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11. DETERMINATION OF PRIMITIVE MELT COMPOSITION IN THE NORTH ATLANTIC
SEAWARD-DIPPING REFLECTOR SEQUENCESFROM CR-RICH SPINEL COMPOSITIONS!

James F. Allan,? Lance Forsythe,® and James H. Natland*

ABSTRACT

Coring during Ocean Drilling Program and Deep Sea Drilling Project Legs 163, 152, 104, 81, and 38 recovered sequences
of altered basalt from North Atlantic seaward-dipping reflector sequences (SDRS) erupted during the initial rifting of Green-
land from northern Europe and likely associated with excessive mantle temperatures caused by an impacting mantle plume
head. Cr-rich spinel is found abundantly as inclusions and groundmass crystals within the olivine-rich lavas of Hole 917A
(Leg 152) cored into the Southeast Greenland SDRS, but only rarely as inclusions within plagioclase in the lavas of the Vering
Plateau SDRS, and it is absent from other cored SDRS lavas from the Rockall Plateau and Southeast Greenland. Eruptive melt
compositions determined from inferred, thermodynamically-defined, spinel-melt exchange equilibria indicate that the most
primitive melts represented by Hole 917A basalts have Mg/((Mg + Fe?*) at least as high as 0.70 and approach near-primary
mantle melt compositions. In contrast, Cr-rich spinels from Hole 338 (Leg 38) lavas on the Vering Plateau SDRS give evi-
dence for melt with Mg/(Mg + Fe?*) only as high as 0.64. This study underlines that primitive melts similar to those from Hole
917A comprise only asmall fraction of the eruptive North Atlantic SDRS melts, and that most SDRS basalts were, in fact, too
evolved to have precipitated Cr-rich spinel, with true melt Mg/(Mg + Fe**) likely below 0.60. The evolved nature of the SDRS
basaltsimplies large amounts of fractionation at the base of the crust or deep within it, consistent with seismic results that indi-

cate an abnormally thick Layer 3 underlying the SDRS.

INTRODUCTION

An important geological breakthrough of the past decade has
been the realization that mantle plumes play an important rolein the
breakup of continents. Recent models have centered around the role
that plume head impingement on continental lithosphere plays in
crustal thinning and breakup, accompanied by massive volcanic ac-
tivity (e.g., White and McKenzie, 1989; Richards et a., 1989;
Campbell and Griffiths, 1990). Evidence for thisvolcanic activity in
the early Tertiary North Atlantic volcanic provinceis supplied both
by land exposures and by seaward-dipping reflector sequences
(SDRYS) that are on the continental shelf and slope. The volcanic na-
ture of the North Atlantic SDRS has been confirmed by drilling (Fig.
1) on Deep Sea Drilling Project (DSDP) Leg 81 (Rockall plateau),
DSDP Leg 38 and Ocean Drilling program (ODP) Leg 104 (Varing
Plateau), and ODP Legs 152 and 163 (East Greenland margin).
Characterizing the thermal structure of the impinging plumesiscrit-
ica toward understanding their effects, with estimates of the plume
core “excess’ temperatures (as compared to the surrounding ambi-
ent mantle temperatures) varying widely (100°-300° above the sur-
rounding ambient mantle; see Schilling, 1991; Ribe et al., 1995; and
Whiteet a., 1995). In addition, an understanding of the thermal en-
vironment of melting is necessary to define the nature of the plume
head as it impinges on the continental lithosphere. Fundamentally,
does voluminous basaltic volcanism result from an abnormally hot
mantle, from large amounts of decompression melting associated
with lithospheric thinning, or both? Integration of the drilling results
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with other onland studies indicates that decompression melting of a
rapidly emplaced, hot plume head was the most likely source for the
North Atlantic SDRS (Larsen and Saunders, 1998).

Samples from Legs 163 (Duncan, Larsen, Allan, et a., 1996) and
152 (Larsen, Saunders, Clift, et al., 1994; Larsen and Saunders, 1998)
defineanearly compl ete stratigraphic record of the vol canic evolution
of the East Greenland SDRS along a transect at 63°N, with inception
of subaerial basaltic volcanism dated at 61-62 Ma (Sinton and Dun-
can, 1998). These samples are valuable for studying melt generation,
transport, and storage processes during continental breakup. In addi-
tion, samples from Site 988 (at 66°N on the East Greenland margin),
together with samples from Legs 104 (Eldholm, Thiede, Taylor, et al.,
1987), 81 (Roberts, Schnitker, et al., 1984), and 38 (Tawani, Udint-
sev, et a., 1976) allow an examination of geochemical gradients away
from the proposed sites of plume impingement.

A key geochemical parameter for characterizing the crustal and
mantle thermal regime during continental breakup is the determina-
tion of melt Mg# (Mg/[Mg + Fe?*]) in the rift magmatic system (Fe**
is assumed throughout this paper to represent 90% of total Fe, crudely
approximating the quartz-fayalite-magnetite oxygen buffer). Melt
Mg# reflects a combination of the extent of partia melting (mantle
temperature) (Takahashi and Kushiro, 1983; Klein and Langmuir,
1987; Kinzler and Grove, 1992; Niu and Batiza, 1991) and crysta
fractionation (effects of cooling, primarily in the lithosphere or at its
base; Basdltic Volcanism Study Group, 1981). Picrites were recov-
ered during Leg 152, leading to possibilities that near-primary melts
were sampled (Larsen, Saunders, Clift, et al., 1994; Larsen et al.,
1998). These highly magnesian lavas may have originated from either
abnormally hot mantle or from high amounts of shallow mantle melt-
ing during continental breakup (McKenzie and Bickle, 1988; Larsen
et al., 1998). Determination of true magmatic melt Mg# compositions
for these and other SDRS lavas, therefore, would place direct con-
straints on plume head therma influence and the resulting shallow
magmatic thermal regimeduring initial rifting, subsequent continental
breakup, and early seafloor spreading.

A significant problem in the interpretation of whole-rock, major
element data from all recovered SDRS samples results from their al-
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Figure 1. Location of sites from where Cr-rich spinel
was analyzed. Circles show Legs 163 and 152 sites;
squares show Legs 104, 81, and 38 sites (modified from

tered nature and from strong textural evidence that many have accu-
mulated olivine. Both effects will skew whole-rock compositions to
higher MgO and Mg# values. Leg 152 lavas are pervasively altered
(typicaly >40% alteration, with loss on ignition (LOI) valuesto 9.5
wt%) with olivine and mesostasis completely altered and plagioclase
and pyroxene usualy partialy atered as well. This ateration in-
volved postemplacement hydrothermal circulation of seawater at
temperatures up to 170° (Demant et al., 1988). All other cored SDRS
lavas have also been affected by alteration, with complete alteration
of olivine and mesostasis (Raschka and Eckhardt, 1976; Desprairies
et a., 1984; Desprairies et al., 1989; Viereck et al., 1989; Parson et
a., 1989; Duncan, Larsen, Allan et al., 1996). During this alteration,
Mg can be exchanged for Caon aone-to-onebasis, resulting in strong
depletionsin rock CaO and strong enrichmentsin rock MgO (see Al-
lan, 1992, and references therein). Evidence for this exchangeis but-
tressed by the sediment pore-water geochemistry at Sites 917 and 918
from Leg 152, where dissolved Ca increased and Mg decreased as
basement was approached (Larsen, Saunders, Clift, et al., 1994;
Gieskes et a., 1998). In addition, accumulation of olivine during
magmatic processes has also likely raised bulk-rock Mg# in the more
olivine-rich Site 917 samples (Thy et al., 1998; Larsen, Saunders,
Clift, et a., 1994). As aresult, the compositional nature of the most
primitive SDRS meltsis uncertain.

