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ABSTRACT

Whole-rock geochemical data were obtained for 178 samples selected
from the petrologically freshest parts of most of the flow units recovered
from the nine holes. These data include 170 major element analyses
(XRF) and 174 trace-element analyses (XRF and INAA). We include
representative microprobe analyses of the primary minerals and fresh
basaltic glasses (where present) in 40 selected samples. We also present
87Sr/%Sr ratios for 14 samples selected from the holes at 63°N.

These analytical data, together with petrographic data obtained from
the study of some 500 thin sections, have enabled us to establish a
detailed lithostratigraphy for each basement section.

INTRODUCTION

Leg 49 drilling penetrated basaltic basement in nine holes
grouped in three widely spaced areas of the North Atlantic
Ocean. The hole locations have enabled us to study the
petrological and geochemical variation on several scales: (1)
on a regional scale (longitudinally) between the three
different areas, viz., 63°N, 45°N, and 36°N; (2) within a
single area, using other published data from the areas
concerned — e.g., comparing the data from Holes 407,
408, and 409 with data from Iceland, the Reykjanes Ridge,
and Leg 38 (northeast of Iceland) (Figure 1); (3) within a
single hole to establish the degree of vertical variation in the
basaltic crust on a local scale. Petrological and geochemical
studies on all three scales contribute significantly to our
knowledge of the nature of crustal Layer 2 in the Atlantic
Ocean.

Previous research has suggested that the Mid-Atlantic
Ridge (MAR) consists of ‘‘normal ridge segments’’
together with ‘‘anomalous hot spot areas’’ (viz., Iceland
and the Azores) and transitional zones between them (e. fi
the Reykjanes Ridge and the MAR to the south of the
Azores, i.e., 35° to 39°N) (Morgan, 1971; Vogt, 1972;
Schilling, 1975). It has been proposed that temporal
fluctuations in hot-spot activity may account for the large
longitudinal and transverse geochemical variations in the
crustal rocks of the North Atlantic Ocean (Vogt, 1972;
Schilling and Noe-Nygaard, 1974; White et al., 1975). The
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Figure 1. Map showing the locations of Sites 407, 408, and
409 with respect to the Reykjanes Ridge. Some DSDP
Leg 38 sites around Iceland are included.

positioning of the Leg 49 sites was influenced by these
concepts.

Sites 407 to 409 were placed on an east-west transect in
order to investigate the nature of activity at a single segment
of the Reykjanes Ridge from pre-Miocene (supposedly
preceding the hot-spot influence) to the present. Similarly,
Sites 411 to 413 were placed (together with Sites 332 to 335
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of Leg 37) in order to elucidate the nature of activity with
time at the 36° to 37°N segment of the MAR. Although
dredged basalts from the MAR at 45°N show considerable
petrological and geochemical diversity (Aumento et al.,
1971), this area was selected to investigate longitudinal
variation because of its position between Iceland and the
Azores on a bathymetrically normal segment of the MAR
(supposedly uninfluenced by hot-spot activity).

We will present a hole-by-hole account of the petrology,
mineralogy, and geochemistry of the three areas. Then we
will compare the areas and offer a general discussion on
petrogenesis of North Atlantic basalts.

SAMPLING AND ANALYTICAL TECHNIQUES

Thin sections were made on board from almost all the
cores recovered (about 500 sections); this permitted a
petrographic distinction of flow units. Additional thin
sections, made subsequently, have more accurately defined
the petrographic boundaries. Samples for systematic
geochemical analyses were taken from most flow units (see
Appendices I, II, and III at the back of this volume).
Preliminary geochemical results were used to establish the
main lithologic boundaries and to select 48 samples from
the major rock types for complete analyses of the rare-earth
elements (REE) and for microprobe studies. Fourteen
samples from Holes 407 to 409 were selected from those
analyzed for REE to be analyzed for Sr isotopes. Fresh
basaltic glass was sampled where present, and has been
analyzed by the microprobe.

The major-element oxides and the elements Ti, V, Cr,
Mn, Fe, Co, Ni, Rb, Sr, Y, Zr, and Nb have been analyzed
by X-ray fluorescence (XRF) at Brest (Bougault et al., in
press). The elements Sc, Co, Ni, Rb, Zr, Sb, Cs, Ba, La,
Ce, Eu, Tb, Hf, Ta, Th, and U have been analyzed by
instrumental neutron activation (INAA) at Saclay (Treuil et
al., 1972; Chayla et al., 1973). The elements Ce, Nd, Sm,
Eu, Gd, Tb, Tm, Yb, Lu, Hf, and Th have been analyzed
by INAA at Bedford College, London (Wood, 1976).

Sr isotopes have been analyzed by mass spectrometry at
Leeds. To overcome the effects of sea-water/rock
interaction on the Sr isotopes, the leaching technique of
O’Nions and Pankhurst (1976) has been used. Three
hundred mg of rock powder were placed with 10 cm?® of 6M
hydrochloric acid in an autoclave overnight. The residue
(which X-ray diffraction analyses have shown to consist
almost totally of clinopyroxene, other phases being
dissolved) was washed and centrifuged four times.

