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ABSTRACT 12 

Experiments in high silica systems at temperatures close to the solidus often produce crystals and 13 

melt pools which are too small for in-situ analysis. Oscillating the temperature during an 14 

experimental run speeds up recrystallization of magma by dissolving small and increasing the 15 

size of larger crystals, dramatically changing the crystal size distribution. This principle of 16 

periodic heating and cooling, caused for example by repeated injection of hot magma, is also a 17 

potential acceleration for the formation of phenocrystic textures in natural rocks.  18 

Here we show that temperature cycling has the potential to significantly enlarge melt pools and 19 

crystals in a fluid saturated dacitic system. Using a natural dacite dredged from the Pacific-20 

Antarctic Rise as starting material, we performed crystallization experiments applying 21 

temperature cycling systematically for two different temperatures and different water activities at 22 

200 MPa. For experiments at 950°C (with aH2O~1, ~0.3, and <0.1) an internally heated pressure 23 



 
2 

vessel was used, experiments at 800°C (with aH2O~1, ~0.5) were performed in a cold seal 24 

pressure vessel. Comparative experiments at equilibrium conditions with constant temperature 25 

were performed for both approaches. For all other experiments temperature was cycled with 26 

amplitudes of 20K for different time intervals but constant total run duration after initial 27 

equilibration at constant temperature. Additionally, for one experiment at 800°C, the temperature 28 

was increased several times by 50 K to study the potential of dissolving tiny crystals in the 29 

matrix. 30 

As a result of the temperature cycling, tiny crystals in the matrix were preferentially dissolved, 31 

leading to large melt pools with only rare mineral inclusions enabling microprobe analysis using 32 

a defocused beam. With regard to the area of the 10 largest crystals of each cycling experiment, 33 

clinopyroxene crystals were up to 19 times larger, and plagioclase crystals even up to 69 times 34 

when comparing to experiments performed at constant temperature. Grain sizes of FeTi-oxide 35 

phases are less influenced by this technique. Essential requirements for applying temperature 36 

cycling routinely are identical phase relations and compositions in runs with constant and cycled 37 

temperature. For all studied temperatures and water activities, the phase assemblage was the same 38 

and compositions of all phases are identical within the analytical error. Thus, the temperature 39 

cycling technique opens interesting perspectives, especially in facilitating in-situ analysis in near 40 

solidus systems. 41 

Keywords: Experimental petrology, Temperature cycling, Crystallization experiments, Dacite, 42 

Crystal growth, Phenocrysts  43 

INTRODUCTION 44 

In-situ analyses of experiments by thermal emission techniques in high-silica systems, especially 45 

at conditions close to the solidus, are challenging due to the generally very small size of crystals 46 
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and melt pools. It is difficult to measure and identify phases with sizes around 1 µm by electron 47 

microprobe, and analyses of melt pools < 5 µm by electron microprobe are challenging, due to 48 

the requirement  of a defocused beam in order to avoid Na-loss (e.g., Morgan and London 2005). 49 

Moreover, trace element analyses of experimental phases < 20µm, for example with secondary 50 

ion mass spectroscopy (SIMS) or laser ablation ICP-MS, are virtually impossible for these 51 

samples. While the positive effect of oscillating temperature on nucleation and growth rates has 52 

been well known for decades from material (e.g., Randolph et al. 1971) and food sciences (e.g., 53 

Donhowe and Hartel 1996), Mills et al. (2011) showed that for magma analogues it is possible to 54 

generate larger phases in experimental run products under atmospheric conditions and at low 55 

temperature (47±3°C) via a process of dissolution/recrystallization. In addition, Mills and 56 

Glazner (2013) presented a detailed experimental study on the effects of temperature cycling on 57 

coarsening of crystals (plagioclase and olivine) in an alkali basalt at ambient pressure.  58 

Previous experimental and petrological studies concentrated less on temperature cycling but 59 

rather on effects of decompression and/or cooling rates on crystal size distribution (CSD) in order 60 

to understand the formation of phenocrystic textures (e.g., Kirkpatrick 1977; Pupier at al. 2008; 61 

Brugger and Hammer 2010). As all of them mainly investigated crystal growth rates and crystal 62 

orientation, potential effects on phase chemistry caused by varying temperature remain 63 

unconsidered. Moreover, up to now, temperature cycling was rarely studied under pressurized 64 

fluid saturated magma storage conditions (Mills and Glazner 2011a). 65 

Here we show that temperature cycling also substantially increases the grain size of the phases 66 

(mainly plagioclase, clinopyroxene and melt pools) in a fluid-saturated dacitic system under 67 

pressure with varying water activities at magma storage conditions. Particular attention was paid 68 

to potential variations of phase chemistry in experiments with temperature cycling compared to 69 
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static ones. Some experiments were performed in a cold-seal pressure vessel (CSPV) in which 70 

run durations of up to 4 weeks are generally required to generate measureable crystals. This long 71 

time duration often causes nickel (the main constituent of the vessel) contamination of the sample 72 

due to in-diffusion of Ni through the Au-capsule (Schier and Schmidbaur 1996). Additionally, if 73 

the temperature is relatively high (i.e., > 700°C), long run durations causes the vessel to deform. 74 

Thus, a further aim of this study was to test the option of reducing the total run duration by 75 

applying the temperature cycling technique in this device.  76 

THE APPARATUS 77 

The experiments at 950±20°C were performed in a vertically mounted internally heated pressure 78 

vessel (IHPV) using pure argon as pressure medium in the high pressure lab of Hannover, 79 

equipped with a rapid quench system to prevent the formation of metastable quench phases 80 

(Berndt et al. 2002). The temperature during the experiments was programmed and monitored 81 

with a Eurotherm 906 EPC controller. Near-solidus experiments (i.e., T = 800±20°C and +50°C, 82 

respectively) were performed in a CSPV with H2O as pressure medium and external cooling via 83 

compressed air. Temperature cycling in the CSPV was programmed by a RKC instrument 84 

program controller REX-P24. 85 

The water activity (aH2O) of the experimental run products was calculated following the 86 

thermodynamic model of Burnham (1979, 1994). It should be noted that the model of Burnham 87 

(1979) slightly overestimates water activity (e.g., Botcharnikov et al. 2005).The experiments 88 

were performed with known hydrogen fugacity (fH2) corresponding to the intrinsic conditions of 89 

the vessels but variable water fugacity (fH2O). Therefore, the oxygen fugacity (fO2) is not strictly 90 

constant from one capsule to the other. Decreasing fH2O (accompanied with decreasing initial 91 

H2O in the capsule) causes a lowering of fO2 (Scaillet et al. 1995). Knowing fH2O (calculated 92 
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after Pitzer and Sterner (1994) from thermodynamically conditions at certain temperature) and 93 

fH2, fO2 can be computed. Here fH2 is calculated by the set ΔQFM value for water-saturated 94 

conditions of the vessel (QFM = the quartz-fayalite-magnetite buffer; intrinsic conditions of the 95 

IHPV (measured with Ni-Pd solid sensors; Taylor et al. 1992): 3.2 log units above fO2 of QFM, 96 

hereafter labeled ΔQFM+3.2; intrinsic condition of the CSPV: ΔQFM+1 corresponding to the Ni-97 

NiO buffer). With given pressure, temperature, and intrinsic pH2 conditions, ΔQFM for water 98 

saturated conditions was calculated following models of Pitzer and Sterner (1994), Shaw and 99 

Wones (1964), and Schwab and Küstner (1981). Considering the variation of aH2O in our runs, 100 

the estimated values of fO2 of our experiments vary between ΔQFM-0.4 and ΔQFM+3.2 (Tab. 1). 101 

With regard to natural systems, this is generally more oxidizing than in typical MORB magmas 102 

(Bézos and Humler 2005). However, since we expect a higher aH2O prevailing during the 103 

corresponding late-stage magmatic processes, and since water has an oxidizing effect (e.g., 104 

Botcharnikov et al. 2005), we expect generally a higher fO2 for the formation of silicic melts 105 

compared to primary MORB processes.  106 

The chosen pressure for the experiments was 200 MPa, which is a typical value for magma 107 

storage conditions at the base of fast-spreading oceanic crust. Moreover, at this pressure several 108 

phase equilibria studies have been performed for more primitive tholeiitic systems, which make 109 

our results directly comparable to experimental data of those studies (e.g., Berndt et al. 2005; 110 

Botcharnikov et al. 2008; Feig et al. 2006, 2010).  111 

THE STARTING MATERIAL 112 

As starting material for the temperature cycling study, we used a remelted natural glass from the 113 

Pacific-Antarctic Rise (PAR) with dacitic composition (Tab. 2; sample 3DS1 from Haase et al. 114 

