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Cr-rich spinels as petrogenetic indicators: MORB-type lavas from the
Lamont seamount chain, eastern Pacific

J,trrns F. Ar.r-.c.N*
Department of Geological Sciences, Northwestern University, Evanston, Illinois 60201, U.S.A.

Rrcn.qno O. Sacr
Department of Earth and Atmospheric Sciences, Purdue University,

West Lafayette, Indiana 47907, U.S.A.

Roonv Bxttzt
Department of Geological Sciences, Northwestern University, Evanston, Illinois 60201, U.S.A.

Ansrucr

The composition and morphology of Cr-rich spinels in MORBs reflect and record pre-
eruptive petrogenetic events such as magma-chamber recharge, fractionation, and magma
mixing. In this paper we examine Cr-rich spinels in MORB-type lavas erupted from the
near-ridge Lamont seamounts and from the adjacent East Pacific Rise crest at 10'N. The
spinels studied are exclusively from quickly quenched glassy to spherulitic flow margins.
The host lavas are depleted [(LalSm)" < 0.57] and relatively primitive [Me/(Me + Fe2*)
to 0.71, Cr to 460 ppml, with the most primitive samples approaching the composition
of liquids in equilibrium with mantle peridotite. The spinels cover a wide range in Al and
Cr contents, with spinel Cr/(Cr + Al) ranging from 0.20 to 0.54 for the entire suite. As in
other depleted MORBs, TiO, and calculated FerO. contents in the spinels are low (0. 16-
0.85 and 5.5-9.2 wto/0, respectively). Contents of Al, Mg, and Fe of groundmass spinels
strongly correlate with host-glass composition, but spinel Cr content shows little correla-
tion with host-glass Cr content. Casting of spinel compositions in terms of Mg-Fe'z* spinel-
host liquid exchange equilibria and in terms of the compositionally related crystallochem-
ical effects on this exchange shows that for a given lava suite derived from similar parental
lavas, spinel Crl(Cr + Al) increases and Mg/@g + Fe2+) decreases with the amount of
Fe enrichment, Al depletion, and extent of fractionation [as represented by the normative
ratio Diop/(Ol + Diop)l of the liquids in which they equilibrated. This change in spinel
composition is of much greater magnitude than that of the host liquid; thus spinels are
sensitive indicators of melt composition and crystal-liquid equilibrium and disequilibrium
processes. MORB lavas containing strongly zoned spinels or populations of spinels with
broad compositional range preserve direct evidence of host-melt prehistory of interaction
with other melts (magma mixing) or other processes such as wall-rock interaction. The
strong compositional covariance of Cr-rich spinel and host silicate liquid makes the for-
mulation of a spinel geobarometer difficult.

INrnonucrroN

Cr-rich spinel within MORBJike lavas has long been
acknowledged as carrying useful information regarding
the petrogenesis of its host lavas. Although the crystal
chemistry and thermochemistry of spinels are complex
(e.9., Sack, 1982; Irvine, 1976),the composition of spinel
is a sensitive indicator of magmatic intensive and exten-
sive variables (Irvine, 1965, 1967). Inferences regarding
magma mixing (Natland et al., 1983) and initiation of
precipitation ofcoexisting phases (Fisk and Bence, 1980;
Foruta and Tokuyama, 1983; Dick and Bullen, 1984) have
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been made from variations in MORB Cr-spinel compo-
sitions. MORB spinel chemistry has also been used to
deduce information about magmatic intensive variables,
including pressure (Sigurdsson and Schilling, 1976; Si-
gurdsson, 1977;Dlck and Bryan, 1978; Dick and Bullen,
19 8 4), fo" (Fisk and Bence, I 9 80; Batiza and Vanko, I 9 84)
and temperature (Fisk and Bence, 1980) during crystal-
lization. We consider here systematic changes in spinel
composition among Cr-rich spinels from basalts erupted
along the Lamont seamount chain, a group of seamounts
near the axis of the East Pacific Rise (EPR) occurring west
of the EPR at 10'N, just south of the Clippenon Fracture
Zone (Fig. 1), and within Cr-rich spinels from lavas
erupted at the EPR axis at l0'N. Samples were collected
in situ from sheet and lobated flows, pillows, massive
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TneLe 1. Glass analyses of spinel-bearing lavas
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8.97
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46.8
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2.24
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13.00
2.41
0.06
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100.22
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400
44.5
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2.04
2 3 9
1 7 5
0.47

48.40
0.86

17.38
0 8 1
7.60
9.44

1 3  1 6
2 .18
o.02
0.07

99.92

0.689

1 . 8 1
1 .28

3 1 . 1
460
50.0

240

48.79 48.81
0.83 0.83

17.50 17 .91
0.86 1.02
7.45 7.48
9.50 9.53

12.87 12.90
2.13 2.08
0.02 0.01
0.09 0.09

100.04 99.94

0.694 0.694

31.7 323
440 370
48.0 48.8

210 200
0.92 0.88
1 . 9 1  1 . 9 1
1 . 2 9  1 . 1 9
0.28 0.27

48.68 48.96
1 . 0 1  1 . 1 4

17 .64 16.88
0.89 0.99
7.59 7.94
9.10  8 .51

12.45 12.28
2.65 2.71
0.03 0.06
0.08  0 .13

100j2 99.60

0.681 0.656

28.7 35.4
290 330
40.3 47.0

160 140
1.20 1 .83
1.64 2.34
1.46  1 .88
0.34 0.40

50.06 49.87 49.32
1 1 6  1 . 2 0  1 . 3 6't6.21 16.03 16.99
0.89 1.02 0.95
8.01  8 .18  8  09
8 28 8.28 7 .84

