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Experimental study into the petrogenesis of crystal-rich basaltic to andesitic magmas at Arenal volcano
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assemblage as well as the mineral compositions of the natural basalt were reproduced at 1,000 °C and high water activity. The residual melt at these conditions is basaltic andesitic (55 wt% SiO 2 ) with 5 wt% H 2 O. The evolution to more evolved magmas observed at Arenal occurred under fluid-saturated conditions but variable fluid compositions. At 1,000 °C and 200 MPa, a decrease of water content by approximately 1 wt% induces significant changes of the mineral assemblage from olivine + clinopyroxene + plagioclase (5 wt% H 2 O in the melt) to clinopyroxene + plagioclase + orthopyroxene (4 wt% H 2 O in the melt). Both assemblages are observed in crystal-rich basalt (15 vol%) and basaltic andesites. Experimental data indicate that the lack of orthopyroxene and the presence of amphibole, also observed in basaltic andesitic tephra units, is due to crystallization at nearly water-saturated conditions and temperatures lower than 950 °C. The enigmatic two compositional groups previously known as low-and high-Al 2 O 3 samples at Arenal volcano may be explained by low-and high-pressure crystallization, respectively. Using high-Al as signal of deeper crystallization, first magmas of the 1968-2010 eruption evolved deep in the crust and ascent was relatively fast leaving little time for significant compositional overprint by shallower level crystallization.

Introduction

Arenal volcano belongs to a small group of arc volcanoes undergoing multi-decade long activities. Its eruption that started in 1968 came just recently (~2010) to an end. Over these 42 years, Arenal erupted basaltic andesitic magmas Abstract Arenal volcano is nearly unique among arc volcanoes with its 42 year long continuous, small-scale activity erupting compositionally monotonous basaltic andesites that also dominate the entire, ~7000 year long, eruptive history. Only mineral zoning records reveal that basaltic andesites are the result of complex, open-system processes deriving minerals from a variety of crystallization environments and including the episodic injections of basalt. The condition of the mafic input as well as the generation of crystal-rich basaltic andesites of the recent, 1968-2010, and earlier eruptions were addressed by an experimental study at 200 MPa, 900-1,050 °C, oxidizing and fluid-saturated conditions with various fluid compositions [H 2 O/(H 2 O + CO 2 ) = 0.3-1]. Phase equilibria were determined using a phenocryst-poor (~3 vol%) Arenal-like basalt (50.5-wt% SiO 2 ) from a nearby scoria cone containing olivine (Fo 92 ), plagioclase (An 86 ), clinopyroxene (Mg# = 82) and magnetite (X ulvö = 0.13). Experimental melts generally reproduce observed compositional trends among Arenal samples. Small differences between experimental melts and natural rocks can be explained by opensystem processes. At low pressure (200 MPa), the mineral that had remained nearly constant in composition [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF][START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF][START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF]). Basaltic andesite is also the magma type that dominates the entire eruptive stratigraphy of Arenal volcano since its inception 7,000 years ago [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF][START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]. Only a few eruptions throughout its history produced basaltic and andesitic bulk compositions. Despite the compositional homogeneity among basaltic andesites of the 1968-2010 and of earlier eruptive periods, minerals and melt inclusions record a complex open-system evolution in which steady state production of the erupted basaltic andesitic magma is linked to episodic injections of basalt into the Arenal magma reservoir system [START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]. The compositional monotony of basaltic andesitic Arenal magmas implies that fractionation, recharge, ascent and eruption are well balanced in order for magmas to be essentially uniform while containing phenocrysts with different growth histories at the time of eruption. The few eruptions of basalt do indicate that basalt magma is present at depth from which basaltic andesitic magmas evolve. On the other hand, eruptions of crystal-poor andesitic/dacitic magma indicate that magma differentiation of basaltic andesitic magmas is ongoing as well beneath Arenal.

In this paper, we present new high-temperature and high-pressure experiments on a natural crystal-poor basalt from a nearby vent to Arenal volcano. Crystallization experiments have been designed to determine the pre-eruptive conditions of basalt and basaltic andesitic magmas at depth and to constrain the influence of physical conditions on phase equilibria, mineral and melt proportions, and the composition of equilibrium mineral phases (closed system). The results are used to constrain the depth of magma storage, to evaluate crystallization environments of naturally occurring phase assemblages, and to discuss the role of the prevailing fluid phase. Furthermore, we discuss the meaning of our results for processes involved during opensystem magma evolution of mafic to more felsic magma with the production of near steady state whole rock compositions over decadal time scales at Arenal volcano.

Arenal volcano

Eruptive history and products

Arenal is a small, dominantly basaltic andesitic composite volcano. Activity onset is between ~4000 [START_REF] Melson | Prehistoric eruptions of Arenal Volcano, Costa Rica[END_REF] and 2,900 years B.P. [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF]) but more recently 7,000 years [START_REF] Soto | El registro eruptivo del Arenal en el lapso 3000-7000 anos antes del presente y nuevas deducciones sobre la edad del volcan[END_REF][START_REF] Soto | Eruptive history of Arenal volcano, Costa Rica, 7 ka to present[END_REF]. Since initiation, Arenal volcano appears to have gone through several eruptive cycles that have started with plinian eruptions that also represent the most silicic magmas [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF][START_REF] Soto | Eruptive history of Arenal volcano, Costa Rica, 7 ka to present[END_REF]. Over the course of its eruptive history, Arenal had plinian, subplinian, vulcanian and strombolian eruptions, and lava flow fields developed throughout activity phases [START_REF] Soto | Eruptive history of Arenal volcano, Costa Rica, 7 ka to present[END_REF]. Similarly, explosive activity of the recent eruption varied. The initiation in July, 1968 was marked by a few plinian eruptions and followed later on by a combination of strombolian activity and lava flows until 1984 [START_REF] Malavassi | The Cinco de Mayo eruption: commemorating 30 years of continuous activity of Arenal volcano, Costa Rica[END_REF][START_REF] Melson | Analysis of eruption trends, Arenal volcano, Costa Rica, 1995-1998: difficulties in long-term eruption forecasts[END_REF], then Arenal began a more explosive stage characterized by frequent small-scale vulcanian-strombolian explosions and rare pyroclastic flows [START_REF] Malavassi | The Cinco de Mayo eruption: commemorating 30 years of continuous activity of Arenal volcano, Costa Rica[END_REF]. Lava flows erupted intermittently over the entire 1968-2010 eruption. Therefore, it appears that the recent eruption covered most eruption styles and is likely representative of what explosive and effusive activities through most of Arenal lifecycle has looked like. The only eruptions that are missing are eruptions producing basaltic/dacitic tephras that occurred only a few times and are volumetrically minor. All lava compositions are crystal-rich (161 to ~50 %, Fig. 1a-c) except for crystal-poor andesitic/dacitic tephra [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF].

Petrographically, the bulk of Arenal magmas are plagioclase-rich, two-pyroxene basaltic andesites with one FeTi-oxide and occasionally olivine (Fig. 1) (e.g., [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF][START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF][START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]. Hornblende occurs sporadically in a few stratigraphic positions like in material from the initial phase of the recent eruption (Fig. 1d) [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF][START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF], which was taken as indication for the beginning of each eruptive phase to be marked by high H 2 O content in the melt, which decreases over the course of the cycle [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF]. Contrary to the overall petrographic similarity and compositional homogeneity of basaltic andesites, detailed investigations of mineral and melt inclusion compositions reveal a high degree of complexity. Based on the range of mineral compositions in combination with mutual mineral inclusions, [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] distinguished distinct crystallization environments reflecting different physical conditions during crystal growth and changes in the melt composition.