Microprobe analyses were carried out using the
energy-dispersive system (EDS) at Cambridge (Wood)
(Reed and Ware, 1975) and the wave-dispersive system
(WDS) (Cameca type, Camebax microprobe) at Orsay
(Bizouard) (Rucklidge et al., 1970). The two microprobe
studies were complementary: the EDS was used to establish
the general range of phenocryst compositions in most of the
lithostratigraphic units, i.e., by making few (about 25)
analyses in many samples; the WDS was used for detailed
study of four samples from the 36°N holes and other
samples from this area.
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MAR 63°N: HOLES 407, 408, AND 409 — GENERAL

Figure 1 is a map of the North Atlantic Ocean in the
vicinity of Iceland, and shows the locations of the Leg 49
sites and some of the Leg 38 sites to the northeast of
Iceland. The east-west transect of Leg 49 was at 63°N, to
correspond to the midpoint of the geochemical gradient
suggested by dredged rocks from the Reykjanes Ridge
(Schilling, 1973; Hart et al., 1973; Sun et al., 1975). It is
questionable whether a gradient based on single samples
collected at widely spaced intervals on a longitudinal
traverse would still be clear after more detailed sampling at
a particular latitude. Recent studies in Iceland have shown
that a significant range of basalt types (i.e., with different
ratios of a hygromagmatophile element [HYG element in
this study] versus an element with a higher bulk partition
coefficient [D] for peridotitic and basaltic mineral
assemblages [but still with D significantly less than 1]) may
be erupted from a single eruptive complex or fissure swarm
(Treuil and Varet, 1973; Wood, 1976; Sigvaldason et al.,
1976). This results in substantial variation in the basalt
types with depth at any one locality. The presence of basalts
with very low HYG-element ratios,” together with basalts
with high HYG-element ratios, also indicates that the
geochemical gradient may not be as simple as was originally
suggested.

The relatively good penetration and recovery from the
three holes, especially Holes 407 and 409, has revealed that
various petrographic basalt types exist within a single hole
(Figure 2). To emphasize the scale of the petrographic and
geochemical variations, each hole will be considered in
more detail.

Hole 407

This hole is on magnetic anomaly 13 (about 35 to 40
m.y.) in a water depth of 2472 meters; the hole penetrated
154.5 meters into basaltic basement. This location is to the
south of the minimum bathymetric anomaly of the
Iceland-Greenland Ridge (Figure 1), and was selected to
correspond to the minimum of proposed mantle plume
activity (Vogt, 1972).

Detailed descriptions of each flow unit (Site Report
chapter, Site 407) have enabled four main lithostratigraphic
units to be defined by petrographic and geochemical data
(Figure 3). The boundary between Units 2 and 3
corresponds to a major change in magnetic polarity.

Unit 1: This upper unit is a ferrobasalt (about 15 wt.%
FeO; 5 wt.% MgO) which consists of four lava flows
interlayered with sediment. The upper two flows are
sparsely plagioclase and olivine® microporphyritic, and the

"E.g.,(Ce/Yb)N <0.5, where N denotes that the elements have been
normalized by chondrite values (Nakamura, 1974) similar to basalts
erupted from the ‘‘normal’’ mid-ocean ridge segments — i.e., MORB
(Hart, et al., 1972; Frey et al., 1974) in the active zones of Iceland
(O’Nions et al., 1976) and even at the tip of the Reykjanes Peninsula
(Wood, in press).

8Qlivine is totally replaced by smectite in all the holocrystalline basalts
in this hole.
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Figure 2. Simplified stratigraphic sections of Sites 407, 408, and 409, reported on the age-depth curve, with sea-
floor topography along track of Glomar Challenger reconstructed from echo sounder records (W. A. Duffield,
this volume). Main petrographic units of the basement are distinguished.
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Figure 3. Detailed lithostratigraphic section of Hole 407. The geologic section was established on board from
petrographic data. Ni and major-element data provided by Bougault and Corre. Zr, Ce are from Tarney
et al. (this volume). Th, Ca, Hf, Ta, Th data provided by Joron and Treuil. Major geochemical units have
been distinguished mainly on the basis of HYG ratio.
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lower two are aphyric. The evolved nature of this
ferrobasalt is also evident from the high Ti, K, and
HYG-element concentrations. The high values of the
HYG-element ratios Ce/Y, Ta/Tb, and Th/Hf cannot be
attribted to its evolved nature, because these ratios cannot
be significantly modified by closed-system crystal
fractionation of phenocryst phases present in basaltic liquids
(Treuil and Varet, 1973; Treuil and Joron, 1975) except by
unrealistic proportions of clinopyroxene or garnet
fractionation.

Unit 2: This unit consists of two flows each about 5
meters thick. The upper flow is plagioclase and olivine
glomerophyric with a sub-ophitic texture (Plate 1, Figure
1), and is relatively magnesian. The plagioclase phenocrysts
are zoned with very calcic cores (up to Angs) (Table 1).
Clinopyroxene microphenocrysts have a relatively
magnesian composition (Table 2), reflecting the rather
primitive nature of the basalt. The lower flow is slightly
more evolved, and has high Fe and Ti concentrations. Both
flows have the same HYG-element ratios, which are lower
than those of the other units sampled in this hole.

Unit 3: This unit consists of 12 flows overlying a
25-meter-thick sedimentary unit. These flows vary from
sparsely plagioclase, olivine, and augite phyric to aphyric.
The plagioclase and augite microphenocrysts have a
relatively constant composition (about Anze; ionic Mg/Mg
+ Fe = 0.74 t0 0.76, respectively, Tables 1 and 2). There is
slight geochemical variation within this unit, notably an
inverse correlation between Fe2Os* (* refers to total Fe as
either FeO or Fe20s3) and Al203 (Figure 3), which can
probably be explained in terms of the uneven distribution of
plagioclase phenocrysts. The flows of this unit have the
same HYG-element ratios as Unit 1, but are generally more
magnesian.

