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Abstract

Volcanic rocks are considered reliable recorders of past changes in the Earth’s magnetic field. Recent flows, however, sometimes

fail to produce the known magnetic field at the time of cooling. Here, we tested the accuracy of paleomagnetic data recorded by

Mt. Etna lavas by comparing paleomagnetic data from historical flows to direct measurements of the magnetic field above the

current topography. The inclinations and intensities in both data sets are biased towards lower values. They vary as a function

of topography; both are higher above ridges and lower in gullies. To suppress this paleomagnetic data bias it is important to

take samples several meters apart and from different parts of the flow whenever possible. While this leads to a higher degree

of scatter in paleodirections, the results will better represent the Earth’s magnetic field at the time of cooling. This emphasises

the importance of reporting paleomagnetic sampling strategies in detail.
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Abstract13

Volcanic rocks are considered reliable recorders of past changes in the Earth’s mag-14

netic field. Recent flows, however, sometimes fail to produce the known magnetic field15

at the time of cooling. Here, we tested the accuracy of paleomagnetic data recorded by16

Mt. Etna lavas by comparing paleomagnetic data from historical flows to direct mea-17

surements of the magnetic field above the current topography. The inclinations and in-18

tensities in both data sets are biased towards lower values. They vary as a function of19

topography; both are higher above ridges and lower in gullies. To suppress this paleo-20

magnetic data bias it is important to take samples several meters apart and from dif-21

ferent parts of the flow whenever possible. While this leads to a higher degree of scat-22

ter in paleodirections, the results will better represent the Earth’s magnetic field at the23

time of cooling. This emphasises the importance of reporting paleomagnetic sampling24

strategies in detail.25

Plain Language Summary26

Paleomagnetic data from lavas is routinely used in the Earth Sciences to e.g. re-27

construct the past behavior of the Earth’s magnetic field, or make models of past plate28

motions. Very young flows for which the ambient magnetic field at the time of cooling29

is known, however, sometimes fail to produce the known reference values. Here we show30

that the topography of volcanic terrain may influence the magnetic signal of new, over-31

lying, flows, and we make recommendations for sampling strategies that suppress these32

terrain effects as much as possible.33

1 Introduction34

For decades magnetic signals from volcanic rocks have been used as a source to study35

the ancient behavior of the Earth’s magnetic field. Upon cooling, volcanic rocks obtain36

a natural remanent magnetization which reflects the direction and intensity of the am-37

bient geomagnetic field at that specific moment in time. Paleomagnetic data from well-38

dated flows (e.g. historical observations, radiocarbon dating) are used to create regional39

paleosecular variation (PSV) curves, and models that describe the global behavior of the40

Earth’s magnetic field through time. With PSV curves, lava flows from unknown ages41

may be dated, which is vital for volcanic hazard assessment. An important prerequisite42

of the reliability of these models is the accuracy of the input data; volcanic rocks are of-43

ten considered to be excellent recorders of the Earth’s magnetic field. Paleomagnetic data44

obtained from recent volcanic rocks, however, regularly fail to produce their known field45

values (e.g. Cromwell et al., 2015) or their reference value from the International Ge-46

omagnetic Reference Field (IGRF, (Alken et al., 2021)).47

Recent lavas from Mt Etna, Italy, have been extensively studied in terms of pale-48

odirections and paleointensities. As a result there is a large paleomagnetic dataset, which49

is regularly inconsistent with the reference values. Moreover, the scatter in paleodirec-50

tions from a single lava flow is often inexplicably large (Speranza et al., 2006), with in-51

clinations around 2◦ to shallow (Tanguy et al., 1985; Rolph & Shaw, 1986; Rolph, 1997;52

Tanguy et al., 1999; Calvo et al., 2002; Incoronato et al., 2002; Tanguy et al., 2003; Lanza53

et al., 2005). Likewise, paleointensities are found to be generally to low (Rolph & Shaw,54

1986; Sherwood, 1991; Biggin et al., 2007; de Groot et al., 2012, 2013). These deviations55

were attributed to ‘multi-domain behavior’ (Hill & Shaw, 1999; Biggin et al., 2007), dif-56

ferences between natural and laboratory cooling rates (Hill & Shaw, 1999; Biggin et al.,57

2007), ‘magnetic refraction’ (Rolph & Shaw, 1986; Rolph et al., 1987) or ‘transdomain58

processes’ occurring in paleointensity experiments (de Groot et al., 2013). Alternatively,59

the bias in paleomagnetic data might be explained by the presence of local magnetic anoma-60
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lies, i.e. a local disturbance of the magnetic field induced by the magnetic field from un-61

derlying lava flows.62

Mt. Etna is characterized by irregular topography; virtually all lava flows are clas-63

sified as aa’ type and the terrain is rough with rubble up to boulder size on the surface64

