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Abstract: The Lundy Island (Bristol Channel, UK) granite is a felsic expression of the southernmost igneous centre of the
North Atlantic Igneous Province that emplaced millions of cubic kilometres of magma during the Paleogene. The granite’s
distinctive S-type, peraluminous, two-mica ± garnet ± tourmaline composition has led to the hypothesis that eruptions from the
Lundy volcanic centre may be the source of thick felsic ash layers within the early Eocene Fur Formation (Denmark) that act as
key marker horizons for the onset and duration of the Paleocene–Eocene Thermal Maximum. This paper presents high-
precision zircon U–Pb emplacement ages of 57.24 ± 0.11/0.12/0.13 Ma for the granite and 55.970 ± 0.021/0.030/0.070 Ma for
a felsic ‘lundyite’ dyke. Trace and rare earth element patterns indicate close similarities between late-stage Lundy activity and
ash layer −33 in Denmark. This ash layer was deposited during the Paleocene–Eocene Thermal Maximum carbon isotope
excursion, suggesting that the Lundy volcanic centre is likely to be the source of this key ash horizon and that magmatism at
Lundy likely continued into the early Eocene.
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The North Atlantic Igneous Province (NAIP) is one of the largest
and best-studied large igneous provinces in the Phanerozoic, with an
estimated total magma emplacement volume of 6.6 × 106 km3

(Bryan and Ernst 2008). It consists of extensive flood basalt
provinces and associated intrusions and dykes extending over a vast
area that includes east and west Greenland, the Faroe Islands, the
Norwegian continental margin, Rockall Bank and the British Isles
(Fig. 1; Saunders et al. 1997; Storey et al. 2007b; Bryan and Ernst
2008; Horni et al. 2017).

Current geochronological data suggest that the NAIP was
emplaced between 64 and 50 Ma (Wilkinson et al. 2017), but the
main acme of volcanismwas confined to between 56 and 54 Ma (e.g.
Jerram and Widdowson 2005; Ganerød et al. 2010; Larsen et al.
2016; Wilkinson et al. 2017). This voluminous peak in magmatic
activity coincided with active continental break-up between
Greenland and Eurasia (Storey et al. 2007b; Larsen et al. 2016)
and the hothouse Paleogene climate, including the Paleocene–
Eocene Thermal Maximum (PETM). Eruptive activity was
dominated by effusive continental flood basalt volcanism (Fig. 1;
Storey et al. 2007a, b; Abdelmalak et al. 2019; Jolley et al. 2021),
but the emplacement of the NAIP was also marked by significant
explosive volcanism, as evidenced by hundreds of tephra layers
deposited in sediments across NW Europe (Morton and Knox 1990;
Larsen et al. 2003; Egger and Brückl 2006; Storey et al. 2007a). Ash
horizons often contain primary crystals that can be dated using U–Pb
and Ar–Ar methods, making them powerful geochronological

marker horizons. Improved radiometric ages for different suites of
volcanic and magmatic products will help constrain the absolute and
relative timings of key events, such as elevated volcanic activity,
global climate change and regional changes (e.g. tectonic uplift).

One locality that shows great promise for tephrostratigraphy
during the emplacement of the NAIP is the island of Fur in NW
Denmark, where more than 180 ash layers are preserved in a c. 75 m
sequence of clay and diatomite strata pre- to post-PETM in age
(Fig. 1; Jones et al. 2019, 2023; Stokke et al. 2020a, b, 2021). These
ash layers are named by their number in the stratigraphy, ranging
from −39 to +140 (Bøggild 1918). Most of these ash layers are
tholeiitic basalts, likely the result of explosive hydromagmatic
eruptions (Stokke et al. 2020b). There are a few felsic tephra layers,
including the thick (14 cm) marker horizon named ash layer −33
that was deposited during the PETM carbon isotope excursion at Fur
Island (Jones et al. 2019), and later ash layers −17, +13 and +19 in
the early Eocene stratigraphy.

Obtaining radiometric ages from the ash layers in the Fur strata
has proved challenging because northern Denmark was >700 km
from the nearest known NAIP source volcano at the time of
deposition (Stokke et al. 2020b). The fine-grained nature of these
airfall deposits has hindered successful geochronological efforts.
Thus far, only ash layer −17 has been successfully dated to 55.48 ±
0.12 Ma using the Ar–Ar method on sanidine (Storey et al. 2007a),
corrected to the 28.201 Ma Fish Canyon Tuff calibration (Kuiper
et al. 2008). The deposition age of ash layer−33 is estimated to be c.
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55.8 Ma based on its position within the PETM carbon isotope
excursion relative to a U–Pb-dated ash layer in Svalbard (Charles
et al. 2011; Jones et al. 2023). Ash layers +13 and +19 are
constrained using cyclostratigraphy to c. 180 and c. 200 kyr,
respectively, after the eruption of ash layer −17 (Westerhold et al.
2009). If the source volcanoes of the key tephra layers can be
identified, then radiometric dating of these macrocrystalline
magmas can give much more precise and robust ages of volcanic
and magmatic activity. These refined ages can subsequently be used
to constrain how the regional tectonic changes affected NAIP
activity in the late Paleocene and early Eocene, and potentially
refine the timing and duration of the PETM.

Thus far, the source volcanoes of the key felsic ash layers within
the Danish strata are not well constrained. There is convincing
geochemical and geochronological evidence that ash layer −17 is
the same event as an ignimbrite layer that outcrops close to the top of
the continental flood basalts at the Gronau Nunatak in east
Greenland (Fig. 1; Heister et al. 2001; Larsen et al. 2003; Storey
et al. 2007a). The sources of ash layers −33, +13 and +19 are
postulated to be from the British Paleogene Igneous Province
(BPIP), an off-axis component of the NAIP (Larsen et al. 2003).
Numerous volcanic centres are located throughout the BPIP (Fig. 1),
with several that evolved magmatic compositions that are now
preserved as granite intrusions of various geochemical affinities, as
well as ignimbrites and tephra layers (e.g. Emeleus et al. 2005).
However, the majority of the existing geochronological data from
volcanic centres exposed across the British Isles are mid-Paleocene
(62.5–58 Ma) in age (Hamilton et al. 1998; Chambers et al. 2005;
Storey et al. 2007b; Troll et al. 2008; Ganerød et al. 2011). There is
scattered evidence of latest Paleocene to maybe Eocene silicic

volcanism from centres such as Skye (e.g. Drake et al. 2022) and the
Mourne Mountains (e.g. Gamble et al. 1999), but the current
geochronological dataset is sparse.

We investigated the magmatic rocks exposed on Lundy Island,
Bristol Channel, UK as a potential source of the felsic ashes exposed
in early Eocene strata in Denmark. Lundy Island is dominated by a
granitic intrusive complex that is the southernmost outcrop of the
BPIP (Figs 1, 2). The Lundy granite has previously been dated using
Rb–Sr whole-rock methods, giving an age of 58.7 ± 1.6 Ma
(Thorpe et al. 1990) when combined with earlier whole-rock and
mineral analyses of granites and dolerites (Edmonds et al. 1979).
The most recent age estimate using U–Pb zircon secondary ionmass
spectrometry resulted in ages of 59.8 ± 0.4 to 58.4 ± 0.4 Ma for the
granite and 57.3 ± 0.8 and 57.2 ± 0.5 Ma for two felsic dykes
(Charles et al. 2017). These ages confirm that the Lundy granite
complex was active in the late Paleocene, but the data are not
sufficiently resolved to evaluate whether there was any temporal
overlap of magmatic activity at Lundy with the Paleocene–Eocene
boundary.

