
tionan. events occurred outside the peat and 
a l~uv id~  deposi t i~nal  areas in \vhich plants 
are most often presened. 
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Cumulate Xenolith in Oahu, Hawaii: Implications for 
Deep Magma Chambers and Hawaiian Volcanism 

The maximum depth at which large (>lo00 krn" terrestrial mafic magma chambers 
can form has generally been thought to be the Moho, which occurs at a mean depth of 
about 35 kilometers beneath the continents and 8 kilometers beneath ocean basins. 
However, the presence of layers of cumulus magnesium-rich spinel and olivine and 
intercumulus garnet in an unusual mantle xenolith from Oahu, Hawaii, suggests that 
this rock is a fragment of a large magma chamber that formed at a depth of about 90 
kilometers; Hawaiian shield-building magmas may pond and fractionate in such 
magma chambers before continuing their ascent. This depth is at or near the base of the 
90-million-year-old lithosphere beneath Oahu; thus, rejuvenated stage alkalic magmas 
containing mantle xenoliths evidently also originate below the lithosphere. 

H E  DEEPEST LEVEL AT W H I C H  A 

large ~nafic magma chamber can 
form depends ~ l p o n  the cstent of 

dynamic equilibrium maintained benveen 
magma in the chamber and the \vall rock 
and the balance benveen the deviatoric stress 
and lithostatic pressure in the mantle tvhere 
the magma chamber may be located. hIagnia 
chambers beneath the ocean ridges are not  
thought to  form belo\v the petrologic 
Moho, that is, 8 t o  1 0  km below sea level 
(1-3). Seismic studies h a \ r  been able to  
detect shallo\v niagnia chan~bers  and magma 
pathtvays (.I), but  so  far have failed to  detect 
deep (-100 knl), large magma chambers 
beneath the ocean basins, perhaps because 
of resolution problems. The  deepest conti- 
nental magma chambers are generall!. 
thought to  occur near the Moho  [mean 
depth -35 km (1  11. Inferences o n  physical 
and chemical attrihutcs o f  terrestrial magma 
chdmbers ha\,e emerged largely thro~rgh 
studies of  v e n  large (2 1000 lull') layered 
intrusions. \vhich represent frozen magma 

- 

C; Sen. Gcolnp Deputmcnt. Floricla Intern.ition.~l I.nl- 
vcrslm. 511.1rn1. FL 33199 
R. F.. Jones, 1)epanmcnt (if Eanh aici S p x c  S ~ ~ c n c c s .  
Cnl\crsin. ~ i C C a l ~ k ~ r n l ~ ,  1.0s .\ngclcs. C.4 90024. 

c h m b e r s  exposecl at the surface (2). These 
cl~ambers contain a characteristic rock F p e ,  
cumulates. \vhich formed b!. cnstallization. 
accumulation, and segregation of  early c n s -  
tallizing minerals (cumulus) from the mag- 
mas ( I ) .  In this report n.e suggest that a 90- 
km-deep magma chamber n.as present be- 
neath the isl'md o f  Oahu  on the basis of  a 
garnet-bearing cumulate scnolith with lay- 
ered texture. 

The evolution o f  a [!,pica1 Halvaiian vol- 
can(> is marked by four ditti-rent stages (j). 
In the initial preshield stage. di\.crse lava 
t\.pcs (basanite to  tholeiitel erupt. Nest, in 
the shield stage ( the  main stage), volunli- 
nous eruptions of dominantly tholeiitic la1.a~ 
occur and a caldera de\.elops. The  shield 
stage is usually follon.ed b!. postshield stage 
\vhcn alkalic basalt (and its differentiates) 
erupts. fills the collapsed caldera. and forius 
a thin cap o\.cr the sl~icld.  In the reju\,enated 
stage, t\,pically follon.ing a period of  quies- 
cence and erosion. small \.olumes of  akalic 
niagm'xs, many ca rn ing  mantle scnoliths. 
erupt t h roug l~  sn-la11 vents scattered across 
the shield. 

