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Mineralogy and Petrology (2001) 71: 31±49
 Plagioclase morphologies in assimilationexperiments. Implications for disequilibriummelting in the generation of granodiorite rocks
 A. Castro
 Department of Geology, University of Huelva, Huelva, Spain
 With 5 Figures
 Received December 7, 1999;revised version accepted April 14, 2000
 Summary
 Assimilation experiments have been performed using a crustal contaminant and severalbasaltic compositions in order to study the morphologies of plagioclase crystalsproduced in the course of the assimilation reactions. A Crd-Bt anatectic gneiss was usedas a crustal contaminant. Both a synthetic basaltic glass, with the composition of a high-Al ocean tholeiite, and a natural Hb gabbro were used as basaltic compositions.Experiments were carried out at temperatures in the range 900±1100 �C and at pressuresof 4, 5 and 10 kbar. Plagioclase crystals with skeletal and honeycomb morphologies areproduced in the assimilation experiments. These morphologies result from destabilisa-tion of the crystal-melt interface caused by the disequilibrium production of a Ca-richmelt. The production of the Ca-rich metastable melt is the result of reaction betweentwo compositionally dissimilar systems, pelite and basalt. This interpretation, based onthe kinetics of plagioclase and melt production, may be applied to granodiorite rockscharacterised by plagioclase with Ca-rich, skeletal cores.
 Zusammenfassung
 Plagioklas-Morphologie und Assimilations-Experimente: Die Bedeutung von Ungleich-gewichts-SchmelzvorgaÈngen bei der Entstehung von Granodioriten
 Assimilations-Experimente mit einer krustalen Komponente und verschiedenenbasaltischen Zusammensetzungen wurden durchgefuÈhrt, um die Morphologien vonPlagioklas-Kristallen, die im Laufe von Assimilations-Reaktionen entstehen, zustudieren. Ein CRD-PT anatektischer Gneis wurde als krustale Beimengung benuÈtzt.Ein synthetisches basaltisches Glas mit der Zusammensetzung eines Al-reichenozeanischen Tholeiites und ein natuÈrlicher Hb-Gabbro wurden als basaltischeZusammensetzungen verwendet. Die Experimente wurden bei Temperaturen zwischen
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900 und 1.100� und bei Drucken von 4, 5 und 10 kb durchgefuÈhrt. Plagioklas-Kristallemit skelettartigen und Bienenwaben-foÈrmigen Morphologien entstehen bei denAssimilations-Experimenten. Diese Morphologien sind das Ergebnis der Destabilisa-tion der Kristall-Schmelze-Kontakt¯aÈche, die durch die Entstehung einer imUngleichgewicht be®ndlichen Ca-reichen Schmelze gefoÈrdert wird. Die Entstehungvon Ca-reichen metastabilen Schmelzen geht auf die Reaktion zwischen zwei in derZusammensetzung verschiedenen Systemen, Pelit und Basalt, zuruÈck. Diese Inter-pretation, die auf der Kinetik von Plagioklas und Schmelz-Entstehung basiert, kann aufgranodioritische Gesteine angewendet werden, die durch Plagioklasse mit Ca-reichen,skelettfoÈrmigen Kernen gekennzeichnet sind.
 Introduction
 The complex zoning patterns of plagioclase crystals found in many igneous rockshave attracted the attention of petrologists for a long time. Studies by Vance (1962),Wiebe (1968) and Hibbard (1981), among others, have revealed the importance ofunderstanding plagioclase textures as a way of reconstructing magma chamberhistories. Complex zoning patterns are preserved in plagioclase owing to thecoupling of the CaNaÿ1 interchange with the thetrahedral AlSiÿ1 substitution, forwhich the diffusion rate (D) is very low, even at high temperature (D is about10ÿ18 cm2sÿ1 at 1000 �C, Grove et al., 1984). These complex zoning patterns recordcomplex crystal morphologies produced as the crystals grew from a silicate melt.Attempts to interpret the petrological implications of complexely zoned plagioclasecrystals in igneous rocks have been made (e.g. Hibbard, 1981) on the basis of theend-member Ab-An system, studied by Bowen (1913) and Yoder et al. (1957).However, expriments whose aim was to produce crystal morphologies in complexsilicate systems are very scarce. Lofgren (1974) determined experimentally thedifferences in morphology of plagioclase crystals produced at different rates ofundercooling. The experimental studies by Tsuchiyama (1985a, b, c) andTsuchiyama and Takahashi (1983) addressed the kinetics of plagioclase crystal-lization, melting and dissolution. Because compositional changes may be animportant cause for the development of complex plagioclase zoning patterns innature, at least in plutonic and subvolcanic environments (see Hibbard, 1981), wehave performed experiments on mixed basalt-pelite natural systems in order tostudy how compositional changes control the development of complex morphol-ogies in plagioclase crystals formed in the course of the basalt-pelite and basalt-granite reactions. The results of this experimental study are then compared tonatural examples of complexely zoned plagioclase crystals from granodiorite andtonalite rocks.
 Starting materials and experimental procedures
 Starting materials and experimental conditions
 Table 1 shows the chemical and mineralogical compositions of the starting materialsused in this study. The textural and compositional features of plagioclase in the rockmaterials are also shown in Table 1. A synthetic high-Al olivine tholeiite (HAOT,PatinÄo Douce, 1995), and a natural Hb gabbro from Puente del Congosto near
 32 A. Castro