Unit 4: This consists of a pillow complex of olivine, and
olivine and plagioclase phyric basalt with common chilled
glass margins and clastic zones. The glass is mainly altered

TABLE 1
Representative Plagioclase Analyses (Hole 407),
Normalized to Eight Oxygens

o (=

g 2 §® B 8 ®§ & =

g ¢ £ g £ & 8 ¢

I R T T

(Interval in cm) = b3 2 ¥ N g b b3
Si02 45.89 51.82 50.05 50.62 49.61 48.18 51.00 49.46
A1203 34.50 30.30 30.56 31.46 31.31 33.11 30.66 31.46
FeO* 0.41 0.81 0.59 0.70 0.74 0.62 0.64 0.80
CaO 18.30 13.76  14.86 14.56 1490 15.88 14.65 15.74
NazO 0.67 3.31 2.57 246 2.53 2.00 2.55 2.28
Total 99.77 100.00 98.62 99.81 99.10 99.79 99.77 99.73
Si 2.12 2.36 2.31 2.31 2.29 2.21 2:32 2.29
Al 1.88 1.63 1.67 1.69 1.70 1.79 1.65 1.70
Fe 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.03
Ca 0.90 0.67 0.74 0.71 0.74 0.78 0.72 0.77
Na 0.06 0.29 0.23 0.22 0.23 0.18 0.23 0.20
An 93.75 69.69 76.16 76.56 76.48 81.41 76.06 79.23
Ab 6.25 30.31  23.84 23.44 2352 18.59 23.94 20.77

Crystal p g p mp mp p mp p

type

Note: p = phenocryst, mp = microphenocryst, g = groundmass. These abbreviations are
used in all the mineralogical tables.
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TABLE 2
Representative Clinopyroxene Analyses (Hole 407),
Normalized to Six Oxygens

g 5

Q & 3 8 3

3 i % % -

Sample o o - ol o

(Interval in cm) o 3 by g 2
Si0, 53.49 50.47 5225 5235 50.55
AlyO3 1.68 3.48 1.95 1.78 4.24
FeO* 7.81 9.87 842  8.95 9.13
MnO - - - - 0.19
MgO 17.59 14.11 16.34 16.11 13.97
Ca0 18.82 20.27 19.71 19.71 20.24
TiOy 0.37 1.34 0.90 0.90 1.30
Cry03 0.24 0.25 - - 0.33
Total 100.00 99.82 99.56 99.80 99.95
Si 1.96 1.89 1.94 1.94 1.88
AV 0.04 011 006 006 0.12
AVI 0.03 0.04 0.3 002 007
Fe 0.24 0.31 0.26 0.28 0.28
Mn — - - — 0.01
Mg 0.96 0.79 090 0.89 0.77
Ca 0.74 0.81 0.78 0.78 0.81
Ti 0.01 0.04 0.02  0.02 0.04
Cr 0.01 0.01 - - 0.01
Mg/Mg + Fe2*%  80.05 71.81 77.57 76.23 73.16
Wo 38.10 42.59 40.23 40.14 43.25
En 49.55 41.22 46.37 46.63 41.52
Fs 12.35 16.19 13.40 14.23 15.23

Crystal mp g mp mp mp

type

to palagonite, but some fresh glass has been preserved
(Plate 1, Figure 2). Microprobe analyses of these glasses
and others from the Leg 49 holes are given in Table 3. There
are some significant chemical variations within this unit,
e.g., Ni and MgO have an inverse correlation with Fe2Os*.
MgO varies from about 9 to 6 wt. per cent and Fe2Os from
11 to 15 wt. per cent, with a general increase towards the
top of the unit, accompanied by a general increase in
HYG-element concentrations. The fresh glass analyses from
this unit (Table 3) correspond in composition to the
low-MgO whole-rock analyses from this unit.

Microprobe analyses of the plagioclase and olivine
phenocrysts in the glasses are given in Tables 1 and 4,
respectively; they are relatively constant in composition
(Ansi-76; Fosi-s0). The olivine phenocrysts contain small,
rare crystals of titaniferous magnesiochromites; microprobe
analyses of these are included in Table 5.

All samples analyzed from this unit have relatively
constant HYG-element ratios which are intermediate
between the values for Units 2 and 3. At least part of the
chemical variation within this unit may be explained by
uneven distribution of olivine and plagioclase phenocrysts.
Secondary alteration is probably also responsible for some
of the variation.

A major-element variation diagram (Figure 4), an AFM
diagram (Figure 5), and a biaxial HYG-element versus less
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TABLE 3
Basaltic Glass Analyses From Holes 407,409, 410A, 411,412, and 413
S S

I — N ) < = ) < < <

P =) ¥ 5 7S L e D @ i =

v Q ~ 0 = LA % v — = e IS o

o~ — o o o~ - — o~ — (32} = -t o

o o o f g § % < w 3 - Tk

) v} O O 2 h - Q S < Qq A =t

< ¥ T I T 7 < S S 9 % k 1
Bamle S S 5 = 8 g S S S = = s |

(Interval in cm) < < < < < = < o <+ < < < <
Si0, 49.04 4944 4946 49.63 5043 4999 52.13 51.80 51.70 50.69 49.29 51.15 48.92
TiO, 1.92 2.06 1.92 1.90 1.53 1.53 1.25 1.21 151 1.24 0.81 1.27 0.83
AlOq 15.69 14.20 14.05 14.48 13.63 13.26 15.72 1592 15.73 16.61 16.12 14.15 17.33
FeO* 11.93 1245 12.61 12,11 12.19 12.25 8.18 8.31 8.17 7.97 9.32 11.24 10.01
MnO 0.15 0.23 0.22 0.22 0.17 0.21 - 0.15 - 0.14 0.14 0.19 0.18
MgO 6.23 6.69 6.52 6.61 6.24 6.10 6.90 6.95 7.05 7.12 9.33 7.49 9.44
Ca0 1093 11.20 11.42 11.24 11.06 11.38 10.79 1090 10.64 11.00 12.70 12.21 11.58
Nay0 2.49 2.54 2.48 2.60 248 2.13 2.61 2.86 2.46 2.80 2.02 211 2.37
K,0 0.19 0.21 0.25 0.21 0.13 0.18 0.45 0.63 0.51 0.85 0.12 0.10 0.10
P05 0.30 0.32 0.31 0.36 0.20 0.31 0.30 0.31 0.26 0.34 - - —
Total 98.87 99.34 99.24 99.36 98.26 97.34 98.33 99.04 98.03 98.76 100.00 100.00 100.00
TABLE 4 TABLE 5