(Calvari & Pinkerton, 1998; Kilburn & Lopes, 1988). Mt. Etna lavas are also strongly65

magnetized. The remanent magnetization of specimens at Mt. Etna sometimes exceeds66

20A/m and there is a large deviation between sun and magnetic compass readings (Speranza67

et al., 2006). The earliest volcanic products of Mt. Etna are dated around 500 ka ago68

(Branca et al., 2011), therefore all lava flows must be of normal polarity. Previously, mea-69

surements of the ambient geomagnetic field above the surface of lava flows were performed70

on La Palma and Tenerife (Valet & Soler, 1999), Hawaii (Baag et al., 1995) and on Mt.71

Etna (Tanguy & Le Goff, 2004). Valet and Soler (1999) and Baag et al. (1995) found72

significant deviations from the IGRF value and attributed these to local magnetic anoma-73

lies arising from the underlying terrain. In contrast, Tanguy and Le Goff (2004) concluded74

from averaging over 124 measurements above 12 sites on Mt. Etna that their results are75

close to the actual geomagnetic field and there is no global effect on either direction or76

intensity. The averages per site, however, show small deviations from the main field (±3%77

in intensity and ±1.5◦ in direction (Tanguy & Le Goff, 2004)). Furthermore, they only78

took 10 measurements per site and avoided obvious terrain features during measuring79

which may have smoothed their results.80

Here we test whether the strongly magnetized terrain of Mt. Etna influences the81

ambient magnetic field directly above it. First, we compile an overview of paleomagnetic82

literature data to characterize a potential bias in the data, while also paying attention83

to which sampling strategy is used. Second, we add new paleomagnetic directional data84

from 12 sites sampled from 7 different historical flows. Third, we measure the magnetic85

field above 4 recent lava flows of Mt. Etna, 3 of which were also sampled for paleomag-86

netic measurements. Combining these datasets allows us to characterize the expression87

of local magnetic anomalies in paleomagnetic measurements, quantify the impact on pa-88

leomagnetic statistics, and provide recommendations for paleomagnetic sampling strate-89

gies in volcanic terrain.90

2 Paleomagnetic data91

2.1 Data from previous studies92

To characterize a possible bias in paleomagnetic data from Mt. Etna, we compiled93

an overview of all paleomagnetic results reported by previous studies of lava flows younger94

than 1850CE. The directional dataset (Supp. Table 1) consists of the declination, incli-95

nation and corresponding precision parameter (k) and α95 of 14 flows, which were de-96

posited between 1853 and 1983. The other dataset (Supp. Table 2) consists of the pa-97

leointensities of 20 flows between 1853 and 2002, including their standard deviation and98

paleointensity method used.99

How samples are generally obtained in the field, i.e. the sampling strategy, differs100

between studies. Studies aiming to produce paleodirections often take samples spread101

out over a flow, and measurements are deemed reliable when there is a low scatter, a small102

α95, and/or a high k (Fisher, 1953). For paleointensity studies samples are sometimes103

taken closer together to ensure homogeneity between the samples, and results are found104

reliable when the standard deviation of the paleointensity results is low. These sampling105

strategies are, however, not universally defined and not all studies report their sampling106

strategy in detail. Previous studies on Mt. Etna that do report their sampling strate-107

gies are: Tanguy et al. (1985, 1999, 2003), who use the ‘big sample method’, taking sam-108

ples spread out over a larger area. In contrast, Rolph (1997), Calvo et al. (2002) and Biggin109

et al. (2007) take their samples from top to bottom at one location of one single flow.110
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Figure 1: Sampling locations on Mt. Etna, Sicily, Italy. ET sites are where paleomag-
netic samples were taken and FLUX are AnomalyMapper measurement sites. Outlines of
lava flows from Branca et al. (2011).
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Intensity results from Calvo et al. (2002) come from three different sites of the 1928 flow.111

Lastly, de Groot et al. (2013) used closely spaced drill cores, 8-12 samples taken less than112

1m of each other to ensure sampling homogeneity.113

2.2 Directional data from recent flows114

To complement the existing paleomagnetic data set, we sampled twelve new sites115

