JOURNAL OF PETROLOGY VOLUME 53 NUMBER 5 PAGES 971-984 2012 doi:10.1093/petrology/egs006

Generation of Forsteritic Olivine (Fogg.g) by
Subsolidus Oxidation in Basaltic Flows

MADALYN S. BLONDES'*, MARK T. BRANDON,
PETER W. REINERS?, F. ZEB PAGE?** AND NORIKO T. KITA’

'DEPARTMENT OF GEOLOGY AND GEOPHYSICS, YALE UNIVERSITY, NEW HAVEN, CT 06520, USA

DEPARTMENT OF GEOSCIENCES, UNIVERSITY OF ARIZONA, TUCSON, AZ 85721, USA

*WISC-SIMS, DEPARTMENT OF GEOLOGY AND GEOPHYSICS, UNIVERSITY OF WISCONSIN, MADISON, W1 53706, USA
*GEOLOGY DEPARTMENT, OBERLIN COLLEGE, OBERLIN, OH 44074, USA

RECEIVED MAY 2, 2010; ACCEPTED JANUARY 16, 2012
ADVANCE ACCESS PUBLICATION FEBRUARY 28, 2012

We identify olivine grains with compositions up to Fogg.q which are

Jound in multiple primitive basaltic lava flows from a monogenetic
volcano in the Big Pine Volcanic Field, California, USA. In
this study, we show that the forsterite in these basalts formed by
subsolidus recrystallization in a high-£O » environment. Olivine com-
positions are bimodal, with flows having either all normal compos-
wions (Fo74.9-94.4) or highly forsteritic (Fogz.o-g9.9) compositions.
In many grains, the subhedral forsteritic olivine has a hematite and
clinopyroxene rim, and internal parallel-oriented planes of hematite,
clinopyroxene and orthopyroxene. Results of isotopic, chemical,
crystallographic, petrographic and mineralogical analyses show that
the forsterite formed through subsolidus oxidation of olivine pheno-
crysts. The forsteritic olivines generally occur in the thinner flows.
We infer that a rapidly emplaced sequence of thin, vesicular,
spatter-fed flows allowed the original olivine phenocrysts to become
repeatedly reheated while exposed to air. Our study required sampling
each flow, so it was difficult to avoid the altered portions of the thin-
ner flows. Other studies would tend to avoid such flows, which may
account for why such forsteritic olivines have not been more widely
recognized.

KEY WORDS: forsterite; olivine; subsolidus oxidation, symplectite;
vesicular basalt

INTRODUCTION
Olivine [(Mg,Fe)oSi04] is the dominant mineral in the
upper mantle and a common phenocryst in basalt. The
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composition of olivine in peridotitic rocks is typically
Fogg-o1, whereas basaltic and komatiitic magmas crystallize
olivine with a typical range of Fogs s (Deer el al., 1992).
Published olivine compositions are rarely more magnesian
than these ranges. For example, none of the nearly 17000
olivine phenocrysts tabulated from basaltic rocks has a
forsterite composition above Fogs (Sobolev et al., 2007).
However, rare occurrences of forsterite-rich olivine have
been encountered in basalts or gabbros (Sigurdsson &
Brown, 1970; Johnston & Stout, 19844; Garcia et al., 2000;
Cortés et al., 2006). Such forsterite olivine cannot be
the product of equilibrium crystallization at oxygen fug-
acities [between quartz—fayalite-magnetite (QFM) and
nickel-nickel oxide (NNO)] typical for mantle-derived
basalts. To crystallize nearly forsteritic olivine of Fog;
would require a high-magnesium melt with Mg-number
~0:85 (Roeder & Emslie, 1970), which is well above
the value for any basalt or komatiite. Here we describe
olivine phenocrysts from multiple primitive basalt
flows from a monogenetic vent in the Big Pine Volcanic
Field, California, USA that are the most forsteritic (up
to Fogg.g) ever reported. For convenience, we refer to
all olivine >Foqg; as ‘forsterite’ and all olivine <Fogs; as
‘olivine. We present chemical, structural, and petro-
graphic data to constrain the origin of these rare forsterite
grains.

Rare end-member forsterite may form in a number of
ways. At time-scales orders of magnitude too great to be
applicable to lavas, meteoritic olivine exsolves at low
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temperatures into forsteritic and fayalitic components
(Petaev & Brearley, 1994). Forsterite >Fogs has been recog-
nized in ultramafic xenoliths or kimberlite nodules (Boyd
& Nixon, 1978; Johnston & Stout, 19844) and as olivine in-
clusions within diamonds (Sobolev et al., 1970). It is also
found as regenerated olivine in serpentinite bodies that
have dehydrated in contact aureole or alpine peridotite set-
tings (Vance & Dungan, 1977; Nozaka, 2003). Metamorph-
ism of dolomite and limestone has been shown to produce
high-Mg olivine, which is often found in partially assi-
milated carbonate xenoliths and carbonate contact aure-
oles (Trommsdorft’ & Evans, 1977; Ferry, 1994; Cook &
Bowman, 2000; Owens, 2000; Wenzel et al., 2002). Forsterite
also may form under unusually oxidizing conditions,
either syn- or post-crystallization. For example, Sigurdsson
& Brown (1970) and Cortés et al. (2006) have argued that
similar forsterite in basalts is the result of large-scale
changes to the oxidation state of the magma, induced by
transient degassing or the dissociation of water. Subsolidus
oxidation of olivine converts Fe?* in the octahedral site
into Fe’*. This cation no longer fits into the octahedral
site and thus tends to precipitate in defect-rich parts of
the olivine structure, such as dislocations (Kohlstedt &
Vander Sande, 1975; Karato, 1987; Ando et al., 2001). When
held for long durations at high temperatures, pressures,
and fO,, the olivine will react to form Fe3+-bearing mag-
netite or hematite and Si-rich enstatite or SiO, (Haggerty
& Baker, 1967; Champness, 1970; Goode, 1974; Nitsan, 1974;
Kohlstedt & Vander Sande, 1975; Putnis, 1979; Johnston &
Stout, 19844; Banfield et al., 1990; Ashworth & Chambers,
2000). This oxidation reaction forms a regular pattern of
oxide and pyroxene symplectites within the host olivine
(e.g. Ashworth & Chambers, 2000).