12.47 12.70 11.95
2.46 2.44 3.34
0.11 0.09 0.04
0.14  0 .14  0 .14

99.79 99 95 100.02

0.648 0.643 0.633

38.1 38.2 37.0
350 360 280
43.3 43.6 43.9

160 110 120
2.67 2.71 2.81
2.49 2.54 2.66
2.07 2.06 2.60
0.55 0.57 0.47

Note: Maior elements analyzed by electron microprobe at the Smithsonian Institution (T. O'Hearn, analyst). Trace elements (in ppm) analyzed by
INAA at Washington University, St. Louis, Missouri, and reported from Allan et al. (submitted manuscript; see footnote 1 in text); analytical precision
discussed in Allan et al. (1987). FeO measured by LS.E. Carmichael, using wet-chemical methods; Fe2O3 calculated by difference from FeOr, as measured
by T. O'Hearn. Mg/(Mg + Fe,*) calculated for 1 560-1 843 and 1572-151'l assuming Fe2+l(Fe2+ + Fe3*) : 0.904, the average value for the other analyzed
lavas. (La/Sm)N represents La and Sm values normalized to chondritic values (Haskin et al., 1968).

- See Figure 1.

flow interiors, and talus slopes by the ALVIN srrbmersible
and by dredging.

The seamounts are associated with a broad, topograph-
ic high at the adjacent EPR, interpreted as representing
recent voluminous ridge volcanism (Gallo et a1., 1986;
Kastens et al., 1986). The EPR at this latitude is appar-
ently underlain by a magma chamber (Detrick et al.,
1987). All seamounts show signs of recent volcanic activ-
ity, based on the youthful appearance of flow surfaces,
lack of sediment cover, and absence of thick ferro-man-
ganese coatings on surface rocks (Fornari et al., 1988a).
This 50-km-long chain consists of five 1000- to 1400-m-
high seamounts, with volumes ranging from 25 to 120
km3, and most with summit craters and calderas (Fornari
et al., 1984). The seamounts in turn are surrounded by
abundant, 100- to 200-m-high lava cones (Fornari et al.,
1988a). The chain has formed on crust of 0.1-0.74 Ma
in age. The absolute age of the seamounts is unknown,
but an upper limit is provided by the age of the under-
lying seafloor.

Pnrnocnrpuy AND pETRoLocy oF Hosr LAvAS

The spinels occur within basalts of LREE-depleted
N-type MORBs (Sun et al., 1979), with NarO varying
from 2. I to 3.30/o and (LalSm)N varying from 0.25 to
0.57. Other incompatible major elements and high-field-
strength elements are similarly low (e.g., TiOr, 0.81-
1.43o/o; KrO, <0.l lolo; Hf, l.19-2.69 ppm; see Table l).
The Lamont seamounts and cones have erupted an un-
usual percentage of high-MgO lavas (600/o are higher than

8o/o MgO, average MgO is 8.24o/o), some of which are
quite primitive [MgO to 9.7 4o/o, Mg/(Mg + Fe2*) to 0.70,
Cr to 460 ppm, Ni Io 240 ppm; olivines having mantle
peridotite compositions of Fon, to Forr; Tables I and 2l
and could approximate primary mantle melts (Green,
l97l; Frey etal.,1978;Sato,1977; Rhodes and Dungan,
I 979; Presnall et al., I 979). In contrast, the adjacent EPR
lavas average 7 .57o/o MgO (Allan et al., 1986; Langmuir
et al., 1986). All spinel-bearing lavas have Mg/(Mg +
Fe'?+) greater than 0.6 I and contain greater than 280 ppm
Cr. Analyses ofglasses from spinel-containing lavas con-
sidered here are given in Table l, and summaries of min-
eral compositional data for these lavas are given in Table
2. The glass analyses are considered to represent close
compositional approximations of the eruptive host mag-
mas (Melson el al., 1976;' Byerly et al., 1976). Normative
compostions of these glasses are plotted in Figure 2 in
terms of normative Ol, Di, and Neph projecting from
plagioclase, using the algorithms of Sack et al. (1987).
Allan et al. (submitted manuscript)' show that the most
primitive glass samples approximate liquids in equilib-
rium with peridotite at pressures of9-9.5 kbar and soli-
dus temperatures of 1180-1240 "C, but Figure 2 shows
that most have undergone fractionation or re-equilibra-
tion at pressures ofless than 9 kbar.

'Allan, J.F., Batiza, R., Perfit, M.R., Fornari, D.J., and Sack,
R.O. Petrology of lavas from the Lamont seamount chain, East-
ern Pacific: Seamount lavas as mantle probes for understanding
MORB petrogenesis. Submitted to Journal of Petrology.
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TABLE 1-Continued
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0.47
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15.14
0.91
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2.60
0.04
0 .13

99.44

0 .611
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380

45.7
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1 .54
2.71
1 . 8 1
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0.96
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0.83
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9.18

12.80
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0.04
0.12

100.26

0.670
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360
50.0
80
1.24
2.08
1.40
0.33
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0.94
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8.23
9.24

12.88
2.26
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1 00.17
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2.08
1.42
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0.89
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12.67
2.43
0.04
0.08

99.90
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340
47.4
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0.99
2.27
1.48
0.26
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10  kn

CLIP F

fi-2;. \\
875r/865r ranges from 0.702218 to 0.702 67 | within the

seamount lavas; the adjacent EPR lavas have a much
more restricted range of 875r/865r ralios (0.702499-
0.702780; Perfit er al., 1986;Klein et al., 1986;Fornari
et al., 1988b). Calculated eruptive temperatures (based
on the crystal-liquid geothermometers of Glazner, 1984)
range from ll80 to 1220"C. Allan et al. (1986) demon-
strated from sample LREE and major-element contents
that the seamount lavas bypassed subaxial magma cham-
bers thought extant at the adjacent EPR. A fuller treat-
ment of the petrology of the Clipperton seamount lavas
is given in Allan et al. (submitted manuscript; see foot-
note l).