2005). The study presented here was performed in the framework of a phase relation study which 115 
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aims to experimentally simulate the generation of felsic melts in oceanic crust. The natural 116 

sample is analytically well characterized (major and trace elements, selected isotopes) and can be 117 

regarded as an evolved end-member in the magmatic evolution of the PAR from MORB to felsic 118 

melts. The mineral assemblage in this sample consist of small (~0.2 mm) plagioclase and 119 

clinopyroxene phenocrysts in a glassy matrix with accessory oxides (< 10 µm). Detailed 120 

petrographical and geochemical information for sample 3DS1 and other characteristic evolved 121 

lavas are presented by Freund et al. (2013). Phase equilibria in this system were estimated in a 122 

companion study (preliminary results in Erdmann et al. 2012). 123 

For the preparation of the starting glass we followed Feig et al. (2006). The sample was crushed 124 

and ground in a rotary mortar. The powder was fused twice at 1600°C in a platinum crucible at 1 125 

atm (so at highly oxidizing conditions, where Fe diffusion into the capsule material is negligible) 126 

and quenched by placing the crucible in water. Between the two fusing steps, the glass was 127 

ground again. The homogeneity of the glass was checked by electron microprobe on pieces from 128 

the top, middle, and bottom of the crucible. Fe and Na loss of the fused glass compared to the 129 

whole rock analysis of the natural starting material (water free sample PAR-SO157-3DS1 of 130 

Freund et al. 2013 normalized to 100 wt%) is minimal (FeO 7.87 wt%/8.15 wt%, 4.45 wt%/4.59 131 

wt%). The starting material for the experimental runs was produced by grinding the glass in two 132 

different fractions (<125 μm and 125-200 μm). These two fractions were mixed together in a 133 

ratio ~1:1 to reduce the free volume between grains.   134 

Au-capsules were used for the experiments with 40 mg starting glass powder and a defined 135 

amount of fluid. For studying the influence of water, aH2O of the experiments was fixed via a 136 

mixture of deionized water and CO2 (by using silver-oxalate, Ag2C2O4). At one run (defined P, T, 137 



 
7 

fH2), several experiments can be performed simultaneously. All were fluid-saturated (~5 % total 138 

fluid) with different H2O-CO2 proportions, verified by bubbles observed in each experiment. 139 

EXPERIMENTAL PROCEDURE TO ENLARGE MELT-POOLS AND CRYSTALS 140 

Several static reference experiments (identical run conditions with respect to duration, mean 141 

temperature, redox conditions, and water content) were performed to monitor the influence of 142 

temperature cycling on phase appearance and composition. For this, static experiments were 143 

compared with runs of different length of thermal cycling intervals. Additionally, experiments 144 

above and below the temperatures chosen for cycling (i.e., 950°C and 800°C, respectively) were 145 

performed in order to consider all potentially crystallizing phases (preliminary results presented 146 

by Erdmann et al. 2012). This is crucial as phase relations have to be known and potential 147 

transgression of phase stability fields due to varying temperature has to be taken into account. To 148 

illustrate this, a simplified phase diagram for high aH2O is presented in Figure 1 where phase-in 149 

boundaries are potentially overstepped.  150 

Two cycling experiments at 950°C using an IHPV were initially equilibrated at constant 151 

temperature for 40 h in order to generate first crystals at identical conditions as in static runs. 152 

Afterwards, the first run was cycled three times for 13 h with 11 h of constant temperature in 153 

between (72 h in total). The second run was cycled for 72 h without interruption. The two 154 

different approaches (i.e., alternate cycling and static run and solely cycling) were chosen to test 155 

of whether equilibration at constant temperature is necessary to generate the same phase 156 

composition as in entire static runs. In both cases the experiments were finally equilibrated for 8 157 

h, so that the total run time was always 120 h. Amplitudes (α) were 20 K (maximum possible 158 

value without overstepping phase boundaries except for amphibole; see simplified phase diagram 159 

in Fig. 1) with periods (τ) of 40 min (including heating up and cooling down time with a ramp of 160 
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20 K/min; 40 min is the shortest possible time without running the risk of an uncontrolled 161 

oscillating of the furnace). The overshoot caused by rapid heating/cooling was 5 K and the 162 

temperature was stable (±0.5 K) after ~3 min (Fig. 2).  163 

Applying the temperature cycling technique in CSPV’s is more challenging in terms of 164 

controlling the sample temperature and keeping the pressure constant as the vessel is externally 165 

heated. As typical for CSPV’s, cooling and heating proceeds more slowly than in IHPV’s. Thus, 166 

chosen τ was longer than in IHPV experiments (120 min instead of 40 min) with the same α (i.e., 167 

20K). Heating and cooling rates are not constant but fast at the beginning and decelerated close to 168 

the target temperature with the result that overshooting was not observed (Fig. 2). The target 169 

temperature (±1°C) was reached after 30 min. Total run duration was 336 h/14 days with 192 h/8 170 

days of cycling, 96 h/4 days initial and 48 h/2 days final equilibration. In addition to the 171 

temperature cycling runs, a peak temperature series was performed with the idea to keep the 172 

temperature constant for most time, omit the kinetically ineffective time at lower temperatures, 173 

and quickly dissolve tiny crystals at distinctively higher temperature. For this, temperature was 174 

maintained at 800°C for most time with short (1 h) increases up to 850°C. In order to guarantee 175 

comparable conditions to temperature cycling experiments, initial (96 h) and final (48 h) 176 

equilibration were adopted from cycling experiments. In between, temperature was increased for 177 

1 h up to 850°C, and then held for 5 h at 800°C. This was repeated 32 times. Heating up to 850°C 178 

(±2°C) and cooling down to 800 °C (±2°C) proceeded within 24 min (cf. T distribution in Fig. 2). 179 

As the bomb of the CSPV is closed during the experiment, internal pressure is influenced by 180 

heating and cooling. However, pressure during the experiment was constant at 200 MPa (±5) at 181 

800°C when no temperature cycling was operating. While heating up to 820°C pressure increases 182 

to maximal 219 MPa and decreases to 184 MPa at 780°C. Heating up to 850°C causes a pressure 183 
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increase up to 245 MPa. However, this relatively high pressure prevailed for less than 10 % of 184 

total run duration (32 of 336 h) as main temperature was 800°C where pressure was constant at 185 

200 MPa (±5). Moreover, pressure change of less than 20 MPa for temperature cycling and even 186 

of 45 MPa at the peak temperature series are considered to be negligible (e.g., Feig et al. 2006). 187 

This is confirmed by the static comparative test with the same total duration in which pressure 188 

was constant and water content at water saturated conditions was the same as in cycling 189 

experiments. It is well known that water content is pressure dependent (e.g., Feig et al. 2006). 190 

Thus, if the average pressures in the cycling experiments would have been different, the water 191 

concentrations in the melt would have been different, which was not observed.  192 

Additionally, static experiments for 650 h/27 days for the different water activities were 193 

performed, as this is considered to be required for equilibrium conditions in high-silica systems 194 

(74 to 79 wt% SiO2 in melt; cf. Tab. 2). 195 

ANALYTICAL METHODS 196 

The run products (glass and minerals) were analyzed with the Cameca SX 100 electron 197 

microprobe at Leibniz Universität Hannover, Germany. For the analyses of the crystals, 198 

following operating conditions were chosen: 15 kV high voltage, 15 nA beam current, 10 seconds 199 

counting time on peak and 10 s on background, focused beam. For the analyses of the remaining 200 

melt (water-bearing), which is problematic due to “alkali-loss” effects (e.g., Morgan and London 201 

2005), a special procedure was applied following Koepke et al. (2004). The beam current was set 202 

to 4 nA, the counting time varied for the corresponding elements and was 4 s for K, 8 s for Si, Al, 203 

Ti and Fe, 10 s for Na and Zr, 12 s for Mg, 16 s for Ca and 30 s for P, Cl and Mn. Na and K were 204 

counted first on their spectrometers. Background counting time was always same as the peak 205 

time. Whenever possible, a defocused beam with a spot size of 5, 10 or 20 μm was used, and Na-206 
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loss was checked by comparing the results of measurements with different beam size on identical 207 

glasses of an experimental sample with larger melt pools. Standard glasses with composition 208 

similar like the experimental glasses and with known water content (analyses of melt and 209 

standard glasses with according water content calculation via by-difference are listed in the 210 

deposit material) have been used for estimating the water contents in the experimental glasses by 211 

the “by-difference” method (Devine et al. 1995). 212 

RESULTS AND DISCUSSION 213 

Achievement of equilibrium 214 

Run durations as long as possible are the best way to attain near-equilibrium conditions in 215 

experiments, especially in highly polymerized melt compositions. In this study a variation of run 216 

duration at constant P-T conditions, fO2 and aH2O was only performed at one series at 800°C in 217 

the CSPV. However, run durations for all other experiments in the IHPV and CSPV are expected 218 

to be sufficient since they were conducted in a similar time frame as experiments with rhyolitic 219 

starting material in the same IHPV (Almeev et al. 2012) and distinctly longer than experiments 220 

on a hydrous tholeiitic basalt (Feig et al. 2010).  221 

The following observations suggest that equilibrium was obtained: (1) Crystals and melt are 222 

distributed homogenously along the capsule; (2) crystals are euhedral and chemically constant 223 

within one experimental run (i.e., low standard deviation; Tab. 2); (3) melt measurements are also 224 

constant within the analytical error; (4) the compositions of crystals and melt change with the 225 

experimental conditions, following expected compositional trends; (5) static experiments were 226 

reproduced twice in temperature cycling experiments with the same total run duration and 227 

consistent melt and crystal chemistry (see below).  228 
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Effect of temperature cycling on phase relation 229 