Pre-eruptive conditions of Arenal magmas: results of geothermobarometry and previous experimental studies

There are few constraints on the pre-eruptive conditions of Arenal magmas. Most of the data that do exist are on rocks from the just recently terminated 1968-2010 eruptions, which has transitioned into a fumarolic stage. Thermometry from pyroxene and oxide compositions suggest a temperature of 1,000-1,100 °C and oxidized conditions around NNO + 1, where NNO is nickel-nickel oxide buffer (expressed as ∆logfO 2 ) [START_REF] Cigolini | Intracrustal origin of Arenal basaltic andesite in the light of solid-melt interactions and related compositional buffering[END_REF]. The high fO 2 (NNO + 1.3) of gabbroic xenoliths and the early saturation of magmas in titanomagnetite [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF] plus the fractionation assemblage of plagioclase (An89), orthopyroxene, clinopyroxene and magnetite [START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF] suggest that Arenal magmas have relatively high oxygen fugacity. The absence of hornblende in lavas erupting between 1968and 1970-1974[START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF]) could be interpreted solely as a result of lower volatile content, which in turn could have led to the change of the eruption style with time at Arenal volcano (from highly explosive to more effusive). However, the persistence of An-rich plagioclase (An 85-92 ) throughout the 1968-2010 eruption [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF]) associated with water-rich melt inclusions (up to 4 wt% H 2 O, [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF] and >5 wt% H 2 O, [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF]) suggests that water-rich magmas persisted even if hornblende was not present in the mineral assemblage. The observed continuous degassing at Arenal volcano in combination with water-rich magmas indicates that fluid-saturated conditions and degassing were occurring at depth. [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF] estimated up to 4 wt% H 2 O and 300 ppm CO 2 in basaltic melt inclusions in olivine (ET6 and ET3). Using mixed H 2 O-CO 2 vaporsaturation isobars for basaltic compositions typical for arc magmatism [START_REF] Shishkina | Solubility of H2O-and CO2-bearing fluids in tholeiitic basalts at pressures up to 500 MPa[END_REF][START_REF] Iacono-Marziano | New experimental data and semi-empirical parameterization of H2O-CO2 solubility in mafic melts[END_REF], inclusions with the highest H 2 O contents from Arenal were trapped at ~200 MPa indicating that ~7 km was the minimum depth at which fluid saturation was attained.

Few experimental studies have been performed to shed light on the different processes at upper crustal depths beneath Arenal volcano. [START_REF] Szramek | Degassing and microlite crystallization of basaltic andesite magma erupting at Arenal Volcano, Costa Rica[END_REF] performed water-saturated crystallization and decompression experiments at NNO and examined groundmass textures to constrain the ascent rate of magmas produced from explosive and effusive eruptions (tephras and lavas, respectively). Based on the phase assemblage of plagioclase An 80 , clinopyroxene, orthopyroxene and magnetite, they suggest that Arenal magmas last equilibrated at 940-1,000 °C and 50-145 MPa, assuming a water-saturated system. For relatively An-rich plagioclase (An 86-89 ) to coexist with pyroxenes, a temperature less than 1,000 °C is needed at P ~ 200 MPa [START_REF] Szramek | Degassing and microlite crystallization of basaltic andesite magma erupting at Arenal Volcano, Costa Rica[END_REF]. [START_REF] Petermann | Phase equilibrium experiments at 0.5 GPa and 1100-1300°C on a basaltic andesite from Arenal volcano, Costa Rica[END_REF] conducted water-undersaturated phase equilibria experiments using a basaltic andesitic bulk composition erupted in 1971 (AR8, [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF]) and reported that plagioclase An 67 and An 83 were present in run products obtained (2006) suggested that Arenal magma last equilibrated at 940-1,150 °C and H 2 O melt >2 wt%. Hence, the previous experiments did not constrain the magma storage conditions prior to the eruption (50-500 MPa) and failed to reproduce hornblende and plagioclase with very high An contents observed in the natural products [START_REF] Petermann | Phase equilibrium experiments at 0.5 GPa and 1100-1300°C on a basaltic andesite from Arenal volcano, Costa Rica[END_REF][START_REF] Szramek | Degassing and microlite crystallization of basaltic andesite magma erupting at Arenal Volcano, Costa Rica[END_REF].

By taking the available information on thermometric and experimental studies into account, we investigated the phase relationships of Arenal magmas at 200 MPa (e.g., minimum trapping pressure of melt inclusion), oxidizing conditions and various fluid compositions and performed crystallization experiments aimed at reproducing observed phase assemblages and compositions. The results are used to better constrain magma storage conditions below Arenal during the 1968-2010 eruption but also to understand compositional trends of all Arenal magmas since inception.

Experimental approach

Starting material and experimental rational The starting material selected for the experiments is the most mafic and crystal-poor Arenal-type basalt that we are aware of. This sample (MJS05-SCPN, Table 1) comes from a scoria cone 30 km west of Arenal volcano. The natural rock contains only 3 % phenocrysts consisting of olivine (Fo 92 ), clinopyroxene (Mg# = 82), orthopyroxene (Mg# = 80), plagioclase (An 86 ) and magnetite (X ulvö = 0.13) in approximate following percentages 50/25/10/10/5 (Table 2; Fig. 2). The eruption of basalt from Arenal itself is rare. Over its 7,000 year long activity period, basalt is found only at three stratigraphic levels [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF]). MJS05-SCPN belongs to the lower Al group of basalts reported by [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF] and is significantly more primitive than any data reported from Arenal (Table 1) [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF][START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]. For example, the highest concentrations in Cr and Ni of basaltic magmas from Arenal are 80 and 45 ppm, respectively, while our starting sample contains 187 and 79 ppm (cf. [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]). We placed priority on using a nearly aphyric basalt sample as we wanted to ensure that the starting material represents a melt composition uncompromised by the possible addition of phenocrysts (cf. [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF]. Basaltic magmas erupted directly from Arenal contain 16 to >30 % phenocrysts [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF].

Experimental charge

Crystallization experiments were conducted using a dry glass as starting material. This glass was prepared by fusing 10 g of the crushed basaltic tephra (MJS05-SCPN) in a Pt crucible at 1,400 °C and 1 atm. for 3 h. After fusing, the glass was crushed and fused again at the same conditions to avoid heterogeneity. The resulting glass was finely crushed in an agate mortar (grain size <200 µm). Electron microprobe analyses showed that this glass is homogeneous within analytical uncertainty and that Fe and Na losses during fusion were minimal (compare XRF analysis of natural sample with microprobe analysis of dry glass; Table 1).

Charges were loaded into Au capsules (15 mm length, 2.8 mm internal diameter and 0.2 mm wall thickness). First, water as pure H 2 O and then CO 2 as silver oxalate (Ag 2 C 2 O 4 which decomposes to Ag and CO 2 at low , molar) varied between 0.33 and 1. Upon loading, the capsules were sealed by arc welding. After welding and after completion of the experiments, the capsules were weighted again to ensure that there had been no loss of water and CO 2 at high pressure and temperature.

To evaluate the extent of iron loss to the sample containers during the experiments, the gold capsules were analyzed by electron microprobe. Results showed that iron loss is small (<0.1 wt% FeO).

Experimental procedure

The crystallization experiments were carried out in an internally heated pressure vessel at the University of Hanover (IHPV, described in [START_REF] Berndt | A combined rapid-quench and H 2 -membrane setup for internally heated pressure vessels: description and application for water solubility in basaltic melts[END_REF]) at 200 MPa and 900-1,050 °C. Pressure was monitored by a strain gauge manometer and it varied by <5 MPa during the experiments. Four thermocouples were used to control the temperature gradient along the capsule length. In all experiments, the thermal gradient was ± 3 °C. The run duration was 96 h which is sufficient to attain near-equilibrium conditions with basaltic compositions in the investigated temperature range (e.g., [START_REF] Freise | Differentiation and crystallization conditions of basalts from the Kerguelen large igneous province: an experimental study[END_REF]. The IHPVs were pressurized with pure Ar gas, and all experiments were performed at the intrinsic redox conditions of the vessels (logfO 2 = NNO + 2.5; [START_REF] Schuessler | Oxidation state of iron in hydrous phono-tephritic melts[END_REF]. To avoid crystallization of quench crystal from the melt, quenching was accomplished isobarically by dropping down the capsules into the cold part of the vessel. The sample is fixed to a Pt-wire in the hot spot of the furnace and is quenched by fusing the Pt-wire electrically. The cooling rates are estimated around 150 °C per second [START_REF] Berndt | A combined rapid-quench and H 2 -membrane setup for internally heated pressure vessels: description and application for water solubility in basaltic melts[END_REF].

