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2. GEOCHEMICAL VARIATIONS IN A SINGLE BASALTIC FLOW AT 9°30'N
ON THE EAST PACIFIC RISE!

Karen S. Harpp?

ABSTRACT

Basalts collected during Ocean Drilling Program Leg 142 from a single site at 9°30'N on the East Pacific Rise have been
analyzed for Sr, Nd, and Pb isotope ratios by thermal ionization mass spectrometry, and trace element concentrations (rare earth
clements, Ba, Y, Zr, Nb, Hf, and Ta) by inductively coupled-plasma mass spectrometry. Samples exhibit a small range in
geochemical variations, Mean isotopic values for the data set are 0.702484 + 0.000011 (10) for *'Sr/*Sr, 9.70 + 0.27 (10) for
Exg. 18.300 £ 0.025 (10), 15.477 £ 0.016 (10), and 37.705 + 0.062 (16) for 2%Pb2*Pb, 297Pb/2¥Pb, and ***Pb/*™Pb, respec-
tively. Trace element compositions are also typical of normal-type mid-ocean ridge basalt. Detailed statistical analysis indicates
that the lavas are indistinguishable in terms of their isotopic ratios, Nb, Ta, Sr, Ni, Cu, and Zn concentrations, and most major
oxide contents. Samples fall into two distinct units based on the concentrations of mostly incompatible elements, including the
rare earth elements, Ba, Y, Zr, and Hf.

The relationship between the units cannot be explained by shallow-level phenomena including fractional crystallization or
crystal settling but must have originated below the magma chamber, which is consistent with other Leg 142 studies (Brophy
and Allan, this volume; Brophy, this volume). Samples are derived from two or more similar but distinct parental melts. The
parental melts share the same mantle source, but evolved via different melt generation paths. The precise temporal relationship
between Units | and 2 cannot be determined owing to the lack of stratigraphic control during drilling. Interunit geochemical
variations may represent two (or more) eruptive events, or heterogeneity within a single flow. In either case, this information is
useful in evaluating geochemical results from axial studies, particularly from the immediate 9°~10°N ridge area.

At a single site on the East Pacific Rise, variations in trace element concentrations are accompanied by isotopic homogene-
ity, suggesting that geochemical characteristics of and processes within the underlying mantle are the major factors controlling
compositional variation at mid-ocean ridges, not shallow magma chamber processes. Large-scale phenomena such as mantle
convection may be primarily responsible for the degree of isotopic heterogeneity at mid-ocean ridges, while complex mantle

melting processes control trace element characteristics.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 142 was a test of the new-
ly-developed diamond coring system at the East Pacific Rise (EPR),
a bare rock site known for some of the most hostile drilling conditions
in the world. Despite formidable engineering difficulties, shipboard
engineers successfully recovered basalt samples from up to 15 m be-
low the ridge axis (i.e., seafloor; mbsf). Based on X-ray fluorescence
(XRF) analyses, thin section descriptions, and depths of recovery be-
low seafloor, the Shipboard Scientific Party concluded the material
represents two distinct lithologic units, each of which may have been
emplaced by single eruptive events (Shipboard Scientific Party,
1993b).

Analysis of the Leg 142 samples permits testing of an assumption
fundamental to geochemical ridge studies, namely that trace element
concentrations and in particular isotopic signatures are identical
within individual eruptive events. Two questions are raised by these
results: are the two units geochemically distinct and is each unit
geochemically homogeneous? Both questions are important in the
context of detailed along-axis ridge studies. The answers will help
determine whether the degree of geochemical variation detected
along short spreading-center segments is meaningful in terms of
mantle processes. That is, do isotope ratios and trace element concen-
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trations vary within a lava flow or eruptive event to an analytically
detectable degree or are they identical within analytical limits? Does
the present level of analytical precision surpass the extent of homog-
enization that nature can produce?

This study involves a representative subset of the Leg 142 recov-
ery, a total of 29 samples consisting of 4 glassy and 11 coarse-grained
basalt fragments as well as 14 samples in powdered form. The latter
were analyzed by XRF during shipboard studies. Strontium, neody-
mium, and lead isotope ratios were determined for selected samples
using thermal ionization mass spectrometry (TIMS). Concentrations
of the lanthanide rare earth elements (REEs), Ba, Y, Zr, Nb, Hf, and
Ta, were measured by inductively coupled plasma-mass spectrom-
etry (ICP-MS). Statistical analysis of these results indicate that the
Leg 142 samples are isotopically indistinguishable but can be divided
into two groups based on their elemental concentrations, confirming
the conclusions of the Shipboard Scientific Party (1993b) that the re-
covery represents material from two distinct lithologic units.
Geochemical results indicate that the two units originated from dis-
tinct parental melts and experienced a complex series of in situ frac-
tionation processes prior to injection into the magma chamber. In the
melt lens, the diverse liquid compositions were subjected to partial
homogenization during localized convection before eruption.

SAMPLE DESCRIPTIONS AND PROCESSING
Drill Site

Site 864 is located on the floor of the EPR axial summit caldera
(ASC) at 9°30.85'N, 104°14.66'W, at 2581 m depth. The base of the
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Table 1. ICP-MS standard values.

Ba La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
BIR-1 m 6.6 0.65 1.89 0.39 2.39 1.10 0.49 1.91 0.38 2.52 0.58 1.63 0.26 1.63 0.26
S 0.3 0.06 0.08 0,02 0.09 0.05 0.02 0.10 0.02 0.10 0.03 0.07 0.02 0.07 0.02
n 45 46 46 46 46 46 46 46 46 46 46 46 46 46 46
DNC-1 m 105 3.74 8.19 1.13 5.04 1.45 0.60 2,16 0.42 2,79 0.65 1.87 0.30 1.97 0.32
Sy 31 0.12 0.33 0.04 0.17 0.06 0.02 0.10 0.02 0.10 .03 0.07 0.01 0.09 0.01
n 56 58 58 58 58 58 58 58 58 58 58 58 58 58 58
w2 m 172 10.69 234 3.07 13.20 331 1.10 391 0.68 3.92 0.81 2,18 0.33 2.08 0.33
5 5.0 0.30 0.8 0.11 0.40 0.12 0.04 0.11 0.02 0.10 0.03 0.06 0.01 0.08 0.02
" 69 75 75 75 75 75 75 75 75 75 75 75 75 75 75
BHVO-1  m 130 15.29 373 537 24.64 6.06 1.98 6.48 1.04 5.36 1.00 2.44 0.34 2.00 0.29
5 4.4 0.33 0.7 0.09 0.41 0.12 0.04 0.13 0.02 0.14 0.03 0.08 0.02 0.08 0.02
n 53 54 54 54 54 54 54 54 54 4 54 54 54 54 34

Notes: Values are in ppm. m = mean; s, = analytical standard deviation; n = number of analyses.

ASC at the site consists of a flat-to-ropey massive basalt flow known
as the ODP Flow, 3.5 m thick and 60 m wide (Shipboard Scientific
and Engineering Parties, 1993). Three holes were attempted: 864A,
864B, and 864C. Holes 864A and 864B were cased to 13.3 and 7.1
mbsf, respectively. Material was recovered from drill bits, core bar-
rels, and junk baskets primarily from Hole 864 A, with a small contri-
bution from Hole 864B. During drilling and hole-cleaning operations
at Holes 864A and 864B, two lithologies were recovered: abundant.
primarily glassy fragments from thin sheet or lobate flows underlying
the massive ODP Flow at the surface, and more massive, coars-
er-grained material presumably representing the interior of a thick
flow. Material was assigned to two lithologic units by the Shipboard
Scientists based on (1) depth of recovery; (2) petrographic descrip-
tions; and (3) geochemical differences determined by XRF analyses.

Unit 1 consists of the uppermost 2- to 3-m-thick massive flow un-
derlain by a few meters of glassy lobate or sheet flows (Cores
142-864A-1M and 142-864B-2W) (Shipboard Scientific Party,
1993b). The thickness of Unit 1 must be less than 6.6 m, according to
drilling depths. Based on the homogeneity of petrographic and
geochemical observations, the Shipboard Scientific Party (1993b)
concluded that all Unit 1 material was probably emplaced during a
single eruptive event.

The lowermost massive unit (Cores 142-864A-3Z through -5Z) is
designated as Unit 2. This lithology consists of a thick, jointed lava
flow or possibly a dike of undetermined thickness recovered from a
drilling interval from 11.8 to 15.0 mbsf and is separated from Unit 1
by an interval in which no material was recovered (Shipboard Scien-
tific Party, 1993b). Without better stratigraphic control it is not pos-
sible to distinguish whether Unit 2 samples originated with Unit 1
material in a single event or as a separate, earlier eruption.

