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SUMMARY

The configuration of the Earth’s magnetic field during the Middle Devonian (394.3-378.9 Ma)
is poorly understood. The magnetic signals in Middle Devonian rocks are often overprinted
during the Kiaman reverse superchron, obscuring their primary remanence. In other cases,
available palacomagnetic data are ambiguous, conflicting with tectonic reconstructions or
dipolar geomagnetic field behaviour. Here, we study the palacomagnetic signal of Middle
Devonian pillow basalts from the Rhenish Massif in Germany. Our rock-magnetic experiments
show that the pillow basalts can store and retain magnetizations over time. However, the pillow
basalts have a somewhat low initial natural remanent magnetization (NRM), which is not
expected based on their magnetite content. The palacomagnetic directions determined from
alternating field demagnetization, thermal demagnetization and a combination of both, fail to
cluster around a common mean. Great circle analyses of these palacomagnetic directions reveal
traces of both Kiaman and present-day field overprints. Our palaeointensity measurements have
a very low success rate of < 2 per cent, with only one sample yielding a result of 5.9 uT. This
low intensity might explain the low initial NRM of the samples and the lack of interpretable
directional data in this study. However, given the very low success rate, this result does not
convincingly represent the palacointensity of the Middle Devonian field. All together, the lack
of signal in our Middle Devonian pillow lavas could be a sign of an (ultra-)low, or non-dipolar
or possibly even absent geomagnetic field during the time of formation.

Key words: Magnetic fabrics and anisotropy; Magnetic field variations through time; Mag-
netic mineralogy and petrology; Palaeointensity; Palacomagnetism.

rocks are often remagnetized, particularly during the Kiaman re-

I INTRODUCTION verse polarity superchron (~318-267 Ma, e.g. Zwing & Bachtadse

The intensity and the reversal frequency of the geomagnetic field
vary over timescales from years to millions of years (e.g. Merrill
etal. 1998). These variations in Earth’s magnetic field are caused by
processes in the Earth’s outer core that drive the geodynamo (Tauxe
et al. 2018, section 1.9) and potentially by cyclical deep Earth
processes (Hawkins et al. 2021). However, the behaviour of the
geodynamo is largely unpredictable (Driscoll 2016). Understanding
geodynamo behaviour is essential for our understanding of Earth’s
internal evolution. The palacomagnetic record, which relies on the
recording of Earth’s magnetic field by rocks, is thus paramount to
uncover information on the processes that drive the geodynamo.
However, deep Earth processes are less understood before 300 Ma
(Hawkins et al. 2021), because older rock material is either scarcely
available, or has been subject to alteration and metamorphism that
could have partially reset or completely overprinted their natural
remanent magnetization (NRM).

This is particularly prominent in Devonian rocks where palaeo-
magnetic research is typically difficult and inconclusive. Devonian

2000; Zegers et al. 2003; Jelenska et al. 2014; Pastor-Galan et al.
2015; van der Boon et al. 2022). When primary NRMs are argued
to be present, palacomagnetic analyses often produce enigmatic re-
sults, which are interpreted as evidence for a hyper-reversing mag-
netic field or a complex, non-dipolar magnetic field configuration
during this time period (Hansma et al. 2015; Shcherbakova et al.
2017; Shatsillo & Pavlov 2019; Hawkins et al. 2021; Shcherbakova
et al. 2021). Although some studies (e.g. Hansma et al. 2015;
Green et al. 2021) have argued for successfully determined De-
vonian palaeodirections, the Devonian period is generally suffering
from palacomagnetic data scarcity and an uneven data distribution
in time, with a particular scarcity in the Middle and Late Devonian.
Because of all ambiguities, only a few robust palaeopoles are deter-
mined for the Devonian (e.g. Torsvik ef al. 2012; van der Boon et al.
2022) and the polarity pattern of the Middle-Late Devonian is still
undetermined on the geomagnetic polarity timescale (Becker et al.
2020). Palacointensity studies from across the globe mostly sug-
gest low to extremely low intensity values (e.g. Shcherbakova et al.
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2021). However, not all data pass modern reliability criteria (Bono
et al. 2022a). Therefore, obtaining new, reliable palacointensity es-
timates can strengthen our understanding of the geomagnetic field
intensity during the Devonian period. In general, the acquisition
of robust palacomagnetic data, both intensities and directions, can
substantially improve our understanding of long-term geomagnetic
field behaviour.

Here, we present new palacomagnetic data from Devonian pillow
lavas of the Philippstein quarry (Braunfels, Germany). Since vol-
canic rocks are more resistant to remagnetization mechanism than
sediments, and since these pillow basalts are relatively pristine, we
consider them a promising target for finding a preserved primary
Devonian magnetic signal.

2 GEOLOGICAL SETTING

The Rhenish Massif (Rheinisches Schiefergebirge) is a fold-and-
thrust belt, belonging to the Avalonia terrane (e.g. Franke 2000).
During the Devonian, the Rhenish Massif was located on the edge
of the Laurussian ‘Old Red’ continent (Torsvik & Cocks 2004),
around a latitude of 20°-25° south of the equator (Marcilly et al.
2022; Fig. 1a). The Rhenish Massif predominantly consists of Devo-
nian and Carboniferous rocks, which underwent low grade prehnite-
pumpellyite facies metamorphism (Flick e al. 1988; Meisl 1995) of
Variscan age. Remnants of the Cadomian and Caledonian orogenies
are still present in the Massif (Franke 2000). Volcanic activity as-
sociated with an extensional setting occurred during the Devonian
and Carboniferous (Flick & Nesbor 1988; Nesbor 2019). Magma
erupted along fault planes of half grabens formed in this exten-
sional environment (Moe 2000). During the Devonian, volcanic
successions of several hundreds of metres thick were formed with
diameters reaching up to 10 km. Thinning of the continental crust
led to the development of several shallow marine basins and formed
the Rhenohercynian basin (Schnapperelle e al. 2021) where thick
successions of siliciclastic sediments accumulated (Konigshof et al.
2010).

The rock samples for this study were collected in the Philipp-
stein quarry (50.475°N, 8.374°E, Fig. 1b), which exposes part of a
thick sequence of basalts from a submarine volcano of Givetian age
(Nesbor 2007). The geochemical signature of the volcanic rocks
reveals an intraplate volcanic environment (Wedepohl et al. 1983;
Flick & Nesbor 1988; Nesbor 2019). At the base of the Philippstein
quarry, alkaline basaltic lavas are exposed, which are nowadays no
longer accessible due to quarry infilling. These lavas form a coher-
ent cooling unit with vertical columnar jointing (Konigshof ez al.
2010). The succession continues with ash tuffs, hyaloclastites and
pillow fragment breccias, overlain by a thick succession of pillow
lavas (Nesbor 2007). The Philippstein pillow basalts are associated
with hematitic iron ore deposits, which likely formed through the
interaction between cool, oxidizing sea water and the hot pillow
basalts (Wedepohl ef al. 1983; Von Raumer et al. 2017). These iron
ore deposits roughly mark the boundary between the Givetian and
Frasnian (379 Ma; Flick et al. 1990; Lippert & Flick 1998). Several
minor thrusts cut through the ore deposits as a result of compres-
sion during the Variscan orogeny (Konigshof et al. 2010). Phases
of reduced volcanism allowed reefal limestone to form atoll-type
features on top of the lavas. After the volcanic phase, debris flows
and low density turbidites deposited debris composed of iron ore,
reefal limestone and volcanic rocks in the area (Konigshof et al.
2010).

The studied pillow lavas have not been severely affected by de-
formation (Nesbor 2007), and are thought to form a single coherent
block, as no faults were observed in between the sampled pillows.
Minor tilting and faulting occurred in the area during the Variscan
orogeny. Some of the pillow lavas have a typical teardrop shape
with the tip pointing downwards; this geopetal structure indicates a
normal way-up position (Nesbor 2007). The pillows have an overall
spilitic mineral assemblage (Flick et al. 1990), which is believed
to be caused by diagenetic alteration right after the formation of
the pillows. Chloritization has affected both the glassy rims of the
pillows and the inside of the lavas, which gives a slight green colour
to the rocks. Amygdules in the lavas are filled with chlorite towards
the outside and filled with calcite towards the centre of the rocks
(Nesbor 2007). Because of the alteration, the basalts are considered
metabasalts. The reefs directly on top of the volcanics indicate that
the pillow lavas were likely formed in a shallow marine environ-
ment. This environment is confirmed by the presence of several
fossils such as calcimicrobes and stromatoporoids in the sediments
surrounding the volcanics (Konigshof ef al. 2010; Konigshof &
Flick 2024).

