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Abstract. Crystallization experiments of a dacitic composition were conducted in a temperature range of 675–
775 °C at 200 MPa in order to determine the evolution of the trace element partitioning between residual melts
and coexisting mineral assemblages with ongoing crystallization. The starting composition was doped with ⇠
100 ppm of a series of incompatible trace elements. The adopted experimental approach consisted of performing
two-step experiments. In a first step, long-time crystallization experiments were performed, starting with glass
powder to obtain a mineral assemblage in equilibrium with residual melt. The phase assemblage was composed
of melt, plagioclase, amphibole, biotite, and a few oxides. Because of the small size of crystal-free melt pools,
a separation of glass from minerals was achieved by the use of the mineral grain trap technique in second-step
experiments. The melts from first-step experiments were rhyolitic, allowing quartz to be used as a mineral trap.

The following elements were analysed by means of laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) analysis: P, Y, Zr, Nb, Cs, Ce, Yb, and U. Although the initial trace element concentrations
were low, only Cs and U show a clearly incompatible behaviour, with a systematic enrichment in the melt with
decreasing melt fraction from ⇠ 85 area % to 65 area %. We demonstrate that the other elements are controlled
either by the crystallization of accessory phases for P (apatite) and Zr (zircon) and/or by their incorporation
into mineral phases (mainly amphibole, biotite, and oxide). In particular, changes in the relative proportions of
mafic phases vs. plagioclase during ongoing crystallization may lead to changes in bulk mineral / melt partition
coefficients from > 1 to < 1. At constant temperature (T ), the proportions of mafic phases vs. plagioclase are
strongly controlled by water activity, and the meltwater content is therefore a crucial parameter that controls the
evolution of trace element concentrations in residual melts. The comparison of our data with published partition-
ing coefficients is in good agreement for Cs, U, and Y. However, K

amph/melt
d and K

biot/melt
d may be higher than

estimated previously for Yb, Ce, and Zr. Nb is less compatible than predicted, with a bulk partitioning value in
the range of 1.5 to 2.
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1 Introduction

Our knowledge of geological processes leading to the dif-
ferentiation of Earth and other rocky planets is derived from
geochemical analyses on trace elements or isotopes in rocks
(e.g. Halliday, 2000; Van Orman et al., 2002). One of the cru-
cial tools to trace high-temperature geochemical processes
is based on the application of partition coefficients (Kd val-
ues) of trace elements between melts and co-existing min-
erals (Blundy and Wood, 2003). These values are essential
for accurately modelling magma differentiation processes,
such as partial melting, crystallization and fractionation pro-
cesses, and magma mixing. Magmatic conditions during dif-
ferentiation, including temperature, pressure, oxygen fugac-
ity, volatile content, and the crystallization sequence of min-
erals, can be disentangled by analysing trace elements with
different properties (e.g, compatible vs. incompatible). Ul-
timately, they provide the basis for linking observed min-
eral and/or melt compositions in volcanic and plutonic rocks
to the geological processes that generate and modify silicic
magmas.

Trace element distributions between rhyolitic melts and
co-existing minerals have previously been constrained from
the analysis of glasses and co-existing minerals in volcanic
rocks (e.g. Nash and Crecraft, 1985; White et al., 2003;
Pichavant et al., 2024). These mineral–melt partition coef-
ficients (Kd values) are widely applied in igneous petrology.
However, their validity relies on the assumption that minerals
and glass in volcanic samples were in equilibrium at the time
of crystallization. Several studies have shown that this as-
sumption is not always valid: natural systems may preserve
evidence of both equilibrium and disequilibrium trace ele-
ment partitioning, and discrepancies have been documented
between experimentally derived Kd values and those mea-
sured in volcanic rocks for specific elements (e.g. Sr, Ba,
REE; Blundy and Wood, 2003; Bindeman et al., 1998). In ad-
dition, the existence of long-lived, high-crystallinity magma
reservoirs (e.g. Bachmann and Bergantz, 2008; Di Salvo et
al., 2020) further complicates the issue as crystal cargos may
not always equilibrate with coexisting melts. Therefore, cau-
tion is required when applying natural partitioning data to
model silicic magma evolution, and targeted experimental
studies are essential to evaluate mineral–melt equilibrium un-
der crustal conditions. To avoid this potential problem, trace
element distributions between melts and minerals can be de-
termined from experiments in which minerals crystallize at
equilibrium conditions from silicate melts (see the review
in Nielsen et al., 2017). A large number of crystallization
experiments have been performed under conditions of high
temperature and pressure by using piston cylinder apparatus
(e.g. Klemme et al., 2002; Rubatto and Hermann, 2007). The
pressure range investigated with piston cylinders is relevant
for conditions in subduction zone environments, but much
fewer experimental data are available at the low temperatures
and low pressures relevant to conditions prevailing in shallow

silicic magma reservoirs. Under these conditions, constrain-
ing trace element partitioning in silicic systems at a relatively
low temperature is experimentally challenging. Achieving
near-equilibrium between melt and minerals requires crystal-
lization from a homogeneous starting melt. In addition, the
minerals produced are often too small for reliable analysis
by laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) or secondary ion mass spectrometry or
SIMS (e.g. Rubatto and Hermann, 2007), particularly in runs
with high crystallinity. Experiments with strong undercool-
ing result in the formation of large phases (e.g. London and
Morgan, 2017). However, this type of experiment may not be
ideal for the determination of equilibrium trace element dis-
tributions between phases: at high undercooling, nucleation
is difficult, and large phases crystallize with a fast growth rate
(with sometimes skeletal textures; e.g. Hammer and Ruther-
ford, 2002; Mollard et al., 2012; Giuffrida et al., 2017) so that
equilibrium distribution between the solid phases and melt is
not guaranteed. Partial-melting experiments usually contain
unreacted mineral cores or peritectic phases that may not be
in equilibrium with the melt, and the produced melts have
heterogeneous distributions of trace elements (e.g. García-
Arias et al., 2012; Michaud et al., 2021). As a result, exper-
imental data on trace element concentrations in amphibole
and biotite in equilibrium with silicic melts at low tempera-
tures and pressure are scarce.

