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Abstract - Uranium, thorium, radium, and barium abundances and 234U/238U and 230Th/232Th isotopic ratios determined by thermal ionization mass spectrometry and (230Th)/(232Th) activity ratios determined by alpha spectrometry are used to date anorthoclase growth and infer magma chamber residence times of phonolites erupted in 1984 and 1988 from Mount Erebus, Antarctica.  The 1984 and 1988 glasses have slightly different  (230Th)/(232Th) ratios but both have a 10% excess of (230Th) over (238U) and equilibrium (228Th) values.  By comparing these data and Pb-isotopic data reported in Sun and Hanson (1975) to similar data for oceanic basalts, the duration of differentiation from basanite to phonolite is limited to less than 150,000 years.  The anorthoclase separates have (230Th)/(238U) ratios exceeding those of the associated glasses but have  (230Th)/(232Th) ratios like those of the glasses.  Both glasses are depleted in 226Ra with respect to 230Th by about 25%, whereas associated anorthoclase separates have extreme excesses of 226Ra over 230Th and (230Th)/(232Th) = 2.2.  On a plot of (226Ra)/Ba vs. (230Th)/Ba, the glass-anorthoclase pairs produce isochrons averaging 2380 y, which represents the average age of anorthoclase growth in the shallow magma system at Erebus.  The implied residence time of phonolite magmas in the shallow magma chamber system of Erebus is about 3,000 y.  Final crystal growth occurred after intrusion into the convecting lava lake less than decades before eruption.





Introduction



	The nature of magma storage systems and magma fractionation processes have become well documented over the past two decades (e.g., Bacon and Druitt, 1988: Grove et al., 1988.  Ryan, 1988).  However. little direct information about the time required for magma storage and differentiation has been forthcoming.  Minerals grow at depth as magmas differentiate and likely preserve a record of magma differentiation.  This is particularly true of feldspars, which generally do not reequilibrate once they grow and have intact fine-scale zoning.  Thus. feldspar ages potentially can be used to document magma differentiation as long as they are dated with an appropriate radiometric technique.  Nuclides in the 238U and 232Th decay-series have half-lives that are appropriate for dating magmatic processes, and a number of geochronometers have been developed.  However, these geochronometers have been used infrequently because of early inconsistent results (Hemond and Condomines, 1985; Capaldi et al., 1985) and because of the large errors associated with alpha spectrometry analyses of low-activity mineral separates.

	Recent advances in analytical techniques have allowed for direct measurement of uranium and thorium isotopic compositions and 226Ra concentrations in silicates by mass spectrometry (Goldstein et al., 1989, Volpe et al., 1991). This has provided the opportunity. to analyze mineral separates from young volcanic rocks for low concentrations of 232Th and 238U-series nuclides, including 226Ra at the subpicogram level.  Disequilibrium between decay-series nuclides can now be used to date mineral growth and trace magma evolution more precisely than was possible heretofore.  Here, we report some of the first uranium, thorium, and radium nuclide and barium abundance data determined by mass spectrometry on mineral separates.  The data are used to constrain the time scales of anorthoclase megacryst growth and, by inference, the residence times and histories of anorthoclase phonolite differentiation at Mount Erebus, Antarctica.





GEOLOGICAL SETTING



	Mount Erebus is a continental intraplate volcano associated with rifting of the Ross Sea region (Moore and Kyle,. 1997).  Most of the exposed Erebus edifice consists of anorthoclase phonolites, which have near-eutectic compositions resulting from 60-80 wt% crystal fractionation of olivine, augite.  Fe-Ti oxides, and apatite from basanitic parents (Kyle and Rankin, 1976, Sun and Hanson, 1976).  This basanite-to-phonolite sequence has been termed the Erebus lineage (Kyle, 1976. 1981).  Minor amounts of less silica undersaturated benmoreite. phonolite, and trachyte of a separate lineage are also present.  Anorthoclase is a liquidus phase only in phonolitic compositions (Kyle and Rankin, 1976).