Most mafic rocks in the Lahn-Dill area (Fig. 1b) are not suit-
able for zircon U-Pb geochronology due to their lack of zircons.
Felsic rocks from this area yield an age range of 390-384 Ma,
which can potentially be linked to Givetian volcanic activity in
the Rheno-Hercynian Zone (Schulz-Isenbeck et al. 2019). The reef
formation associated with the studied pillow lavas started in the
middle Givetian (~383 Ma) according to conodont biostratigra-
phy, which indicates the Middle varcus-Subzone (Kénigshof et al.
2010; Franke et al. 2019; Konigshof e al. 2024). The colour al-
teration index of the conodonts sampled in the sedimentary rocks
surrounding the Philippstein section is 4.5-5, which represents a
maximum heating temperature of 250-300 °C (Epstein et al. 1977,
Rejebian et al. 1987). This is confirmed by Ahrendt et al. (1983)
and Moe (2000) who describe a low degree metamorphism in the
Rhenish Massif below closing temperatures of the K-Ar system
(<350°C). The temperatures in the sediments were likely reached
because of the thermal energy resulting from the formation of the
pillow basalts (Wedepohl et al. 1983; Von Raumer et al. 2017)
and thus do not reflect a post-volcanism overprint. Only very low-
grade metamorphism affected the research area during the Variscan
orogeny (Moe 2000) and a low-grade regional metamorphic event
occurred in the Lahn area between 340 and 330 Ma (Ahrendt
et al. 1983).

After formation of the Middle Devonian volcanics and sediments
of the Philippstein quarry, the depositional setting in the Rhenish
Massif was dominated by mixed siliciclastic-carbonate systems and
offshore basins where carbonates intercalate with basinal shales
around the Frasnian-Famennian boundary (371.1 Ma). At the end
of the Famennian stage (359.3 Ma), several sea-level changes oc-
curred (e.g. Kaiser ef al. 2016; Golonka 2020). The Early Missis-
sippian (359.3-346.7 Ma) was characterized by increasing subsi-
dence and extension of the continental crust on the southern shelf
of Laurussia, accompanied by volcanic activity. The magmas of
the lower Carboniferous cycle were almost entirely of tholeiitic
composition (Nesbor 2019). The volcanic succession is followed
by argillaceous sediments and/or limestone turbidites in the Visean
stage (346.7-330.9 Ma) and later by flysch sediments. During the
Variscan orogeny, Rhenohercynian nappes were thrusted over the
autochthonous basement (Nesbor 2019). Gondwana and Laurussia
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Figure 1. (a) Paleogeographic global map of the Middle Devonian after Marcilly et al. (2022). The red circle indicates the palacoposition of the Rhenish
Massif. Exposed land is indicated in beige, light blue colours indicate flooded continental shelves and dark blue indicates deep ocean. (b) Simplified geological
map of the Lahn-Dill area in the Rhenish Massif. The location of the Devonian pillow lavas in the Philippstein quarry is indicated with the red circle (after
Konigshof ef al. 2010).
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collided, with large-scale faulting, metamorphism and magmatic
intrusions as a result (Nesbor 2019).

3 METHODS

3.1 Sample selection and microscopic observations

In October 2021, we sampled fourteen pillow lavas in the Philipp-
stein quarry in Braunfels, Germany. These pillows were collected
within a ~100-m range and form one unit. We therefore consider all
samples to represent a single volcanic event. A minimum of eight
cores was collected from every pillow, using a petrol-powered drill
with a standard palacomagnetic core diameter of 2.5 cm. The orien-
tation of the drill cores was determined with a magnetic compass. A
sun compass could not be used due to cloudy circumstances during
sampling. No tilt correction was applied to the measured orienta-
tion, since the pillow lavas are in sub-horizontal position (Nesbor
2007).

The samples were processed in the palacomagnetic laboratory
Fort Hoofddijk at Utrecht University (the Netherlands). Petrograph-
ical and rock-magnetic properties of the samples were assessed to
determine their suitability for a palacomagnetic study. Palaeoin-
tensity and directional analyses were carried out in a magnetically
shielded room with a maximum magnetic field of 400 nT. Addi-
tional analyses were carried out in the Iver Giaeever palacomagnetic
laboratory of the University of Oslo (Norway).

Thin sections of all pillows were analysed with a Leica DM750
optical microscope in plane-polarized, cross-polarized and reflected
light. Micrographs were produced with an attached DMC5400 dig-
ital camera. Secondary electron and backscattered electron images
of carbon-coated thin sections were obtained using a Zeiss EVO15
Scanning Electron Microscope at the Electron Microscopy Centre
of Utrecht University, with a 15 keV accelerating voltage, a 500-pA
probe current and a 9.5-10 mm working distance. An Oxford In-
struments Ultim-Extreme EDS detector was used to determine the
elemental composition of the magnetic minerals present in the sam-
ples. Point measurements were acquired with a 15 keV accelerating
voltage and a 1 nA probe current.

3.2 Rock-magnetic analyses

The anisotropy of magnetic susceptibility (AMS) was measured for
58 specimens selected from all pillow lavas using an AGICO MFK-1
Kappabridge with SAFYR7 software, applying a field of 200 A m™~!
at a frequency of 976 Hz. Standard specimens with a 22 mm height
were used and rotated through three orthogonal planes. The AMS
parameters were calculated with the Anisoft5 software (AGICO).
The magnetic mineralogy of the samples was investigated by
high-field thermomagnetic runs that were performed on one spec-
imen per pillow lava, using a modified horizontal translation type
Curie balance (Mullender ef al. 1993). Eight series of heating and
cooling were performed up to a temperature of 700 °C, with a cy-
cling field of 150-300 mT. Susceptibility versus temperature curves
up to 700 °C were acquired at the Iver Giaver laboratory of the Uni-
versity of Oslo. The runs were performed on powdered specimens
of all pillows using an AGICO MFK1-FA Susceptometer and CS-4
furnace with a sensitivity of 10~ SI. To estimate the magnetic grain
size in the samples, hysteresis loops of both pillow bulk rock and
pillow rims were measured using a Princeton Measurements Corpo-
ration MicroMag 2900 alternating gradient magnetometer (AGM).
The loops were measured with a field ranging between —1.5 T and

1.5Tor —1.0 T and 1.0 T in field increments of 2 or 5 mT with an
averaging time of 150 or 200 ms. The noise level of the MicroMag
2900 is 2 x 10~° Am?. The saturation magnetization (Ms), the sat-
uration remanent magnetization (Mrs) and the coercive forces (Bc)
of the samples were acquired after correction for the paramagnetic
slope at 70 per cent of the field value using AGM software.

Acquisition curves of the isothermal remanent magnetization
(IRM) were obtained with 43 field steps and a maximum ap-
plied field of 700 mT in a robotized 2G DC-SQUID magnetome-
ter (Mullender et al. 2016). The analysis was carried out on 74
specimens selected from all sampled pillows. The data were pro-
cessed using the MAX UnMix web application by Maxbauer et al.
(2016).

3.3 Demagnetization experiments

Three different demagnetization techniques were applied to iso-
late the characteristic remanent magnetization (ChRM) in the sam-
ples: alternating field (AF) demagnetization, thermal demagneti-
zation, and a combination of both techniques. Interpretation was
done in the interpretation portal of paleomagnetism.org (Koymans
et al. 2016; 2020) by analysing the decay curves and vector end-
point diagrams (Zijderveld 1967). Mean directions were calcu-
lated with the use of principal component analysis (Kirschvink
1980).

3.3.1 AF demagnetization

The AF demagnetizations were performed on 116 specimens, which
equals eight specimens per pillow on average. Eighteen AF steps
were applied, up to a maximum field of 270 mT with an automated
sample handler and the measurements were conducted with the
robotized 2G DC-SQUID magnetometer (Mullender et al. 2016). At
least four consecutive demagnetization steps were used for ChRM
interpretation, no anchoring was applied and a maximum angular
deviation (MAD) cut-off of 10° was used.

3.3.2 Thermal demagnetization

Thermal demagnetization was carried out to isolate the ChRM
as well as assess the suitability of the samples for palaeointen-
sity measurements. The NRM of three to four specimens per
pillow was stepwise thermally demagnetized, totalling 47 speci-
mens. The measurements were carried out with a 2G DC-SQUID
magnetometer, and the heating was performed in a magnetically
shielded furnace based on the ASC TD-48SC thermal demag-
netizer. Fourteen thermal steps were applied, up to a maximum
of 630°C. The unblocking temperature spectra from these mea-
surements aid in determining the optimal temperature steps for
palaeointensity experiments. The room temperature measurement
is not included in the interpretation of the analyses to exclude low-
temperature (viscous) overprints from the results. No anchoring
was applied and no MAD cut-off was used. At least five consecu-
tive demagnetization steps were used for the high-temperature data
interpretation.

