
ART. No 411 
Contribution COB No 580 

Reprinted from Luyendyk, B. P., Cann, J. R. 
Initial Reports of the Deep Sea Drilling Project, Volume XLIX, Washington (U.S. Government Printing Office) 

21. THE PETROLOGY, GEOCHEMISTRY, AND MINERALOGY OF NORTH ATLANTIC 
BASALTS: A DISCUSSION BASED ON IPOD LEG 49 

D.A. Wood,' J. V ~ e t , ~  H. B o ~ g a u l t , ~  O. C ~ r r e , ~  J.L. Joron,' M. Treuil,' H. Bizouard,' M.J. N ~ r r y , ~  C.J. Hawkesworth," 
and J.C. Roddick6 

C 

ABSTRACT 

* Whole-rock geochemical data were obtained for 178 samples selected 
h m  the petrologically freshest parts of most of the flow units recovered 
kom 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 pnmary minerals and fresh 
basaltic glasses (where present) in 40 selected samples. We also present 
8'Sr/88Sr 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 degreeof vertical variation in the 
basaltic crust on a local scale. Peaological and geochemical 
studies on al1 three scales conmbute 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.g., 
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 o f  Sites 40 7,  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 41 1 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.,  
197 1 ) , this area was selected to investigate longitudinal 
variation because of its position between Iceland and the 
Azores on a bathyrnetrically 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 gn 
petrogenesis of North Atlantic basalts. 

SAMPLING AND ANALYTICAL TECHNIQUES 

Thin sections were made on board from almost al1 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 1, 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 kere  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.  T o  overcome the effects of sea-waterlrock 
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 cm3 of 6M 
hydrochloric acid irÏ an. autoclavé 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. 

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 
lceland. The east-west transect of Leg 49 was at 63"N, to 
correspond to the midpoint of the geochemical gradient 
suggested by dredged rocks frorn 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 lceland 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 [Dl  for peridotitic and basaltic mineral 
assemblages [but still with D significantly less than 11) may 
be erupted from a single emptive cornplex 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. 

This hole is on rnagnetic 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 
lceland-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 olivine8 microporphyritic, and the 

'E.g. , (CelYb)~ <O.S. 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 lceland 
(O'Nions et al. ,  1976) and even at the tip of the Reykjanes Peninsula 
(Wood, in press). 

801ivine is totaily replaced by srnectite in al1 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 reconstmcted from echo sounder records (W.  A. Duffield, 
this volume). Main petrographic units of the basement are distinguished. 
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lower two are aphyric. The evolved nature of this TABLE 2 
ferrobasalt is also evident from the high Ti, K ,  and Representative Clinopyroxene Analyses (Hole 407). 

HYG-element concentrations. The high values of the Normalized to Six Oxygens 

HYG-element ratios CeIY, TaJTb, and Th/Hf cannot be C( O 
b, - attribted to its evolved nature, because these ratios cannot C( \O 01 - 6 3 

be significantly modified by closed-system crystal $ 2 0 ,  2 00 2 - - fractionation of phenocryst phases present in basaltic liquids Sample 2 - 2 (Treuil and Varet, 1973; Treuil and Joron, 1975) except by 4 (Interval in cm) m Fc 
m d d 

X 
d - - 

unrealistic proportions of clinopyroxene or garnet 
fractionation. 

Unit 2: This unit consists of two fiows each about 5 
meters thick. The upper flow is plagioclase and olivine 
glomerophyric with a sub-ophitic texture (Plate 1,  Figure 
l ) ,  and is relatively magnesian. The plagioclase phenoc&sts 
are zoned with very calcic cores (up to Ansr) (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 AII76; ionic MgIMg 
+ Fe = 0.74 to 0.76, respectively, Tables 1 and 2). There is 
slight geochemical variation within this unit, notably an 
inverse correlation between Fez03* (* refers to total Fe as 
either Fe0 or FezOs) and Ai203 (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 t o  Eight Oxygens 

Saniplc 
(Intcrvd in m i )  
- -- 

SiO2 

*)2O3 
\.CO* 
<'JO 
N a 2 0  

Total 

Si 
Al 
I.'c 
Ca 
Na 

An 
Ab 
Crystal 
type 

Note: p = plicnrii.ryst, iiip = niicr<iplicnocryst. p = proundiiiass. Tbcïe abbrcviation\ arc 
urcd in al1 ilic niineralopical tabler. 

SiO2 

*'z03 
FeO* 
M n o  
Mg0 
Ca0 
T i 0 2  

Cr203 
Tot al 

Si 
AlIV 
AlV1 
Fe 
Mn 
Mg 
Ca 
Ti 
Cr 

Mg/Mg + ~ e ~ + %  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 Mg0 have an inverse correlation with Fe203*. 
Mg0 varies from about 9 to 6 wt. per cent and Fez03 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-Mg0 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 
(Anei- 76; Foui-no). The olivine phenocrysts contain small, 
rare crystals of titaniferous magnesiochromites; microprobe 
analyses of these are included in Table S. 

Al1 samples analyzed from this unit have relatively 
constant HYG-element ratios which are intermediate 
between the values for Units 2 and 3. At least pan 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 407,409,4 10A, 41 1,412, and 413 

Sample 
(Interval in cm) 

Si02 
Ti02 

A1203 
FeO* 
Mn0 
Mg0 
Ca0 
Na20 

K20 
'2'5 

Total 

TABLE 4 
Olivine Analyses (Hole 407), Norrnaiized 

to Four Oxygens 

TABLE 5 
Titaniferous Magnesiochromites Frorn Holes 407 and 410A, 

Normaiized to 32 Oxygens 
(Fe2+ and ~ e 3 +  estimated from stoichiometry) 

Saniple z $' -f (Interval in cm) d d -t 

SiOZ 39.11 38.70 38.73 
FeO* 18.18 17.57 17.92 
Mn0 0.20 - 0.34 

Mg0 41.79 41.71 41.10 
Ca0 0.28 0.41 0.24 
Co0 0.49 0.39 - 

Total 100.05 98.79 98.56 

Total 

Mg/Mg + Fe2+% 80.38 80.88 80.35 
Crystal P P P 
t y  De 

incompatible trace-element diagram (Figure 6) for al1 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 àredged samples from a particular latitude. An 
analogy can be drawn between vertical variation in Hole 

Mg/Mg + Fe2+ 
of host 01 
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. , .  Horizontal sale: S. I .  MgOIMgO + F a o  + Na20 + K20 x 100 

Figure 4.  variation diagram for major elements in Hole 407, using Solidification Index (S.I. = Mgû/MgO + 
FeO* + Na20 + K20). The geochemical units shown in Figure 3 have been dis tinguished. 
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Figure 5. AFM diagram for Hole 40 7. 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 lYb)~  ratio in Hole 407 is 
identical to that observed in Eastern Iceland (Wood, in 
press). Basalts with (Ce lYb)~  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 mi able- 6). The fractionat- 
ing minera1 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 olivinelliquid partition coefficient-for Co - 
K" - is close to 3 [Bougault and Hekinian, 19741). The 
concentrations of Cr and Ni in the basalts place constraints 
on the proportions of olivine and augite in the fractionating 
assemblage (Kgd'and are similar, i.e., both about 12 
[Bougault and Hekinian, 1974, Fig. 31). Cr decreases from 
Unit 3 to Unit 1 by a factor of 4, whereas Ni only decreases 

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 ( M g 0  = 5 and 6.5 wt.%) have been denved. 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 ( c e / Y b ) ~  and other HYG-element ratios (sample V 10, 
Wood, in press). The realistic calculated minera1 
assemblage (Pl < 01 < 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 sirnilar to those operating in Eastern 
Iceland. The predominance of plagioclase over olivine in 
the fractionating assemblage explains the tholeiitic Fe 
e ~ c h m e n t  trend shown by the Hole 407 basalts (Figure 5). 

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, Tb, Th, and Hf are from Treuil and Joron (see appen- 
dices). Ail data show that magma types o f  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 Mg0 and 

higher Fe203* 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 Ca0 and low Sioz 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 Ca0 
and K20 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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Tiilite of tuff  

Figure 7. Geological profile in eastern Iceland (geomag- 
netic traverse Profile V o f  Watkins and Walker ( 1 9  77). 
Compare geological profile and geochemical variations 
with Hole 407projîIe of Figure 3. Geochemical dura are 
from Wood (unpublished). 

TABLE 6 
Lest-Squares Crystal Fractionation Solution 

for Units 1 and 3 of Hole 407 

Deriv. Parent 
407 35 1 .  40742-1. Parcnt 
4244 cpx ol pl opq 82-84 cm <'~lcul.~ted Kesiduds 

. -. 

Si02 49.79 51.39 37.53 52.11 0.13 49.49 49.56 0.15 
Ti02 3.91 1.00 24.11 2.93 3.05 0.12 
N 2 0 3  12.97 2.26 30.10 1.04 13.18 13.27 0.09 
l CO* 14.70 13.55 26.45 0.71 73.48 13.55 13.62 0.07 
M n 0  U.19 0 50 - 0.61 0.22 U.14 0.08 
Mg0 5.05 14 34 35.52 - 0.49 6.46 6.51 0.05 
Ca0 9.02 17.46 - 14.09 0.15 10.98 10.98 0.01 
Nd20 2.92 - - 3.00 - 2.56 2.30 0.26 

K2° 0.54 - - - 0.36 0.34 0.02 
PIO< 0.38 - - . .. - 0.34 0.24 0.10 

Niite. 
Mik 62.91 17.95 2.11 15.39 1.65 
x r 2  = 0.1369. 
Augite - cdstern lceland basal1 VL5a (Wood. unpuhli\lied data) i<inic MpIMp + 1.e - 0.65. 
Oli~inc - I<>b? 1cal~'ulatcdl Pl.~@iicI~~ï An72 (calrulated). Tit~nomagnetite - erstern 
Icrland hdralt V15a lWi>ud, unpublislied data). 

calcite: Unit 2 is more homogeneous and less altered than 
Unit 1. Both units have the same CeIYb, ZrIY, 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 
i s  not clear whether these small differences or  the 
differences in KzO, TiOz, and P205 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). 

TABLE 7 
Least-Squares Crystal Fractionation Solution for Eastern Iceland 

Parental Basalt VI0  (Wood, in press) and Unit 3 of Hole 407 

- 
SiO2 
rio2 
A1203 
FeO* 
M n 0  
Mg0 
Ca0 
Na20 

K 2 0  
P70s 

Deriv. 
40742-1, 
82-84 cm 

49.41 
2.93 

13.18 
13.55 
0.22 
6.46 

10.98 
2.56 
0.36 
0.34 

Parent 
E. lceland 

v 1 0  
Parent 

Calculated 

48.46 
1.92 

15.48 
11.12 
0.19 
9.08 

11.20 
2.10 
0.23 
0.22 

Residuals 

Note: 
Mix 64.53 4.09 9.99 21.39. 
z r 2  = 0.1563. 
Augite . eastern lceland olivine basalt A13 (Wood, unpublished data) ionic 
M d M g  + Fe = 0.76. Olivine - Fog0 (calculated). Plagioclase Ango (calculated). 

