sediment magnetization process.

[6] In this paper we focus on deriving uncertainty esti-
mates for Holocene sediment magnetic records via statistical
modeling and comparisons with other sources. Our approach
is designed to account for the diversity among the records,
for example, the measurement procedures, paleomagnetic
component determination, or dating techniques. Smoothing
spline models are used to investigate the random variability
present in each record. The degree of smoothing is deter-
mined using the technique of cross validation [Green and
Silverman, 1994], but a lower limit of smoothing is also
defined based on an assumed lock-in depth and the mean
sedimentation rate for each record. Variance is estimated
from the scatter of the data about the spline model. Further
tests to evaluate the accuracy of the lake sediment records
are performed by comparing each record to neighboring lake
sediment records, and archeomagnetic data within a 5° area
of latitude and longitude. Finally, we also investigate the
differences between the sediment records and the predictions
of global field models gufinl and ARCH3k.1 [Korte et al.,
2009], but only where nearby archeomagnetic data exist.
This allows us to investigate any systematic uncertainties
that may be present in the records. We also discuss the
implications of our findings, and perspectives for future
sediment studies, as well as for the next generation of
Holocene field models.

2. Holocene Sediment Magnetic Records

[7] In this study we used the database compiled by
Korte et al. [2005], updated by Donadini et al. [2009], and
expanded with new records from 13 additional locations
[Korte et al., 2011]. Most of the records come from lakes
(90%), the remainder are marine sediment records from a
limited catchment basin. Table 1 lists the codes of name,
location, mean sedimentation rate and references to the
individual sediment records. The Finnish lake records (FIN)
contains multiple lake sediment cores, with the Lake Leh-
milampi and Lake Kortejérvi stacked and smoothed together
[Haltia-Hovi et al., 2010]. Three marine sediment records
from the Ionian Sea, Adriatic Sea (core AD2) and Tyrrhenian
Sea were excluded from the analysis due to either their
very low sedimentation rate (approximately 0.1 mm/yr), or
questions concerning disturbances in the Tyrrhenian cores
due to their high water content [Vigliotti, 2006]. A further
two records from Byestadsjon, Sweden [Snowball and
Sandgren, 2004; Snowball et al., 2007] and the Larsen Ice
Shelf, Antarctic Peninsula [Brachfeld et al., 2003] were
also omitted, because their ages were determined by a
paleomagnetic method rather than by independent dating.
The spatial and temporal distributions of the geomagnetic
field elements declination (D), inclination (I), and relative
paleointensity (RPI) from this data set are illustrated in
Figure 1. The southern hemisphere is poorly represented for
both directional and intensity data, while there is a high
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Table 1. Summary of Uncertainty Estimates and Smoothing Times for Holocene Sediment Records®
T
Urs.vc Uad o} (years)
SR® D I D I D I
Code Location (mm/yr) (deg) (deg) RPI (deg) (deg) RPI (deg) (deg) RPI D 1 RPI  Ref®
AAM  Alaskan Margin, Arctic Sea 1.93 27.8 22 043 29.9 5.7 081 522 520 520 1
AD1  Adriatic Sea, Italy 0.54 - 1.6 0.24 - 81 - 74 0.84 - 1854 1869 2
ANN  Lac d’Annecy, France 1.8 9.7 3.6 - 217 8.0 - 215 9.1 - 568 846 -3
ARA  Lake Aral, Kazakhstan 10.2 1.6 0.5 - - 110 53 - 340 374 - 4
ASL  Lake Aslikul, Russia 0.75 1.3 0.6 - - 11.0 53 - 1341 1334 -5
BAI  Lake Baikal, Russia 0.14 10.3 35 053 132 15.0 63 127 7194 7179 7176 6
BAM Lake Barombi Mbo, Cameroun 1.8 1.7 1.5 - - 111 5.6 - 797 843 -7
BAR  Lake Barrine, Australia 0.75 20.4 9.5 1.05 23.1 109 132 1341 1348 1366 8,9
BEA  Beaufort Sea, Arctic Ocean 1.35 222 23 022 24.8 59 084 76.0 74.1 749 10
BEG Lake Begoritis, Greece 1.0 5.4 2.3 - 100 37 - 9.4 2.5 - 1019 100.3 - 11
BI2 Lake Biwa 2, Japan 0.4 1.8 1.2 0.61 11.1 5.5 1.01 252.0 2529 251.0 12
BIR  Birkat Ram, Israel 1.6 7.3 51 0.34 1.34 13.1 74 130 644 664 689 13,14