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Salamanca (Castro et al., 1999), were used as the basalt end-members for differentassimilation experiments. Experiments with the HAOT synthetic glass simulate theeffect of a crystal-free melt in reaction with a pelitic gneiss. The aim of using anatural gabbro is to study the effects of pre-existing Ca-rich Pl crystals on theassimilation. Both situations are possible in nature depending on the crystal contentof the basaltic magma when it intrudes and assimilates crustal rocks. The peliticgneiss used in these assimilation experiments is a Bt-Crd anatectic gneiss (Castro etal., 1999). This rock was chosen because it represents a typical crustal protolith inmany orogenic environments. This rock is the high-grade equivalent of the Ollo deSapo gneiss, which is considered to be a likely crustal protolith for Iberianleucogranites (Castro et al., 1999, 2000). A powdered leucogranite (Castro et al.,1999) has also been used as a crustal contaminant, mixed in a 1:1 proportion withthe HAOT synthetic glass and with 4 wt% of added water. This experiment is anattempt to reproduce a magma-mixing process in which the crustal contaminant isan anatectic granite melt rather than a migmatite. The difference is importantbecause, (1) the activity of alumina is higher in the migmatite compared to thegranite melt, and (2) in the magma-mixing case there are only reactions betweenmelts, with no effects from pre-existing solid phases.
 Experimental conditions are listed in Table 2. The characteristic assemblageproduced in the assimilation experiments is Opx, Pl and a K-rich granodiorite melt,regardless of the phases present in the starting materials. Consequently, in order to
 Table 1. Chemical and modal compositions of starting materials
 SampleRock type
 A7972Bt-Crd gneiss
 A89552-mica granite
 AII9648Hb gabbro
 HAOT glassHigh-Al basalt
 Whole-rock compositions
 SiO2 68.6 73.4 50.09 46.9TiO2 0.48 0.09 0.59 0.9Al2O3 15.69 14.9 12.38 18.8FeO(t) 3.55 1.09 9.19 8.13MnO 0.07 0.03 0.15 0.2MgO 1.36 0.21 15.13 11.0CaO 0.87 0.48 6.25 11.9Na2O 2.82 3.89 1.72 2.2K2O 4.56 4.47 1.41 0.1P2O5 0.23 0.5 0.14 0.23LOI 1.26 0.75 1.82 ±Total 99.93 99.94 100.01 100.00
 Textural and compositional features of plagioclase
 Mol. % An 16 0 to 5 50 to 74 ±Modal abundance 12% 20% 33% ±Zoning No zoning Continuous
 zoningContinuouszoning
 ±
 Morphology Anhedral/subhedral
 Subhedral Euhedral/Subhedral
 ±
 Plagioclase morphologies in assimilation experiments 33
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interpret the effects of assimilation on crystal morphologies, we need an appropriatephase diagram with the solidus and liquidus curves for our particular system Pl-Opx-melt. Some experiments have been performed in order to get the equilibriumcompositions of Pl and melt at different temperatures in the range from 900 to1100 �C and at the reference pressure of 4 kbar. Experiments at other pressures (5and 10 kbar) were also carried out for comparison with those at 4 kbar. This pressure(4 kbar) was adopted as the reference pressure (the reference temperature is around1000 �C) for this experimental study because based on our geological observations,it represents the most plausible conditions, at mid to upper crustal levels, at whichassimilation and magma mixing occur. However, comparisons with the results athigher pressures (5 and 10 kbar) may be of interest. Finally, one temperature-programmed crystallisation experiment was conducted (Table 2, run AC 86) inorder to identify possible textural changes during crystallisation.
 Experimental procedure
 The basaltic and crustal end-members were mechanically mixed in a weightproportion of 1:1. Such mixture is interpreted to simulate the reaction that mayoccur when wall rock fragments are disaggregated and assimilated in a basalticmagma chamber, or when a dense network of basaltic dikes intrudes an anatecticzone. Using powders increases the reaction kinetics so that equilibrium occurs
 Table 2. Experimental conditions and results of the basalt-pelite assimilation experiments
 RunN�
 P(kbar)
 T(�C)
 Duration(h)
 Vesicies Assemblage and mode(vol. %)
 Habit ofplagioclase
 mol.% An(in Pl)
 mol.% An(in melt)
 50 wt.% Hb gabbro�50 wt.% Bt, Crd gneissAC19 10 1000 172 no Opx (23), Pl (19), melt (58) Skeletal and
 honeycomb51 44
 AC41 4 1000 223 yes Opx (28), Pl (12), melt (60) Skeletal andhoneycomb
 70 50
 AC86 10 980to800
 13725
 no Opx (35), Pl (55), melt (10) homeycomb,glass inclusions
 50 35ÿ25
 AC95 4 900 95 yes Opx (28), Pl (40), melt (21) Skeletal andhoneycomb
 50 24
 AC97 4 1100 24 yes Opx (14), melt (77) skeletal Opx ± ±
 48 wt.% HAOT�48 wt.% Leucogranite�4 wt% added H2OAC94 5 975 24 yes Px (10), Pl (8), melt (67) tabular, boxy 66 42
 50 wt.% HAOT�50 wt% Bt, Crd gneissAC99 4 980 8 no Opx (11), Pl (42), melt (45) Honeycomb,
 Opx�Plintergrowths
 62 41
 AC99R 4 950 20 no Opx (13), Pl (50), melt (41) Honeycomb,Opx�Plintergrowths
 57 39
 34 A. Castro
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within 10 hours or less according to experimental tests developed for this study attemperature about 1000 �C. Experiments were carried out in end-loaded, solid-media piston-cylinder apparatus at the University of Huelva, with 12.7 mm (0.5 inch)diameter NaCl-graphite cell assemblies for experiments at pressures of 10 kbar andwith CaF2-graphite cell assemblies of the same diameter for experiments at 4 and5 kbar. Samples were contained in welded Au capsules, 2.4 mm inner diameter with0.3 mm wall, containing 10 mg of ®nely-crushed (ca. 10 mm), dry sample. Inexperiments with added H2O, the appropriate amount of water was added with amicrosyringe. Weight loss in capsules with added H2O, was monitored duringwelding, and the capsules were also checked for leaks before the experiments byverifying that no weight loss (�0.1 mg) occurred after 2 h in an oven at 130 �C. APt capsule was used for an experiment at 1100 �C. Iron loss to the Pt capsule waschecked by analyzing the total iron of the run product (by means of the modalabundances and mineral compositions) and comparing it with the runs using goldcapsules with the same starting materials. Iron loss to the Pt capsule was less than5 wt.% relative to Fe loss to the Au capsule. In the experiment with added water,the total duration was limited to 24 h in order to minimize water loss by diffusionthrough the capsule material (PatinÄo Douce and Beard, 1994). Capsules wereexamined for tears and weighed after the experiments. No weight loss was detectedin the experiments reported in this paper. Temperatures were measured andcontrolled with Pt100-Pt87Rh13 thermocouples feeding Eurotherm 808 controllerswith internal ice point compensators. Temperature stability during all runs was�5 �C. The controller was also used for programmed cooling experiments. Thereported pressures are oil pressures measured with electronic DRUCK PTX 1400pressure transmitters, feeding OMRON E5CK controllers, multiplied by ratio ofram-to-piston areas, and were manually maintained within �5 bar of oil pressure(ca. 250 bar on the sample). Experimental products were mounted in epoxy, sawedin half and polished. Textures were studied in a SEM using backscattered electron(BSE) images (Z-contrast).