Olivine Analyses (Hole 407), Normalized
to Four Oxygens

Q

- o

S d w

— on o

Sample o o ¥

(Interval in cm) 3 3 \3
Si0, 39.11 38.70 38.73
FeO* 18.18 17.57 17.92
MnO 0.20 — 0.34
MgO 41.79 41.71 41.10
CaO 0.28 0.41 0.24
CoO 0.49 0.39 —
NiO - - 0:23
Total 100.05 98.79 98.56
Si 1.00 1.00 1.00
Fe 0.39 0.38 0.39
Mn 0.00 - 0.01
Mg 1.59 1.60 1.59
Ca 0.01 0.01 0.01
Co 0.01 0.01 —
Ni - - 0.00
Mg/Mg + Fe2*%  80.38 80.88 80.35
Crystal P P P
type

incompatible trace-element diagram (Figure 6) for all the
samples analyzed from this hole illustrate that there is
considerable chemical variation within this 154.5-meter
vertical section. Such variation places severe limitations on
the value of chemical gradients established from analyses of
one or two dredged samples from a particular latitude. An

analogy can be drawn between vertical variation in Hole
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Titaniferous Magnesiochromites From Holes 407 and 410A,

Normalized to 32 Oxygens
(Fe2+ and Fe3* estimated from stoichiometry)

Q Q
— -— <
S S w 3
- — o ":
4 T o o
Sample o~ = = =)
(Interval in cm) S = = v
50, 0.21 0.26 0.46 0.26
TiO, 2.50 2.77 2.18 0.82
Aly04 17.60 16.60  17.38 25.67
Cr,03 32.02 32.94  32.29 35.21
Fe,03 18.94 19.69  17.56 9.83
FeO 18.33 17.63  17.99 12.91
MnO 0.55 0.49 0.40 0.40
MgO 10.22 9.87  10.20 14.70
CoO 0.52 0.26 0.45 0.50
Total 100.89  100.61  99.01  100.30
Si 0.053 0.066  0.121 0.062
Ti 0.467 0.530  0.422 0.146
Al 5.262 4973 5871 7.202
Cr 6.422 6.625  6.567 6.630
Fe3* 3.616 3.767  3.399 1.958
Fe2t 3.888 3.754  3.869 2.312
Mn 0.119 0.105  0.087 0.080
Mg 3.856 3.741  3.910 5.222
Co 0.105 0.052  0.091 0.096
Mg/Mg + Fe2® 0.498 0.499  0.503 0.693
Ct/Cr + Al 0.550 0.571  0.555 0.479
Fe3*/Fe3* + Cr + Al 0.236 0.245  0.223 0.124
Mg/Mg + Fe2* 0.804 0.804  0.803 0.861

of host Ol
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Figure 4. Variation diagram for major elements in Hole 407, using Solidification Index (S.I. = MgO/MgO +
FeO* + Nay,O + K,0). The geochemical units shown in Figure 3 have been distinguished.
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A

M

Figure 5. AFM diagram for Hole 407. The four geochemical units have been distinguished

(see Figure 3).

407 and vertical variation at a given locality in the dissected
Tertiary lava pile of Eastern Iceland (Figure 7). It is
significant that the range of (Ce/Yb)n ratio in Hole 407 is
identical to that observed in Eastern Iceland (Wood, in
press). Basalts with (Ce/Yb)n ratios similar to the Hole 407
basalts have also been reported for Holes 336, 345, and 350
of Leg 38 (Figure 1) (Schilling, 1977).

Figure 6 shows that the basalts of Units 1 and 3 have
similar HYG-element ratios. A least-squares mixing
computer program (Wright and Doherty, 1970) has been
used to demonstrate that the ferrobasalt of Unit 1 may be
derived from the basalt of Unit 3 by crystal fractionation of
a realistic mineral assemblage (Table 6). The fractionat-
ing mineral proportions are comparable to those calcu-
lated for similar ‘‘liquid’’ intervals in the Eastern
Iceland series (Wood, in press), with approximately
equal proportions of augite and plagioclase involved
in the solutions. This solution is compatible with the tran-
sition metal concentrations in the two units. The
similarity of Co concentrations in the two units (about 50
ppm) precludes the fractionation of large proportions of
olivine (the olivine/liquid partition coefficient for Co —
K& — is close to 3 [Bougault and Hekinian, 1974]). The
concentrations of Cr and Ni in the basalts place constraints
on the proportions of olivine and augite in the fractionating
assemblage (K&¥'and Kg!' are similar, i.e., both about 12
[Bougault and Hekinian, 1974, Fig. 3]). Cr decreases from
Unit 3 to Unit 1 by a factor of 4, whereas Ni only decreases
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by a factor of 2, suggesting that augite fractionation is
greater than olivine fractionation.

The similar compositions of Units 1 and 3 of Hole 407
and the most abundant basalt type found in Eastern Iceland
make it possible to estimate the composition of the more
magnesian liquids from which these relatively evolved
basalts (MgO = 5 and 6.5 wt.%) have been derived. Table
7 presents a least-squares mixing solution for the most
primitive basalt of Unit 3 (viz., Sample 407-42-1, 87-89
cm) and the most primitive Eastern Iceland basalt with the
same (Ce/Yb)~ and other HYG-element ratios (sample V10,
Wood, in press). The realistic calculated mineral
assemblage (Pl < Ol < Aug; cf. Tables 1, 2, and 4
for phenocryst compositions) suggests that the crystal
fractionation processes responsible for production of Units 1
and 3 of Hole 407 were similar to those operating in Eastern
Iceland. The predominance of plagioclase over olivine in
the fractionating assemblage explains the tholeiitic Fe
enrichment trend shown by the Hole 407 basalts (Figure 5).