	The entire Erebus edifice has been built over the last 1 Ma.  Its base is a phonolite shield volcano with volumetrically minor intermediate lavas that erupted between 0.94 and 0.68 Ma.  The upper portion of Erebus has steeper slopes and is constructed of phonolite flows erupted after 0.69 Ma (Moore and Kyle, 1987).  The summit of this cone collapsed and was filled by anorthoclase phonolite by about 0.15 Ma.  The present summit cone and crater have been built within the last 100,000 y (Moore and Kyle, 1987).

	Observations of Mount Erebus have been made since 1841, when James Ross discovered the mountain and reported it to be in a state of vigorous eruption.  During infrequent observation in the period between 1841 and 1956, the volcano nearly always exhibited some form of activity.  Some observers reported vapor plumes that often glowed in winter months due to lava emission or crater lava lake activity, others reported small explosions (Kyle et al., 1982).  Since 1972, the summit of Mount Erebus has been observed for portions of each summer by Philip Kyle and others.  From 1972 to 1990, a connecting lava lake has been continually present (Kyle et al., 1982, McClelland et al., 1989; P. R. Kyle, pers. comm., 1990).  The lava lake existed in 1963 (as reported by a US Navy overflight) and could have existed frequently or even persistently through the Holocene (Kyle et al.. 1982).  In 1972, only a few small patches of molten lava were present within the Erebus crater.  By 1976, these patches had grown and coalesced into an ovoid lake of 60 by 45 m.  Its size and shape did not change significantly through the summer of 1989.  Strombolian explosions were reported from an open vent near the lava lake at frequencies of 2-12 per day, throughout most of the period of observation.  An exception was in September 1984, when an unusually large number of relatively intense eruptions were recorded.  These eruptions likely were associated with intrusion of new lava into the lake (McClelland et al., 1989).  Explosions from the open vent have been correlated to brief falls in the lava lake level, indicating that the vent and lake are connected hydraulically.  Bombs ejected by these explosions (into the crater rim in September 1984 and December 1988 are analyzed here.





ANORTHOCLASE MEGACRYSTS



All historic anorthoclase phonolite lavas from Mount Erebus, contain 30-40 modal% euhedral anorthoclase megacrysts with sizes ranging from less than 1 cm to 9 cm in length (Kyle et al., 1982).  In thin section, large anorthoclase megacrysts consist of varying proportions of a compositionally homogenous core containing abundant large glass inclusions.  This core is surrounded by a laminated rim that contains numerous small (0.5-1.0 (m) glass inclusions.  These laminations are irregular in thickness and often discontinuous.  Small megacrysts (0.5-2 cm in length) are composed of laminated material similar in composition and structure to the large megacryst rims (Caldwell, 1989, Dupre, 1990).  The average thickness of rim material in the anorthoclase megacrysts is about 0.5 cm.  Glass inclusions. in cores and rims have very low volatile contents. suggesting that all of the megacrysts grew from degassed magma within the shallow reservoir system of the Erebus edifice (Dunbar and Kyle, 1990).  A few augite. olivine, apatite, and titano-magnetite inclusions are present in each megacryst, which have compositions that are identical to phenocrysts of the same phases.

	Electron microprobe traverses across individual megacrysts show complex patterns of zoning in the orthoclase and anorthoclase components (Caldwell, 1989).  Detailed analyses of the rim and core zones suggest that the macroscopic rim laminations reflect pronounced oscillatory zoning of the crystal rims; crystal core compositions have less pronounced oscillations (Dupre, 1990).  Imaging of zoning patterns by, means of Nomarski interference microscopy shows megacryst rims to be composed of alternating bands of convoluted "hieroglyphic" textures (Pearce and Kolisnik, 1990) and fine-scale normal oscillatory zones; megacryst cores show weaker fine-scale zoning except for limited growth zones around glass inclusions (Fig. 1).  All (< 1 cm) anorthoclase crystals are strongly zoned throughout and lack a homogeneous core.  All or the evidence presented above suggests megacryst formation by separate episodes of core and rim growth.  Crystals hand-separated from a 1984 bomb produced a linear crystal size distribution (CSD) (Cashman and Marsh, 1988, Marsh, 1988) with a slope of -2.9 cm-1 on a plot of log number density of crystals vs. maximum crystal width (Cashman, 1990).  For systems with constant crystal growth rates and constant magma fluxes, this slope is equal to -1/Y(, where Y is the crystal growth rate and ( is the magma residence time.

