Tamaki, K., Suyehiro, K., Allan, J., McWilliams, M., et al., 1992
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 127/128, P 2

51. Cr-SPINEL AS A PETROGENETIC INDICATOR: DEDUCING MAGMA COMPOSITION FROM
SPINELS IN HIGHLY ALTERED BASALTS FROM THE JAPAN SEA, SITES 794 AND 797"

James F. Allan?

ABSTRACT

Cr-rich spinels obtained from drill cores in the margins of heavily altered basaltic sills and flows contain a wealth of
petrological information about the host magmas that crystallized them. These host igneous units, cored during Leg 127 of the
Ocean Drilling Program in the Japan Sea, underwent extensive hydrothermal alteration that makes petrogenetic interpretations
difficult. Most spinels in these samples exhibit minor or no zoning and are similar in composition to others reported from
mid-ocean ridge basalt and backarc basin basalt tholeiites. Most show a range in Cr/(Cr + Al) of 0.26 to 0.62, a range in Mg/(Mg
+ Fe“) of 0.53 to 0.68, low TiO, (<0.7%), and low Fe**/(Cr + Al + Fe?*) (<0.1 ), which is consistent with crystallization from
a tholeiitic liquid at a magmatic oxygen fugacity 2 log units or more below the nickel-nickel oxide oxygen buffer. By recasting
the composition of these spinels in terms of an ideal reciprocal solution model and by deriving a AG gy for spinel-liquid Mg-Fe*
exchange, direct determination of magmatic Mg/(Mg + Fe?*) is possible. The compositions of these Leg 127 spinels clearly show
that some units underwent syn- and post-eruption enrichment in Mg/(Mg + Fe?*) during hydrothermal alteration and diagenesis.
This study proves that Cr-spinel is a unique and powerful tool for deciphering the original magmatic characteristics of heavily

altered basalts.

INTRODUCTION

Cr-rich spinel within basaltic lavas is a proven tool for deciphering
petrogenetic history. The complex crystal chemistry of Cr-spinel (e.g.,
Sack and Ghiorso, 1991a, 1991b; Sack, 1982; Irvine, 1976) makes its
composition a sensitive indicator of intensive and extensive magmatic
variables (Irvine, 1965, 1967). Cr-spinel is a particularly sensitive indi-
cator of melt disequilibria, typically exhibiting ranges in composition an
order of magnitude larger than the silicate melts from which it crystallizes
(Allan, Sack, and Batiza, 1988). Inferences regarding magma mixing
(Roeder and Reynolds, 1991; Allan, Sack, and Batiza, 1988; Natland et
al., 1983), initiation of precipitation of coexisting phases (Fisk and
Bence, 1980; Foruta and Tokuyama, 1983; Dick and Bullen, 1984), the
chemical evolution of a lava lake (Scowen et al., 1991), and identification
of different liquid lines of descent (Natland, 1989) have been made from
variations in basalt Cr-spinel composition. Spinel chemistry has also
been used to deduce information about fO, (Fisk and Bence, 1980; Batiza
and Vanko, 1984; Hawkins and Melchior, 1985), and temperature (Fisk
and Bence, 1980) during crystallization. Allan, Sack, and Batiza (1988)
advanced the use of Cr-spinel as a petrogenetic indicator for basaltic
liquids by directly solving for melt-spinel Mg-Fe?* exchange equilibria,
making it possible to determine whether a given spinel was in equilibrium
with a given silicate liquid. In this paper, original magmatic compositions
of altered basaltic sills and flows are inferred from Cr-spinel com-
positions from samples collected by the drillship JOIDES Resolution
during Leg 127 of the Ocean Drilling Program (ODP) in the Japan Sea.

The Japan Sea, one of several marginal basins that lie at the western
edge of the Pacific Ocean, generally is understood to have formed by the
rifting of a continental volcanic arc in the mid-Tertiary (Tamaki, Pisciotto,
Allan, et al., 1990; Tamaki, 1985; Celaya and McCabe, 1987; Hilde and
Wageman, 1973; Karig, 1971, 1974; Lallemand and Jolivet, 1987). A
primary goal of Leg 127 was to determine the nature and age of the
crust underlying this backarc basin and also to determine its spreading
history. The Japan Sea consists of the Yamato and Japan basins, which
are separated by the rifted continental crust of the Yamato Rise (Fig.
1). Basement coring during Leg 127 focused on two sites within the
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Yamato Basin: one at the western basinal margin (Site 797) and one
roughly in the northern center of the basin (Site 794). Basement at
Site 794 was recored during Leg 128, which extended recovery to a
deeper level than Leg 127 (Ingle, Suyehiro, von Breymann, et al.,
1990).

A major finding of both legs was that sediment/basaltic sill com-
plexes make up the uppermost crust of the Yamato Basin. Backarc
extension proceeded in the Yamato Basin from 19 to 15.5 Ma,
producing tholeiitic magmas at both Sites 794 and 797 (Tamaki,
Pisciotto, Allan, et al., 1990). Knowledge of the chemistry of the melts
that formed the sills is crucial toward understanding the spreading
dynamics and thermal regime that produced the Japan Sea backarc
basin, yet the rock samples collected in the drill cores are typically
moderately to very highly altered. Many of the major elements,
especially Mg, Ca, Na, and K, were mobile during the hydrothermal
alteration that occurred as the sills were emplaced into soft sediment,
and vital magmatic parameters, Mg/(Mg + Fe?*) in particular, have
been significantly affected (Allan and Gorton, this volume; Tamaki,
Pisciotto, Allan, et al., 1990). As a result, accurate liquid line of
descent calculations for the collected suite are simply not possible.

In the heavily altered margins of these igneous units, only mag-
matic Cr-spinel has been preserved. The goal of this chapter is to infer
primary magmatic compositional characteristics from these spinel
compositions. These characteristics include the following: (1) mag-
matic Mg/(Mg + Fe**), derived from explicitly solving for Mg-Fe**
liquid-spinel exchange equilibria; (2) magmatic fO,; and 3) liquid-
spinel disequilibria, which give evidence for magma mixing of dis-
parate magmas.