Hole 408

This hole is on a topographic high within magnetic
anomaly 6 (about 20 m.y.), corresponding in age
approximately to the oldest subaerially erupted lavas in
Iceland, and hence to enhanced activity of the supposed
mantle plume. The hole was drilled in a water depth of 1624
meters, and penetrated 23.3 meters into basaltic basement.
The relatively short basement section recovered from this
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Figure 6. HYG-element plots for Hole 407. Zr from Tarney et al. (this volume). Ce and
Yb data provided by Wood. Ca, Th, Th, and Hf are from Treuil and Joron (see appen-
dices). All data show that magma types of Units 2, 3, and 4 are different, whereas mag-
ma type of Unit 1 is similar to Unit 3, but more fractionated.

hole consists of aphyric to sparsely plagioclase and olivine
phyric basalt, petrographically similar to Units 3 and 4 of
Hole 407. The section is more altered than others recovered
on Leg 49; abundant calcite, smectite, and celadonite (in
that order) occur in veins and vesicles. Olivine is preserved
only in some of the chilled margins, and is usually
pseudomorphed by secondary minerals in the
holocrystalline sections of the cores. Two lithostratigraphic
units have been distinguished on the bases of petrographic
and chemical data (Figure 8), and the boundary corresponds
to a change in magnetic inclination.

Unit 1: This upper unit consists of at least three flows and
one indurated hyaloclastite at the top. The hyaloclastite and
the upper flow are aphyric, with rare plagioclase
microphenocrysts, whereas the lower flows are sparsely
plagioclase and olivine phyric and contain more calcic
plagioclase (bytownite) than the upper flows. Figure 8
indicates that the upper flows of Unit 1 show greater
chemical variation and generally have lower MgO and

higher Fe20s* and HYG-element concentrations than the
lower flows. At first glance, the variation in the upper part
of this unit appears to be the result of crystal fractionation,
but the very high CaO and low SiO: of these flows, revealed
by the major-element variation diagram (Figure 9), as well
as higher absolute abundances of HYG elements in some of
the more Mg-rich basalts, suggest that alteration is largely
responsible for this variation. The modal abundance of
calcite and other secondary phases in these flows confirms
this.

Unit 2: This unit consists of either a succession of
basaltic pillows or very thin flows separated by glassy
margins. The glass is almost totally altered. The basalt is
aphyric with a variolitic texture and generally has higher
concentrations of HYG elements Ti, P, Y and of heavy REE
than Unit 1, but also higher MgO, Ni, Co and lower CaO
and K2O than Unit 1 (Figures 8 and 9). This chemical
variation between Units 1 and 2 is tentatively explained by
alteration, especially because of the variable distribution of
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Unit Number

TABLE 7
Least-Squares Crystal Fractionation Solution for Eastern Iceland
Parental Basalt V10 (Wood, in press) and Unit 3 of Hole 407
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Figure 7. Geological profile in eastern Iceland (geomag-
netic traverse Profile V of Watkins and Walker (1977).
Compare geological profile and geochemical variations
with Hole 407 profile of Figure 3. Geochemical data are
from Wood (unpublished ).
TABLE 6
Least-Squares Crystal Fractionation Solution
for Units 1 and 3 of Hole 407
Deriv. Parent
407-35-1, 407-42-1, Parent
4244 cm cpx ol pl opq 82-84 cm  Calculated Residuals
Si0, 4979 S1.39 37.53 5211 0.3 49.49 49.56 0.15
TiO, 3.91 .00 - - 2411 293 3.05 0.12
Al,O3 12,97 226 — 3010 104 1318 13.27 0.09
1eO* 1470 13.55 2645 071 7348  13.55 13.62 0.07
MnO 0.19 - 050 - 061  0.22 0.14 0.08
MgO 5.05 1434 3552 049 646 6.51 0.05
Ca0 9.02 1746 - 1409 015  10.98 10.98 0.01
NayO 292 - - 3.00 - 2.56 2.30 0.26
K50 0.54 - - - = 0.36 0.34 0.02
P,05 0.38 = = = = 0.34 0.24 0.10
Note:
Mix 6291  17.95 211 1539  1.65
£r2=0.1369.

Augite — eastern Iceland basalt V15a (Wood, unpublished data) ionic Mg/Mg + Fe = 0.65.
Olivine — Fog) (calculated). Plagioclase — An77 (calculated). Titanomagnetite — eastern
Iceland basalt V15a (Wood, unpublished data).

calcite: Unit 2 is more homogeneous and less altered than
Unit 1. Both units have the same Ce/Yb, Zr/Y, etc., ratios
(Figure 10). More detailed plots of Th versus other less
incompatible elements, e.g., Hf and Tb (Figure 11) reveal
that there are differences between the two units. However, it
is not clear whether these small differences or the
differences in K20, TiOz, and P2Os between the two units
(Figure 9) are results of magmatic processes (i.e., crystal
fractionation or different parental liquids) or hydrothermal
processes (i.e., elemental mobility or dilution of element
concentrations by high modal abundances of secondary
minerals).
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Deriv. Parent
40742-1, E. Iceland Parent
82-84 cm cpx ol pl V10 Calculated Residuals
Si0, 49.41 53.54 39.20 48.93 48.19 48.46 0.27
TiO, 2.93 0.59 - - 1.91 1:92 0.01
Al,O3 13.18 0.92 - 3242 15.42 15.48 0.06
FeO* 13.55 10.70 18.22 0.57 11.13 11.12 0.01
MnO 0.22 0.20 0.40 - 0.18 0.19 0.01
MgO 6.46 17.73  41.89 - 9.06 9.08 0.02
CaO 10.98 16.32 0.28 15.96 11.39 11.20 0.19
Na,0 2.56 - - 2.12 2.31 2.10 0.20
K50 0.36 - = = 0.23 0.23 0.00
P,0g 0.34 - - - 0.18 0.22 0.03
Note:
Mix 64.53 4.09 9.99 21.39.
=r2 = 0.1563.

Augite — eastern Iceland olivine basalt A13 (Wood, unpublished data) ionic
Mg/Mg + Fe = 0.76. Olivine — Fogy) (calculated). Plagioclase — Angy) (calculated).

