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Abstract 

Alexander Rydh  

Rydh, A., 2024: Unraveling Magnetic Anomalies: A study of Earth´s Field Asymmetries during the Laschamps 

Excursion. Dissertations in Geology at Lund University, No. 686, 19 pp. 15 hp (15 ECTS credits). 

Keywords:  Cosmic rays · Cosmogenic Radionuclides · Paleomagnetism · Laschamps excursion · 10Be 
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Subject: Geophysics & Quaternary Geology 

Alexander Rydh, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

al1745ry-s@student.lu.se  

Abstract: Extreme geomagnetic variations such as excursions where the magnetic poles shift, and return are not 

fully understood. 10Be, used as a proxy for the magnetic field studies has been proposed as a compliment to paleo-

magnetic models, allowing adjustments. LSMOD.2 is a sediment and volcanic based magnetic model encompass-

ing the Laschamps excursion ~41 000 years ago. LSMOD.2 is limited due to lacking data from the high latitudes 

and the southern hemisphere, creating uncertainties in the model. To investigate the usefulness of 10Be data, correc-

tions must be made for climate variability, affecting the transport and deposition of 10Be, as well as filtering for 

solar activity, occurring as millennial and centennial variations. In this study, 10Be flux data shows good agreement 

with LSMOD.2 between 40.5 to 41.2 ka. After 41.2 ka the Greenland and Antarctica data diverge in 10Be produc-

tion rates with LSMOD.2. Comparing 10Be data with other magnetic field reconstructions shows that LSMOD.2 has 

the best agreement over a period ca. 700 years. However, while LSMOD.2 does show the best agreement with 10Be 

data, none of the investigated magnetic field models show an overall good agreement with 10Be data or each other, 

thus 10Be data is limited to uses for local models e.g. northern hemisphere.  



 

 

Sammanfattning 

Alexander Rydh  

Rydh, A., 2024: Magnetiska mysterier: En undersökning av Jordens magnetfälts asymmetrier under Laschamps-

exkursionen."  Examensarbeten i geologi vid Lunds universitet, Nr. 686, 19 sid. 15 hp.  

Nyckelord:  Kosmisk strålning · Kosmogena radionuklider  · Paleomagnetism · Laschamps excursion · 10Be 

Handledare: Andreas Nilsson & Raimund Muscheler  

Ämnesinriktning: Geofysik och Kvar tärgeologi 

Alexander Rydh, Geologiska institutionen, Lunds universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post: 

al1745ry-s@student.lu.se  

Sammanfattning: Extrema geomagnetiska var iationer  som exkur sioner  där  magnetfältet påbör jar  en polom-

kastning, vilken avbryts är fortfarande oförstådda. 10Be, som används som en proxy för magnetfälts studier har före-

slagits som ett komplement till existerande paleomagnetiska modeller, vilket tillåter förbättring av modeller. 

LSMOD.2 är en sådan paleomagnetisk modell som baseras på sediment och vulkaniska data över Laschamps ex-

kursionen för ~41 000 år sedan. LSMOD.2 saknar data från höga latituder och från södra hemisfären, vilket skapar 

osäkerheter i modellerna. För att undersöka om 10Be från Antarktis och Grönland kan användas för att förbättra 

modellerna måste 10Be data först korrigeras för klimatvariabler som påverkar transporten och depositionen av 10Be 

och filtreras för att ta bort variationer som är orsakade av förändringar i solaktivitet som fluktuerar på relativt sett 

kortare (<500år) tidsskalor. I denna studie visar 10Be flux data liknande värden som LSMOD.2 mellan 40 500 och 

41 200 år sedan. Efter denna period divergerar 10Be data från Grönland och Antarktis från LSMOD.2. Vid jämfö-

relse med andra magnetfältsmodeller uppvisar LSMOD.2 längst överenstämmelse på 700 år med 10Be data. Även 

då LSMOD.2 visar bäst överenstämmelse, uppvisas fortfarande brister i 10Be data, då överlag ingen av magnetfälts-

modellerna stämmer överens med 10Be data eller varandra. På grund av detta är 10Be data begränsat till lokala mo-

deller som över norra hemisfären. 
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1  Introduction  
Since the 1930s, it has been known that cosmic radia-
tion from space is deflected by the Suns and Earth’s 
magnetic fields. Despite the magnetic field acting as a 
shield, some of the cosmic radiation can still penetrate 
into Earth’s atmosphere, initiating interactions with 
particles there. A consequence of this is the creation of 
cosmogenic radionuclides (Beer et al., 2011). Cosmo-
genic radionuclides are of keen interest in Earth sci-
ences due to their isotopic and radioactive nature, act-
ing as tracers for example the paleomagnetic field. As 
a result, these radiogenic isotopes have been thorough-
ly studied and we now have a firm grasp on their radi-
oactive-decay (e.g. 10Be with a half-life of 
T1/2=1390000 years) and their production rates over 
the past millennia (Muscheler, 2013). Cosmogenic 
radionuclides such as 10Be, 14C and 36Cl are preserved 
in various geological archives such as in ice cores and 
tree rings. Due to this fact, scientists have been able to 
measure their quantity, thus indirectly measuring 
Earth’s magnetic fields variations through long time 

spans, compared to sunspot studies limited to ∼400 
years (Beer et al., 2011).   