�



Fig. 1.  Nomarski photomicrograph (~ 5 mm across) of the rim of a 1984 anorthoclase megacryst. The sample was etched for 10 min in fluoroboric acid to preferentially etch the more calcic zones. seen here as low relief.









ANALYTICAL TECHNIQUES



Mineral Separations



	Anorthoclase crystals chosen for analysis were euhedral whole crystals dislodged from the vesicular phonolite by hand.  The 1994 anorthoclase crystals ranged from 3-6 cm in length, whereas those from 1988 were 1-3 cm in length.  The anorthoclase crystals and glass fragments were handpicked for analysis, crushed. and purified using standard density and magnetic separation techniques.  The resulting separates were washed in deionized H2O and dried before remaining impurities were moved by visual inspection.  Further purification of the anorthoclase separates and removal of remaining apatite inclusions in the anorthoclase was accomplished by ultrasonic agitation for 1 h in a 0.5 M HCl-2% H2O2 solution.  Although most glass was removed by these techniques, it was impossible to remove all of the finely disseminated glass from the anorthoclase.



Mass Spectrometry



	The separates were cleaned ultrasonically in sequential baths of distilled acetone (5-10 times), Milli-Q water, 0.1 M oxalic acid + 2% H2O2, 0.1 M HCl + 2% H2O2, Milli-Q H2O and distilled acetone.  Approximately 0.4-0.8 g of the mineral separates and 0.1-0.3 g of the glass were dissolved using a HF/ HNO3 acid mixture.  During evaporation, the samples were treated with HNO3, several times, dried, and then dissolved in 4 M HCl.  The sample solutions were centrifuged to ensure complete dissolution.  Any visible residue was treated with small amounts of HClO4, turned, and then dissolved in 4 M HCl.  Prior to chemical separation, the samples were split into three aliquot solutions and spiked with 132Ba, 228Ra, and 229Th.-233U-236U, respectively.

	Details of the chemical separation and mass spectrometry procedures for thorium-uranium measurements.(Goldstein et al., 1989) and Ra (Volpe et al., 1991) are described elsewhere.  The mass spectrometers are designed by NIST.  30.5 cm radius, 90-degree deflection single and double magnetic sector thermal ionization instrument equipped with ion counting detection systems.  An enriched 228Ra spike was prepared for determination of 226Ra concentrations by isotopic dilution.  The .spike concentration was calibrated with NIST SRM 4953D 226Ra solution.  The spike calibration measurements agree to 0.4%.  Precision and reproducibility of 226Ra abundance measurements are better than 1%.  Total procedural blanks for 226Ra and 228Ra are below the mass spectrometer detection level for radium, which is currently < 0.1 fg (3 ( 105 atoms).  Procedural blanks for the other elements are: 10-15 pg 238U, 25-30 pg 232Th, and < 100 pg Ba.



Alpha Spectrometry



	The analytical procedures used here are patterned after those of Williams el al. (1986).  Samples are spiked with a standard 236U-229Th solution and dissolved in a mixture of HNO3, and HF.  The uranium-thorium standard solution is calibrated with NIST-SRM 4324 232U and confirmed by analysis of the TML rock standard reported in Goldstein et al. (1980).  About 0.5 mL HClO4 is added to the samples before taking them to dryness.  Boric acid and 7.5 N HNO3 is added to the samples and evaporated to remove residual HF and HClO4.  They are then taken entirely into solution in 6 N HCl to assure radioactive equilibrium between spike and sample.  After another drying, uranium and thorium are separated and purified by anion exchange chromatography. and electroplated on stainless steel disks using ammonium chloride and ammonium oxalate plating solutions.  Samples are counted for 2-10 days, depending on activity levels.  Sample counts are corrected by subtracting counts resulting from tailing and background contamination, which arc consistently monitored.  Counting error (2() is about 3.6% for glasses and 10-20% for anorthoclase.





