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temperatures (i.e. degrees of undercooling sensu lato), indicating that kinetic processes play a 

key role in controlling clinopyroxene compositions under even notionally equilibrium 

conditions. Few published analyses of experimental clinopyroxene crystals may thus 

represent truly equilibrium compositions. Stoichiometric calculations on natural and 

experimental clinopyroxenes show that Fe3+ is a major constituent of clinopyroxenes from 

tholeiitic magmas under naturally relevant oxygen fugacity conditions. They also show that 

Fe3+ is most likely incorporated as Ca- and Al- bearing Ca-Fe-Tschermak’s component rather 

than Na-bearing aegirine component at oxygen fugacities up to one and half log units above 

the quartz–fayalite–magnetite buffer. Elevated oxygen fugacities are thus less likely to 

compromise clinopyroxene–liquid geothermobarometry than previously thought. Guided by 

our experimental results, we combined published descriptions of clinopyroxene–liquid 

equilibria with geothermobarometric equations to develop an internally consistent and widely 

applicable method for performing geothermobarometry on tholeiitic magmas that does not 

require equilibrium zones to be selected a priori. Applying this method to natural 

clinopyroxene crystals from the 2014–2015 Holuhraun lava that formed under low but 

variable degrees of undercooling (perhaps 25 °C or less) returns values in excellent 

agreement with those from independent methods (232±86 MPa, 1161±11 °C). Robust 

estimates of magma storage conditions can thus be obtained by performing clinopyroxene–

liquid geothermobarometry on tholeiitic magmas when disequilibrium is suitably accounted 

for.
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INTRODUCTION

Clinopyroxene is a key constituent of many mantle, igneous and metamorphic rocks. Its 

stability across diverse pressure–temperature–composition (P–T–X) conditions derives from 

its ability to incorporate a large range of cations in both octahedral and tetrahedral 

coordination states (Morimoto et al., 1988). Although this compositional plasticity makes it 

challenging to model clinopyroxene chemistry (e.g., Sack and Ghiorso, 1994; Green et al., 

2012), it does mean that clinopyroxene can record more information about the conditions 

under which it formed than chemically simpler minerals such as olivine (e.g., Putirka, 2008). 

For example, the P-sensitive incorporation of Na into clinopyroxene can be exploited as a 

geobarometer for estimating the depths at which volcanic products were stored prior to 

eruption (Putirka et al., 1996). Such depth estimates are vital for reconstructing magmatic 

plumbing system architectures and hence understanding mechanisms of crustal accretion 

(e.g., Maclennan et al., 2001) and interpreting geophysical signals of magma movement 

before and during volcanic eruptions (e.g., Longpré et al., 2014). However, obtaining reliable 

values from clinopyroxene geobarometers is not always straightforward: variations in oxygen 

fugacity (fO2), sector zone development, disequilibrium crystallisation and uncertainties in 

geobarometric equations can all lead to spurious results, even when geochemical analyses are 

of superior quality (Mollo et al., 2013; Hammer et al., 2016; Neave and Putirka, 2017). Here 

we use observations on natural clinopyroxenes from an archetypal tholeiitic basalt emplaced 

during the 2014–2015 Holuhraun eruption in Iceland to identify sources of uncertainty in 

magma storage depth estimates. Observations on natural samples are complemented by 

experimental observations designed to test the reliability of Neave and Putirka’s (2017) 

clinopyroxene–liquid geobarometer and facilitate the optimisation of methods for 

determining the conditions under which the tholeiitic magmas that dominate global magma 

budgets crystallise.
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Although the degree of undercooling mediates the nature and degree of sector zone 

development during crystallisation (Kouchi et al., 1983; Welsch et al., 2016), it also affects 

the composition of crystals independently of sector zone development (Lofgren et al., 2006; 

