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Abstract
Arc magmatism is fundamental to the generation of new continental or island arc crust. However, the mechanisms that add 
to the chemical complexity of natural calc-alkaline magmas ranging from basaltic to rhyolitic compositions are debated. 
Di�erentiation mechanisms currently discussed include magma mixing, assimilation, crustal melting, or (fractional) crystal-
lisation. In this contribution, the di�erentiation of arc magmas by decompression-driven crystallisation is investigated. We 
performed a set of equilibrium crystallisation experiments at variable crustal pressures (200–800�MPa) on a hydrous high-Al 
basalt (3.5 wt.% of H2O in the starting material) with run temperatures varying from near-liquidus conditions (1110�°C) to 
900�°C. Oxygen fugacity was bu�ered at moderately oxidising conditions close to the NNO equilibrium. Combining these 
novel experiments with previous polybaric fractional crystallisation experiments (Marxer et�al., Contrib Mineral Petrol 177:3, 
2022) we demonstrate the e�ects of pressure on the crystallisation behaviour of calc-alkaline magmas with respect to liquid 
and cumulate lines of descent, mineral chemistry, and phase proportions. Decompression shifts the olivine-clinopyroxene 
cotectic curve towards melt compositions with higher normative clinopyroxene and enlarges the stability �eld of plagioclase. 
This exerts a key control on the alumina saturation index of residual liquids. We argue that near-adiabatic (or near-isothermal) 
decompression accompanied by dissolution of clinopyroxene entrained during residual melt extraction in the lower crust 
keeps arc magmas metaluminous during crystallisation-driven di�erentiation thereby closely reproducing the compositional 
spread observed for natural arc rocks.

Keywords Arc magmatism�· Arc magma di�erentiation�· Ascent-driven di�erentiation�· Crystal entrainment�· 
Clinopyroxene dissolution�· Isothermal decompression�· ASI evolution�· Equilibrium crystallisation�· Magmatic phase 
equilibria�· Calc-alkaline rocks

Introduction

Arc magmatism represents the dominant igneous activity at 
active convergent plate margins (i.e. subduction zones) and 
is, thus, strongly related to the generation of new continental 
and island arc crust. However, there is an ongoing debate 

how arc magmas acquire their speci�c compositional char-
acteristics (e.g. low FeO/MgO, high H2O, high SiO2). A per-
tinent issue is the alumina saturation index (or ASI = Al2O3/
(CaO + Na2O + K2O), molar ratio) describing the "satura-
tion level" of a rock in alumina. Rocks (or magmas) with 
an ASI < 1.0 are classi�ed as metaluminous (= alumina 
undersaturated, clinopyroxene-normative), while an ASI 
exceeding 1.0 corresponds to peraluminous compositions 
(= alumina oversaturated, corundum-normative).

Generally, arc plutonic and volcanic rocks exhibit a 
smooth increase of ASI with progressive di�erentiation, 
with most intermediate compositions (SiO2 of 55–65 wt.%) 
being metaluminous (e.g. Blatter et�al. 2013; Turner and 
Langmuir 2015). However, experimental data on arc magma 
di�erentiation via equilibrium or fractional crystallisation 
show a distinctively higher variability, where high-pressure 
(700–1000�MPa) liquid lines of descent (e.g. Müntener et�al. 
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2001; Blatter et�al. 2013; Nandedkar et�al. 2014; Melekhova 
et�al. 2015; Ulmer et�al. 2018) reveal a pronounced and rapid 
evolution towards peraluminous compositions while low-
pressure (200–400�MPa) di�erentiation trends (e.g. Sisson 
and Grove 1993; Blatter et�al. 2013) enter the peraluminous 
compositional �eld at more evolved compositions, similar 
to the natural rock record. Low-pressure crystallisation has 
therefore been favoured as the dominant arc magma di�er-
entiation mechanism (e.g. Sisson and Grove 1993; Blundy 
and Cashman 2008). These experimental constraints contrast 
with �eld observations of exposed paleo-oceanic island and 
continental arc crustal sections such as the Kohistan arc in 
Pakistan (Bard 1983; Jagoutz 2014), the Talkeetna arc in 
Alaska (Greene et�al. 2006; Bucholz and Kelemen 2019), or 
the Famatinian arc in Argentina (Ducea et�al. 2015; Walker 
et�al. 2015; Rapela et�al. 2018), where ma�c to ultrama�c 
cumulate rocks (the "residues" of crystallisation-driven 
magma di�erentiation) are predominantly observed in the 
lower crust and almost absent at upper-crustal levels. In addi-
tion, a signi�cant amount of arc rocks exhibits geochemical 
evidence (e.g. REE patterns) for high-pressure, amphibole-
dominated fractionation (e.g. Romick et�al. 1992; Davidson 
et�al. 2007; Larocque and Canil 2010). Consequently, �eld 
data rather favours the scenario of dominant high-pressure 
di�erentiation of arc magma in the lower crust followed by 
minor further compositional modi�cation at shallow levels.

However, to solve this apparent discrepancy between 
natural observations and experimental data (sometimes 
described as "ASI paradox") several additional magmatic 
processes have been proposed, such as (1) mixing of mag-
mas of contrasting compositions (e.g. basaltic and rhyolitic) 
(e.g. Sakuyama 1981; Hildreth and Moorbath 1988; Reubi 
and Blundy 2009; Blatter et�al. 2013; Laumonier et�al. 2014; 
Reubi and Müntener 2022), (2) mixing of magmas with dif-
fering water contents (e.g. "dry" and "wet" basalts) (Rezeau 
et�al. 2021), or (3) polybaric di�erentiation (e.g. Melekhova 
et�al. 2015; Lewis et�al. 2021; Marxer et�al. 2022). In sce-
nario (1), mixing between mantle-derived basaltic liquids 
and more evolved silica-enriched melts (generated either by 
fractional crystallisation of the former or partial melting of 
pre-existing lower-crustal lithologies) leads to the forma-
tion of intermediate products of metaluminous composi-
tion. Mixing chords exhibit a smoother evolution in ASI 
vs SiO2 than high-pressure crystallisation-driven liquid 
lines of descent (LLD), as shown in detail by Blatter et�al. 
(2013). Nevertheless, the high viscosity contrast between 
basaltic and felsic melts makes magma mixing mechanically 
challenging and one would rather expect magma mingling 
instead;�preventing the generation of a hybrid liquid of a 
homogeneous chemical composition (Sparks and Marshall 
1986; Laumonier et�al. 2014). Furthermore, a hybrid magma 
generated at lower crustal conditions would tend to evolve 
back on the high-pressure LLD resulting in the formation of 

additional cumulates and potentially signi�cant cooling of 
the magma limiting the probability of melt extraction and 
upper crustal emplacement (Bowen 1928). During process 
(2), basalts of variable H2O contents are believed to mix 
in the lower crust resulting in a "damp" hybrid melt (< 2 
wt.% of H2O). During subsequent cooling of such relatively 
low-H2O magmas, early saturation of plagioclase inhibits a 
strong increase of ASI upon further di�erentiation (Melek-
hova et�al. 2015; Rezeau et�al. 2021). However, this hypoth-
esis disagrees with recent studies suggesting that primitive 
arc basalts generally contain signi�cant amounts of water 
(> > 2 wt.%) (e.g. Carmichael 2002; Goltz et�al. 2020; Mün-
tener et�al. 2021; Urann et�al. 2022) and geochemical evi-
dence (e.g. REE proxies, lack of Eu-anomalies, high Sr/Y 
ratios) for the prominent role of amphibole and delayed pla-
gioclase saturation in arc magmas (e.g. Macpherson et�al. 
2006; Davidson et�al. 2007; Dessimoz et�al. 2012). Further-
more, dry (or damp) crystallisation of basalts would result 
in arc tholeiitic di�erentiation trajectories (enrichment in 
FeO over MgO at almost constant SiO2 (e.g. Villiger et�al. 
2004; Melekhova et�al. 2015; Ulmer et�al. 2018)), inconsist-
ent with the compositional trends of natural arc rocks (e.g. 
Miyashiro 1974). Lastly, scenario (3) implies that crystal-
lisation-driven di�erentiation of arc magmas occurs along 
a trans-crustal magmatic system where cumulate rocks are 
distributed over the entire crustal column (e.g. Lewis et�al. 
2021; Marxer et�al. 2022). Progressive decompression dur-
ing crystallisation a�ects phase equilibria, especially the 
olivine-clinopyroxene cotectic curve, but also plagioclase 
stability, inhibiting a distinct evolution towards peralumi-
nous compositions of the residual liquids upon di�erentia-
tion (e.g. Grove and Baker 1984; Grove et�al. 1992; Sisson 
and Grove 1993). Polybaric fractionation has recently been 
investigated experimentally by Marxer et�al. (2022). Their 
data revealed that fractionation along decompression-domi-
nated magma ascent trajectories (20–25�°C/100�MPa) under 
oxidising conditions (NNO + 1 to NNO + 2) keeps residual 
liquids metaluminous upon di�erentiation. However, their 
experiments could not reproduce the entire compositional 
spread observed for natural arc rock compilations putting an 
upper limit on the e�ect of pure decompression-driven frac-
tionation on arc magmatic LLDs. Therefore, Marxer et�al. 
(2022) suggested the concept of imperfect fractionation, i.e. 
crystal cargo entrainment during residual melt extraction in 
the lower crust and subsequent dissolution of clinopyroxene 
upon magma ascent altering the composition of residual liq-
uids considerably via shifting them to lower ASIs (i.e. more 
metaluminous compositions).

All processes described above play important roles in 
the evolution of arc magmas, but in this study, we explore 
the e�ect of decompression on arc magmatic phase equilib-
ria and liquid lines of descent via conducting equilibrium 
crystallisation experiments at pressures ranging from 200 
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to 800�MPa on a high-alumina basalt. One major advan-
tage of the dataset presented in this contribution over previ-
ous similar experimental studies (e.g. Blatter et�al. 2013; 
Melekhova et�al. 2015) is that the entire crustal column is 
covered in terms of pressures (200–800�MPa vs 400–900 
or 400–1300�MPa), i.e. including the �nal emplacement 
and di�erentiation conditions of arc magmas in the upper 
crust. In contrast to the polybaric fractional crystallisation 
experiments of Marxer et�al. (2022), where only a few P–T 
ascent trajectories were explored, the equilibrium crystal-
lisation experiments presented herein allow to quantify and 
isolate the e�ect of pressure on phase equilibria in a closed 
magmatic system to re�ne the clinopyroxene dissolution 
hypothesis of Marxer et�al. (2022). In addition, comparing 
our equilibrium crystallisation results with the polybaric 
fractional crystallisation runs of Marxer et�al. (2022) ena-
bles an investigation of the impact of di�erent crystallisation 
regimes (i.e. equilibrium vs fractional crystallisation) on arc 
magmatic liquid lines of descent in a polybaric di�erentia-
tion scenario. Finally, combining our �ndings with previous 
experimental results on the crystallisation of hydrous basalts 
(Alonso-Perez 2006; Blatter et�al. 2013; Nandedkar et�al. 
2014; Ulmer et�al. 2018; Marxer et�al. 2022) we formulate 
a modi�ed crystallisation-driven arc magma di�erentiation 
model emphasising decompression-controlled processes.

Methods

Starting material and�capsule preparation

Equilibrium crystallisation experiments were conducted on 
a high-alumina basalt with 3.5 wt.% H2O corresponding 
to the initial starting material (rk54) used for the polyba-
ric fractional crystallisation study by Marxer et�al. (2022). 
This composition represents a derivative liquid from the 
fractional crystallisation experimental study of Ulmer et�al. 
(2018) on a primary high-Mg basalt from the Adamello 
Batholith (Northern Italy) at 1.0 GPa and is reported in 
Table�1 and the Electronic Supplementary Material ESM1. 
This basalt has an arc-tholeiitic a�nity with relatively low 
Na2O and comparatively high K2O contents, but its compo-
sition is within the range of average primitive arc magmas. 