In the IHPV pressurized with Ar gas, the oxygen fugacity within the capsule is related to the fugacity of water and hydrogen through the equilibrium reaction H 2 + 1/2O 2 ↔ H 2 O. At the investigated temperatures and pressure, the oxygen fugacity in the capsules with H 2 O-saturated melts (CO 2 -free) is close to NNO + 2.5. However, in experiments with mixed CO 2 -H 2 O-bearing fluids (water-undersaturated), the fO 2 is lower and can be estimated using the relation: [START_REF] Botcharnikov | The effect of water activity on the oxidation and structural state of Fe in a ferrobasaltic melt[END_REF] and [START_REF] Schuessler | Oxidation state of iron in hydrous phono-tephritic melts[END_REF]]. The difference of fluid phase composition before and after experiments, XH 2 O in and XH 2 O fluid , respectively, due to the higher solubility of water in the melt when compared to the solubility of CO 2 implies that XH 2 O fluid is always lower than XH 2 O in . At near liquidus conditions, the difference XH 2 O in -XH 2 O fluid is expected to be the highest and mass balance calculations show that this value is in the range 0.2-0.3 for intermediate XH 2 O in (0.4-0.6). Based on the formulation given above, this implies that the fO 2 values given in Table 2 may be lower by up to 0.2-0.4 log units, depending on the amount of crystal in the run products and on the XH 2 O in [START_REF] Whitney | The effect of reduced H 2 O fugacity on the buffering of oxygen fugacity in hydrothermal experiments[END_REF][START_REF] Webster | Phase equilibria of a Be, U and F-enriched vitrophyre from Spor Mountain, Utah[END_REF][START_REF] Botcharnikov | The effect of water activity on the oxidation and structural state of Fe in a ferrobasaltic melt[END_REF][START_REF] Schuessler | Oxidation state of iron in hydrous phono-tephritic melts[END_REF].

logfO 2 = logfO 2 (at XH 2 O in = 1) + 2 logXH 2 O fluid [see for example detailed discussion in

Analytical methods

Mineral and glass compositions were determined at Geosciences Montpellier using a Cameca SX100 electron microprobes fitted with a WDS system at operating conditions of 15 kV and 10 nA. To minimize Na loss, Na was counted first and a defocused beam (10-20 µm) was used to analyze glass. Mineral analyses were done in spot mode (1-2 µm). All elements were analyzed for 10 s. Standards used for calibration were Fe 2 O 3 , MgO, MnTiO 3 (Mn and Ti), Al 2 O 3 (Al) , albite (Na), wollastonite (Si and Ca), apatite (P) and orthoclase (K). The standard deviations (2-18 analysis points) given in the data tables for mineral and glass analyses correspond to one standard deviation of replicate analyses. Due to the small size of the crystals (<5 µm) and the small amount of glass in experiments performed at low XH 2 O in , it was not possible to obtain accurate analyses of the composition of minerals and glass (in such cases, the analyses are not reported in the tables and figures). However, phases could be qualitatively identified [by energy-dispersive spectrometry (EDS) + microprobe] and the characterization of the stability field of individual minerals was possible (Table 2).

The water content of the experimental glasses was determined using a series of volatile-bearing glass standards with andesitic and rhyolitic composition and different water contents (0.1-8 wt% H 2 O) measured by Karl Fischer Titration analyses, following the "by-difference" method described in [START_REF] Devine | Comparison of microanalytical methods for estimating H 2 O contents of silicic volcanic glasses[END_REF] and [START_REF] Koepke | Analyse von wasserhaltigen silikatischen Gläsern mit der Mikrosonde: wassergehalte und Alkaliverluste[END_REF]. Glass standards were analyzed during each electron microprobe session, and the obtained calibration curve was used to improve the analyses of the water content. Using this technique, the uncertainty is in the range ± 0.5 to 0.7 wt% H 2 O.

Results

Phase equilibria and modal abundances

The phase stability fields for the basaltic composition have been determined at 200 MPa in the temperature range 900-1,050 °C and for 3-6 wt% H 2 O melt . Experimental run products show homogeneous distribution of all phases (glass, crystals and bubbles), homogeneity of crystal and bubble sizes and euhedral crystal shapes (Fig. 3). The mineral assemblages vary as a function of temperature and initial fluid phase composition (XH 2 O in ) and H 2 O melt (Figs. 3,4; Table 2). At 1,050 °C and water-saturated conditions (H 2 O melt ~5-6 wt%), only magnetite is present. Magnetite + clinopyroxene and magnetite + clinopyroxene + olivine crystallize with decreasing water activity (Figs. 3,4). Plagioclase and clinopyroxene crystallize at water-saturated conditions with olivine at 1,000 °C and with amphibole at 950-900 °C, whereas they crystallize with orthopyroxene at low water content (for T = 1,000-900 °C). Olivine is stable over a very small range of temperature (∆T = 50 °C). Orthopyroxene has not been found with olivine and crystallizes in water-undersaturated experiments. With increasing water activity (XH 2 O in = 0.8-1), amphibole is stable. Amphibole, plagioclase and pyroxenes are stable together at T = 950-900 °C and H 2 O melt = 5-6 wt%. For relatively low water content (H 2 O melt < 4 wt%), amphibole is not present and clinopyroxene and orthopyroxene are stable phases. Plagioclase crystallizes in all experimental runs at T <1,050 °C (2.5-6 wt% H 2 O melt ).

Apatite has been observed only in charges at 900 °C and XH 2 O in = 0.87-1. Apatite has not been detected in products with high crystal contents (low temperature or low H 2 O melt ; Table 2). However, at the same T but lower H 2 O melt , this mineral should be present and apatite may have formed very tiny phases, which could not be detected.

The proportions of phases identified in the experimental products were determined using image analysis (Table 2; Fig. 5). The modal abundance of crystal ranges from 3 vol% at 1,050 °C to 40 vol% at 950 °C and increases with decreasing H 2 O melt as expected (e.g., at 950 °C: from 5 to 15 vol% for H 2 O = 5-2.5 wt%, respectively). At high temperature and at given H 2 O melt , we observe large variations of modal abundance of crystals (40 vol% crystals) for small variations of temperature (1,050-1,000 °C).

Mineral and melt composition

The mineral composition varies as a function of temperature, initial fluid composition and oxygen fugacity (Table 3). The anorthite (An) content in plagioclase increases strongly with an increase in H 2 O melt (up to An 86 for H 2 O melt ~5-6 wt% at 1,000 °C) and temperature (e.g., from An 72 to An 86 for T = 900 to 1,000 °C, respectively, at XH 2 O in = 1) (Fig. 6; Table 3). The orthoclase content increases from Or 0.5 to Or 2 with a decrease in water content in the melt (Table 3).

Olivine composition varies from Fo 80 to Fo 85 at T = 1,050 °C (∆logfO 2 = NNO + 2) and T = 1,000 °C (∆logfO 2 = NNO + 2.5), respectively (Fig. 7). Both augite and hypersthene are stable minerals over the range of experimental temperature (900-1,050 °C). For augite, the wollastonite content (Wo) increases (Fig. 8), the ferrosilite (Fs) content decreases, and the enstatite (En) content is constant with an increase in oxygen fugacity and concomitant H 2 O melt for a fixed temperature. In contrast, hypersthene shows an increase in En content and a decrease in Wo content with increasing H 2 O melt , whereas Fs content remains constant (Table 3). Mg-number increases with oxygen fugacity and temperature (Mg# = 74-81 and 72-82 for clinopyroxene and orthopyroxene, respectively, Fig. 8; Experimental amphiboles are euhedral unzoned calcic amphiboles (pargasitic and edentitic hornblende at 950 and 900 °C, respectively, (Ca + Na) B > 1; Na B < 0.5; [START_REF] Leake | Nomenclature of amphiboles: report of the subcommittee on amphiboles of the international mineralogical association, commission on new minerals and mineral names[END_REF]) (Table 3). No significant variations in amphibole composition are observed as a function of temperature or H 2 O melt . Mg-number is in the range 74-76. The SiO 2 content in amphibole increases and Al 2 O 3 decreases with decreasing temperature.