Studies on Earth´s paleomagnetic field have re-
vealed that the geomagnetic field is not static, under-
going both long-term and short-term changes. Extreme 
variations such as excursions and reversals, where 
Earth´s magnetic poles swap places, are still not fully 
understood. Combined with paleomagnetic studies of 
rocks, scientists are researching how and why such 
variations arise, through modelling of the magnetic 
field. Despite this, problems arise due to a lack of 
paleomagnetic data in the southern hemisphere (Korte 
et al., 2019) As a result of this, records of 10Be deposit-
ed in polar ice cores have been proposed as a compli-
ment, being an independent signal which, at least hem-
ispherically reflect the changes in the Earth’s magnetic 
field (Nilsson et al., 2024).     

In order for 10Be records to be used a compliment 
to paleomagnetic reconstructions of Earth’s magnetic 
field, requires correction taking into account its geo-
chemical behaviour. This is a consequence of cosmo-
genic radionuclides transport and deposition being 
affected by the climate, creating hemispherical differ-
ences in 10Be deposition on Antarctica and Greenland 
(Masarik & Beer, 1999). 

In this study 10Be data from Raisbeck et al. (2017) 
and Muscheler et al., (2004) will be compared to a pre-
existing paleomagnetic field model called LSMOD.2 
(based on volcanic and sediment data) during an ex-

cursion, in this case the Laschamps excursion ∼41 ka 
(Panovska et al., 2023). By investigating asymmetries 
predicted by LSMOD.2 and implied by comparing 
10Be data from Greenland and Antarctica, the findings 
could prove the possible use of 10Be data as a compli-
ment to paleomagnetic models. This is a result of 

∼95% of 10Be deposition in the polar ice caps coming 
from the same hemisphere, reflecting hemispherical 
production rates instead of global (Nilsson et al., 
2024). 

If 10Be data represent variations in production rate 
as opposed to being affected by climate variability, it 
could be used as an independent signal together with 
LSMOD.2. By comparing northern to southern hemi-

sphere 10Be data to existing paleomagnetic models it 
could improve them.  To accomplish this, I will first 
attempt to isolate the production signal in the 10Be data 
by removing potential climate induced variations. I 
will then use various filters to remove variations in 
production rates on the relatively shorter, centennial to 
decadal, time scales associated with the sun. Discount-
ing the effect of the climate has over 10Be deposition 
and removing the effect of solar variations on 10Be 
production this study is only interested in studying 
magnetic field variations (specifically the hemispheric 
differences) which is represented on longer timescales 
(Muscheler et al., 2016). The research questions are: 

 

 Is 10Be data of high enough quality to be uti-
lized in studying asymmetries in the paleomag-
netic field?  

 Can these data be used to evaluate current mag-
netic field models over Laschamps? 

 

2 Background 
2.1  Cosmogenic radionuclides 
2.1.1  Cosmic rays 

Cosmic rays are high energy particles primarily com-

posed of protons and α-particles. Evidence suggests 

that cosmic rays originate from supernovas in our gal-

axy, hence the name galactic cosmic rays (GCR) 

(Simpson, 1983). The extent of GCRs reaching our 

solar system, and in turn the Earth is modulated by 

various factors including solar modulation, geomag-

netic shielding, and the energy of the rays (Muscheler, 

2013).             
 Solar modulation refers to the suns shielding effect 

on GCRs, causing a deflection of low energy cosmic 

rays. The shielding effect of the sun is due to the helio-

spheric magnetic field, which is carried by the solar 

wind from the sun (Muscheler, 2013; Potgieter, 2013). 

The effect of solar modulation varies depending on the 

strength of solar activity, which can be observed by 

the number of sunspots. Lower solar activity implies a 

Fig. 1. Cut-off rigidity for cosmic rays on earth correspond-

ing to the angle of incidence and the geomagnetic latitude 

from (Beer et al., 2011)  
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weaker heliospheric magnetic field which in turn al-

lows for more GCRs to reach the earth.   

