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27.VOLCANIC ROCKSOF THE SOUTHEAST GREENLAND MARGIN IN COM PARISON
WITH OTHER PARTSOF THE NORTH ATLANTIC TERTIARY IGNEOUS PROVINCE!

Lotte Melchior Larsen,? J. Godfrey Fitton,® and Miranda S. Fram*

ABSTRACT

The lavas drilled during Ocean Drilling Program Leg 152 on the southeast Greenland Margin cover almost the whole com-
positional variation found in the North Atlantic volcanic province, ranging from picrites to dacites. Evidence for high-MgO
melts, indicating a hotter than normal (plume) mantle is now found in several widespread areas, regardless of the distance to the
assumed plume center. In most areas of the North Atlantic, several parallel fractionation trends are present, indicating several
independent magma types and magma generation events. Fe- and Ti-enriched fractionated three-phase cotectic basalts are char-
acteristic of the North Atlantic province but are not present at the southeast Greenland Margin except for one young sill. The
Tertiary basalts arericher in FeOT and poorer in Na,O than normal mid-ocean-ridge basalts (MORB), indicating melting of hot
plume material under a continental/lithospheric lid. The lavas from the southeast Greenland Margin, the Hatton Bank Margin,
and the British Isles apparently formed from less hot mantle than the rest. Parts of this southern mantle were more depleted in
incompatible elements than the mantle in other areas. The lavas from Hatton Bank and Site 918 have unusually high Sc con-

tents, unparalleled in modern MORBs.

All seaward-dipping reflector sequences drilled up to now (Varing Margin, Hatton Margin, southeast Greenland Margin)
include crustally contaminated rocks in the oldest parts of the sequences. Thick Tertiary dacite successions formed only over
the peripheral parts of the mantle plume head. The crustal contaminant at the southeast Greenland Margin is similar to that in
the British Isles and Kangerlussuaq and is in strong contrast to the crustal component in the Hatton Bank lavas. Tbis is in acc
dance with the situation of these areas in different Precambrian structural and age provinces in the North Atlantic region.

INTRODUCTION

The volcanic rocks cored during Leg 152 on the southeast Green-
land Margin show alarge compositional variation, from dacites that
are strongly fractionated and contaminated with continental crust to
Mg-rich lavas that appear to have erupted directly from the mantle.
Thevariation is very systematic up-sequence and is thought to reflect
magma generation and evolution before, during, and after breakup of
the continent (Shipboard Scientific Party, 1994b; Fitton et al., 1995;
Chap. 28, thisvolume). All the drilled rocks are, however, part of the
seaward-dipping reflector sequence (SDRS) at the southeast Green-
land Margin (except the youngest igneous unit cored, which isapost-
SDRSsill).

The breakup of the northern Laurasian continent in the early Ter-
tiary was accompanied by eruption of huge amounts of volcanic ma-
terial onto the continent near the zones of breakup. After breakup, the
volcanic activity continued in the form of seafloor spreading in the
new North Atlantic ocean basin, a process that has continued to this
day on Iceland and along the Mid-Atlantic Ridge. The early Tertiary
volcanic rocks are known in a number of areas along the margins of
the North Atlantic Ocean (Fig. 1). The compositiona variability of
the volcanic rocks reflects the variability in the processes responsible
for their formation, from generation in the mantle to deposition on the
surface. In this paper we examine the compositional variationsin the
volcanic rocks of the southeast Greenland Margin in comparison to
variations reported in other Tertiary volcanic sequences in the North
Atlantic.
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THE NORTH ATLANTIC REGION

The concept of a Tertiary North Atlantic volcanic “province”
dates back to Holmes (1918). Brooks (1973) related the magmatism
to the continental breakup process and noted that unusual tempera-
tures are indicated. White and McKenzie (1989) suggested that the
magmatism in the whole North Atlantic province was due to the Ice-
land mantle plume, which in the early Tertiary had a diameter of
about 2400 km, stretching from Baffin Island in the west to the Brit-
ish Isles in the east. The center of the plume was placed in the
Kangerlussuag area in East Greenland although this is conjectural
(e.g., Lawver and Miller, 1994). Presently, the plume is situated be-
neath Iceland and is decreased in size. The volcanic rocks in all parts
of the North Atlantic have some basic geochemical characteristics in
common: the majority of the rocks are tholeiitic basalts with lg® K
and low SiQ, and with isotopic signatures indicating derivation from
a depleted mantle source, though not quite as depleted as MORB-
generating mantle. The rocks are very different from the high;SiO
high-K,O continental basalts of the Columbia River Plateau and the
Parana and Karoo provinces, but they are broadly similar to some of
the basalt units of the Deccan and Ethiopia provinces. They show
many similarities to the tholeiitic basalts from Hawaii, testifying that
even though many North Atlantic basalts were erupted through and
onto continental crust, they commonly escaped contamination with
continental material. Contaminated basalts are, however, found in all
parts of the province (see “Crustal Contamination” section below).

The following overview takes the volcanic rocks cored during
Leg 152 at the southeast Greenland Margin as the starting point.
These rocks are then compared with rocks from the continental areas
(Kangerlussuagq, Scoresby Sund, Northeast Greenland, West Green-
land and Baffin Island, the Faeroe Islands, the Rockall Trough, and

nthe British Isles) and from the two previously drilled continental mar-
gins with starting SDRS (the Vering Plateau and Hatton Bank mar-
gins). Comparative data are also included for late Tertiary and Recent
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rocks from Iceland, as an expression of the later products from the
Iceland mantle plume. The areas are shown in Figure 1, and the data
sourcesarelistedin Table 1. Analytical datafor Leg 152 aregivenin
the Appendix.

SUMMARY OF THE VOLCANIC SEQUENCE
OF LEG 152

Leg 152 drilled four distinctive volcanic series, as described in
Larsen, Saunders, Clift, et al. (1994) and Fitton et al. (1995; this vol-
ume). For the purpose of this review they can be summarized as fol-
lows, from the oldest to the youngest.

Site 917 Lower Series(917LS)

Thisisapre-breakup series composed of fractionated to primitive
basalts. The rocks show signs of fractionation in crustal magma
chambers and of contamination with granulite-facies continental
crust. Two separate volcanic systems are represented, one with high
Zr/Nb (>20) and onewith low Zr/Nb (<13). Lavas of the two systems
interfinger in the upper part of the Lower Series.

Site 917 Middle Series (917MS)

Thisisapre-breakup series composed of strongly fractionated sil-
iceous basalts and dacites. All therocks show signs of strong contam-
ination with siliceous continental crust, and they probably formed un-
der conditions of stagnating magma supply and extended fraction-
ation. The Middle Seriesis overlain by afluvia sediment.
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Site 917 Upper Series (917US)

Thisisasyn-breakup series and is composed of MgO-rich basalts
and picrites (with MgO = 15%) showing limited or no signs of frac-
tionation in magma chambers, and no crustal contamination. At least
two melting events are discernible, the one with the smaller degrees
of melting giving rise to more incompatible-element-enriched mag-
mas.

Site 915 and Site 918 SDRS

These belong to the post-breakup series and are composed of fair-
ly uniform MORB-like basalts. The oldest part of this seriesisrepre-
sented by onelavaflow from Site 915 and adikein 917MS. A some-
what younger part is represented by the lavas of Site 918. The rocks
are fractionated basdlts filtered through magma chambers in the oce-
anic crust.

Site 918 Sill

The youngest volcanic rock drilled is hosted in the sediments
overlying the SDRS at Site 918. Itislabelled asasill but it is proba-
bly an invasive lava flow from an off-axis central volcano, seen on
the nearby seismic profiles.

GENERAL CHARACTER OF VOLCANIC ROCKS
INTHE NORTH ATLANTIC

Figure 2 presentsaplot of TiO, vs. MgO for the Leg 152 volcanic
succession. The primitive, Mg-rich character of the breakup series
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Table 1. Data sources for Figures 2 through 12.

Location Data source

ODP Leg 152 Samples analyzed by XRF in Copenhagen. The results are reported in the Appendix. For the Zr-Sc diagrams the Edinburgh X RF data set was used because the
Edinburgh Sc analyses are 10% |lower than the Copenhagen Sc analyses. See Fitton et al. (Chap. 28, this volume) and Larsen et al. (Chap. 35, this volume).

Hatton Bank Morton and Taylor (1987), Merriman et al. (1988), Brodie and Fitton (this volume).

Kangerlussuaq Nielsen et al. (1981), Gill et al. (1988), Holm (1988), Hansen (1993), Fram (1994), and unpubl. data (T.F.D. Nielsen).

Scoresby Sund Larsen et a. (1989) and unpubl. data (L.M. Larsen and W.S. Watt).

NE Greenland Upton et al. (1984), Thirlwall et d. (1994).

West Greenland Clarke and Pedersen (1976), Hald (1976), Pedersen (1985a, 1985b), Larsen and Pedersen (1990, 1992), Holm et al. (1993), and unpubl. data (L.M. Larsen and
A K. Pedersen).

Baffin Island Clarke (1968), Francis (1985), Robillard et al. (1992).