Larsen et al. (2003) showed geochemical similarities between the
Lundy granite and felsic dykes with some silicic ash layers at Fur
Island (i.e. ash layers −33, +13 and +19). The main Lundy granite
body has S-type characteristics and geochemical affinities: it is
peraluminous with high Al, high Rb, high Rb/Sr ratios and high
trace alkali, Nb and U contents (Thorpe et al. 1990; Thorpe and
Tindle 1992; Larsen et al. 2003; Charles et al. 2017). This unique
geochemistry differs from the dominantly A-type, metaluminous
affinities of the other major granite intrusions within the BPIP (e.g.
Stone 1990; Thorpe et al. 1990). This led to the Lundy igneous
complex being proposed as a potential source for the felsic ashes in

Fig. 1. (a) Plate reconstruction showing
the known extent of the North Atlantic
Igneous Province at 56 Ma. The
palaeoshoreline data are compiled from
Abdelmalak et al. (2016), Golonka
(2009), Hovikoski et al. (2021) and Zacke
et al. (2009). Dark red points denote
volcanic centres that are potential sources
of volcanic ash. (b) Compilation of stable
isotope palaeoclimate data (Cramer et al.
2009; Littler et al. 2014), current
radiometric ages of North Atlantic
Igneous Province activity (Wilkinson
et al. 2017; Drake et al. 2022) and North
Sea stratigraphy (Heilmann-Clausen et al.
1985; King 2016) in relation to the
GTS2020 geological timescale (Speijer
et al. 2020). BPIP, British Paleogene
Igneous Province; ETM2, Eocene
Thermal Maximum 2; NAIP, North
Atlantic Igneous Province; PETM,
Paleocene–Eocene Thermal Maximum.
(c) Simplified stratigraphic log of the
Stolleklint Clay and the Fur Formation in
Denmark in relation to the PETM (Stokke
et al. 2021; Jones et al. 2023). Ashes
numbered from −39 to +140, with four
(SK1–SK4) found in pre-PETM strata
(Jones et al. 2019). The felsic ashes
investigated in this study (ash layers −33,
−17, +13 and +19) are marked in bold.
Source: part (a) adapted from Jones et al.
(2023).
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Denmark because ash layer −33 in particular has a distinctive
peraluminous geochemical signature, with low Sr, Zr, La, Ce and Y,
and high P (Larsen et al. 2003), characteristic of S-type granites
(Chappell and White 2001; Frost et al. 2001).

The Lundy granite is currently one of the only known
peraluminous centres active in the late Paleocene and is one of
the closest NAIP centres to Denmark, albeit still 1100 km away.
This suggests that the complex may be the source of one or
several of the ash layers in Danish strata (Larsen et al. 2003), but
the current geochronological and geochemical datasets are
insufficient to corroborate this hypothesis. This study presents
new high-precision ages for the Lundy granite and a cross-cutting
lundyite dyke, analysing zircons by high-precision U–Pb
chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS). We combine these refined ages
with new and existing geochemical data for the Lundy complex
and four key felsic ash horizons on Fur Island, Denmark (ash
layers −33, −17, +13 and +19). This allows us to assess whether
the Lundy magmatic rocks could represent intrusive counterparts
to these early Eocene-age eruptions.

Materials and methods

Sample collection and description

Rock samples were collected from ten locations on Lundy Island in
September and October 2020 for geochronological and geochem-
ical analyses (Fig. 2, Table 1). The Lundy granite is relatively
homogenous, consisting mostly of megacrystic two-mica granite
(sample localities OS-LD1, OS-LD2, OS-LD7 and OS-LD9 in this
study; Fig. 2), with occurrences of medium- to fine-grained granite
(OS-LD8, Fig. 2) and pegmatite-like granites (OS-LD6; Fig. 2) as

layers or pods within the main facies. The Lundy granite shows
layering at some locations (OS-LD1, OS-LD2 and OS-LD6; Fig. 2),
a result of weathering enhancing the existing laccolith features (Bott
et al. 1958). Initial mapping described two main types of granite
exposure named G1 and G2 (Dollar 1941), but these are chemically
homogeneous (Stone 1990; Thorpe et al. 1990) and not possible to
distinguish by mapping in the field (Charles et al. 2017). Cross-
cutting microgranite dykes were named G3 (Dollar 1941) and
appear to be chemically different from the main granite (Stone
1990; Thorpe et al. 1990). However, none of these studies gave
localities for the G3 microgranite outcrops and we were unable to
locate any given the limited time available for sampling during the
COVID-19 pandemic.

The granite is cut by more than 200 dykes, most of which are
mafic in composition (OS-LD5; Fig. 2; Dollar 1941) and indicate
prolonged activity of the igneous complex. We sampled one felsic
dyke found in the south of the island next to the pier (OS-LD10;
Fig. 2), colloquially known as ‘lundyite’ (Hall 1915), which we use
to differentiate between other dyke suites. The OS-LD10 sample is a
highly weathered, aphanitic, pale greenish grey rock (Fig. 2) with a
NE–SW-trending orientation. The lundyite dyke was targeted as a
potential source for zircons to help provide the precise age for the
late-stage activity on Lundy. The bimodal NE–SW and NW–SE
orientation of the dykes (Fig. 2) is interpreted to be the result of
NAIP uplift and Alpine-related compression and is found in other
intrusive BPIP centres active during the Paleocene–Eocene (Roberts
and Smith 1994; Cooper et al. 2012; Anderson 2013; Anderson
et al. 2018). The granite sample OS-LD1 was collected from the
same locality as sample LY29 of Charles et al. (2017; Fig. 2),
whereas the lundyite sample OS-LD10 was collected from the same
outcrop as previous samples LY13 of Charles et al. (2017) and
LUN4 and LUN23 of Thorpe and Tindle (1992).

Fig. 2. Geological map of Lundy Island.
Most of the island outcrops are granite
(pink), although the southern tip is part of
the Devonian slate series (grey). Data on
magnetically mapped dykes are from
Roberts and Smith (1994). Sample
localities 1–10 are marked on the map,
along with images at those locations to
show the representative igneous textures.
OS-LD1 and OS-LD2 show the main two-
mica ± garnet ± tourmaline granitic texture
that comprises c. 90% of the exposures.
There are sporadic occurrences of
medium- to fine-grained granites
(represented by OS-LD8 and OS-LD9)
and pegmatite-like granites (represented by
OS-LD6). OS-LD5 is a cross-cutting
dolerite dyke and OS-LD10 is the lundyite
dyke exposed near the pier. Also marked
on the map are the sample localities of
felsic dykes from Thorpe and Tindle
(1992) and Charles et al. (2017) and the
key localities described by Dollar (1941).
Samples LUN4 and LUN23 are from the
same lundyite dyke as OS-LD10 (this
study) and possibly also LY13 (Charles
et al. 2017). Samples LUN58 and LUN61
are trachyte dykes exposed at Quarry
Beach on the east coast. Samples LUN69
and LUN70 exposed on the west coast are
described as low-Zr rhyolites (Thorpe and
Tindle 1992), with the former from the
same dyke as LY32 (Charles et al. 2017).
Source: geological map adapted from
Charles et al. (2017).
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Zircon extraction and CA-ID-TIMS geochronology

One southern granite sample (OS-LD1) and one lundyite dyke
sample (OS-LD10) were used to determine the age of emplace-
ment for the main phase of the Lundy granite complex and later
intrusive activity. The samples were crushed and pulverized before
the heavy minerals, including zircons, were separated using
standard heavy liquid and magnetic methods. Around 100 zircons
were chosen from OS-LD1 and OS-LD10 for cathodolumines-
cence imaging on a scanning electron microscope at the
University of Oslo, Norway. Subsequently, 13 zircons from the
two samples were selected for CA-ID-TIMS analyses based on
texture and morphology. The zircons were annealed for c. 72 h at
c. 900°C (Huyskens et al. 2016) and chemically abraded with HF
(+HNO3) at c. 195°C for 14 h (Mattinson 2005). The zircon grains
in HF were converted to HCl, evaporated and then washed with
multiple cycles of HNO3 before dissolution. The zircons chosen
for analyses were spiked with a mixed 205Pb–233U–235U tracer
(ET535) (Condon et al. 2015). After spiking, the zircons were
dissolved in HF and HNO3 at c. 210°C for >48 h in Teflon micro-
capsules enclosed in a Teflon bomb.