Great circle analysis was used when no ChRM decayed towards
the origin, due to components with overlapping blocking tempera-
tures or coercivities. Lines (ChRMs; set points) and planes (great cir-
cles) were determined using the eigenvector approach of Kirschvink
(1980). We use the method of McFadden & McElhinny (1988) to
determine great-circle solutions.
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3.3.3 Combined AF and thermal demagnetization

A combination of AF and thermal demagnetization was performed
at the Iver Gizver laboratory of the University of Oslo. Measure-
ments of NRM were performed using a WSGI (2G) Model 755
Superconducting Rock Magnetometer. The samples were demag-
netized using the LDA-5 automated, computer-controlled AF de-
magnetizer, following the protocol of Finn & Coe (2016). This pro-
tocol permutes the demagnetization axes to eliminate gyroremanent
magnetizations (GRMs) in the directional calculations. Demagne-
tization of this set of samples was done with the permuted protocol
up to 12 mT. Subsequently these samples were further thermally
demagnetized with 22 temperature steps with increments ranging
between 10 °C and 100 °C, up to a maximum temperature of 580 °C.
This procedure is used to distinguish potential overprints from the
potentially primary signal. The measurements were carried out on a
total of 56 specimens, selected from all pillow lavas. No anchoring
was applied and no MAD cut-off was used for the data interpre-
tation. At least five consecutive demagnetization steps are used
to determine the ChRM. The AF demagnetization steps below 12
mT are not included in the interpretation, in order to exclude low-
coercivity components possibly influenced by viscous multidomain
behaviour.

Besides the univectorial analysis, great-circle solutions were
found in a similar fashion as described for thermal demagnetization.

3.4 Palaeointensity experiments

3.4.1 IZZI-Thellier

Nine to ten specimens per pillow lava were subjected to the [ZZ1-
Thellier protocol (zero-field, in-field, in-field, zero-field, pTRM-
check; based on Tauxe & Staudigel 2004 and Yu et al. 2004) to
determine their absolute palaeointensity. Additionally, vitrified rims
were present around three of the pillow lavas and five specimens per
rim were subjected to thermal palaeointensity experiments. Speci-
mens typically weigh 0.1-0.5 g to ensure that their magnetic mo-
ments do not exceed the dynamic range of the 2G DC-SQUID
magnetometer and they are glued inside quartz-glass holders to fa-
cilitate sample mounting. A laboratory field of 10 uT was chosen,
as this is an estimate of the strength of the Middle Devonian ge-
omagnetic field (Bono et al. 2022b). The temperature steps used
for the IZZI-Thellier palaeointensity experiments are based on the
rock magnetic analyses and the thermal demagnetization behaviour
of the pillow lavas. Heating of the specimens was done in a mag-
netically shielded furnace based on the ASC TD-48SC thermal de-
magnetizer, with in-house developed temperature control whereby
temperature overshoots are lower than 2 °C. Part of the specimens
start to unblock most of their NRM at relatively low temperatures
(~200°C). For these specimens temperature increments of 40 °C
were used within the temperature range 200—560 °C. Partial ther-
moremanent magnetization (pPTRM) checks were done at 200, 240,
320, 400 and 480 °C. For the specimens with a higher unblocking
temperature starting at ~300°C temperature increments of 30 °C
were used within the temperature range 300-570 °C. The pTRM-
checks for this set were done at 300, 330, 390, 450 and 510°C.
For the vitrified rims temperature increments of 35°C were used
in a temperature range of 200-515°C. The pTRM-checks were
done at 200, 235, 305, 375 and 445°C. The 1ZZI-Thellier results
were interpreted using the paleointensity.org package (Béguin et al.
2020). The modified selection criteria as defined in Paterson et al.

(2014) and Cromwell et al. (2015) were used to derive an absolute
palaeointensity from the data.

3.4.2 Full laboratory TRM as indicator of NRM recording

To assess the palacomagnetic recording fidelity of samples with a
weak NRM, a full TRM was applied to a selection of thermally
stable samples. Based on thermomagnetic and susceptibility ver-
sus temperature data, ten samples were selected for this test. From
each of these samples, five sister specimens were created. These
were first fully thermally demagnetized at a maximum temperature
of 615°C. In a second thermal cycle, they were given a TRM in
several laboratory fields (TRM1). Each specimen was subjected to
one thermal cycle to make the TRM data comparable and avoid
continuing thermal alteration. The TRM field values of 2, 5, 10, 15
and 30 pT were imparted by cooling from 615 °C to room temper-
ature. These field values were selected because they are in line with
expectations for the Devonian magnetic field. To ensure the repro-
ducibility of the results, a second full TRM (TRM2) was imparted
and measured as well. In between all steps the samples’ susceptibil-
ity was measured with an AGICO MFK-1 Kappabridge, at a field
intensity of 200 Am~! and an operating frequency of 976 Hz. All
samples with a change in susceptibility > 20 per cent between the
NRM state and the fully demagnetized state are omitted from the
results. All samples with a change in susceptibility > 10 per cent
between TRM1 and TRM2 are also omitted from the results. Both
these choices were made to exclude samples with major alteration.
Furthermore, samples with an intensity difference of > 20 per cent
between TRM1 and TRM2 are also omitted.

4 RESULTS

4.1 Petrography

The pillow basalts consist of a fine-grained groundmass and three
pillows contain vitrified rims of < 2 cm thickness. It should be
noted that the rims have an aphanitic texture with some vitrifica-
tion, rather than a glassy texture. Representative micrographs of the
samples in plane polarized light (PPL) and SEM images of the sam-
ples are shown in Fig. 2. All samples have a typical fine-grained,
homogenous (meta-)basaltic composition. The groundmass con-
sists of relatively equant crystals. The mineral assemblage of the
metabasalt consists of plagioclase and (chloritized) clinopyroxene
with a subophitic texture; some larger clinopyroxene phenocrysts
of < 0.3 mm are present. The modal percentages of the miner-
als are 5060 per cent plagioclase, 35-45 per cent clinopyroxene
and 5 per cent opaque minerals. The plagioclase is typically elon-
gated and < 0.1 mm in size. The clinopyroxene in the groundmass
is anhedral and < 0.1 mm in size. The opaque minerals range
in size from submicron to tens of microns and mainly consist of
(titano-)magnetite, as determined from Energy-Dispersive X-ray
Spectroscopy (EDS) analysis. The magnetite is typically sub- to eu-
hedral cubic in shape, but some small skeletal magnetite is present
as well. The rocks are affected by chloritization through metasoma-
tism, which is present throughout the sample and gives the rocks a
slightly green appearance, although the original basaltic texture is
still present. The chloritization is an alteration product associated
with the cooling of the pillow basalts in sea water (Wedepohl et al.
1983; Von Raumer et al. 2017). Few small, subparallel calcite veins
cut through the pillows and contain acicular magnetite. Vesicles in
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Figure 2. (a)—(b) Micrographs of representative samples in plane polarized light with 100x magnification. The samples are fine-grained (meta-)basalts with
chloritization present throughout. The groundmass consists of plagioclase and pyroxene and is specked with black iron oxides. (¢) Micrograph of a vesicle
filled with calcite. (d) Micrograph of extensive (green) chloritization of the (meta-)basalt. (e)—(f) SEM photographs of representative samples. The main shape
of magnetite is sub- to euhedral cubic and the size varies from submicron to tens of microns in diameter.

the interior of the pillow basalts are filled with calcite and some-
times amygdules with chlorite are present close to the rims of the
pillows.

Fe-Ti oxides are present throughout the samples between plagio-
clase and clinopyroxene crystals as determined by EDS. Exsolved
ilmenite lamellae hardly occur, which corresponds to an oxidation
index of I-II of Watkins & Haggerty (1967). This equals a deu-
teric alteration with a maximum Fe,O5:FeO of approximately 0.8.
The titanium amount in the magnetite varies strongly, the typical
value is 3—5 wt per cent (TM15-TM25) but values up to >>9 wt
per cent titanium are observed. Minor iron sulphides are observed
as well.

4.2 Rock-magnetism

The pillow lavas cooled quickly, indicated by the presence of vitri-
fied rims around some of them, and are hence considered instanta-
neous recorders of the magnetic field. The cooling rate is associated
with the formation of small iron oxides, which are stable and reliable
magnetic recorders, making them ideally suited for palacomagnetic
analysis. Several rock-magnetic tests were carried out to understand
the nature and behaviour of the magnetic carriers in the pillow lavas.
The rock-magnetic behaviour is similar in all fourteen pillows.