Unit 1 differs from Unit 2 in a number of subtle ways. Unit 2 con-
tains up to 2 volume percent phenocrysts whereas Unit 1 is only
sparsely phyric with less than 1% phenocrysts (Shipboard Scientific
Party, 1993b). Unit 1 phenocrysts consist largely of plagioclase,
whereas some clinopyroxene and rare olivine crystals are found in
Unit 2 samples in addition to the predominant plagioclase. The pla-
gioclase phenocrysts observed in Unit 2 are larger, more tabular, and
slightly resorbed. Based on initial shipboard geochemical results in-
cluding XRF and carbon, hydrogen, and oxygen analysis, both units
exhibit somewhat evolved normal-type mid-ocean ridge basalt com-
positions (N-MORB). Relative to Unit 1, however, Unit 2 contains
slightly higher concentrations of Na,O, TiO,, Y, and Zr, and lower
concentrations of Al,O;, CaO, and Cr (Shipboard Scientific Party,
1993b).

Shipboard Processing

Junk basket samples (Sections 142-864A-1M-2.-3,-5, and -6)
were rinsed with deionized water to remove contaminants including
drilling fluids, paint flakes, and metal drill bit fragments. The sam-
ples were passed through sieves and divided into three size fractions,

<l mm, 1 to 5 mm, and 5 mm to 5 cm. Remaining pieces of paint or
metal were removed by hand as much as possible from the coarsest
sample fractions. The material was then ultrasonically treated in
deionized water for several hours, with a change of liquid and a thor-
ough rinse approximately every hour. The next stage of the cleaning
process involved repeated rinses in acetone followed by methanol.
Finally, samples were laid out to dry under a heat lamp. Only the larg-
est-sized fractions were placed in the core jackets and used for further
study. Solid samples consisting of larger single crystalline pieces
from the drill bit and wash cores were not passed through this clean-
ing process.

Material collected from the junk baskets did not fit easily into the
ODP classification scheme. Normally, samples are numbered accord-
ing to their recovery depth below the seafloor. This could not be done
for the fragments, because the only control available was the total
hole depth at the time of retrieval. The labeled centimeter intervals
within the cores do not represent a measurable depth in the hole. In-
stead, they are an indication of how much space that particular selec-
tion of material occupies in the core jackets. Samples from each junk
basket were sorted according to material type, whether a sample was
a large or small glass fragment, a coarse- or fine-grained crystalline
piece, or if there were any visible alteration products. As a result,
groupings at the interval level are somewhat arbitrary in the sense
that samples were sorted based on visual criteria, prior to any
geochemical or geophysical studies. In other words, basaltic frag-
ments that might differ geochemically would be mixed together in a
single core jacket compartment if they were visually indistinguish-
able. Shipboard powders consist of randomly-chosen fragments from
cach interval. Several single basalt pieces from individual intervals
have been analyzed to address the potential difficulties inherent in
this necessary but somewhat unconventional sample organization
(see “Results™ section below).

Powders were produced aboard JOIDES Resolution during Leg
142 by crushing in a Spex 8510 shatterbox with an alumina ceramic
barrel. Shipboard tests using different barrels suggest no significant
contamination of any element measured by XRF for the different
grinding materials (Shipboard Scientific Party, 1993a). Although all
powders were analyzed for trace element concentrations, in only a
few cases were ground samples processed for Pb isotopes owing to
fear of contamination during cleaning and grinding.

ANALYTICAL PROCEDURES
Elemental Concentrations

Samples were crushed using an iron Platner mortar and pestle and
ultrasonically cleaned in quartz-distilled water for 15 min, Individual
glass pieces (100-200 mg) or 100-200-mg chips from the interior of
crystalline samples were selected for TIMS and ICP-MS analysis. All
further handling and chemical procedures were conducted in a class



Table 1 (continued).

Y Zr Nb Hf Ta
17.1 15.5 0.58 0.59 0.04
0.4 0.5 0.03 0.04 0.01
22 22 22 26 26
19.6 39.4 1.65 1.04 0.09
0.6 1.6 0.11 0.05 0.01
26 26 26 19 19
244 97.9 7.90 255 0.50
0.8 3.2 0.35 0.11 0.02
38 29 38 24 24
29.2 183 19.74 4.61 1.23
0.4 2.0 0.30 0.14 0.04
46 46 46 35 35

1000 clean room. All reagents used in the following procedures were
prepurified, according to the procedures described in Harpp (1994).

Concentrations of the rare earth elements, Ba, Y, Zr, Nb, Ta and
Hf, were determined on a VG Fisons Plasmaquad PQ2+ ICP-MS.
Trace element concentrations were measured using a nonlinear drift
correction procedure and external calibration against matrix-matched
standards as described by Cheatham et al. (1993). Results from rep-
licate analyses of standard solutions are listed in Table 1. Isobaric in-
terferences on Gd isotopes by oxides of Nd were corrected by
subtracting 19%—5% of the Nd concentration from the initial Gd value,
as dictated by the run conditions.

Where only the rare earth element concentrations were deter-
mined, approximately 0.25 g of material was dissolved following the
HCIO/HNO; dissolution procedure outlined in Cheatham et al.
(1993). Samples for which the high field strength elements (Zr, Nb,
Hf, and Ta) were measured in addition to the REEs were digested us-
ing the HF/HNO, dissolution procedure described in Harpp (1994).
This latter method results in higher levels of fluoride ions in the final
solution compared to the HCIO/HNO; dissolution process. In-
creased fluoride ion concentration inhibits adsorption of Zr, Nb, Hf
and Ta to the container walls. In addition, isobaric interferences in-
volving the calcium perchlorate ion CaClO} primarily at mass '*La
as well as lesser interferences at higher odd masses ('*'Pr, '**Nd, etc.)
are avoided with the switch to the HF/HNO; dissolution technique
(Longerich, 1993). The final solutions were diluted to 1/1000th the
concentration of the original sample.

For comparison purposes, concentrations of Y, Zr, and Nb for
equivalent powdered samples determined by ICP-MS at Cornell and
by XRF aboard JOIDES Resolution are plotted against each other in
Figure 1 (Shipboard Scientific Party, 1993b). Zr concentrations agree
closely for both techniques, differing by an average of less than 2%,
or ~2 ppm. Results for Y are consistently higher by ICP-MS than
XRF, with an average difference of ~7%, equivalent to ~3 ppm. XRF
and ICP-MS Nb concentrations deviate less systematically. They dif-
fer in their apparent precision; the ICP-MS values span only 0.2 ppm,
whereas XRF concentrations for the same set of samples cover a
range of almost 1 ppm. Despite similar reported analytical uncertain-
ties for ICP-MS and XRF, ICP-MS appears to be more precise (Ship-
board Scientific Party, 1993a). Replicate analyses of the standard
material BHVO-1 were performed using both ICP-MS and shipboard
XRF. ICP-MS results for Y, Zr, and Nb correspond closely to con-
centrations determined by high-precision isotope dilution-spark
source mass spectrometry (ID-SSMS) (Jochum et al., 1990), differ-
ing by less than 0.9%. XRF means for BHVO-1 are more than 6%
and 10% lower than the ID-SSMS values for Nb and Y, respectively;
XRF and isotope dilution results correspond exactly for Zr. Based on
the standard results, ICP-MS techniques are generally more accurate
and precise than XRF for the determination of Y and Nb abundances
and comparable for Zr analysis at the low concentration levels typical
of N-MORB.
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Figure 1. Comparison of ICP-MS with shipboard XRF analyses of Y, Zr, and
Nb concentrations for selected Leg 142 powdered samples. Diagonal lines
have slopes of one. Solid diamonds = Unit 1 samples; open diamonds = Unit
2 samples. Values are in ppm. Error bars represent one standard deviation
analytical precision.

Isotope Ratios

Prior to separation, approximately 250-300 mg of sample was
leached for varying times (see Table 2 and further discussion) with
HCI in covered containers to remove possible contamination induced
by exposure to seawater, hydrothermal alteration, or drilling and han-
dling. Detailed descriptions of the chemical separation procedures
are listed in Harpp (1994). Strontium and REE splits were separated
on a cation exchange column (BioRad AG50W-x12 resin, e.g., White
and Patchett, 1984; Harpp, 1994). Neodymium was isolated accord-
ing to the di-2-ethylhexyl orthophosphoric acid ion exchange tech-
nique (e.g., White and Patchett, 1984). Samples destined for Pb

11
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Table 2. Results of leaching, multiple-analysis, and sample-type isotope tests.

Core, section, Leach  Minutes
interval (cm) Sample type 875r/%sr strength  leached
Leaching experiments
142-864A-
1M-3, 55-85 Powder 0.702505 none 0
IM-3, 55-85 Powder 0.702483 6M 30
IM-6, =75 Powder 0.702499 M 15
1M-6, 0-75 Powder 0.702555 6M 30
IM-6, 0-75 Glass 0.702471 M 30
IM-6, 0-75 Glass 0.702500 6M 30
1M-3, 0-35 Glass 0.702468 M 15
1M-3, 0-35 Glass 0.702477 M 30
IM-3, 0-35 Glass 0.702505 6M 30
142-864B-
2W-1, 04 Crystalline  0.702478 M 15
2W-1,0-4 Crystalline  0.702504 6M 30
142-864A-
4Z-1,9-15 Crystalline  0.702490 M 15
4Z-1,9-15 Crystalline  0.702479 oM 30
5Z-1,24-30 Powder 0.702562 none 0
5Z-1,24-30 Powder 0.702477 6M 30
Table 3. Isotopic standard values.
§1G /86 3NN g 1IN 144 206204
SrA%r  M3Nd/"Nd INd/¥Nd  2°Pb/**Pb WippMipy  205pp/0ipy
NBS 987 Ames LaJolla NBS 98] NBS 981 NBS 981
m 0710247 0.512123 0.511843 16.898 15.450 36.587
5, 0.000011  0.000010  0.000010 0.018 0.024 0.073
n 23 20 14 23 23 23

Note: m = mean; s, = analytical standard deviation; n = number of analyses.

isotopic analysis were digested and separated using a modification of
the White and Dupré (1986) technique (Harpp, 1994).