The solutions were chemically separated through chromatog-
raphy, separating U and Pb from the rare earth elements (REEs)
and other ionization-inhibiting elements (Krogh 1973), before
being evaporated down and loaded onto zone-refined Re
filaments with Si gel. The samples were measured on a
Finnigan MAT262 thermal ionization mass spectrometer at the
University of Oslo. For all samples, Pb was measured in the
dynamic mode on a Masscom secondary electron multiplier and
U was measured in the static mode on Faraday cups (apart from
some of the smallest inherited zircons, where U was measured in
the dynamic mode). Corrections for Pb fractionation were made
using the measured long-time average Pb fractionation deter-
mined from measurements of the NBS982 Pb standard solution
(0.16% per a.m.u. ±0.06%; 2σ). U fractionation was determined
from the measured 233U/235U ratio. The raw data were reduced
using Tripoli (Bowring et al. 2011) and the analytical errors and
corrections (including tracer uncertainties and Th corrections,
assuming a Th/U ratio in the magma of 3 ± 0.5) were
incorporated and propagated using an Excel macro based on
published algorithms (Schmitz and Schoene 2007). The ages
were calculated using Isoplot (Ludwig 2012) with specified
decay constants (Jaffey et al. 1971). The data are reported in
Table 1. The weighted mean errors are reported as ±x/y/z, where x
represents the analytical uncertainties, y represents the x + tracer
calibration uncertainties and z represents the x + y + uncertainty in
the decay constant. The raw data are available in the
Supplementary files.

Whole-rock geochemistry

Selected samples of granite (OS-LD2, OS-LD7) and the dolerite
(OS-LD5) and lundyite (OS-LD10) dykes were crushed, pulverized
and analysed for whole-rock chemistry at ALS Geochemistry,
Sweden. The major and trace element and REE abundances were
determined using inductively coupled plasma mass spectrometry.
Samples of ash layers −33, −17, +13 and +19 were collected from
outcrop exposures on Fur Island in Denmark (Fig. 1). These were
also pulverized and analysed using the 4Lithores method (lithium
metaborate/tetraborate fusion – inductively coupled plasma and
inductively coupled plasma mass spectrometry) by Activation
Laboratories Ltd for both major and trace elements. Geochemical
data from previous studies of Lundy rocks (Stone 1990; Thorpe
et al. 1990; Thorpe and Tindle 1992) and Danish ash layers (Larsen
et al. 2003) were incorporated into the dataset. Full geochemical
data can be found in the Supplementary files. T
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Results

Zircon description and age data

A granite sample from the south of Lundy Island (OS-LD1; Fig. 2)
and a lundyite dyke sample from near the pier (OS-LD10) were
chosen for dating because both contained abundant zircons after the
separation process. The U–Pb ages for selected zircons are presented
in Table 1. The cathodoluminescence images suggested the presence
of two distinct groups of zircons based on their internal textures. The
zircons from granite sample OS-LD1 exhibit pronounced oscillatory
zoning with variations in the thickness of the bands (Fig. 3). In
addition to the oscillatory zoning observed in most grains (e.g. 608/
5; Fig. 3a), resorption–recrystallization textures and overprinting
oscillatory zonation can also be observed (e.g. 611/7; Fig. 3c). The
zircons from the lundyite sample (OS-LD10) show faint outer
zoning and homogeneous inner domains (Fig. 4). Grain 611/4 shows
an inner oscillatory zoned domain with a partially resorbed core,
overgrown by a faintly oscillatory domain (Fig. 4a).

Five zircons were analysed from the granite sample OS-LD1
(Table 1). The zircons show a spread in dates from 83.409 ± 0.088 to
57.240 ± 0.114 Ma. Three crystals (608/5, 611/7 and 608/7) are
concordant, with the youngest two (611/7 and 608/7) overlapping
with dates of 57.324 ± 0.102 and 57.240 ± 0.114 Ma, respectively
(Fig. 3; Table 1). Eight zircons were analysed from the lundyite

dyke sample (OS-LD10, Table 1). The zircons show a spread in
dates from 56.092 ± 0.060 to 55.91 ± 0.11 Ma. Five analyses are
equivalent within error and do not show distinct oscillatory growth
zones, which give a weighted mean 206Pb/238U age of 55.970 ±
0.021/0.030/0.070 Ma (MSWD = 1.69; Fig. 4).

Comparison of whole-rock and REE data

Two granite samples (OS-LD2 and OS-LD7), one dolerite dyke
sample (OS-LD5) and one lundyite dyke sample (OS-LD10) were
analysed for whole-rock geochemistry, along with the four main
felsic ash layers (−33,−17, +13 and +19) from the Fur Formation in
Denmark, to assess whether the Lundy complex could be the source
of any of these keymarker horizons. These data were complemented
by geochemical data from previous studies on the Lundy granites
and dykes (Stone 1990; Thorpe et al. 1990; Thorpe and Tindle
1992) and the Danish ash layers (Larsen et al. 2003).

Both the analysed granite samples (coarse- and medium- to fine-
grained two-mica ± garnet ± tourmaline granites) are peraluminous
with an aluminium saturation index of 1.5 and S-type granite
characteristics (low Na2O, CaO and Fe2O3; low Sr, Zr, La, Ce and Y;
and high P; Chappell and White 2001; Frost et al. 2001). The major
element data of the lundyite dyke (OS-LD10) shows minor
differences from the granites (OS-LD2, OS-LD7), with slightly

Fig. 3. Left-hand panels: cathodoluminescence images of zircons chosen for dating from granite sample OS-LD1. The numbered grains represent the
zircons dated in this study (Table 1). (a) A grain with oscillatory and sector-zoning growth zones, broken on one end. (b) Grains with growth zones, some
with prismatic faces; the grain in the upper left (608/6) has an inner domain with a subrounded shape and featureless texture that, given the discordant
207Pb/206Pb date, is interpreted to represent a xenocrystic core. A non-analysed grain at the top left also clearly shows the presence of xenocrystic core
material. Grain 608/7 has a rather simple oscillatory zonation with few growth zones. This grain also has the youngest date from this OS-LD1 sample
(Table 1). (c) The grain in the upper right (611/7) shows a resorption–recrystallization texture and overprinting oscillatory zonation. This analysis is
equivalent within uncertainty to 608/7, so this resorption–recrystallization episode is interpreted to have occurred during a late stage in the magma evolution
of the granite phase sampled by OS-LD1, probably reflecting the replenishment of new magma with a zircon-undersaturated composition during late-stage
crystallization of this magmatic phase. (d) Grains with varying textures, such as oscillatory growth zones, resorption–recrystallization textures and core–
overgrowth textures. Grain 611/8 is the oldest dated grain in the sample (Table 1). The cathodoluminescence-bright inner domain of this grain is interpreted
to represent a xenocrystic (Paleozoic) core with only minor overgrowth during the Paleocene magma entrainment. Right-hand panels: 206Pb/238U age
diagram for granite sample OS-LD1. The plot shows three out of five analysed zircon grains. The calculated age of the youngest grain is 57.24 ± 0.11/0.12/
0.13 Ma (2σ, MSWD= 1.20), which is interpreted to best reflect the emplacement age of the Lundy granite. The concordia plot to the upper right of the
206Pb/238U age diagram shows the three youngest zircons. All errors are plotted as 2σ.
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lower SiO2 (c. 69%) and higher Fe2O3, MgO and TiO2 contents
(Table 2). On a total alkali v. silica (TAS) classification diagram
(Fig. 5), the Lundy complex consists of three distinct populations: (1)
the dolerite dykes (OS-LD5; Thorpe and Tindle 1992) plot in the
basalt to basaltic andesite fields; (2) an intermediate suite of dykes
(Thorpe and Tindle 1992) plot in the trachyte to trachydacite field;
and (3) a suite of dykes and the main Lundy granite (OS-LD2 and
OS-LD7; Stone 1990; Thorpe et al. 1990; Thorpe and Tindle 1992)
plot in the rhyolite field. The lundyite sample (OS-LD10) plots just
within the rhyolite field between the trachyte dyke and granite
populations (Fig. 5). The Danish ash samples from the Fur Formation
all plot in the rhyolite field, with ash layers −33, +13 and +19
comparable with the lundyite dyke. Ash layer−17 has very high loss
on ignition (LOI) and an extreme TAS classification (Fig. 5).