In contrast to olivine and other silicate phases, Cr-rich spinel isro-
bust in resisting alteration, and its composition is highly sensitive to-
ward changes in host melt composition (Allan et al., 1988). In addi-
tion, the kinetics of re-equilibration of Cr-spinel with changing melt
are slow in comparison with olivine, allowing zoned spinel cores and
spinel inclusions to record evidence of earlier, more primitive melts
than those that were erupted (Allan et a., 1988). In the SDRS lavas,
Cr-spind provides the only available tool for producing direct esti-
mates of melt Mg#. In this paper, we use Cr-rich spinel to estimate
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the Mg# of the most primitive meltsin these SDRS sequences, using
the algorithms of Allan (1992, 1994). These results provide first-
order constraints on the extent of magmatic processesduring the early
opening of the North Atlantic.

SAMPLE DESCRIPTION

Samples were chosen for analysis following initial transmitted
light petrographic examination of thin sections, followed by more de-
tailed examination of polished thin sections cut after sampling of
core.

Varing Plateau SDRS

Despite examination of over 100 thin sections covering virtually
al Leg 38 samples, Cr-rich spinel was found only in plagioclase-
phyric lavas from asmall portion of Leg 38 Hole 338. A general pet-
rographic description of these rocksis givenin Talwani, Udintsev, et
d. (1976), but, because of sampling problems, these lavas are de-
scribed in greater detail. Numerous errors exist in core photograph
captions given throughout Talwani, Udintsev, et a. (1976). For the
spinel-bearing cores, the published photograph of Section 38-338-
43-2 is actually Section 38-338-42-3; similarly, the photograph of
Section 38-338-43-3 is actually 38-338-43-2, and that of Section 38-
338-43-4isactually 38-338-43-3. Thetrue photograph of Section 38-
338-43-4 wasn't published. Cr-spinel is found within two lava flows
within amapped three-lava-flow sequence within these sections. This
sequence was originally mapped as a single dike or sill by Tawani,
Udintsev, et a. (1976). The top of the sequenceis characterized by a
nearly totally atered breccia zone; the three moderately to highly al-
tered lava flows (here designated as Units 1, 2, and 3) are differenti-



ated by vesicle-rich zones in the manner described for the East
Greenland SDRSlavas (Larsen, Duncan, Allan et a., 1995). Likethe
East Greenland SDRS lavas, they erupted subaerially judging from
presence of the brecciazone and the lack of marginal quench. Cr-rich
spinel from Leg 38 samples arefound exclusively as occasional, sub-
hedral to euhedral inclusions, from 20 to 100 pm in size, within Unit
1 and 2 plagioclase phenocrysts. Examples of the shapes and sizes of
theseinclusionsare givenin Figure 2. Unit 1, extending from Section
38-338-42-2, 66 cm to Section 38-338-43-4, 110 cm, consists of
moderately to highly plagioclase phyric basalt with a fine-grained,
highly altered, holocrystalline groundmass. Plagioclase phenocrysts
make up 5%-10% of therock, are up to 3 mm in size, and commonly
arefound as glomerocrystsup to 1 cmin size. Isolated crystals of an-
hedral-subhedral clinopyroxene and euhedral olivine are greatly sub-
ordinate, making up <1% of the rock and are <1 mm in size. Olivine
and the fine-grained mesostasis (30%—-35%) are totally altered to
greenish-brown clays. Unit 2, extending to Section 38-338-45-2, 34
cm, isless crystal rich and much less glomeroporphyritic, with 2%—
3% blocky plagioclase phenocrysts (up to 5 mm) and larger amounts
of anhedral-subhedral clinopyroxene and euhedra olivine (2%-3%
each, up to 2 mm in size). Olivine and the fine-grained mesostasis
(15%—20%) are totally altered to greenish-brown clays. Unit 3, ex-
tending to Section 38-338-45-2, 150 cm, does not contain Cr-rich
spinel.

Cr-rich spinel was reported from a relatively primitive Leg 104
dike sample and as “traces of chromite as inclusions’ in other un-
named samples (Viereck et a., 1989). Nevertheless, subsequent ex-
amination by the first author at the ODP East Coast Core Repository
of thisdike sample and of 86 other Leg 104 thin sections covering the
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entire recovery found no evidence of Cr-rich spinel. A few samples
from the relatively primitive chemical formation USC in Hole 642E
Upper Series (with whole-rock Mg#s that average 0.68 and Cr that
may exceed 300 ppm; Viereck et a., 1989) should have been able to
precipitate Cr-rich spinel (e.g., Allan et a., 1988), but apparently did
not. Most Leg 104 lavas are too evolved to carry Cr-rich spinel, espe-
cialy those of the evolved Lower Series (Parson et al., 1989).

Rockall Plateau SDRS

Leg 81 thin sections were unavailable for examination at the time
of this study, but no reports of finding Cr-rich spinel in these samples
have been made in the literature (Harrison et al., 1984; Joron et al.,
1984; and Richardson et al., 1984). Moreover, few Leg 81 samples
reported in these studies have Mg# higher than 0.60 and Cr higher
than 300 ppm (most are well below 200 ppm Cr), with these more
primitive samples being of a doleritic character and, therefore, un-
likely to carry Cr-rich spinel (because of Cr partitioning into clinopy-
roxene and making the Cr-rich spinel unstable).

Southeastern Greenland SDRS

Cr-rich spinel is absent from the Leg 163 lavas and from sites
other than Site 917, cored during Leg 152. In contrast, petrographic
analysisof the moreprimitive, olivine-rich lavas of Hole 917A shows
them to have abundant Cr-rich spinel. Because of the extensive de-
scriptions of these samples in Larsen, Saunders, Clift, et a. (1994),
only a short, dightly modified summary is presented here. It should
be noted that the Leg 152 shipboard party described unpolished thin

Figure 2. Backscattered electron images of examples of Cr-rich spinels from Hole 338. All represent inclusions within plagioclase. Numbers and letters repre-

sent point analyses and analytical transects given in Table 2 and Figure 7.
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sections, leading to inevitable underestimates of the occurrence and
abundance of Cr-rich spindl.

Larsen, Saunders, Clift, et a. (1994), amplified by Fitton et al.
(19984, 1998b), Larsen and Saunders (1988), and Saunders et al.
(1998), divided the igneous recovery at Hole 917A into 92 volcanic
units grouped into three subaerial igneous series. The Lower Series,
comprised primarily of pahoehoe and aa basaltic lavas, and the Mid-
dle Series, comprised of evolved aa lavas and several ashflows,
erupted from large, long-lived, crustally contaminated reservoirs,
with shallowing of the crustal reservoirs with time. The generally
more primitive Upper Series consists of thinner pahoehoe flows
showing little evidence of crustal contamination and were likely
erupted from smaller, more ephemeral reservoirs. Larsen, Saunders,
Clift, et a. (1994) speculated that the Upper Series was derived from
partial melting of more MORB-like mantle, and it represented the
final phase of continental breakup of the southeast Greenland margin,
with Fitton et al. (1998b) emphasizing that most of the Hole 917A
suite was derived from MORB-like mantle. Other work (Fram et al.,
1998) proposes that the Upper Series is actually more complex and
can be broken into two groups derived from normal MORB and de-
pleted Icelandic plume mantle, respectively.