The eastern part o f  OLIILI is built o f  ,I 

large. tholciitic shjcld \.olcano, kno\vn as the 
Koolau volcano (.i), that formed 1 .8  to 2 . 7  

million vears ago. Follo\ving cessation o f  
tholeiitic basalt eruption. reju\.enated stage 
alkalic lavas of  the Honolulu Volcanics 
(HV) erupted 0 .3  t o  0 .6  million !.ears ago 
through se\.eral vents that cut across the 
volcano ( 6 ) .  The  H V  lavas contain a large 
number of  ~nant le  . ~ n d  crustal s e i l~ l i th s  tk0111 
a range o f  depths ( 7) ;  spinel lherzolites are 
the most 'xbundalt upper mantle xenoliths. 
Garnet-bearing pvrose~lites. ~vehrlites, tveb- - .  

sterites, a i d  Iherzolitcs arc much less com- 
mon  ,md occur only at the Salt Lake crater at  
the south\vestern Hank of  the Koolau shield 
volcanino (8). The  spillel he rzo l~ te s  are sam- 
ples of  \ ariabl\ enriched mantle lithosphere. 
k d  the garnet-bearing rocks are fragnlents 
of 60-  t o  80-krn-deep dikcs ( 9 ) .  Dunite 
xenoliths are also common. and the!. repre- 
sent cumulates that formed in cnlstal mag- 
ma chambers (m,t\imurn depth - 15 km) of  
the Koolau \ olcano ( 10) 

i\'e identified a garnet- and spinel-bearing 
cumulate dunite [sa~nple  no. N S I N H  
114881-8, Dale Jackson Collecaon, Smith- 
sonian Institution] that \v'xs h u ~ i d  to  occur 
as ,m inclusion (scnolith) in H\- la\.as ti-orn 
the Salt Lake crater. In this rock. discontinu- 
ous layers of cumulus spinel grains are inter- 
lavercd \vith cumulus oli\ ine grains. Garnet 
occurs as an intercumulus phase in both 
layers and in the transition zone ( m i ~ e d  
olivine and spinel la\.er\ ben\.een adjacent 
spinel mind olicine la!.ers (Fig .  1 ) .  Grain sizes 
of  the cumulus phases v a n  cons~dcrabl!. 
e \ r n  in a single layer (Fig.  1A) .  Small (0 .25  
mm') round sninel inclusions are common 
in olivine grains of  the niised olivine ,md 
spinel layer. but olivine grains of  the olivine- 
rich layers are generally frce o f  spinel inclu- 
sions. Spinel grains in the spinel layers are 
coarse to  medium size 12 to  7 nun') and 
euhedral t o  round. Cumulus olivine cnstals 
are mostl\ rounded, ,I texture suggesting 

that thev were a reaction rel'xti~n n ~ t h  the 
niagm'~. O ~ t h o p y r o ~ e n c  forms ,I thin rim 
benvccn spinel ad garnet, ancl it m'xy ha\,c 
formed by some late re,tction beni ccn gar- 
net, spinel. and the magma, such as spincl 
t magma = garnet t orthopyroxenc. Large 
(2  mni)  plnlogopitc grains also occur inter- 
stitially in one area of  the scnolith. A'hether 
the phlogopite cnstallized from the intersti- 
tial melt ( that  is, p r i m a n )  o r  n,as a later 
product ofnictasoniatic cnst'11lization is not 
clear. The  petrographic obscn,ations suggest 
that ( i )  initially spinel ,tnd oli\.inc cnstal-  
lized together as cumulus phases (spinel may 
have started earlier i ~ n d  (ill intercumulus 
garnct later formed ~nterstitiall\ The  laver- 
ing ma\ have formed bv in situ oscillaton 
cn.stalli7ation processes of  the n pc pro- 
posed for layerxl i n t n ~ s i o ~ i s  ( 1 ) .  In  se\ era1 
continental Iavcrcd intrusions, such '1s thc 
Stillwater intrusion, alternate la!.ers o f  spinel 
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and olivine occur. however. in these the 
spinel is a h m i k  (1) and not a pleonaste 
spinel of the type found in the xenolith 
(Table 1). The most significant difference 
between cumulates of layered intrusions and 
this xenolith is the presence of garnet in the 
xenolith, which indicates that it formed 
within the uppermost mantle. On the basis 
of the textural similarities between this xe- 
nolith and those in continental layered in- 
trusions and cumulate sections of ophiolites, 
we thus argue that this xenolith originally 
formed by cumulus processes similar to 