Experiments performed at 950°C in the IHPV. By comparing the static experiment 230 

(i.e., constant temperature for the complete run duration) at 950°C with experiments initially 231 

equilibrated at the same temperature but cycled ±20 K for different time spans, a significant 232 

change in texture can be observed (Fig. 3). While tiny crystals of clinopyroxene and plagioclase 233 

residing in the matrix were dissolved, these phases were enlarged significantly in general. This is 234 

most effective for clinopyroxene at high aH2O (Fig. 3 I) where only one large single crystal is 235 

present after cycling. This clinopyroxene is 19 times larger in area (1350 µm²) than the largest 236 

clinopyroxene in the static run # 42 (70 µm²; Tab. 3). The apparent coarsening of plagioclase due 237 

to temperature cycling at 950°C increases with decreasing water activity and shows a maximum 238 

effect at aH2O <0.1. In run #66 the average measured area of the 10 largest plagioclase crystals 239 

(determined via ImageJ; Schneider et al. 2012; http://imagej.nih.gov/ij/) is 114 µm² and, thus, 69 240 

times larger as the area of the 10 largest plagioclases of the static run #45 (1.7 µm²; Tab.3). The 241 

area of pyroxene crystals in low aH2O runs reveal a maximum enlargement of 240 % for 242 

continuous cycling (#66 compared to #45). However, for in-situ analyses this enlargement is 243 

crucial as it shift the crystals in an easily measureable range (from 2.9 to 9.8 µm² in average of 244 

the 10 largest crystals). This enlargement also allows to measure orthopyroxene crystals (<0.5 245 

vol%) which were probably also present in the two other experiments but was too small to be 246 

identified. Due to dissolution of tiny phases in the matrix and fewer crystals in general, crystal 247 

free melt pools in the cycled runs are larger. Different is the behavior of Fe-Ti oxides (magnetite 248 

and ilmenite), which are less influenced by temperature cycling than silicate phases. The numbers 249 

of tiny crystals of Fe-Ti oxides in the matrix and as inclusions in other phases are reduced but 250 

still observable. Coarsening of these phases is insignificant. For this reason, the effect of 251 

temperature cycling is less obvious in experiments with high water activity at 950°C, where 252 
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magnetite is the dominant phase and plagioclase not present. However, the striking enlargement 253 

of clinopyroxene in these runs described above show that temperature cycling enlarges at least 254 

clinopyroxenes most effective at high water activity.  255 

Experiments performed at 800°C in the CSPV. The aim of temperature cycling applied 256 

in experiments performed in CSPV’s was to shorten the total run duration and enlarge crystals 257 

and melt pools simultaneously. Static experiments of 27 days at 800°C and aH2O~1 (#81) exhibit 258 

only slightly larger crystals than the static one with a duration of 14 days (#105). Although 259 

experiment #81 bears large crystals (mainly clinopyroxene and amphibole), they are all 260 

concentrated at the rim close to the capsule wall, obviously influenced by diffused water, 261 

indicated by contamination with Ni up to 10 wt%. Experiment #105 does not show any Ni-262 

contamination after 14 days. However, all phases are relatively small (Fig. 3). The corresponding 263 

cycling experiment with α=20 K and a duration of 14 days bear clinopyroxenes with a 264 

comparable size (with regard to the area of the 10 largest crystals; see Tab. 3). Plagioclases are 3 265 

times larger in area (62 µm² compared to 20 µm²). Even larger crystals were produced in the peak 266 

temperature experiment (T-increase of 50 K every 6 h for 1 h) where plagioclases are 14 times  267 

and clinopyroxenes (without Ni contamination) 7 times larger than in the static one (Fig. 3). At 268 

reduced water activity the cycling effect is less pronounced but still apparent. The experiment 269 

with α=20 K (#103) and especially the one with peak T (#111) show larger crystals than the static 270 

reference experiment; however, more obvious are the distinctively larger melt pools, especially in 271 

the peak T run #111 (Fig. 3). Cycling run #103 bears, in contrast to static run #107, small 272 

amounts of zircon. Similar to the orthopyroxene occurrence in #66 of the IHPV experiment, we 273 

assume that zircon was present in the two other experiments (#107 and #111), but was too small 274 

to be identified. In all other experiments, phase relations in temperature cycling experiments are 275 
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the same as in static ones. In summary, an overstepped phase-in boundary during oscillation is 276 

uncritical as long as initial and final equilibration was established. 277 

With regard to phase proportions, a generally good accordance between static and cycling 278 

experiments is given. Based on analyzes using ImageJ (Schneider et al. 2012; 279 

http://imagej.nih.gov/ij/), modal proportions are practically identical (Tab. 1). The strongest 280 

variations are observed for cycling run #66 with 7 vol% more melt and peak temperature run 281 

#110 with 12 vol% less melt than in the corresponding static ones. This is probably caused by 282 

considering sample areas with large crystals and meltpools, respectively, for BSE images. Thus, 283 

crystals and meltpools are potentially irregularly distributed on the images analyzed and do not 284 

represent the sample average.    285 

Effect of temperature cycling on phase chemistry  286 

Variations of clinopyroxene and plagioclase composition. Phase chemistry of all major 287 

phases is given in Table 2. As stated above, clinopyroxenes and plagioclases are mainly 288 

influenced by temperature cycling. Thus, the compositions of these two phases are illustrated in 289 

Figure 4 for potential variations of all measured elements (given as oxides and normalized to the 290 

composition of clinopyroxene and plagioclase of the corresponding static run). Discrepancies 291 

between static and cycling experiments are generally small. This implies that equilibration of the 292 

phases occur at the very beginning of an experiment and cycling only minor affects the final 293 

composition. In general, no chemical zonation was observed despite enormous growth of the 294 

crystals. Variations are accentuated when the content of an oxide is small in the phase (e.g., K2O 295 

in clinopyroxene and MgO in plagioclase). Clinopyroxenes of run #57 show additionally lower 296 

values for TiO2 and Al2O3 (Fig. 4 I) while they are enriched in Na2O in run #66 (Fig. 4 III). The 297 

static run at 950°C with aH2O<0.1 (#45) has many tiny phases making analyses of plagioclase 298 
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and melt, which are concentrated in the matrix, difficult. Thus, the measurements of these phases 299 

(Tab. 2) show probably contaminated values and are omitted in Figure 4 III and Figure 5. 300 

Variations in phase chemistry of CSPV experiments are also minor and only objectionable for 301 

oxides of plagioclase with low contents (i.e., TiO2 and MgO). Clinopyroxenes of run #103 also 302 

show pronounced variations (Fig. 4 V). However, the overall good agreement of static and 303 

cycling phase chemistry shows that the cycling technique is a valuable tool for increasing the 304 

grain sizes of the experimental products without influencing the mineral compositions.  305 

Although Fe-Ti oxides are only marginally enlarged by thermal cycling, they show significant 306 

variations in TiO2 and FeOtotal contents in some runs (Tab. 2). The most pronounced discrepancy 307 

is observed for cycling run #101 with distinctively higher TiO2 values in magnetite and ilmenite. 308 

A possible explanation is the slightly lower melt water content in this run leading to more 309 

reducing conditions compared to the reference experiments. This influences Fe-Ti oxide 310 

composition but has little effect on other phases. 311 

Variations of melt composition. Melt composition of cycled experiments is normalized 312 

to melt composition of the corresponding static runs and illustrated in Figure 5 for all measured 313 

elements (given as the corresponding oxide, except Cl). Most distinctive are the variations for 314 

P2O5 which is mainly due to very low contents in the melt which highlight small variations. 315 

Cycling run #62 is additionally slightly enriched in melt MgO compared to the static run and 316 

cycling run #57 (Fig. 5 I). Experiments performed at low aH2O (i.e. <0.1) without temperature 317 

cycling are lacking in measureable meltpools and are, thus, not illustrated in Figure 5. Cycling 318 

runs at these conditions (#65 and #66) show moderate variations, probably caused by slightly 319 

different melt water contents (Tab. 2). Runs #101 and #110 are enriched in TiO2 and vary in the 320 

Cl content (Fig. 5 IV) while #103 and #111 are distinctively enriched in Na2O (Fig. 5 V), 321 
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probably caused by small variations in plagioclase crystallization. However, the general 322 

variations of the temperature cycling experiments compared to the static ones are marginal and 323 

mostly limited to elements with low contents. 324 

IMPLICATIONS 325 

The aim of this study was to test whether the application of temperature cycling in a dacitic 326 

system may help to produce different textures in experiments that allow easier melt analysis with 327 

in-situ methods. Inspired by the innovative work of Mills et al. (2011), the cycling technique was 328 

adopted to the phase equilibria study under pressure and varying water activity, with the goal to 329 

obtain larger melt pools and crystals in experiments close to the solidus. As experimental 330 

conditions chosen here (i.e., pressure, temperature, redox conditions, water activity) are common 331 

for phase relation studies in various magmatic systems, our results have the potential to optimize 332 

such experimental approaches and enable experimental petrologists to study their run products 333 

for example with in-situ trace element techniques as SIMS. We showed that temperature cycling 334 

helps to enlarge crystals and melt pools significantly without affecting the phase relations or 335 

phase compositions. However, this study only presents first steps for crystal coarsening in a fluid 336 

saturated system without considering systematical variations of α and τ in detail, as it was 337 

performed by Mills and Glazner (2013) for an alkali basalt at ambient pressure. Since the control 338 

of additional parameters like pressure and water-activity which in turn influences the redox 339 

conditions is challenging and time consuming, further studies are needed. 340 

Even though experiments are generally designed to simulate natural processes at equilibrium 341 

conditions (i.e., constant temperature), several processes in nature suggest that oscillating 342 

temperature is common. Potential processes responsible for periodic heating and cooling are: (1) 343 