As discussed in several experimental studies conducted
on silicic systems at low temperature, equilibrium-phase as-
semblages can best be obtained by using powdered glasses
as starting materials (e.g. Holtz et al., 1992b; Scaillet et
al., 1995). If such glass powder is brought directly to the
desired subliquidus experimental temperature, nucleation is
enhanced because heterogeneities along the boundaries be-
tween the initial glass grains act as seeds for crystals. Be-
cause of the strong nucleation, the diffusion distances to be
travelled for elements to reach the crystal–melt interface dur-
ing crystal growth are short, which contributes to the forma-
tion of homogeneous near-equilibrium phases. However, the
major difficulty lies in analysing these experimental prod-
ucts because the minerals are numerous but small (especially
biotite and amphibole; see, for example, typical textures in
Scaillet et al. 1995; Da Silva et al., 2017; Li et al., 2018). In
addition, due to the near-eutectic compositions of rhyolitic
systems, the crystallinity of experimental products is usually
high as soon as quartzo-feldspathic phases start to crystallize.
Thus, pure-glass pools are only present in small domains,
making the glass analysis for trace elements difficult as well.
Due to the analytical problems mentioned above, it is diffi-
cult to reconstruct accurately the evolution of trace element
concentrations in residual silicic melts with ongoing crystal-
lization from experimental products.

This study presents a two-step experimental approach that
was applied to determine the equilibrium trace element dis-
tribution between silicic melt and the co-existing mineral as-
semblage. The results are used to evaluate the equilibrium
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Table 1. Composition of the starting material used for the experi-
ments.

Start. mat. SD PPD

n wt % wt %

SiO2 69.54 0.32 69.33
TiO2 0.45 0.02 0.44
Al2O3 15.07 0.13 15.28
FeO 3.09 0.18 3.08
MnO 0.08 0.04 0.07
MgO 0.96 0.18 0.99
CaO 2.83 0.08 2.85
Na2O 3.69 0.09 3.73
K2O 4.06 0.06 4.22

A.S.I. 0.97 0.96

ppm

P 140 15
Y 85 1
Zr 86 1
Nb 93 1
Cs 81 1
Ce 77 1
Yb 78 1
U 70 11

Tot 99.77 99.99

Note that the data are based on the average value of
25 microprobe analyses for major elements and 15
laser ablation analyses for trace elements. The
major element composition of the natural reference
material is also given (PPD: Pagosa Peak Dacite).
A.S.I. refers to the Aluminium Saturation Index,
calculated as Al2O3 / (CaO + Na2O + K2O) on a
molar basis.

distribution of trace elements in rhyolitic glass and to dis-
cuss the partition coefficient determined previously to con-
strain the evolution of trace element concentrations along
the liquid line of descent in highly crystalline magmatic sys-
tems. The experimental starting composition was chosen to
be representative of the dacite from the Fish Canyon tuff
(e.g. Whitney and Stormer, 1985; Lipman et al., 1996; Bach-
mann et al., 2002). This dacite is interpreted to have formed
through the remobilization of a crystal mush, triggered by re-
juvenation processes associated with the influx of volatiles
into a highly crystalline magma reservoir (Bachmann and
Bergantz, 2003).

2 Experimental methods

2.1 Starting material and experiments

The starting material used for the crystallization experiments
was a glass with a major element composition similar to that
of the Fish Canyon dacite (Pagosa Peak Dacite reported in
Bachmann et al., 2002; see Table 1). Oxides and carbon-

Figure 1. (A) Schematic sketch of the first-step experiment. A glass
powder is loaded into a capsule, and a partial crystalline sample is
produced during the experiment. Reddish colour: glass; green and
yellow: minerals. (B) Schematic sketch of the second-step experi-
ment. Part of the product from the first-step experiment is loaded
into a capsule also containing the trap material (quartz). During the
experiment melt is sucked into cavities of the trap material. Red:
glass; green and yellow: minerals; blue: trap material.

ates were mixed with an agate ball mill and, afterwards, were
melted in a platinum crucible at 1600 °C and 1 atm for 3 h.

Fast quenching was performed by inserting the hot cru-
cible directly into a water bath. The obtained glass was
crushed to a grain size of < 1 mm with a mortar and pes-
tle and then ground to a fine powder (ca. 20–50 µm) by using
a rotary mill. Of the total of 100 g of the produced starting
glass, 20 g was doped with ca. 100 ppm of P, Y, Zr, Nb, Cs,
Ce, Yb, and U. For each element a standard solution with
1000 ppm was used. The glass powder and the trace element
solutions were heated in an agate mortar to about 60 °C for
3 d, leading to the evaporation of the solvent. The doped glass
was fused again and then was quenched and crushed (to a
grain size of < 1 mm with a mortar and pestle) three times
in a platinum crucible under conditions identical to reported
above. Final products were then ground into a fine powder
with a rotary mill. As a final step, the powder was mingled in
a ball mill for 5 h to ensure as much homogeneity as possi-
ble. Small glass chips of the doped starting glass were col-
lected and used for analyses of the starting material. The
major element composition and homogeneity of the doped
starting material were confirmed by electron probe micro-
analysis (EPMA) and laser ablation analyses (LA-ICP-MS).
The results are displayed in Table 1 and show that the doping
procedure was relatively successful as 70 to 93 ppm of each
trace element is present in the starting material, except for
phosphorus, with 140 ppm.

2.2 Two-step experimental approach

The analysis of phases synthesized from crystallization ex-
periments is difficult, especially for trace element analy-
ses by LA-ICP-MS, due to small mineral phases and small
melt pools. Therefore, we designed a two-step experimen-
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tal approach in order to have large crystal-free melt pools
with sizes ranging between 25 and 50 µm. The first-step ex-
periments consisted of crystallization experiments that pro-
duced partly crystallized samples whose residual glasses are
in equilibrium with solid phases. In second-step experiments,
a separation of glass from minerals was achieved by the use
of the mineral grain trap technique (e.g. Kushiro and Hirose,
1992). The experimental products of step 1 were placed to-
gether with the mineral grain trap material (for details, see
the text below and Fig. 1). During this second step, pore
spaces in the trap material were expected to be filled with
melt of the partially crystallized sample. Crystals are ex-
pected to be hindered from entering the trap so that a filtering
of the melt is achieved. This two-step experimental approach
is similar to that proposed by Baker and Stolper (1994). The
approach consisting of two steps was deemed to be necessary
because the time necessary to reach the equilibrium crystal
fraction and to homogenize the residual melt with the crys-
tals in terms of trace elements is expected to be much longer
than the extraction of the first melts in the mineral grain trap,
a problem which may become particularly serious in silicic
systems. Thus, placing a mineral trap directly in the first-step
experiment could lead to a segregation of melts that are not
in equilibrium with the mineral assemblage.