Varing Plateau
Faeroe Islands
Rockall Trough
British Isles

Morton et al. (1988).

Wallace et al. (1994), Scarrow and Cox (1995).
Iceland
Basement gneiss

Viereck et al. (1988, 1989), Parson et al. (1989), Taylor and Morton (1989).
Gariépy et al. (1983), Hald and Waagstein (1984), Waagstein and Hald (1984), Waagstein (1988).

Thompson et al. (1972, 1980, 1982, 1986), Beckinsale et al. (1978), Moorbath and Thompson (1980), Dickimglleas)(1885), Dickin et al. (1987),

Tertiary: Unpubl. data from Northwest Iceland (J.G. Fitton and B. Hardarson). Recent: Hémond et al. (1993).
This is represented by sample GGU 324721, an Archaean gneiss from the nearby Greenland coast, from &lelhér896jt
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Figure 2. TiO, vs. MgO for the Leg 152 vol canic succession.

(917US9) is clearly seen. Two parallel olivine fractionation trends in
917US are evident, the more Ti-rich trend probably representing a
separate melting episode with smaller degrees of melting (Shipboard
Scientific Party, 1994a; Fram et al., thisvolume). Therocksof 917LS
show alarge scatter but are generally very poor in TiO,. Most of the
siliceousrocksof 917MSare also very poor in TiO,, partly dueto ox-
ide fractionation. The most TiO,-rich rock is the young sill at Site
918.

Figure 3 presents a comparative plot for the North Atlantic, with
the various regions simplified into trendsin order to maintain clarity.
A number of parallel fractionation trends are evident. The shallow
part of thetrends represent olivinefractionation or, at the higher MgO
values, olivine accumulation; at around 10%-8% MgO fractionating
olivineisjoined by plagioclase, and shortly afterward by clinopyrox-
ene. The three-phase cotectic basalts normally show a sharp inflec-
tion of the fractionation trend, which turns steeply up toward enrich-
ment in TiO, (and FeO, not shown). In the TiO,-rich trend from
Kangerlussuaq, clinopyroxene appears before plagioclase (Nielsen et
al., 1981).

The TiO,-MgO diagram shows the following main features.

1. MgO-rich, primitive (picritic) rocks with MgO = 15% were
produced in notable quantities in several widely spaced areas in the
North Atlantic. How many of these rocks are cumulates and how
many represent melt compositions is conjectural. The formation of
dry picritic meltsrequiresthat the mantle temperature was hotter than
normal (McKenzie and Bickle, 1988), and therefore conclusions
about the existence of such melts have important consequences for
inferences about mantle temperatures. Highly magnesian melts will
bein equilibrium with highly magnesian olivine (Roeder and Emdlie,
1970), and, even though a high-Mg rock may contain accumulated
olivine, the presence of highly magnesian olivine phenocrysts, how-
ever sparse, will indicate that ahigh-MgO melt did exist. Such highly
magnesian olivine phenocrysts, al in calculated equilibrium with
melts with more than 15% MgO, have been found in West Greenland
(FOgo_g.5 Pedersen, 1985b), Kangerlussuaq (Fogg_os Nielsen et al.,
1981; Hansen, 1993; Fram and Lesher, in press), and in Site 917US
(Fog, 5 Demant, this volume). A few rocks from the Rockall Trough
and the British Isles contain just around 15% MgO, and rare liquids
with around 18% MgO are inferred based on olivine compositions
(McClurg, 1982; Bell and Williamson, 1994; Kent, 1995). The Re-
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Figure 3. TiO, vs. MgO for the North Atlantic region. The large amount of data are simplified into trend lines. The Baffin Island trend coincides with the West
Greenland low-TiO, trend. For data sources, see Table 1. See text for discussion.

cent Iceland data set includes picrites, some of which may represent 3. The steep trend toward strong enrichment in, {@d iron, not
liquids (Elliott et al., 1991), others cumulates (Hansteen, 1991). The shown) when the liquids fractionate olivine + plagioclase + clinopy-
status of the picritesin the Faeroe Ilands is uncertain. roxene is not seen in Leg 152 and is only poorly developed in Hatton

The MgO-rich ends of some of the trends are thought to be caused Bank. Most North Atlantic areas show a large data concentration
by olivine accumulation; this is the case for the MgO-rich rocks in around 6%8% MgO and 1.5%3% TiQ, (Fig. 3), but this field is no-
Northeast Greenland (Thirlwall et al., 1994). The West Greenland tably empty in the Leg 152 diagram (Fig. 2). Fe- and Ti-rich basalts
trend goes up to 30% MgO but no liquids with more than 19% MgO are a hallmark of continental and ocean island basalts, and especially
areindicated (Pedersen, 1985b; Gill et al., 1992). the basalts of the North Atlantic. The 917LS, 917MS, and 918 SDRS

It is not possible to conclude whether MgO-rich, hot magmas rocks are sufficiently fractionated for this Fe-Ti-enrichment to show
were produced in other regions such as Scoresby Sund and the up, but it does not. The 917LS and 917MS may perhaps be Fe-Ti-de-
Vgring Plateau. The record from Leg 152 clearly shows that suchleted by crustal contamination and early Fe-Ti oxide precipitation
magmas only gain access to the surface under special conditions tfsge “Crustal Contamination” section below). The 918 SDRS lavas
may prevail during short time intervals only. Still, the occurrence ofare very similar to the least fractionated lavas from the Hatton Bank.
Paleocene—Eocene picrites in widely spaced regions and at the fere lack of Fe-Ti-rich rocks at the southeast Greenland and Hatton
riphery of the reconstructed mantle plume causes problems for tligank margins places these in strong contrast to all the other parts of
models of temperature distribution within the plume head that aghe North Atlantic region, and makes them more akin to oceanic areas
sume higher temperatures at the center and lower at the periphepyoducing N-MORB. Of the Leg 152 samples only four, all with
This is discussed in length by Larsen et al. (1992), Gill et al. (1992MgO < 7%, show the “normal” Ti- and Fe-enrichment. One of these
Kent (1995), and Chalmers et al. (1995), among others. is the late sill in Hole 918 (Fig. 2).

2. A number of individual fractionation trends are present at dif- 4. The 917US comprises an olivine fractionation trend with a lev-
ferent levels of Ti@content. This indicates that a range of parentalel of TiO, content that is by no means low in relation to the other oli-
liquid compositions, with different TiCcontents, was involved. In-  vine fractionation trends in the North Atlantic.
dividual areas usually possess more than one trend and hence more5. Crustally contaminated rocks trend toward low MgO at low
than one parental liquid composition, and each trend often, but not atenstant or decreasing TiQprobably because of both assimilation
ways, represents a distinct stratigraphic unit. The Faeroe Islands ard oxide fractionation (see “Crustal Contamination” section below).
extreme in this respect, with rocks ranging from very “enriched” inMany of these highly fractionated rocks are dacitic and rhyolitic, not
the Middle Series to a mixture of very enriched and very “depletedbasaltic.
in the Upper Series (Waagstein, 1988). Explanations for the different
trends within an area range from different degrees of melting of the
same mantle (Leg 152 917US: Shipboard Scientific Party, 1994a; CRUSTAL CONTAMINATION
North Atlantic as a whole: Fram and Lesher, 1993) to contamination
of asthenospheric melt by lithospheric mantle or crust (Kangerlus- Crustal contamination is demonstrated in Figures 4 and 5, TiO
suaq: Gill et al., 1988; Holm, 1988; Leg 152 917LS: Shipboard Scivs. SiQ. Normal basalt fractionation trends in this diagram extend to-
entific Party, 1994a), to heterogeneous mantle plume material (Icevard TiO-enrichment at near-constant Si@vels. Assimilation of
land: Hémond et al., 1993). More than one explanation may apply teiliceous crustal rocks leads to Si€hrichment at constant or de-
an area, as is the case for Leg 152. creasing TiQ because of Fe-Ti oxide fractionation. A similar SiO

318



VOLCANIC ROCKS OF SOUTHEAST GREENLAND MARGIN

T|02 I I I I I I I I I T 1 1 I 1 1 I I I I I i T Leg 152
A 918ssill
i 4 = 918 SDRS
e 915
gk d 917 dike
A 1 o 917Us
o o 917 MS
- | & 917 LS high-Zr/Nb
v 917 LS low-Zr/Nb
VoA G Basement gneiss
2 ) o .
®
o
- (iggov@ | ovh n
lo% B o
@J@O@é A ETTO— 0
| / A [] \
1 g - .
° 4 o - O G
1 1 1 | 1 1 1 1 1 1 1 1 1 l 1 | 1 1 1 L 1 1
45 50 55 60 65 Si02

Figure 4. TiO, vs. SiO, for the Leg 152 vol canic succession.
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Figure 5. TiO, vs. SiO, for the North Atlantic region. The large amount of datais simplified into trend lines. See text for discussion.

enrichment trend may also be produced by prolonged fractionation
including oxide minerals, without any crustal contamination, and iso-
tope data are ultimately desirable to decide what causes a SiO, en-
richment trend.