Repeated injection of hot magma (Huppert and Sparks 1988); (2) thermal convection (Martin et 344 
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al. 1987; (3) variation in water activity. That temperature cycling occurs indeed in nature is 345 

inferred for example from K-feldspar megacrysts (Johnson and Glazner 2010; Glazner and 346 

Johnson 2013). The experimental confirmation that oscillating temperature causes significant 347 

crystal enlargement helps to interpret igneous rock texture, in particular, the generation of 348 

phenocrysts. As this is largely governed by the interplay of nucleation and growth rates 349 

accompanied with rates of cooling and heating (e.g., Carmichael et al. 1974) the basic conditions 350 

are desirable to know. Although we do not consider systematically the effect of τ in this study, 351 

we assume that it has less impact on growth rates compared to α indicated by experiment #110 352 

where α (peak) of 50 K enlarges crystals more compared to α of 20 K in #101 at same τ without 353 

static time in between. This is supported by Mills and Glazner (2013) who observed little 354 

correlation between τ and growth rates in an alkali basalt. Thus, time of temperature change in 355 

natural systems seems to be of second order importance, as long as it proceeds in geological short 356 

terms (i.e., within days) before a new equilibrium is reached. Then, with increasing temperature, 357 

small crystals with a high ratio of surface area to volume are preferentially dissolved relative to 358 

large crystals following by reprecipitation onto these large crystals while temperature goes down.  359 
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FIGURE CAPTIONS 454 

FIGURE 1. Phase stability fields determined for the composition PAR at 200 MPa and high aH2O 455 

as a function of temperature. On the upper x-axes the approximate water activity is given. Redox 456 

conditions are not considered here. Each grey dot corresponds to an experimental run 457 

(preliminary results presented by Erdmann et al. 2012). Stars indicate cycling experiments. 458 

Dashed lines represent the phase in curves of the corresponding minerals; magnetite (labeled 459 

MAG) is the liquidus phase at more oxidizing conditions (mineral abbreviations are the same as 460 

in Table 1). The red field indicates the temperature range affected by cycling in IHPV 461 

experiments, the green and light green fields the cycling and peak temperature experiments, 462 

respectively, performed in the CSPV (experimental data are given in Tab. 2). For interpretation of 463 

the references to color in this and the following figures, the reader is referred to the web version 464 

of this article. 465 

FIGURE 2. Plot of the experimental temperature profiles investigated in this study. Left graphs 466 

show the simplified temperature characteristics in IHPV and CSPV experiments, respectively, 467 

with different amplitudes (α) and periods (τ). Small windows on the right show a detailed plot of 468 

the logged temperature during cycling including overshoots and delayed heating and cooling. 469 

Colors refer to Figures 1, 3, 4 & 5.  470 

FIGURE 3. Comparison of BSE images (with given run number; see Tab. 1 & 2 for run conditions 471 

and compositions) of static and cycled runs for different water activities. Roman numbers refer to 472 

experimental conditions (Fig. 1) and phase compositions (Fig. 4 & 5). Colors of the experimental 473 

run refer to the corresponding temperature profile in Figure 2. Present phases are given in the 474 

lower right (abbreviations are the same as in Tab. 1; α = amplitude; τ = period). The analyzed 475 
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crystals for Table 3 are highlighted in the apart from that same Figure and can be found in the 476 

deposit material.   477 

FIGURE 4. Phase chemistry of clinopyroxene and plagioclase for all measured elements (given as 478 

oxides and normalized to the composition of clinopyroxene and plagioclase of the corresponding 479 

static run). Roman numbers refer to experimental conditions (Fig. 1) and to BSE images (Fig. 3). 480 

Colors of the composition curves refer to the corresponding temperature profile in Figure 2. 481 

FIGURE 5. Chemistry of experimental melt for all measured elements/oxides normalized to the 482 

composition of the corresponding static run. Roman numbers refer to experimental conditions 483 

(Fig. 1) and to BSE images (Fig. 3). Colors of the composition curves refer to the corresponding 484 

temperature profile in Figure 2. 485 

 486 
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Table 1. Experimental protocol 

run 
cycling P temp. time TC H2Oa aH2Ob ΔQFMc 

phase assemblages (proportionsd) 
type (MPa) (°C) (h) (h) by-diff exp exp 

#42 static 200 950 120 - 5.1 0.98 +3.2 Melt(95.1), Mag(1.9), Cpx(1.2), Ap(1.8) 

#62 TC 200 950±20 120 40 4.9 1.00 +3.2 Melt(96.6), Mag(2.2), Cpx(0.5), Ap(0.7) 

#57 TC 200 950±20 120 72 5.1 1.00 +3.2 Melt(95.2), Mag(2.4), Cpx(0.9), Ap(1.5) 

      
#43 static 200 950 120 - 2.6 0.39 +2.2 Melt(63.3), Mag(5.1), Cpx(6.0), Pl(25.6) 

#63 TC 200 950±20 120 40 1.8 0.22 +1.9 Melt(66.6), Mag(3.1), Cpx(3.9), Pl(26.5) 

#58 TC 200 950±20 120 72 2.0 0.26 +2.0 Melt(67.7), Mag(3.8), Cpx(4.4), Pl(24.1) 

      
#45 static 200 950 120 - 0.5 0.02 -0.3 Melt(24.9), Mag(6.1), Cpx(20.9), Pl(44.1), 

Qz(4.0) 

#65 TC 200 950±20 120 40 0.5 0.02 -0.1 Melt(24.3), Mag(5.7), Cpx(12.9), Pl(53.0), 
Qz(4.2) 

#66 TC 200 950±20 120 72 0.8 0.06 +0.7 Melt(32.0), Mag(3.7), Cpx(15.2), Pl(47.5), 
Qz(1.6), Opx 

      
#81 static 200 800 650 - 5.5 1.00 +0.6 Melt(72.5), Mag/Ilm(4.9), Cpx(8.2), Pl(14.4), Ap, 

Zrn 

#105 static 200 800 336 - 4.8 0.86 +0.4 Melt(75.9), Mag/Ilm(3.8), Cpx(6.6), Pl(13.7), Ap, 
Zrn, Amp 

#101 TC 200 800±20 336 192 5.5 1.00 +0.5 Melt(68.4), Mag/Ilm(5.7), Cpx(6.7), Pl(19.1), Ap, 
Zrn, Amp 

#110 peak 200 800+50 336 192 5.4 1.00 +0.5 Melt(63.9), Mag/Ilm(3.0), Cpx(13.6), Pl(19.6), 
Ap, Zrn, Amp 

      
#107 static 200 800 336 - 3.5 0.62 +0.1 Melt(46.7), Mag/Ilm(5.7), Cpx(10.8), Pl(30.9), 

Qz(6.0), Ap 

#103 TC 200 800±20 336 192 2.8 0.43 -0.2 Melt(39.8), Mag/Ilm(6.1), Cpx(8.2), Pl(33.1), 
Qz(12.9), Ap, Zrn 

#111 peak 200 800+50 336 192 3.1 0.50 -0.1 Melt(49.5), Mag/Ilm(6.6), Cpx(9.0), Pl(28.0), 
Qz(7.0), Ap 

                  
Mag magnetite, Ilm ilmenite, Cpx clinopyroxene, Opx orthopyroxene, Pl plagioclase, Qz quartz, Ap apatite, Amp amphibole, 
Zrn zircon 

a determination via by-diference (following Devine et al. 1995) with electron microprobe (KFT-calibrated) 
b water activity is calculated from the measured composition of the fluid 
phase  
c ΔQFM indicates log fO2 (experiment) - log fO2 (QFM buffer) as estimated by Schwab and Küstner (1981) 
d phase proportions in vol% (<0.5 vol % if not specified); determined via ImageJ (see text for details) 
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Table 2. Experimental results               

Run Phase na SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl ZrO2 Total 
Starting 60 65.00 0.95 14.20 7.87 b.d. 1.46 4.58 4.45 1.18 b.d. 0.32 b.d. 100.00
composition   0.51 0.05 0.21   0.36   0.14 0.20 0.26 0.05   0.02     
#42 Mag 3 0.08 3.20 1.77 28.48 60.72 0.52 3.04 0.10 b.d. b.d. 98.01 

0.07 0.04 0.07 0.15 0.45 0.06 0.04 0.01 
#62 7 0.13 3.08 1.64 27.97 61.96 0.50 3.51 0.10 b.d. 0.01 98.95 

0.04 0.05 0.06 0.30 0.44 0.09 0.08 0.05 0.02
#57 2 0.06 4.28 1.77 29.84 58.22 0.44 2.76 0.07 b.d. b.d. 97.44 