PETROGRAPHY AND CHEMISTRY OF HOST
ROCKS

Coring during Leg 127 recovered six igneous units at Site 794 and
21 igneous units at Site 797. Nearly all of these units represent sills
intruded into soft, tuffaceous, and silty claystones at Site 794 and soft,
interlaminated sandstones, siltstones, and silty claystones at Site 797.
This interpretation is based on the following: (1) the presence of baked
sediments above and below unit margins (including welding of tuf-
faceous sediments and the reversal of sediment magnetic orientation);
(2) the massive and thick nature of the units (10—40 m for most units);
(3) the fining of unit grain size, from coarse doleritic or basaltic
interiors to fine-grained basalts on the unit margins; (4) the lack of
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Figure 1. Location map showing the sites cored during Leg 127 which contained Cr-spinel-bearing units.

rubbly zones at the unit margins; and (5) the laterally extensive nature
of individual horizontal reflectors visible in seismic sections at the
top of “acoustic basement” (Tamaki, Pisciotto, Allan, et al., 1990).
Intrusion likely took place at about 20 Ma for both sites (Kaneoka et
al., this volume). Units 1, 2, and 4 from Site 797 were interpreted by
Tamaki, Pisciotto, Allan, et al. (1990) to be lava flows, as they lack
chilled margins and typically are highly fractured and brecciated.
Units from Sites 794 and 797 have been variably altered, with loss
on ignition (LOI) ranging from 1.6% to 8.4% (Tamaki, Pisciotto,
Allan, et al., 1990). The interiors of the spinel-bearing lithologic units
(lava flows or sills) are moderately to very highly altered (=30% to
90% replacement minerals), where secondary green- and brown-
colored mixed-layer clays, pyrite, and carbonate completely re-
place olivine and mesostasis and partially replace clinopyroxene
and plagioclase. Subophitic, intergranular, coarse interstitial, and
coarse microlitic textures were observed in the doleritic to basaltic
unit interiors. Some unit interiors are porphyritic; the basalts of
Unit 6, Site 794, and Unit 2, Site 797, are sparsely plagioclase-
phyric, as is the doleritic interior of Unit 7, Site 797. The interiors
of other spinel-bearing units are represented by coarse, aphyric
basalts. Clays, zeolites, quartz, pyrite, and carbonate fill vesicles
and fractures. The abundance of these secondary minerals in-
creases dramatically from the coarse core to the chilled margin.
Unit margins, very highly to almost totally altered, commonly
exhibit a quench mineralogy of euhedral phenocrysts of altered
olivine and plagioclase (+ euhedral Cr-spinel) within formerly glassy,
spherulitic, or microlitic groundmasses (PI. 1). Spinel is abundant in
only a few of the units and always represents <<0.1% of the rock
volume. Spinel is the only relict magmatic phase, and may occur as
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either groundmass grains or as inclusions within olivine or plagio-
clase. The spinel crystals range from several to slightly more than 100
pm in size and range in color from a translucent orange brown to a
nearly opaque dark brown. Some spinels from Site 794 show slightly
embayed edges on their crystal margins. The sill and flow margins
are otherwise composed primarily of green and brown mixed-layer
and kaolinitic clays. Clay, carbonate, and adularia commonly replace
plagioclase in these unit margins; preliminary electron microprobe
analysis suggests that plagioclase in some samples was enriched in
Na during alteration. Several units from both sites showed alteration
so intense that the spinel was replaced by pyrite and chalcopyrite.
Zierenberger et al. (1988) also reported residual Cr-spinel in intensely
hydrothermally altered basalts from the Josephine Ophiolite.

Most major elements and all large-ion lithophile elements were
mobile during alteration (Allan and Gorton, this volume; Tamaki,
Pisciotto, Allan, et al., 1990; see Table 1). MgO and CaO were
particularly affected by hydrothermal alteration, exchanging for one
another in the development of the mixed-layer clays in accordance
with experimental and theoretical studies of mid-ocean ridge basalt
(MORB) hydrothermal alteration (Seyfried, 1987; Mottl, 1983;
Seyfried and Mottl, 1982; Seyfried and Bischoff, 1979). Unit 5, Site
794 (=12 m thick), was continuously sampled in the core and thus
offers a unique opportunity to see the effects of alteration on rock
chemistry. Figure 2 shows the dramatic effect of alteration (as
represented schematically by LOI) on bulk-rock MgO content and
Mg/(Mg + Fe®"). Conversely, the rock CaO content declined from
9.1% to 2.5% (Tamaki, Pisciotto, Allan, et al., 1990).

Most of the alteration of the Leg 127 units likely occurred during
and immediately after intrusion into soft, water-saturated sediments.
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Table 1. Whole-rock analyses, Leg 127,

Hole, 794C- 794D- 797C- 797C- 797C- 797C- 797C- 797C-
section, 13R-2, 11R-1, 10R-1, 15R-1, 16R-2, 19R-2, 19R-4, 31R-2,
interval (cm) ~ 93-95 89-95 90-92 77-79 70-72 42-44 61-64 36-38
Unit 6 6 2 5 5 7 13 1
Si0, 48.78 48.58 50.16 48.99 48.14 49.14 45.37 50.24
TiO, 1.21 1.11 1.12 1.22 1.11 0.88 1.06 1.65
AlOy 16.86 16.15 19.08 2111 19.32 17.97 20.69 14.91
FeO 10.21 10.26 6.75 6.50 6.83 6.47 7.09 9.25
MnO 0.15 0.16 0.41 0.37 0.44 0.28 0.74 0.19
MgO 13.25 12.43 6.21 9.05 8.37 8.12 8.41 6.13
CaO 3.40 1.75 10.85 7.09 10.02 11.57 10.45 10.04
Na,O 2.65 249 375 3.67 3.48 3.09 355 355
K0 1.72 0.25 0.11 0.18 0.05 0.07 0.08 0.52
P,0; 0.20 0.15 0.14 0.12 0.12 0.08 0.09 0.24
Total 98.43 99.34 08.58 98.3 97.88 97.63 97.53 91.72
LOI 5.56 4.02 2.39 5.02 3.61 24 7.86 1.64
Nb 32 2 1 ND 1 ND ND 5.5
Zr 41 41 97 87 8.0 4 62 160
Y 12.2 16 2]1.2 18.5 184 20.5 21.3 336
Sr 190 277 302 252 237 179 189 276
Rb 9 0.4 1 2 ND ND 1 3
Zn 68 47 63 96 7.1 61 65 87
Cu 6 54 89 89 8.5 83 86 59
Ni 132 147 150 140 158 101 106 36
Cr 316 n 272 325 284 317 396 134
v 71 256 214 250 214 200 260 266
Ce 8 18 13 ) 13 9 14 40
Ba 89 57 25 25 22 17 12 181
0.568