 Modal compositions and EDS analyses
 Modal proportions of glass (quenched melt) and neoformed phases were determinedby image analysis using BSE (Z-contrast) images and the NIHimage software. Themodal percentages given in Table 2 are average values from several different areasof each run. Glass and crystalline phases were analysed using a LINK-ISIS energy-dispersive spectrometer mounted on a scanning electron microscope (JEOL-JSM5410) at the University of Huelva. Operating conditions were 15 kV acceleratingvoltage and 100 s of effective counting time. Matrix corrections were made usingthe ZAF procedure. A combination of silicates, oxides and pure metals were used asstandards (wollastonite for Ca and Si, jadeite for Na, orthoclase for K, corundum forAl, periclase for Mg, metallic Fe and Ti for Fe and Ti).
 If the available clean surface of mineral grains or glass was large enough, theanalyses were performed scanning the 1mm beam over an area of about 6mm2. Thistechnique minimises Na loss in Pl and glass, and also gives good results for the restof the elements. Even using this procedure, Na loss from glass is appreciable, andmust be corrected by measuring Na contents at 1/3 of the total counting time. We
 Plagioclase morphologies in assimilation experiments 35
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Table 3. Chemical compositions (in wt.%) of melts and silicate phases of the run products
 SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Total 100-Total Mol % An Habit of Pl
 AC-19: 50 wt. % Hb gabbro�50 wt.% Bt, Crd gneiss (1000 �C/10 kbar)MELTS (n� 3)Average 69.26 0.86 16.68 0.88 1.08 3.35 3.02 4.87 100.00 7.65 38.0STD 0.45 0.08 0.15 0.49 0.18 0.19 0.07 0.13PLAG 56.69 0 26.96 0 0 9.53 5.03 0.88 99.09 51.1 Skeletal
 54.61 0 27.65 0 0 10.94 4.71 0.74 98.65 56.2 Skeletal55.06 0 27.83 0 0 11.03 4.59 0.8 99.31 57.0 Skeletal50.97 0 31.03 0.28 0 12.73 3.64 0.48 99.13 65.9 Rounded, relict51.55 0 29.52 0.43 1.21 13.08 2.83 0.6 99.22 71.9 Relict core
 OPX (core) 54.35 0.32 3.32 13.24 27.56 1.08 0 0 99.87OPX (rim) 54.11 0.29 1.59 17.56 23.19 1.23 0 0 97.97
 AC-41: 50 wt.% Hb gabbro�50 wt.% Bt, Crd gneiss (1000 �C/4 kbar)MELTS (n� 6)Average 68.30 0.83 16.80 1.42 1.69 4.12 3.06 3.79 100.00 6.76 42.7STD 0.21 0.10 0.10 0.11 0.08 0.06 0.14 0.05PLAG 49.89 0 31.28 0 0 15.45 2.72 0.33 99.67 75.8 Skeletal
 50.74 0 30.79 0 0 14.79 2.75 0.34 99.41 74.8 Skeletal50.62 0 30.64 0 0 15.06 2.92 0.53 99.77 74.0 Skeletal51.09 0 29.25 0.67 0 13.63 2.75 0.72 98.11 73.3 Skeletal50.95 0.36 29.88 0.41 0 14.22 2.59 0.55 98.96 75.2 Skeletal52.3 0 28.84 0.43 0 13.36 3 0.69 98.62 71.1 Skeletal47.02 0 32.62 0 0 16.64 2.11 0.19 98.58 81.3 Rounded, relict47.35 0 33.16 0.36 0 16.94 1.83 0.12 99.76 83.6 Rounded, relict
 OPX (core) 55.48 0.39 1.82 9.21 30.63 1.14 0 0 98.67OPX (rim) 54.08 0.54 1.73 16.74 25.41 1.5 0 0 100
 AC-86: 50 wt.% Hb gabbro�50 wt.% Bt, Crd gneiss (980 to 800 �C/10 kbar)MELTS (n� 3)Average 75.55 0.26 13.45 0.98 0.29 1.36 2.52 5.59 100.00 7.41 23.0STD 0.15 0.19 0.26 0.10 0.10 0.08 0.21 0.03PLAG 54.13 0 29.17 0.5 0 11.74 4.44 0.59 100.57 59.4 Skeletal
 58.39 0 25.94 0.77 0 8.69 5.1 1.43 100.32 48.5 Skeletal54.83 0 28.86 0.17 0 11.48 4.68 0.83 100.85 57.5 Skeletal54.54 0 28.54 0 0 11.46 4.25 0.96 99.75 59.8 Skeletal
 AC-95: 50 wt.% Hb gabbro�50 wt.% Bt, Crd gneiss (900 �C/4 kbar)MELTS (n� 5)Average 72.64 0.31 14.28 2.18 1.07 1.25 2.61 5.65 100.00 7.48 20.9STD 1.45 0.16 0.96 0.34 0.51 0.54 0.21 0.39PLAG 47.76 0 33.19 0 0 16.36 1.86 0 99.17 82.9 Rounded, relict
 50.01 0 31.76 0.47 0 14.56 2.57 0.53 99.9 75.8 Rounded, relict57.11 0 26.08 0.63 0 9.37 4.68 1.25 99.12 52.5 Skeltal57.16 0 26.27 0.63 0 9.32 5.16 1.08 99.62 50.0 Skeltal58.15 0.4 24.63 0.81 0 8.25 4.13 1.93 98.3 52.5 Skeltal
 OPX 54.49 0.27 1.68 16.03 25.2 1.15 0 0.15 99.32
 AC-97: 50 wt.% Hb gabbro�50 wt.% Bt, Crd gneiss (1100 �C/4 kbar)MELTS 60.24 0.55 16.46 3.96 2.98 4.79 3.26 3.61 95.85 44.8OPX 55.08 0 3.2 9.07 31.06 0.93 0 0.18 99.52
 AC-94: 48 wt% HAOT�48 wt.% Leucogranite�4 wt% water (975 �C/5 kbar)MELTS (n� 3)Average 65.12 0.62 17.73 3.79 1.67 4.83 3.30 2.95 100.00 7.82 44.7STD 0.34 0.08 0.14 0.11 0.07 0.08 0.27 0.08PLAG 56.1 0.35 25.77 1.87 0.45 10.46 3.36 1.4 99.76 63.2 Tabular
 51.8 0 30 0.58 0 13.31 3.3 0.33 99.32 69.0 Tabular53.82 0 27.76 0.84 0.44 11.49 3.91 0.61 98.87 61.9 Tabular51.59 0 29.75 0.62 0 13.37 3.41 0.32 99.06 68.4 Tabular
 (continued)
 36 A. Castro
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have observed that this is the time at which the counting rate for Na starts todecrease in our hydrated glasses.
 Description of the experimental products
 Mineral assemblages determined in the run products are shown in Table 2. Table 3shows the chemical compositions of melts and mineral phases (Px and Pl). No waterwas added to the experimental charges with the exception of the run with theleucogranite as the crustal contaminant. Approximately, 3 wt.% water is released bythe hydrous minerals amphibole, biotite and cordierite in the mixed gabbro�peliticgneiss experimental charges. Given the modal compositions, this suggests that thewater content in the granitic glasses is approximately 6 wt.%. Although this watercontent is less than that required for saturation (e.g. Burnham, 1974), bubbles arepresent in all of the low pressure (< 6 kbar) experiments (Fig. 1). If these bubbles areinterpreted as primary according to the criteria of Dingwell (1986), it would suggestthat water saturation was reached in our experiments at a pressure of 4 kbar for awater content of approximately 6 wt.%, which is in agreement with the watersolubilities in andesite melts determined experimentally by Sakuyama and Kushiro(1979).
