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Abstract Complete chemical analyses, including ferri¢.22 + 0.10) and a single phlogopite-augite pair (1.15
and ferrous iron, KO contents andiD values for 16 + 0.12). Values of K/°" for two biotite and hornblende
phlogopite and biotite and 2 hornblende separates g@rs could not be determined without significant error
presented. Samples were obtained from volcanic rodkscause of the extremely low F conterts@.2 wt%) of
from four localities: (1) phlogopite phenocrysts fronthe four phases. ThdD values obtained in this study
minette lavas from the western Mexico continental arencompass a large rangel37 to—43%.). The phlogo-
(2) biotite and hornblende phenocrysts from andesipite and biotite separates from Uganda hdevalues of
lavas from Mono Basin, California, (3) phlogopite and-70 to—49%., which overlap those believed to represent
biotite from clinopyroxenite nodules entrained in potasprimary” mantle. There is a larger range @D values
sic lavas from the East African Rift, Uganda, and (4)-137 to—43%.) for phlogopite phenocrysts from west-
phlogopite phenocrysts from a wyomingite lava in thern Mexico minette lavas, although their rangedi#iO
Leucite Hills, Wyoming. The F®, contents in the mi- values (5.2—6.2%o) is consistent with “normal” mantle. It
casrange from 0.8 to 10.5 wt%, corresponding to 0.09i®unlikely, therefore, that the variab#® values reflect
1.15 Fé" per formula unit (pfu). Water contents varyheterogeneity in the mantle source region of the minette
from 1.6 to 3.0 wt%, corresponding to 1.58 to 3.04 Olhagmas. Nor can the extremely D values reflect
pfu, significantly less than would be expected for a sidegassing of Hor H,O since almost 100% loss of dis-
fully occupied by hydroxyl. Cation- and anion-basedolved water in the magma is required, an unrealistic
normalization procedures provide accurate mineral faseenario given the stability of the hydrous phenocrysts.
mulae with respect to most cations and anions, but arbae very lowdD values of the Mascota minette phlogo-
unable to generate accurate estimates &f /&', and pites require that the hydrogen be introduced from an
overestimate OH at the expense of O on the hydroxyl siexternal source (e.g., meteoric water). Whatever the pro-
These inaccuracies are present despite acceptable adgess responsible for the observed hydrogen isotope com-
ed totals and stoichiometric calculated site occupanci@®sition, it had no effect on theé*®0 value,fo, a0 Or
The phlogopite and biotite phenocrysts in arc-relatdnilk composition of the host magmas.
lavas from western Mexico and eastern California have
the highest F&/Fe" ratios (56—-87%), reflecting high
magmatic oxygen fugacitie DNNO = +2 to +5), in Introduction
contrast to those from Uganda (25-40%) and the Leucite
Hills (23%). There is no correlation between the OWPhlogopite and biotite are common phenocryst phases in
content and the Fé/Fe' ratio in the micas. Values of many volcanic rocks, including andesites, dacites, rhyo-
KMo/F&™ (+ 2s errors) were calculated for three phlogolites, as well as potassic and ultrapotassic varieties such
pite-olivine pairs (0.12+ 0.12, 0.26+ 0.14, 0.09 as minettes, kersantites and lamproites. Phlogopite and
+ 0.12), two biotite-hornblende pairs (0.7#3 0.08 and biotite can be used to evaluate magmdtic and f, o
because these minerals contain both ferric and ferrous
S.N. Felastein[]) - R. A. Lange- T. Vennemann J. R, O'Neil iron and a variable number of hydroxyl ions in their
Department of Gelogical Scier?ces, University of Michigan, Strucwr?‘ The. mcor_poratlo_n of ferric iron into the
Ann Arbor, M| 48109, USA phlogopite-biotite solid solution can occur as the oxyan-
T Vennemann nite component, KFEFe*AISi;0,,, as well as other
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with f,) because of other components such as Inlight of these problems, the goal of this study is to
KMgAILAISi;0,, and KMgTiAlSi;0,,. provide a data base of complete chemical analyses, in-
The use of phlogopite and biotite to determine magiuding ferric and ferrous iron, }© contents andiD
matic intensive variables requires the development of aalues for phlogopite and biotite in lavas from different
activity-composition model for mica solid solutionstectonic environments. These data will be examined to
which is well beyond the scope of this study. One of thedetermine whether variations in the ferric-ferrous ratios,
limiting factors to the development of such a model is th@ and HO contents, andD values of phlogopite and
general paucity of complete chemical analyses of micdsotite have been altered by processes such as degassing
Most are analyzed with the electron microprobe, whidcnd post-eruptive oxidation, or reflect pristine magmatic
cannot distinguish between ferric and ferrous iron amlues. In cases where the compositions of the phlogo-
measure HO contents directly. The result is the deperpite and biotite samples are pristine, these data will be
dence on some normalization scheme for an estimateusied to evaluate any correlation between the ferric-fer-
ferric iron and hydroxyl concentrations. The problemus ratio and hydroxyl content and the tectonic environ-
inherent in generating a mineral formula for micas fromment of their host volcanic rock. In addition, Mg#e
microprobe data alone have long been recognizedchange equilibria between phlogopite-clinopyroxene,
(Bohlen et al. 1980Holdaway1980; Dymek 1983; He- biotite-hornblende and phlogopite-olivine phenocryst
witt and Abrecht 1986; Afifi and Essene 1988; Dyar gtairs, and F-OH exchange equilibria between biotite-
al. 1991; Schumacher 1991). hornblende phenocryst pairs will be calculated.
In order to use phlogopite and biotite phenocrysts to
infer pre-eruptive magmatic conditions, it is clearly ad-
vantageous to study separates from fresh volcanic ro ; ;
rathergthan from p?/utorﬁ)ic rocks. Because of the rap(i;%Etonlc setting of host rocks
cooling in the volcanic environment, subsolidus re-equine phiogopite, biotite and hornblende samples used in this study
libration is minimized. Moreover, mineral alteration aswere obtained from a variety of lavas from different tectonic set-
sociated with interaction with meteoric water, importanings. Most are phenocrysts with the exception of the phlogopite
in the development of many intrusions (Taylor 197-,a;nd biotite grains from the xenoliths from Uganda, Africa.
Criss and Taylor 1986), is normally non-existent in phe-
nocrysts of young lavas. Unfortunately, few completene continental arc of western Mexico
chemical analyses (including FeO,_Bg and HO) of

phlogopite and biotite phenocrysts from volcanic rockghlogopite phenocrysts were separated from five different Quater-
y minette lavas from the western Mexico continental arc (Luhr

are published in thg recent _Ilterature. Instead, one m@?‘fal_ 1989). Four samples (Mas-3a, -4, -11, and -18) are from
look to papers published prior to the advent of the elegaparate lava and cinder cones from the Mascota volcanic field
tron microprobe to find a significant number of completeescribed by Carmichael et al. (1996). A fifth sample is from a
chemical analyses (e.g., Doelter 1917; Winchell 193&ya flow near the town of San Sebastia#20 km north of Masco-

Nockolds1947; Foster 1960; Deer et al. 1962). Many df (Lange and Carmichael 1991). Mas-4 is a rapidly quenched
! ' ) ’ scoria whereas all other samples are from flows. The phenocryst

these complete analyses, however, have poor totals;@femplage of these five minette lavas is phlogopitaugite
recalculate to nonstoichiometric mineral formulae, with olivine. All samples erupted between 69 and 489 ka and are
excess cations on the octahedral and interlayer sitesgltered (Lange and Carmichael 1991; Carmichael et al. 1996).

and/or excess HO, consistent with alteration of the mi-Petrologic and trace element data are consistent with the derivation

. . . f the minette magmas from a phlogopite-bearing mantle source
cas or impure separates. Another possible factor in tfp] 9 poodop g

A I St formed through hydrous enrichment of the subarc lithosphere
poor calculated mineral stoichiometry and |0\{V tO_ta|S I response to subduction (Wallace and Carmichael 1989).

the absence of BaO, SrO, F and CI determinations in

most of these analyses.