(Fig. 1, named ET) from seven historical flows with ages between 1865 and 2002 dur-116

ing a fieldwork in April 2016. Flow 1923, 1971 and 2002 were sampled twice at differ-117

ent locations and flow 1983 was sampled at three different locations. Some sites were sam-118

pled at the same location as in de Groot et al. (2013) and most samples were taken along119

road cuts. For each site, standard paleomagnetic cores (2.5cm in diameter, up to 10cm120

in length) were taken using a petrol powered drill. Cores were drilled several meters apart,121

at different heights in the flow, and differed in borehole orientations. To orientate the122

cores the use of a sun compass is preferred to avoid the influence from the surrounding123

magnetized rock. Unfortunately, the weather did not permit the use of a sun compass124

during the fieldwork. Instead the samples were oriented using a magnetic compass and125

readings were corrected for the current declination of the IGRF.126

Between four to ten cores per site, depending on the amount of cores available, were127

selected for paleodirection experiments. Four samples per site were thermally demag-128

netized in 11 temperature steps: 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600◦C129

and measured on a 2G cryogenic magnetometer. Some samples were magnetically so strong130

that they exceeded the measurement range of the magnetometer, and could not be in-131

terpreted. A further four to nine samples were subjected to alternating field demagne-132

tization experiments. Because the samples were strongly magnetized they were sliced in133

half (A and B specimens). The A and B specimens should have the exact same result,134

differences between them can be attributed to measurement or sample orientation er-135

rors in the machine. The samples were demagnetized in a robotized 2G DC-SQUID mag-136

netometer (Mullender et al., 2016) with stepwise increasing alternating fields of 2.5, 5,137

7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 150, 225 and 270mT. All demagnetization138

results were analyzed in paleomagnetism.org (Koymans et al., 2016). Afterwards, site139

mean directions were calculated using Fisher statistics (Fisher, 1953) and the outliers140

are identified in the VGP distribution with the fixed 45◦ cut-off (Koymans et al., 2016).141

All other samples were retained for calculating site means (Fig. 2; Table 1). The pre-142

cision parameter k ranges from 23.3 to 207.8, resulting in α95 values between 3.2◦ and143

7.3◦. Our k-values are on average lower than those from previous studies, in existing data144

k-values as high as 1070 have been reported (e.g. Tanguy et al., 2003).145

Some flows (1923, 1971, 1983 and 2002) were sampled at multiple sites. The direc-146

tions of these sites were grouped together to calculate ‘age means’ (Table 1). The k-values147

for these age means are lower than the k-values for individual sites. As the number of148

samples increases for the age means, the α95-values are also lower than the α95-values149

of the individual sites. The age means averages out the effect of sites with large devi-150

ations from the expected reference values. Therefore these age means might be consid-151

ered better estimates of the paleomagnetic vector, although the data from some individ-152

ual sites are closer to the expected field value.153

2.3 Bias in paleomagnetic data154

All above results are compared with their expected values according to the IGRF-155

13 model (Alken et al., 2021), or for flows prior to 1900CE with the gufm1 model (Jackson156

et al., 2000). The reference geomagnetic field is obtained for every lava flow at the cor-157

responding sampling location and elevation. In older papers the GPS coordinates are not158

always given. In this case, the reference value was determined using a location from the159

same flow from another research paper, or the geological map of Branca et al. (2011).160

–5–



manuscript submitted to Geochemistry, Geophysics, Geosystems

Table 1: Sampling sites and directional results this study

Site Year(CE) Lat(N) Long(E) Elv(m) c/n/N Dec(◦) Inc(◦) k α95(◦)

ET1 1971 37.752 15.087 1185 8/14/14 6.46 49.96 156.37 3.19
ET2 1971 37.753 15.087 1200 5/8/11 -4.16 48.26 212.62 3.81
ET3 1865 37.777 15.066 1606 10/18/20 -9.04 53.46 94.51 3.57
ET4 2002 37.796 15.062 1544 6/11/11 0.59 49.63 83.82 5.02
ET5 2002 37.795 15.057 1606 8/20/20 -2.54 48.07 23.69 6.85
ET6 1923 37.845 15.081 866 4/9/9 -17.52 51.54 55.58 6.97
ET7 1947 37.854 15.023 928 7/10/14 -3.45 48.11 101.59 4.82
ET8 1923 37.854 15.113 641 4/9/9 -8.79 43.27 51.22 7.26
ET10 1983 37.676 14.982 1423 8/20/20 0.64 53.49 86.84 3.52
ET11 1983 37.688 14.987 1671 7/12/12 -1.3 44.3 130.48 3.81
ET12 1983 37.695 14.991 1833 6/14/14 -7.15 47.11 118.88 3.66
ET15 1879 37.868 15.032 778 7/12/12 -10.28 47.59 115.65 4.05

1923mean 1923 8/18/18 -12.81 47.49 46.01 5.15
1971mean 1971 13/22/25 2.51 49.45 135.03 2.68
1983mean 1983 21/46/46 -2.39 49.19 81.27 2.35
2002mean 2002 14/31/31 -1.43 48.65 32.31 4.62

FLUX1 1892 37.687 15.019 1620
FLUX2 1983 37.695 14.992 1830
FLUX3 1923 37.845 15.081 880
FLUX4 2002 37.796 15.062 1530
FLUX5 1983 37.694 14.993 1825

For each site the age of the flow, location and elevation (Elv) of sampling is given. The obtained

directions per site are given by the parameters: (c/n/N) number of different cores / number of

samples accepted / total amount of samples per site, the declination (Dec), inclination (Inc),

precision parameter (k), 95 percent confidence interval α95. Furthermore, the age means of four

flows (1923,1971,1983 and 2002) are given. For the fluxgate measurement sites only the age of the

flow above which was measured, the coordinates and elevation are given here.

