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Abstract

Ž .We report Inductively Coupled Plasma Mass Spectrometer ICP-MS trace element concentration data for 21 elements in
Ž51 basaltic glasses recovered from 58 stations along a 1500-km segment of the equatorial mid-Atlantic Ridge MAR; 58N to

. Ž58S . Isotope systematics of these glasses revealed mixing between two isotopically distinct Schilling, J.-G., Hanan, B.B.,
McCully, B., Kingsley, R.H., 1994. Influence of the Sierra Leone mantle plume on the equatorial MAR: a Nd–Sr–Pb

.isotopic study. J. Geophys. Res., 99, 12005–12028. HIMU and DM mantle sources. Trace element data presented here
describe three distinct mantle reservoirs. Based on our new trace element data, we identified three, and possibly four,
end-member mantle reservoirs beneath the equatorial MAR. HIMU-type signatures dominate the glasses from the northern

Ž . Ž .equatorial MAR 58N to 08 with LarBa, LarTh and rare earth element REE values similar to P-type mid-Ocean Ridge
Ž Ž . . Ž .Basalts MORB; 0.1, 9.11, LarYb s5.5, respectively . The basaltic glasses from the southern region 08 to 58S areN

Žmildly radiogenic in Pb and light REE depleted with N-type MORB trace element values for LarBa, LarTh and REE 0.8,
Ž . .40.0, LarYb -0.6, respectively . We estimate the mantle magma-source characteristics and identify the relativeN

contributions of the mantle end-member components in the glasses erupted along the 1500-km transect using the trace
element concentration data. Specifically, we recognize the presence of a statistically and geochemically distinct mantle
reservoir depleted in Th and Ba relative to average depleted MORB between the Romanche and the Chain fracture zones.

To reach the full potential of this data set, we model mantle reservoir compositions using a modification of Q-MODE
factor analysis. Multivariate classification and reduction of these data clearly distinguish trace element groups each reflective
of mantle source heterogeneities present in this region of the MAR. Statistical analysis of these new trace element and
available Nd–Sr–Pb isotope data for the same samples defines four statistically significant distinct end-member mantle
components. The binary mixing model developed previously from geochemical data that invoked the mixing of two mantle
reservoirs, HIMU and N-MORB, cannot adequately explain the variance in these trace element data. Incompatible element
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Ž .concentrations and ratios best describe the modeled end-members reservoirs, which are HIMU HPM , transitional N-MORB
Ž . Ž . Ž .TNM , depleted N-MORB DNM and an fourth incompatible element-enriched component EPM . The statistically
determined end-members explain 100% of the geochemical variance in the population but their modeled compositions may
be related to process controlled variation. We clarify the relationship between statistical and geochemical reservoirs and
conclude that a multiple mantle component model involving three of the identified reservoirs is clearly necessary to describe,
specifically, the trace element characteristics of the equatorial mid-Atlantic MORBs. Our statistical methods yield tabulated
trace element concentration data for each of these the modeled mantle components and provide insights into the MAR
system, unavailable by any other technique, by allowing an estimation of the relative contributions of these end-member
components in each of the 51 basaltic glass samples.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Isotopic and trace element studies of ocean basalts
characterize the various mantle source reservoirs and
describe oceanic lithosphererasthenosphere and

Žmantle plume interactions e.g., Hanan et al., 1986;
Hart and Zindler, 1989; Dosso et al., 1993; Kurz,

.1993; Schilling et al., 1994; Basu and Faggart, 1996 .
For example, isotope ratios clearly discriminate be-
tween two geochemically distinct end-member man-
tle reservoirs along a large segment of the equatorial

Ž .mid-Atlantic Ridge MAR ; these end-member
sources are identified as depleted N-type Mid-Ocean

Ž .Ridge Basalts MORB and a HIMUASierra Leone
Ž .plumeB Schilling et al., 1994 . Major and trace

element studies of southern Atlantic MORB basalts
indicate that N-type MORB basalt erupt along dis-

tinct ridge segments. Other ridge segments in the
Atlantic Ocean close to this region show chemical
signatures like that of P-type MORB and are associ-
ated with the Sierra Leone, Ascension, St. Helena,
Tristan da Cuhna and Gough plumes or their respec-

Ž .tive tracks Humphries et al., 1985 . A recent study
Ž .Dosso et al., 1999 of the MAR at 10–318N has
further documented that the depleted mantle source
of N-MORB was also inhomogeneous, showing iso-
topic variations almost as large as the difference
between depleted and enriched mantle. In this study,
we focus on the equatorial MAR from 58N to 58S.