Sr isotopic analyses were performed on two thermal ionization
mass spectrometers: the new VG Sector 54 TIMS at Cornell and a
VG Sector 54 TIMS in the Syracuse University Geology Department.
Nd and Pb analyses were conducted solely on the Cornell University
mass spectrometer. Standard results are listed in Table 3.

Strontium samples were loaded on single tungsten filaments ac-
cording to the details in Harpp (1994). Analysis was performed using
a dynamic quadruple multicollector program. The mean® Sr/*Sr ratio
of 23 analyses of NBS 987 strontium standard was 0.710247. Based
on the reproducibility of this standard, the 2¢ analytical uncertainty
is estimated at £0.000021 for individual sample runs. Samples were
routinely analyzed a minimum of twice and up to seven times in some
cases to verify reproducibility and agreement between instruments.
Procedural blanks were negligible.

Neodymium samples were loaded on single rhenium filaments
with resin (BioRad AG50W-x12; see Harpp, 1994 for details). Anal-
ysis was performed using a dynamic seven collector program. The
mean "*Nd/'"*Nd ratio of 14 analyses of the La Jolla isotopic stan-
dard was 0.511843. The Ames isotopic standard "*Nd/"Nd ratio
was 0.512123 for 20 analyses. Both standards yielded a "*Nd/'"*Nd
of 0.348426. Based on the standards, the 20 analytical uncertainty of
the "*Nd/"**Nd ratios is estimated at +0.000020 for individual sample
runs. Many of the samples were analyzed two or more times to verify
reproducibility. Procedural blanks were routinely negligible. Calcu-
lation of €y, is based on a "**Nd/"**Nd ratio of 0.512638 for CHUR
(the chondritic uniform reservoir).

Samples for Pb analysis were loaded on single rhenium filaments
with silica gel according to Harpp (1994). A static four collector anal-
ysis program was used to collect the data. The uncorrected mean
206Ph2MPh, 207Ph/2%Ph, and *Pbh/2™Pb ratios for 23 analyses of NBS
981 were 16.898, 15.450, and 36.587, respectively: the Pb isotope ra-
tios used for correction were 16.937, 15.493, and 36.705, respective-
ly. The 26 analytical uncertainties for individual sample analyses are
estimated at 0.036 for 2*Pb/2®Pb, 0.047 for **’Pb/**Pb, and 0.146 for

Core, section, o
interval {(cm) 875805y ENd

Sample type

Multiple-analysis experiments

142-864A-
1M-6, (-75 Single glass piece 0.702486 9.41
IM-6, 0-75 Single glass piece 0.702489 9.47
IM-6, 0-75 Single glass piece 0.702481 9.63
IM-6, 0-75 Single glass piece 0.702472

Sample-type experiments

142-864A-
IM-3, 55-85 Powder 0.702483
IM-3, 54-84 Crystalline 0.702494 9.48
1M-3, 54-84 Crystalline 9.33
1M-5, 0-100 Powder 0.702485
IM-5, 0100 Glass* 0.702473 9.21
IM-5, 0-100 Crystalline 0.702505 9.91
IM-6, 75-135 Crystalline portion  0.702489 9.98
IM-6, 75-135 Glass portion 0.702477

Notes: Leaches were performed with HCI. # = small fragments.

208ph2Ph, Several samples were analyzed two or more times to ver-
ify reproducibility. Procedural blanks for Pb separations were consis-
tently negligible.

RESULTS

In all geochemical aspects, the Leg 142 samples are typical of
N-MORB (see Figs. 2-8 and Tables 4 and 5 for results). Not surpris-
ingly, they resemble samples collected along the 9°~10°N East Pacif-
ic Rise segment, including material from the RAITO2 and CHEPR
expeditions (Harpp and White, 1990; Harpp et al., 1991; E. Klein, un-
publ. data). Lavas erupted at the ridge crest in this area exhibit only a
limited range in isotope ratios and trace element concentrations rela-
tive to most other EPR segments. The Leg 142 samples, in turn, dis-
play considerably less variation than the 9°~10°N EPR axial MORB,
or even lavas from a single segment along the superfast-spreading
southern EPR (e.g., Prinzhofer et al., 1989, J.J. Mahoney et al., un-
publ. data) (see Figs. 2-6).

Although the Leg 142 samples are in general free of visible alter-
ation material, samples were nevertheless leached in HCI prior to iso-
topic analysis to ensure thorough cleaning. Of the three sets of
isotopic ratios measured in this study, #Sr/*Sr is the most sensitive
to seawater alteration, The strontium isotope ratio therefore serves as
the best indicator of the geological freshness of a material (Verma,
1992).

A number of leaching experiments were performed on selected
samples, varying in length of leach time (10-30 min) and strength of
the HCI solution (2 vs. 6 M) (see Table 2). Only in the case of pow-
dered samples was there a significant change in *’Sr/*Sr after leach-
ing. As a result, powdered samples that were not leached prior to
analysis were eliminated from subsequent statistical calculations de-
scribed below. Neither the leaching time nor the strength of the
leachate affected strontium ratios beyond analytical error. In contrast,
M3Nd/'“Nd and Pb isotope ratios were not significantly affected by
any level of leaching. These results suggest that the recovered mate-
rial is fresh and that seawater alteration is not a major factor in the
geochemical variations.

In several cases, material was recovered from junk baskets in sub-
stantial quantities, consisting of intermixed pieces of glassy and crys-
talline basalt. Owing to the small sampling interval, the natural
assumption is that all fragments originated in the same flow unit. Un-
fortunately, short of analyzing every morsel of basalt, and considering
the poor stratigraphic control, this cannot be proven. To insure that
there was no geochemical variation within junk baskets, a random se-
lection of four single glass pieces from Sample 142-864A-1M-6, 0-75
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Figure 2. A. Chondrite-normalized REE patterns for selected samples. Solid
diamonds = Unit 1, open diamonds = Unit 2 (Nakamura et al., 1989). The
gray field represents the range in normalized REE concentrations for samples
dredged from along the EPR axis between 9° and 10°N on the RAITO2 expe-
dition (Harpp et al., 1991; Batiza and Niu, 1992). B, Ratios of chondrite-nor-
malized REE abundances; symbols as in A. The open field encompasses all
data from 9°~10°N on the EPR axis (see A); the gray field includes data from
the EPR segment at 12°50'N (Prinzhofer et al., 1989). Error bars represent
one standard deviation analytical precision.
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cm was examined for Sr and Nd isotopic ratios (Table 2). Variation be-
tween samples was negligible for both isotope ratios.

Some individual basalt fragments from the junk baskets consist of
both glassy and coarser-grained crystalline portions. One such sam-
ple, 2 cm in length from glassy to crystalline ends (142-864A-1M-6,
75-135 cm) was separated into its glass and crystalline components
and each was measured for #Sr/**Sr. The difference between the sam-
ples was insignificant, at 0.000012, as would be expected (Table 2).
In addition, this exercise established that there is no bias in the isoto-
pic analyses from crystalline vs. glassy basalt matrices.

Several samples exhibit anomalous trace element concentrations:
142-864A-1M-2 (“contam”) has high Ba and low REEs; 864A-1M-2,
0-35 cm and 864A-4Z-1, 9-15 cm also have high Ba; 864A-4Z-1
(Piece #2) has high Ta values. The errors are probably not analytical
because the results were confirmed in replicate analyses. It is unlikely
that the samples were contaminated in the Cornell laboratory, be-
cause there are no major sources of Ba, REEs, or Ta available. It is
possible, however, that these samples were contaminated during han-
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dling aboard JOIDES Resolution. The REE concentrations of
142-864A-1M-2 (“contam™) may have been diluted with low-REE
content material during shipboard grinding experiments (Shipboard
Scientific Party, 1993a). Plausible sources for both Ba and Ta con-
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Figure 5. Radiogenic isotope ratios. A. ¥'Sr/%Sr vs, €y, for the EPR. Dia-
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RAITO2 dredge samples (Harpp et al., 1991): open triangles = data from the
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tamination were used in the drilling process. Barite was used to fill
voids in the ballast of the hard-rock guidebase; all recovered samples
passed through the guidebase. The Ba contamination may result from
small amounts of barite that were not completely removed by ship-
board cleaning procedures. The drill bits utilized to initiate drilling
included substantial amounts of tungsten carbide; unpurified W com-
monly contains some Ta (e.g., Hurlbut and Klein, 1977). Under the
arduous drilling conditions, many drill bits were severely damaged.
Some of the fragments from the drill bits may have escaped the ship-
board cleaning process and thus may have mixed with the sample
during grinding, resulting in an elevated Ta level in the
142-864A-47Z-1 (Piece #2) powder. Suspected contamination values
were removed from the data sets prior to statistical analysis.