Mg# 0.720 0.680 0.646 0.734 0.708 0.713 0.701

Note: Chemical 8na!yses from shipboard wavelength-dispersive XRF measurements of whole-rock samples that
averaged 20 cm’ in volume (Don Sims, analyst). Refer to Tamaki, Pisciotto, Allan, etal. (1990) for a discussion
of methods and estimated analytical precision. ND = not detected. Mg# = Mg/(Mg + Fe?), calculated
assuming Fe™*/(Fe™ + Fe’*) = 0.1.

etal., 1990). Therefore, these dolerites and basalts serve as both a sink
and a source for these elements in the aqueous fluids in the overlying
sediments, and at least some of the alteration has taken place during
low-temperature (<100°C), ongoing diagenesis.

All spinel-bearing units from both Sites 794 and 797 are interpreted
to be tholeiites, based on rock chemistry and quench-margin (near-
liquidus) mineralogy. The range in rock chemistry is similar to what has
been observed in other backarc basin basalts (e.g., Saunders and Tamey,
1984; Hawkins and Melchior, 1985). At Site 797, two spatially defined
geochemical groups were found. The uppermost nine units are incom-
patible-element-poor tholeiites (Tamaki, Pisciotto, Allan, etal., 1990;
Allan and Gorton, this volume). Units 10 through 21 are more
enriched in incompatible element content. They range from enriched
0.70 tholeiites (including the spinel-bearing Unit 13) to mildly alkaline

basalts, although alteration makes specific classification difficult
(Tamaki, Pisciotto, Allan, et al., 1990). Units from Site 794 are also

] 794C Unit 5 ki

-0.76

0.74 2

Mg#

—®— MgO
Mg# -0.72

w
1

2 3 4 5 6
Loss on ignition

Figure 2. Variation of whole-rock MgO and Mg/(Mg + Fe?*) (Mg#) with loss
on ignition for Unit 5, Site 794. Nine meters of continuous core, covering
nearly the entire unit thickness, is represented by the data. LOI is used as a
proxy for the degree of alteration, with the alteration ranging from 40% to 50%
to nearly 100% by volume.

In analogy with similar alteration assemblages present in other hy-
drothermally altered basalts (Schiffman and Smith, 1988; Franzson
etal., 1986), the subgreenschist alteration assemblages indicate tem-
peratures of alteration likely below 230°C. Indeed, Prost et al, (this
volume) used oxygen isotope and mineralogical data to determine
alteration temperatures of 65° to 180°C for the lowermost units of
Site 794. The major element variations are expressed reciprocally in
the sediment porewaters above the intrusive units as compared with
that exhibited in the intrusive units (i.e., porewater Mg goes down and
Ca goes up as sills and flows are approached; Tamaki, Pisciotto, Allan,

tholeiitic and differ significantly from MORB only by having mod-
erately to substantially higher Sr (Tamaki, Pisciotto, Allan, et al.,
1990; Allan and Gorton, this volume). In particular, the spinel-bearing
Unit 6 closely resembles N-type MORB (Pearce et al., 1981).

ANALYTICAL METHODS

Cr-rich spinel was analyzed on a Cameca SX-50 automated elec-
tron microprobe, using a finely focused (=1 pm), nonrastered, spot-
fixed electron beam. During analysis, the beam current was 30 nA,
and the counting time for all elements was 30 s. Natural mineral
standards used included Cr-spinel, ilmenite, and diopside; metal
standards were used for analyzing Ni, Zn, and V. Corrections for Ti
interference on V were derived by analyzing non-V-containing il-
menite and Ti metal. SiO, and CaO were analyzed to determine
whether material adjacent to the spinels was inadvertently analyzed.
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Table 2. Representative spinel analyses.

Sample 4-6-2ICOL  4-6-3IROL  4-6-7IROL  4-6-8ICOL  4-6-11IROL  4-6-12ICOL  4-6-13GC  4-6-15GR  4-6-16 GC
S$i0, 0.06 0.06 0.06 0.06 0.05 0.05 0.01 0.05 0.04
Tio, 0.41 0.40 049 0.52 0.41 0.47 0.25 0.40 0.30
AlLO, 21,13 22.41 28.40 25.25 2297 22.20 11.96 21.87 19.02
V,0, 0.11 0.15 0.18 0.16 0.12 0.08 0.07 0.09 0.10
Cr,0,4 43.50 41.19 33.56 3743 41.13 42.61 54.85 40.31 46.25
FeO 2046 2245 20.80 20.45 18.74 18.34 20.15 23.69 19.36
MnO 0.13 0.28 0.15 0.16 0.15 0.18 0.16 0.21 0.10
NiO 0.19 0.13 0.10 0.16 0.14 0.17 0.14 0.09 0.19
Zn0 0.02 0.16 0.10 0.04 0.07 0.12 0.06 0.16 0.00
MgO 13.18 12.04 14,18 13.64 14.89 14.72 11.27 11.43 13.34
CaO 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0,02 0.01
Total 99.21 99.27 98.03 97.89 98.68 98.95 98.93 98.32 98.71
“FL’ZO_‘ 5.85 6.13 6.98 6.28 6.72 6.10 4.25 6.80 5.55
“FeO 15.19 16.93 14,52 14.81 12.69 12.85 16.33 17.58 14.37
Total 99.79 99.88 98.73 98.52 99.35 99.56 99.36 99.00 99.26
Si 0.0019 0.0017 0.0019 0.0019 0.0016 0.0017 0.0002 0.0017 0.0013
Ti 0.0096 0.0094 0.0111 0.0120 0.0094 0.0107 0.0061 0.0094 0.0070
Al 0.7720 0.8200 1.0103 0.9144 0.8273 0.8013 0.4614 0.8115 0.7033
v 0.0028 0.0037 0.0044 0.0039 0.0030 0.0021 0.0019 0.0022 0.0025
Cr 1.0657 1.0107 0.8007 0.9089 0.9930 1.0313 1.4192 1.0030 1.1468
Fe' 0.1365 0.1433 0.1585 0.1451 0.1545 0.1406 0.1047 0.1610 0.1309
Fe™ 0.3938 0.4396 0.3666 0.3803 0.3242 0.3290 0.4470 0.4627 0.3770
Mn 0.0034 0.0073 0.0039 0.0043 0.0038 0.0046 0.0044 0.0055 0.0026
Ni 0.0048 0.0031 0.0025 0.0039 0.0033 0.0043 0.0037 0.0024 0.0047
Zn 0.0005 0.0037 0.0023 0.0010 0.0015 0.0026 0.0015 0.0038 0.0000
Mg 0.6088 0.5569 0.6376 0.6242 0.6779 0.6717 0.5496 0.5362 0.6236
Ca 0.0003 0.0006 0.0003 0.0003 0.0004 0.0001 0.0003 0.0005 0.0004
Total 3 3 3 3 3 3 3 3 3
Fe‘u.!'(Cr + Al 4+ Fe:u) 0.069 0.073 0.080 0.074 0.078 0.071 0.053 0.082 0.066
Cr/(Cr + Al+ Fe'™) 0.540 0.512 0.407 0.462 0.503 0523 0.715 0.508 0.579
Cr/(Cr+ Al) 0.580 0.552 0.442 0.498 0.546 0.563 0.755 0.553 0.620
Mg/(Mg + Fez*] 0.607 0.559 0.635 0.621 0.676 0.671 0.551 0.537 0.623