–6–



manuscript submitted to Geochemistry, Geophysics, Geosystems

Figure 2: The (a) declination, (c) inclination and (e) intensity measurements of recent
(>1850 CE) lava flows of Mt. Etna. In (a) and (b) the error bars are the corresponding
α95 values and in (c) the error bars are the standard deviations. The histograms on the
right-hand-side (b,d,f) show the difference (∆) of the data points with respect to their
expected field value.
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Rolph and Shaw (1986) do not provide the exact GPS coordinates but a map with sam-161

pling locations, from this map the approximate GPS coordinates and elevations were uti-162

lized. In Fig. 2 the reference values are compared with the paleomagnetic data set of Mt.163

Etna, there is a systematic bias in the paleomagnetic data obtained. The declinations164

are generally in good agreement with the expected values: the median difference between165

the declination of a site and the expected value (∆̃dec) is just 0.8◦ too high (Fig. 2b),166

and the ∆dec is approximately Gaussian distributed around this value. In contrast to167

the declination, the inclination values are skewed towards lower than expected values.168

Only two data points yield (slightly) higher than expected values, while the median dif-169

ference (∆̃inc) is -2.9◦ (Fig. 2d). The majority of the intensity data is also lower than170

the reference value: the median difference (∆̃int) is -8.8µT (Fig. 2f). There is no gen-171

eral correlation between the difference with respect to the reference value and the pa-172

leointensity method used.173

3 Mapping magnetic anomalies174

The ambient geomagnetic field, i.e. the magnetic field that would be recorded by175

a new lava flow, was measured using the AnomalyMapper - a three-axial fluxgate mag-176

netometer (De Groot & De Groot, 2019) - at five sites above four lava flows in April 2018177

(Fig. 1, Supp. Table 3). At each site, three ‘paths’ were measured perpendicular to ridges178

and gullies to obtain the largest topographic differences possible, with measurement lo-179

cations being ∼1m apart; the three paths were 20 to 80m apart up/down the slope of180

the lava flow (Supp. Fig. 1). At FLUX1 to FLUX4 the paths were measured twice, with181

the magnetometer positioned at 100 and 180cm above the ground. The paths of FLUX5182

were measured four times at 25, 75, 125 and 175cm above the ground (Supp. Fig. 3–16).183

In total, we measured the ambient geomagnetic field above the lava flows of Mt. Etna184

1,334 times. The exact topography was obtained from the GPS sensor mounted on the185

magnetometer.186

The AnomalyMapper uses a scope to point the magnetometer towards a reference187

point with a known (GPS) location (De Groot & De Groot, 2019). Due to the irregu-188

lar terrain it was not always possible to see the reference point, most often in topographic189

lows, therefore the declination record is discontinuous for some paths. This did not af-190

fect the inclination data, as this is only dependent on the leveling of the magnetometer191

which is done using a tilt sensor, or the intensity data, that is the length of the total vec-192

tor measured irrespective of its orientation.193

3.1 Local magnetic anomalies194

For all paths we observe major variations in declination, inclination and intensity195

above the lava flows. The reference field according to the IGRF-model in April 2018 was196

calculated for each site at the corresponding GPS coordinates and average elevation (Ta-197

ble 1). Here we use the results of path 2 of site FLUX3 at 100cm height and path 1 of198

site FLUX5 at 125cm height as examples (Fig. 3). Of FLUX3, the variation in declina-199

tion is -6.5 to 5.4◦; with a median difference of -3.2◦ with respect to the expected IGRF-200

value for measurements done at 100cm above ground. The inclination is on average closer201

to the IGRF-value, with a median difference of -1.5◦, and varies between 46.8 and 58.7◦.202

The intensity varies between 42.1 and 47.9µT, with a median offset of -0.9µT. FLUX5203

was measured with most detail, and has for the measurements done at 125cm above the204

ground similar large fluctuations as FLUX3 has at 100cm. Declination varies between205

-4.2 and 8.7◦, with a median difference of -0.9◦. Inclination measurements range from206

49.7 to 54.2◦ and the median difference is -1.3◦. Finally, the intensity varies between 40.9207

and 47.2µT with a median offset from the IGRF-value of -1.5µT. The data for all paths208

and sites generally show similar behavior (Supp. Fig. 3–16; Supp. Table 4–7). The me-209

dian deviations with respect to the expected IGRF values for all paths at 100cm (or in210

