
Kasahara, J., Stephen, R.A., Acton, G.D., and Frey, F.A. (Eds.)
Proceedings of the Ocean Drilling Program, Scientific Results Volume 200

3. COMPOSITION, PETROGRAPHY,
AND MINERAL CHEMISTRY OF ODP
SITE 1224 EOCENE FERROBASALTS

(LEG 200; NORTH PACIFIC OCEAN)1

Michele Lustrino2,3

ABSTRACT

The ~46-m.y.-old igneous basement cored during Leg 200 in the
North Pacific represents one of the few cross sections of Pacific oceanic
crust with a total penetration into basalt of >100 m. The rocks, em-
placed during the Eocene at a fast-spreading rate (~14 cm/yr; full rate)
are strongly differentiated tholeiitic basalts (ferrobasalts) with 7–4.5
wt% MgO, relatively high TiO2 (2–3.5 wt%), and total iron as Fe2O3

(9.1–16.8 wt%). The differentiated character of these lavas is related to
unusually large amounts of crystallization differentiation of plagioclase,
clinopyroxene, and olivine.

The lithostratigraphy of the basement (cored to ~170 meters below
seafloor) is divided into three units. The deepest unit (lithologic Unit
3), is a succession of lava flows of no more that a few meters thickness
each. The intermediate unit (lithologic Unit 2) is represented by inter-
mixed thin flows and pillows, whereas the shallowest unit (lithologic
Unit 1), comprises two massive flows. The rocks range from aphyric to
sparsely clinopyroxene-plagioclase-phyric (phenocryst content = <3
vol%) and from holocrystalline to hypohyaline. Chilled margins of pil-
low fragments show holohyaline to sparsely vitrophyric textures.

Site 1224 oxide minerals present a type of alteration not previously
seen, where titanomagnetite is only partially destroyed and the pure
magnetite component is partially removed from the mineral, leaving,
in the most extreme case, a nearly pure ulvöspinel residuum. As a result
of this dissolution, iron, mainly in the oxidized state, is added to the
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circulating solvent fluids. This means that a considerable metal source
can result from low-temperature reactions throughout the upper ocean
crust.

The coarsest-grained lithologic Unit 1 rocks have interstitial myrme-
kitic intergrowths of quartz and sodic plagioclase (~An12), roughly simi-
lar in mineralogy and bulk composition to tonalite/trondhjemite
veinlets in abyssal gabbros from the southwest Indian Ocean and Hess
Deep, eastern equatorial Pacific. Based on idiomorphic relationships
and projections into the simplified Q-Ab-Or-H2O granite ternary sys-
tem, the myrmekitic intergrowths formed at the same time as, or just
after, the oxide minerals coprecipitated and at low water vapor pressure
(~0.5 kbar). Their compositions correspond to SiO2-oligoclase inter-
growths that are considerably less potassic than dacitic glasses that
erupt, although rarely, along the East Pacific Rise or that have been pro-
duced experimentally by partial melting of gabbro. Based on the crys-
tallization history and comparison to experimental data, the original
interstitial siliceous liquids resulted from late-stage immiscible separa-
tion of siliceous and iron-rich liquids. The rare andesitic lavas found
along the East Pacific Rise may be hybrid rocks formed by mixing of
these immiscible siliceous melts with basaltic magma.

INTRODUCTION

Six holes were drilled at Site 1224, but only four recovered volcanic
basement (Fig. F1): Hole 1224A (total depth [TD] = 32.2 meters below
seafloor (mbsf); recovery = 5.2%), 1224D (TD = 64.7 mbsf; recovery =
46.7%), 1224E (TD = 36.7 mbsf; recovery = 51.9%), and 1224F (TD =
174.5 mbsf; recovery = 25.7%).

The basement consists of two massive basaltic flows overlying thin-
ner flows and pillow fragments. In general, the cooling unit boundaries
of pillows and flows are distinguished by the presence of glass or reduc-
tions in grain size. The basalts vary texturally from aphyric to very
slightly porphyritic, with very rare plagioclase and clinopyroxene phe-
nocrysts (<3 vol%) occurring in a few samples. The rarity of phenocrysts
is typical of basalts from the East Pacific Rise (EPR) and contrast with
basalts from more slowly spreading ridges (Bryan, 1983; Hékinian and
Morel, 1980; Natland, 1980, 1991; Pan and Batiza, 2002); it has been at-
tributed to the filtering action of the cumulus net of minerals in the
column of lower crust that lies directly beneath the steady-state axial
magma lens beneath the active portion of the EPR (Natland and Dick,
1996). In basalts from Site 1224, the grain size of groundmass phases is
variable, depending on the distance from cooling unit boundaries, but
it is generally very fine (<1 mm) except in the coarser interior portions
of the two thick flows, which are fine to medium grained (~2 mm).

Except for the innermost portion of the massive flows, most of the
rocks cored have been altered. Secondary minerals are mostly clays, but
Fe-Ti oxyhydroxides, vein sulfides, and carbonates also occur, mostly
along cracks and in small cavities. Some basalts experienced marked ox-
idative alteration that produced striking alteration halos adjacent to
fractures (Paul et al., 2006). Nevertheless, Paul et al. (2006) emphasize
that Site 1224 basalts are surprisingly unaltered despite their age, per-
haps because the igneous basement is capped by massive flows (Fig. F1)
that inhibited seawater-basalt interaction.
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MACROSCOPIC DESCRIPTION OF SAMPLES

On the basis of macroscopic description and geophysical data, the
basement section has been divided into three main lithologic units
(Stephen, Kasahara, Acton, et al., 2003).

Lithologic Unit 1 (~28–63 mbsf) (Fig. F1) comprises massive basaltic
flows with estimated thicknesses of ~35 m and recovery of ~53%. The
color of the Unit 1 basalts is dark gray and the grain size is fine, with
some gradation to slightly coarser grains toward the middle of the
flows. Vesicles are rare and generally <1 cm in diameter with a circular
shape. This unit composes the top of basement in Holes 1224A, 1224D,
1224E, and 1224F. The base of this unit probably coincides with a zone
characterized by a density and porosity gradient at ~63 mbsf (Stephen,
Kasahara, Acton, et al., 2003). Two flows have been identified in this
unit on the basis of geochemistry (Lustrino et al., 2004); the contact be-
tween these two subunits may be identified as a relatively altered level
particularly evident in Hole 1224D at ~48–50 mbsf. Additional evidence
for two flows in Unit 1 are chilled margins and degassing structures
(probably gas pipes) at the top of the lower flow (interval 200-1224D-
4R-1, 11.5–21.5 cm). At least some of the vertical fractures may be re-
lated to cooling of the flow; most fractures in the basalts of Holes
1224D and 1224F are filled by clay minerals, oxyhydroxides, carbonate,
and pyrite. Unit 1 samples from Hole 1224F show higher content of sec-
ondary minerals compared to Unit 1 in Hole 1224D.

Lithologic Unit 2 (~63–133 mbsf) (Fig. F1) comprises thin flows and
pillow fragments that were cored in Hole 1224F only, with an estimated
total thickness of ~71 m and relatively low recovery (~15%), which re-
flects the abundant fractures in thin flows and pillow fragments that
are poorly cemented by carbonate. Most of the basaltic fragments show
brownish alteration halos propagating from fractures, in many cases
filled by iron oxyhydroxides. At least a dozen pillow lavas and thin
flows have been identified in this unit on the basis of chilled margins
(Stephen, Kasahara, Acton, et al., 2003). Two hyaloclastite breccias with
volcanic glass partially altered to palagonite are cemented by carbonate
material and zeolites.

Lithologic Unit 3 (~133–162 mbsf) (Fig. F1) comprises medium thick-
ness flows alternating with thin flows and pillow lavas. These litholo-
gies are found only in Hole 1224F at a recovery of ~21%. Many
macroscopic features of this unit (e.g., relatively coarse grained flows,
alteration halos, inclined fracture network, and intercalation of finer-
grained basalts with pillow fragments) are common to the first two
units.

Petrography

The petrographic characteristics of Site 1224 basalts are reported in
Stephen, Kasahara, Acton, et al. (2003). The most important features
observed in thin sections are summarized here. The dominant minerals
are plagioclase, clinopyroxene, and opaque minerals (both ilmenite-
hematite and ulvöspinel-magnetite solid solutions), with rare olivine
that is almost always iddingsitized. The presence of pigeonite, observed
on the basis of onboard petrographic investigation and identified on
the basis of pseudouniaxial character (interval 200-1224D-3R-1, 50–53
cm; 2Vγ ~ 5°) has not been confirmed by electron probe microanalysis



M. LUSTRINO
COMPOSITION OF FERROBASALTS 4
(EPM). Anhedral groundmass quartz is rare and occurs only in the most
evolved samples.

Both massive and thin flows are nearly aphyric; only very few inter-
vals are characterized by sparsely phyric lithologies (phenocryst content
is always <3 vol%). Granularity ranges from holocrystalline (<10%
glass) to hypocrystalline (~10%–50% glass), and the texture is isotropic,
intergranular, and only rarely subophitic or intersertal. The average di-
mension of groundmass minerals ranges from very fine (<0.5 mm) to
fine (~0.5–1 mm). Considering the age of the samples, the preservation
of the basalts is surprising, with a general content of clay minerals
(mostly replacing devitrified glass) <5 vol% and never exceeding 20
vol% (e.g., Paul et al., 2006).

Pillow fragments are generally aphyric, ranging from hypocrystalline
to hypohyaline (~50–90% glass), with isotropic texture characterized by
hyalopilitic and intersertal relationships among groundmass phases.

Hole 1224A

The upper chilled margin in contact with the overlying sediment is
>90% brownish to yellow-orange volcanic glass; the change in color is a
consequence of palagonitization. The microcrystalline portion of the
chilled margin is composed of plagioclase, clinopyroxene, and rare id-
dingsite pseudomorphs of olivine. Vesicles are <1 vol% and partially
filled by clay minerals.

The extremely rare phenocrysts in the basalt are euhedral tabular pla-
gioclase, with a maximum dimension of ~1.2 mm, associated with eu-
hedral prismatic to pseudo-octagonal clinopyroxene with a maximum
dimension of ~3 mm. The intersertal to intergranular and rarely sub-
ophitic groundmass is made up of the same minerals, plus opaque min-
erals with an average dimension of 0.1–0.2 mm. Groundmass plagio-
clase is often skeletal, whereas groundmass clinopyroxene is anhedral;
opaque minerals are either acicular or equant. Interstitial brownish de-
vitrified volcanic glass is nearly ubiquitous (~10 vol%) and is associated
with plagioclase spherulites. Millimeter-size segregation vesicles are
common as dark portions with circular shapes or as irregular pods com-
posed of acicular to skeletal plagioclase, anhedral equant clinopyrox-
ene, acicular opaques, and secondary clay minerals.

Hole 1224D 

The mineralogy in Hole 1224D is similar to that of Hole 1224A ba-
salts, that is, rare plagioclase and clinopyroxene phenocrysts (present
also as glomerules) and plagioclase, clinopyroxene, and opaque miner-
als as groundmass phases with an average dimension <0.5 mm.
Groundmass plagioclase is commonly present as open spherulites com-
posed of radial crystalites and interstitial clinopyroxene. The texture is
holocrystalline, hypidiomorph, and equigranular. The transition zone
between the upper and lower flow of lithostratigraphic Unit 1 (Fig. F1)
is an alteration zone characterized by highly altered groundmass
phases. The main difference between the transition zone and the flows
at top and bottom is the relative abundance of segregation vesicles,
which may reach as much as 25 vol% in thin section; some vesicles
contain small spherical sulfides. The abundance of subspherical cavities
generally decreases with increasing depth from ~6 to ~1 vol%. They
range from empty to partially or totally filled by clay minerals and/or
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plagioclase-clinopyroxene microlitic overgrowth, carbonate, and sul-
fide.