BIW  Lake Biwa, Japan 1.21 1.2 0.7 - 52 50 - 4.1 3.5 - 829 830 - 15
BLM Lake Bullenmerri, Australia 0.88 4.9 33 - - 120 6.3 - 179.5 186.7 - 16
BOU Lac du Bourget, France 3.75 8.2 2.8 - 146 32 - 143 2.9 - 365 936 -3
CAM Brazo Campanario, Argentina 0.77 53 2.1 - - 122 5.8 - 1304 130.7 - 17
CHU  Chukchi Sea, Arctic Ocean 1.3 14.0 23 0.18 17.7 59 083 785 786 77.0 10
DES  Dead Sea, Israel 2.0 12.5 7.0 - - 16.6 8.8 - 502 502 - 18
EAC  Lake Eacham, Australia 1.1 27.4 8.9 0.99 295 104 128 91.1 100.7 914 8,9
EIF Eifel maars, Germany 1.02 43 1.8 - 87 54 - 83 43 - 1260 1139 - 19
ERH  Erhai Lake, China 0.9 9.0 7.8 - - 142 9.4 - 111.2 1328 - 20
ERL  Erlongwan Lake, China 0.27 5.8 3.1 - - 124 6.2 - 370.6 377.0 - 21
ESC  Lake Escondido, Argentina 0.3 11.5 29 0.62 15.8 6.1 1.02 3350 333.6 333.7 22,23
FAN Lake Fangshan, China 0.5 6.5 9.8 - - 127 112 - 2015 201.2 - 24
FIN  Finnish Lakes, Finland 0.64 2.7 0.9 - - 113 5.5 - 158.0 1582 - 25
FIS Fish Lake, USA 0.8 5.0 33 - - 120 6.3 - 1258 1252 - 26
FRG  Fringsjon, Sweden 0.4 9.2 24 049 14.3 59 094 2557 2535 2541 27,28
FUR  Furskogstjérnet, Sweden 0.41 10.5 26 022 15.2 6.0 0.83 250.7 2447 2458 27,29
GAR  Gardar Drift, North Atlantic 0.3 17.4 33 032 20.5 63 0.87 341.7 3336 3347 30
GEI  Llyn Geirionydd, UK 0.31 35 1.4 - 92 57 - 88 52 - 3280 323.1 - 31
GHI  Cape Ghir, NW Afr. Margin 0.6 9.2 47 0.56 14.3 72 098 2292 167.1 167.0 32
GNO Lake Gnotuk, Australia 0.39 6.9 5.2 - - 129 7.5 - 2579 2571 - 16
GRE  Greenland, North Atlantic 1.0 16.9 2.1 - - 20.1 5.8 - 102.8 102.5 - 33
HUR  Lake Huron, USA 0.63 26.3 5.7 - - 285 7.9 - 159.1 1645 - 34
ICE  Iceland, North Atlantic 2.0 18.3 3.0 - - 213 6.1 - 501 50.1 - 33
KEI Lake Keilambete, Australia 0.31 7.9 3.6 - - 135 6.5 - 326.0 3293 - 16
KYL Kylen Lake, Minnesota 0.8 7.0 2.0 - - 129 5.8 - 1251 125.6 - 35
LAM Lake Lama, Russia 0.59 30.7 5.3 - - 326 7.6 - 170.1 173.5 - 36
LEB  Lake LeBoeuf, USA 2.1 38 1.0 047 11.6 55 093 163.1 1703 522 37
LOM Loch Lomond, UK 0.31 3.4 1.5 - 96 32 - 93 3.2 - 3257 3226 - 38
LOU  Louis Lake, USA 0.2 45.6 5.4 - - 469 7.6 - 503.0 980.0 - 39
LSC  Lake St.Croix, USA 25 5.2 27 029 12.1 6.0 086 774 797 548 35
MAR Mara Lake, Canada 1.22 1.7 0.7 - - 111 54 - 82.0 821 - 40
MEE Meerfelder Maar, Germany 1.0 272 11.6 - 246 6.7 - 245 6.1 - 100.0 102.9 - 41
MEZ Lago di Mezzano, Italy 0.9 6.4 30 0.63 218 6.8 065 21.6 74 059 1115 1146 111.8 42
MNT Lago Morenito, Argentina 0.3 6.4 3.5 - - 127 6.4 - 3343 3359 - 17
MOR Lac Morat, Switzerland 0.9 9.9 2.1 - 62 5.6 - 5.4 44 - 1135 112.1 -3
MOT Métterudstjarnet, Sweden 0.41 10.9 40 047 15.4 6.7 093 2458 2549 247.1 27,29
NAR Lake Naroch, Belorussia 0.64 2.2 0.8 - - 112 54 - 1569 156.7 - 43
NAU  Nautajérvi, Finland 0.6 5.6 1.8 0.50 6.7 12.3 82 095 167.1 1744 1672 27,44
NEM Lake Nemi, Italy 1.1 4.4 2.6 - 233 8l - 232 9.8 - 914 928 -2
PAD  Palmer Deep, Antarctic Pen. 2.5 334 44 030 35.1 70 0.86 403 40.1 403 45
PEP  Lake Pepin, USA 1.5 - 29 033 - - 6.1 0.87 - 668 68.0 46
POH  Pohjajérvi, Finland 1.04 6.4 2.5 046 12.7 59 093 1031 966 964 47
POU  Lake Pounui, New Zealand 0.96 2.2 1.2 - - 112 5.5 - 111.0 1272 - 48
SAG  Saguenay Fjord, Canada 1.5 5.8 2.2 - - 124 5.8 - 67.0 67.1 - 49
SAN Hoya de San Nicolas, Mexico 0.38 12.2 9.9 - - 164 113 - 268.7 264.7 - 50
SAR  Sarsjon, Sweden 0.4 349 2.1 038 36.6 5.8 0.89 2529 2504 2506 27,28
SAV  Savijdrvi, Finland 0.42 11.8 2.1 - - 16l 5.8 - 2387 2421 - 27,51
SCL  Lake Shuangchiling, China 2.2 7.8 54 - - 134 7.7 - 455 456 - 52
STL  St. Lawrence Est., Canada 1.5 53 1.9 029 12.2 57 086 673 674 675 53
SUP  Lake Superior, USA 1.08 14.3 1.9 - - 180 5.7 - 934 933 - 54
TRE  Laguna El Trébol, Argentina 0.4 5.9 1.6 050 12.4 56 095 2523 2523 252.1 55,56
TRI  Lake Trikhonis, Greece 1.0 5.4 44 - 76 52 - 68 33 - 100.2 100.7 - 11
TUR  Lake Turkana, Kenya 1.9 - 7.6 - - - - 9.3 - - 597 - 57
VAT  Vatndalsvatn, Iceland 0.78 16.6 3.4 - - 199 6.4 - 1299 1293 - 58
VIC  Lake Victoria, Uganda 1.0 7.7 45 - - 133 7.0 - 100.5 103.8 - 59
VOL Lake Volvi, Greece 2.5 13.8 6.7 - 146 58 - 143 4.0 - 40.6 406 - 11
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Table 1. (continued)