Mollo and Hammer, 2017). That is, clinopyroxene bulk compositions depend on the degree 

of undercooling as well as on the prevailing P–T–X conditions. Augite crystals formed at 

high undercooling are characterised by an excess of non-quadrilateral components (Lofgren 

et al., 2006; Mollo and Hammer, 2017), potentially resulting in the calculation of spurious 

storage conditions by clinopyroxene–liquid geothermobarometry, as demonstrated in 

dynamic crystallisation experiments with high cooling rates (Mollo et al., 2010). Filtering 

clinopyroxenes for multicomponent equilibrium nevertheless provides a way to exclude 

disequilibrium compositions from geothermobarometric calculations (e.g., Mollo et al., 2013) 

and has enabled the calculation of coherent magma storage depths in a number of settings 

including Iceland (e.g., Halldórsson et al., 2018). However, such multicomponent filtering 

has yet to be validated with experiments on tholeiitic compositions – much of the work 

carried out to date has focussed on alkali basalts from Mt. Etna, Italy (e.g., Mollo et al., 2011, 

2013, 2018). We thus aim to develop an experimentally validated strategy for robustly 

identifying equilibrium clinopyroxene–liquid pairs in tholeiitic magmas that will be of 

widespread use for studying systems beyond the 2014–2015 Holuhraun lava.

The 2014–2015 Holuhraun eruption

The 2014–2015 Holuhraun volcano-tectonic event in central Iceland was one of the best 

monitored basaltic fissure eruptions ever to have taken place (Sigmundsson et al., 2015; 

Ágústsdóttir et al., 2016; Guðmundsson et al., 2016). Approximately 1.2 km3 of lava (dense 

rock equivalent) was emplaced on the Dyngjusandur plain north of the Vatnajökull icecap 

over the course of the eight-month long eruption (Fig. 1; Pedersen et al., 2017; Bonny et al., 

2018), making it the volumetrically largest eruption in Europe since the 1783–1784 Laki 
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redox buffer, with excess O2 reacting to form CO2 (Holloway et al., 1992; Jakobsson and 

Óskarsson, 1994; Médard et al., 2008). In a second suite of capsules designed to run under 

moderately oxidising conditions, ~60 mg of dried starting glass powder was loaded into 

Au80Pd20 (AuPd) capsules that had been pre-saturated with ~0.2 wt.% Fe (e.g., Gaetani and 

Grove, 1998; Balta et al., 2011). With the intention of buffering samples at an fO2 

approximately one log unit above the quartz–fayalite–magnetite (QFM) redox buffer, no H2O 

was added (e.g., Husen et al., 2016). Small quantities of H2O (~0.5 wt.%) were nevertheless 

expected to form by the reaction of trace H2 in the pressure medium with O2 liberated from 

the reduction Fe2O3 in the starting glass (Botcharnikov et al., 2005; Husen et al., 2016). 

Experimental runs were performed by suspending either graphite-Pt double capsules 

or AuPd capsules from thin Pt wires in the hot zone of an internally heated pressure vessel 

(IHPV) at the Institut für Mineralogie of the Leibniz Universität Hannover, Germany (e.g., 

Berndt et al., 2002). Experiments were performed at 100, 300 and 600 MPa using an Ar 

pressure medium; no 600-MPa experiments were performed using graphite-Pt double 

capsules. Pressure was continuously monitored with a strain gauge manometer and did not 

vary more than the measurement uncertainty (5 MPa) during experimental runs. Experiments 

were performed at 1140, 1160 and 1180 °C for all P conditions in order to bracket magma 

storage conditions estimated in earlier work (Halldórsson et al., 2018); additional higher-T 

experiments were performed at 1200 and 1220 °C for some P–fO2 combinations (Table 1). 

Experimental samples were heated to 20 °C below the target T at a rate of 50 °C/min, and 

then to the target T at a rate of 10 °C/min in order to avoid overshooting; no high-T 

treatments were applied at the start of any runs. After holding samples at the target T for one 

hour, thermal oscillations of ±10 °C were imposed for the first third of each experimental run 

to promote the formation of large crystals and large melt pools (Erdmann and Koepke, 2016). 

Temperature was monitored across the vessel’s 25 mm-tall hot zone with four unsheathed S-
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crystals (Erdmann and Koepke, 2016), experiments were held at their final target T until 

quenching. However, both the texture and compositional variability of experimental 

clinopyroxenes depend on T and F, implying that they reflect the deviation of T below the 

clinopyroxene liquidus T (i.e. the degree of undercooling sensu lato) experienced at the onset 

of crystallisation. For example, small numbers of large clinopyroxene crystals were produced 

in high-T, high-F experiments (Fig. 4c), whereas numerous small crystals were produced in 

low-T, low-F experiments (Fig. 4d), a relationship consistent with changes in the relative 

influences of nucleation and growth with increasing undercooling (Kirkpatrick, 1976; 