Filamentous structures in calcite-filled subspherical cavities at 51
mbsf resemble fungal hyphae (Schumann et al., 2004). These hyphae
were found within sections perpendicular to the elongation axis of car-
bonate-filled tubular pores of basalt. These pores have a diameter rang-
ing from ~0.5 to ~3 mm, and the filling media is calcite and aragonite.
The net of fungal hyphae completely fills the whole pore space from
the basalt/carbonate boundary toward the center of the pores. The
cross-section dimension of these hyphae is ~5–10 µm and their length
ranges from ~50 µm to several hundred micrometers; therefore, the cell
septa of the hyphae are clearly visible. The number of hyphae ranges
from tens to hundreds in a pore. Semiquantitative chemical analyses of
the etched hyphae show a chemical composition different from the sur-
rounding carbonate matrix. The mineral growth and small open space
between the fungi and matrix indicates endolithic fungal growth after
the carbonate filling. The presence of euhedral columnar crystals of py-
rite in these cavities are evidence of anaerobic conditions (relatively low
oxygen fugacity). According to Schumann et al. (2004), this is the first
finding of eukaryotic life signs within relatively unaltered deep ocean
basaltic rocks.

The top of the lower unit of this hole shows a hypohyaline border
(interval 200-1224D-3R-3, 45–48 cm) and structures that may be gas
pipe conduits (interval 200-1224D-4R-1, 15–17 cm) with widths vary-
ing from ~0.5 to ~5 mm and composed of the same paragenesis of
groundmass but with coarser size; some of these conduits are filled by
spathic carbonate.

Hole 1224E

Two-thirds of the studied samples are hyaloclastitic breccia with
rounded to subrectangular yellowish to pale brownish glass fragments,
from ~0.5 to ~3 cm in diameter, cemented by micritic carbonate. Only
near the contact with the glass does the carbonate become spathic, with
an average crystal dimension of ~0.3 mm. Often, a rim of relatively
coarse grained zeolites develops between the glass fragment and car-
bonate cement. In some cases, the glass is totally replaced by orange
palagonite, whereas in other cases the alteration is confined only to the
outer rim of the shards. These are generally characterized by rare subhe-
dral plagioclase, clinopyroxene, and iddingsitized olivine microcrysts.

The analyzed aphyric holocrystalline basalt has a texture and min-
eral paragenesis typical of basalts from the other holes, with <1% of pla-
gioclase phenocrysts and hypidiomoph texture.

Hole 1224F 

Hole 1224F is the only hole where all three lithostratigraphic units
are present. Unit 1 basalts are similar to previously described Unit 1 ba-
salt from the other holes. These are holocrystalline to hypocrystalline
and aphyric with hypidiomorphic isotropic and intergranular ground-
mass composed of anhedral to subhedral clinopyroxene in intergranu-
lar to subophitic relationship with subhedral to euhedral, skeletal to
tabular plagioclase, and subhedral opaque minerals. The grain size of
groundmass phases varies from ~0.8 to ~0.3 mm. Gabbroic glomerules
and phenocrysts are very rare. The peculiarity of Unit 1 basalts in Hole
1224F is the presence of a myrmekitic overgrowth of vermicular Na-rich



M. LUSTRINO
COMPOSITION OF FERROBASALTS 6
plagioclase and quartz, mostly confined to the borders of groundmass
or microphenocrysts of plagioclase. Another feature is relatively more
alteration compared to Unit 1 basalts from the other holes. Rare idding-
sitized olivine has been found in rare pillow fragments.

Unit 2 lithologies are pillow fragments and thin basaltic flows. The
pillows show textural variability with holohyaline to hypohyaline,
hypocrystalline, and holocrystalline types. These pillow fragments are
the only places where microphenocrysts of olivine are not entirely re-
placed by iddingsite, whereas in the more massive (crystalline) portions
of the basaltic flows, only ghosts of olivine are present. The gradation of
color of the chilled margin (ranging from yellowish orange to gray to-
ward the inner part) is mostly a result of the palagonitization of the
outer rim and the increasing development of plagioclase and clinopy-
roxene microlites toward the core. Two hyaloclastitic breccias, found at
~76 and 129 mbsf, are composed of subrectangular glassy shards, with a
major dimension ranging from ~0.5 to ~3 cm, cemented in a carbonate
matrix; palagonitic alteration ranges from nearly total to partial (con-
fined to outer rims).

Unit 3 lithologies are medium-thickness flows interbedded with thin
flows and pillow fragments. The petrographic features of these rocks
closely resemble those observed for Unit 1 basalts with a similar
paragenesis and distribution of segregation vesicles. The only differ-
ences are the totally aphyric texture, coarser grain size of groundmass
phases (average dimension of single grains > 0.5 mm), strongly frac-
tured groundmass phases, higher content of segregation vesicles, low
alteration (~2%), and low porosity (~1% cavities).

MINERAL CHEMISTRY

We report compositions of glasses, adjacent spherulitic portions of
pillow rims, principal silicate minerals, Fe-Ti oxides, and some alter-
ation products for 13 basalt samples from Site 1224, for a total of >120
analyses. For these analyses, we utilized a Cameca SX 50 electron micro-
probe at the Istituto di Geologia Ambientale e Geoingegneria of the Di-
partimento di Scienze della Terra of the University of Rome La Sapienza
(Italy). Setting conditions are 15 kV and 15nA, whereas the electron
beam diameter ranges from 5 µm for oxides, pyroxene, olivine, and pla-
gioclase to 20 µm for glass and myrmekitic intergrowth.

Plagioclase

Plagioclase is the most common groundmass and phenocryst phase.
The chemical analyses of plagioclase, An-Ab-Or content, and atomic
formulas calculated on the basis of 32 oxygens are reported in Table T1.
On the basis of optical properties (e.g., 2Vγ = ~90°), most of the plagio-
clase was previously classified as bytownite (Stephen, Kasahara, Acton,
et al., 2003), but EMP analyses indicate an andesine-labradorite compo-
sition, with anorthite content ranging from An36 to An71 (Fig. F2).

Lithostratigraphic Unit 1 groundmass plagioclase composition is
slightly less calcic (An50–60) than the rare phenocrysts (An63–67). Such a
difference is not observed in lithostratigraphic Unit 2 plagioclase, char-
acterized by phenocrysts and groundmass phases with overlapping An
composition higher than Unit 1 plagioclase (An60–71). On the other
hand, lithostratigraphic Unit 3 plagioclase shows An composition over-

T1. Plagioclase, p. 27.
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lapping with Unit 1 groundmass plagioclase (An50–61). With the excep-
tion of very few samples, the phenocrysts are unzoned. The few zoned
plagioclases show normal zoning with labradoritic core (An64–66) and
andesine rim (An37–45). Groundmass plagioclase of Units 1 and 3 shows
andesine composition (An36–42).

Clinopyroxene

Clinopyroxene is a major groundmass phase, but it occurs only rarely
as a phenocryst, in glomerocrysts, or in gabbroic clots. Chemical
analyses of clinopyroxene are reported in Table T2 together with struc-
tural formulae calculated on the basis of six oxygens, the Wo-En-Fs mo-
lecular weights, Mg# [Mg# = Mg/(Mg + Fe2+)] and Cr# [Cr# = Cr/(Cr +
Al)]; Fe2+ and Fe3+ proportion has been calculated using the method of
Droop (1987). In the standard Ca-Mg-Fe quadrilateral diagram for py-
roxenes (Morimoto et al., 1988), Site 1224 clinopyroxene is augite, al-
beit showing some compositional variability (Wo28–42-En36–58-Fs12–30)
(Fig. F3). The Fe-rich pyroxenes are mostly confined to lithostrati-
graphic Unit 3; conversely, Unit 2 pyroxenes show the lowest Fe and
the highest Ca (Table T2). Rare phenocrysts show very uniform chemi-
cal composition. Only one sample shows a weak normal zoning with a
core richer in Ca and Mg (Wo39-En42-Fs19) and rim richer in Fe (Wo34-
En43-Fs23). Phenocrysts are characterized by the lowest Fe and the high-
est Ca (Wo34–40-Fs12–19) of the data set (Table T2; Fig. F3).

Olivine

Unaltered olivine is extremely rare. Only a single microphenocryst
with Fo78 has been analyzed (Sample 200-1224F-11R-2, 13–15 cm; a pil-
low lava fragment of lithostratigraphic Unit 2) (Table T3). Using oliv-
ine-liquid equilibria (Roeder and Emslie, 1970) and assuming a Fe/Mg
KD = 0.3, this olivine composition indicates that it crystallized in equi-
librium with a moderately evolved liquid (Mg# = ~51). The monticellite
molecular content (CaO = 0.35 wt%) is typical of melts equilibrated at
relatively low pressures (e.g., Brey and Kohler, 1990).

Opaque Minerals

Large and usually skeletal oxide minerals are ubiquitous in the
groundmasses of the two flows in lithostratigraphic Unit 1, whereas ox-
ide minerals are much smaller in pillow fragments. These minerals are
both rhombohedral (ilmenite-hematite solid solutions) and octahedral
(ulvöspinel-magnetite solid solutions). Minerals of the first group are
much rarer than those of the second; only a couple of ilmenites were
analyzed. EPM data are presented in Table T4 along with structural for-
mulae (calculated on the basis of four oxygens for the spinels and three
oxygens for the rhombohedral phases) and Mg#. Ilmenite (Ilm) and ul-
vöspinel (Usp) molecular content were calculated following Stormer
(1983); Fe2+ and Fe3+ proportion was calculated using the stoichiometric
method of Droop (1987).

The spinel phases show some compositional variability (Usp68–92),
whereas the rhombohedral phases are exclusively represented by almost
pure ilmenite (Ilm94–96) (Fig. F4). Titanomagnetite with the highest ul-
vöspinel content occurs in the lower flow of lithostratigraphic Unit 1

T2. Clinopyroxene, p. 29.
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(Usp92), whereas spinel in the upper flow has the lowest Ti content
(Usp68–73).

Volcanic Glass

EMP analyses of clear volcanic glass, dark spherulitic glass, and palag-
onite from pillow rims and hyaloclastites are reported in Table T5; se-
lected major elements vs. the sum of oxides are plotted in Fig. F5. The
results show a strong compositional variability, mostly linked to the
palagonitization stage of the alteration. The analyzed glass ranges from
shards without signs of alteration to shards partially to totally altered in
palagonite, belonging both to pillow fragments and hyaloclastitic brec-
cias. Massive basalts contain volcanic glass nearly totally recrystallized
to clay minerals.

The range of composition of fresh glass is SiO2 = 48.7–50.4 wt%,
Al2O3 = 12.5–14 wt%, TiO2 = 2.0–2.8 wt%, FeOtot = 12.0–14.2 wt%,
MgO = 5.3–7.2 wt%, CaO = 9.8–11.1 wt%, Na2O = 2.5–3.0 wt%, K2O =
0.11–0.20 wt%, and P2O5 = 0.10–0.33 wt%. The sum of oxides ranges
from 97.6 to 99.4 wt% (Fig. F5).