Curie balance measurements (Figs 3a—d) show an initial magneti-
zation intensity of the samples varying from 1.51t0 3.71 Am? kg™!,
indicating the presence of at least 1.5—4 per cent magnetite in the
pillows. The M-T curves are characterized by a reversible decrease
in magnetization until 350—400°C. Above this temperature, the
curves become increasingly less reversible, indicating that Thellier
palaeointensity experiments will probably not be interpretable above
350-400 °C because pTRM checks will start failing due to mineral
alteration. A steep decrease in magnetization occurs between 530
and 580 °C indicating that (Ti-)magnetite is the main magnetic car-
rier present in the rocks, which could be of primary origin and
therefore hold a primary TRM. The sample in Fig. 3(c) has a small
tail above 600 °C, which suggests a minor presence of maghemite.
No hematite is expected in the samples, based on both the M—T
curves and optical microscopy. The final cooling curve from 700 °C
has a lower magnetization than the corresponding heating curve,
likely due to the oxidation of (titano-)magnetite, which produces a
less magnetic phase.

Magnetic susceptibility versus temperature curves (Figs 3e—h)
indicate a clear magnetite presence and minor to medium alteration
of the magnetic carriers above 350—400 °C, which corresponds to
the observations of the M-T curves. All four samples show a small
Hopkinson peak in the heating curves. Samples that experience the
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Figure 3. Analyses of samples from pillows 1, 4 and 5 are indicated in red, other pillows are indicated in black. The demagnetization behaviour of these two
groups of pillows is somewhat different (Fig. 5). Further explanation is provided in the main text. (a)—(d) M-T analysis of representative samples from four
different pillows. Heating curves are indicated in red, cooling curves in blue. All samples have typical magnetite Curie temperatures. Additionally, the slight
tail above 580 °C in pillow 1 indicates minor maghemite. (e)—(h) Representative susceptibility versus temperature runs of samples from four different pillows.
Heating curves are indicated in red, final cooling curves in blue. The samples show a typical magnetite signature and minor to medium alteration during heating
above 350—400 °C. (i) IRM acquisition curves show that the main magnetic carrier in the samples is (Ti-)magnetite. Due to measurement problems, not all
curves were measured up to 700 mT. (j)—(1) Representative slope-corrected hysteresis loops show low coercivities of the magnetic carriers. (m) The squareness
versus coercivity plot based on Tauxe ef al. (2002) reveals mainly multidomain behaviour. Part of the data points plot on the boundary of multidomain (MD)
and uniaxial single domain (USD) particles. CSD indicates cubic single domain and SP indicates superparamagnetic grains in this plot.

least alteration (Figs 3g and h) are expected to behave most ideally
during palaeointensity experiments.

IRM acquisition curves (Fig. 3i) show that most samples are
fully saturated above 100 mT, indicating magnetite presence. Some
samples are only fully saturated above 200 mT, which is proba-
bly caused by a higher Ti-content in the magnetite. Unmixing of
the curves with the method of Maxbauer et al. (2016) revealed
only one dominant magnetite population along with mathematical
artefacts, providing no new insights into the magnetic mineral-
ogy populations. Therefore, the results are presented in Fig. BI,
Appendix B.

The Be-values derived from the hysteresis loops (Figs 3j.,k,1) are
generally low, 3.4-25.3 mT, which indicates a weak capability of
the samples to withstand an external magnetic field. M,-values
range from 0.03 to 0.54 Am? kg~ and M,-values range from 0.71
to 4.94 Am?kg~', indicating at least 1-7 per cent ferrimagnetic
mineral presence in the samples. The magnetic moment is hardly
increasing above 180 mT, which suggests that little high-coercivity
minerals are present in the samples. Results from all Curie balance

measurements, susceptibility versus temperature measurements and
hysteresis loops are shown in Figs D1, D2, D3, Appendix D.

The squareness (magnetization ratio) versus coercivity plot
(Tauxe et al. 2002) of the hysteresis results (Fig. 3m) clearly in-
dicates multidomain (MD) behaviour and a mixed magnetic grain
size. The MD behaviour might cause the low coercivities observed
in the hysteresis loops, since it suppresses the coercivity signal of
the smaller magnetic grains. The M,s/M; ratio varies between 0.04
and 0.17. The lower values suggest MD behaviour and therefore
Thellier-style palaeointensity experiments are not expected to suc-
ceed. The higher values indicate pseudo-single domain (PSD) be-
haviour for at least part of the grains which could lead to successful
palaeointensity results.

4.3 Anisotropy of magnetic susceptibility

The volume-normalized mean susceptibilities (Kmean) of the sam-
ples vary within the pillows, but most range between 3 x 1072 and
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Figure 4. (a) Stereoplot with the three AMS directions collected from all pillow lavas. Kmin (mean 310°/24°) directions tend to cluster. The Kint (mean
057°/34°) and Kmax (mean 193°/47°) distributions are overlapping and form a girdle. (b) Frequency of mean susceptibility (Kmean), the values are generally
high and indicative of ferrimagnetic mineral presence. (¢) Lineation (Kmax/Kint) versus foliation (Kint/Kmin) indicate a dominantly oblate magnetic fabric.
(d) Jelinek plot with corrected anisotropy degree (Pj) versus shape factor (T) indicates that the dominantly oblate magnetic fabric is not clearly related to the
anisotropy degree. (¢) The mean susceptibility (Kmean) versus corrected anisotropy degree (Pj) show no linear relationship.

9x 1072, with a median value around 7x 1072 to 8 x 1072 (Fig. 4b).
These values are typical for a susceptibility dominated by ferromag-
netic minerals. Therefore, the anisotropy of magnetic susceptibility
(AMS) reveals the fabric of ferromagnetic minerals. AMS mea-
surements of the pillow lavas (Fig. 4) show that they are mainly
magnetically foliated and that they are characterized by a variable
degree of anisotropy, reaching from a low degree of anisotropy (Pj)
of 1.04 to high values of 1.18 with a mean value of 1.12. The folia-
tion (F) exhibits a wide range of values from 1.01 to 1.15 and a mean
value of 1.08. The lineation (L) shows a smaller range and varies
from 1.01 to 1.09 with a mean value of 1.03. The mean equals the
median for all three parameters. Since Fmean is higher than Lmean,
the AMS ellipsoids are mainly oblate (Fig. 4c). No clear correlation

is present between the AMS ellipsoid shape (T) and the anisotropy
degree (Fig. 4d), except that the highest Pj values correspond to
an oblate character. There is no linear relationship between Pj and
Kmean (Fig. 4e), indicating that no correlation between the amount
of magnetic minerals and the mineral arrangement is present. In
other words, the variation in Pj is not caused by petrographic vari-
ations. Therefore, the AMS values can be interpreted as structural
indicators (Fig. 4a). The mean direction of Kmax is dec = 193°,
inc = 47° and the mean direction of Kint is dec = 057°, inc = 34°.
The directions of Kmax and Kint are scattered in a practically
overlapping girdle, with overlapping confidence circles. The mean
direction of Kmin is more clustered and has values of dec = 310°,
inc = 24°. The higher Pj values may suggest that the rocks have
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been deformed after their formation and contain a preferred mag-
netic direction due to a compressional tectonic regime. The regional
tectonic structures in the study area are NE-SW trending as a result
of the Variscan orogeny (Moe 2000; Konigshof ez al. 2010), which
roughly corresponds to the Kmin direction. However, the Pj values
differ strongly within each pillow with no obvious relationship re-
lated to their location within the pillow nor to the core-rim distance
(Table 1). A varying chlorite content in the samples, with micro-
crystalline magnetite inclusions, could explain a high variation in
Pj throughout the pillows. A low Pj is usually considered as a mag-
matic fabric; however, the Pj distribution is random per pillow which
makes a magmatic fabric unlikely. Other values of the abovemen-
tioned AMS parameters per pillow also do not reveal clear trends.
Only the shape factor of the samples from the pillow rims is higher
than the shape factor of the pillow core samples. This indicates that
more oblate shapes are present in the rims than in the cores.

4.4 Palacomagnetic directions

We sampled fourteen pillow lavas within a continuous block of
~100 m width. While we cannot certainly exclude any tilting that
happened after formation of the pillows, we consider the presence of
vertical columnar joints at the top of the block and the downwards
pointing geopetal structure of some pillows as an indication that
the pillows have likely not been tilted significantly. Therefore, no
tectonic correction is required on the obtained palacomagnetic di-
rections. We did not observe faults or other structures in between the
pillows, and the pillows show no indications that they have moved
relative to each other. All pillows are considered to be part of the
same volcanic event because of the absence of sedimentary infill-
ing between the pillow basalts, therefore, no temporal difference is
assumed.