RESULTS
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Fig. 2. Plot of (226Ra)/Ba against (230Th)/Ba for Erebus phases.  Barium concentrations are in grams barium/grams of sample.  The dotted line marks equilibrium between 226Ra and 230Th.  The isochron ages have an average error of ± 69 y.



Glasses separated from 1984 and 1988 bombs have mass spectrometry (230Th)/(232Th) ratios of 0.976 and 0.991, respectively, and both have mass spectrometry (230Th) excesses over (238U) of about 10% (Table 1). Although the (230Th)/(232Th) and (238U)/(232Th) values of these glasses are similar, they do not overlap at the 95% confidence level, suggesting that magma with slightly higher (230Th)/(232Th) ratios may have entered and mixed with the lava lake between September 1984 and 1988.  All of the glass and anorthoclase samples from Mount Erebus have equilibrium (234U)/(238U) values.  Both glasses are depleted in (226Ra) with respect to (230Th) by about 25% but have equilibrium (228Th) and (232Th) values and inferred equilibrium (228Ra) and (232Th) values (Table. 2).  Thus, radium largely was fractionated from thorium in the phonolite melt by anorthoclase growth less than 8,000 y ago but more than 30 y ago.  Assuming that glass and anorthoclase contain nearly all of a phonolite's thorium and radium, both phonolite whole rocks have calculated near equilibrium (226Ra)/(230Th) ratios (1984 = 0.94; 1988  = 1.09).  The barium concentration in the 1988 glass (472 ppm) is significantly lower than that of the 1984 glass (552 ppm).

	The 1984 and 1988 anorthoclase megacryst separates have (230Th)/(232Th) ratios that are slightly higher than those of associated glasses, although they overlap within analytical uncertainty.  In contrast, their (230Th)/(238U) ratios (1.21-1.25) are significantly higher than those of the glasses.  The 1984 and 1988 anorthoclase separates are exceedingly enriched in 226Ra over 230Th ((226Ra)/(230Th) = 24 and 68. respectively).  The enrichment of 228Ra over 232Th in both -separates is much less extreme, as 228Th (the daughter of 228Ra, T1/2 = 1.9 y) is enriched over (232Th) in both anorthoclase separates by a factor of only about 2.2 (Table 2).  The strong disequilibrium between 226Ra and 230Th indicates that anorthoclase separates from both phonolites grew significantly less than 8,000 y ago, the corresponding low (226Ra)/(230Th) of the glass indicates that the anorthoclase grew from the surrounding glass.  The mild (230Th)/(232Th) disequilibrium in both separates suggests that most but not all of the growth occurred more than 30 y ago.

	The measured partition coefficients for uranium and thorium between anorthoclase and glass separates are similar (0.0086-0.013 and 0.0093-0.015, respectively; Table 1), with DTh > DU by 8-12%.  These partition coefficients should be considered maxima as varying proportions of glass are included in each anorthoclase separate.  The barium concentrations of the anorthoclase separates are much higher than those of the associated glasses, indicating equilibrium partition coefficients of 4-5 (Table 1).  However, it is clear from the fine oscillatory zoning of the megacryst rims that at least a portion of the anorthoclase grew by Rayleigh fractionation and that the actual partition coefficients during crystal fractionation are somewhat lower.  For instance, pure Rayleigh fractionation of 35 wt% anorthoclase from the phonolite (47% fractionation of an assemblage involving 75% anorthoclase and 25% crystals with DRa = 0) requires DBa values of 2.75 for the 1984 anorthoclase and 3.15 for the 1988 anorthoclase.

Table 1. TIMS data including Ba from LANL.  Errors are 2( in last decimal place.