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 rnantle-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 ndge has provided matenal 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. Al1 the 
f lows consist of fine-grained, aphyric to sparsely 
plagioclase phyric ( and  more rarely with olivine 
m i c r o p h e n ~ c r ~ s t s )  basalt, generally fresh and highly 
vesicular. Vesicularity is variable, reaching 30 per cent in 
some flows (Duffield, this volume), and was undoubtedly 
an important contnbuting factor to the deep penetration of 
the hole. Four main l$hostratigraphic units have been 
distinguished, using the petrographic and geochemical data 
(Figure 13). 

Unit 1: This unit consists or  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 porphyntic basalt flow 
(Plate 1, Figure 4) has been analyzed by microprobe (Table 
3). The phënocryst compositionS in this glass (plagioclase 
Ango-71, olivine FOR,. augite with ionic MgIMg + Fe = 80) 
(Tables 8, 9, and 10) cannot be taken as representative of 
the unit a s  a whole. because wider variations were noted by 
rnicroscopic 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 Mg0 and Fez03* (Figure 13), and one 
sample (409- 10-2, 22-24 cm) reaches a ferrobasalt 
composition (Mg0 4%; Fez03 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 al1 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 al1 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 pan 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, Ti02, PzOs, 
KzO, FeO*, and MgO. Ca0 and Sioz 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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Figure 10. HYG-element plots for Hole 408. See Figure 6 
for source o f  data. Dispersion of points along a line pass- 
ing through the origin shows the extent of crystal frac- 
tionation. 

t = lower unit 
= upper unit 

Figure 11. Detailed Tb and Hf ver'sus Th diagrams for Hole 
408. Data from Treuil and Joron. Two trends are dis- 
tinguished with slightly different HYG ratios. Dots: Unit 
1;  crosses: Unit 2. 

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 

form distinct groups; those from Hole 407 (oldest) are 
generally richer in Ti02 and alkali. A characteristic of these 
holes is the wide variation in Mg0 (about 10 to 4 wt.%) and 
also of MgOIMgO + 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 sirnilar 
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)~.  

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 Mg0 (<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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Figure 12. K20, P205, TiOZ, La, and La/Sm concentration variations along Reykjanes Ridge (Schilling, 19 73, Figures 2 and 
3). The range o f  values found within Hole 409 is represented by a bar. Range of La/Sm values found in the Reykjanes Pen- 
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In Figure 23, B7Sr/B6Sr has been plotted against Sr and 
(ce/Yb)~. 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 
s7Sr/86Sr 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 TiOz, s7Sr/B6Sr, and 
(LalSm)~ 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 ndge 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., 
Hole407, 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 4S0N: 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., 197 l),  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 cmst 
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 WRb, 
ZrINb, etc. (Frey et al., 1968; Hart, 1971; Erlank and 
Kable, 1976). and high B7Sr/86Sr 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 2 3 ,  and close to dredge station 133 of the 
Hudson Geotraverse (Figure 26). 

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 distinnuished 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 
(An70-60) 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 (Mg0 3 to 5 wt.%; normative 
nepheline 2 to 4 wt.%; normative plagioclase about A m ) .  
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 
diopsidehedenbergite join in the pyroxene quadrilateral 
(Figure 28). It is rich in Ti02 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 
An76 to An67 (Table 15), and are rather calcic for such an 
evolved rock. 

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 (Fo87-RS; 
An7s-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 Ca0 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 Mg0 and Ni, and the olivine is slightly 
more magnesian (Fose, Table 16) than the upper unit. The 
olivines contain magnesiochromite inclusions which are 
more magnesian (ionic MgIMg + Fe = 0.69) and contain 
less Ti02 and Fez03 and more Al203 than those reported for 
Unit 4 of Hole 407 (Table 5). One plagioclase microlite 
from a glass has a more calcic composition (An79, 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 Mg0 and e ~ c h m e n t  in Fe203*, TiOz, 
and HYG elements within the unit. 
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Figure 13. Detailed lirhostratigraphic section o f  Hole 409. Four major geochemical units have been distinguished. For 
source of analytical data, see Figure 3. 
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Figure 13. (Continued). 

241 
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TABLE 8 
Representative Plagioclase Analyses (Hole 409), 

Normalized to Eight Oxygens 

TABLE 10 
Representative Olivine Analyses (Hole 409), 

Normalized to Four Oxygens 

Sample 
(Interval in cm) 

Sample s" $ - 
m (Interval in cm) E: 

SiO2 46.26 50.80 47.79 50.27 50.61 51.07 Si02 39.05 39.26 38.92 

A1203 34.22 30.55 32.32 30.86 29.83 30.30 
FeO* 18.15 18.44 19.24 

FcO* 0.44 0.77 0.53 0.45 0.82 0.56 Mn0 0.30 - 0.26 
Ca0  17.47 14.50 16.89 15.15 14.38 15.12 Mg0 42.36 41.35 41.08 
Na20 1.07 3.21 1.85 2.52 2.78 2.74 Ca0 0.24 0.36 0.35 

Total 99.46 99.83 99.38 99.27 98.41 99.79 C o 0  0.45 0.24 0.24 

Al 1.86 1.65 1.76 1.67 1.63 1.63 
I :c 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 
N:i 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 25.91 24.67 
Crystal p (core) p (rim) p (core) mp p P 
tync  

TABLE 9 
Representative Clinopyroxene Analyses (Hole 409), 

Normalized to  Six Oxygens 

Sample 
(Interval in cm) 

SiO2 

A1203 
FeO* 
Mn0 
Mg0 
Ca0 
Ti02 

Cr203 
Total 99.88 99.71 99.10 98.58 99.39 

MglMg + ~ e ~ + %  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 

Total 

Si 0.99 1.01 1.00 
Fe 0.39 0.40 0.41 
Mn 0.01 - 0.0 1 
Mg 1.61 1.58 1.57 
Ca 0.01 0.01 0.01 
Co 0.01 0.01 0.01 

Mg/Mg + ~ e ~ + %  80.61 79.98 79.19 
Crystal P P mP 
type 

TABLE 11 
Least-Squares Crystal Fractionation Solution 

for Units 1 and 2, Hole 409 
- 

Dcriv. Parent 
409-9-3. 409-1 1-3. I'arciit 
6-10 cm cox ol DI 80.82 ciil (.ilcul.~tcd Kc\idiidl\ 

48.93 50.1 3 50.40 0.28 
1.44 1.32 0.1 1 

32 42 14.38 14.34 0.02 
0 .57  11.37 11.18 0.19 

0.18 0.21 0.03 
8.24 8.29 0.06 

15.96 11.87 11.75 0.12 
2.12 2.22 2.18 0.05 

0.05 i l . ?  I 0.16 
0.12 0.1 1 0.01 

Note: 
Mix 85.52 3.00 4.74 6.74 
~ t - 2  = 0.1750. 
Aiiptc castcrn Iccland basalt V15a (Wood, unpublished data) ionic Mg/Mg + 
Fe = 0.65. Olivinc I it8,, ~c . i lc i i l~tcd) .  Plapoclasc Ann0 (calculatcd). 

The major-element variation diagram (Figure 30). biaxial 
plots of HYG elements versus less incompatible trace 
elements (Figure 31), and Masuda-Coryell REE diagrams 
(Figure 32) show the relationships between the units of 
Holes 410 and 410A. There is considerable within-hole 
variation, as for the holes of the 63"N transect. Unit 2 of 
Hole 410 cannot be derived by closed-system crystal 
fractionation from Unit 1 of Hole 410, because of the large 
differences in HYG-element ratios. Although there is less 
variation between the units of Hole 410A, it is still not 
possible to relate them by crystal fractionation processes. In 
both holes, it is the upper unit that has the lowest 
HYG-element ratios, similar in both units. 
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Figure 14. Variation diagram for major elements in Hole 409, using S.I. (= MgO/MgO + FeO* + Na20 + K20/ .  The geochem- 
ical units shown in Figure 13 have been distinguished. 
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Figure 15. HYG-element plots for Hole 409. See Figure 6 for source o f  data. Units 1 and 2 group 
along the sanze fractionution trend, and differ frotrz Utlit 3. Unit 4 (one ana1ysis:cross) Iias an inter- 
mediate ratio. 

A wide variety of basalt types has been recovered from 
the modest penetration of these two holes, but this 
represents only part of the variation obsewed in the suite of 
dredged basalts-from the MAR at 45"N (Aumento et al., 
1971). This is clear from the FeO*-versus-Mg0 plot of the 
two sample collections (Figure 33). For compositions with 
the same Mg0 contents, the basalts from Holes 410 and 
410A are poorer in FeO* and TiOz, but richer in KzO, 
P205, and the HYG elements than basalts from the 
Reykjanes Ridge and Iceland. Basalts from the two areas 
can be readily distinguished on an alkali-silica diagram, 
although we emphasize that basalts which lie along a more 
tholeiitic trend have been found in the 45"N area (Figure 
34). 

Further work on the range of basalt types erupted in the 
45"N area is clearly required before detailed cornparisons 
can be made between this and other areas of the North 

Atlantic. Nevertheless, Figure 35 is an attempt to make an 
initial comparison, with the data available, between 45"N 
and other areas. This diagram will be discussed further 
when the remaining Leg 49 holes have been described, but 
we introduce it at this stage to demonstrate the large 
regional variation in the North Atlantic. Such variation 
suggests regional heterogeneities in the mantle, as well as a 
diversity in the processes involved in magma genesis along 
the MAR. 

The high alkali and HYG-element contents and ratios in 
the basalts recovered from 45"N are incompatible with the 
mantle plume model - the Leg 49 site in this area was 
selected partly because of its distance from proposed 
mantle-plume activity. The presence of these basalts at a 
bathymetrically normal segment of the MAR suggests that 
such compositions are not restricted to areas of hot-spot 
activity, as implied by the mantle plume model. 
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Figure 16. MgO/Ti02 and MgO/Na20 + K20 variation dia- 
grams for Sites 407, 408, and 409. Basalts of  Site 407 
are more alkaline and Ti-rich, Sire 408 basalts have inter- 
mediate values. 