4.4.1 Demagnetization behaviour

The demagnetization behaviour observed in three different experi-
ments, AF, thermal and a combination of AF and thermal demagne-
tization, is shown in Fig. 5. The starting NRM intensity ranges be-
tween 6.31x 10* and 7.55x10° uA m~'. Examples of representative
Zijderveld diagrams (Figs 5a, b, d, e, g, h) indicate the differences in
data quality between the different experiments. Samples that were
subjected to AF demagnetization show univectorial behaviour and
demagnetize towards the origin, sometimes surpassing it at high AF
values of >100 mT. Most thermally demagnetized samples show
less straightforward behaviour, often with multiple components that
do not demagnetize to the origin but show rather curved paths of
demagnetization.

The median destructive field of AF demagnetization lies around
10 mT (Fig. 5¢). Most samples lose their magnetization rapidly
between 0—15 mT and more gradually at higher fields. Samples
that deviate from this typical demagnetization behaviour are indi-
cated in red, these outliers are samples from pillows 1, 4 and 5.
Low coercivity components are generally interpreted up to 15 mT,
high coercivity components are interpreted from 15 mT up to a
maximum of 100 mT. Thermal demagnetization is generally grad-
ual in most samples, with a typical median destructive temperature
above 200-250°C (Fig. 5f). Low-temperature components are gen-
erally interpreted up to 250 °C, high-temperature components are
interpreted from 250 to 500 °C up to a maximum of 630°C. The
same three pillows indicated in red in Fig. 5(c) also show deviat-
ing thermal demagnetization behaviour, with rapid demagnetization

Table 1. AMS parameters per pillow, further defined based on distance to edge of pillow. Rim values indicate values of all measurements < 15 cm from the edge of the pillow. Core values indicate values of all

measurements > 15 cm from the edge of the pillow. Note that these distances were determined on the 2D plane of the outcropping pillow, it can therefore only be considered as a rough estimate of the actual distance

from the rim in 3D space. Most values are random and do not indicate any correlations. Only the T(rim) is higher on average than T(core). This indicates that more oblate shapes are present in the rims of the pillows

compared to the pillow cores.

Pj(core) Pj(rim) mean F F(core) F(rim) mean L L(core) L(rim) mean T T(core) T(rim)

mean Pj

mean Kmin

mean Kint

mean Kmax

pillow

0.745

0.312
—0.102

0.601
—0.102

1.017

1.044
1.056
1.033
1.016

1.026
1.056
1.030
1.015

1.124

1.086
1.046
1.045
1.084
1.077
1.047
1.146
1.035
1.081

1.156 1.111

1.137
1.105
1.083
1.109
1.112
1.103
1.177
1.078
1.122
1.142
1111

1.130

1.150
1.105
1.077
1.112
1.119
1.092
1.154
1.100
1.126
1.141
1.100
1.135

105/57 324/27
1.110

063/31

224/18

1.046
1.043
1.087
1.080
1.044
1.120
1.064
1.087
1.097
1.064
1.090
1.050

318/23
127/02
310/21

199/50

0.295

0.119
0.680

0.148
0.690

1.016
1.015

1.029
1.089
1.087
1.030
1.116
1.078
1.111
1.115
1.074
1.106
1.050

1.046
1.115
1.133
1.047
1.150

1.111

218/52
194/50

035/38

0.699
0.355

054/34

0.417
—0.036

0.397
0.032

1.038
1.016
1.020
1.025
1.018

1.027

1.051

1.031

294/23

175/49
215/08
185/60
075/51

040/32

0.304
0.663

1.044
1.019

307/23

109/66
047/24

0.889
—0.092

0.695

1.008
1.039
1.034
1.056
1.054
1.038

308/18

0.468

0.281

1.030
1.031

316/22
310/33

213/31

0.419 0.708

0.477

1.142
1.140
1.090
1.149

1.110

203/26

082/47

10
11
12
13
14

0.841

0.168
0.007
0.352

0.504
0.424

1.009
1.006
1.032
1.055

1.033
1.030
1.036
1.055

1.080
1.054
1.084

134/46 238/14 340/41

101/59
205/44

0.841

324/24

225/20

0.524
—0.066

0.395
—0.066

305/11

046/43

292/52

166/26

070/27

9
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FigureS. (a)—(b) Typical Zijderveld diagrams of AF demagnetization, (d)—(e) thermal demagnetization and (g)—(h) AF 4 thermal demagnetization experiments.
Two representative samples in geographic coordinates are plotted for each demagnetization method. (¢) The median destructive field of AF demagnetization
has a value of approximately 10 mT for most samples. (f) The thermal demagnetization rate is gradual above 100 °C for most samples. (i) Demagnetization
behaviour of the combination of AF demagnetization (0—12 mT) and thermal demagnetization (100580 °C). Samples indicated in red in (c) and (f) demagnetize
differently than the bulk of the samples. Data from these pillow lavas are indicated in red in all rock-magnetic plots (Fig. 3) and equal area plots (Fig. 6).

until 200-250 °C and then slow demagnetization until 500-600 °C
(Fig. 5f). The mean directions from these three pillows are indicated
in red on all equal area plots of Fig. 6. No obvious explanation for
this difference in demagnetization behaviour is suggested by the
rock-magnetic results (Fig. 3).

4.4.2 Directional analysis

The characteristic remanent magnetizations (ChRMs) from AF de-
magnetization, thermal demagnetization and a combination of both,
are scattered and indicate ambiguous results, which are summarized
in Table 2. Devonian magnetizations typically show overprints ac-
quired during the Kiaman reverse superchron (e.g. van der Boon et
al. 2022 and references therein). The apparent polar wander path
of Torsvik et al. (2012) predicts a reverse polarity direction for the
study area of dec &~ 207° and inc &~ 11° at the beginning of the
Kiaman (~320 Ma) and a normal polarity direction of dec ~ 202°

and inc~—35° at the end of the Kiaman (~260 Ma). A present-
day magnetic overprint is also regularly present in Devonian rocks
(e.g. van der Boon et al. 2022 and references therein), which would
correspond to a direction of dec &~ 0° and inc ~ 66° in the study
area. The palaeoposition of Germany during the Middle Devonian
indicated in Fig. 1 is 20°-25° south of the equator, this would lead
to inclinations of 36°—43° in a dipolar geomagnetic field. Zwing &
Bachtadse (2000) found a reverse direction of dec = 198°, inc = 40°
for the Late Devonian in southwestern Germany.

The results of the AF demagnetization experiments are shown in
Figs 6(a)—(c). At coercivities below 15 mT (Fig. 6a) the results are
scattered and the mean value of dec = 166°, inc = 85° does not
correspond to an expected Devonian inclination, nor to a Kiaman
or present-day field direction. The samples seem to be influenced
by viscous multidomain behaviour, which we observed from the
lack of reproducibility of NRM measurements when samples were
kept in a shielded lab environment for several weeks. For the inter-
preted coercivities above 15 mT (Fig. 6b) a large spread in negative
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Figure 6. (a)-(c) Equal area plots of interpreted directions from AF demagnetization, (d)—(f) thermal demagnetization and (g)—(i) AF + thermal demagnetization
analysis of the fourteen pillow lavas. Open circles and stars represent positive inclinations, closed circles and stars represent negative inclinations. The stars
indicate potential overprints based on the Eurasian APWP by Torsvik et al. (2012), the green closed star represents the Carboniferous (320 Ma) expected
direction, the green open star represents the Permian (260 Ma) expected direction and the yellow star represents the present-day field direction (IGRF; Alken
et al. 2021). Analyses of samples from pillows 1, 4 and 5 are indicated in red in the equal area plots, other pillows are indicated in black. The demagnetization
behaviour of these two groups of pillows is somewhat different. Further explanation is provided in the main text. The resulting palacomagnetic directions
are scattered but result in a mean declination and mean inclination of (a) dec = 166°, inc = 85°, with g5 = 5.98 for low coercivity AF demagnetization;
(b) dec = 180°, inc = 61°, with a9s = 6.92 for high coercivity AF demagnetization; (c) The mean high coercivity directions per pillow are indicated in; (d)
dec =022°, inc = 82°, with g5 = 11.40 for LT demagnetization; (e) dec = 179°, inc = 36°, with «gs = 12.10 for HT demagnetization; (g) dec = 015°, inc = 65°,
with ags = 8.74 for LT demagnetization after AF demagnetization up to 12 mT; (h) and dec = 181°, inc = 10°, with a95 = 9.8 for HT demagnetization after
AF demagnetization up to 12 mT. From great circle analyses a mean declination and inclination from the thermal demagnetization experiments is determined
at (f) dec = 183°, inc = 44°, with ag5 = 10.38; (i) the AF + thermal demagnetization experiments result in dec = 173°, inc = —10°, with a95 = 3.67.

inclinations is found (0°-89°) and the directions show a smeared The simultaneous demagnetization of two components can result in
distribution, which is not easily explained by overprinting. This such a distribution, however no two components were identified. The
smearing is also evident when the means per pillow are plotted Zijderveld diagrams show univectorial behaviour, which is atypical

(Fig. 6¢). The grand mean of these data is dec = 180°, inc = 61°. when two magnetic components are present. Viscous multidomain
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Table 2. Tabulated expected declinations and inclinations and results from this study.

