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ABSTRACT

The generation of Large Igneous Provinces (LIPs) is a topic of vigorous debate with competing models variably
invoking hot mantle plumes, insulative heating by supercontinents or edge driven convective instabilities.
Mantle temperature and its temporal variation during LIP magmatism is key to distinguishing between these
different models. This may have important consequences for the dynamics, evolution and tempo of volcano-
magmatic systems developed during these periods of intense activity. Despite this, there are currently no
detailed stratigraphically constrained studies of mantle temperature through a LIP succession. To address this, we
have applied both olivine-spinel thermometry and modelling of primary magma compositions (Monte Carlo
PRIMELT3) to constrain mantle potential temperature through a continuous sequence of LIP lavas formed during
the earliest expression of the North Atlantic Igneous Province (the Antrim Lava Group). Mantle potential tem-
perature derived from olivine-spinel and olivine addition methods give consistent temperature ranges of
1403-1521 °C and 1374-1472 °C, respectively. However, both temperature records indicate significant
(100-120 °C) variation in melting temperature over a relatively short stratigraphic interval during petrogenesis
of early magmas and much less variation in later magmas, suggesting initial instability or pulsing which stabi-
lised with time. This supports a plume origin for LIP formation. Variability in melting temperature is mirrored by
proxies for crustal and volcanic processes; olivine Ni contents are elevated (<3000 ppm) in the same strati-
graphic interval as the lowest mantle temperatures, indicating mixing of primary and more evolved (MgO ~4 %)
melts, resulting from low magmatic flux into the crust during this time interval. The abundance and thickness of
red weathering horizons capping lava flows is also significantly higher through the succession where mantle
temperature variation is highest, indicating prolonged repose periods between eruption and a stop-start rhythm
to volcanism. These unique observations indicate that volcanic, crustal and mantle systems are intrinsically
linked and suggest that the tempo of volcanism, mediated via variations in melt flux, may ultimately be driven
from below by changing mantle temperature.

1. Introduction

that LIP volcanism is caused by the heads of large (1000s km wide)
plumes of hot material rising from near the core-mantle boundary

Large igneous provinces (LIPs) are the most volumetrically signifi-
cant magmatic phenomena on Earth, extruding large volumes of lava
over geologically rapid timescales and forming a key part of the global
Wilson cycle (Black et al., 2021). Associated volatile emissions may play
a significant role in altering Earth’s climate and triggering mass
extinction events (Clapham and Renne, 2019). The Plume Theory asserts
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(~2800 km) and impinging on the base of thinned lithosphere (e.g.,
Weis et al., 2023). This theory has gained broad, though not universal,
acceptance for explaining key observations, including: very high melt
production rates in LIP volcanism; apparent primordial >He/*He signa-
tures in LIP magmas (Stuart et al., 2003); and volcanic trails between LIP
and ocean island volcanism (Weis et al., 2023). Notable alternative
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theories posit that localised temperature excesses or melt production
could arise either from long-term conductive insulation of the mantle by
supercontinent lithosphere (Anderson et al., 1992), edge-driven
convective instabilities (King, 2007), or more fusible heterogeneities
in the mantle (Foulger and Anderson, 2005).

Prediction of excess heat and its temporal evolution is key to
distinguish between competing theories for LIP and ocean island
volcanism. In the simplest model, a plume head impacts the base of the
lithosphere with a large heat anomaly over a wide area forming a LIP,
and as the plume head transitions into a tail, temperature decreases and
the area narrows forming ocean island or intraplate volcanism which
potentially persists for millions of years (Campbell, 2007; Morgan,
1971). More complex episodic or oscillatory behaviour is predicted by
some plume models (e.g., Olson et al., 1987). By contrast, “warm”
insulated mantle models predict modest excess heat which dissipates
rapidly during LIP magmatism (Meyer et al., 2007) and models invoking
fusible mantle lithologies do not independently predict a temperature
anomaly but are often combined with “warm” models to explain some of
the unique geochemical aspects of LIP volcanism (e.g. Foulger and
Anderson, 2005).

Secular variation in mantle temperature during LIP formation rep-
resents a significant change in the driving force for volcanism, and may
impact the evolution and dynamics of magmatic and volcanic systems
(e.g., Tapu et al., 2023). As a result, the exact mechanism of LIP for-
mation may critically influence the volume and tempo of volcanic
eruptions associated with their emplacement.

1.1. Determining mantle temperatures

Determining mantle potential temperature during LIP magmatism is
crucial to distinguish between different geodynamic models. Mantle
temperatures can be assessed via a range of geothermometers, based on
chemical partitioning of different elements (Fe-Mg; Al; rare-earth ele-
ments, REE) between melt and minerals, as well as geophysical obser-
vations of crustal thickness. Olivine-melt thermometers rely on the
temperature dependence of Fe-Mg partitioning between coexisting melt
and residual mantle peridotite or crystallising olivine, respectively
(Herzberg et al., 2007; Putirka, 2005). Olivine-spinel thermometry
(“aluminium-in-olivine thermometry”) meanwhile, utilises the equilib-
rium partitioning of aluminium between olivine and spinel (Coogan
et al., 2014). This method is generally regarded as more reliable than
olivine-melt methods as it does not depend on assumptions regarding
the composition of the melt with which the olivine is in equilibrium
(Hole and Natland, 2020). Olivine-melt and olivine-spinel thermometers
do not provide a melting temperature but rather a crystallisation tem-
perature, which may be taken as a minimum melting temperature in
sufficiently primitive melts. Melt-only methods employ reverse frac-
tionation models to calculate a primary magma composition in equi-
librium with peridotite and a temperature based on its MgO content (e.
g., PRIMELT3; Herzberg and Asimow, 2015). These are complementary
to olivine-based thermometers, however, their utility is limited by the
requirement that magmas have only fractionated olivine in their liquid
line of descent from primary melts. Clinopyroxene commonly crystal-
lises in continental flood basalts and, without a reliable way to
back-calculate the effects of multiphase fractionation, such methods
yield erroneously high temperatures (Herzberg and Asimow, 2015).