We investigated the origin of the Big Pine forsterite using
structural, mineralogical, isotopic, and chemical data.
First, we checked for a topotaxial relationship between
the olivine and its internal phases. A topotaxial relation-
ship [conversion from one mineral to one or more minerals
with retained crystallographic orientation (Shannon &
Rossi, 1964) ] between a host olivine and its internal phases
occurs only in magmatic settings or as a result of alteration
of pre-existing minerals, commonly during oxidation.
Second, we created electron microprobe element maps to
determine the composition of the forsterite and its internal
phases to see if the combined bulk composition equates to
a normal phenocrystic olivine or a potential xenocrystic
phase. Third, we measured the forsterite oxygen isotope
composition to see if it is different from mid-ocean ridge
basalt (MORB)-source olivine compositions (52 £ 0-2%o;
Eiler et al., 1997a; Eiler, 2001). Fourth, we explored any
correlations between the bulk-rock composition and its
included olivines that would suggest assimilation of xeno-
lithic material.

REGIONAL SETTING AND
SAMPLES

The forsterite grains, which are the focus of this study,
occur in basaltic lavas of the Big Pine Volcanic Field, a
region of disperse monogenetic vents in Owens Valley,
California, east of the Sierra Nevada and on the western
edge of the Western Great Basin and Range province
(Fig. 1). The origin of the Big Pine magmatism has been
variously attributed to Basin-and-Range extension (e.g.
Menzies et al., 1983; Beard & Glazner, 1995), or to convect-
ive removal of lithospheric mantle beneath the southern
Sierra Nevada (Ducea & Saleeby, 1998; Lee et al., 2001
Zandt et al., 2004). The Big Pine Volcanic Field is a set of
one silicic and ~24 basaltic monogenetic cinder cones
with lava flows covering ~500 km® ranging in age from
12 Ma to 30ka (Blondes et al., 2007, 2008, and references
therein). The Papoose Canyon eruption, in which the for-
sterite 1s found, is composed of ~50 stacked lava units that
erupted over a 10°-10? year time-scale at 7554415 ka
(Blondes et al., 2008). The flows generally decrease in thick-
ness throughout the sequence, with massive basalt flows
up to 30 m thick in the lower part of the sequence, and
spatter-fed vesicular flows only a few centimeters thick in
the upper part (Fig. 1). Xenoliths, including peridotite, pyr-
oxenite, and minor amounts of sedimentary and carbonate
material, are present in the lower half of the sequence, but
are rare in the upper half. The flows have well-defined
compositional trends that covary closely with stratigraphic
position (Blondes et al., 2008).

ANALYTICAL METHODS

All samples were studied in thin section under a petro-
graphic microscope to determine their mineralogy and
textural relationships. Mineral compositions, element
maps and cathodoluminescence images were obtained
using the Yale JEOL JXA-8600 electron microprobe.
Chemical analyses were measured using quantitative
wavelength-dispersive spectoscopy (WDS) with a 15kV
accelerating voltage, 15 nA current, and a focused beam.
Element maps were generated by rastering the beam for
at least 20 min for each image.

Relative orientation measurements of the host forsterite
crystals and the internal oxides in sample 03MB43 were
determined using the electron backscatter diffraction tech-
nique (EBSD) (Prior e al., 1999) on the Yale FEI XL-30
ESEM-FEG scanning electron microscope. Crystal orien-
tations for three olivine and nine hematite locations were
determined using Channel 5+ software by HKL technol-
ogy at 20kV, 2-4 nA, and a working distance of 20 mm.

Four 10 pm spots on the 03MB43® forsterite (Fig. 2a)
were analyzed in situ for 8O using the CAMECA 1280
ion microprobe at the Wisc-SIMS laboratory, University
of Wisconsin, Madison. The analyzed grain was within
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Fig. 1. Map of the Big Pine Volcanic Field. Adapted from Blondes et al. (2008). The lower inset shows the later half of the Papoose Canyon single
eruption sequence where the forsterite is found. The author is for scale at the bottom of the image.
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Fig. 2. Olivine phases and textures in the Papoose Canyon single eruption sequence. Images are backscatter electron (BSE) images at a range
of scales. The older flows (03MB43) are at the top left of the image and the younger flows (03MBI9) are at the bottom. (a) 03MB43 olivine
grain (03MB43®) with subparallel planes of hematite and cpx within the forsterite host. Two Fe-rich plagioclase crystals are also found along
cracks within the olivine. (b) (03MB09) and (c) (03MBI8) show other forsterite grains and one region with calcite next to a vesicle. (b)
(03MB09) shows the olivine with the highest forsterite content of Fogg.g. Symplectites of hematite and cpx can be seen in the lower left of the
image. (d) (03MBI1) sample with normal olivine. There are small ‘splotches’ and ‘wisps’of a material with an olivine composition with high con-
centrations of Al and Ca. This may be true olivine, multiphase material, or too small to determine a reliable composition with a focused
beam. (e) (03MBI9) contains an olivine crystal that ranges in composition from Fog; to Fogy.s. Where there is less Fe in the olivine the
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Fe-oxides are larger. (f) (03MBI9) calcite within a vesicle adjacent to a forsterite crystal.
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5 mm of the center of a 2:54 mm round thin section. A grain
of San Carlos olivine standard (Foge, Kita et al., 2009) was
mounted adjacent to the sample grain and the section was
polished so that the sample and standard were coplanar.
Instrument parameters were similar to those reported by
Kita etal. (2009) to achieve high secondary ion transmission.
The intensity of '°O was (2-3) x 10? c.p.s. depending on the
primary intensity (c. 10 c.p.s. nA™"). Mass resolving power
(MRP, M/AM), measured at 10% peak height, was set to ¢.
2200, enough to separate hydride interferences on '*O. Two
Faraday cups (FC) were used to measure '°O and 'O simul-
taneously and the amplifiers on each were equipped with
10" and 10" Q resistors, respectively. The base line of the
FC amplifiers was measured at the beginning of each analyt-
ical session; drift during the day was insignificant compared
with the noise level of the detectors (<1000 c.p.s. for the O
FC with 10" Q resistor; Kita et al., 2009). At each analysis
position, any small misalignment of the secondary optics
owing to changing stage position was automatically retuned
before analysis. The four sample analyses were bracketed by
eight analyses of the San Carlos olivine standard, the repro-
ducibility of which yielded a spot-to-spot uncertainty of
0-43%o (see Supplementary Data Electronic Appendix),
which is taken as the 2¢ analytical uncertainty. Analysis of
oxygen isotopes by ion microprobe can be complicated by a
matrix effect that introduces a systematic bias owing to dif-
fering cation compositions in sample and standard (e.g.
Eiler et al., 19975b; Page et al., 2010). We compared the instru-
mental bias between the San Carlos standard (Fogg) and a
synthetic pure forsterite standard and found it to differ by
less than 0-1%o. Because this difference was small relative to
the analytical uncertainty, no further bias correction was
applied.