The spinel-bearing seamount and cone lavas from the
Lamont seamount chain have a very simple mineralogy
(Allan et al., 1986, and submitted manuscript). Most
samples contain both plagioclase and olivine as pheno-
crysts. Samples range from nearly aphyric to porphyritic
(up to 150/o phenocrysts) with glomeroporphyritic clusters
of plagioclase and olivine commonly present. Plagioclase
phenocrysts are typically euhedral with sharp, nonscal-
loped outlines and may exceed several millimeters in size.
Olivine phenocrysts are commonly skeletal and can be
equally large. In most cases, both minerals are composi-
tionally unzoned, with crystals rarely exhibiting any re-
verse zoning or normal zoning greater than l-2 mol0/0.
Nevertheless, exceptions do occur. Lava samples from
one of the cones (F2-l and F2-2) contain two types of
olivine phenocrysts - skeletal, unzoned olivines of Forr_no
composition and subhedral-euhedral, reversely zoned ol-

9o oo'N

Fig. 1. Maps showing location and detail of the Lamont sea-
mount chain. General location map after Fig. I of Sempere and
Macdonald (1986) shows trace of East Pacific Rise and location
of the seamount chain at 10"N, just south of the Clipperton
Fracture Zone (F4. Seamount map derived from SEABEAM
charts (after Fornari et al., 1988a).

ivines with Forr*, cores and Forn-no rims. Minor (<10/o
Fo) reverse zoning is found in a few ofthe olivines within
the lava sample 1564-1949 from the MOK seamount; its
plagioclase phenocrysts exhibit oscillatory zoning as well.

Clinopyroxene is typically absent, particularly in the
more primitive lavas (MgO > 8olo). This absence of cli-
nopyroxene indicates that it is not generally on the low-
pressure liquidus at the pre-eruption temperatures of the
Lamont seamount magmas. Indeed, most lavas from in-
dividual seamounts broadly define olivine + plagioclase
fractionation-control lines in MgO variation diagrams,
consistent with modeling results using least-squares mix-
ing and with petrographic evidence (Allan et al., submit-
ted manuscript; see footnote l). Crystals of titanomag-
netite are absent in most samples and are always <5 pm
in size. Xenoliths are absent.

Spinel is often abundant in these samples (some 2.3 x
4.6 cm,0.07-mm-thick thin sections may contain over
50 spinel grains, though this is <<0.10/o by volume) and
forms translucent, light brown crystals up to 200 pm in
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Fig. 2. Comparison of ratios of nepheline (Neph), olivine
(Ol), and high-Ca pyroxene (Di) normative components of spi-
nel-bearing Lamont seamount lavas with those for the l-atm

66, = QFM) plagioclase-saturated cotectics and the high-pres-
sure olivine + orthopyroxene + high-Ca pyroxene cotectic as
defined by Sack et al. (1987). l.{ormative components employed
in this and subsequent figures are calculated from the algorithms
given in Sack et al. (1987, caption to Fig. 5). Most spinel-bearing
lavas are seen to have evolved at pressures less than 8 kbar by
fractionation or re-equilibration, putting absolute limits on pres-
sures of spinel precipitation. Dashed line represents an average
chord emanating from the olivine vertex, representing olivine *
plagioclase fractionation.

size that are found as groundmass grains, as inclusions in
olivine and plagioclase, or as grains accreted to or embed-
ded into olivine and plagioclase. The spinels encompass
a wide range of shapes and include both euhedral and
skeletal shapes, the latter perhaps indicative of rapid
growth (Fig. 3). Curiously, the abundance of spinel in the
lavas is independent ofhost-rock Cr content, and Cr-rich
spinel has been found in samples with Cr content varying
from 280 to 460 ppm (Table 1). Wide-beam (50 pm) glass

microprobe analyses of long counting time (200 s) agree
with mass-balance calculations based on spinel abun-
dance that the great to overwhelming majority of magma

TneLr 2. Mineralogical data for lavas with Cr-rich spinel

Cr content (typically much greater than99o/o) is contained
within glass (representative ofthe host liquid) instead of
within the spinels. Rock textures for all spinel-bearing
lavas indicate that crystallization of spinel preceded and
overlapped with the onset of olivine and plagioclase crys-
tallization. Indeed, the experiments of Fisk and Bence
(1980) show that the onset of spinel crystallization in
MORBs is only tens of degrees celsius before olivine.

The simple mineralogy, the abundance of spinel, and
the primitive, depleted nature of the basalts from the La-
mont seamount chain suggest that the melts have had a
simple ascent and eruption history. The absence of xeno-
crysts and xenoliths and the unzoned nature of the phe-
nocrysts implies that most of the lavas have undergone
little or no magma mixing or significant crustal assimi-
lation. The absence of clinopyroxene in most of the lavas
indicates that these lavas spent little time cooling in shal-
low crustal magma chambers (Walker et al., 1979), but
instead underwent relatively rapid ascent. As a result,
these seamount and cone lavas are good candidates to
study how spinel composition is related to hostlava
composition and paragenesis.

It is crucial to note that the spinels studied here are
exclusively from the glassy to spherulitic and finely mi-
crolitic margins of flows, where the quenching of the lava
by cool seawater during eruption was rapid to nearly in-
stantaneous (seconds to minutes). Many of the ground-
mass spinels are completely surrounded by crystal-free
glass. Therefore, problems with interpretation of post-
eruptive or syneruptive spinel growth or re-equilibration
are avoided. Indeed, these lavas represent perhaps na-
ture's closest approximation to quench conditions ob-
tainable in the laboratory.