Using a diamond powder trap (e.g. Kushiro and Hirose,
1992; Baker and Stolper, 1994; Stalder et al., 2001; Kessel
et al., 2005), experimental studies show that liquids (melt
or fluids) produced in partial-melting experiments are pulled
between the diamond grains due to the pressure gradient be-
tween the sample (at experimental pressure) and the pore
space in the diamond. Our tests at 200 MPa were not suc-
cessful in trapping melts between diamonds, probably be-
cause melts were too viscous, and we decided to use other
materials. Since trace elements had to be analysed in the in-
terstitial glasses, zircon could not be used because chemical
interaction between melt and the zircon minerals of the trap
could affect the trace element distribution (Kushiro and Hi-
rose, 1992). Thus, quartz grains with sizes > 200 µm (Nor-
wegian Crystallites, Product NC1S 0-150) and with a purity
of > 99.99 % SiO2 were used as trapping material. Quartz
is expected to start dissolving in the interstitial melt during
the second-step experiments if the products are not saturated
with respect to this phase in the first-step experiments. How-
ever, the dissolution of quartz should be moderate (aSiO2 is
only slightly < 1) considering the low temperatures of the ex-
periments and the silica-rich system that is investigated (see
the discussion below). Figure 1 shows a schematic sketch of
the experimental approach with the two experimental steps.

For the first step, Au metal tubing with an inner diame-
ter of 4.0 mm, an outer diameter of 4.4 mm, and a length
of 20 mm was used as the capsule material. Au tubes were
welded onto one end and loaded with ⇠ 150 mg doped glass
powder with the addition of 7 wt % (⇠ 10.5 mg) of deion-
ized water in order to achieve water-saturated conditions (at
200 MPa, water-saturated conditions should be achieved by

adding ⇠ 6 wt % H2O according to Holtz et al., 1992a). For
the second step, we used an Au metal tube with an inner di-
ameter of 2.8 mm, an outer diameter of 3.2 mm, and a length
of 20 mm. Approximately 20 mg of partly crystallized mate-
rial, derived from the first-step experiment, was loaded into
the Au capsules. The partially crystallized powered material
was compressed into the capsules by using a brass rod in or-
der to obtain a flat surface, on top of which the trap material
(⇠ 50–60 mg) was loaded and compressed. Approximately
1 mg of deionized water was added with a syringe to ensure
water saturation, as for the first-step experiment. The experi-
ments were performed at 200 MPa and temperatures of 775,
725, and 675 °C.

Temperature (T ) cycling was performed following the pro-
cedure described by Mills et al. (2011) and Mills and Glazner
(2013) in order to enlarge as much as possible the size of
crystals and melt pools. Cycling was applied during the first
8 to 10 d. In the experiments at 725 and 675 °C, maximum
temperature variations were 15 °C above (T + 15 °C) and
15 °C below (T � 15 °C) the target temperature. At 775 °C,
T was cycled with 25 °C above (T + 25 °C) and 5 °C below
(T � 5 °C) the experimental target T , following the proce-
dure applied by Erdmann and Koepke (2016). In both cases,
the applied period of the cycling was 4 h (Table S1 in the
Supplement). The transition between the high-temperature
plateau (⇠ 2 h) and the low-temperature (⇠ 2 h) plateau was
achieved within ⇠ 5 min. After cycling, the temperature was
then held constant to reach a total run duration of 28 to 31 d
to ensure near-equilibrium conditions (Table S1).

The second-step experiments were much shorter. Dura-
tions of 3, 9, 24, and 48 h were tested to check to which ex-
tent an interaction of partly crystallized material with the trap
material (dissolution of the quartz trap in the melt) did occur.
The second-step experiments conducted for 24 h were dupli-
cated so that two experimental capsules containing a frag-
ment of the first-step experiment and the quartz trap were
loaded next to each other in the same cold-seal pressure ves-
sel. These 24 h experiments were subsequently used for trace
element analysis.

2.3 Experimental apparatus

All experiments were conducted at the Institut für Erdsys-
temwissenschaften (Leibniz Universität Hannover) in exter-
nally heated horizontal cold-seal pressure vessels (CSPVs)
pressurized with water. The samples were placed at the end
of a drill hole of 22 cm length (diameter of 0.6 cm) in the au-
toclave. The remaining space of the autoclave was filled with
Ni rods. The oxygen fugacity in the capsule is buffered by
the nickel / nickel oxide assemblage because the autoclave is
made mainly of an Ni-rich alloy in addition to the Ni filler
rods. A K-type thermocouple is placed into a hole at the end
of the autoclave, and the tip of it sits close to the sample. An
external furnace is pulled over the autoclave. At the end of
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the experiments, isobaric quenching was performed by using
a flux of compressed air to cool the autoclave.

3 Analytical methods

After quenching, capsules were pinched and soaked in epoxy
in order to immobilize the loose-trap material grains and
then were cut into halves along the longitudinal axis and, fi-
nally, were embedded in 1 in. round epoxy mounts and pol-
ished. Since the addition of copper powder into the epoxy
mounts reduces problems with electronic charge during elec-
tron probe micro analysis (EPMA), we adopted this method-
ology.

3.1 Electron probe micro analyses (EPMAs)

Major elements in glasses and minerals (including P) were
analysed by means of EPMA. Analyses were performed
using a Cameca SX 100 at the Institut für Erdsystemwis-
senschaften (Leibniz Universität Hannover). All analyses
were performed at 15 keV acceleration voltage. Major ele-
ment analyses of minerals were performed with a focused
beam, a beam current of 15 nA, and 10 s counting time for
all elements. A defocused beam of 5 µm with a beam current
of 4 nA was used for small “glass pools”, and a defocused
beam of 10 µm with a beam current of 10 nA was used for
larger “glass pools” and for the starting glass. The counting
times for all major elements were 10 s. Phosphorus was anal-
ysed at the end of all analyses by using a beam current of
60 nA and 30 s counting times. Matrix corrections are made
with Pouchou and Pichoir’s (1991) PAP model. The rhyolitic
glass standard material VG-568 of the Smithsonian National
Museum of Natural History was used as the internal standard
(see Jarosewich et al., 1980).

3.2 Laser ablation inductively coupled plasma mass
spectroscopy (LA-ICP-MS)

Trace element analyses were performed using LA-ICP-MS.
Analyses of trace element concentrations in glasses were per-
formed in two different laboratories. A Finnigan Element
2 LA-ICP-MS operated with the software “GEOLAS Plus”
was used at the OSU-OREME platform (University of Mont-
pellier, France). The laser beam size was 26 and 51 µm. A
laser repetition rate of 7 Hz and a laser power of 12 J cm�2

were chosen. A total of 420 pulses of the laser (1 min) were
used for ablating the sample after 2 min of background mea-
surement. The glasses NIST612 and BIR-1 were used as the
external standards. Al2O3 and CaO determined by means of
EPMA were used as the internal standard. For data process-
ing, the software “Glitter” was used (Griffin et al., 2008).
With visualization of the signal intensity versus time, a pre-
cise selection of blanks and signals can be performed. The
drift is compensated for by internal standard calculations us-
ing Glitter.