Note: I = inclusion, C = core, R = rim, OL = in olivine, PL = in plagioclase, G = in groundmass.

* Calculated from the measured FeO (afier Carmichael, 1967).

SPINEL CHEMISTRY

The Cr-rich spinels in this study are classified as chromium
spinels, magnesiochromites, or chromites using the criteria and ter-
minology of Sigurdsson (1977) and Deer et al. (1962). Their compo-
sitions are plotted in Figure 3, and representative analyses are given
in Table 2. With the exception of the very Cr-rich core of a single
spinel from Unit 6, Site 794, the spinels are similar to other spinels
reported from MORBs, MORB-type tholeiites from near-ridge sea-
mounts, and tholeiitic basalts from backarc spreading centers (Dick
and Bullen, 1984; Basaltic Volcanism Study Project, 1981; Allan,
Sack, and Batiza, 1988; Allan et al,, 1987, 1989; Hawkins and
Melchior, 1985). Calculated ferric iron contents are low in all of the
analyzed spinels (Fe,O; varies from 4.3% to 7.2%, except those of
the enriched tholeiite Unit 13, Site 797), similar to other spinels from
MORBs (Dick and Bullen, 1984; Basaltic Volcanism Study Project,
1981). TiO, is also low in these spinels (below 0.67% in all but the
spinels from Unit 13), reflecting the low TiO, of the host rock. The
higher TiO, and Fe**/(Cr + Al + Fe™) of the Unit 13 spinels is similar
to that observed in spinel from enriched MORB (E-MORB; Sun et
al., 1979) from the northern Juan de Fuca Ridge area (I. F. Allan et
al., unpubl. data) and in spinel from mildly alkaline near-ridge sea-
mount lavas (Batiza and Vanko, 1984), In addition, minor amounts of
spinel V,0;, MnO, NiO, and ZnO were measured as 0.0% to 0.23%,
0.06% to 0.28%, 0.02% to 0.31%, and 0.0% to 0.33%, respectively.

Spinels from the Site 797 units exhibited only small ranges in
composition within individual units (Fig. 3). In addition, analysis by
microprobe and backscattered electron imaging show that zoning
within individual spinel grains from these units is minor (see core-rim

analysis pairs 7-2-1 and 7-2-2, 7-2-3 and 7-2-4, 7-5-12 and 7-5-13,
7-7-1 and 7-7-2, 7-7-13 and 7-7-14, and 7-13-1 and 7-13-2 in Table
2 and images in P 1).

In contrast, spinel compositions from Unit 6, Site 794, are much
more complex. Most of these define a broad band in Cr/(Cr + Al) vs.
Mg/(Mg + Fe?*) space (Fig. 3), where Cr/(Cr + Al) remains relatively
constant while Mg/(Mg + Fe?*) changes extensively. Although little
zoning is observed in some spinels (e.g., analyses 4-6-11 and 4-6-12,
Table 2), others show a significant decrease in Mg/(Mg + Fe?*) from
core to rim (analyses 4-6-2 and 4-6-3, Table 2), and others show a
moderate change in Cr/(Cr + Al) with little change in Mg/(Mg + Fe?*)
(analyses 4-6-7 and 4-6-8, Table 2). However, one spinel (analyses
4-6-13 and 4-6-15, Table 2, and Pl. 1, Fig. 1) shows sharp zoning in
terms of Cr/(Cr + Al). This spinel contains an extremely Cr-rich,
Al-poor core that looks slightly rounded in the backscattered electron
image. The rim is much more aluminous, similar to other spinels
within Unit 6. The core is more Cr-rich and Al-poor than any spinel
reported in the literature from a tholeiitic rock.

DISCUSSION

Inference of Magmatic Mg/(Mg + Fe2*) From Spinel
Composition

Cr-spinel is a complex mineral solution that is best described by
reciprocal solution theory (e.g., Wood and Nichols, 1978; Sack, 1982;
Sack and Ghiorso, 1991a, 1991b). Accurate description of the solu-
tion energetics is requisite if the compositional characteristics of the
silicate liquids are to be estimated from the spinel compositions. The
crystal chemical model of spinel used here is the ideal reciprocal
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Table 2 (continued).