 The compositions of co-existing Pl and melt in our system are plotted in the T-X section of the Ab-An system (Fig. 2). A relevant result is that all the points at 4,5 and 10 kbar and using different starting materials plot in a region of the T-Xsection of the Ab-An system very close to the region marked by the solidus andliquidus curves obtained by Yoder et al. (1957) and Johannes (1978) for the pure
 Table 3 (continued)
 SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Total 100-Total Mol % An Habit of Pl
 OPX 54.85 0.28 7.84 12.36 20.69 2.25 0.96 0.81 100.04CPX 51.17 0.46 2.95 8.7 15.9 18.52 0.53 0.36 99.06
 52.84 0.33 1.66 8.3 16.7 19.57 0.42 0 100.13
 AC-99: 50 wt.% HAOT�50 wt.% Bt, Crd gneiss (980 �C/4 kbar)MELTS (n� 3)Average 65.45 0.96 17.30 3.23 1.65 4.43 3.10 3.88 100.00 7.01 44.1STD 1.04 0.11 1.39 0.37 0.56 0.64 0.05 0.11PLAG 53.25 0 26.36 0.9 0.59 10.5 3.53 1.34 96.47 62.2 Skeletal
 53.26 0 26.8 0.94 0.44 10.86 3.82 1.21 97.33 61.1 Skeletal55.29 0.44 23.67 2.15 2.47 9.02 3.22 1.56 97.82 60.8 Skeletal
 OPX 53.54 0.42 3.57 15.31 24.52 1.93 0 0.26 99.85
 AC-99R: 50 wt.% HAOT�50 wt.% Bt, Crd gneiss (950 �C/4 kbar)MELTS (n� 5)Average 67.72 0.97 16.11 2.91 1.48 3.02 3.29 4.50 100.00 4.43 33.6STD 1.54 0.14 1.64 0.61 0.45 0.85 0.44 0.31PLAG 54.89 0 27.36 0.58 0 10.58 4.71 0.87 98.99 55.4 Skeletal
 51.91 0.61 29.35 1.07 0.26 12.85 3.43 0.69 100.17 67.4 Skeletal54.95 0 27.54 0.54 0 11.15 4.89 0.68 99.75 55.8 Skeletal54.94 0 27.56 0.71 0 10.79 4.8 0.71 99.51 55.4 Skeletal54.21 0 28.47 0.66 0 11.24 4.63 0.64 99.85 57.3 Skeletal55.11 0 25.89 1 0.94 9.59 4.01 1.38 97.92 56.9 Skeletal
 OPX 52.45 0 1.77 15.76 22.31 2.86 0 0.46 96.28
 Plagioclase morphologies in assimilation experiments 37
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Ab-An system at conditions of water saturation (Fig. 2), and at temperatures of theorder of 300 �C lower than those for the dry Ab-An system. It seems that the lowtemperatures of the solidus and liquidus curves (loop) are conditioned only by thepresence of water in the system; the effect of additional phases is to modify the
 Fig. 1. Back scattered electron (BSE) images (Z contrast) of experimental runs simulatingreaction of Crd-Bt anatectic gneiss with Hb gabbro. Experimental conditions and phaseassembalges are summarised in Table 2. a, b run AC 97 (1100 �C / 4 kbar). c, d run AC41(1000 �C / 4 �kbar). e, f run AC95 (900 �C / 4 kbar). Note the skeletal (sk) and honeycomb(hc) morphologies of Pl in experiments at 1000 and 900 �C. Black holes are primary gasbubbles (b); they appear in the runs at 4 kbar. Scale bar is 10mm in b, c, d, e, f, and 100mmin a
 38 A. Castro
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slope of the loop and the width of the compositional gap between solidus andliquidus compositions (the Ca-Na partitioning coef®cient). Opx in the Ab-Ansystem reduces the slope of the curves and narrows the compositional gap com-pared to the loop for the pure Ab-An-water system.
 Figure 1 shows BSE images of representative textures from the experiments.Plagioclases with skeletal (boxy-cellular) morphologies are present in all theexperimental runs with the exception of the experiment at 1100 �C in which no Plis present (Fig. 1a, b). In the experiments at 1000 �C both skeletal (boxy-cellular)and honeycomb (spongy-cellular, according to the nomenclature of Hibbard, 1995)morphologies are found (Fig. 1c, d). The composition of all the Pl crystals, with theexception of the scarce Ab-rich relicts, is homogeneous regardless of crystalmorphology. This suggests that crystal/melt chemical equilibrium was reached in
 Fig. 2. T-X section of the Ab-An binary join showing the solidus and liquidus curves atdifferent pressures and water contents. Dashed curves represent the solidus and liquidusloops for dry systems. Thin solid curves represent the loops for water saturation. Theshaded area and the thick lines represent the approximate position of the loop for thenatural system studied here, at a pressure of 4 kbar
 Plagioclase morphologies in assimilation experiments 39
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Fig. 3. a, b BSE (Z contrast) images of a programmed crystallisation run (AC 86). Thehoneycomb and skeletal morphologies produced at high temperature (980 �C) are preservedin Pl that grew outwards and inwards during slow cooling at 6 K/hour down to 800 �C. c, dBSE images of the run AC94 using the HAOT and a leucogranite with added water. In thisrun most of the neoformed plagioclase crystals have tabular morphologies. Only a few arebox-shaped. e, f BSE images of run AC99 using the HAOT and the Crd gneiss. Scale bar is10mm in a, b, d, e, f, and 50mm in c
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these assimilation experiments. Skeletal crystals have euhedral faces in contactwith the glass (melt) and are likely to be neoformed. Crystals with honeycombmorphologies lack regular polygonal faces and are partially dissolved. These arelikely to be An-rich crystals that were present in the gabbro. The composition ofthese honeycomb plagioclase crystals is nearly identical to the composition of theneoformed skeletal crystals suggesting that they were re-equilibrated in the courseof experiments. Ab-rich relic crystals supplied by the gneiss are very scarce. Theyare distinguished from those supplied by the gabbro because the Ab-rich ones haverounded outlines and preserve their original composition.