As shown in Figure 5, the majority of uncontaminated basaltsin
the North Atlantic have SiO, contents of 48%—-50%. Most continental
basalts from the North Atlantic with SiO, > 51% show indications of
crustal contamination (high K, Rb, and Ba contents; disturbed radio-

genic isotope ratios). In contrast, basalts produced in an oceanic en-
vironment may have SiO, > 51% as an effect of melting at lower pres-
sures than beneath a continental lid (e.g., McKenzie and Bickle,
1988).

Figure 4 shows TiO, vs. SiO, for the southeast Greenland Margin.
The 917US and a few rocks from the 917L S (mostly from the low-
Zr/Nb group) follow a normal basalt fractionation trend. Relative to
this, most rocksfrom 917L Shaveincreased SiO, by 1%—2%. Almost
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dl rocks from 917MS are strongly Si-enriched at constant TiO,.
When considering the whole geochemical spectrum of these rocks
(Appendix), some element correlations (such as positive correlation
between SiO, and Ce/Y) cannot be explained by crystal fractionation
done. In amost al plots the 917MS rocks lie on a trend extending
from normal basalts toward a sample of the local Archaean basement
gneiss (Figs. 2, 4, 6, 9), and the trend is best explained as resulting
from combined crustal assimilation and fractional crystallization
(Fitton et al., Chaps. 28 and 29, this volume).

The 917LS has assimilated material with high Ba/Zr (see below)
and high Sr/Zr, and Fitton et a. (Chap. 29, this volume) suggest that
this material islower crustal granulite. The 1%—-2% increasein SIO,
shown by most rocks in the 917L S may be due to such assimilation.

The 918 SDRS rocks have relatively high SiO, (50.5%—-51.5%),
athough they have not been erupted through continental but oceanic
crust; this suggests melting at low pressure under a thin (oceanic) lid
as discussed above.

Datafor the North Atlantic are shown in Figure 5. Extensive silica
enrichment in voluminous rocks is seen in southeast Greenland, the

In Iceland the Si-enriched rocks form central complexes and are
considered to be formed by melting of hydrated basaltic crust
(Oskarsson et al., 1985; Hémond et al., 1993).

Figures 6 and 7 show Ba/Zr vs. Si@ncontaminated tholeiitic
basalts have Ba/Zr below2, and accordingly the apparently uncon-
taminated rocks in Leg 152 (917US, dike, 915, 918 SDRS and sill,
and a few 917LS samples) have low Ba/Zr (Fig. 6). Contamination
with crustal rocks often leads to increased Ba/Zr. Most of the 917LS
and 917MS have Ba/Zr between 2 and 5, with a weak positive corre-
lation between Ba/Zr and Sj@n 917MS. A few samples have even
higher Ba/Zr (outside the diagram). Ba/Zr values greater than 3 are
not common in the North Atlantic (Fig. 7). Increased Ba/Zr, often
positively correlated with SiQis seen in most of the contaminated
rocks, but even the strongly contaminated rocks from West Green-
land, the Rockall Trough, and the Vgring Plateau have Ba/Zr < 3. The
contaminated rocks from the Hatton Bank have very low Ba/Zr (<1).
However, many rocks from the British Isles and some from Kanger-
lussuaq have Ba/Zr values corresponding to those of the southeast
Greenland Margin. The British rocks also show a corresponding

Vgring Plateau, the Rockall Trough, the British Isles, and Westveak positive correlation with SjO

Greenland (excluding Baffin Island). In southeast Greenland and the The following main points can be made.

Varing Plateau these rocks occur in the oldest part of the dipping re- 1. All SDRS drilled up to now (Vgring Margin, Hatton Margin,
flector sequence on the continental margin. Parts of the SDRS at teeutheast Greenland Margin) include crustally contaminated rocks in
Hatton Bank Margin are also contaminated (Site 553) but are leske oldest parts of the sequences.

fractionated. In contrast, the thick volcanic sequences in the Faeroe 2. All lava successions on the continent include crustally contam-
Islands and East Greenland (Kangerlussuaq, Scoresby Sund, andted rocks. Some successions are only sporadically contaminated,
Northeast Greenland) show much less extensive contamination, amthereas others show extensive contamination leading to dacite for-
the contaminated basalts are not highly fractionated. Indeed, the dateation. Thick Tertiary dacite successions formed only over the pe-
suggest that for the early Tertiary, dacites and rhyolites are characteipheral parts of the mantle plume head.

istic of the more peripheral areas over the mantle plume head, and are3. The crustal contaminant at the southeast Greenland Margin has
rare or absent over the more central areas. The production of aditce element characteristics (high Ba/Zr) similar to that in the British
magmas will reflect both tectonic conditions (possibilities of trappingisles and to some extent Kangerlussuag. It is in strong contrast to the
of melts in crustal magma chambers) and magma production ratesustal component in the Hatton Bank lavas, indicating major differ-

(residence times in the magma chambers).

ences in basement compositions. Site 917, Kangerlussuaqg, and the

Contamination with lower crust and lithospheric mantle like thatBritish Isles north of the Great Glen Fault are all situated within Ar-
invoked for 917LS has also been advocated for some of the Lowehaean basement, whereas the Hatton Bank Margin, on a plate recon-
basalts from the Kangerlussuag area (Holm, 1988; Gill et al., 1988xtruction, is situated ~400 km south of Sites-®1IB and lies in the
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Figure 6. Ba/Zr vs. SiO, for the Leg 152 volcanic succession. Four data points for 917L S plot outside the limits of the diagram, with Ba/Zr = 10-16. The base-

ment gneiss sample has Ba/Zr = 7.0 at SO, = 64.25.
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Figure 7. Ba/Zr vs. SiO, for the North Atlantic region. Datafields for the different areas are encircled. See text for discussion.

projected eastern extension of the mainly juvenile early Proterozoic
(1700-1900 Ma) Ketilidian Mobile Belt in South Greenland (e.g.,
Dickin, 1992). On reconstructions such as that in Harris (1991, fig.
1.2), with the suggested position of the Late Proterozoic Grenville
Front, the Hatton Bank area even fallswithin the Grenvillean orogen-
ic belt. In any case, the basement in the Hatton Bank areais signifi-
cantly younger than in the Leg 152 area, Kangerlussuag, and the
northwestern British Isles.

MANTLE CHARACTER AND MELTING PROCESSES

Fram and Lesher (1993) compiled datafor the North Atlantic and
used variationsin TiO,, FeOT (tota iron as FeO), and Dy/Y b to dem-
onstrate a trend toward higher degrees of melting in the mantle at
lower mean pressures with time, attributed to progressive thinning of
the lithospheric lid. Here, we examine the variationsin Na,O, FeOT,
CelY, and Zr/Nb.

The diagram Na,0O vs. FeOT was used by Klein and Langmuir
(1987) and Langmuir et al. (1992) in conjunction with amelting mod-
¢ for oceanic basalts. Analyses of MORB glasses were plotted after
correction for fractionation to 8% MgO. For the continental basalts
discussed here, this diagram is difficult to use unmodified for two
reasons. The first is that Na,O is often affected by secondary alter-
ation, which produces a scatter in Na,O toward both lower and higher
values than the original. Therefore, the data have to be filtered. For
this purpose, rockswith morethan 4.5% vol atileswere excluded; also
some other rocks with obviously disturbed Na,O (as seen in a Na,O
vs. MgO plot) were excluded. Still, the data from Kangerlussuag, the

West Greenland, which were deposited partly in a marine basin
(Larsen et al., 1992), show no differences between marine and non-
marine deposits. The most likely explanation for the different clusters
seen in Figure 8 is primary differences in,8aontents.

The second difficulty with the N®-FeOT diagram is the use of
fractionation correction to 8% MgO for oceanic basalts. As noted ear-
lier, most North Atlantic basalts with less than-8% MgO trend
very steeply toward enrichment in Fe and Ti (Fig. 3). This makes ex-
trapolation back to 8% MgO very uncertain, and lavas with<8%b
MgO are generally of little use in ascertaining the level of FeOT in
the more primitive liquid precursors.

After inspection of variation diagrams of Jaand FeOT vs.
MgO (not shown here), it was decided only to use basalt analyses
with 8%6-12% MgO. In this interval many rock suites have near-con-
stant FeOT values because they evolve by fractionation of olivine
with an iron content close to that of the magma, and fractionation cor-
rections to 8% MgO on FeOT are very small. The intervatB2%o
MgO corresponds to 8%8% olivine fractionation, and a Ma cor-
rection factor of 1.1 could be applied to the lavas with close to 12%
MgO. This will produce a slight upward shift of the low»Naends
of the data fields in Figure 8, but the upper ends are unchanged. In
some cases no changes at all are produced by the correction. Conse-
quently, to treat all the data equally, no fractionation corrections were
applied to the N@-FeOT diagram shown here in Figure 8. The re-
sults are unchanged by using a narrower MgO interval (e.g=, 8%
10% MgO) but fewer rocks define the fields. The use of a MgO inter-
val without any fractionation correction makes the diagram in princi-
ple slightly different from the Klein and Langmuir diagram.