Middle
Devonian

Kiaman 260 Ma Kiaman 320 Ma

Present-day field

Expected results

198¢
40°%/43°°

207°

202°
—35°

High coercivity

000°

Declination
Inclination
Results

n/N

11°
Low
temperature

66°
Low coercivity

Great circles AF + low AF + high Great circles
temperature (AF + thermal)

High
temperature

temperature

(thermal)

AF

98/116

AF

113/116
166°

44/56
173¢
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behaviour is unlikely to be the cause of the smeared distribution,
since this should have been removed by the 15 mT demagnetization.
The presence of a GRM could be another explanation, although this
is only clearly observed for the highest AF levels (>100 mT) that
are not considered here (Fig. A1, Appendix A). When looking at the
results in specimen coordinates, they do not plot perpendicular to a
specific demagnetization axis (Fig. A2, Appendix A), excluding an
obvious influence of the AF demagnetization protocol.

The thermal demagnetization results are shown in Figs 6(d)—(f).
At temperatures below 250 °C (Fig. 6d) the results are scattered but
have a mean of dec = 022°, inc = 82°, which roughly corresponds
with a present-day field direction. The high-temperature demag-
netization components (Fig. 6e) are scattered and have a mean of
dec = 178°, inc = 36°. This result is somewhat similar to the result
of the high coercivity AF components. This does not correspond
to a present-day overprint, nor a Kiaman overprint. The inclina-
tion is close to the expected inclination based on the palacoposition
of the study area, so it could tentatively be a Devonian direction.
However, another potential explanation was found with great circle
analysis of the thermal demagnetization data (Fig. 6f). The ChRMs
for many of the thermal demagnetization data describe paths along
great circles from declinations around ~0° towards ~180°. The
resulting fitted directions using the ChRM set points from thermal
demagnetization experiments (Fig. 6f) have a mean declination and
inclination of dec = 183°, inc = 44°. This does not correspond to
the Kiaman nor the present-day field direction. However it falls on
a plane that combines these two overprint directions, this suggests
that a combination of a present-day overprint and Kiaman overprint
could lead to the observed mean direction.

The results in Figs 6(g)—(i) were obtained after a demagneti-
zation of 12 mT was carried out, to remove MD behaviour and
thereby improve thermal demagnetization results. Here, the low-
temperature component yields a mean of dec = 015°, inc = 65°.
Although the results are scattered, this is potentially a present-day
overprint. For the high-temperature component, an overall mean
of dec = 181°, inc = 10° was found. This could potentially be
interpreted as a Devonian direction. However, the ChRMs for
many of the AF + thermal demagnetization data describe paths
along great circles from declinations around 350° towards 170°
(Fig. 6i) in a narrower manner than for thermal demagnetization
alone (Fig. 6f). Great circle analysis results in a fitted mean direc-
tion of dec = 173°, inc = —10°. Although the declination deviates
approximately 30° from the expected value for the Kiaman, the re-
versed inclination could agree with a Kiaman reversed component
acquired between 320 and 260 Ma. Local tectonic rotations are not
well known for the study area but could explain the observed dec-
lination. If no rotation occurred, the great circles could potentially
be the combined result of a present-day overprint and a Devonian
direction.

Summarizing, although the data scatter is high in all analyses, few
interpretations seem possible. A present-day field overprint could
possibly be interpreted from both low-temperature demagnetization
experiments and from great circle analysis (Figs 6d, f, g, i). The in-
fluence of a Kiaman overprint may be inferred from great circle
analysis of the thermal experiments (Fig. 6f) or from the AF + ther-
mal experiments if a tectonic rotation is involved (Fig. 61). Since the
quality of the AF + thermal demagnetization data is expected to be
the highest, the high-temperature analysis of these experiments is
considered most trustworthy. These results could very tentatively be
interpreted as Devonian, as the directions do not match a present-day
field nor Kiaman overprint. However, the data quality is poor and
the inclination of 10° is lower than expected for the palacoposition
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of the study area. In all cases, it is evident that no clear Devonian
direction nor a Kiaman overprint can be easily distinguished in the
samples, as the only way to resolve a possible Kiaman component
is by using great circle analysis.

Three pillows show demagnetization behaviour different from
the other pillows (Fig. 5c), these three pillows are indicated in
red in Fig. 6 as well. The directions determined from these three
pillows have similar directional means with high inclinations at
high coercivities (Figs 6b and c). In the thermal demagnetization
experiments, the directional clustering is less pronounced. Although
these three pillows stand out in both demagnetization behaviour and
directions, no clear explanation was found to explain this. We make
no further assumptions about the quality of the directional data per
pillow, based on these results.

4.5 Palaeointensity

4.5.1 IZZI-Thellier

Thermomagnetic curves of all pillow lavas indicate magnetite as a
potential primary magnetic recorder and show reversible behaviour
until 350—400 °C (Figs 3a—d). Susceptibility versus temperature ex-
periments show minor to medium alteration above these tempera-
tures (Figs 3e—h). Therefore, the pillow lavas would be promising
targets for thermal palaeointensity experiments, although pTRM
checks might not always be successful for temperatures exceeding
350-400 °C due to thermochemical alterations.

Thellier type experiments (Thellier & Thellier 1959) carried out
with the IZZI-protocol (based on Tauxe & Staudigel 2004; Yu et al.
2004) consistently show non-ideal behaviour and generally do not
pass selection criteria. Strong zig-zagging and high -values suggest
MD behaviour in most experiments. Only 7 per cent of the speci-
mens pass the B-value criterion of < 0.15. Of the pTRM checks,
16 per cent pass the DRAT-value < 10 and 30 per cent pass the
CDRAT-value < 11, indicating that mineral alterations during heat-
ing occurred. The majority of the pTRM-checks do not return to
the corresponding NRM data points indicating non-ideal behaviour
from multidomain magnetite grains (Yu & Dunlop 2003). Only five
specimens out of 127 passed the modified selection criteria as de-
fined in Paterson et al. (2014) or Cromwell et al. (2015) using the
interpretation portal of paleointensity.org (Béguin et al. 2020). Of
these five palacointensities, only one is accepted. This success rate
of < 2 per cent is unusually low, while normally success rates of 10—
20 per cent are achieved for absolute paleointensity determinations
(Valet 2003).

From the three successful bulk rock results, only the palaeoin-
tensity estimate of 5.9 uT determined for pillow 11 is accepted
(Fig. 7a). This palaeointensity is determined in the temperature
range 200-520 °C and passes the selection criteria sets of TTB and
SELCRIT2. The vitrified rim of pillow 8 (Fig. 7d) yields inter-
pretable results in the temperature range 200-515 °C and indicates
a field strength of 21.5 uT. However, the linear regression is of low
quality, the results show strong zig-zagging behaviour and have a
high B-value > 1, it is therefore not accepted. This sample passes the
selection criteria of TTB, however, the pronounced MD behaviour
makes the result unreliable.

Fits from two other bulk samples (Figs 7b and c) and another
vitrified rim sample (Fig. 7e) pass some sets of selection criteria
but include the room temperature step. Measurements below the
temperature needed to remove any overprint cannot be accurately
interpreted and are therefore rejected. Furthermore, the pTRM

checks do not return to the corresponding NRM data points in
Figs 7(c) and (e), indicating the low quality of the results.

The reliability of the palaeointensity results was assessed by
using the Qp-criteria as defined by Biggin & Paterson (2014) and
Bono et al. (2022a). The QAGE, QTRM, QALT, QACN and QMAG
criteria are met, resulting in a Qp-value of 5 for the pillow lavas.

4.5.2 Full laboratory TRM as indicator of NRM recording

How the pillow basalts respond to an imparted TRM is shown in
Fig. 8. The results are filtered based on differences in susceptibility
and intensity, as outlined in Chapter 3.4.2, leaving 15 of 50 measure-
ments for consideration. Generally, TRMs imparted in higher fields
are larger (Figs 8a and b) as expected from theory (e.g. Dunlop &
Ozdemir 1997).

When comparing the imparted TRM to the NRM of the speci-
mens (Figs 8c and d), a decreasing trend is observed. If the NRM
of the pillow basalts represents a primary TRM, the ratio between
the NRM and the laboratory TRM would be expected to approach
1 at a field intensity similar to that present during their formation,
in line with the idea behind multispecimen palaeointensity proce-
dures (Dekkers & Bohnel 2006; Fabian & Leonhardt 2010). The
NRM/TRM ratio is closest to 1 for an imparted TRM of 25 uT,
suggesting that the geomagnetic field at the time of the formation
was close to that value. This interpretation aligns with the obtained
palaeointensity result (Fig. 7a).