 Skeletal, honeycomb and rounded crystals are found in the experiment at 900 �C(Table 2). Skeletal crystals (Fig. 1e, f) are neoformed and typically show a cellulartexture in their interiors (Fig. 1f). Rounded crystals (Fig. 1e) are remnants from theAb-rich Pl supplied by the gneiss to the mixed charge. Plagioclase compositions inthe experiment at 900 �C and 4 kbar are not so homogeneous as those found in1000 �C experiments; the composition of skeletal (neoformed) and honeycomb(partially dissolved) crystals is nearly constant around 50 mol.% Ab. Thehomogeneous composition of the neoformed and partially dissolved crystalsindicates that diffusion in the melt allowed chemical equilibrium during meltproduction. The overall fractionating effect of the scarce, An-rich and Ab-rich relictcores (less than 1 vol.%) is considered negligible. In consequence, the compositionsof neoformed Pl and glass from this run at 900 �C may be used to trace the positionof the Ab-An loop for our particular system.
 The textures resulting from the assimilation experiment with programmedcooling (Table 2) are shown in Fig. 3a and b. The compositions of Pl, Opx and glass(melt) are homogeneous. Although the melt content is very low, about 10 vol.%(Table 2), Pl crystals retain their skeletal and honeycomb morphologies which werepresumably acquired during nucleation and maintained as plagioclase grew duringcooling.
 The textures resulting from the assimilation experiment using the syntheticHAOT and the leucogranite with added water (Table 2) are shown in Fig. 3c, d. Allthe Pl in this experiment is neoformed. Tabular morphologies dominate, but manyskeletal and box-shaped crystals are found (Fig. 3d). Opx and Cpx are also formedin this experiment. In the experiment using the HAOT and Crd gneiss (Fig. 3e, f) allthe Pl crystals have skeletal (box-shaped) morphology, similar to the texturesformed in the runs using the Hb gabbro and the Crd gneiss as starting materials.The absence of Px in the starting materials for the experiment with the HAOT givesrise to a different texture for Opx, characterized by a higher nucleation densitycompared to the experiments using the Hb gabbro.
 Discussion
 In order to interpret complex zoning patterns in natural plagioclase crystals it isnecessary to have knowledge of: (1) the appropriate Ab-An loop for the system'sbulk composition, pressure and water content, and (2) the kinetics of plagioclasecrystallization. The effects of bulk composition on the Ab-An system have been thesubject of several experimental studies (see Smith and Brown, 1988 for review).Apart from bulk compositional effects, pressure and water content also affect the
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position of the loop in the T-X section of the Ab-An system. Pressure has arelatively small in¯uence on the shape and position of the Ab-An loop asdemonstrated by the results of Lindsley (1964, 1968) at 10 and 20 kbar (Fig. 2)compared to the 1 atm loop of Bowen (1913) (compiled by Morse, 1980). Theeffect of pressure is strongest for Ab-rich compositions. In contrast, the effect ofwater on the position of the plagioclase loop, is very important as demonstrated bythe water-saturated experiments of Yoder et al. (1957) and Johannes (1978) at5 kbar. In this case the temperature of the loop is more than 300 �C lower than fordry conditions.
 The Ab-An compositions of coexisting plagioclase and melt that we havedetermined for our particular system (Pl-Opx-granodiorite melt) provide the basisfor interpreting the textures found in the experiments and also may serve as a guidefor interpreting the complex zoning patterns of plagioclase crystals found in manyigneous rocks.
 The origin of skeletal and honeycomb plagioclase crystals
 A notable result of these assimilation experiments is the formation of skeletal(box-like-cellular) and honeycomb (spongy-cellular) morphologies in plagioclasecrystals (Figs. 1 and 3) at a constant temperature of 1000 �C. According to theexperimental work by Lofgren (1964) and Lofgren and Donaldson (1975) a possibleway to produce skeletal crystals is by fast (dT/dt ca. 130 K/hour) undercooling(�T � Tliquidus ÿ Tequilibrium) of the order of 100 �C to 200 �C. The explanation ofthe fact that similar kinetic effects are produced in our experiments at constanttemperature, as demonstrated by the formation of skeletal crystals, lies at the heartof this discussion. Our experiments suggest that a possible mechanism to produceundercooling and skeletal plagioclase crystals is plagioclase oversaturation byassimilation of pelitic migmatites by basalt magmas. The skeletal morphologiesresulting from experiments using the natural gabbro and those resulting from theexperiment using the synthetic HAOT are very similar. This observation indicatesthat the formation of skeletal (box-like) crystals of Pl is related to the high reactivityof the mixed system resulting in a fast oversaturation in Pl. Formation of theplagioclase textures observed in the experimental products can be explained asfollows (Fig. 4):
 (1) Complete dissolution of Na-rich plagioclase. The Na-rich plagioclase suppliedby the crustal contaminant is completely dissolved in the melt. A reaction inexperiments with the Hb gabbro is the following:
 Pl�gneiss� � Bt� Crd� Qtz� Al Silicate� Cpx� Hb� Pl�gabbro�) Melt� Pl�hybrid� � Opx
 �1�
 Obviously, during the ®rst stages of the experiment some metastable phases can beformed by reaction between these chemically incompatible minerals (e.g. AlSilicate and Cpx). These metastable minerals are ®nally consumed and/or re-equilibrated to the thermal conditions imposed in the experiments. However, theearly formation of disequilibrium minerals such as Pl is recorded by its morphology(e.g. boxy cellular), which is preserved during chemical re-equilibration.