–8–
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Figure 3: Fluxgate measurements of site FLUX3, path 2 (left) and FLUX5, path 1
(right). The variation in declination (top) does not show a clear correlation with topogra-
phy (black line). The variations in inclination (middle) and intensity (bottom) correlate
with the topography variations. Measurements closest to the ground surface (100cm for
FLUX3 and 25cm for FLUX5) have the largest variation.

the case of FLUX5 at 125cm) above ground in the dataset ranges from -5.9 to -0.9◦ for211

∆̃dec; -2.2 to 1.1◦ for ∆̃inc; and -2.2 to 0.1µT for ∆̃int.212

3.2 Variations with height above surface213

The deviations from the expected IGRF-values are largest close to the surface and214

become less pronounced higher above the flow (Supp. Fig. 2). This is most prominent215

in the inclination and intensity data, and less in the declination data. For all three the216

standard deviation decreases when measurement height above the flow increases (Supp.217

Fig. 2). This is also reflected in the ∆̃ range of values. For path 2 of site FLUX3 the range218

of declination values is -9.8 to 2◦ at 100cm above ground and -10.7 to 1◦ at 180cm, in-219

clination values are -6.6 to 5.1◦ at 100cm above ground and -4.5 to 3.3◦ at 180cm, and220

for the intensity the variation is -3.1 to 2.7 µT at 100cm and only -2.4 to 1.3 at 180cm221

(Fig. 3). Site FLUX5 was measured at four different heights above the surface, with the222

lowest being at 25cm above ground and the highest at 175cm. The largest spikes in the223

measurement data are at 25cm height, the level closest to the lava flow (Fig. 3). For path224
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1 of FLUX5, the ∆̃dec range decreases from -12.5 to 8.0◦ at 25cm to -7.1 to 2.8◦ at 175cm.225

For the inclination the range at 25cm above the flow is -7.1 to 1.8◦ and only -3.1 to 1.1◦226

at 175cm. The intensities vary from -7.4 to 5.2 at 25cm, and from 3.3 to 1.4µT at 175cm227

above the flow. As the intensity of the magnetic field decays with the power of three as228

function of distance to its source, the observed gradients as function of height above the229

flow imply that the source of the local magnetic anomalies must be close to the surface.230

This means that the magnetic signal of the flow(s) closest to the surface have the most231

impact on the ambient magnetic field above the flow.232

3.3 Correlation with topography233

Beyond the influence of the height above the flow, both the inclination and inten-234

sity variations seem to correlate with changes in topography. All paths are character-235

ized by an irregular topography with at least one distinct gully (Supp. Fig. 3–16). Path236

2 of site FLUX3 is a good example of such a distinct gully which is approximately 35m237

wide and 8m deep (Fig. 3). The gully in FLUX5 path 1 is around 20m wide and 4m deep.238

Both the inclination and intensity are higher above ridges and lower in gullies. For path239

2 of FLUX3 the differences compared to the IGRF are +4.1◦ in inclination and +2.7µT240

in intensity with respect to the IGRF-value at 100cm above the highest peak in the pro-241

file. At 100cm above the lowest point, i.e. in the gully, the inclination is -5.6◦ and the242

intensity -2.4µT with respect to the IGRF-value. For FLUX5 path 2 most measurements243

are done in the gully, there is not a clear ridge in the profile but the peaks are located244

at the edges. At 125cm height above the highest peak the difference with the IGRF-value245

is +0.6◦ in inclination and -0.9µT for intensity. Above the lowest peak they are -3.3◦ and246

-4.2µT, respectively. To statistically assess the correlation between the fluxgate measure-247

ments and the topography, the Pearson’s correlation coefficient and its corresponding248

p-value were calculated for each path and at each height. A Pearson’s coefficient of +1249

is a positive correlation, 0 is no correlation and with -1 there is a negative correlation.250

In terms of our fluxgate measurements, for a positive correlation the measurement value251

increases with increasing topography. Supp. Table 8 includes all Pearson correlation co-252

efficients for each site and path. In Fig. 4 the correlation coefficients are grouped for FLUX1-253

4 (Fig. 4A) based on measurement height above the surface of the lava flows (100 and254

180cm). Because FLUX5 was measured at four different levels we consider that site in-255

dependently in Fig. 4B. The median correlation coefficient of declination is around 0 for256