Cashman, 1993; Hammer, 2008; Mollo and Hammer, 2017). That is, nucleation appears to 

have dominated over growth in experiments performed well below the clinopyroxene 

liquidus (low-F) when thermodynamic barriers to nucleation could be readily overcome, 

though competition for chemical nutrients may have also contributed towards restricting 

crystal sizes (Mollo and Hammer, 2017). In contrast, when experiments were performed 

close to the clinopyroxene liquidus (high-F), growth dominated over nucleation. Importantly, 

the same magnitude of thermal cycling was applied to all samples, meaning that even if 

cycling affected the details of crystal nucleation and growth in individual experiments, it is 

unlikely to account for systematic differences in clinopyroxene properties as a function of T 

or F. Indeed, other studies reporting compositional heterogeneity in experimental 

clinopyroxenes from tholeiitic systems did not apply thermal cycling (e.g., Grove et al., 1992; 

Berndt et al., 2005).

The compositional variability in clinopyroxenes produced in our lowest-F experiment 

performed in a graphite-Pt double capsule at 300 MPa and 1140 °C (F ~ 0.5) highlights that 

clinopyroxenes from so-called equilibrium experiments can sometime preserve strongly 

disequilibrium compositions (Fig. 11). However, highly variable compositions are restricted 

to nominally dry experiments in graphite-Pt double capsules. Given that H2O acts to reduce 
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geothermobarometric approach recommended by Neave and Putirka (2017) – iteratively 

solving their equation 1 with equation 33 from Putirka (2008) – we applied it to all 

clinopyroxene–liquid pairs measured in our experimental products (Fig. 13).

For any given set of P–T–fO2 conditions, geothermobarometric calculations on 

individual clinopyroxene–liquid pairs return positively correlated and broadly distributed P–T 

arrays, reflecting the interdependence of geobarometric and geothermometric models. In 

some cases, such as for experiments performed in AuPd capsules at 300 MPa (Fig. 13a), P–T 

estimates are dispersed to an extent commensurate with the prediction errors of 

geothermobarometric models: calibrations of equation 1 from Neave and Putirka (2017) and 

equation 33 from Putirka (2008) are associated with standard errors of estimate (SEEs) of  

±140 MPa and ±27 °C respectively. In other cases, P–T estimates vary well beyond model 

SEEs. For example, low-T experiments in graphite-Pt double capsules are associated with 

large ranges of estimated P–T conditions (Figs. 13c and 13d). In the most extreme case, 

clinopyroxene analyses from the 300-MPa experiment at 1140 °C return bimodal P and T 

distributions with absolute ranges greater than 100–900 MPa and 1140–1210 °C respectively 

(Fig. 13d). The deviation of calculated P–T conditions from imposed conditions correlates 

with the degree of geochemical variability within clinopyroxene populations. Given that 

clinopyroxene variability is linked to both the melt H2O content and the deviation below the 

clinopyroxene liquidus T, spreads in estimated P–T values are thus linked to the degree of 

disequilibrium experienced during crystallisation (e.g., Kouchi et al., 1983; Mollo et al., 

2010). Despite this, mean estimated P–T conditions are almost always within 1SEE of 

experimental values; all mean P–T conditions are well within 2SEE. Therefore, experiments 

performed at 100, 300 and 600 MPa can be readily distinguished from each other based on 

the results of geobarometric calculations. Pressure conditions estimated from AuPd-capsule 

experiments also show no systematic P differences with respect to those performed in 
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graphite-Pt double capsules, lending further credence to our suggestion that Fe3+ is 

incorporated as CaFeTs component rather than Ae component under the conditions studied.