A Teledyne Photon Machine G2 laser ablation appara-
tus coupled to a Thermo iCAP-Q ICP-MS was used at the
Department of Physics and Geology (University of Perugia,
Italy). The analyses were performed on single spots of 25 µm.
Data were collected for P, Y, Zr, Nb, Cs, Ce, Yb, and U with a
repetition rate and laser power of 8 Hz and 4 J cm�2, respec-
tively. The NIST 610 reference material, Si concentrations
determined by means of EPMA, and USGS BCR2G glass
were used as the calibration standard, internal standard, and
quality control, respectively. Data reduction was carried out
using the Iolite v.3 software package (Paton et al., 2011). Un-
der the reported analytical conditions, precision and accuracy
are typically better than 10 % (Petrelli et al., 2016a, b).

3.3 Phase proportions

Back-scattered electron (BSE) images were collected at the
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR,
Hanover) to approach phase proportion via image analysis
techniques. A scanning electron microscope (SEM) with a
mineral liberation analyser (MLA) was used to characterize
the first-step experimental run products. Image analysis was
performed by using the “ImageJ” software on BSE images
collected with the SEM. For all experiments, between 15 and
50 images were used in order to provide statistically relevant
data. For each sample, an area of ca. 800 µm2 was analysed
in order to quantify phase proportions. Finally, mass balance
calculations were also performed using major element con-
centrations, as well as trace element concentrations.

4 Results

4.1 Phase assemblage and textures

The phase assemblage in the experimental products consists
of glass, plagioclase, magnetite, amphibole, and biotite. Fig-
ure 2 shows representative BSE images of the experimen-
tal products. As expected, the melt fraction and the size
of the solid phases are larger in the high-temperature run,
probably as a result of increasing undercooling (see also
Stechern et al., 2024). Biotite is observed in the whole T

range, but at 775 °C, biotite was concentrated only in one re-
gion where relatively large (10–20 µm) biotite crystals were
present. Such a heterogeneous distribution of relatively large
biotite crystals was also observed by Puziewicz and Johannes
(1988), who suggested that the larger biotite crystals could
possibly precipitate from the vapour phase. The results also
show that, in our experimental T range, quartz and sani-
dine are not stable under water-saturated conditions in the
Fish Canyon Tuff natural dacite composition, confirming the
findings of Johnson and Rutherford (1989) and Da Silva et
al. (2017), who used very similar starting melt compositions.
The absence of quartz and alkali feldspar at the lowest tem-
perature of 675 °C indicates that both phases start to crys-
tallize close to solidus temperatures at 200 MPa and nearly
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Figure 2. Back-scattered electron images of experimental prod-
ucts over the investigated temperature range (675–775 °C). Mineral
abbreviations: Amp: amphibole; Bt: biotite; Mag: magnetite; Plg:
plagioclase. The scale bar is 50 µm. Note that the melt fraction in-
creases with increasing temperature, as expected.

water-saturated conditions for the investigated composition.
They also suggest that the water-saturated solidus curve of
natural multicomponent systems may be slightly lower than
that classically assumed for the synthetic haplogranite sys-
tem (Johannes and Holtz, 1996).

The typical texture of the crystal-free melt pools within
quartz traps (second-step experiments) is shown in Fig. 3.
The size of melt pools in quartz cavities can reach several
tens of µm. The higher the temperature, the higher the melt

Figure 3. (A) BSE images of the quartz (Qz) trap in the 775 °C
experiment. The partially crystallized assemblage from the first-step
experiment can be observed on the left side of panel (A), and quartz
grains are on the right side. Part of the cavities between the quartz
grains is filled with glass. A detail of the area in the white rectangle
in panel (A) is displayed in panel (B), highlighting the successful
trapping of melt domains without crystals.

ability to flow and the deeper the melt permeation. In order
to test the effect of the run duration on the pore space fill-
ing in the trap, the second-step experiments were conducted
with different run durations (3, 9, 24, and 48 h). No signif-
icant effect of run duration could be observed, indicating
that the transport of the melt between quartz grains occurs in
the very first stages of the experiment. For consistency, only
second-step experimental products after a 24 h run duration
were used for the trace element analysis of run products.

4.2 Composition of phases

Being relatively large, melt pools from the first-step experi-
mental products obtained at 775 and 725 °C can be analysed
by means of EPMA using 10 µm beam size. For the exper-
iment at 675 °C, the beam size had to be reduced to 5 µm.
Due to the relatively larger size of the crystals, we were able
to analyse all solid phases in the 775 °C experimental prod-
ucts. At lower temperatures, the crystallinity was higher, and
the mineral phases were smaller (see Fig. 2) so that only pla-
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Table 2. Composition of the glasses (wt %) in first-step experi-
ments.

775 °C SD 725 °C SD 675 °C SD

n 10 10 10

SiO2 75.20 0.69 76.84 1.03 78.19 0.51
TiO2 0.35 0.33 0.21 0.13 0.12 0.07
Al2O3 13.75 0.23 12.89 0.24 12.29 0.24
FeOtot 1.16 0.11 1.01 0.32 0.76 0.23
MnO 0.02 0.01 0.01 0.06 0.03 0.02
MgO 0.22 0.03 0.04 0.04 0.08 0.06
CaO 1.68 0.04 1.22 0.06 1.07 0.09
Na2O 3.09 0.14 2.79 0.39 2.52 0.14
K2O 4.54 0.13 4.86 0.07 4.93 0.08

Sum 94.28 93.49 94.69

A.S.I. 1.05 1.07 1.08

Note that the data are normalized to 100 %. “Sum” refers to the total prior to
normalization. “n” refers to number of analyses. “SD” refers to 1 sigma standard
deviation. A.S.I. refers to the Aluminium Saturation Index, calculated as
Al2O3 / (CaO + Na2O + K2O) on a molar basis.

gioclase and a few oxides were analysed accurately in the
725 °C experimental products. For the experimental products
obtained at 675 °C, it was difficult to obtain EPMA analyses
of pure mineral phases without an overlap with glass.

Major element compositions of experimental glasses ob-
tained after the first-step experiments are given in Table 2
(data normalized to 100 % assuming an anhydrous composi-
tion) and are shown in Fig. 4 together with the composition
of the starting material for comparison. SiO2 content in glass
increases with decreasing T from ⇠ 75 wt % at 775 °C up
to ⇠ 78 wt % at 675 °C, whereas CaO, Al2O3, FeO, MgO,
and Na2O decrease with cooling and crystallization. Only
K2O increases with crystallization from 4.5 wt % at 775 °C
to 4.9 wt % at 675 °C, which is a further indication confirm-
ing that alkali feldspar do not crystallize in our experimental
series. The composition of the mineral phases that could be
analysed is given in Table S2.