The palagonitized glass shows a much larger range of composition
(Table T5; Fig. F5) coupled with lower SiO2 (40.3–47.9 wt%) and Al2O3

(8.4–9.5 wt%), much lower MgO (1.3–3.3 wt%) and CaO (0.5–1.0 wt%),
and higher TiO2 (3.5–3.8 wt%), FeOtot (19.7–23.7 wt%), and K2O (2.4–
3.9 wt%). Na2O content varies, ranging from values lower than fresh
glasses (0.7–1.7 wt%) to much higher values (6.5 wt%) (Table T5). More-
over, palagonitized glass shows MnO and P2O5 contents close to the
limit of detection (~0.1 wt%) (Table T5). The sum of the oxides is rela-
tively variable but is always lower than unaltered glass (84.6–92.4 wt%),
a result presumed to reflect hydration during the palagonitization pro-
cess.

One glassy shard (Sample 200-1224F-6R-1, 29–34 cm, Point 2-1 in Ta-
ble T5) with optical features of unaltered glass has an intermediate
composition. This glass shows SiO2 (49.6 wt%) and TiO2 (3.1 wt%) sim-
ilar to that of unaltered glass but with lower Al2O3 (9.3 wt%) and MgO
(4.8 wt%). Moreover, this glass shows FeOtot (19.7 wt%), CaO (0.7 wt%),
and Na2O (0.3 wt%) within the range of the palagonitized glasses but
with extremely high K2O (4.3 wt%). This sample probably represents
glass at the beginning of the palagonitization stage.

Intergrowth of Quartz and Sodic Plagioclase

Table T6 includes analyses of intergrowths of quartz and alkali feld-
spar found in Sample 200-1224F-3R-1, 14–16 cm, from lithostrati-
graphic Unit 1. To obtain an average analysis, the electron beam was
defocused to a 20-µm diameter in order to prevent Na volatilization
and analyze a large area. The intergrowths developed in interstitial posi-
tions between plagioclase laths in the groundmass and as rims on tabu-
lar plagioclase (Fig. F6). Shipboard petrologists interpreted this texture
as the product of nearly eutectic crystallization of quartz and Na-rich
plagioclase (Stephen, Kasahara, Acton, et al., 2003). EMP analyses show
evidence of high Al2O3 (11.1–12.5 wt%), SiO2 (78–80 wt%), and Na2O
(5.5–6.2 wt%), whereas CaO, TiO2, FeOtot, MgO, and K2O are low (gener-
ally <1 wt%) (Fig. F5).
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p. 35.
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DISCUSSION

Magmatic Evolution

Site 1224 ferrobasalts are among the most differentiated basalts sam-
pled in the Pacific Ocean crust. They have anomalously high concentra-
tions of incompatible immobile trace elements (e.g., Nb, Zr, Hf, Ta, and
Y) (Haraguchi and Ishi, this volume). Lustrino et al. (2004) concluded
that Site 1224 basalt formed by variable extents of melting of a typical
mid-ocean-ridge basalt (MORB) source, but their highly evolved compo-
sitions reflect extensive polybaric fractionation of plagioclase, olivine,
and clinopyroxene. 

Geothermometry

Using the Beattie (1993) olivine-glass geothermometer, eruptive tem-
peratures were 1147°–1167°C. Using the graphic pyroxene geother-
mometer of Lindsley and Andersen (1983), pyroxene both near pillow
rims that formed at high undercooling and in flow interiors at lesser
undercooling began to crystallize from near these temperatures to as
low as 1000°C. Titanomagnetite intergrowth with pyroxene began crys-
tallization at ~1050°C, thereby lowering TiO2 contents in clinopyrox-
ene as crystallization proceeded. At lower temperatures, ilmenite began
to crystallize as well. Among the pillow basalts, the clinopyroxenes in
each basalt type crystallized within 50°–70°C of the liquid tempera-
tures. In the most slowly cooled interior of the upper flow, the crystalli-
zation interval spanned ~130°C, with the most extensively
differentiated clinopyroxene occurring in the sample with myrmekitic
intergrowths adjacent to plagioclase.

Two-oxide geothermometry (Frost and Lindsley, 1991; Frost et al.,
1988) indicates that ilmenite and magnetite crystallized together at
~850°–900°C at an oxygen fugacity about one log unit below the
nickel/nickel oxide buffer (ΔNNO). Most titanomagnetite, however, was
strongly affected by low-temperature reaction with hydrothermal flu-
ids, losing much of its magnetite (Mt) component to dissolution while
retaining ulvöspinel. This may partly have provided the oxidized iron
that is in the iron oxyhydroxide veins and adjacent alteration haloes.

Origin of the Quartz-Sodic Plagioclase Intergrowth

Small amounts of felsic rock (e.g., quartz-diorites, tonalites, and
trondhjemites) are found in Layer 3 of the oceanic crust and are classi-
cally referred to as oceanic plagiogranites (e.g., Thayer, 1977; Aldiss,
1981). Such evolved rocks have been drilled in several Ocean Drilling
Program (ODP) sites and in plutonic sections of ophiolites (see Koepke
et al., 2004, for a detailed list of occurrences). Many of these plagiogran-
ites show particular microstructures called myrmekites. The term
myrmekite designates the “wartlike” appearance of quartz-plagioclase
intergrowths seen in thin sections of plutonic rocks (Sederholm, 1897).
The term has usually been applied to intergrowths of quartz and sodic
plagioclase in rocks with essential K-feldspar, such as granites and
gneisses (Barker, 1970). However, reaction rims on calcic plagioclase in
basaltic rocks (Pavlov and Karskii, 1949) and main zone gabbroic cumu-
lates of the Bushveld intrusion (Wager and Brown, 1967) have also been
termed myrmekite.
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The intergrowths at Site 1224 are similar in bulk composition to the
myrmekites in granites (Barker, 1970) and also to dikelets of plagiogran-
ites found in abyssal gabbros from the Southwest Indian Ridge and east-
ern Pacific (Koepke et al., 2004, and references therein).

The origin of plagiogranites is hotly debated, and three primary
models have been proposed: (1) protracted differentiation by crystal
fractionation of a MORB parental magma (e.g., Juster et al., 1989; Toplis
and Carroll, 1995; Niu et al., 2002), (2) partial melting of oceanic gab-
bros in high-temperature shear zones (e.g., Cortesogno et al., 2000;
Dick et al., 2000; Koepke et al., 2004), and (3) liquid immiscibility (e.g.,
Dixon and Rutherford, 1979; Natland et al., 1991).

The myrmekitic intergrowths at Site 1224 have higher SiO2 and lower
FeOtot than silicic glasses from the EPR, including a dacite glass bleb
found in a ferroandesite dredged from the eastern limb of the 9°N non-
transform offset of the East Pacific Rise (Natland, 1991), which is the
most siliceous glass thus far analyzed from the ocean basins (Fig. F7A).
Moreover, compared to EPR silicic glasses, they have higher Cross, Id-
dings, Pirsson, and Washington (CIPW) normative quartz (Fig. F7B)
and much lower normative orthoclase (Fig. F7C). The normative plagio-
clase composition of the myrmekitic intergrowths is An8–10 (Fig. F7B,
F7C). The experimental partial melts of cumulate gabbros cored from
ODP Legs 176 (Site 735B; Southwest Indian Ridge) and 153 (Mid-Atlan-
tic Ridge Kane Fracture Zone) obtained by Koepke et al. (2004) show
compositions very different from those of myrmekites. In particular,
Figure F7 shows the lower SiO2, lower CIPW normative quartz, and
higher FeOtot content of the experimental melts of Koepke et al. (2004)
compared to the myrmekitic intergrowths at Site 1224; other differ-
ences (not shown) are the higher Al2O3 and CaO and lower Na2O con-
tents of the experimental melts. In the ternary normative diagram
representing the granitic portion of petrogeny’s residua system (Fig.
F7D), two of the three intergrowth compositions from Site 1224 plot
nearly at the sideline quartz-albite binary eutectic at a vapor pressure of
~500 atm (0.506 Kbar), consistent with formation at or near the sea-
floor. The binary eutectic at this point is at ~870°C (Tuttle and Bowen,
1958), a value similar to the temperature estimates for late-stage liquids
using coexisting ilmenite and magnetite. The other sample plots toward
higher normative quartz. An immiscible dacite globule from dolerite at
Deep Sea Drilling Project Site 396, on the eastern flank of the Mid-At-
lantic Ridge (Sato, 1979), plots nearby but is somewhat more potassic
than the intergrowths. Siliceous glasses segregated experimentally from
ferrobasalt liquids (Dixon and Rutherford, 1979) do not fall on any of
the three-phase cotectic boundaries plotted in Figure F7D but instead
have significantly higher normative quartz. The experimental melts of
Koepke et al. (2004) show large compositional variation, with values
overlapping the composition of the myrmekites of Site 1224 to compo-
sitions with much lower quartz (Fig. F7D). Note the overlap between
the plagiogranites found in natural samples in Hole 735B and the ex-
perimental melts of Koepke et al. (2004), which used Hole 735B gabbros
as starting material.

We conclude that the Site 1224 intergrowth compositions are not
those of liquids. The projected phase relations suggest instead that they
are a cryptocrystalline intergrowth of sodic plagioclase and quartz that
precipitated from liquids that plausibly resembled the dacitic natural
glass or some of the experimental immiscible siliceous liquids, these liq-
uids being in particular more potassic and more siliceous than the inter-
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growths. An immiscible origin for the liquids that produced the
intergrowths is supported by the lack of a continuum in plagioclase
compositions between groundmass plagioclase (~An36) and the norma-
tive plagioclase compositions (An8–10) of the intergrowths, the sharp
boundaries of the intergrowths with adjacent plagioclase, and their col-
loform shapes where they extend convexly into the mesostasis.

Other mechanisms of formation are possible. Orville (1963) de-
scribed an ion-exchange reaction between albite (NaAlSi3O8) and a solu-
tion with excess CaCl2 that produced anorthite (CaAl2Si2O8) with tiny
inclusions of quartz, but he was unable to produce a similar result by re-
action between anorthite and a solution with excess NaCl, evidently be-
cause of kinetic effects (Barker, 1970, citing a personal communication
from P. Orville). Despite this negative result, these experiments do not
preclude the possibility that in a more complex natural system, inter-
growths of quartz and sodic plagioclase may form by reaction between
late-stage magmatic or hydrothermal brines and minerals that crystal-
lized interstitially from highly differentiated, but not necessarily gra-
nitic, liquids. Nevertheless, whether it is by direct crystallization
differentiation, liquid immiscibility, or metasomatic process, granitic
microenvironments clearly develop intersertally even in the coarse-
grained flow interiors of parental abyssal tholeiites.

The uniform chemical compositions of least-altered whole rocks
show that the intersertal granitic microenvironments remained where
they formed; they did not coalesce or concentrate into veins or veinlets
in accord with Marsh’s (1995) observation that aphyric basaltic liquids
lack a mechanism such as buoyancy-driven separation of phenocrysts
from liquids to segregate minerals. Only interstitial differentiation oc-
curs in aphyric flows or intrusions, and this does not appreciably affect
the bulk compositions of analyzed rocks. A corollary is that formation
of veins of tonalite or trondhjemite in abyssal gabbros and even differ-
entiation of basalt types, as exemplified by the short section of basalts
cored at Site 1224, requires some additional means of separating crys-
tals from residual liquids. At slow-spreading ridges, the apparent mech-
anism is expulsion of residual liquids from a crystalline matrix by a
combination of compactive and shear deformation (Natland and Dick,
2001), what Bowen (1920) termed “differentiation by deformation.”
Based on the little-deformed gabbros sampled at Hess Deep in the east-
ern Pacific, the agency of separation of residual liquids from cumulates
beneath fast-spreading ridges is evidently more strongly dominated by
compaction than by differential horizontal stress (Natland and Dick,
1996).