RESULTS

We determined mineral compositions for 11 samples from
the Papoose Canyon sequence. These represent a subset of
the 25 samples reported by Blondes et al. (2008) in which
whole-rock major and trace element data are reported.
For the microprobe analyses, four of the samples had only
forsteritic olivine (>Fogq, Table 1), whereas the remaining
seven samples had only normal olivine (<Fogs).

All of the forsterite-bearing samples have a vesicular
groundmass, which is typically red in color. The forsterites
contain many inclusions, so much so that they are locally
black in color. The inclusions are, in order of decreasing
abundance: hematite, clinopyroxene, orthopyroxene, chro-
mite, and plagioclase (Fig. 2). Symplectites of pyroxene
and oxides are present in samples 03MB09 and 03MB43
(Fig. 2a and b). Irom a view off-normal to the symplectite
plane, their thin, laminar textures are evident (Fig. 2a).
Microbeam analysis indicates that the internal symplec-
tites consist of hematite, clinopyroxene, and orthopyrox-
ene, and the forsterite rim contains non-preferentially

FOuq.s OLIVINE IN BASALTS

oriented clinopyroxene and hematite (Figs 2a and 3,
Table 2). In addition to the dominant plagioclase in the
basalt groundmass, phases in contact but external to the for-
sterite include plagioclase, alkali feldspar, calcite, pyroxenes,
hematite, and magnetite (Fig. 2b). Other forsterite-bearing
samples have wispy or granular textures with no symplectite
or apparent oriented structure (Fig. 2¢ and d). Olivine in
03MBI1 and 03MBI8 has a more Fe-rich composition ran-
ging from Fosg to Fogs, but this may be an artifact owing to
overlapping of the beam with adjacent minerals (Fig. 2c and
d). Fe-rich domains are found between equant oxides and the
surrounding forsterite (Fig. 2c) or cutting though olivine
crystals (Fig. 2d). There is abundant hematite, commonly
with small concentrations of other cations including Cr, T1,
and Mg. Inone thinsection, asmall region 150 pm across con-
tains, in decreasing order of abundance, forsterite (Fogg.g),
hematite, magnesioferrite, clinopyroxene, calcite, plagio-
clase, and a ternary feldspar (Fig. 2b). Some samples lacking
forsterite contain similar wispy and granular fayalitic com-
ponents, but lack any hematite in the olivine or groundmass
(Fig.2d and e).

Four 8O analyses within one forsterite (03MB43®) have
typical mantle-like olivine values of 54 0-3%o (15, 10 pm
spots) (Table 3; Supplementary Data Electronic Appendix).
EBSD results show that all Fe-oxide phases [determined to
be either FeyO3 or Fe3O4 from electron microprobe analysis
(EMPA)] in the 03MB43® grain are trigonal hematite,
rather than cubic maghemite. The [100] direction of olivine
is parallel to the [0001] direction of hematite, indicating a
topotaxial relationship between olivine and the internal
hematite (Fig. 3). No such topotaxial relationship exists for
the pyroxenes.

DISCUSSION

Xenocrystic assimilation

There exists the possibility that the forsterites are xeno-
crysts derived from local lithologies with forsteritic olivine
such as carbonates or dehydrated serpentinites. The south-
ern Sierra Nevada and the transition to the Basin
and Range Province contain ophiolites (Saleeby, 1982),
dolomitic skarns (Shieh & Taylor, 1969), and a hydrated
mantle wedge that one would expect to be present beneath
the Sierran magmatic arc. Forsterite is highly refractory
with a melting temperature of 1890°C at latm, and thus
would able to survive as a xenocryst in a magma (Bowen
& Schairer, 1935). The isotopic and chemical data, however,
show that assimilation of carbonates or dehydrated ser-
pentinites is highly unlikely.

Carbonates generally have heavy 8O (20-30%o) at
low temperatures (200-500°C; Valley, 1986) relative to
normal xenolithic MORB-source upper mantle olivine
(5-2£0-2%0) (Eiler et al., 1997a; Eiler, 2001). In the nearby
Birch Creek forsteritic marble, calcite, dolomite, and for-
sterite have a 8'®O range of 20-5-24-2%o (Shich & Taylor,
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Table I:  Olivine compositions