Cr-rich spinel isfound in nearly all of the aphyric olivine basalt,
olivine-phyric basalt, and picrites that make up the Upper Series. OI-
ivine phenocrysts are the differentiating feature of these lavas, with
picritesdefined as containing >15% olivine phenocrystsin hand sam-
ple (or >25% olivine phenocrysts in thin section) and showing evi-
dence of olivine accumulation (Larsen, Saunders, Clift, et al. 1994).
Olivine-phyric basalts were defined as containing from 1%—-15% ol -
ivine phenocrysts in hand specimen (15%—22% olivine in thin sec-
tion); olivine phenocrysts are uncommon but visible in hand speci-
men in the most commonly present aphyric olivine basalt (but con-
tain 5%-18% olivine in thin section).

Cr-rich spind is absent from the evolved Middle Series and from
the more evolved aphyric basalts and plagioclase-dominated basalts
of the Lower Series. Nevertheless, it isfound abundantly in the more
primitive picrites and olivine-phyric basalts of the Lower Series, and
is also found in the Lower Series aphyric olivine basalts, olivine-
plagioclase-phyric basdts (1%-5% olivine phenocrysts and 1%6-8%
plagioclase phenocrysts), and alivine-plagioclase-pyroxene basalts
(>1% olivine, plagioclase, and clinopyroxene phenocrysts).

The groundmass of both Upper and Lower Series lavas may be
quite coarse, with subophitic and holocrystalline, intergranular tex-
tures commonly defined by the groundmass plagioclase, clinopyrox-
ene, and Ti-rich magnetite. They are moderately to heavily altered,
with all of the olivine and fine-grained mesostasis altered to second-
ary clays, with plagioclase and pyroxene (including occasional ortho-
pyroxene) usually being partialy altered as well. The most dlivine-
rich samples—the picrites and olivine-phyric basalts—are typically
the most altered.

Cr-rich spinel is most abundantly found as euhedra inclusionsin
olivine or as euhedral crystals embedded along the sides or edges of
olivine, but loose groundmass crystals are also common. Back-
scattered electron (BSE) images of representative Cr-rich spinel crys-
talsare givenin Figures 3 and 4. Cr-rich spinel is most abundant and
largest in size in the most primitive samples (e.g., the picrites and ol-
ivine-phyric basalts). Groundmass Cr-rich spinels (Fig. 3) are jacket-
ed by thick rims of chromian magnetite (ferritchromite) and Ti-rich
magnetite, with the Ti-rich magnetite often exhibiting trellis exsolu-
tion of ilmenite (Sample 152-917A-11R-4, 45-50 cm, in Fig. 3).
These spinels commonly show dissolution textures in conjunction
with the chromian magnetite and Ti-rich magnetite jackets (Fig. 3B,
C), with near-total degradation of smaller Cr-rich spindl grains (Fig.
3B). In some cases, these textures could possibly represent rapid Ti-
rich magnetite growth and formation of chromian magnetite in con-
cert with Cr-rich spind dissolution (P. Roeder, pers. comm., 1996).
Ti-rich magnetite often nearly completely replaces the previous Cr-
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rich spinel, evidenced by only very small relict cores; asaresult, it is
difficult to avoid underestimation of Cr-rich spinel magmatic occur-
rence. Cr-rich spinel isbest preserved in the Hole 917A lavaswhen it
iswholly enclosed within olivine, as crystal surfaces embedded with-
in olivine lack Ti-rich magnetite rims.

ANALYTICAL METHODS

Sample selection for Cr-rich spinel analysis was performed in
severa steps. Upon review of all available Leg 38 and dl Leg 152
shipboard thin sections, an initial selection of the most promising
samplesfor Cr-rich spinel analysiswas made. Every effort was made
to sample as closely aspossibleto intervals of core that had been pre-
viously analyzed; sampling was typically done within 10-20 cm of
published analyses and always within 50 cm. Splits of these samples
were pulverized in a Spex Al-ceramic shatterbox barrel and analyzed
by instrumental neutron activation analysis (INAA) to provide a
geochemical foundation for placing the Cr-rich spinel analyses in
their proper petrological context. Samples (150-200 mg in size) were
irradiated for 14 hr in the Texas A&M University (TAMU) TRIGA
reactor and counted for 3 hr apiece at 8to 11 and 40 to 43 days, using
facilities in the Center for Chemica Characterization, TAMU. De-
tailed descriptions of anaytical proceduresaregivenin Allan (1995).
To ensure run-to-run consistency, a sample of the international basalt
standard BHV O was run with each individual group of standards and
unknowns, showing excellent overall agreement with accepted val-
ues (Table 1) (Gladney and Roelandts, 1988). INAA results for sam-
ples chosen for Cr-rich spinel analysis are given in Table 1, comple-
mented by X-ray fluorescence (XRF) analyses by other authors for
nearby samples from the same unit. INAA results for samples not
chosen for Cr-rich spinel analysis are given in the Appendix.

From this set of initial samples, polished thin sections were made
for transmitted and reflective light petrographic analysis. From this
set, a smaller subset, covering all Cr-rich spinel-bearing rock types,
was selected for major- and minor-element analysis by electron
microprobe. The primary criteria for selecting samples was the
presence of well-preserved Cr-rich spinels that most likely reflected
compositional equilibriawith melt upon eruption, rather than spinels
that had obviously re-equilibrated with evolving interstitial melt dur-
ing lava cooling (e.g., coarse-grained samples whose spinels uni-
formly had thick jackets of chromian magnetite and Ti-rich magnetite
were avoided). Electron microprobe analyses were made on the
TAMU Geology and Geophysics Department Cameca SX-50 micro-
probe, equipped with autofocus, an optically-encoded stage, and ex-
tensive Sun workstation—based image-processing capabilities. Natu-
ral (Jarosewich et a., 1980) and synthetic standards were used, aswas
afocused beam, sample currents of 10-30 nA, and counting times of
10-180s. All Cr-rich spinelswereinitially analyzed by BSE imaging
to map out compositional zoning and to avoid regions of obvious Ti-
rich magnetite and chromian magnetite during further analysis. Most
Cr-rich spinel grains were analyzed by automated rim-to-rim analyt-
ical traverses of individual Cr-spinel crystalsfor all major and minor
(>0.2%) eements; very small crystals were checked for zoning by
two or three analyses running from core to rim.

ANALYTICAL RESULTS

Electron microprobe point analyses of the SDRS Cr-rich spinels
aregivenin Table2 and Figures 5 and 6. These analyses are keyed to
the BSE imagesin Figures 2 and 4 either by analytical number or by
transect letter label, with the analytical point in the transects given by
distance in micrometers from the point of transect origin. Arrows
show the direction of analysis for the analytical transects mapped in
Figures 2 and 4, which are analytically shownin Figures 7 and 8. In
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Figure 3. Examplesfrom Hole 917A of re-equilibration in groundmass Cr-rich spinels shown by BSE images, with analytical transects also shown. Cr# = Cr/(Cr
+ Al + Fe*), Mg# = Mg/(Mg + Fe?*), Fet#t = Fe**/(Cr + Al + Fe**), and Melt Mg# = Melt Mg/(Mg + Fe?*) inferred from Cr-rich spinel compositions as explained
in the text. A. Sample 152-917A-11R-4, 45-50 cm, shows relict Cr-rich spinel cores surrounded by Ti-rich magnetite rims exsolved to magnetite and blades of
ilmenite. B. Sample 152-917A-16R-4, 3944 cm, shows partially digested Cr-rich spinels with spongy margins representing Ti-rich magnetite and chromian
magnetite. C. Sample 152-917A-18R-3, 102-107 cm, shows a Cr-rich spinel core, possibly partially digested, surrounded by magnetite and chromian magne-
tite.
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Figure 4. BSE images of examples of Cr-rich spinelsfrom Hole 917A. All spinels given represent inclusions within or attached and partially embedded within
altered olivine phenocrysts. Numbers and | etters represent point analyses and analytical transects given in Table 2 and Figure 8.

genera, Cr-rich spinels in this study are classified as chromium
spinels or magnesiochromites, using the criteria and terminology of
Sigurdsson (1977). They approximate theformula(Mg, Fe?*)(Al, Cr,
Fe*),0,, and have minor TiO, (most have 0.4%-0.8%, but rarely are
as high as 2.6%), NiO (= 0.31%), and MnO (= 0.50%). Microprobe
analyses of Cr-rich spinel are found in Table 3 (in ASCII format on
the CD-ROM, backpocket, this volume).