The Lundy granite samples OS-LD2 and OS-LD7 are rich in
Al2O3 (c. 12.9 wt%) and comparatively poor in CaO (0.4 wt%),
Na2O (c. 3.5 wt%) and K2O (c. 4.1 wt%; Table 2), resulting in a
peraluminous composition (Fig. 6). This is consistent with previous
analyses of the main granite body (Stone 1990; Thorpe et al. 1990),
confirming a high degree of chemical homogeneity. The lundyite
dyke sample (OS-LD10) also plots in the peraluminous field,
whereas the dolerite dyke sample (OS-LD5) is metaluminous due to
the high CaO content (9.1 wt%; Table 2). These match previous

geochemical studies of Lundy rocks, where the main granite (Stone
1990; Thorpe et al. 1990) and cross-cutting trachyte, rhyolite and
microgranite dykes (Stone 1990; Thorpe and Tindle 1992) are
uniformly peraluminous (Fig. 6). The Lundy complex is therefore
unique, within the known extent of the BPIP, with centres such as
the Mull, Skye and Slieve Guillon complexes all having peralkaline
to metaluminous compositions (Walsh et al. 1979; Gamble et al.
1992; Aboazoum 1995). On the TAS diagram, the Fur Formation
ash layers −33, +13 and +19 plot within the same field as the felsic
Lundy suite, whereas ash layer −17 plots as extremely peralumin-
ous, which suggests that extensive alteration has occurred (Fig. 6).

The trace element and REE compositions of the different
components of the Lundy igneous complex show comparable
signatures to each other (Fig. 7). The REE patterns of the Lundy
rocks are flatter relative to other granite suites, both those within the
BPIP and local Cornubian batholiths of Permian age (Charles et al.
2017). The lundyite dyke (OS-LD10; Fig. 7c, d) shows higher
concentrations of the high field strength elements (HFSEs), but
similar concentrations of large ion lithophile elements, compared
with the Lundy granites (OS-LD2 and OS-LD7; Fig. 7g, h). Other
felsic dykes (Fig. 7c, d) show similar, yet unique, REE patterns to
both the lundyite and granite samples, indicating that the trachyte
and ‘low-Zr rhyolites’ (the term used by Thorpe and Tindle 1992)

Fig. 4. Left-hand panels: cathodoluminescence images of zircons chosen for dating from lundyite sample OS-LD10. The numbered grains represent the
zircons dated in this study (Table 1). (a) Grain 611/4 with an inner oscillatory zoned domain with partially resorbed core, overgrown by a faintly oscillatory
domain. This grain is among the older generation of zircons interpreted to represent antecrysts formed early in magma evolution or, alternatively, picked up
from host magmatic rocks of the Lundy granite complex. (b–e) Grains with a homogenous core and faint oscillatory outer zone. Most of these grains (608/
9, 608/10, 611/1 and 611/2) were included in the calculation of the mean date that is interpreted to represent emplacement age of the dyke. Each has a
simple texture with a homogeneous to faint zonation and one to a few narrow growth zones towards the margins of the grains. Zircon 610/15 (in part c) has
several distinct oscillatory growth zones outside the homogeneously zoned interior, comparable with grain 608/11. This may suggest a longer crystallization/
magma residence history than the other grains and, although the age is within the uncertainty of the young population (Table 1), it is the oldest of these
grains. Given these uncertainties, it is excluded from the mean date calculation. Right-hand panels: 206Pb/238U age diagram for lundyite sample OS-LD10.
The plot shows the results of all analysed grains from sample OS-LD10, with the weighted mean calculated for the youngest population of zircons (five
grains), shown as the black line with the uncertainty as an orange box. The calculated weighted mean is 55.970 ± 0.021/0.030/0.070 Ma (MSWD= 1.69),
which we interpret to represent the emplacement age of the dyke. It should be noted that we used a correction for Th/Umagma of 3 ± 0.5 in this calculation.
For a rapidly crystallized rock with a simple fractionation history, the Th/U ratio of the magma may be approximated by the whole-rock composition in the
absence of melt inclusion compositional data. In this case, the Th/U ratio of the whole rock is 2.71, within the uncertainty of the Th/Umagma estimate used in
the calculation. An age using the latter Th/U correction would yield an age 3 kyr younger than that reported here, which is almost identical within
uncertainty. For the ease of comparison with other age data, we used a Th/U ratio of 3. The concordia plotted to the upper right of the 206Pb/238U age
diagram shows all the analysed zircon grains. All errors are plotted as 2σ.
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Table 2. Major element (wt%) and trace element (ppm) data for selected rock samples from Lundy (UK) and ash samples from Fur Island (Denmark)

Sample ID Location SiO2 (wt%) Al2O3 (wt%) Fe2O3 (wt%) MnO (wt%) MgO (wt%) CaO (wt%) Na2O (wt%) K2O (wt%) TiO2 (wt%) P2O5 (wt%) LOI Total

OS-LD2 Lundy 78.5 12.95 1.28 0.04 0.05 0.36 3.65 4.12 0.03 0.05 0.57 101.60
OS-LD5 Lundy 44.4 14.75 14.4 0.26 4.79 9.11 3.65 0.56 3 0.42 2.8 98.14
OS-LD7 Lundy 77.5 12.9 1.56 0.04 0.06 0.45 3.36 4.19 0.05 0.09 0.5 100.7
OS-LD10 Lundy 68.8 15.35 5.02 0.2 0.12 0.08 3.49 4.31 0.37 0.02 3.2 100.96
Ash layer −33 Fur Island 64.42 12.47 3.52 0.023 0.42 0.47 3.18 2.87 0.124 0.44 12.72 100.66
Ash layer −17 Fur Island 69.02 7.21 1.18 0.026 0.22 0.14 1.13 0.65 1.749 0.14 18.54 100.01
Ash layer +13 Fur Island 65.06 13.75 4.04 0.094 0.17 1.25 2.85 3.21 0.397 0.04 9.36 100.22
Ash layer +19 Fur Island 64.87 12.75 4.89 0.174 0.66 1.31 3.73 3.09 0.942 0.14 7.04 99.60

Sample ID Location Sc (ppm) V (ppm) Cr (ppm) Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) Ga (ppm) Rb (ppm) Sr (ppm) Y (ppm) Zr (ppm)

OS-LD2 Lundy 8 2 20 0.5 2 1 35 30.4 487 9.7 43 39
OS-LD5 Lundy 33 370 60 44 38 65 115 21.8 22.4 331 42.5 263
OS-LD7 Lundy 7 2 20 0.5 2 1 68 28.2 439 11.3 44.4 72
OS-LD10 Lundy 1 2 10 0.5 1 5 201 36.2 210 11.7 172 1855
Ash layer −33 Fur Island 1 11 20 4 20 20 170 26 139 31 5 44
Ash layer −17 Fur Island 4 20 20 4 40 10 30 15 20 243 14 1855
Ash layer +13 Fur Island 5 22 20 3 20 30 110 24 91 34 52 321
Ash layer +19 Fur Island 5 21 10 1 10 5 160 29 85 292 40.2 633

Sample ID Location Nb (ppm) Cs (ppm) Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) Nd (ppm) Sm (ppm) Eu (ppm) Gd (ppm) Tb (ppm) Dy (ppm)

OS-LD2 Lundy 57.4 19.1 50.3 9.8 23.6 3.28 13.2 5.74 0.22 7.93 1.67 9.39
OS-LD5 Lundy 16.2 21.1 177.5 16.2 35.8 5.62 27.2 7.74 2.46 9.09 1.41 8.34
OS-LD7 Lundy 50 19.05 52.8 13.1 29.9 4.13 16 6.03 0.34 7.8 1.59 9.45
OS-LD10 Lundy 79.2 1.62 202 49.9 110.5 16.8 72.2 21.5 2.8 27.5 4.7 30.8
Ash layer −33 Fur Island 16 8.5 239 4.5 12.9 1.59 6.3 2.4 0.4 2 0.3 1
Ash layer −17 Fur Island 363 0.5 2121 39.6 69.4 7.17 23 3.8 1.11 2.6 0.5 2.9
Ash layer +13 Fur Island 15 1.3 168 67.3 137 16.4 62.6 12.5 0.61 10.5 1.6 9.8
Ash layer +19 Fur Island 127 0.9 766 96.1 196 23 84.7 15.4 3.58 11.3 1.67 8.56