Sample n Results in oxide wt % Cations based on 4 oxygens

Si0, TiO, AlLO3 Cr,03 MgO CaO MnO FeO NiO Sum Si Ti Al Cr Mg Ca Mn Fe Ni Fo

03MB29 C 36 395 007 008 000 452 024 014 152 021 1007 099 000 000 000 169 001 000 032 000 841
03MB29 C 37 394 000 007 000 433 018 025 168 022 1001 100 000 000 000 163 001 001 036 001 821
03MB29 C 38 400 000 003 001 444 029 024 154 0-16 1006 100 000 000 000 166 0-01 001 032 000 837
03MB29 C 39 395 045 005 004 455 060 012 140 021 1005 099 001 000 000 169 002 000 029 000 853
03MB29 C 40 396 054 008 002 460 000 022 137 020 1004 099 001 000 000 171 000 001 029 000 857
03MB29 R 42 391 005 003 000 402 030 041 206 012 1008 100 000 000 000 1564 001 001 044 000 777
03MB29 R 43 387 002 005 000 397 034 051 213 011 1007 100 000 000 000 153 001 001 046 000 769
03MB29 R 44 386 000 002 000 389 031 048 219 007 1004 100 000 000 000 150 001 001 048 0-00 76-0
03MB29 R 45 386 006 004 000 385 03 045 230 012 10117 100 000 000 000 148 001 001 050 000 749
03MB29 gr 46 381 001 001 000 377 035 053 228 009 996 100 000 000 000 148 001 001 050 000 747
03MB30 C 137 409 002 007 006 478 024 016 117 029 1012 100 000 000 000 174 001 000 024 001 879
03MB30 C 138 399 002 005 002 462 020 02 131 024 1000 100 000 000 000 172 001 001 027 001 862
03MB30 C 139 400 001 007 000 467 020 023 128 026 1002 099 000 000 000 173 001 001 027 001 867
03MB30 C 140 400 007 009 004 448 024 022 144 015 10000 100 000 000 000 167 001 001 030 000 847
03MB30 C 141 404 000 005 000 467 020 014 1277 023 1003 100 000 000 000 173 001 000 026 001 868
03MB30 R 142 394 005 004 000 436 037 026 157 016 995 100 000 000 000 165 001 001 033 000 832
03MB30 R 143 397 007 008 002 423 037 028 176 016 1006 100 000 000 000 160 0-01 001 037 000 810
O3MB30 R 145 387 005 007 000 420 044 030 179 015 996 099 000 000 000 161 001 001 038 000 807
O3MB30 R 146 392 003 005 000 440 033 023 154 019 994 100 000 000 000 166 0-01 001 033 000 836
03MB37 C 81 387 021 003 000 391 007 052 216 008 1002 100 000 000 000 151 000 001 047 000 764
03MB37 C 82 391 009 003 000 394 027 048 208 009 1001 101 000 000 000 151 001 001 045 000 77-1
03MB37 C 83 387 002 003 000 392 034 046 217 011 1006 100 000 000 000 151 001 001 047 000 763
03MB37 C 84 401 007 004 003 469 007 016 131 027 1007 099 000 000 000 173 000 000 027 001 865
03MB37 C 85 405 003 005 001 460 031 013 130 016 1001 101 000 000 000 170 001 000 0-27 0-00 86-4
03MB37 R 86 386 007 002 000 389 027 047 211 012 995 100 000 000 000 151 001 001 046 000 767
03MB37 R 87 386 006 004 000 390 028 045 213 012 998 100 000 000 000 151 001 001 046 000 765
03MB37 R 88 387 024 004 000 391 026 061 212 011 1003 100 001 000 000 151 001 001 046 000 766
03MB37 R 89 388 000 004 000 391 044 039 203 014 991 101 000 000 000 152 001 001 044 000 775
03MB37 R 90 392 006 011 000 390 031 056 207 007 1000 101 000 000 000 150 001 001 045 000 77-0
03MB37 ba 91 389 000 002 000 390 026 047 219 014 1007 100 000 000 000 150 001 001 047 000 76-0
03vB40 C 192 383 003 002 000 389 012 044 205 016 984 100 000 000 000 152 000 001 045 000 772
o3vB40 C 193 385 001 002 000 398 020 051 208 011 998 100 000 000 000 154 001 001 045 000 773
03MB40 C 194 381 007 003 000 386 023 053 210 010 987 100 000 000 000 151 001 001 046 000 766
03vMB40 C 195 376 002 006 001 388 023 041 210 010 983 099 000 000 000 153 001 001 046 000 767
03MB40 C 196 379 004 006 004 385 021 050 216 014 991 100 000 000 000 151 001 001 048 000 761
03MB40 R 197 376 006 005 001 376 024 058 222 007 984 100 000 000 000 149 001 001 049 000 751
03MB40 R 198 378 007 002 000 395 023 049 203 006 984 099 000 000 000 155 001 001 045 000 776
03MB40 R 200 3777 005 006 000 383 022 053 210 009 980 100 000 000 000 151 001 001 047 000 764
03MB40 R 201 384 005 002 001 393 025 054 212 014 1000 100 000 000 000 152 001 001 046 000 767
03MB43 C 47 430 007 005 000 577 010 040 0-43 014 1019 099 0-00 0-00 0-00 199 0-00 0-01 0-01 000 996
03MB43 C 48 425 007 003 000 573 009 035 056 021 101-1 099 0-00 0-00 0-00 199 0-00 0-01 001 000 995
03MB43 C 49 427 002 001 000 575 003 037 065 021 10156 099 000 000 000 199 000 001 001 000 994
03MB43 C 50 429 000 003 000 571 005 037 0568 022 1013 100 000 000 0-00 198 000 001 001 000 994
03MB43 C 51 426 000 002 000 572 003 032 072 022 1011 099 000 000 000 199 000 001 001 000 993

(continued)
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FOuq.s OLIVINE IN BASALTS

Sample n Results in oxide wt % Cations based on 4 oxygens
Si0, TiO, AlLO; Cr,03 MgO CaO MnO FeO NiO Sum Si Ti Al Cr Mg Ca Mn Fe Ni Fo