 Upon reaching Earth, cosmic rays are deflected by 

Earth’s magnetic field, which is referred to as the geo-

magnetic shielding effect (GSE). The GSE is propor-

tional to strength of the Earth’s magnetic field 

(Muscheler, 2013), i.e. a stronger magnetic field will 

lead to less GCRs reaching the Earth. The effective-

ness of the geomagnetic shield and consequently the 

number of cosmic rays that can reach Earth’s atmos-

phere at a given location is typically defined as the cut

-off rigidity (Shea & Smart, 2004). The cut-off rigidity 

varies depending on the morphology of Earth’s largely 

dipolar magnetic field, and is therefore mostly latitudi-

nally dependent, e.g. a weaker GSE in the poles due to 

vertical field lines (Fig. 1) (Masarik & Beer, 1999). 

Cosmic rays can also be created by the Sun known as 

solar cosmic rays. Solar cosmic rays are produced in 

large amounts during solar proton events where the 

Sun ejects particles, which reaches the Earth along the 

heliospheric magnetic field lines (Muscheler, 2013; 

Paleari et al., 2022). 

2.1.2  Cosmogenic Radionuclides pro-
duction 
Cosmic rays with a rigidity (connected to the particle 

energy) above the cut-off rigidity, i.e. able to penetrate 

GSE are known as primary cosmic rays (Beer et al., 

2011). Cosmic rays of galactic origin make up most 

primary cosmic rays due to the low energy in solar 

protons compared to GCRs, thus only accounting for a 

small increase in the total cosmogenic radionuclide 

production rate e.g. 1-2% of total 10Be production 

(Usoskin et al., 2006).       

 When entering Earth’s atmosphere, primary cosmic 

rays induce a cascade of reactions during collisions 

with atomic nuclei, leading to the production of cos-

mogenic radionuclides for e.g. 

 n + 14N  → 10Be + 2n + 3p  

p + 16O → 10Be + 2n + 5p 

n + 40Ar → 36Cl + 1p + 4n 

n + 14N → 14C + p 

During this process secondary cosmic rays are created 

that continuously interact with particles in the atmos-

phere until the kinetic energy is dissipated (Beer et al., 

2011). These secondary cosmic rays through spallation 

or thermal capture can produce cosmogenic radionu-

clides (see Fig. 2) (Muscheler, 2013). Like most cos-

mogenic radionuclides 10Be forms in the stratosphere 

and the troposphere (the lowermost regions of the at-

mosphere) mainly through spallation with oxygen and 

nitrogen (Beer et al., 2011). 

 

2.1.2 Cosmogenic Radionuclides 
Transport and Deposition 

The chemical properties of cosmogenic radionuclides 

determine different factors including the residence 

time in the atmosphere, different transport ways and 

deposition e.g. 14C and 36Cl stay in there gaseous form 

where after 14C oxidizes to 14CO2 and enters the car-

bon cycle and 36Cl either forms 36Cl2 or H36Cl (Beer et 

al., 2011). The residence of cosmogenic radionuclides 

differs between the stratosphere and troposphere due 

to the stratosphere’s temperature increasing with alti-

tude, creating stable layering (Heikkilä et al., 2013). 

This results in cosmogenic radionuclides staying in the 

stratosphere ca. 0.5 - multiple years. The tropospheric 

residence time is limited to days or weeks due to con-

vection cells creating more vertical transport, resulting 

in efficient mixing compared to the limited mixing in 

the stratosphere (Beer et al., 2011). While mixing in 

the stratosphere is less efficient, 10Be in the strato-

sphere is still generally considered well mixed, as a 

result of the long residence time in atmosphere 

(Heikkilä et al., 2009).        In I

 10Be after formation will attach to aerosols, resid-

ing in the atmosphere ca. 1-year on average before 

deposition (Muscheler, 2013). In the atmosphere 10Be 

will eventually be scavenged through different pro-

cesses such as gravitational settling, wet and dry depo-

sition. Gravitational settling refers to the process 

where cosmogenic nuclides e.g. 10Be attached to aero-

sols, get deposited because of a large enough particle 

mass, which primarily happens in the stratosphere due 

to the stable nature. Wet deposition is the biggest con-

tributor in scavenging and refers to deposition with 

snow or rain. During wet deposition water droplets 

will collide and absorb aerosols with 10Be attached, i.e. 

more wet deposition goes together with higher 10Be 

deposition fluxes, since wet deposition is common in 

wet areas this means higher concentrations in equatori-

Fig. 2. Spallation of 16O into 10Be through one proton expel-
ling four protons and three neutrons resulting in a 10Be nu-
cleus. 
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al latitudes (Fig. 3) (Beer et al., 2011; Muscheler, 

2013). Dry deposition refers to airborne particles stick-

ing to surfaces such as vegetation or soil and is com-

mon in dry regions hence the name. Models indicate 

that polar archives include ca. 60-64% of 10Be origi-

nating from the stratosphere, 36-40% from the tropo-

sphere. 16% of the tropospheric signal can be traced to 

mid - southern latitudes and 20% from tropospheric 

Polar Regions i.e. the polar caps (Beer et al., 2011). 