Although most recent published analyses of phlog
pite and b'QUte are not complete, some 'nC|Ude ferrigiotite and hornblende phenocryst pairs were separated from two
ferrous ratios without wt% KD or wt% H,O without andesite lavas (SN-31 and -161) that erup®d0 km north of
ferric-ferrous ratios; the latter are usually part of studié4ono Basin in east-central California. The two lava flows are part

ot ; of a broad volcanic field that has been active over the last 4 milliion
of the D/H variation of hydrous rocks and minerals. Re ars in which®100 kn? of potassium-rich basaltic through an-

S . ye
cently, significant effort has been made to obtain ferr%,fesitic magmas erupted over 400 kaxtending from the margins
and ferrous iron analyses of metamorphic biotites ly the Mono Basin, the periphery of Long Valley caldera, and
Mdéssbauer spectroscopy (Dyar and Burns 1986; Dysnuthwestward into the Sierra Nevada (Lange et al. 1993). The
1988, 1990; Guidotti and Dyar 1991), and ferric-ferroxﬁ";cfoﬁ‘;’:}ggtacnhda{]?;ﬁeég%?o"frg;iigslc)’%traesggcn:ﬂ;‘iég%ﬁ’;‘zﬁ%’f_ in
analyses of phIOQOp'te phenocrysts in Iamprop_hyr of a subduction-modified mazmtle source region (Hawkesworth
lavas by wet chemical methods (Wallace and Carmichagli Volimer 1979). However, subduction beneath North America
1989; Lange and Carmichael 1991). Although these datest of central California ceased ¥10-20 Ma due to the north-
provide some information on the range of ferric-ferroust TEbE ot Bt e e art of the Basin and Range
ratios found in phlogopite a}nd bIO_tIte, correct miner rovince, a region of block faulted mountain ranges and interven-
formulae cannot be determined without accurate det@{g pasins that developed in response to approximately east-west

mination of wt% HO as well. extension that began at 13—10 Ma (Zoback et al. 1981). The potas-

é_ndesite volcanism near Mono Basin, California
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sic suite of the Mono Basin region appears to have been eruptedarely in acetone for hand-picking. Phlogopite and biotite grains in

an extensional environment that post-dates active subduction. the xenoliths from Uganda are generally between 1-3 mm in di-
ameter (Lloyd 1972); mesh sizes30 to—60 or—60 to —90 were
used for analysis.

The East African Rift of Uganda

Phlogopite and biotite separates were obtained from sevegbciron microprobe
clinopyroxenite xenoliths that are abundant in the explosion

craters of the Katwe-Kikorongo volcanic field in the westergyqniitative analyses were obtained on polished grain mounts of
branch of the East African Rift and are found entrained in clinopygineral separates and polished thin sections using the Cameca

roxene-poor olivine melilitites and olivine-bearing nephelinite : ; ; i i
and leucitites. Detailed pailogic descriptions of the xenoliths;[é'leBAX electron microprobe at the University of Michigan.

The microprobe was configured with four diffracting crystals
have been presented elsewhere (Lloyd 1981, 1987; Lloyd et grap PET,pLIF and OV60, tr?e latter being for F and Ogana)llyses).
1987) and only salient features are reported here. The typiGalyige range of natural and synthetic standards were chosen in
mineralogy of the xenoliths is clinopyroxerephlogopitgbiotite  ger to match as closely as possible the composition of the phase
~+ titanomagnetitet sphene+ apatite. Two textural types can be

. A : Appendix). Standard operating conditions for mica analysis were
identified in our group of samples: S23-209, -256, -262, -265 ang "3 ccelerating potential of 12 kV, a sample current of 10 nA and
parts of -268 have clinopyroxene and phlogopite or biotite forming g nm? rastered beam. A count time of 30 s was used for most

an interlocking framework, which Davies and Lloyd (1986) identigjements, with 60 s for F and O. The potential for alkali and halo-
fied as an original igneous texture. In contrast, phlogopite or Blen 555 was evaluated by conducting time-series experiments
otite in samples S23-255, -267 and parts of -268 appear 10 Bgy the spectrometers centered on the peaks of interest and was

replacing clinopyroxene, suggesting a metasomatic Origin.(uo?%termined not to occur within the time of a conventional quantita-
1981, 1987; Lloyd et al. 1987). Phase equilibrium experimenig,e analysis. Analytical data were corrected using the on-line

indicate that the nodules could represent either cognate cumul eca PAP correction program. Analytical errors are given in
or mantle xenaliths (Lloyd and Bailey 1975; Lloyd 1981; Arimarapie 1. Standards were continually monitored during routine
and Edgar 1983; Lloyd et al. 1985). Chemical and isotopic diffe 5 ysis in order to ensure accurate results. The FeO was measured
ences between the host lavas and the nodule suite support a Xgfidget chemistry whereas total iron (F&Qwas obtained by the

lith origin (Davies and Lloyd 1986). In addition, the overall style ofjactron microprobe. The wt% concentration of,Egwas calcu-

trace element enrichment recorded by the Katwe-Kikorongo vqliiaq as: wt% FO, = 1.1113*(wWt% FeO - wt% FeO)

canism suggests an origin unrelated to subduction, and is more like ' 3 ' '

that associated with ocean island volcanism (OIB; Davies and

Lloyd 1986).
Y ) Wet chemistry

Ultrapotassic lamproites of the Leucite Hills, Wyoming Colorimetric determination of wt% FeO was performed at the Uni-
versity of California, Berkeley, following the procedure described

The ultrapotassic rocks of the Leucite Hills, Wyoming, consist d¥y Wilson (1960). Between 3 and 8 mg of sample as used. There
silica-undersaturated madupites and silica-saturated wyomingi#¥as no photochemical reduction of ferric iron during the analyses,
and orendites, all of which are phlogopite-bearing lamproited!though this was evaluated (see Lange and Carmichael 1989 for a
Phlogopite phenocrysts were separated from a wyomingite la#gcussion). On the basis of repeat analyses of a glassy mid-ocean
from North Table Mountain (sample LH-6: Carmichael 1967). Theidge basalt (JDFD-2), the precision of this methoeH8.21 wt%
Leucite Hills volcanic field is considered Pleistocene on the badi€O (Z). Replicate measurements of the mica separates were
of a single K-Ar date of 1.1 Ma for a phlogopite separate (Mac@l!ways within this precision.

Dowell 1966). The lamproites erupted through Paleozoic-Eocene

sediments (Malahoff and Moberly 1968), although the underlying

basement is part of the Archean Wyoming craton. The trace elgter and stable isotope analyses

ment patterns of the Leucite Hills lavas are depleted in high field

strength elements and enriched in the light rare earth and large igge H,O content and PH ratio of phlogopite, biotite and horn-
lithophile elements, characteristics of subduction lavas (Kuehngenge separates were determined following the technique of Ven-
et al. 1981; Vollmer et al. 1984) and unlike those of the Katw&;emann and O’Neil (1993). Samples were dried overnight at@00
Kikorongo volcanic field. Moreover, the Nd and Sr isotope datg, remove adsorbed water. Between 30 and 70 mg of separate was
indicate that enrichment of the Leucite Hills mantle source regiqgaded into silica-glass tubes along with 100 to 200 mg of coarse-
probably occurred in the Archean (Vollmer et al. 1984). grained quartz and a cap of quartz wool and heated under vacuum
at 150C for a minimum of two hours. The samples were then fused
under vacuum to liberate all structural H agGHwhich was then
separated cryogenically from any other gases released. Any