Hole 409

This hole is close to the crest of the Reykjanes Ridge,
within magnetic anomaly 2’, close to the boundary between
the Matuyama and Gauss magnetic epochs (about 2.3
m.y.). According to the mantle-plume interpretation of the
Reykjanes Ridge bathymetric anomaly (Vogt, 1972),
basalts erupted in this area should be influenced by overspill
from the Iceland mantle source. The position of the site
close to the crest of the ridge has provided material with
which to assess the geochemical gradient proposed from
dredged samples (Schilling, 1973) in terms of variation at
one location along the trend. Figure 12 clearly shows that
the variation of the elements and ratios used by Schilling
(1973) to define the geochemical gradient is very large in
this hole.

Hole 409 penetrated 240 meters into basaltic basement
(the deepest single bit hole to date), although it was also
drilled in the shallowest water (832 m) for a DSDP site.
Some 58 basaltic flows were penetrated, according to
interpretations made on board (Site Report chapter, Site
409), with an average thickness of 3 to 4 meters. All the
flows consist of fine-grained, aphyric to sparsely
plagioclase phyric (and more rarely with olivine
microphenocrysts) basalt, generally fresh and highly
vesicular. Vesicularity is variable, reaching 30 per cent in
some flows (Duffield, this volume), and was undoubtedly
an important contributing factor to the deep penetration of
the hole. Four main lithostratigraphic units have been
distinguished, using the petrographic and geochemical data
(Figure 13).

Unit 1: This unit consists of 10 flows with variable
petrography, including aphyric, plagioclase phyric, and
plagioclase, olivine, and augite phyric types. The variability
is also reflected in the chemistry. The glassy contact
between sediment and the uppermost porphyritic basalt flow
(Plate 1, Figure 4) has been analyzed by microprobe (Table
3). The phenocryst compositions in this glass (plagioclase
Ango-71, olivine Fos1, augite with ionic Mg/Mg + Fe = 80)
(Tables 8, 9, and 10) cannot be taken as representative of
the unit as a whole, because wider variations were noted by
microscopic determinations. A clear inverse correlation
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Figure 8. Detailed lithostratigraphic section of Hole 408. For source of analytical data see Figure 3.

exists between MgO and Fe:0s3* (Figure 13), and one
sample (409-10-2, 22-24 cm) reaches a ferrobasalt
composition (MgO 4%; Fe:03 19.6%). The correlation
between major- and trace-element variation within this unit,
and the constant values of the HYG-element ratios (Figure
13), suggest that all the flows may be related by crystal
fractionation.

Unit 2: This unit consists of seven flows mainly of
sparsely plagioclase and olivine phyric basalt with rare
pyroxene phenocrysts (Tables 8, 9, and 10). In the upper
part of the unit, one flow is aphyric and another is olivine
phyric. Chemical analyses confirm the relatively constant
composition of this unit (Figure 13), and indicate that it is
similar to the most basic flows of Unit 1. The similar
HYG-element ratios of Units 1 and 2 (Figure 13) suggest
that they may be linked by crystal fractionation. Table 11
gives a least-squares solution for a crystal fractionation
calculation involving a basic composition from Unit 2 and a
more evolved composition from Unit 1.

Unit 3: This unit consists of some 40 flows, and includes
almost all the remaining cores recovered. The uppermost
flows (above Core 19) are petrographically homogeneous
aphyric olivine basalt with a sub-ophitic texture. These
flows are also chemically homogeneous. There is more
petrographic and chemical variation between Cores 19 and
27, including aphyric, plagioclase sparsely phyric,
plagioclase and olivine sparsely phyric, and plagioclase,

olivine, and augite sparsely phyric types. The lowest part of
this unit consists of aphyric basalt of constant petrography.

Unit 4: This unit cannot be distinguished
petrographically from Unit 3, but one sample from Core 32
has major- and trace-element chemistry intermediate
between that of Unit 2 and that of Unit 3.

A major-element variation diagram for Hole 409 (Figure
14) reveals that Unit 3 forms a group distinct from Units 1
and 2. This is particularly evident for SiOz, TiOz, P20s,
K20, FeO*, and MgO. CaO and SiO: contents are more
variable in Unit 3, owing to the presence of calcite in some
samples. The intermediate nature of Unit 4 is apparent from
Figure 14. The two groups (Unit 3; Units 1 and 2) show
parallel but distinct major-element variation, and are
difficult to relate by crystal fractionation.

Figure 15 shows that Unit 3 can also be clearly
distinguished from Units 1 and 2 by HYG-element
concentrations and ratios. Unit 4 also has HYG-element
ratios intermediate with respect to the other units (Figures
13 and 15). Transition-element concentrations also
demonstrate that Unit 3 cannot be derived from either Unit 1
or Unit 2 by crystal fractionation. As crystallization
proceeds, HYG-element concentrations increase in the
liquid, and compatible trace-element concentrations (e.g.,
those of Cr and Ni) decrease. This is not so for the units of
Hole 409: Unit 3 has higher HYG-element concentrations
than Units 1 and 2, but also has higher Ni concentrations.
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VARIATION ALONG THE LEG 49 TRANSECT
AT 63°N

The data presented above have enabled us to make major-
and trace-element comparisons between Sites 407, 408, and
409. Figure 16 shows that the basalts from the three holes

PETROLOGY, GEOCHEMISTRY, AND MINERALOGY

form distinct groups; those from Hole 407 (oldest) are
generally richer in TiOz and alkali. A characteristic of these
holes is the wide variation in MgO (about 10 to 4 wt.%) and
also of MgO/MgO + FeO* (about 0.5 to 0.25), reflecting
the tholeiitic trend toward Fe enrichment (Figure 17). Much
of the variation within each hole is the result of
closed-system crystal fractionation, but as pointed out
above, the variation between the holes and a significant
amount of the variation within Holes 407 and 409 cannot be
explained by this process.