Plagioclase is An-rich at high temperatures, as ex-
pected (675 °C: approximately An37Ab58Or5; 725 °C:
An44Ab53Or3; 775 °C: An48Ab49Or3). The composition of
biotite and amphibole could not be analysed accurately in
all products due to the small size of mafic phases, especially
biotite. The Mg / (Mg + Fet) ratio in amphibole is 0.64
(725 and 775 °C), and the Mg / (Mg + Fet) in biotite is
0.70 (775 °C), where Fet is the molar proportion of total
iron. We calculated the amphibole–biotite Fe–Mg exchange
coefficient according to the following:

KD, Fe�Mg, amph�bt =
(Fet/Mg)amph

(Fet/Mg)bt
,

where Fet and Mg are the molar proportions of Fet and
Mg, respectively. At 775 °C, KD, Fe�Mg, amph�bt is 1.00. This
value is in the same range as that obtained for experiments

Figure 4. Change in the residual glass composition (in wt % of el-
ement concentrations) upon crystallization of the starting material
(SM). The analyses are recalculated to a total of 100 % oxides, as
presented in Tables 1 and 2. The black dots refer to the starting
material composition, while grey symbols (from dark to light grey)
refer to the crystallization experiments (see corresponding temper-
atures in the legend).

in dacitic systems, varying between 0.95 and 1.11 in the
temperature range of 700–850 °C (Fig. S1 and Table S3)
(Dall’agnol et al., 1999; Costa et al., 2004; Holtz et al., 2005;
Bogaerts et al., 2006). Values for tonalitic and andesitic sys-
tems are higher and range from 1.20 to 1.25 in the same
temperature range (Marxer and Ulmer, 2019; Marxer et al.,
2022). However, if analyses with a high standard deviation
are excluded, the data compilation may indicate an increase
in KD, Fe�Mg, amph�bt with temperature.

In the second-step experimental products, the composi-
tions of glasses were investigated in two different domains:
glasses away from the grain trap and glasses filling the space
between the quartz trap. As mentioned above, dissolution of
the quartz grains at the contact with trapped melts was ex-
pected. Figure 5 illustrates the enrichment of SiO2 in the
glasses between the quartz grains of the traps of second-step
experiments after 3 and 9 h at 775 and 725 °C. The analytical
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Figure 5. SiO2 concentrations in glasses analysed after the second-
step experiments. The analyses are recalculated to a total of 100 %
(analytical data are given in the Appendix (Table S4). The data show
the differences in terms of SiO2 concentrations in glasses far from
the quartz trap and within the quartz grains of the trap. Glasses
within the grains have higher SiO2 concentrations due to the dis-
solution of quartz. Results are from second-step experiments at 775
and 725 °C with run durations of 3 and 9 h.

data are given in Table S4. The SiO2 content of glass faraway
from the glass trap is identical within error to the initial SiO2
content (glass from first-step experiments). However, glasses
within the trap are enriched by ⇠ 2 wt % to 3 wt % in SiO2.
This high SiO2 concentration of ⇠ 78 wt %–79 wt % in the
glasses within the quartz trap indicates that dissolution ki-
netics were fast enough to almost saturate melt pools with
respect to quartz after 3 h.

4.3 Proportion of phases

Mass balance calculations using a least-squares fit to the
starting composition were performed for all runs to estimate
the proportion of phases. The mineral compositions used for
the mass balance calculation are given in Table S2. As men-
tioned above, only phases obtained in the experiments at
775 °C (plagioclase, amphibole, biotite, and magnetite) and
725 °C (plagioclase and magnetite) could be analysed accu-
rately, and the compositions of these phases were used for
mass balance calculations at 725 °C (amphibole, biotite at
775 °C) and 675 °C. The results of the phase proportions cal-

culated by mass balance are displayed in Table 3 and Fig. S2.
As expected, a decrease in glass proportion as temperature
decreases is observed. The glass proportion is estimated to be
80 wt % at 775 °C and decreases to ⇠ 67 wt % at 675 °C. Pla-
gioclase proportions change from ⇠ 13 wt % to 25 wt % as
T decreases from 775 to 675 °C, whereas magnetite propor-
tions remain approximately constant for all runs (1.3 wt %–
1.6 wt %). A slight increase in the amount of biotite is cal-
culated from the highest to lowest experimental temperature
(Table 3).

The proportion of phases estimated from image analysis
conducted on BSE images of all first-step experimental run
products are given in Table 3 and are shown in Fig. S2.
As for mass balance calculations, glass is the most repre-
sented phase at all temperatures, decreasing from 87 area %
at 775 °C to 67 area % at 675 °C. Plagioclase proportion in-
creases from 9 area % to 22 area %. Amphibole and biotite
are not distinguishable by the grey scale in BSE images
and are therefore classified as one population (Table 3). The
amount of magnetite is estimated to be 1 area %–2 area %.

There is a general agreement between the two independent
approaches applied to constrain phase proportions. In the
775 °C experiment, the proportions of both mafic phases and
plagioclase are lower in the image analysis approach, lead-
ing to a difference in the estimated melt fraction of ⇠ 7 %.
The higher proportion estimated by mass balance could, in
part, be explained by the density difference between melt and
crystalline phases. However, the opposite is observed for the
725 °C experiment, indicating that this variation is rather re-
lated to the uncertainty of both approaches.

4.4 Trace element concentration in glasses

The trace element concentration in the glasses within the
quartz traps (data obtained at Perugia and Montpellier) is
reported in Fig. S3. The comparisons of LA-ICP-MS anal-
yses obtained at Montpellier (France) and Perugia (Italy)
are consistent for all trace elements, providing very similar
trends throughout the entire range of investigated tempera-
ture. However, there is a lower scatter in the Perugia dataset
when compared with the Montpellier dataset (Fig. S3), prob-
ably because of the systematically lower beam size applied at
Perugia, which avoids possible contaminations. For this rea-
son, the smaller beam size in Perugia was used to confirm
data obtained in Montpellier. Considering the smaller uncer-
tainty range of the Perugia dataset, we will use this dataset
in the following discussion. The average concentrations of
trace elements measured at Perugia (average of 10 measure-
ments) are given for each temperature in Table 4 and are
shown in Fig. 6. As mentioned above, the 24 h experiments
used to determine the trace element concentrations in glasses
were duplicated. Thus, for each temperature, two analytical
points, corresponding to the average value of glass analyses
in each experiment, are reported in Fig. 6. The concentra-
tions obtained from these duplicate experiments performed
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Table 3. Glass and mineral proportions.