2.2 Geomagnetic Field 
2.2.1 Basics  
Earth’s magnetic field is generated by the fluid motion 

of earth’s liquid outer core, this process is known as 

the geodynamo (Landeau et al., 2022). This generated 

magnetic field approximates a dipole dominated field, 

reminiscent of a traditional magnet with a magnetic 

north and south (Beer et al., 2011).  Dipole dominated 

fields as seen today can generally be approximated to 

constitute for 90% of Earth’s surface field.  

 The magnetic field is often represented with field 

lines flowing from within the Earth. The angle be-

tween the field lines and Earth's surface is known as 

the inclination, whereas the angle between the magnet-

ic field's horizontal component and geographic north is 

known as declination. These properties of the magnet-

ic field together constitute the direction of Earth's 

magnetic field (Fig. 4).         

 Over geological time the magnetic fields strength 

and direction has varied and shows e.g. excursion and 

reversal events. Variations on timescales between 1 to 

105 years (primarily between 103 to 104 years) are 

known as geomagnetic secular variations. Geomagnet-

ic secular variations are non-cyclical, created by fluc-

tuations from dipole dominated fields during long time 

periods and fluctuations from non-dipole fields during 

shorter periods (Butler, 1992).       

 Extreme secular variations such as reversals and 

excursions are marked by a weakening magnetic field, 

where reversals are noted with a flip in polarity and 

excursions are marked by a return. During such events 

the dipole dominated field disappears making the non-

dipole field relatively more important. Important to 

this study is the excursion of Laschamps ca. 41 000 

years ago, representing the second most recent excur-

sion after Mono Lake (Brown et al., 2018). 

2.2.2 Paleomagnetic data 
Data of the paleomagnetic field, in addition to cosmo-

genic radionuclides can also be preserved in geological 

Fig. 3. Cut-off rigidity for cosmic rays on earth corresponding to the angle of incidence and the geomagnetic latitude from (Beer 

et al., 2011)  

Fig. 4. The directions of the magnetic field showing 
the horizontal component and the vertical component. 
The angle between the geographic north and the hori-
zontal component is defined as declination (D), where-
as the angle between the total magnetic field vector 
known as (H), comprising both the horizontal and ver-
tical component and the magnetic north is known as 
inclination (I). The figure is adapted from (Butler, 
1992). 
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materials (sediments, rocks) and archaeological mate-

rials. This is attributed to materials containing iron 

oxides, for instance the mineral magnetite (Fe3O4) 

which exhibits magnetic properties used for proxy 

studies (Dunlop, 1995). During crystallization magnet-

ic minerals will magnetize, aligning with the present 

magnetic field thus resulting in preservation of the 

paleomagnetic field, this is known as natural remanent 

magnetization. (Beamud, n.d.). Despite the possibility 

to study the magnetic field in geological materials, 

there is a distinct lack of paleomagnetic data from the 

southern hemisphere, central Asia and higher latitudes 

which complicates modelling of the paleomagnetic 

field (Korte et al., 2019). 

3. Methods 
3.1  Sources and data        
Public literature was primarily collected from data-
bases: Web of Science, Scopus and LUBsearch. Com-
mon search terms included: “Laschamps”, 
“geomagnetic field”, “GCR” and “atmospheric 
10Be”. The 10Be ice core data utilized in this study are 
published in Muscheler et al., (2004) and Raisbeck et 
al. (2017). Ice core data from Greenland featuring 
(GRIP) and (NGRIP) were each taken from Muscheler 
et al., (2004) for GRIP and Raisbeck et al. (2017) for 
NGRIP. Vostok, “EPICA DomeC” (EDC) and 
“EPICA Dronning Maud Land” (EDML) originate 
from Antarctica (see Fig. 5) (Raisbeck et al., 2017). 
From sites EDC and Vostok, dD(‰) is included as a 
climate proxy, compared to EDML, GRIP and NGRIP 
which utilize δ18O (‰). 10Be flux data is also provided 
in all data sites, reflecting data corrected for snow ac-
cumulation (Jouzel, 2013; Raisbeck et al., 2017). 