The absence of Cr2O3 and slightly elevated Al 2O3 and ASI 
are a direct consequence of initial high-pressure fractiona-
tion of olivine, Cr-bearing spinel, and minor clinopyroxene 
(Ulmer et�al. 2018). The experimental starting material was 
prepared by mixing and homogenising pure-grade chemical 
compounds (oxides, hydroxides, silicates, and phosphates) 
in appropriate proportions. Two similar, but slightly di�er-
ent capsule setups, were employed. Most experiments were 
conducted with the same capsule design used by Marxer 
et�al. (2022) representing a combination of the approaches 
of Kaegi et�al. (2005) and Matjuschkin et�al. (2015). The �rst 
inner capsule (outer diameter of 2.3�mm) was made from 
Au90Pd10 or Au100 and contained an aliquot of the starting 
material powder. For some low-temperature runs (FM107, 
FM108, and FM118), a layer of powdered zircon was added 
to the run charges as melt traps to promote the formation of 
residual melt pools large enough for EPMA analysis (Marxer 
and Ulmer 2019). However, in�ltration of silicate liquid into 
the free pore space between single zircon grains was only 
of minor extent, and, consequently, this technique was dis-
carded for later low-temperature experiments. The second 
inner capsule was made of Pt and �lled with a NNO bu�er 
assemblage (70% Ni and 30% Ni(OH)2). These two inner 
capsules were placed in an outer capsule (outer diameter of 
4.0�mm) together with the starting material powder acting as 
spacer material. Sporadically, bu�er capsule failed resulting 
in uncertainties on the e�ective fO2 levels in the experi-
mental charges due to a decrease of water activity in the 
�uid coexisting with the fO2 bu�er assemblage. Therefore, 
the 400�MPa experiments were conducted with the capsule 
design of Matjuschkin et�al. (2015), where powdered alu-
mina and deionised water are loaded as spacer in the outer 
capsule. After preparation, sealed capsules were weighted 
and then either submerged in acetone or exposed to a tem-
perature of 110�°C for several hours to check that they are 
intact.

Run procedure

Equilibrium crystallisation experiments at 600 and 800�MPa 
were conducted in a 14-mm bore end-loaded Boyd and Eng-
land-type piston cylinder apparatus at ETH Zürich. NaCl-
Pyrex-graphite-MgO assemblies were employed, and a 

Table 1   Composition of the starting material rk54 (in wt.%). Oxide compounds were renormalised to an anhydrous base

a Ratio of ferric to total iron (= Fe3+/(Fe3+ + Fe2+)) at NNO calculated for experimental run conditions using the algorithm of Kress and Carmi-
chael (1991)
b xMg = MgO/(MgO + FeO), molar ratio, all iron treated as Fe2+

c Alumina Saturation Index (ASI = Al2O3/(CaO + Na2O + K2O), molar ratio)

Starting material SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O Fe3+/ 
Fetot

a
xMgb ASIc

rk54 47.89 0.86 18.45 1.81 8.59 0.25 8.04 11.13 1.85 0.98 0.16 3.50 0.159 0.585 0.758
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friction correction of 5% was applied (see Ulmer et�al. (2018) 
for more details). Capsules were positioned in the assembly 
hotspot estimated with the numerical algorithm of Hernlund 
et�al. (2006). Temperature was measured with a B-type ther-
mocouple (Pt94Rh6/Pt70Rh30) with an estimated accuracy 
of ± 10�°C, and no correction for the pressure e�ect on the 
electromotive force (e.m.f.) was applied. Thermal modelling 
resulted that hotspot temperatures were 7–16�°C higher than 
thermocouple readings (Table�2). After loading, assemblies 
were pressurised at ambient temperature to approximately 
400�MPa and subsequently heated with 40�°C/min to �nal 
run temperatures. Pressure was slowly increased when tem-
perature exceeded 500�°C, but care was taken to reach �nal 
run pressures before heating was �nished. During the experi-
ments, oil pressure was controlled automatically at the target 
level allowing a maximum deviation of ± 40�MPa. Run dura-
tions varied from 20.5 to 96.5�h with increasing equilibration 
times with decreasing temperature. Experimental tempera-
tures varied from 1110 to 900�°C with 30�°C steps. At high 
temperatures (> 1020�°C), few additional intermediate runs 
were performed with temperature intervals of 15�°C. Experi-
ments were quenched by switching o� the electric power sup-
ply resulting in cooling rates in the range of 100�°C/s.

Experiments at 400�MPa were run in a 22-mm bore 
non-end-loaded Johannes-type piston cylinder at ETH 
Zürich employing a modi�ed NaCl-Pyrex-graphite-MgO 
low-pressure assembly calibrated by Marxer et�al. (2022). 
Temperature was monitored with a B-type thermocouple 
(Pt94Rh6/Pt70Rh30) with an estimated accuracy of ± 10�°C 
and was varied between 1110 and 900�°C with 30�°C steps. 
Pressure was automatically controlled at target levels with 
an estimated uncertainty of ± 30�MPa. Run durations for 
the 400�MPa experiments ranged from 6.0�h at 1110�°C to 
114.5�h at 900�°C. Cooling rates during quenching were 
slightly lower compared to the 14-mm assembly due to the 
higher thermal mass of the 22-mm assembly and varied 
between 50 and 100�°C/s. Experiments at higher tempera-
tures were directly heated to �nal equilibration tempera-
tures while run protocols for low-temperature experiments 
(900–1020�°C) were adapted due to distinct quench crys-
tallisation, impeding the formation of residual melt pools 
large enough for reliable analysis. To promote the formation 
of larger crystals, we applied temperature cycling protocols 
(e.g. Mills and Glazner 2013; Erdmann and Koepke 2016), 
where temperature was cycled with ± 10�°C around the tar-
get equilibration temperature for half of the intended run 
duration. The employed heating and cooling rate during this 
cycling stage was 1�°C/min and plateau temperatures were 
hold for 20�min. This procedure was successful since experi-
mental textures slightly coarsened and measurable melt 
pools formed down to the lowest temperature investigated.

To verify the attainment of 400�MPa employing the low-
pressure piston cylinder calibration, two experiments (1050 

and 960�°C) were repeated in internally heated pressure ves-
sels (IHPV) at the Leibniz University Hannover. Identical 
double capsule designs and run protocols (i.e. heating rates 
and temperature cycling) were applied. Capsules were sus-
pended using Pt wires in the furnace hot-spots of ca. 2�cm 
length (measured temperature gradient < 10�°C at run condi-
tions). Temperatures were controlled and monitored using 
four S-type thermocouples (Pt100/Pt90Rh10). Appropriate 
proportions of H2 were added to the pressurising Ar gas to 
bu�er intrinsic fO2 conditions of the vessel during run per-
formance close to NNO (Berndt et�al. 2002). Experiments 
were quenched by fusing the Pt suspension wire with an 
applied power source inducing the capsules to fall out of the 
hotspot on a "cold" copper block resulting in quenching rates 
exceeding 100�°C/s at high temperatures.

Experiments at 200�MPa were conducted in externally 
heated Molybdenum-Hafnium-Carbide (MHC) pressure 
vessels at ETH Zürich. A gas mixture of Ar-CH4 was used 
as pressurising medium, where methane acted as a reactant 
component bu�ering hydrogen fugacity, and, thus, oxygen 
fugacity (fO2) in the experimental charges. Methane contents 
were selected such that imposed fO2 conditions were close 
to the NNO bu�er equilibrium (Marxer and Ulmer 2019). 
Vessels were loaded with required amounts of methane 
and, subsequently, pressurised with argon to approximately 
half of the desired run pressure. Upon heating, gas pressure 
increased simultaneously with temperature and was manu-
ally adjusted to �nal levels when target temperature was 
reached. Pressure was monitored using a pressure sensor 
with an accuracy of 0.5% and controlled at 200�MPa with 
a maximum deviation of ± 2�MPa. Temperature was moni-
tored with a K-type thermocouple, positioned outside of the 
vessel that was previously calibrated against e�ective tem-
perature inside the bomb. Estimated 2� errors on tempera-
ture calibrations were below 10�°C. During the experiments, 
vessels were oriented with an inclination of 10° to ensure 
the formation of a stable temperature pro�le. Equilibration 
temperatures varied between 1110 and 930�°C with a step-
size of 30�°C. Run duration ranged from 24�h at high tem-
peratures to 122�h at 930�°C. Experiments were quenched 
by tilting the furnace by 90° into a vertical position allowing 
the capsules to fall to the cold end of the vessel, resulting in 
almost instantaneous isobaric quenches with cooling rates 
exceeding 100�°C/s.

Analytical techniques

After polishing, experimental charges were inspected with 
an optical microscope for capsule coherence and to detect 
any anomalous appearances. In addition, bu�er capsules 
were checked for the presence of Ni and NiO to ensure that 
fO2 bu�ering capability was maintained. The presence of a 
free �uid phase in the bu�er capsules could not be veri�ed 
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for all experiments during capsule piercing due to occa-
sional bu�er capsule failure caused by alloying of platinum 
with nickel and resulting embrittlement. However, the pres-
ence of a �uid phase in the outer capsules was identi�ed 
for all runs. Overview BSE images of specimens and �rst 
qualitative compositional data of glasses and minerals were 
obtained with a JEOL JSM-6390 Scanning Electron Micro-
scope equipped with a standardised Thermo Fisher NORAN 
NSS7 Energy Dispersive Spectroscopic system (SEM–EDS) 
at ETH Zürich with an acceleration voltage of 15�kV. Sub-
sequently, major phases (glass, olivine, spinel, plagioclase, 
clinopyroxene, orthopyroxene, amphibole, biotite, and 
apatite) were analysed with either a JEOL JXA 8200 or a 
JEOL JXA 8230 Superprobe at ETH Zürich. The same set 
of oxide and silicate standards was utilised for both devices, 
and a comparison of analytical results revealed no major 
di�erences. An acceleration voltage of 15�kV was used, and 
sodium and potassium were always measured �rst to avoid 
extensive alkali migration. Counting times on peak and 
background were 10 to 15�s for Na and K, and 20 to 40�s for 
other elements. Hydrous glasses were analysed with a beam 
current of 7 nA and a beam diameter of 20��m. In case melt 
pools were too small for these conditions, beam currents 
were reduced to 4 or 2 nA and spot sizes to 10 or 5��m. Pla-
gioclase, biotite, and apatite were analysed with a focussed 
beam and a current of 10 nA, while pyroxene, amphibole, 
olivine, and spinel were measured with a focussed beam 
and a current of 20 nA. Well-characterised reference mate-
rials and calibration standards were regularly measured as 
unknowns during analytical sessions to detect any instru-
mental drift and ensure the collection of high-quality data.

IHPV repetition experiments at 400�MPa were analysed 
with a JEOL JXA-iHP200F Field Emission EPMA at the 
Leibniz University Hannover using an acceleration voltage 
of 15�kV. For glasses, well-characterised standard glasses 
were used for calibration while mineral and oxide stand-
ards were utilised for the analysis of experimental mineral 
phases. During analytical sessions, secondary reference 
materials and calibrations standards were regularly meas-
ured as unknows to correct for instrumental drift as well 
as monitor accuracy and precision. Glasses were analysed 
with an acceleration voltage of 15�kV, a beam current of 10 
nA and a diameter of 12��m, while 15 nA and a focussed 
beam were used for mineral phases (olivine, clinopyroxene, 
plagioclase, and amphibole).

Melt water contents of selected runs were determined 
by Raman spectroscopy at KU Leuven using a Horiba 
LabRAM HR Evolution System. Samples were excited 
with a Nd:YAG laser with a wavelength of 532�nm, and 
a grating of 1800-groove/mm was applied. Analysis were 
performed with a 100x magni�cation objective correspond-
ing to a laser spot size smaller than 1.5�µm. Measurements 
were done with a pinhole aperture of 50�µm over a spectral j  N
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window from 50 to 4000�cm�1 . Acquisition times varied 
between 50 to 200�s per frame with two accumulations. A 
spike �lter was applied to remove any non-repetitive spikes. 
Laser energy was varied between 100 and 25% to avoid any 
damage of the sample in�uencing the signal quality. Raw 
spectra were processed following the approach of Le Losq 
et�al. (2012). Water contents were quanti�ed employing an 
in-house linear calibration (van Gerve and Namur 2023) 
based on various well-characterised water-bearing standard 
glasses where the area ratio between the high-wavenumber 
OH band (3000–4000�cm�1 ) and the low-wavenumber sili-
cate bands (15–1500�cm�1 ) is related to the melt water con-
tent (in wt.%).