Figure 5 shows all Cr-rich spinel analyses obtained in this study,
plotted by mapped unit number. In examining the data, it is apparent
that an enormous range in Cr-rich spinel composition exists within
single units, exhibited particularly by Mg/((Mg + Fe*) (Mg#) at a
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given Cr/(Cr + Al + Fe*) (Cr#). The origin of this variation can be
understood by considering the examples given in Figure 3. In Figure
3A, alarge decrease in the Mg# is found away from the spinel core,
accompanied by little change in Cr# or Fe3*/(Cr + Al + Fe**) (Fe**#).
This exchange of divalent cations without movement of the less
mobiletrivalent cationsis common where Cr-rich spinel israpidly re-
equilibrating with aquickly evolving interstitial melt before, or more
typically, after eruption, and it is equivalent to what happens under
spinel metamorphic re-equilibration (Allan and Dick, 1996; Allan,
1992, 1994; Sack, 1980; Engi and Evans, 1980; Roeder et al., 1979).
These exchanges may also occur during extensive alteration of thela-
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Table 1. Whole-rock analyses.

Leg, hole: 38-338 152-917A BHVO

Core,

section: 43-1 43-3 45-1 9R-1 11R4 16R-4 18R-3 19R4 20R-1 55R-4 64R-1 92R-4 101R-4 (Six) S.D. Accepted SD.
Interval

(cm):  102-107 117-121 62-65 510 4550 39-44 102-107 38-43 9-14 22-27 7580 57-64  35-40

Unit: 1 1 2 7 13 21 25 31A 31B 60 68 87 92

Series: Upper Upper Upper Upper Upper Upper Lower Lower Lower Lower
XRF

SO, 47.03 4816 4697 4773 4434 4686 4698 4608 4878 4879 4838 5024

TiO; 1.01 1.10 1.18 127 112 1.69 1.86 147 1.55 141 1.09 1.16

AI263 1583 15.18 1536 1482 1034 1202 1321 1152 1471 1552 1619 16.24

Fe,0, 1043  10.75 1259 1222 1363 1411 1372 1347 1215 1114 1109 9.49

MnO 0.12 0.23 021 0.19 0.21 0.23 0.22 0.18 0.17 0.16 0.14 0.2

MgO 8.83 7.95 1046 1079 2535 1809 1359 1841 9.25 7.94 931 8.13

Cao 1033 1174 10.87  10.89 4.07 7.92 8.82 736 1211 1219 1045 1255

N360 2.27 2.20 1.76 2.05 0.7 142 1.74 1.28 2.06 191 233 2.24

K 0.08 0.09 0.24 0.04 0.02 0.13 0.24 0.13 0.12 0.29 0.16 0.19

PZZO5 0.08 0.08 0.05 0.06 0.07 0.12 0.13 01 0.12 0.13 0.13 0.13
Total 96.01 9748 99.67 100.04 99.84 10257 10049 99.97 101.01 9947 9925 100.53
LOI 3.88 2.83 3.08 21 9.51 5.51 512 5.01 0.12 161 4.08 3.32
Mgt 0.651 0619 0646 0.660 0.804 0738 0685 0750 0.626 0611 0649 0.653

\% 260 311 304 286 222 383 386 328 393 333 260 302

Cr 323 218 359 365 998 753 518 995 309 240 416 678

Ni 101 86 194 223 1257 626 438 866 189 107 262 252

Cu 86 156 59 126 62 86 116 103 133 107 74 115

Zn 72 93 74 74 76 89 88 83 73 74 77 80

Rb 6.9 4.6 51 6.9 9.8 8.0 49 7.8 4.3 4.2

Sr 136 128 96 116 23 100 120 92 184 228 319 360

Y 16 24 26 26 24 27 29 26 27 26 25 26

Zr 54 62 52 55 58 83 82 67 92 93 64 60

Nb 10 12 23 3.7 4.4 35 7.6 83 24 36
INAA

Na (%) 173 1.69 18 1.26 1.48 0.75 1.29 1.39 1.08 1.64 16 231 1.58 158 0.07 168  0.05
Fe (%) 6.31 6.96 7.85 8.56 8.51 8.1 9.2 8.95 8.78 85 7.45 7.35 6.94 860 015 855 015
Sc 44.0 425 50.1 41.1 39.0 22.6 325 36.7 30.2 385 375 35.7 37.2 31.2 0.4 31.8 13
Cr 349 352 217 412 441 1260 909 713 1310 386 291 514 804 296 9 289 22
Co 4538 4.7 49.0 59.2 58.7 94.0 70.9 60.4 80.4 52.4 44.0 53.9 57.6 452 0.6 45 2
Ni 75 66 68 172 211 1130 574 415 844 192 85 171 275 114 20 121 2
Zn 88 85 105 9% 89 71 85 80 85 81 75 94 97 104 13 105 5
La 3.86 3.83 4.1 148 1.85 221 475 4.86 38 6.8 8.4 9.64 6.57 155 0.3 15.8 13
Ce 8.63 8.80 9.25 4.43 6.66 10.3 144 147 16.9 16.8 189 22.8 177 379 0.7 39 4
Sm 242 2.36 258 233 2.44 2.23 3.94 4.15 32 3.86 3.45 3.58 3.33 628 013 6.2 0.3
Eu 0.96 0.93 1.01 097 0.97 0.77 1.30 142 112 131 1.26 122 124 204 005 206  0.08
Tb 0.55 0.47 052 057 0.46 0.43 0.80 0.74 0.56 0.76 0.48 0.63 0.52 093 010 096 008
Yb 171 1.75 233 2.03 1.94 1.53 232 232 2.06 2.06 1.89 1.78 1.82 184 0.04 202 020
Lu 0.25 0.25 031 0.28 0.26 0.21 0.34 0.34 0.26 0.31 0.25 0.26 0.25 024 001 0291 0.026
Hf 1.76 1.61 185 1.62 159 1.50 2,77 2.64 2.28 2.93 2.88 194 1.69 459  0.17 438 022
Ta 0.20 0.21 0.20 ND ND 0.05 0.19 0.15 0.15 0.40 0.48 0.14 0.17 117  0.09 123 013
Th ND 0.26 ND ND ND ND 021 0.19 0.26 0.66 0.86 0.41 ND 116  0.08 1.08 0.15