THE MAR AT 37"N: HOLES 411,412,412A, AND 413 

The four remaining holes drilled into basaltic basement 
on Leg 49 are in the 36 to 37"N area close to the ridge crest 
(Figure 36), an area which has been studied in more detail 
than any other segment of the MAR. As for the 63" and 
45"N areas, basalts with "anomalous" trace-element and 
isotope chemistry (with respect to the depleted MORB type) 
have been previously recovered from this segment of the 
ridge. Schilling (1975) and White et al. (1975) have 
suggested, using a suite of dredged rocks, that there is a 
geochemical gradient along the MAR to the south of the 
Azores, similar to that proposed south of Iceland (i.e., from 
HYG-element- and radiogenic isotope-enriched basalt near 
the Azores to more depleted compositions further south), 
but extending more than twice the distance (about 1000 
km). Similarly, they have related this gradient to overspill 
of material from a postulated Azores mantle plume and 

rnixing with MORB basalt magmas. The MAR at 36" to 
37"N lies in an intermediate position on this geochemical 
gradient, with 87Sr/86Sr of approximately 0.7030 and 
chondritic REE ratios. 

The rift valley of the MAR between 36"501 and 37"N 
(Figure 36) has been extensively studied as part of the 
French-American Oceanographic Undersea Survey 
(FAMOUS), and the petrology and geochemistry of the 
lavas and glasses recovered have been well documented 
(e.g., Bryan and Moore, 1977; White and Bryan, 1977). 
The FAMOUS sample collection suggests that there is a 
spatial variation in petrography and basaltic glass 
composition within the inner rift valley. Hekinian et al. 
( 1976, fig . 5) have produced a schematic map showing the 
distribution of five basalt types distinguished by their 
phenocryst assemblages. 

Basaltic crust produced at this segment of the MAR has 
also been sampled on DSDP Leg 37, during which depths of 
more than 100 meters were drilled into basement at four 
sites (332 through 335) on a west-northwest transect ranging 
from 3.5 to 15 m.y. (Figure 37). The petrological and 
geochemical accounts of Leg 37 basalts (DSDP Initial 
Reports, v. 37, 1977; Bryan et al., 1977; Blanchard et al., 
1976; Lambert and Holland, 1977; O'Nions and Pankhurst, 
1976) suggest that a similar range of petrographic and 
geochemical basalt types have been erupted from this 
segment of the ridge for at least 15 m.y. 

Almost ail the basalts sampled from the FAMOUS area 
and the Leg 37 holes are Mg-rich (generally between 8 and 
10 wt.% MgO), and display a large range in petrography: 
both aphyric and coarsely phyric types are abundant. This 
contrasts with the 63"N and 45"N areas of the North 
Atlantic, where aphyric or sparsely phyric basalts 
predominate. 

The objectives at the Leg 49 sites in this area were to 
extend the Leg 37 transect to a younger age, in order to 
study temporal variation in the basalt produced at this 
segment of the ridge, and to compare the basalt types 
erupted at the ndge with those erupted in the nearby fracture 
zone. 

This hole was positioned 10 km West of the inner rift 
valley of the FAMOUS area, in a sediment pond within the 
outer rift (about 1 m.y. -the youngest basaltic ocean crust 
drilled to date). The hole was drilled in 1935 meters water 
depth and penetrated 45.5 meters into basaltic basement, 
but recovery was less than 10 per cent, owing partly to the 
denseness and freshness of the basalt. Two petrographically 
and geochemically distinct lithostratigraphic units have 
been distinguished (Figure 38). .t 

Unit 1: This unit is a pillow complex consisting of basalt 
which ranges from aphyric to sparsely olivine phyric, with 
rare plagioclase microphenocrysts in some samples. There 
are abundant chrome spinel inclusions in the olivine 
phenocrysts (Plate 2, Figure 1). The olivine phenocrysts are 
very magnesian, show a narrow range of compositions 
(Foae-es, Table 17), and are relatively poor in Ni compared 
with other FAMOUS samples (Hekinian et al., 1976). The 



D. A. WOOD ET AL. 

Figure 17. AFM diagram for Reykjanes sites. Al1 rock analvses plot along an iron enrich- 
ment trend of tholeiitic affnity. Site 409 samples are richer in alkaline elements. Site 
408 samples are intermediate between those of Sites 407 and 409. 

chrome spinels are Mg-rich and plot toward the Al-rich limit 
of the field of magnesiochromite for basalts dredged 
between 29" and 40°N of the MAR (Sigurdsson and 
Schilling, 1976) and for those from DSDP Leg 37 
(Sigurdsson, 1977) (Table 18; Figures 39 and 40). The 
plagioclase microphenocrysts Vary in composition from 
An83 to An72 (Table 19). This basalt is characterized by 
high Mg0 and Ni and low HYG-element contents and 
ratios. 

Unit 2: This unit consists of coarsely plagioclase and 
olivine phyric basalts, sometimes with sparse augite 
phenocrysts. The basalts contain between 10 and 20 per cent 
plagioclase megacrysts (2 to 4 mm diameter) which are 
highly zoned with very caicic (Ansz-sa) resorbed cores and 
less calcic rims (An7s-7s) (Table 19) (Plate 2, Figure 2). The 
olivine compositions are similar to those of Unit 1, with 
microphenocrysts of Foss-sr and rare megacrysts of more 

t magnesian composition (Table 17). The clinopyroxene 
phenocrysts and microphenocrysts have a homogeneous 
diopsidic-augite composition (ionic Mg/Mg + Fe = 85, 
Table 20). 

Of the basaits recovered during Leg 49 in the 36 to 37"N 
area, none that contain clinopyroxene phenocrysts or 
microphenocrysts contain chrome spinels as well. This 
suggests a reaction relationship between magnesiochromite 
and diopsidic augite. 

The Unit 2 basalt is charactenzed by higher Al203 
(probably resulting mainly from accumulation of 

plagioclase phenocrysts) and lower Mg0 and Ni than Unit 
1. Units 1 and 2 cannot be simply related by the dilution 
effect of plagioclase phenocrysts, since Unit 2 also has 
higher TiOz, KzO, PPOJ, and HYG-element contents than 
Unit 1 (Figures 38 and 41). The different HYG-element 
ratios of the two units (Figures 42 and 43) confirm that they 
belong to two different magma types. 

The range of major- and trace-element chemistry of the 
two magma types present in Hole 41 1 is similar to the range 
of chemistry already described for the FAMOUS area 
(Bryan and Moore, 1977; White and Bryan, 1977) and the 
two magma types sampled on Leg 37, i.e., the normative 
anorthite-rich and normative diopside-rich magma types of 
Flower et al. (1977) (magma types A and B of Mitchell and 
Aumento [1977]). Unit 1 of Hole 41 1 belongs to magma 
type A and Unit 2 to magma type B. To demonstrate the 
similarity between the Hole 411 magma types and those 
previously descnbed from this area, the REE of aphyric 
members of the two Leg 37 magma types have been 
included in Figure 43 (stratigraphic unit 332B-5 represents 
the normative anorthite-rich magma type A; stratigraphic 
unit 332A-2 represents the normative diopside-rich magma 
type B - Flower et al., 1977). 

Magma type A is slightly light REE-depleted, and type B 
is slightly REE-enriched (relative to chondrite REE ratios). 
Both types are concave upward in the light REE (Figure 
43), and have (LalCe)~ ratios (1.14 and 1.54 for types A 
and B, respectively) similar to some of the 45"N basalts 
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Dots represent the most primitive analyses on each trend. 

Figure 18. HYG-element fields o f  variations for rocks o f  al1 Reykjanes sites; drawn from 
Figures 6 ,  10, and 15. Fields partly overlap, but ratios increase from Site 409 to Sites 
408 and 407, i.e., with increasing distance from ridge axis. Dots represent the most 
primitive analysis on each trend. 

[LalCe]~ between 1.54 and 2.28; Figure 32) and to some 
alkali basalts from oceanic islands, as previously noted by 
Langmuir et al. (1977). (Ce tYb)~  varies from 
approximately 0.7 in magma type A to 1.4 in magma type 
B, emphasizing that the basalts from this area are enriched 
in the heavy REE relative to alkali basalts with the same 
(LalCe)~ ratio. 

Figure 44 illustrates the major-element variation in 
representative samples from the Leg 49 sites in the 36 to 
37"N area, with respect to that shown by the FAMOUS 
basaltic glasses and the two aphyric Leg 37 magma types. 
The plagioclase phyric Hole 41 1 Unit 2 basalts lie along a 
plagioclase (about Ango) control line from a liquid 
composition similar to the Leg 37 magma type B. The 
olivine phyric Hole 41 1 Unit 1 basalt lies close to an olivine 
(about Foss) control line from a liquid similar to Leg 37 
magma type A. The microprobe analysis of glass from 
Sample 411-2-2, 10-12 cm (Table 3) also plots close to 
magma type A in Figure 44. This figure emphasizes that 
most of the Hole 41 1 basalts represent liquid plus crystals, 
and cannot be taken as liquid compositions. 

Holes 412 and 412A 

These holes were positioned in the northern part of the 
valley of fracture zone B to the south of the FAMOUS area 
(Figure 36), in crust 1.6 m.y. old. This provides a section in 
the basaltic crust to the east of the rift valley only about 0.5 
m.y. older than that of Hole 411 to the West of the rift 
valley. The two holes were drilled in 2609 meters water 
depth, and basalt was first penetrated at 153 meters 
sub-bottom in Hole 412. The hole penetrated 171.5 meters 
sub-bottom, and only 35 cm of basalt were recovered. The 
basement lithostratigraphy of Hole 412 is reconstructed in 
Figure 45. Basement was first encountered at 163 meters 
sub-bottom in Hole 4 12A, which penetrated 13 1 meters of 
basaltic basement. Twenty-seven flows have been 
distinguished by shipboard studies and subsequent 
geochemistry (Figure 46). 

Four flows were sampled in this hole. The top one is an 
aphyric basalt and the others are coarsely plagioclase, 



D. A. WOOD ET AL. 

. . . . . ~ s m - a ~ ~ r o n  

Hole 4M) Unit 1 O 408.35 1.108 110cm 

. . 1 1 1 1 . I  I . I n n I r  

Hob 409 Unit 3 409 24-2. 87 90 cm 

Unit 2 O 409 13 1.39-41 cm 

Figure 19. Masuda-Coryell plot for some basalts of Re-vk- 
janes sites. Chondrite values used are from Nakamura 
( 1  974). The two extreme values observed for each hole 
have been reported. Al1 data from Wood, except La from 
Treuil (see Appendices). 
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Figure 20. Major-element variation versus HYG ratio varia- 
tion in Reykjanes sites. S index is from Dmitriev (1  9 74). 
Eastern Iceland data are plotted for comparison (from 
Wood, in press, and Table 12). 