Langmuir et al. (1992) calculated a liquid composition produced

Vgring Plateau, and the Rockall Trough did not form consistent clusy “standard” melting (10%) of standard oceanic mantle and pooling
ters and were discarded. Data from the other areas plot in consisterfitthe melts through the melting column; at 8% MgO this liquid has
clusters that do not change when only the freshest rocks are plotte815% FeOT and 2.4% Na. The majority of the North Atlantic rocks
Thus, if the various groups seen in Figure 8 are spurious and duegbown in Figure 8 were not produced in an oceanic setting but be-
alteration all the samples within one area (e.g., the southeast Greeneath a continental lid, which truncated the melting column. Other
land Margin with its relatively high N®) are equally affected and things being equal this will lead to production of melts richer in iron
are displaced in the same direction. This is unlikely. Alteration bythan normal oceanic melts because the low-pressure melt fractions

seawater may perhaps be called on to explain the high Blfathe

are missing. The high FeOT values in the North Atlantic basalts rel-

southeast Greenland Margin; on the other hand, the volcanic rocksative to normal MORB are likely an effect of the continental lid, as
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Figure 8. Na,O vs. FeOT (total iron as FeO) for the North Atlantic region. The analytical values have not been normalized to a fixed MgO content, but only
rocks with 8%—-12% MgO and less than 4.5% volatiles are plotted. Data fields for the different areas are encircled. Data from Kangerlussuaqg, the Varing Pla-
teau, and the Rockall Trough are too scattered to allow definition of a data field. See text for discussion.

a so concluded by Fram and Lesher (1993). Recent basalts from Ice- salts in the other areas of the North Atlantic, it follows that their de-
land’s active rift zones include rocks with very low FeO (Fig. 8);pleted character must be caused by melting of a more depleted mantle
these are considered to be low-pressure melts from already melt-déan in the other areas.
pleted mantle (Elliott et al., 1991). Figures 9 and 10 show Ce/Y vs. Zr/Nb for Leg 152 and the North
Most data for the North Atlantic cluster fairly consistently in Fig- Atlantic. These ratios are relatively insensitive to fractionation pro-
ure 8. In some areas (e.g., West Greenland), different rock groupssses but are sensitive to both melting processes and crustal assimi-
cluster in different fields; for clarity, close-lying and overlapping lation. Crustal rocks generally have much higher Ce/Y and usually
fields have been combined into one field in Figure 8. The Baffin Isalso higher Zr/Nb than mantle melts, so that crustal assimilation will
land field and the most Fe-poor West Greenland field overlap. Thshift the affected melts upward and usually also to the right in this di-
relatively low FeOT in 917LS, as compared with 917US and 91&gram. In the North Atlantic region, crustal assimilation has given
SDRS, is ascribed to crustal assimilation. The 918 SDRS basalts havge to rock groups with steep trends of increasing Ce/Y at nearly con-
FeOT lower than in 917US but higher than in normal MORB, indi-stant Zr/Nb in southeast Greenland (917LS and 917MS), West
cating a thinning of the lid from the 917US (breakup) series to th&reenland, the Varing Plateau, northeast Greenland, and the Rockall
918 SDRS (post-breakup) series, but still not attainment of fully norfrough (outside the diagram at high Ce/Y). A few northeast Green-
mal oceanic conditions. The characteristic feature of the diagram land rocks with high Ce/Y are inferred to have resulted from small
that the basalts from the southeast Greenland and Hatton Bank marelt fractions (Thirlwall et al., 1994).
gins, together with those from the British Isles (except the Preshal However, steep Ce/Y trends may also be produced without crustal
Mhor type basalts), have significantly higher,aontents than the contamination. The Faeroe Islands Lower Series basalts display such
basalts from the other areas of the North Atlantic. The basalts from trend with Ce/Y up to 2.2 (Fig. 10) without any obvious crustal as-
the other areas of the North Atlantic are significantly lower isCNa similation. High-pressure garnet and clinopyroxene fractionation, se-
than normal MORB, in accordance with the findings of Klein andlectively removing Y, has recently been suggested for these rocks
Langmuir (1987) and Langmuir et al. (1992), and ascribed to hottgBernstein, 1995). The high Ce/Y up to 2.0 in some of the apparently
(plume) mantle with larger melt fractions than normally. There araincontaminated Kangerlussuaq lavas (Fig. 10) may have the same
some intra-group differences with the more enriched rocks generallyxplanation.
plotting to the right and the more depleted rocks plotting to the leftin  Primary mantle melts may show a range of both Ce/Y and Zr/Nb
the field for the area. There are no great intergroup differences; thalues. Melts produced within the garnet stability field will have
data fields show much overlap. higher Ce/Y than melts from the spinel stability field because garnet
Relatively higher NgO in the melt results from relatively smaller preferentially retains Y. Further, because Nb is more incompatible
degrees of melting (colder mantle in Figure 8). This is a viable explathan Zr, melts produced by small degrees of melting will have lower
nation for the high N in the transitional to slightly alkaline basalts Zr/Nb than melts produced by large degrees of melting. Within a
of the British Isles, but it is difficult to envisage that the strongly de-melting column the first, deep, small-degree melts will have high Ce/
pleted (see below) tholeiitic melts from southeast Greenland and Hat- and low Zr/Nb, whereas the last, shallow, high-degree melts will
ton Bank are formed by smaller degrees of melting than the othérave low Ce/Y and high Zr/Nb. If the melts in the melting column are
North Atlantic basalts. This is, however, the most straightforward exincompletely pooled, they will scatter along a hyperbola between the
planation of Figure 8. If it is correct that the southeast Greenland arektremes. Normal oceanic basalts produced from depleted mantle
Hatton Bank basalts formed by lesser degrees of melting than the Heave Zr/Nb around 30 (Sun and McDonough, 1989), and Zr/Nb ratios
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Figure 9. CelY vs. Zr/Nb for the Leg 152 volcanic succession. Most rocks from 917MS have Ce/Y > 2.5 and plot outside the diagram at Zr/Nb around 30. The
basement gneiss sample has Ce/Y = 13.8 and Zr/Nb = 32. The four lavas from 917L S with Ce/Y > 1.25 are dl silica-enriched (Fig. 4; Table 1) and have clearly
assimilated continental crust. The 917L S lavas with high combined Ce/Y and Zr/Nb are also interpreted to be contaminated (Fig. 4; Fitton et al., Chaps. 28 and

29, this volume). Four 917L S low-Zr/Nb lavas appear uncontaminated.
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Figure 10. Ce/Y vs. Zr/Nb for the North Atlantic region. The large amount of dataare simplified into trend lines. ca= crustal assimilation trend. No trends could
be defined for the British Isles because of data scatter; most of the British data have Ce/Y = 0.5-1.5 and Zr/Nb = 10-45. See text for discussion.

greater than thisimply further depletion of the mantle, either by prior
melting episodes or by incomplete melt pooling (removal of the first
formed, deep liquids) in the melting column during the last melting
event.

Most of the uncontaminated lavas in the North Atlantic have Ce/
Y < 1.5 (excepting the Faeroe Islands Lower Series). Individual

trends can be discerned within several areas, but there are fewer indi-
vidual trendsin this diagram than in the TiO,-MgO diagram (Fig. 3).
This suggests that some of thetrendsin Figure 3 are caused by differ-
ent degrees of melting of the same mantle materia (e.g., the two
trends with different TiO, levels in 917US). Compositional differ-
encesin the mantlewill influence the position and shape of the curves
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in Figure 9. The separation of 917US and 915 + 918 SDRS into two
different curves indicates differences in mantle compositions. In the
North Atlantic, Iceland (Tertiary and Recent form one trend) and
917US constitute two extremes in an apparent series of neighboring
curves (Fig. 10). The Iceland plume can thus be regarded as one man-
tle end-member and the 917US mantle type as another. This other
mantleis suggested to be the asthenospheric MORB mantle by Fitton
et al. (Chap. 28, thisvolume). The positions of the 918SDRS and sill,
and also the low-Zr/Nb lava group from 917L S, are close to the Ice-
land plume mantle, in accordance with the suggestions of Fitton et al.
(Chap. 28, thisvolume).

Zr/Nb ratios in uncontaminated basalts show regional variations
in the North Atlantic. The Tertiary Icelandic basalts have Zr/Nb
around 6-10, but Zr/Nb ratios as high as 33 are found in some recent
magnesian basalts and picrites. The Lower Tertiary basalts from

pears to be different from that in the southern part of the North Atlan-
tic region. The closest similarity to the southeast Greenland Margin
and Hatton Bank Margin in terms of Zr/Nb and Zr/Sc is shown by
some depleted basalts from the Faeroes Upper Series (Figs. 10, 12).
The only present-day North Atlantic basalts with high Sc contents are
some samples from the Kolbeinsey Ridge, which have up to 56 ppm
Sc (Schilling et al., 1983).

The following main points can be made.

1. Most of the Lower Tertiary basalts in the North Atlantic have
higher FeOT values than oceanic basalts, interpreted as the effect of
melting under a continental lid. A major group has loweyONhan
oceanic basalts, interpreted as due to melting of hot (plume) mantle.
A southern group (southeast Greenland, Hatton Bank, British Isles)
has NaO contents similar to those of oceanic basalts, and the mantle
in this part seems to have been colder.