Sample ID Location Ho (ppm) Er (ppm) Tm (ppm) Yb (ppm) Lu (ppm) Hf (ppm) Ta (ppm) W (ppm) Tl (ppm) Pb (ppm) Th (ppm) U (ppm)

OS-LD2 Lundy 1.31 2.86 0.34 2.31 0.2 2.8 8.8 61 0.55 12 7.28 4.95
OS-LD5 Lundy 1.53 4.44 0.54 3.74 0.51 6.1 0.6 0.5 0.16 4 1.71 0.66
OS-LD7 Lundy 1.37 3.38 0.39 2.49 0.25 3.6 5.2 6 0.69 17 8.64 6.96
OS-LD10 Lundy 6.19 19.5 2.82 19.75 2.82 38.9 4.8 7 0.05 22 20.1 7.39
Ash layer −33 Fur Island 0.2 0.4 0.07 0.4 0.05 1.9 1.7 2 0.6 25 1.8 4.6
Ash layer −17 Fur Island 0.6 1.6 0.23 1.5 0.23 30.4 31.6 7 0.1 9 38.9 14.8
Ash layer +13 Fur Island 2 5.7 0.82 5.5 0.9 8.3 1.2 1 0.3 25 5.3 2.5
Ash layer +19 Fur Island 1.57 4.3 0.585 3.58 0.537 18.6 8.14 1.2 0.22 12 15.3 4.09

Samples OS-LD2 and OS-LD7 are from the Lundy G1 granite, whereas samples OS-LD5 and OS-LD10 are from cross-cutting dolerite and lundyite dykes, respectively. The Danish ash samples were collected from Stolleklint Beach (ash layers −33 and −17) and
Elke Quarry on Fur Island (see Jones et al. 2023).
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represent their own distinct magmatic events. The same is true of a
microgranite dyke (sample G3; Fig. 7g, h) reported by Stone (1990),
which is comparable with the granite composition, but with an even
more diminished REE content. The dolerite dykes generally have
flat trace element and REE patterns, with slight enrichments in Cs,
U and Pb relative to pyrolite mantle (Fig. 7e, f ).

Eu anomalies are a powerful tracer of magma evolution given the
unique ability of Eu among the lanthanides to exist in a divalent
form (Eu2+) under reducing conditions. The formula for Eu
anomalies (Eu/Eu*) is calculated by chondrite-normalized elemen-
tal variations in the formula:

Eu=Eu� ¼ EuCN
(SmCN � GdCN)

0:5

For some older geochemical data where the Gd contents were not
reported, we substituted TbCN for GdCN into this formula as a rough
approximation (see Supplementary data). These values are given in
italic. The dolerite dyke samples (Fig. 7e) show no Eu anomalies,
with calculated Eu/Eu* values of 0.90 (this study) and 0.85–1.17
(Thorpe and Tindle 1992). The trachyte dyke sample (Fig. 7c;
Thorpe and Tindle 1992) shows no Eu anomaly either (Eu/Eu* =
0.93). By contrast, the lundyite dyke shows a slight Eu anomaly,
with Eu/Eu* values of 0.35 (this study) and 0.33–0.41 (Thorpe and
Tindle 1992). The rhyolite dyke sample has a large negative Eu/Eu*
anomaly of 0.16 (Fig. 7c; Thorpe and Tindle 1992), as do the
microgranite (G3) samples with Eu/Eu* values of 0.08 (Thorpe
et al. 1990) and 0.10 (Stone 1990). The main granite body also has
large Eu anomalies, with Eu/Eu* values of 0.10–0.15 (this study)
and 0.11–0.21 (Thorpe et al. 1990). This is coupled with large
negative anomalies in Ba, Sr and Ti for the evolved Lundy rocks
(Fig. 7). Themelt source is generally accepted as the primary control
on granite magma chemistry (Clemens and Stevens 2012) and, for
the Lundy granite complex, this is likely to involve the mixing of
variably fractionated granitic magmas from a largely continental
crustal source, whereas the dolerite dykes and associated trachytes/
rhyolites mainly formed from a mantle source comparable with
other BPIP magmatic rocks (Thorpe et al. 1990; Thorpe and Tindle
1992; Charles et al. 2017).

The four Danish ash samples show contrasting trace element and
REE patterns, indicating that they are sourced from a mix of
volcanic systems and have experienced varying degrees of element
exchange during diagenesis. Ash layer −33 has the most depleted
REE signature of all the measured samples, with HREE values only
two to three times greater than chondritic values and a Ce/Yb ratio of
32.3 (Fig. 7a; Table 2). Ash layer −33 has a slight Eu anomaly, with
calculated Eu/Eu* values between 0.56 (this study) and 0.65
(Larsen et al. 2003; Supplementary data). The only Lundy rocks
with a similar REE pattern and depletion to ash layer −33 are the
microgranites (G3) analysed by Thorpe et al. (1990) and Stone
(1990). There is a good agreement in the HREE patterns between
ash layer −33 and the microgranites, although the Lundy G3
samples are slightly depleted in LREEs and have a larger negative
Eu anomaly (Fig. 7g). The close chemical affinity between ash layer
−33 and the microgranite continues in the spider diagram (Fig. 7h),
with notable deviations including enriched Cs, Rb, Th, Nb and Y,
and depleted Ba, Pb, Sr, P and Ti in the microgranites compared
with ash layer−33. There is also a reasonable correlation in the REE
patterns between the Lundy granite and ash layer −33 (Fig. 7g),
albeit that the trace elements are almost universally enriched by up
to an order of magnitude in the granite.

Ash layers +13 and +19 display relatively similar REE patterns to
each other (Fig. 7a), with the notable exception that ash layer +13
has an Eu anomaly (Eu/Eu* = 0.16) and ash layer +19 does not (Eu/
Eu* = 0.83). Ash layers +13 and +19 are enriched in REEs
compared with the lundyite and felsic dykes (Fig. 7c), but the slope

is different, with the Lundy rocks being comparatively depleted in
LREEs and enriched in HREEs. The felsic Lundy dykes have Ce/
Yb values ranging from 5.6 (lundyite OS-LD10) to 10.3 (trachyte
LUN61; Thorpe and Tindle 1992), considerably lower than the Ce/
Yb ratios of 24.9 for ash layer +13 and 54.8 for ash layer +19
(Table 2). There are also similarities in trace elements between the
trachyte, lundyite and rhyolite dykes and ash layers +13 and +19,
including marked depletions in Cs, Ba, Sr, P and Ti (Fig. 7d).
However, there is notable variance between these datasets,
particularly for the HFSEs, such as Th, Nb and Ta. Ash layer −17
is strongly enriched in HFSEs compared with both the other Fur
Formation ash layers and the Lundy rocks (Fig. 7b), discounting
Lundy as a source.

Discussion

Age of the Lundy igneous complex

The OS-LD1 sample from the Lundy granite gives a U–Pb
radiometric age of 57.24 ± 0.11/0.12/0.13 Ma (2σ, MSWD = 1.20;
Fig. 3) as recorded by the youngest analysed zircon with a simple
zonation texture consisting of a few growth zones (grain 608/7). It
contains older discordant zircons dated to c. 75 and c. 83 Ma
(Table 1), but these grains display evidence of xenocrystic cores
(Fig. 3). Charles et al. (2017) also found xenocrystic cores from
Lundy granite zircons, which they suggest is evidence of Early
Paleozoic igneous rocks in the unexposed basement beneath the
Lundy complex.