Sample�Ba ((g/g)�226Ra (pg/g)�238U ((g/g)�Th ((g/g)

��84 glass�551.5 ± 1 7�2.37l ± 23�8.40l ± 25�29.05 ± 9��84 anorth I�2238 ± 7�1.136 ± l1�0.112±  1�0.432 ± 1��88 glass�471.9 ± 14�2.352 ± 23�8.574 ± 26�28.63 ± 9��88 anorth�2467 ± 7�2.065 ± 9�0.074 ± 1�0.266 ± 1��Apparent anorthoclase������partition coefficients�4.1-5.2�--�0.0086-0.013�0.0093-0.015��

Calculated activities dpm/g

Sample�(226Ra)�(230Th)�(226Ra)/(230Th)�(230Th)/(232Th)�(238U)/(232Th)�(234U)/(238U)��84 glass�5.203 ± 52�6.929 ± 20�0.751 ± 16�0.976 ± 10�0.883 ± 10�1.006 ± 1O��84 anorth I�2.493 ± 25�0.106 ± 1�23.52 ± 50�0.991 ± 15�0.792 ± 9�1.003 ± 10��88 glass�5.161 ± 52�6.955 ± 20�0.742 ± 15�1.007 ± 10�0.915 ± 10�0.996 ± 10��88 anorth�4.532 ± 45�0.067 ± 1�67.64 ± 96�1.029 ± 15�0.850 ± 9�1.007 ± 10��a - Decay constants used to calculate activities:

l238 = 1.5513 ( 10-10 a-1

l232 = 4.9475 ( 10-11 a-1

l230 = 9.1952 ( 10-6 a-1

l226 = 4.332 ( 10-4 a-1





DISCUSSION



	The thorium isotopic ratios of the glasses are similar to those of other ocean island basalts, particularly those of southern hemisphere hotspots such as Réunion (Condomines et al., 1988).  The 10% 230Th enrichment over 238U in these glasses is typical of basaltic magmas from ocean islands (Condomines et al., 1988; Newman et al., 1984) as well as mid-ocean ridges (Goldstein et al., 1989; Condomines el al., 1981; Newman et al, 1983; Ben Othman and AllÈgre, 1990).  At Erebus, the 230Th enrichments of its phonolites likely reflect a similar or greater enrichment in parental basanites.  In other locations, enrichments in 230Th over 238U have been attributed to dynamic extraction of melt from convecting mantle (McKenzie, 1985; Williams and Gill, 1989).  The Erebus data can be explained in the same way and implies that the length of time between basanite production by mantle melting, differentiation to phonolite, and eruption was significantly less than 300,000 y.  By assuming that the 208*Pb/206*Pb ratios calculated from data reported in SUN and HANSON (1975) for Ross Island phonolites (0.935-0.949; 0.945 avg.) represent those of the 1984 and 1988 phonolites, the Erebus data can be compared with the (230Th)/(232Th)-208*Pb/206*Pb regression of world ocean island basalts reported in AllÈgre et al. (1986) and Gill and Williams (1990).  The average 208*Pb/206*Pb for the Ross Island phonolites corresponds to (230Th)/(232Th) values between 1.0 and 1.3, which limits the time frame of differentiation from basanite to phonolite at Erebus to between 0 and 150,000 y.

	The slight but measurable difference between the (230Th)/(232Th) ratios of the 1984 and 1988 glasses indicates that magmas supplied to the shallow magma chamber system of Erebus had slightly variable compositions.  A portion of the 1988 phonolite may have been derived from a source with a time-integrated Th/U ratio that was lower than that of the source for the 1984 phonolite.  Alternatively, the 1988 magma may have differentiated from a magma with a (230Th)/(232Th) similar to that of the parent of the 1984 glass but over a shorter time period.  The lower Th/U ratio of the 1988 glass is most consistent with the former explanation.  The different barium concentrations of the two glasses can be explained by an additional 5-6% fractionation or anorthoclase from the 1988 glass.  However, the similar thorium concentrations of the two glasses is inconsistent with this fractionation and suggests that the Th/Ba ratios also were different in the predecessors of the 1984 and 1988 phonolites.  Assimilation of crust in the shallow magma chamber system of Erebus cannot be ruled out as a source of the divergent trace element and isotopic ratios, but variations in most trace element and isotopic ratios between other Erebus and Ross Island lavas do not require such assimilation (Sun and Hanson, 1975, 1976; Kyle and Rankin, 1976).