Biaxial HYG-element plots and Masuda-Coryell REE
diagrams (Figures 18 and 19), showing the range of
HYG-element ratios for the three holes, distinguish the
range of variation which cannot be attributed to
closed-system crystal fractionation processes. Basalts with
the lowest HYG-element ratios occur in the youngest hole,
those with the highest ratios in the oldest hole. Comparison
of Figures 16, 17, 18, and 19 suggests that the trace-element
variation is consistent with the major-element variation in
these three holes. Figure 20 confirms this correlation
between major elements and HYG-element ratios for 19
representative samples from the three holes. This diagram
also includes 18 aphyric, Mg-rich basalts from Eastern
Iceland (Wood, in press) and six Mg-rich basalts erupted in
the active zones of Iceland and surrounding MAR (analyses
of these six basalts have been included in Table 12 for
comparison with the 63°N samples) which show similar
compositional ranges. It is apparent that the basalts from
Holes 407, 408, and 409 lie within the range of basalts
erupted in Iceland, which vary from tholeiites with low
(Ce/Yb)~ (and other such ratios) to alkali basalts with high
(Ce/Yb)w.

A more detailed plot of a HYG element (Th) versus a less
incompatible trace element (Tb) (Figure 21) readily
distinguishes the basalts related by closed-system crystal
fractionation (i.e., straight line passing through the origin)
and the relationship between the parent magmas. The
compositions of the parent magmas are approximated by
those analyses with the lowest concentrations of HYG
elements for a particular Th/Tb ratio. The non-porphyritic
nature of most of the basalts taken from these three holes
makes such approximations realistic, although the relatively
low MgO (<8%) and FeO*/(FeO* + MgO) (> 0.6) of the
most primitive members of some of the groups suggests that
they have undergone some crystal fractionation with respect
to the primary liquids. Figure 21 distinguishes at least two
parental liquid compositions from both Holes 407 and 409,
with 408 in an intermediate position between them. Figures
18 and 21 show that the parental liquids lie approximately
on a straight line, and Figure 22 confirms that this is so for
several element pairs. It has been shown that a linear
variation of parental liquids not passing through the origin
on plots of a HYG element versus a less incompatible
element is not consistent with equilibrium partial melting of
a homogeneous source, which would produce curved trends
on such diagrams (Treuil and Varet, 1973).

Sr-isotope data (Table 13) for 14 representative samples
from Holes 407, 408, and 409 (using a leaching technique
to eliminate the effects of sea-water contamination) confirm
that the different magma types cannot be derived from a
homogeneous mantle source by equilibrium partial melting.
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In Figure 23, ®’Sr/*®Sr has been plotted against Sr and
(Ce/Yb)n. This diagram shows that there is good correlation
between trace-element variation and isotopic variation
similar to that described by O’Nions et al. (1976) for
Iceland and Reykjanes Ridge basalts. The large range in
87Sr/®6Sr ratios, and the correlation between this ratio and
HYG-element ratios in the magma types of these holes,
indicates that the different magma types are probably
derived from a range of mantle sources.

Figure 24 shows the range of TiO:, 87Sr/*¢Sr, and
(La/Sm)~ in each of the three holes and at the ridge crest at
63°N (Schilling, 1973; Hart et al., 1973), plotted with
respect to distance from the ridge crest. This diagram
emphasizes the significant within-hole variation, both in
terms of crystal fractionation and mantle sources. It also
shows that there is not an enrichment in HYG-element ratios
or radiogenic isotopes toward the ridge crest (as predicted
by the mantle plume model), but rather a general decrease in
these parameters. It is evident that a mantle enriched in
HYG elements and radiogenic isotopes was productive at
the 63°N segment of the Reykjanes Ridge at a time (viz.,
Hole 407, about 35 to 40 m.y.B.P.) of minimum activity of
the postulated mantle plume. It is impossible to reconcile
the chemical variation in Holes 407, 408, and 409 with the
spatial and temporal concepts of the mantle plume model, as
previously stated. It has also been shown that a process
involving the simple mixing of two solids or liquids
corresponding to the two extremes of the chemical variation
(e.g., MORB and an alkali basalt) cannot adequately
explain the total range of variation in the Iceland and
surrounding MAR area (O’Nions et al., 1976; Langmuir et
al., in press).

In order to advance our understanding of the
geochemistry of North Atlantic basalts, we need to look
more closely at the apparent heterogeneities in the mantle.
This will be discussed in a later section, when the data from
the other Leg 49 sites have been presented.

THE WESTERN FRACTURED PLATEAU OF THE
MAR AT 45°N: HOLES 410 AND 410A

The crest of the MAR at 45°N (Figure 25) forms part of
the area studied by the Hudson Geotraverse (Aumento et
al., 1971), and basement rocks have been recovered from
some 40 dredge stations. The suite includes serpentinized
ultramafic rocks as well as tholeiitic, transitional, and alkali
basalts, together with some ferrobasalts and high-alumina
basalts (Muir and Tilley, 1964; Aumento, 1968; Aumento
and Loubat, 1971). The dredged samples have revealed just
how complex the tectonics and petrology of the ocean crust
formed at an apparently normal segment of the MAR may
be. In this area, basalts occur which are characterized by
high HYG- and alkali-element concentrations, low K/Rb,
Zr/Nb, etc. (Frey et al., 1968; Hart, 1971; Erlank and
Kable, 1976), and high ®7Sr/®¢Sr ratios (about 0.7032 to
0.7034) (White et al., 1975), compared with the MORB
basalt type (Hart et al., 1972).

Holes 410 and 410A are on magnetic anomaly 5 (about
10 m.y.), west of Meta Mount and northwest of Bald
Mountain (Figure 25), and close to dredge station 133 of the
Hudson Geotraverse (Figure 26).