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(2) Partial dissolution of Ca-rich plagioclase. Ca-rich plagioclase supplied by thebasaltic contaminant, if this a Pl-bearing magma, may have a composition outsidethe Ab-An loop (Fig. 4) and will thus tend to re-equilibrate its composition bydissolving in the melt producing honeycomb textures. Dissolution of Ca-rich Pl ina silicate melt was studied experimentally by Tsuchiyama and Takahashi (1983).
 Fig. 4. Schematic diagram showing successive stages in the development of the skeletal(box-like-cellular) and honeycomb (spongy-cellular) crystals formed in the assimilationexperiments. Solidus and liquidus curves are taken from Fig. 2. Tc is the crystallisationtemperature (ca. 1000 �C in most of the assimilation experiments reported here). Zoned,Ca-rich plagioclases supplied by the Hb gabbro (6) are partially dissolved producing ahoneycomb texture (5). Na-rich plagioclases supplied by the anatectic gneiss (1) arepartially or completely dissolved (2). These reactions produce a non-equilibrium melt (Lv)with a composition below its liquidus. Crystals produced from this melt (3) will develop askeletal (box-like-cellular) morphology, as they form at undercooling conditions (�T)below the liquidus. Experimental results indicate that partially dissolved Pl crystals with aCa-rich original composition (Sb) are re-equilibrated to a ®nal composition (Sf) inequilibrium with the ®nal liquid (Lf) resulting from the assimilation process. Both thehoneycomb (spongy-cellular) and skeletal (box-like-cellular) crystals are equilibrated athigh temperatures with the ®nal liquid (Lf) and may continue growing from this liquidgiving rise to zoned crystals that preserve the skeletal cores (4) developed during theprocess of assimilation
 Plagioclase morphologies in assimilation experiments 43
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Their experiments produced plagioclase crystals with honeycomb textures,identical to some of the plagioclase crystals present in our assimilation experiments(Fig. 1). Kuno (1950) also proposed that the honeycomb plagioclase phenocrystsfound in the Hakone volcano (Japan) were formed by dissolution of Ca-richplagioclase in a silicate melt.
 (3) Formation of a disequilibrium melt. The complete dissolution of the Na-rich Pland the appearance of honeycomb textures in Ca-rich Pl crystals suggest that theprocesses discussed in points (1) and (2) occurred in our experiments. Theseprocesses produced a non-equilibrium melt from which a new Pl grew at thetemperature of the experimental run (ca. 1000 �C). These neoformed Pl crystalshave skeletal textures. The formation of skeletal morphologies is indicative ofundercooling, according to the experiments of Lofgren (1974). In our experimentsthe same effect is caused by oversaturation in the Ca-rich component, which arisesfrom the production of non-equilibrium melt. A necessary condition for thisprocess to occur is that the formation of the metastable melt be faster than thenucleation of a new plagioclase phase. This is possible because the highlypolymerised structure of Pl causes its metaestable nucleation to be more sluggishthan the production of melt (Kirpatrick, 1983). Dissolution and melting processesare controlled by diffusion in the crystals (Tsuchiyama and Takahashi, 1983;Tsuchiyama, 1985a; Lofgren and Norris, 1981). Diffusion in the melt arising fromlocal compositional gradients has a subordinate effect. Diffusion in plagioclase iscontrolled by the activation energy of the NaSiCaÿ1Alÿ1 exchange and theresulting diffusion coef®cient (D) is of the order of 10ÿ12 cm2sÿ1 (Tsuchiyama andTakahashi, 1983). This diffusivity would allow a steady-state equilibrium betweenmelt production and nucleation of new crystals, so that no metastable meltingwould occur. However, Tsuchiyama (1985c) obtained values of D of the order of10ÿ6 to 10ÿ10 cm2sÿ1, much larger than those predicted by the NaSiCaÿ1Alÿ1
 exchange. The difference arises from the complex shape of the crystal-meltinterface. If melting progresses via microfractures and cleavage planes of thecrystals, then the processes of dissolution and melting are strongly favoured,yielding the apparently faster diffusion rates observed by Tsuchiyama (1985c).
 In the case that all the CaO supplied by the basaltic magma is dissolved in themelt and no Pl crystals are present (i. e., the experiments with the HAOT syntheticglass), production of disequilibrium melt is even faster. The reaction betweenminerals suplied by the migmatite (e.g., Crd and Na-rich Pl) and the basaltic meltproduces a melt that is oversaturated in Opx and Ca-rich Pl, causing the appearanceof skeletal plagioclase crystals.
 (4) Formation of skeletal plagioclase crystals. Once a non-equilibrium melt isformed in the system, it tends to crystallise rapidly because its composition liesbelow the liquidus curve. Crystallisation of plagioclase at small degree ofundercooling is controlled by interface kinetics (Tsuchiyama, 1985b) rather thanby diffusion in the melt. The rate of plagioclase crystallization is thus chie¯ycontrolled by the activation energy of the NaSiCaÿ1Alÿ1 exchange. If an additionalthermodynamic driving force, considerably greater than the activation energy fornucleation, is supplied by an extreme undercooling (greater than 50 �C), then the
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crystal-melt interface is destabilised and the surface area of the interface increases.This process controls the shape of the crystal, which is skeletal for moderateundercooling and dendritic for extreme undercooling (Lofgren, 1974). It isimportant to note that once such a shape is acquired at the beginning of nucleationit may persist during crystal growth even after equilibrium at the crystal-meltinterface is attained, as suggested by the textures found in our experiments.
 Implications for the origin of granodiorite rocks