    0.08 0.02 0.01 0.01 0.64 0.00 0.09 0.10 
#42 Cpx 5 51.84 0.64 2.89 7.74 0.33 14.01 21.51 0.60 0.09 99.64 

1.09 0.11 0.65 0.65 0.05 0.64 0.86 0.10 0.05
#62 3 51.12 0.71 2.25 7.83 0.37 14.82 21.87 0.47 0.04 99.48 

0.24 0.01 0.17 0.10 0.04 0.54 0.41 0.04 0.02
#57 2 52.38 0.40 1.28 7.28 0.33 15.48 22.78 0.44 0.02 100.37

    0.27 0.01 0.06 0.04 0.01 0.19 0.33 0.01 0.01
#42 Melt 5 67.81 0.89 14.63 4.43 0.15 1.31 4.31 4.61 1.35 0.19 0.32 b.d. 100.00

0.30 0.05 0.12 0.23 0.02 0.07 0.08 0.19 0.06 0.01 0.00 
#62 5 67.26 0.86 14.72 4.41 0.12 1.56 4.62 4.46 1.30 0.23 0.33 0.11 100.00

0.27 0.08 0.33 0.21 0.01 0.09 0.07 0.19 0.12 0.01 0.00 0.02 
#57 4 67.52 0.85 14.92 4.37 0.13 1.32 4.34 4.58 1.31 0.21 0.35 0.11 100.00

      0.21 0.05 0.38   0.15 0.03 0.04 0.04 0.22 0.03 0.03 0.00 0.02   
#43 Mag 4 0.36 7.11 1.91 33.29 51.49 0.55 2.24 0.21 b.d. 0.01 97.18 

0.18 0.24 0.06 0.58 1.20 0.03 0.11 0.10 0.02
#63 5 0.52 7.48 1.91 34.30 51.23 0.58 2.11 0.18 0.03 0.02 98.36 

0.26 0.07 0.06 0.26 0.28 0.04 0.09 0.06 0.06 0.02
#58 3 0.58 8.75 1.93 35.53 47.84 0.51 2.00 0.28 b.d. 0.01 97.44 
    0.60 0.05 0.02 0.45 1.08 0.05 0.12 0.25 0.02
#43 Cpx 2 51.77 0.75 3.64 9.68 0.51 13.11 19.62 0.93 0.11 100.12

0.14 0.14 0.71 0.38 0.08 0.71 0.37 0.13 0.08
#63 7 51.42 0.70 2.48 10.47 0.54 13.59 19.85 0.74 0.08 99.86 

0.92 0.07 0.52 0.67 0.10 0.35 0.37 0.19 0.05
#58 3 51.85 0.53 2.12 10.52 0.54 13.85 19.62 0.64 0.08 99.76 
    0.82 0.08 0.32 0.66 0.11 0.56 1.28 0.07 0.07
#43 Pl 5 60.11 0.30 21.95 3.23 b.d. 0.72 6.73 6.73 0.38 100.15

0.77 0.08 0.70 0.98 0.33 0.30 0.13 0.03
#63 5 61.37 0.23 22.63 2.04 b.d. 0.36 6.40 6.70 0.44 100.18

1.09 0.03 0.65 0.37 0.18 0.54 0.37 0.10
#58 3 59.74 0.19 23.21 2.15 b.d. 0.46 7.05 6.81 0.31 99.92 

    0.26 0.07 1.19 0.76 0.39 0.16 0.37 0.06
#43 Melt 3 72.64 0.67 13.04 3.25 0.10 0.58 2.10 5.15 1.73 0.12 0.44 0.17 100.00

0.59 0.05 0.52 0.12 0.00 0.08 0.30 0.04 0.13 0.02 0.02 0.01 
#63 3 72.51 0.70 13.37 3.34 0.09 0.52 2.05 4.83 1.83 0.12 0.47 0.15 100.00

0.47 0.02 0.09 0.22 0.01 0.06 0.01 0.18 0.07 0.00 0.00 0.01 
#58 3 71.89 0.55 13.59 3.65 0.11 0.55 2.07 5.10 1.82 0.10 0.44 0.13 100.00

      0.92 0.01 0.47   0.21 0.01 0.08 0.25 0.44 0.17 0.01 0.02 0.02   
#45 Mag 3 0.74 12.03 1.58 40.19 41.39 0.42 1.25 0.25 b.d. b.d. 97.84 

0.48 0.40 0.11 0.61 1.57 0.05 0.02 0.12 
#65 3 1.84 12.62 1.86 40.22 38.70 0.40 0.96 0.59 0.43 0.06 97.69 

1.06 0.78 0.43 0.96 1.65 0.05 0.50 0.52 0.40 0.03
#66 2 2.76 17.45 1.22 47.05 28.00 0.43 0.62 0.42 0.32 0.12 98.38 
    0.49 0.03 0.07 1.07 1.48 0.03 0.02 0.10 0.08 0.01
#45 Cpx 4 50.99 0.58 2.01 17.38 0.65 11.25 16.30 0.72 0.12 100.00

0.49 0.12 0.48 0.66 0.09 0.44 0.49 0.13 0.08
#65 3 50.98 0.56 1.75 16.85 0.61 11.39 17.13 0.59 0.12 99.99 

1.00 0.01 0.65 0.51 0.05 0.55 1.13 0.16 0.13
#66 7 51.06 0.63 1.96 16.02 0.56 9.46 18.73 1.13 0.14 99.69 
      0.92 0.08 0.76   1.01 0.05 0.77 0.96 0.42 0.08         
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Table 2. continued               

Run Phase na SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl ZrO2 Total 
#45 Pl (3) 69.19 0.45 16.65 2.90 b.d. 0.38 3.74 6.04 0.78 100.14

1.80 0.06 1.25 0.17 0.21 0.42 0.37 0.13
#65 3 64.80 0.36 19.03 3.04 b.d. 0.33 4.19 6.62 1.28 99.64 

0.73 0.02 0.37 0.42 0.13 0.46 0.17 0.13
#66 7 64.84 0.25 19.59 2.41 b.d. 0.14 2.83 8.56 1.30 99.92 

    0.94 0.22 1.09 0.80 0.05 0.58 0.79 0.33
#45 Melt (1) 76.14 1.35 11.08 3.20 0.00 0.92 2.71 3.94 0.55 0.06 0.05 b.d. 100.00

#65 2 71.54 0.63 12.40 4.82 0.13 0.44 1.86 4.19 2.80 0.09 0.90 0.22 100.00
0.95 0.04 0.18 0.21 0.02 0.22 0.37 0.39 0.02 0.01 0.01 0.01 

#66 3 70.87 0.55 11.25 6.17 0.08 0.40 1.51 4.75 3.37 0.10 0.74 0.21 100.00
      0.42 0.08 0.88   0.98 0.02 0.21 0.38 0.64 0.15 0.03 0.14 0.08   
#81 Mag 2 0.19 2.09 1.27 29.22 61.53 0.70 1.40 0.28 b.d. b.d. 96.67 

0.01 0.00 0.01 0.12 0.17 0.02 0.00 0.00 
#105 3 1.81 1.03 1.63 28.76 60.89 0.85 2.44 0.42 b.d. 0.06 97.89 

0.56 0.01 0.1 0.44 1.03 0.09 0.19 0.3 0.02
#101 6 0.94 5.36 1.53 32.93 53.54 0.59 1.67 0.35 b.d. 0.02 96.95 

0.64 0.08 0.04 0.5 1.52 0.05 0.16 0.18 0.02
#110 3 0.37 3.28 1.83 29.62 57.6 0.64 1.76 0.18 b.d. b.d. 95.28 
    0.12 0.3 0.08 0.67 1 0.04 0.1 0.08 
#81 Ilm 2 0.16 18.61 0.35 14.85 60.61 0.25 0.87 0.22 b.d. b.d. 95.93 

0.01 0.21 0.02 0.27 0.06 0.05 0.04 0.09 
#105 5 0.19 15.67 0.51 11.77 67.67 0.26 1.13 0.16 b.d. b.d. 97.36 

0.09 0.53 0.04 0.42 0.89 0.04 0.05 0.02 
#101 4 0.55 26.53 0.39 21.3 46.05 0.33 1.26 0.41 b.d. 0.04 96.86 

0.35 0.31 0.07 0.41 0.66 0.03 0.07 0.17 0 
#110 2 0.85 21.94 0.45 17.42 53.97 0.32 1.76 0.18 b.d. b.d. 95.28 
    1.01 0.67 0.01 0.2 0.89 0.01 0.1 0.08 
#81 Cpx 3 52.30 0.44 2.61 8.34 0.50 13.79 21.96 0.60 0.06 100.59

0.15 0.06 0.28 0.24 0.06 0.35 0.17 0.02 0.00
#105 3 51.15 0.71 3.4 8.95 0.44 12.52 21.96 0.62 0.06 99.80 

1 0.1 0.29 0.17 0.06 0.24 0.44 0.08 0.02
#101 4 50.19 0.75 3.03 11.45 0.52 12.56 19.55 0.76 0.08 98.90 