Sample 7-2-.1GC  7-22GR  7-2-3GC  7-24GR  7-5-1G  7-5-6INPL  7-5-12GC  7-5-13GR  7-7-1GC  7-7-2GR  7-7-6GR
Si0, 0.06 0.10 0.00 0.05 0.23 0.07 0.24 0.09 0.03 0.08 0.05
TiO, 0.38 0.52 0.41 0.38 0.38 0.40 0.41 0.39 0.64 0.64 0.64
Al,O, 40,07 39.34 39.29 38.98 4283 40.06 39.39 39.11 26.88 28.39 27.37
V,0; 0.13 0.00 0.12 0.17 0.05 0.09 0.09 0.11 0.21 0.19 23.0
Cr0, 25.57 24.65 26.28 25.89 22.05 25.80 25.88 25.76 36.76 35.02 36.88
FeO 15.22 17.11 15.65 15.84 14.60 15.64 15.34 15.69 19.08 19.68 19.00
MnO 0.10 0.19 0.07 0.12 0.08 0.08 0.10 0.15 0.13 0.13 0.12
NiO 0.02 0.15 0.18 0.31 0.18 0.14 0.14 0.16 0.09 0.10 0.11
Zn0O 0.00 0.00 0.14 0.01 0.33 0.12 0.15 0.11 0.06 0.02 0.02
MgO 17.99 17.05 18.17 18.18 18.58 18.11 18.05 18.07 15.05 15.01 15.27
Ca0 0.10 0.16 0.05 0.07 0.04 0.00 0.05 0.06 0.04 0.05 0.03
Total 99.62 99.28 100.34 100.00 99.34 100.52 99.84 99.69 98.97 99.31 99.71
*Fe,0, 4.68 5.55 5.60 6.04 479 5.10 4,88 5.67 6.36 6.48 6.21
FeO 11.01 12.11 10.62 10.40 10.29 11.05 10.94 10.59 13.36 13.85 13.41
Total 100.09 99.83 100.90 100.60 99,82 101.03 100.33 100.26 99.61 99.96 100.33
Si 0.0016 0.0029 0.0000 0.0014 0.0062 0.0019 0.0068 0.0025 0.0010 0.0025 0.0015
Ti 0.0079 0.0109 0.0085 0.0080 0.0078 0.0084 0.0085 0.0082 0.0144 0.0143 0.0144
Al 1.3166 1.3060 1.2864 1.2805 1.3913 1.3069 1.2946 1.2880 0.9499 0.9946 0.9583
v 0.0030 0.0000 0.0027 0.0039 0.0010 0.0020 0.0021 0.0025 0.0051 0.0045 0.0055
Cr 0.5634 0.5487 0.5769 0.5702 0.4803 0.5645 0.5703 0.5688 0.8709 0.8226 0.8658
Fe™* 0.0982 0.1177 0.1170 0.1266 0.0993 0.1062 0.1025 0.1192 0.1434 0.1449 0.1387
Fe’* 0.2566 0.2852 0.2466 0.2424 0.2372 0.2557 0.2552 0.2475 0.3349 0.3442 0.3332
Mn 0.0024 0.0045 0.0016 0.0029 0.0019 0.0019 0.0024 0.0035 0.0033 0.0033 0.0030
Ni 0.0005 0.0035 0.0040 0.0070 0.0039 0.0031 0.0032 0.0035 0.0022 0.0025 0.0027
Zn 0.0000 0.0000 0.0030 0.0002 0.0067 0.0024 0.0031 0.0024 0.0013 0.0005 0.0004
Mg 0.7471 0.7156 0.7520 0.7549 0.7631 0.7470 0.7498 0.7523 0.6723 0.6646 0.6758
Ca 0.0028 0.0049 0.0014 0.0020 0.0012 0.0001 0.0015 0.0016 0.0013 0.0017 0.0008
Total 3 3 3 3 k! 3 3 3 3 3 3
Fe'*/(Cr+ Al + Fe™) 0.050 0.060 0.059 0.064 0.050 0.054 0.052 0.060 0.073 0.074 0.071
Cr/(Cr + Al + Fe™) 0.285 0.278 0.291 0.288 0.244 0.285 0.290 0.288 0.443 0.419 0.441
CH(Cr+Al) 0.300 0.296 0.310 0.308 0.257 0.302 0.306 0.306 0.478 0.453 0.475
Mg/(Mg + Fe™) 0.744 0.715 0.753 0.757 0.763 0.745 0.746 0.752 0.667 0.659 0.670

solution model adapted by Allan, Sack, and Batiza (1988) from Sack
(1982). This model assumes (1) that there is ideal mixing between Mg
and Fe?* in the melt and (2) that the pressure effect on the spinel-liquid
equilibrium is negligible over the pressures of interest (<10 kbar), as
determined experimentally by Roeder and Reynolds (1991). For
these assumptions, a distribution coefficient may be defined for
spinel-melt Mg-Fe** equilibrium:

X liguid ngine-‘
Sp—lig — | _Me
KDP = X“.'s'?'m'd stgnef it (l)
e Mg

Due to the coupled nature of substitution within spinel, this K,
will change with spinel composition. Following Allan, Sack, and
Batiza (1988) and Sack (1982), the Mg-Fe®* exchange between spinel
and the silicate liquid may be written:

InK§P-He =— ARL;" + A:T?“ (X3)+ 6}:{_;24 (X4)+ —A-Efj"é— (xs) )
AGx = (652'?3 -G ply )+ ((}' R0, Gy :204) .
Apd;= (C_;n;g%,o, +5F:ﬁﬂo‘ = GFZEJ::OJ "'65;35{:*,0') .
e} G G- (3 G, G

Al ps= (G.wgf;:zo' + Gr:fﬂo,)— (Gref& + GMgf{LO‘)'

where 1 ) 1.
X3=§T1ff'»-x;x:ﬂ:ﬁ--Xs:Enif:n

and the 1; terms are the number of i cations in a formula unit based
on three cations (e.g., Sack, 1982; Hill and Sack, 1987). Given the
spinel composition, temperature of crystallization, and the values for
AG gy » AlL53, AP®,4, and AUL®,s, the (Mg/Fe?) ratio of the magma that
crystallized the spinels may be explicitly solved for:

., iquid  \opinel i ' |
[Ef;_] = [_EM92+J e (La Gy +Apy, (X)+Au, (X)+4 p,,tx,nmr) 3)
Fe** F

Therefore, for the magma,
Mg _ |- 1
Mg + Fe* 4 Mg |
Fe**

4)

Values of Ap®,s, AlL®,,, and Apt®,s, determined experimentally by Hill
and Sack (1987), are 4.80, 3.5561 + (0.0015698*7T°K), and 6.39
keal/gfmw, respectively. AG gy may be derived algebraically from the
experimentally determined In K, for spinel-olivine Mg-Fe** ex-
change (e.g., Jamieson and Roeder, 1984; Hill and Sack, 1987) and
an assumed K|, olivine-liquid Mg-Fe** exchange. The commonly
accepted value of this K}, for olivine-basaltic liquid exchange is 0.3
(Roeder and Emslie, 1970), whereas most tholeiitic basalts where
quench glass has been analyzed yield values that average about 0.27
(Allan et al., 1989; Perfit and Fornari, 1983; Bender et al., 1978). The
derived AGyy from these values using the olivine-spinel exchange
data of Hill and Sack (1987) is 2.83 and 3.14 kcal/gmfw, respectively,
similar to the value of 3.40 + 0.18 kcal/gmfw determined by Allan,
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Table 2 (continued).