Analytical techniques molecular hydrogen produced during fusion was oxidized by CuO
to H,O and combined with the other water. AlL8 was collected
Mineral separation in tubes containing Zn and reacted to form ZnO angdgdds. In

addition to the isotopic analysis of this gas, the amount of water (in
Clean phlogopite and biotite separates were obtained using orgarg) was determined by measuring the intensity of mass-2 in a
ic heavy liquids and magnetic separation. Grains that containfided volume (previously calibrated) on a Finnigan-MAT Delta-S
inclusions, had rims or alteration along cleavage planes, or had angss spectrometer. One sigma precisions of this method are rou-
discoloration were then removed by hand-picking. The largeshely better thart+0.1 wt% H,0 and+1-2%.dD. At the Univer-
rims present in any of the mica grains prior to separation (basedsity of Michigan, the following analyses are obtained for the NBS-
back-scattered electron imaging) wereld mm, representing 30 biotite standarddD = —65%. and wt% HO = 3.5. Oxygen
<0.01% of the area of a grain in thin section, and any grains witbotope ratios were determined for three phlogopite separates
rims were avoided during hand-picking. The largest grain size wéldas-3a, -4 and -11). Oxygen was liberated from the minerals by
used in order to sample phenocrysts preferentially rather thesaction with CIg at 550C (Borthwick and Harmon 1982; Ven-
groundmass phlogopite in the lavas. For the lavas from Mexicoemann and Smith 1990) and converted to,@ oxygen isotope
individual phlogopite phenocrysts exceeding 1 mm diameter wea@alysis. All isotopic analyses are reported in the standavata-
picked out from the crushed rock and subsequently crushed sepan relative to SMOW.
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though the quality of Cross’ wet chemical analysis is
excellent, the wet chemical technique by which ferrous
iron was measured prior to the 1940s was subject to at-
fospheric oxidation during boiling (Carmichael, per-
sonal communication). Moreover, there is currently no
: X Way to evaluate whether or not the mineral separate that
analyses, are given in Table 1. The nomenclature adopo ss analyzed was completely unaffected by alteration.
here is after Deer et al. (1962): phlogopite has mol% The presence of low-temperature alteration minerals
Mg/Fe'>2:1 and biotite has mol% MiFe <2:1. och as chlorite can significantly modify the mineral
Analyses of various phenocryst phases coexisting W'&ﬁemistry and the PH ratios because of their relatively
phlogopite or biotite have been made for several sampl fgh H,0 (10-13 wt%) and negligible JO contents, and

olivine in three minette lavas (Mas-3a, -4, -11); clinopygg |arge hydrogen isotope fractionation factor between
roxene in a phlogopite-clinopyroxenite (B37-5) and in @1 and chlorite (Marumo et al. 1980; Graham et al.

minette lava (Mas-141); and hornblende in two andesij 87). No chlorite intergrowths were observed by

lavas (SN-31, SN-161). The average compositions QI ciscattered electron imaging in any of the samples
each of these phases are given in Table 1. %

Results

Chemical compositions of phlogopite and biotite sep
rates, including FeO, E©; and H,O contents from elec-
tron microprobe, wet chemical and mass spectromet

h . | : ; I f lae th ig. 1) at a resolution of20.2 mm (Goldstein et al.
Shown in Table 2 are mica mineral formulae that weryg 1) ‘Four mica samples were also analyzed by powder
obtained by normalizing the data in Table 1 to 2

o -ray diffractometry: Mas-3a, a lowb western Mexico
= O+OH+F+Cl (Deer et al. 1962). Because Wi%® 1nq0pite (see stable isotope section, below), Mas-141,

"highdD western Mexico phlogopite; SN-31 from a
no Basin andesite, and S23-267 from Uganda. None

cant uncertainty in the calculated amount of Fand
Fe#* per formula unit (pfu). The maximum uncertainty
in the calculated amount of Fe pfu caused solely by
zoning was estimated by assuming that all of the FeO

zoning was caused by variations in*feCombined er- Biotite normalization schemes
rors from the microprobe and wet chemistry contribute

an additional source of error. This total uncertainty iftpe proplems inherent in generating a mineral formula
Fe* is 0.08-0.11 ions pfu for samples from westergyq \microprobe data alone for hydrous species that con-
Mexico, 0.15-0.25 ions pfu for Mono Basin sampleggin photh F&+ and F&*, such as mica and amphibole,
0.13/ions pfu for Leucite Hills and 0.10-0.16 ions pfu fof, 5./e long been recognized (Bohlen et al. 1986idaway
the Uganda samples. These errors are smaller than {lag. pymek 1983; Hewitt and Abrecht 1986; Afifi and
symbols used in Fig. 2. Essene 1988; Cosca et al. 1991; Dyar et al. 1991; Schu-
macher 1991). Afifi and Essene (1988) showed that
cation and anion normalization schemes for biotite both
generate formulae that are stoichiometric with good to-
tals (adjusted for water contents) but nonetheless make
incorrect estimates of the amounts of,8g FeO and

,0. Anion normalization schemes for hornblendes

tents range from 0.8 to 10.5 wt%, corresponding to 0.68ade solely on the basis of electron microprobe data
to 1.15 F&" pfu. Water contents vary from 1.6 to 3.¢;@nnot replicate the measured,8¢and HO, whereas

: e fixed-cation normalization schemes provide a fair esti-
wt%, corresponding to 1.58 to 3.04 OH pfu, significantl
less than if an hydroxyl site were fully occupie ate of FeO; but not HO contents (Cosca et al. 1991)'
(4.00 pfu). This deficiency is made up only in part by oth types of schemes, however, are able to provide ac-

; P rate mineral formulae for most other cations. Schu-
gr:_?. Cland presumably is taken up by O substituting f?#acher (1991) showed how errors in the mineral formula

The F&*/F€' ratio obtained for the phlogopite sepagf biotite caused by incomplete chemical analyses prop-
rate from the Leucite Hills (23%) is far lower than thafi9ate in geothermometry and geobarometry calcula-
(73%) obtained by Cross (1897) for phlogopite of almo&Pns- . _
identical bulk composition, but from a different lava flow . ©N€ common method for obtaining mineral formulae
(Pilot Butte, Leucite Hills). This discrepancy in theP! biotites from microprobe data alone is to normalize
F&/Fe' ratio of the two phlogopite separatés undefhe sum of the atomic proportion of oxygen from each

scores the difficulty in interpreting some older data. AQXIde t0 & charge of 44 (often designated as 22 oxygen
equivalents), assuming all iron is ¥e By normalizing

1 The use of per formula unit (pfu) here and throughout the te!&'omes to a set charge, the number of cations obtained

refers to mineral formulae that were obtained by normalizing tHBay be less than 16, resulting in apparent vacancies that
data, including FeO, E®, and HO to 24= O+OH+F+Cl are assigned to the interlayer (A) ald octahedral sites.

(<5%). Hence, chlorite does not contribute significantly
to the bulk analyses of }0 and FeO in our separates.

Mineral chemistry

There is significant variation in the J@ and FgO, con-
tents of the phlogopite and biotite samples both with
and between the four sample localities. The@gecon-



55

Table 1 Analyses of phlogopite, biotite and coexisting phases, ifiyzed or not applicablephl=phlogopite;bt=biotite; hbd=horn-
cluding measured FeO, Ke,, H,O anddD values i=number of blende; ol=olivine; cpx=clinopyroxene. Phlogopite Mdre"

probe analyses averagel;d.=below detection;n.a=not ana- >2:1; biotite Mg/Fe'<2: 1}