Table 2.  Alpha spectrometry data from UI.  Errors are 2( in last decimal place.

Sample�(238U)�(230Th)�(232Th)�(228Th)/(232Th)�(230Th)/(232Th)�(234U)/(238U)��84 glass�6.38 ± 22�6.7l ± 26�6.84 ± 76�1.02 ± 6�0.98 ± 4�0.99 ± 4��84 anorth II a�0.028 ± 6�0.03 ± 8�0.041 ± 8�2.16 ± 5�0.92 ± 24�1.10 ± 28��88 glass�6.l7 ± 20�6.74 ± 28�6.71 ± 28�0.99 ± 6�1.01 ± 4�1.00 ± 4��88 anorth�--�--�--�2.l7 ± 40�1.00 ± 20�--��a - Different separates of the 1984 anorthoclase were analyzed by LANL and UI.  The lower concentrations measured by alpha spectrometry in Separate 11 are consistent with the presence of 0.8 % glass in Separate I.

	Although radium partition coefficients for silicate phases are essentially unknown, the similar ionic charges (2+ for both) and radii (1.40, 1.35 Å) for radium and barium suggests that they should behave nearly, identically during chemical fractionation.  If so, then barium can be used to monitor radium fractionation between coexisting phases, and linear trends on plots (226Ra)/Ba against (230Th)/Ba (e.g.. Fig. 2) can date radium-thorium fractionation in the same way as plots of (230Th)/(232Th) vs. (238U)/(232Th) can date thorium-uranium fractionation (Williams et al., 1986; Rubin and MacDougall, 1990). DRa and DBa have been shown to be approximately identical during carbonatite (Williams et al., 1986) and MORB (Rubin and MacDougal, 1990) genesis, suggesting that the 226Ra -Ba method may be an important geochronometer.  This geochronometer is ideally suited for phonolite magma systems because of the strong affinity of alkaline earth trace elements for anorthoclase.  It must be stated, however, that the anorthoclase growth ages calculated below depend on the assumption that DRa. = DBa.  If DRa were less than DBa, then the calculated ages would be older than the actual values.  For 226Ra-Ba dates to be considered completely reliable, partition coefficients for radium and barium need to be determined in silicate phases of known age.

	The glass and anorthoclase mineral separates erupted in 1984 and 1988 plot on 2520 and 2225 y 226Ra-Ba isochrons, respectively (Fig. 2).  The similarity of these two ages indicates that the two phonolites crystallized at about the same time in the shallow magma chamber system of Erebus.  Slightly different initial Ra/Ba ratios of the two phonolites are implied by the isochron-equiline intersections in Fig. 2.  The difference in these ratios is probably related to the difference in the Th/Ba ratios of the 1984 and 1988 liquids discussed above, which must have existed over a millennia-long period as the anorthoclase megacrysts grew.  This implies that the Erebus chamber system had a complex geometry which allowed different portions to have slightly differing compositions while simultaneously crystallizing.