Of the three concordant grains, one zircon (608/5) gives a date of
57.600 ± 0.076 Ma that we interpret to be antecrystic, indicating that
the magma system feeding the granite emplacement was active for
more than 360 kyr. This is supported by zircon textures showing
evidence of resorption and recrystallization, and a rather large
variation in zonation patterns. The youngest two zircons have
overlapping dates, but the older grain (611/7) shows rather complex
textures, with an inner domain displaying resorption–recrystalliza-
tion overgrown by oscillatory zonation, clearly indicating at least a
two-stage punctuated growth history. This zircon analysis also has a
clearly elevated Th/U ratio compared with zircon 608/7 (Table 1),
indicating that it partly crystallized from a melt with a different
chemistry from the latter. Zircon 608/7, by contrast, shows a rather
simple growth zonation with few longitudinal growth zones. The
simple cathodoluminescence texture of zircon 608/7, combined
with the Th/U ratio clearly deviating from zircon 611/7 and the
youngest date of this population, suggests that 57.24 ± 0.11/0.12/
0.13 Ma best represents the emplacement age of the Lundy granite
from the available data. However, this does not preclude the
presence of younger zircon and hence a younger age of the main
Lundy granite.

The timing of the emplacement of the OS-LD10 lundyite dyke
can be derived from the population of overlapping dates of the five
zircons with equivalent textures, which are also the youngest
analysed, giving a mean age of 55.970 ± 0.021/0.030/0.070 Ma
(MSWD= 1.69; Fig. 4). The OS-LD10 sample has the highest
measured Zr content of any of the Lundy magmatic rocks
(1855 ppm), considerably more than the granite samples analysed
in this study (39–263 ppm; Table 2). Previous measurements of
samples from this dyke (LUN4 and LUN23; Thorpe and Tindle
1992) also measured high Zr concentrations (1643–1654 ppm),
comparable with the OS-LD10 sample and greater than the rest of
their dataset of Lundy dykes (115–1207 ppm).

If the high Zr content of the OS-LD10 sample is representative of
the melt from which the zircons crystallized, then it is likely that
zircon saturation was reached early in the crystallization history of
the lundyite dyke. Assuming that this dyke cooled rapidly, the very
simple growth zonation in the youngest zircon populations suggest

8 K. Lisica et al.



that these crystals grew rapidly from a melt that did not undergo
significant fractionation during zircon crystallization, which could
indicate that the dyke did not have a prolonged fractionation history
from its parental magma. Thorpe and Tindle (1992) suggested that
the trachyte and lundyite dykes were formed by fractional
crystallization of a basaltic parental melt represented by the
Lundy dolerite dykes.

The zircon textures and the c. 150 kyr difference between the
oldest antecrystic components and the estimated youngest crystal-
lization age suggest that the fractionation history of the parent
basaltic melt was short (<200 kyr), as pointed out by Thorpe and
Tindle (1992). Bearing in mind the yet unconstrained magma
history of the lundyite dykes, the high Zr content and hence the high
zircon saturation temperature in the magma could mean that the
dyke emplacement was even younger than the age recorded by the

youngest U–Pb dates presented here. However, because there is no
correlation of the individual zircon dates from the youngest zircon
population with the width of the oscillatory zoned marginal
domains that represent the latest zircon growth, a younger age that
is not encompassed by the uncertainty in our preferred age
interpretation is unlikely.

The dates determined from this study represent a significant
improvement in the precision and accuracy of the age of the Lundy
igneous complex. Prior to this study, U–Pb secondary ion mass
spectrometry dating by Charles et al. (2017) reported a range of ages
for the Lundy granite from 59.8 ± 0.4 to 58.4 ± 0.4 Ma, interpreting
this as a two-episode emplacement event (Fig. 8). This study also
reported the age of two evolved dykes (Fig. 8). A ‘felsite’ dyke
(LY32) on Lundy’s west coast (Fig. 2), which is likely the same as
the ‘low-Zr’ rhyolite dyke LUN69 analysed by Thorpe and Tindle
(1992), has an age of 57.3 ± 0.8 Ma. A ‘trachyte’ dyke (LY13) from
near Lundy pier gave an age of 57.2 ± 0.5 Ma (Charles et al. 2017).
The LY13 dyke may be the same as the lundyite dyke samples OS-
LD10 (this study), and LUN4 and LUN23 (Thorpe and Tindle
1992), because it is the only significant evolved dyke identified near
Lundy’s pier and may have been identified as trachyte purely on
outcrop appearance (Charles et al. 2017), which is similar to that of
OS-LD10 (Fig. 2).

If sample LY13 is indeed from the lundyite dyke, then the age of
57.2 ± 0.5 Ma is c. 1.24 Myr older than the age determined for OS-
LD10. Similarly, the age difference between their youngest granite
sample (LY25; Charles et al. 2017) and OS-LD1 is c. 1.16 Myr.
This suggests that the discrepancy between the ages reported here
and Charles et al. (2017) is most likely due to (1) possible age
variations within the 91500 zircon standard (Wiedenbeck et al.
2004) and/or (2) possible inaccuracy related to the U/Th content
given the measured high U and Th contents of zircons from Charles
et al. (2017), which yielded consistently offset ages (White and
Ireland 2012). If correct, this would mean that the Lundy granite
emplacement is constrained to between c. 58.6 and 57.24 Ma
(Fig. 8) and that the Lundy igneous complex was active for at least
2.6 Myr.

The refined emplacement ages of the main Lundy granite
(57.24 ± 0.11 Ma) and the lundyite dyke (55.970 ± 0.021 Ma) are
noteworthy in thewider context of the evolution of the NAIP and the
pronounced changes in climate across the Paleocene–Eocene
boundary. Incised sedimentary sequences from the Faroe–
Shetland basin are evidence of sporadic thermal uplift events,
manifest as the onset of a regional marine regression between 58 and
57 Ma, with maximum uplift occurring at c. 56 Ma (Shaw
Champion et al. 2008; Hartley et al. 2011; Conway-Jones and
White 2022). These match the granite emplacement and the lundyite
dyke ages, indicating that magmatic activity was elevated during
thermal uplift events from the NAIP. The lundyite emplacement age
also falls between the two current leading estimates for the onset of
the PETM, which are 56.01 ± 0.05 Ma (Zeebe and Lourens 2019)
and 55.93 Ma (Westerhold et al. 2017). This suggests that not only
was Lundy the most southerly known expression of the NAIP, but it
was one of the last remnants of silicic magmatism from the BPIP
that was also coeval with the Paleocene–Eocene boundary.

Lundy magmatism as a potential source for Eocene ash
layers in Denmark

The Lundy igneous complex is likely to have had a surface volcanic
component because the granite was emplaced at shallow crustal
depths (1–2 km) within a sinistral extensional regime (Stone 1990;
Thorpe et al. 1990; Charles et al. 2017). The rapid emplacement of
numerous dolerite, trachyte and rhyolite dykes, coupled with
comparisons of outcrops of intrusive and extrusive components
from other BPIP centres (e.g. Upton 1988), has been cited as strong

Fig. 5. Total alkali silica diagram for the Lundy Island (UK) and Fur
Island (Denmark) samples, normalized to 100%. For the Lundy samples,
the circles denote granite samples, whereas the hexagons indicate cross-
cutting dykes. Light colours denote geochemical data for the granite
(pink) and dyke (orange) samples from previous studies (Stone 1990;
Thorpe et al. 1990; Thorpe and Tindle 1992). The Fur Island ash samples
are shown by individual black (this study) and grey (Larsen et al. 2003)
symbols.

Fig. 6. A/CNK v. A/NK (Al2O3/[Na2O + K2O] v. Al2O3/[CaO + Na2O +
K2O]) diagram for the Lundy Island (UK) and Fur Island (Denmark)
samples (this study) combined with previous geochemical data for the
Lundy dyke (orange) and granite (pink) samples (Stone 1990; Thorpe
et al. 1990; Thorpe and Tindle 1992). The granite samples are shown as
circles, whereas the dyke samples are denoted by hexagons. The Fur
Island ash samples are shown by individual black (this study) and grey
(Larsen et al. 2003) symbols.
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evidence for the development of a substantial composite volcano
above this complex (Thorpe and Tindle 1992). These researchers
suggested that evidence of such volcanism should be present in
proximal sedimentary systems, but such depocenters close to the
NAIP are largely missing due to NAIP uplift instigating a regional
unconformity between 57 and 55 Ma (e.g. Conway-Jones and
White 2022). This requires investigations further afield and the Fur
Formation in Denmark is an ideal locality because the hosting
diatomite has resulted in the excellent preservation of volcanic glass
and minerals (Stokke et al. 2020b).