Continental arc, western Mexico Leucite East African Rift, Uganda

Hills

Sample Mas-3a Mas-3a Mas-4 Mas-4 Mas-11 Mas-11 Mas-141 Mas-141 LH-6 S23-209 S23-255
phase phl ol phl ol phl ol phl cpXx phl phl phl

n=12 =37 =16 n=15 =16 =35 n=8 n=27 =15 n=7 n=6
Sio, 40.07 39.73 39.74 39.54 39.68 39.61 39.28 50.98 41.33 36.78 35.93
TiO, 2.03 n.a. 2.47 n.a. 2.23 n.a. 2.93 1.09 2.12 4.44 5.65
Al O, 13.41 0.01 13.96 0.02 13.82 0.03 14.08 2.39 12.10 14.24 14.46
Cr,0, 1.18 0.05 0.95 0.01 0.87 0.01 0.47 0.01 0.95 0.04 0.13
Fe,0, 3.70 n.a. 4.24 n.a. 4.68 n.a. 5.68 n.a. 0.81 5.21 4.18
FeO 0.82 n.a. 1.47 n.a. 0.62 n.a. 1.45 n.a. 2.48 9.41 9.03
FeO' n.a. 12.93 n.a. 11.76 n.a. 12.87 n.a. 6.51 n.a. n.a. n.a.
NiO 0.38 0.22 0.12 0.40 0.29 0.32 0.18 b.d. 0.23 0.11 b.d.
MnO 0.01 0.23 0.02 0.19 b.d. 0.24 0.07 0.18 0.03 0.08 0.10
MgO 23.36 45.74 22.61 47.12 23.37 46.08 21.85 15.11 24.94 16.25 16.29
BaO 0.59 n.a. 0.43 n.a. 0.40 n.a. 0.61 n.a. 0.43 0.59 b.d.
CaO b.d. 0.21 0.09 0.16 0.01 0.21 b.d. 22.46 0.01 b.d. 0.01
Na,O 0.50 n.a. 0.52 n.a. 0.60 n.a. 0.63 0.33 0.15 0.38 0.46
K,O 10.38 n.a. 9.72 n.a. 10.22 n.a. 10.25 b.d. 10.90 9.74 10.02
F 1.29 n.a. 1.16 n.a. 1.23 n.a. 0.82 n.a. 1.44 0.03 0.24
Cl 0.01 n.a. 0.02 n.a. 0.02 n.a. b.d. n.a. b.d. 0.01 b.d.
H,0 2.14, n.a. 2.33 n.a. 2.42 n.a. 2.39 n.a. 2.36 3.02, 2.41

2.38 3.04

O=F —-0.54 n.a. -0.49 n.a. —-0.52 n.a. -0.35 n.a. —-0.60 —-0.01 -0.10
O=Cl 0.00 n.a. -0.01 n.a. 0.00 n.a. 0.00 n.a. 0.00 0.00 0.00
Total 99.34 99.14 99.38 99.22 99.92 99.37 100.35 99.29 99.66 100.32 98.82
Fe /Fe’ 0.802 n.a. 0.772 n.a. 0.872 n.a. 0.779 n.a. 0.227 0.333 0.294
dDgpow  —137, na. —129 na. —56 na. —43 n.a. n.a. —50, —51

—103 -60

East African rift, Uganda Mono Basin, California
Sample S23-256 S23-262 S23-265 S23-267 S23-268 B37-5 B37-5 SN-31 SN-31 SN-161 SN-161
phase phl bt bt bt bt phl cpx bt hbd phl hbd

n=8 n=8 n=13 n=8 n=8 n=12 n=30 n=12 n=20 n=19 n=12
Sio, 36.10 35.29 35.26 35.63 36.55 36.14 46.43 36.98 42.27 36.34 43.15
TiO, 5.51 5.05 3.40 4.35 4.94 6.77 2.46 5.07 3.20 4.65 2.52
Al,O, 14.30 14.16 14.32 13.93 14.17 15.36 5.36 14.30 11.56 14.92 10.93
Cr,0, 0.01 0.11 0.01 0.19 0.12 b.d. 0.11 b.d. 0.05 0.01 0.01
Fe,0, 4.64 7.23 5.98 4.96 5.90 4.80 3.23 10.45 6.73 9.94 6.90
FeO 8.86 12.36 16.14 11.29 13.01 6.68 4.22 7.40 5.75 4,72 5.69
FeO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
NiO 0.03 0.02 b.d. 0.29 0.02 0.06 0.01 0.05 b.d. 0.08 b.d.
MnO 0.08 0.22 0.32 0.38 0.22 0.15 0.08 0.16 0.18 0.13 0.21
MgO 15.91 12.46 11.26 14.54 12.23 16.59 12.04 14.33 13.53 15.80 13.83
BaO b.d. 0.18 0.34 0.12 0.04 1.06 n.a. 1.19 n.a. 1.32 n.a.
CaO 0.08 b.d. b.d. 0.09 0.02 0.03 23.60 0.04 11.34 0.07 11.35
Na,0 0.34 0.40 0.37 0.51 0.34 0.49 0.62 0.80 2.21 0.93 2.19
K,O 9.87 9.86 9.69 9.49 9.79 9.64 n.a. 8.94 1.08 8.41 0.93
F 0.00 0.13 b.d. 1.09 b.d. 0.14 n.a. 0.15 0.12 0.06 0.10
Cl 0.02 b.d. 0.01 0.04 0.01 0.02 n.a. 0.05 0.03 0.04 0.02
H,O 2.92 2.41 2.97 2.63 2.34 2.17 n.a. 1.57 0.91 2.41 1.23
O=F 0.00 —-0.06 0.00 —0.46 0.00 —-0.06 n.a. -0.07 -0.05 -0.03 —-0.04
O=CI 0.00 0.00 0.00 -0.01 0.00 0.00 n.a. -0.01 -0.01 -0.01 0.00
Total 98.66 99.82 100.07 99.07 99.70 100.04 98.17 101.40 99.57 99.78 99.02
Fe"/Fe'  0.320 0.345 0.250 0.265 0.290 0.393 n.a. 0.560 n.a. 0.654 n.a.
dDspow —49 -50 -70 —58 —-57 —-59 n.a. —-53 —-53 na. —65

Maximum relative error (8), for phlogopite and biotite analyses,chemistry and F®, determined by difference: BE@;
based on counting statistics on the electron microprobe: Si 0.04t%=1.1113 (Fe®-FeO) wt%. HO anddDg,ow determined by
Ti0.11; Al 0.01; Cr 0.61; FE0.05; Ni 0.32; Mn 0.44; Mg 0.01; mass spectrometry

Ba 0.74; Ca0.29; Na 0.16; K 0.02; F 0.08; Cl 0.55. FeO from wet
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Table 2 (continued)

Sample Uganda: B37-5 Mono Basin: SN-31 Mono Basin: SN-161
Method A B B C A B c
Wit%
Fe,0, 4.80 0.00 0.00 10.45 0.00 0.00 9.94  0.00 0.00
FeO 6.68 11.00 11.00 7.40 16.80 16.80 4.72 13.66  13.66
H,0 217 2.74 4.04 157 3.03 399 241  3.15 4.00
Total 100.04 99.98 101.43 101.40 101.79 102.77 99.78 99.51  100.38
# ions
Si 5.418 5.415 5272 5586 5554 5444 5452 5497  5.399
Al 2582 2585  2.641 2.414 2.446 2.481 2.548 2.503  2.601
Fe'r 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000  0.000
iy 0.000 0.000  0.087 0.000 0.000 0.075 0.000 0.000  0.000
Al 0.131 0.127  0.000 0.131 0.085 0.000 0.090 0.156  0.012
Ti,, 0.764 0.763  0.656 0.576 0.573 0.486 0.524 0528  0.519
Cr b.d.  b.d. b.d. b.d. b.d. b.d. 0.002 0.002  0.002
Febt 0.542 0.000  0.000 1.188 0.000 0.000 1.122 0.000  0.000
Fet 0.837 1.378 1.342 0934 2110 2.069 0592 1.728  1.697
Ni 0.007 0.005  0.007 0.006 0.005 0.006 0.010 0.008 0.010
Mn 0.019 0.019  0.019 0.020 0.020 0.019 0.016 0.016 0.016
Mg 3.709 3.706  3.609 3.227 3.208 3.145 3.534 3.562  3.500
Normalization procedure: vi site 6.010 6.000 5633 6.083 6.000 5.726 5.890 6.000 5.756
A calculated by normalizing  Ba 0.062 0.062  0.060 0.070 0.070 0.069 0.077 0.078  0.077
around 24-0O+OH+F+Cl Ca 0.004 0.004  0.004 0.006 0.006 0.006 0.012 0.012  0.012
with measured FeO, £, Na 0.143 0.143  0.139 0.235 0.234 0.229 0.269 0271  0.267
and HO: B calculated by nor- K 1.844 1.843 1.794 1.722 1712 1.679 1.609 1.622  1.594
with measured total iron only; 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000
C calculated by normalizing o 1.759 1.187  0.000 2.332 0.881 0.000 1.550 0.784  0.000
around 44 anions, with mea- 0.067 0.066 0.065 0.074 0.073 0.072 0.029 0.029 0.028
sured total iron only. Tetrahe- ¢ 0.005 0.005 0.005 0.012 0.012 0.012 0.010 0.010 0.010
dral site preference of OH 2170 2.742 3.931 1.582 3.033 3.916 2.412 3.177  3.962