The ulvöspinel component (X ulvö ) of magnetite decreases with increasing oxygen fugacity and temperature (Fig. 9; Table 3). The MgO and Al 2 O 3 contents of magnetite increase with temperature, up to 7 and 8.8 wt% at 1,050 °C, respectively.

The composition of the experimental melt ranges from basalt to andesite (52-60 wt% SiO 2 ) and varies according to temperature and H 2 O melt . The evolution paths are similar at 1,000 and 1,050 °C (Fig. 10): CaO, MgO and FeO contents decrease with a decrease in H 2 O melt and temperature reflecting pyroxenes, olivine and oxides crystallization, whereas K 2 O and Na 2 O increases (a Na-and K-bearing phase is absent). Al 2 O 3 is nearly constant and varies in the range 17.4-19 wt% over the range of experimental temperatures. Changes in melt composition correlate with the observed changes in the phase proportions. The high Al 2 O 3 concentrations reflect a low plagioclase proportion. TiO 2 in the melt is constant as a function of temperature and is controlled by the amount of magnetite. The water solubility in CO 2 -free system (water-saturated) is up to 5 and 6 wt% in the silicate melt at 1,050 and 1,000 °C, respectively. The water content in the melt decreases with decreasing XH 2 O in (e.g., H 2 O melt decreases from 5 to 2.5 wt% for XH 2 O in = 1 to 0.35 at 1,050 °C; Table 3). At the investigated pressure of 200 MPa, the mineral assemblage of the natural sample used for the experiments were reproduced experimentally for relatively water-rich conditions and constrain the pre-eruptive conditions of basaltic magmas at 1,000-1,050 °C and for water content >4 wt% in basaltic andesitic melt (55 wt% SiO 2 ) (Figs. 4,5). The experimental pressure for olivine + clinopyroxene + magnetite crystallization agrees with previous experimental works on basaltic andesite, since P increase would destabilize olivine in basaltic andesite (e.g., [START_REF] Almeev | Storage conditions of Bezymianny Volcano parental magmas: results of phase equilibria experiments at 100 and 700 MPa[END_REF]. The strong influence of temperature and H 2 O melt on crystal proportion (Fig. 5) allows us to constrain the temperature at 1,000 °C and 4.5-5 wt% H 2 O (XH 2 O in = 0.8) for the crystal-poor basalt. Clinopyroxene and olivine phenocrysts have high wollastonite and forsterite component, respectively, both in equilibrium in basaltic magma with H 2 O melt of 4-5 wt% (Figs. 7,8). The highest Fo content in natural olivine (Fo 92 ) has not been reproduced in the experimental products but could be expected to be obtained at high temperature (1,050 °C), close to the clinopyroxene stability curve and at XH 2 O in ~ 0.8 (H 2 O melt = 4 wt%) (Fig. 4). Plagioclases are present as microlites in the matrix and their An contents (up to An 86 ) indicate crystallization at slightly lower temperature and/or higher water content (1,000-950 °C and 4-6 wt% H 2 O melt ) than the crystallization temperature of olivine and clinopyroxene, which is consistent with a crystallization of these microlites during magma ascent. Similarly, spinel crystals in the natural basalt are microcrysts occurring in groundmass and their concentration in MgO and Al 2 O 3 are lower than in the experimental spinel, suggesting a late crystallization during ascent (Fig. 9). The oxygen fugacity can be estimated using the composition of Fe-bearing phases (i.e., olivine, spinel and clinopyroxene). Fo of olivine, Mg# of clinopyroxene and the ulvöspinel component in natural spinel all suggest oxidized redox conditions between NNO + 1.5 and 2 (Figs. 6,7,8).

Inferences for the magmatic conditions at Arenal

The composition of our phenocryst-poor basalt magma used for experiments is close to the most mafic tephras and lava flows erupted throughout Arenal's eruptive history (e.g., 930 BP (Figs. 1c,10) and ET6 (1,250 BP); [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF][START_REF] Soto | Eruptive history of Arenal volcano, Costa Rica, 7 ka to present[END_REF]this study). Using this basalt as starting material, the experimental products allow us to determine an experimentally derived liquid line of descent (LLD) that we can compare to the natural trends of all magma compositions of Arenal. Our experimental LLD is in good agreement with observed compositional ranges with some notable exceptions. The experimental LLD indicates slightly higher concentrations but generally parallel to the trend of natural samples in components that were also slightly higher in the starting composition, namely TiO 2 , P 2 O 5 and K 2 O. The experimental LLD for P 2 O 5 at conditions at which apatite is not stable (above 900 °C), while generally parallel to the trend of natural samples, indicate a more pronounced enrichment in P 2 O 5 than the natural trend. The offset on the mafic end can be explained by the higher initial P 2 O 5 concentration but the smaller enrichment in the natural samples over the course of evolution from basalt to ~dacite needs explanation. The P 2 O 5 content of the experimental melts reflect concentration levels as expected from a nearly perfectly incompatible element. The starting composition contains 0.24 wt% P 2 O 5 while the most silicic experimental melt contains 0.43-0.50 wt% suggesting a crystal content of 44-52 % which is indeed observed (Fig. 5). This is consistent with apatite not being present (except in one run) and thus indicates that apatite does not crystallize at the observed crystallinity and the pre-eruptive temperatures of 950 °C and above. Therefore, lower P 2 O 5 of the natural samples would either suggest lower temperatures where apatite would be stable, or that P 2 O 5 was buffered at lower concentrations by open-system processes through assimilation of crustal material or mixing with silicic melts that contain less P. We prefer open-system processes as explanation because of evidence of natural samples for such behavior [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF][START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF][START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF][START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF].

TiO 2 concentrations increase slightly along the experimental LLD but natural samples indicate a constant or slight decrease in TiO 2 concentration with differentiation (Fig. 10). This again could suggest addition of lower TiO 2 melt or crustal material contributing to a lower bulk rock TiO 2 concentration. Ti-magnetite is ubiquitous in Arenal magmas therefore blending in more fractioned melts could easily lead to depletion of Ti. Again, we do not place significance on the vertical offset but in the slightly different trajectories of experimental LLD and natural rock data. Interestingly, the trends for P and Ti defined by experimental data are more consistent with data on melt inclusions in olivine [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF].