Mineral and melt thermometry has been used to show temperature
anomalies during LIP volcanism as well as apparent secular cooling
between LIP emplacement and associated later intraplate volcanism
(Coogan et al., 2014; Herzberg and Gazel, 2009; Trela et al., 2017).
However, many studies, particularly those of the North Atlantic Igneous
Province, have suggested more complex behaviour, including tempera-
ture increases (Spice et al., 2016), or even oscillatory behaviour (Par-
nell-Turner et al., 2014). Furthermore, many LIPs record significant
ranges in temperature, even within a restricted range of time and space
(Hole and Millett, 2016). Collectively, such observations pose a
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challenge to theories of insulative mantle warming, which lack a clear
mechanism by which temperature may resurge following latent heat
release by LIP volcanism.

Discriminating between models of LIP formation requires a detailed
understanding of the temporal evolution of mantle temperatures; the
rapidity of temperature changes directly relates to modes of formation.
However, while several studies have demonstrated broad secular vari-
ation in mantle temperatures between tectonically established groups
with 1-20 Myr age differences (e.g., Herzberg and Gazel, 2009; Spice
et al., 2016; Thompson and Gibson, 2000), such variation in mantle
temperature is yet to be quantified within a detailed (<1 Myr) strati-
graphic framework. Several sources have considered influence of steady
state or waning plumes on crustal architecture (e.g. Black et al., 2021;
Tapu et al., 2023) but none have looked at the potential influence of
oscillating temperature on crustal systems, nor coupled studies of crustal
magmatic systems to independently determined mantle temperatures.
As a result, it has not been possible to assess how mantle temperature
variations influence the dynamics of associated crustal magmatic and
volcanics systems.

Here we apply, for the first time, both PRIMELT3 modelling and
olivine-spinel geothermometry to a well-constrained stratigraphy of
primitive LIP basalts from the North Atlantic Igneous Province. In the
case of PRIMELT3 temperatures, we apply a novel Monte Carlo-based
approach (MC-PRIMELT3) to account for ubiquitous augite fraction-
ation and recover temperatures generally in good agreement with those
from olivine-spinel thermometry. Together, these data allow us to
examine a temporal record of LIP melting in unprecedented detail and
demonstrate rapid variation of up to 120 °C in mantle potential tem-
peratures during the early onset of a major LIP. We integrate this with
proxies for magmatic flux and the frequency of volcanic eruptions, ul-
timately demonstrating a fundamental link between mantle, crustal and
volcanic systems during LIP emplacement.

2. Geological setting
2.1. The North Atlantic Igneous Province

The North Atlantic Igneous Province (NAIP) is one of the best studied
LIPs on Earth, with exposures widely distributed on both sides of the
Atlantic. It initiated at ~62 Ma and was emplaced in two main phases
(Saunders et al., 1997): Phase 1 preceded rifting and includes succes-
sions in West Greenland, Baffin Island, and the British and Irish portion
of the province (collectively termed the British and Irish Paleogene
Igneous Province; BIPIP). Initial volcanism was widespread and roughly
synchronous over an area ~2000 km in diameter. Phase 2 formed during
rifting and encompasses much of the East Greenland sequence, the
Greenland-Iceland-Faroes aseismic ridge, and thick sequences of
seaward dipping reflectors along the NW European and E Greenland
continental margins.

A number of studies have contrasted Phase 1 NAIP magmas with
those of modern Iceland (Chambers and Fitton, 2000; Fitton et al., 1997;
Hole, 2018). The latter are characterised by isotopic and trace element
heterogeneity which is associated with major element variation and
ascribed to a proportion (~4-15 %) of hybrid-pyroxenite or eclogite in
their mantle source (Shorttle et al., 2014; Shorttle and Maclennan,
2011), whereas there is limited evidence for a significant pyroxenite
contribution to Phase 1 NAIP magmas, especially in the BIPIP (Hole,
2018). Rather, on the basis of distinction in high field strength element
composition, studies have argued for a temporal transition in mantle
source late in the emplacement of the BIPIP from a mid-ocean ridge
basalt (MORB)-like source to one more typical of modern day Iceland
(Chambers and Fitton, 2000; Fitton et al., 1997; Kent and Fitton, 2000).

2.2. The Antrim Lava Group

Extrusive portions of the BIPIP are located in the Scottish Hebrides
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(Mull, Skye, Rhum, Small Isles, Eigg, Muck) and Northern Ireland, which
preserves the largest onshore exposure, forming the Antrim Plateau
(Fig. 1). Successions exposed in the Hebrides principally consist of alkali
or transitional alkali-tholeiitic olivine basalts with rare (<10 vol.%)
more-evolved flows (Bailey et al., 1924; Saunders et al., 1997). The
thickest successions on Skye and Mull are ~1200 m and ~1800 m thick,
respectively, and are capped by tholeiites.

The Antrim Lava Group (ALG) encompasses the Northern Irish lavas
of the NAIP, covering an area of 3500 km? and up to 800 m thick. It
principally consists of two main lava sequences, the older Lower Basalt
Formation (LBF) and the younger Upper Basalt Formation (UBF; Fig. 1;
Cooper, 2004). The interval between these two is punctuated by erup-
tion of the Tardree Rhyolite Complex (TRC) - a series of silicic domes,
flows and pyroclastic units — and the Causeway Tholeiite Formation
(CTF), the latter of which forms the columnar jointed flows of the Gi-
ant’s Causeway (Lyle and Preston, 1993; Patterson and Swaine, 1955).
Apart from these relatively localised extrusions, the interval between
Upper and Lower Basalts is characterised by a marked hiatus in volca-
nism during which thick laterites formed (>30 m thick in places; Hill
et al., 2000).