STATISTICAL ANALYSIS

The goals of this study are twofold: (1) to quantify the magnitude
of geochemical variation within a single eruptive unit at a mid-ocean
ridge and (2) to verify through trace element and isotopic analysis the
conclusion reached by the Shipboard Scientific Party that two chem-
ically distinct units were sampled on Leg 142. Results listed in Tables
4 and 5 clearly show that the geochemical variation between samples
is small and, in many cases, comparable to analytical uncertainty.
Thus, the first task is to determine how much of the observed chem-
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Figure 6. Lead isotope data; fields as in Figure 2. Diamonds = all Leg 142
data. Error bars represent one standard deviation analytical precision.

ical and isotopic variation is real and how much is attributable to an-
alytical factors, which requires the application of statistical tests.

Significance of Geochemical Variation

One of the basic assumptions in many statistical methods is that
the data are drawn from a population with a normal distribution
(Miller and Miller, 1992; Snedecor and Cochran, 1989; Allégre et al.,
1984). Although it is not possible to prove that the distribution of ei-
ther isotope ratio or elemental concentration data within an eruptive
unit is normal, the central limit theorem states that even if the original
population is not normal, the sampling distribution of the mean ap-
proaches a normal distribution as sampling frequency increases (e.g.,
Snedecor and Cochran, 1989). Therefore it is reasonable to accept the
distribution of geochemical variations within individual geological
units as approximately normal, permitting the application of statisti-
cal significance tests.

The total variation within a data set is best described quantitative-
ly with the total variance, s? . The variance is the most sensitive mea-
sure of homogeneity and consists of the sum or nearly the sum of two
primary components: (1) the variance resulting from natural causes
in the geological system (s ); that is, the variation of interest in this
study; and (2) the variance superimposed on natural variations by an-
alytical procedures (s2 ) (Shaw and Cruft, 1967):

2 2 2
5 =8 +5, .

Because the geochemical variations between samples are small,
the first step is to assess total variation in the data set relative to that
caused by random analytical factors. If total variation is significantly
larger than that caused by analytical procedures, then a significant
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Figure 7. Variation diagrams of selected elements concentrations vs. Zr contents. Values are in ppm. Solid lines represent calculated fractionation pathways for
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olations of the fractionation pathways for the two units, and are only for illustrative purposes. Error bars represent one standard deviation analytical precision.

portion of the variation is real and can be examined in detail for pat-
terns in the data.

A two-tailed F test was employed for the comparison of s? to 52,
with the null hypothesis that 57 and 52 are equal and all samples are
identical. Total variance in the data s? is calculated for each
geochemical measurement (Snedecor and Cochran, 1989; Miller and
Miller, 1992). The analytical variance (s2) is adequately estimated
from the standard analyses for ICP-MS for the REEs, Ba, Y, Zr, Nb,
Hf, and Ta; TIMS for isotopic ratios; and shipboard XRF for the ma-
jorelements Cr, Ni, V, Cu, Zn, and Sr. The results of the F tests at the
5% probability level, with calculated (F.) and tabulated values (Fsq)
for the trace and major element concentrations and isotope ratios, are
listed in Tables 4 and 5.

The F tests show that the null hypothesis cannot be rejected at a
5% probability level for all isotope ratios (¥Sr/*Sr, "“Nd/'*Nd,
2W6Ph29Ph, 27Ph2MPh, 205Ph/2MPh), as well as for Nb, Ta, Sr and
most of the major elements (see Tables 4, 5, and 6). In these cases,
geological variations cannot be distinguished from analytical error
and samples should be considered uniform insofar as can be detected
with present instrumental techniques. No further statistical tests will
be performed on these geochemical parameters.

In contrast, the F tests reveal that the null hypothesis can be reject-
ed at the 5% level for the remaining trace elements, Ba, the REEs, Y,
Zr, Hf, Cr, Ni, V, Cu, and Zn as well as major oxides TiO,, Fe,0;,
Ca0, and K,O (see Tables 4, 5, and 6). The bulk of the measured
trace elements exhibit variation significantly greater than analytical
uncertainty and thus merit further investigation.

Distribution of Geochemical Variation

The next step is to determine how the natural fluctuations of the
elements are distributed between the samples. The primary questions
of interest are: (1) does the data fall into natural groups that are con-
sistent for all the geochemical measurements; and (2) if so, is the
original shipboard assignment of two lithologic units appropriate?

Clustering techniques are mathematical classification methods
designed to sort data into groups such that the samples within a clus-
ter are more similar to each other than they are to samples in other
clusters. While there are many variations of cluster analysis, there is
no general agreement on the best method, and it is used primarily as
an exploratory tool. A series of hierarchical cluster analyses was per-
formed on the Leg 142 data set, including all the major and trace el-
ement concentrations. The method of complete-linkage distance
clustering was employed (Davis, 1986). In all cases, the samples
cluster into two groups, corresponding largely to the two-unit Ship-
board classification scheme. A single Unit 2 sample, 142-864A-5Z-1,
12—15 cm, repeatedly clusters with Unit | material. With this excep-
tion, the division of the samples into two and only two lithologic units
appears to be justified; no other natural divisions seem to exist in the
data set when the interactions among all the element compositions are
considered.

In terms of the concentrations determined in this laboratory, Unit
1 samples have lower average contents of the REEs, Hf, Y, and Zr
than Unit 2. Barium exhibits the opposite behavior, with lower mean
concentrations in Unit 2 than in Unit 1. As described in the /nitial Re-



K.S. HARPP

14.0
" /"w%
135 |- < ! 10%
b o j’!s%
130 |- / 6%
. /2%
/
8 12sf o *e 5
5 e
120 [ o
N » *
; . €
115 |- $
- <+
] /
135 [ /
o /7 10%
130 | 7
] s A
: % 8%
125 |- 7
i Yoo 10%
g 120 [ J
i * 6%
d *
15 [ ¢
5 & 29 *
L & &
110 |
= *
105 |
yoo bl st bt il vl i
9 10 11 12 13 14
Ba

Figure 8. Variation diagrams of Ce and Zr concentrations vs. Ba contents.
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ports (Shipboard Scientific Party, 1993b), Unit 1 is also characterized
by higher mean CaO, Cr, Ni, and Cu, and by lower mean TiO,, Fe,0;,
V, and Zn. Units 1 and 2 have equal K,O contents. With the exception
of some of the elements determined by XRF, Unit 2 samples cover a
larger range in concentrations than Unit 1.

Despite being assigned to Unit 2 because it was recovered at one
of the greatest drilling depths (>12 m), Sample 864A-5Z-1, 12-15cm
appears more similar to Unit 1 geochemically. In reality, it could
have originated anywhere from 0 to 12 m below the seafloor, a result
of the fragmented nature of the basalt at the drilling site; rubble could
simply have fallen into the hole from above before being lodged in
the drill bit. When viewed on element-element plots (Fig. 7), Sample
864A-5Z-1, 12-15 cm usually falls in the midst of the Unit 1 field. In
the absence of better stratigraphic control, major element concentra-
tions, and thin section descriptions for this particular fragment, Sam-
ple 864A-5Z-1, 12-15 cm will be grouped with Unit | material for
subsequent statistical procedures.

Having established the existence of two primary geochemical
groups, a more quantitative statistical test is needed to examine caus-
es of variation in the data set. A one-way factorial analysis of vari-
ance (ANOVA) was performed on each element with significant
variation (REEs, Ba, Y, Zr, and Hf from ICP-MS, as well as Cr, Ni,
V, Cu, Zn, TiO,, Fe,0;, Ca0, and K,0 from shipboard XRF) to de-
termine if the variation could be attributed to a geochemical distinc-
tion between Unit 1 and Unit 2 (Miller and Miller, 1992). Results are
listed in Table 7. The probability values in Table 7 represent the like-
lihood that the observed difference between the means for Unit 1 and
Unit 2 could occur by chance if the means were actually equal. For
most elements, Unit 1 appears to be distinguishable at better than a
~4% probability from Unit 2. Units 1 and 2 are not statistically dis-
tinguishable on the basis of K,O, Ni, Cu, or Zn.

A second factor that was tested as a possible control of variation
is the geological form of the sample (crystalline vs. glassy). This pro-
cedure was used exclusively on the elements determined by ICP-MS:
only powders were measured by XRF. No significant effect was
found, indicating that glassy and crystalline materials exhibit the
same geochemical variations within units. This suggests that there is
no advantage to analyzing glassy over fresh crystalline interiors.

In summary, the Leg 142 samples are indistinguishable in terms
of their Sr, Nd, and Pb isotopes, Nb, Ta, Sr, Ni, Cu, and Zn concen-
trations and most of the major oxides. In contrast, the remaining con-
centration data including the rare earth elements, Ba, Y, Zr, Hf, Cr,
V. CaO, and TiO,, can be divided into two statistically-separate
groups, corresponding largely to the original assignments of Unit 1
and Unit 2 (see Tables 4 and 5).