0.87 0.09 0.79 1.01 0.07 0.72 0.45 0.18 0.02
#110 9 50.36 0.64 2.96 8.77 0.46 13.32 22.15 0.61 0.04 99.32 
    1.35 0.13 0.74 1.26 0.06 0.64 0.75 0.16 0.01
#81 Pl  3 59.58 0.07 24.79 1.20 b.d. b.d. 7.09 6.86 0.23 99.84 

0.96 0.02 0.76 0.40 0.49 0.45 0.05
#105 5 60.34 0.11 24.51 1.06 b.d. 0.12 7.27 6.48 0.26 100.16

0.87 0.03 0.56 0.25 0.04 0.52 0.44 0.07
#101 8 60.86 0.21 24.05 1.42 b.d. 0.24 6.36 7.38 0.27 100.79

1.17 0.15 0.89 0.4 0.27 0.7 0.28 0.09
#110 10 58.18 0.04 27.6 0.76 b.d. 0.03 8.1 6.83 0.14 101.60
    1.21 0.03 0.58 0.32 0.02 0.81 0.51 0.02
#81 Melt 12 74.25 0.31 14.59 1.41 0.08 0.23 1.85 5.26 1.80 b.d. 0.22 b.d. 100.00

0.57 0.05 0.18 0.18 0.01 0.04 0.15 0.43 0.08 0 
#105 5 73.42 0.21 14.95 1.70 0.10 0.37 2.27 4.53 1.70 0.18 0.57 b.d. 100.00

0.27 0.04 0.29 0.28 0.03 0.05 0.2 0.42 0.04 0.15 0.1 
#101 20 74.74 0.32 13.41 1.88 0.08 0.31 1.67 4.85 1.93 0.13 0.68 b.d. 100.00

0.41 0.04 0.27 0.21 0.02 0.06 0.16 0.24 0.11 0.13 0 
#110 14 74.62 0.31 14.63 1.47 0.09 0.37 2.11 4.42 1.58 0.03 0.37 b.d. 100.00
      0.41 0.05 0.27   0.25 0.01 0.05 0.09 0.3 0.08 0.03 0     
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Table 2. continued               

Run Phase na SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl ZrO2 Total 
#107 Mag 2 0.80 1.87 1.33 29.15 62.53 0.79 2.04 0.15 0.07 0.04 98.77 

0.65 0.14 0.12 0.38 1.57 0.01 0.13 0.04 0.10 0.02
#103 4 0.72 6.58 1.36 34.19 51.20 0.60 1.25 0.25 b.d. 0.05 96.21 

0.32 0.18 0.10 0.50 1.01 0.07 0.13 0.14 0.01
#111 2 0.73 4.33 1.43 32.22 57.04 0.62 1.53 0.27 0.04 0.02 98.26 
    0.49 0.05 0.15 0.39 0.90 0.06 0.07 0.15 0.06 0.03
#107 Ilm 3 0.37 20.06 0.33 15.35 58.40 0.35 1.38 0.25 b.d. b.d. 96.49 

0.56 1.65 0.02 0.97 3.05 0.02 0.15 0.24 
#103 4 0.19 36.27 0.23 28.37 27.82 0.64 2.03 0.17 b.d. b.d. 95.73 

0.08 1.82 0.05 1.30 2.79 0.13 0.11 0.05 
#111 9 0.14 26.06 0.32 20.47 48.20 0.31 1.38 0.18 b.d. 0.02 97.09 
    0.10 0.64 0.03 0.48 1.19 0.06 0.06 0.06 0.01
#107 Cpx 5 53.08 0.49 2.50 11.87 0.68 12.27 18.29 0.73 0.08 99.92 

1.84 0.12 1.55 1.60 0.14 1.46 2.28 0.45 0.09
#103 6 51.39 0.41 1.67 12.59 0.76 13.35 17.91 0.57 0.02 98.64 

0.59 0.08 0.19 1.02 0.14 0.85 1.48 0.08 0.01
#111 10 51.92 0.58 2.32 11.42 0.68 13.35 18.63 0.67 0.09 99.66 
    1.18 0.21 0.56 1.03 0.06 0.73 0.86 0.16 0.10
#107 Pl  4 63.18 0.15 23.57 1.11 b.d. 0.28 5.30 7.88 0.47 101.67

0.23 0.14 1.26 1.05 0.13 0.33 0.62 0.12
#103 5 62.34 0.41 21.49 2.92 b.d. 0.42 4.90 7.60 0.57 100.64

1.32 0.07 0.90 1.51 0.27 0.46 0.34 0.11
#111 8 62.85 0.13 22.93 1.22 b.d. 0.13 5.31 7.69 0.43 100.55
    1.39 0.07 1.12 0.59 0.05 0.51 0.54 0.16
#107 Melt 4 78.06 0.25 12.29 1.88 0.08 0.28 1.06 2.64 2.67 0.14 0.53 0.12 100.00

0.32 0.07 0.51 0.49 0.02 0.09 0.13 0.18 0.02 0.05 0 0.04 
#103 6 77.29 0.27 11.86 1.81 0.06 0.20 1.06 3.87 2.78 0.07 0.57 0.16 100.00

0.47 0.03 0.41 0.21 0.01 0.03 0.15 0.36 0.15 0.05 0 0.02 
#111 10 78.59 0.26 11.62 1.43 0.07 0.23 1.12 3.77 2.19 0.08 0.54 0.10 100.00
      0.78 0.03 0.51   0.13 0.01 0.06 0.25 0.37 0.1 0.07 0 0.02   
Notes: Fe concentrations are given as FeOtot (total iron), except for magnetite and Ilmenite, where Fe is given as 
Fe2O3/FeO contents; totals for melts are normalized to 100 wt%; b.d. below detection limit of the electron microprobe;  σ 
standard deviation; for mineral abbreviations and run conditions see Table 1 
anumber of analyses 
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Table 3. Crystal sizes 

run 
temp. cycling  aH2O median area (µm²) of the n largest crystals 

[°C] amplitude exp n Pl n Cpx 

#42 950 static 0.98 1 70 

#62 950 20 K 1.00 1 345 

relative enlargement 4.9 

#57 950 20 K 1.00 1 1348 

relative enlargement         19 

#43 950 static 0.39 10 54 10 7.3 

#63 950 20 K 0.22 10 60 10 18 

relative enlargement 1.1 2.5 

#58 950 20 K 0.26 10 89 10 36 

relative enlargement     1.7   5.0 

#45 950 static 0.02 10 1.7 10 2.9 

#65 950 20 K 0.02 10 9.3 10 7.1 

relative enlargement 5.6 2.5 

#66 950 20 K 0.06 10 114 10 9.8 

relative enlargement     69   3.4 

#105 800 static 0.96 10 20 10 22 

#101 800 20 K 0.86 10 62 10 23 

relative enlargement 3.1 1.0 

#110 800 50 K 1.00 10 281 10 146 

relative enlargement     14   6.5 

#107 800 static 0.62 10 6.7 10 14 

#103 800 20 K 0.44 10 24 10 40 

relative enlargement 3.5 2.8 

#111 800 50 K 0.50 10 41 10 47 

relative enlargement     6.1   3.3 

n number of measured crystals 

For mineral abbreviations and calculation of aH2O see Table 1 

Single measurements of the 10 largest crystals are present in the deposit material 

 511 

 512 













cycling P temp. time TC H2O
a

a H2O
b

ΔQFM
c

type (MPa) (°C) (h) (h) by-diff exp exp

#42 static 200 950 120 - 5.1 0.98 +3.2 Melt(95.1), Mag(1.9), Cpx(1.2), Ap(1.8)

#62 TC 200 950±20 120 40 4.9 1.00 +3.2 Melt(96.6), Mag(2.2), Cpx(0.5), Ap(0.7)

#57 TC 200 950±20 120 72 5.1 1.00 +3.2 Melt(95.2), Mag(2.4), Cpx(0.9), Ap(1.5)

#43 static 200 950 120 - 2.6 0.39 +2.2 Melt(63.3), Mag(5.1), Cpx(6.0), Pl(25.6)

#63 TC 200 950±20 120 40 1.8 0.22 +1.9 Melt(66.6), Mag(3.1), Cpx(3.9), Pl(26.5)

#58 TC 200 950±20 120 72 2.0 0.26 +2.0 Melt(67.7), Mag(3.8), Cpx(4.4), Pl(24.1)

#45 static 200 950 120 - 0.5 0.02 -0.3

#65 TC 200 950±20 120 40 0.5 0.02 -0.1

#66 TC 200 950±20 120 72 0.8 0.06 +0.7

#81 static 200 800 650 - 5.5 1.00 +0.6

#105 static 200 800 336 - 4.8 0.86 +0.4

#101 TC 200 800±20 336 192 5.5 1.00 +0.5

#110 peak 200 800+50 336 192 5.4 1.00 +0.5

#107 static 200 800 336 - 3.5 0.62 +0.1

#103 TC 200 800±20 336 192 2.8 0.43 -0.2

#111 peak 200 800+50 336 192 3.1 0.50 -0.1

a determination via by-diference (following Devine et al. 1995) with electron microprobe (KFT-calibrated)
b water activity is calculated from the measured composition of the fluid phase
c
 ΔQFM indicates log f O2 (experiment) - log f O2 (QFM buffer) as estimated by Schwab and Küstner (1981)