Results

An overview of experimental run conditions (including cap-
sule materials, phase assemblages, phase proportions, esti-
mated iron losses, calculated and selectively measured melt 
water contents, and estimated fO2 conditions) is provided 
in Table�2 and in the Electronic Supplementary Material 
ESM2.

General remarks

Recovered experimental charges consisted of residual sili-
cate melt quenched to a homogenous glass and a variety of 
mineral phases, namely: olivine (ol), clinopyroxene (cpx), 
orthopyroxene (opx), plagioclase (plag), hercynitic spinel 
(sp), amphibole (amph), magnetite (mt), biotite (bt), and 
apatite (ap). Vapour bubbles were observed in all recovered 
charges and can be explained by the presence of additional 
volatile compounds such as N2 or CO2. Nitrogen incorpora-
tion is related to the capsule preparation procedure and the 
entrainment of air, while CO2 was most probably introduced 
via the reactive synthetic starting materials. Previous studies 
revealed that synthetic oxide mixtures tend to absorb signi�-
cant proportions of CO2 from air (Alonso-Perez et�al. 2009; 
Marxer et�al. 2022) and storage of starting material powders 
at 110�°C immediately before capsule loading is insu�cient 
to prevent this uptake. For few low-temperature (and low-
pressure) experiments, the formation of vapour bubbles is 
the result of the attainment of water-saturated conditions as 
revealed by mass balance calculations and modelling of H2O 
saturation levels employing the Burnham model (Burnham 
and Davis 1974; Burnham 1994) (compare Table�2).

Water contents of experimental glasses were estimated 
via mass balance and reveal a progressive increase with 
decreasing temperature for each crystallisation series. This 
systematic enrichment in H2O is further supported by simi-
lar evolution trends of water concentrations estimated via 
the by-di�erence method employing EPMA analytical totals 

(100 wt.%�-�EPMA total � H2O content) (e.g. Anderson 
1973; Blundy and Cashman 2008; Hughes et�al. 2019). How-
ever, water contents derived by the by-di�erence method 
are ~ 2 wt.% higher than the values obtained by mass bal-
ance, which is potentially related to a matrix e�ect during 
EPMA analysis and data correction when standardising on 
mineral phases (e.g. Hughes et�al. 2019). Melt water con-
tents established for selected runs via Raman spectroscopy 
generally match nominal water contents calculated via mass 
balance and verify a continuous increase of H2O contents 
upon crystallisation (Table�2). Minor deviations for some 
runs can be explained by di�usion of hydrogen into noble 
metal capsules resulting (in combination with Fe-loss) in 
H2O-gain of experimental charges. However, we infer that 
the impact of this additional water on phase equilibria and 
LLDs was of a minor extent, supported by the observed 
smooth and consistent di�erentiation trends.

Experiments were bu�ered close to the NNO equilibrium. 
Due to the water-undersaturated character of the experi-
ments, fO2 conditions during the runs were displaced by the 
factor of 2*log(aH2O) (where aH2O equals the activity of 
water in the experimental charge) from the ideal bu�er equi-
librium and only experiments that reached water-saturation 
(aH2O = 1) experienced redox conditions corresponding to 
NNO. Thus, minimum levels of fO2 were calculated based 
on estimated water activity in the experimental charges 
(Table�2). Water activities were approximated with the 
Burnham model (e.g. Burnham and Davis 1974; Burnham 
1994) following the identical procedure as described in 
detail in Marxer et�al. (2022) based on melt H2O contents 
estimated via mass balance. A summary of employed cal-
culation parameters is reported in the Electronic Supple-
mentary Material ESM3. In Marxer et�al. (2022), identical 
capsule setups and experimental facilities were used and 
independent fO2 estimates via the solubility of Fe in AuPd 
(Barr and Grove 2010) con�rmed the attainment of targeted 
redox conditions (NNO-1 to NNO). However, the early satu-
ration of magnetite as well as reconstructed fO2 via Fe–Mg 
exchange between olivine and melt (Blundy et�al. 2020) indi-
cate that the experiments at 200�MPa experienced slightly 
more oxidising redox conditions (~ NNO + 1, see ESM2 for 
more details) compared to runs at higher pressures. The fO2 
conditions of the high-pressure experiments (400–800�MPa) 
are with NNO-1 to NNO at the lower end of the range of 
natural arc magmas (e.g. Carmichael 1991; Cottrell et�al. 
2021) resulting in arc-tholeiitic di�erentiation trends, while 
the 200�MPa series evolves along a calc-alkaline trajectory. 
However, we infer that this mainly a�ects FeO and TiO2 
contents of experimental residual liquids due to delayed Fe-
Ti-oxide crystallisation but not the general evolution of the 
other major element compounds and ASIs.

Iron-loss from run charges was estimated via mass bal-
ance (treating FeO as an additional phase) and expressed 
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relative to the initial iron content of the starting material 
(Table�2). Calculated Fe-losses are below 16.6% with a 
majority (ca. 70%) < 10%. Fe-loss is positively correlated 
with run temperature, and a change of capsule materi-
als from Au90Pd10 to Au100 is accompanied by an overall 
decrease of iron-loss as the solubility of iron in AuPd alloys 
decreases with decreasing Pd content (Barr and Grove 
2010). Fe-loss was not established for experimental charges 
saturated in Ti-poor-magnetite as mass balance calculation 
procedures cannot distinguish between iron alloying with the 
capsule metals and modal Fe-Ti-oxide. For these charges, 
oxide phase proportions were independently estimated via 
image processing employing ImageJ and BSE pictures of 
entire run charges, as follows: First, the capsule metal as 
well as all voids and cracks were manually removed from 
the images. In a next step, oxide proportions were esti-
mated assuming that area fractions equal volume fractions. 
Finally, volume proportions were converted to mass frac-
tions employing calculated densities of coexisting phases 
(compare Phase equilibria and phase proportions for details 
on density calculations). Fe-losses were then recalculated 
via mass balance employing oxide fractions obtained by 
image processing. However, resultant Fe-losses were nega-
tive (inferring iron-gain), which is unrealistic as capsule 
metals were nominally iron-free. We attribute this feature 
to the major drawback of the image processing approach that 
the underlying assumption of homogeneous distribution of 
Fe-Ti-oxides in experimental charges is likely incorrect. For 
example, magnetite tends to nucleate on capsule walls or to 
accumulate on volatile bubbles by �oating (e.g. Knipping 
et�al. 2019). Accounting for this uncertainty by assuming 
a relative error of 20% on Fe-Ti-oxide fractions established 
via image analysis resulted in maximum estimated Fe-loss 
close to zero. Therefore, instead of reporting negative iron 
losses, we decided to repeat mass balance calculations ignor-
ing any potential alloying of iron with the capsule metal. For 
some high-temperature runs of the 800 and 600�MPa series, 
Fe-presaturated Au90Pd10 capsules were employed, resulting 
in weakly negative Fe-losses, i.e. Fe-gain (Table�2). There-
fore, for later runs, we favoured the use of unconditioned 
capsules.

Appearance of�run products

Experimental charges are characterised by the homo-
geneous distribution of residual melt pools and mineral 
phases. Only few runs exhibited weak gradients in phase 
abundances, which can be attributed to minor temperature 
gradients favouring the crystallisation of minerals in the 
low-temperature areas and elevated melt proportions in 
the proximity of the thermal hotspot. Calculations with 
the algorithm of Hernlund et�al. (2006) showed that inter-
capsule temperature gradients were below 10�°C and, thus, 

had no signi�cant in�uence on phase equilibria. Residual 
melts and mineral phases were analysed throughout entire 
capsule sections, and no systematic compositional varia-
tions were detected.

Due to the large range of explored pressure and tempera-
ture conditions and the employment of di�erent experimen-
tal techniques, textures and general appearances of recovered 
run charges varied signi�cantly (Fig.�1). Minor quench crys-
tallisation was observed in some experiments performed in 
the end-loaded piston cylinder apparatus (800 and 600�MPa) 
and mainly consisted of feathery quench overgrowth on 
clinopyroxenes and amphiboles (Fig.�1a and c) or thin high-
albite rims on plagioclase crystals. However, we took care to 
select large enough melt pools for EPMA analyses to avoid 
any quench crystallisation in�uence on obtained residual 
liquid compositions. In the experiments run in the non-
end-loaded piston cylinder apparatus (400�MPa), quench 
crystallisation was distinctly more abundant (Fig.�1e) due 
to slower quenching rates. The formation of extensive bio-
tite and amphibole quench crystals impeded reliable anal-
ysis of residual melt pools necessitating the modi�cation 
of experimental run procedures and the implementation of 
temperature cycling protocols. Quench crystallisation was 
completely absent for the 200�MPa externally heated pres-
sure vessel experiments and the 400�MPa internally heated 
pressure vessel (IHPV) runs because of the achievement of 
near-instantaneous quenches. Starting material relics indica-
tive of incomplete reaction and disequilibrium represented 
by unreacted Al 2O3 present in the cores of plagioclase crys-
tal clusters were only identi�ed in trace amounts in a few 
low-temperature runs (900–930�°C, FM99, FM100, FM107, 
FM108, and FM118).

Olivine crystals were of equant shape and varied in size 
between 5–30�µm (Fig.�1). In many experiments, rounded 
crystals were observed, which we attribute to olivine crystal-
lisation kinetics, where olivine tends to start crystallising at 
the beginning of an experiment and is resorbed with ongoing 
run duration due to the formation of additional phases until 
the �nal equilibrium phase assemblage is reached. Similarly, 
olivine coexisting with magnetite (runs FM95, FM120, 
FM122, FM114, and FM118) exhibited a core-rim zona-
tion with more iron-rich cores (i.e. higher in fayalite compo-
nent) compared to rims. Analogous to the rounded shapes, 
this can be related to the crystallisation behaviour of olivine 
and magnetite in our experiments. Due to delayed magnetite 
saturation, early formed olivine cores are relatively iron-rich. 
Upon subsequent magnetite saturation, olivine compositions 
re-adjusted to changing iron contents of the coexisting liquid 
but could not completely re-equilibrate throughout the entire 
crystal grains resulting in the preservation of the observed 
weak chemical zonation.

Clinopyroxene crystals were predominantly small, equant 
shaped (< 10�µm) and partly exhibited bright metastable 
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low-alumina cores (Fig.�1a). Such cores were less abun-
dant in experiments with longer run durations indicating 
that their formation is related to crystallisation kinetics or 
disequilibrium. Clustering of clinopyroxene crystals was 
observed in several experiments (Fig.�1f). Clinopyroxenes 
formed at 1050�°C and 400�MPa (runs FM130 and FM201) 
exhibited weak sector zonation, most prominent in alumina 
contents. This feature has already been described by previ-
ous experimental studies (e.g. Nandedkar et�al. 2014; Ulmer 
et�al. 2018; Marxer et�al. 2022) and is related to pyroxene 
crystallisation kinetics. Plagioclase crystallised as small 
hypidiomorphic laths or prismatic grains (< 20�µm). Gener-
ally, crystals were larger in experiments close to the �rst 
appearance of plagioclase in the crystallisation sequence 
(10–30�µm, Fig.�1a and g), and formed distinctly smaller 
grains with increasing temperature di�erence to the plagio-
clase liquidus (< 5�µm, Fig.�1f and h). In the 200�MPa low-
temperature runs, plagioclase was very small, and reliable 
analysis via EPMA was challenging. Amphibole crystals 
were idiomorphic and showed a similar trend of decreas-
ing grains sizes with decreasing temperature (> 100�µm for 
high-T runs and around 10�µm at low temperatures, Fig.�1b, 
d, and f). In most experiments, amphibole was homogeneous 
and devoid of any zonation. However, amphibole synthe-
sised in run FM158 (990�°C and 400�MPa) exhibited weak 
oscillatory zoning in Al, Fe, and Mg related to temperature 
cycling (Fig.�1e). Furthermore, in the 200�MPa experiments 
FM114 (960�°C) and FM118 (930�°C), amphibole exhib-
ited a weak core-rim zonation with cores enriched in Fe and 
Ti, which can be related to the delayed saturation of mag-
netite in these experiments. Orthopyroxene morphologies 
were similar to amphibole, forming idiomorphic crystals 
with elongated needle-like or prismatic shapes. The length 
of orthopyroxene crystals decreased from 100–200�µm to 
about 10–20�µm at lower temperatures. Orthopyroxene crys-
tallised in the 400�MPa runs at 930 and 900�°C exhibited 
oscillatory zoning in Al, Fe, and Mg, related to temperature 
cycling (Fig.�1f). In one experiment (FM94, 990�°C and 
800�MPa), weak sector zonation could be identi�ed based 
on BSE images. Hercynitic spinel formed small and idi-
omorphic crystals (< 5�µm, Fig.�1a). Idiomorphic magnetite 
was relatively large (10–30�µm, Fig.�1h). Biotite crystallised 
only in run FM118 (930�°C and 200�MPa) in the form of 
small anhedral to hypidiomorphic platelets with a maximum 
length of 20�µm, while apatite crystals were short-prismatic 
or acicular, but very small (< 5�µm).