FLUX1-4, which statistically suggests there is no trend between the declination and the257

topography. Inclination and intensity have a medium to strong positive correlation, these258

appear to have a positive trend with topography. Finally, for some paths the intensity259

signal seems to be slightly offset with respect to the topography, as illustrated at dis-260

tance 30 to 35m in path 2 of site FLUX3 (Fig. 3). This offset, however, is small, not al-261

ways present and does not correlate with the orientation of the gully or with the orien-262

tation with respect to the summit of Mt. Etna.263

4 Discussion264

4.1 Systematic bias due to local magnetic anomalies265

Paleomagnetic data produced by this and previous studies were compared with the266

reference value predicted by the IGRF-13 or gufm1 model, both are estimations of the267

Earth’s magnetic field at that time and might not be fully accurate. We, however, ex-268

pect minor errors in the prediction of these models. Measured values at three different269

Italian magnetic observatories show a good correlation with the IGRF-model during the270

period of 1960-2020 (Di Mauro et al., 2021). This confirms that we can reliably compare271

our paleomagnetic measurements from the historical lava flows with the predicted ref-272

erence value, at least the flows for after 1960. Prior to 1960 errors might slightly increase273

but we assume those to be negligible. The paleomagnetic data set of Mt. Etna shows274
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Figure 4: Box-plots for Pearson’s correlation coefficient of A) FLUX1 to 4 and B)
FLUX5. For each path a Pearson’s correlation coefficient was calculated between the
topography and the declination, inclination or intensity. For FLUX1-4 the coefficients are
grouped for inclination, declination and intensity at 100 or 180cm height. For FLUX5 all
four different measurement levels (25, 75, 125 and 175cm) are together. See Supp. Table 8
for the individual correlation coefficients.

a systematic bias in both the inclination and intensity. This bias is also present in our275

direct measurements of the magnetic field, and the median difference in inclination (-276

2.9◦) is very close to the inclination shallowing that Pavón-Carrasco et al. (2014) reported277

for paleomagnetic data from volcanic products on the Northern Hemisphere for the past278

400 years. Both the inclinations and intensities vary as function of topography: they are279

even lower in the gullies, where we expect the largest volume of a new flow to be deposited.280

This may explain the overall bias in paleomagnetic data from Mt. Etna.281

The declinations of the paleomagnetic data show variation around the expected IGRF-282

values (Fig. 2a,b), but there is no systematic offset. The median declinations in our di-283

rect measurements, however, are up to 6.5◦ lower than the expected IGRF-values. Due284

to the design of the AnomalyMapper, the declination is prone to errors and potentially285

a bias (De Groot & De Groot, 2019). It relies on aiming the AnomalyMapper to a fixed286

reference point using a scope, while the inclination is determined using a tilt-sensor, and287

the intensity is independent of the orientation of the device. If the scope is slightly off-288

set in its mount this would lead to a systematic bias in the declinations and limit their289

interpretation to describing relative variations. The requirement of having a line of sight290

to a reference point also sometimes prevents determining a declination. Especially in deeper291

gullies the reference point is sometimes not visible. If the bias in declinations would be292

strongly positive deep in the gullies, a lack of declination measurements there may also293

explain the bias towards negative values for the median declinations. For the sites that294

do have continuous declination data in the gullies, such a trend may be suggested (e.g.295

site FLUX5 paths 2 and 3 which have Pearson correlation coefficients at 125cm of -0.4296

and -0.6, respectively), but it is not present for all sites, and it is certainly not strong297

enough to explain the deviations in median declinations fully.298

4.2 The impact on paleomagnetic statistics299

If a hypothetical new flow on Mt. Etna would record the ambient magnetic field300

that we measured directly, we can simulate what the effect of local magnetic anomalies301

would be on a paleomagnetic study. More than 20% of the data points in sites FLUX1302

and FLUX4 lack declinations, we therefore exclude these sites from this simulation. For303
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Table 2: Random sampling of fluxgate measurements

.
All measurements Gully +3m

Site N ∆̃dec ∆̃inc ∆̃int k med σ N ∆̃dec ∆̃inc ∆̃int k med σ

FLUX2 187 -2.76 -0.81 -0.82 1226 1.26 134 -2.67 -0.96 -1.20 1522 1.12
FLUX3 257 -4.87 -0.38 -0.79 953 1.12 96 -5.12 -1.78 -1.25 1372 1.05
FLUX5 344 -2.27 -0.94 -1.49 461 2.24 188 -0.84 -2.23 -2.69 667 1.89

Average 788 -3.30 -0.71 -1.03 880 1.54 418 -2.88 -1.66 -1.72 1187 1.35

Gully +2m Gully +1m

Site N ∆̃dec ∆̃inc ∆̃int k med σ N ∆̃dec ∆̃inc ∆̃int k med σ

FLUX2 71 -3.03 -1.16 -1.33 1504 1.19 53 -2.82 -1.41 -1.61 1457 1.21
FLUX3 60 -4.89 -2.18 -1.16 1857 1.02 28 -5.15 -2.50 -1.25 2026 1.16
FLUX5 148 -0.55 -2.64 -2.94 908 1.85 88 0.04 -2.94 -3.41 980 1.87