The wide ranges of P–T values estimated from clinopyroxene compositions obtained 

at fixed experimental conditions reinforce previous suggestions that using only  KD
Mg–Fe
cpx–liq

values to check for clinopyroxene–liquid equilibrium in natural rocks is inadequate (Mollo et 

al., 2010, 2013; Winpenny and Maclennan, 2011; Neave and Putirka, 2017). However, that 

>65% of clinopyroxene analyses return P values within 1SEE of the imposed conditions does 

indicate that experimental conditions were recorded faithfully in some cases; the low-F, 300-

MPa experiment performed in graphite-Pt double capsules at 1140 °C represents a possible 

exception to this. The departure of individual clinopyroxene analyses from equilibrium was 

evaluated using equations 6 and 7 from Mollo et al. (2013) that describe DiHd and EnFs 

component equilibria and equation 3.4 from Putirka (1999) that describes CaTs component 

equilibrium. We note that these descriptions of clinopyroxene–liquid equilibria have been 

calibrated on mean experimental clinopyroxene compositions and without considering the 

effects of Fe3+. However, they represent the most complete empirical descriptions of 

clinopyroxene–liquid equilibria currently available and have been validated using 

experiments performed at low degrees of undercooling that are unlikely to have experienced 

appreciable disequilibrium crystallisation (Mollo et al., 2013).

Tests for DiHd component equilibrium are shown in Fig. 14; equivalent plots for 

EnFs and CaTs components are provided in the Supplementary Material. Clinopyroxene 

analyses from most experiments performed in AuPd capsules are close to being in DiHd 

component equilibrium (Figs. 14a and 14b), though some analyses from 600-MPa 

experiments have DiHd component contents slightly more than 1SEE above predicted values. 

In contrast, almost all clinopyroxene analyses from graphite-Pt-double-capsule experiments 

contain DiHd component contents more than 1SEE below predicted values (Figs. 14c and 
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14d). Such deviations are frequently greater than 2SEE in the cases of clinopyroxenes formed 

at 1140 and 1160 °C. The only experiment in graphite-Pt double capsules to return a 

meaningful number of clinopyroxene analyses in DiHd component equilibrium with their 

surrounding melt was performed under high-F conditions at 1180 °C and 300 MPa.

Internally consistent clinopyroxene geothermobarometry

With the aim of developing an internally consistent approach for performing clinopyroxene–

liquid geothermobarometry on natural tholeiites, we tested the effect of filtering the results of 

our geothermobarometric calculations on experimentally produced clinopyroxene–liquid 

pairs for multicomponent equilibrium (e.g., Hildner et al., 2012; Neave et al., 2013; Neave 

and Putirka, 2017; Halldórsson et al., 2018; Shane and Coote, 2018). Glass and 

clinopyroxene compositions were considered to be in equilibrium if observed DiHd, EnFs 

and CaTs component values were within 1SEE of predicted values (i.e. within ±0.06, ±0.05 

and ±0.03 for DiHd, EnFs and CaTs components respectively; Putirka, 1999; Mollo et al., 

2013). Thresholds for equilibrium were set at 1SEE for two reasons. Firstly, filters based on 

calibration statistics account for model uncertainties explicitly, whereas filters based on 

arbitrary thresholds do not. Indeed, some previous studies have over-filtered for CaTs 

component equilibrium when using arbitrary filters (e.g., Neave and Putirka, 2017). 

Secondly, adopting a conservative approach (i.e. setting thresholds at 1SEE instead of 2SEE) 

reduces the risk of returning false positives.

The results of filtering experimental clinopyroxene–liquid pairs are shown alongside 

unfiltered data in Fig. 13. Two key trends can be identified: firstly, high-F, high-T 

experiments are more likely to pass equilibrium filters than low-F, low-T experiments; and 

secondly, experiments in AuPd capsules return a greater number of reliable P–T estimates 

than experiments in graphite-Pt double capsules. The likelihood of clinopyroxene–liquid 

pairs passing equilibrium tests thus correlates inversely with melt H2O content and the 
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environments (Couch et al., 2001; Ginibre et al., 2002). Indeed, the euhedral form of many 

clinopyroxene crystals suggests that they grew in a melt-rich environment rather than within 

a static crystal mush (e.g., Holness et al., 2019). Therefore, although compositional 

variability within clinopyroxene macrocrysts complicates geothermobarometric calculations, 

it does encode information about magma reservoir dynamics.

Clinopyroxene textures, compositions and geothermobarometry suggest that the 

magma was stored at ~1160 °C prior to eruption – conditions under which olivine, 

plagioclase and clinopyroxene crystallised simultaneously at the basaltic thermal minimum. 