Si>AlI>Fel >Ti

The amount of HO

is calculated by assumingble in a closest packed site. For many cations, including

OH = 4—(F+Cl). Once the analyses are normalized to®, Mg, Mn, Ca, Ba, Na as well as F and ClI, both the
given anionic charge, there is no unique method for estiation and anion normalization schemes provide fairly
mating the FgD,/FeO ratio (Cosca et al. 1991; Schuaccurate mineral formulae (Table 2, Fig. 2). Both

macher 1991). A second method for recalculating méchemes provide less accurate estimates for Si(tatal
croprobe analyses is to normalize on the basis of a gival) and K. The normalization neglects the possibility of
number of cations. For trioctahedral micas, a fixed numignificant anion vacancies as did Foster (1960) and Deer
ber of octahedral and tetrahedral cations is usetlal. (1962). The most significant error is the overesti-
(14 = Si+Ti+Al+Fet+Mn+Mg+Sr+Ni). Any excess mation of the amount of Fé at the expense of B&, and
negative charge is compensated by replacingf Feith the overestimation of OH at the expense of O on the
Fe**, whereas excess positive charge is compensatedhyylroxyl site. For all of the samples analyzed here, the
replacing OH with excess oxygen, thus giving a minfixed-cation normalization procedure results in an ex-
mum estimate of ferric iron. The amount of®lis calcu- cess positive charge that is compensated by the replace-
lated by OH= 24— (O+F+Cl). The fixed-cation nor- ment of OH by O in order to charge balance the mineral
malization method assumes that the octahedral sitefasmulae. This compensation is reflected in the apparent
fully occupied, although it does permit vacancies on thecrease in accuracy of OH by the fixed-cation normal-
interlayer site. The presence of octahedral vacancieation procedure compared to the anionic charge
causes an overestimation of the mole fraction of eachmithod, whereas the amount of’Feand F&" remain
the tetrahedral and octahedral cations in proportion égually inaccurate for both methods. These inaccuracies
the number of vacancies, resulting in an excess positpersist even though the adjusted totals (including
charge (Dymek 1983). calculated water contents) for the anion and cation nor-
To test the validity of these normalization schemes malization schemes are acceptable and calculated
biotite and phlogopite, calculated mineral formulae magite occupancies appear to be stoichiometric. Thus, a
be compared to those obtained by normalizing on tiggod or bad total or the appearance of stoichiometry
basis of 24= O+OH+F+Cl using the results from wet based on recalculated probe data alone is not a sufficient
chemical and mass spectrometric analyses of Fe@J-eindicator of a good analysis, nor is this method useful
and HO. In this procedure, it is assumed that the hyer assessing the B&Fe** or OH concentration in bi-
droyxl site is fully occupied, since vacancies are not statite.
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ia
O X

Fig. 1 aBackscattered electron (BSE) image of a phlogopite phe- 6.0 2.8
nocryst from sample Mas-3a, a minette lava from western Mexico, Si ALY
magnified 80x. Scale bar 100mm.b Same as Fig. 1a, magnified 5.8 ™ 26 ™
400x. Reaction rim on phenocrystsi® mm. Scale bar 100mm. .
¢ BSE image of phlogopite grain mounts for sample S23-268 from u
the East African Rift, Uganda, magnified 120x. Some grains con- 5.6 2.4
tain small Fe-Ti oxide inclusions that were separated out during .
hand-picking and were not included in the separates used for FeOs5 4 | 22
or water analyses .
5.2 T T T 2.0 ; ; .
. . . 52 54 56 58 60 20 22 24 26 28
Electron microprobe determination of oxygen
v 60 v <
The introduction of layered synthetic dispersion elemegt g 2.0
(LSDE) crystals, such as the pseudo-crystal OV60, haue
increased the analytical capacity of the electron me 1.8 o
croprobe to include light elements such as oxygen (Arng- 407
strong 1988; Bastin and Heijligers 1989). In mineralg L6
like biotite and hornblende that contain both waded Z ’
an elementin two oxidation states, there is no unique way
to determine both kD contents and Fé/Fe&" ratios 20 40 o Y6 18 20
even with direct measurement of oxygen. If, however, ' ' ' '
either HO or FeO has been measured directly, then a E ey = 3.0
value for oxygen can be used to infer the concentration of OH.. Fe "
the other. Several factors complicate the determination >3] =i ® [0 ”0 .i
of oxygen on the microprobe, including variations in qﬁ "1 = i'
peak shape, absorption of oxygen by the carbon coating, H ]
contamination by surface water, large mass absorptionz.s— 1.0 Fe2*
coefficients and atomic number corrections (Armstrong 34
1988; Bastin and Heijligers 1989; Goldstein et al. 1991). Fe
Oxygen contents were obtained in this study as part of 1'51 s 25 A 0'000 10 20 30
electron microprobe analyses, using a hornblende mega- ) ' ' ’ ) '
cryst from Kakanui, New Zealand (18.29 Si, 7.89 Al, Number ions based on 24=0+OH+F+Cl

8.49 Fe, 7.72 Mg, 7.36 Ca, 1.93 Na, 1.70 K, 2.62 T, . .
! ! ! ! ' ig. 2 Calculated number of ions per formula unit (pfu) based on
42.91 O wt%) as the standard. Wavelength scans for t 14%: O+OH+F+Clwith measured FeO, &, and H,O contents,
standard and fluorophlogopite, with tlweaxis oriented versus calculated number of ions by normalizing to 14 cations
parallel and perpendicular to the electron beam, indicd@®en symbo)sor 44 anionic chargec{osed symhs). The 1:1
that peak shape and position for oxygen is nearly idengpr_rgsgqn?ﬁn(;e !{me is shown. Normalization schemes are de-
cal for alP. In Fig. 3, oxygen contents as determined on Ded In thetex
the electron microprobe and corrected using the Cameca ) o )
PAP program are compared to oxygen contents obtairfé@m the complete analysis of biotite [analytical total -
sum of cation . Absolute errors for the direc
f cationst F + Cl)]. Absolut forthe direct
2 Details of oxygen analysis, including peak shapes, can be fouBialysis of oxygen on the microprobe ars 2 0.39
in S.N. Feldstein (1997) based on counting statistics, equivalent to those for the
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50 10— ———
O wt% 09 [ @ - ]
08 W g [ | |
< By 0.7 5 N 4
& 40 & o6 N
E £ 05} ]
04 | @ ]
03 | ]
02 [ PR STU S S S NV SR N B.Ei s %&. ]
30 ' . i -140.0 -120.0 -100.0 -80.0 -60.0 -40.0
30 40 50 $D
Backcalculated
3’5"'l"'l"'l"'l'"I“'I‘
Fig. 3 Backcalculated oxygen wt% based on24D0+OH+F~+ClI [ (b) ]
with measured FeO, BE®, and H,O contents, versus oxygen wt% r 1
measured directly on the electron microprobe (EMPA). The 1:1 3r mE H 4
correspondence line is shown ’; . - ]
g2 gt 3
T le an n® e
calculated oxygen contents and encompassed by the © ; k- ]
symbols in Fig. 3. Measured oxygen contents are low by 2 e
¥1.5% absolute. This discrepancy might be caused by i ]
variations in the thickness of the carbon coating between s b e
sample and standard (Goldstein et al. 1991). 00 02 04 06 08 10 12
Fe’" (p.fu.)
Stable isotope analyses 35 :'('C)'"""‘ """" AR RRARS
ThedD values of biotite and phlogopite analyzed in this - 3B & 1
study(TabIel;Fig.4a).encompassala_rgeran9133(7 2 bt ]
to —43%o). For comparison, the range @D values of S5 m@ A b
micas from other mafic magmatic rocks, including kim- = Lo 5 [ I
berlites, carbonatites and xenoliths in alkali basalts, fall /2 S L.
between—95 and—25%. (Sheppard and Epstein 1970; a ]
Kuroda et al. 1975, 1977; Sheppard and Dawson 1975; R - T T T
Boettcher and O’Neil 1980; Kyser and O’Neil 1984; 02 03 04 05 06 07 08 09
Poreda 1985; Dobson and O’Neil 1987; Kyser and Stern Fe**/FeT