7.1
Urs.vc Uad Ule (years)
SR® D I D I D I

Code Location (mm/yr) (deg) (deg) RPI (deg) (deg) RPI (deg) (deg) RPI D 1 RPI  Ref®
VUK  Vukonjérvi, Finland 0.5 10.7 34 - - 153 6.4 - 2004 201.1 - 60
WAI  Lake Waiau, Hawaii 0.4 5.3 3.1 - 81 61 - 6.5 6.2 - 250.6 251.1 - 61
WAS  West Amundsen Sea 0.2 - - 1.00 - - - - 1.29 - - 8032 62
WIN  Lake Windermere, UK 0.5 1.6 0.5 - 64 50 - 5.8 2.5 - 2042 202.1 - 31
WPA  West Pacific 39 - 1.7 0.15 - - 5.6 0.82 - 270 289 63

Dash stands for the absence of a particular component.

PSR refers to the mean sedimentation rate in mm/yr.

0, refers to the random uncertainty component obtained from the robust smoothing spline fit.

o, is an uncertainty from the comparison with archeomagnetic estimates. Empty space in the columns for 0. means no comparison is possible.

‘o, is the overall estimated uncertainty for the sediment records.

T, is the smoothing time obtained from the robust smoothing spline analysis.

€References: 1, Lisé-Pronovost et al. [2009]; 2, Vigliotti [2006]; 3, Hogg [1978]; 4, Nourgaliev et al. [2003]; 5, Nourgaliev et al. [1996]; 6, Peck et al.
[1996]; 7, Thouveny and Williamson [1988]; 8, Constable and McElhinny [1985]; 9, Constable [1985]; 10, Barletta et al. [2008]; 11, Creer et al. [1981];
12, Hayashida et al. [2007]; 13, Frank et al. [2002b]; 14, Frank et al. [2003]; 15, Ali et al. [1999]; 16, Barton and McElhinny [1981]; 17, Creer et al.
[1983]; 18, Frank et al. [2007]; 19, Stockhausen [1998]; 20, Hyodo et al. [1999]; 21, Frank [2007]; 22, Gogorza et al. [2002]; 23, Gogorza et al.
[2004]; 24, Zhu et al. [1994]; 25, Haltia-Hovi et al. [2010]; 26, Verosub et al. [1986]; 27, Snowball et al. [2007]; 28, Snowball and Sandgren [2002];
29, Zillén [2003]; 30, Channell et al. [1997]; 31, Turner and Thompson [1981]; 32, Bleil and Dillon [2008]; 33, Stoner et al. [2007]; 34, Mothersill [1981];
35, Lund and Banerjee [1985]; 36, Frank et al. [2002a]; 37, King [1983]; 38, Turner and Thompson [1979]; 39, Geiss et al. [2007]; 40, Turner [1987]; 41,
Brown [1991]; 42, Brandt et al. [1999]; 43, Nourgaliev et al. [2005]; 44, Ojala and Saarinen [2002]; 45, Brachfeld et al. [2000]; 46, Brachfeld and
Banerjee [2000]; 47, Saarinen [1998]; 48, Turner and Lillis [1994]; 49, St-Onge et al. [2004]; 50, Chaparro et al. [2008]; 51, Ojala and Tiljander
[2003]; 52, Yang et al. [2009]; 53, St-Onge et al. [2003]; 54, Mothersill [1979]; 55, Irurzun et al. [2006]; 56, Gogorza et al. [2006]; 57, Barton and
Torgersen [1988]; 58, Thompson and Turner [1985]; 59, Mothersill [1996]; 60, Huttunen and Stober [1980]; 61, Peng and King [1992]; 62,
Hillenbrand et al. [2010]; and 63, Richter et al. [2006].

concentration of observations in the European region. His- Almost half of the radiocarbon dated records have inde-

tograms of the temporal distribution show that the number
of data records increases toward more recent times, and that
intensity data constitute a rather small fraction of the total
data set. The length of the records range from 1150 to
11,855 years, taking into consideration only the data from
the Holocene.

[s] Radiocarbon (**C) dating is the method that is most
commonly used; it is only possible when organic material
is present in the sediments. Some sediments, in partic-
ular the Fennoscandinavian records [Snowball et al., 2007],
are varved and can be dated by varve counting, which
gives more precise age scales and smaller age uncertainties.

pendent dating points (tephra, varves or pollen) to improve
their age-depth model.

[s] To obtain directional and relative paleointensity data,
a range of different sampling strategies, tests and nor-
malization techniques have been used. Only 12% of the
results in the whole database were acquired by U channel
measurements; most studies involved discrete samples
allowing higher temporal resolution. Directional informa-
tion from the majority of the records has been recovered by
selecting pilot samples from different lithological sections
and conducting stepwise alternating field (AF) demagneti-
zation to establish the characteristic remanent magnetization.

1000} Relative Declination
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1000 Inclination
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0
1000} Rp|
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Figure 1. (a) The global spatial distribution of Holocene sediment records used in this study, directional
(declination or inclination) data (white diamonds), and relative paleointensity (black circles). Only incli-
nation data are available for the records AD1, PEP, TUR, and WPA. (b) Temporal distribution of declina-
tion, inclination, and relative paleointensity during the Holocene period. The time scale is in units of years
(AD/BC), following the convention used in the field modeling community. Data are grouped in 250 year

bins.
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Figure 2. Histogram of the mean sedimentation rate in the
Holocene sediment records in this study (Table 1). The mean
sedimentation rate of Lake Aral is omitted from this histo-
gram due to its exceptionally high value of 10.2 mm/yr.

AF demagnetization vector plots for typical pilot samples
revealed the optimum AF field which removes the viscous
component present.

[10] Sedimentary sequences give only RPI, because
there is no definitive theoretical model for how a sediment
acquires its magnetization. The intensity of the natural
remanent magnetization must therefore be normalized by
a magnetic parameter that accounts for variations in the
concentration of ferromagnetic minerals. Different normali-
zation parameters, such as, anhysteretic remanent magneti-
zation (ARM), magnetic susceptibility, isothermal remanent
magnetization (IRM), and saturation isothermal remanent
magnetization (SIRM) are employed in various studies. For
the majority of the records considered, RPI is determined
by the ratio NRM/ARM after some AF demagnetization
(generally between 10 mT and 20 mT) or over several
demagnetization steps. King et al. [1983] and Tauxe [1993]
suggested criteria that paleointensity determinations should
meet in order to be considered as reliable. These criteria
include consistency between the records from a given
region, internal agreement between cores, uniform magnetic
mineralogy, i.e., concentration variations should be less than
an order of magnitude, stable magnetic carriers, same mag-
netic mineralogy throughout the core, and agreement among
different normalization methods.

[11] Another important factor influencing recording fidel-
ity of sediments is the sedimentation rate. The true geo-
magnetic signal becomes significantly smoothed when the
sedimentation rate is decreased [cf. Roberts and Winklhofer,
2004]. Usually, an assumption of constant (or piecewise
constant) sedimentation rate is made in order to obtain an
age model for the whole sediment sequence, with linear
interpolation based on only a few tie point ages. In most of
the original lake sediment publications only average sedi-
mentation rates are reported. If more information has been
provided we calculated a mean value for the sedimentation
rate using the age model provided. In Figure 2 we plot a
histogram of the average sedimentation rates for the records
studied. Lake Aral is a notable outlier with an exceptionally
high mean sedimentation of 10.2 mm/yr, due to the tectonic
activity, and for clarity of presentation it is excluded from
Figure 2. The remainder of the sediment sequences have
accumulation rates in the interval of 0.14 to 3.9 mm/yr.
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[12] An a priori smoothing time can therefore be estimated
for each sediment record based on a lock-in depth and the
mean sedimentation rate:

~ lock — in depth [mm]
® sedimentation rate [mm/yr]

(1)

A lock-in depth of 100 mm below the surface mixed layer is
assumed [cf. Roberts and Winklhofer, 2004]. These a priori
smoothing times provide a useful minimum thresholds for
the time resolution allowed in our spline models described in
section 3.2.

3. Robust Smoothing Spline Modeling
for Uncertainty Estimates

[13] For a given record (¢, y;), where ¢, is the age and y; is
an observation, we define a model function f{¢;), such that:

yi=f(t)+e i=12..,N 2)

where ¢; is assumed to be a random, uncorrelated noise. Our
aim is to find the smoothest possible function f{¢) that sat-
isfactorily fits the observations y;.

[14] The quality of each individual component, i.e., dec-
lination, inclination and RPI, can exhibit different uncer-
tainties due to peculiarities of the coring and acquisition
processes. For example, due to possible rotations during the
coring, inclination records are often found to be more reli-
able than the declination records. For this reason, we study
each individual field component separately.

3.1.