The sense of sector zoning suggests that the degree of undercooling was low (perhaps 25 °C 

or less) and that the magma could not have cooled from temperatures much above the 

clinopyroxene liquidus (~1180 °C at ~230 MPa according to our experiments) upon arrival in 

the shallow crust. Clinopyroxene macrocrysts nevertheless record fluctuations in storage 

conditions, resulting in the development of complex concentric zoning that is mirrored in the 

oscillatory zoning of cogenetic plagioclase macrocryst rims (Halldórsson et al., 2018). 

However, our geothermobarometric results and an absence of progressive core-to-rim zoning 

(with the exception of outermost rims formed during lava emplacement) imply that pre-

eruptive storage conditions did not diverge consistently from 230±140(1SEE) MPa and 

1161±27(1SEE) °C during the final stages of storage in the magma reservoir. However, not 

all macrocrysts carried by the 2014–2015 Holuhraun lava formed at these conditions; 

primitive macrocryst record earlier phases of evolution in different magmatic environments.

Primitive macrocrysts of high-XFo olivine, high-XAn plagioclase and rare high-Mg#cpx 

clinopyroxene record crystallisation at higher temperatures than the macrocryst assemblage 

formed immediately prior to eruption (Figs. 5, 6 and 7; Halldórsson et al., 2018). However, 

the relationship between evolved and primitive macrocrysts is not straightforward. Melt 

inclusions hosted in primitive macrocrysts record the entrapment of compositionally diverse 
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melts that cannot be related to erupted liquids and evolved macrocrysts by differentiation 

along a simple single liquid line of descent (Hartley et al., 2018). Instead, primitive 

macrocrysts are likely to have been entrained by melts parental to the erupted magma during 

their ascent through crystal mushes beneath the Bárðarbunga volcanic system (Halldórsson et 

al., 2018; Hartley et al., 2018), as has been suggested for other Icelandic systems (Hansen 

and Grönvold, 2000; Halldórsson et al., 2008; Passmore et al., 2012; Neave et al., 2013, 

2014). Moreover, observations on Icelandic lavas suggest that evolved and primitive 

assemblages are typically juxtaposed within weeks of eruption (Hartley et al., 2015, 2016, 

2018; Pankhurst et al., 2018), placing a maximum limit on the time taken to crystallise 

evolved macrocrysts.

Integrating our new observations with published work enables us to propose the 

following simplified model for the assembly of the 2014–2015 Holuhraun magma. Firstly, 

melts directly parental to the erupted liquid segregated efficiently from crustal mushes at 

pressures in excess of 230 MPa. These melts entrained primitive and geochemically diverse 

macrocrysts during ascent towards their final storage in a reservoir at ~230 MPa (Hartley et 

al., 2018). Importantly, it appears that no primitive macrocrysts are unambiguously cogenetic 

with the erupted melt, meaning that the origins if this melt remain frustratingly obscure 

(Halldórsson et al., 2018). Mixing during ascent may have facilitated the homogenisation of 

parental melts that subsequently cooled from temperatures close to the clinopyroxene 

liquidus (~1180 °C) to ~1160 °C, resulting in the crystallisation of olivine, plagioclase and 

sector-zoned clinopyroxene at low but variable degrees of undercooling. This crystallisation 

produced the erupted liquid which ultimately carried two discrete macrocryst assemblages to 

the surface, an equilibrium assemblage formed at ~230 MPa and ~1160 °C and an entrained 

assemblage formed at higher pressures and temperatures.

CONCLUSIONS
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Elevated fO2 conditions are thus less likely to compromise Jd-in-clinopyroxene 

geothermobarometry than previously envisaged (Neave and Putirka, 2017).

By combining geothermobarometric models with empirical descriptions of 

clinopyroxene–liquid equilibria we present an internally consistent and experimentally 

verified method for performing Jd-in-clinopyroxene geothermobarometry. Our approach 

avoids having to select equilibrium zones a priori by performing geothermobarometry and 

filtering for multicomponent equilibrium concurrently. Applying our approach to natural 

samples from the 2014–2015 Holuhraun lava returns P–T estimates in excellent agreement 

with published values from numerous independent methods: 232±140(1SEE) MPa and 

1161±27(1SEE) °C. Our findings illustrate how reliable estimates of storage conditions can 

be obtained from complex clinopyroxene crystals carried by tholeiitic magmas when 

sufficiently robust equilibrium filtering is undertaken.
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FIGURE CAPTIONS

Fig. 1. Map showing the location of the 2014–2015 Holuhraun lava in central Iceland. The 

extent of the lava flow is shown in red. Black points show the epicentres of earthquakes 

associated with dyke propagation from the Bárðarbunga central volcano towards the eruption 

site (Ágústsdóttir et al., 2016). Calderas and central volcanoes are outlined with solid and 

dashed lines respectively. Sample MSR161014 was collected at the location marked with a 

black star.