Notes: S.D. = standard deviation. Oxides in wt%, others in ppm. Mg# = Mg/(Mg + Fe), assuming 90% of Feis ferrous. LOI = loss-on-ignition; ND = not detected (below detection
limits). XRF Datafor Leg 152 samples from Larsen, Saunders, Clift, et al. (1994). XRF Data from Leg 38 samples from Talwani, Udintsev, et a. (1976)

va, as demonstrated by Allan (1992). In the example shown in Figure
3C, the margins of the analytical transect show more profound ex-
change, with the sharp increase in Fe** causing theincrease in Fe¥*#.
Interestingly, the moderate increase in Cr# is caused by a sharp de-
crease in Al,Q, at the margins (from 27% to 10%), likely associated
with both theincreasein Fe** and the strong compositional couple be-
tween Al¥* and Mg? in the spind structure (Sack and Ghiorso,
1991a; MO decreases from 12% to 5%). The sharp increases in
Fe3*# with small declinesin Mg# shown in Figure 3C are associated
with similar processes of exchange and chromian magnetite forma-
tion on Cr-rich spinel margins during extended lava cooling, where
interstitial melt fO, may increase and Mg# decreases substantially.
As mentioned above, Cr-rich spinel inclusions in olivine and
especialy plagioclase can be protected from the effects of changing
melt composition and alteration, avoiding the formation of magnetite
jackets and extensive re-equilibration to lower Mg#. Nevertheless,
exchange with melt, especially by the divalent cations, may occur by
diffusion through olivine, as was documented by Scowen et al.
(1991) for Cr-rich spinels within evolving magmain the Kilauea Iki
lava lake. In the Hole 917A lavas, Cr-rich spinel inclusions com-
pletely enclosed within olivine may lack magnetite jackets, but many
do show, nonethel ess, evidence for re-equilibration by exhibiting de-

creasing Mg# decline toward their margins. Although plagioclaseis
usually quite effective at “armoring” Cr-rich spinels against re-equil-
ibration, some Hole 338 spinel inclusionsalso show signs of re-equil-
ibration, perhaps aided by cracks within the plagioclase.
Astheprimary intention of thispaper isto identify primitive melts
within the SRDS system and the melt compositions existing during
eruption and not to study the effects of evolving interstitial melt after
eruption or Cr-rich spinel magmatic and metamorphic alteration, Fig-
ure 6 shows acleaned data set consisting only of Cr-rich spinel analy-
ses from unzoned crystal cores. For spinels with profiles shown in
Figures 3A and 3C, the entire analytical transect was not considered,
as it is not clear from the calculated Mg#s whether any relict core
composition is preserved. For other spinel grains where strong zon-
ing was observed, only the analyses of the unzoned interiors were
plotted, where asignificant plateau in Mg# was present. Exampl es of
these plateaus are given in Figure 8, with the interiors of TransectsE,
G, and J representing margina cases because of having a poorly-
developed plateau. The data from the transect shown in Figure 3B
wasalso included in Figure 6, astheinterior of the Cr-rich spinel was
unzoned. Comparison of this groundmass Cr-rich spinel with Cr-rich
spinel inclusions from the same sample show it to have markedly
lower Mg# (see Transects F and G in Fig. 8), either reflecting amixed
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Table 2. Representative Cr-rich spinel analyses.

Leg, hole: 38-338 152-917A
Core, section: 43-1 43-1 43-1 43-3 45-1 9R-1 9R-1 11R-4 11R-4 16R4 16R-4 16R-4 18R-3 18R-3 19R4 20R-1 55R-4 64R-1 92R-4 101R-4 101R-4
Sample (cm): 102-107 102-107 102-107 117-121 117-121 5-10 5-10 4550 4550 3944 3944 3944 102-107 102-107 3843 9-14 22-27 7580 5764 3540 3540
Description: Inclusion Inclusion Inclusion Inclusion Inclusion Ol edge Ol edge Inclusion Inclusion Inclusion Inclusion Inclusion Inclusion Ol edge Ol edge Inclusion Inclusion Inclusion Inclusion Inclusion Inclusion
core rim rim rim core rim rim core core
Unit: 1 1 1 1 2 7 7 13 13 21 21 21 25 25 31A 31B 60 68 87 92 92
Transect: A B C D E F F G H | J K
Analysis number: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Sio, 0.08 0.02 0.05 0.09 0.06 0.11 0.10 0.05 0.05 0.05 0.06 0.06 0.04 0.03 0.07 0.08 0.06 0.16 0.07 0.11 0.06
TiO, 0.42 0.66 0.70 0.76 0.42 0.46 0.46 1.45 0.46 0.59 0.64 0.64 0.77 0.74 0.67 0.64 1.47 0.62 0.56 0.48 0.44
ALO, 34.53 24.05 25.10 24.13 27.72 24.03 24.29 20.37 18.28 2411 24.06 25.54 23.90 22,01 24.78 21.60 18.67 30.08 28.15 33.39 33.35
V,0, 0.16 0.23 0.19 0.20 0.17 0.10 0.13 0.58 0.09 0.13 0.13 0.16 0.15 0.15 0.17 0.12 0.27 0.17 0.18 0.17 0.15
Cr,0, 28.49 37.93 36.12 35.63 34.18 40.19 39.14 38.30 4551 40.38 39.42 34.08 37.67 40.53 38.87 42.74 33.92 32.37 28.25 28.26 28.87
FeO 19.74 21.76 22.94 23.87 21.41 22.02 22.19 25.60 23.23 18.52 18.88 20.55 23.94 22.95 20.18 19.24 32.26 20.82 31.48 21.34 21.17
MnO 0.26 0.30 0.31 0.30 0.31 0.29 0.30 0.25 0.17 0.16 0.24 0.30 0.14 0.21 0.25 0.34 0.42 0.30 0.21 0.17 0.15
NiO 0.14 0.13 0.13 0.08 0.09 0.22 0.16 0.22 0.12 0.28 0.20 0.21 0.16 0.18 0.27 0.21 0.17 0.15 0.13 0.22 0.21
ZnO 0.09 0.09 0.07 0.07 0.02 0.05 0.09 0.08 0.03 0.05 0.03 0.04 0.05 0.07 0.06 0.09 0.11 0.03 0.15 0.04 0.06
MgO 15.98 13.94 14.07 13.48 14.45 12.95 1297 12.25 11.86 15.63 1553 15.59 13.15 13.02 14.56 15.00 10.72 13.98 10.33 15.59 15.61
Ca0 0.36 0.10 0.12 0.10 0.07 0.03 0.02 0.00 0.01 0.01 0.01 0.02 0.00 0.02 0.01 0.02 0.07 1.00 0.03 0.03 0.04
Total 100.24 99.21 99.80 98.70 98.91 100.46 99.84 99.17 99.83 99.91 99.21 97.19 99.97 99.91 99.89 100.07 98.15 99.68 99.54 99.81 100.12
Fe,0, 7.66 8.15 9.19 9.60 8.15 6.40 6.76 9.26 6.88 7.07 747 9.92 8.52 7.77 6.96 7.25 14.84 6.96 11.82 8.49 8.38
FeO 12.85 14.42 14.66 15.23 14.08 16.26 16.11 17.27 17.04 12.16 12.16 11.62 16.27 15.96 13.91 12.71 18.91 14.56 20.85 13.70 13.63
Total 101.01 100.03 100.72 99.66 99.73 101.10 100,52 100.09 100.52 100.62 99.96 98.19 100.82 100.68 100.59 100.80 99.63 100.37 100.72 100.66 100.96
Cr/(Cr + Al) 0.356 0.514 0.491 0.498 0.453 0.529 0.519 0.558 0.625 0.529 0.523 0.472 0.514 0.553 0.513 0.570 0.549 0.419 0.402 0.362 0.367
Cr/(Cr + Al + Fe) 0326 0465 0439 0441 0410 0489 0478 0494 0574 0486 0478 0418 0463 0502 0471 0522 0447 0386 0347 0328 0.333
Mg/(Mg + Fe) 0.689 0.633 0.631 0.612 0.646 0.587 0.589 0.558 0.554 0.696 0.695 0.705 0.590 0.592 0.651 0.678 0.503 0.631 0.469 0.670 0.671
Fe*/(Cr+Al+Fe¥) 0084 0095 0106 0113 0.093 0074 0079 0114 0083 0081 008 0116 0100 0092 0080 0084 018 0079 0138 0094 0.092
Melt Mg/(Mg + Fe) 0.636 0.636 0.631 0.616 0.627 0.588 0.588 0.586 0.593 0.700 0.698 0.701 0.596 0.609 0.649 0.696 0.552 0.596 0.448 0.621 0.623