TABLE 12 
Six Representative Basalts From the Active Zones of lceland and 

(the Reykjanes Ridge (major-element analyses are in wt. %) 

a b c d e f 
- 

SiO2 
Ti02 

A1203 ' 

Fe203 
F e 0  
Mn0 

Mg0 
Ca0 
Na20 

K20  
~ ~ 0 '  

P2°5 

Total 

(Ce/Yb)N 

Note: Key to analyses: a is from a lava field east of Myvatn 
(63'39'N. 16'42'W) - sample 158 (phenocryst mode: 5.5% 
PI, 4.8% 01, 1.2% Aup) (Wood, in press). b is from the Re.vk- 
janes Peninsula in a fissure 0.5 km north of Haleyjarbunga 
(63"511N, 22"39'W) - sample 173 (phenocryst mode: 4.0% 
PI, 3.0% 01, 0.5% Aug) (Wood, in press). c is a picrite from the 
Reykjanes Peninsula, in a shield volcano east of Skalarfell 
(63"501N, 22'40'W) - sample 161 (phenocryst mode: 10.0% 
01, 0.7% Mgchromite) with 973 ppm Cr and 525 ppm Ni 
(Wood, in press). d is from Kolbeinsey Island north of lceland 
(Sigurdsson and Brown, 1970; O'Nions et al., 1976). This 
basalt contains phenocrysts of plagioclase (Ango-80) and very 
magnesian olivine (Fogg.g), with groundmass orthopyroxene. 
e is the first lava from Surtsey, 1964 (Tilley et al., 1966). REE 
are extrapolated from values reported by O'Nions et al. (1973) 
for other Surtsey lavas. No petrographic details are available 
for this alkali basalt. f is  from the Charlie Gibbs fracture zone 
(Campsie et al., 1973, table 1, analysis 2), with REE from 
O'Nions et al. (1976). 

, , , , Y i ; ,  
O0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 

Th 

Figure 2 1. TblTh (ppm) for analyzed basalts from Leg 49 
sites ut 63"N Analysis by Treuil and Joron (this paper). 
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Figure 22. TalTh and LalTh (ppm) for analyzed basalts 
from Leg 49 sites ut 63"N. Analysis by Treuil and Joron 
(this paper). 

clinopyroxene, and olivine phyric. Mineralogy of the 
basalts from this hole has been studied in detail. The upper 
aphyric flow contains clinopyroxene showing a quench 
trend, with limited iron enrichment (Figure 47[a]; Table 21) 
and plagioclase ranging from An78 to An72 (Figure 48; 
Table 22). The porphyritic flows contain strongly zoned 
plagioclase megacrysts with calcic cores (Anes-es; Table 22) 
which are frequently resorbed, surrounded by more sodic 
rims (An7s-70) (Plate 2 ,  Figure 3). Clinopyroxene 
phenocrysts are very Mg-nch (ionic MgIMg + Fe = 91 to 
88; Table 21), and show a trend toward sub-calcic augite 
and more Fe-rich groundmass compositions, including 
pigeonite (Figure 47[bl). Olivine phenocrysts have cores of 
Foeees and rims of Fos5 (Table 23). As already mentioned, 
no chrome spinels occur in these pyroxene phyric basalts 
(cf. reaction given in section on Hole 41 1). 

TABLE 13 

Whole-Rock and Leached 8 7 ~ r 1 8 6 ~ r  Ratio for 14 Selected 
Sarnples Frorn Holes 407.408, and 409 (analyses are 

quoted relative to a value of 0.70800 for the Eirner and 
Arnend SrCO1 standard, ail errors quoted are for 20)  

Sample (Interval in cm) Whole-Rock Leached Powder 

asamples being rerun to reduce errors. 

I 1 1 1 1 1 1 1 
0.7029 0.7031 0.7033 0.7035 

Leached Sarnple 87srt86sr 

Figure 23. Plate of  8 7 ~ r / 8 6 ~ r  versus Sr (ppm) and CelYb 
normalized to chondrites for 14 samples. (Source of data; 
Table 13.) 

There is some variation in the major-element chemistry 
(especially MgO, Fe203*, and Alz03; Figure 45) of the 
porphyritic lavas, which may be explained by uneven 
distribution of phenocrysts. The HYG-element ratios are 
relatively constant and show values similar to Unit 2 of Hole 
411 (i.e., magma type B). 

The upper 50 meters of the basement section of this hole 
are similar to the porphyritic flows of Hole 412. A coarsely 
plagioclase, olivine, and clinopyroxene phyric basalt (15 to 
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Figure 24. Plot of  Ti02 (w t  %), 8 7 ~ r / 8 6 ~ r ,  and La/Sm 
variation for Sites 407, 408, and 409 basalts and for 
dredged basalts along the Reykjanes Ridge at 63"N, ver- 
sus age and distance from the a i s  (cf: Figure 2). Source 
of analytical data: this paper and Schilling ( 1  9 73) and 
Hart et  al. ( 1  973). ( L ~ / s m ) ~  values for Site 408 have 
been extrap~lated from (Ce/Sm)N data. 

25% phenocrysts) predominates in this part of the hole 
(Plate 2, Figure 4). The compositional variation in the 
phenocrysts is similar to that of Hole 412 (Tables 21 to 23). 
The most calcic plagioclases and the most magnesian 
olivines and clinopyroxenes of Holes 412 and 4 12A occur in 
these porphyritic basalts. Figure 47(c) shows the range 
of clinopyroxene phenocryst and microphenocryst 
compositions in several basalts from Holes 412 and 412A, 
together with some from Unit 2 of Hole 411. The 
clinopyroxene phenocrysts and microphenocrysts of eight 
samples from the 63ON holes have been plotted in Figure 
47(d) for comparison. The 63"N clinopyroxenes tend to be 
more Fe-rich and follow a trend closer to the 
diopsideihedenbergite join than those from the 37"N area. 
The pyroxenes plotted in Figure 47 should be compared 
with the alkalic pyroxenes in Unit.2 of Hole 410 (Figure 
28). 

The basalts below 50 meters of the basement section in 
Hole 412A Vary from sparsely phyric to aphyric. Sparsely 
phyric basalts also occur in the upper 50 meters (with the 
same mineral assemblage as the coarsely phyric types) - 
especially at 185 meters and 190 to 194 meters sub-bottom 
- and they have a more evolved composition (higher 
Fez03*, TiOz, and HYG elements) than the coarsely phyric 
types (Figure 46). In the other sparsely phyric basalts from 
the lower part of the hole, clinopyroxene microphenocrysts 

are rare or absent. Magnesiochromites occur in some of 
these basalts (e.g., Sample 412A-9-1, 70-72 cm; Table 24; 
Plate 2, Figure 5); they are richer in Cr203 and poorer in 
A1203 than those from Unit 1 of Hole 41 1 (Table 18; Figure 
39). This compositional difference between the spinels of 
Hole 412A (magma type B) and Hole 41 1 Unit 1 (magma 
type A) reflects the differences between the two magma 
types (magma type A is richer in A1203 - and hence in 
normative anorthite - than magma type B). 

No clear geochemical units could be distinguished in this 
relatively thick sequence of lava flows (131 m) (Figure 46). 
The basalts of Hole 412A have major-element chemistry 
similar to those of Hole 4 12 and Unit 2 of Hole 4 1 1 (magma 
type B, Figure 44). Figure 49 shows that the basalts from 
Site 412 have constant values for ratios of HYG elements 
versus less compatible elements, which are the same as 
those for Unit 2 of Hole 41 1 (Figure 42). Nevertheless, 
there is significant variation in major- and trace-element 
concentrations, which appear to be systematic and permit 
three cycles to be distinguished (Figure 46). Each cycle is 
characterized by evolution with time dong a trend toward 
Fe enrichment and Mg depletion. This is accompanied by 
enrichment in the HYG-element concentrations and a slight 
increase in the HYG ratios (Figure 46). 

The major-element variation in each cycle can be 
interpreted in terms of crystal fractionation of the observed 
phenocryst compositions. A least-squares crystal 
fractionation solution for the most primitive and evolved 
compositions analyzed in cycle 2 (compositions x and y in 
Figures 44 and 49) (Table 25) suggests that 25 per cent 
crystallization of a mineral assemblage 49 per cent 
plagioclase: 42 per cent clinopyroxene: 9 per cent olivine 
may explain the variation. The degree of fractionation is 
consistent with the enrichment of the HYG elements, and 
the mineral assemblage explains the transition-element 
variation (e.g., relatively constant Co, owing to the small 
proportions of olivine involved in the fractionating mineral 
assemblage). The slight increase in HYG ratios in the most 
evolved lavas of the cycle may be explained by the large 
proportions of clinopyroxene involved in the fractionating 
mineral assemblage. Clinopyroxene has relatively high 
solid/liquid partition coefficients for the heavy REE (i.e., 
the denominators of the HYG-element ratios) (Arth and 
Hanson, 1975). 

Hole 413 

This hole is on the south side of FAMOUS fracture zone 
B, about 2 km from Site 412 (Figure 36) on the east side of 
marine magnetic anomaly 2 (3.5 m.y.), in 2608 meters 
water depth. Basement was encountered at 110 meters 
sub-bottom and penetrated for 39.5 meters; 2.97 meters of 
basalt was recovered. Two stratigraphic units have been 
distinguished (between 110 to 118 m and 126 to 149.5 m 
sub-bottom), and both have been reworked (Figure 50). The 
upper unit is a breccia of glassy to microcrystalline basalt 
with approximately 10 per cent olivine phenocrysts. Olivine 
is also present in the groundmass, together with plagioclase 
and augite. The lower unit is a breccia containing sparsely 
olivine phyric basalt blocks. The olivine phenocrysts 
frequently contain chrome spinel inclusions. The texture of 
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Figure 25. General bathymetric map of the Mid-Atlantic Ridge ut 4 5 ' ~ ,  showingposition of Site 410 and o f  some dredge sta- 
tions of Hudson geotraverse. After Aumento et al. (1  971). 

chemistry (Figures 50 and 51). The alkali-element-rich 
basalt has high concentrations of the light REE and Th, and 
high HYG ratios - significantly higher than any other 
FAMOUS samples (Figure 35). This basalt is similar to the 
upper units of Holes 4 10 and 4 10A. In contrast, the samples. 

45- 35' - from the lower unit with low TiOz, etc., have very low 
HYG ratios (Figures 43 and 5 1) - the lowest of al1 the Leg 
49 samples. This HYG-element-depleted basalt is very 
similar in major- and trace-element composition to those 
recovered on DSDP Leg 3 (Frey et al., 1974) and Legs 45 
and 46 (Bougault et al., in press), i.e., the basalt type 
commonly referred to as MORB. Both basalt types 
recovered from Hole 413 are atypical of the FAMOUS area. 