[15] Cubic spline interpolation is a useful technique for
obtaining an interpolation curve between known data points
that has desirable stability and smoothness characteristics. It
involves constructing a polynomial of low degree between
pairs of specified points, known as control points or knots
[Wahba, 1990]. It has been shown to yield better results than
global interpolation, which uses a single function to fit all
the data points. The knot points can be identical with the
measurement points, but in general this need not be the case.
We choose a regular array of knot points with a fixed 50 year
spacing, except for a small number of records with a very
small a priori smoothing time, in which case a knot spacing
of 25 years was adopted. B splines [de Boor, 2001] of order
four, i.e., cubic splines, with continuous second derivatives
are used as basis functions and denoted by B/(?):

Spline Smoothing Methodology

10 =3 a0 ®

where Ng is the number of knots and «; are the spline
coefficients. B splines are preferred to polynomial inter-
polations because they are more accurate, can be easily
integrated and differentiated, and do not exhibit spurious
oscillations that often accompany polynomial interpolation.

[16] A standard penalized smoothing spline estimation
involves minimization of the following objective functional
© [Constable and Parker, 1988], consisting of the L, misfit
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to the data and a roughness measure defined to be the qua-
dratic norm of the second time derivative

O=>"[yi—f(t) +>\/ (4)

i=1

where A > 0 is a smoothing parameter controlling the trade
off between the smoothness and the goodness of fit to the
data. This parameter is not specified directly but can be
chosen using the method of cross validation (CV) (see
section 3.2). #; is the start time of the model and ¢y is the end
time. Due to the presence of non-Gaussian noise and sus-
pected outliers in sediment magnetic records, we instead
adopt a ‘robust’ formulation of the smoothing spline repla-
cing the functional (4) by

where the first term is now a L; norm of the residuals [e.g.,
Menke, 1989; Parker, 1994; Gubbins, 2004; Aster et al.,
2005; Tarantola, 2005]. Using the L; norm criterion, i.e.,
least-absolute deviation, has been shown to reduce the
influence of spurious data points, giving them less weight
than the L, norm [Claerbout and Muir, 1973; Walker and
Jackson, 2000]. Equation (5) can be written in matrix nota-
tion as follows:

6+ A /, " (221 ()] at ()

© = |y — Bm]|, + AD (6)

where B is a matrix of B spline construction factors, m is a
matrix of the spline coefficients, D a matrix of inner pro-
ducts of second derivatives of B splines and r =y — Bm is
the residual vector. Minimization of the L; norm is carried
out by solving a sequence of weighted least squares
problems. The solution is obtained by an iterative pro-
cedure that involves repeatedly solving the following sys-
tem [Schlossmacher, 1973; Farquharson and Oldenburg,
1998]:

(B"WB + AD)m = B" Wy (7)

where W is a diagonal weighting matrix, whose elements
are determined from the residuals at the previous iteration as
W = 2/r [e.g., Walker and Jackson, 2000], starting with
W, = I, where I is the identity matrix. After solving the
normal equations via Cholesky decomposition and deter-
mining an appropriate smoothing parameter, where possible
using the CV method, we calculate the residuals from the
final spline model. Following Bard [1974], appropriate L;
and L, measures of the misfit for each element, declination,
inclination, or RPI are

N
0= Y25 -1 ®)
i=1

|
= ]T]Z i =S (@) )
=1

and respectively
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Once a spline model is constructed, it is useful to analyze
the model’s temporal resolution [e.g., Constable and Parker,
1988; Korte and Constable, 2008]. This procedure involves
inverting a delta function input at various locations with the
same smoothing parameter used to create the model [e.g.,
Parker, 1994]. The output is effectively a resolving kernel
that diagnoses the amount of smoothing inherent in the
spline model. The width at half maximum height of the
resolving kernel is thus a measure of the time scale that can
be resolved in the record (i.e., it provides the a posteriori
estimate of the smoothing time derived from the spline
models) and is hereinafter denoted as T, We calculate T
on the internal points of the record, but in Table 1 report
only its mean value, which is used for the comparisons in
section 3.2. The smoothing time is difficult to derive directly
because it depends on the smoothing parameter, the uneven
distribution of data, and different weights that are applied to
individual points (due to the L; measure of misfit).

3.2. Selection of the Smoothing Parameter

[17] The smoothing parameter A should, where possible,
be chosen in an objective way. One well-known automatic
procedure for estimation of the smoothing parameter is the
method of cross validation (CV) (see Green and Silverman
[1994] and Wahba [1990] for a description and applica-
tions). The idea behind this method is the prediction of each
data point in turn, using all the remaining data points to find
a model that best reproduces the omitted point. It involves
making one inversion for each data point, with that data
point omitted and then computing the prediction misfit while
varying A. Finally, the A with the smallest value of cumu-
lative misfit for all inversions (called the CV score) is
adopted. We used the following L; version of the cross-
validation method for determination of X in order to be
consistent with the L; objective function used in the con-
struction of the smoothing splines

(10)

where A;; is the so-called hat matrix which maps the vector
of observed values to their predicted values, i.e., f= A(\)y
[Green and Silverman, 1994]. This robust CV score is the
sum of the absolute values of the residuals corrected by a
factor (1 — A;). A drawback of the method is that this
function does not always have a unique minimum, so one
must be careful to explore a wide range of \. In practice, it
was evident that a constraint on the minimum degree of
smoothing should be implemented in order to avoid under-
estimating the smoothing parameter. We therefore use mean
sedimentation rates, which are inferred from the original
studies of each record, and an estimated minimum lock-in
depth (below the mixed layer) of 10 cm, following Roberts
and Winklhofer [2004] and Lund and Keigwin [1994], in
order to estimate a minimum smoothing time (equation (1)).
A search over A is performed across a wide range of values,
starting at an upper limit of 10'°, and decreasing until a
minimum of CV is found or the smoothing time, as deduced
by a resolution analysis of the spline model, reaches the
minimum a priori smoothing time derived from the sedi-
mentation rate. In approximately 21% of the records studied
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Figure 3. (a) Example of the method of cross validation (CV) for choosing the smoothing parameter ()
for the relative declination record from Cape Ghir, NW African Margin (GHI). The minimum of the CV
score determines the choice of A. The x axis is given in logarithmic scale. (b) An example of the kernel
function on the central point of the same record, which diagnoses a temporal resolution of 229.2 years.
The width refers to a full width at half maximum of this kernel function. The robust smoothing spline
model for this record is presented in Figure 5 (top).

the smoothing parameter was objectively determined by the
CV method. In the remainder it was set by the a priori
threshold smoothing time Ty; the unexpectedly low number
of objective determinations of A was partly because some of
the records had already been presmoothed, and partly due to
the existence of inconsistent cores in some records.