SprNrr, cHEMrsrRY

The Cr-rich spinels in this study are classified as chro-
mium spinels or magnesiochromites, using the criteria
and terminology of Sigurdsson (1917). They are plotted

Spinel

Sample
analyzed

Sample Ol
Fo range

Sample Plag
An range

F€F*/(Cr +
Al + Feo*) No. of analysesCrl(Cr + Al) Mg/(Mg + F€r.)

F-1 -1

F2-2
F3-4
F9-1
1 560-1 843
1 560-1 922
1 564-1 857
1 564-1 949
1 566-1 642
1 567-1 81 6
1 567-201 9
1 570-1 949
1572-1511
1572-1755

86-87
89-90
87-90
89-90
89-91
87
86-8J

88
85-86
86-87
78-88
88.00
85-89
87-89

70-74
78-89
78-91
76-?0

61-81
66-81
78-91
75-91
75-84
69-80
70-83
79-89
69-88
65-87

0.53-0.54
0.20-0.50
0.22-0.51
0.27-0.46
0.35-0.41
0.41-0.43
0.39-0.40

0.30
0.23-0.36
0.50-0.54
o.46-0.47
0.46-0.47
0.38-0.39
0.30-0.32
o.37-0.41

0.67-0.68
0.75-0.84
0.75-0.84
0.70-0.81
0.73-0.78
0.69-0.71

0.71
0.80

0.75-0.84
0.66-0.70
0.71-0.72
0.69-0.72
0.74-0.77
0.80-0.81
0.73-0.75

0.098-0.1 06
0.056-0.075
0 058-0.089
0.060-0.085
0.069-0.084
0.096-0.1 00
0.094-0.097

0.078
0.062-0.083
0.1 00-0.1 1 I
0.091-0.097
0.094-0.1 00
0.083-0.1 01
o.071-0.077
0.607-0.086

4
29
29
20
1 2
4

,l

21
4
5
b
A

1 1

Note.'Ranges in plagioclase, olivine, and spinel composition observed in spinel-bearing samples
'Samples lacking either olivine or plagioclase.
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Fig. 3. Backscattered images of selected
spinels, with accompanying scale bar rep-
resenting 100 pm in length. Dark areas rep-
resent Al-rich regions of spinel (smaller mean
atomic number), and light areas represent
Cr-rich regions of spinel. Thin bright lines
outlining some of the spinels are caused by
edge effects. (A) Skeletal, relatively unzoned
spinels in groundmass of plagioclase mi-
crolites and mesostasis in sample F3-4, rep-
resented by analysis ofF3-4-18 in Table 3.
(B) Complexly zoned spinels in the glass of
sample F2-2. Spinel compositional banding
may be quite complex, with cores either
being A1- or Cr-rich. Total compositional
variation in Crl(Cr * Al) of cores isO.227-
0.279. Variation in Crl(Cr + Al) zoning in
large spinel is 0.227 (core) to 0.277 (5- to
l2-pm-wide light band) to 0.242 (darker,
5-pm outer band) to 0.251 (narrow, l- to
3-pm-wide rim). Analyses representedare F2-
2-19, -20, -21, -22. (C) Complexly zoned
spinel in microlitic groundmass of F2- 1, rep-
resenting analyses F2-l-27, -28, -29. Spinel
contains a Cr-rich core, surrounded sharply
by a 3- to 5-pm-wide Al-rich band, which is
in turn surrounded by a Cr-rich rim. Zoning
represented in Crl(Cr + Al) is 0.269,0.220,
and0.232, respectively. @) Skeletal spinel
attached to rounded olivine and elongate
plagioclase crystals in groundmass of F2-1.
Wormy, more aluminous core represents last
growth phase ofspinel; core and rim analyses
are given in Table 3 (F2-l-3, -4). (E) Rela-
tively unzoned euhedral spinel in quenched
groundmass of olivine dendrites in glass of
sample F9-1. Represents analyses F9-1-11,
- I 2 in Table 3. (F) Strongly zoned, euhedral
spinel and unzoned, skeletal spinel in glass with plagioclase mi-
crolites in sample F2- I . Cr-rich core of zoned spinel is rounded,
with abrupt transition to aluminous rim. Skeletal spinel is ap-
proximately the same composition as the rim ofthe zoned spinel.
Core and rim analyses ofthe zoned spinel are given in Table 3
(F2-l-7, -8). (G) Strongly zoned spinel in glass with feathery
plagioclase microlites in sample F2-1. Cr-rich core is rounded,

with sharp compositional transition to a skeletal, aluminous rim.
Corresponding analyses are given in Table 3 (F2-l-1, -12). (H)
Sharply zoned spinel in glass, with unzoned, Cr-rich core sharply
surrounded by thin (2-15 pm wide) aluminous rim, representing
a zoning in Crl(Cr + Al) of 0.481 to 0.286. Spinel is in sample
F2-2 (analyses F2-2-13, -l4).

in Figure 4, with compositional ranges given in Table 2.
Fe3+ content is low (FerO. varies from 5.5-9.2o/o), similar
to other spinels from MORBs (Dick and Bullen, 1984;
Basaltic Volcanism Study Project, l98l). The low Fe3+
content of the spinels reflects the low/o, of the host La-
mont seamount basalts, which range from 1.0 to l 8 log,o
units below the NNO oxygen buffer (calculated using the
methods of Sack et al., 1980). Thisf" range is similar to
that found in other MORBs by Christie et al. (1986). The
compositional range exhibited by the spinels is wide, with
AlrO, varying from 22.3 to 47.3o/o, Cr.O, varying from
18.9 to 39.3o/o, and MgO varying from 14.5 to 21.4o/o.
The more Al-rich spinels from this seamount group are

among the most aluminous spinels reported from MORBs.
MgO and AlrO, strongly covary, as do FeO and Cr2O3.
TiO, is a minor component, ranging from 0.16 to 0.850/0.
Other minor components include NiO (<0.02-0.300/o),
MnO (0.05-0.47o/o), CaO (<0.02-0.300/o), and SiO, (typ-
ically <0.10/o).