DISCUSSION
Comparison with 9°~10°N Axial Samples

Several along-axis geochemical studies have been conducted on
the East Pacific Rise, including some with high sampling densities
(e.g., MacDougall and Lugmair, 1986; Hamelin et al., 1984; Sinton
ct al., 1991; Mahoney et al., unpubl. data; Prinzhofer et al., 1989; He-
kinian et al., 1989). Of particular interest is the ridge segment that in-
cludes the drill site, 9°17"-9°51’N. Detailed geophysical studies in
the area suggest that this segment is underlain by a single, axially
continuous magma chamber (e.g., Detrick et al., 1987; Toomey et al.,
1990; Kent et al., 1990). Dredging undertaken during the RAIT02
Cruise (Batiza and Niu, 1992; Harpp and White, 1990) was designed
to examine geochemical variations along the strike of the axial mag-
ma chamber (AMC). Dredges were located approximately 1.8 km
apart at the axis (Batiza and Niu, 1992). These closely spaced sam-
ples have been analyzed for Sr, Nd, and Pb isotopes as well as a va-
riety of trace element concentrations (Harpp, 1994). In Figures 2
through 6, the Leg 142 samples are plotted alongside axial lavas from
9°—10°N.

Batiza and Niu (1992) explained the major and trace element vari-
ations between 9° and 10°N with a chemically-zoned magma cham-
ber model, in which all material originates from the same source.
Magma cools and crystallizes to different extents as it migrates along
the ridge away from the single injection point located at the axial high
near 9°48'N. The isotopic data, however, exhibit subtle but signifi-
cant variation in Sr, Nd, and Pb ratios in the form of a smooth, undu-
lating curve along the axis. As a result, lavas erupted along the
segment cannot be related simply by fractional crystallization as stat-
ed by Batiza and Niu (1992). More in concert with the observed vari-
ations, the magma chamber may be periodically replenished with
isotopically-distinct magma batches, either at different times from a
single injection point or, more likely, at different locations along the
ridge. The material would then be subjected to limited along-strike
mixing in the AMC, resulting in a smooth variation in isotopic signals
along the axis. The question at this point becomes what scale of iso-
topic variation along a ridge is significant? Are the variations ob-
served on the scale of tens of kilometers no greater than the ones
observed on the scale of meters? Are the variations between geo-
graphically distant eruptive units no greater than the variations within
asingle flow? If the answer to either of the latter questions is yes, then
the observed regional variations can be regarded as geologically
meaningless and one could reasonably conclude that magmas erupted
within this ridge segment are geologically homogeneous.

The data from the Leg 142 study is of immediate relevance to this
issue. The range of geochemical variations at a single location on the
ridge, as determined in this study, can be compared to the spread in
the data from samples collected along the axis. In fact, the axial sam-
ples exhibit a significantly larger variation in all aspects of their
geochemistry than the subsurface ODP lavas (Figs. 2 through 6).



Therefore, the subtle variations along the ridge axis are significant
and can be attributed to real geological phenomena such as differenc-
es in melt supply composition, possibly accompanied by limited
along-axis mixing in the magma chamber.

Geochemical Differences Between Unit 1 and Unit 2

Material from Leg 142 is isotopically homogeneous but can be di-
vided into two distinct groups based on the concentrations of several
elements. Niobium, Ta, Sr, and most of the major oxides, however,
do not exhibit detectable variations beyond analytical error. In addi-
tion, K,0, Cu, Ni, and Zn display significant variations but cannot be
used to distinguish between the units. These observations bring sev-
eral questions to mind: (1) why is there a lack of correlation between
isotope and trace element variations; (2) what process is responsible
for the geochemical differences between Units 1 and 2; and, finally,
(3) why do only selected elements show differences between the
units?

It is a basic assumption in geochemistry that variations in isotopic
ratios of basalt reflect variations in the isotopic composition of the
source, as well as any mixing en route to the surface of melts derived
from isotopically-distinct sources. In contrast, elemental concentra-
tions are affected not only by source and mixing factors but also by
melting and recrystallization processes. Melting and crystallization
processes must be responsible for the distinction between Unit 1 and
Unit 2. There are three primary scenarios to consider: (1) Unit 1 and
Unit 2 originate from distinct sources that differ in their elemental
compositions but are isotopically identical; (2) Units 1 and 2 share a
common source and the same parental melt but have evolved remote-
ly along different shallow fractionation pathways; and, (3) Units |
and 2 are the result of distinct parental melts that have evolved from
the same source via different melt generation processes.

The first option is conceivable but unrealistic. Long-standing dif-
ferences in trace element compositions lead inevitably to variations
in mantle isotopic ratios, making the existence of two sources with
similar isotope ratios but different trace element characteristics un-
likely.

Alternatively, based on their similar compositions and in particu-
lar on their identical isotopic ratios, Units 1 and 2 may have been pro-
duced contemporaneously and share a common parental melt. How
then do the subtle variations in trace element concentrations arise?
The melts must have evolved differently since their production. Shal-
low-level processes in the magma chamber including low-pressure
fractionation and crystal accumulation can affect trace element abun-
dances in melts, and warrant further investigation.

As the Leg 142 Shipboard Scientific Party points out in the Initial
Reports volume (1993b), all the recovered material falls along the
general fractionation trend established by other EPR glasses collect-
ed near 9°30’N (Batiza and Niu, 1992; Harpp et al., 1991). Batiza and
Niu (1992) conclude that most of these lavas are related through
low-pressure fractional crystallization and were produced by approx-
imately 18% partial melting of a depleted mantle source. While the
dredged samples provide a reasonable first approximation for a frac-
tionation pathway, they do not accurately reproduce the distribution
of the Leg 142 compositions.

If all the Leg 142 material is related simply by low-pressure frac-
tional crystallization from a common parent, it should be possible to
reproduce both Unit 1 and Unit 2 compositions by calculating a frac-
tionation pathway from the most primitive sample of the group. The
sample that must be used as the parent lava in the calculations is cer-
tainly not as primitive as the true original melt, but it should never-
theless result in the same fractionation curve; the starting point will
simply be located at a more evolved composition along the same dif-
ferentiation path.

The Mixnfrac program developed by R.L. Nielsen (1988) was
employed to model low-pressure fractional crystallization of the Leg
142 basalts in a closed magma chamber. This program simulates the
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effect of fractionation on major and trace elements with a model
based on compositionally-independent trace element partition coeffi-
cients in tandem with a major element phase equilibria model (Niel-
sen and Dungan, 1983; Nielsen, 1985; Nielsen, 1988). All major and
trace element data were considered in the calculations. Typical crys-
tallizing mineral assemblages for the Leg 142 samples consist of oli-
vine and plagioclase.

The most primitive Unit 1 sample for which all the major and
trace element concentrations were available, 142-864A-1M-3, 0-35
cm (powdered), was used as the initial melt to generate a fraction-
ation pathway. The calculated low-pressure fractional crystallization
line does pass through some of the Unit 1 data, but it does not repro-
duce Unit 2 compositions. The calculation was repeated using Unit 2
Sample 142-864A-4Z-1 (Piece #2, powdered). Similarly, some Unit
2 samples lie along the fractionation curve but Unit 1 samples do not
(Fig. 7). The above calculations were performed assuming a closed
magma chamber. Nielsen's program (1988) also permits the simula-
tion of varying proportions of recharge and eruption. Regardless of
the amounts of recharge and/or eruption, a Unit 1 composition could
not be made to reproduce Unit 2 lavas, and vice versa. As illustrated
in Figures 2, 3, 4, 7 and 8, Units 1 and 2 exhibit distinct, unrelated
geochemical characteristics, cannot be related to each other through
simple low-pressure fractional crystallization, and must have evolved
instead from geochemically distinct parental melts.

Another shallow-level process, crystal accumulation, cannot ex-
plain the relationship between the units either. Unit 2 is more pheno-
cryst rich than Unit 1, yet has generally higher incompatible element
concentrations. In addition, the two groups of samples lie on distinct
fractionation pathways. There is therefore no combination of appro-
priate minerals that will successfully reproduce both the major and
trace element abundances of Unit 2 from Unit 1 by simple crystal ac-
cumulation.

Can intra-unit geochemical relationships be explained by straight-
forward low-pressure fractional crystallization? In Figures 7 and 8
the degrees of fractional crystallization are indicated along the frac-
tionation trends. Most Unit 2 samples fall close to the fractionation
trends on some element-element plots, although the fit ranges from
imperfect to nonexistent; Unit 1 samples fail to follow any obvious
trend, clustering instead in a shotgun pattern at the origin of the frac-
tionation lines.

Shallow-level phenomena do not appear to be the cause of the
geochemical variations. Because the AMC is located between 1 and
3 km beneath the ridge (Detrick et al., 1987; Sinton and Detrick,
1992), processes in the axial magma chamber must not be the source
for the differentiation between Units | and 2. More likely, Unit 1 and
Unit 2 melts were injected into the AMC as geochemically distinct
batches.