 
3.2 

10
Be production reconstructions  

Attempts were made to use climate proxy’s dD and 
δ18O to remove potential climate influences in the 10Be 
concentration data. First, dD or δ18O data, were plotted 
against 10Be concentrations in so called scatter plots 
(see Fig. 6C). An exponential trend line was fitted and 
based on this trend line. The function of the exponen-
tial trendline termed (ƒ(x)), depicting 10Be as a func-
tion of dD/ δ18O, where dD or δ18O are expressed as 
(x). Utilizing the ƒ(x), corrected data were created in 
two ways. First, corrected data were created as a dif-
ference between 10Be concentration data and ƒ(x), i.e. 
corrected data = 10Be – f(x). Furthermore, corrected 
data was created as a quotient of 10Be concentration 
data and ƒ(x), i.e. corrected data = 10Be/f(x). The cor-
rected data were then low pass filtered (cut off fre-
quency 1/600yrs), due to magnetic field variations 
dominating during longer timescales (see Fig. 8) 
(Nilsson et al., 2022). The filtering was done by calcu-
lating a mean value of 60 data points, for reference 1 
data point is equal to 10 years.       
 Flux data is created as a product between 10Be con-
centration data and snow accumulation rate, i.e. Flux = 
10Be * mass accumulation rate (g cm-2 year-1) (see Fig. 
7). After this flux data was normalised, calculated as a 
quotient of the mean 10Be flux, i.e. normalised flux = 
datapoint/mean. Lastly, flux data were low pass fil-

tered (cut off frequency 1/600yrs) calculated as a mean 
of 60 data point with each data point corresponding to 
10 years. After all data were corrected and filtered a 
stack would be calculated for Greenland and Antarcti-
ca (see Fig. 9). The stacks were calculated as mean of 
the filtered data e.g. (GRIP + NGRIP)/2. The stacked 
data were compared to LSMOD.2 predictions of pro-
duction rates (assuming a constant solar modulation). 
First the Greenland stack, representing the northern 
hemisphere production rates (QNH) was compared to 
northern LSMOD.2 data. After this the Antarctica 
stack, representing the southern hemisphere produc-
tion rates (QSH) was compared to southern LSMOD.2 
data. During the comparisons, data could be interpret-
ed in different ways depending on the position of mod-
els relative to each other. To compare data, we again 
normalised data at (41.95 ka) and at (40.55 ka) (see 
Fig. 10). This is achieved by dividing the flux data by 
the 10Be flux at (41.95 or 40.55 ka) and multiplying by 
the production rates predicted by LSMOD.2 at the 
same time (41.95 or 40.55 ka) e.g. normalising data at 
40.55 ka for the northern hemisphere assumes the 
amount of 10Be being deposited at the ice during this 
time point corresponds to the average production rates 
for LSMOD.2 at the same time.  After the hemispheri-
cal comparison, global 10Be data (QGL), representing a 
mean of QNH and QSH were calculated. Calculated QGL 
were then compared to global LSMOD.2 data where 
QGL is defined as 
 
 
 
 
 
 
Lastly hemispherical production asymmetry (HPA) 
was calculated for 10Be data, LSMOD.2 and other 
magnetic field models such as GGF100k and 
GGFS720. Calculated HPA can be expressed as 
(Nilsson et al., 2024).  
 

 
 

 
 

 

 

Fig. 5. Locations of ice core drilling sites from Antarc-

tica (left panel) and Greenland (right panel) (Jouzel,  

2013). 



Fig. 6. Process of correcting GRIP 10Be concentration data with climate proxies, in this case δ18O represents the 

climate proxy shown. A) Production rates for 10Be concentration without correction. B) δ18O representing the climate 

proxy which will be corrected for. C) 10Be concentration data as a function of δ18O. The f(x) represents a exponential 

trendline Y = 0,0122e-0.145x where δ18O is expressed as (x). D) 10Be concentration data (blue) plotted against correct-

Fig. 7. Three time-based graphs from EDC showing 10Be concentration data corrected for snow accumulation, creat-

ing 10Be flux data. A) 10Be concentration before correction. B) Snow accumulation (m ice per year). C) 10Be flux 

(purple) corrected for snow accumulation compared with the original 10Be concentration (dotted red). 

Fig. 8. Corrected production rates for 10Be con-

centration data (red) plotted against low pass 

filtered (cut off frequency 1/600yrs) 10Be concen-

tration data (dotted blue). Dataset is taken from 

GRIP. 
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4 Results 
Here the results presented showcase detailed compari-
sons between 10Be flux data (from Raisbeck et al. 
(2017) and Muscheler et al., (2004)) termed 
“synchronized data” and LSMOD.2 in three catego-
ries, hemispherical, global data, and hemispherical 
production asymmetry. Since 10Be concentration data, 
even after correction showed climate influence, we 
instead only present corrected and filtered data for 
10Be flux. During these comparisons, results presented 
in the figures will primarily be shown for data normal-
ised at 40.55 ka. Lastly synchronized 10Be flux will be 
compared with other magnetic field models to evaluate 
the best fit. The results are presented in 6 graphs, 
showcasing age (bp) on the x axis and 10Be production 
rates on the y axis.          
 