 Granodiorite rocks commonly constitute large batholiths in the cores of collisionalorogens as well as in active continental margins. The origin of these rocks has beencontroversial. On the one hand, it has been argued that they have a pure crustalorigin by melting of igneous protoliths (Chappell and White, 1974; Chappell et al.,1987). This interpretation is based on geochemical relationships and comparisonswith inferred crustal protoliths. On the other hand, a hybrid origin has beenpostulated involving mixing or assimilation between a crustal source componentand mantle-derived basaltic melts (Cantagrel et al., 1984; Reid et al., 1983; Collins,1996; Holden et al., 1987; Kagami et al., 1991; Pankhurst et al., 1988; AlleÁgre andBen Othman, 1980). The hybridisation hypothesis is supported by both isotopegeochemistry and experimental studies (PatinÄo Douce, 1995; Castro et al., 1999).Important textural aspects, such as the complex zoning pattern in plagioclasecrystals, remain controversial, in part owing to the absence of experimental studiesfocused on the crystallisation kinetics of these hybrid magmas.
 Some examples of complex plagioclase zoning patterns found in granodioriteto tonalite rocks are shown in Fig. 5. Most of these plagioclase crystals arecharacterised by the presence of Ca-rich cores with varied morphologies, fromskeletal (boxy-cellular) to honeycomb (spongy-cellular). One of these examples is atonalite rock from the Adamello massif (Italian Alps). This is the Lago della Vaccatonalite, studied in detail by Blundy (1989) and John and Blundy (1993), andcharacterised by the presence of Ca-rich skeletal (box-like-cellular) cores (Fig. 5a, b)in some plagioclase crystals and Ca-rich resorbed cores (spongy-cellular) (Fig. 5c,d) in others. The compositions of the rims from both types of crystals are verysimilar. However, the compositions of the cores are quite different, being moreanorthitic in the resorbed cores than in the skeletal ones. Resorbed cores maycorrespond to relict Pl supplied by the basaltic end-member and skeletal cores mayhave been neoformed in the course of assimilation. Another example is taken fromthe Quintana granodiorite (Spain) studied in detail by Castro (1990). This is one ofthe typical hybrid granodiorites formed during the Hercynian orogeny in the Iberianmassif. Skeletal cores like those in Fig. 5e, f are typical of this granodiorite. Thecompositions of the skeletal cores and rims are very similar. The last examples (Fig.5g, h) correspond to an Opx-bearing facies of the Quintana granodiorite. This is asubvolcanic rock and, consequently, the Pl zoning patterns are better preserved thanin the plutonic facies.
 The undercooling necessary to account for the observed skeletal morphologiesmay be caused by (cf. Smith and Brown, 1988): (1) a fast temperature drop (dT/dtca. 130 K/hour, Lofgren, 1974), (2) an increase in pressure, (3) loss of water, or (4)oversaturation produced by a change in melt composition (increase in An).
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The ®rst possibility is unlikely in plutonic environments because of the veryfast cooling rate that is required. As regards the second possibility, an extremeincrease in pressure from 1 kbar to 10 kbar produces only small changes in theplagioclase loop as discussed above. Thus, pressure or temperature changes are notlikely to be the cause of skeletal plagioclase morphologies. Water loss may producea drastic change in the position of the plagioclase loop in the T-X diagram (cf.Hibbard, 1995). Water loss, however, should affect all of the crystallysing phasesand not just plagioclase. This is shown by dendritic textures in silicate phase (e.g.amphiboles and feldspars) that are typically found in pegmatites, and are thought tobe the result of water exsolution. In granodiorites, however, skeletal textures aredeveloped only in plagioclase crystals. Consequently, water loss may be ruled outas an effective mechanism for modifying the plagioclase phase relations ingranodiorite magmas.
 A mechanism that is able to produce an effective undercooling in a plutonicenvironment is oversaturation caused by changing the composition of the melttowards more anorthitic compositions. This process implies disequilibriumproduction of melt, and may be driven by either magma mixing or assimilation.
 Conclusions
 Skeletal and honeycomb plagioclase morphologies were produced in assimilationexperiments that simulate the reaction between basaltic magmas and metamor-phosed pelites in the continental crust. These plagioclase morphologies areproduced by destabilisation of the crystal-melt interface due to the metastableproduction of a melt which is richer in Ca than the equilibrium melt. The produc-tion of a Ca-rich, non-equilibrium melt is the result of reaction between twocompositionally different systems, pelite and basalt. The difference in the degree ofpolymerisation between melt and plagioclase is responsible for the production ofmetastable melt. This interpretation, which is based on the kinetics of plagioclasecrystallisation as deduced from crystal morphologies, may be applied to interpretgranodiorite rocks characterised by the presence of Ca-rich, skeletal cores inplagioclase.
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 3Fig. 5. BSE (Z contrast) images of zoned plagioclases appearing in granodiorite andtonalite rocks of hybrid origin. a, b Plagioclases with skeletal (box-like-cellular) cores ofthe Lago della Vacca tonalite (Adamello massif, Italian Alps). c, d Partially dissolved, Ca-rich cores from the same tonalite. e±h Typical zoned plagioclase crystals from the Quintanagranodiorite in the Los Pedroches batholith (Spain). Numbers refer to mol. % An. Scale baris 100 mm in a, b, c, d, h; and 500 mm in e, f, g. Scale bar in e is equal to that in f
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                                Manual Prosedur FT. Untirtaft.untirta.ac.id/assets/upload-files/MP.pdf · GKM mendapatkan laporan kehadiran dosen dari KTU Fakultas. ... berbasiskan kompetensi dalam suatu rapat kepada