Compared to Hebridean Palaeogene volcanics, the Antrim lavas have
been comparatively under studied. Nonetheless, geochemical in-
vestigations in the 1980s and 1990s included major and trace elements
(Lyle, 1985; Lyle and Patton, 1989) as well as Sr, Nd and Pb isotopes
(Barrat and Nesbitt, 1996; Ellam and Stuart, 2000; Wallace et al., 1994).
Lower and Upper Basalt REE profiles show heavy REE depletion and
record deep melting, partially within the garnet stability field, similar to
many BIPIP magmas (Barrat and Nesbitt, 1996). The Causeway Tholeiite
is an exception with a flatter pattern indicative of shallower melting
entirely in the presence of spinel, and with LREE enrichment attesting to
substantial assimilation of continental crust. Sr and Nd isotopes in the
two main basalt sequences indicate variable interaction with crustal
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lithologies, with isotopic ratios ranging from nearly uncontaminated
mantle values to somewhat elevated values (87Sr/865r 0.7029-0.7084;
Wallace et al., 1994). The CTF shows a higher degree of crustal influence
(87Sr/863r = 0.704-0.716) (Barrat and Nesbitt, 1996; Wallace et al.,
1994). Lower and Upper Basalts have no correlation between Sr isotopes
and major elements for mafic samples (MgO >5 %), indicating that
crustal assimilation has not detectably perturbed the major element
composition of the primary magmas. The tholeiites, by contrast, show
strong correlations between 87Sr/%Sr and a range of major and trace
elements (Barrat and Nesbitt, 1996; Wallace et al., 1994).

2.3. Temperatures in the NAIP

Reliable estimates of melting temperature for the NAIP come prin-
cipally from olivine-spinel thermometry (Coogan et al., 2014; Spice
et al., 2016) and olivine-addition methods to determine a primary melt
composition (e.g. PRIMELT3; Hole and Millett, 2016; Hole and Natland,
2020), although some insight has been gained from REE inversions
(Maclennan et al., 2001) and considerations of crustal thickness in Ice-
land (e.g., Parnell-Turner et al., 2014). Almost all studies agree that
there is a thermal anomaly associated with NAIP magmatism, although
some do not directly calculate a mantle potential temperature (Tp) but
rather compare crystallisation temperatures in MORB and LIPs and as-
sume any difference corresponds to a difference in T}, (e.g., Coogan et al.,
2014; Spice et al., 2016). Several studies show or infer large temperature
excesses of up to 300 °C in the NAIP. Taking ambient mantle T, as 1350
°C (Herzberg et al., 2007), this suggests T, <1650 °C (Herzberg and
Gazel, 2009; Hole and Millett, 2016; Spice et al., 2016), whereas other
datasets suggest more modest maximum T, of 1500-1550 °C (Coogan
et al., 2014; Hole and Natland, 2020). Hole and Millett (2016) showed
apparent temperature zonation in the early NAIP with the highest
temperatures (>1600 °C) in West Greenland and somewhat lower
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Fig. 1. Geological setting, location and samples. A — schematic geological map showing locations and extent of extrusive and intrusive portions of the British and
Irish Paleogene Igneous Province (adapted from Cooper, 2004). B — geological map of the Antrim Plateau showing the location of sampled boreholes and other key
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temperatures (<1563 °C) in BIPIP magmas, taken to have formed on the
margins of the plume.

Temperature estimates for modern Iceland are elevated from
ambient mantle but less than earlier phases of the NAIP, with T, ranging
1396-1527 °C. This has been interpreted as secular cooling in the Ice-
landic plume (Herzberg and Gazel, 2009; Spice et al., 2016). Matthews
et al. (2021, 2016) provide a detailed examination of the assumptions
underlying olivine-spinel T}, determinations and, with additional con-
straints from crustal thickness and melting lithology, estimate a nar-
rower range of T, from 1507 to 1546 °C for modern Iceland.

A common feature of existing data is a large range of temperature
estimates at a given time and location. Temperature ranges exceeding
100 °C, well outside of analytical uncertainty, exist within the BIPIP
despite its comparatively restricted area (Hole and Millett, 2016; Spice
et al., 2016), with Hole and Millett (2016) explicitly commenting that
the assumption of steady state temperature appeared to be invalid for
the NAIP. Despite this, the exact nature and tempo of this temperature
variation remains unclear due to the lack of stratigraphic detail in pre-
vious studies.

3. Samples and methodology

The ALG has been cored for mineral exploration at multiple sites by
LonMin PLC, with cores archived at the Geological Survey of Northern
Ireland. These allow detailed sampling and logging of a continuous
stratigraphically-controlled succession through the entire thickness of
the ALG. A composite section was constructed from the two most com-
plete sequences (NIRE 02/08-0001, NIRE 09/08-0001; Fig. 1) which
can be correlated at the extensively lateritised interval between the
Upper and Lower Basalt Formations (Fig. 1).

Each of the 67 flows in the composite section was sampled, cleaned
and studied in hand specimen under a binocular microscope to identify
any phenocrysts and qualitatively assess their abundance before being
powdered for bulk rock analysis. A subset of 30 samples spaced
throughout the composite section were prepared as thin sections and
studied under transmitted polarising light and by scanning electron
microscopy. The samples range from aphyric to olivine-phyric basalts
with phenocryst assemblages consisting of olivine (1-23 vol%) +
plagioclase (0-7 vol%) with no phenocrystic clinopyroxene (Fig. S1).
Some samples contain intergrown olivine and plagioclase phenocrysts
with rounded grain boundaries (Fig. S2), which likely derive from a
disaggregated mush (Holness et al. 2019). The groundmass is micro-
crystalline, containing plagioclase (+ olivine) enclosed by oikocrystic
augite.

The major and trace element compositions of powdered samples
were determined by wavelength dispersive X-Ray Fluorescence Spec-
troscopy (XRF) on fused glass beads and pressed powder pellets,
respectively (Supplementary Table S1). Analyses were collected using
the Zetium instrument in the Earth Surface Research Laboratory, Trinity
College Dublin. For major elements, relative accuracy was typically <3
% and precision <0.5 %. For trace elements, relative accuracy was
typically 1-10 % and precision 0.5-5 % with both parameters corre-
lating inversely with concentration (Supplementary Table S2). Full
analytical details for this and other analyses are given in Supplementary
Text S3.