[18] In order to test the influence of the a priori assumed
lock-in depth, we performed robust smoothing spline mod-
eling with different example lock-in depths of 5 cm, 10 cm,
and 15 cm. The results for the inclination record from
Pohjajérvi, Finland (POH), show that o, for the inclination
varied by less than one degree, i.c., 2.66°, 2.47°, and 2.50°
for 5 cm, 10 cm, and 15 cm depths, respectively. The effect
is similar for the declination record, with variations of the
order of degree. In the remainder of the study we therefore
take a pragmatic approach and implement a constraint based
on an assumed lock-in depth of 10 cm. This is sufficient to
prevent gross underestimation of the smoothing parameter.

3.3. Results From Robust Spline Modeling

[19] The robust smoothing spline modeling technique was
applied to the Holocene sediments records listed in Table 1.
In each case the original data set was used without rejection
of data. An example of the CV score as a function of the
smoothing parameter A is presented in Figure 3 for the rel-
ative declination record of Cape Ghir, NW African Margin
(GHI). The minimum of the CV function with respect to A
determines the smoothness of the spline model fitting to the
data. Also shown in Figure 3 is the temporal resolution
kernel, i.e., the response obtained from the spline model to a
delta input, in this case placed on the central data point.

[20] For illustration, robust smoothing spline analysis is
demonstrated on two typical examples, where the three
components are available, Lago di Mezzano, Italy, and Cape
Ghir, NW African Margin, in Figures 4 and 5, respectively.
Similar plots for all records are available online from the
EarthRef Digital Archive (ERDA) at http://earthref.org/
ERDA/1383. If the CV score is used then a label ‘not
constrained’ is added, otherwise the threshold time value

determined from the sedimentation rate is stated. The sub-
plots show the data in units of degrees and the robust
smoothing spline fit, together with the associated histogram
of residuals (normalized to the unit area). To allow com-
parisons across the records, we work with a standardized
version of RPI records, defined as

RPI

2
¥ i (RPL — )

RP]stand = (11)

where p = 1/NXY, RPI is the mean value.

[21] Overall, we find that the robust spline modeling
technique performs well, producing smooth models that
explain the most coherent signals in the magnetic records.
Outliers do not greatly distort the spline model, while the
data gaps are handled in a parsimonious manner without
spurious oscillations (e.g., Figures 4 and 5). The histograms
of the residuals are typically well explained by a Laplacian
distribution, though due to the rather small number of data
points it is difficult to rigorously favor either a Gaussian or
Laplacian uncertainty model. In sections 4 and 5 we use the
variance measure (o5, henceforth o,, where ‘rss’ stands for
the random error determined from the robust smoothing
splines) to characterize the spread in the residuals, since this
is easier to combine with other uncertainty estimates. For the
records studied, o, ranges from 0.5° to 11.6° (median
value: 2.7°; interquartile range: 1.8° to 4.4°) for inclination,
1.2° to 45.6° (median value: 7.5°; interquartile range: 5.1° to
13.2°) for declination, and 0.2 to 1.0 (median value: 0.5;
interquartile range: 0.3 to 0.6) for standardized RPI. The
smoothing times 7, inferred from the spline modeling range
from 27 to 980 years with a median value of 130 years
and an interquartile range from 80 to 250 years. The dis-
tribution of the a posteriori smoothing times 7 is presented
in Figure 6. Results for o, and Ty, for all lakes are
reported in Table 1. The large spread of values obtained for
0,5 and Ty, and the significant differences between com-
ponents, demonstrates the importance of considering each
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Figure 4. Example of the robust spline analysis of (top) relative declination, (middle) inclination, and
(bottom) standardized relative paleointensity data from Lago di Mezzano, Italy. Also shown are the histo-
grams of the residuals (normalized to the unit area) with a Laplacian distribution with mean and deviation
calculated from the residuals. Information about the number of data (ndat), the number of splines functions
used (nspl), the L; measure of misfit o (sigmal), the L, measure of misfit o, (sigma2), the norm mea-
suring the model roughness (norm), the value of the CV minimum (CV score), the width of the resolving
kernel or 7, (width), the corresponding smoothing parameter A (lambda), and a priori smoothing time 7
(constrained by) is provided in the legends on the right.
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Figure 5. Example of the robust spline analysis of (top) relative declination, (middle) inclination, and
(bottom) standardized relative paleointensity data from Cape Ghir, NW African Margin. Also shown
are the histograms of the residuals (normalized to the unit area) with a Laplacian distribution with mean
and deviation calculated from the residuals. An explanation of the labels is given in Figure 4.
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Figure 6. Histogram of the a posteriori smoothing time 7,
obtained from the smoothing spline modeling for relative
declination, inclination, and RPI of the Holocene sediment
records.

component of each record separately when deriving uncer-
tainty estimates.

4. Comparison of Lake Sediments With Other
Recorders and Global Models

[22] In addition to the spline modeling analysis, we carried
out comparisons between the database of Holocene sediment
magnetic records and nearby archeomagnetic data, other
nearby lake sediments, the historical field model gufinl in
the time periods of overlap, and the archeomagnetic field
model ARCH3k.1 when nearby archeomagnetic data are
available. Where possible, these comparisons enable an
independent assessment of the fidelity of sediment records
that include the effects of both random and also systematic
uncertainties that could not be assessed by the spline mod-
eling. In order to assess the difference between the compared
quantities for each record, we use the following L, measure

Ge= |5 =50 (12)
N,
<=1

where y are either ‘neighboring’ archeomagnetic or lake
records, or else global model predictions and N, is the
number of the compared data points. ‘Neighboring’ is
defined as within 5° latitude and longitude from the record
location; such neighbors were then relocated to the lake
location using the CALS7k.2 model [Korte and Constable,
2005], which is a minor correction of at most 2%. In some
cases, the compared values are not of exactly the same age.
In this case the mean value of sediment record within an
interval of £50 years was used for the comparison. In the
case of neighboring records, o, is computed as a mean over
all the data available for comparison with a particular record.
We report the results of comparisons only when 30 or more
data were available for the comparison, in order to obtain
statistically reliable estimates. The quantity of comparisons
with the historical field model gufinl is unfortunately small
because of the short period of overlap. Moreover, the mag-
netization of the top of sediment cores may be not locked in,
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which may result in inconsistency when attempting to
compare magnetic sediment records with the gufinl.

[23] In the comparisons we also use RPI in the standard-
ized form defined in equation (11). Furthermore, due to the
fact that many cores may not have been oriented to a known
azimuth, we also compare declination values in terms of the
deviation from the average value of the record, i.e., we
consider D,o; = Dyps — 1/N 3¥, D;pps. Absolute inclination
values are however considered. The lack of absolute mea-
surements of declination and paleointensity from the lake
sediments requires a special calibration technique. Calibra-
tion involves addition of a constant for relative declination
and a multiplication by a scaling factor for RPI, respectively.
We choose to consider each absolute datum, i.e., field model
prediction or archeomagnetic datum, in turn to be the true
absolute value of the field, and calibrate the entire lake
sediment record by assuming the lake estimate and the
selected datum agree at that time. The remaining absolute
data can then be compared to the calibrated sediment record.
This process is repeated for all the available absolute data
M and the total number of comparisons in this case is N, =
M(M — 1). The variance o, is then obtained from all the
comparisons using equation (12). Examples of such com-
parisons are presented in Figure 7, where the relative decli-
nation, inclination and standardized RPI time series from
Lago di Mezzano (Italy), the gufinl and ARCH3k.1 predic-
tions, and archeomagnetic data are presented.