Figure F8 summarizes the extended liquid line of descent for abyssal
tholeiite magma, as deduced from mineral relations seen at Site 1224
and the gabbro suites from the eastern Pacific. An initial primitive ba-
saltic liquid first crystallizes olivine and plagioclase, with clinopyroxene
soon joining the liquidus. This results in a trend of enrichment in FeOtot

and TiO2 until at ~4%–5% MgO content and 1080°–1050°C, where ti-
tanomagnetite joins plagioclase and clinopyroxene in the crystalliza-
tion sequence. Iron enrichment persists as crystallization
differentiation proceeds, but TiO2 enrichment is retarded by titanomag-
netite crystallization until ~1000°C, where two silicate liquids, one very
iron rich and the other siliceous, separate immiscibly. The separate liq-
uids each internally continue to differentiate on their own, with il-
menite and titanomagnetite coprecipitating from the more iron rich
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liquid and quartz and sodic plagioclase from the silica-rich liquid to
produce dacitic and even truly rhyolitic residua.

Along the EPR, nearly two dozen lavas of generally andesitic compo-
sition have been sampled at different places. In hand specimens they
are extremely dark rocks, black compared with the gray of basalts, and
this is because they are still sufficiently rich in FeOtot and TiO2 that they
crystallize abundant titanomagnetite. They could accurately be termed
ferroandesite or even icelandite to distinguish them from the light gray
and not nearly as iron-rich calc-alkalic andesite so common in island
arcs. If the usual liquid line of descent along the EPR is like that just de-
scribed and involves late-stage liquid immiscibility, then all andesites
from this spreading ridge must be hybrid rocks, mixes between dacitic
to rhyodacitic liquids and evolved but nevertheless still common basalt
with between 2% and 3% TiO2 content (double-headed arrows in Fig.
F8). The andesites are not simply a continuation of the basaltic liquid
line of descent turned abruptly toward lower TiO2 contents by the onset
of crystallization of titanomagnetite and ilmenite. A composite dredge
sample having an andesite interior and basalt carapace, obtained from
the eastern limb of the 9°N nontransform offset of the EPR, provided
clear mineralogical evidence for such mixing (Natland, 1991). Evidence
for similar mixing along the Galapagos Spreading Center was presented
by Juster et al. (1989).

Alteration Effects

Opaque Minerals Composition

The high ulvöspinel content of the titanomagnetites is a surprise, be-
ing quite unlike compositions seen in fresh basalt with a wide range of
differentiation dredged from the EPR (Gee and Kent, 1997) or even
somewhat altered basalt drilled along the Mid-Atlantic Ridge (Johnson
and Melson, 1979). The latter rocks contain cation-deficient tita-
nomaghemite altered after original titanomagnetite. The cation-
deficient titanomaghemite, however, differs only slightly from the fresh
mineral in its proportion of magnetite to ulvöspinel and does not ap-
proach the deficiency in magnetite found in the spinel that we ana-
lyzed from Site 1224 (Fig. F4). The near uniformity of unaltered
titanomagnetite in fresh basalt representing different stages of differen-
tiation (i.e., from olivine tholeiites to ferrobasalt) clearly stems from the
common composition along a liquid line of descent where this mineral
joins the liquidus.

With only a pair of adjacent ilmenites analyzed in a single sample
from Site 1224, it is not possible to determine if ilmenite composition
correlates with titanomagnetite composition. The two grains lie at the
ilmenite-rich, hematite-poor end of the spectrum among basalts and
dikes and are similar in composition to many ilmenite grains in abyssal
gabbros (Dick et al., 2002).

In general, variations in composition of both ilmenite and magnetite
result from oxyexsolution, the first stages of which produce lamellae of
ilmenite and magnetite (Buddington and Lindsley, 1964). In the ocean
crust, this is most often observed in basalts, dikes, or gabbros that were
subjected either to high-temperature hydrothermal alteration (e.g.,
deep-dike rocks from Hess Deep) or to slow subsolidus cooling in the
lower crust (gabbros from Hess Deep and the Southwest Indian Ridge).
Indeed, during extensive hydrothermal alteration at greenschist or low-
grade amphibolite facies temperatures, a common result is for all the
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magnetite to disappear (e.g., Shipboard Scientific Party, 1999; Natland,
2002), leaving only relict lamellae of ilmenite and no high-intensity
magnetic minerals.

Site 1224 basalt thus presents a type of alteration of oxide minerals
not previously seen, in that titanomagnetite is only partially destroyed
with the pure magnetite component being partially removed from the
mineral, leaving in the extreme a nearly pure ulvöspinel residuum. In
effect, the Fe2O3-bearing component of the mineral is systematically
and almost entirely removed. Ilmenite may experience a lesser but sim-
ilar extraction of its Fe2O3-bearing component, hematite. As a result of
this dissolution, iron, mainly in the oxidized state, must be added to
the circulating solvent fluids, even at the very highest levels of the
ocean crust. Evidently it is soon redeposited as iron oxyhydroxides and
amorphous iron oxide in vein minerals and alteration haloes. Thus
rather than viewing the sources of metals deposited at ridges to lie en-
tirely within deep hydrothermal reaction zones near substantial magma
bodies (e.g., Gillis et al., 2001), we must now consider that perhaps a
considerable metal source results from low-temperature reactions occur-
ring throughout the porous and fragmented upper ocean crust.

Glass Alteration

Because of hydration (sum of oxides is 84.6%–92.4%), the mobility
of elements during formation of palagonite cannot be accurately as-
sessed using absolute differences in composition between glass and its
alteration product. When considered in terms of cation proportions on
an anhydrous basis, glass altered to palagonite at pillow rims lost CaO
and MgO and gained both total iron as FeOtot and K2O with respect to
the nearly immobile oxides, TiO2, Al2O3, and SiO2. Na2O was enriched
in some palagonites but depleted in others. The iron was probably pro-
vided by the same hydrothermal fluids that added iron oxyhydroxides
to veins and alteration haloes in crystalline basalt and/or by low-tem-
perature reactions (see previous paragraph). The K-rich composition of
palagonite is ultimately derived from high-temperature nonoxidative
alteration of abyssal tholeiites to mineral assemblages carrying chlorite
and magnesian saponite deep in the section, since neither mineral al-
lows K into its structure. The potassium is consequently released to the
circulating hydrothermal fluids, and it later precipitates near the surface
during oxidative formation of K- and Fe-smectite. Loss of CaO in palag-
onite occurred during transformation of glass to such clay minerals very
near the seafloor, in a manner possibly analogous to loss of CaO during
basalt alteration lower in the crust. The CaO lost in rocks at any depth
plausibly contributes to the formation of late-stage veins of calcite and
aragonite in these basalts.

Along with analyses of fresh glass, the compositions of black incipi-
ent spherulitic material and of orange palagonite replacing glass were
obtained from the same thin sections (Table T5). The spherulitic mate-
rial differs only slightly from fresh glass in having slightly higher MgO
or Al2O3 and, in two cases, lower Na2O. Experimental studies and high-
resolution microscopy show that spherulites in abyssal tholeiites are
usually made up of extremely tiny needles, fibers, or dendrites of sili-
cate minerals (e.g., Kirkpatrick, 1979). The bulk of the material in an in-
dividual spherulite must still be glass, and a defocused electron-probe
beam will therefore necessarily intersect some combination of glass
and, in these rocks, either plagioclase needles or clinopyroxene den-
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drites. The small departures in MgO and Al2O3 contents of spherulites
from the adjacent glass indicate slight differences in proportions of
minerals. Low Na2O contents in two spherulites may indicate that the
glass fraction of the spherulite is altered to palagonite.

A zeolite composition reported in Table T6 (Sample 200-1224F-6R-1,
29–34 cm) is Na- and K-rich aluminosilicates resembling phillipsite.
This phase, commonly found in palagonitized submarine vitric tuffs, is
generally thought to incorporate alkalis, alumina, and silica derived
from formation of palagonite. However, since Al2O3 and SiO2 in Site
1224 palagonites behave mostly as immobile oxides, this origin can be
ruled out.

CONCLUSIONS

Late-stage in situ or intersertal crystallization in basalts at Site 1224
resulted in iron-rich differentiates and eventual formation of high-SiO2

immiscible melt that precipitated quartz and sodic plagioclase at tem-
peratures <970°C. In the case of the seafloor basalts of Site 1224, the re-
sidual liquids were not mobile; they did not concentrate into veins.
Because of degassing, they were probably significantly less hydrous
than residual liquids in the gabbro suites. At no stage, for example, did
magmatic amphibole crystallize, whereas titanian pargasite is a com-
mon, even abundant, mineral in abyssal gabbros (Stakes et al., 1991;
Tribuzio et al., 2000; Gillis and Meyer, 2001).

Some titanomagnetite was strongly affected by alteration, actually
losing Fe2O3 to circulating hydrothermal fluids, which perhaps contrib-
uted to the ubiquitous and widespread infilling of fractures and veins
with iron oxhydroxides. This contrasts with the more typical loss of
FeO from titanomagnetite in abyssal-tholeiite dikes and gabbros during
oxyexsolution in the middle to lower ocean crust. Potassic and iron-
rich smectite also precipitated from similar fluids in vein assemblages.
Basaltic glass near the top of the section is partly altered to palagonite,
which appears to be another consequence of reaction with low-temper-
ature hydrothermal fluids carrying abundant trivalent iron and potas-
sium in solution. The composite alteration assemblage of veins with
iron oxyhydroxides and palagonite enriched in iron can be viewed as a
consequence of diffuse fluid flux directed upward from deeper and hot-
ter reaction zones in the lower crust, but also outward from and much
more slowly than high-temperature vents at the ridge axis, where iron
in fluids is generally reduced and sulfides precipitate in chimneys.
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Figure F1. Lithologic summary of sediments and basalts cored at Site 1224. Arrows = location of investigat-
ed thin sections, G = thin sections with glass. All of the drilling activity occurred within a ~20 m × 20 m
area.
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Figure F2. Plagioclase composition of Site 1224 ferrobasalts plotted in the conventional Ab-An-Or classifi-
cation scheme. Solid triangles = groundmass phases, open circles = phenocryst rims, solid circles = pheno-
cryst cores.
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Figure F3. Clinopyroxene composition of Site 1224 ferrobasalts plotted in the conventional Wo-En-Fs clas-
sification scheme (Morimoto et al., 1988). Solid triangles = groundmass phases, open circles = phenocryst
rims, solid circles = phenocryst cores.
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Figure F4. FeO-TiO2-Fe2O3 diagram of opaque minerals from Site 1224 ferrobasalts. Solid triangles =
groundmass phases, open circles = microphenocryst rims, solid circles = microphenocryst cores.
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Figure F5. SiO2, TiO2, MgO, and K2O vs. sum of oxides for fresh and palagonitized volcanic glasses plus
myrmekitic intergrowths found in Site 1224 ferrobasalts.
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Figure F6. Quartz-alkali feldspar intergrowth found in Sample 200-1224F-3R-1, 14–16 cm, from lithostrati-
graphic Unit 1. Myr = myrmekite, Pl = plagioclase, Cpx = clinopyroxene, D-Gl = devitrified glass; Mt = Ti-
magnetite.
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Figure F8. TiO2 vs. MgO plot of Site 1224 EPM analyses of volcanic glasses (orange diamonds). Bulk
composition of East Pacific Rise (EPR) andesites, EPR basalts (references in PETDB web database,
www.petdb.org), Site 1224 ferrobasalts (Haraguchi and Ishi, this volume), experimental melts ob-
tained at shallow pressures on oceanic cumulate gabbros (Koepke et al., 2004), and myrmekite (Myr)
found in Site 1224 ferrobasalts are shown for comparison.
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Table 