Ž .Within this study area Fig. 1 along a 1500-km
ridge section of the equatorial MAR, evidence for
plume-ridge interaction includes Pb and Sr isotopes

Žand LarSm ratios Schilling, 1991; Schilling et al.,
.1994 . Isotopic studies of this equatorial region show

Ž . Ž .Fig. 1. Simplified morphotectonic map of the equatorial Mid-Atlantic Ridge MAR showing sample locations open circles . Segment
Ž .numbering used in text is shown after Schilling et al. 1994 .
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Ž .that a HIMU P-type MORB Pb-isotope anomaly
centered around 1.78N characterizes glasses from the

Ž .northern segments 58N to 08 . The position of this
anomaly suggests that the Sierra Leone plume feeds
the westward migrating MAR axis along a lateral

Ž .sublithospheric channel Schilling et al., 1994 . Iso-
topic signatures characteristic of depleted N-type

Ž .MORB dominate the southern 08 to 58S equatorial
MAR. A region characterized by a modified P-type
MORB isotopic signature occurs between the Ro-
manche and Chain fracture zones suggesting the
presence of a thirdAorphanB mantle component
Ž .Snow et al., 1993; Schilling et al., 1994 .

In order to fully understand the geochemical cy-
cles and the balance of trace elements in the upper
mantle, we require additional information concerning
the elemental composition of the different mantle
reservoirs. The assessment of mantle magma mixing,
based on the geochemistry of oceanic basalts, utilizes
two very different approaches. The first uses elemen-
tal concentrations and isotopic ratios and simple
binary or ternary magma mixing and modeling of
modal, nonmodal and other complex melting pro-
cesses. The second approach relies on physical and
thermodynamic models of melt movement to explain
the geochemistry of oceanic basalts. McKenzie and

Ž .O’Nions 1991 developed a mathematical rare-earth
element-inversion method, which attempts to recon-
cile both approaches and yields information concern-
ing magma-source trace-element concentrations. To
assess the geochemical signatures of the isotopically
identified end-member mantle components beneath
the equatorial MAR, we use trace element data
obtained in our laboratory from the glass samples
previously analyzed for major element and Pb, Nd

Ž .and Sr isotopes by Schilling et al. 1994, 1995 .
Using incompatible trace element ratios, and, qualita-

Ž .tively, rare earth element REE patterns of the
equatorial MAR glasses in conjunction with the Sr-,

Ž .Nd- and Pb-isotopic data of Schilling et al. 1994 ,
we describe the mantle magma-source trace-element
concentrations and qualify the mixing relationships
between the identified mantle components. We fol-
low this description and interpretation of the MAR
trace element data and develop a suite of statistical
models to assess the conclusions drawn from trace
element relationships and to elucidate relationships
not apparent in traditional trace element data analy-

Ž .sis. As shown by Fontignie and Schilling 1991 ,
multivariate statistical analyses of trace element and
isotopic data have the potential to provide significant
insight into mantle-ridge systematics. We apply mul-
tivariate statistical modeling techniques to our equa-
torial MAR trace element data and available isotope
data to statistically quantify the chemistry of the
mantle reservoirs. We identify, quantitatively, geo-
chemical characteristics of mantle components using
standard factor analysis and then derive the reservoir
trace element concentrations for the various mantle
components via a modified Q-MODE factor analysis
technique. We also provide relative proportion esti-
mates of the different end-member mantle compo-
nents in each of the basaltic glass samples.