Attainment of�equilibrium

The following observations indicate that experimental equi-
librium was attained for our runs: (1) Run textures do not 
reveal any indications of pronounced disequilibrium. Recov-
ered charges exhibited homogeneous appearance, and relics 

from starting materials were basically absent or only pre-
sent in trace amounts in a few low-temperature experiments. 
Minerals are euhedral, and quench crystallisation was either 
absent or minor (i.e. not a�ecting the reliable analysis of 
stable phases). (2) Residual melts and mineral phases were 
chemically homogeneous over entire capsule cross-sections, 
and no spatial compositional gradients were detected, except 
minor chemical zonation identi�ed for amphibole and pyrox-
ene crystals in some low-temperature experiments. (3) Melt 
and mineral compositions de�ne smooth and consistent evo-
lution trends with di�erentiation. (4) Distribution of major 
element pairs between stable minerals and residual melt (e.g. 
Fe–Mg for olivine, pyroxenes, and amphibole or Ca-Na for 
plagioclase) describe systematic variations with decreasing 
temperature (see Electronic Supplementary Material ESM4). 
(5) Calculated crystallisation temperatures for experimental 
amphiboles using the edenite-richterite thermometer of Hol-
land and Blundy (1994) reproduce run conditions within 
reported model uncertainty (see ESM4).

Phase equilibria and�phase proportions

Stable phase assemblages and phase relations are summa-
rised in Fig.�2. Each hexagon represents an experiment, 
and the smaller coloured triangles illustrate stable mineral 
phases. Interpolated mineral saturation curves are indi-
cated with coloured lines. Liquidus temperatures were not 
explicitly explored, but trace abundances of olivine in the 
1110�°C runs indicate conditions close to the liquidus, which 
is estimated between 1110 and 1140�°C for all investigated 
pressures. Olivine represents the liquidus phase from 200 
to 800�MPa, and clinopyroxene saturation temperature 
increases with increasing pressure, located between 1020 
and 1050�°C at 200�MPa and 1080 and 1095�°C at 800�MPa. 
In contrast, plagioclase stability increases with decreas-
ing pressure and saturates between 1050 and 1065�°C at 
800�MPa and 1080 and 1110�°C at 200�MPa. Therefore, 
plagioclase and clinopyroxene saturation curves intersect 
between 400 and 600�MPa and 1050–1080�°C. Amphi-
bole joins the solid phase assemblage at 990�°C between 
400–800�MPa, and at slightly lower temperature (960�°C) 
at 200�MPa. Orthopyroxene saturation denotes a rather par-
ticular evolution in pressure and temperature space. At 800 
and 200�MPa, crystallisation initiates above 990�°C, while 
being delayed to 930–960�°C at 400–600�MPa. Interestingly, 
at 800�MPa, amphibole and orthopyroxene crystallisation 
coincide, while at 200�MPa orthopyroxene appears 30�°C 
earlier than amphibole. From 400 to 800�MPa, orthopyrox-
ene appearance coincides with the disappearance of oli-
vine indicative of a peritectic relationship in the form of 
ol + liq = opx, which is further supported by sporadic relic 
olivine inclusions in orthopyroxene. At 200�MPa, olivine 
and orthopyroxene coexist at 960 and 990�°C requiring the 
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Fig. 1   Representative BSE pictures of experimental charges. Phase 
abbreviations are: olivine (ol), clinopyroxene (cpx), orthopyroxene 
(opx), plagioclase (plag), amphibole (amph), hercynitic spinel (sp), 
magnetite (mt), and vapour (vap). a FM90 (1050�°C and 800�MPa) 
with metastable low-alumina cores in cpx; b FM99 (930� °C and 

800�MPa); c FM86 (1035� °C and 600�MPa); d FM97 (960� °C and 
600�MPa); e FM158 (990� °C and 400�MPa) with oscillatory zoned 
amphibole; f FM162 (930� °C and 400�MPa) with oscillatory zoned 
orthopyroxene; g FM109 (1080�°C and 200�MPa); h FM114 (960�°C 
and 200�MPa)
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delineation of an "ol-out" curve in the P–T diagram related 
to delayed amphibole saturation resulting in a short inter-
val where olivine and orthopyroxene coexist along the ol-
opx peritectic curve before complete consumption of oli-
vine in the amphibole-forming reaction. Apatite saturation 
was observed between 900 and 930�°C at 400–800�MPa 
and occurs at slightly higher temperatures at 200�MPa 
(930–960�°C). Biotite saturation was identi�ed at 930�°C 
and 200�MPa but was absent at higher pressures. Hercynitic 
spinel was only observed at 800�MPa from 1065 to 1020�°C, 
while, at 600�MPa, magnetite stabilised at 1020�°C but 
already disappeared at 990�°C. This disappearance of spinel 
phases in the range 1020 to 990�°C at 600 and 800�MPa can 
be related to the onset of amphibole crystallisation, point-
ing towards consumption of spinel phases in the amphibole-
forming peritectic reaction at high pressures. At 400�MPa, 
oxide crystallisation was not observed over the entire tem-
perature range investigated. At 200�MPa, magnetite saturated 
at relatively high temperatures (1020–1050�°C) and was sta-
ble to the lowest temperature explored (930�°C). This could 
be related to slightly higher fO2 conditions in the externally 
heated pressure vessel runs (i.e. NNO to NNO + 1).

Phase proportions of experimental charges (and corre-
sponding errors, in wt.%) were determined by mass balance 
employing compositions of stable phases (residual melt 
and minerals) and the starting material (Fig.�3, Table�2) and 
the linear regression tool implemented in Microsoft Excel. 
For calculations, all major and minor element compounds 
were considered. Crystallinity progressively increases with 
decreasing temperature for all four experimental series. At 
800�MPa, olivine, clinopyroxene, and plagioclase propor-
tions exhibit a nearly continuous increase until amphibole 
starts crystallising, resulting in the disappearance of olivine 
and a substantial reduction of clinopyroxene and plagioclase 

fractions. Upon further cooling, amphibole and plagio-
clase proportions increase accompanied by a decrease of 
clinopyroxene. At 600 and 400�MPa, phase proportions are 
very similar. For both series, plagioclase fractions show a 
continuous increase with decreasing temperature, whereas 
olivine and clinopyroxene proportions exhibit an increase 
at higher temperatures followed by a continuous decrease 
after amphibole saturation. The IHPV repetition experiment 
at 1050�°C exhibits slightly higher plagioclase and olivine 
fractions and diminished clinopyroxene proportions com-
pared to the corresponding piston cylinder run. However, 
at 960�°C phase proportions are comparable between both 
experimental approaches. At 200�MPa, olivine and plagio-
clase exhibit a steady increase from 1110 to 1050�°C, fol-
lowed by a distinct jump of modal plagioclase at 1020�°C 
coinciding with the saturation of clinopyroxene and magnet-
ite corresponding to a shift from the ol-plag on the (ol-)plag-
cpx-mt cotectic curve promoting extensive crystallisation. 
In addition, this abrupt change is related to the attainment 
of water-saturation (compare Table�2): as long as magmas 
are H2O-undersaturated an increase of water contents due 
to the crystallisation of nominally anhydrous minerals has 
a destabilising e�ect on silicates and, therefore, delays pro-
gressive crystallisation, especially of plagioclase (e.g. Sis-
son and Grove 1993; Waters and Lange 2015). However, 
upon water-saturation this e�ect vanishes, resulting in exten-
sive crystallisation. Between 1020–960�°C, proportions of 
olivine, clinopyroxene, and magnetite are constant, while 
plagioclase shows a minor increase. Finally, at 930�°C, 
pronounced crystallisation of amphibole and orthopyrox-
ene results in the consumption of olivine and a signi�cant 
decrease of clinopyroxene.

In summary, mineralogies at 400–800�MPa converge with 
decreasing temperature resulting in a cumulate assemblage 

Fig. 2   Pressure–temperature 
phase diagram with phase 
assemblages and mineral 
saturation curves summarising 
the experimental results. Each 
hexagon represents a single 
experiment and small coloured 
triangles illustrate the presence 
(coloured) and absence (empty 
symbol) of stable mineral 
phases. For mineral abbrevia-
tions, see caption of Fig.�1, plus 
biotite (bt) and apatite (ap)
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consisting of two-thirds amphibole and one-third plagio-
clase (with minor pyroxenes) corresponding to amphibole-
(mela-)gabbros. In contrast, the mineral assemblage formed 
at 200�MPa is characterised by higher proportions of pla-
gioclase and pyroxenes and reduced amounts of amphibole 
representing a magnetite-bearing amphibole-two pyroxene 
(leuco-)gabbro. The impact of pressure on phase equilibria is 
well documented by plagioclase and amphibole proportions. 
The amount of amphibole decreases with decreasing pres-
sure, while plagioclase proportions increase at low pressure.

Residual melt fractions (in vol.%) reveal a continuous 
decrease with increasing SiO2 and decreasing MgO contents 
(Fig.�4). For rheological considerations, weight proportions 
(wt.%) established by mass balance were transformed to vol-
ume fractions (vol.%). Required densities of silicate melts 
were calculated employing the Lange and Carmichael (1987) 
algorithm, whereas mineral densities were established 

assuming ideal mixing among mineral endmembers. Den-
sities of mineral endmembers were calculated using a Birch-
Murnaghan equation of state and an own compilation of 
thermodynamic parameters (e.g. molar volumes, thermal 
expansivity coefficients, bulk moduli) for each mineral 
endmember of interest (Electronic Supplementary Material 
ESM5). The 400–800�MPa series exhibit overlapping evolu-
tion trends of residual melt fractions with progressive di�er-
entiation while the 200�MPa trajectory deviates slightly from 
the former. This di�erence is most prominently shown by 
SiO2 vs melt fraction, where the low-pressure trend exhib-
its higher silica contents for identical melt fractions. One 
explanation is the attainment of H2O-saturated conditions at 
low-pressure triggering extensive crystallisation of plagio-
clase and Fe-Ti-oxides resulting in a pronounced enrichment 
of residual liquids in silica. The high-pressure trends cross 
the rigid percolation threshold (PRT, rheological transition 
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librium crystallisation series calculated by mass balance calcula-
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for mass balance calculations, are indicated in italic letters (compare 
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from a mobile magma to a rigid crystal mush at ~ 45 vol.% 
of residual melt, (Vigneresse et�al. 1996)) at 55 wt.% of SiO2 
(resp. 3–3.5 wt.% MgO) and the 200�MPa trend at 59–60 
wt.% SiO2 (4 wt.% MgO). Likewise, all four experimental 
series become completely locked up due to the attainment 
of closed crystal packing (= particle locking threshold, 
PLT, ~ 25–28 vol.% of residual melt (Vigneresse et�al. 1996)) 
at SiO2 between 58 to 64 wt.% (1.5–2.2 wt.% MgO).

Phase compositions

Major and minor element compositions of residual liquids 
and coexisting minerals (in wt.%) are reported in Table�3 and 
in the Electronic Supplementary Material ESM6. Chemical 
trends of mineral phases (olivine, clinopyroxene, orthopy-
roxene, plagioclase, amphibole, and spinel) are presented 
and discussed in detail in the Electronic Supplementary 
Material ESM4.

Residual liquids

Compositional trends of residual liquids (in wt.%, recalcu-
lated on an anhydrous base) as a function of MgO contents 
and contoured for temperature are illustrated in Fig.�5. The 
black star illustrates the composition of the starting material 
(rk54). Liquid lines of descent (LLD) follow arc tholeiitic 
(400–800�MPa) or calc-alkaline (200�MPa) di�erentiation 
trends with increasing silica and alkali contents accompa-
nied by continuously decreasing MgO and cover the com-
positional range from basaltic to dacitic.