Notes: I tial number of analyses in that circle.
Data e, 3 = glass, 4 = ophiolite, 5 = others),
and 

Core, s
interva

200-1224
4X-1, 1

200-1224
3R-1, 5

4R-1, 7

200-1224
3R-1, 6

200-1224
1R-4, 1

3R-1, 1

3R-3, 9

4R-6, 1

6R-1, 2

6R-1, 1

11R-2, 

13R-1, 

15R-1, 
T1. Plagioclase compositions and structural formulas. (Continued on next page.) 

n the Point column, the first number indicates the number of the circle drawn on the thin section, and the second number indicates the sequen
 in the Intergrowth column are the phases intergrown or associated with plagioclase. The first number indicates the table (e.g., 2 = clinopyroxen
the second number indicates the number of phases in that column. An = anorthite, Ab = albite, Or = orthoclase.

ection, 
l (cm) Point Phase

Major element oxide (wt%)

SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO K2O Na2O Total

A-
6–19 2-3 Plagioclase phenocryst rim 52.15 0.04 29.32 0.05 0.73 0.22 12.86 0.06 4.10 99.53

2-4 Plagioclase same phenocryst core 51.34 0.08 29.61 0.04 0.51 0.19 13.28 0.06 3.88 99.00
2-6 Plagioclase groundmass 52.34 0.04 29.28 0.01 0.83 0.19 12.64 0.07 4.14 99.54
1-1 Plagioclase microphenocryst 50.90 0.00 29.96 0.02 0.71 0.15 13.73 0.04 3.73 99.23

D-
0–53 1-1 Plagioclase groundmass 53.67 0.05 27.81 0.00 0.96 0.12 11.38 0.08 5.17 99.22

3-1 Plagioclase microphenocryst core 51.97 0.13 30.63 0.11 0.49 0.16 13.76 0.05 3.91 101.21
3-2 Plagioclase same microphenocryst rim 56.91 0.09 27.12 0.00 0.83 0.06 9.47 0.09 6.28 100.85
4-3 Plagioclase groundmass 54.39 0.16 28.25 0.00 0.93 0.12 11.43 0.08 5.15 100.51

4–77 1-2 Plagioclase microphenocryst rim 50.22 0.03 30.78 0.00 0.63 0.22 14.20 0.04 3.43 99.55
1-3 Plagioclase microphenocryst core 50.19 0.13 30.14 0.01 0.62 0.18 13.79 0.03 3.36 98.46

E-
–10 2-1 Plagioclase microphenocryst rim 51.58 0.08 30.02 0.07 0.82 0.15 13.40 0.04 3.85 100.02

2-2 Plagioclase same microphenocryst core 52.11 0.10 29.75 0.01 0.63 0.19 13.42 0.04 4.05 100.30

F-
15–117 1-6 Plagioclase groundmass 57.34 0.11 26.14 0.50 0.06 8.76 0.09 6.63 99.63

1-8 Plagioclase groundmass 52.41 0.04 28.89 0.00 0.70 0.17 12.25 0.05 4.61 99.13
4–16 1-3 Plagioclase phenocryst rim 58.52 0.10 25.27 0.02 0.48 0.03 7.62 0.12 7.13 99.30

1-4 Plagioclase same phenocryst core 51.51 0.00 29.83 0.00 0.68 0.18 13.00 0.06 4.02 99.29
2-3 Plagioclase groundmass 59.16 0.00 25.23 0.01 0.36 0.02 7.33 0.11 7.24 99.47

0–92 1-1 Big phenocryst plagioclase rim 52.08 0.02 28.98 0.03 0.87 0.19 12.49 0.04 4.48 99.18
1-2 Big phenocryst plagioclase mantle 49.76 0.06 30.47 0.02 0.59 0.20 13.96 0.04 3.46 98.57
1-3 Big phenocryst plagioclase core 49.75 0.10 30.52 0.58 0.21 14.29 0.01 3.31 98.77

1–13 1-4 Plagioclase microphenocryst in pillow 51.21 0.08 29.99 0.01 0.65 0.22 13.39 0.01 3.81 99.37
2-1 Plagioclase phenocryst rim in pillow 49.72 0.04 30.94 0.78 0.22 14.42 0.02 3.30 99.44
2-2 Plagioclase phenocryst mantle in pillow 50.08 0.07 30.57 0.01 0.55 0.25 14.39 0.04 3.48 99.44
2-3 Plagioclase phenocryst core in pillow 50.35 30.61 0.01 0.79 0.23 14.14 0.03 3.43 99.60
3-3 Plagioclase 50.80 0.06 29.57 0.04 0.84 0.23 13.54 0.05 3.76 98.89

9–34 1-1 Plagioclase in pillow 51.68 0.07 29.87 0.03 0.77 0.25 13.35 0.03 4.00 100.05
4-2 Plagioclase acicular in pillow 52.05 29.44 0.01 0.76 0.26 13.04 0.04 4.03 99.63

05–107 1-3 Plagioclase phenocryst core 50.19 0.10 30.15 0.58 0.22 13.67 0.02 3.58 98.53
1-4 Plagioclase phenocryst rim 50.01 0.05 30.04 0.02 0.51 0.20 13.71 0.05 3.39 97.98

13–15 1-1 Plagioclase groundmass 50.59 0.03 30.73 0.12 0.54 0.22 14.13 0.03 3.38 99.76
2-4 Plagioclase groundmass 51.88 0.02 29.52 0.00 0.84 0.20 12.97 0.04 4.20 99.67
5-1 Plagioclase microphenocryst 50.83 0.05 30.62 0.01 0.61 0.22 13.78 0.05 3.53 99.70

22–24 1-1 Plagioclase microphenocryst core 53.12 0.03 28.58 0.13 0.69 0.18 11.76 0.07 4.48 99.05
1-5 Plagioclase groundmass 53.18 0.10 28.16 0.08 0.94 0.18 11.53 0.05 4.53 98.76

88–90 1-1 Plagioclase microphenocryst 54.88 27.43 0.03 0.90 0.12 10.70 0.08 5.44 99.59
2-1 Big phenocryst plagioclase rim 52.19 0.08 28.89 0.89 0.16 12.54 0.05 4.38 99.18
2-2 Big phenocryst plagioclase mantle 52.41 0.07 29.49 0.02 0.68 0.18 12.53 0.05 4.32 99.76
2-3 Big phenocryst plagioclase core 52.52 0.01 29.28 0.72 0.16 12.33 0.05 4.53 99.61
3-3 Skeletal plagioclase groundmass 58.02 0.12 25.72 0.02 0.71 0.08 8.39 0.12 6.74 99.92
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Table 

Core, se
interva An Ab OrCr Total

200-1224
4X-1, 1 0.0073 19.9690 63.2 36.5 0.3

0.0053 19.9849 65.2 34.5 0.3
0.0016 19.9544 62.5 37.1 0.4
0.0027 20.0062 66.9 32.9 0.2

200-1224
3R-1, 5 0.0000 20.0344 54.7 44.9 0.4

0.0152 20.0077 65.9 33.8 0.3
0.0000 20.0070 45.2 54.3 0.5
0.0000 20.0033 54.8 44.7 0.5

4R-1, 7 0.0007 20.0066 69.5 30.3 0.2
0.0011 19.9492 69.2 30.6 0.2

200-1224
3R-1, 6 0.0105 19.9784 65.7 34.1 0.2

0.0015 19.9988 64.5 35.2 0.3

200-1224
1R-4, 1 0.0000 20.0055 42.0 57.5 0.5

0.0004 20.0270 59.3 40.4 0.3
3R-1, 1 0.0029 19.9832 36.9 62.4 0.7

0.0000 19.9971 63.9 35.8 0.4
0.0018 19.9591 35.7 63.7 0.6

3R-3, 9 0.0039 20.0326 60.5 39.3 0.3
0.0025 20.0142 68.8 30.9 0.3
0.0000 19.9958 70.4 29.5 0.0

4R-6, 1 0.0008 19.9800 65.9 34.0 0.1
0.0000 20.0153 70.6 29.2 0.1
0.0010 20.0351 69.4 30.4 0.2
0.0013 19.9970 69.3 30.5 0.2
0.0052 19.9993 66.4 33.3 0.3

6R-1, 2 0.0047 20.0031 64.7 35.1 0.2
0.0014 19.9707 63.9 35.8 0.3

6R-1, 1 0.0000 19.9937 67.7 32.1 0.1
0.0025 19.9597 68.9 30.8 0.3

11R-2, 0.0169 19.9721 69.6 30.2 0.2
0.0000 20.0153 62.9 36.9 0.2
0.0011 19.9725 68.1 31.6 0.3

13R-1, 0.0195 19.9287 59.0 40.6 0.4
0.0118 19.9107 58.2 41.4 0.3

15R-1, 0.0050 19.9926 51.8 47.7 0.4
0.0000 20.0035 61.1 38.6 0.3
0.0035 19.9843 61.4 38.3 0.3
0.0000 20.0161 59.9 39.9 0.3
0.0022 19.9744 40.5 58.8 0.7
T1 (continued). 

ction, 
l (cm) Point Phase Intergrowth

Trace element (ppm)

Si Ti Al Fe3+ Ca Na K

A-
6–19 2-3 Plagioclase phenocryst rim 2-1, 2-2 9.5532 0.0061 6.3326 0.0747 2.5240 1.4574 0.0137

2-4 Plagioclase same phenocryst core 2-1, 2-2 9.4591 0.0115 6.4325 0.0525 2.6224 1.3873 0.0141
2-6 Plagioclase groundmass 2-1, 2-2 9.5805 0.0059 6.3173 0.0851 2.4783 1.4690 0.0166
1-1 Plagioclase microphenocryst 9.3747 0.0000 6.5047 0.0727 2.7097 1.3335 0.0083

D-
0–53 1-1 Plagioclase groundmass 2-3, 4-1 9.8338 0.0063 6.0075 0.0976 2.2350 1.8357 0.0184

3-1 Plagioclase microphenocryst core 2-5 9.3745 0.0181 6.5133 0.0490 2.6597 1.3667 0.0114
3-2 Plagioclase same microphenocryst rim 2-5 10.1790 0.0126 5.7186 0.0830 1.8152 2.1777 0.0209
4-3 Plagioclase groundmass 4-3, 4-4 9.8310 0.0213 6.0196 0.0935 2.2136 1.8058 0.0184

4–77 1-2 Plagioclase microphenocryst rim 2-6 9.2356 0.0041 6.6728 0.0648 2.7979 1.2221 0.0086
1-3 Plagioclase microphenocryst core 2-6 9.3123 0.0183 6.5938 0.0637 2.7418 1.2104 0.0077