West Greenland, East Greenland, the Varing Plateau, and the Faeroe2. Ce/Y and Zr/Nb values in the North Atlantic lie on a number of
Islands have Zr/Nb = H20, with values of up to 35 in some West individual mantle melting curves between an Iceland plume end
Greenland picrites. There are no reliable Nb data from Baffin Islandnember and a strongly depleted, suggested MORB-type end member
The British Isles (not shown in Figure 10 because no trends are despresented by the 917US and Hatton Bank. The high Zr/Nb in these
fined) have mostly Zr/Nb = H20; one group of rocks with Zr/Nb of two areas suggests a mantle even more depleted than normal MORB
30-50 also has very low Nb, and the high Zr/Nb may be an analyticahantle.

artifact. In Leg 152 (Fig. 9), the 918 sill and the 917LS low-Zr/Nb

3. Low Zr/Sc ratios in the 915 + 918 SDRS (Iceland type mantle)

group have “Icelandic” Zr/Nb values of 405; 915 + 918 SDRS and Hatton Bank (MORB type mantle) suggest that two-stage melt-
have Zr/Nb = 1828, and in the 917US Zr/Nb range from 24 to ing processes took place in both mantle types, with removal of a high-
around 60. Very high Zr/Nb ratios corresponding to those in 917U@ressure melt and remelting at lower pressures. High Sc contents
are found in the Hatton Bank lavas and in the depleted lavas in ti{#50 ppm) are characteristic of the SDRS in the southern part of the
Faeroe Islands Upper Series (Fig. 10). These melts must have beéarth Atlantic region.

produced from a mantle that was more depleted than normal MORB
mantle, either because of earlier melt removal or because of incom-
plete melt pooling during the present melting episode. For the 917US
and Hatton Bank the high Ma (Fig. 8) argues against incomplete
melt pooling because high Zr/Nb requires that the “over-represented” The basalts from Leg 152 at the southeast Greenland Margin are
melts are the last fractions with high Zr/Nb and low®laln con-  low-K tholeiites like most of the other basalts in the North Atlantic.
trast, the Faeroe Islands depleted basalts do have Igvaa may  However, Fe- and Ti-rich, three-phase cotectic basalts, which are
be explained by incomplete melt pooling. characteristic of most of the other areas, are not represented in the

Figures 11 and 12 show plots of Zr vs. Sc for Leg 152 and th&€DRS off southeast Greenland, but the younger sill at Site 918 is Fe-
North Atlantic areas. The data have been simplified into trend linesTi-rich.
which are explicable in terms of crystal fractionation. During frac-  Primitive picritic melts with MgQ= 15%, requiring elevated man-
tionation of olivine and plagioclase, both Zr and Sc are incompatiblele temperatures for their formation, were produced in several, widely
and individual trends (representing different primary liquids) pointspaced areas over the mantle plume head. These include southeast
away from the origin. When clinopyroxene joins the fractionating asGreenland, West Greenland, Kangerlussuag, and the British Isles.
semblage, Sc becomes compatible and the trend turns toward Zr en-The Tertiary North Atlantic basalts have higher FeOT than ocean-
richment at approximately constant Sc. This steep part of the trend rie- basalts, interpreted as the effect of melting under a continental
quires that Sc is more compatible than thg, B 0.51 of Ulmer  lithospheric lid. Most basalts have lower,Rahan oceanic basalts,
(1989) suggests, and the steeply rising trends are probably an overterpreted as the effect of melting of a hotter (plume) mantle. Excep-
simplification. This could arise if rocks that are not related by crystations are the basalts from Leg 152, the Hatton Bank, and the British
fractionation have been grouped together in Figure 12; contaminatidsles, all at the periphery of the mantle plume head.
with Sc-poor crustal material will pull in the same direction, as seen Ce/Y and Zr/Nb values in the North Atlantic lie on a number of
in 917MS. With this reservation, several trends for each geographicaidividual mantle melting curves between an Iceland plume end
group are distinguishable as in the FFi@gO plot. Sc contents above member and a strongly depleted, suggested MORB-type end member
50 ppm are very rare and only occur in some rocks from the Tertiamgpresented by the 917US and Hatton Bank. The high Zr/Nb in these
of Iceland and in all rocks from Leg 152 915 + 918 SDRS and théwo areas suggests a mantle even more depleted than normal MORB
Hatton Bank Margin. The trend for 915 + 918 SDRS and two Hattomantle.

Bank trends are very similar and suggest oliir@agioclase frac- Low Zr/Sc ratios in the 915 + 918 SDRS (Iceland type mantle)
tionation. Zr/Sc ratios in these rocks are lower than in any other rockend Hatton Bank (MORB type mantle) suggest that two-stage melt-
from the North Atlantic, and this must be a primary feature of theng processes took place in both mantle types, with removal of a high-
melt. Low Zr/Sc in a melt may be achieved by a two-stage mantlpressure melt and remelting at lower pressures. High Sc contents
melting process. First, a high-pressure melt fraction, where garnét50 ppm) are characteristic of the SDRS in the southern part of the
has retained Sc in the residue, has to be removed. Next, this depletédrth Atlantic region.

residue, which will have low Zr/Sc, has to melt at lower pressure in  All SDRS drilled up to now (Vering Margin, Hatton Margin,

the spinel stability field. The melt then has to fractionate -240%0 southeast Greenland Margin) include crustally contaminated rocks in
of olivine + plagioclase (Fitton et al., Chap. 28, this volume) to obtairthe oldest parts of the sequences. Thick Tertiary dacite successions
the high Sc concentrations found. formed only over the peripheral parts of the mantle plume head.

The basalts from the Vgring Plateau, the northern representative The crustal contaminant at the southeast Greenland Margin has
of the three oldest SDRS drilled, do not have particularly high St¢race element characteristics similar to those in the northwestern Brit-
(38-45 ppm) or low Zr/Sc (Fig. 12). Neither do they have particularlyish Isles and to some extent Kangerlussuagq. It is in strong contrast to
high Zr/Nb (Fig. 10) or high N®, and their melting history thus ap- the crustal component in the Hatton Bank lavas. Whereas the first

SUMMARY
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three areasare situated within the old, partly reworked, Archaean cra- Bell, B.R., and Williamson, T., 1994. Picritic basalts from the Palaeocene
ton that occupies much of the North Atlantic region, the Hatton Bank lava field of west-central Skye, Scotland: evidence for parental magma

is underlain by Proterozoic basement. compositions. Mineral. Mag., 58:347-356.
Bernstein, S., 1995. High-pressure fractionation in rift-related basaltic mag-

matism: Faeroe plateau basalts. Geology, 22:815-818.
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APPENDI X

L eg 152 Copenhagen Analytical Data

Site-unit: ~ 915-3 917-1 917-2 917-6 917-7 917-9 917-10 917-12 917-13 917-14 917-16 917-17 917-18
Series: SDRS Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper
Depth: 198.76 42.54 48.25 60.10 65.13 74.70 78.49 84.18 86.98 92.20 102.93 108.23 113.45
SO, 49.78 45.03 44.66 45.05 44.99 44.95 46.32 4524 46.66 4338 43.64 47.45 47.83
TiO, 0.96 1.09 0.73 133 112 114 115 123 119 0.67 0.84 142 1.26
Al,O5 14.20 15.24 10.48 14.98 15.02 15.00 14.74 14.95 14.60 13.26 12.05 15.08 15.17
Fe,O; 4.49 851 9.30 6.56 4.86 4.62 5.51 6.03 4.81 455 5.30 5.18 427
FeO 7.97 318 2.79 5.18 6.39 6.62 5.68 5.60 6.50 5.78 5.44 5.82 6.49
MnO 0.22 0.18 0.16 0.22 0.20 0.18 0.22 0.20 021 0.19 0.22 0.19 0.17
MgO 7.33 9.45 17.39 9.79 10.07 10.85 10.06 10.16 10.15 16.39 16.39 8.18 8.59
Ca0 11.08 8.90 595 9.81 9.84 8.98 10.03 9.69 10.36 7.29 6.73 10.79 10.75
Na,O 2.08 2.59 1.62 2.09 2.33 2.32 2.37 219 214 149 164 245 241
K,0 0.202 0.481 0.144 0.235 0.289 0.190 0.143 0.260 0.067 0.058 0214 0.158 0.174
P,0O5 0.066 0.059 0.032 0.071 0.066 0.065 0.063 0.061 0.066 0.017 0.041 0.100 0.081
H,O 147 475 5.71 423 4.37 429 3.23 3.79 3.06 6.53 7.29 244 253
CO, 0.037 0.040 0.194 0.029 0.095 0.048 0.062 0.033 0.037 0.081 0.055 0.040 0.026
Sum 99.87 99.49 99.15 99.54 99.63 99.23 99.55 99.45 99.82 99.67 99.84 99.27 99.74
Rb 26 33 1.9 16 20 12 0.3 12 0.0 0.4 16 0.5 0.6
Ba 33 63 20 24 82 45 9 16 6 7 35 70 78
Pb 1 1 2 2 4 1 0 1 1 1 4 2 1
Sr 73 192 72 142 142 135 125 139 124 51 191 147 139
La 4 5 5 4 4 3 4 4 2 3 4 7 7
Ce 7 1 4 8 8 8 8 8 7 4 7 17 14
Nd 5 9 4 7 7 7 6 7 6 1 6 13 12
Y 28 26 14 26 25 24 21 24 24 19 18 28 25
Th 0 0 0 0 0 0 0 0 0 0 1 1 0
Zr 49 59 39 65 56 53 55 59 57 32 45 83 74
Nb 20 15 1.0 11 0.9 1.0 0.9 12 12 0.6 0.9 21 23
Zn 101 89 93 86 85 87 82 86 82 68 75 89 91
Cu 97 118 76 147 60 84 77 123 125 71 151 97 81
Co 66 81 120 57 65 64 65 65 60 79 83 54 56
Ni 76 362 1417 150 201 232 239 204 222 645 765 135 165
Sc 58 35 23 41 35 35 36 40 34 32 30 48 41
Y, 322 313 164 310 282 279 274 281 266 209 197 350 310
Cr 137 792 1581 317 388 413 451 391 411 1116 1343 295 319
Ga 19 18 14 20 18 20 19 19 20 15 15 20 19