j I rnet 

Fig. 1. (A) Layered cumulate texture of xenolith 
N M M I X  114881-8. The dark layer is dominant- 
ly composed of euhednl cumulus grains of spinel. 
The colorless layers are olivine (plane polarized 
light; 70 mm lengthwise). (B) A dose-up of a 
e u h d  spinel and small round spinel grains 
enclosed in intercumulus garnet (plane polarized 
light; 9 mm lengthwise). (C) Back-scattered elec- 
tron photograph of resorbed spinel, intercumulus 
garnet, and orthopyroxene rim containing suing- 
ers of broken down spinel (length of the long bar 
is 100 v). Sp, spinel; Ol, olivine; Cpx, dinopy- 
mxene. 

those that have been inferred fbr crustal 
layered intrusions. 

Although the size or shape of the magma 
chamber in which this cumulate r d  
formed ace matters of speculation, it is un- 
likely that it formed in a small dike or sill- 
like chamber. This conclusion is based on 
the observation that garnet pyroxenite xeno- 
liths of Oahu that have been inferred to 
represent deep-seated (75 km) veins, dikes, 
and sills (9) do not have a cumulate texture. 
Therefore, by analogy with crustal layered 
intrusions, we hypothesize that the cumu- 
late xenolith formed in a relatively large 
(perhaps -1000 km3) magma chamber. 

We determined the compositions of the 
minerals of this xenolith with a M e c a  
elearon mimprobe using the techniques of 
Sen and Jones (1 1). Individual grains of all 
phases are compositionally homogeneous 
within analytical uncertainty. Olivine is F* 
(Table l) ,  a composition that overlaps with 
that of olivines in the dunite-suite xenoliths 
of Oahu that have been interpreted as de- 
fbnned cumulates (10). Spinel is highly alu- 
minous and Ti- and Cr-poor and is similar 
to the spinel in pyroxenite-suite xenoliths of 
Oahu, which have been interpreted to be of 
magmatic origin (9). There is si@cant 
difference in CrIAI ratios between large eu- 
hedcal spinel grains and small irregular 
stringers that are dispersed throughout the 
orthopyroxene (Table 1). Garnet (v64- 
Grl4AlrnZz) is also compositionally similar 
to that of the pyroxenite-suite xenoliths of 
Oahu (9). Orthopyroxene is strongly alumi- 
nous but has a variable Al content (Table 1 
presents two extreme compositions), which 

suggests disequilibrium. 
Liquidus phase .relationships on the join 

diopside-enstatite-pyrope-grossular in the 
system CaO-MgO-A1203-SiOz (CMAS) 
have direct relevance to the conditions of 
crystahation of this cumulate rodL In the 
phase diagram of Kushiro and Yoder (12), a 
piercing point (u in Fig. 2) representing the 
isobaric univariant curve fo + sp + gt + 1 
(13) occurs on this join at 26 kbar. We infm 
that initial crystallization of cumulus olivine 
and spinel occurred in a magma chamber 
along the divariant surface 01 + sp + 1. In- 
tercumulus crystallization of garnet oc- 
curred when the composition of the intersti- 
tial magma reached the univariant line 
01 + sp + gt + 1. Furthermore, the resorp- 
tion texture shown by the olivine crystals 
substantiates the experimental detennina- 
tion that the piercing point u is indeed a 
tributary reaction point (12) where olivine is 
consumed. This piercing point vanishes at a 
pressure between 26 and 20 kbar because of 
the expansion of the spinel liquidus field at 
the expense of garnet liquidus field at lower 
pressures and replacement of the piercing 
points gt + fo + di + 1 and sp + gt + 
fo + 1 with two new piercing points, name- 
ly, g t + d i + s p + l  and s p + f o + d i + l  
(Fig. 2). M o r e ,  the minimum pressure 
at which the observed cumulus and intercu- 
mulus phase assemblages of the xenolith 
could have formed is between 20 and 26 
kbar because the univariant line (and the 
piercing point) along which such an assem- 
blage would crystallize does not occur at a 
lower pressure. At a pressure of about 28 kb, 
or the forsterite liquidus field collapses en- 

Tabk 1. Composition of constituent minerals of 114881-8. Eu, big euhedral spinel grains; Irr, small 
imgular spinel grains in association with orthopyroxene reaction rim between garnet and spinel; Oxy, 
number of oxgens per formula unit. The number in parentheses is total number of grains analyzed. 
High cation totals d e c t  the presence of Fe3+. 