E-
–10 2-1 Plagioclase microphenocryst rim 3-2, 3-3, 5-1 9.4178 0.0113 6.4623 0.0837 2.6213 1.3632 0.0083

2-2 Plagioclase same microphenocryst core 3-2, 3-3, 5-1 9.4826 0.0138 6.3819 0.0641 2.6171 1.4275 0.0103

F-
15–117 1-6 Plagioclase groundmass 10.3458 0.0149 5.5596 0.0501 1.6931 2.3208 0.0213

1-8 Plagioclase groundmass 9.6286 0.0061 6.2566 0.0719 2.4114 1.6412 0.0109
4–16 1-3 Plagioclase phenocryst rim 2-10, 2-11, 5-4 10.5528 0.0132 5.3719 0.0486 1.4720 2.4941 0.0277

1-4 Plagioclase same phenocryst core 2-10, 2-11, 5-4 9.4622 0.0000 6.4593 0.0695 2.5588 1.4330 0.0144
2-3 Plagioclase groundmass 4-12, 5-5, 5-6 10.6229 0.0005 5.3419 0.0364 1.4106 2.5205 0.0245

0–92 1-1 Big phenocryst plagioclase rim 2-12, 4-15 9.5802 0.0024 6.2854 0.0894 2.4623 1.5989 0.0102
1-2 Big phenocryst plagioclase mantle 2-12, 4-15 9.2383 0.0091 6.6697 0.0612 2.7767 1.2466 0.0101
1-3 Big phenocryst plagioclase core 2-12, 4-15 9.2211 0.0143 6.6694 0.0601 2.8387 1.1909 0.0012

1–13 1-4 Plagioclase microphenocryst in pillow 3-5, 3-6, 2-13 9.4087 0.0114 6.4953 0.0661 2.6352 1.3589 0.0034
2-1 Plagioclase phenocryst rim in pillow 3-8 9.1687 0.0050 6.7272 0.0798 2.8498 1.1793 0.0056
2-2 Plagioclase phenocryst mantle in pillow 3-8 9.2310 0.0103 6.6422 0.0563 2.8421 1.2437 0.0085
2-3 Plagioclase phenocryst core in pillow 3-8 9.2593 0.0000 6.6368 0.0812 2.7865 1.2245 0.0075
3-3 Plagioclase 2-14, 2-15 9.4007 0.0086 6.4517 0.0866 2.6859 1.3494 0.0112

9–34 1-1 Plagioclase in pillow 2-16, 3-9 9.4404 0.0099 6.4337 0.0781 2.6129 1.4164 0.0069
4-2 Plagioclase acicular in pillow 2-18, 2-19, 3-13 9.5325 0.0000 6.3573 0.0778 2.5588 1.4324 0.0105

05–107 1-3 Plagioclase phenocryst core 2-20, 4-17, 4-18 9.3116 0.0144 6.5951 0.0601 2.7179 1.2892 0.0054
1-4 Plagioclase phenocryst rim 2-20, 4-17, 4-18 9.3222 0.0071 6.6021 0.0528 2.7374 1.2243 0.0112

13–15 1-1 Plagioclase groundmass 3-15, 2-22 9.2717 0.0042 6.6412 0.0549 2.7741 1.2009 0.0081
2-4 Plagioclase groundmass 3-16, 3-17, 2-23 9.5028 0.0031 6.3750 0.0854 2.5464 1.4930 0.0097
5-1 Plagioclase microphenocryst 9.3143 0.0072 6.6150 0.0624 2.7059 1.2555 0.0110

22–24 1-1 Plagioclase microphenocryst core 2-25 9.7381 0.0038 6.1774 0.0706 2.3108 1.5923 0.0163
1-5 Plagioclase groundmass 2-26, 4-20 9.7820 0.0142 6.1059 0.0969 2.2716 1.6161 0.0122

88–90 1-1 Plagioclase microphenocryst 4-21 9.9861 0.0000 5.8846 0.0917 2.0865 1.9209 0.0178
2-1 Big phenocryst plagioclase rim 9.5956 0.0108 6.2622 0.0910 2.4709 1.5613 0.0117
2-2 Big phenocryst plagioclase mantle 9.5670 0.0097 6.3449 0.0694 2.4501 1.5274 0.0123
2-3 Big phenocryst plagioclase core 9.5996 0.0020 6.3086 0.0735 2.4148 1.6069 0.0107
3-3 Skeletal plagioclase groundmass 2-29, 2-30 10.4350 0.0167 5.4534 0.0711 1.6174 2.3513 0.0274
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Table 

Note: In indicates the sequential number of analyses in that circle. En
= en

Core, se
interva

de (wt%)

MgO CaO Na2O Total

200-1224
4X-1, 1  16.18 19.47 0.28 99.05 

 16.09 19.45 0.31 97.97 

200-1224
3R-1, 5  15.00 18.87 0.27 99.65 

 15.09 18.41 0.30 100.21 
 12.29 15.61 0.25 98.46 

4R-1, 7  16.25 16.87 0.30 98.43 

200-1224
1R-4, 1  14.10 16.68 0.33 98.85 

 16.12 19.54 0.29 99.06 
 16.66 19.02 0.26 99.33 

200-1224
3R-1, 1  13.78 17.13 0.30 98.76 

 15.03 17.74 0.30 99.33 

200-1224
3R-3, 9  13.24 16.49 0.42 98.45 
4R-6, 1  16.91 19.01 0.26 99.26 

 17.39 17.53 0.26 98.84 
 17.09 17.04 0.26 98.55 

6R-1, 2  20.85 13.87 0.19 99.81 
 18.60 17.39 0.17 99.51 
 16.83 18.76 0.29 99.76 
 19.37 15.16 0.22 99.09 

6R-1, 1  15.80 19.42 0.31 98.09 
 17.13 17.07 0.26 98.12 

11R-2,  15.82 18.80 0.30 98.76 
 15.42 18.74 0.31 98.03 
 15.53 19.91 0.26 99.60 

13R-1,  12.18 17.14 0.30 98.90 
 14.88 14.99 0.25 99.45 

15R-1,  14.41 18.36 0.32 98.57 
 14.54 15.94 0.30 98.86 
 12.68 17.83 0.34 98.42 
 12.53 19.39 0.40 99.50 
T2. Clinopyroxene compositions with structural formulas. (Continued on next two pages.) 

 the Point column, the first number indicates the number of the circle drawn on the thin section, and the second number 
statite, Fs = ferrosilite, Wo = wollastonite.

ction, 
l (cm) Point Phase Name

Major element oxi

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO

A-
6–19 2-1 Clinopyroxene phenocryst rim Aluminian augite 51.84 0.71 2.45 0.32 7.73 0.06

2-2 Clinopyroxene same phenocryst core Augite 51.58 0.69 2.23 0.19 7.37 0.06

D-
0–53 1-2 Clinopyroxene groundmass Augite 51.14 1.08 2.16 0.09 10.70 0.34

2-1 Clinopyroxene groundmass Augite 51.50 1.16 2.08 0.07 11.28 0.34
3-3 Clinopyroxene groundmass Augite 50.03 0.87 1.25 0.02 17.57 0.55

4–77 1-1 Clinopyroxene groundmass Aluminian augite 50.43 1.15 3.10 0.09 9.99 0.25

F-
15–117 1-2 Clinopyroxene groundmass Aluminian augite 49.68 1.39 2.41 13.90 0.36

1-3 Clinopyroxene phenocryst rim Aluminian augite 51.38 0.79 2.39 0.19 8.25 0.13
1-4 Clinopyroxene phenocryst core Augite 52.00 0.74 2.26 0.19 7.91 0.29

D-
4–16 1-5 Clinopyroxene groundmass Augite 50.60 0.90 1.71 0.05 13.87 0.42

1-6 Clinopyroxene groundmass Aluminian augite 50.73 1.13 2.41 0.11 11.55 0.34

F-
0–92 1-4 Clinopyroxene groundmass Aluminian augite 48.53 1.75 2.86 14.77 0.38
1–13 1-1 Clinopyroxene groundmass in pillow Aluminian chromian augite 51.44 0.72 3.21 0.58 6.93 0.20

3-1 Clinopyroxene glomrule Aluminian augite 51.35 0.99 3.23 0.12 7.79 0.17
3-2 Clinopyroxene glomrule Aluminian augite 50.27 1.18 4.18 0.28 8.07 0.17

9–34 1-5 Clinopyroxene in pillow Augite 53.70 0.32 1.48 0.34 8.68 0.38
2-3 Clinopyroxene in pillow Augite 52.95 0.49 1.60 0.27 7.84 0.21
4-1 Clinopyroxene in black glass pillow Aluminian augite 51.50 1.03 3.40 0.16 7.56 0.22
4-4 Clinopyroxene in pillow Augite 52.93 0.63 1.82 0.24 8.45 0.27

05–107 1-2 Clinopyroxene groundmass Aluminian chromian augite 50.41 0.82 3.59 0.34 7.20 0.19
1-5 Clinopyroxene groundmass Aluminian augite 50.32 0.94 3.49 0.28 8.35 0.27

13–15 1-2 Clinopyroxene groundmass Aluminian augite 50.70 1.03 3.96 0.27 7.75 0.15
2-1 Clinopyroxene groundmass Aluminian augite 50.54 0.87 3.94 0.21 7.76 0.24
4-1 Clinopyroxene groundmass Aluminian augite 51.18 0.98 3.47 0.22 7.80 0.25

22–24 1-2 Clinopyroxene groundmass Aluminian augite 49.21 1.50 2.34 0.06 15.56 0.60
1-6 Clinopyroxene groundmass Augite 50.99 1.16 1.74 0.02 15.02 0.40

88–90 1-3 Clinopyroxene microphenocryst core Aluminian augite 50.65 1.13 2.36 0.05 11.03 0.26
1-4 Same clinopyroxene microphenocryst rim Aluminian augite 49.61 1.43 2.97 13.64 0.44
3-1 Clinopyroxene groundmass Aluminian augite 48.81 1.83 2.91 0.04 13.66 0.32
3-4 Clinopyroxene groundmass Aluminian augite 48.93 1.86 3.36 0.03 12.74 0.26
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Core, se
interva

Trace element (ppm)

(T) Fe3+
(M1) Fe2+ Mn Mg Ca Na Cr Total

200-1224
4X-1, 1 00 0.0079 0.2324 0.0018 0.8968 0.7757 0.0205 0.0094 4.0000

00 0.0052 0.2262 0.0019 0.9007 0.7824 0.0226 0.0057 4.0000

200-1224
3R-1, 5 00 0.0346 0.3002 0.0109 0.8365 0.7564 0.0198 0.0028 4.0000

00 0.0264 0.3249 0.0107 0.8380 0.7346 0.0214 0.0020 4.0000
00 0.0192 0.5521 0.0183 0.7125 0.6501 0.0189 0.0007 4.0000

4R-1, 7 00 0.0272 0.2868 0.0079 0.9101 0.6791 0.0217 0.0027 4.0000

200-1224
1R-4, 1 00 0.0523 0.3906 0.0116 0.8005 0.6806 0.0244 0.0000 4.0000

00 0.0416 0.2151 0.0041 0.8944 0.7791 0.0209 0.0056 4.0000
00 0.0199 0.2252 0.0091 0.9202 0.7552 0.0187 0.0057 4.0000