Notes: Depths in meters below seafloor. SDRS = lavas in the oceanic part of the seaward-dipping reflector sequence. Major elements in weight %, trace elements in ppm. Major ele-
ment analyses except Na,O by XRF at the Geological Survey of Greenland; Na,O by AAS, and FeO by titration; analyst J. Kystol. H,O and CO, by CHN analyzer, analyst P.
Hansen, H.C. @rsted Institute, University of Copenhagen. Trace element analyses by XRF, analyst J. Bailey, Institute of/Gieetsgly of Copenhagen.
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APPENDI X (continued).

Site-unit: ~ 917-19 917-21 917-24 917-25 917-26 917-27 917-30 917-31A  917-31B 917-32 917-33 917-34 917-36
Series: Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Middle Middle
Depth: 120.65 131.77 141.33 149.47 151.08 153.77 157.16 160.14 164.92 170.03 177.79 193.20 207.27
SO, 46.04 44.17 46.59 44.82 46.79 4474 44.94 4432 43.68 4359 46.77 49.39 52.37
TiO, 147 116 143 1.65 191 175 174 1.83 1.40 0.74 141 259 123
Al,O4 14.56 11.17 15.20 12.26 13.62 13.16 12.88 12.80 11.25 10.54 14.36 13.68 14.96
Fe,03 5.36 557 6.38 5.89 524 6.77 7.75 7.94 7.22 4.55 7.74 593 6.24
FeO 6.42 558 525 6.43 6.65 5.44 4.62 4.74 4.94 5.84 3.85 8.09 4.93
MnO 0.20 0.20 0.18 0.21 0.18 0.19 0.21 0.23 0.19 0.19 0.23 0.24 0.18
MgO 9.48 14.47 8.02 13.03 9.03 10.87 11.79 11.58 16.05 2221 8.46 4.85 4.99
Ca0 10.52 6.22 11.27 7.96 9.89 9.21 8.32 7.99 6.72 6.62 9.51 9.38 811
Na,O 2.25 218 240 1.77 2.26 2.03 1.95 225 156 117 214 3.26 3.23
K0 0.147 0.202 0.147 0.127 0.207 0.196 0.242 0.188 0.176 0.117 0.956 0.540 1.061
P,0O5 0.086 0.086 0.071 0.131 0.162 0.138 0.135 0.134 0.103 0.039 0.083 0.213 0.148
H,O 3.05 8.37 253 491 3.05 444 4.97 5.30 6.03 3.85 391 141 2.00
CO, 0.048 0.062 0.059 0.048 0.282 0.440 0.070 0.070 0.077 0.055 0.026 0.048 0.044
Sum 99.63 99.42 99.50 99.22 99.28 99.36 99.63 99.34 99.36 99.47 99.41 99.59 99.45
Rb 0.7 24 12 22 26 54 7.2 25 55 30 75 8.1 322
Ba 16 37 22 28 38 33 37 54 23 42 159 362 454
Pb 2 0 0 3 3 2 1 3 2 3 2 7 8
Sr 138 124 163 123 159 141 130 120 98 86 145 336 449
La 5 3 1 7 7 7 6 6 6 2 4 22 33
Ce 12 6 11 13 17 16 15 20 11 6 13 44 67
Nd 11 6 11 11 15 15 14 15 10 3 9 26 32
Y 27 21 24 29 34 31 29 33 23 12 23 39 26
Th 0 0 0 0 1 0 0 0 0 0 0 3 3
Zr 73 66 73 920 123 96 93 104 72 39 76 147 134
Nb 20 19 20 37 44 38 34 4.0 27 12 24 52 45
Zn 87 94 83 96 91 96 94 104 87 73 90 118 106
Cu 101 67 103 98 175 90 124 99 105 83 140 43 44
Co 57 95 56 74 59 64 65 66 84 99 53 48 49
Ni 154 994 133 502 313 350 407 383 818 1074 145 27 33
Sc 46 28 45 31 34 32 33 35 29 25 44 44 34
Y 362 224 338 310 368 333 329 356 255 170 332 564 314
Cr 329 1203 296 702 522 529 600 632 985 1641 321 36 24
Ga 20 11 21 19 20 20 20 21 17 14 20 27 23
APPENDI X (continued).
Site-unit  917-38 917-39 917-41 917-43 917-44 917-45 917-47 917-49 917-50 917-52 917-54 917-56 917-57 917-58
Series Middle Middle Middle Middle Middle Middle Middle Middle Middle Middle Middle Middle  Middle Lower
Depth 212.10 213.10 217.32 230.64 233.17 235.97 244.16 260.87 264.93 296.02 348.67 375.50 376.30 390.11
SO, 51.89 49.89 51.98 52.68 56.35 57.75 59.00 53.84 50.61 51.57 61.46 62.55 64.13 48.59
TiO, 127 0.83 119 129 113 112 1.01 1.24 1.44 143 0.78 1.29 115 1.08
Al,O4 15.40 13.83 15.26 14.60 14.87 14.44 15.22 14.95 16.00 14.60 1491 1342 1317 1574
Fe;03 597 5.95 7.40 457 435 3.75 3.06 5.03 5.68 5.06 351 8.29 5.40 3.69
FeO 4.99 591 391 6.86 5.01 543 434 6.08 4.46 6.49 2.10 0.88 2.16 5.30
MnO 0.16 0.18 0.14 0.26 0.16 0.18 0.15 0.22 0.33 0.20 0.15 0.11 0.15 0.17
MgO 5.64 731 545 5.96 373 3.28 297 442 6.25 5.76 374 1.69 1.76 6.77
CaO 742 11.82 7.09 8.02 575 545 4.99 6.48 9.56 9.10 4.68 4,01 334 12.43
Na,O 357 2.05 333 3.09 3.70 4.03 4.07 3.70 3.39 324 3.66 411 419 2.68
K,0 0.743 0.495 0.715 0475 1.062 1.452 1.346 0.695 0.214 0.694 2,017 2.862 2.873 0.186
P,05 0.185 0.036 0.140 0.148 0.287 0.286 0.275 0.272 0.150 0.136 0.036 0.313 0.280 0.093
H,O 195 1.37 243 1.48 294 2.10 3.03 2,61 161 1.33 2.39 0.94 1.03 1.38
CO, 0.081 0.070 0.084 0.051 0.095 0.055 0.055 0.066 0.040 0.037 0.095 0.033 0.051 1.400
Sum 99.23 99.71 99.11 99.48 99.43 99.31 99.52 99.61 99.72 99.60 99.52 100.49 99.66 99.49
Rb 9.5 27.2 9.8 7.5 214 30.6 29.1 10.2 11 12.2 141 44.0 497 0.5
Ba 536 17 611 631 694 904 771 632 222 323 1161 1261 1301 158
Pb 6 1 8 7 9 10 9 7 5 4 13 12 12 1
Sr 434 68 448 359 523 514 532 566 410 349 132 404 344 314
La 30 4 34 27 46 49 52 43 19 16 61 54 52 8
Ce 61 9 61 50 92 97 103 77 37 33 120 101 103 17
Nd 29 7 31 26 43 42 45 39 22 20 56 50 48 12
Y 23 26 21 24 23 21 22 21 27 25 37 29 27 19
Th 5 0 3 1 4 4 3 1 2 2 4 3 6 1
Zr 138 37 143 147 203 201 236 191 114 97 366 256 274 60
Nb 4.4 15 5.2 50 6.5 6.7 7.0 6.2 3.6 2.7 11.4 8.3 8.9 22
Zn 98 91 85 102 99 109 96 110 103 103 110 108 127 72
Cu 73 56 65 99 22 19 26 33 199 70 45 19 14 101
Co 46 60 58 50 34 34 32 45 66 62 25 33 28 53
Ni 38 68 73 45 15 11 14 20 50 47 43 12 12 138
Sc 39 57 38 39 22 23 19 25 47 41 26 23 20 36
\% 304 318 268 297 213 249 173 281 369 266 143 157 169 276
Cr 35 134 35 25 14 10 19 17 25 21 86 10 10 253
Ga 22 17 21 21 21 23 22 21 23 24 18 21 22 20
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Site-unit  917-60 917-61 917-62 917-63 917-66 917-68 917-70 917-71 917-72  917-73A  917-75 917-76 917-78 917-79
Series Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower
Depth 398.22 416.42 421.54 424.74 451.68 472.59 503.65 521.49 542.03 547.87 582.02 597.88 607.15 618.67