Average 279 -2.82 -1.99 -1.81 1423 1.35 169 -2.64 -2.28 -2.09 1488 1.41

Simulated paleomagnetic data based on AnomalyMapper measurements. N is the amount of

measurements available to take random samples from, ∆̃dec,inc,int is the difference of the median

with the IGRF-value, k med is the median of the precision parameter and σ is the standard

deviation of the intensity measurements.

the other sites we randomly drew 10 AnomalyMapper measurements for each site and304

calculate what the resulting declination, inclination, intensity, k and intensity error (σ)305

would be. This was repeated a 1000 times and we report the median values for each site306

(Table 2). Furthermore, we expect the largest volume of a new flow to be deposited in307

the gullies of the underlying flow, we therefore repeated this analysis by selecting only308

AnomalyMapper measurements from the gullies. We defined a gully as the lowest point309

in the topography, the local minimum, and selected the measurements around it up to310

+1, +2m or +3m height.311

The k-value is an expression of how well measurements from individual samples agree.312

The median k-values are 1226 for FLUX2, 953 for FLUX3, and 461 for FLUX5, when313

all measurements per site are considered. If a new flow would be deposited deep in the314

gullies (+1m from the lowest point), the k-values increase to 1457, 2026, and 980, respec-315

tively. This illustrates that high k-values in rough volcanic terrain may indicate that a316

local magnetic anomaly is not averaged out sufficiently. Moreover, it should be empha-317

sized that the AnomalyMapper measurements do not suffer from orientation errors that318

occur during paleomagnetic sampling and measurements that would certainly lower our319

simulated k’s. k’s associated with real paleomagnetic data are therefore expected to be320

(much) lower than the theoretical upper limits from our simulation. Hence, paleomag-321

netic studies in rough volcanic terrain should be treated with caution when their results322

have high k-values, e.g. >1000.323

The standard deviation of paleointensity measurements, σ, is a measure of how well324

paleointensity results from different samples agree. For this parameter we see the same325

trend as for the k-value, but the σ’s reported here are negligible compared to the uncer-326

tainties arising from paleointensity experiments (e.g. Biggin et al., 2007; de Groot et al.,327

2012, 2013).328
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4.3 Optimal sampling strategies329

Our observations have consequences for paleomagnetic sampling strategies. To sup-330

press the influence of local magnetic anomalies arising from the underlying terrain, it is331

important to take samples for both paleodirectional and paleointensity studies far apart332

on the outcrop. If possible, take samples at different distances from top and/or bottom333

of a flow. A sun compass is preferable for sample orientation to avoid the influence of334

local magnetic anomalies on drill core orientations. Other techniques to suppress this335

influence are backsighting using distinct landmarks (Tauxe, 2010) or a differential GPS336

technique (Lawrence et al., 2009), originally developed for high-latitude sampling sites337

but also useful when due to weather conditions a sun compass cannot be used.338

Sometimes, however, non of these orientation methods are available, and one has339

to revert to using a magnetic compass for orienting the samples. This was also the case340

for the paleomagnetic data in this study, as weather conditions only allowed using a mag-341

netic compass. This is not the ideal scenario because Speranza et al. (2006) already demon-342

strated that there might be significant differences between Sun and magnetic compass343

declination readings on Mt Etna. The use of a magnetic compass would only influence344

the declination of the sample orientation. When determining a magnetic direction for345

a site/flow the results of several samples are averaged. We do not find a systematic trend346

between the magnetic declination and topography (Fig. 4); and the declination of pa-347

leomagnetic data from Mt. Etna does not show a systematic deviation from their expected348

values (Fig. 2B). This implies that the error made by using a magnetic compass can be349

reduced when samples are taken well spread out over the flow, with different bore hole350

orientations, and on different sides of an outcrop.351

If a paleomagnetic protocol prescribes the use of sister specimens it is necessary352

to take multiple groups of samples to average out local magnetic anomalies. Then, it is353

important to avoid using samples from the same group to determine the paleodirection354

or paleointensity of the entire cooling unit. Finally, if a certain cooling unit is accessi-355

ble at different locations, e.g. on both sides of a lava flow and/or higher or lower on a356

mountain, taking multiple sites from a cooling unit and calculating paleomagnetic age357

means greatly increases the chance of being closer to the ’true’ paleomagnetic vector at358

the time of cooling. It is worth noting that taking samples well spread out over the flow359

and from different parts also averages out possible variations in the properties of the mag-360

netic minerals present in the sample (e.g. Thellier, 1977; de Groot et al., 2014). In prac-361

tice it is of course often difficult to use an optimal sampling strategy because of limita-362