The MgO, FeO, and AlrO, contents of the groundmass
spinel rims and of the host glass are strongly correlated
(Fig. 5). Sigurdsson and Schilling (1976) found a similar
correlation between spinel and host-glass Al content.
Strikingly, the CrrO. content of the spinel is independent
ofhost-glass Cr content (Fig. 5), contrary to the results of
Irvine (1976). A difference noted between the ground mass
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Fig. 4. Composition of Lamont Seamount laval spinels. Spi-
nels are similar in composition to other spinels reported from
MORB-type lavas (e.g., Sigurdsson and Schilling, 1976; Si-
gurdsson, 1977; Basaltic Volcanism Study Project, 1981; Dick
and Bullen, 1984). Closed symbols represent spinels from the
seamounts and cones; open symbols represent spinels from lavas
erupted at the adjacent EPR axis.

Tnele 3. Representative spinel analyses

Fig. 5. Comparison of the composition of the rims of
groundmass spinels with the composition of the host glass. Con-
nected dots represent the compositional range found within spi-
nels of an individual lava. Note the correlation between spinel
and glass MgO, FeO, and AlrO3. In contrast, note the poor cor-
relation between host-glass Cr and spinel CrrOr.

spinels and those included within silicate phases is that
the rims of the groundmass spinels, on average, are slight-
ly more aluminous and slightly less chromous than those
ofthe included spinels. Figure 6 shows spinels from four
lavas of the Lamont seamounts and adjacent EPR, each
lava with differing MgO and AlrO, contents. Host-lava
MgO and AlrO, contents correlate with the composition
of the spinels and result in the sliding of spinel compo-
sitions up and down the narrow spinel compositional band
of Figure 6.

Most lavas contain only a relatively narrow range of
spinel compositions, but in some samples (F2-1, F2-2,
F3-4, and 1564-1949) the spinel compositional range is
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.'Recalculation of FeO and FerO3 after Carmichael (1967), based on stoichiometry.
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much broader (Table 2). Similarly, compositional zoning
in the spinels of most lavas is minor (for example, 1560-
I 843- l, -2; | 5 66- | 642-1, -2; 1 5 66- | 642-6, -7 ; | 57 2-l 5 | | -
6, -7; and F9 I - 1 I , - l2 in Table 3). Nevertheless, zoning
of some spinels within samples F2-l and F2-2 is strongly
developed (Figs. 3 and l0), with zoning parallel to the
Cr/(Cr + Al) vs. Me/(Mg + Fe2*) compositional trend
ofFigures 4 and 6 and typically progressing from a core
with higher Crl(Cr + Al) and lower Mg/(Mg * Fe'z+ ) to
a rim with a lower Cr/(Cr + Al) and a higher Mg/(Mg +
Fe'?+). For the strongly zoned spinels, the zoning is typi-
cally quite abrupt; most strongly zoned spinels contain a
rounded, Cr-rich core surrounded by an Al-rich rim that
may have either skeletal or euhedral outlines. The spinel
compositional trends are crystal-chemically controlled and
reflect the strongly coupled substitutions of Mg2* and Al3*
and of Fe2+ and Cr'* into the spinel structure (e.g., Sack,
1982; Hill and Sack, 1987; Engi, 1983). These well-de-
veloped zoning trends are distinct from other spinel crys-
tallization trends predicted (Dick and Bullen, 1984) or
experimentally observed (Fisk and Bence, 1980; Irvine,
1976; Sack, 1982) for spinels coprecipitating with olivine
or plagioclase or both.

Complex compositional zoning occurs in some spinels
of F2-l andF2-2, but is generally only of limited com-
positional range (Figs. 3 and l0). Compositional bands
may be quite narrow (l prm or larger), and cores may be
either relatively Cr- or Al-rich.

DrscussroN

Spinel compositional systematics

Despite the complexity of spinel zoning patterns in some
of the Lamont seamount lavas, most have spinels that

Taete 3-Continued
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Fig. 6. Spinel compositions plotted from four lavas erupted
from the Lamont seamounts, showing generally how host-Iava
composition affects spinel composition. Diferent symbols rep-
resent spinels from different indiwidual lavas, with hostJava MgO
below and host-lava AlrO. above the corresponding spinels.
Symbols representing spinel compositions are the same as in Fig.
7, with solid diamonds representing spinels from 1566-1642;
open triangles, from I 567-20 I 9; open diamonds, from F9- I ; and
upside down, open triangles, from I 572- I 5 1 1 Note how chang-
ing hostJava AlrO, and MgO slides the spinel composition up
and down the narrow spinel composition band.

exhibit only limited variability in CrlAl and Fe3*/Al ra-
tios. These display simple Fe2*-Mg zoning patterns that
may be related to fractionation of the lavas and to inter-
lava compositional variations that are largely crystal-
chemically controlled. Both of these points are readily
illustrated with a plot that makes provision for crystal-
chemical effects on the Fe'?+-Mg exchange reaction be-
tween spinel and host silicate liquid. We assume that spi-
nel behaves as an ideal reciprocal solution (e.g., Wood
and Nicholls,1978; Sack, 1982) and that silicate liquids
are ideal with respect to mixing of Fe2+ and Mg'z+. In
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addition, we assume that the pressure effect over the spi-
nel crystallization range on spinel composition is rela-
tively small compared to the effect of varying the host-
lava composition, and so may be neglected. For these
assumptions we may write the following expression for
the Fe-Mg exchange reaction between spinel and silicate
liquid:

ad' o"l '( t1 a _!&.6;+L$tx,), ( l)In Kgu'o : - 
Ri 

+ 
Ri;...,, R. \--4, . Rf ..