CaO and MgO concentrations in the experimentally produced melts are on the high end of the natural data array but Al 2 O 3 concentrations are on the lower side until about ~57 wt% SiO 2 (Fig. 10). We believe these features may be used to explain the processes leading to the rather enigmatic two compositional groups of samples at Arenal volcano, known as low-and high-Al 2 O 3 with approximately average Al 2 O 3 concentrations of 18.5 and 20.5 wt%, respectively [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF][START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]. Initially, high and low-Al 2 O 3 groups where defined by [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF] for a narrow composition range around 55 wt% SiO 2 (Fig. 10). With more data available what used to be distinct fields is now a gradational array (Fig. 10). Although gradational, using an arbitrary boundary at 20 wt% to distinguish between low and high-Al samples, distinct compositional trends can be discussed. No trace-element or other differences between low-and high-Al 2 O 3 samples have been noted [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]). Thus, these compositional groups are unlikely related to distinct parental magmas that could have arisen from differences in magma generation processes in the mantle wedge but rather are the result of processes occurring in the crust. Our starting basalt composition is a low Al 2 O 3 magma, and we are confident that this is a mantle-derived feature (Fig. 10). Crystal (plagioclase) accumulation is unlikely as samples with high Al 2 O 3 are not consistently low in CaO; in this hypothesis, a positive correlation would be expected. We believe the key diagram that constrains the likely processes responsible for high vs. low-Al magmas is Al 2 O 3 versus MgO (Fig. 11). As expected, our starting composition is among the most primitive samples that all have low Al 2 O 3 . As MgO starts to decrease, Al 2 O 3 increases slightly until about ~4 wt% MgO beyond which it decreases in the low-Al samples and increases rapidly in the high-Al samples. The trend of low-Al samples illustrates a fractionation trend that is consistent with an initial crystallization that starts out without or with little plagioclase leading to Al to behave as mildly incompatible element. Only at lower Mg contents, the amount of plagioclase is high enough leading to a decrease in Al. On the other hand, high-Al samples indicate continued and stronger increase in Al than in low-Al samples suggesting that plagioclase did not crystallize. Both scenarios could take place with the same hydrous parental magma. One time it crystallizes under lower pressure while in the other case, crystallization takes place under higher pressure suppressing plagioclase crystallization more strongly (e.g., [START_REF] Sisson | Temperatures and H (sub 2) O contents of low-MgO high-alumina basalts[END_REF][START_REF] Almeev | Storage conditions of Bezymianny Volcano parental magmas: results of phase equilibria experiments at 100 and 700 MPa[END_REF]. In both environments, clinopyroxene crystallizes as suggested by decreasing Sc contents in low as well as in high-Al samples (Fig. 11).

There is also petrographic evidence that this occurred. [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] identified a high-pressure crystallization environment based on a distinct mineral assemblage with Al-rich clinopyroxene but without plagioclase (see below). Our experiments reproduce lower pressure upper crustal conditions where plagioclase begins to crystallize less than 50 °C below the crystallization temperature of pyroxene, olivine and Ti-magnetite (Fig. 4) and it explains well why the experimental liquid compositions remain on the low-Al trend. Incompatible trace-element evolution would be similar under both conditions. In this regard, we also like to note that the observed mineral assemblage of a high-Al basalt does not necessarily need to be diagnostic of a deep crystallization because the observed minerals can be overprinted by additional shallow crystallization processes prior to the eruption. For example, sample ET3-1 (Fig. 1; Table 1) has a composition very close to the crystal-poor basalt MJS05-SCPN but is a high Al 2 O 3 sample and with low Cr (41 ppm) (no Sc concentrations are available) (Fig. 10; Table 1). This sample contains 15 vol% of phenocrysts with abundant plagioclase, clinopyroxene, orthopyroxene and spinel. The presence of plagioclase, orthopyroxene and spinel phenocrysts and the absence of olivine, as well as the high crystal content, and the composition of plagioclase (An 90 ), clinopyroxene (Mg# = 73-78, Wo 47 En 44 Fs 49 ), orthopyroxene (Mg# = 77) and spinel constrain crystallization of this assemblage to slightly lower temperature and lower H 2 O melt than crystal-poor basalt at 1,000-1,025 °C and 4 wt% H 2 O melt (XH 2 O in = 0.6-0.7), respectively (Figs. 4 5,6,7,8,9,.

Other evidence for minerals derived from crystallization at various pressures is based on the interpretation of melt inclusion data. The water content estimated from clinopyroxene and olivine-hosted melt inclusions in historic basalts ranges from 1 to 5.5 wt% [average 3.6 and 4.4 for melt inclusions in clinopyroxene and olivine, respectively, of ET3; [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF][START_REF] Wade | Prediction of magmatic water contents via measurement of H2O in clinopyroxene phenocrysts[END_REF]] and corroborate experimental observations (Fig. 12). [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF] proposed that the observed increase of water content with decreasing Mg# in clinopyroxene reflects isobaric, H 2 O-undersaturated crystallization, where H 2 O increases in the melt as crystallization proceeds, whereas melt inclusions in olivine record polybaric ascent-driven crystallization (H 2 O melt decreasing with decreasing Mg#). This agrees with early clinopyroxene crystallization followed by olivine crystallization (Fo 79 from water-rich basaltic melt with 4-5 wt% H 2 O (Fig. 4). The most primitive melt inclusions in basaltic tephra are high alumina basaltic liquids with composition very close to our starting composition (MJS05-SCPN; 51 wt% SiO 2 , 19-20 wt% Al 2 O 3 , Figs. 10,12).

Magma history of basaltic andesite of 1968-2010 eruptions

Although the bulk composition of the basaltic andesites that erupted at Arenal for 42 years from 1968 to 2010 shows minimal compositional variations (Fig. 10), particularly from 1970 onward [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF][START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF], the mineral compositions record a complex magma history Basaltic andesite,Wo43En44Fs11 [START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]2005). The results of our phase equilibria experiments can be used to address previously postulated crystallization environments beneath Arenal deduced from natural rocks [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] and to revisit petrogenetic scenarios of basaltic andesites in general.

As expected, the results of our experiments show clearly a strong influence of temperature and water content on phase equilibria and crystal proportion. The mineralogy of the crystal-poor basaltic andesite of the early stage (e.g., Ar7/68 with clinopyroxene-orthopyroxeneplagioclase-magnetite ± hornblende ± olivine, 7 vol% phenocrysts, Fig. 1b; Table 1) is consistent with waterrich basaltic andesitic magma stored at relatively high temperature prior to the eruption, whereas the basaltic andesites with high crystal content (plagioclase-clinopyroxene-orthopyroxene-magnetite ± olivine, up to 35 vol%, Fig. 1a) suggest lower temperature and/or lower water content. The latter conditions correspond with the mineral assemblage and compositions of the dominant environment (plagioclase + clinopyroxene + orthopyroxene + Ti-magnetite) [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF]) which formed after fractional crystallization of basaltic magmas. In addition to the dominant environment, observed mineral associations allowed [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] to define three minor crystallization environments. Minor environment I corresponds well with experimental conditions of early crystallization of water-rich basaltic magmas (3-4 wt% H 2 O) to crystallize Mg-richer olivine (Fo78-81) and clinopyroxene (Mg# = 78-85, up to 6 wt% Al 2 O 3 , Wo 43 ) during a temperature interval of 1,050-1,100 °C and oxidizing conditions (∆logfO 2 = NNO + 2-2.5) (Figs. 8,9; Table 3). Rare Fo 91 olivine found in 1968-2010 basaltic andesites [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] is also present in our starting basalt and further supports the inference that minor environment I reflects conditions during basaltic recharge below Arenal.