4.1 LSMOD.2 
Figure 10 shows two time-based reconstructions of 
hemispherical 10Be flux from Raisbeck et al. (2017) 
and Muscheler et al., (2004) compared with LSMOD.2 
normalised at 40.55 ka. In the 10Be Antarctica stack 
Vostok was excluded, only utilizing EDC and EDML 
(see Fig. 7B). The northern hemisphere comparison 
between stacked normalised (40.55 ka) and LSMOD.2 
show good agreement during 40.5 and 41.25 ka. Dur-
ing this interval both stacked data and LSMOD.2 dis-
play high average hemispherical 10Be production rates, 
ranging between 0.06 and 0.07 (atoms/m2/s), in con-
trast stacked data shows slightly lower production 
rates. In comparison, stacked data, normalised (41.95 
ka) shows a worse agreement from 40.5 and 41.25 ka. 
Instead, the results show a good agreement from 41.3 
to 42 ka.  

In the southern hemisphere comparison between 
Antarctic stacked data and LSMOD.2, shown in  
Figure 8B, an agreement is seen in production rates for 
stacked data normalised (40.55 ka) and LSMOD.2 
between 40.5 and 41.25 ka, with production rates vary-

ing around ∼0.07 (atoms/m2/s). In this interval, 

Fig. 9. Antarctic stack with production rates for 10Be flux. The Antarctica stack (dotted black) is calculated as a mean 

Fig. 10. Two reconstructions of hemispherical 
10Be production/flux. A) Northern hemispherical 
production rates of LSMOD.2 (blue), compared 
with synchronized data normalized at 40.55 ka 
(red) and synchronized data normalized at 41.95 
ka (dotted red). B) Southern hemispherical pro-
duction rates of LSMOD.2 (blue), compared with 
synchronized data normalized at 40.55 ka (red) 
and synchronized data normalized at 41.95 ka 
(dotted red). 



stacked data closely follows LSMOD.2 only 
showing slightly lower production rates ca. 0.001 
atoms/m2/s then LSMOD.2. This is seen more 
noticeable between 40.7 and 41.2 ka. In compari-
son, stacked normalised QSH (41.95 ka) shows a 
weak agreement with LSMOD.2 between 40.5 
and 41.75 ka, having production rates 0.02 
(atoms/m2/s) lower. Although a strong agree-
ment can be seen between 41.75 to 42 ka. Com-
paring normalised QNH (40.55 ka) and normal-
ised QSH (40.55 ka) shows similar production 
rates with each other and to LSMOD.2 between 
40.5 and 41.25 ka. Both show a drop in produc-
tion rates after this point where QNH drops earlier 
around 41.5 ka whereas QSH shows lower pro-
duction rates after 41.75 ka. 
 
4.1.2 Global data 
Figure 11 displays a time-based global recon-
struction of 10Be flux, calculated from Raisbeck 
et al. (2017) and Muscheler et al., (2004) com-
pared with LSMOD.2. The comparison between 
synchronized QGL and LSMOD.2 global data 
shows a general good agreement from 40.5 to 
41.25 ka. During this interval both QGL and 
LSMOD.2 display high 10Be production rates, 
peaking roughly at the start of the excursion 41 
ka. After 41.25 ka LSMOD.2 starts to decline to 
high average production rates. On the other 
hand, QGL remains with high production rates ca. 
0.01 (atoms/m2/s) higher, only declining at a 

similar trend as LSMOD.2 after ∼41.75 ka. In 
Figure 7 we can note a similar development in 
production rates for synchronized data as in fig-
ure 9, showcasing high production rates between 

40.5 to 41.75 ka, peaking ∼41 ka and sharply 
dropping after 41.75 ka. 
4.1.3 Hemispherical production asymmetry 
Figure 10 presents a time-based reconstruction of 

calculated HPA compared with LSMOD.2. Com-
paring normalised HPA (40.55 ka) shows a simi-
lar trend from 40.5 to 41.2 ka. Furthermore, syn-
chronized data between 40.5 to 40.7 ka starts to 
show centennial fluctuations with frequencies in 
the range of ca. 200 years. These occur through-
out the whole investigated period from 40.5 to 
42.1 ka for synchronized data normalised both 
40.55 and 41.95 ka and are most notable between 
40.5 to 41.5 ka. Peak production rates for syn-
chronized data are visible at 41.1 ka. In contrast 
LSMOD.2 shows several peaks in production 
rates during three intervals, between 41.3 and 

41.4 ka, ∼42 ka and at 43 ka. Synchronized HPA 
normalised (41.95 ka) shows large positive asym-

metries between 40.5 and ∼ 41.8 ka. The produc-

tions rates show ∼0.2 higher production rates, 

peaking ∼41 ka. Only between 41.8 and 42 ka 
the production rates return to similar levels as 
LSMOD.2. 