200-1224
3R-1, 1 00 0.0286 0.4144 0.0136 0.7840 0.7006 0.0225 0.0016 4.0000

00 0.0347 0.3283 0.0107 0.8421 0.7143 0.0216 0.0033 4.0000

200-1224
3R-3, 9 61 0.0660 0.4024 0.0123 0.7584 0.6786 0.0316 0.0000 4.0000
4R-6, 1 00 0.0212 0.1929 0.0063 0.9315 0.7525 0.0186 0.0169 4.0000

00 0.0102 0.2315 0.0054 0.9615 0.6965 0.0184 0.0037 4.0000
00 0.0173 0.2341 0.0054 0.9484 0.6797 0.0186 0.0082 4.0000 

6R-1, 2 00 0.0108 0.2535 0.0117 1.1321 0.5411 0.0131 0.0098 4.0000 
00 0.0161 0.2248 0.0066 1.0190 0.6849 0.0121 0.0078 4.0000 
00 0.0203 0.2124 0.0068 0.9234 0.7398 0.0209 0.0048 4.0000 
00 0.0000 0.2602 0.0083 1.0635 0.5986 0.0155 0.0071 4.0000 

6R-1, 1 00 0.0274 0.1984 0.0062 0.8832 0.7802 0.0227 0.0100 4.0000 
00 0.0380 0.2234 0.0086 0.9555 0.6844 0.0187 0.0082 4.0000 

11R-2, 00 0.0000 0.2416 0.0046 0.8798 0.7510 0.0213 0.0078 4.0000 
00 0.0000 0.2442 0.0077 0.8644 0.7550 0.0224 0.0062 4.0000 
00 0.0119 0.2300 0.0078 0.8581 0.7909 0.0189 0.0063 4.0000 

13R-1, 00 0.0338 0.4676 0.0196 0.6999 0.7080 0.0226 0.0019 4.0000 
00 0.0090 0.4671 0.0128 0.8405 0.6086 0.0182 0.0006 4.0000 

15R-1, 00 0.0127 0.3370 0.0083 0.8142 0.7456 0.0234 0.0015 4.0000 
00 0.0386 0.3946 0.0143 0.8232 0.6489 0.0221 0.0000 4.0000 
00 0.0324 0.4070 0.0103 0.7267 0.7348 0.0256 0.0012 4.0000 
00 0.0598 0.3446 0.0084 0.7089 0.7882 0.0296 0.0009 4.0000 
T2 (continued). 

ction, 
l (cm) Point Phase Name  Si Ti Al (T) Al (M1)  Fe3+

A-
6–19 2-1 Clinopyroxene phenocryst rim Aluminian augite 1.9279 0.0199 0.0721 0.0355 0.00

2-2 Clinopyroxene same phenocryst core Augite 1.9370 0.0194 0.0630 0.0358 0.00

D-
0–53 1-2 Clinopyroxene groundmass Augite 1.9132 0.0304 0.0868 0.0085 0.00

2-1 Clinopyroxene groundmass Augite 1.9185 0.0324 0.0815 0.0096 0.00
3-3 Clinopyroxene groundmass Augite 1.9452 0.0256 0.0548 0.0027 0.00

4–77 1-1 Clinopyroxene groundmass Aluminian augite 1.8948 0.0325 0.1052 0.0321 0.00

F-
15–117 1-2 Clinopyroxene groundmass Aluminian augite 1.8922 0.0398 0.1078 0.0003 0.00

1-3 Clinopyroxene phenocryst rim Aluminian augite 1.9125 0.0220 0.0875 0.0172 0.00
1-4 Clinopyroxene phenocryst core Augite 1.9267 0.0205 0.0733 0.0255 0.00

D-
4–16 1-5 Clinopyroxene groundmass Augite 1.9318 0.0259 0.0682 0.0087 0.00

1-6 Clinopyroxene groundmass Aluminian augite 1.9065 0.0321 0.0935 0.0130 0.00

F-
0–92 1-4 Clinopyroxene groundmass Aluminian augite 1.8643 0.0506 0.1296 0.0000 0.00
1–13 1-1 Clinopyroxene groundmass in pillow Aluminian chromian augite 1.9004 0.0200 0.0996 0.0400 0.00

3-1 Clinopyroxene glomrule Aluminian augite 1.9040 0.0276 0.0960 0.0453 0.00
3-2 Clinopyroxene glomrule Aluminian augite 1.8717 0.0331 0.1283 0.0552 0.00

9–34 1-5 Clinopyroxene in pillow Augite 1.9557 0.0088 0.0443 0.0191 0.00
2-3 Clinopyroxene in pillow Augite 1.9460 0.0135 0.0540 0.0152 0.00
4-1 Clinopyroxene in black glass pillow Aluminian augite 1.8956 0.0286 0.1044 0.0430 0.00
4-4 Clinopyroxene in pillow Augite 1.9501 0.0176 0.0499 0.0293 0.00

05–107 1-2 Clinopyroxene groundmass Aluminian chromian augite 1.8901 0.0232 0.1099 0.0487 0.00
1-5 Clinopyroxene groundmass Aluminian augite 1.8827 0.0265 0.1173 0.0367 0.00

13–15 1-2 Clinopyroxene groundmass Aluminian augite 1.8910 0.0288 0.1090 0.0650 0.00
2-1 Clinopyroxene groundmass Aluminian augite 1.9007 0.0246 0.0993 0.0755 0.00
4-1 Clinopyroxene groundmass Aluminian augite 1.8974 0.0272 0.1026 0.0489 0.00

22–24 1-2 Clinopyroxene groundmass Aluminian augite 1.8968 0.0435 0.1032 0.0031 0.00
1-6 Clinopyroxene groundmass Augite 1.9323 0.0332 0.0677 0.0100 0.00

88–90 1-3 Clinopyroxene microphenocryst core Aluminian augite 1.9198 0.0321 0.0802 0.0252 0.00
1-4 Same clinopyroxene microphenocryst rim Aluminian augite 1.8846 0.0408 0.1154 0.0174 0.00
3-1 Clinopyroxene groundmass Aluminian augite 1.8770 0.0530 0.1230 0.0090 0.00
3-4 Clinopyroxene groundmass Aluminian augite 1.8564 0.0529 0.1436 0.0067 0.00
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Core, se
interva #

200-1224
4X-1, 1 8 

5 

200-1224
3R-1, 5 3 

2 
1 

4R-1, 7 2 

200-1224
1R-4, 1 0 

5 
5 

200-1224
3R-1, 1 2 

3 

200-1224
3R-3, 9 0 
4R-6, 1 1 

3 
4 

6R-1, 2 3 
0 
3 
8 

6R-1, 1 6 
5 

11R-2, 4 
3 
4 

13R-1, 2 
1 

15R-1, 1 
0 
1 
1 
T2 (continued). 

ction, 
l (cm) Point Phase Name En Fs Wo Mg# Cr

A-
6–19 2-1 Clinopyroxene phenocryst rim Aluminian augite 46.8 12.6 40.5 0.79 0.0

2-2 Clinopyroxene same phenocryst core Augite 47.0 12.2 40.8 0.80 0.0

D-
0–53 1-2 Clinopyroxene groundmass Augite 43.15 17.83 39.02 0.74 0.0

2-1 Clinopyroxene groundmass Augite 43.3 18.7 38.0 0.72 0.0
3-3 Clinopyroxene groundmass Augite 36.5 30.2 33.3 0.56 0.0

4–77 1-1 Clinopyroxene groundmass Aluminian augite 47.6 16.8 35.5 0.76 0.0

F-
15–117 1-2 Clinopyroxene groundmass Aluminian augite 41.4 23.5 35.2 0.67 0.0

1-3 Clinopyroxene phenocryst rim Aluminian augite 46.2 13.5 40.3 0.81 0.0
1-4 Clinopyroxene phenocryst core Augite 47.7 13.2 39.1 0.80 0.0

D-
4–16 1-5 Clinopyroxene groundmass Augite 40.4 23.5 36.1 0.65 0.0

1-6 Clinopyroxene groundmass Aluminian augite 43.6 19.4 37.0 0.72 0.0

F-
0–92 1-4 Clinopyroxene groundmass Aluminian augite 39.4 25.3 35.3 0.65 0.0
1–13 1-1 Clinopyroxene groundmass in pillow Aluminian chromian augite 48.9 11.6 39.5 0.83 0.1

3-1 Clinopyroxene glomrule Aluminian augite 50.5 13.0 36.6 0.81 0.0
3-2 Clinopyroxene glomrule Aluminian augite 50.3 13.6 36.1 0.80 0.0

9–34 1-5 Clinopyroxene in pillow Augite 58.1 14.2 27.8 0.82 0.1
2-3 Clinopyroxene in pillow Augite 52.22 12.68 35.10 0.82 0.1
4-1 Clinopyroxene in black glass pillow Aluminian augite 48.53 12.59 38.88 0.81 0.0
4-4 Clinopyroxene in pillow Augite 55.09 13.91 31.00 0.80 0.0

05–107 1-2 Clinopyroxene groundmass Aluminian chromian augite 46.60 12.24 41.17 0.82 0.0
1-5 Clinopyroxene groundmass Aluminian augite 50.03 14.14 35.83 0.81 0.0

13–15 1-2 Clinopyroxene groundmass Aluminian augite 46.87 13.12 40.01 0.78 0.0
2-1 Clinopyroxene groundmass Aluminian augite 46.19 13.46 40.35 0.78 0.0
4-1 Clinopyroxene groundmass Aluminian augite 45.19 13.15 41.66 0.79 0.0

22–24 1-2 Clinopyroxene groundmass Aluminian augite 36.28 27.01 36.71 0.60 0.0
1-6 Clinopyroxene groundmass Augite 43.37 25.23 31.40 0.64 0.0

88–90 1-3 Clinopyroxene microphenocryst core Aluminian augite 42.45 18.67 38.87 0.71 0.0
1-4 Same clinopyroxene microphenocryst rim Aluminian augite 42.89 23.31 33.80 0.68 0.0
3-1 Clinopyroxene groundmass Aluminian augite 38.02 23.53 38.45 0.64 0.0
3-4 Clinopyroxene groundmass Aluminian augite 37.12 21.61 41.27 0.67 0.0
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Table T3. Composition of olivine microphenocryst.

Note: In the Point column, the first number indicates the number of the circle drawn on the thin section, and the second number indicates
the sequential number of analyses in that circle.

Core, section, 
interval (cm) Point Phase

Major element oxide (wt%)

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO K2O Na2O BaO P2O5 Total

200-1224F-
11R-2, 13–15 3-1 Olivine microphenocryst 38.68 0.10 0.00 0.05 19.88 0.31 39.80 0.35 0.01 0.00 0.07 0.05 99.31 
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Notes: I ion, and the second number indicates the sequential number of analyses in that circle.
Ilm =

Core, se
interva

e (wt%)

O MnO MgO Total

200-1224
3R-1, 5 57 0.50 1.02 97.29

19 0.46 0.99 99.14
99 0.56 0.84 98.00
98 0.79 0.63 97.19

4R-1, 7 20 0.69 0.15 95.39

200-1224
1R-4, 1 69 0.73 0.31 96.77

30 0.58 0.44 95.76
05 0.65 0.37 96.44

200-1224
3R-1, 1 50 0.51 0.66 97.49

07 0.68 0.62 96.39
98 0.65 0.97 99.27
88 0.58 0.57 97.19
57 0.59 0.77 99.28

200-1224
3R-3, 9 50 0.57 0.19 88.88

52 0.71 0.22 91.33
6R-1, 1 93 0.37 0.55 90.65

09 0.62 0.70 91.18
13R-1, 46 0.57 0.70 91.30

59 0.52 0.72 91.18
15R-1, 20 0.53 0.85 97.66

17 0.57 0.18 96.62
T4. Composition of opaque minerals. (Continued on next page.) 

n the Point column, the first number indicates the number of the circle drawn on the thin sect
 ilemnite, Usp = ulvöspinel.

ction, 
l (cm) Point Phase

Major element oxid

SiO2 TiO2 Al2O3 Cr2O3 Fe

D-
0–53 1-3 Octahedral solid solution groundmass 0.41 22.96 1.67 0.15 70.