SiO2 contents exhibit a two stage increase with decreas-
ing MgO from 48 wt.% to 64–66 wt.% (Fig.�5a). An initial 
interval at high MgO contents (6–8 wt.%) is characterised 
by a minor increase or even stagnation of SiO2 followed by 
a second interval (< 6 wt.% MgO) exhibiting a pronounced 
enrichment with progressive di�erentiation. The pronounced 
silica increase coincides with the onset of amphibole and/or 
magnetite crystallisation enriching residual melts in SiO2. 
LLDs at 400, 600, and 800�MPa are almost identical and 
demonstrate a smooth transition between the two stages 
related to the stabilisation of amphibole between 1020 and 
990�°C. At 200�MPa, the sharp increase in silica contents 
from 50 to 59 wt.% between 4 and 6 wt.% MgO coincides 
with magnetite saturation and a strong decrease in residual 
melt fraction due to extensive crystallisation of clinopyrox-
ene and plagioclase. TiO2 concentrations demonstrate bell-
shaped evolution trends for all four series (Fig.�5b). During 
an initial di�erentiation stage (4–8 wt.% MgO), titanium 
behaves incompatible and is enriched in the residual liquid. 
The subsequent decrease initiating between 4–5 wt.% MgO 
results from the saturation of a Ti-bearing mineral phase, i.e. 
amphibole at 400–800�MPa and magnetite at 200�MPa. Sim-
ilar to titanium, Al2O3 contents exhibit bell-shaped evolution 
trends with an initial increase, followed by a plateau and 
a �nal decrease (Fig.�5c). These trends are closely related 
to plagioclase saturation and, thus, pressure. This control-
ling e�ect of pressure on alumina contents is illustrated by 
the�experiments at 800 and 200�MPa, where a decrease of 
maximum Al2O3 contents can be identi�ed with decreas-
ing pressure. Furthermore, at 200�MPa, alumina contents 
already start decreasing between 7–8 wt.% MgO, in line with 
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early plagioclase saturation. The 400 and 600�MPa LLDs 
behave slightly counterintuitive as the 400�MPa runs plot at 
higher Al2O3 than the 600�MPa ones. One explanation for 
this apparent mismatch are the competing e�ects of water 
activity and pressure on plagioclase stability. A decrease 
of pressure enhances plagioclase stability (e.g. Feig et�al. 
2010; Blatter et�al. 2013), whereas the concomitant increase 
of water activity due to lower maximum water solubility 
counteracts this e�ect (e.g. Sisson and Grove 1993; Almeev 
et�al. 2012; Marxer et�al. 2022). However, Al 2O3 contents 
of the IHPV repetition experiments (FM201 and FM202) 
exhibit slightly lower concentrations than their piston cyl-
inder counterparts (0.6 and 0.9 wt.%) and overlap with the 
600�MPa di�erentiation trend. Thus, we conclude that small 
variations in pressure do not crucially a�ect phase equilibria 
at mid-crustal depths (i.e. pressures of 400–600�MPa).

FeO contents of residual liquids (Fig.�5d) are charac-
terised by an initial stagnation followed by a pronounced 
decrease at lower MgO contents. At high MgO, some 
FeO scattering can be related to small extents of Fe-loss 
at high temperatures. At 200�MPa, the rapid depletion of 
FeO between 4.0 and 5.5 wt.% MgO results from early 
magnetite saturation. For the 400, 600, and 800� MPa 
series, the decrease in FeO initiating between 3 and 4 wt.% 
MgO is related to the extensive crystallisation of iron-
rich ma�c phases (e.g. amphibole and orthopyroxene). At 
200–600�MPa, CaO contents exhibit an initial plateau at 
around 11.0 wt.% from 5.5 to 8.0 wt.% MgO, followed by 
a continuous decrease (Fig.�5e). This plateau corresponds 
to short intervals of olivine-only crystallisation exerting a 
minimal e�ect on calcium contents of residual melts. Upon 
further cooling, clinopyroxene and anorthite-rich plagioclase 
join the solid phase assemblage resulting in a continuous 
decrease of calcium. The 800�MPa LLD exhibits a slightly 
earlier depletion of CaO initiating at 7.0 wt.% MgO due 
to the earlier saturation of clinopyroxene at high pressures. 
The more pronounced depletion in CaO at MgO contents 
below 5.5 wt.% for the 200�MPa experiments is caused by 
the extensive crystallisation of plagioclase and clinopyrox-
ene at low pressures when water-saturated conditions were 
reached between 1050 and 1020�°C.

Na2O concentrations of residual melts (Fig.�5f) exhibit 
increasing trends with decreasing temperature. The reported 
large uncertainties are the result of relatively small residual 
melt pools and their rare occurrence allowing only few reli-
able EPMA analyses per experiment. As a consequence, we 
cannot rule out that reported melt composition potentially 
su�ered from some alkali migration or signal contamination 
during analysis (e.g. run FM99). Alternatively, the formation 
of albite-rich plagioclase quench crystals in the low-temper-
ature piston cylinder runs could have resulted in Na-deple-
tion in small residual melt pools. At 400–800�MPa, LLDs 
demonstrate only weak enrichments in sodium, controlled by 

co-crystallisation of sodium-bearing amphibole and plagio-
clase (see also Ulmer et�al. 2018). In contrast, the 200�MPa 
experiments exhibit a distinct enrichment in sodium from 
1050 to 990�°C, which is related to the crystallisation of 
An-rich plagioclase, delayed saturation of amphibole, and 
the strong increase of crystallinity due to the attainment of 
water-saturated conditions (Fig.�3). The levelling o� below 
3 wt.% MgO is most likely related to the onset of amphi-
bole crystallisation and the stabilisation of a more albite-
rich component in plagioclase suppressing further Na2O 
enrichment. Interestingly, the IHPV experiment FM202 at 
400�MPa exhibits a distinctly higher sodium content than 
its piston cylinder equivalent (2.8 vs 2.2 wt.%) which most 
probably represents an analytical artefact. Further details 
on di�erences between IHPV and piston cylinder 400�MPa 
experiments are discussed in the Electronic Supplementary 
Material ESM4. K2O contents of residual liquids exhibit a 
continuous increase with decreasing MgO exemplifying the 
near-perfect incompatible behaviour of potassium in calc-
alkaline systems in the absence of biotite or potassic feldspar 
(Fig.�5g). Similar to Na2O, this enrichment is of a larger 
extent at 200�MPa owing to the more pronounced increase 
in crystallinity. Trace amounts of biotite crystallisation at 
930�°C do not exert a signi�cant in�uence on melt potas-
sium contents. Phosphorous concentrations of residual melts 
reveal a near-perfect incompatible behaviour with ongoing 
di�erentiation until apatite saturation is reached between 
1.5 to 2.5 wt.% MgO resulting in a sharp decrease of P2O5 
(Fig.�5h).

Discussion

E�ect of�pressure on�phase equilibria and�peritectic 
mineral reactions

The presented experimental data illustrate that pressure 
exerts an important control on phase equilibria a�ecting the 
stability �elds of olivine, clinopyroxene, plagioclase, and 
amphibole (Fig.�2). In agreement with previous experimental 
studies on similar starting material compositions (e.g. Sis-
son and Grove 1993; Kawamoto 1996; Hamada and Fujii 
2008; Blatter et�al. 2013; Melekhova et�al. 2015; Ulmer et�al. 
2018), olivine was the liquidus phase at all investigated pres-
sures. We observe a narrow stability �eld for spinel group 
minerals, where hercynitic spinel was stable in a few runs 
(1020–1065� °C) at 800� MPa, and extensive magnetite 
crystallisation was only observed at 200�MPa from 1020 
to 930�°C. In contrast, several previous studies (Kawamoto 
1996; Blatter et�al. 2013; Melekhova et�al. 2015) report spi-
nel saturation close to the liquidus and signi�cant crystalli-
sation with ongoing cooling with a progressive shift of com-
positions from hercynitic spinel to magnetite. The limited 
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occurrence and proportions of spinel in our experiments is 
related to (1) the absence of chromium in our synthetic start-
ing material inhibiting the saturation of early-forming Cr-
spinel and (2) the lower fO2 of our runs (NNO-1 to NNO) 
compared to earlier studies (> NNO + 1).

At higher pressures (400–800�MPa), clinopyroxene joined 
olivine close to the liquidus consistent with previous studies. 
In contrast to our data, Sisson and Grove (1993), Melekhova 
et�al. (2015), and Kawamoto (1996) observed the co-crys-
tallisation of olivine + spinel + clinopyroxene + plagioclase 
directly at liquidus conditions. Here, plagioclase saturation 
was slightly delayed by ca. 30�°C to lower temperatures at 
high pressures (400–800�MPa) relative to the lower pressure 
series (200�MPa). This results in a crossover in plagioclase 
and clinopyroxene saturation curves emphasising the e�ect 
of pressure on the stability �elds of these minerals. Our �nd-
ings are consistent with previous studies describing a stabili-
sation of plagioclase at higher temperatures at low-pressure 
conditions (e.g. Sisson and Grove 1993; Kawamoto 1996; 
Hamada and Fujii 2008) compared to high-pressure series 
(e.g. Blatter et�al. 2013; Melekhova et�al. 2015). In the pre-
sent study, orthopyroxene stabilises late in the crystallisation 
sequence. Interestingly, the orthopyroxene saturation curve 
exhibits a backbend towards lower temperatures at interme-
diate pressures (930�°C at 400 and 600�MPa, and 990�°C at 
200 and 800�MPa) consistent with previous experimental 
studies (e.g. Blatter et�al. 2013). Generally, orthopyroxene 
stability is strongly related to the activity of silica (aSiO2) 
where increasing aSiO2 favours the formation of orthopy-
roxene at the expense of olivine (e.g. Müntener et�al. 2001). 
Consequently, the earlier saturation of orthopyroxene at 
800�MPa can be explained with a decrease of aH2O with 
increasing pressure causing aSiO2 to increase. Likewise, the 
earlier appearance of orthopyroxene at 200�MPa could result 
from the coupled e�ects of water-saturation, high crystal-
lisation rates, and enrichment of residual melts in SiO2 (and 
aSiO2), favouring the stabilisation of orthopyroxene. Alter-
natively, the backbend of orthopyroxene stability at interme-
diate pressures could also be related to a pressure-dependent 
change in the stoichiometry of the amphibole-forming peri-
tectic reaction.

For amphibole, we observe an increase in thermal stabil-
ity with increasing pressure (960�°C at 200�MPa to 990�°C 
at 800�MPa) in accordance with previous studies (e.g. Sisson 
and Grove 1993; Blatter et�al. 2013). The onset of amphibole 
crystallisation represents a diverging peritectic point (Sisson 

and Grove 1993; Blatter et�al. 2017; Ulmer et�al. 2018) and 
the mineral assemblage involved in the peritectic reaction 
(and its stoichiometry) strongly depends on pressure. Based 
on experimental phase proportions, we reconstructed the 
qualitative stoichiometry of the amphibole forming reac-
tions for all four investigated pressures. At 800�MPa, the 
onset of amphibole crystallisation can be described by the 
following reaction: liq + ol + cpx + plag + sp = amph ± opx. 
The role of orthopyroxene is di�cult to assess as amphi-
bole and orthopyroxene saturated simultaneously around 
1000�°C. Orthopyroxene could also form via the peritectic 
reaction liq + ol = opx, but phase proportions suggest that 
orthopyroxene can only be involved on the product side 
of the amphibole-forming reaction. At intermediate pres-
sures (400–600�MPa), the amphibole forming reaction is 
liq + ol + cpx ± sp = amph; i.e. plagioclase and orthopyrox-
ene are not involved. At 200�MPa, amphibole formation 
does potentially not include olivine which is converted 
to orthopyroxene by the peritectic reaction liq + ol = opx. 
Consequently, the amphibole forming reaction is expressed 
as liq + cpx + mt = amph ± opx. At 400–800�MPa, phase 
proportions indicate that additional amphibole crystallisa-
tion beyond the diverging peritectic point involves residual 
liquid and ma�c mineral phases (olivine, clinopyroxene, 
and orthopyroxene). In detail, at 800� MPa, amphibole 
progressively crystallises at the expense of clinopyroxene 
(liq +  cpx =  amph), while at 400–600�MPa olivine (and at 
lower temperatures orthopyroxene) is additionally involved 
(i.e. liq + cpx + ol/opx = amph). These reactions are in agree-
ment with textural observations from natural rocks, e.g. in 
amphibole-bearing cumulates from the Bonanza arc in Can-
ada (Larocque and Canil 2010) or the Chelan Complex in 
the Western U.S. (Dessimoz et�al. 2012).