where

aG& : (Gfu,o - Gg"o)uo * (Gk^,oo - GRn"o,,oJ.o,

apgz: (G$.rr.oon * GB"o,roo)"o - (Gg...roo * GRnr^roJ"o,

Lt{o : (t/z Gf;a,"r.1i6o * Gg"o,roJ"o

- (r/zGoe,rlioo * G$,*roJ'o,

LrSs : (Gg,r..roo + G9"^,ro)"o - (Gg"roo * GR *,roJ.o,

X, : t/zn"f,t*, Xo: n"fie*, Xr: r/zn{.t*,

and the r?, terms are the number of the i cations in a
formula unit based on three cations (e.g., Sack, 1982; Hill
and Sack, 1987).

In a first approximation suitable for illustration, sev-
eral simplifications of Equation I may be made. First,
because Tia+ is negligible in the Lamont seamount spi-
nels, we will ignore the third term on the right-hand side
of Equation l. Second, we approximate that N.4, : %
Aplr, where Apgr:4.80 kcal/gfw and Ap!, : 6.39 kcaU
gfw, as established by Hill and Sack (1987). Making these
modifications reduces Equation I to

lnKS-ric: -AGl^/RT + (4.80/RQ(y), (2)

where Y: Xj + %(X). We note that land Crl(Cr + Al)
are essentially equivalent for spinels within a given sam-
ple, because of the minor variation of Fe3*.

Spinel compositions from the I I lava samples exhib-
iting limited spinel compositional range and little spinel
zoning are plotted in Figure 7 using these parameters.
These spinels define a crystal-chemical trend with posi-
tive slope, with spinels from more primitive, MgO- and
AlrOr-rich lavas plotting at lower values of ln Ko and, Y
and spinels from more evolved lavas plotting at the higher
ln Ko and I values in the trend. These results show that
the Cr-rich spinels in this study become progressively
more Cr-rich as the host lava becomes more fractionated.
This trend is due to the reciprocal exchange substitution
of Cr and Fe2+ for Mg and Al in the spinel. Olivine and
plagioclase fractionation will cause magmatic Fe2+ to in-
crease and magmatic Al and Mg to decrease, resulting in
the crystallization of spinels higher in Cr/(Cr + Al) and
lower in M/(Mg + Fe'z+). This correlation between spi-
nel composition and degree of fractionation of the host
lava is strikingly shown by comparing the Crl(Cr + AD
ratio or the quantity I in the spinels with the normative

ratio Dil(Ol + Di) of the host glasses (Fig. 8). The inde-
pendence ofspinel and glass Cr contents may reflect the
paucity of Cr in the melt.

Finally, we may estimate an approximate value for
-AG!- from the FeO/MgO ratios of the glass chemical
analyses, from Equation2, and from the compositions of
the rims of groundmass spinels (to insure approximation
of crystal-liquid equilibria). To do so we assume (l) that
spinel is the first phase to crystallize from the lavas (e.g.,
Sack et al., 1987, and from petrographic observations);
(2) that spinels do not exhibit retrograde Fe-Mg exchange
during crystallization (unlikely because of quick mag-
matic quench after eruption on the ocean floor); (3) and
an average temperature of initial crystallization of 1200
"C (derived from olivine-liquid geothermometry based
on Glazner, 1984). From the values of ln K3-tio calculated
by employing these assumptions, we obtain an estimate
for -AG!. of -3.40 + 0.18 kcal/gfu. This value for
-AG!* is slightly smaller than that (-3.16 t 0.1I kcal/
gfw) which may be calculated fom the calibration of Hill
and Sack (1987) for ln Kg*o, using the average values of
XRI*,r,on and (Xfi1"5/Xgi3" ) (Xgl,sto4/XRl,,r'oo) of 0.878 and
0.267 ! 0.008, respectively, as determined for the La-
mont seamount lavas by microprobe analysis. Neverthe-
less, these estimates are within analytical error of each
other, indicating that the calibration of Hill and Sack
(1987) is essentially correct. We use the former estimate
of - 3.40 t 0. I 8 kcal/gfw to calibrate the correlation for
Equation 2 plotted in Figure 7 for illustrative purposes.

The compositions of spinels within lavas exhibiting
limited spinel compositional range essentially agree with
the crystal-chemical trend as defined by Equation 2. Spi-
nels in these lavas exhibit some variation in ln[(MgO/
FeO)e'*"(pe: + /Mg2 + )"oi'a1, which perhaps could be attrib-
uted to limited coprecipitation with olivine. The earlier-
crystallizing spinels that have not fully re-equilibrated with
the evolving host liquid will define more negative ln Ko
values at a given Y.

Spinel zoning and its petrogenetic implications

We now use these observations to examine more closely
the Lamont seamount spinels exhibiting strong zoning,
complex zoning, or extensive compositional variation
within an individual sample. Spinels from the four La-
mont seamount lavas (F2-1,F2-2, F3-4, and 1564-1949)
that exhibit wide compositional variation are plotted in
Figure 9 in terms of the parameters defined in Equation
2. Selected examples of spinel zoning are presented in
Figure 10.