                            

                                                    
                                И. В. Ященкоilib.mccme.ru/pdf/prigl-mp.pdf · ды к задаче, прочитать интересные комментарии. Если задача не поддаётся,

                            

                                                    
                                Programmes des classes préparatoires aux Grandes Ecolesbibmath.net/ressources/mathspe/programme-MP.pdf · niveau requis pour poursuivre avec succès un cursus d’ingénieur, de

                            

                                                    
                                Resolucion 42 MP.pdf

                            

                                                    
                                NATIONAL SENIOR CERTIFICATE MEMORANDUM MATHEMATICS ...nabz.co.za/.../07/2016-GRADE-12-TRIAL-MEMO-P2-MP.pdf · NATIONAL SENIOR CERTIFICATE MEMORANDUM MATHEMATICS MEMORANDUM P2 SEPTEMBER

                            

                                                    
                                Manual Procediminentos ServoEscolar XXI - micmex.com.mxmicmex.com.mx/doc/servo/mp.pdf · 21 Bimestre 1 22 Bimestre 2 ... Nivel de Escolaridad como Preescolar, Primaria, ... Este proceso

                            

                                                    
                                Название Расположение Показания V1 цзинmedikal-portal.ru/wp-content/uploads/2018/11/Tochky-MP.pdf · снижение остроты обоняния,

                            

                                                    
                                Programme Pédagogique National du DUT Mesures …eos.univ-reims.fr/mp/REF-DUT-MP.pdf · • d’assurer la maintenance, l’étalonnage ou la vérification de ces dispositifs, 

                            

                                                    
                                Incluziunea persoanelor vârstnice pe piața muncii - cnpv.rocnpv.ro/.../Incluziunea-persoanelor-vârstnice-pe-piata-muncii-MP.pdf · poate avea, drept consecințe, probleme structurale

                            

                                                    
                                Part- I - MP.pdf

                            

                                                    
                                trophées du développement durable MP.pdf

                            

                                                    
                                ANALISIS SWOT materi kuliah MP.pdf

                            

                                                    
                                Mediação Penal - Iníciodireitobrasil.adv.br/arquivospdf/revista/revistav22/aulas/mp.pdf · A Proposta de Lei de Mediação Penal Remessa do processo para mediação: O Ministério

                            

                                                    
                                STUDIO DI - michaelpage.it MP.pdf · • la nostra banca dati, contenente più di 100.000 candidati in ambito finanziario/bancario; ... Internal Auditor 12 Controller Commerciale
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