Liquid lines of�descent (LLD):�a comparison 
between�isobaric equilibrium and�polybaric 
fractional crystallisation

In Fig.�6, liquid lines of descent of the four isobaric equi-
librium crystallisation series are compared with the poly-
baric fractional crystallisation experiments of Marxer et�al. 
(2022) and a compilation of bulk rocks from the Cascades 
volcanoes (Western U.S.). Equilibrium crystallisation LLDs 
are illustrated with solid paths while polybaric fractional 
crystallisation trends from Marxer et�al. (2022) are high-
lighted with dotted lines. In case, individual experimental 
series exhibited similar evolution trends they have been 
summarised and labelled accordingly. Marxer et�al. (2022) 
performed a set of polybaric fractional crystallisation series 
along di�erent magma ascent trajectories, where decompres-
sion-dominated P–T paths (simulating cooling rates of ca. 
20–30�°C/100�MPa) are termed "hot", "RRO", and "interm" 

�
Fig. 5   Major and minor oxide compositions of experimental liquids 
(in wt.%) recalculated on an anhydrous base as a function of MgO 
contents. In case error bars are not shown, their extent is smaller than 
the symbol size. The black star illustrates the initial starting material 
composition (rk54) and IHPV repetition runs at 400�MPa are explic-
itly labelled
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and more cooling-controlled ascent paths (corresponding 
to 45�°C/100�MPa) are illustrated by the "cold" series. For 
the "RRO" series, fO2 was bu�ered close to the Re-ReO2 
equilibrium (RRO), while the other paths were bu�ered at 
NNO, i.e. at identical conditions as the isobaric equilibrium 
crystallisation experiments presented in this study.

TiO2 contents of residual liquids are strongly related 
to the crystallisation of amphibole and/or Fe-Ti-oxides 
where the saturation of these phases results in a depletion 
of residual liquids in TiO2 (Fig.�6a). Closer inspection of 
the experimental data reveals that individual LLDs exhibit 
similar evolution trends but di�er in maximum enrichment 
levels and SiO2 contents at the onset of the decreasing trend, 
where equilibrium crystallisation generally results in a more 
pronounced depletion of TiO2, while polybaric fractional 
crystallisation LLDs (Marxer et�al. 2022) �t better the natu-
ral data. In detail, high-pressure EC LLDs (400–800�MPa) 
only show a minor initial enrichment and generally underes-
timate the TiO2 contents of the natural rocks due to extensive 
amphibole crystallisation. On the contrary, the 200�MPa EC 
series initially overestimates natural titanium levels and only 
exhibits a late-stage depletion at SiO2 contents above 60 
wt.% (caused by magnetite saturation) resulting in a steeper 
decrease with respect to the Cascades. In contrast, the poly-
baric fractionation experiments principally reach higher 
maximum TiO2 contents compared to the equilibrium crys-
tallisation series due to limited amphibole formation because 
of the suppression of peritectic reactions. However, di�eren-
tiated residual liquids are comparable to the isobaric EC data 
where the more decompression-dominated ascent trajecto-
ries (FC hot and FC interm) approach the high-pressure EC 
data while the cooling-dominated path (FC cold) exhibits a 
pronounced depletion similar to the 200�MPa EC data.

Al2O3 contents of the Cascades volcanics exhibit a broad 
bell-shaped pattern characterised by a weak initial increase 
or stagnation at values around 16–19 wt.% followed by a 
continuous depletion for SiO2 contents exceeding 65 wt.% 
(Fig.�6b). As discussed earlier, our equilibrium crystallisa-
tion LLDs display a distinct e�ect of pressure on alumina 
characteristics. At low SiO2 (50–55 wt.%), high-pressure 
EC trajectories (400–800�MPa) overestimate natural Al 2O3 
contents. Upon progressive di�erentiation (SiO2 contents of 
55–65 wt.%) the mid-crustal 400 and 600�MPa EC trends 
approach the latter, while the 800�MPa series evolves along 
the upper compositional range of the Cascades rocks. On the 
contrary, the 200�MPa EC series closely reproduces the Cas-
cades volcanics from 50 to 65 wt.% SiO2 but evolve towards 
higher Al2O3 contents with progressive di�erentiation. The 
polybaric fractional crystallisation series (Marxer et�al. 
2022) exhibit evolution trajectories very similar to the EC 
experiments. The decompression-dominated trends (FC hot, 
FC RRO, and FC interm) agree best with the natural rock 
record and closely overlap with the 400–600�MPa EC LLDs. 

In contrast, similar to the 800�MPa EC trend, the cooling-
dominated polybaric fractionation path overestimates Al2O3 
contents with progressive di�erentiation (especially between 
60 and 65 wt.%) due to extensive initial high-pressure (cpx-
dominated) fractionation (see also Blatter et�al. 2013; Nand-
edkar et�al. 2014; Ulmer et�al. 2018).

FeO concentrations of experimental liquids exhibit some 
spread but generally follow decreasing trajectories similar 
to the natural data (Fig.�6c). At intermediate SiO2 (50–60 
wt.%), the high-pressure EC series (400–800�MPa) plot at 
higher FeO contents than the Cascades but approach the 
upper compositional �eld of the latter upon progressive dif-
ferentiation (60–65 wt.% SiO2). In contrast, the 200�MPa 
EC series (as well as the polybaric FC RRO path) exhibits 
a strong depletion in iron resulting in distinctly lower FeO 
concentrations relative to the natural rock record. This dis-
crepancy can be related to di�erences in fO2 between our 
experiments and the natural system. Most of the explored 
experimental series (400–800�MPa EC and FC hot, FC 
interm, FC cold) had oxygen fugacity bu�ered at moderately 
oxidising conditions close to NNO (e�ective fO2 varying 
between NNO-1 to NNO) delaying the saturation of Fe-Ti-
oxides and, thus, the depletion of residual liquids in iron. In 
contrast, the fO2 conditions of the 200�MPa EC and the FC 
RRO series were more oxidising (NNO + 1 to RRO) causing 
early and extensive Fe-Ti-oxide saturation depleting residual 
liquids e�ciently in FeO. As the natural data are plotting 
between these two groups of experimental trajectories, we 
infer that the Cascades magmas most probably di�erentiated 
at fO2 conditions around NNO to NNO + 1, in accordance 
with estimates of typical arc magma redox conditions (e.g. 
Carmichael 1991; Cottrell et�al. 2021). This conclusion is 
further supported by TiO2 characteristics, where natural data 
likewise plot between these two groups of experimental tra-
jectories (Fig.�6a), as well as FeOtot/MgO evolution trends 
(Fig.�7a).

With the exception of the 200�MPa EC series, the high-
pressure equilibrium crystallisation LLDs (400–800�MPa 
EC) underestimate MgO contents compared to the natural 
rock record (Fig.�6d). For the polybaric fractionation series 
(Marxer et�al. 2022), the underestimation is even more 
pronounced (e.g. FC interm and FC cold) which can be 
explained by the continuous removal of ma�c, MgO-rich 
minerals. However, during equilibrium crystallisation in a 
closed system this e�ect is less distinct, but the enhanced 
formation of ma�c minerals (olivine, pyroxene, and amphi-
bole) potentially caused a signi�cant depletion of residual 
liquids in MgO compared to the Cascades volcanics. The 
higher MgO contents observed for the 200�MPa EC series 
are the result of extensive plagioclase and suppressed ma�c 
mineral crystallisation. This crucial e�ect of low-pressure 
phase relations on MgO is further illustrated by the shift 
of the decompression-driven polybaric FC trajectories (FC 
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Fig. 6   Oxide vs SiO2 diagrams (in wt.%) comparing the equilibrium 
crystallisation (EC) LLDs of this study with the polybaric fractiona-
tion (FC) experiments by Marxer et�al. (2022) as well as a bulk rock 
compilation for the Cascades volcanics (Western U.S.) compiled by J. 
Blundy (for detailed references, see ESM4). Polybaric fractionation 
experiments are indicated with stippled symbol strokes and trajecto-

ries and individual P–T paths are labelled after Marxer et�al. (2022). 
Equilibrium crystallisation experiments are labelled according to 
pressure (200–800�MPa). Note that for some oxide compounds, over-
lapping evolution trends of individual series have been merged (e.g. 
400–800�MPa for MgO)
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hot, FC RRO, FC interm) towards the natural compositional 
�eld upon the last fractionation step (corresponding to a �nal 
decompression to 200�MPa, see Marxer et�al. (2022) for 
details).

CaO contents of equilibrium crystallisation residual 
liquids follow the natural rock record and exhibit a near-
linear decrease with di�erentiation matching the continuous 
crystallisation of clinopyroxene and plagioclase (Fig.�6e). 
The 200�MPa EC series exhibits the best match with the 
Cascades between 50 and 60 wt.% SiO2 but tends to under-
estimate CaO contents at more evolved compositions, likely 
the result of extensive plagioclase and clinopyroxene crystal-
lisation at low pressures. Although evolving initially along 
the lower spectrum of natural CaO concentrations (50 to 55 
wt.% SiO2), the 400–800�MPa EC LLDs reproduce best the 
latter at SiO2 > 55 wt.%. The polybaric fractionation LLDs 
(Marxer et�al. 2022) exhibit a slightly higher degree of CaO 
depletion with respect to the EC series because of the con-
tinuous removal of Ca-bearing phases (clinopyroxene and 
An-rich plagioclase).

Similar to the natural data, equilibrium crystallisation 
LLDs reveal some spread in terms of Na2O evolution with 
generally increasing contents upon di�erentiation (Fig.�6f). 
However, while the 200�MPa EC series reproduces the lower 
range of natural Na2O contents, the high-pressure EC trajec-
tories (400–800�MPa) signi�cantly underestimate the latter. 
The degree of sodium enrichment decreases with increasing 
pressure. This is due to increasing proportions of Na-bear-
ing amphibole crystallisation at high pressures inhibiting a 
strong enrichment of residual liquids in sodium. In addition, 
primitive magmas from the Cascades have generally slightly 

higher Na2O contents than our starting material (Ulmer et�al. 
2018) further explaining why our EC experiments tend to 
underestimate the Cascades Na2O trend. The polybaric frac-
tionation series (Marxer et�al. 2022) generally reach higher 
Na2O contents than the isobaric equilibrium crystallisation 
series providing a better �t to the Cascades trend.