40
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Figure 7. Examples of the comparisons between lake sed-
iment data from Lago di Mezzano, Italy (green diamonds),
global field models gufinl (black curve) and ARCH3k.1
(red dashed curve), and archeomagnetic data (red squares).
Robust smoothing spline fit (blue curve) is shown for refer-
ence. Declinations are presented as deviations from their
mean value, while RPI are standardized according to the
mean and the standard deviation.
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Table 2. Minimum, Maximum, and Median Values and Interquartile Ranges From Comparison Between Holocene Sediment Database
and the Historical Geomagnetic Field Model gufinl, the ARCH3k.1 Global Model, Archeomagnetic Data, and Nearby Lake Sediment

Records
Comparison® Component n° Minimum Maximum Median Interquartile Range
gufinl o, Inclination (deg) 8 2.2 17.1 7.0 6.31t09.8
o, Declination (deg) 6 12.7 342 21.8 18.0 to 27.5
o. RPI 1 1.4 1.4 1.4 l4to 1.4
B, Inclination (deg) 8 —83 16.2 -3.1 —-5.9to —0.5
ARCH3k.1 o, Inclination (deg) 17 3.2 8.1 5.7 5.0 to 6.8
o Declination (deg) 15 52 24.6 9.6 7.6 to 21.7
o. RPI 3 0.7 1.4 1.3 0.7to0 1.4
0. Inclination (deg) 17 —6.4 6.3 -0.9 —4.0t02.3
Archeomagnetic data o, Inclination (deg) 18 5.0 9.9 7.6 6.6 to 8.2
o, Declination (deg) 16 10.0 27.8 17.7 13.6 to 23.8
o. RPI 5 1.2 2.8 1.5 1.3t02.7
(. Inclination (deg) 18 -7.3 6.1 0.1 —4.4t0 3.6
Nearby lakes o, Inclination (deg) 49 3.1 14.7 7.6 6.51t0 10.8
o, Declination (deg) 45 8.0 151.2 18.4 144 t0 27.9
o. RPI 17 1.0 3.8 1.7 141t025
Uncertainty estimates® o, Inclination (deg) 72 2.5 11.2 5.9 54t072
o; Declination (deg) 68 4.1 46.9 13.4 11.4 to 18.9
o, RPI 27 0.59 1.32 0.93 0.86 to 1.01

“The Holocene sediment database was compared to the ARCH3k.1 global model only when nearby archeomagnetic data were available. o, is obtained
using equation (12), and f3.. is systematic bias, which can only be assessed for inclination.

n is the number of comparisons considered, each of which has more than 30 contributing data.

“Last three rows are the final uncertainty estimates obtained by combination of errors (see section 5).

[24] The gufinl and ARCH3k.1 field models are used for
the comparisons since they are truly independent of the lake
sediment data. Their predictions do not always provide a
good fit to the sediment records, and offsets in magnitude
and time shifts are observed (e.g., Figure 7). Residuals from
the comparisons exhibit in some cases positive or negative
mean biases, indicating systematic shifts between the com-
pared quantities. The offsets in inclination obtained by the
comparison with the archeomagnetic data and ARCH3k.1
field model (when archeomagnetic data exist) however show
no conclusive evidence for systematic inclination shallowing
across the compilation of records studied here. For instance,
the offsets obtained in the comparisons with the ARCH3k.1
model (when nearby archeomagnetic data were available)
range from —6.4° to 6.3° (interquartile range: —4.0° to 2.3°)
with a median of —0.9°. The range (minimum and maximum
value) together with the median and interquartile values
from the four types of comparisons are summarized in
Table 2. Considering all comparisons, a much better agree-
ment is found for inclination than for declination data.
Comparison of inclination estimates yields similar results in
all four cases, with median values of o, of between 5° and
8°. Encouragingly, good results are obtained for the incli-
nation comparisons between nearby records, indicating a
strong interlake consistency of inclination. The best com-
parison results for declination are achieved when lake sedi-
ments data are compared with the ARCH3k.1 model when
nearby archeomagnetic data are available; see Table 2. The
maximum value for relative declination comparison with
nearby records is obtained between the two coring sites in
Arctic Ocean (Alaskan margin and Chukchi Sea), where
sharp declination changes with very high amplitudes occur
in both records. Overall, these comparisons again indicate

the wide range of fidelities that occur in Holocene sediment
records and how it is essential to have individual uncertainty
estimates for each component of each record.

[25] From these test results, we conclude that the most
useful comparisons of the sediment records are with the
ARCH3k.1 model evaluated at times when archeomagnetic
data are available in a region close to the lake site (within
+5° latitude and longitude). Comparison with gufinl is
limited by the short period of overlap and by atypical
behavior at the top of many sediment cores. Comparison
with other sediment records is complicated by the fact that
we do not have independent a priori estimates of the accu-
racy of the other sediment records. Direct comparisons with
archeomagnetic data are also difficult due to the consider-
able scatter that is sometimes present in these measurements.
In contrast, the ARCH3k.1 model provides a parsimonious
estimate of the field at the location of interest that is com-
patible with nearby archeomagnetic samples, independent
from sediment records. Because the records span several
thousand years they enable many comparisons. Note
again that we make these comparisons only when nearby
archeomagnetic data are available, that is at times when
ARCH3k.1 is well constrained by observations. A further
advantage of this approach is that uncertainty estimates are
available for the model predictions [Korte et al., 2009],
which is useful for the combination of uncertainties con-
sidered in section 5. Henceforth, we use the terminology
‘archeomagnetic estimate’ (X,) to mean the prediction from
the ARCH3k.1 model estimated at the record location.