Note: FeO and Fe,O, recal culated after Carmichael (1967).
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Figure 5. All Cr-rich spinel analytical data from Holes 338 and 917A, representing 483 analyses. Arrow shows primary trends resulting from Mg—Fe** exchange
during alteration or re-equilibration with evolving interstitial melt during extended lava cooling.

magma or complete re-equilibration of the spinel interior with an
evolving interstitial melt after eruption. These two possihilities exist
for all unzoned Cr-rich spinel coresthat contain a comparatively low
Mg# in sampleswhere abroad range of spinel Mg# at agiven Cr# ex-
ists.

DISCUSSION
Estimation of Melt M g#

Cr-rich spinel isaproven and powerful tool for deciphering petro-
genetic history of basaltic lavas and for estimating host melt Mg#
(eg., Allan et a., 1988; Sack and Ghiorso, 1991a, 1991b; Allan,
1992, 1994; Allan et al., 1996). Here we use the algorithm of Allan
(1992, 1994) to calculate magmatic Mg# from the Cr-spinel compo-
sition. This algorithm has been extensively tested on a wide variety

of water-quenched akaline and tholeiitic basalt where the quenched
glass composition isknown. It assumesthat Cr-rich spinel behaves as
an ideal reciprocal solution (Wood and Nicholls, 1978; Sack, 1982;
Allan et al., 1988), that ideal mixing occurs between Mg and Fe?* in
the melt, and that the pressure effect on spinel-melt equilibrium is
negligible (Roeder and Reynolds, 1991). The algorithm uses a mea
sured or assumed distribution coefficient (K,) for Mg-Fe?* exchange
between olivine and melt to allow algebraic derivation of the spinel-
melt K, from the experimentally well-established olivine-spinel K,
(e.g., Jamieson and Roeder, 1984). As olivine is totally altered in
these samples, we assume aK , for Mg-Fe** exchange between oliv-
ine and melt of 0.3 (Roeder and Emdlie, 1970). Estimated melt com-
positions in equilibrium with individual Cr-rich spinel composition
are given in Table 2 and in Figures 3, 7, and 8 for the analytica
transects, with ranges defined from unzoned core compositions for
individual samples given in Table 4. As most SDRS Cr-rich spinels
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Figure 6. Compositions of unzoned Cr-rich spinel cores from Holes 338 and 917A, after removal of analyses associated with overt re-equilibration and alteration

as described in text. Graphs represent 186 analyses.

have undergone at least partia re-equilibration, it is prudent to regard
these inferred melt Mg# compositions as minimum estimates.

Site 338 Cr-rich Spinel, Varing Plateau SDRS

Cr-rich spinels within both Units 1 and 2 at Site 338 define trends
of increasing Cr# with decreasing Mg#, with little variation in Fe*#
(Fig. 6). These trends are commonly seen in tholeiitic basalt under-
going low-pressure olivine and plagioclase fractionation, where melt
Al,O, and MgO (and Mg#) decline with increasing degree of frac-
tionation (Allan et al., 1988). As aresult, spinel Al,O, and MgO di-
rectly decline, while spinel FeO and Fe,O, increase. This effect is
magnified by the reciprocal nature of the spinel solid solution, result-
ing from the strong coupling of Mg and Al and Fe** and Cr. There-
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fore, spinel Cr# will rise substantially as the Mg# decreases. Both
units have Cr-rich spinel populations that appear to reflect spinels
crystallized from a range of melt compositions, as evidenced by
analyses 1, 2, and 3 in Table 2 derived from the same thin section.
The simplest interpretation is that the higher Mg# Cr-rich spinels
crystallized from more primitive parental magma; the original com-
positions of these high-M g# spinels have been preserved by effective
“armoring” afforded by the surrounding plagioclase and represent
evidence of more primitive melt in the genesis of the host lava. This
is consistent with the lower TiO, contents of the higher Mg# spinel
(analysis 1). For both units, comparison of the analyzed whole-rock
Mg# with melt Mg# inferred from the Cr-spinel compositions (Table
4) shows that these spinels crystallized from melt similar in compo-
sition to the values recorded by the whole-rock analyses and indicate
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Figure 7. Analytical transects across Cr-rich spinel inclusions in plagioclase
from Hole 338. Cr# = Cr/(Cr + Al + Fe*), Mg# = Mg/(Mg + Fe*), Fe#t =
Fe*/(Cr + Al + Fe*), and Melt Mg# = Melt Mg/(Mg + Fe*) inferred from
Cr-rich spinel compositions as explained in the text. BSE images of the crys-
tals analyzed are given in Figure 2, with analyses from the traverses given in
Table 2.

that the whole-rock compositions have been only dlightly affected by
dteration. The data presented here confirm that melt with Mg# as
high as 0.64 erupted within the V gring margin SDRS magmatic sys-
tem.

Hole 917A Upper Series Cr-rich Spinel,
Southeastern Greenland SDRS

Samples analyzed from this series include examples of the most
primitive lavas yet cored from the North Atlantic SDRS. Cr-rich
spinels from these picrites are notable for their size (to well over 200
um; Figs. 4, 8) and for their generally high Mg# (Table 2; Figs. 6, 8).
Slight variation in Cr# at agiven Mg# and TiO, exists within individ-
ual samples (see anayses 10-12 from Unit 21) (Table 2; Fig. 6); vari-

SDRS PRIMITIVE MELT COMPOSITION

ations of this size are common within single-specimen spinel popula-
tions (Allan et a., 1988). The high Mg# Cr-rich spinels from the
Units 21 and 31B picrites provide direct evidence that highly magne-
sian melts with Mg#s at least as high as 0.70 are part of the East
Greenland SDRS magmatic system. Comparison with their whole-
rock Mg#s (Table 4) shows that these Mg# melt estimates are lower,
likely reflecting whole-rock Mg-enrichment by accumulation of oli-
vine (as argued by Thy et a., 1998) and alteration of mesostasis.