2. Geochemical and tectonic setting

Recovery of fresh glassy pillow basalt samples
was successful at 58 of the 59 stations dredged along

Ž .a 1500-km portion of the MAR 58N to 58S at 15- to
Ž . Ž .20-km intervals Fig. 1 . Schilling et al. 1994

provides a detailed sampling description covering the
Ž51 samples from 10 segments numbered 1 to 10

.from north to south . Within this 1500-km-long pro-
Ž .file, Schilling et al. 1994 distinguished two mixing

zones in the mantle beneath this region of the MAR.
These mixing zones are isotopically distinct with a
gradational boundary between the Romanche and the
Chain fracture zones. Isotopic signatures indicative
of mixing between depleted asthenosphere and HIMU
Sierra Leone plume mantle components, with the
highest enriched-type MORB Pb-anomaly centered
around 1.78N, dominate the northern portion of the

Ž .sampled region segments 1 through 5 . Glasses from
southern segments 9 and 10 exhibit the signatures of

Ž .depleted and low radiogenic Sr MORB, with a
87Srr86Sr ratio of 0.7022 and a143Ndr144Nd ratio of
0.5133 suggesting the presence of an N-type MORB
end-member. Segments 6 through 8 show some iso-
topic enrichment, with the nature of their geochemi-
cal variations still under debate. These isotope data
identify at least two, possibly three, geochemically
distinct mantle componentsrreservoirs. Segments 9
and 10 show the most depleted signatures, which,
most likely, represent the depleted asthenosphere or
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a normalrdepleted N-type MORB reservoir. Isotopi-
cally, glasses from segments 1 through 6 show the
strong yet variable influence of the HIMU Sierra
Leone plume. These basaltic glasses possibly result
from mixtures between a depleted oceanic astheno-
sphere and an enriched mantle plume component.
Glasses from segments 7 and 8 show an isotopic
transition from N-type to P-type MORB, where a

Žcorrelation between the degree of melting 7–10%;
.Schilling et al., 1994 and the Pb isotopes suggests

preferential passive sampling of heterogeneous man-
tle components.

3. Analytical techniques

The major element analyses and isotope ratios for
the equatorial MAR glasses have been reported by

Ž .Schilling et al. 1994, 1995 , and we present here the
concentration data for 21 trace elements in the same

Ž .samples Table 1 . Trace element concentrations for
the 51 glass samples of Table 1 were obtained using

Ž .the following procedure Teichmann, 1995 . Each
sample represents 150 to 300 mg of hand-picked
MORB glass. The trace elements and the REEs of
the MORB glass samples were analyzed with a VG
2q Quadrupole Inductively Coupled Plasma Mass

Ž .Spectrometer ICP-MS . Samples were digested in
concentrated HNO and HF in tightly sealed 15 ml3

Teflon TFE screw-cap bombs by heating on a hot
plate for 24 hours. We performed all sample prepara-
tion in the Class 100 clean room at the University of
Rochester; all acids were ultra-pure. The final solu-
tions were prepared by adding the internal standard
and diluting the sample with double distilled water.
The composition of the internal standard was a 10
ppm solution of Ga, In, Cs, Bi and Re to correct for
instrumental drift during the ICP-MS analyses.

Rare earths were corrected for interferences from
BaOq and REE-O by an empirical table of ratios of
BaOq and REE-Oq interferences normalized to the
142CeOq oxide. Analytical precision is often-2%
of the reported concentration of the individual ele-
ments in Table 1. Precision of the analyses, as
determined from duplicate analyses of the samples
beginning with the original sample weighing, is gen-
erally -2% for the REEs and-3% for the other

Žtrace elements. We used BCR-1 U.S. Geological
.Survey basalt as the standard with its known con-

centration of the 21 trace elements used in this study
Ž .Table 1 . We measured another rock standard as an

Ž .unknown USGS obsidian rock standard, NBS-287
to estimate the accuracy of the analytical procedure.
We chose the BCR-1 and NBS-287 standards be-
cause the concentration of the trace elements in these
rocks are well-known and our previous work sup-
ports the use of these standards in retaining accuracy
and maintaining precision in our analyses. All sam-
ple concentrations reported in Table 1 are blank

Žcorrected average of 20 blanks in ppm — Rb:
0.023, Sr: 0.025, Y: 0.0513, Ba: 0.043, La: 0.008,
Ce: 0.022, Pr: 0.010, Nd: 0.006, Sm: 0.007, Eu:
0.008, Gd: 0.004, Tb: 0.006, Dy: 0.008, Ho: 0.005,
Er: 0.007, Tm: 0.006, Yb: 0.004, Lu: 0.024, Pb:

.0.004, Th: 0.007, U: 0.007 . We found the published
NBS-287 values for the trace elements and the REE
concentrations to be within 2% to 3% of the ana-
lyzed results by our ICP-MS method using BCR-1 as

Žthe standard percent standard error of 20 NBS-287
unknown runs — Rb: 1.7, Sr: 1.5, Y: 1.4, Ba: 1.2,
La: 0.8, Ce: 0.9, Pr: 0.8, Nd: 1, Sm: 1, Eu: 1.2, Gd:
1.1, Tb: 1, Dy: 1.2, Ho: 1.4, Er: 1.4, Tm: 1.6, Yb:

.1.2, Lu: 1.1, Pb: 2.4, Th: 2.1, U: 2.3 . Thus, we are
confident that the trace element analyses of MAR
glasses, as reported in Table 1, have an overall
precision and accuracy for a majority of the above
elements much better than 3%.

4. Equatorial MAR glass trace element data

In this section, we present the trace element data
and provide some general conclusions regarding
mantle source reservoirs using the traditional trace
element and combined isotope ratio approach. The
equatorial MAR data show large variations in Ba,

Ž .Rb, La, and Sr concentrations Table 1 . As expected
for a relatively compatible element, the concentration
of Y varies little. Zr exhibits slightly larger varia-
tions although not as prominent as those of Rb and

Ž .Sr. Normalized trace element variations Fig. 2
show a depleted pattern related to the N-MORB

Žmantle component and an enriched pattern E-
.MORB related to the HIMU mantle component
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Table 1
Ž .Trace element concentrationsmgrg for 51 MORB samples from the equatorial Mid Atlantic Ridge. BCR-1 values from Tatsumoto et al.