Lava samples F2-1 and F2-2 contain two types of oliv-
ine phenocrysts-skeletal, unzoned olivines of Forn-no
composition, and subhedral-euhedral, reversely zoned ol-
ivines with Forr-r, cores and Forn-no rims. As illustrated
in Figure 9, the spinels in these samples span a broad
compositional range, containing spinels strongly zoned in
Cr/(Cr + AD F2-l-7, -8; F2-l-l l , -12; andF2-2-13, -14

in Figs. 3 and I 0). The rounded, resorbed-appearing cores
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Fig. 7. Compositions of spinels from lavas with spinels ex-
hibiting restricted compositional ranges, plotted in terms of ln'
(K3iiq) vs. I, where Y : lrn"!t- -l ln!.* : X3 + %Xt (n, indi-
cates the ,1h cation calculated on a three-cation basis). Note that
MgO and FeO in the axis label refers to the molecular equiva-
lents ofthese oxides. The solid line represents the calibration of
Equation 2 given in the text by the rim compositions ofground-
mass spinels. The spinels from these l l lavas define a simple,
straightforward crystal-chemical trend, reflecting equilibria be-
tween the spinels and their host silicate liquid. Spinels with higher
values of Y(those richer in Cr) are associated with more evolved
magmas richer in Fe. See text for further discussion.

ofthe zoned spinels are Cr-rich and sharply bounded by
skeletal Al-rich rims. The Al-rich rims are similar in
composition to that of the bulk of the spinels found with-
in these lavas and are in apparent equilibrium with the
host glass. In contrast, the Cr-rich spinel compositions
likely crystallized from a liquid considerably more evolved
and Fe-rich than the host glass. As shown in Figure 10,
the Cr-rich spinels (high in Y-) included within olivines
are found within Fo' olivine cores, whereas the Al-rich
spinels included in olivine are found within skeletal
Forn-no olivines. These more Cr-rich spinels in the Fort
olivines are similar in corriposition to other Lamont sea-
mount groundmass spinels found within other lavas that
crystallized Fo" olivine.

Other Cr-rich spinels from F2-l and F3-4 are found
within plagioclase phenocrysts that presumably armored
them from interaction with the host liquid. They are con-
siderably less aluminous than other spinels found in the
groundmass and in apparent equilibrium with the host
glass. The Cr-rich spinels in F3-4 are found as inclusions
within the core of a single large plagioclase phenocryst
that shows simple reverse zoning from Anru to Anno mid-
way from core to rim. The core of this crystal also con-
tains an inclusion of Fo' olivine, whereas the other oliv-
ines of this sample are Fose-e. in composition. Again, the
Cr-rich spinels in this sample are similar in composition
to spinels crystallizing from other lavas in this suite that
crystallized Fo' olivines. Sample 1564-1949 contains a

Y=14n8f* +2/snT*,.
Fig. 8. Comparison of the range in value of I for spinels in

individual lavas with the normative Ol/(Ol + Di) ratio of the
host glass calculated from the algorithms ofSack et al. (1987).
Dots represent the range in spinels of the 1 I lavas where the
spinel compositional range is small, as shown in Fig. 7. Open
squares represent the range in composition of the rims of
groundmass spinels in the four lavas where the range in spinel
composition is large, as shown in Fig. 9. Diagonal line represents
an approximate fit to the data.

compositionally diverse population of spinels as well, yet

its silicate mineralogy is more diverse than that of other
samples with complex spinel populations. Besides con-
taining slight reverse zoning in many of its olivine phe-

nocrysts, its plagioclase phenocrysts are reversely and
complexly zoned (up to An,r).

The Cr-rich spinels in F2-1, F2-2, F3-4, and 1564-
1949 were likely introduced externally into the rising
magma, having crystallized from melts more evolved and
Fe-rich than the lavas in which they are found' Never-
theless, the lack of xenoliths, the primitiveness of the host
glasses, the lack ofclinopyroxene, and the lack ofsignif-
icant zoning in most olivines and in the feldspars of all
lavas except 1564-1949 argue that processes such as mag-
ma mixing or crustal assimilation were of minor signifi-
cance in the evolution ofthese lavas. The range in spinel
composition probably reflects magma mixing during the
periodic refilling of small crustal or edifice magma cham-
bers just prior to eruption, where the magma residence
time is short and the fractionation minimal. The skeletal
nature of some of the Al-rich spinels may represent rapid
growth triggered by magma mixing, on the basis of the
concave curvature of the experimental basalt liquidus
surfaces away from the spinel field (Dick and Bullen, 1984;
Irvine, 1977). Viewed this way, the composition of the
Cr-rich spinels provide qualitative limits for determining
the compositions of the end-member liquids being mixed.

Several of the groundmass spinels within samples F2-l
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Fig. 9. Spinels from the lavas of the Lamont seamount group
exhibiting wide variation in spinel composition, plotted as in
Fig. 8. Closed symbols refer to spinel cores and open symbols
refer to spinel rims; triangles represent groundmass spinels; cir-
cles represent spinels included in olivine; and squares represent
spinels included in plagioclase. Reference lines representing the

calibration of Equation 2 and shown in Fig. 8 are also given
here. Note that the F2-2 spinels high in Yand included in olivine
are found within Fo' cores of olivine reversely zoned to Fono
composition, whereas the low-I spinels included in olivine are
found within skeletal olivine phenocrysts of Foro composition.
See text for further discussion.

and F2-2 contain minor complex zoning (F2-l-27, -28,
-29 andF2-2-19, -20, -21, -22;Figs.3 and l0). The com-
positional range represented by this zoning falls within
the range outlined by the rims of other groundmass spi-
nels found in these lavas. Therefore, it is not necessary
to invoke magma mixing or assimilation to account for
this zoning; rather, it may be related to local melt deple-
tion in Cr from rapid spinel crystallization (Thy, 1983;
Allan et al., 1987) with subsequent transportation of the
spinel to more Cr-rich portions of the magma body. One
curious spinel within F2-l (F2-l-3, -4; Fig. 3, Table 3)
consists of a skeletal, Al-rich im (42.9o/o AlrO3) with an
anhedral, worrny core representing not only the most alu-
minous composition (47.2o/o Alroj) in the entire suite but

presumably the last portion of the spinel to crystallize.
The compositional zoning represented within this spinel
seems rather large to be related to local melt depletion in
Cr, and the origin of its zoning remains somewhat enig-
matic.