Olivine, spinel and plagioclase compositions were determined using
a Cameca SX100 electron microprobe (EPMA) in the Department of
Earth Sciences, University of Cambridge. For each olivine-spinel pair,
three or more olivine analyses were made arranged in a triangle around
the spinel. The mean of the olivine analyses was then taken to approx-
imate the composition at the spinel-olivine contact. Full EPMA analyt-
ical conditions are in Supplementary Table S4.

3.2. Cadlculating mantle T, from olivine-spinel thermometry

Olivine-spinel crystallisation temperatures were calculated using the
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Al-exchange thermometer of Coogan et al. (2014). This provides a
crystallisation temperature for the olivine-spinel pair. Where these are
primitive (olivine forsterite, Fo >80 mol%), as in the majority of ana-
lysed ALG olivines, this provides a minimum temperature of melting
(since the temperature of crystallisation must be less than that of
melting). However, ALG olivines are somewhat less forsteritic than
compositions expected to be in equilibrium with primary mantle melts
(~Fo091) indicating some fractional crystallisation has occurred. As a
result, we apply a back calculation to reach a primary crystallisation
temperature (e.g., Matthews et al., 2021) as well as corrections for latent
heat and adiabatic heat loss to calculate a potential temperature
(Putirka, 2005; Supplementary Text S4.2). Calculation of T, from Teryst
was performed assuming a homogeneous lherzolitic mantle source (see
Supplementary Text S4.2.3 for full justification).

To account for uncertainties in the slope of the melt + ol + cpx liquid
line of descent (LLD), the pressure of melting, and fraction of melting, a
Monte Carlo model was implemented, with each of these parameters
randomly sampled 2500 times within a normal distribution. The slope of
the LLD was taken from averaging multiple Petrolog3 model LLDs run
over a range of pressure (1-2 GPa) and starting compositions (Table S7).
The pressure distribution of melt segregation was calculated from the
composition of primary melts calculated by Monte Carlo olivine + cli-
nopyroxene addition (see Section 3.3.), using the barometer of Lee et al.
(2009; Table S8). The respective means and standard deviations used
were 8T/8Fo = 12.2 + 1.5 °C/mol%, Ppeir = 1.72 £ 0.25 GPa, and F =
0.22 + 0.043. The adiabatic gradient was taken as 18 K/GPa (Katsura,
2022) and all other parameters follow Putirka (2005). Our approach,
assumptions underlying this calculation and the derivation of these
parameters are detailed in Supplementary Text $4.2.

3.3. Determining temperature using PRIMELT3 in clinopyroxene-
saturated magmas

Melting temperatures can also be determined from the composition
of a melt using models such as PRIMELT3 (Herzberg and Asimow, 2015)
which applies an olivine inverse fractionation model to a measured lava
compositions, calculating a primary magma composition and associated
melting temperature. However, such methods make the assumption of
olivine-only fractionation, which may be invalid for any ALG samples
which have undergone clinopyroxene crystallisation, potentially
resulting in systematic overestimation of Ty} (Herzberg and Asimow,
2015). Various approaches have been applied to the problem of addi-
tional crystallising components including: graphical analysis (e.g. Till
et al, 2012); thermodynamic models (Danyushevsky and Plechov,
2011); and search methods which find a candidate primary magma from
which a given co-/eutectic melt could evolve (e.g. Kimura and Ariskin,
2014). However, a common problem is that small uncertainties in the
initial conditions of the inversion compound to large, poorly constrained
uncertainties in the solution (Herzberg and Asimow, 2015).

Most ALG samples have low CaO for a given Mg# (Fig. 2) resulting
from fractional crystallisation of clinopyroxene. There is no evidence
that low CaO contents are due to melting of pyroxenite (Supplementary
Text S4.1.2). To address the issue of clinopyroxene saturation in our
samples, we have developed a novel Monte Carlo-based approach
whereby a large population of candidate primary melts are created by
projecting from points along the olivine-only reverse fractionation path
towards a database of experimental clinopyroxene compositions (LEPR,
Hirschmann et al., 2008;n = 106, P = 1.2—2.0 GPa, T = 1250 —
1500 °C). Where projections intersect the FeO/MgO of primary mantle
melts (0.56 + 0.02; Hole and Millett, 2016), a candidate primary melt
for the sample is generated. These candidate melts are then filtered to
those with CaO concentrations consistent with primary peridotite melts
(Herzberg and Asimow, 2008) before being reinput to PRIMELT3 to
check for internal self-consistency and calculate a temperature (Herz-
berg and Asimow, 2015; Table S8). This method is referred to as Monte
Carlo PRIMELT3 (MC-PRIMELT3) hereafter.
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Fig. 2. Harker plots showing magmatic differentiation for all ALG samples. A —
Al,03 versus Mg# (molar Mg/[Mg + Fe]) showing negative correlation for
almost all samples. Only samples with Mg# <0.5 appear to have fractionated
plagioclase. B — CaO versus Mg# showing low CaO for a given Mg# indicating
clinopyroxene fractionation has taken place. C — MgO versus Mg#. The com-
positions of primary magmas calculated by MC-PRIMELT3 is shown as a grey
cloud (Supplementary Table S8). LLDs calculated in Petrolog3 (Danyushevsky
and Plechov, 2011) for a range of pressures (0-2 GPa) are shown (see Sup-
plementary Text S4 for details). Vectors for factional crystallisation and addi-
tion of olivine (Fo 80-90 mol%) are shown in each panel.

To avoid issues associated with xenocrystic olivine accumulation, the
composition of olivine-phyric samples was recalculated as olivine-free
using olivine abundances determined by image analysis (Supplemen-
tary Text S3.3) and the composition of olivine measured by EPMA
(Table S3). All whole-rock or liquid compositions used for calculating
temperatures had MgO >10 wt% and, to avoid extra complexity asso-
ciated with potential plagioclase fractionation, a small number of sam-
ples either with plagioclase macrocrysts or with MgO/Al,03 <0.55 were
discarded, following Hole and Natland (2020). The modelling approach
is illustrated for two samples in Fig. 3 and full details are given in
Supplementary Text S4.3.