03MB43 R 52 428 010 003 000 575 016 042 051 016 1016 099 0-00 0-00 000 199 000 001 001 000 995
03MB43 R 53 4277 002 005 000 573 013 049 035 014 1012 099 000 0-00 000 199 000 001 001 000 997
03MB43 R 54 427 006 006 001 573 010 035 062 018 1014 099 0-00 0-00 000 198 000 001 001 000 994
03MB43 R 55 4244 000 003 001 576 012 033 056 019 1012 099 0-00 0-00 0-00 200 000 001 001 0-00 995
03MB43 R 56 4244 003 003 000 577 011 034 071 019 1016 099 000 000 000 200 0-00 0-01 0-01 000 993
03MB07 C 183 370 003 002 000 366 015 052 239 007 982 099 000 000 000 146 000 001 054 000 732
03MB07 C 184 372 007 001 001 369 024 050 235 012 985 099 000 000 000 147 001 001 052 000 737
03MB07 C 186 368 005 005 001 370 030 052 234 012 982 099 000 000 000 148 001 001 0563 000 738
03MBO7 R 187 368 005 003 000 362 026 056 246 012 986 099 000 000 000 145 0-01 001 055 000 725
03MBO7 R 188 365 004 002 000 363 025 059 242 008 981 099 000 000 000 146 001 001 055 000 728
03MBO7 R 190 3711 007 001 000 363 022 054 238 010 980 100 000 000 000 145 001 001 053 000 731
03MB09 C 202 422 005 001 000 561 016 046 038 014 995 100 000 0-00 000 198 000 001 001 000 996
03MB09 C 203 417 003 003 000 562 011 040 037 015 990 099 0-00 0-00 000 199 000 001 001 000 996
03MB09 C 204 418 000 004 000 559 015 028 032 009 985 100 000 0-00 000 199 000 001 001 000 997
03MB09 C 205 415 000 002 000 560 012 040 046 020 987 099 000 000 000 199 000 001 001 000 995
03MB09 C 206 419 000 006 000 566 012 037 034 011 994 099 000 000 000 200 000 001 001 000 997
03MB0O9 R 207 418 003 005 000 563 010 046 045 007 993 099 000 000 000 199 000 001 001 000 996
03MBO9 R 210 418 003 003 000 557 022 041 033 012 987 100 000 0-00 000 198 001 001 001 000 997
03MBO9 R 211 4211 004 007 000 567 007 032 020 010 996 099 0-00 0-00 000 200 000 001 000 0-00 99-8
o3MB11 C 108 399 002 005 000 449 023 027 148 020 1004 100 000 000 000 167 0-01 001 031 000 844
03mMB11 C 109 387 002 006 000 402 023 046 209 016 1008 099 000 000 000 154 001 001 045 000 774
03MB11 C 110 395 003 003 001 443 014 024 165 006 1009 099 000 000 000 166 000 001 035 000 827
03MB11 C 111 400 000 006 003 449 019 026 151 022 1007 100 000 000 000 167 001 001 032 000 841
o3MB11 C 112 399 002 003 000 464 009 012 132 024 1001 100 000 000 000 172 000 000 028 001 862
03MB11 R 113 387 005 003 001 385 025 0566 222 008 1003 100 0-00 000 000 149 0-01 001 048 000 755
03MB11 R 114 383 008 002 000 386 02 058 225 013 1005 100 000 000 000 150 001 001 049 000 753
03MB11 R 115 383 003 003 002 384 018 057 222 009 999 100 000 000 000 149 001 001 048 000 755
03MB11 R 116 391 003 005 003 419 026 038 175 016 993 100 000 000 000 160 001 001 037 000 810
03MB11 R 117 385 008 003 004 393 028 040 226 013 1014 099 000 000 000 151 001 001 049 000 756
03MB11 br 107 390 000 016 004 378 042 058 222 008 1003 101 000 001 000 146 001 001 048 000 752
03MB11 gr 118 410 005 000 000 499 016 057 870 008 10056 100 0-00 0-00 0-00 181 000 001 018 0-00 911
03MB11 br 119 378 016 007 007 259 043 08 332 011 986 105 000 000 000 108 001 002 077 000 582
03MB11 ws 121 393 006 001 000 445 014 064 158 011 1006 099 000 000 000 167 000 001 033 000 833
03MB11 sp 123 400 003 000 001 448 020 061 151 009 1008 1-00 000 000 000 167 001 001 032 000 841
03MB12 C 57 428 003 003 000 573 005 045 059 021 1015 100 0-00 0-00 0-00 198 000 001 001 000 994
03MB12 C 58 4256 003 004 000 570 008 021 065 032 1008 099 0-00 0-00 0-00 198 000 000 001 0-01 994
03MB12 C 59 4277 003 005 000 571 004 030 068 013 1010 100 000 000 000 198 0-00 0-01 0-01 0-00 993
03MB12 C 60 4244 001 001 000 572 006 020 061 032 1009 099 000 0-00 000 199 000 000 001 001 994
03MB12 C 61 4244 005 002 000 566 029 047 0-67 020 1007 099 000 0-00 000 198 001 001 001 000 993
03MB12 R 62 42:0 000 003 000 566 010 041 060 021 999 099 000 000 000 199 000 001 001 000 994
03MB12 R 63 425 006 006 000 574 009 025 061 024 1011 099 0-00 0-00 000 199 000 001 001 000 994
03MB12 R 64 428 007 003 000 574 006 029 065 013 1014 099 000 000 000 199 0-00 0-01 0-01 0-00 994
03MB12 R 65 422 002 002 000 569 008 024 057 024 1002 099 000 0-00 000 199 000 001 001 001 994
03MB12 R 66 428 002 002 001 571 010 0-40 064 020 1013 100 000 0-00 000 198 000 001 001 000 994
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Table I: Continued

Sample n Results in oxide wt %

Cations based on 4 oxygens

Si0, TiO, AlLO; Cr,0; MgO CaO MnO FeO

NiO Sum Si Ti Al Cr Mg Ca Mn Fe Ni Fo

03MB18 C 67 426 003 003 000 557 014 020 279
03MB18 C 68 425 000 008 000 561 006 028 0-88
03MB18 C 69 425 000 006 000 568 008 038 171
03MB18 C 70 427 000 005 001 558 009 040 174
03MB18 C 71 425 000 003 003 556 007 025 2:29
03MB18 R 73 425 008 014 000 570 010 029 1-06
03MB18 R 74 430 006 014 000 531 014 037 2:42
03MB18 R 75 426 005 005 000 570 007 044 118
03MB18 br 78 391 003 099 018 295 021 029 288
03MB19 C 125 402 001 005 004 472 015 013 124
03MB19 C 126 406 004 005 000 481 006 016 112
03MB19 C 127 402 001 004 002 470 023 024 127
03MB19 C 128 409 000 005 005 474 020 019 114
03MB19 C 129 401 000 003 000 466 025 026 131
O3MB19 R 130 401 004 004 005 458 024 025 134
03MB19 R 131 403 000 004 000 484 008 038 9-87
03MB19 R 132 408 005 004 003 473 017 030 130
03MB19 R 133 398 004 004 002 451 012 028 150
03MB19 R 134 405 003 002 004 481 029 041 122
03MB19 W 135 410 000 002 004 495 021 014 973
03MB19 N 136 4211 002 001 000 535 019 021 570