Among Arenal eruptive products, the characteristic association of low-Fo (Fo 71 to Fo 78 ) olivine and An-rich plagioclase but without orthopyroxene is occasionally observed and was named minor environment II [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF]. This mineralogical assemblage is reproduced experimentally at higher water content, leading to the crystallization of olivine at the expense of orthopyroxene. At 1,000 °C, this reaction occurs when the water content of the melt reaches 5-6 wt% H 2 O (Fig. 4). Spinel inclusions in low-Cr clinopyroxene are titanomagnetite and their compositions corroborate crystallization at high-temperature (1,000-1,050 °C) and oxidized conditions (Fig. 9). We reproduce the mineralogical assemblage but not the compositions of phases of minor environment III (clinopyroxene + Timagnetite ± olivine, no plagioclase, [START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] at high temperature (above 1,000-1,050 °C; Fig. 4). Low Mg# of natural clinopyroxene of this environment suggests more evolved melt compositions than achieved experimentally at high temperature. This in turn suggests that this plagioclase-free assemblage is not characteristic for high temperature (Fig. 4) but rather for higher pressure than our experimental conditions of 200 MPa. It is this environment that likely leads to the high-Al trend (Fig. 11). Also, Cr-Al-rich chromites observed in basaltic andesite have not been reproduced experimentally (Fig. 9). Continuous degassing of Arenal volcano during the 1968-2010 eruption and existing mineral and melt inclusion data [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF] suggest that evolution of basaltic magmas to more evolved magmas is taking place under fluid-saturated conditions but at variable water activities. Our experiments, which are all performed at fluid-saturated conditions, indicate that a decrease of temperature induces the change of the mineral assemblage clinopyroxene + olivine + magnetite (e.g., MJS05-SCPN) to clinopyroxene + orthopyroxene + plagioclase + magnetite as observed in basaltic tephra (e.g., ET3-1). The interstitial melt evolves to basaltic andesitic composition at the time of this change in crystallization assemblage (Fig. 10). However, at the investigated pressure, this evolution can only be reproduced at Basaltic andesite (1968Basaltic andesite ( -2003) ) from [START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF] and [START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]. Large circles are old tephra: ET3-1, ET3-2, and ET2 (see text). Small circles are melt inclusions in ET3 and ET6 normalized to 100 % anhydrous with FeO as FeOt [START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF]. HAG and LAG: high-and low-alumina group, respectively from [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF] 4.5 Figs. 10,12). In this sense, bulk compositions of crystal-rich basaltic andesites of the recent and earlier eruptions could represent liquid compositions [START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF][START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF]. However, the striking Fe-Mg discordance between, for example, orthopyroxene and bulk compositions but concordance with melt inclusion data of crystal-rich basaltic andesites [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF]) requires a more complicated scenario. Even though bulk compositions of basaltic andesites fall on the experimental LLD (Fig. 10), crystalrich natural magmas may have lost melt therefore moving the bulk composition back toward their basaltic parent along the trajectory of the LLD. [START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF] observe that as mafic magmas become crystal richer associated silicic magmas become crystal poorer from which they inferred the rise of a differentiated melt from a mafic magma into an overlying more silicic magma. [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF] also proposed that phenocryst-poor silicic magmas are the result of melt extraction from basaltic andesite based on compositional similarity of melt inclusions with silicic tephras. The process of loosing melt would be difficult to decipher from the a composition of the basaltic andesites alone yet would explain that most ferromagnesian silicates were in equilibrium with more evolved liquids like those recorded in melt inclusions [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF].

Basaltic andesites of the recent 1968-2010 eruption are mostly low-Al magmas with 18.5-19.5 wt% Al 2 O 3 except for the very early part of the eruption (1968)(1969) when magmas contain distinctly higher Al 2 O 3 with values above 20 wt% [START_REF] Reagan | Changes in magma composition at Arenal volcano, Costa Rica, 1968-1985: real-time monitoring of open-system differentiaiton[END_REF][START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF]. Using high-Al as signal of deep crystallization (see above), this would suggest that the first magmas of the 1968-2010 eruption evolved deeper in the crust and that ascent was relatively fast leaving little time for significant compositional overprint by shallower level crystallization. Ascent of these magmas was likely induced by recharge with basaltic magma of which evidence is found in mineral assemblage of minor environment I [START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]2005).

Relatively more evolved andesitic-dacitic tephra erupted sporadically in a few historic eruptions [i.e., ET2: 1525 A.D. radiocarbon age from [START_REF] Melson | Volume energy and cyclicity of eruptions of the Arenal Volcano, Costa Rica[END_REF]] ( [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF][START_REF] Bolge | Geochemical stratigraphy and magmatic evolution at Arenal Volcano, Costa Rica[END_REF]. The bulk rock compositions of such evolved tephra are on the LLD of our basaltic magma at low temperature (e.g., ET2, Fig. 10 and Table 1). Finding comparable andesitic melt inclusions in plagioclase and clinopyroxene of basaltic andesite, [START_REF] Streck | Plagioclase and pyroxene hosted melt inclusions in basaltic andesites of the current eruption of Arenal volcano, Costa Rica[END_REF] suggested that fractional crystallization of basaltic andesitic magmas produced such evolved liquids rather than a single state fractionation event of basaltic magma.

Conclusion

This study provides constraints on the pre-eruptive conditions of basaltic magma at Arenal volcano, the magmatic evolution toward more evolved compositions, and the different crystallization environments preserved in the mineralogy of erupted basaltic andesites of the recent 1968-2010 as well as earlier eruptions. Basaltic magmas are waterrich (4.5-5 wt% H 2 O) and crystallize small amounts of olivine, clinopyroxene and magnetite phenocrysts (<5 vol%) at 1,000-1,050 °C, 200 MPa and oxidizing condition (NNO + 1.5-2). The residual melt at these conditions is basaltic andesite (55 wt% SiO 2 ) and the composition mostly matches the composition of natural basaltic andesite observed at Arenal under fluid-saturated conditions but variable water activities.

At 1,000 °C and 200 MPa, a decrease of water content by approximately 1 wt% induces significant changes in the mineral assemblage from olivine + clinopyroxene + plagioclase (5 wt% H 2 O in the melt) to clinopyroxene + plagioclase + orthopyroxene (4 wt% H 2 O in the melt) and match observed mineral assemblages in crystal-rich basalt (≥15 vol%) and basaltic andesitic tephras and lava flows.

The lack of orthopyroxene and the presence of amphibole, as also observed in basaltic andesitic tephra units of earlier eruptive phases, further indicate nearly water-saturated conditions at temperature lower than 950 °C.

The compositions of the experimental melts generally reproduce the compositional trends of the natural rock suite indicating that phase assemblages and compositions crystallizing at ~200 MPa are indeed controlling the natural LLD. Exceptions are P and Ti which have higher concentrations than observed in the natural suite and are best explained by open-system processes (contamination or assimilation of Ti-and P-poor continental crust) affecting the natural compositions. In light of our experimental results, that reflect liquid evolution at upper crustal conditions, the two compositional groups at Arenal previously known as low-and high-Al 2 O 3 group [START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF]) are most likely the result of crystallization in the crust under low-and higher pressure conditions, respectively. Using high-Al as signal of deeper crystallization, the first magmas of the 1968-2010 eruption evolved deep in the crust and ascent was relatively fast leaving little time for significant compositional overprint by shallower level crystallization. Continuous degassing may contribute to persistent small-scale explosive activity-so characteristic for the recent eruption and was promoted by crystallization of the water-rich magmas at Arenal.
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 1 Fig. 1 Microphotographs of crystal-poor and crystal-rich basalt and basaltic andesite tephras from Arenal volcano. a Ar7/71 (35 vol% crystal, 55 wt% SiO 2 ); b Ar7/68 (7 vol% crystal, 56 wt% SiO 2 ); c

Fig. 2

 2 Fig. 2 Microphotograph of crystal-poor basalt (MJSO5-SCPN, starting material)
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 3 Fig. 3 Backscattered electron images of run products. a Run #1, 1,050 °C, XH 2 O in = 1; b Run #5, 1,050 °C, XH 2 O in = 0.6; c Run #7, 1,000 °C, XH 2 O in = 0.9; d Run #8, 1,000 °C, XH 2 O in = 0.7. cpx clinopyroxene, mag magnetite, ol olivine, opx orthopyroxene, pl plagioclase
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 45 Fig. 4 Phase relations in experimental runs with basaltic andesite (MJS05-SCPN) as a function of temperature and a initial fluid composition (XH 2 O in ) and b water content in the glass at 200 MPa. Only experiments where analysis of melt was possible are reported in b. cpx clinopyroxene, hbl hornblende, mag magnetite, ol olivine, opx orthopyroxene, pl plagioclase
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 67 Fig. 6 Variation of An content of experimental and natural plagioclase with a temperature and b initial fluid composition (XH 2 O in). Numbers in italic are H 2 O content in glass (wt%). Natural plagioclases are microcrystals in the matrix. Arrows are for highest values for plagioclase in natural samples (this study) Anorthite content 90
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 8 Fig. 8 Composition of clinopyroxene versus a water content in glass and b oxygen fugacity.Arrows are for highest values for clinopyroxene in natural samples [this study[START_REF] Streck | Mineral inventory of continuously erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting monotonous, crystal-rich, mafic arc stratigraphies[END_REF] 
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 9 Fig.9Variation of magnetite composition in experimental runs and natural tephra from Arenal (this study and[START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]. a ulvöspinel content vs. oxygen fugacity, and b MgO versus TiO 2 (wt%)