PETROLOGY, GEOCHEMISTRY, AND MINERALOGY

Hole 410

This hole was drilled in 2975 meters water depth, and
penetrated 47.5 meters into basement. Two
lithostratigraphic units were recovered, both of basaltic
breccia. The units can be distinguished on the bases of
petrography, chemistry, and volcanogenic character (Figure
27):

Unit 1: This unit is a chaotic breccia which has been
interpreted as an autoclastite flow (Varet and Demange, this
volume). It consists of sparsely olivine and plagioclase
(Anze-60) phyric basalt clasts in a limestone matrix. The
basalt is tholeiitic (normative hypersthene = 13.14%), but
rich in alkalis.

Unit 2: This unit consists of a pillow breccia of
mugearitic composition (MgO 3 to 5 wt.%; normative
nepheline 2 to 4 wt.%; normative plagioclase about Anss).
The phenocryst assemblage consists of clinopyroxene,
olivine, and plagioclase. Clinopyroxene is an early
phenocryst phase, and has a distinctly alkalic character
(Table 14) with a composition plotting close to the
diopside/hedenbergite join in the pyroxene quadrilateral
(Figure 28). It is rich in TiO2 and Ca-Tschermak’s
molecule. As shown in Figure 28, this pyroxene lies on the
same fractionation trend as that previously described for
dredged transitional basalts from this area (Muir and Tilley,
1964). Plagioclase phenocrysts range in composition from
Anze to Ane7 (Table 15), and are rather calcic for such an
evolved rock.

Hole 410A

This hole was drilled 120 meters south of Hole 410 in
2977 meters water depth, and penetrated 49 meters into
basaltic basement. In view of the close proximity of the two
holes, one might expect similar sequences in both; but the
sequences are not similar. The abundant glassy selvages and
interflow breccias indicate that the Hole 410A section is a
pillow complex with three main lithostratigraphic units
(Figure 29).

Unit 1: This unit consists of olivine and plagioclase
sparsely phyric basalt. Both the olivine and plagioclase
phenocrysts are homogeneous in composition (Fos7-ss;
Angzs.74) (Tables 15 and 16). Microprobe analyses of glassy
selvages (Plate 1, Figure 6) are given in Table 3, and are
consistent with the whole-rock analyses; they show slightly
lower CaO and MgO.

Unit 2: This is an aphyric basalt with rare olivine
phenocrysts, and is more holocrystalline than the upper
unit. It is richer in MgO and Ni, and the olivine is slightly
more magnesian (Foss, Table 16) than the upper unit. The
olivines contain magnesiochromite inclusions which are
more magnesian (ionic Mg/Mg + Fe = 0.69) and contain
less TiOz and Fe2O3 and more AlzO3 than those reported for
Unit 4 of Hole 407 (Table 5). One plagioclase microlite
from a glass has a more calcic composition (Anzg, Table 15)
than the phenocrysts of the upper unit.

Unit 3: This unit consists of sparsely olivine phyric basalt
with rare plagioclase microphenocrysts. It is more variable
than the other units, and there is a tendency toward
depletion in Ni and MgO and enrichment in Fe2Os*, TiOz,
and HYG elements within the unit.
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Figure 13. Detailed lithostratigraphic section of Hole 409. Four major geochemical units have been distinguished. For
source of analytical data, see Figure 3.
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TABLE

8

Representative Plagioclase Analyses (Hole 409),
Normalized to Eight Oxygens

~ ~
i 3 % % i 3
3 L) = = 3 &
Sample 2 et o o« S i
(lntervalpin cm) 2 :f 5 = = =
Si02 46.26 50.80 47.79 50.27 50.61 51.07
Al,O3 34.22 30.55 32.32 30.86 29.83 30.30
FeO* 0.44 0.77 0.53 0.45 0.82 0.56
CaO 17.47 14.50 16.89 15.15 14.38 15.12
Na20 1.07 3.21 1.85 2.52 2.78 2.74
Total 99.46 99.83 99.38 99.27 98.41 99.79
Si 2.14 2.32 2.21 2.31 2.34 2.33
Al 1.86 1.65 1.76 1.67 1.63 1.63
Ie 0.02 0.03 0.02 0.01 0.03 0.02
Ca 0.86 0.71 0.84 0.75 0.71 0.74
Na 0.10 0.28 0.17 0.23 0.25 0.24
An 90.04 71.40 83.47 76.87 74.09 75.33
Ab 9.96 28.60 16.53 23.13 2591 24.67
Crystal p (core) p (rim)  p (core) mp p p
tpr
TABLE 9
Representative Clinopyroxene Analyses (Hole 409),
Normalized to Six Oxygens
I = & & 3
2 & 8 8 g
Sample = - o o o
(Interval in cm) s = = 5 e
Si02 52.19 51.63 52.76 52.80 49.47
Al,04 328 601 249 086 237
FeO* 7.37 6.87 4.87 13.04 19.94
MnO — — — 0.30 0.32
MgO 16.75 17.58 18.23 19.16 9.99
CaO 19.02 17.62 20.27 12.15 16.33
TiO, 058 - - 0.28 097
Ct203 0.69 o 0.46 = =
Total 99.88 99.71 99.10 98.58 99.39
Si 1.92 1.88 1.94 1.98 1.93
ALY 0.08 0.2 006 002 0.07
AVI 0.06 0.14 0.05 002 0.04
Fe 0.23 0.21 0.15 0.41 0.65
Mn - — — 0.01 0.01
Mg 0.92 0.95 1.00 1.07 0.58
Ca 0.75 0.69 0.80 0.49 0.68
Ti 0.02 - — 0.01 0.03
Cr 0.02 - 0.01 - -
Mg/Mg + Fe2t%  80.20  82.02 86.96 72.35 47.17
Wo 39.58 37.16 41.01 24.81 35.66
En 48.46 51.54 51.30 54.41 30.35
Fs 11.96 11.30  7.69 20.79 33.99
Crystal p p p mp g
type
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TABLE 10
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