Although it was not apparent from petrographic 
observations, the two contrasting basalt types found 

2945 '  2940'  . 2935 '  2 ~ 3 0 '  2 ~ ~ 2 5 '  2920'  together in this relatively short hole show a wider range of 
HYG ratios than within any of the other Leg 49 holes. As a 

Figure26. Detailedbathymetnc map of 410. The result, basalts from Hole 413 cover the entire range of the 
est dredge station of Hudson geotraverse is indicated. proposed geochemical gradient along the MAR south of the 

Azores (Figure 52). 
the basalt is variable, including microcrystalline and 
"feathery" varieties (Plate 2, Figure 6). 

The mineralogy of two samples of the lower unit has been 
studied in detail by microprobe. Olivine varies from Fo8.1-a4 
(Table 23), plagioclase from An.~s-.rr (Table 22), and the 
chrome spinels are slightly less magnesian and chromian 
than those from Hole 4 12A (Table 24, Figures 39 and 40). 

The major-element variation diagram (Figure 4 1) 
illustrates the rather magnesian nature of these basalts. Most 
of the samples are relatively rich in K2O and PzOs, except 
for some of the boulders in the lower part of the section, 
which have low TiOz, KzO, and PzOs and high Ale03 (e.g., 
Sample 413-5-1. 45-50 cm.). The difference between the 
two basalt types is shown well by the trace-element 

SUMMARY OF THE GEOCHEMICAL AND 
PETROLOGICAL VARIATION ENCOUNTERED ON 

LEG 49 
The Leg 49 basalts display different types of chemical 

variation: most holes show a range of magma types, each 
following its own crystal fractionation trends; in others 
(408, 412, and 412A), only one magma type has been 
recovered, and the chemical variation may be attributed to 
crystal fractionation or phenocryst accumulation. 
Petrographic studies enabled flow units to be distinguished 
on a scale of approximately 1 to 5 meters (cf. various 
stratigraphic sections), but the geochemical variation has 
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Figure 27. Detailed lithostratigraphic section o f  Hole 41 0. See Figure 3 for source of ana fytica 1 data. 

TABLE 14 
Representative Clinopyroxene Analyses 

From Basalt Sample 410-39-4, 
120-124 cm, Normalized to Six Oxygens 

Si02 49.48 49.08 49.08 
A1203 4.32 4.67 3.97 
FeO* 6.02 7.51 9.65 
Mg0 14.55 13.80 12.21 
Ca0 22.72 22.96 22.89 
Ti02 1.10 1.81 1.89 
Co0 0.34 - - 

Total 98.54 99.84 99.69 

Crystal mP mP mP 
ty Pe 

enabled us to group several flows (between 5 and 30) into 
broader lithostratigraphic units, numbered in the 
stratigraphic sections. Al1 the flows within a 
lithostratigraphic unit may be related to a single magma type 
by crystal fractionation or accumulation. The boundaries 
between these units often correspond to major geological 
breaks, frequently emphasized by changes in paleomagnetic 
inclination andlor polarity or thick interlayered sediment. 

The degree of crystal fractionation occurring within the 
lithostratigraphic units is variable; e.g., Unit 1 of Hole 409 
shows large degrees of fractionation, whereas Unit 3 of 
Hole 407 shows negligible fractionation. The variation 
within a unit is not usually systematic, i .e . ,  it does not 
become progressively more evolved from the base to the 
top, and no cycles can be defined. But the one very thick 
unit of Hole 412A does show some cyclic variation, and 
each cycle follows an iron-ennchment trend with time. 
Also, there appears to be no systematic relationship between 
the composition of the magma type and depth within a 
single hole. The same magma type may occur at different 
positions within one hole (e.g . , Units 1 and 3 of Hole 407), 
and the magma type with the lowest relative HYG-element 
ratios does not occur in the same position in al1 the holes. 

It appears that the magma types sampled by a single hole 
only represent some of a range of compositions that are 
available for emption in that area; another hole drilled 
nearby would probably penetrate magma types of different 
compositions (different HYG ratios) but falling within the 



PETROLOGY, GEOCHEMISTRY, AND MINERALOGY 

/ 
w Ca-rich pyroxenes from 45 N dredge sample 4519-34 (Muir and TilLey, 1964) 

Ca-rich pyroxenes fram Sample 410-39-4, 120-124 cm. 

Figure 28. Plot o f  clinopyroxene composition from Sample 410-39-4, 120-124 cm, in the 
normative diagram diopside - hedenbergite - enstatite - ferrosilite (filled circles). Sam- 
ple 4519-34 frorn 45"N (crosses, Muir and Tilley, 1964) is reported for cornparison. 
Both lie on a typical alkaline trend. Crystallization trends for alkali basalts (1: Aoki, 
1964) and tholeiites (2: Brown and Vincent, 1963) are included. 

TABLE 15 
Representative Piagioclase Analyses 

(Holes 4 10 and 4 IOA), 
Normalized t o  Eight Oxygens 

Sample 
(Interval in cm) 

Si02  50.82 50.30 50.37 50.34 
A12°3 30.94 30.96 30.96 31.50 
FeO* - 0.65 0.38 0.34 
Ca0 15.17 14.51 14.18 15.79 
Na20 2.75 2.62 2.74 2.23 

K2° 0.18 - - 0.14 

Total 99.86 99.04 98.63 100.34 

Si 
Al 
Fe 
Ca 
Na 
K 
An 
Ab 
Or 

Crystal 
type 

same compositional range. Clearly, to define the limits of 
the compositional range of magma types available for 
eruption in a given area, it is necessary to drill several holes. 
If the chemical variation shown by the magma types in a 
given area is the result of heterogeneities in the mantle 
source, then the large range of magma types within one hole 
suggests that the mantle heterogeneities are predominantly 
vertical. 

The diversity of basalt types recovered from the three 
widely spaced areas in the North Atlantic allows us to 

discuss the petrological and geochemical variation in the 
region as a whole. The basalts from the three latitudes 
(63"N, 45"N, and 37"N) can be grouped on an AFM 
diagram (Figure 53[A1): the 37"N basalts are the most 
magnesian, and lie on a trend of moderate iron enrichment; 
the 45"N basalts lie on an alkali-enrichment trend with a 
relatively constant FeIMg ratio; the 63"N samples follow a 
marked iron-enrichment trend, with the most primitive 
basalts richer in iron and poorer in alkalis (especially those 
of Hole 409) than those of 37"N, reflecting the 
Fe-Ti-enriched nature of basalts from the Iceland area. The 
large range of major-element compositions in the Leg 49' 
basalts is emphasized by their scatter on a projection of the 
normative tetrahedron (Figure 53[B]). This diagram 
demonstrates the tholeiitic nature of most of the samples, 
but cannot distinguish the magma types in detail. 

A diagram of two HYG elements with slightly different 
bulk solidlliquid partition coefficients (e.g., Zr versus Nb, 
Figure 54) also enables us to distinguish between basalts 
from the three latitudes: the 63"N basalts have the lowest 
NbIZr ratios, those from 45"N have the highest, and those 
from 37"N are intermediate. The three largest areas can be 
grouped on similar diagrams with several different element 
pairs, and with the areas plotting in the same relative 
positions. The total variation shown by the Leg 49 basalts, 
broad though it is, does not include the MORB magma type 
(except for some of the samples from Unit 2 of Hole 4 13). 
This is emphasized by Figure 55, in which La and Hf have 
been plotted against Th for al1 the Leg 49 basalts, and the 
MORB basalts of Legs 45 and 46 (22"N, Atlantic) have 
been included. 

It is of interest that for the holes in a given area, those 
magma types with the lowest CeIYb ratios also have the 
lowest NbIZr, ThILa, etc. (cf. Figures 18 and 54 for the 
63"N holes), whereas this is not always so when the 
different areas are compared - e.g., basalts of Hole 412A 
have CelYb and La/Sm similar to or lower than those of 
Hole 407, but substantially higher NbIZr, ThILa, etc. This 
variable behavior of different HYG-element pairs among 
the three areas suggests that al1 the Leg 49 magma types 



D. A. WOOD ET AL. 

Figure 29. Detailed lithostratigraphic section of Hole 410A. See Figure 3 for source of analytical data. 

TABLE 16 
Representative Olivine Analyses (Hole 410A), 

Nonnalized to Four Oxygens 

w z d 

T z d 
7' 

iI P iI 2 
Sample 

7 iI 

(Interval in cm) - r j  "? 
N 

ir 
d 

Si02 39.99 40.41 40.48 40.43 
FeO* 54.56 13.01 12.79 11.63 
Mn0 - - - 0.22 

Mg0 45.49 45.95 46.43 47.91 
Ca0 0.36 0.32 0.23 0.30 
Ni0 - - 0.28 0.27 

Total 100.39 99.69 100.22 100.76 

cannot be derived directly from a homogeneous mantle 
source by variable degrees of equilibrium partial melting. 
This i s  supported by the different shape of the 
chondrite-normalized REE patterns of magma types from 
the three areas (compare Figures 19, 32, and 43): in the 
63"N magma types, the light REE are concave downward; 
in the 45"N magma types. the light REE are strongly 
concave upward and substantially enriched relative to the 
heavy REE; in the 37"N magma types (except those of Hole 
413), the light REE are concave upward and may be slightly 
depleted or e ~ c h e d  relative to the heavy REE; Unit 1 of 
Hole 413 has REE patterns similar to the 45"N magma 
types, whereas in the HYG-element depleted basalts of 
Unit 2, Hole 413, the light REE are strongly concave 
downward and very depleted relative to the heavy REE. 

PETROGENETIC PROCESSES INVOLVED 
IN THE PRODUCTION OF MAR BASALTS 

Crystai Fractionation 

Most of the basalts recovered from 63"N have Fe/Mg 
ratios which are too high to have been in equilibrium with a 
mantle containing Fowss. This means that the liquids from 
which these basalts were derived suffered significant 
pre-emptional crystallization. It has been calculated, using 
the major-element oxides, that the most magnesian basalt in 
Unit 3 of Hole 407 underwent approximately 35 per cent 
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Figure 3 1. HYG-elements plot for lloles 410 and 410A. See Figure 6 for source of data. 
Hole 41 0 = crosses, Hole 41 OA = filled circles. 

crystal fractionation before eruption (Table 7), and that 
Unit 1 of Hole 407 may be derived from Unit 3 by a further 
35 to 40 per cent crystal fractionation (Table 6). These 
calculations are consistent with the phenocryst assemblages 
and compositions observed in the basalts. The straight lines 
passing through the origin obtained on bi-axial plots of an 
HYG element versus a less incompatible element (but with a 
bulk D also significantly less than 1,  e.g., Figure 18) would 
be predicted by the Rayleigh Law for the calculated degrees 
of crystal fractionation and the mineral assemblages 
involved (Treuil and Varet, 1973). The relative variation of 
the elements Fe, Co, Ni, and Cr in the basalts of Hole 407 
which can be related by crystal fractionation confirms the 
calculated fractionating mineral assemblage ( i .e . ,  
Pl>>Cpx>Ol). 