025 1017 100 000 000 000 194 000 000 006 001 973
0-17 100-0 100 000 0-00 0-00 197 000 001 002 000 991
0-18 1017 099 000 000 0-00 197 000 001 003 000 983
0-21 101-0 100 000 0-00 0-00 195 000 001 003 000 983
029 1011 100 000 000 000 194 000 001 005 0-01 977
013 1013 099 000 000 000 198 000 001 002 0-00 99-0
016 994 102 000 000 000 188 000 001 005 000 975
0-11 1016 099 000 000 000 198 000 001 002 000 989
027 994 105 000 003 000 118 001 001 065 001 646
024 1004 099 000 000 000 174 000 000 0-26 0-01 871
0-30 1005 100 000 000 000 176 000 000 0-23 0-01 884
0-27 1007 099 000 000 000 173 001 001 026 001 868
0-30 1006 101 000 000 000 174 001 000 024 001 881
0-15 1006 100 000 0-00 0-00 172 001 001 027 000 863
0-20 100-1 100 000 0-00 0-00 170 001 001 028 000 859
013 992 100 000 000 000 178 000 001 020 0-00 897
020 1019 100 000 000 000 172 000 001 027 000 866
0-14 1006 100 000 000 0-00 168 000 001 031 000 843
0-11 1017 099 000 000 000 175 001 001 025 000 875
0-31 101-0 100 000 0-00 0-00 179 001 000 020 001 901
021 1020 100 000 000 000 188 001 000 0-11 0-00 94-4

03MB29: oldest; 03MB19: youngest. C, core, R, rim, and other abbreviations reflect textures seen in Fig. 1: gr, granular;
ba, band; br, bright; ws, wispy; sp, splotchy; W, western quadrant of grain; N, northern. n, analysis number.

1969). The measured 8®O values of the 03MB43Q® forster-
ite are 54+ 0:3%o (l1o), within the uncertainty of mantle
values, and therefore this sample is clearly not a
carbonate-derived forsterite xenocryst. If the forsterites
were assimilated xenocrysts, we would expect (1) a mix of
forsterite and olivine within a single flow and (2) evidence
of associated phase assimilation in the bulk-rock chemical
signature or in the mineralogy. In the Papoose Canyon
basalts, each flow has either forsteritic or normal olivine,
with no mixing. Furthermore, we see no correlation be-
tween the whole-rock chemistry of a flow and the presence
of forsterite in that flow (Fig. 4). In addition, the extremely
low NiO concentrations found in serpentines and regener-
ated olivines are not seen in the Papoose Canyon basalts
(Trommsdorff & Evans, 1974; Evans, 1977, Vance &
Dungan, 1977; Nozaka, 2003; Blondes et al., 2008).

Subsolidus oxidation of magmatic
phenocrysts in air

Mineralogical, structural, and chemical evidence

Multiple lines of evidence suggest an origin by high-
temperature subsolidus oxidation. The symplectite

features and non-equilibrium embayed texture of the
Papoose Canyon forsterite suggest post-crystallization al-
teration (Fig. 2a). The phases that typically form in subso-
lidus oxidation, symplectite laminae of olivine, pyroxene
and hematite, are present in the Papoose Canyon forster-
ite (Johnston & Stout, 19844). In the flows with normal
olivine, magnetite is present in the rock, whereas the
flows with forsterite contain only hematite as the iron
oxide phase, both internal and external to the olivine.
From this we know that the olivine experienced fO,
above the hematite—magnetite buffer. If Fe’" is able to
oxidize continuously, there is no maximum limit to for-
sterite content. Deer et al. (1992) showed that symplectite
lamellae form by oxidation in specific crystallographical
relationships with the host olivine. In the Papoose
Canyon samples, the symplectite lamallae are parallel to
the crosshairs at olivine extinction on an optical micro-
scope, supporting a topotaxial relationship between the
forsterite and the symplectite planes. EBSD results on
the 03MB43® forsterite show that the [100] direction of
the olivine is parallel to the [0001] direction of hematite.
This indicates that the hematite inherited the closest
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FOu.s OLIVINE IN BASALTS
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Fig. 3. Element maps of the 03MB43® olivine grain. EMPA X-ray maps of Mg, I'e, Ca, and Al for the same olivine grain as in Fig. 2a. Brighter
regions represent high concentrations of the listed element. The forsterite is best seen in the upper left figure with regions of high Mg.
Hematite is best seen in the upper right image with regions of high Fe, both on the rim of the forsterite and in parallel planes within the
grain. Clinopyroxene is best seen in the Ca figure on the lower left, and plagioclase in the Al figure on the lower right. Inset: EBSD orientation
results for the 03MB43® olivine and its hematite inclusions. X0 and Y0 are the thin section axes. The a-axis of the olivine is parallel to the
c-axis of hematite so that closest packed planes of oxygen are aligned, demonstrating a topotaxial relationship between the two minerals.

packed oxygen planes of the olivine, a feature of oxidation
(Moseley, 1984; Banfield et al., 1990; Ashworth &
Chambers, 2000) (Fig. 3).

We can calculate the composition of the original oliv-
ine host by integrating the size and composition of the
present olivine along with all of its internal phases. First,
we made a phase classification based on a backscattered
electron (BSE) image of 03MB43® (Fig. la), and calcu-
lated the modal per cent of olivine, hematite, clinopyr-
oxene, and plagioclase. Because there were large dark
(in BSE) cracks with light edges that spanned the entire
grayscale range, we designated the cracks to be whatever
phase they were crossing, which was dominantly olivine.