1988; Guy et al. 1992). Unaltered mid-ocean ridge
basaltic glasses hau® values betweer 85 and—75%., Fig. 4 aA plot of F€*" /Fe’ ratios vsdD for the micas analyzed in
whereas back-arc basaltic glasses and primary cumul%‘ﬂﬁi,smd.y-so“d squaregwestern Mexico)open trianglegeastern

. alifornia), solid diamond (Leucite Hills, Wyoming), open
hornblende from subduction-related lavas hiDevalues  squares enclosing a plus sigast African Rift, Uganda) A plot
between—45 and—28 %o (Craig and Lupton 1976; Sa-of OH (per formula unit) vs F& (per formula unit) for the micas
take and Matsuda 1979; Kyser and O’Neil 1984; Guy etalyzed in this study; symbols asdnc A plot of OH (per formula
al. 1992). The phlogopite phenocrysts from westeMyit) vs FE€"/Fe' for the micas analyzed in this study; symbols as
Mexico have the widest range ir/Bl ratio ever measured n
for minerals from arc lavas. Two aliquots of sample Mas-
3a had differentD values as well as water contents (2.14 Biotite and hornblende phenocrysts from a single an-
wt% H,0, —137%o; 2.38 wt% HO, —103%0), indicating desite sample from the Mono Basin area (SN-31) had
significant isotopic heterogeneity in this sample. Sampigentical dD values of —53%o; hornblende phenocrysts
Mas-3a erupted alongside sample Mas-11 but over 4006m a second andesite sample (SN-161) ha® aalue
thousand years later; the two lavas have almost identiodl—65%.. (There is naD value for SN-161 biotite be-
major element whole rock and phlogopite compositiortause of an experimental failure.) TiP values of bi-
(including ferric-ferrous ratios and water contents) buitite and phlogopite from the Ugandan clinopyroxenites
remarkably differentiD values of—137 and—56%o, re- range from—70 to —49%.. Two aliquots of the phlogo-
spectively. Phlogopite phenocrysts from two other wegtite separate S23-209 had somewhat diffedenvalues
ern Mexico lava flows hadiD values of —129 and (—50 versus—60 %o) with identical HO contents. This
—43%. Three minette lavas (Mas 3a, 4 and 11) wittlifference is well outside the analytical error (1-2%o)
phlogopite phenocrystiD values of =137, —129 and and such differences were not observed for standards an-
—56%o0, respectively, have®O values of 5.2, 5.2 andalyzed at the same time. This observation suggests that
6.2%o respectively. some of the samples are isotopically heterogeneous.
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There is no systematic difference dd values between dence suggests that Reaction 2 will only proceed in hy-
the two textural types identified in the Uganda xenolithslrous phenocrysts if the host magma becomes oxidized,
one believed to be igneous and the other metasomatioinif there is a drop in the fugacity of H

origin. A commonly invoked mechanism for the oxidation of
magmatic liquids is the preferential loss of thedt CO
component through degassing (Sato 1978; Mathez

Discussion 1984). Since both of these components have extremely
low solubilities in magmatic liquids at oxygen fugacities

Effect of magmatic degassing and post-eruptive =QFM (Dixon etal. 1991; Thibault and Holloway 1994),

oxidation on mineral chemistry they are formed in the gas bubble only after thgtbr

CO, component has diffused from the melt to the gas, in

Before analyses of biotite phenocrysts can be usedWhich case no net oxidation of the melt has occurred.
infer pre-eruptive magmatic conditions, it must first b&his argument is supported by a detailed study of gases
established that these analyses represent pristine mif@flected from the Puu Oo eruption at Kilauea Volcano,
als that have not been affected by a variety of alteratitpwaii. Gerlach (1993) showed that all gases collected
processes. For example, if magma is transported fré¥er & temperature interval of 1185 to 98%had oxygen
deep crustal levels to a shallow reservoir where the prddgacities with a consta@NNO value of—-0.51+ 0.04.
sure is sufficiently low that the magma becomes Vapo'Fhls value is consistent with that calculated for Kilauean
saturated, extensive degassing can occur prior to erlg@s based on Fe-Tioxides and bulk ferric-ferrous ratios
tion. Hydrous phenocrysts, such as mica and hornblendiethe glassy lavas (Gerlach 1993). The evidence from
may partially dehydrate in response to a drop in watEtawai demonstrates that equilibrium degassing does
fugacity. Numerous disequilibrium experiments at 1 b&ot lead to OXIdatIO.I’I or reduction of the residual magma.
on biotite powders and flakes indicate that at high tem- Because Reaction 2 can only occur when there is a

peratures, dehydration can occur by dehydroxylation:drop in the hydrogen fugacity of the system, the best
opportunity for this to occur is during eruption into air.

20H" VO?~+H,0 (1) However, the F&/Fe' ratios (80, 87 and 78%) in Masco-
ta phlogopite phenocrysts found in slowly cooled lavas
(e.g., Vedder and Wilkins 1969; Sanz et al. 1983Mas-3, -11, -141, respectively) are not significantly
Tikhomirova et al. 1989). This reaction generates a VRigher than the F&/Fe' ratio (77%) found in phlogopite
cancy in the hydroxyl site, unstable in a closest pack@&@m a rapidly quenched scoria (Mas-4). Moreover, if
site, and therefore leads to the breakdown of biotite ap@action 2 was an important process during eruption of
the development of reaction rims. Experiments b$e minette magmas into air, then all mica-bearing lavas
Rutherford and Hill (1993) on a dacite magma indicatshould have mica phenocrysts that record similarly high
that at least four days are required for the developmentmé+/Fe' ratios as those from western Mexico, which is
reaction rims on hornblende phenocrysts after a dropdfearly not the case. Lavas from eastern California and
water fugacity has occurred. The effect of Reaction 1 aRyoming that were examined in this study had micas
reducing the measured hydroxyl concentration of the miith significantly lower F&/Fe" ratios than those from
ca and hornblende phenocrysts relative to their pristingestern Mexico despite similar eruption histories.
magmatic values was minimized by hand-picking grairgherefore, the field evidence argues strongly against the
that were completely free of alteration rims. importance of Reaction 2 during eruption into air. This is
In addition to Reaction 1, another dehydration mechaonsistent with the lack of any correlation betweeA'Fe

nism can occur that affects the ferric-ferrous ratio in th@fu) and OH (pfu) for the micas analyzed in this study
mica. It is the oxidatiopdehydrogenation reaction: (Fig. 4b).