Mass balance Glass Plg Amp Mag Bt 6R2

775 °C 80.0 12.8 2.1 1.5 3.5 0.10
725 °C 69.4 21.5 2.9 1.3 4.8 0.33
675 °C 67.1 24.6 2.2 1.6 4.6 0.21

Image analysis Glass Plg Amp + Bt Mag 8tot

775 °C 86.8 9.3 2.2 1.6 13.2
SD 1.5 1.1 1.4 0.7 1.5
725 °C 73.8 17.7 6.5 2.0 26.2
SD 2.2 1.9 1.5 0.5 2.2
675 °C 67.6 22.1 7.5 2.8 32.4
SD 1.4 1.1 1.0 1.2 1.4

Note that the glass and mineral proportions in the experimental products are estimated by
means of mass balance and image analysis.

Table 4. Average value of trace element concentration melts and minerals and estimated bulk partitioning coefficients.

Element cmelt,meas cmin,calc

775 °C 725 °C 675 °C 775 °C 725 °C 675 °C

Y 70 82 75 186 94 105
Zr 84 102 104 97 41 48
Nb 83 87 75 157 109 130
Cs 92 98 109 7 32 23
Ce 76 83 81 86 60 70
Yb 68 79 73 146 75 88
U 75 91 97 37 12 13
P 159 131 96 15 166 233

Element DEXP DCALC

775 °C 725 °C 675 °C 775 °C 725 °C 675 °C

Y 2.67 1.14 1.39 0.77 1.09 1.03
Zr 1.14 0.41 0.46 0.22 0.17 0.18
Nb 1.89 1.24 1.73 12.37 8.78 9.58
Cs 0.08 0.32 0.21 0.16 0.24 0.23
Ce 1.14 0.72 0.86 2.70 2.66 2.67
Yb 2.16 0.95 1.20 0.37 0.38 0.38
U 0.49 0.13 0.13 0.05 0.06 0.06
P 0.09 1.27 2.44

Note that the listed trace element concentrations in experimental glasses (cmelt,meas) were
determined with LA-ICP-MS at Perugia (typical relative error reported in the description of
the LA-ICP-MS instrumentation: 10 %). The trace element concentrations in the mineral
assemblage (cmin,calc) were calculated by mass balance using the proportions determined by
image analysis. DEXP is the bulk between crystal and melts calculated from the measured
trace element concentrations in melts. DCALC is the calculated bulk crystal / melt
partitioning coefficient using values for each mineral phase estimated from the literature (for
references, see the text).

at the same temperature are identical within error, and this
observation is also consistent with the major element anal-
yses (Table S4). In general, three different behaviours of the
trace element concentrations can be observed (Fig. 6): (1) the
concentrations increase with decreasing temperature for the
elements Cs and U and partly for Zr; (2) the concentrations
do not change significantly or remain nearly constant within

error for the four elements Ce, Yb, Y, and Nb; (3) the con-
centration of P decreases with decreasing temperature.
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Figure 6. Concentration of trace elements in glasses between the quartz trap obtained in Perugia by means of LA-ICP-MS for the three
experiments at 675, 725, and 775 °C. The dashed lines mark the initial concentration in the starting glass. The experiments used to determine
the trace element concentrations in glasses were duplicated, explaining why two points are plotted for each temperature.

5 Discussion

5.1 Partitioning of trace elements between melt and
mineral assemblage

The enrichment or depletion of each trace element relative
to the initial composition is expressed as Cl/C0, where Cl is
the concentration of the element in the liquid (melt) after the
experiment, and C0 is its initial concentration in the starting
material. The Cl/C0 ratio, obtained by Monte Carlo analyses,
including the error propagation for the partition estimations,
is reported in Fig. 7. As expected from the analytical results
shown in Fig. 6, Cl is always higher than C0 for Cs and U,
and Cl/C0 clearly increases with decreasing melt fraction (or
decreasing temperature) (see also Fig. S4), indicating that
these elements demonstrate incompatible behaviour in the in-
vestigated system in the temperature range of 675–775 °C.

The concentrations of Ce, Yb, Y, and Nb do not increase
systematically with decreasing temperature. Considering the
fact that the initial concentrations of all trace elements are in
the same range, the behaviour of Ce, Yb, Y, and Nb should
be very similar to that of Cs and U (same trend as in Fig. 7)
if they were to be strongly incompatible. In contrast, the
Cl/C0 is  1 for Yb, Y, and Nb, indicating that these el-
ements should be incorporated into one of the four major
phases, which would most probably be biotite and/or am-
phibole rather than plagioclase or magnetite. An alternative
explanation could be that one or several accessory mineral
phase(s) buffer the concentrations of Yb, Y, and Nb. For ex-
ample, apatite or xenotime ((Y,Yb,REE)PO4) could be such
accessory phases for Yb and Y. However, since the initial
trace element concentrations are very low, it is nearly im-
possible to detect such accessory phases in the run products.
For Ce, Cl/C0 is close to 1 at 775 °C and slightly above 1 at
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Figure 7. Trace element concentration ratio between residual melt (Cl) and starting glass (C0) (including error propagation by Monte Carlo
analyses).

lower temperatures (higher crystallinity). The Cl/C0 is iden-
tical within error at 675 and 725 °C, which indicates that Ce
may be incorporated into the crystalline phases, which could
be related to the crystallization of apatite or plagioclase.

5.2 Partitioning of Zr and P and role accessory minerals

The evolution of Zr and P concentrations in the residual
glasses can be compared with the zircon solubility and ap-
atite solubility models proposed in the literature. For Zr, at
775 °C, the concentration of the melt does not differ signifi-
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Figure 8. Trace element concentration ratio between residual melt (Cl) and starting glass (C0), showing the enrichment of Cs and U in
the residual liquid assuming a constant bulk partition coefficient between crystals and melt (DCs and DU, respectively; including error
propagation by Monte Carlo analyses).