SO, 47.84 44.01 44.22 48.03 49.73 48.16 50.67 51.60 51.26 45.05 53.00 46.95 47.65 48.23

TiO. 148 0.94 0.90 0.92 118 1.30 143 117 2.07 142 2.00 1.03 0.79 1.09
AlL,O3 14.66 12.93 1551 15.25 15.65 15.34 15.18 15.36 15.63 13.29 13.55 16.34 14.22 16.02
Fe,O3 4.16 3.95 4.15 4.74 5.29 3.68 581 4.40 8.34 4.79 6.19 3.94 3.95 4.28
FeO 7.05 6.59 553 5.32 4.72 6.50 4.46 511 1.59 6.47 743 4.35 5.76 5.76
MnO 0.18 0.18 0.16 0.19 0.17 0.19 0.16 0.16 0.17 0.21 0.21 0.16 0.20 0.18
MgO 8.80 15.58 12.39 8.49 725 859 5.43 6.95 471 11.57 3.70 6.54 11.60 8.06
Ca0 11.42 851 9.13 10.84 10.91 10.81 10.06 9.73 7.59 9.43 6.93 10.08 9.22 9.63
N%O 224 1.47 2.07 242 2.69 220 3.15 297 3.87 1.79 3.76 274 2.00 2.62
Ky 0.153 0.162 0.440 0.120 0.234 0.359 0.728 0.558 1.953 0.264 0.650 0.263 0.102 0.325
P,Os 0.128 0.096 0.086 0.065 0.098 0.141 0.193 0.129 0.486 0.098 0.375 0.120 0.109 0.129
H,O 1.59 4.86 5.00 2.50 1.30 218 142 117 1.39 5.08 1.38 6.93 3.80 315
CO, 0.121 0.575 0.088 0.623 0.253 0.081 0.755 0.330 0.117 0.073 0.070 0.099 0.081 0.055
Sum 99.85 99.81 99.65 99.50 99.44 99.51 99.44 99.61 99.16 99.51 99.24 99.54 99.49 99.51
Rb 11 21 8.4 0.4 10 3.7 59 35 41.8 59 7.2 26 0.5 13
Ba 72 82 739 118 153 176 426 333 683 868 774 246 155 258
Pb 2 3 0 3 2 4 5 4 3 0 9 4 3 1

Sr 185 158 316 245 273 226 330 278 352 190 411 573 270 403
La 7 7 6 8 7 13 21 13 43 6 40 11 10 11
Ce 14 12 14 16 14 22 43 30 81 8 83 22 23 22
Nd 11 7 8 9 13 15 24 18 41 11 45 15 1 15

Y 24 14 15 18 22 21 27 23 36 23 40 24 18 23
Th 0 0 0 0 0 2 2 1 5 0 0 0 2 0

zr 88 50 49 55 70 101 142 119 289 70 252 75 50 80
Nb 6.8 4.8 5.0 16 23 9.2 14.1 37 56.1 2.2 8.6 2.8 2.0 31
Zn 80 74 67 83 82 79 84 89 100 75 141 83 76 83
Cu 106 54 91 113 103 107 75 100 56 119 34 93 128 129
Co 56 77 67 57 52 49 45 46 36 61 41 49 56 51

Ni 190 461 347 167 155 118 69 87 34 358 21 194 265 177
Sc 43 25 22 33 40 40 36 38 25 33 34 30 30 33

\Y 331 185 176 229 283 264 271 238 260 299 349 230 222 245

Cr 353 679 537 319 245 318 84 70 32 713 10 301 607 172
Ga 19 16 17 20 20 20 21 22 23 20 25 18 20 19

APPENDI X (continued).

Site-unit  917-81 917-82 917-83 917-84 917-85 917-86 917-87 917-88 917-89 917-90 917-91 917-92 918-01 918-05
Series Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Sill SDRS
Depth 629.32 647.36 654.33 674.69 710.69 715.53 727.66 760.25 770.43 790.44 801.20 812.37 1176.24 1209.72

SO, 48.74 48.66 47.17 47.87 46.48 47.18 46.42 43.52 46.80 46.90 47.31 47.89 48.68 49.35

TiO, 113 102 115 0.98 0.96 1.06 107 121 116 111 1.09 103 2.89 113
Al,O3 16.30 16.26 1597 1597 15.20 15.18 15.37 1391 15.81 15.82 16.14 15.48 13.37 14.98
Fe,0, 4.06 3.03 3.97 4.58 6.01 4.63 3.46 5.26 3.53 3.95 4.96 4.50 3.54 5.52
FeO 5.61 6.63 6.46 5.01 3.93 5.48 6.30 5.68 6.25 6.58 4.65 474 9.98 5.63
MnO 0.15 0.16 0.18 0.17 0.18 0.19 0.17 0.20 0.18 0.19 0.20 0.20 0.22 0.30
MgO 7.56 7.72 8.53 8.73 9.10 9.09 9.48 12.12 741 8.26 7.17 8.87 5.86 7.70
Ca0 9.96 9.98 9.78 10.39 10.75 10.88 9.49 851 10.71 10.42 12.15 10.95 10.65 10.26
Na,0 2.78 2.55 2.45 2.39 211 2.16 2.32 1.66 2.34 2.28 2.39 217 2.63 240
K,0 0.293 0.262 0.182 0.240 0.151 0.185 0.214 0.124 0.208 0.203 0.102 0.100 0.591 0.090
P05 0.137 0.122 0.151 0.115 0.100 0.113 0.157 0.094 0.144 0.140 0.135 0.123 0.360 0.059
H,0 2.45 3.10 3.40 2.65 4.47 3.23 4.88 6.90 4.86 344 218 291 0.83 169
CO, 0.084 0.044 0.161 0.070 0.066 0.051 0.059 0.213 0.055 0.092 1.048 0.509 0.040 0.150
Sum 99.25 99.56 99.54 99.13 99.48 99.41 99.39 99.40 99.41 99.39 99.51 99.45 99.65 99.25
Rb 0.9 0.6 0.9 0.7 14 0.6 18 12 31 2.7 0.1 0.0 10.1 0.5
Ba 254 217 283 198 221 204 341 88 659 978 172 138 181 13
Pb 2 4 4 4 2 3 3 2 7 1 1 3 10 6

Sr 335 328 399 303 463 363 388 263 454 411 388 326 242 94
La 10 12 13 7 8 7 1 7 12 12 1 8 24 3
Ce 24 20 25 18 13 19 22 1 23 22 23 18 55 10
Nd 15 12 17 13 10 13 15 11 15 17 16 11 32 7

Y 23 23 25 22 19 23 21 23 22 21 22 22 44 27
Th 0 0 0 0 0 0 2 0 0 0 1 1 1 0

Zr 81 68 76 63 47 53 68 73 66 62 69 57 197 53
Nb 29 2.6 2.7 24 14 16 2.9 2.8 2.0 17 2.0 2.9 273 2.2
Zn 94 89 88 82 79 75 78 73 82 7 80 80 116 97
Cu 96 94 87 111 76 73 84 80 59 74 86 113 247 206
Co 50 52 51 48 55 54 54 65 53 52 58 54 56 61

Ni 170 169 162 188 200 178 243 373 128 118 155 290 63 76
Sc 31 33 36 37 31 32 32 29 34 37 33 37 41 69

\ 257 248 282 239 204 211 230 217 233 246 253 224 407 402

Cr 152 145 139 330 400 386 438 680 283 266 306 714 93 130
Ga 20 20 19 20 18 17 20 18 18 20 19 18 23 18
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APPENDI X (continued).