Fe2*+OH’VFe3++02’+% H, (2)

Variation in FE*/Fe" with tectonic setting
(e.g., Sanzetal. 1983; Guttler etal. 1989; Rancourtetal.
1993). Unlike the case for Reaction 1, Reaction 2 is r&he FE€*/Fe" ratios and hydroxyl contents of the phlogo-
versible and need not create opaque reaction rims on thie and biotite samples in this study provide a qualitative
mica and hornblende phenocrysts. Numerous expemeasure of pre-eruptivig,, andf, o in the magma. Al-
mental studies demonstrate that complete iron oxidatittrough such an analysis is not quantitative without access
and dehydrogenation occurs in biotites when heatedtm an activity-composition model for mica solid solu-
air to 300—-806C (Hogg and Meads 1975; Ferrow 1987tions, broad differences between tectonic settings may
Chandra and Lokanathan 1982, Sanz et al. 1983). Hoae assessed. The ratio of ferric iron to total iron for the
ever, in an inert atmosphere and in vacuum, completeparates analyzed in this study ranges from 23 to 87%,
oxidation is not achieved up to 800—-100@0(Rimsaite with phlogopite and biotite from different tectonic asso-
1970; Chandra and Lokanathan 1982) and, in a reducicigtions having characteristic F¢Fe" ratios (Fig 4c).
atmosphere, there iso0 oxidation of iron up to 160@ Ratios approaching 80-90% are possible because in ad-
(Chandra and Lokanathan 1982). The experimental edition to the oxyannite component, KFé&e&*AlSi;O,,,
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which has a F&/Fe" ratio of 66%, other componentstive host liquids, the hydroxyl contents of the biotite phe-
such as KMgFg"AlSi;O,, may also be present, with anocrysts should also be correlated with #g, in the
Fe**/Fe' ratio of 100%. magma. For the samples analyzed in this study, the defi-
The phlogopite phenocrysts in minette lavas from thm@ency in the hydroxyl site caused by the less than ideal
continental arc of western Mexico have the highest’Fe quantities of water (4-OH) is only in part made up by F
Fe' ratios of 77—-87%, consistent with the high magmatind ClI, with the remainder assumed to be filled by oxy-
oxygen fugacities inferred for these lavas (3-5 log uniten. Although the concentration OH, F and ClI in the
above the Ni-NiO buffer; Lange and Carmichael 199hydroxyl are directly related to the fugacities of these
Carmichael et al. 1996). Detailed pelogic and geo- respective components in the host melt, this is not the
chemical studies of the western Mexican arc lavas indiase for oxygen. The amount of oxygen in the hydroxyl
cate that they have a geochemical signature charactesite need not be related to oxygen fugacity (the measure
tic of a subduction environment (Luhr et al. 1989; Langef f., is in the ferric-ferrous ratio and not the number of
and Carmichael 1991). Biotite phenocrysts from thexygens in a melt), and instead correlates inversely with
Mono Basin andesite lavas, whose chemistry alsotlse amount of water, fluorine and chlorine occupying
characteristic of a subduction environment (Lange et #his site.
1993) also have high P&/ Fe' of 56-66%. The oxygen  The hydroxyl contents of the mica samples analyzed
fugacities of these lavas are between 1-2 log units abadrehis study (Fig. 4b) show no variations between differ-
Ni-NiO (Lange and Carmichael 1996). ent tectonic settings. Nor is there any correlation be-
In contrast to the high F&/Fe' ratios found in micas tween the OH contents and the3F&¢' ratios in the
from arc lavas, biotite and phlogopite separates fromicas (Fig. 4c), which confirms that magmatfig and
Uganda clinopyroxenite xenoliths have lower*Fd=e" f,, ; are independent variables. In other words, hydrous
ratios (25—-40%). These low ratios relative to those fromagmas need not be oxidized. Moreover, it suggests that
western Mexico cannot be attributed to their higher totalkaline magmatism with an OIB-like trace element sig-
iron concentrations, because a similarly low*7&e" nature can be just as hydrous as subduction-related mag-
ratio of 23% was obtained for the phlogopite separategatism. The distinguishing feature appears not to be wa-
from the Leucite Hills wyomingite. Although two tex-ter activity but rather oxygen fugacity.
tural types are represented by the Uganda samples, one
inferred to be metasomatic and the other magmatic, the
mineral chemistry of the micas including #¢Fe' ratios  glement partitioning between mica
is indistinguishable. Unfortunately, there is no means g coexisting phases
which to evaluate the oxygen fugacity of these xenoliths.

There are several possible exchange reactioggasurements of element partitioning between silicate
between phlogopite (or biotite) and a host silicatgyids and crystallizing phases, and between two coex-
mel+t that involve fe”'f iron. These mcIugIS: FEAl) 1, isting phenocrysts, provide an important tool in igneous
FE (MaTi)_,,  F&'(MgSi),,  AIFe(MgSi).., petrology. Egilibrium partitioning of elements between
AIFe3+(Mg'+I'|)._1, Fe (Bliez TQ—.l’ F&'(F& %')—21; phases is used to model the chemical evolution of mag-
AIFe+ (Flef Si)_., AlFe(F€'Ti)_, and FE'O*" a5 under a variety of melting and crystallization pro-
(Fe*OH'™)_,. Examination of the mineral formulae incegses, and is also important to thermometry and oxy-
Table 2 leads to the conclusion that the largest compoglrometry calculations. Currently, there are no experi-
tional differences between the Mascota and Uganda Mizntal constraints on the Mg-Fe exchange reaction
cas do notinclude OH, butrather Mg,¥eFe" and Ti. petween phlogopite (or biotite) and coexisting phases
The principal differences in composition are best exych as olivine, clinopyroxene and hornblende. For ex-
pressed in terms of the following two exchange reagmple, consider the following exchange reaction:
tions: Mg*(Fe*)_, and Fé"(F€'Ti)_,. Thus, it is
likely that the host magmas that crystallized the Mascot&3 KM3sSi,AlO,,(OH),+1/2FeSiO,

phlogopites had higher MgO and & concentrations mica olivine
relative to the Uganda magmas, which in turn were en- =1/3KFe,Si,AIO, ,(OH),+1/2Mg,SiO, (3)
riched in FeO and TiQ These differences are consistent mica olivine.