cantly from that of the starting material (84 and 86 ppm, re-
spectively). Considering the high melt fraction at 775 °C, this
value is not expected to change significantly if Zr saturation
was not reached and if some Zr is incorporated into minerals
(similarly to Cs and U). The data in Table 4 could indicate
that zircon solubility was reached between 725 and 675 °C
since Zr concentrations are in the same range at 725 and
675 °C (102 and 104 ppm, respectively). Thus, zircon satu-
ration at ⇠ 100 ppm should have been reached between these
two temperatures. However, except for the zircon saturation
model of Gervasoni et al. (2016) predicting a concentration
of 97 ppm at 675 °C, all other available models (Crisp and
Berry, 2022; Borisov and Aranovich, 2019; Boehnke et al.,
2013; Watson and Harrison, 1983; Baker et al., 2002) pre-
dict Zr concentrations at zircon saturation that are lower than
100 ppm at 675 °C (70 to 29 ppm). Applying one of the most
recent zircon solubility models of Borisov and Aranovich
(2019); incorporating all the literature data available before
2019 to evaluate zircon solubility; and using the melt compo-
sitions obtained at 775, 725, and 675 °C (Table 2), the zircon
saturation should be reached at 199, 114, and 64 ppm, respec-
tively. The more recent model proposed by Crisp and Berry
(2022) results in even lower values of 133, 63, and 29 ppm.
This general underestimation of Zr concentration at zircon
saturation contrasts with observations made by Marxer and
Ulmer (2019) in the temperature range of 800–875 °C, not-
ing that the zircon solubility models proposed so far (in 2019
and before) may overestimate Zr concentrations in melts de-
rived from the crystallization of calc-alkaline tonalites.

Two explanations may be proposed for the discrepancy be-
tween most zircon saturation models and our data. The first
one may be related to kinetic problems of nucleation and
growth of zircon leading to an oversaturation of the melt.
This cannot be excluded, but such problems may be negli-
gible considering the long experimental duration, the tem-
perature cycling that was applied to avoid nucleation delays,
and the presence of many other phases that could play the
role of nucleation sites. A second explanation may be related

to the application to low temperatures at which Zr concen-
trations at zircon saturation are expected to be very low (in
glasses from run products). All solubility models mentioned
above were calibrated from the regression of data obtained
at high temperatures (typically above 900–1000 °C), under
which conditions pure melts coexisted with zircon (zircon
“in excess”). As a result of the high temperatures, Zr concen-
trations in the glasses were high. When extrapolated to low
Zr concentrations and far from the calibration range, small
variations in the slope of the regressions can easily explain
the variation range that is observed between the models and
the differences compared to our data (see also the discus-
sion in Marxer and Ulmer, 2019). However, when applied
for thermobarometry, these small variations in Zr concen-
trations can translate to strong differences in terms of esti-
mated temperatures. The contrasting results between our data
and those of Marxer and Ulmer (2019), both resulting from
laser ablation analyses from products of crystallization ex-
periments, most probably indicate that compositional param-
eters of melts become particularly important when tempera-
ture and zircon solubility become low. For example, based on
the model of Watson and Harrison (1983), a compositional
variation of 2 wt % SiO2 at the expense of Al2O3 can lead to
a change in the Zr concentration of 30 % at 675 °C. Our high
silica–rhyolite compositions obtained at 675 °C are more Si-
and K-rich and contain less Al, Ca, and Fe when compared to
those of Marxer and Ulmer (2019). However, as mentioned
above, good calibration data for zircon solubility at low tem-
peratures are crucially missing.

The P concentration is lower than that of the starting
material at 675 °C (96 ppm; 0.022 wt % P2O5), identical
within uncertainty at 725 °C (131 ppm; 0.030 wt % P2O5),
and higher at 775 °C (159 ppm; 0.036 wt % P2O5, Table 4).
This evolution implies that melts became saturated with re-
spect to apatite in the temperature range of 675–725 °C and
that the saturation temperature should be reached with a
phosphorus content of less than 130 ppm (0.030 wt % P2O5
if the P concentration in mineral phases is negligible). The

Eur. J. Mineral., 38, 9–25, 2026 https://doi.org/10.5194/ejm-38-9-2026



F. Vetere et al.: Trace element distribution between rhyolitic melts and minerals in highly crystalline assemblages 21

melt compositions given in Table 2 were applied to deter-
mine the phosphate solubility (whitlockite and apatite) us-
ing the most recent model proposed by Tollari et al. (2006).
Tollari et al. (2006) performed experiments at 1 atm in F-
bearing systems, but their general model also took experi-
ments performed in other systems into account (in partic-
ular, apatite solubility data in water-bearing and peralumi-
nous systems, e.g. Pichavant et al., 1992). Depending on
temperature, the phosphorus contents at phosphate satura-
tion are in the range of 0.25 wt % to 0.35 wt % P2O5 (or
1090 and 1527 ppm P, respectively) if the model of Tollari
et al. (2006) is applied for the starting dacitic composition.
However, if the compositions of the residual melts listed
in Table 2 are used, the calculated phosphorus contents at
phosphate saturation are higher and increase with decreas-
ing temperature (0.61 (2662 ppm), 1.03 (4494 ppm), and 1.15
(5018 ppm) wt % P2O5 (P) at 775, 725, and 675 °C, respec-
tively), which is not predicted from solubility laws based on
Arrhenian behaviour. Such concentrations are significantly
higher than our results (less than 0.05 wt % P2O5 or 218 ppm
P), indicating that the model of Tollari et al. (2006) over-
estimates apatite solubility for evolved rhyolitic composi-
tions. On the other hand, the model of Harrison and Watson
(1984) predicting concentrations in the range 0.012 (52 ppm)
to 0.002 (9 ppm) wt % P2O5 (P) (775 to 625 °C, respectively)
would underestimate the apatite solubility, which may be due
to the slightly peraluminous melt compositions leading to
higher solubility (Pichavant et al., 1992).

5.3 Bulk partition coefficients between crystals and melt

A bulk partition coefficient Dexp for the trace elements can
be determined from our analytical data using the initial trace
element concentration, the trace element concentration in the
glass, and the modal proportions of the phases. Thus, it is in-
teresting to check to which extent this value fits with bulk
partition coefficients Dcalc calculated from literature data
on partitioning between minerals and melt. In the follow-
ing, Dcalc values were determined using partitioning data for
biotite, plagioclase, and ilmenite proposed by Pichavant et
al. (2024) based on the analyses of peraluminous rhyolites
of Macusani (the partitioning for ilmenite was assumed to be
identical to that of magnetite). For amphibole, partitioning
data were taken from other studies. The applied partitioning
data and corresponding references are given in Table S5.

Our experimental approach simulates equilibrium crystal-
lization so that the bulk partition coefficient D estimated
from our analytical data can be calculated following the clas-
sical equation proposed for equilibrium crystallization:

Cl/C0 = 1/[D + F (1 � D)], (1)

where Cl is the trace element concentration in the liquid
(melt), C0 is the initial trace element concentration, D is the
bulk partition coefficient between the crystalline assemblage
and melt (D = Kd a ·Xa+Kd b ·Xb+Kd c ·Xc+. . .+Kd n ·Xn,

where Kd refers to a bulk partition coefficient for a specific
element, and X refers to the fraction of phase), and F is the
melt fraction.