SiO, 
TiOz 
a 0 3  

0 2 0 3  

Feo* 
MnO 
NiO 
MgO 
Cao 
Total 

Oxy 
Si 
Ti 
A1 
Cr 
Fe 
Mn 
Mg 
Ca 
Total 

*Hi-Al orthopymxm. tbw-Al othopymxcnc f T d  Fe. 
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tirely and thus the tributary piercing point 
gt + sp + fo + 1 vanishes. Therefore, on the 
basis of the phase diagram of Kushiro and 
Yoder. the maximum ~ressure at which the 
xenolith may have cryskllized is between 26 
and 28 kbar. In Kushiro and Yoder's dia- 
gram the garnet compositional field is con- 
tinuous between grossular and pyrope. On 
the basis of new experimental evidence, Mil- 
holland and Presnall (14) pointed out that 
Kushiro and Yoder's diagram is incorrect 
and suggested that the garnet compositional 
field is discontinuous and that there are two 
separate primary phase fields-one for py- 
rope-rich garnet and the other for the gros- 
sular-rich garnet. The garnet in the xenolith 
is pyrope-rich. The univariant line of inter- 

A CaO 

Fig. 2. Schematic isobaric liquidus phase diagram 
of the system CMAS (A) at 26 kbar (12) (di, 
diopside; fo, forsterite; sp, spinel; py, pyrope; gr, 
grossular; en, enstatite). (B) Schematic isobaric 
univariant curves (thick lines) in the Gr-Py-Fo-Qz 
part of the system. The ruled and dotted planes 
represent divariant surfaces, and the shaded plane 
is the join Gr-Di-En-Py. u represents a piercing 
point made by the univariant curve 
1 + fo + sp + gt on the join Gr-Di-Py-En (1, 
liquid). Liquidus volumes of sp, gt, and fo are 
shown. (C) The piercing point u and the three 
other piercing points and the fo + I field on the 
join Gr-Di-En-Py, as determined by Kushiro and 
Yoder (12), are shown [drawn after (12)l. 

est in the revised CMAS system is thus 
fo + py + sp + 1, and it occurs only at pres- 
sures above 30 kbar. Although in the CMAS 
system the liquid coexisting with the olivine, 
spinel, and pyrope along the univariant line 
is tholeiitic, Milholland and Presnall (14) 
suggested that the liquid could be alkalic in a 
natural magmatic system at 30 kbar. Overall, 
therefore, the mineralogy and texture of the 
xenolith and the revised phase relations sug- 
gest that it crystallized at a pressure of at 
least 30 kbar. This pressure corresponds to 
an approximate depth of about 90 km, 
which is at or near the base of the litho- 
sphere beneath Oahu (9). The above estima- 
tion assumes that the phase relations in the 
CMAS system closely approximate those in 
natural mafic magmas, as has been argued 
by many workers (12). 

In summary, the garnet-bearing cumulate 
may have formed in a large mafic magma 
chamber at or near the base of the litho- 
sphere beneath Oahu. The parent magma 
from which this cumulate crystallized may 
have been tholeiitic or alkalic (if other com- 
ponents do affect the CMAS phase rela- 
tions). The occurrence of interstitial phlogo- 
pite may not be taken as a clue to the alkalic 
or tholeiitic parentage inasmuch as it is not 
certain whether this phlogopite is metaso- 
matic or primary. Furthermore, the lack of 
appropriate experimental data concerning 
phlogopite stability in a differentiated mafic 
liquid at high pressure prohibits speculation 
on the magmatic parentage of the rock on 