5. Uncertainty Estimates for Global Field Modeling

[26] In order to construct reliable models of the geomag-
netic field, consistent and independent uncertainty estimates

10 of 15



B02101

Relative declination
20

PANOVSKA ET AL.: ANALYSIS OF HOLOCENE MAGNETIC RECORDS

Inclination

B02101

Standardized RPI

N
o

Occurrence
o 4
o [6)]

Occurrence
S o

[$)]
[$)]

0
10 20 30 40 4 6
Total uncertainty P

o]

Occurrence
ESS »

N

0
06 08 1 1.2
Total standardized uncertainty

8 10
Total uncertainty P

Figure 8. Histograms summarizing our estimated uncertainties for Holocene sediment magnetic records.

are required. The structure of an uncertainty may generally
be divided into random and systematic. Random uncertain-
ties are assumed to involve fluctuations around the true
value while systematic uncertainties deviate from the truth
in a predictable manner. It is important when considering
the uncertainty in sediment records to use estimates that
encompass both random and possible systematic contribu-
tions. By fitting a robust smoothing spline model and look-
ing at the variance of the data away from the resulting
smooth curve, we have obtained a measure of the random
variability present in each record. The comparative analysis
(e.g., with archeomagnetic estimates), on the other hand
provides a means to assess the total uncertainty, including
both random and also any systematic uncertainty that may be
present.
[27] Following Rice [1995], we can write the true value of
a quantity X as a sum of a measurement x,, the systematic (3
and the random e components of the uncertainty, with an
expected value E(e) = 0 and a variance Var(e) = o”
X=x+08+¢ EX)=x+03 Var(X)=0o> (13)
The estimated uncertainty is then the expected squared
deviation of the true value from the measurement
E[(X —x0)*] = 0® + (14)
which represents the sum of the systematic bias and the
random variance. For the lake sediment records we adopt
the following related model
X=X 4 B+ 4 e (15)
where (3, is any systematic bias present in the sediment
record and the random uncertainty ¢, is separated into two
components. The ¢;** which is a random uncertainty that we
estimate from the variance of sediment data about our robust
spline models, which have variance Var{e/] = oZ,. The
term €/ then represents additional random uncertainty that
we cannot assess by looking at deviations from a spline fit,
e.g., due to uncertainties in the age model; this component is
allocated a variance Var[e/%] = 0244. Using this model, the
estimated uncertainty for a sediment record is:

012 = 612 + me + Ugdd (16)

Comparisons X, between the sediment data X; and archeo-
magnetic estimates X,,, where X, = X; — X, involve uncer-
tainties of both contributing quantities, i.e.,

Bet 00 =0+ 0p+ Oas + By + 0, (17)
where 3. and o, are now the systematic bias and variance,
respectively, of the comparison residuals, and 3, and o, are
the bias and variance of the archeomagnetic estimates. For
a given record, we take o, from the root mean square of
the uncertainties predicted by the ARCH3k.1 model for each
comparison; these uncertainties are based on parametric
bootstrap resampling techniques [Korte et al., 2009]. The
systematic bias (3, of the archeomagnetic estimates are
neglected, since its magnitude is found to be small based on
direct comparisons between archeomagnetic data and gufinl
model (the median values are —1° for inclination, 0.3° for
declination and —0.8 uT for the intensity). The systematic
bias of the comparison for inclination can then be ascribed
only to the bias of sediment records, i.e., 3, = B.. On the
other hand the bias cannot be determined from the com-
parisons of relative declination and RPI.

[28] We must consider two possible cases:

[20] 1. For lakes with sufficient comparisons to archeo-
magnetic estimates (i.e., there is sufficient nearby archeo-
magnetic data), our final uncertainty estimate is based on the
uncertainty estimates from the comparisons and the archeo-
magnetic estimates, i.e., o7 =02 — o>+ (32 for inclination,
o7 = 0> — o> for the declination, and standardized RPL

[30] 2. When no or few (less than 30) archeomagnetic
estimates are available for comparison, mean values for o,
and [, are used, as calculated from cases when comparisons
were possible, utilizing the expression 02gs = 00 — 0 —
o2. Then, following equation (16), these are combined with
o, for the particular record to obtain the required uncer-
tainty estimates. In cases when the term (0% — 02) is smaller
than o2, then no additional uncertainty is assigned, i.c.,
0244 = 0. This approach therefore combines information
specific to each record derived from the spline analysis, with
mean values obtain from comparisons with archeomagnetic
estimates.

[31] Final uncertainty estimates o; for each record are lis-
ted in Table 1. To convert our standardized RPI uncertainty
estimates to absolute intensity uncertainty estimates, the
standard deviation of the RPI can be multiplied by a pre-
ferred scaling factor for the record of interest [cf. Korte and
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tion o; on latitude. Triangles are our uncertainty estimates for
relative declination. The solid line represents the values esti-
mated using equation (2) from Donadini et al. [2009], where
o, depends on the local inclination. Here, the inclination is
obtained from the Geocentric Axial Dipole hypothesis and
s = 6°, the threshold value used for the uncertainty esti-
mates in the lake sediment records by Donadini et al. [2009].
The exceptions (EAC, BAR, and LOU) are declination
records with anomalously large data scatter.

Constable, 2006]. Histograms of the uncertainty estimates
obtained for all lakes are plotted in Figure 8. They show a
wide range of uncertainty estimates across the lakes studied,
spanning 2.5° to 11.2° for inclination (interquartile range:
5.4° to 7.2°), 4.1° to 46.9° for relative declination (inter-
quartile range: 11.4° to 18.9°) and 0.59 to 1.32 (interquartile
range: 0.86 to 1.01) for the standardized RPI.

6. Discussion

[32] The primary goal of this study was to assess the
quality of Holocene sediment magnetic records and to pro-
vide individual weightings to be used in future geomagnetic
field model construction. Nilsson et al. [2010] previously
found that poor quality paleomagnetic data and large dating
uncertainties force complex models to place too much power
into higher degrees. With reliable and consistent errors
allocated to individual data sets it may therefore be possible
for simpler models to adequately explain the variance in
many of the records.

[33] In the study of Korte et al. [2005], minimum uncer-
tainties for lake sediment records based on comparisons with
gufiml were predominantly used. Default uncertainties of
3.5° in inclination, 5.0° in declination and 5 uT in intensity
were allocated. Donadini et al. [2009] expressed their min-
imum uncertainty estimate in terms of a minimum s of 6°,
which corresponds to a 3.5° uncertainty in inclination, with
declination uncertainties depending on the inclination at the
location. In contrast, our analysis suggests a wider range of
uncertainties that differ greatly between inclination and
declination. We find inclination uncertainties with a median
value of 5.9° and an interquartile range of 5.4° to 7.2°; thus
we would allocate uncertainties at most lakes that are con-
siderably larger than the threshold values used by Korte
et al. [2009] and Donadini et al. [2009]. Our uncertainty
estimates for relative declination have a median value of
13.4° and an interquartile range of 11.4° to 18.9°, much
larger than the previously considered uncertainties. For
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comparisons with previous studies the standardized RPI
uncertainty estimates first need to be calibrated to an abso-
lute scale, multiplying by the standard deviation and a
rescaling factor specific for each record. Performing such a
calibration using the CALS7k.2 field model, we obtain
absolute uncertainty estimates for the paleointensity with a
median value of 11 p7T and an interquartile range of 9 to
14 uT. For all three components, we arrive at uncertainty
estimates, that are much larger than those used previously.
Our uncertainty estimates implicitly include the effect of age
uncertainties while the uncertainties quoted from the previ-
ous studies [Korte et al., 2005] do not. However if the age
uncertainties proposed by Korte et al. [2005] are mapped
into measurement uncertainties they equate to a relatively
small contribution [see Korte et al., 2005, Table 5].