	The 300-year difference between the isochron ages exceeds the analytical error and may relate to the different sizes of the 1984 and 1988 anorthoclase separates, as open- and closed-system magma chambers tend to produce progressively older and larger crystals through continued nucleation and crystal growth (Cashman, 1988).  The age difference between these two separates is modeled using two endmember approaches.  The first assumes a constant linear growth rate for crystals.  This is consistent with an open, steady-state chamber in which the crystallization rate and magma fluxes are constant (Randolph and Larson, 1971; Marsh, 1988).  The second assumes a constant volumetric growth rate for all crystals and produces a decreasing linear crystal growth rate as the added volume is partitioned between increasing numbers of crystals.  This model is consistent with closed-system crystallization or a chamber losing heat at a constant rate.  For both models, crystal axis lengths of 6a, 3a, and a diamond cross section are maintained by proportioned growth.  Instantaneous crystal growth rates are assumed to be independent of crystal size, and the nucleation rate is scaled to produce the CSD reported in Cashman (1990).  Using model one, a constant linear crystal growth rate in the c-axis direction of 5.7 ( 10-11 cm/sec is needed to explain the age difference between the 1984 and 1988 separates.  Assuming that the maximum width of a typical anorthoclase is one-third its length, the CSD implies a magma residence time of about 570 y.  A constant volumetric growth rate of 6.7 ( 10-12 sec/cm3magma is required by model two (assuming final crystal volume is 35% of total magma volume), which converts to average linear growth rates of 4.4 ( 10-11 and 7.7 ( 10-11 cm/sec for 2 and 4 cm crystals.  For this model. the magma residence time can be estimated by the time it would take to grow the largest observed crystals (9 cm), which is about 1,700 y.  The calculated growth rates are within an order of magnitude of those determined for plagioclase in the Makaopuhi lava lake (Kirkpatric, 1977; Cashman and Marsh, 1988), which seems reasonable because plagioclase and anorthoclase have similar crystal structures, and the magma chambers in both settings are shallow and relatively small.

	Both of these models assume constant crystal growth and nucleation in Erebus chambers.  By also assuming that the crystals grew until eruption, the first model predicts ages of 600 and 300 y for the size ranges of anorthoclase crystals in the 1984 and 1988 separates; the second model predicts ages of 900 and 600 y.  These ages are younger than the measured ages, indicating that the crystals could not have grown at a constant rate.  Although the relatively homogeneous anorthoclase cores with large skeletal inclusions may have grown continually and rapidly in a relatively homogeneous environment, the oscillatory-zoned rim material probably grew over a long period of time in an unstable environment, where fluctuating temperatures and periodic mixing events caused hiatuses in crystal growth and periods of resorption.  The observed hieroglyphic texture of anorthoclase crystal rims and their discontinuous compositional zones provide evidence for this resorption.

	The approximately two-fold enrichments of 228Th over 232Th in both anorthoclase separates indicate that the outer portion of the rim (1-2%) from each separate grew during a pulse of growth which occurred within 30 y of eruption.  More significant enrichments would have resulted from more extensive recent growth; the opposite would have resulted from less extensive recent growth.  The similarity of the degree of 228Th enrichment in the 1984 and 1988 anorthoclase despite a factor of two difference in the interval between eruption and analysis indicates that the (228Ra)/( 232Th) ratio or the 1998 separate was about double that of the 1984 separate.  This is probably related to the smaller size and smaller surface area-to-volume ratio of the 1988 separate.





IMPLICATIONS



	The low volatile contents of glass inclusions within the anorthoclase megacrysts indicate that the megacrysts grew in the shallow reservoir system of Mount Erebus (Dunbar and Kyle, 1990).  The 226Ra-Ba systematics indicate that this growth occurred an average of  2,380 y ago.  The growth of the megacryst cores may have resulted from supersaturation of a substantial volume of water-undersaturated phonolite after it rose and decompressed into the shallow-level magma system.  The crystal growth rates discussed above suggest that most of this growth would have occurred after emplacement and after degassing.  The laminated megacryst rims grew in the shallow magma chamber system of Mount Erebus, which had fluctuating compositions, temperatures, and/or volatile contents due to periodic injection of hotter, more primitive melts into the chamber.  The compositional variation in the glass and anorthoclase separates probably resulted from compositional variation in this fluxing magma and a complex magma chamber geometry.  Anorthoclase growth was terminated by the growth of thin rims within 30 y of eruption.  This final growth stage was caused by cooling associated with intrusion into the lava lake.  The implied residence time of the phonolites in the shallow reservoir system is about 3,000 y; the residence time in the present lava lake is years to decades.
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