The evolution of the FeOtot/MgO ratio versus SiO2 is illus-
trated in Fig.�7a. High-pressure EC series (400–800�MPa) 
fail to reproduce the Cascades trend and rather de�ne an arc 
tholeiitic di�erentiation trend. Interestingly, the 800�MPa EC 
series reveals a shift towards calc-alkaline compositions at 
low temperatures what is not observed for the mid-pressure 
EC trajectories (400–600�MPa). In contrast, the 200�MPa EC 
LLD enters the calc-alkaline �eld relatively early but under-
estimate the FeOtot/MgO contents of the natural rocks. Simi-
larly, the polybaric FC experiments of Marxer et�al. (2022) 
also show an initial arc tholeiitic di�erentiation trend and 
a subsequent shift into the calc-alkaline �eld. This distinct 
mismatch between natural data and experimental liquids is 
related to the strong e�ect of fO2 on the stability �eld of Fe-
Ti-oxides (e.g. Sisson and Grove 1993; Sisson et�al. 2005), 
where Fe-Ti oxide saturation causes a de�ection of di�eren-
tiation trends from the tholeiitic into the calc-alkaline �eld. 
Our data clearly support this conclusion; the 400–800�MPa 
EC series do not saturate in Fe-Ti-oxides and indeed de�ne 
arc tholeiitic di�erentiation trends. As the equilibrium and 
polybaric fractional crystallisation LLDs, where fO2 was 
bu�ered between NNO-1 and NNO (400–800�MPa EC, FC 
hot, FC interm, FC cold), remain tholeiitic upon di�erentia-
tion and the LLDs at more oxidising conditions (NNO + 1 
to RRO) (200�MPa EC and FC RRO) reveal a too strong 

45 50 55 60 65 70 75 80
0

1

2

3

4

5

6

7

8

F
eO

to
t
/M

gO

SiO2 (wt.%)

80
0 

M
Pa

600 M
Pa

400 M
Pa

200 MPa

FC hot

FC RRO

FC interm

FC co
ld

tholeiitic

calc-alkaline

1110 °C

900 °C

990 °C

1050 °C

1080 °C

1020 °C

960 °C

930 °C

870 °C

800 MPa
600 MPa
400 MPa
200 MPa

Cascades volcanics

basalt
basaltic
andesite

dacite

rhyolite

trachyte

trachyandesite

basaltic
trachy-

andesite

trachy-
basalt

phono-
tephrite

tephrite-
basanite

andesite

45 50 55 60 65 70 75 80
0

2

4

6

8

10

800 MPa

600 MPa

400 MPa

20
0 

M
Pa

FC hotFC R
RO

FC in
term

FC co
ld

N
a 2O

+
K

2O
(w

t.%
)

SiO2 (wt.%)

(a) (b)
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diagram are drawn after Le Bas et�al. (1986)
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depletion in FeOtot/MgO, we conclude that the Cascades 
volcanics must have di�erentiated at fO2 between NNO and 
NNO + 1 (as further supported by FeO and TiO2 characteris-
tics in Figs.�6a and c), consistent with the established range 
of typical arc magmatic fO2 conditions (e.g. Carmichael 
1991; Cottrell et�al. 2021).

Total alkali contents (Na2O + K2O) of experimental liq-
uids increase with increasing SiO2, consistent with the natu-
ral evolution trend (Fig.�7b). The high-pressure EC series 
(400–800�MPa) de�ne di�erentiation trajectories evolving 
along the lower limit of the natural data, while the 200�MPa 
EC LLD exhibits a more pronounced enrichment in alkalis 
reproducing natural rocks, but even evolves towards weakly 
alkaline compositions entering the trachyandesitic or tra-
chytic �eld. The polybaric fractional crystallisation LLDs 
(Marxer et�al. 2022) de�ne more pronounced enrichments 
in alkalis compared to the equilibrium crystallisation series 
and reproduce the Cascades compositional spread. However, 
strongly decompression-controlled paths (FC hot and FC 
RRO) evolve to slightly alkaline trachyandesitic composi-
tions plotting at the upper limit for the natural rocks.

In summary, equilibrium isobaric (this study) and poly-
baric fractional crystallisation (Marxer et�al. 2022) LLDs 
reveal rather similar trajectories, where the latter tend to 
reproduce slightly better the natural compositional spread 
of arc magmas exemplified by the Cascades volcanics. 
However, the polybaric fractionation experiments display 
a more pronounced enrichment or depletion for several 
compounds (e.g. alkalis, CaO, or MgO) highlighting the 
higher e�ciency of crystal fractionation during di�eren-
tiation. Therefore, we conclude that crystallisation regimes 
in natural trans-crustal arc magmatic system represent a 
mixture between these two endmember processes. An addi-
tional process contributing to the compositional spread of 
natural volcanic arc rocks would be mixing of magmas of 
contrasting compositions resulting in near-linear compo-
sitional trajectories as illustrated, for example, by the �at 
Al2O3 pattern between 50 to 60 wt.% SiO2 of the Cascades 
volcanics. In fact, as shown recently by Reubi and Müntener 
(2022), signi�cant proportions of intermediate (60–65 wt.% 
SiO2) arc volcanic rocks most likely represent the product 
of lower-crustal multistage mixing and/or mingling between 
ma�c and derivative silicic liquids formed via high-pressure 
fractionation of the former. However, after mixing/mingling, 
resultant hybrid magmas must directly experience near-
adiabatic decompression to shallow levels to maintain their 
chemical characteristics. Stalling at high pressures would 
result in a rapid back-shift to high-pressure LLDs due to 
phase equilibria control. Consequently, the chemical vari-
ability of natural arc magmas, as exempli�ed by the Cas-
cades bulk rock compilation, does not represent one single 
di�erentiation trajectory but is rather the result of di�er-
ent polybaric di�erentiation trajectories characterised by 

various degrees of lower crustal fractionation accompanied 
by mingling and/or mixing and subsequent decompression-
driven crystallisation of extracted residual liquids during 
near-adiabatic ascent.

Liquid lines of�descent in�pseudoternary projection

We illustrate the e�ect of pressure on arc magma di�er-
entiation and phase equilibria, in the olivine (Ol)—clino-
pyroxene (Cpx)—quartz plus orthoclase (Qtz + Or) norma-
tive pseudoternary diagram (Fig.�8). Residual liquids of the 
equilibrium crystallisation experiments exhibit a continuous 
decrease of normative clinopyroxene contents and an enrich-
ment in quartz and orthoclase upon di�erentiation. LLDs are 
characterised by an initial, high temperature phase where 
normative clinopyroxene shows only limited variation but 
olivine decreases followed by clinopyroxene saturation driv-
ing residual liquids towards the Ol-(Qtz + Or) side-line. For 
the high-pressure EC series (400–800�MPa), a weak �atten-
ing upon crossing the metaluminous-peraluminous bound-
ary (� Ol-Qtz + Or baseline) is related to the saturation of 
amphibole and orthopyroxene preventing a further strong 
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nary diagram together with natural bulk rock compilations from the 
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between peraluminous (ASI > 1) and metaluminous (ASI < 1) compo-
sitions, where negative normative clinopyroxene corresponds to per-
aluminous compositions. The black star corresponds to the starting 
material composition (rk54) used for this study
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depletion of residual melts in normative clinopyroxene and 
causing a de�ection towards the Qtz + Or corner.

The e�ect of pressure on phase equilibria is expressed 
as a progressive shift of EC LLDs towards higher norma-
tive clinopyroxene contents with decreasing pressure. This 
is consistent with a shift of the olivine-clinopyroxene cotec-
tic curve upon decompression as suggested previously (e.g. 
Grove et�al. 1992; Hamada and Fujii 2008; Stamper et�al. 
2014; Marxer et�al. 2022). However, the 400 and 600�MPa 
EC di�erentiation trends overlap, likely a consequence of 
phase equilibria not being signi�cantly a�ected by pressure 
changes in this intermediate mid-crustal pressure interval. 
The polybaric fractional crystallisation experiments of 
Marxer et�al. (2022) exhibit a distinct overlap with the equi-
librium crystallisation data of this study, with the fractiona-
tion experiments generally plotting on the isobaric equilib-
rium LLDs of their respective pressure. For example, the 
last decompression step experiments of the cold, interm, and 
RRO FC paths overlap perfectly with the 200�MPa EC dif-
ferentiation trends (Fig.�8).

Comparing the experimental results with the compiled 
rock record from the Cascades reveals that the latter show 
a more linear evolution trajectory than the curved experi-
mental ones. The natural data are generally well reproduced 
by the 200�MPa experiments, while the high-pressure liq-
uids (400–800�MPa) plot at lower normative clinopyroxene 
except for evolved compositions close to the Qtz + Or corner. 
However, the 200�MPa EC experiments show a distinct jump 
in melt composition from 1050 to 1020�°C, thus, suppress-
ing the voluminous formation of metaluminous basaltic-
andesitic and andesitic natural rock compositions via low-
pressure di�erentiation.

Cumulate lines of�descent (CLD)

Experimental cumulate compositions were calculated for the 
equilibrium crystallisation series of this study as well as the 
polybaric fractional crystallisation experiments of Marxer 
et�al. (2022) employing mineral phase proportions estab-
lished via mass balance (Table�2) and chemical composi-
tions of individual phases (Table�3). For the EC experiments, 
these correspond to the total solid compositions (TSC), 
while for the polybaric FC series, the instantaneous solid 
compositions (ISC), i.e. the cumulates crystallising during 
each fractionation step, were established. However, we infer 
that cumulates in arc systems are predominantly not pure 
adcumulates but rather meso- to orthocumulates (with up 
to 30 wt.% of retained interstitial liquid (e.g. Müntener and 
Ulmer 2018)) that formed by partial residual melt extrac-
tion from a cumulate/mush pile. Therefore, we additionally 
calculated bulk compositions of orthocumulates containing 
30 wt.% of retained residual melt employing compositions 
of the liquid measured in the individual experiments for the 

EC experiments with su�ciently high residual melt fractions 
(i.e. > 30 wt.%) and the polybaric FC trajectories (Marxer 
et�al. 2022). Calculated experimental cumulate composi-
tions are reported in the Electronic Supplementary Material 
ESM7 and illustrated in Fig.�9. The results show a shift of 
cumulate compositions towards higher SiO2 contents from 
adcumulates to orthocumulates while xMg, Al2O3, and CaO 
are less a�ected. Calculated experimental cumulate compo-
sitions are compared with plutonic rocks from the Adamello 
Batholith (Italy) and the Sierra Nevada (U.S.). To facilitate 
this comparison, compiled natural rocks from both settings 
are grouped in "liquid-like" and "cumulate-like" based on 
mineralogy and di�erent geochemical criteria (e.g. alkali, 
MgO, Al2O3, or CaO contents): In detail, samples with 
reported mineralogy and rock names, have been assigned 
"cumulate-like" in case these match typical cumulate charac-
teristics (e.g. anorthosite, troctolite, wherlite, pyroxenite, or 
hornblendite). Samples with less-characteristic mineralogy 
were classi�ed as "cumulate-like" in case at least one of the 
following criteria was met: CaO > 12 wt.%, Al2O3 > 20 wt.%, 
MgO > 15 wt.%, SiO2 < 46 wt.%, K2O < 0.5 wt.%.

Calculated adcumulates of the isobaric equilibrium crys-
tallisation series range from ultrama�c dunites and wherlites 
to amphibole- or two-pyroxene gabbros. Cumulates formed 
during polybaric fractional crystallisation (Marxer et�al. 
2022) are broadly similar but show a larger variability and 
less regular trends than the EC CLDs due to the progressive 
change of phase equilibria during decompression (Fig.�9) 
and distinct di�erences between equilibrium and fractional 
crystallisation regimes with respect to the CLD.

For xMg (= MgO/(FeOtot + MgO), molar ratio), z-shaped 
cumulate lines of descent can be identi�ed for the EC and 
the polybaric FC experiments (Marxer et� al. 2022), in 
accordance with Müntener and Ulmer (2018) (Fig.�9a). 
Since initial crystallisation is dominated by forsterite-rich 
olivine and increasing proportions of clinopyroxene caus-
ing an enrichment in cumulate SiO2 contents at relatively 
constant xMg, early forming cumulates are dunites and 
wherlites. Upon saturation of anorthite-rich plagioclase, 
amphibole, and Fe-Ti-oxides, cumulates exhibit distinct 
decreases in xMg and SiO2. The late-stage re-increase in 
SiO2 is related to increasing proportions of more evolved 
mineral phases (e.g. plagioclase with higher albite contents). 
For the adcumulates formed during EC, CLDs can be distin-
guished in a high-pressure (high-P EC, 400–800�MPa) and 
a low-pressure (low-P EC, 200�MPa) trajectory. Consist-
ent with the earlier onset of plagioclase crystallisation and 
delayed formation of clinopyroxene at low pressures, the 
low-P series exhibits an earlier decrease in xMg (at lower 
SiO2) compared to the high-P trend due to the early satura-
tion of Fe-Ti-oxides. The polybaric fractional crystallisation 
experiments (Marxer et�al. 2022) exhibit a higher variability 
in xMg (and reach lower values) than the EC cumulates, 
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while both crystallisation regimes reveal a similar evolution 
in terms of SiO2 contents. Low-temperature polybaric FC 
cumulates plot at lower xMg than the EC ones (between 0.3 
and 0.4) and outside the �eld covered by natural rocks. With 
30 wt.% of trapped residual melt, the di�erence between 
high-P and low-P equilibrium crystallisation CLDs vanishes 
resulting in a single EC CLD. Furthermore, the experimental 
CLDs (isobaric EC and polybaric FC) approach the natural 
rock record (i.e. are shifted to higher SiO2 contents) and 
overlap with the most primitive cumulate rocks (Fig.�9b). 
The general mismatch between experimental adcumulates 
and natural rocks indicates that significant portions of 
residual liquid are trapped during cumulate solidi�cation in 
nature inferring that complete extraction of residual liquid 
is not a likely scenario.