[34] A different approach to account for age uncertainties
is used in the more recent global models of the geomagnetic
field CALS3k.3, CALS3k.4 and CALS10k [Korte and
Constable, 2008; Korte et al., 2009; Korte and Constable,
2011; Korte et al., 2011]. They created multiple possible
solutions by bootstrap resampling of a statistical model for
age uncertainties, in such a way that the record can be shifted
in time by £300 years. A similar approach is applied to the
uncertainties of magnetic components, where each bootstrap
sample is obtained from a normal distribution centered on
the magnetic component with a standard deviation equal
to the data uncertainty estimate. Thus, an average of all
bootstraps hopefully provides a robust picture of the field
structure. Nevertheless, this technique relies on the error
estimates being allocated to each record [Donadini et al.,
2009]. In particular our results suggest this should be done
on a lake by lake basis, which has not previously been the
case.

[35] We find the largest uncertainties in inclination in
cases where there is much scatter in the data or many outliers
are present, e.g., Lake Barrine, Australia (o; = 10.9°), Lake
Fangshan, China (0, = 11.2°), Hoya de San Nicolas, Mexico
(0; = 11.3°) and Lake Eacham, Australia (o; = 10.4°). The
smallest uncertainties in inclination are observed in con-
sistent records, usually when uncertainties are estimated
via comparison with archeomagnetic estimates, e.g., Lake
Begoritis, Greece (0; = 2.5°) and Lac du Bourget, France
(o; = 2.9°). The Lake Biwa record showed the smallest
uncertainty estimate for declination (o; = 4.1°) but this is
probably an artifact due to presmoothing of the record,
which yields not only an unrealistically small random
uncertainty, but also limits the uncertainties derived from
comparisons. Declination uncertainty estimates tend to
increase with latitude (Figure 9). The approach used by
Donadini et al. [2009] also allows a similar dependence of
the declination uncertainty with location, i.e., local inclina-
tion. Our uncertainty estimates follow the trend expected
with their technique (see Figure 9), the few exceptions are
declination records with anomalously large data scatter.
In general, there are no obvious geographical regions with
characteristically smaller or larger uncertainty estimates
found across all components. An exception is that many of
the best declination records come from Europe, for example,
Lake Windermere (o; = 5.8°), Loch Lomond (o; = 9.3°)
and Llyn Geirionydd (o; = 8.8°) in UK; Lake Trikhonis
(0, = 6.8°) and Lake Begoritis (o; = 9.4°) in Greece; Eifel
maars, Germany (o; = 8.3°), but there are also lakes with
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larger uncertainty estimates in this region, for example, Lac
d’Annecy, France (o; = 21.5°), Meerfelder Maar, Germany
(0;,=24.5°) and Sarsjon, Sweden (o; = 36.6°). In general, as
pointed out by a reviewer, these results imply that the
uncertainties have not reduced over time, in fact one of the
best studies (in terms of our uncertainty estimates) remains
the early study by Turner and Thompson [1981]. In spite of
the development of equipment and instrumentation, recent
records are not necessarily more reliable than older records.
While in the past, the studies were focused on obtaining
paleosecular variation data, today paleomagnetic studies are
not always the first priority, i.e., the sites are usually not
selected exclusively for secular variation purposes.

[36] During this analysis, several difficulties were
encountered related to the heterogeneous form in which lake
sediment data are available. First, records whose data was
provided in presmoothed form (e.g., Aral Sea, Kazakhstan,
Lake Aslikul, Russia, Lake Biwa, Japan, Lake LeBoeuf,
USA, Lake Windermere, UK, Gardar Drift, N. Atlantic,
Finnish Lakes) resulted in unrealistically small estimates of
0,. We recommend that in the future, records should be
published and contributed to databases in raw, unsmoothed,
form. Smoothed versions can still be presented as well, but
the raw form is essential for further modeling. In this way
information about the inherent reliability of records is pre-
served. Second, records consisting of multiple cores that are
subsequently mixed or stacked together (e.g., Lac d’Annecy,
France; Lake Huron, USA) produced much larger, and
probably more realistic, uncertainty estimates. However,
before using such records for field modeling, it may be
preferable to reject cores that are incompatible with data
from other sources (e.g., archecomagnetic data, nearby lake
records or other cores from the same lake). This requires that
data from individual cores are separately included in data-
bases along with their depth-age model. Third, high-latitude
records, such as those from Arctic and Antarctic seas, are
found to possess a large random variance of declination
due to rapid, large amplitude directional changes in these
regions; it is essential that these records are given dedicated,
suitably large, uncertainty estimates in field modeling.
Fourth, our results from the comparisons show no evidence
for systematic shifts between lake sediment inclination data
and archeomagnetic estimates. Caution should be exercised
when automatically correcting the inclination shallowing
without having any direct evidence for it in the records.
Fifth, cores oriented to an azimuth should be collected
whenever possible, or at least the upper sediments should be
matched to measured local declination. Oriented data would
help improve future geomagnetic field models, particularly
at high latitudes.

[37] In this study we have not separately accounted for age
uncertainties; instead, these are included within the com-
parison uncertainties, in particular contributing to the factor
044q- Future studies may wish to use a more sophisticated
approach that treats age uncertainties separately or try to
determine shift factors associated with age problems during
the field modeling procedure.

7. Conclusion

[38] In this study we have provided new, individually
tailored, uncertainty estimates for the magnetic records from
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Holocene sediments. These were derived from comparisons
with archeomagnetic estimates and from the scatter about
robust smoothing spline models. The uncertainties obtained
span a wide range of values, demonstrating the diversity in
quality of the records. Holocene sediment magnetic records
are clearly very heterogeneous, with the amount of data
scatter and the degree of time averaging depending both on
the acquisition process and the experimental protocol used to
obtain paleomagnetic data. Our new uncertainty estimates
have median values larger than the threshold uncertainty
estimates allocated in previous studies. Rather than using
nominal uncertainty estimates for most lakes, we propose
that individual uncertainty estimates are necessary for field
modeling. We find inclination records to be the most accu-
rate and reliable form of magnetic data presently available
from Holocene sediments. No evidence for systematic
inclination shallowing is found from our comparison anal-
ysis. Due to problems during recovery of cores we suggest
that only relative variations in declination are used in field
modeling. Study of the temporal resolution of the spline
models for each record indicates similar heterogeneity, with
smoothing times with an interquartile range of 80 to
250 years. This suggests it should be possible to study sec-
ular variation processes with time scales of about 100 to
1000 years with lake sediments records, provided the sedi-
mentation rate is sufficiently fast, and the record is of suf-
ficiently long duration.
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