This approach implicitly includes the uncertainty of the exact crys-
tallisation paths and therefore has a large advantage over a deterministic
back fractionation model which would give an apparently unique
answer without quantifying the large uncertainties linked to the LLD,
pressure-temperature conditions, and final composition. The output of
our model is a range of primary mantle melts that are possible via olivine
+ clinopyroxene fractionation for a given starting composition, each
with an associated Tp, approximating a normal distribution.

4. Results

All samples have whole-rock major element chemistry consistent
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with primitive olivine-normative basalts. SiO5 ranges from 45 to 48 wt
%, whereas MgO and Mg# (molar Mg/[Mg+Fe]) are more variable,
ranging 6-19 wt% and 45-76 mol%, respectively (Fig. 2). Sample AB-
B929 from the CTF is distinct with higher SiO; (51.3 %) and slightly
lower MgO (5.5 %). Most elements show incompatible behaviour in high
Mg# whole-rock analyses, consistent with olivine-only crystallisation
(Fig. 2; Fig. S5). CaO shows an inflection at Mg# ~<60, switching to
compatible behaviour where clinopyroxene comes onto the liquidus.
Al;,03 and NayO correlate negatively with Mg# in all samples, sug-
gesting plagioclase did not saturate in most magmas, consistent with the
near absence of plagioclase phenocrysts in our samples.

The forsterite (Fo; Mg,SiO4) contents of olivine phenocryst cores
range 69.0-88.7 mol% (mean 83.9 + 2.8, 1c6; n = 590), while mantles
range 67.4-86.3 (mean 80.1 + 3.8, n = 135), and rims range 81.6-56.5
mol% (mean 69.4 + 7.5, n = 52). Olivine P,0s5 contents are low (<0.07
wt%) and CaO shows a narrow range (0.2-0.4 wt%), typical of magmatic
olivine (Thompson and Gibson, 2000).

Spinel Mg# spans 21.1-68.9 mol% and Cr# (molar Cr/[Cr+Al])
ranges from 10.2 to 53.5 mol%. TiO; is generally within the calibration
range of the Coogan et al. (2014) olivine-spinel thermometer, typically
ranging 0.1-1.1 wt% (mean 0.5 + 0.2, n = 346). A small number (n =
28) of spinels with elevated Fe3' and/or TiO, contents outside of the
thermometer calibration were excluded from temperature calculations
(Supplementary Text $4.2).

After filtering for spinel TiO5 and Fe3* contents, 240 olivine-spinel
pairs from 18 samples yielded calculable temperatures, with 1-30
temperatures per sample (Table S5). Uncorrected crystallisation tem-
peratures range 1176-1363 °C, with the full range of temperatures
recorded in the dataset present in data from the most primitive olivines
(Fo >84 mol%; n = 126). Once corrected for crystallisation, latent heat
and adiabatic heat loss (Supplementary Text S4.2), T, for individual
olivine spinel pairs ranges 1403-1521 °C with both maximum and
minimum temperatures recorded in the LBF. The UBF shows a signifi-
cantly narrower range of T, from 1425 to 1469 °C (Fig. 4; Supplemen-
tary Table S9).

Two samples (ABB002 and ABB908), both aphyric or very poorly
phyric and from the UBF, yielded temperatures directly via PRIMELT3
solutions (without warnings for augite fractionation). These resulted in
calculated mantle T, of 1457 and 1466 °C, respectively. All other sam-
ples had CaO contents too low to be related to primary peridotite melts
by olivine-only fractionation. After applying our Monte Carlo approach
to reverse clinopyroxene crystallisation (MC-PRIMELT3; Supplementary
Text S4.3), these samples yielded PRIMELT3 solutions with mean T}, for
each sample ranging 1374-1472 °C (Supplementary Table S10).

5. Discussion
5.1. A stratigraphic record of mantle temperature

Our MC-PRIMELT3 and corrected olivine-spinel thermometry out-
puts provide two comparable temporal records of mantle potential
temperature (T},) and, for both datasets, we consider the mean as the
best estimate of Ty, for each individual sample (See Supplementary Text
$4.2.2). Mean T, values show marked variation in our sample set,
ranging 1403-1521 °C (AT = 117 °C) for olivine-spinel temperatures
and 1374-1472 °C (AT = 98 °C) for MC-PRIMELT3 temperatures
(Fig. 4). Both the absolute Ty, values for each sample and the magnitude
of relative variations along our composite log show a good agreement
between the two independent temperature records albeit with a slight
vertical offset between the two records (see Section 5.1.1 below). Our
calculated temperatures are consistent with most previous estimates of
mantle Tp in the NAIP in indicating modest excess mantle temperatures
(+100-150 °C). They also extend to markedly low temperatures, little
above ambient mantle (T, ~1350 °C; Herzberg et al., 2007).

There is a marked difference in the degree of T}, variability between
the Upper and Lower basalts. For both olivine-spinel and MC-PRIMELT3
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Fig. 3. Monte Carlo approach for reversing olivine and clinopyroxene crystallisation to calculate primary magma compositions and an associated potential tem-
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temperatures, LBF samples shows a wider range of temperatures than
UBF and encompass both maximum and minimum temperatures. While
the LBF records the full range of temperature in the dataset (ATjivine-
spinel = 117 °C, ATprimelr = 98 °C), temperature variation among UBF
samples is ~30-50 % of that in the LBF (ATolivine-spinel = 45 °C, ATprimelt
= 53 °C). A variety of statistical tests including ANOVA, post-hoc Tukey
and F tests indicate that these differences are statistically significant to p
< 0.05 (Supplementary Text S5). Both records therefore indicate that T,
varied significantly during melting to form the earliest ALG magmas and

became more stable with time.

Variation in mantle Tj, will cause variation in the degrees of melting,
significantly affecting the major and trace element contents of melts.
Lower temperatures are expected to correspond to lower degrees of
melting and higher incompatible element concentrations in the resulting
melts. However, isotopic data suggest that most BIPIP basalts are
contaminated by interaction with small volumes of continental crust
which, with the exception of Nb/Zr ratios, appears to have perturbed
their trace element systematics but not significantly disturbed the major
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elements (Supplementary Figs. S10, S13; Hole and Natland, 2020).
Major elements show correlations with calculated T, consistent with
their expected behaviour during mantle melting, lending further support
to the inferred variation in mantle temperature (Supplementary Text
54.4).