Less magnesian-Cr—rich spinels from these units and from the
Unit 25 picrite are enigmatic, asthey imply that melt of significantly
lower Mg# could have been present in the picrites during or after
eruption. As an example, the groundmass Unit 21 Cr-rich spinel
shown in Figure 3B (with a calculated Mg# of 0.62) could represent
re-equilibration with evolving interstitial melt after eruption. Alter-
natively, the Mg# discrepancy could reflect that the actual melt inthe
picrite was evolved before eruption, with the high-Mg# spinel inclu-
sions severely out of equilibrium with the host melt and representing
xenocrysts. An example similar to the latter case was described by
Allan (1994) for apicritic lavafrom Site 839 in the Lau Basin, south-
west Pacific. This sample contained very large olivine and Cr-rich
spinel crystalsthat grew from amelt with an estimated Mg# of >0.75,
with both residing in quench glass with an Mg# of 0.61. These crys-
talswere sharply zoned at their margins, with the marginsin equilib-
rium with the glass. Apparently, magma mixing occurred immedi-
ately before eruption between highly primitive, phyric melt and
evolved, aphyric melt. Cr-rich spinels from Unit 25 likely equili-
brated with an evolved melt before or during eruption, although it is
uncertain whether the interstitial melt was evolved on eruption or be-
came evolved during cooling after eruption. It is highly unlikely that
such large Cr-rich spinelsin Unit 25 grew from the inferred evolved
melt compositions given in Table 4; their low Mg#slikely reflect re-
equilibration with evolving, interstitial melt or Mg-Fe** exchange
during rock ateration. The coarse-grained groundmass of this sample
(Larsen, Saunders, Clift, et al., 1994) is certainly consistent with ex-
tended lava cooling and interstitial melt evolution after eruption. In
any case, Units 21 and 31B Cr-rich spinels provide evidence for
highly primitive melt that existed at eruption or before eruption with-
in the East Greenland SDRS system.

Cr-rich spinels within the olivine-phyric basalt of Unit 31A also
record evidence for fairly primitive compositions, although the in-
ferred Mg# is dightly below that given by the whole-rock composi-
tion (Table 4). This difference in estimated and measured Mg# is
likely caused by two factors. First, the rock is highly altered, as
shown by high LOI (5.12%; Table 1). Secondly, most of the Cr-rich
spinels studied in this sample were not completely protected from in-
terstitial melt, as shown by the common presence of thick magnetite
jackets (see Transect Jin Fig. 4). Although an analytical plateau is
shown by Transect Jin Figure 8, it is not well-devel oped, and the core
of this crystal may have been affected by a Mg-Fe?* exchange with
evolving, interstitial melt or perhaps during rock alteration. The in-
tergranular and subophitic nature of its coarse groundmass (Larsen,
Saunders, Clift, et al., 1994) underlines the possibility of exchange
with interstitial melt.

Cr-rich spinels within the aphyric olivine basalt Units 7 and 13
a so provide melt Mg# estimates below that of the whole-rock analy-
ses (Table 4), despite the presence of fairly well-developed plateaus
in Transects C and D (Fig. 8). Spectacular zoning is visible in this
crystal (Fig. 4); moderate decreases in Cr# (0.47-0.50 in both
transects) are accompanied by slight increasesin spinel M g# expected
because of crystal chemical reasons from Mg-Al and Fe*—Cr cou-
pling (Fig. 8; seeAllan et a., 1988 for similar examples). Thesedight
increases in Mg# are superimposed on the decreasing Mg# trends
(from Mg-Fe** exchange with melt or during alteration) as the mar-
gins of the crystal are approached. This internal zoning, highlighted
in the BSE images by the variation in Cr#, may reflect changes in
spinel composition associated with magma mixing before eruption;
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Figure 8. Analytical transects across Cr-rich spinels from Hole 917A, Upper Series. All spinels given represent inclusions within or attached and partially
embedded within altered olivine phenocrysts. Cr# = Cr/(Cr + Al + Fe¥*), Mg# = Mg/(Mg + Fe*), Fett = Fe*/(Cr + Al + Fe**), and Melt Mg# = Melt Mg/(Mg +
Fe) inferred from Cr-rich spinel compositions as explained in the text. BSE images of the crystals analyzed are given in Figure 4, with analyses from the

traverses given in Table 2.

supporting evidence is given by the broad range in the Cr# at agiven
Mgt of the Cr-rich spinelsin this unit (Fig. 6). Evidence for magma
mixing is also provided in Unit 13 by its compositionaly mixed
spinel population, most effectively shown by wide differences in
TiO, content (see analyses 8, 9in Table 2).

Hole 917A Lower Series Cr-rich Spindl,
Southeastern Greenland SDRS

Cr-rich spinels in the Lower Series samples are substantially
smaller than those examined from the Upper Series lavas (Fig. 4),
making their cores more vulnerable to the effects of posteruptive
Mg-Fe? exchange. The more primitive Units 87 and 92 are charac-
terized by coarse-grained groundmass (Larsen, Saunders, Clift, et al.,
1994) and relatively high LOI (Table 1). For the olivine-phyric Unit
92, the relatively small disparity between the higher calculated melt
Mg#s and the whole-rock Mg# (see analyses 20, 21 in Table 2) may
result from a combination of olivine accumulation (the unit contains
19% altered olivine, with >8% classified as phenocrysts) (Larsen,
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Saunders, Clift, et a., 1994) and alteration. Other Unit 92 Cr-rich
spinels that give lower melt Mg# estimates have likely experienced
some Mg loss from posteruptive magmatic or alteration exchange.
Unit 87 spinels have clearly been affected by Mg loss, leading to es-
timates of melt Mg# that are too low to be consistent with Cr-rich
spinel growth (Table 4).

In contrast to the more primitive Lower Series samples, Units 60
and 68 are substantially fresher with finer-grained groundmass (L ar-
sen, Saunders, Clift, et a., 1994). Estimates of melt Mg# derived
from unzoned Cr-rich spinel inclusions of Unit 68 (see analysis 18 in
Table 2) are in good agreement with the whole-rock anaysis, sup-
porting petrographic observations that indicate a relative lack of oli-
vine accumulation and alteration effects.

Unzoned Cr-rich spinels from Unit 60 instead give estimates of
melt Mg# substantially below that defined by the whole-rock analysis
(see analysis 17 in Tables 2, 4). This sample is the only one in this
study to have occasional relict cores of fresh olivine, with two very
different olivine analyses from this unit reported by Demant (1998)
(Fog; and Fo,,). Thehigh TiO, content (1.5%—2.6%, varying inversely
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Table 4. Inferred melt compositions.

Leg, hole, core, Cr-spinel cores
section, interval Whole-rock inferred melt
(cm) Unit Description Mg# Mg#
38-338-43-1, 102-107 1 Plagioclase-phyric basalt 0.56-0.64
38-338-43-3, 117121 1 Plagioclase-phyric basalt 0.651 0.58-0.62
38-338-45-1, 62-65 2 Plagioclase-olivine-clinopyroxene phyric basalt 0.619 0.55-0.63
Upper series
152-917A-9R-1, 5-10 7 Aphyric olivine basalt 0.646 0.50-0.59
152-917A-11R-4, 45-50 13 Aphyric olivine basalt 0.660 0.58-0.59
152-917A-16R-4, 39-44 21 Picrite 0.804 0.60-0.70
152-917A-18R-3, 102-107 25 Picrite 0.738 0.55-0.61
152-917A-19R-4, 38-43 31A  Olivine-phyric basalt 0.685 0.53-0.65
152-917A-20R-1, 9-14 31B  Picrite 0.750 0.61-0.70
Lower series
152-917A-55R-4, 22-27 60 Olivine-plagiocl ase-pyroxene-phyric basalt 0.626 0.46-0.55
152-917A-64R-1, 75-80 68 Olivine-plagioclase-phyric basalt 0.611 0.57-0.60
152-917A-92R-4, 5764 87 Aphyric olivine basalt 0.649 0.43-0.45
152-917A-101R-4, 3540 92 Olivine-phyric basalt 0.653 0.52-0.62
with spinel MgO) of these small spinel inclusions (most are below 20 ACKNOWLEDGMENTS

um in size) (Fig. 4) is notable, and it implies that they grew or re-
equilibrated with melt more evolved than that represented by the
whole-rock composition. The highly phyric character of the sample
(5%-8% odlivine, 5-7% plagioclase, and 3% clinopyroxene pheno-
crystsin avery fine-grained matrix), and the fact that all phenocrysts
are rounded and give petrographic evidence of being partialy dis-
solved, is consistent with the variable olivine and Cr-rich spinel com-
positions in implying a mixed magma with a disequilibrium mineral
assemblage.