The presence of different crystal fractionation trends in 
the same hole (e.g . , Holes 407 and 409 [Figures 6 and 151) 
has important implications for the geodynamics of the 
crystal fractionation process(es) involved, i .e . ,  the 
importance and nature of magma chambers along the MAR. 
It is clear that the different parental liquids (magma types) 
from which the lithostratigraphic units of one hole were 
derived evolved in isolation of each other prior to eruption. 
This implies that crystal fractionation occurred in discrete 
rather than continuous magma chambers which had 

relatively short lifespans. Closed-system crystal 
fractionation according to the Rayleigh Law adequately 
explains the post-melting evolution of the liquids, and there 
is no evidence to suggest that open-system magma 
charnbers (O'Hara, 1977) have been involved in the 
evolution of the parental liquids. 

There is also evidence for closed-system crystal 
fractionation in the 37"N basalts, although in general these 
basalts are much less evolved than those froiother areas. 
Nevertheless, the cyclic evolution represented in Hole 412A 
is somewhat different from the crystal fractionation 
processes occurring at 63"N. The major-element 
calculations suggest approximately 25 per cent fractionation 
of a mineral assemblage dominated by augite and 
plagioclase (Aug 6 P1>>01) (Table 25), which is in 
agreement with the transition-metal and HYG-element 
ratios. The small increase in TdTb and ThIHf ratios within 
one cycle (Figure 46) can be explained by the large 
proportions of augite involved in the fractionating minera1 
assemblage (i.e., low KT,"$ ). The presence of cycles 
suggests that a continuously evolving magma chamber has 
been sampled at different stages of its evolution. At 63"N, 
each lava flow appears to be related to a separate magma 
chamber, since a group of flows with the same HYG ratios 
(i.e., a lithostratigraphic unit) and related to parental liquids 
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Figure 33. FeO*-Mg0 plot for samples from Sites 410 and 
410A. Filled circles: Zolotarev et al. (this volume); tri- 
angles: Bougault (this paper); (g )  glassed by Wood (this 
paper). Samples analyzed from Leg49 are compared with 
data o f  Aurnento et  al. (1971) (crosses) and Erlank and 

Figure 32. Masuda-Coryell plot for some basalts o f  4 5 " ~  Kable ( 1  Y 76)  (dotted contours). 

area of tlze Mid-Atlantic Ridge. Chondrite values used 
are from Nakamura (1974). Extreme values for each degrees of equilibrium partial melting of a homogeneous 
hole have been reported. Data source: WoodforLeg48 mantle source. Many of the FAMOUS basalts are very 
and Frey e t  al. (1  968). Mg-nch, and some of them represent liquids which could 

have been in equilibrium with the upper mantle. The small 
of the same composition show no systematic fractionation degrees of crystal fractionation involved in the production 
with time. of most of these basalts makes them ideally suited for 

Equilibrium Partial Melting 
studying the partial melting processes accompanying their 
genesis. 

It is possible to produce liquids with a significant range of 
values for ratios of HYG elements versus less incompatible 
trace elements by varying the degree of partial melting of a 
homogeneous source (Gast, 1968; Shaw, 1970, eq. 15). For 
the degrees of partial melting required to produce tholeiitic 
liquids (about > 5%.), this process is not capable of 
changing substantially a ratio of two HYG elements with 
similar bulk partition coefficients, nor is it capable of 
changing radiogenic-isotope ratios. Hence, if a suite of 
basalts showing a range of TdTb, ThIHf, etc., are related 
simply by equilibrium partial melting of a homogeneous 
mantle source, then they should have the same isotope ratios 
and LdTh (i.e., ratio of two HYG elements with similar 
bulk partition coefficients). 

The basalts from the FAMOUS area meet these basic 
requirements for an equilibrium partial melting relationship. 
White and Bryan (1977) have shown that the different 
FAMOUS magma types (as defined by lightlheavy REE 
ratios) have the same Sr-isotope ratios, and ~ o u ~ a u l t  et al. 
(in press) have shown that the FAMOUS and Leg 37 basalts 
have constant LdTh ratios. Both these studies conclude that 
the different magma types may be related by different 

- 
The basalts drilled at 37ON on Leg 49 also plot close to a 

single straight line on the La-versus-Th plot (Figure 55[B]), 
and show a range of TdTb and ThIHf ratios (Figures 35 and 
55[Al). If these basalts are related by equilibrium partial 
melting, then Unit 1 of Hole 413 represents the smallest 
degrees of melting (i.e., the highest absolute abundances of 
HYG elemeiirs and highest TdTb, etc.). The basalts of 
Unit 2 (Hole 4 1 1) and of Holes 412 and 412A (FAMOUS 
magma type B) represent higher degrees of melting; the 
basalts of Unit 1 in Hole 411 (FAMOUS magma type A) 
and the MORB basalts of Unit 2 in Hole 413 represent the 
highest degrees of melting. 

Although most of the variation in the trace-element ratios 
of the FAMOUS basalts can be explained by a simple batch 
melting process, a more detailed consideration of the 
chondrite-normalized REE patterns of the different magma 
types suggests that more complicated equilibrium partial 
melting processes are involved. Langmuir et al. (1977) have 
shown that the crossover of the chondrite-normalized REE 
patterns of the FAMOUS magma types cannot be explained 
simply by a batch melting process. This lack of correlation 
between the light and heavy REE of the magma types has 
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.Figure 34. Alkali Na20 + K20/silica (Si02) plot for samples analyzed from 45"N Holes 
410 and 410A (O), compared with Reykjanes Sites 407 (O), 408 (x), and 409 (+). 

+ 412and 4 1 2 ~  
8411  
0410and 410A 

407,408. and 409 

Figure 35 .  TblTa and (ppm) diagrams for al1 rocks analyzed from Leg 49: 45ON holes and 
36"N holes are distinguished from 63ON (Reykjanes sires). 
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Figure 36. Simplified bath-vmetric map showing locations 
of IPOD sites in the FAMOUS area. 

led them to propose a dynamic partial melting model. 'i'his 
involves continuous and simultaneous melting in an 

upwelling upper mantle beneath the rift valley over a 
substantial depth interval. Whereas melting is incipient at 
the bottom of the depth interval, the mantle source melts to 
a greater extent as it rises. Liquid is continuously extracted 
as rnelting proceeds (i.e., melting is incremental), but a 
small percentage of melt ( ~ 5 % )  always remains in 
equilibrium with the residue. This process differs from 
incremental melting by the batch-melting equation or 
fractional fusion (Shaw, 1970, eq. 13), in that the small 
amount of melt which remains in equilibrium with the 
residue throughout melting prevents the absolute 
abundances of the HYG elements from decreasing rapidly, 
and decreases the HYG-element/less incompatible 
trace-element ratios in the residue as melting proceedç. The 
effect of this process on the HYG-elementlless incompatible 
trace-element ratios is variable,  depending o n  the 
proportions of melt and solid phases that constitute the 
source; as well as on the solidlliquid bulk partition 
coefficients of the ratio and the degree of melting, which 
control other equilibriurn partial melting processes. 
Langmuir et al. (1977) have shown that this process is 
capable of producing liquids with chondrite-normalized 
REE patterns which cross over from a homogeneous mantle 
source. It is therefore a more realistic model than batch 
melting for the origin of the FAMOUS magma types. 

The more refractory major-element composition (higher 
Mg/Fe and CalAl) of FAMOUS magma type A relative to 
nl.t!fnia tvpe B is consistent with a model ad(iiicing 
~ricreiiirntal nielting in which magma type B is dcrivcd at an 

Figure 37. Map showing the location of the IPOD transect in the 36'30-37'30N area. and in particular the locations of Leg 
49 sites with respect to Leg 3 7 and 38 sites. 
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Figure 38. Detuiled lithostrutigraphic section for fiole 41 1. See Figure 3 for source of'anulytic~ul duia. 

TABLE 17 
Representative Olivine Analyses (Hole 41 l) ,  

Normalized to  Four Oxygens 

SiOZ 
b c o *  

Mn0 

Mg0 
<':IO 
N i 0  

To ta l  

Si 
l :L! 
Mn 

Mg 
<'a 
Ni 

MgIMp + lè2+1a RR.33 87.33 86.19 87.97 84.49 84.59 90.79 

Crystal P inl) I: P nip i i ip  m c g ~  I> - 
tYPC 

fi earlier stage of the melting event than magma type A. The ' high MgIFe of the olivines and chrome spinels in magma 
type A support this conclusion. 

It is more difficult to study the petrogenetic relationships 
between the magma types recovered from 45"N than those 
from 37"N, because they are al1 relatively evolved and have 

TAR1.E 18 
Reprcscntative Magncsiochromites Frorn Unit 1, 

H d e  41 1 Normalized to 32 Oxygens 
( ~ e 2 +  and ~ e 3 +  estimated frorn stoichiornetry) 

O O O -, 
O x O q - ' 0 0 0 -  
-1 

7 
-1 Q 

m O m m B 0. & m 
S.tiii(>l~ - - - ... - - - 

I l  l n  1. - - O O CI m 
- -- -- - 

Si02 0.52 0.4 1 O. 28 0.45 11.6 1 0 69 
1i02 il.? I 

\\:O 11 ?? 31  X J  12 I I I  31 16 l ?  Il? 32 75 32 5 0  

<'r2U3 33.57 34.IM 33 50 33.92 33.65 33.92 32 85 

1 c203  6.86 5.74 5.64 4 77 4.51 1 5 1  4.88 
I CO 9 5 8  11.32 11.10 13.41 12.67 I1.5h 12.51 

M n 0  1144 0.51 I l 3 2  0 4 4  11.41 0.45 
Ur0 16 73 lh.43 I h  39 14.78 15.92 15.66 15.47 

Cc30 0.32 0.27 

N i 0  0.27 
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TABLE 19 
Representative Plagioclase Analyses (Hole 41 l) ,  

Normalized to Eight Oxygens 

Total 99.81 100.45 99.16 99.47 99.55 100.87 99.22 

('ryutal C riip rnp rriega p nicp p rnp 11111 
1YI" 

Melting of Heterogeneous Mantle Sources 

The magma types recovered from 63"N during Leg 49, 
and from Iceland and the surrounding ocean floor by 
previous studies, show a range of Th/La and s7Sr/86Sr ratios 
(Figures 55B and 23), as well as a large range in 
HYG-element/less incompatible trace-element ratios 
(Figure 18). These magma types cannot therefore be related 
by equilibrium partial melting of a homogeneous mantle. 
The petrogenesis of these magma types has been extensively 
discussed in recent publications, and remains controversial. 
O'Nions et al. (1976) have used the correlation between 
( ce /Yb)~  and "Sr/s6Sr ratios in some Iceland and Reykjanes 
Ridge tholeiites as evidence for heterogeneities in the upper 
mantle source. If they are correct in this, then the 
correlation between HYG-element/less incompatible 
trace-element and n7Sr/86Sr ratios restricts the possible 
variation in the degree of partial melting involved in 
producing these magma .types. Wide variation in the degree 
of partial melting of the different mantle sources would not 
produce magma types with a correlation between these 
ratios, unless the degree of melting varied systematically 
with the isotopic composition of the sources (a seemingly 
fortuitous possibility). 