with the fact that OIB-related magmas have long been
recognized to contain higher Fe@nd TiQ, relative to The ideal contribution to the equilibrium constant is:
arc-related magmas (Fitton et al. 1991). Moreover, the Koo/ X )°!
higher FgO, contents in the Mascota magmas Sugge}ég(gcﬁii:t:l):(x’wg/xi':é)phl 4)
that they were characterized by higher oxygen fugacities. Mol e
On the basis of complete analyses of biotite, horn-
blende and clinopyroxene (including direct measure-
Variation in X5, with tectonic setting ments of FeO and FeQTable 1), values were calculated
for KM9/F€" of phlogopite-olivine, biotite-hornblende
Just as the Fé/Fe' ratios of the phlogopite and biotiteand phlogopite-augite pairs. Values fof &< = (+ 2s
phenocrysts should be related to fiag of their respec- errors) of 0.12+ 0.12, 0.26+ 0.14 and 0.0%4+ 0.12
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were obtained for samples Mas-3a, -4 and -11, respearalyses of biotite and phlogopite separates from the
tively, indicating thatXy,,/Xe- ratios are much higher same samples erfgyed in this sudy (Davies and Lloyd
in phlogopite than in coexisting olivine. The large rela986).
tive errors in the derived values oi"lg{Fe? are caused The dD values of phlogopite phenocrysts from the
by low ferrous iron concentrations in the phlogopite phavestern Mexico minettes vary by almost a 100%. for
nocrysts. Values for g,{ggi;t) of 1.22+ 0.10 and 0.73 flows and cones within 20 km of each other, erupting
+ 0.08 were calculated for samples SN-31 and SN-16dver a 475 ky interval. Of all théD values published for
Therange in published values om;ejgt for coexisting mantle minerals (Sheppard and Epstein 1970; Kuroda et
biotite and hornblende from a variety ofplutonic rocksial. 1975, 1977; Sheppard and Dawson 1975; Boettcher
0.9-1.4 and appears to be correlated with the concentaad O’Neil 1980; Kyser and Stern 1988; Deloule et al.
tion of tetrahedral Al in the hornblende (Speer 1984)991), none have been as low as those of some of the
Our data are broadly consistent with this trend and inddhlogopite phenocrysts from western Mexico. The effect
cate that values of r{gf;t) can vary from 0.7 to 1.4. A of crystal fractionation plays only a negligible role in
Kyo/re y value of 1.15+ 0.12 was obtained for theproducing variations in the [M ratio of minerals at the
phlogopite-clinopyroxenite sample B37-5 from Uganda&yystallization temperatures of these minetta&l (00—
indicating similarXy,,/Xge- ratios between equilibrium 1200C), probably less than 10%. (Suzuoki and Epstein
pairs of phlogopite and clinopyroxene. It was not possl976; Kyser and Stern 1988). Likewise, differing de-
ble to obtain a pure augite separate from any of tlyees of partial melting will not contribute to the varia-
minette samples because most of the augite occurstias in D/H ratio between different melts of an isotopi-
small mlcrophenocrysts However, if agxfe” value cally homogeneous source region, and therefore between
of 1.15 is emjoyed, the F&"/Fe" ratio in the M) as-141 phlogopite phenocrysts crystallizing from these melts.
augite microphenocrysts is 86%. It is likely, however, Ifthe large variation irdD for phlogopite phenocrysts
that values for }ggggfph, are as variable as thosdrom the minette lavas were caused by magmatic de-
for Kyo/Fs oy Values for I9/E | of 0.7 and 1.4 ap- gassing (Nabelek et al. 1983; Taylor et al. 1983; Kyser
plied to Mas 141 leadto F"é/l(:e{ ratlos of 78% and 89%, and O’Neil 1984; Newman et al. 1988), volatilization of
respectively, in the augite microphenocrysts. Thereforgydrogen (as k) accompanied by dehydroxylation
within a possible range of C/,fff;jhl) values §0.7-1.4), (Eq. 1) would require almost 100 per cent loss of mag-
a substantial concentration of the esseneite componerdtic water, which is unrealistic given the stability of the
(CaFé*AlSiOg) occurs in the Mascota clinopyroxeneshydrous phenocrysts. Magmatic degassing gDHs
which is consistent with their lemon yellow color inequally unlikely; the isotopic heterogeneity found in the
plane-polarized light and slight pleochroism (Cosca amthlogopite separate splits from Mas-3(= —137%o
Peacor 1987). and —103%o.) also requires almost 100 per cent loss of
Calculated I’g/ ba_bn Values of for biotite-hornblende magmatic water, yet the phlogopite phenocrysts in this
pairs in samples SN-31 and SN-161 were also calculagmple are free of reaction rims (Fig. 1a, b).
ed, but have large errors (0.861.11 and 1.63+ 2.76) A possible explanation for the large variationdb
because of the low F contents .20 wt%; Table 1) in all values is isotopic heterogeneity in the sub-arc mantle of
four phases. western Mexico. Although subduction-related lavas gen-
erally have relatively highdD values (Poreda 1985; Dob-
son and O’Neil 1987; Fig. 4a), altered oceanic crust with
Large variations iniD: a reflection of exchange dD values as low as-145%. has been observed in drill
with meteoric water cores down to 800 m depth (Hoernes and Friedrichsen
1979a, b; Friedrichsen and Hoernes 1980; Marumo et al.
There has been considerable debate as to whether 1B80; Friedrichsen 1984; Sakai et al. 1990). Subduction
large variations found in the [H ratio of mantle-derived of this material and release of water with variablgHD
magmas and xenoliths are inherited from the mantle ratios into the mantle wedge could result in a mantle
self (e.g., Sheppard and Epstein 1970), or if secondagurce region for arc magmas that is heterogeneous with
exchange processes have altered the primary mantle issspect to deuterium. However, td&O values for the
topic signatures (Kyser and O’Neil 1984). The biotiteMascota phlogopites are consistent with normal mantle
and phlogopite-clinopyroxenite xenoliths from the Eastalues and strongly argue against isotopic heterogeneity
African Rift havedD values from—70 to —49%o., which in the mantle as an explanation for the anomalous and
overlap those believed to represent “primary” madile variable phlogopiteD values.
(Craig and Lupton 1976; Satake and Matsuda 1979; Guy The most likely scenario is that the Mascota phlogo-
et al. 1992). Boettcher and O’Neil (1980) recommengite phenocrysts attained their light hydrogen isotope
dD = —80 to —60%. for pristine mantle. Minor amountscomposition through exchange with meteoric water, suf-
of volatilization may account for some of this variationficient to alter theirdD but not their d*®0 values,
In addition, small-scale hydrogen isotope heterogene#palogous to exchange between a cooling pluton and wa-
also may be indicated for the East African Rift mantlder in meteoric-hydrothermal systems (Taylor 1977;
The presence of Pb isotope heterogeneity in the E&dtiss and Taylor 1986). For example, Mas-3a and -11
African Rift mantle €1 m) was also inferred from (two lava flows that erupted side by side, but 400 ky
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apart) have phlogopite phenocrysts with distinctly diffefavaluable assistance with the electron microprobe (funded by
entdD values and yet have similaf0 values as well s EAR 822L2700) Thoou o sorscuctymms ot bispeeer, |
almost identical whole rock comp03|_t|_ons, .pheno.cryg&)nymous reie'wersgnificantly i’mproved this rgénuscript. Sup-
assemblages and phenocryst compositions (including gt was provided in part by Sigma Xi and Scott Turner awards to
ferric-ferrous ratio and hydroxyl content). These twa. N. Feldstein, and NSF grants 92-19070 to R. A. Lange and
lavas are remarkable for their similar compositions i#2-05314 to J. R. O'Neil.

every aspect except their/B ratio and their age. It may

be important that the sample with the more “norméll’  Appendix. Standards enlpyed for electrormicroprobe analyses
value (Mas-11) erupted first, whereas the sample widhbiotite

the anomalously lowdD value (Mas-3a) erupted 400

thousand years later.

Element Standard

One probable scenario is that during cooling and crygt Andalusite U. of Michigan collection
tallization of the magma body that supplied the Mas-1Ha Sanbornite U. of Michigan collection
eruption, exchange with meteoric water occurred to &# A|Um'n0UtS diopside Souft?/?'aﬁt' AUStral'l'a;t_

] H H . megacrys .0 Ichigan collection
extent sufﬂme&%to offset the ™ ratlo_bu_t |nsuff|_C|ent Alforsite Synthesized by C. Prewitt
to affect thed™O values. This scenario is plausible bec, Uvarovite Synthesized by D. Perkins
cause even hydrous magmas contain far more oxygen Fluorotopaz Topaz Mountain, Utah;
than hydrogen, and therefore are more sensitive to o U. of Michigan collection
changes in their hydrogen vs oxygen isotope ratios. Afte? Ferrosilite Synthesized by S. Bohlen

. e Adularia St. Gotthard; U. of Michigan

exchange of meteoric water sufficient to alter théHD collection
ratio, the magma must have been reheated to a tempeug- Marjalahti olivine Meteorite; U. of Chicago
ture similar to that at the time of the eruption of Mas-11, _ collection _
probably because of the intrusion of another magn¥H Rhodonite N‘ﬁ:%'?ggﬂ”(:'gh:&isé;a“& U. of
b_ody _close by. Eruption of_ the _reheated magma wou Albite Tiburon, California: U. of
give rise to a lava of nearly identical bulk composition to Michigan collection
Mas-11. The most remarkable feature, however, is theit NiS Synthesized at U. Toronto
the phlogopite phenocrysts in both Mas-3a and Mas-$1 Hornblende megaCl’yStM_Kﬁ_kaHUI, lﬁleV\;_ZeaIand; U. of

H i~ IChigan collection
ha\./e such similar hydr.oxyl contents and ferric-ferro Aluminous diopside Southeast Australia; provided
ratios, strongly suggesting that the exchange of meteoric megacryst by A.J. Irving
water did not also change the oxygen fugacity or water Geikielite Synthesized by E. Essene

fugacity of the host magma.
Interaction with meteoric water sufficient to alter the

stable isotope composition of a magma and its phﬁéferences

nocrysts, without also changing the major element com-

gos;tlc()jr? or Oxygenlfqg?ﬁltyr?f tlhte system is n}?,[thun$rﬁci?ifi AM, Essene EJ (1988) MINFILE: a microcomputer program
enteq, an exampie IS the rnyolite magmas of the YelIOW- o1 storage and manipulation of chemical data on minerals. Am
stone volcanic field. Hildreth et al. (1984) suggested that Mineral 73: 446-448
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