5.1.1. Time-lag in the erupted record of mantle temperatures

Both olivine-spinel and MC-PRIMELT3 temperature records show a
distinct interval of markedly lower temperatures in the LBF, 200-250 m
below the base of the UBF. However, there is a 20 m stratigraphic offset
with the temperature minimum appearing higher in the olivine-spinel
dataset (Fig. 4). We interpret this as the result of disequilibrium be-
tween olivine phenocrysts and their carrier melt. Erupted melts
commonly carry a xenocrystic cargo, derived from remobilisation of
residual crustal mushes which form as a result of fractional crystal-
lisation before past eruptions (e.g., Thomson and Maclennan, 2013). The
direction of the offset, with the olivine-spinel temperature anomaly
lagging the temperatures based on liquid compositions, is consistent
with these olivines being xenocrystic and recording a slightly earlier T,
than their carrier melt. The presence of xenocrysts would not impact the
results of MC-PRIMELT3 modelling since this was performed on calcu-
lated olivine-free compositions.

To test the validity of this interpretation, we assess Fe-Mg equilib-
rium between the cores of olivine macrocrysts and their host liquid,
assuming equilibrium KkQ/* Fe/Mg of 0.30-0.33 (Putirka, 2005).
Phenocrystic olivine which grew directly from the carrier melt during
crustal magma storage and ascent must be in equilibrium with either: 1)

the whole-rock composition of its host rock, 2) the composition of the
crystal free liquid (i.e. excluding olivine; calculated for input into
MC-PRIMELT3 modelling), or 3) a composition between (1) and (2).
Olivines more primitive than any of these could have crystallised from
earlier more primitive melts, parental to the erupted lava, whereas ol-
ivines which are more evolved than any equilibrium composition are
likely xenocrystic and accumulated from pre-existing mush during
magma ascent (country-rock derived antecrysts are absent as the ALG
intruded through an olivine-free continental basement; Mitchell, 2004).

Most of our olivine cores are in equilibrium with the whole-rock or
crystal-free liquid composition of their host lava or bracketed by the two
(Fig. 5). However, in many samples, some or all of the olivines are far
from equilibrium with either whole-rock and calculated liquid compo-
sitions, indicating a prevalence of xenocrystic material. Samples from
the critical interval where the two temperature records are offset
(ABB019-ABB023) show abundant evidence for xenocrystic olivine
(3-100 % of olivines analysed; Fig. S15). Furthermore, apparent
chemical equilibrium between olivine and melt could be coincidental
and does not preclude that olivine too being xenocrystic. The presence of
coarse grained olivine + plagioclase glomerocrysts in some samples
(excluded from PRIMELT3 modelling due to their potentially having
equilibrated with plagioclase; Fig. S2) further attests to ascending melts
incorporating crustal cumulates, with similar examples well-
documented in magmatic systems (e.g., Holness et al., 2019; Thomson
and Maclennan, 2013). This supports our inference that there is not a
one-to-one correspondence between the whole-rock and mineral records
of temperature: xenocrystic olivines may give temperatures for magmas
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which stalled in the crust; vice versa, aphyric lavas may be erupted
earlier than their crystal cargo resulting in a temporal offset between
MC-PRIMELT3 and olivine-spinel temperatures.

5.2. Temporal record of a pulsing plume?

Stratigraphic variation in melting T, through the ALG sequence
could derive from: 1. heterogeneity in the mantle source, 2. convective
instabilities induced by subcontinental lithospheric mantle (SCLM)
extension, 3. lateral transport of magmas from cooler and hotter mantle
regions, or 4. pulses of hotter and cooler material within a rising plume.
Determining which of these mechanisms is plausible places direct con-
straints on competing models for LIP formation; non-plume “warm”
insulated mantle models (e.g. Hole and Natland, 2020) necessitate a
steady-state or cooling mantle and, without the additional mechanism of
mantle heterogeneity, convective instabilities, or lateral migration of
magma (1-3 above) are inconsistent with the stratigraphic T, fluctua-
tions observed in our data. We address each of these mechanisms in turn
below and show that the first three are unlikely to explain the data and
that, instead, our results are consistent with a pulsing plume model.

Variation in the proportion of fusible pyroxenite and refractory
harzburgite in the mantle source alters its thermal structure and will
lead, respectively, to under- or over-estimation of T}, from olivine-spinel
Teryst if assuming a lherzolitic source (Matthews et al., 2016). Elevated
Nb/Zr and Zn/Fe ratios in basalts and Ni contents in their olivine phe-
nocrysts have all been used to fingerprint the contributions of pyroxenite
during mantle melting (Le Roux et al., 2010; Shorttle et al., 2014;
Sobolev et al., 2005). Applied to the ALG magmas, these proxies provide
no positive evidence for significant involvement of pyroxenite in their
petrogenesis; ALG Nb/Zr ratios are low and do not show correlations
with major elements which are characteristic of hybrid peridotite/pyr-
oxenite melts in Iceland (Fig. 6; Shorttle et al., 2014; Shorttle and
Maclennan, 2011). Likewise, Zn/Fe ratios and olivine Ni contents are in
line with what would be expected of peridotite-derived melts (Fig. 7,
Supplementary Figs. S6, S11). While variation in the proportion of
mantle harzburgite is theoretically capable of producing nearly the full
Tp variation seen in our dataset (Matthews et al., 2016), such variation
would be accompanied by drastic variation in melt productivity. We
would therefore expect magmas from refractory harzburgite-rich mantle
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with high apparent T, to be less abundant than those produced from
more fertile mantle with lower apparent Tp,. This is inconsistent with the
ALG succession which shows the opposite trend. Consequently, we
calculate and interpret T, assuming a homogeneous lherzolitic source
(see Supplementary Text S4.2.3 for further justification), while
acknowledging that we are unable to entirely exclude that some part of
the apparent T, variation may be due to minor variation in melting li-
thology which has been masked by subsequent mixing of endmember
melts. In such a case our results would suggest a plume that was both
thermally and chemically pulsed.