Fig. 10

 10 Fig. 10 Composition of experimental glasses and natural tephras and lavas from Arenal.Basaltic andesite (1968Basaltic andesite ( -2003) ) from[START_REF] Ryder | Closedto open-system differentiation at Arenal volcano (1968-2003)[END_REF] and[START_REF] Streck | The role of basalt replenishment in the generation of basaltic andesites of the ongoing activity at Arenal volcano, Costa Rica: evidence from clinopyroxene and spinel[END_REF]. Large circles are old tephra: ET3-1, ET3-2, and ET2 (see text). Small circles are melt inclusions in ET3 and ET6 normalized to 100 % anhydrous with FeO as FeOt[START_REF] Wade | The volatile content of magmas from Arenal volcano[END_REF]. HAG and LAG: high-and low-alumina group, respectively from[START_REF] Borgia | Structural, stratigraphic, and petrologic aspects of the Arenal-Chato volcanic system, Costa Rica: evolution of a young stratovolcanic complex[END_REF] 
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 11 Fig. 11 Variation of a Al 2 O 3 versus MgO, b Al 2 O 3 versus SiO 2 , c Sc versus SiO 2 and d Sc versus MgO content in basaltic tephra MJS05-SCPN (black square) and Arenal lavas and tephras (diamonds) from Bolgeet al. (2006) 

Table 1

 1 

	Composition of natural samples and starting material	wt%	Ar7/68	ET3-1	ET3-2	ET2	MJS05-SCPN	MJS05-SCPN
	(glass)		Bulk rock a	Bulk rock a	Bulk rock a	Bulk rock a	Bulk rock b	Glass	n = 5
		SiO 2	55.99	50.56	54.90	61.55	50.76	50.70	(0.40)
		TiO 2	0.57	0.63	0.57	0.75	0.84	0.82	(0.02)
		Al 2 O 3	20.30	20.83	20.44	16.70	18.52	18.47	(0.17)
		FeO a	6.95	9.16	8.03	6.63	9.31	9.20	(0.16)
	Bulk rock composition from XRF analysis performed at the Universities of Geneva a and	MnO MgO	0.15 2.96	0.16 5.13	0.17 3.02	0.08 1.99	0.19 5.95	0.18 5.98	(0.04) (0.05)
	Washington b . Glass composition	CaO	8.77	10.69	8.92	5.30	10.84	10.90	(0.11)
	from microprobe analysis, University of Montpellier. n, number of microprobe	Na 2 O K 2 O	3.41 0.70	2.28 0.41	3.13 0.63	3.98 2.53	2.72 0.63	2.70 0.65	(0.01) (0.05)
	analyses; bracketed number,	P 2 O 5	0.19	0.16	0.20	0.22	0.24	0.22	(0.02)
	X-ray counting error and	Total	99.99	100.00	100.00	99.74	100.00	99.82	(0.50)
	range of determined values; Mg# = Mg + Fet*100, molar	Mg#	43.0	49.8	40.0	34.8	53.1	53.6	

temperature) were loaded into the capsule. The rock powder was added in a second stage. All experiments are fluid saturated, and the weight proportion of fluid components H 2 O + CO 2 [(H 2 O + CO 2 )/(H 2 O + CO 2 + silicate), in

Table 2

 2 Experimental conditions and mineral assemblage XH 2 O

		T °C	XH 2 O in	Log fO 2	∆ NNO	H 2 O melt	Phase proportions (vol%)
	Starting material						
	MJS05-SCPN						ol(1.5), cpx(0.7), opx(0.3), pl(0.3), mag(0.2)
	Experimental runs-P = 200 MPa MJS05 #1 MJS05 #3 MJS05 #2 MJS05 #4 MJS05 #5 MJS05 #6 MJS05 #7 MJS05 #8 MJS05 #9 MJS05 #10 MJS05 #11 MJS05 #12 MJS05 #13 MJS05 #14 MJS05 #15 MJS05 #16 MJS05 #17	1,050 1,050 1,050 1,050 1,050 1,000 1,000 1,000 1,000 1,000 950 950 950 950 950 900 900	1.00 0.87 0.85 0.55 0.35 1.00 0.86 0.76 0.54 0.36 1.00 0.87 0.76 0.57 0.34 1.00 0.87	-6.93 -7.05 -7.14 -7.46 -7.85 -7.67 -7.80 -7.91 -8.21 -8.56 -8.47 -8.60 -8.71 -8.96 -9.40 -9.34 -9.46	2.55 2.43 2.35 2.02 1.63 2.55 2.43 2.32 2.01 1.66 2.55 2.43 2.31 2.06 1.63 2.55 2.43	4.98 4.38 4.39 3.16 2.54 6.25 5.20 5.43 n.d. n.d. 6.11 n.d. n.d. n.d. n.d. n.d. n.d.	mag (3) mag (3) cpx(3), mag(2) cpx(7), ol(2), mag(2) cpx(9), opx(2), mag(4) ol(2), cpx(9), pl(10), mag(2) ol(5), cpx(9), pl(20), mag(4) cpx(9), opx(4), pl(22), mag(6) cpx, opx, pl, mag cpx, opx, pl, mag cpx(13), pl(25), hbl(5), mag(2) cpx, opx, pl, hbl, mag cpx, opx, pl, mag cpx, opx, pl, mag cpx, opx, pl, mag cpx, pl, hbl, mag, ap

in : initial fluid composition (H 2 O/(H 2 O + CO 2 ): molar), NNO: is nickel-nickel oxide buffer (expressed as ∆logfO 2 ), n.d.: not determined, volume % estimated using image analyses of whole thin section, in italic: crystal expected, cpx: clinopyroxene, opx: orthopyroxene, ol: olivine, hbl: hornblende, pl: plagioclase, mag: magnetite, ap: apatite cpx, opx, pl, hbl, mag, ap MJS05 #18 900 0.76 -9.58 2.31 n.d. cpx, opx, pl, mag MJS05 #19 900 0.54 -9.88 2.02 n.d. cpx, opx, pl, mag MJS05 #20 900 0.39 -10.16 1.73 n.d. cpx, opx, pl, mag ol cpx mag pl 1 mm

Table 3 )

 3 . The Al 2 O 3 content in clinopyroxene strongly decreases with decreasing H 2 O melt (and increasing crystallinity) from 6 wt% Al 2 O 3 for H 2 O melt = 4.4 wt% to 4.2 wt% Al 2 O 3 for H 2 O melt = 2.5 wt% at 1,050 °C and from 5.5 wt% Al 2 O 3 for H 2 O melt = 6.3 wt% to 4.6 wt% Al 2 O 3 for H 2 O

melt = 5.2 wt% at 1,000 °C. TiO 2 is constant (0.7-0.8 wt%) in all experimental clinopyroxene.