Melt(39.8), Mag/Ilm(6.1), Cpx(8.2), 
Pl(33.1), Qz(12.9), Ap, Zrn
Melt(49.5), Mag/Ilm(6.6), Cpx(9.0), 
Pl(28.0), Qz(7.0), Ap

Mag  magnetite, Ilm  ilmenite, Cpx  clinopyroxene, Opx  orthopyroxene, Pl  plagioclase, Qz  quartz, Ap  apatite, Amp amphibole, Zrn 
zircon

Melt(32.0), Mag(3.7), Cpx(15.2), Pl(47.5), 
Qz(1.6), Opx

Melt(72.5), Mag/Ilm(4.9), Cpx(8.2), 
Pl(14.4), Ap, Zrn
Melt(75.9), Mag/Ilm(3.8), Cpx(6.6), 
Pl(13.7), Ap, Zrn, Amp
Melt(68.4), Mag/Ilm(5.7), Cpx(6.7), 
Pl(19.1), Ap, Zrn, Amp
Melt(63.9), Mag/Ilm(3.0), Cpx(13.6), 
Pl(19.6), Ap, Zrn, Amp

run phase assemblages (proportionsd)

Table 1. Experimental protocol

Melt(24.9), Mag(6.1), Cpx(20.9), Pl(44.1), 
Qz(4.0)
Melt(24.3), Mag(5.7), Cpx(12.9), Pl(53.0), 
Qz(4.2)

Melt(46.7), Mag/Ilm(5.7), Cpx(10.8), 
Pl(30.9), Qz(6.0), Ap



d phase proportions in vol% (<0.5 vol % if not specified); determined via ImageJ (see text for details)



Run Phase n
a SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl ZrO2 Total

60 65.00 0.95 14.20 7.87 b.d. 1.46 4.58 4.45 1.18 b.d. 0.32 b.d. 100.00
composition 0.51 0.05 0.21 0.36 0.14 0.20 0.26 0.05 0.02

#42 Mag 3 0.08 3.20 1.77 28.48 60.72 0.52 3.04 0.10 b.d. b.d. 98.01
0.07 0.04 0.07 0.15 0.45 0.06 0.04 0.01

#62 7 0.13 3.08 1.64 27.97 61.96 0.50 3.51 0.10 b.d. 0.01 98.95
0.04 0.05 0.06 0.30 0.44 0.09 0.08 0.05 0.02

#57 2 0.06 4.28 1.77 29.84 58.22 0.44 2.76 0.07 b.d. b.d. 97.44
0.08 0.02 0.01 0.01 0.64 0.00 0.09 0.10

#42 Cpx 5 51.84 0.64 2.89 7.74 0.33 14.01 21.51 0.60 0.09 99.64
1.09 0.11 0.65 0.65 0.05 0.64 0.86 0.10 0.05

#62 3 51.12 0.71 2.25 7.83 0.37 14.82 21.87 0.47 0.04 99.48
0.24 0.01 0.17 0.10 0.04 0.54 0.41 0.04 0.02

#57 2 52.38 0.40 1.28 7.28 0.33 15.48 22.78 0.44 0.02 100.37
0.27 0.01 0.06 0.04 0.01 0.19 0.33 0.01 0.01

#42 Melt 5 67.81 0.89 14.63 4.43 0.15 1.31 4.31 4.61 1.35 0.19 0.32 b.d. 100.00
0.30 0.05 0.12 0.23 0.02 0.07 0.08 0.19 0.06 0.01 0.00

#62 5 67.26 0.86 14.72 4.41 0.12 1.56 4.62 4.46 1.30 0.23 0.33 0.11 100.00
0.27 0.08 0.33 0.21 0.01 0.09 0.07 0.19 0.12 0.01 0.00 0.02

#57 4 67.52 0.85 14.92 4.37 0.13 1.32 4.34 4.58 1.31 0.21 0.35 0.11 100.00
0.21 0.05 0.38 0.15 0.03 0.04 0.04 0.22 0.03 0.03 0.00 0.02

#43 Mag 4 0.36 7.11 1.91 33.29 51.49 0.55 2.24 0.21 b.d. 0.01 97.18
0.18 0.24 0.06 0.58 1.20 0.03 0.11 0.10 0.02

#63 5 0.52 7.48 1.91 34.30 51.23 0.58 2.11 0.18 0.03 0.02 98.36
0.26 0.07 0.06 0.26 0.28 0.04 0.09 0.06 0.06 0.02

#58 3 0.58 8.75 1.93 35.53 47.84 0.51 2.00 0.28 b.d. 0.01 97.44
0.60 0.05 0.02 0.45 1.08 0.05 0.12 0.25 0.02

#43 Cpx 2 51.77 0.75 3.64 9.68 0.51 13.11 19.62 0.93 0.11 100.12
0.14 0.14 0.71 0.38 0.08 0.71 0.37 0.13 0.08

#63 7 51.42 0.70 2.48 10.47 0.54 13.59 19.85 0.74 0.08 99.86
0.92 0.07 0.52 0.67 0.10 0.35 0.37 0.19 0.05

#58 3 51.85 0.53 2.12 10.52 0.54 13.85 19.62 0.64 0.08 99.76
0.82 0.08 0.32 0.66 0.11 0.56 1.28 0.07 0.07

#43 Pl 5 60.11 0.30 21.95 3.23 b.d. 0.72 6.73 6.73 0.38 100.15
0.77 0.08 0.70 0.98 0.33 0.30 0.13 0.03

#63 5 61.37 0.23 22.63 2.04 b.d. 0.36 6.40 6.70 0.44 100.18
1.09 0.03 0.65 0.37 0.18 0.54 0.37 0.10

#58 3 59.74 0.19 23.21 2.15 b.d. 0.46 7.05 6.81 0.31 99.92
0.26 0.07 1.19 0.76 0.39 0.16 0.37 0.06

#43 Melt 3 72.64 0.67 13.04 3.25 0.10 0.58 2.10 5.15 1.73 0.12 0.44 0.17 100.00
0.59 0.05 0.52 0.12 0.00 0.08 0.30 0.04 0.13 0.02 0.02 0.01

#63 3 72.51 0.70 13.37 3.34 0.09 0.52 2.05 4.83 1.83 0.12 0.47 0.15 100.00
0.47 0.02 0.09 0.22 0.01 0.06 0.01 0.18 0.07 0.00 0.00 0.01

#58 3 71.89 0.55 13.59 3.65 0.11 0.55 2.07 5.10 1.82 0.10 0.44 0.13 100.00

Table 2. Experimental results

Starting



0.92 0.01 0.47 0.21 0.01 0.08 0.25 0.44 0.17 0.01 0.02 0.02

#45 Mag 3 0.74 12.03 1.58 40.19 41.39 0.42 1.25 0.25 b.d. b.d. 97.84
0.48 0.40 0.11 0.61 1.57 0.05 0.02 0.12

#65 3 1.84 12.62 1.86 40.22 38.70 0.40 0.96 0.59 0.43 0.06 97.69
1.06 0.78 0.43 0.96 1.65 0.05 0.50 0.52 0.40 0.03

#66 2 2.76 17.45 1.22 47.05 28.00 0.43 0.62 0.42 0.32 0.12 98.38
0.49 0.03 0.07 1.07 1.48 0.03 0.02 0.10 0.08 0.01

#45 Cpx 4 50.99 0.58 2.01 17.38 0.65 11.25 16.30 0.72 0.12 100.00
0.49 0.12 0.48 0.66 0.09 0.44 0.49 0.13 0.08

#65 3 50.98 0.56 1.75 16.85 0.61 11.39 17.13 0.59 0.12 99.99
1.00 0.01 0.65 0.51 0.05 0.55 1.13 0.16 0.13

#66 7 51.06 0.63 1.96 16.02 0.56 9.46 18.73 1.13 0.14 99.69
0.92 0.08 0.76 1.01 0.05 0.77 0.96 0.42 0.08

#45 Pl (3) 69.19 0.45 16.65 2.90 b.d. 0.38 3.74 6.04 0.78 100.14
1.80 0.06 1.25 0.17 0.21 0.42 0.37 0.13

#65 3 64.80 0.36 19.03 3.04 b.d. 0.33 4.19 6.62 1.28 99.64
0.73 0.02 0.37 0.42 0.13 0.46 0.17 0.13

#66 7 64.84 0.25 19.59 2.41 b.d. 0.14 2.83 8.56 1.30 99.92
0.94 0.22 1.09 0.80 0.05 0.58 0.79 0.33

#45 Melt (1) 76.14 1.35 11.08 3.20 0.00 0.92 2.71 3.94 0.55 0.06 0.05 b.d. 100.00

#65 2 71.54 0.63 12.40 4.82 0.13 0.44 1.86 4.19 2.80 0.09 0.90 0.22 100.00
0.95 0.04 0.18 0.21 0.02 0.22 0.37 0.39 0.02 0.01 0.01 0.01

#66 3 70.87 0.55 11.25 6.17 0.08 0.40 1.51 4.75 3.37 0.10 0.74 0.21 100.00
0.42 0.08 0.88 0.98 0.02 0.21 0.38 0.64 0.15 0.03 0.14 0.08