Ž .1972 and Asmeron et al., 1994

Sample Segment Estimated distance Rb Sr Y Ba La Ce Pr Nd Sm
Ž .along MAR km

RC2806 55D-2g 1 10 2.94 125.5 26.2 36.8 5.30 14.6 2.11 11.2 3.43
RC2086 56D-3g 1 50 0.66 94.0 28.0 7.8 2.02 7.22 1.27 7.44 2.77
RC2086 57D-1g 1 75 2.00 118.7 31.4 23.2 4.10 12.5 1.94 10.7 3.54
RC2086 58D-1g 1 85 1.32 102.8 29.5 15.8 2.87 9.48 1.50 8.47 2.97
RC2806 59D-1g 1 95 1.62 100.2 34.9 18.8 3.69 12.3 2.00 11.5 3.95
RC2086 53D-4g 2 120 1.58 81.8 28.8 21.3 3.89 11.7 1.83 10.1 3.36
RC2086 54D-1g 2 130 0.97 75.8 28.0 12.1 2.68 8.85 1.47 8.26 2.86
RC2806 50D-1g 2 135 1.92 88.1 28.1 23.8 3.74 11.3 1.71 9.25 3.04
RC2086 49D-1g 2 155 0.65 89.8 28.5 7.0 2.06 7.25 1.23 7.00 2.50
RC2086 48D-9g 2 180 2.92 133.3 33.3 29.3 3.85 11.3 1.67 8.74 2.80
RC2086 47D-1g 2 210 2.55 97.3 36.7 32.9 5.04 14.9 2.28 12.4 4.28
RC2086 45D-1g 2 245 6.60 220.2 38.9 67.9 8.75 22.1 2.81 13.0 3.47
RC2086 44D-1g 2 245 1.60 95.3 24.3 19.8 3.03 8.95 1.37 7.54 2.60
RC2086 46D-1g 2 250 1.83 77.4 21.6 21.3 3.14 9.01 1.37 7.65 2.65
RC2086 42D-7g 3 340 7.76 161.8 23.8 109.2 10.70 25.1 3.12 14.5 3.77
RC2086 41D-1g 3 360 11.7 213.2 30.8 134.2 12.60 29.1 3.57 16.5 4.16
RC2086 40D-9g 3 390 18.7 349.9 27.8 214.1 19.70 43.4 4.93 21.0 4.60
RC2086 39D-1g 3 410 11.4 236.8 26.6 142.8 13.90 31.0 3.68 16.4 3.84
RC2086 38D-1g 3 435 3.57 171.0 24.6 34.6 4.07 10.7 1.47 7.51 2.29
RC2086 37D-1g 3 455 6.89 224.3 21.8 84.3 8.80 21.0 2.62 12.2 3.06
RC2086 36D-1g 3 470 5.79 172.7 28.0 64.6 7.08 17.5 2.27 11.0 2.99
RC2086 35D-1g 3 485 6.26 156.8 30.7 66.6 7.71 19.8 2.63 13.0 3.74
RC2086 35D-2g 3 485 5.89 146.8 29.7 64.5 7.56 18.4 2.46 11.8 3.27
RC2086 34D-1g 4 500 13.7 253.3 40.8 148.8 13.70 31.8 3.97 18.3 4.71
RC2086 33D-1g 4 505 15.9 233.3 47.2 136.3 14.00 33.1 4.17 19.3 4.90
RC2086 32D-1g 5 530 1.87 127.4 42.3 19.3 4.89 15.2 2.43 13.2 4.30
RC2086 31D-1g 6 565 3.03 128.4 48.6 29.4 5.95 17.5 2.67 14.3 4.65
RC2086 29D-3g 7 585 1.37 95.1 28.6 16.1 4.05 12.9 2.00 10.1 3.27
RC2086 26D-1g 7 640 1.33 148.0 52.0 12.5 5.66 18.8 2.95 15.6 4.67
RC2086 24D-1g 7 675 3.16 192.9 52.7 20.7 5.31 15.8 2.40 12.5 3.89
RC2086 23D-1g 7 705 2.18 177.7 45.4 17.0 4.10 13.0 2.02 10.9 3.48
RC2086 22D-4g 7 735 1.29 100.1 30.5 15.2 3.90 12.9 2.03 11.5 3.93
RC2086 21D-1g 7 750 1.55 149.6 44.5 12.0 3.57 11.9 1.89 10.6 3.48
RC2086 18D-1g 8 760 8.88 231.0 31.0 99.2 9.73 23.2 3.08 14.5 3.97
RC2086 7D-1g 8 775 16.9 447.4 25.0 205.4 17.80 39.1 4.78 20.9 4.82
RC2086 16D-1g 8 785 0.75 87.4 31.1 7.74 1.40 4.43 0.75 4.56 2.05
RC2086 8D-1g 8 795 4.33 169.5 30.8 54.2 5.99 16.0 2.31 11.7 3.68
RC2086 9D-3g 8 800 3.30 134.2 37.9 37.4 6.08 17.3 2.60 13.8 4.45
RC2086 10D-6g 8 830 2.68 132.5 36.2 27.5 4.73 13.9 2.12 11.4 3.72
RC2086 14D-2g 8 850 3.53 141.7 43.4 35.4 5.84 16.9 2.56 13.5 4.32
RC2086 11D-1g 8 865 1.72 126.6 25.7 20.5 3.09 9.2 1.39 7.5 2.51
RC2086 13D-3g 8 880 2.13 127.3 32.8 23.8 4.27 12.7 1.96 10.6 3.51
RC2086 12D-1g 8 910 2.30 149.8 30.8 28.9 4.74 14.2 2.12 11.4 3.63
RC2086 5D-1g 9 940 3.43 128.3 35.7 41.5 4.90 14.3 2.14 11.6 3.85
RC2086 4D-3g 9 975 16.1 340.9 28.6 234.5 13.10 29.6 3.64 16.3 4.03
RC2086 3D-2g 9 1065 5.37 133.3 30.7 63.5 6.02 16.0 2.28 11.8 3.70
RC2086 2D-1g 9 1070 0.34 111.2 23.4 4.45 2.14 7.62 1.27 7.31 2.59
EN061 2D-1Ag 9 1100 0.23 83.8 25.6 2.68 2.00 7.43 1.29 7.66 2.88
RC2086 1D-1g 10 1295 0.14 82.0 25.4 1.73 1.40 5.32 0.95 5.73 2.24
EN061 4D-1g 10 1430 0.52 89.8 29.5 6.46 2.48 8.91 1.50 8.68 3.15

( )continued on next page
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Ž .Table 1 continued