Fig. 2. Photomicrographs of sample MSR161014 from the 2014–2015 Holuhraun lava under 

(a) plane and (b) crossed polars. Macrocrysts of olivine (ol), plagioclase (plg) and 

clinopyroxene (cpx) are visible within a crystalline groundmass. The labelled clinopyroxene is 

in subophitic arrangement with plagioclase and shows sector zoning under crossed polars.

Fig. 3. Backscattered electron (BSE) images of clinopyroxene macrocrysts in sample 

MSR161014 from the 2014–2015 Holuhraun lava. Olivine (ol) and plagioclase (plg) 

macrocrysts are indicated. Interpretive sketches are shown to highlight patterns of sector and 

concentric zoning. Compositional profiles through pairs of sectors measured by electron probe 

microanalysis (EPMA) are marked on the sketches.

Fig. 4. Backscattered electron (BSE) images of typical products from experiments on sample 

MSR161014. (a) Olivine (ol), plagioclase (plg) and clinopyroxene (cpx) crystals in a glass (gl) 

matrix produced at 1160 °C and 300 MPa in a graphite-Pt double capsule. Zoning is highlighted 

in the largest clinopyroxene crystal. (b) Small, euhedral clinopyroxene crystals produced at 

1200 °C and 600 MPa in an AuPd capsule. (c) Large, euhedral clinopyroxene crystals produced 

at 1180 °C and 300 MPa in a graphite-Pt double capsule. (d) Chains of small clinopyroxene 

crystals associated with somewhat larger plagioclase crystals produced at 1140 °C and 300 

MPa in an AuPd capsule.
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T distributions calculated for both all and filtered subsets clinopyroxene analyses (dashed and 

solid lines respectively). Mean P and T estimates from filtered clinopyroxene analyses are 

shown beside the KDEs; error bars indicate model SEEs. (a) Experiments performed in AuPd 

capsules at 300 MPa. (b) Experiments performed in AuPd capsules at 600 MPa. (c) 

Experiments performed in graphite-Pt (C-Pt) double capsules at 100 MPa. (d) Experiments 

performed in graphite-Pt double capsules at 300 MPa.

Fig. 14. Comparison of observed and predicted diopside-hedenbergite (DiHd) component 

contents in experimental clinopyroxenes. Observed DiHd component contents were calculated 

following Putirka (2008). Predicted DiHd component contents were calculated by iteratively 

solving equations 6 and 7 of Mollo et al. (2013) using the P–T conditions presented in Fig. 13. 

One-to-one relationships between observed and predicted DiHd component contents are shown 

as solid black lines. Model uncertainties (standard errors of estimate) are shown as envelopes 

delimted by dashed grey lines. (a) Experiments performed in AuPd capsules at 300 MPa. (b) 

Experiments performed in AuPd capsules at 600 MPa. (c) Experiments performed in graphite-

Pt (C-Pt) double capsules at 100 MPa. (d) Experiments performed in graphite-Pt double 

capsules at 300 MPa.

Fig. 15. Pre-eruptive storage conditions of the 2014–2015 Holuhraun lava estimated with 

natural clinopyroxene macrocrysts from sample MSR141016. Iterative geothermobarometric 

calculations were performed using equation 1 of Neave and Putirka (2017) and equation 33 of 

Putirka (2008). (a) Pressure (P) and temperature (T) estimates calculated using an iterative 

melt-matching algorithm adapted from Neave et al. (2013) and Neave and Putirka (2017). 

Putative equilibrium melts were sourced from the matrix glass data of Halldórsson et al. (2018). 

Clinopyroxene–liquid pairs were considered to be in equilibrium when observed diopside-

hedenbergite (DiHd), enstatite-ferrosilite (EnFs) and Ca-Tschermak’s (CaTs) component 

contents were within one standard error of estimate (SEE) of values predicted with equations 
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