Results from a detailed textural study of plagioclase phenocrysts
from Leg 142 indicate that prior to entering the melt lens, the crystals
encountered a range of liquid compositions comparable to that ob-
served throughout the 9°~10°N segment (Brophy and Allan, this vol-
ume). The authors propose that as the liquids migrated upward, they
passed through a network of discrete melt bodies in the mush zone
underlying the AMC (Sinton and Detrick, 1992), undergoing a series
of in situ mixing and fractionation events (Brophy, this volume). Zo-
nation in the plagioclase crystals also suggests the liquids were ex-
posed to vigorous convection once injected into the melt lens.

According to the conclusions of Brophy and Allan (this volume),
it will not be possible to discern precise fractionation trends from the
glass and whole rock analyses presented in this paper. Instead, the
samples represent the average compositions of the liquids in the melt
lens at the time of eruption. The geochemical variations within each
sample originate from complex fractionation processes, but will be
partially obscured by subsequent mixing in the magma lens.

There are no geochemical relationships within Unit 1 lavas that
suggest shallow-level mixing processes. Instead, Unit | data forms a
tight cluster on most variation diagrams and can be considered homo-
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Table 4. Selected trace element concentrations determined by ICP-MS, Site 864.

Core, section,

interval (cm) Sample type Unit Ba La Ce Pr Nd Sm Eu Gd Th Dy Ho Er
142-B64A-
IM-1, I-10 Powder 1 10.5 3.82 11.67 204 10.83 3.58 1.26 4.69 0.94 5.74 1.27 344
IM-2, “contam™  Powder 1 16.2 331 10.36 1.78 9.45 ile 1.14 4.25 0.84 5.19 1,13 313
1M-2, 0-35 (a) Powder 1 10.6 3.89 11.50 1.98 10.32 3.55 1.28 4.67 0.92 5.58 1.22 3.36
IM-2, 0-35 (b) Powder 1 11.7 3.94 12.23 2.09 11.21 3.82 1.32 4.94 0.99 6.02 1.32 3.58
1M-2, 0-35 Glass 1 31.5 3.98 12.36 2.13 11.23 3.86 1.31 5.17 1.00 6.19 1.36 3.75
IM-2, 54-84 Crystalline | 11.8 3.76 11.67 2.02 10.84 3.76 1.26 4.96 0.93 5.90 1.32 3.57
IM-2, 100150 Crystalline 1 11.3 3.94 12.27 211 1L16 3.83 1.30 5.07 1.00 6.19 1.37 3.78
IM-3, 0-35 Glass 1 12.1 3.90 12.09 2.09 11.10 an 1.30 5.03 0.99 6.05 1.34 3.69
1M-3 ,0-35 Powder I 10.6 3.70 11.25 1.90 10.17 351 1.21 478 0.95 5.88 1.32 3.74
IM-3, 54-84 Crystalline 1 11.2 3.80 11.87 2.05 11.05 371 1.28 4.92 0.97 5.98 1.33 361
1M-3, 54-84 Powder | 11.4 4.00 12.10 2.03 10.89 372 1.28 4.9] 0.98 6.11 1.33 3.81
IM-3, 100-150 Crystalline | 1.2 3.92 12.20 2.10 11.38 3.96 1.31 5.05 1.00 5.97 1.34 361
IM-3, 100-150 Powder ! 11.4 3.97 12,53 2.12 11.06 3.81 1.35 5.03 0.98 6.12 1.33 3.61
IM-4, 0-9 Powder 1 1.3 3.99 12,30 2.14 11.44 387 1.35 5.15 1.03 6.30 1.36 373
IM-5, 0-100 Crystalline** 1 115 3.90 12.06 207 11.07 3.82 1.29 4.99 0.98 5.93 1.31 3.56
IM-5, 0100 Glass* 1 113 3.80 11.85 2.04 10.92 3.78 1.27 4.91 0.97 5.87 1.29 3.57
IM-5, 0-100 Powder 1 1.7 4.00 12.26 2.09 11.19 3.83 1.30 5.07 1.01 6.14 1.34 3.69
IM-6, 0-75 Powder | 14 4.06 12,32 2.14 11.31 392 1.34 5.23 1.03 6.31 1.34 3.77
IM-6, 0-75 Glass 1 1.6 3.98 12.48 2.15 11.51 3.90 1.34 5.14 1.0 6.10 1.34 3.69
IM-6, 75-135 Crystalline® 1 1.5 3.80 11.76 2.03 10.82 3.65 1.26 4.85 0.95 5.90 1.26 3.50
1M-6, 75-135 Crystalline** 1 11.4 3.95 12.28 2.13 11.29 3.83 1.31 5.13 1.00 6.16 1.32 3.68
IM-6, 75-135 Powder 1 116 3.94 12.08 2.12 10.99 377 1.29 5.15 1.02 6.16 1.34 371
142-864B-
2W-1, 04 Crystalline | 13.7 3.80 11.82 2.06 10,93 3 1.27 4.9 0.96 5.94 1.33 3.59
2W-1, 16-18 Powder | 1.6 3.93 12.21 2.11 11.35 3.86 1.32 511 1.01 6.26 1.41 3.80
142-864A-
471, (Piece #2)  Powder 2 10.3 4.01 12.47 215 11.68 398 1.35 5.40 1.06 6.49 1.44 3.98
4Z-1,9-15 Crystalline 2 224 4.04 12.87 2.23 12.06 4.21 1.40 549 1.10 6.68 1.48 3.98
5Z-1,5-9 Crystalline 2 10.0 4.28 13.49 2.37 12.97 444 1.48 5.77 1.16 7.04 1.51 4.24
5Z-1,12-15 Crystalline 2(1) 10.6 178 11.58 2.05 10.89 3.71 1.32 498 0.95 5.95 1.30 361
5Z-1,24-30 Powder 2 10.1 4.23 13.27 2.29 12.57 4.28 1.45 579 1.12 6.98 1.56 4.26
& 0.73 0.13 0.49 0.09 0.57 0.20 0.06 0.27 0.06 0.33 0.07 0.21
n 26 28 28 28 28 28 28 28 28 28 28 28
F. 6.00 5.12 39.06 14.04 43.41 19.04 8.53 7.84 13.65 10.78 525 9.61
Fsq 1.97 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95
5y 0.67 0.12 0.48 0.09 0.57 0.20 0.05 0.25 0.05 0.31 0.07 0.19
BIR BIR BIR BIR BIR BIR BIR BIR BIR BIR BIR BIR
Unit 1
m, 11.4 3.90 12,03 2.07 11.04 3.7 1.30 5.00 0.98 6.03 1.32 3.64
5y 0.63 0.09 0.33 0.06 0.32 0.11 0.03 0.15 0.03 0.18 0.04 0.11
n 23 24 24 24 24 24 24 24 24 24 24 24
Unit 2
m; 10.2 4.14 13.03 2.26 12.32 4.23 1.42 5.61 1.1 6.80 1.50 4,12
53 0.12 0.13 0.45 0.09 0.57 0.19 0.06 0.20 0.04 0.26 0.05 0.16
n 3 4 4 4 4 4 4 4 4 4 4 4
8y THAX 0.21 0.04 0.06 0.02 0.06 0.03 0.01 0.07 0.01 0.07 0.02 0.05

Note: Values in ppm. * = small fragment; ** = large fragment; 2(1) = sample originally assigned to Unit 2 but reassigned to Unit | based on statistical tests (included with Unit 1 for
mean and standard deviation calculations); s, = total standard deviation in the data set; n = count; F, = caleulated F statistic; Fsy, = tabulated F statistic for a two-tailed tesi at 5%
probability, with degrees of freedom consisting of the number of observations in the data set less one in the numerator, and the number of observations of the standard less one in the

denominator, for each geochemical 3 8=
and W2 are the ICP-MS standards used in statistical calculati

of the

for each el

dard deviation attributable to natural or geological factors calculated as: 5,

" [sf —s:] "%, BIR, BHVO,

m, and m; = means for Unit | and Unit 2, respectively; s, and 5, = standard deviations of Units 1

and 2, respectively; 5,,(max) = maximum analytical standard error of the mean for each sample ( ‘a"*!-‘ . where x is the number of replicate analyses); Sample 142-864A-1M-2, “con-
tam” (powdered) is not included in any of the calculations; the suspected contamination values of Ba and Ta (see text) also are not included in any calculations.

geneous. Material from Unit 2, however, has a greater concentration
range and most samples fall along a trend reminiscent of a mixing line
(see Figs. 7 and 8). Four samples in particular exhibit potential mixing
relationships: Samples 142-864A-47-1, (Piece #2), 864A-5Z-1, 5-9
cm, 864A-5Z-1, 24-30 cm, and 864A-5Z-1, 12-15 cm, the fragment
originally grouped with Unit 2 but reassigned to Unit 1 based on ele-
mental concentrations. These lavas spread along a trend between two
end members with compositions typical of Unit 1 material and Sam-
ple 142-864A-5Z-1, 5-9 cm. Unfortunately, positions of the samples
relative to each other vary depending on the elements being exam-
ined, which is inconsistent with simple binary mixing (Langmuir et
al., 1978). The geochemical relationships within Unit 2 indicate in-
stead a complex mixing process involving a variety of liquids with
similar compositions.