2-2 Octahedral solid solution skeletal 0.28 24.57 1.65 0.00 71.
4-1 Octahedral solid solution microphenocryst core 0.35 24.77 1.49 69.
4-2 Octahedral solid solution same microphenocryst rim 0.60 23.31 1.89 69.

4–77 1-4 Octahedral solid solution groundmass 0.39 25.11 1.84 0.02 67.

F-
15–117 1-1 Octahedral solid solution groundmass 0.38 23.61 0.97 0.08 70.

1-5 Octahedral solid solution groundmass 0.42 27.80 1.15 0.07 65.
1-7 Octahedral solid solution groundmass skeletal 0.57 24.32 1.48 69.

D-
4–16 1-1 Octahedral solid solution microphenocryst core 0.30 23.00 1.43 0.09 71.

1-2 Octahedral solid solution same microphenocryst rim 0.42 22.42 1.11 0.06 71.
2-4 Rhombohedral solid solution groundmass 0.36 50.31 46.
2-5 Rhombohedral solid solution groundmass 0.90 48.13 0.13 0.00 46.
2-6 Rhombohedral solid solution groundmass 0.30 49.98 0.01 0.06 47.

F-
0–92 1-5 Octahedral solid solution groundmass 1.07 28.35 1.15 0.05 57.

1-9 Octahedral solid solution groundmass 1.39 28.82 1.60 0.07 58.
05–107 1-1 Octahedral solid solution groundmass 0.69 25.27 1.77 0.06 61.

1-6 Octahedral solid solution groundmass 1.37 25.26 2.11 0.03 61.
22–24 1-3 Octahedral solid solution groundmass 0.48 24.97 2.00 0.11 62.

1-4 Octahedral solid solution groundmass 1.09 26.89 2.26 0.10 59.
88–90 1-2 Octahedral solid solution microphenocryst 0.41 23.55 2.11 0.02 70.

3-2 Octahedral solid solution groundmass 0.31 22.28 2.05 0.06 71.
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Core, se
interva

Trace element (ppm)

Ilm Usp Mg#Fe2+ Mn Mg Cr Total

200-1224
3R-1, 5 1.5724 0.0172 0.0615 0.0049 3.0682 0.69 0.04

1.6088 0.0153 0.0585 0.0000 3.0632 0.72 0.03
1.6287 0.0188 0.0502 0.0000 3.0606 0.73 0.03
1.5981 0.0272 0.0379 0.0000 3.0650 0.70 0.02

4R-1, 7 1.6946 0.0238 0.0091 0.0006 3.0519 0.77 0.01

200-1224
1R-4, 1 1.6321 0.0254 0.0187 0.0027 3.0625 0.71 0.01

1.7593 0.0196 0.0264 0.0023 3.0399 0.83 0.01
1.6537 0.0225 0.0225 0.0000 3.0585 0.73 0.01

200-1224
3R-1, 1 1.5932 0.0177 0.0401 0.0028 3.0667 0.69 0.02

1.5820 0.0239 0.0384 0.0019 3.0684 0.68 0.02
0.9058 0.0140 0.0372 0.0000 2.0149 0.96 0.04
0.9067 0.0130 0.0224 0.0000 2.0188 0.94 0.02
0.9090 0.0128 0.0295 0.0012 2.0164 0.95 0.03

200-1224
3R-3, 9 1.8615 0.0207 0.0122 0.0016 3.0193 0.92 0.01

1.8473 0.0249 0.0135 0.0023 3.0192 0.92 0.01
6R-1, 1 1.7239 0.0133 0.0348 0.0020 3.0442 0.81 0.02

1.7055 0.0221 0.0440 0.0011 3.0441 0.82 0.02
13R-1, 1.6902 0.0203 0.0441 0.0038 3.0478 0.80 0.03

1.7553 0.0185 0.0445 0.0034 3.0327 0.87 0.02
15R-1, 1.5951 0.0181 0.0507 0.0008 3.0649 0.71 0.03

1.6037 0.0198 0.0112 0.0020 3.0658 0.68 0.01
T4 (continued). 

ction, 
l (cm) Point Phase Ti Al Fe3+

D-
0–53 1-3 Octahedral solid solution groundmass 0.7002 0.0800 0.6320

2-2 Octahedral solid solution skeletal 0.7297 0.0768 0.5740
4-1 Octahedral solid solution microphenocryst core 0.7440 0.0703 0.5486
4-2 Octahedral solid solution same microphenocryst rim 0.7117 0.0903 0.5999

4–77 1-4 Octahedral solid solution groundmass 0.7703 0.0885 0.4650

F-
15–117 1-1 Octahedral solid solution groundmass 0.7283 0.0469 0.6084

1-5 Octahedral solid solution groundmass 0.8389 0.0543 0.3392
1-7 Octahedral solid solution groundmass skeletal 0.7462 0.0712 0.5423

D-
4–16 1-1 Octahedral solid solution microphenocryst core 0.7027 0.0685 0.6416

1-2 Octahedral solid solution same microphenocryst rim 0.6975 0.0539 0.6708
2-4 Rhombohedral solid solution groundmass 0.9705 0.0000 0.0873
2-5 Rhombohedral solid solution groundmass 0.9595 0.0041 0.1131
2-6 Rhombohedral solid solution groundmass 0.9663 0.0003 0.0972

F-
0–92 1-5 Octahedral solid solution groundmass 0.9113 0.0579 0.1541

1-9 Octahedral solid solution groundmass 0.9020 0.0785 0.1508
05–107 1-1 Octahedral solid solution groundmass 0.8075 0.0889 0.3739

1-6 Octahedral solid solution groundmass 0.8049 0.1053 0.3614
22–24 1-3 Octahedral solid solution groundmass 0.7908 0.0993 0.3994

1-4 Octahedral solid solution groundmass 0.8433 0.1113 0.2565
88–90 1-2 Octahedral solid solution microphenocryst 0.7112 0.0997 0.5893

3-2 Octahedral solid solution groundmass 0.6875 0.0989 0.6426
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Notes: I in section, and the second number indicates the sequential number of analyses in that circle.
G = g

Core, se
interval

nt oxide (wt%)

gO CaO Na2O K2O P2O5 Cl Total

200-1224
4X-1, 1 .25 10.84 2.46 0.06 0.13 0.00 98.83 

200-1224
3R-1, 6 .39 9.79 2.90 0.17 0.22 0.07 98.00 

.18 1.03 0.62 3.91 0.00 0.15 92.40 

.32 9.86 2.88 0.18 0.18 0.09 98.16 

200-1224
4R-6, 1 .49 10.89 2.75 0.13 0.20 0.06 98.41 

.05 10.51 0.29 0.15 0.18 0.03 97.67 

.60 10.80 2.79 0.15 0.22 0.06 98.53 

.41 10.90 2.95 0.20 0.16 0.04 98.71 
6R-1, 2 .54 10.73 2.67 0.13 0.13 0.01 97.86 

.31 0.52 2.14 3.55 0.05 0.26 91.73 

.92 0.63 0.86 3.65 0.07 0.20 91.86 

.84 0.67 0.28 4.28 0.01 0.02 91.80 

.07 10.50 1.49 0.11 0.16 0.01 97.83 

.65 10.82 2.81 0.14 0.18 0.05 98.67 
11R-2, .22 11.09 2.52 0.13 0.21 0.05 99.45 

.71 10.07 2.86 0.19 0.23 0.08 98.04 

.33 1.01 6.55 2.41 0.04 0.06 84.61 

.30 0.92 1.70 3.71 0.04 0.15 90.41 

.62 10.17 3.00 0.19 0.33 0.02 98.40 
T5. Composition of volcanic glass and palagonite.

n the Point column, the first number indicates the number of the circle drawn on the th
lass, P = palagonite, S = dark spherulitic glass.

ction, 
 (cm) Point Phase Type

Major eleme

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO M

A-
6–19 1-1 Black glass S 50.76 1.64 13.17 0.00 10.36 0.17 9

E-
–10 2-3 Brown glass G 49.55 2.81 12.55 0.10 14.16 0.30 5

2-4 Palagonite P 46.77 3.53 9.43 0.01 23.75 0.02 3
1-1 Brown glass G 49.43 2.82 12.87 0.07 14.17 0.30 5

F-
1–13 1-2 Fresh glass in pillow G 49.75 2.16 13.58 12.22 0.18 6

1-3 Fresh glass in pillow S 51.04 2.19 13.83 13.11 0.30 6
1-5 Fresh glass in pillow G 49.79 2.13 13.59 0.01 12.12 0.28 6
2-5 Black glass in pillow S 48.69 2.31 14.04 0.01 13.79 0.19 5

9–34 1-2 Brown glass pillow G 49.60 2.00 13.46 0.03 12.25 0.30 6
1-3 Orange glass pillow P 46.95 2.82 13.11 0.01 18.98 0.03 3
1-4 Reddish glass pillow P 47.94 2.76 10.67 0.02 21.12 0.01 3
2-1 Clear glass pillow P 49.58 3.10 9.27 0.04 19.72 4
4-3 Glass near pl in pillow S 50.36 2.14 13.75 0.01 12.99 0.24 6
4-5 Glass in pillow S 49.94 2.13 13.60 0.02 11.97 0.34 6

13–15 1-3 Glass S 49.45 2.25 12.41 0.08 13.70 0.35 7
2-2 Brown glass G 49.66 2.59 13.00 0.06 13.40 0.20 5
2-3 Palagonite P 40.35 3.80 8.75 0.03 20.25 0.02 1
3-2 Yellow glass P 46.56 3.39 8.69 0.02 21.92 0.00 3
4-2 Brown glass G 49.96 2.42 13.14 0.06 13.22 0.26 5
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Table T6. Composition of myrmekitic intergrowth and zeolite.

Note: In the Point column, the first number indicates the number of the circle drawn on the thin section, and the second number indi-
cates the sequential number of analyses in that circle.

Core, section, 
interval (cm) Point Phase

Major element oxide (wt%)

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO K2O Na2O BaO P2O5 Total

200-1224D-
3R-1, 14–16 1-7 Myrmekitic intergrowth 79.79 0.47 11.10 0.00 1.36 0.05 0.04 1.17 0.24 5.43 0.00 0.09 99.74 

2-1 Myrmekitic intergrowth 78.40 0.48 11.67 0.04 1.26 0.00 0.06 1.01 0.33 6.03 0.00 0.05 99.33 
2-2 Myrmekitic intergrowth 78.42 0.31 12.46 0.00 0.82 0.08 0.04 0.96 0.34 6.19 0.00 0.09 99.70 

200-1224F-
6R-1, 29–34 2-2 Zeolite in pillow rim 63.99 0.09 20.49 0.04 4.34 6.76 0.02 95.73 
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