Incipient rifting or plume erosion can create topography at the
lithosphere-aesthenosphere boundary, leading to convective foundering
and melting of dense metasomatic pyroxene-rich hybrids in the lower-
most lithosphere (Brune et al., 2023; Furman et al., 2016). Modelling
indicates that such processes can generate small-scale convection cells
which juxtapose hot and cold mantle domains on scales of <100 km
(Gernon et al., 2023). However, notwithstanding, the lack of
geochemical evidence for melting of pyroxenite-rich lithospheric ma-
terial, rifting did not commence between Greenland and Europe until
~56 Ma (Saunders et al., 1997), precluding this mechanism for gener-
ating T, variations in the ALG.

Lateral transport of magmas sampling different points across a
temperature gradient in the mantle source could generate apparent
temporal variation in Tj recorded by the erupted lavas. Broad temper-
ature gradients have been invoked to explain the spread of temperatures
recorded in a variety of ocean islands and LIPs (Herzberg and Gazel,
2009; Hole and Millett, 2016) and lateral magma transport has been
offered as an explanation for alkaline-tholeiitic transitions within the
BIPIP (e.g., Hole et al., 2015; Kent and Fitton, 2000; White, 1992).
Mantle thermometry from contemporaneous Western and Eastern
Greenland lavas indicate a lateral temperature gradient of ~0.1 °C/km
across the NAIP (Hole and Millett, 2016). Applied our data, this would
require >1000 km of lateral transport to explain the maximum tem-
perature variation in the LBF. While such laterally-extensive dyke
swarms have been identified (e.g., Ernst and Baragar, 1992), they are
rare and it is difficult to envisage how distinct magma compositions,
recording very different mantle temperatures, could survive such
extensive migration without mixing/homogenisation or freezing in the
crust. Furthermore, this mechanism is unable to explain the observed
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stratigraphic transition from variable to uniform T, (i.e., between the
LBF and UBF). Hence, we do not consider it to be a viable mechanism for
generating the observed ALG Tj, variations.

Instead, we infer that temporal T, variations through the ALG arise
from thermal pulsing in a mantle plume. Pulsatory or oscillatory dy-
namics have been demonstrated from a range of studies in Iceland and
other ocean islands over timescales ranging from <1 to a few million
years (Liu et al., 2023; Parnell-Turner et al., 2014; Spice et al., 2016;
Taylor et al., 2020). Although the exact chronostratigraphy of the LBF
sequence is unknown, U-Pb geochronology constrains its eruptive period
to ~0.5 Ma (Cooper et al., 2020), suggesting that the frequency of
temperature variation recorded in the LBF lavas is on the order of <10°
yrs, and appears to represent the shortest timescales of terrestrial plume
pulsing identified to date. Thermal pulses recorded in the ALG have a
higher amplitude and order of magnitude shorter periodicity than those
of the modern Icelandic plume, inferred from V-shaped ridges (~25 °C;
3-6 Myr; Parnell-Turner et al., 2014). However, it should be noted that
crustal thickness in V-shaped ridges is inherently insensitive to variation
on the timescale of individual eruptions and instead records long-term
average conditions during their assembly; some of the apparent differ-
ences in timescale may therefore be down to differing temporal reso-
lutions of the two records.

Plume pulsing provides a viable explanation for the change from
variable to steady temperatures between the LBF and UBF, as thermo-
chemical plumes are inherently unstable phenomena and undergo
secular changes in state and behaviour. This is recorded empirically by a
marked transition in the periodicity and amplitude of Icelandic plume
oscillations at ~35 Ma, manifest by the onset of V-shaped ridge for-
mation and a transition to long-term warming (Parnell-Turner et al.,
2014; Spice et al., 2016). Periodic and oscillatory behaviours are
furthermore predicted by numerical and experimental plume models,
arising from boundary condition perturbations, at the core-mantle
interface (Olson et al., 1987; Scott et al., 1986). Hence, a punctuated
shift from variable to uniform T}, in the ALG is entirely consistent with
our understanding of long-term plume behaviour and dynamics.

5.3. Crustal response to fluctuating temperatures

The occurrence of rapid variations in mantle potential temperatures
provides an opportunity to investigate the intrinsic link between mantle,
crustal and volcanic processes, examining how eruptive and sub-
volcanic systems are affected by forcing from the Earth’s interior.
Olivine phenocrysts preserve an archive of mantle and crustal processes,
with their Ni contents varying as a function of mantle melting compo-
nents (Sobolev et al., 2005) and as a result of crustal magma mixing
(Gleeson and Gibson, 2019; Herzberg and Asimow, 2015; Hole, 2018).
In our samples olivine Ni concentrations are systematically higher in
many LBF samples than the UBF for a given Fo content (Fig. 7), but
ubiquitously lower than those anticipated for melting of a pyroxenitic
source (<4700 ppm; Sobolev et al., 2005). This is consistent with pre-
vious studies in the NAIP and has been taken as evidence against a py-
roxenite melting component (Herzberg et al., 2016; Hole, 2018);
consequently, variable Ni concentrations in our olivine crystals more
likely represent the effect of mixing between mafic and evolved melts (e.
g., Gleeson and Gibson, 2019). To verify this, we model the effects of
fractional crystallisation and mixing on olivine crystal lines of descent
(CLDs; Supplementary Text S4.1).

Results of our olivine CLD models indicate that olivine Ni contents
indeed reflect magma mixing. Elevated Ni contents can result from
mixing of primary magmas with more evolved (lower MgO) melts, and
the Ni content of olivine (at a given Fo content) is inversely proportional
to the MgO content of the evolved endmember (Fig. 7a). Elevated Ni at a
given Fo content could also arise from mixing of peridotite- and
pyroxenite-derived melts. However, the trends defined by individual
sample’s olivine compositions are close to calculated mixing curve be-
tween two peridotite-derived melts and always at a lower angle than
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predicted for pyroxenite derived CLDs (Supplementary Figure S6;
Shorttle and Maclennan, 2011). Additionally, many ALG olivines plot to
higher Ni and lower Fo than a pure KG2 pyroxenite-derived CLD, indi-
cating that mixing with low MgO melts must be the dominant process
controlling their Ni contents. Hence, the data strongly support mixing
between evolved and primitive melts during the interval of low mantle
Tp, and do not provide any strong support for the involvement of
pyroxenite-derived magmas.