Model for Evolution of Unit 1 and Unit 2

The evidence suggests the following scenario. Unit 1 and 2 sam-
ples are derived from two, or, more likely, a spectrum of distinct pa-
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rental melts. The parental melts share the same mantle source, as
evidenced by their equivalent isotopic compositions. The parental
melts evolve via different melt generation paths. Several magma
production processes could result in subtle variations in elemental
compositions, including high-pressure fractional crystallization, dif-
ferences in pressure and temperature of melt generation, which in
turn affect distribution coefficients (Nielsen et al., 1992), the path-
way taken by the evolving melt through the mantle melting regime
(Klein and Langmuir, 1987), and even simple differences in the ex-
tent of melting. Incompatible element concentrations will be affect-
ed to a greater extent by variations in melting processes than the
major and more compatible trace elements, a phenomenon reflected
in the results of this study. Units 1 and 2 differ significantly in their
incompatible element contents, including the REEs, Ba, Hf, Y, and
Zr. In terms of most of the major and more compatible elements such
as Ni and Cu, in contrast, the two units are indistinguishable.

As the melts migrate upward through the mush zone, they under-
go a series of in situ fractionation processes, interacting with a net-
work of discrete liquid bodies. The melts enter the magma chamber



Table 4 (continued).

Tm Yb Lu b § Zr Nb Hf Ta

0.55 3.36 0.52
0.48 3.09 0.49
0.54 322 0.51

0.56 3.54 0.56 39.5 113 3.08 2.81 0.22
0.59 3.65 0.60 40.2 116 3.13 2.97 0.23
0.57 353 0.54 40.4 116 3.03 2.67 0.20
0.59 367 0.60 40.2 116 3.15 3m 0.21
0.59 3.59 0.58 38.9 111 3.06 2.76 0.20
0.57 3.54 0.58

0.57 3.58 0.56 38.6 12 3.09 2,79 0.20
0.58 3.58 0.58

0.57 156 0.55 41.0 116 312 296 0.22

0.56 3.45 0.54
0.57 3.69 0.57

0.57 3.57 0.55 39.6 114 3.14 2.82 0.22
0.55 3351 0.54 414 118 3.19 2.87 0.22
0.56 3.60 0.57 39.7 113 3.09 2.83 0.23
0.58 3.67 0.57
0.57 3.58 0.57 39.1 113 3.05 2.87 0.23
0.55 3.40 0.54 376 108 3.02 2.88 0.21
0.58 3.54 0.58 39.8 114 3.13 2.89 0.21
0.58 3.69 0.57
0.56 3.57 0.56 39.8 114 3.03 2.65 0.21
0.57 3.74 0.59 40.2 114 297 3.00 0.21
0.61 391 0.61 42.2 119 2.98 313 0.51
0.63 3.84 0.62 44.3 127 3.10 3.21 0.20
0.66 4.13 0.65 44.8 128 309 317 0.20
0.57 3.49 0.56 39.6 113 2.94 2.75 0.19
0.65 4.12 0.66 449 127 313 337 0.22
0.03 0.20 0.03 2.00 5.30 0.07 0.18 0.01
28 28 28 20 20 20 20 19
243 7.64 4.80 23.6 277 0.03 2.80 0.26
1.95 1.95 1.95 2.06 2.25 2.32 2.45 240
0.02 0.18 0.03 1.96 4.24 <s, 0.15 0.01
BIR BIR BIR BHVO w2 w2 w2 w2
0.57 3.56 0.56 39.7 114 3.08 2.85 0.21
0.01 0.12 0.02 0.91 2.13 0.07 0.1 0.01
24 24 24 16 16 16 16 16
0.64 4.00 0.64 44.0 125 3.08 3.22 0.21

0.02 0.15 0.02 125 4.03 0.07 0.11 0.01
4 4
0.01 0.05 0.01 0.24 23 0.20 0.06 0.01

with a diversity of compositions. In the melt lens, localized convec-
tion prior to eruption results in partial homogenization of the liquids.
The Leg 142 data is consistent with this model as evidenced by the
convergence of the samples toward a predominantly homogeneous
composition.

Comparison of Parental Melt Compositions

From relative incompatible element abundances, the parental melt
of Unit 1 may be more enriched than the parent of Unit 2 (see Fig. 7).
The Unit 1 parent could simply be a smaller degree melt of the same
source that yielded the parent of Unit 2 through more extensive melt-
ing. Alternatively, differences in trace element composition and the
degree of depletion between melts can be created on a geologically
short time scale, by repeated melt extractions from a single source.
Assume the parental melt of Unit 1 was produced by a small degree
of melting. The residual source would then be more depleted, and any
further melt extracted from it, such as the parent of Unit 2, would re-
flect this depletion.

Unit 2 samples have generally lower MgO contents, suggesting
that Unit 2 has experienced a greater extent of shallow fractional
crystallization than Unit 1. This observation may provide an explana-
tion for the fact that the concentrations of the REEs, Y, Zr, Hf and Ba,
differ significantly between the units, yet Nb and Ta do not despite
being highly incompatible elements. It is plausible that the Unit 1 pa-
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rental melt (P1) has higher concentrations of highly incompatible el-
ements, such as Nb, than the Unit 2 parental melt (P2). If so, P1 will
have only slightly higher concentrations of moderately incompatible
elements, such as Zr, than P2 (Fig. 7). The more extensive fractional
crystallization experienced by Unit 2 samples will result in an in-
crease in Unit 2 Nb and Ta concentrations to levels comparable to the
Unit 1 samples. Because Pl and P2 have similar moderately incom-
patible element concentrations, however, fractionation crystalliza-
tion will increase Zr and Y abundances in the Unit 2 samples to levels
above those in Unit 1. The preceding relationships cannot be proven
owing to the complex thermal histories of the samples, but are put
forth as a possible explanation for the lack of variation in Nb and Ta
concentrations. Alternatively, the absolute Nb and Ta contents in
MORB may be too low relative to analytical error to detect subtle
concentration variations.

Temporal Relationship of Unit 1 and Unit 2

The fragmented nature of the Leg 142 recovery results in a dire
lack of stratigraphic control regarding the relationship of Unit 1 to
Unit 2. If the recovery depths are accepted without question, then
Unit 2 lavas were emplaced before Unit 1, either as a separate erup-
tive event or as the first part of the same event. In this case, the melt
feeding the magma chamber became on average slightly more en-
riched between the eruption of the Unit 2 and Unit 1 lavas, most like-
ly a geologically short time interval because magma supply rate and
eruption frequency are high along this segment of the East Pacific
Rise. Alternatively, if recovery depth is ignored, variations between
Units 1 and 2 represent heterogeneities within the same flow. In ei-
ther case, the Leg 142 data set illustrates the degree of geochemical
heterogeneity that can be expected at a single axial site. Lavas erupt-
ed at the ridge crest are the result of a continuous evolutionary pro-
cess involving complex fractionation pathways and magma mixing;
glass and whole rock compositions are averages of the entire process.

Mantle Heterogeneity

It is well established that East Pacific Rise magmas are more iso-
topically homogeneous than Mid-Atlantic Ridge (MAR) magmas
(e.g., Batiza, 1984; White et al., 1987; Harpp and White, 1990). Ba-
tiza (1984) argued that the isotopic homogeneity of EPR magmas re-
sults from mixing of isotopically heterogeneous magma batches in
long-lived magma chambers. Long-lived or steady-state magma
chambers are absent on the MAR; magmas are not homogenized be-
fore eruption. The isotopic homogeneity of the Leg 142 lavas, how-
ever, cannot be a result of homogenization within the axial magma
chamber because these lavas exhibit compositional variations that
must have existed before the parental melts entered the magma cham-
ber. Mixing within the axial magma chamber has failed to obscure the
elemental differences and would similarly have failed to obscure iso-
topic differences had they existed. The implication, therefore, is that
the mantle beneath this segment of the EPR is inherently more isoto-
pically homogeneous than that beneath the MAR. Differences in iso-
topic heterogeneity noted by Batiza (1984), among others, may
therefore reflect differences between the Atlantic and Pacific suboce-
anic mantles rather than magma chamber processing. Large-scale
processes such as mantle convection may be the major factors re-
sponsible for the degree of isotopic heterogeneity at mid-ocean ridg-
es.

SUMMARY AND CONCLUSIONS

Basalts collected from a single subsurface site at 9°30'N on the
East Pacific Rise are homogeneous in terms of Sr, Nd and Pb isotopic
ratios and Nb, Ta, Sr, Ni, Cu, and Zn concentrations, as well as most
of their major oxide contents, The Leg 142 material falls into two dis-
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Table 5. Radiogenic isotope ratios determined by thermal ionization mass spectrometry, Site 864.