Table 3

 3 Phase compositions from phase equilibria experiments and bulk rock composition of natural samples : calculated water content in experimental melt; n: number of analyses; bracketed number: X-ray counting error and range of determined values; ol: olivine, cpx: clinopyroxene, opx:

	X	6.3	54.4	76.8	8.8	33.0	7.4	54.4	80.0	78.2	13.9	47.9	76.2	77.8	19.7	44.0	85.3	79.5	86.5	9.4	55.2	83.6	80.8	81.4	12.1	52.8	79.3	82.6	13.4	50.0	77.3	79.5	18.3	74.4	72.6	0.3
	H 2 O m		4.98 (0.44)			4.38 (0.44)		4.39 (0.20)				3.16 (0.43)				2.54 (0.30)					6.25 (0.36)					5.20 (0.30)				5.43						
	Total	97.97	93.87	100.30	94.11	94.56	95.12	94.54	99.69	100.42	96.03	95.97	100.29	99.73	96.27	96.67	99.98	100.98	100.38	97.27	92.41	100.07	100.83	100.46	97.22	93.62	100.47	100.53	97.50	93.36	100.74	100.50	96.71	101.18	100.70	96.61
	P 2 O 5		0.29 (0.05)			0.28 (0.04)		0.27 (0.02)				0.37 (0.07)				0.50 (0.10)					0.32 (0.04)					0.43 (0.09)				0.37						
	K 2 O		0.59 (0.02)			0.64 (0.01)		0.60 (0.02)				0.82 (0.04)				1.24 (0.08)			0.08 (0.04)		0.71 (0.09)			0.11 (0.03)		0.92 (0.04)				1.21						
	MgO CaO Na 2 O	6.92 (0.03) 0.32 (0.02)	5.39 (0.03) 10.20 (0.03) 2.23 (0.09)	14.40 (0.25) 21.54 (0.45) 0.34 (0.03)	6.55 (0.07) 0.33 (0.02)	5.25 (0.07) 9.65 (0.15) 2.38 (0.18)	7.01 (0.05) 0.33 (0.03)	0.20 (0.02) 10.24 (0.07) 2.47 (0.06)	40.78 (0.09) 0.24 (0.02)	15.45 (0.35) 20.52 (0.28) 0.39 (0.03)	5.17 (0.03) 0.33 (0.03)	3.77 (0.24) 9.11 (0.57) 2.81 (0.04)	15.23 (0.80) 19.12 (0.31) 0.44 (0.18)	26.16 (0.61) 2.23 (0.42) 0.09 (0.07)	4.63 (0.05) 0.37 (0.05)	3.35 (0.29) 7.96 (0.56) 2.94 (0.42)	44.67 (0.14) 0.17 (0.02)	14.51 (0.37) 22.29 (0.24) 0.39 (0.04)	0.37 (0.25) 16.97 (0.44) 1.41 (0.09)	6.27 (0.07) 0.33 (0.07)	4.28 (0.06) 8.26 (0.08) 1.54 (0.70)	43.60 (0.18) 0.19 (0.03)	15.58 (0.30) 21.14 (0.23) 0.37 (0.07)	0.40 (0.14) 15.85 (0.49) 1.93 (0.20)	5.57 (0.03) 0.45 (0.21)	3.71 (0.02) 7.36 (0.07) 2.12 (0.53)	15.02 (0.52) 20.87 (0.41) 0.43 (0.04)	28.83 (0.24) 1.62 (0.12) 0.05 (0.01)	5.25 (0.05) 0.39 (0.10)	3.43 6.39 1.59	14.89 (0.63) 19.49 (0.14) 0.48 (0.06)	26.89 (0.90) 2.08 (0.31) 0.15 (0.07)	4.56 (0.12) 0.33 (0.06)	14.82 (0.36) 18.90 (0.17) 0.55 (0.16)	19.36 0.37 3.58	4.56 (0.32) 0.60 (0.12)
	Al 2 O 3 FeO* MnO	7.96 (0.32) 72.39 (1.34) 0.28 (0.03)	16.61 (0.15) 7.87 (0.20) 0.17 (0.02)	5.97 (0.61) 7.74 (0.60) 0.20 (0.02)	8.12 (0.04) 71.27 (0.40) 0.29 (0.04)	16.46 (0.15) 7.96 (0.17) 0.19 (0.03)	8.82 (0.08) 71.46 (0.27) 0.28 (0.01)	16.68 (0.04) 7.95 (0.07) 5.44 (0.11)	0.05 (0.03) 17.72 (0.19) 0.42 (0.02)	4.50 (0.57) 7.68 (0.56) 0.30 (0.03)	6.30 (0.01) 74.67 (0.23) 0.34 (0.04)	17.82 (1.01) 7.15 (0.39) 0.17 (0.02)	4.25 (1.23) 8.46 (0.30) 0.34 (0.02)	2.83 (0.67) 13.31 (0.36) 0.46 (0.03)	5.72 (0.19) 74.49 (0.59) 0.36 (0.04)	16.85 (1.18) 7.38 (0.65) 0.24 (0.04)	0.02 (0.01) 13.33 (0.12) 0.40 (0.02)	5.55 (0.46) 6.68 (0.40) 0.20 (0.01)	32.81 (1.08) 1.39 (0.22)	6.87 (0.06) 75.02 (0.50) 0.38 (0.03)	17.10 (0.19) 5.97 (0.09) 0.21 (0.04)	0.03 (0.03) 14.79 (0.15) 0.43 (0.02)	4.63 (0.56) 6.61 (0.51) 0.28 (0.02)	31.77 (0.74) 1.36 (0.14)	6.12 (0.32) 75.43 (0.51) 0.39 (0.04)	16.67 (0.03) 5.74 (0.09) 0.16 (0.05)	5.08 (0.56) 6.98 (0.38) 0.31 (0.04)	2.74 (0.40) 10.85 (0.25) 0.47 (0.02)	5.82 (0.06) 76.02 (0.37) 0.42 (0.04)	17.65 5.93 0.17	4.61 (0.95) 7.80 (0.30) 0.37 (0.02)	2.94 (0.89) 12.37 (0.27) 0.54 (0.04)	4.85 (0.06) 75.72 (0.42) 0.44 (0.04)	4.24 (0.45) 9.09 (0.68) 0.40 (0.02)	8.52 13.00 0.49	4.28 (0.07) 72.44 (1.60) 0.38 (0.00)
	XH 2 O SiO 2 TiO 2	1.00 0.26 (0.04) 1.78 (0.03)	49.75 (0.19) 0.77 (0.02)	0.87 48.93 (0.80) 0.75 (0.08)	0.22 (0.05) 2.33 (0.01)	50.95 (0.25) 0.80 (0.02)	0.22 (0.05) 1.95 (0.02)	49.97 (0.16) 0.73 (0.03)	0.55 40.47 (0.17) 0.01 (0.01)	50.59 (0.80) 0.71 (0.14)	0.29 (0.08) 3.88 (0.02)	53.13 (0.73) 0.82 (0.06)	0.35 51.76 (0.46) 0.68 (0.11)	54.55 (0.48) 0.30 (0.03)	0.48 (0.25) 5.43 (0.09)	55.22 (0.25) 1.00 (0.11)	1.00 41.38 (0.14) 0.02 (0.01)	50.39 (0.32) 0.74 (0.06)	47.28 (0.69) 0.08 (0.05)	0.28 (0.17) 2.80 (0.02)	53.26 (0.51) 0.77 (0.01)	0.86 41.01 (0.18) 0.02 (0.02)	51.17 (1.19) 0.75 (0.15)	48.94 (0.42) 0.10 (0.04)	0.49 (0.44) 3.56 (0.06)	55.95 (0.29) 0.85 (0.03)	0.76 50.84 (0.53) 0.75 (0.06)	55.70 (0.48) 0.24 (0.03)	0.46 (0.23) 3.97 (0.04)	56.11 0.86	0.54 52.29 (1.00) 0.70 (0.15)	55.45 (0.47) 0.28 (0.05)	0.39 (0.27) 5.45 (0.04)	0.36 52.42 (0.72) 0.71 (0.12)	56.21 0.35	3.57 (1.70) 6.69 (0.18)
	Run n T(°C)	#1 mag 3 1050	gl 5	#2 cpx 5 1050	mag 4	gl 5	#3 mag 3	gl 11	#4 ol 5 1050	cpx 5	mag 8	gl 9	#5 cpx 3 1050	opx 6	mag 4	gl 3	#6 ol 14 1000	cpx 4	pl 11	mag 2	gl 4	1000 #7 ol 9	cpx 5	pl 9	mag 5	gl 4	1000 #8 cpx 6	opx 6	mag 2	gl 1	1000 #9 cpx 7	opx 6	mag 3	1000 #10 cpx 5	opx 1	mag 2

m orthopyroxene, hbl: hornblende, mag: magnetite, gl: glass; X= Fo for ol, An for pl, Mg# for hbl, cpx, opx, glass (=Mg+Fet*100, molar), Xulvo for mag
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