#81 Mag 2 0.19 2.09 1.27 29.22 61.53 0.70 1.40 0.28 b.d. b.d. 96.67
0.01 0.00 0.01 0.12 0.17 0.02 0.00 0.00

#105 3 1.81 1.03 1.63 28.76 60.89 0.85 2.44 0.42 b.d. 0.06 97.89
0.56 0.01 0.1 0.44 1.03 0.09 0.19 0.3 0.02

#101 6 0.94 5.36 1.53 32.93 53.54 0.59 1.67 0.35 b.d. 0.02 96.95
0.64 0.08 0.04 0.5 1.52 0.05 0.16 0.18 0.02

#110 3 0.37 3.28 1.83 29.62 57.6 0.64 1.76 0.18 b.d. b.d. 95.28
0.12 0.3 0.08 0.67 1 0.04 0.1 0.08

#81 Ilm 2 0.16 18.61 0.35 14.85 60.61 0.25 0.87 0.22 b.d. b.d. 95.93
0.01 0.21 0.02 0.27 0.06 0.05 0.04 0.09

#105 5 0.19 15.67 0.51 11.77 67.67 0.26 1.13 0.16 b.d. b.d. 97.36
0.09 0.53 0.04 0.42 0.89 0.04 0.05 0.02

#101 4 0.55 26.53 0.39 21.3 46.05 0.33 1.26 0.41 b.d. 0.04 96.86
0.35 0.31 0.07 0.41 0.66 0.03 0.07 0.17 0

#110 2 0.85 21.94 0.45 17.42 53.97 0.32 1.76 0.18 b.d. b.d. 95.28
1.01 0.67 0.01 0.2 0.89 0.01 0.1 0.08

#81 Cpx 3 52.30 0.44 2.61 8.34 0.50 13.79 21.96 0.60 0.06 100.59
0.15 0.06 0.28 0.24 0.06 0.35 0.17 0.02 0.00

#105 3 51.15 0.71 3.4 8.95 0.44 12.52 21.96 0.62 0.06 99.80
1 0.1 0.29 0.17 0.06 0.24 0.44 0.08 0.02

#101 4 50.19 0.75 3.03 11.45 0.52 12.56 19.55 0.76 0.08 98.90



0.87 0.09 0.79 1.01 0.07 0.72 0.45 0.18 0.02

#110 9 50.36 0.64 2.96 8.77 0.46 13.32 22.15 0.61 0.04 99.32
1.35 0.13 0.74 1.26 0.06 0.64 0.75 0.16 0.01

#81 Pl 3 59.58 0.07 24.79 1.20 b.d. b.d. 7.09 6.86 0.23 99.84
0.96 0.02 0.76 0.40 0.49 0.45 0.05

#105 5 60.34 0.11 24.51 1.06 b.d. 0.12 7.27 6.48 0.26 100.16
0.87 0.03 0.56 0.25 0.04 0.52 0.44 0.07

#101 8 60.86 0.21 24.05 1.42 b.d. 0.24 6.36 7.38 0.27 100.79
1.17 0.15 0.89 0.4 0.27 0.7 0.28 0.09

#110 10 58.18 0.04 27.6 0.76 b.d. 0.03 8.1 6.83 0.14 101.60
1.21 0.03 0.58 0.32 0.02 0.81 0.51 0.02

#81 Melt 12 74.25 0.31 14.59 1.41 0.08 0.23 1.85 5.26 1.80 b.d. 0.22 b.d. 100.00
0.57 0.05 0.18 0.18 0.01 0.04 0.15 0.43 0.08 0.01

#105 5 73.42 0.21 14.95 1.70 0.10 0.37 2.27 4.53 1.70 0.18 0.57 b.d. 100.00
0.27 0.04 0.29 0.28 0.03 0.05 0.2 0.42 0.04 0.15 0.05

#101 20 74.74 0.32 13.41 1.88 0.08 0.31 1.67 4.85 1.93 0.13 0.68 b.d. 100.00
0.41 0.04 0.27 0.21 0.02 0.06 0.16 0.24 0.11 0.13 0.01

#110 14 74.62 0.31 14.63 1.47 0.09 0.37 2.11 4.42 1.58 0.03 0.37 b.d. 100.00
0.41 0.05 0.27 0.25 0.01 0.05 0.09 0.3 0.08 0.03 0.01

#107 Mag 2 0.80 1.87 1.33 29.15 62.53 0.79 2.04 0.15 0.07 0.04 98.77
0.65 0.14 0.12 0.38 1.57 0.01 0.13 0.04 0.10 0.02

#103 4 0.72 6.58 1.36 34.19 51.20 0.60 1.25 0.25 b.d. 0.05 96.21
0.32 0.18 0.10 0.50 1.01 0.07 0.13 0.14 0.01

#111 2 0.73 4.33 1.43 32.22 57.04 0.62 1.53 0.27 0.04 0.02 98.26
0.49 0.05 0.15 0.39 0.90 0.06 0.07 0.15 0.06 0.03

#107 Ilm 3 0.37 20.06 0.33 15.35 58.40 0.35 1.38 0.25 b.d. b.d. 96.49
0.56 1.65 0.02 0.97 3.05 0.02 0.15 0.24

#103 4 0.19 36.27 0.23 28.37 27.82 0.64 2.03 0.17 b.d. b.d. 95.73
0.08 1.82 0.05 1.30 2.79 0.13 0.11 0.05

#111 9 0.14 26.06 0.32 20.47 48.20 0.31 1.38 0.18 b.d. 0.02 97.09
0.10 0.64 0.03 0.48 1.19 0.06 0.06 0.06 0.01

#107 Cpx 5 53.08 0.49 2.50 11.87 0.68 12.27 18.29 0.73 0.08 99.92
1.84 0.12 1.55 1.60 0.14 1.46 2.28 0.45 0.09

#103 6 51.39 0.41 1.67 12.59 0.76 13.35 17.91 0.57 0.02 98.64
0.59 0.08 0.19 1.02 0.14 0.85 1.48 0.08 0.01

#111 10 51.92 0.58 2.32 11.42 0.68 13.35 18.63 0.67 0.09 99.66
1.18 0.21 0.56 1.03 0.06 0.73 0.86 0.16 0.10

#107 Pl 4 63.18 0.15 23.57 1.11 b.d. 0.28 5.30 7.88 0.47 101.67
0.23 0.14 1.26 1.05 0.13 0.33 0.62 0.12

#103 5 62.34 0.41 21.49 2.92 b.d. 0.42 4.90 7.60 0.57 100.64
1.32 0.07 0.90 1.51 0.27 0.46 0.34 0.11

#111 8 62.85 0.13 22.93 1.22 b.d. 0.13 5.31 7.69 0.43 100.55
1.39 0.07 1.12 0.59 0.05 0.51 0.54 0.16

#107 Melt 4 78.06 0.25 12.29 1.88 0.08 0.28 1.06 2.64 2.67 0.14 0.53 0.12 100.00
0.32 0.07 0.51 0.49 0.02 0.09 0.13 0.18 0.02 0.05 0.02 0.04

#103 6 77.29 0.27 11.86 1.81 0.06 0.20 1.06 3.87 2.78 0.07 0.57 0.16 100.00



0.47 0.03 0.41 0.21 0.01 0.03 0.15 0.36 0.15 0.05 0.01 0.02

#111 10 78.59 0.26 11.62 1.43 0.07 0.23 1.12 3.77 2.19 0.08 0.54 0.10 100.00
0.78 0.03 0.51 0.13 0.01 0.06 0.25 0.37 0.1 0.07 0.03 0.02

anumber of analyses

Notes:  Fe concentrations are given as FeOtot (total iron), except for magnetite and Ilmenite, where Fe is given as Fe2O3/FeO 
contents; totals for melts are normalized to 100 wt%; b.d. below detection limit of the electron microprobe;  σ standard deviation; 

for mineral abbreviations and run conditions see Table 1



temp. cycling a H2O

[°C] amplitude exp n Pl n Cpx

#42 950 static 0.98 1 70

#62 950 20 K 1.00 1 345

relative enlargement 4.9

#57 950 20 K 1.00 1 1348

relative enlargement 19

#43 950 static 0.39 10 54 10 7.3

#63 950 20 K 0.22 10 60 10 18

relative enlargement 1.1 2.5

#58 950 20 K 0.26 10 89 10 36

relative enlargement 1.7 5.0

#45 950 static 0.02 10 1.7 10 2.9

#65 950 20 K 0.02 10 9.3 10 7.1

relative enlargement 5.6 2.5

#66 950 20 K 0.06 10 114 10 9.8

relative enlargement 69 3.4

#105 800 static 0.96 10 20 10 22

#101 800 20 K 0.86 10 62 10 23

relative enlargement 3.1 1.0

#110 800 50 K 1.00 10 281 10 146

relative enlargement 14 6.5

#107 800 static 0.62 10 6.7 10 14

#103 800 20 K 0.44 10 24 10 40

relative enlargement 3.5 2.8

#111 800 50 K 0.50 10 41 10 47

relative enlargement 6.1 3.3

n  number of measured crystals

Table 3. Crystal sizes
median area (µm²) of the n  largest crystals

For mineral abbreviations and calculation of a H2O see Table 1

run

Single measurements of the 10 largest crystals are present in the deposit material
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