The concentration in the mineral assemblage is not known
but can be calculated because Cl, C0, and the value of F are
known (F is calculated by means of mass balance or image
analysis, Table 3). The results are shown in Table 4.

The data in Table 4 indicate that Dexp values for Cs and
U are different when comparing the three experimental prod-
ucts. Assuming that, for each mineral phase, the Kd value
does not change significantly in the investigated temperature
interval, the variation of Dexp must be related to different
proportions of mineral phases in the crystalline assemblage.
In any case, as already mentioned above, these two elements
are clearly incompatible, and, assuming a constant bulk Dexp

value over the investigated temperature interval, the data can
best be fitted with a DCs value of 0.26 and a DU value of 0.19
(Fig. 8). The D

exp
Cs value is in good agreement with the cal-

culated Dcalc
Cs value, which is in the range of 0.16–0.23 (Ta-

ble 4). The calculated bulk Dcalc
U is 0.05 and 0.06 (Table 4),

which is lower than our experimental data, implying that U

may be less incompatible than expected. This difference may
be due to a higher partitioning of U in amphibole, which is
also confirmed by results from Nandedkar et al. (2016).

As discussed above, the evolution of Ce, Yb, Y, and Nb in-
dicates that these elements are partly incorporated into min-
eral phases and that they are rather compatible. The bulk
Dexp values extracted from our experiments for Yb, Y, and
Nb are mostly between 1 and 2. The highest values are sys-
tematically observed in the 775 °C experiment, where the
proportion of mafic phases relative to plagioclase is the high-
est. This indicates that Yb, Y, and Nb may be preferentially
incorporated into mafic phases. Based on the database given
in Table S6, Yb and Y are most probably mainly incorpo-
rated into amphibole, whereas Nb is incorporated into an ox-
ide phase (magnetite) or biotite (Were and Keppler, 2021).

The bulk Dcalc values calculated using partitioning coef-
ficients published so far differ in part from the Dexp values
derived from experimental data. For Yb, the calculated Dcalc

Yb
values are below 1, but our D

exp
Yb values are close to or above

1, indicating that Yb may be less incompatible than expected
and that calculated partitioning values for Yb may be under-
estimated for amphibole. Calculated Dcalc

Nb values are signif-
icantly higher than D

exp
Nb for Nb, which could indicate that

Nb may be more incompatible than expected in magnetite-
bearing systems. However, a small variation in the estimated
amount of magnetite may affect the calculated D values sig-
nificantly. For example, if the oxide concentration were to be
0.5, 1, and 1.5 at 775, 725, and 675 °C, respectively, the Dcalc

Nb
would be in the range of 5.5 to 6 (Table 4). Values for Dcalc

Y
are in the same range as those observed experimentally, es-
pecially at 725 and 675 °C. The Dcalc

Y values at 775 °C are
lower than D

exp
Y , but this may be due to an underestimation

of the amounts of biotite and amphibole in the experiment.
If the proportions estimated by mass balance are considered
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(⇠ 5 % biotite + amphibole), the Dcalc
Y at 775 °C is 1.46 (Ta-

ble 4), which fits better with the Y trend determined experi-
mentally. For Ce, the higher calculated D values most proba-
bly indicate that the applied partitioning coefficient for Ce in
plagioclase is too high or that apatite may also influence the
Ce budget.

In conclusion, our experimental data show that only the
two elements Cs and U are strongly incompatible during the
crystallization of dacitic melts, in which amphibole and bi-
otite and a few oxides are stable mafic phases, while pla-
gioclase is the only stable tectosilicate phase. For these ele-
ments, we observe a clear relationship between crystallinity
and trace element concentrations of Cs and U (Fig. S4).
Since all other investigated trace elements differ from this be-
haviour, both the type and the amount of minerals that crys-
tallize affect the trace element distributions significantly. For
some elements such as Y, the trace element concentrations
can be correctly predicted using available databases for trace
element distributions. However, the behaviour of other ele-
ments such as Yb, Ce, and Nb is not predicted accurately. We
also demonstrate that the prediction of some trace element
concentrations in dacitic systems is extremely affected by
small variations of mineral proportions, implying that crys-
tallization models which do not predict perfectly the stability
of mafic hydrous phases (e.g. amphibole, biotite) or oxides
such as Rhyolite-MELTS (Gualda et al., 2012) need to be
applied with caution to interpret trace element distributions
in silicic volcanic systems.

6 Conclusions – implications

Our results have important implications for (1) testing exper-
imental approaches devoted to the determination of trace el-
ement partitioning in low-temperature highly crystalline sys-
tems and (2) the application to natural magmatic systems.
Based on the results obtained for strongly incompatible ele-
ments (U, Cs), we demonstrate that the evolution of trace el-
ement concentrations in melts is directly proportional to the
evolution of the crystallinity, as expected. Thus, our exper-
imental approach based on two-step experiments (a crystal-
lization experiment and a subsequent trap experiment) can be
applied successfully to determine bulk partition coefficients
of trace elements between complex mineral assemblages (bi-
otite, amphibole, plagioclase, oxides, accessory phases) and
residual melt in highly crystalline low-temperature rhyolitic
and/or dacitic systems. Our approach is expected to be partic-
ularly useful in modelling the formation of porphyry deposits
close to the solidus at the magmatic–hydrothermal transition,
in which the budget of metals such as Cu, Mo, and W is
primarily controlled by magmatic differentiation and which
may involve several silicate phases (in particular, mica and
amphibole), a fluid phase, and the saturation of minor acces-
sory phases (e.g. Simon et al., 2008; Hsu et al., 2017).

Our experimental results further demonstrate that the mod-
elling of trace element distributions in low-temperature,
crystal-rich reservoirs based on high-temperature partition-
ing datasets may be problematic, especially for moderately
incompatible elements (e.g. REE, HFSE) which may be
highly sensitive to small changes in the modal proportions
of amphibole and biotite and, in particular, to the saturation
of a variety of accessory phases (e.g. silicates, phosphates,
oxides, sulfides). This underscores that classical Rayleigh
or batch fractionation models may not accurately capture
trace element evolution in crustal silicic systems. In addi-
tion, the observed discrepancies between measured Zr and
P concentrations and zircon or apatite solubility models in-
dicate that accessory-phase saturation models calibrated at
high temperatures may not be accurate when applied to low-
temperature conditions. These findings affect the application
of accessory-phase thermometry and geochemical proxies
used to trace differentiation and highlight the need to ac-
count for temperature-dependent effects and modal miner-
alogy when interpreting the petrogenesis of evolved silicic
magmas.
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