Core. section, ¥yt 143Nd/ W6phy 207phy W08phy/
interval (cm) Sample type Unit gy S | S Eng “Mph {7 29py Sy 4ph 5
142-864A-

IM-1, 0-10 Powder
IM-2, 54-84 Crystalline
IM-2, 54-84  Crystalline
IM-2, 100-150 Crystalline
IM-2, 0-35 Glass

IM-2, 0-35 Glass

IM-3, 0-35 Glass

1M-3, 0-35 Glass

IM-3, 0-35 Glass

-3, 55-85 Powder

3, 54-84 Crystalline
-3, 54-84 Crystalline
3, 100-150  Powder

-5, 0100 Powder
IM-5, 0-100 Glass*
IM-5, 0-100 Glass*
IM-5, 0-100 Crystalline
IM-6, 0-75 Glass

IM-6, 0-75 Glass

IM-6, 0-75 Glass

IM-6, 0-75 Powder
IM-6, 0-75 Single glass
IM-6, 0-75 Single glass
IM-6, 0-75 Single glass
IM-6, 0-75 Single glass
IM-6,75-135  Crystalline part
IM-6,75-135  Glass part

0.702473 0.000006 18.344 0.018 15498 0024 37785 0.073
0.702495 0.000005 0.513142 0.000010 9.84 18.318 0018 15488 0.024  37.766  0.073
0.702472 0.000011 0.513113 0.000010 9.27
0.702488 0.000006 0.513124 0.000010 9.48 18.315 0.018 15501 0.024  37.796 0.073
0.702477 0.000006 0.513143 0.000006 9.84 18.277 0.018 15459 0024  37.661 0.073
18.312 0.018 15484 0024 37922 0.073
0.702468 0.000011 0.513139 0.000010 9.77 18296  0.018 15467 0.024 37660  0.073
0.702505 0.000007 0.513130 0.000010  9.60 18.285 0.018 15445 0.024  37.588 0.073
0.702477 0.000007 0.513145 0.000007 9,88
0.702483 0.000006 0513141 0.000005 9.82
0.702494 0.000005 0.513124 0.000010  9.48
0.513116 0.000010 9.33
0.702477 0.000007 0.513155 0.000007 10,08
0.702485 0.000007 0.513146 0.000006 9.92
0.702473 0.000007 0.513110 0.000007 9.21 18.292  0.018 15458  0.024 37630 0.073
0.513127 0.000010 9.54 18.293 0018 15470 0.024  37.692 0.073
0.702505 0.000007 0.513146 0.000010 9.91 18.355 0.018 15490  0.024 37755 0.073
0.702471 0.000007 0.513123 0.000010 9.46 18.327 0.018  15.502 0.024  37.809 0.073
0.702500 0.000006 0.513127 0.000010 9.54 18.312 0.018 15483 0.024 37717 0.073
0.513131 0.000007 9.61 18290  0.018 15464 0024 37678 0.073
0.702499 0.000011
0.702486 0.000007 0.513120 0.000007 9.41
0.702489 0.000006 0513124 0.000010 9.47
0.702481 0.000007 0.513132 0.000010 9.63
0.702472 0.000007 0.513140 0.000010 9.79
0.702489 0.000005 0.513150 0.000010 9.98
0.702477 0.000006

142-864B-
2W-1,0-4 Crystalline ! 0.702504 0.000007 0.513153 0.000010 10,05 18310  0.018 15491 0.024  37.759 0.073
2W-1,0-4 Crystalline ! 0.702478 0.000011

142-864 A
4Z-1,9-15 Crystalline 2 0.702479 0.000005 0.513163 0.000010  10.24 18268  0.018 15467 0.024 37644 0073
4Z-1,9-15 Crystalline 2 0.702490 0.000011 0.513151 0.000010 10,01 18.261 0.018 15474 0024 37686 0073
5Z-1,5-9 Crystalline 2 0.702487 0.000005 0.513130 0.000010 9.59 18.275 0.018 15465 0.024 37664  0.073
5Z-1,12-15 Crystalline 1) 0.702482 0.000005 0.513126 0.000010 9.52 18279 0.018 15464  0.024 37641 0.073
5Z-1, 12-15 Crystalline 2(1) 18.290 0.018 15486  0.024 37734  0.073
5Z-1,24-30 Powder 2 0.702477 0.000005 0.513156 0.000005  10.10

m 0.702484 0.513135 9.70 18.300 15.477 37.705

5 0.000011 0.000014 0.27 0.025 0.016 0.062

" 30 29 29 19 19 19

F. 1.03 1.77 1.91 0.46 0.73

Fsg, 1.99 2.08 2.10 2.10 2.10

Mote: s, = standard error of the mean for each sample (s /n b . where x is the number of replicate analyses); * = small fragments; m = mean; s, = total standard deviation in the data
set; n = count; F,, Fge, and 2(1) as in Table 4. During analysis, the *Sr ion beam intensity was maintained within 10% of 3 10! A and 120 ratios were collected for each sample.
Results were corrected for mass fractionation assuming a **Sr/**Sr ratio of 0.1194 using an approximation of the exponential mass fractionation law. A '“Nd ion beam intensity of
7.5 107"* A was maintained within 20% during the course of an analysis, and between 120 and 150 ratios were collected for each sample. Ratios were exponentially corrected
for mass fractionation assuming a '“*Nd/'"*'Nd ratio of 0.721900. A *®*Pb aiming intensity of 2 x 10~"" A was maintained within 25% during analysis. One hundred ratios were
collected for every sample run. Data were corrected for fractionation based on the analysis of the NBS 981 Pb standard.

Table 6. Results of F tests on Leg 142 Shipboard XRF data.

Si0, Ti0, ALOy,  Fe,0; MnO MgO Ca0 Na,0 K,0 P,0; Cr Ni v Cu Zn Sr
m 49.89 1.66 14.26 1.69 0.20 7.28 11.68 2.56 0.14 0.11 228 72 355 7 92 121
S 0.14 0.05 0.13 0.19 0.01 0.13 0.11 0.05 0.02 0.01 19.2 4.1 10.4 11 6.1 1.9
n 13 13 13 12 13 13 13 13 13 13 13 13 13 13 13 13
F, 161 217 205 907 0.42 .14 137 0.42 5.60 1.31 367 4.2 6.8 129 37 34
Fsq 328 3.28 3.28 331 328 328 328 3.28 3.28 3.28 4.0 4.0 4.0 4.0 4.0 4.0

Note: Oxide concentrations in weight percent; others in ppm. m = mean; 5, = total standard deviation in the data set; n = count; F_, Fg; as in Table 4. Analytical variances used in F test
calculations are from the XRF standard report (Table 3) in the Leg 142 Initial Reports (Shipboard Scientific Party, 1993a).

Table 7. ANOVA results.

Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
ICP-MS data
Uinit 0.002 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Sample type 0.366 0.889 0782 0724 0747 0.677 0.755 0875 0.931 0.903 0.958 0980  0.833 0.972
TIOE FE:O; CaQ K30 Cr Ni v Cu Zn
Shipboard XRF data

Unit <0.0001 0036 <0.0001 0981 <0.0001 0254 0.037 0403 0.694

Note: Values represent probability that the differences within the data set when grouped by either unit or sample type (glassy vs. crystalline) could arise by chance. A value of 1 repre-
sents 100% certainty. n.a. = ANOVA test was not applied (see text for details).
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tinct lithologic units based on the concentrations of several elements,
including the REEs, Ba, Y, Zr, and Hf.

The relationship between Unit 1 and Unit 2 cannot be explained
by shallow-level phenomena including fractional crystallization or
crystal settling but must have originated below the magma chamber.
This result is in agreement with other Leg 142 studies (Brophy and
Allan, this volume; Brophy, this volume). Unit 1 and 2 samples are
derived from two, or, more likely, a spectrum of similar but distinct
parental melts. These parental melts shared the same mantle source,
but evolved along different melt generation paths. As the melts mi-
grated upward through the mush zone, they underwent a series of in
situ fractionation processes. Liquids injected into the magma cham-
ber have diverse compositions. In the melt lens, localized convection
resulted in partial homogenization of the liquids and the observed
convergence of the samples toward a single composition. This evolu-
tionary melting process affected incompatible trace element concen-
trations more than the major and more compatible trace elements, a
phenomenon reflected in the results of this study.

The precise temporal relationship between Units 1 and 2 cannot
be determined because of the lack of stratigraphic control during
drilling. Interunit geochemical variations may represent two (or
more) eruptive events, or heterogeneity within a single flow. In either
case, this information is useful in evaluating geochemical results
from detailed axial studies, particularly from the immediate 9°-10°N
ridge area.

The observation that at a single site on the EPR differences in
trace element concentrations are accompanied by isotopic homoge-
neity suggests that geochemical characteristics of the underlying
mantle, not shallow magma chamber processes, are the major factors
controlling compositional variation at mid-ocean ridges. Large-scale
phenomena such as mantle convection may be primarily responsible
for the degree of isotopic heterogeneity at mid-ocean ridges, while
complex mantle melting processes control trace element characteris-
tics.
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Table 7 (continued).

Lu Y Zr Nb Hf Ta

<0.0001 <0.0001 <0.0001 n.a. 0.002 n.a.
0.952 0.430 0373 na. 0.330 n.a.
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