For Al2O3, isobaric equilibrium crystallisation CLDs 
exhibit an s-shaped pattern in accordance with �ndings of 
Müntener and Ulmer (2018) (Fig.�9c). However, cumulates 
formed during polybaric fractional crystallisation (Marxer 
et�al. 2022) exhibit a larger compositional spread than the 
equilibrium crystallisation ones. The polybaric FC CLD is 
characterised by a counter-clockwise loop resulting from 
the early saturation of anorthite-rich plagioclase (increase 
of Al2O3 and decrease of SiO2) and suppressed clinopyrox-
ene crystallisation (decrease of SiO2) due to progressive 
decompression. For both crystallisation regimes, initial 
high-T cumulates represent dunites which do not contain 
any alumina. Upon di�erentiation, the saturation of clino-
pyroxene and especially plagioclase result in a rapid enrich-
ment in Al2O3 reaching maximum contents of 20 to 25 wt.%, 
broadly covering the entire range of Al 2O3 contents of natu-
ral rocks. Adding up to 30 wt.% of trapped residual liquid 
shifts the experimental CLDs towards the natural rock record 
(Fig.�9d).

In SiO2 vs CaO space (Fig.�9e), two di�erent CLD pat-
terns can be distinguished, namely a counter-clockwise 
evolution exhibited by the high-pressure (high-P EC, 
400–800�MPa) equilibrium crystallisation series as well 
as the polybaric fractionation paths (polybaric FC, Marxer 
et�al. 2022) and a s-shaped pattern shown by the low-pres-
sure EC series (low-P EC, 200�MPa). Early cumulates rep-
resent dunites and are almost CaO free. At higher pressures 
(high-P EC, polybaric FC), the saturation of clinopyroxene 
causes an increase of CaO; a trend that is further enhanced 
by plagioclase saturation. However, with progressive di�er-
entiation, amphibole replaces clinopyroxene and plagioclase 
proportions increase, resulting in a weak decrease of CaO. 
With further crystallisation of more sodic plagioclase, CLD 
evolve towards lower CaO and higher SiO2. Thereby, the 
polybaric FC cumulates from Marxer et�al. (2022) exhibit a 
general larger compositional variability than the EC CLDs. 
The low-pressure EC trajectory is shifted to lower SiO2 
and CaO contents compared to the others (high-P EC and 

polybaric FC) due to early saturation of anorthite-rich pla-
gioclase and magnetite and delayed clinopyroxene crystal-
lisation. In either case, upon progressive di�erentiation both 
trajectories converge.

E�ect of�crystal fractionation on�liquid lines 
of�descent

Comparing the phase equilibria of this study with those 
from the polybaric fractional crystallisation experiments of 
Marxer et�al. (2022), we identi�ed two major di�erences: (1) 
Fractional crystallisation experiments are characterised by 
the absence of orthopyroxene and clinopyroxene in the pres-
ence of amphibole, while these three mineral phases coexist 
over signi�cant temperature ranges in the equilibrium crys-
tallisation series. The absence of pyroxenes in the presence 
of amphibole in the polybaric fractionation experiments 
(Marxer et�al. 2022) is attributed to the suppression of the 
amphibole peritectic reaction during fractional crystallisa-
tion. Consequently, LLDs are not constrained to move along 
the branching peritectic reactions (i.e. cpx + liq = amph or 
opx + liq = amph) but instead directly evolve into the amphi-
bole liquidus �eld resulting in amphibole-only parageneses. 
(2) Fe-Ti-oxides (magnetite and ilmenite) are prevalent in 
the polybaric fractionation series at temperatures below 
1000�°C while Fe-Ti-oxide crystallisation was scarce during 
equilibrium crystallisation. The absence of Fe-Ti-oxides in 
the high-pressure EC runs is likely a consequence of amphi-
bole-forming peritectic reactions. In addition, the EC series 
exhibit signi�cantly higher proportions of amphibole and 
less clinopyroxene compared to the FC experiments again 
controlled by the progression of the amphibole peritectic 
reaction. Consequently, as discussed above, cumulates from 
fractional crystallisation exhibit a higher chemical diversity 
than those of equilibrium crystallisation (Fig.�9).

Despite these fundamental di�erences in phase equilibria 
and cumulate compositions, LLDs of isobaric equilibrium 
(this study) and polybaric fractional (Marxer et�al. 2022) 
crystallisation exhibit very similar trajectories (compare 
Figs.�6, 7, 8). This indicates that chemical trends of residual 
melts in calc-alkaline magmatic system are strongly con-
trolled by phase equilibria and the e�ects of suppressed peri-
tectic reactions during fractional crystallisation on LLDs is 
limited.

Isothermal decompression-driven di�erentiation

Natural calc-alkaline rock compositions exhibit a distinct 
overlap with the 200�MPa experimental liquids for several 
chemical compounds (e.g. Al 2O3, CaO, or Na2O, Figs.�6, 7, 
8) indicating that low-pressure crystallisation may be fun-
damental for arc magma di�erentiation. However, exposed 
lower crustal arc sections are dominated by voluminous 
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Fig. 9   Cumulate lines of descent (CLD) of EC and FC series compared 
with the natural rock record of the Adamello (Bianchi et�al. 1970; Del 
Moro et�al. 1983; Macera et�al. 1983; Ulmer et�al. 1983; Blundy and 
Sparks 1992; Verberne 2013; Hurlimann et�al. 2016; P. Ulmer, unpub-
lished data) and Sierra Nevada batholiths (data extracted from the 
GEOROC and EarthChem databases and �ltered (Reubi and Müntener 
2022)). Note that natural data are grouped in "cumulates" and "liquids" 
based on their compositions and mineralogy and that CLD trajectories 

of individual isobaric equilibrium (EC) and polybaric fractional crys-
tallisation (FC) series are in most cases not distinguishable and have 
been summarised if appropriate. The black star corresponds to the 
starting material composition (rk54). a xMg (= molar ratio of MgO / 
(MgO + FeO) with all iron considered being ferrous) vs SiO2; c evo-
lution trends of Al2O3 with respect to silica; e CaO contents plotted 
against SiO2; b,d,f�orthocumulate CLDs for 30 wt.% of entrapped melt. 
For details on cumulate bulk composition calculations, see text
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cumulates (e.g. Bard 1983; Greene et�al. 2006; Jagoutz 
2014) and geochemical data point to an important role of 
high-pressure amphibole fractionation (e.g. Romick et�al. 
1992; Davidson et�al. 2007; Larocque and Canil 2010). 
Polybaric crystallisation-di�erentiation (e.g. Lewis et�al. 
2021; Marxer et�al. 2022) or mixing between dry and wet 
melts (Rezeau et�al. 2021) have recently been proposed to 
solve this issue. Here we further exploit the role of isother-
mal decompression on arc magma di�erentiation. Isother-
mal ascent trajectories represent a close approximation of 
crustal near-adiabatic (isentropic) ascent as the extent of 
cooling is minor for hydrous silicate liquids (15–50�°C/
GPa) (e.g. Mastin and Ghiorso 2001; Carmichael 2002). 
Furthermore, latent heat release during decompression 
induced crystallisation (Blundy et�al. 2006) could further 
promote near-isothermal magmatic rise. However, as damp 
to hydrous basalts (2–5 wt.% H2O) only reach water-satu-
ration at shallow/upper crustal levels, we infer that addi-
tional cooling due to volatile exsolution and expansion of 
existing vapour bubbles (e.g. Mastin and Ghiorso 2001; 
Glazner 2019) is only relevant for the late-stage magmatic 
rise to the surface but less so for a polybaric lower- to mid-
crustal magmatic system.

Figure�10a illustrates decompression trajectories in a 
pressure (MPa)�vs�residual melt fraction (F, in wt.%) phase 
diagram. It is evident that melt fractions increase upon 
isothermal decompression from 800 to 600�MPa followed 
by a slight decrease to 400�MPa to initial levels. At high 
temperatures (> 1050� °C), decompression to 200� MPa 
does not change crystallinity, while at lower temperatures 
(<  1020�°C) melt fractions decrease signi�cantly due to 
water-saturation triggering crystallisation. Furthermore, at 
temperatures > 1020�°C the upper limit of clinopyroxene 
stability is crossed upon decompression to 200�MPa infer-
ring dissolution during near-adiabatic ascent. Liquid lines of 
descent of isothermal decompression paths are illustrated in 
Figs.�10b-d. CaO contents of residual melts exhibit a pro-
nounced decrease over a narrow range in MgO upon iso-
thermal decompression (Fig.�10b). In Al 2O3 vs SiO2 space, 
isotherms closely follow the compositional spread revealed 
by natural magmas, where the 1020 and 990�°C decompres-
sion paths best reproduce the Al 2O3 contents of intermedi-
ate natural rocks (SiO2 of 50 to 60 wt.%). In pseudoternary 
coordinates (Fig.�10d), isothermal decompression trajecto-
ries result in a distinct increase of normative clinopyrox-
ene components, best visible at intermediate temperatures 
(1050–990�°C). Isothermal decompression, thus, exerts a 
strong control on alumina saturation with the consequence 
that decompressing arc magmas remain metaluminous and 
closely reproduce the compositional spread of natural calc-
alkaline rocks.

In summary, isothermal decompression, representing an 
endmember process of crystallisation-driven di�erentiation, 

results in the formation of metaluminous intermediate mag-
mas where the e�ect of pressure on phase equilibria (i.e. 
the destabilisation of clinopyroxene and stabilisation of 
plagioclase upon ascent) a�ects CaO and Al 2O3 contents 
of residual liquids and, thus, alumina saturation. However, 
depending on the initial temperature, some low-pressure 
crystallisation is required after isothermal decompression to 
generate metaluminous liquids of intermediate composition. 
For example, at 1050�°C, around 30–40% of further crystal-
lisation is necessary at 200�MPa to generate a liquid with 
SiO2 contents > 60 wt.%. In contrast, at 1020�°C, residual 
melts are already of an intermediate composition (ca. 58 
wt.% SiO2) following isothermal decompression, thus lim-
iting the extent of low-pressure cumulate formation. High 
temperature decompression trajectories may be traced by 
reworked cumulates, or ma�c enclaves commonly found in 
intermediate plutonic rocks (e.g. Blundy and Sparks 1992). 
The volumetric proportions of ma�c enclaves in such grani-
toids can extend up to several vol.% (e.g. Blundy and Sparks 
1992) and, thus, account at least in parts for the amount of 
cumulates required to explain the low-pressure generation 
of intermediate and more evolved lithologies after isother-
mal decompression at higher temperatures. Nevertheless, 
the scarcity of signi�cant proportions of ma�c enclaves and 
ma�c cumulates in exposed upper-crustal plutonic rocks 
favours isothermal decompression trajectories at lower tem-
peratures (< 1050�°C).

The role of�clinopyroxene dissolution 
during�decompression

In the previous section we have shown that isothermal 
decompression represents a possible process to keep arc 
magmas metaluminous during polybaric di�erentiation. 
However, decompression-dominated polybaric fractionation 
trajectories (~ 20�°C/100�MPa) explored by Marxer et�al. 
(2022) are insu�cient to produce metaluminous residual liq-
uids typically observed for many natural arc rocks. There-
fore, it was proposed that processes such as magma mixing 
or incomplete fractionation (i.e. crystal entrainment upon 
magma ascent) are additionally involved. Arc basalts and 
basaltic andesites frequently carry crystals or crystal clots 
(e.g. Costa and Dungan 2005; Melekhova et�al. 2015). Here 
we emphasise that the entrainment of early formed clino-
pyroxene-bearing cumulate lithologies in near-adiabatically 
rising residual liquids extracted from lower to mid-crustal 
levels could exert an important role on the chemistry of shal-
low crustal plutonic rocks. As illustrated in Fig.�10a, clino-
pyroxene crystals become unstable and start dissolving upon 
magma ascent due to the strong dependence of clinopyrox-
ene stability on pressure. The decompression induced shift 
of the olivine-clinopyroxene cotectic results in a distinct 
increase of the normative Cpx-component (and decrease 
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