The extent of mixing required to produce the observed olivine
compositions varies widely (0-90 %) and apparently randomly in all our
Antrim samples, but the Ni content of the olivine — and therefore the
MgO of the more-evolved mixing component — varies systematically
through the stratigraphy (Fig. 7b). In the LBF, olivine Ni contents record
variable mixing between near-primary magmas (MgO > 14 %) and both
mafic (MgO <10 wt%) and substantially evolved melts (MgO ~4 wt%),
whereas the evolved mixing component in the UBF is restricted to more
mafic compositions only (~7-11 wt%). Notably, the most evolved
(lowest MgO) mixing component occurs in the middle part of the LBF, at
the same stratigraphic level as our calculated low mantle T, results
(Fig. 7b). This suggests that magmatic flux was not constant during
emplacement of the ALG, as this would produce more stable mixing
endmember compositions and olivine Ni contents. Rather, mixing of
near-primary magmas with more evolved melts in the LBF implies
stagnation and intervals of low magmatic flux into the crust, By contrast,
in the UBF the evolved mixing component is consistently more mafic,
implying a steadier mantle melt flux (e.g., Tapu et al., 2023). The cor-
relation between these results and our mantle temperature record sug-
gests that the extent to which crustal melts stagnate and evolve is
controlled from below and driven by a decrease in primary melt pro-
ductivity in response to fluctuations in mantle T),.

Insight into the tempo of surface volcanism during emplacement of
the ALG can be derived from the degree of weathering of individual lava
flows. Antrim lava flows are commonly capped by a reddened zone of
incipient lateritisation, resulting from sub-aerial alteration (Hill et al.,
2000). These form slowly from the top down and their thickness pro-
vides a proxy for the repose period between successive eruptions
(Beresford-Browne et al., 2024; Zehetner et al., 2020). The abundance of
thick alteration zones (>2.5 m) is markedly higher in the LBF than the
UBF within our composite stratigraphy: the LBF contains six flows which
are capped by 2.5-5 m thick weathering horizons whereas the UBF
contains just one. Additionally, the top of the LBF is capped by a thick
laterite layer which marks the interbasaltic hiatus between LBF and UBF
(Fig. 8).

Although weathering rates are impacted by climatic conditions,
benthic isotope records indicate only a moderate increase in global
temperatures during ALG emplacement (~61.5-58.5 Ma; Westerhold
et al., 2020); thus, climatic effects would favour greater alteration of the
UBF than the LBF, in contrast with the observed stratigraphy. Instead,
we ascribe variations in sub-aerial alteration extent to real temporal
variations in eruption frequency, whereby LBF eruptions were more
sporadic with periodic extended hiatuses in activity and UBF eruptions
were emplaced at a steadier rate with consistently short repose times
(Fig. 8b). Accompanying this irregular rhythm of volcanism, mantle
temperature and melt flux were also highly variable during emplace-
ment of the LBF. Although there is not a direct one-to-one correlation
between the thickness of weathering horizons and mantle Ty, all but one
thick weathering horizon is preceded by a drop in temperature.
Furthermore, it should be noted that the response of a complex
volcano-magmatic system to perturbation is very unlikely to be linear
especially at a single location (e.g., Sparks, 2003).

We suggest that variability in mantle T}, and crustal melt flux not
only impacted the extent to which sub-volcanic melts evolved, but
potentially also the tempo of volcanism at Earth’s surface. Hence, our
stratigraphically controlled dataset demonstrates a first-order link be-
tween variations (or lack thereof) in mantle T, and subsequent crustal
and volcanic processes during magma ascent and eruption. This further



E.J. Carter et al.

Earth and Planetary Science Letters 644 (2024) 118903

200+ 200+
E E
L L
5 5
o 07 o 07
[72] n
© ©
o o
[} [
> >
o o
ko] o
© ©
S -200 S 200
() (O]
T T
4004 -400+

weathered zone
thickness (m)

7.5
O]

5.0
25
0.0

interbasaltic
laterites

25 50 75
weathered zone thickness (m)

0.0

0.75 0.50 0.25
relative age (unitless)

0.00
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raises the possibility that a major and long-lived decrease in mantle
temperature was also responsible the prolonged volcanic hiatus and
lateritic development between UBF and LBF.

6. Conclusions

By applying two independent methods of thermometry within a
robust stratigraphic framework we are able, for the first time, to
establish high resolution temporal variations in mantle potential tem-
perature (Tp) through the early stages of a major LIP at the scale of in-
dividual lava flows. The results indicate marked variation in Tp, with
olivine-spinel thermometry yielding a range of 1403-1521 °C and Monte
Carlo PRIMELT3 modelling 1374-1472 °C. Temperature variation is
significantly higher in the LBF than the UBF, with an interval of
distinctly low Tj, (~200 m depth) in the LBF sequence recorded by both
thermometers. This temporal variation in mantle potential temperatures
is very difficult to explain via non-plume models for LIP formation but is
readily explained by pulsatory behaviour in the proto-Icelandic plume,
with periodic hotter and cooler material originating from perturbations
at the core mantle boundary.

The nickel content of olivine can be used as a proxy for melt flux into
the crustal magmatic system and implies systematically lower melt flux
in the LBF following the interval of low temperatures. Similarly, the
abundance of thick weathering horizons is also much higher in the LBF
than the UBF, indicating more variable repose period between erup-
tions. These observations together link the mantle, crustal and volcanic
systems during LIP formation, indicating that variations in mantle T,
can significantly influence magmatic dynamics and perhaps the tempo
of volcanism. This in turn suggests that the particular behaviour of a
mantle plume (i.e., pulsing versus steady), and changes therein, may be
an important driving force, mediating the tempo and evolution of
volcanism in large igneous provinces and potentially at modern ocean
islands.
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