Site-unit  918-06 918-07 918-08 918-09 918-10 918-11.1 918-11.2 918-12 918-13 918-14 918-15 918-16 918-17 918-18
Series SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS SDRS
Depth 121572 122379 122656  1242.07 124527 1249.29 1255.88 126240 1268.03 1276.73 128503 129135 129424 1301.56

SO, 47.33 49.41 49.70 49.39 49.79 47.28 50.38 49.91 49.99 50.24 49.63 49.77 49.43 50.01

TiO, 137 1.29 1.29 1.26 1.25 1.32 123 0.95 115 121 134 1.02 1.08 1.07
Al,O3 17.63 13.46 13.95 15.25 13.03 15.10 13.41 13.73 14.77 13.70 13.84 15.25 14.96 14.36
Fe,0O3 7.59 6.00 5.56 6.11 4.79 11.01 4.44 3.85 5.55 4.85 5.19 6.25 6.43 10.53
FeO 4.61 8.36 7.97 5.59 10.35 4.25 9.04 8.28 6.14 8.04 8.01 451 4.48 3.06
MnO 0.27 0.29 0.28 0.25 0.34 0.09 0.33 0.23 0.18 0.19 0.30 0.22 0.25 0.22
MgO 7.50 6.78 6.99 7.65 6.79 8.09 6.75 7.71 6.98 6.82 6.94 8.30 834 8.48
Ca0 6.29 8.98 9.67 8.89 853 5.82 9.97 11.29 10.02 10.94 10.12 9.18 9.00 352
Na,0 2.70 245 247 2,61 1.78 2.82 240 2.10 244 2.33 2.34 243 2.38 2.23
K0 0.273 0.296 0.112 0.119 0.311 0.150 0.081 0.078 0.198 0.118 0.094 0.124 0.141 0.457
P,05 0.054 0.069 0.082 0.074 0.067 0.078 0.075 0.050 0.058 0.080 0.089 0.049 0.041 0.054
H,O 3.50 152 131 191 2.59 2.99 1.22 115 1.65 113 151 2.07 2.40 527
CO, 0.103 0.125 0.066 0.092 0.059 0.106 0.048 0.136 0.070 0.040 0.051 0.125 0.117 0.158
Sum 99.20 99.03 99.44 99.16 99.67 99.08 99.36 99.42 99.17 99.69 99.45 99.29 99.06 99.40
Rb 2.0 32 0.4 0.5 2.7 0.6 0.3 0.4 15 0.4 0.3 0.7 0.9 4.0
Ba 18 13 20 16 16 18 15 16 21 28 18 12 11 10
Pb 5 2 1 5 6 5 2 8 6 6 4 1 4 5

Sr 103 78 94 100 63 99 85 7 92 90 89 90 90 7
La 4 4 4 4 3 6 5 3 4 5 4 4 3 3
Ce 7 8 12 9 9 11 9 6 9 10 12 6 9 8
Nd 8 9 9 10 7 11 8 6 7 9 10 7 6 7

Y 24 33 34 35 28 53 30 22 31 30 36 21 18 20
Th 1 0 0 0 0 0 0 0 0 0 0 0 0 0

zr 62 63 62 59 61 61 60 42 55 58 65 47 50 50
Nb 24 22 3.0 29 24 25 25 19 2.7 32 34 18 2.0 18
Zn 118 122 114 112 131 104 115 98 113 100 108 100 95 140
Cu 267 103 242 182 155 142 191 140 77 160 131 157 231 145
Co 91 61 67 60 61 83 60 55 52 54 58 54 53 67

Ni 111 54 63 7 57 7 55 78 7 69 69 79 83 99
Sc 93 65 65 73 63 76 62 58 67 59 63 69 71 75

\Y 498 417 410 435 386 421 425 331 394 350 393 375 400 384

Cr 223 61 76 154 86 111 920 168 141 108 115 134 157 182
Ga 22 21 22 20 19 21 20 17 21 21 18 20 20 19

APPENDI X (continued).
Full ODP Sample | dentification Codesfor the Analyzed Samples

Unit Sample identification Unit Sample identification Unit Sample identification
915-3 152-915A-24R-2, 68-72 cm, Piece 2B 917-41 152-917A-27R-2, 55-60 cm, Piece 6 917-82 152-917A-83R-3, 61-65 cm, Piece 5
917-1 152-917A-6R-1, 84-88 cm, Piece 8B 917-43 152-917A-30R-1, 74-79 cm, Piece 11 917-83 152-917A-84R-1, 83-87 cm, Piece 2A
917-2 152-917A-7R-2, 8-12 cm, Piece 1 917-44 152-917A-30R-3, 52-56 cm, Piece 7 917-84 152-917A-86R-2, 72-76 cm, Piece 1B
917-6 152-917A-8R-4, 5-8 cm, Piece 1 917-45 152-917A-31R-1, 137-141 cm, Piece 18A 917-85 152-917A-90R-1, 59-62 cm, Piece 2B
917-7 152-917A-9R-1, 33-38 cm, Piece 4D 917-47 152-917A-32R-4, 10-15 cm, Piece 3 917-86 152-917A-90R-5, 45-48 cm, Piece 1B
917-9 152-917A-10R-1, 80-84 cm, Piece 1G 917-49 152-917A-34R-2, 53-58 cm, Piece 4B 917-87 152-917A-92R-4, 27-31 cm, Piece 2
917-10 152-917A-10R-4, 44-48 cm, Piece 2A 917-50 152-917A-35R-2, 13-18 cm, Piece 1B 917-88 152-917A-96R-1, 85-89 cm, Piece 8A
917-12 152-917A-11R-1, 128-132 cm, Piece 5C 917-52 152-917A-39R-3, 83-87 cm, Piece 6C 917-89 152-917A-97R-2, 18-21 cm, Piece 1A
917-13 152-917A-11R-4, 22-26 cm, Piece 1B 917-54 152-917A-47R-3, 4-8 cm, Piece 1A 917-90 152-917A-99R-2, 67-71 cm, Piece 1D
917-14 152-917A-12R-1, 20-24 cm, Piece 3 917-56 152-917A-53R-1, 90-98 cm, Piece 2 917-91 152-917A-100R-3, 63-67 cm, Piece 1C
917-16 152-917A-13R-2, 38-42 cm, Piece 1B 917-57 152-917A-53R-2, 20-28 cm, Piece 5 917-92 152-917A-101R-4, 94-97 cm, Piece 6A
917-17 152-917A-13R-5, 124-128 cm, Piece 11 917-58 152-917A-54R-5, 43-48 cm, Piece 1A 918-1 152-918D-94R-1, 84-88 cm, Piece 4D
917-18 152-917A-14R-3, 80-84 cm, Piece 7 917-60 152-917A-55R-4, 28-32 cm, Piece 1C 918-5 152-918D-99R-4, 12-16 cm, Piece 1
917-19 152-917A-15R-2, 0-4 cm, Piece 1A 917-61 152-917A-57R-3, 73-76 cm, Piece 1A 918-6 152-918D-100R-3, 28-33 cm, Piece 1C
917-21 152-917A-16R-3, 66-70 cm, Piece 3A 917-62 152-917A-57R-7, 25-28 cm, Piece 1B 918-7 152-918D-101R-1, 9-12 cm, Piece 3
917-24 152-917A-17R-4, 64-68 cm, Piece 3A 917-63 152-917A-58R-3, 5-9 cm, Piece 1A 918-8 152-918D-101R-4, 87-92 cm, Piece 11
917-25 152-917A-18R-3, 89-93 cm, Piece 2 917-66 152-917A-62R-1, 38-42 cm, Piece 5A 918-9 152-918D-103R-2, 31-35 cm, Piece 1B
917-26 152-917A-18R-4, 109-113 cm, Piece 7B 917-68 152-917A-64R-2, 39-43 cm, Piece 1B 918-10 152-918D-104R-2, 80-85 cm, Piece 11
917-27 152-917A-18R-6, 83-87 cm, Piece 5A 917-70 152-917A-67R-3, 122-126 cm, Piece 6B 918-11.1  152-918D-105R-2, 24-28 cm, Piece 4A
917-30 152-917A-19R-2, 46-51 cm, Piece 1B 917-71 152-917A-69R-2, 119-123 cm, Piece 4 918-11.2  152-918D-106R-3, 86-91 cm, Piece 2B
917-31A  152-917A-19R-4, 55-59 cm, Piece 3 917-72 152-917A-71R-4, 23-27 cm, Piece 1C 918-12 152-918D-108R-1, 20-24 cm, Piece 2A
917-31B  152-917A-20R-1, 42-45 cm, Piece 4 917-73A  152-917A-72R-1, 57-61 cm, Piece 3D 918-13 152-918D-109R-1, 113-117 cm, Piece 2F
917-32 152-917A-20R-4, 128-131 cm, Piece 11 917-75 152-917A-76R-1, 72-82 cm, Piece 5 918-14 152-918D-110R-4, 48-52 cm, Piece 6B
917-33 152-917A-21R-3, 130-134 cm, Piece 5 917-76 152-917A-78R-2, 125-129 cm, Piece 4A 918-15 152-918D-111R-3, 68-73 cm, Piece 8B
917-34 152-917A-23R-1, 130-137 cm, Piece 17 917-78 152-917A-79R-2, 71-75 cm, Piece 1D 918-16 152-918D-112R-1, 45-50 cm, Piece 9
917-36 152-917A-25R-1, 97-101 cm, Piece 10 917-79 152-917A-80R-3, 107-111 cm, Piece 1D 918-17 152-918D-112R-3, 47-51 cm, Piece 5A
917-38 152-917A-26R-1, 130-135 cm, Piece 17 917-81 152-917A-81R-1, 54-58 cm, Piece 6 918-18 152-918D-113R-1, 106-110 cm, Piece 12B

917-39 152-917A-26R-2, 83—-89 cm, Piece 13
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