Larsen et al. (2003) were the first to undertake a detailed study of
these ash layers and proposed a NAIP origin for these ashes based
on geochemical evidence, despite all the known volcanic centres
estimated to be between 750 and 1500 km from the depositional
location of the Fur Formation at that time (Abdelmalak et al. 2016).
Earlier studies had assumed that these ashes were derived from local
sources in the Skagerrak or North Sea (e.g. Pedersen et al. 1975),
but extensive geophysical and seismic surveys have found no
evidence of any Paleogene volcanic centres in this area. The Lundy
igneous complex was proposed as a potential source for ash layer
−33, and potentially ash layers +13 and +19, based on limited trace

element data (Larsen et al. 2003). Here, we use the improved
geochronological and geochemical data to revisit this hypothesis.

Ash transport limitations

Lundy Island is currently 1100 km away from Fur Island (Fig. 1)
and that distance has not changed significantly in the last 56 Myr. A
simple transport model, based on the work of Stevenson et al.
(2015), was run to determine whether it is feasible for ash to travel
such distances (Fig. 9). The model estimates how far a grain of a
given diameter travels when released from a given height into wind
of given speed. It assumes constant wind speeds at all altitudes and
straight-line transport from source to deposition. A 60-μm particle
size is assumed based on the measured mean grain size of ash layer
−33 particles in the Fur Formation (Lisica 2021). The source code
for the modelling can be viewed on GitHub at https://tinyurl.com/
LundyAsh.

The model suggests that, for average wind speeds greater than c.
8 m s−1, 60-μm rhyolite ash particles erupted to an altitude of 10–
25 km can travel the 1100 km from Lundy to Fur Island (Fig. 9).
This minimum eruption plume height corresponds to a sub-Plinian

Fig. 7. Rare earth element (left-hand
column) and spider (right-hand column)
diagrams for selected Lundy Island (UK)
and Fur Island (Denmark) samples after
Sun and McDonough (1989) and
McDonough and Sun (1995), respectively.
(a, b) Ash layers −33, −17, +13 and +19
from the Fur Formation in Denmark (this
study). (c, d) The lundyite (blue; samples
OS-LD10, this study, and LUN4 and
LUN23, Thorpe and Tindle 1992),
trachyte (green; samples LUN58 and
LUN61, Thorpe and Tindle 1992) and
rhyolite (red; LUN69 and LUN70, Thorpe
and Tindle 1992) dykes on Lundy Island.
(e, f ) Dolerite dykes (brown) based on
sample OS-LD5 (this study) and LUN21,
LUN24, LUN52 and LUN62 (Thorpe and
Tindle 1992). (g, h) Granite intrusion
(pink), separated into the G1 series
labelled with dark pink markers (Thorpe
et al. 1990; and OS-LD2 and OS-LD7,
this study) and G2 series with light pink
markers (Thorpe et al. 1990).
Microgranite samples from the G3 dyke
series (Stone 1990; Thorpe et al. 1990)
are shown in purple. The ash layer −33
data are shown as a grey line for
reference.
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eruption or larger (VEI 4; erupted volume 1 km3 dense rock
equivalent [DRE]; Cioni et al. 2015; Pyle 2015). However, ash
layer −33 is c. 14 cm thick and normally graded (Jones et al. 2019),
which is much thicker (and therefore greater in magnitude) than
would be expected for a sub-Plinian eruption deposit at this
distance. Egger and Brückl (2006) estimated that the thickest silicic
ash in the sequence (ash layer +19) was produced by an eruption of
1200 km3 DRE volume, although this is likely to represent an upper
limit because they assumed an equal deposit thickness in all

directions (i.e. circular isopachs). Ash layer +19 is slightly thicker
(15–20 cm) than ash layer −33, but it is fair to assume that ash layer
−33 was also of large magnitude (>100 km3 DRE).

Typically, deposits are thickest in the downwind direction and
Denmark was likely to be often downwind from the NAIP if the
Paleogene atmospheric circulation was broadly similar to that today.
However, theoretical physics suggests that Coriolis forces reduce
the influence of wind direction on ash dispersal for the most
powerful explosive eruptions (Baines and Sparks 2005; Baines et al.
2008). In a review of the thickness of ash layers found in deep-sea
cores, Mahony et al. (2016) concluded that layers >10 cm thick at
distances of 1000 km from the source were likely produced by
caldera-forming eruptions with VEI >6. Such eruptions have an
average recurrence interval of 80 years and correspond to at least
100 km3 DRE of erupted material (Pyle 2015). This is not
exceptional in geological terms and therefore the thickness of
these ash horizons is not incompatible with Lundy being the source.

Size of the Lundy granite

Another method for assessing whether the Lundy complex could
have generated a large-volume eruption is to estimate the intrusion
size. For comparison, the 150 km3 DRE Campanian Ignimbrite
eruption in Italy at c. 39 ka resulted in the formation of a 14 km
diameter caldera (Marianelli et al. 2006). Early estimates of the area
of the Lundy granite, based on observed Bouguer anomalies from a
land transect on Lundy Island, gave a magma chamber diameter of
4.8 km, a vertical thickness of 1.6 km and a volume of c. 30 km3

(Bott et al. 1958). This translates to an area of 18 km2, c. 4.5 times
the size of the current area of Lundy Island (4 km2). However,
comprehensive mapping of the Bristol Channel has identified a
large, roughly spherical, positive gravity anomaly (peaking at c.

Fig. 8. Synthesis of age data from the
Lundy igneous complex and correlation
with the timing of the Paleocene–Eocene
Thermal Maximum (PETM) and the
deposition of felsic ash layers in the Fur
Formation in Denmark. Samples OS-LD1
and OS-LD10 are from this study; other
granite and felsic dyke ages are from
Charles et al. (2017). The Lundy granites
are shown in pink, the lundyite dyke is
shown in blue, the rhyolite LY32 is shown
in red and the ‘trachyte’ sample LY13 is
shown in green/blue because it is likely
that this is actually the lundyite dyke. The
transparent horizontal bars are copies of
the Charles et al. (2017) dataset and show
where these samples would plot if they
were corrected to be 1.2 Myr younger to
match the emplacement ages of the granite
(OS-LD1) and lundyite dyke (OS-LD10).
The age of the Danish ash layer −33 is
derived from its position within the PETM
carbon isotope excursion relative to a
dated bentonite during the PETM in
Svalbard (Charles et al. 2011; Jones et al.
2023). Ash layer −17 was dated using Ar/
Ar methods (Storey et al. 2007a) and the
age of ash layer +19 is derived from an
estimate of 200 kyr after ash layer −17
based on cyclostratigraphy (Westerhold
et al. 2009). The onset of the PETM is
based on Westerhold et al. (2017), but
could have begun as early as 56.01 ±
0.05 Ma based on an alternative
cyclostratigraphic reconstruction (Zeebe
and Lourens 2019).

Fig. 9. Ash particle dispersal model after Stevenson et al. (2015). The
model uses estimates for a 60 μm rhyolitic ash particle and a 1100 km
transport distance (shown as the white line). The input parameters use a
rhyolitic glass density of 2400 kg m−3, a grain sphericity of 0.7, a size-
dependent function (Bonadonna and Phillips 2003) and a Ganser fall
velocity model (Ganser 1993).

11U–Pb dating of the Lundy igneous complex



23 mgal) c. 10 km to the WNW of Lundy (Fig. 10; Brooks and
Thompson 1973). This positive anomaly matches the features
observed beneath other BPIP centres, including Skye, Rum, Mull,
Carlingford, Ardnamurchan and Arran (McQuillan and Tuson
1963; Bott and Tuson 1973), and are interpreted to be the result of
mafic rocks within the magmatic plumbing system (Brooks and
Thompson 1973). By contrast, the Cornubian batholith intrusions,
such as Dartmoor, are marked by pronounced negative gravity
anomalies (Fig. 10).