The composition of each phase was represented by the
mean value of spot analyses from sample 03MB43®, con-
sisting of five spots from forsterite, three from hematite,
three from clinopyroxene, and two from plagioclase
(Table 2). Pyroxene is a minor phase, and most is clinopyr-
oxene, so pyroxene was represented using the average
clinopyroxene composition. This implies potential, but
probably minor, overestimations of Ga and underestima-
tions of Mg. The reintegration gives a composition of
Mg 5Feg.0CagiSiigAlp.0504, which is an Fogg.s olivine.
This composition is what we expect for typical basaltic
olivine phenocrysts and is similar to normal phenocrystic
olivine in other Papoose Canyon flows.
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Table 2: Phases internal to 03MB43 olivine

Sample n Results in oxide wt %

Cations based on n oxygens

Si0, TiO, ALO; Cr,03 MgO CaO MnO FeO NiO

KO Na,O Sum Si Ti Al Cr Mg Ca Mn Fe Ni K Na O

Plag 180 534 000 276 000 0-00 11-1 000 138 0-00
Plag 181 56-1 000 267 000 0-00 928 001 128 0-00
Pyx 174 544 000 065 000 165 195 021 666 002
Pyx 175 527 007 084 002 159 191 023 784 002
Pyx 185 533 002 09 008 170 208 015 555 002
Hem 176 008 222 062 071 127 015 031 927 0-00
Hem 177 006 142 066 012 074 065 025 946 0-00
Hem 178 005 264 079 3:02 129 017 031 894 007

0256 487 986 25 00 15 00 00 05 00 00 00 00 04 8
039 545 992 25 00 14 00 00 05 00 00 00 00 05 8
0-03 206 999 20 00 00 00 09 08 00 02 00 00 01 6
0-02 215 989 20 00 00 00 09 08 00 02 00 00 02 6
0-01 153 993 20 00 00 00 09 08 00 02 00 00 01 6
0-00 000 980 00 02 01 01 02 00 00 74 00 00 00 12
0-00 000 985 00 01 01 00 01 01 00 76 00 00 00 12
0-00 004 978 00 02 01 03 02 00 00 72 00 00 00 12

Plag, plagioclase; Pyx, pyroxene; Hem, hematite. n, number of analyses.

Table 3: 80 results for the 03MB43® olivine grain

Sample 3'%0 (VSMOW) 26 3'80 (raw)
MB43__0Ol-1 515 0-43 9-61
MB43__0I-2 5-19 0-43 9-65
MB43__0I-3 577 0-43 1023
MB43__0I-5 559 0-43 1005
Average 542 0-30 (1c)
Source of high 1O,

If the forsterite formed by a mechanism as simple as
near-surface oxidation in the presence of atmospheric
oxygen, we must address why forsterite is not more
common in basaltic flows. The Cortés et al. (2006) study of
Stromboli provides one of the closest analogues to the Big
Pine Volcanic Field samples, although the Strombolian
eruptive products appear to be less oxidized than the Big
Pine basalts. Cortés et al. proposed that Fogs4 olivine
formed by non-equilibrium degassing of fluid phases other
than water owing to sudden decompression of the magma
chamber. Sigurdsson & Brown (1970) suggested that Fogg.g
olivine crystallized in melts oxidized by the dissociation of
seawater. Haggerty & Baker (1967) provided experimental
evidence for oxidation of Fogg olivine in air at atmospheric
pressure (fO,=10""% from 24 to 100h and 600 to
1000°C, and generated hematite and olivine that steadily
increased the olivine Mg-number up to Fogg.q. These
phases form symplectite planes crystallographically ori-
ented within the olivine host and as reaction rims.
Because we see clear textural evidence for subsolidus oxida-
tion that is supported by models of hot oxidation in air,

we do not think it is necessary to invoke either water dis-
sociation or non-equilibrium degassing;

Another possible mechanism to increase fOy involves
carbonates. Carbonate melting may have an effect on the
oxidation state of the lavas, but only close to the xenolith—
basalt interface. Wenzel et al. (2002) have suggested that
the source of up to Fogg.; olivine in skarns is due to the
melting of calcite, where it breaks down to form CaO
and COgy. A nearly pure COy fluid in a CG—O-H system
released from calcite can locally increase fOy above the
hematite-magnetite (HM) buffer, and crystallize forsteri-
tic olivine adjacent to the entrained xenolith. CGarbonate
assimilation has multiple ancillary effects on the melt.
According to experiments on basalt doped with calcite or
dolomite, all of the carbonate is consumed, SiOy activity
will decrease, CaO and substituting Sr will increase, oliv-
ine will cease crystallization and may be consumed, and
calcic pyroxene will crystallize (Marziano et al., 2007,
2008). This would be consistent with the elevated Ca and
clinopyroxene rims in some of the forsterite grains (Figs 2
and 3, Table 1). However, although Fog4 olivine is found in
some natural volcanic samples that have assimilated car-
bonates (Marziano et al., 2007), the forsterite content does
not increase appreciably upon experimental calcite assimi-
lation, but rather only with the input of Mg-bearing dolo-
mite. Furthermore, we do not see any coincident increase
in CaO or Sr within the whole-rocks containing the
forsterite compared with the flows with normal olivine
(Fig. 4). Therefore, we discount carbonate assimilation as
a mechanism for increased fO, in basaltic melts.
Although high COy may increase fOs in the immediate
vicinity of calcite xenoliths (Wenzel et al., 2002), the neces-
sary pure CO, fluid composition is unrealistic for entire
basaltic lava flows. An increase in fO9 would occur only if
CO, were to dissociate, but we see no mineralogical
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FOuq.s OLIVINE IN BASALTS
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Fig. 4. Whole-rock and mineral Fo content as a function of eruption sequence. There is no correlation between whole-rock major element con-
centrations (Blondes et al., 2008) and the flows that contain high-Fo olivine. The bimodal population of olivine is also evident, with the dark
grey bars representing flows with only forsterite and the light grey bars representing flows with only normal olivine.

evidence for the reducing environment that this would
require.