Comments on spinel as a possible indicator of
pressure

Although all of the strongly zoned spinels examined
have Cr-rich cores, it is likely that Al-rich cores of strong-
ly zoned spinels may also result from magma mixing or
assimilation. Sigurdsson ( I 977) has reported "reversely"
zoned spinels from DSDP Hole 3328 plagioclase-phyric
basalts that may represent just such a case. These spinels



ALLAN ET AL.: CT-RICH SPINELS IN MORB-TYPE LAVAS 751

contain highly aluminous cores with sharp increases of
Crl(Cr + Al) and decreases of Mg/(Mg + Fe'?+) from core
to rim. Other authors (Sigurdsson and Schilling, 1976;
Dick and Bryan, I 978; Dick and Bullen, I 984) have found
unzoned high-Al spinels in picritic lavas. Both zoned and
unzoned high-Al spinels, similar in Al content to the more
aluminous of the Lamont seamount spinels, were previ-
ously interpreted as representing high-pressure relicts, on
the basis of (l) scant experimental evidence that the AI
content of spinels increases with pressure (Green et al.,
197 l;Jaques and Green, 1979;'P. Roeder, pers. comm.,
1987) and (2) the observation that spinels in lherzolite
nodules are typically aluminous. Dick and Bullen (1984)
suggested that pressure may affect spinel composition by
changing the melt/spinel partitioning coefficient for Cr,
because of increased octahedral melt sites with pressure
resulting in increased Cr solubility in the melt.

The presence of Al-rich, skeletal rims of groundmass
spinels surrounding Cr-rich spinel cores in the Lamont
seamount lavas clearly shows that Cr-spinel with Cr/(Cr +
Al) as low as 0.2 can crystallize at low pressures. We
therefore believe that the presence of Al-rich spinels in
MORBs may not represent high-pressure processes but
may instead reflect low-pressure equilibrium crystalliza-
tion, magma mixing, or wallrock assimilation. Although
more experimental work is needed to determine whether
solubility of Cr-rich minerals in melt appreciably changes
over the pressures of interest, we wish to note that the
difference in the l-bar molar volumes between FeCrrOo
(chromite) and MgAl,Oo (spinel) is on the order of l0o/o
(4.4010 vs. 3.9710 J/bar, respectively; Robie et al., 1978).
The compositional effect of the AZof the exchange equa-
tron

(MgAlrOo)"o + (FeCr,Oo)'io = (FeCrzOo)"o
+ (MgAlroo)rio (3)

is likely small, when compared to the very large difer-
ences in spinel composition [i.e., Cr/(Cr + Al) variation
of 0.2-0.541 caused by the minor variations in host-lava
composition as seen in the Lamont seamount lavas. This
observation implies that a quantitative geobarometer
based on spinel-liquid exchange may be a difficult prob-
lem to implement, because of the difrculty of separating
pressure efects from compositional effects.

Coxcr-usroNs

1. Cr-rich spinels from the near-ridge Lamont sea-
mounts and from the adjacent EPR crest at l0'N occur
in lavas that contain greater than 260 ppm Cr and that
have M/(Mg + Fe'z+) greater than 0.61.

2. These Cr-rich spinels vary systematically in com-
position with host-lava composition and "primitive-
ness," as measured either by normative Ol/(Ol + Diop)
ratios or Mg/(Mg * Fe2+), with spinels richer in Cr- and
Fe'?+ crystallizing from the more evolved lavas.

3. Recasting of spinel compositions in terms of ther-
modynamically relevant components representing ex-
change reactions allows the determination of whether

Y=16.n31g,I2/snl!",
Fig. 10. Compositional zoning in selected strongly zoned or

complexly zoned spinels from the groundmass of F2-l (stars)
and F2-2 (circles); interiors of spinels are shown by solid sym-
bols, and spinel rims are shown by open symbols. Arrows indi-
cate direction of core to rim, and the analyses numbers are also
given for reference.

Cr-rich spinels are in equilibrium with the host liquid'
Specific examples given here show that large ranges in
spinel Crl(Cr * Al) content within a given lava reflect
incorporation of xenocrystal spinels that crystallized from
a silicate liquid of different Mg/(Mg * Fe'z+) content than
the host magma and likely reflect magma mixing in a
shallow magma chamber just prior to eruption.

4. Al-rich (to over 47o/o Al'O' by weight) groundmass
spinels and skeletal groundmass rims in "primitive" la-
vas clearly show that Al-rich spinels crystallize at low
pressure and that Al-rich cores ofreversely zoned spinels
may in some cases represent magma mixing or wallrock
assimilation rather than represent high-pressure relicts
(e.g., Sigurdsson, 1977).

5. The Cr content of spinels within a given lava has
little relationship to host-liquid Cr content. Instead, spi-
nel Cr is indirectly controlled by the hostJava Al, Fe2*,
and Mg contents through reciprocal exchange reactions
in a manner that is qualitatively but not yet quantita-
tively predictable. This observation, coupled with the ob-
servation that these elements in spinel (particularly Al)
strongly covary with small changes in host-liquid com-
position, indicates that quantitative use of Cr-rich spinels
as geobarometers will be a difficult problem to imple-
ment. Nevertheless, these same observations show that
Cr-rich spinels are powerful petrogenetic tools for pro-
viding information about interaction between silicate liq-
uids or silicate liquids and solids.
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