the basis of phlogopite alone. 
The parent magma of this cumulate xeno- 

lith was most likely not related to rejuvenat- 
ed stage alkalic lavas for the following rea- 
sons. First, during crystallization of a man- 
tle-derived primary basaltic magma at high 
pressure, a highly forsteritic olivine crystal- 
lizes at a higher temperature than clinopy- 
roxene, and as the magma cools, the olivine 
becomes more Fe rich. Therefore, the oliv- 
ine crystallizing with clinopyroxene will 
have a higher Fe content than the olivine 
(without cpx) that would crystallize at a 
higher temperature from the same magma. 
The olivine in the cumulate xenolith (Foe4) 
is less forsteritic (more Fe-rich) than the 
most Mg-rich olivine (Foss) of the pyroxe- 
nite suite xenoliths, which contain a large 
amount of clinopyroxene and have been 
interpreted as high-pressure precipitates 
fiom rejuvenated stage HV parent magmas 
(8). Hence, the olivine compositions rule 
out any petrogenetic relation between the 
cumulate and pyroxenite suite xenoliths 
[and rejuvenated stage HV magmas parental 
to the pyroxenites (8)]. Second, the field 
where clinopyroxene is on the liquidus in 
the basalt tetrahedron expands at higher 
pressures, and therefore, a primary basalt 
magma will crystallize greater amounts of 
clinopyroxene at a higher pressure [(8) and 
references therein]. Pyroxenite suite xeno- 
liths, which contain similarly forsteritic oliv- 
ine as the layered cumulate, appear to have 
crystallized at a maximum pressure of 25 

Fig. 3. A schematic general 
model [modified after (8)] 
illustrating possible litho- 
spheric processes and mag- 
matic evolution in Hawaiian 
volcanoes. In the shield 
forming stage (left) magmas 
segregate from the plume 
and possibly from the sur- 
roundmg asthenosphere and 
collect in deep magma 
chambers at -90 km. The 
garnet dunite xenolith is a 
fragment of a cumulate pile 
from a magma chamber be- 
neath the Koolau shield vol- 
cano. The number, size, and 
shape of magma chambers 
beneath any volcano are a 
matter of speculation, and 
the ones shown are schemat- 

Reiuvenated 

Depth Shield volcano Shallow staae eru~tions 

(km)- 

.1 
30 

60 

90 

eepest earthquakes 

- 

- 

- 

ic only. Heating of the litho- [.:.::I ,,Iume ::.::'I 

sphere and pr6bable Cr-en- 
richment and Fe-depletion Shield stage Rejuvenated stage 

[1.2 m.y. later] 
of the surrounding litho- 
sphere by reactive passing magmas likely cause deepening of the transition from spinel lhenolite to 
garnet lhenolite down to a depth of about 75 km (8). The rejuvenated stage is represented by the 
eruption of xenolith-bearing alkalic Honolulu Volcanics on Oahu, 1.2 million years after the cessation 
of tholeiitic volcanism (Koolau). Because the system has now moved off the hot spot, the lithosphere 
has cooled and is deeper. In sharp contrast to the tholeiites, which pond at various depths during their 
ascent, the xenolith-bearing alkalic lavas probably rise rapidly and continuously from the mantle (7). 
The conduit system (4, 7) used by the tholeiites (which is preserved as frozen intrusions) is not shown in 
the right half of the diagram in order to maintain clarity. See text for further details. 
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kbar (4, which is 5 kbar lower than the 
likely pressure of cumulate crystallization. If 
the layered cumulate were a precipitate from 
the parent magma of the pyroxenites (that 
is, HV parent magmas), then it should have 
had a higher content of clinopyroxene and 
certainly not be devoid of this phase. There- 
fore, we consider it unlikely that the parental 
magma of the xenolith was related to the 
rejuvenated stage alkalic HV lavas. On the 
other hand, the magma from which the 
xenolith crystallized could represent the ulti- 
mate parent of the Koolau tholeiites because 
post-shield alkalic magmas did not erupt on 
Koolau. These magmas may have been gen- 
erated at a minimum depth of about 90 km 
and underwent ponding and fractionation in 
deep magma chambers before ascenhng and 
fractionating further m shallow crustal 
chambers and then finally erupting through 
the shield volcano. 