 

4.2 Comparison with other 
magnetic field models  
Figure 13 shows a comparison between calculat-
ed hemispherical asymmetry production synchro-
nized data compared with three reconstructions 
being LSMOD.2, (GGFS720) and (GGF100k), 
investigating the best fit for calculated synchro-
nized HPA. Note that only the 10Be data show 

fluctuations of ∼200 years. During the last thou-
sand years, ending from 40.5 ka LSMOD.2 we 
observe the best agreement, where GGFS720 
differs the most with low 10Be production rates. 
On the other hand, GGF100k shows overall high-

er 10Be production rates, ∼0.15 (atoms/m2/s) 
higher during the first 500 years. From 41 to 

∼41.7 ka a general agreement between GGF100k 
and synchronized data is shown. On the other 

Fig. 11. Global reconstruction of the paleomag-
netic field. Global stack of data from Raisbeck et 
al. (2017) is shown in red and global data from 
LSMOD.2 is shown in blue. The red data utilizes 
10Be flux from ice cores whereas the blue data is 
based on remanent magnetisation measure-
ments that were used for creating a global geo-
magnetic field model. 

Fig. 12. Hemispherical production asymmetry 
defined as (QNH-QSH)/QGL showed for synchro-
nized data normalized at 40.55 ka (red), synchro-
nized data normalized at 41.95 ka (dotted red) 
compared with LSMOD.2 (blue).  
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hand, GGFS70 shows large asymmetries compared to 
synchronized data, leading to high calculated 10Be 
production rates between 41.5 to 42 ka where at the 
same time synchronized data shows low 10Be produc-
tion. Due to these big disparities between synchro-
nized and GGFS720 hemispherical asymmetry produc-
tion, further evaluation will instead only consider 
LSMOD.2 and GGF100k.  
  Normalised data at 40.55 and 41.95 ka for 
GGF100k yielded no good fit for synchronized data, 
only showing a slightly better fit compared to synchro-
nized data normalised (40.55 ka). LSMOD.2 differs 
from GGF100k, where LSMOD.2 shows a similar 
trend between 40.5 to 41.2 ka with synchronized data, 
contrasted to GGF100k which shows a similar trend 
with synchronized data after 41.2 ka to 41.7 ka, mean-
ing GGF100k and LSMOD.2 are inverse to a degree. 
Furthermore, LSMOD.2 shows a longer agreement 
between synchronized data roughly 700 years com-
pared with GGF100k ca. 500 years. In general, 
LSMOD.2 shows more similar 10Be production rates 
to LSMOD.2 compared with GGF100k which only 

shows similar production rates at ∼40.7 ka to 42 ka. 

 

5 Discussion 
5.1 Geomagnetic field model agree-
ment 
As seen in figure 10A there is a good agreement in 

production rates between normalised data (40.55 ka) 

and LSMOD.2 from 40.5 ka and 41.25 ka, weakening 

from 41.25 to 42 ka. Normalised data (41.95 ka) pre-

sents similar results to normalised data (40.55 ka) and 

LSMOD.2, only showing slightly more agreement 

between 41.25 and 42 ka and less agreement between 

40.5 and 41.25 ka with LSMOD.2. As a result of both 

QNH data normalised (40.55 and 41.95 ka) being like 

each other and LSMOD.2, 10Be data robustness shows 

promise for magnetic field reconstructions over the 

northern hemisphere.         

 The southern hemisphere results presented in fig-

ure 8B show a general agreement between normalised 

data (40.55 ka) and LSMOD.2 from 40.5 and 41.75 ka. 

However, normalised data (41.95 ka) shows a reverse 

trend compared with data normalised (40.55 ka) with 

low production rates from 40.5 and 41.75 ka, showing 

good agreements from 41.75 to 42 ka with LSMOD.2. 

In addition to being dissimilar to normalised data 

(40.55 ka), there is an overall weak agreement with 

LSMOD.2. Due to normalised data (41.95 ka) diverg-

ing with normalised data (40.55 ka) and LSMOD.2 

this could point to a southern hemisphere problem. 

 Comparing QNH with QSH shows a similar trend 

where normalised data (40.55 ka) corresponds well 

with LSMOD.2 in the beginning and slightly worse 

(>41.25 ka). Moreover, QNH and QSH normalised (41.95 

ka) also shows a similar trend with each other where 

the production rates are reversed compared to normal-

ised data (40.55 ka) i.e. slightly less agreement in the 

beginning and a better fit to LSMOD.2 (>∼41.75 ka). 