However, if the NRM of the specimens resulted from another
mechanism than TRM, we would expect the ratio to be lower than
1, as other mechanisms are less efficient in imparting magnetizations
compared to TRM. Hence, we deem the obtained results supportive
of a low field at the time of pillow formation, but we do not consider
it solid proof.

5 DISCUSSION

A set of Middle Devonian pillow lavas from the Rhenish Massif was
assessed in this palacomagnetic study. All samples are considered
to have formed simultaneously and therefore they should contain
similar palacomagnetic directions and intensities. Furthermore, re-
magnetization processes are likely to have affected all rocks to the
same extent, as they are from a ~100 m wide area and of similar
composition. Although the rock-magnetic experiments show evi-
dence for the presence of common palacomagnetic recorders [i.e.
fine-grained magnetite as evidenced by the presence of Hopkinson
peaks (Figs 3e-h; Fig. D2, Appendix D)], the obtained palacomag-
netic directions are enigmatic. There is a clear difference in demag-
netization behaviour depending on demagnetization strategy used
(AF, thermal or a combination of these). Thermal and AF + thermal
demagnetization strategies show demagnetization paths along great
circles that could be explained by a combination of a Kiaman and
present-day field overprint. However, these overprints are not easily
identified in all samples and we cannot exclude that a trace of a
Devonian magnetization is still present in the rocks. Only one sam-
ple yields an interpretable palacointensity that indicates an ultralow
palaecomagnetic field.

5.1 Rock-magnetism

It is atypical for demagnetization experiments on volcanic rocks to
not result in reliable palacomagnetic directions. An explanation for
the atypical directional results could be the low initial magnetization
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Figure 7. The five Thellier-type experiments carried out using the [ZZI-protocol, with a By, of 10 1T, passing some selection criteria. (a)—(c) on whole rock
specimens (d)—(e) and on vitrified rims. The remaining NRM (vertical axis) and the pTRM gained (horizontal axis) are normalized to the original NRM (NRMO)
of the specimens. Red and blue circles indicate the data of the IZ- and ZI-field measurements, respectively. Triangles indicate pTRM checks and the green line
is the linear regression trendline through the selected data. (a) A specimen from pillow 11 shows the only successful bulk rock result in a high-temperature
segment (200-520 °C). The obtained palaeointensity is 5.9 uT. (b) A field of 21.5 uT was determined in the temperature range 20-280 °C for a specimen of
pillow 2. This result includes the room temperature step and is therefore rejected as a primary palacointensity. (c) A field of 43.0 uT was determined in the
temperature range 20—520 °C for a specimen of pillow 14. This result includes the room temperature step and is therefore rejected as a primary palaeointensity.
(d) The vitrified rim of pillow 8 has a palaeointensity of 21.5 uT. This result is rejected, because of the non-ideal strong zigzagging behaviour and high S-value
indicative of MD behaviour. (¢) A field of 51.9 uT was determined in the temperature range 20270 °C for a vitrified rim of pillow 2. This result includes the
room temperature step and is therefore rejected as a primary palaeointensity.

values of our samples. Typically, pillow basalts hold a magnetization
larger than 1 A m~!, but we found values in the order of magnitudes
from 1x1072 to 1 Am™~'. These values are unexpectedly low for
a basaltic rock that forms under typical present-day geomagnetic
field conditions (e.g. Johnson & Hall 1978; Gee & Kent 1997).

To determine why these values are low, we studied the rock-
magnetic properties of the pillow basalts. The main magnetic carrier
in the rocks is primary (Ti-)magnetite (Figs 3a—h) and is a mixture
of (P)SD and MD grains (Fig. 3m). The coercivities are low, due
to the MD grains present in the samples (Figs 3j-1). IRM acqui-
sition curves show that the magnetic recorders are indeed capable
of recording high magnetizations (Fig. 3i). Although the amount of
MD grains is not ideal for palaeointensity experiments, we would
at least expect interpretable directional results from these magnetic
recorders as (P)SD grains usually contain the majority of the mag-
netization in volcanic rocks. The demagnetization curves (Figs 5c
and f) show that the majority of the NRM is lost at low coercivities
(<10 mT) and low temperatures (<250 °C), which is not expected
for typical (Ti-)magnetite. The combination of the high amount of
MD grains and the low initial magnetization values of the samples
might suggest that the (P)SD grains are not retaining a magnetiza-
tion in the samples. We hypothesize that the basalts likely contain

a mixture of SD/PSD and MD grains, but that the magnetic signal
in our measurements is dominated by MD grains, which are easily
(re-)magnetized in ambient fields. Commonly, the magnetic signal
of the MD grains is overwhelmed by the signal from (P)SD grains,
but in the case of the Middle Devonian pillow basalts, the (P)SD
grains have possibly not recorded a magnetic field, and the signal is
thus dominated by the MD grains. Therefore, the directional results
might represent pronounced viscous behaviour of the MD grains.
Viscous behaviour was also observed during repeated NRM mea-
surements over a time of several weeks, while the samples were
stored in a stable lab field.

5.2 Remagnetization

While Devonian rocks commonly display evidence of significant to
pervasive overprinting by younger magnetic fields (van der Boon
et al. 2022 and references therein), predominantly the Kiaman su-
perchron, we struggle to explain our results by overprinting. While
we lack field tests to constrain that our demagnetization results are
Devonian in age, the lack of a full resemblance to younger palaco-
magnetic poles partly precludes a remagnetization scenario.
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Figure 8. (a)-(b) A full TRM was imparted by cooling from 615 °C at five different magnetic field strengths. This procedure was done twice, to ensure
reproducibility without (major) alteration. Specimens with a large change in susceptibility (see Chapter 3.4.2) were omitted and are not shown in these plots.
In general, as prescribed by theory, a TRM induced in a stronger field is higher. (c)—(d) When dividing the NRM by the obtained TRM, a decreasing trend is
observed with increasing field. The dashed line indicates NRM/TRM equals 1, which would be expected if the imparted field is close to the field experienced
by the pillow basalts when they formed. An applied field of 2—5 uT results in a ratio closest to this value.

Viscous multidomain behaviour influences the low coercivity
component (Fig. 6a) and might explain the observed high mean in-
clination in this analysis. The low-temperature components (Figs 6d
and g) can be tentatively explained by a present-day magnetic field
overprint. The high coercivity and high-temperature components
(Figs 6b, e, h) result in similar declinations but show lower incli-
nations, these could potentially be a Devonian direction. However,
when great circle analysis is applied to the thermal data (Fig. 61),
we find the results plotting as great circles between Kiaman and
present-day field directions, which points to a combination of Kia-
man and present-day field remagnetization in our samples. Although
the AF demagnetization behaviour is univectorial and does not show
demagnetization paths along great circles, we suggest that the di-
rections we obtained could result from a combination of Kiaman
and present-day field directions, since the means of the high co-
ercivity components (Fig. 6¢) are similar to the direction of the
thermal demagnetization great circles. The great circle fitting of the
AF + thermal demagnetization (Fig. 6i) experiments results in a
slightly rotated mean. This could be the result of a present-day field
direction and Kiaman direction in combination with a tectonic rota-
tion. Another explanation could be the combination of a Devonian
direction with a present-day overprint, although this option cannot

be further constrained. Nonetheless, an overprinting mechanism is
needed to explain a (partial) remagnetization in our samples.

A chemical remanent magnetization (CRM) is a secondary re-
manence that affects magnetic minerals by chemical alteration at
temperatures below their Curie point in the presence of a magnetic
field. Although chloritization is present in our samples, it is be-
lieved that this occurred almost instantaneously when the pillows
were formed due to sea water interaction with the hot basalts (Wede-
pohl et al. 1983; Von Raumer et al. 2017). Iron ore formation in
the region was contemporaneous with the volcanism (von Raumer
et al. 2017), and we can thus exclude this ore formation as a cause
for later overprinting. Later, only very low-grade metamorphism
occurred during the Variscan orogeny (Moe 2000). It is therefore
difficult to explain the Kiaman overprint with a CRM, since no
substantial later alteration is found in the rocks. Furthermore, if a
Kiaman CRM would be present, we fail to explain why Kiaman
directions are not well-resolved in our data set.

A thermoviscous remanent magnetization (TVRM) could reset
the primary magnetization in the rocks if high temperatures are
reached for a significant amount of time. From the conodont alter-
ation index, a maximum temperature of 250-300 °C is determined
(Ahrendt et al. 1983), which is again argued to have been reached
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almost instantaneously during the formation of the pillow lavas.
It is therefore difficult to explain the Kiaman overprint with this
mechanism.