The correlations between HYG-element concentrations 
and Sr isotopes in the magma types also suggest that the 
fractionation events responsible for the heterogeneities in 
the source must have occurred at a similar time; Le., the 
variation in Rb/Sr was produced in the source at the same 
time as the Ce/Yb variation. The Rb-Sr systematics require 
that this mantle fractionation event occurred at least 200 
m.y. ago, in order to produce the observed range of 
87Sr/86Sr ratios. Variations in Pb-isotope ratios (cf. 
Mattinson and Daly, this volume) place further constraints 
on the age of the fractionation event, and suggest that it was 
substantially older than 200 m.y. (Sun and Hanson, 1975). 

TABLE 20 
Representative Clinopyroxene 
Analyses, Unit 2 (Hole 411), 
Normalized to Six Oxygens 

O 

2 S 
w N 

N Sample 
3 ril 

(Interval in cm) 4 
V) 

Si02 54.76 52.1 1 
A1203 0.77 3.72 
FeO* 6.05 5.52 
Mg0 18.92 17.20 
Ca0 19.02 19.73 
Ti02 - 0.43 

Cr203 0.33 0.42 
Total 99.85 99.12 

Si 1.99 1.91 
.4llV 0.01 0.09 
AI"[ 0.02 0.07 
Fe 0.18 0.17 
Mg 1.03 0.94 
Ca 0.74 0.78 
Ti - 0.01 
Cr 0.01 0.01 

Mg/Mg + ~ e ~ + %  84.79 84.75 
Wo 37.99 41.14 
En 52.58 49.88 
Fs 9.43 8.98 
Crystal mP P 
type 

Other Models Adduced to Explain the Petrogenesis of 
the Iceland and Reykjanes Ridge Magma Types 

An alternative to supposing a multiplicity of mantle 
sources of different isotopic and HYG-element composition 
has been to argue for two mantle sources of extreme 
compositions which mix directly, or melts derived from 
them mix, in varying proportions, resulting in a range of 
magma types intermediate in composition between the two 
primary mantle sources (Schilling, 1973). Magma types 
produced by mixing of two end-member compositions 
should lie on straight lines on al1 element-element biaxial 
plots that do not necessarily pass through the origin. On 
biaxial plots of element ratio versus element, or element 
ratio versus element ratio, mixing does not necessarily 
produce straight-line relationships. It is apparent from such 
diagrams that the total range of basalt compositions 
occurring in the Iceland and Reykjanes Ridge area cannot be 
explained by mixing of two end-member sources or melts 
(Treuil and Varet, 1973; O'Nions et al., 1976; Langmuir et 
al., in press), as originally suggested by Schilling ( 1973). 

Considering only the basalts recovered from 63"N during 
Leg 49, it is apparent that they lie along straight lines on 
major- and trace-element biaxial plots, as well as on plots of 
element ratio versus isotope ratio (Figures 18. 20, 21, 22, 
and 23). It may therefore be possible to explain the 63"N 
data alone in terms of a mixing model, but the inability of 
this model to explain al1 the chemical variation in the basalts 
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of the Iceland and Reykjanes Ridge area makes it an is incapable of explaining the temporal variations in 
unfavorable alternative to the heterogeneous mantle mode1 chemistry of the basalts generated at the 63"N segment of 
described above. Also, as discussed earlier, the mantle the Reykjanes Ridge. . 
plume hypothesis, as proposed by Vogt (1972) and Several other models have been proposed to explain some 
developed using the mixing hypothesis by Schilling (1973), or al1 of the trace-element and isotope variations observed in 
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Figure 42. HYG-~lement plots for Hole 41 1 basalts. See 
Figure 6 jbr source oj'data. Units 1 and 2 are clearly dis- 
tirzprished. 
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basalts of this region. Partial melting of a homogeneous 
mantle source containing a refractory hydrous phase or 
phases enriched in some of the HYG elements (e.g., 
phlogopite and apatite) in which the phases d o  not 

equilibrate with each other or the rnelt, has been proposed to 
explain the range of X7Sr/x%r and trace-element ratios in 
these basalts (O'Nions and Pankhurst, 1974; Flower et al.,  
1975). It is doubtful whether disequilibrium could be 
maintained during rnelting (Hofrnann and Hart, 1976). or 
even if disequilibriurn melting is capable of producing the 
observed chemical variations in the basalts (O'Nions et al.,  
1976). Also, the existence of Pb-isotope variation, as well 
as Sr-isotope variation, means that a minor mantle phase 
enriched in radiogenic lead isotopes is also required if this 
model is to explain al1 the chernical variation. Although 
these considerations make the disequilibrium melting 
process seem an unlikely alternative, the lack of present 
knowledge about the stability of minor phases in the upper 
mantle, and their effect on HYG elements at the relevant 
temperatures and pressures, makes it impossible to reject 
this model completely. 

O'Hara (1977) has proposed an open-system crystal 
fractionation process which can significantly modify the 
ratios of HYG-element/less incompatible trace element. The 
model involves the fractionation of a liquid in a magma 
chamber, with intermittent replenishment with the parental 
liquid and partial extraction of the fractionated liquid. The 
behavior of a trace element in the steady-state -liquid is 
governed by an equation dependent mainly on the XIY ratio 
(where X is the fraction of liquid which crystallizes and Y is 
the fraction of liquid erupted) and the bulk partition 
coefficient. Pankhurst (1977) has used this equation with 
optimum partition coefficients and the most favorable XIY 
ratio for fractionation of the CeIYb ratio. and has shown that 
this process is incapable of explaining the range of CeIYb 
ratios observed in the basalts of this region. Pankhurst 
(1977) has shown that this also holds for the zone refining 
process (Harris, 1974). Also, it is unlikely that either of 
these processes could niodify radiogenic isotope ratios in 
the liquids. 

~ l t h o u ~ h  we consider the processes discussed in this 
section incapable of explaining the total range of basalt 
chemistry found in the lceland and Reykjanes Ridge area; 
we have mentioned them to e m ~ h a s i z e  the lack of 
agreement among geocheniists concerning the petrogenesis 
of ocean-floor basalts. And the possibility that some of 
these Drocesses have contributed-to the overall chemical 
diversity of these basalts cannot be ruled out. 

GEOCHEMICAL RELATIONSHIPS BETWEEN 
THE MANTLE SOURCES OF MAR BASALTS 

It is clear from the discussion above that the wide range 
of chemical variation in the magma types recovered from a11 
the Leg 49  holes cannot be explained in terms of a 
single-stage partial melting event of a homogeneous upper 
mantle. Nevertheless, there is evidence to suggest that al1 
the basalts have originally been derived from a 
homogeneous source. Figure 56 is a plot of La versus Ta for 
al1 the analyzed samples from Leg 49, showing that al1 the 
magma types have the same LaiTa ratio. This is also so for 
the LalNb ratio. The close similarity of the bulk solidlliquid 
partition coefficients of these elements (Bougault, in press) 
means that their ratios cannot be modified by solid-liquid 
processes, and are therefore representative of the primordial 
source material. The variation of the Th-versus-La diagram 
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Figure 44. Plot of the major-element compositions for basalts from Holes 411,412A, and 413, compared with Flower et al. 
(19 77) rock types A and B and field of composition of basaltic glasses jn the FAMOUS area from Bryan and Moore (1977). 
Basalts from Holes 411 and 412A lie on fractionation trend o f  plagioclase (An 90) or olivine (Fog9). 
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(Figure 55[B]) suggests that the present upper mantle 
sources from which the MAR basalts have been derived are 
heterogeneous, and must therefore have suffered previous 
fractionation events if they have been derived from a 
homogeneous primordial mantle. 

It is unlikely, considering the nature of the elements 
involved, that the heterogeneity of these HYG elements 
could be produced by the mobility of a volatile phase in the 
upper mantle (Green, 1972). The constant LaITa ratio but 
variable ThILa in the mantle sources is consistent with a 
mode1 requiring an ii~itially homogeneous mantle which 
suffered an incipient equilibrium partial melting event(s) 
(the primary source in the different regions undergoing 
different degrees andlor a different number of melting 
events) at an earlier stage of the earth's history (as suggested 
by the radiogenic isotope variations, Sun and Hanson, 

I 1 

Leg 49 glasses from Table 3 - * 411 

1975). These incipient melting events may not have 
involved extraction of basaltic liquid from the primary 
source, but may have involved migration of an alkali and 
HYG-element-rich liquid, leaving residual secondary 
sources still fertile enough to produce significant volumes of 
basalt. The steeper oceanic geotherms in the Precambrian, 
supported by the emption of ultrabasic liquids in this period, 
might have induced such an incipient melting event on a 
global scale. The residues of this early solid-liquid process 
would have the same LaJTa ratios, slightly different ThILa 
ratios, and widely different CelYb and RbISr ratios. Thus, 
over a period of approximately 2000 m.y.. these residual . 

sources would develop significantly different isotopic 
ratios. These residues would then act as secondary sources 
from which the basalts empted at the MAR could be derived 
by subsequent partial melting events. 
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Figure 45. Detailed lithostratigraphic section for Hole 412. See Figure 3 for source of  data. 

We tentatively propose the model outlined above as an 
alternative to the mantle plume model for the origin of MAR 
basalts. In doing so, we stress that with our limited 
knowledge of the composition and nature of processes 
occumng in the upper mantle, the model is speculative. 
Although the model i s  capable of explaining the 
HYG-element and isotope variation in the MAR basalts, the 
overall chemical diversity in the magma types recovered by 
Leg 49 (Figure 57) suggests that the secondary mantle 
sources have undergone a range of partial melting and 
crystal fractionation processes. 