Seismic studies of the currently active 
Kilauea volcano on Hawaii suggest that 
earthquakes record the ascent of magma 
through the lithosphere (4). The foci of the 
majority of the deep earthquakes are about 
60 krn, which has been suggested to be the 
depth at which magma accumulates before 
its explosive ascent (4). The xenolith that we 
have described, however, indicates that a 
large magma chamber was present at signifi- 
cantly greater depth beneath Koolau volca- 
no. Data from Nd, Sr, and He isotopes 
indicate that in general, Hawaiian tholeiites 
carry a chemical signature of a deep plume in 
the mantle beneath Hawaii (8, 15). Thus, 
Hawaiian shield-building magmas may orig- 
inate at deeper levels and pond at about 90 
km. The general absence of earthquakes 
below 60 km beneath Kilauea indicates that 
the upper mantle below that depth behaves 
in a ductile manner and that magma rises 
diapirically rather than by fracturing (16). 
As the magma reaches 60  km depth, howev- 
er, it enters a more brittle lithosphere and 
continues its ascent by way offractures. The 
occurrence of veined xenoliths, which repre- 
sent magma-filled fractures, from 75 to 80 
km (9) and of the cumulate xenolith in the 
Honolulu Volcanics of Oahu suggests that 
about 1.2 million years after the Koolau 
tholeiitic magmatism stopped and the volca- 
no moved away from the hot plume, the 
brittle-ductile transition beneath the Koolau 
volcano descended to about 90 krn depth. 

Another important implication of this xe- 
nolith is concerned with the generation of 
the post-shield Honolulu Volcanics in 
which this xenolith occurs as an inclusion. 
On the basis of Nd and Sr isotopic similarity 
(that is, depleted character) between HV 
and mid-ocean ridge lavas (which are gener- 
allp believed to have been extracted from the 
lithospheric mantle), Chen and Frey sug- 

gested that HV magmas were generated by 
partial fusion of thelithosphere (15). H o w  
ever, in order for a HV magma to entrain 
this xenolith, at least some of the magma 
must have formed at or near the base of the 
lithosphere or within the asthenosphere. 

A petrologic model of the Hawaiian litho- 
sphere was presented by Sen (7) on the basis 
of mantle xenoliths from Oahu; the infer- 
ences made above necessitate a revision of 
this model (Fig. 3).  As the lithosphere 
moves over the hot plume, shield-building 
tholeiite magmas separating from the plume 
(and surrounding asthenosphere) initially 
accumulate and fractionate in chambers near 
the base of the lithosphere. Fractionation of 
olivine, spinel, and garnet from these mag- 
mas leads to residual basaltic magmas with 
higher absolute abundances of rare earth 
elements (REE) and relatively light REE- 
enriched (chondrite-normalized) character. 
These differentiated magmas then leave the 
chambers and rise first through a ductile 
region, and then above -60 km through 
fractures in the brittle lithosphere. In the 
rejuvenated (or HV type) stage, descent of 
the brittle-ductile transition to about 90 km 
beneath Oahu allows post-shield magmas, 
generated from the asthenosphere, to carry 
xenoliths from this depth. 
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Redox Regulation of Fos and Jun DNA-Binding 
Activity in Vitro 

The proto-oncogenes c-fos and c-jun function cooperatively as inducible transcription 
factors in signal transduction processes. Their protein products, Fos and Jun, form a 
heterodimeric complex that interacts with the DNA regulatory element known as the 
activator protein-1 (AP-1) binding site. Dimerization occurs via interaction between 
leucine zipper domains and serves to bring into proper juxtaposition a region in each 
protein that is rich in basic amino acids and that forms a DNA-binding domain. DNA 
binding of the Fos- Jun heterodimer was modulated by reduction-oxidation (redox) of 
a single conserved cysteine residue in the DNA-binding domains of the two proteins. 
Furthermore, a nuclear protein was identified that reduced Fos and Jun and stimulated 
DNA-binding activity in vitro. These results suggest that transcriptional activity 
mediated by AP-1 binding factors may be regulated by a redox mechanism. 

A VARIETY OF SYSTEMS HAS EVOLVED formation of specific protein-DNA com- 
in prokaryotic and eukaryotic cells plexes (1). A class of genes, including c-jos 
for coupling environmental signals and c-jun, encodes inducible transcription 

to the selective regulation of gene expres- factors that function as intermediary tran- 
sion. These have in common the ultimate scriptional regulators in signal transduction 
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