Rarity of forsterite phenocrysts
If the forsterite did form by subsolidus oxidation in air, why
is it uncommon? We have found only ~20 published nat-
ural olivine analyses with >Fogs, out of perhaps of the
order of tens of thousands of olivine analyses of magma
phenocrysts and peridotitic samples. Of these, only a hand-
ful may be directly due to oxidation (Sigurdsson &
Brown, 1970; Johnston & Stout, 19844; Garcia et al., 2000
Cortés et al., 2006). However, if we consider the conditions
that must be met for oxidation to proceed to forsteritic
compositions, the Papoose Canyon single eruption se-
quence becomes an ideal location to find such forsterite.
The basalt of this eruption is hot, primitive, and in some
areas consists of a number of thin (<5 cm) stacked flows.
The forsterite grains are not found within the underlying,
thicker flows, but rather only in the later, thinner flows. A
quick succession of thin, hot, vesicular flows, such as from
quick lava spatter pulses, will allow the original olivine
phenocrysts to cool much more slowly, while exposed
to air, than those in the middle of a massive, minimally
vesicular basalt flow (Fig. 5). Unlike most flows that cool
between eruptions, the olivine (later forsterite) stayed hot
with a continuous overburden of hot lava.

We can model the fOy of the olivine to forsterite transi-
tion during slow cooling using coexisting forsterite,
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pyroxene, and hematite, and assuming a range of appro-
priate temperatures. Experimental results of olivine oxida-
tion in air at high temperatures show that for
temperatures of 600—-1130°C,, hematite is the stable oxide
phase (Haggerty & Baker, 1967, Gualtieri et al., 2003). The
remaining forsterite will react with product silica to form
pyroxene, but the first reaction to hematite defines the rele-
vant buffer. This reaction in the I'e—Si-O system defines
the fayalite-hematite—quartz buffer (FHQ):

QFCQSIO.}‘FOQ — QFCQO?; + 25102
Fa Hem Qtz

Using the free energies of formation at 1 bar and high
temperatures (Robie & Hemingway, 1995), we calculate
the fOy vs T buffer relationship for the FHQ reaction
(Fig. 5). Quartz and hematite, both pure solid phases, are
assumed to have activities of one. Assuming ideal mixing,
the activity of the fayalite component of the olivine solid
solution is equal to its mole fraction (ap, = Xp,; Williams,
1972; Wood & Kleppa, 1981). Thus

AGin
log,,(fO9) = ( RT ) — 2log((Xra).

The FHQ buffers for hypothetical Fogy (ap, =0-10),
Fogs (ap, =0-05), and Fogg (ap, =0-01) olivine are shown
in Fig. 5.

At 600-1130°C, the range of temperatures at which
hematite is stable in olivine (Gualtieri et al., 2003), the

GTOZ ‘o€ Afenuer uo AisloAlun 8k A e /Blo'sfeulnolploxorABojoed/:diy wouy papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 53 NUMBER 5 MAY 2012

log(fO,)

-25

500 600 700 800

900 1000 1100 1200 1300

T (°C)

Fig. 5. The fayalite-hematite—quartz (FHQ) buffer, which is calculated for a range of forsterite contents in the olivine solid solution. Hematite—
magnetite (HM), fayalite-magnetite—quartz (FMQ), and olivine—{forsterite-magnesioferrite—quartz buffers are shown for reference. The black
line represents a potential path for the forsteritic olivine in log fOq vs temperature space, as described in the text. The inset figure represents a
series of stacked flow units from a monogenetic volcano. The thicker, massive basaltic unit at the bottom contains normal olivine phenocrysts,
and the thin, hot, and vesicular flows at the top contain the forsterite grains. The dashed lines represent sustained interaction with air.
The buffer including magnesioferrite represents low-temperature oxidation in olivine (Khisina et al., 1995).

corresponding range of fO, on the FHQ buffer (107%-10°)
encompasses the fO, of air (107"°%) (Fig. 5). A normal oliv-
ine phenocryst typically records the oxidation conditions
of the magma, usually between the FMQ and NNO buf-
fers. Upon eruption, olivine within the dense interior of a
single thick lava flow will not significantly interact with
air and will cool along the QFM bulffer, with no formation
of hematite or forsterite. These interior olivines, however,
may form lower temperature oxidation products of olivine
such magnesioferrite (Khisina et al., 1995), which is present
in some of the Big Pine samples (Figs 2 and 5). In contrast,
for the highly vesicular, thin lava spatter units, the tem-
perature will remain high with repeated eruptions while
abundant air is trapped in the vesicles. The oxidized oliv-
ine is no longer buffered by magnetite and reaches the
FHQg,90 buffer near the fOy of air. The olivine will then
slowly cool along a series of FHQg,90 FHQp,99 buffers
as the Mg-number of the olivine increases (Fig. 5). At
~600°C, the reaction will cease.

Following this model, we expect similar near end-
member forsterite in other rapidly emplaced basalt flows
or at the upper boundaries of thicker flows where they
have been quickly covered by subsequent ones. They are
only rarely found now because the normal methods of
sample collection usually require a ‘“fresh’ sample from the
middle of a flow, and geologists tend to avoid altered hand
samples and olivine for analysis. Because these particular
flows are so thin, we were forced to sample only regions
that were highly oxidized, and predict that near end-
member forsterite is actually much more common than
previously recognized.

CONCLUSIONS

Results of oxygen isotope, EBSD, electron microprobe,
petrographic and mineralogical analysis show that >Fogqg
olivine formed during subsolidus continuous oxidation from
air trapped in repeated hot lava flows. This interpretation
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is consistent with theoretical and crystallographic evidence
of pyroxene—Fe-oxides symplectite formation from oxida-
tion. Near-pure forsterite in basaltic rocks previously
may have appeared rare for the very fact that geologists
tend to avoid highly altered flow boundaries or altered
olivines when looking for fresh samples to analyze. The sec-
tion of the monogenetic eruption in which these forsterite
grains are found consists of many thin, vesicular flows
erupted over a short (10°-107 years) time-scale. This may be
the ideal type of environment to locate pure forsterite, be-
cause the magmas were primitive with high-Mg phenocrysts
to start with, and subsequent hot flows were erupted in
rapid succession, keeping previous thin flows hot while
exposed to air. If the conclusions of this study are correct,
we would expect to find many such forsterite grains in any lo-
cation where hot, primitive basalts erupt in thin flows over
very short periods of time.
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