CONCLUSIONS 
The basalts constituting cmstal Layer 2 of the Atlantic 

Ocean floor show considerable geochemical, petrological, 
and mineralogical diversity. Layer 2 is heterogeneous on a 
regional scale (longitudinally), on a local scale (latitudinally 
in cmst produced from the same segment of the MAR at 
different times), and vertically (within one borehole) 
(Figure 57). Basalt compositions other than MORB are 
abundant, and form a substantially greater portion of the 
oceanic cmst than was previously thought. Al1 the Leg 49 
basalts (except perhaps a few from 37"N) have suffered 
significant crystal fractionation, which occurred in discrete 
rather than continuous magma chambers. 

The range of some HYG-element ratios (e.g . , Th/La) 
shown by the MAR basalts suggests that the upper mantle 
sources from which they have been denved are regionally 
and, in some areas at least, vertically heterogeneous. The 
constant values of other HYG-element ratios (e.g., LaiTa, 
LaINb) in these basalts suggest, however, that the present 
upper mantle sources may have been derived from a 
homogeneous,  primordial mantle by o ther ,  earl ier  
fractionation events. 
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Figure 46. Detailed lithostratigraphic section for Hole 412A. See Figure 3 for source of data. 
Three cycles are distinguished. 
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Figure 47. Microprobe analysis of  pyroxene .t'rom 37"N sites of I,eg 49. ( A )  Sam- 
ple 412-13-1. 14-15 cm: trend towards Ca-poor compositiotzs, with no iron 
enridnzent (Bizorrard, this paper). ( B ) Sarnple 412-14-CC, 62 ctn: two trends. 
otze versus pigeonitic composition, the second versus iron-enriched p-vroxenes 
(Bizouard, this paper). (C) Anal-vsis of various pyroxenes trom Sites 41 1 and 
412 (Wood, this paper). ( D )  Analysis of various pyroxenes fimom Sites 407 and 
409 ( Wood, this paper). 
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TABLE 21 
Representative Clinopyroxene Analyses (Holes 412 and 412A), Normaiiued to Si Oxygens 

Sample 
(Interval in cm) 

Total 99.85 
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,4lV1 0.05 0.06 0.05 0.07 0.02 0.04 0.06 0.06 0.06 0.10 0.04 
Fe 0.16 0.29 0.14 0.18 0.43 0.12 0.10 0.12 0.18 0.17 0.19 
Mn 0.01 0.01 - 0.01 0.01 - - 0.01 - - - 
Mg 0.99 1.01 0.98 0.93 0.84 1.00 1.00 0.98 1.00 0.97 0.97 
Cu 0.76 0.70 0.81 0.77 0.68 0.80 0.81 0.82 0.72 0.76 0.79 
Ti 0.01 0.01 0.01 0.02 0.03 0.01 - - 0.01 - 0.01 
Cr 0.01 0.01 0.02 0.01 - 0.01 0.02 0.02 0.01 - - 
Na 0.02 0.02 0.02 0.01 - - - - - - 
Mg/Mg+ ~ e ~ + %  85.8 83.0 88.12 82.9 65.8 88.91 90.73 88.98 85.14 85.07 83.85 

39.9 36.4 42.00 40.6 34.7 41.59 42.44 42.57 38.06 40.06 40.64 Wo 
En 51.6 52.8 51.11 49.3 42.9 51.93 52.22 51.10 52.74 50.99 49.77 
Fs 8.5 10.8 6.89 10.1 22.3 6.48 5.34 6.33 9.20 8.95 9.59 
Crystal mP g P mP g P P P mP P g 
type 
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Figure 48. Plagioclase compositional variations for four selected samples from 3 ' ~  sites (Holes 41 1 ,  412, 
and 413). Note Ca-rich cores in Sample 412-14, CC. 

TABLE 22 
Representative Plagioclase Analyses (Holes 412,4 12A, and 4 13), Nomalized to Eight Oxygens 

Samplc 
(Interval in i 

Total 100.14 102.05 101.7 1 99.26 99.21 98.95 99.49 99.41 99.04 99.94 100.10 101.00 99.76 99.40 

Crystül lllp p (corc) p (rim) p nicga p mepa p mega p mcpa p mp 111p p ml) mp i! 
type 
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TABLE 23 
Representative Olivine Analyses (Holes 412,412A, and 413), Normalized to Four Oxygens 

Sample 
(Interval in cm) 
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M ~ / M ~ + F ~ ~ + %  89.70 89.77 86.77 84.09 82.25 83.72 85.53 83.78 86.22 84.57 86.93 
Crystal P P P mP mP mP mp mp mp g P 
type 
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Figure 49. HYG-element plot for analyzed samples from Holes 412 (crosses) and 412A 
(filled circles). Al1 analyses lie on a single line passing through the origin. Dispersion 
indicates that variation was produced by crystal fractionation from a single magma 
type. 

Figure 50. Detailed lithostratigraphic section for Hole 41 3. See Figure 3 for source of data. Trvo geochemical types of magma 
are dis tinguished (Units 1 and 2),mainly on the basis of HYG-element ratios. 
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TABLE 24 
Representative Magnesiochromites From Holes 41 2A and 413 
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Figure 5 1. HYG-element variations in Hole 413. Units 1 and 2 are clearly dis tinguished. 
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Figure 52. Variation of chondnte-normalized La/Sm ratio 
in Holes 411, 412A, and 413, compared with the geo- 
chemical traverse of Schilling (1 9 75), where ratios are 
plotted against latitude or radial distance from the Azores 
platform. 
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Rocks rejected for normative plot 
hecause of calcite. 

407 46-3 410A 2-1 408 35-1 

28-1 

B 
Figure 53. (A)  AFM diagram for al1 basalt major-element analyses obtained in this paper on Leg 49. 

3 7 O ~ ,  45"N, and 6 3 " ~  areas are distinguished by different contours. ( B )  Q - di - hy - 01 - ne norma- 
tive plot for al1 basalts analyzed in this paper. Basalts from various holes are distinguished by various 
indexes. Samples with more than 1 percent modal calcite have been omitted. 
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(Bougault et al., 19 78). 
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TABLE 25 
Least-Squares Crystal Fractionation Solution for Cycle 2 Hole 412A 

Deriv. Parent 
412A-4-1, 412A-11-2, Parent 
20-25 cm cpx ol pl 17-21 cm calculated Residuals 

Si02 
Ti02 

A1203 
FeO* 
Mn0 

Mg0 
Ca0 
Na20 

K 2 0  
P2°5 

Note: 
Mix 75.24 10.45 2.15 12.16. 
z r 2  = 0.0696. 
Diopsidic augite - 412-14, CC, 3941  cm (ionic MglMg + Fe = 0.88, Table 21). 
Olivine - 412A-3-1, 36-40 cm (ionic MgIMg + 1;e = 0.84, Table 23). Plagioclase - 
AngO calculated (cf. Table 22, miçrophenoçrysts). 
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Figure 56. La/Ta plot for al1 analyzed samples from Leg 49. 
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PLATE 1 
Photomicrographs* of Some Leg 49 Basalts and Basaltic Glasses 

From the 63"N and 45"N Sites 

Figure 1 Field of view is 3 x 4 mm (crossed polars). Sample 
407-36-3, 60-62 cm. Zoned plagioclase phenocryst 
with very calcic core (Ansr, Table 1) in a variolitic 
groundmass. 

Figure 2 Field of view is 0.75 x 1 mm (plane polarized light). 
Sample 407-39- 1,  55-59 cm. Plagioclase laths 
(-An~s) in a quenched groundmass. 

Figure 3 Field of view is 3 x 4 mm (plane polarized light). 
Sample 407-46-4, 3-5 cm. Fresh glassy pillow 
selvage with sparse olivine (Foso, Table 4) and 
plagioclase (-Anse) phenocrysts. The olivine 
phenocryst contains rare titaniferous mag- 
nesiochromites (Table 5). The glass becomes 
progressively more palagonitized away from the 
pillow margin, and is cut by K-rich zeolite veins (cf. 
Pritchard et al., this volume). 

Figure 4 Field of view is 3 x 4 mm (plane polarized light). 
Sample 409-7-6,38-40 cm. Olivine phenocryst (Fosi, 
Table 10) in the fresh glassy contact between the 
uppermost basalt and sediment of this hole. 

Figure 5 Field of view is 3 x 4 mm (plane polarized light). 
Sample 410-39- 1, 90-92 cm. Fresh to palagonitized 
glassy selvage of a basalt block in the upper breccia 
unit of this hole. The glass contains rare olivine 
phenocrysts (-Foes-es). 

Figure 6 Field of view is 3 X 4 mm (plane polarized light). 
Sample 410A-2-5, 11-14 cm. Fresh glassy selvage 
with rare olivine phenocrysts (FOIN, Table 16), 
showing typical quenched forms. 

*Photomicrographs were taken by DAW on a Zeiss microscope using FP4 film at ASA 
125. 
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PLATE 2 
Photomicrographs of Some Leg 49 Basalts From the 37"N Sites 

Figure 1 Field of view is 3 x 4 mm (plane polarized light). 
Sample 4 1 1 -  1- 1, 32-34 cm. Olivine phenocrysts 
(FOHX, Table 17) with abundant magnesiochromite 
inclusions (Table 18) in a very fine grained, glassy 
groundmass. 

Figure 2 Field of view is 3 x 4 mm (plane polarized light). 
Sample 4 1 1-3- 1 ,  134- 136 cm. Zoned plagioclase 
megacryst with a partially resorbed caicic ( A n ~ s ,  
Table 19) core in a very fine grained. glassy 
groundmass. 

Figure 3 Field of view is 3 x 4 mm (plane polarized light). 
Sample 4 12- 15- 1 ,  50-56 cm. Zoned plagioclase 
megacryst with partially resorbed, very calcic (Ans5, 
Table 22) core in a coarsely plagioclase, 
clinopyroxene, and olivine phyric basalt. 

Figure 4 Field of view is 3 x 4 mm (plane polarized light). 
Sample 412A-2-1, 20-22 cm. Zoned plagioclase 
megacryst with a partially resorbed calcic (Anse, 
Table 22) core in a coarsely plagioclase, 
clinopyroxene, and olivine phyric basalt. The 
distribution of inclusions in the megacryst distinguish 
the different stages in its growth. 

Figure 5 Field of view of 0.75 x 1 mm (plane polarized ligtit). 
Sample 412A-9-1, 70-72 cm. Olivine phenocryst 
(Faso) with large magnesiochromite inclusions (Table 
24). 

Figure 6 Field of view is 3 x 4 mm (plane polarized light). 
Sample 413-5-1, 45-50 cm. Olivine phenocrysts 
(F087, Table 23) in a "feathery" groundmass of 
plagioclase, olivine, and glass. The olivine 
phenocrysts contain rare magnesiochromite inclusions 
(Table 24). 
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