Sample 779GR  7-7-13GC  7-7-14GR  7-13-1ICOL  7-13-2IROL
Si0, 0.05 0.04 0.04 0.03 0.04
TiO, 0.51 0.64 0.61 1.81 1.75
ALO, 29,81 28.17 28.42 18.81 18.89
V,0, 0.19 0.13 0.16 0.33 0.32
Cr,0, 34.14 36.24 35.46 38.33 37.92
FeO 18.95 19.11 19.15 28.66 28.96
MnO 0.17 0.14 0.18 0.20 0.19
NiO 0.12 0.1 0.12 0.04 0.12
Zn0 0.21 0.09 0.10 0.10 0.04
MgO 15.65 15.49 15.20 11.44 11.38
Ca0 0.08 0.06 0.20 0.03 0.12
Total 99,88 100.21 99.64 99.76 99,73
*Fe,0; 6.77 6.52 6.53 10.78 11.19
el 12.86 13.24 13.28 18.96 18.89
Total 100.56 100.86 100.29 100.84 100.85
Si 0.0016 0.0013 0.0012 0.0009 0.0013
Ti 0.0112 0.0142 0.0135 0.0427 0.0414
Al 1.0297 0.977% 0.9914 0.6970 0.7001
v 0.0044 0.0030 0.0038 0.0082 0.0080
Cr 0.7910 0.8437 0.8297 0.9526 0.9421
Fe'* 0.1494 0.1445 0.1454 0.2550 0.2646
Fel 0.3152 0.3261 0.3286 0.4984 0.4966
Mn 0.0041 0.0034 0.0044 0.0053 0.0052
Ni 0.0029 0.0026 0.0028 0.0009 0.0031
Zn 0.0046 0.0019 0.0023 0.0023 0.0008
Mg 0.6835 0.6797 0.6705 0.5357 0.5329
Ca 0.0025 0.0019 0.0063 0.0010 0.0041
Total 3 3 3 3 3
Fe*/(Cr + Al + Fe™) 0.076 0.074 0.074 0.134 0.139
Cr/(Cr + Al + Fe*) 0.401 0.429 0.422 0.500 0.494
Cr/(Cr + Al) 0.434 0.463 0.456 0.577 0.574
Mg/(Mg + Fe™) 0.684 0.676 0.671 0.518 0.518

Sack, and Batiza (1988) for Cr-spinels in Lamont seamount MORB-
type basalt.

Table 3 summarizes the calculated values of rock magmatic
Mg/(Mg + Fe?*) derived from the Leg 127 spinel compositions using
equations (3) and (4) and substituting values for AG,y of 2.83 and
3.14 kcal/gmfw. The crystallization temperature was assumed to be
1200°C (a typical MORB liquidus temperature), except for the more
evolved Unit 13, where 1150°C was assumed. Considering the units
of Site 797 first, Units 5 and 7 have obviously undergone considerable
MgO enrichment during alteration, resulting in an analyzed bulk-rock
Mg/(Mg + Fe®*) that is substantially higher than could have been in
equilibrium with the analyzed spinels. Unit 13 seems to have under-
gone more modest MgO enrichment during alteration. In contrast, the
bulk-rock Mg/(Mg + Fe?*) of Unit 2 seems to accurately reflect the
original magmatic composition and appears to have been little
changed during moderate alteration.

The spinels of Unit 6 at Site 794 reflect a more complex history
and exhibit an enormous range of composition. Neglecting the very
Cr-rich spinel core (analysis 4-6-16, Table 2 and Fig. 3) discussed
earlier, these spinels show broad variation in the divalent cations Mg
and Fe?* while showing comparatively little variation in the trivalent
cations, when compared with spinels from other natural and experi-
mental basaltic samples (e.g., Allan, Sack, and Batiza, 1988; Allan et
al., 1987; Batiza and Vanko, 1984; Hawkins and Melchior, 1985;
Sigurdsson and Schilling, 1976; Natland, 1989; Dick and Bryan,
1978; Fisk and Bence, 1980). Predicted values of magmatic Mg/(Mg
+ Fe?) for this sample range from 0.51 to 0.68, clearly representing
either spinel-liquid disequilibrium or else post-crystallization altera-
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tion of the spinels themselves. The great variation in the spinel rim
compositions indicates that the latter explanation is the most likely.
Unlike most other spinels in this study, they exhibit a patchy
opaqueness in transmitted light, with what appears to be slight
scalloping along some of their sides. The large variation in spinel
Mg/(Mg + Fe®*) with associated small variation in spinel Cr/(Cr
+ Al) in the Unit 6 spinels is similar to the reequilibration phenom-
ena of spinel under metamorphic conditions (Roeder et al., 1979;
Engi and Evans, 1980; Sack, 1980), where the trivalent cations are
less mobile than the divalent cations. In the case of the Site 794
spinels, Mg was preferentially removed from the spinels to the
surrounding mixed-layer clays that grew during alteration.
Nevertheless, the spinels exhibiting the highest Mg/(Mg + Fe?*)
may be used to provide estimates of the maximum allowable mag-
matic Mg/(Mg + Fe?*) of Unit 6. These estimates, given in Table 3,
indicate that the analyses of bulk-rock Mg/(Mg + Fe®*) reported in
Table | are substantially higher than the true magmatic composition.