Implicationsfor North Atlantic SDRS Composition

The results given here provide evidence that highly primitive
melts erupted during the formation of the SDRS, with erupted melt
Mg#s at least as high as 0.70. Another important result of this study
is the conclusion that the majority of lavas erupted in the North
Atlantic SDRS were too evolved to have precipitated Cr-rich spinel,
especialy those of the Varing Margin. Studies of water-quenched,
glassy tholeiites indicate that melt Mg# and Cr are generally >0.60
and 250 ppm, respectively, in tholeiitic melts crystallizing Cr-rich
spinel (e.g., Allanet al., 1987, 1988), though thisis dependent aswell
on fO, (Roeder and Reynolds, 1991; Sack and Ghiorso, 19914).
Unequivocal evidence for truly primitive, near-primary melt exists
only among the picrites of the Upper Series at Hole 917A, a tem-
porally-limited part of the southeastern Greenland SDRS section.
Further studies in progress may extend this evidence to cover the
picrites of the Lower Series as well. The melt Mg#s inferred by the
Leg 38 Cr-rich spinelsindicate that these VV gring Margin melts under-
went considerable fractionation after their generation in the upper
mantle (for consideration of parental meltsin the North Atlantic Vol-
canic Province see Fram and Lesher, 1993, 1997). The conclusionis
that the North Atlantic SDRS are largely comprised of evolved ba-
sdts that have undergone considerable fractionation and heat loss
since their generation by mantle partial melting. Recent seismic stud-
ies (Larsen et al., 1988; Dahl-Jensen et al., 1997; Korenaga et al.,
1997) indicate that the Layer 3 crustal thickness underlying the
SDRS basaltsisabnormally thick, both intermsof total thicknessand
inrelationto Layer 2 thickness, consistent with large amounts of frac-
tionation of SDRS basalt parental lavas at the base of the crust or
within the deep crust. Thisabundance of evolved SDRSbasalt isboth
at proximal- and distal-cored SDRS sites from the inferred location
of plume impact near Site 988 (Larsen, Duncan, Allan, et al., 1996),
and it represents aresult similar to that found by Larsen et al. (1989)
for the break-up—related, East Greenland basalt of the Scoresby Sund
region.

We are grateful to the staff of the ODP East and Gulf Coast Re-
positories for their support in collection of these samples and to the
Leg 38 and 152 Scientific Parties for their useful descriptions of the
cored basalt. S. Bernstein and P. Thy gave thorough and highly useful
reviews, which improved the manuscript, and P. Garman did an ex-
cellent job of providing editorial suggestions. We thank USSSP for
support for expenses associated with the research. Most of all, the
first author is grateful for the support and friendship of his Leg 163
shipboard colleagues, many of whom put their lives at risk ensuring
that Leg 163 would not end in a catastrophic loss of the ship.
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APPENDIX

Additional neutron activation analyses.

Leg, 38- 38- 38- 38- 163- 163- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 152- 163-

hole: 338 338 338 338 988A 989A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 917A 990A

Core,

section: 43-2 44-2 45-2 45-2 3R2 2R3 8R-2 9R-3 10R-1 12R-2 13R-1 15R-2 17R-4 18R-6 21R-3 57R-3 79R-2 90R-5 91R-2 9%R4 9%6R-1 1Rl
Interval:

(cm) 2024 119-121 6-11 131136 0-13 6881 26-31 4045 70-75 135-140 67-72 51-56 5763 102-107 9095 8792 5964 3944 2429 73-78 7985 8598
Unit: 1 2 2 3 1 1 6 8 9 15 16 19 24 27 33 61B 78 86 87 87 88 2
Series: Upper  Upper Upper Upper Upper Upper Upper Upper Upper Lower Lower Lower Lower Lower Lower
Na (%) 1.75 16 1.65 1.56 1.86 151 1.38 152 1.63 1.46 1.36 154 171 1.49 157 0.8 157 1.58 167 1.76 1.28 158
Fe (%) 7.69 771 75 794 102 9.57 7.93 8.56 857 8.58 7.42 8.77 8.75 9.06 8.94 8.16 6.87 7.72 7.36 7.84 8.44 8.35
Sc 39.9 47.0 47.0 46.8 40.9 49.1 30.5 39.8 38.7 40.0 39.0 44.0 2.7 36.8 42.0 24.3 313 404 38.3 34.6 377 4.3
Cr 329 202 202 198 142 53 760 464 405 647 885 358 309 635 320 973 635 460 315 467 728 138
Co 475 50.1 46.0 48.3 485 51.8 66.0 61.6 56.5 63.6 60.7 54.4 535 59.7 51.9 85.8 52.8 52.6 488 53.7 58.0 46.2
Ni 78 56 59 69 835 61.2 409 240 164 294 377 135 141 372 123 465 172 99 73 161 194 61.3
Zn 92 99 102 93 134 97.8 78 68 68 85 61 84 87 86 75 85 70 87 81 91 78 86.7
La 3.59 3.8 3.96 394 145 241 273 1.35 1.93 1.13 3.66 2.98 3.06 531 3.32 4.15 8.06 6.27 8.04 9.97 471 3.98
Ce 947 108 9.63 936 363 6.33 7.04 4.65 6.87 3.62 15 9.63 9.05 16.1 11.2 10.8 17.7 17.2 19.9 239 12.0 941
Sm 2.22 2.33 249 2.52 571 23 2.35 2.28 2.67 2.18 2.68 3.29 3.35 4.49 327 1.98 2.56 325 361 3.66 358 2.25
Eu 0.86 0.92 0.97 1.00 1.96 0.87 0.92 1.01 1.10 0.97 1.05 131 1.19 153 122 0.75 0.89 117 127 131 131 0.86
Tb 0.55 0.48 0.58 0.62 1.13 0.84 051 054 053 0.59 0.44 0.70 0.89 1.05 0.81 0.29 0.55 0.70 0.70 0.65 0.70 0.68
Yb 1.63 1.94 2.06 2.01 2.96 2.98 1.89 1.94 212 227 2.09 214 212 2.67 1.98 1.05 153 2.04 2.00 191 2.34 2.44
Lu 0.23 0.29 0.29 0.30 0.38 0.40 0.24 0.26 0.27 0.30 0.30 0.28 0.29 0.35 0.27 0.14 0.19 0.27 0.26 0.25 0.27 0.33
Hf 1.46 1.49 1.70 1.96 4.49 172 153 150 181 1.40 1.79 212 220 331 241 1.18 134 1.70 2.02 1.93 2.55 1.49
Ta 0.23 0.21 0.20 0.20 1.06 0.12 ND ND ND ND ND ND 0.08 0.22 0.09 0.17 0.07 0.07 ND 0.15 0.12 0.09
Th ND 032 ND ND 1.16 ND ND ND ND ND 0.32 ND ND ND ND 0.22 ND ND ND 0.21 ND ND

Note: ND = not detected (below detection limits).
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