A viscous remanent magnetization (VRM) can be acquired by
magnetic minerals residing in a magnetic field for a sufficient
amount of time. This can alter the natural remanent magnetiza-
tion state. Particularly samples that have a low initial magnetization
state such as our samples, are prone to acquiring a VRM. PSD grains
are least sensitive to acquiring a VRM, compared to both SD grains
close to the SP threshold and MD grains (Yu & Tauxe 2006). This
mechanism may explain the present-day field and Kiaman over-
prints in the samples. However, we do not find these overprints in
all samples and the overprints can only tentatively be found with
great circle analysis. Differences in magnetic grain size might partly
explain this behaviour. Tauxe & Love (2003) describe viscous mag-
netizations in submarine basalts, however these are dominated by
low blocking temperatures and TM60. Our samples are not directly
comparable to theirs.

Although we find evidence of overprints in our samples, it is dif-
ficult to explain the overprinting mechanism behind it. The condi-
tions for remagnetization are barely met. Particularly, we consider it
likely that an overprint that was acquired either as a CRM or TVRM
during the Kiaman would have resulted in magnetizations that are
stronger than the ones we observe in our samples, and with a clear
Kiaman direction. Since we do not find full Kiaman or present-day
overprints in the samples, this suggests that at least part of the origi-
nal NRM is intact. However, we cannot derive a Devonian direction
with certainty from this potentially primary TRM. A possible ex-
planation could be a very weak original NRM, or even the lack of
an original NRM in the samples.

Although part of the directional data can be explained by remag-
netization, several scenarios could contribute to scattered palaeodi-
rections. Large spreads in directions have been previously observed
in Devonian lava sequences (Bazhenov et al. 2013; Hawkins et al.
2019), which has been explained as a result of strongly increased
secular variation of the Devonian geomagnetic field. A tectonic
scenario can be excluded as an explanation for the large spread in
directions, since the pillows come from a single block, and the data
spread is present within the individual pillows as well.

Besides Kiaman and present-day remagnetization, we consid-
ered other overprinting mechanisms. The presence of anisotropy
(Fig. 4) might explain part of the scatter in the directional data.
However, our ChRM distribution spans inclinations of 0°~89° and
has a widespread in declination. The AMS alone can never be a full
explanation for such ambiguous directional data. Furthermore, the
spread in AMS values is not consistent within the pillows nor are
the Pj-values related to the measured directions (Fig. C1, Appendix
O).

5.3 Middle Devonian magnetic field

Our accepted palacointensity estimate of 5.9 1T (bulk rock; Fig. 7a)
points towards an ultralow palaeointensity of the geomagnetic field
during the Middle Devonian. The low success rate of the palaeoin-
tensity experiments raises the question whether the pillow basalts
are poor recorders of the magnetic field or whether the magnetic field
had an unusual configuration causing the lack of a magnetization
in the pillows. Were the pillows originally magnetized and was the
magnetization later removed? Or were they initially not magnetized
and is it therefore problematic to retrieve reliable palacointensities?

From the rock-magnetic perspective, the pillows are expected
to be reasonably good recorders of the magnetic field and we

would anticipate being able to retrieve meaningful palaeointensi-
ties with the applied 1ZZI-protocol. The main magnetic recorder
is (Ti-)magnetite, and a minor amount of maghemite is present
in some samples (Figs 3a—d). Alteration of the magnetic miner-
als in susceptibility versus temperature experiments starts above
350400 °C, indicating that pTRM checks will likely start to fail
only above these temperatures (Figs 3e-h). MD and PSD grains
are dominant both in the bulk rock as well as in the vitrified rims
(Fig. 3m). Smaller magnetic grain sizes in glassy or vitrified rims
are expected to lead to successful palacointensity results (Carlut &
Kent, 2002; Selkin & Tauxe 2000; Tauxe & Love 2003). Although
the presence of MD grains is not ideal, samples containing mainly
PSD grains should at least have a detectable magnetization. Cych
et al. (2024) use micromagnetic modelling to demonstrate that the
range of size, shape and composition of unstable magnetic carriers
is large. Particularly titanomagnetite of intermediate composition,
both prolate and oblate in shape, has a large range of sizes over
which it is magnetically unstable. Although our magnetite compo-
sition is typically TM15-TM25 and has a lower titanium content
than TM30-40, which is unstable over the largest size range (Cych
et al. 2024), this difference could still contribute to the failure of
most of our palaeointensity experiments.

Since no obvious remagnetization mechanism could be identified,
we could argue that the obtained palaeointensity is held by a primary
TRM. However, since partial overprints have been identified in the
directional results, we could also argue that the intensities are the
result of a VRM overprint.

In the first case, the obtained palaeointensity suggests a weak
to ultraweak palacomagnetic field during the Middle Devonian,
which is in line with findings of other studies (van der Boon et
al. 2022 and references therein). However, if we deem the samples
remagnetized by a VRM, we cannot accept the value of 5.9 uT
as a Devonian palaeointensity. Since a TRM is a more efficient
mechanism than a VRM to impart a magnetization, the obtained
palaeointensity value can then only be considered a minimum value
for the palaeofield during remagnetization. However, we argue if a
large primary magnetization would have been present, we should
find traces that overcome this low value. We therefore suggest that
the magnetic field in which the palaeointensity was recorded was
likely weak on both occasions.

The obtained palaeointensity result, along with the fidelity test of
the NRM recording and the overall lack of solid palaeodirectional re-
sults, supports the suggestion of an (ultra-)weak geomagnetic field.
This aligns with the findings of Bellon ef al. (2025), who suggest
that an ultralow field (<2 pT) does not easily produce interpretable
paleodirections in vortex-state magnetite. Such an ultralow mag-
netic field could be the result of a geomagnetic field not dominated
by a geocentric axial dipole (GAD).

6 CONCLUSION

The pillow lavas of the Philippstein volcano in the Rhenish Massif
offer an opportunity to study the geomagnetic field of the Middle
Devonian. However, it appears to be complicated to retrieve sensi-
ble palacomagnetic directions. With univectorial low-coercivity and
low-temperature components we find traces of a present-day field
overprint in the samples. However, at high coercivities or tempera-
tures we do not find univectorial results. With the use of great circle
analyses we suggest that a combination of a present-day field over-
print and a Kiaman overprint could be present. Although Kiaman
overprints are common in Devonian rocks, full Kiaman directions
are never uncovered in our samples. We are therefore hesitant to
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claim that all results are convincingly explained with both these
overprints. No clear Middle Devonian direction can be retrieved
either. In any case, our rocks are weakly magnetized and palaeoin-
tensity experiments indicate potential low magnetic field values.
Since we cannot explain the lack of a magnetization with rock-
magnetic properties or an obvious remagnetization mechanism, we
suggest a low intensity or non-dipolar magnetic field might have
prevailed during (part of) the Middle Devonian.
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APPENDIX A—GRM
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Figure Al. Examples of a GRM at high coercivities (>70 mT) during AF demagnetization experiments. At high coercivities, the demagnetization path moves
away from the origin of the Zijderveld diagrams, indicating an induced GRM.
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specimen coordinates
AF demagnetization >15mT
n=98

e Directions ® Mean

Figure A2. Specimen coordinates of AF > 15 mT demagnetization ex-
periments. The last AF demagnetization axis in the Z-direction could lead
to samples clustering perpendicular to this axis, on the great circle with
inc = 0°. Although part of the samples tends to cluster around this low
inclination value, there does not seem to be a clear GRM present throughout
all samples.

APPENDIX B—IRM ACQUISITION
CURVE UNMIXING

Appendix C—COMPARISON AMS AND
DIRECTIONS
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Figure B1. Unmixing of the IRM acquisition curves (Maxbauer ef al. 2016) mainly indicates magnetite presence (Bh values of 1.36-1.74 log mT or 23-55
mT) and potentially high Ti-magnetite (Bh value of 2.00 log mT or 100 mT). The samples mainly contain one dominant magnetite population with a rather
large DP value (0.23-0.35), indicating the presence of oxidized titanomagnetite. The small populations (<8 per cent) with typical Bh values of magnetite are
likely a mathematical artefact of the fitting procedure, because small DP values are unlikely for magnetite populations in a basaltic lava.
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Figure C1. Pj-value of the AMS plotted per AF direction determined for
high coercivity AF demagnetization experiments (Fig. 6b). There appears
to be no relationship between Pj-value and declination or inclination.
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Figure D1. Magnetization versus temperature curves of all pillows.
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Figure D2. Susceptibility versus temperature curves of all pillows.
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Figure D3. Slope-corrected hysteresis loops of all pillows (PS) and vitrified rims (AR).
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