Inference of Magmatic Oxygen Fugacity

Within Cr-rich spinels, Fe** and Fe?* are found predominantly within
octahedral and tetrahedral crystallographic sites, respectively (Sack and
Ghiorso, 1991a). The relative composition of these two species in the
spinel structure is a complex function of both melt Fe’* and Fe** and
spinel composition, where crystal chemical effects such as those repre-
sented in equation (2) must be taken into account, Magma-spinel Fe*-
Fe** exchange must be modeled in terms of exchanging the components
Fe?* Fe3* 0" and FeCr,0, between spinel and the melt. This approach is
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Figure 3. Cr/(Cr + Al) vs. Mg/(Mg + Fe?*) and Fe**/(Cr + Al + Fe**) vs. Mg/(Mg + Fe?*) for the Leg 127 Cr-spinels. In
the upper graph, the compositional range of MORB Cr-spinel is shown by the dashed line (Dick and Bullen, 1984),
compositions of spinel from the Lau Basin and Mariana Trough (Hawkins and Melchior, 1985) backarc basin basalts
(BABB) are shown by the dotted lines, and the compositional range of spinels from MORB-type tholeiite erupted from
the Lamont seamounts and adjacent East Pacific Rise (Allan, Sack, and Batiza, 1988; Allan et al., 1989) is shown by the
solid line (L SMTS). In the lower graph, the BABB field is split into Lau Basin (LB) and Mariana Trough (MT) fields.
Most of the Leg 127 Cr-spinels are similar in composition to MORB and BABB spinel; the major exception is the Cr-rich
core represented by spinel analysis 4-6-13 in Table 2 and Plate 1, Figure 2. Note the great spread in Mg/(Mg + Fe**) of
the Unit 6, Site 794, spinels, indicating subsolidus Mg-Fe?* exchange with the surrounding rock during hydrothermal and

diagenetic alteration.
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Table 3. Predicted vs. analyzed Mg/(Mg + Fe’*).

Spinel Predicted magmatic Mg/(Mg + Fe™)
Sample Cr/(Cr+Al)  Mg/(Mg + Fe™) AGyy=-2.83 AGpy=-3.14 Analyzed rock Mg/(Mg + Fe™)
Site 794 Unit 6 0.44-0.76 0.53-0.68 = (.64-0.68 =0.62-0.66 0.68-0.72
(23 analyses)
Site 797 Unit 2 0.30-0.31 0.71-0.76 0.63-0.69 0.61-0.66 0.65
(4 analyses)
Site 797 Unit 5 0.26-0.32 0.73-0.76 0.65-0.68 0.63-0.66 0.71-0.73
(11 analyses)
Site 797 Unit 7 0.43-0.48 0.66-0.68 0.63-0.66 0.60-0.63 0.70-0.71
(16 analyses)
Site 797 Unit 0.57 0.52 0.53 0.57
13
(2 analyses)
56 analyses

Note; d{l,-x = -2.83 keal/gmfw for spinel-liquid Mg- Fe® exch.mge calculated assuming K= 0.3 for Mg- Fe™* exc]wngc between
olivine and silicate liguid (Roeder and Emsllc 1970). ﬁGﬁ x = —3.14 keal/gmfw for spinel-silicate liquid Mg- Fe?* exchange
calculated assuming Kp =027 for Mg-Fe’* cxcha.ngc between olivine and silicate liquid (Allan et al., 1989). Analyzed rock

Mg/(Mg + Fe’* ) calculated assuming Fe* (Fe™ + Fe*) =0.1.

problematical, as fOz directly affects not only magmatic Fe**/Fe™ but
also magmatic Cr**/Cr®* (Roeder and Reynolds, 1991; Schreiber, 1977,
1987: Schreiber and Haskin, 1976). Magmatic fO, is itself a function of
both magma Fe*/Fe* and chemical composition (Sack et al., 1980;
Kilinc et al., 1983; Schreiber, 1987; Thomnber et al., 1980; Fudali, 1965).
Roeder and Reynolds (1991) assumed constant melt-spinel Cr**/Cr?* and
showed that linear regression of their experimental results on melt-spinel
equilibria could produce estimates of magmatic fO, when the com-
position of both spinel and the melt were known. Other methods of
inferring magmatic fO, have utilized coexisting oxides (e.g.. Buddington
and Lindsley, 1964) or coexisting oxides and silicate phases (Mattioli and
Wood, 1988). However, when the composition of the liquid is unknown,
spinel is the only magmatic phase present containing Fe*, and the
composition of all other phases is unknown, direct inference of mag-
matic fO, from spinel ferric-ferrous compositions is impossible.
Nevertheless, experimental studies indicate broad relationships
between magmatic fO, and spinel Fe**, Fe*, and spinel Fe**/(Fe* +
Fe?"). Roeder and Reynolds (1991) and Fisk and Bence (1980) found
that spinel Fe**/(Al + Cr + Fe**) is positively correlated with melt fO,
for a given melt composition, with the increase in spinel Fe** reflect-
ing a decrease in spinel Cr but only a slight decrease in Al (Roeder
and Reynolds, 1991). This relationship reflects the reciprocal nature
of the spinel crystal chemistry, where Fe** is more strongly coupled
to Cr and Fe** than it is to Al (Sack, 1982). In addition, spinel Fe*
a.nd Fe**/Fe®* were found to increase with decreasing temperature.
gures 3 and 4 compare Leg 127 spinel Fe**/(Fe** + Fe?*) and
*/(Fe** + Fe?*) with that of spinels from other oceanic basalts. For
two of these suites (N-type MORBs from the Lamont seamounts and
hawaiites from the Tuzo Wilson seamounts), FeO contents have been
directly determined on glass coexisting with spinel (Allan, Sack, and
Batiza, 1988; Allan etal., 1989; Allan, Cousens, etal., 1988;J. F. Allan
et al., unpubl. data), allowing a calculation of glass Fe®*/Fe®* and an
estimation of magmatic fO, (Sack et al., 1980; Kilinc et al., 1983).
These two suites were calculated to have had magmatic oxygen
fugacities of 1.0-1.8 and 0-1.0 log units below the nickel-nickel
oxide (NNO) buffer (Huebner and Sato, 1970), respectively, with the
Lamont suite similar in fO, to other MORB tholeiites (Christie et al.,
1986). The low Fe**/(Cr + Al + Fe**) and Fe*/(Fe** + Fe?*) of the
Leg 127 spinels (Figs. 3 and 4) imply that the Leg 127 spinels
crystallized at reduced conditions similar to MORBs, with the more
reduced upper suite from Site 797 (Units 2, 5, and 7) likely several
log units below the NNO buffer.
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Implications of the Zoned Unit 6 Spinel