The diameters of the exposed BPIP centres range from c. 6 km
(Ardnamurchan) to c. 20 km (Skye), suggesting that the Lundy
granite is likely to be in this range. The roughly circular positive
gravity anomaly to the west of Lundy has a radius of c. 13 km
(Fig. 10), which equals an area of c. 530 km2. Even if the granite
body is half the diameter of this positive anomaly and the same
thickness as calculated by Bott et al. (1958), then it would still have
an area of 132 km2 and a volume 210 km3. This would mean that
only a fraction of the complex is currently exposed on Lundy Island
and that the system is voluminous enough to have produced large-
magnitude eruptions, but detailed investigations are required to
constrain the offshore extent of the granite body.

Geochemical and geochronological comparisons

The geochemical data from ash layers need to be treated with
caution due to the possible effects of weathering and diagenesis. All
four silicic ashes from Fur Island display elevated LOI values
(Table 2), with ash layer −17 in particular showing evidence of
leaching, a high LOI and major element mobility (Figs 5, 6; Larsen
et al. 2003), which undermine accurate geochemical comparisons.
Although the LOI values for ash layers −33, +13 and +19 are
relatively high (Table 2), there are remnants of fresh volcanic glass
in ash layer −33 (Larsen et al. 2003) and evidence that the
diatomite-rich strata in the positive ash series (including ash layers
+13 and +19) inhibited the degree of silicate weathering during
diagenesis (Stokke et al. 2020b). Field and laboratory investigations
have shown that immobile elements, such as the REEs, are not

significantly affected during limited weathering of igneous rocks
(Middelburg et al. 1988; Hill et al. 2000). Previous studies have
shown that the geochemical fingerprinting of Paleogene ash
horizons with high LOI values using trace elements and REEs is
possible (e.g. Jones et al. 2016). Ash layers −33, +13 and +19 still
retain much of their primary mineral assemblage (Larsen et al.
2003), allowing careful comparisons to be made with the Lundy
igneous complex.

The geochronological data for the Lundy granite (OS-LD1)
indicate that the emplacement age was c. 1.44 Myr earlier than the
deposition of ash layer −33 (from the currently best available age
models of the PETM, where ash layer −33 is located at the end of
the PETM body; Charles et al. 2011; Jones et al. 2023; Fig. 8), so
the main granite body can be discounted as a possible source of any
Eocene ash layers.

The emplacement age of the lundyite dyke (OS-LD10) suggests
that late-stage activity of the Lundy complex continued into the
latest Paleocene and it is plausible that activity continued still further
into the early Eocene. The magmatism that emplaced the lundyite
dyke is also not a source of the four main felsic ash layers in
Denmark because the trace element compositions do not match
(Fig. 7c, d) and there is a c. 140–180 kyr age difference between
dyke emplacement and the eruption of ash layer −33 (Fig. 8). There
is some geochemical resemblance between the trachyte and rhyolite
dykes analysed by Thorpe and Tindle (1992) and ash layers +13 and
+19 (Fig. 7c, d), but given the mismatch between dyke emplacement
and eruption ages (Fig. 8; Charles et al. 2017) and the possible
effects of diagenetic overprinting, the sources of these ash layers
remain unresolved. Even with the high degree of leaching, the
geochemistry of ash layer −17 is completely different from any of
the Lundy rocks, confirming that the source volcano is another
system, such as that near the Gronau Nunatak in east Greenland
(Storey et al. 2007a; Fig. 1).

There is a close geochemical resemblance between the Lundy
microgranite G3 samples (Stone 1990; Thorpe et al. 1990) and ash
layer−33 in Denmark (Fig. 7g, h). This similarity was first noted by
Larsen et al. (2003) based on limited geochemical data and our
expanded dataset confirms the association. The key areas of
variance are large negative anomalies in Eu, Ba and Sr in the
microgranites compared with the ash sample (Fig. 7h), suggesting
that the microgranites and ash layer −33 originated from a similar
parent magma, but that the microgranite had undergone more
fractional crystallization of plagioclase prior to emplacement.
Comparisons between the G3 microgranite and the host granite
body suggest that the diminished REE patterns for the microgranite
are indicative of a more evolved melt, likely due to the fractional
crystallization of biotite (Stone 1990). The exotic and depleted trace
element compositions of ash layer −33 and the G3 microgranites
strongly suggests a common parent magma because this REE
signature is difficult to replicate through diagenesis. The most likely
candidate for the ash layer −33 eruption during the PETM δ13C
excursion is therefore the parent magma of the G3 microgranites
within the Lundy igneous complex.

Unfortunately, the G3 microgranite outcrops are poorly con-
strained due to vague locality information in previous studies
(Dollar 1941; Stone 1990) and they are very hard to identify because
they are only visible in steep-sided cliffs and are very similar in
appearance to the host granite, such that they are nearly invisible
several metres from the outcrop (Dollar 1941). They are described as
mainly thin sheets/dykes only 2–20 cm thick (Stone 1990), which is
not indicative of a large volcanic event, such as a caldera collapse.
Detailed field investigations are required to understand the field
relations between the G3 microgranites and the host rocks, which
was beyond the scope of this study given the limitations imposed by
the COVID-19 pandemic. Further work needs to be carried out to
constrain the geochronology and outcrop extent of Lundy’s late-

Fig. 10. Gravity anomaly map of the southwestern region of the UK,
covering Devon, Cornwall, the Bristol Channel and South Wales. The
positive Bouguer anomaly to the west of Lundy Island is shown within a
white dashed line. Source: contains British Geological Survey materials ©
UKRI 2023.
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stage magmatic activity to constrain the microgranites within the
Lundy igneous complex.

Conclusions

The Lundy igneous complex represents the southernmost known
magmatic activity of the NAIP. Its mineralogy and peraluminous
S-type geochemical affinity is unique in the BPIP, which has led to
the hypothesis that eruptions from a Lundy volcanic centre may be
the source of distinctive felsic ash layers (e.g. ash layers −33, +13
and +19) found in the Fur Formation in Denmark, which were
deposited during and after the PETM. We present new, high-
precision U–Pb ages of 57.24 ± 0.11/0.12/0.13 Ma for the main
granite body and 55.961 ± 0.023/0.040/0.070 Ma for the lundyite
dyke, which are significantly younger than the previous age
estimations for Lundy rocks. These two ages are notable in that the
granite emplacement is broadly coeval with the onset of regional
uplift associated with the NAIP, whereas the lundyite dyke occurred
during maximum uplift and is within current estimates for the
Paleocene–Eocene boundary and the onset of the PETM. The data
show that the Lundy complex was active for at least 1.28 Myr,
possibly longer, given the presence of antecrystic zircon and
previous age estimations (e.g. sample LY29; Charles et al. 2017).

New high-resolution major and trace element data for a suite of
Lundy rocks and key felsic ash layers from the Fur Formation show
that the main granite body and cross-cutting dolerite, trachyte,
lundyite and rhyolite dykes share some chemical affinities with ash
layers −33, +13 and +19, but REE variations and geochronological
differences indicate that none of these samples was the source of the
ash layers in Denmark. By contrast, there is a close chemical affinity
between thin microgranite dykes within the Lundy complex and ash
layer −33, suggesting that late-stage magmatic activity at Lundy
could indeed be the source of this key marker horizon within the
PETM. This would require the Lundy complex to have remained
active for c. 140–180 kyr beyond the intrusion of the lundyite dyke
(c. 55.8 Ma; Jones et al. 2023). Considerations of ash transport
limitations and magma chamber dimensions suggest that a large-
magnitude (>VEI 6, >100 km3 DRE) caldera-forming event is
required to produce a 14 cm thick deposit (ash layer −33) over
1100 km from the source. The offshore extent of the Lundy complex
is currently poorly constrained, but gravity anomalies suggest that
the magmatic plumbing system is of sufficient magnitude to
produce such an eruption. Further work is required to constrain the
emplacement age and outcrop extent of the late-stage microgranites
to confirm whether this could represent an early Eocene eruption
from the Lundy complex.
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