tions in availability and/or accessibility of outcrops. This emphasizes the need to report363

the sampling strategy in high detail in forthcoming publications and as metadata in data364

repositories.365

5 Conclusion366

Paleomagnetic data from recent flows of Mt. Etna often yield lower inclinations and367

intensities than expected from the IGRF. This bias in paleomagnetic data can be attributed368

to local magnetic anomalies due to the underlying irregular terrain of Mt. Etna. Direct369

measurements above the strongly magnetized flows show that inclination and intensity370

vary as function of topography. The values are higher above ridges and lower above gul-371

lies. The largest deviations are found closest to the surface, which emphasizes the influ-372

ence the underlying terrain has on the ambient magnetic field that would be recorded373

by a new flow. Although sampling at a single location will result in a low scatter in pa-374

leomagnetic studies, there is a high chance that a local magnetic anomaly was sampled.375

A high k-value therefore not necessarily reflects accurate paleomagnetic data. This em-376

phasizes the need to take samples spread out over a larger area that will often lead to377

lower k-values, and always report the sampling strategies used in detail.378
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Supplementary Table S8: Pearson’s correlation coefficient for the fluxgate measurements.
Given are the inclination, declination and intensity (Inc, Dec, Int) at 100 and 180cm height
above the surface for FLUX1-4 and at 25, 75, 125 and 175cm above the surface for FLUX5.

FLUX 1 Dec100 Inc100 Int100 Dec180 Inc180 Int180
Path1 -0.1023 0.6705 0.5546 -0.1301 0.8062 0.5825
Path2 -0.3833 0.6333 0.7416 0.0223 0.1229 0.8780
Path3 0.2472 0.2807 0.4483 0.3709 0.2484 0.5161

FLUX 2 Dec100 Inc100 Int100 Dec180 Inc180 Int180
Path1 0.3859 0.6942 0.4446 0.3986 0.7188 0.5166
Path2 -0.0601 0.7551 0.4406 -0.0416 0.8108 0.5625
Path3 -0.1797 0.3319 0.6179 -0.2443 0.2713 0.7660

FLUX 3 Dec100 Inc100 Int100 Dec180 Inc180 Int180
Path1 -0.1015 0.6052 0.5387 -0.1609 0.7671 0.7582
Path2 0.0362 0.7405 0.2956 0.0552 0.8747 0.4281
Path3 0.3422 0.6424 -0.0150 0.3512 0.6373 -0.0860

FLUX 4 Dec100 Inc100 Int100 Dec180 Inc180 Int180
Path1 0.1069 0.5553 0.5530 -0.4833 0.5412 0.6129
Path2 0.8004 0.0810 -0.6172 0.6925 0.1697 -0.6295
Path3 -0.2765 0.5733 0.2586 -0.5143 0.7197 0.0316

FLUX 5 Dec25 Inc25 Int25 Dec75 Inc75 Int75
Path1 -0.0567 0.7111 0.4885 -0.0108 0.8559 0.6259
Path2 -0.4028 0.8333 0.4604 -0.3791 0.9335 0.7663
Path3 -0.6067 0.5623 0.5939 -0.6385 0.4592 0.6857

FLUX 5 Dec125 Inc125 Int125 Dec175 Inc175 Int175
Path1 -0.0324 0.9356 0.6673 -0.0477 0.8601 0.6980
Path2 -0.4008 0.9646 0.8423 -0.5063 0.9633 0.8572
Path3 -0.6193 0.7923 0.7276 -0.6606 0.8252 0.7672
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Supplementary Figures.20

Supplementary Figure S1: Locations of the AnomalyMapper measurements for the three differ-
ent paths. A) site FLUX1, B) site FLUX2 and FLUX5 (right corner), C) site FLUX3, and D)
site FLUX4

October 26, 2023, 6:58am



: X - 15

Supplementary Figure S2: Median declination, inclination and intensity and their standard
deviations for each site and path against the measuring height above the lava flow. Dotted line
is the expected IGRF value
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Supplementary Figure S3: FLUX1 path 1
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Supplementary Figure S4: FLUX1 path 2
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Supplementary Figure S5: FLUX1 path 3
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Supplementary Figure S6: FLUX2 path 1
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Supplementary Figure S7: FLUX2 path 2
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Supplementary Figure S8: FLUX2 path 3
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Supplementary Figure S9: FLUX3 path 1
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Supplementary Figure S10: FLUX3 path 3
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Supplementary Figure S11: FLUX4 path 1
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Supplementary Figure S12: FLUX4 path 2
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Supplementary Figure S15: FLUX5 path 2
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Supplementary Figure S13: FLUX4 path 3October 26, 2023, 6:58am
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Supplementary Figure S14: FLUX5 path 1
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Supplementary Figure S16: FLUX5 path 3
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