One large spinel found in Unit 6, Site 794, exhibited sharp composi-
tional zoning in Cr/(Cr + Al) (analyses 4-6-13 and 4-6-15, Table 2) easily
visible in backscattered electron imagery (Pl. 1). This sharp zoning is
strong evidence for marked disequilibrium between the spinel core and
the host silicate liquid during eruption (Allan, Sack, and Batiza, 1988),
as the rim of the spinel is similar in Cr/(Cr + Al) composition to the other
analyzed spinels in the unit. In contrast, the spinel core composition plots
well outside of published MORB and backarc basin basalt (BABB) fields
(Fig. 3). Several studies (Allan, Sack, Batiza, 1988; Fisk and Bence, 1980;
Sigurdsson and Schilling, 1976) have shown that the Al,O; of Ti-poor
Cr-spinel is directly related to the Al,O; of the host silicate liquid (as
represented by glass). If this spinel crystallized from a melt, then the
parental magma must have had substantially lower Al,O; than MORBs,
as well as had a very low TiO, content. Similar spinel compositions have
been reported from low-Al,O5, high-MgO arc-related andesites and
boninites (Dick and Bullen, 1984), including a magnesian andesite from
southwest Japan (Tatsumi and Ishizaka, 1981). Alternatively, the low-Al
core might represent a xenocryst derived from dunite depleted by melt
extraction (T. Fujii, pers. comm., 1990), with the spinel Mg/(Mg + Fe?*)
reduced during alteration. This zoned spinel provides direct evidence for
the presence of other unsampled rock types in the Yamato Basin and could
reflect magma mixing of a boninitic or low-Al,0, andesitic magma with
a tholeiitic magma prior to eruption, or wall-rock assimilation of pre-
viously erupted material. The lack of other xenoliths indicates that magma
mixing is the more feasible explanation.

CONCLUSIONS

1. Cr-spinels preserved in highly altered basaltic sills and flows contain
valuable evidence that uniquely allow for the determination of critical
magmatic compositional characteristics, Mg/(Mg + Fe*") in particular.

2. Leg 127 spinel compositions were used with thermodynamic
equations assuming spinel reciprocal solution behavior and ideal
mixing to determine host magmatic Mg/(Mg + Fe®*) directly. These
calculations show that some of the Leg 127 igneous units underwent
substantial enrichment in MgO during hydrothermal and diagenetic
alteration, resulting in bulk-rock Mg/(Mg + Fe?*) values higher than
were present in the original magma.

3. Comparison of the spinel compositions with others from fresh
basalts confirmed the impression, based upon whole-rock analyses, that
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Figure 4. Spinel Fe**/(Fe** + Fe?*) vs. Mg/(Mg + Fe?") in the Leg 127 units. Also shown are ranges in spinel compositional values from the
Lamont seamounts (L. SMTS = solid line; Allan, Sack, and Batiza, 1988; Allan et al., 1989) and the Tuzo Wilson seamounts, west of British
Columbia (TWS =dashed line; Allan, Cousens, et al., 1988; J. F. Allan and R. Chase, unpubl. data). Analyzed spinels from the Lamont and Tuzo
Wilson seamounts occur in quench glass analyzed for FeO by wet chemical means (1.S.E. Carmichael, analyst), which allow for a precise
determination of magmatic fO,. With the exception of spinels from Unit 13, Site 797, the Leg 127 spinels fall well below these two suites in
Fe'*/(Fe** + Fe), indicating that they crystallized at magmatic fO, of 2 or more log units below the nickel-nickel oxide buffer.

the host magmas were tholeiitic and similar to MORBs or BABBs,
with most crystallizing under conditions of low fO, (2 log units ormore
below the NNO buffer). However, a strongly zoned spinel with a Cr-rich,
Al-poor core provides direct evidence for the presence of unsampled,
low-Al igneous rocks in the crust of the Yamato Basin, with possible rock
types including boninite and high-Mg andesite.
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CRr-SPINEL, SITES 794 AND 797

Plate 1. Photomicrographs of Leg 127 spinels showing their euhedral shape and the textural relationships in which they are found. 1. Unit 6, Site 794,
spinels occurring either as inclusions within olivine (OL) altered to greenish brown and brown (inner, dark rings) mixed-layer clays or within a formerly
spherulutic to microlitic groundmass replaced by mixed-layer clays and kaolinite. SP lies next to the strongly zoned spinel represented by analyses 4-6-13
and 4-6-15 in Table 2. The plagioclase laths have been replaced by K-feldspar adularia. Scale bar = | mm. Photograph taken in nonpolarized transmitted light;
note the opaque nature of the spinels. 2. Backscattered electron image of the strongly zoned spinel denoted by SP in Figure 1. The lighter, Cr-rich core is sharply
zoned to a darker, more Al-rich rim. Scale bar = 50 um. 3. Unit 2, Site 797, spinel (SP) in microlitic groundmass. The spinel represents analyses 7-2-3 and
7-2-4 in Table 2. Scale bar = 0.5 mm. Photograph taken in nonpolarized transmitted light: note the translucent nature of the spinel. 4. Close-up of the spinel in
Figure 3. Scale bar = 0.1 mm. Photograph taken in nonpolarized transmitted and reflected light; note the sharply euhedral nature of the spinel. 5. Unit 13, Site
797, spinel (SP) representing analyses 7-13-1 and 7-13-2 in Table 2. Spinel occurs with olivine (OL) replaced by green-brown mixed-layer clays, carbonate, and
sulfide (S: pyrite or marcasite). Associated with the olivine is a plagioclase phenocryst (PL) that has a core replaced by carbonate, with an Ansp_y4 rim composition
that may have been affected by Na loss. Scale bar = 1 mm. 6. Backscattered electron image of spinel in Figure 5. Scale bar = 50 um. Note the unzoned nature
of the spinel and its sharp, euhedral outline.
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