Note that while QNH and QSH normalised at 41.95 ka does 

show similar trends as mentioned above, QSH varies con-

siderably in overall production rates with QNH and 

LSMOD.2 thus showing bad agreements with both even 

though they share a similar trend. Overall QNH normalised 

at both 40.55 ka and 41.95 ka show a relatively good 

Fig. 13. Four independent reconstructions of the paleo-
magnetic field, calculated from HPA derived from Andreas 
et al., (2024). Synchronized data normalized (40.55 ka) is 
shown in red, LSMOD.2 in blue, GGF100k in yellow and 
GGFS720 in green. The x axis shows 10Be production on a 
relative scale. 



agreement with each other. QNH normalised 

(40.55 and 41.95 ka) also shows a good agree-

ment with LSMOD.2 and QSH normalised (40.55 

ka).  

5.2 Uncertainties in reconstructions 
Filtered 10Be concentration data from Raisbeck 

et al. (2017) and Muscheler et al. (2004) were 

shown to be unreliable even after correction, thus 

not being utilized in the results. This could be 

due to the way corrected 10Be data was created. 

In this study we first calculated corrected data as 

a difference between 10Be concentration data and 

ƒ(x) mentioned above. However, during compar-

isons between e.g. EDC, EDML and Vostok 

there was no clear correlation i.e. only usable to 

asses’ local 10Be deposition. Because of this we 

calculated corrected 10Be data as a quotient of 
10Be concentration data and ƒ(x) mentioned 

above. Nevertheless, this didn’t provide any 

noteworthy results for 10Be concentration data 

during comparisons with other data series; thus, 

flux data was preferred over 10Be concentration 

data.            

 Another possibility to isolate magnetic field 

signals in 10Be concentration data is larger mean 

in filtering i.e. stronger low pass filter. Because 

of this the results suggest solar induced varia-

tions as e.g. 200 years cyclicity are seen as fluc-

tuations with small peaks and valleys (Fig. 9). A 

stronger low pass filter would reflect magnetic 

field changes more accurately. Nevertheless, 

increasing the filter above 600 years would not 

affect the overall results presented due to the 

focus being on long term variations, which are 

visible with or without the 200-year solar cy-

clicity.           

 Different results are also presented depending 

on how data is normalised. If we use figure 10 as 

an example, normalising at 41.95 ka gives maxi-

mum asymmetries during the Laschamps excur-

sion, compared to data normalised at 40.55 ka 

resulting in maximum asymmetries in the begin-

ning of the excursion. Nevertheless, since the 

asymmetries presented are shown in relative 

measurements, this implies that we can only in-

vestigate how reliable LSMOD.2 is compared 

with 10Be data, and not when we have maximum 

asymmetries. Because of this we cannot claim 

when LSMOD.2 is the most reliable due to the 

results being relative.  

5.3 Analysis of magnetic field mod-
els 

Comparing synchronized HPA with LSMOD.2, 

GGF100k and GGFS720 shows a weak agree-

ment with GGFS720, only displaying some cor-

relation with GGF100k and LSMOD.2. While 

GGF100k had a better agreement between 41.2 

and 41.7 ka LSMOD.2 showed a longer agree-

ment between 40.5 and 41.2 ka. Normalised data 

at 41.95 ka led to no improvement for GGF100k. 

Due to this, LSMOD.2 can be considered the best 

fit for synchronized data. However, since none of 

the above-mentioned models show any general 

agreement with each other it can thus be argued 

that 10Be data could still prove useful.   

 As seen in figure 12, synchronized 10Be data 

can be interpreted in two different ways during 

comparisons with LSMOD.2 depending on the 

normalisation point (40.55 or 41.95 ka). Normal-

ising at 40.55 ka results in a large negative asym-

metry between 41.2 and 42 ka. Moreover, nor-

malising at 41.95 ka gives a positive asymmetry 

during the excursion. Positive asymmetries imply 

a weak magnetic field for the northern hemi-

sphere due to high production rates implying 

lower cut off rigidities which in turn indicates a 

weaker GSE. This also applies to the southern 

hemisphere with negative asymmetries being 

linked to a stronger GSE.  

6 Conclusion 
To summarize, 10Be flux data over the northern 

hemisphere showed good agreement with 

LSMOD.2 for both normalised datasets (40.55 

and 41.95 ka). In contrast, the 10Be data over the 

southern hemisphere  differed between normal-

ised datasets (40.55 and 41.95 ka), pointing to 

weak robustness in southern hemisphere 10Be 

data. In the comparison between different mag-

netic field models, LSMOD.2 showed the longest 

agreement, in contrast to GGFS720 being the 

worst fit for 10Be data. The agreement between 

LSMOD.2 and 10Be data were strongest from 

40.5 to 41.2 ka. Nevertheless, the overall agree-

ment between 10Be data and magnetic field mod-

els such as LSMOD.2 were relatively weak, only 

showing limited use as an independent signal 

reflecting local 10Be deposition in the northern 

hemisphere.  
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