Sample Segment Estimated distance Rb Sr Y Ba La Ce Pr Nd Sm
Ž .along MAR km

EN061 5D-1Ag 10 1440 1.56 88.9 36.8 16.4 2.98 9.44 1.49 8.45 3.13
BCR-1 47 330.0 39.0 678.0 25 53.6 6.9 28.6 6.55
NBS-287 127.5 63.5 38.0 894.0 31.72 63.36 7.38 27.24 5.57

Sample Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U

RC2806 55D-2g 1.26 3.90 0.77 5.04 1.08 3.01 0.42 2.83 0.44 0.52 0.46 0.15
RC2086 56D-3g 1.04 3.48 0.69 4.55 0.99 2.81 0.40 2.68 0.42 0.26 0.09 0.03
RC2086 57D-1g 1.27 4.12 0.83 5.50 1.19 3.34 0.47 3.15 0.50 0.42 0.29 0.10
RC2086 58D-1g 1.08 3.63 0.71 4.67 1.02 2.91 0.41 2.84 0.45 0.36 0.17 0.06
RC2806 59D-1g 1.38 4.63 0.94 6.24 1.36 3.83 0.54 3.60 0.56 0.45 0.23 0.08
RC2086 53D-4g 1.19 4.11 0.83 5.53 1.21 3.43 0.49 3.31 0.52 0.40 0.27 0.11
RC2086 54D-1g 1.04 3.48 0.71 4.77 1.04 2.94 0.42 2.94 0.46 0.34 0.16 0.05
RC2806 50D-1g 1.09 3.64 0.73 4.95 1.08 3.06 0.44 3.02 0.48 0.36 0.29 0.09
RC2086 49D-1g 0.96 3.12 0.64 4.36 0.96 2.73 0.39 2.71 0.43 0.31 0.10 0.04
RC2086 48D-9g 1.03 3.36 0.66 4.39 0.97 2.73 0.39 2.70 0.43 0.38 0.32 0.11
RC2086 47D-1g 1.48 5.27 1.02 6.77 1.47 4.20 0.60 4.09 0.64 0.49 0.39 0.12
RC2086 45D-1g 1.21 4.01 0.75 4.82 1.06 2.99 0.42 2.91 0.45 0.99 1.00 0.33
RC2086 44D-1g 0.98 3.23 0.64 4.19 0.92 2.60 0.37 2.58 0.41 0.29 0.23 0.07
RC2086 46D-1g 0.97 3.27 0.64 4.32 0.94 2.64 0.37 2.47 0.39 0.35 0.22 0.07
RC2086 42D-7g 1.28 4.01 0.71 4.32 0.92 2.53 0.35 2.45 0.38 0.75 1.14 0.37
RC2086 41D-1g 1.39 4.60 0.81 5.15 1.08 3.00 0.42 2.76 0.43 0.89 1.32 0.41
RC2086 40D-9g 1.49 4.69 0.77 4.67 0.96 2.68 0.36 2.42 0.38 1.24 2.26 0.70
RC2086 39D-1g 1.34 4.01 0.70 4.22 0.90 2.48 0.34 2.32 0.37 0.86 1.54 0.49
RC2086 38D-1g 0.88 2.79 0.53 3.46 0.76 2.13 0.29 1.99 0.31 0.36 0.37 0.14
RC2086 37D-1g 1.14 3.28 0.58 3.60 0.76 2.10 0.29 1.95 0.31 0.63 0.92 0.30
RC2086 36D-1g 1.07 3.42 0.64 4.07 0.85 2.42 0.34 2.28 0.37 0.54 0.70 0.23
RC2086 35D-1g 1.29 4.25 0.81 5.20 1.11 3.11 0.44 2.90 0.46 0.58 0.80 0.26
RC2086 35D-2g 1.14 3.78 0.71 4.54 0.99 2.78 0.40 2.70 0.42 0.56 0.74 0.23
RC2086 34D-1g 1.54 5.17 0.94 5.94 1.29 3.67 0.52 3.61 0.57 1.01 1.65 0.53
RC2086 33D-1g 1.61 5.42 0.98 6.08 1.29 3.69 0.52 3.55 0.57 1.11 1.71 0.56
RC2086 32D-1g 1.49 5.22 1.02 6.66 1.47 4.12 0.59 4.04 0.63 0.57 0.30 0.10
RC2086 31D-1g 1.58 5.61 1.10 7.19 1.57 4.45 0.63 4.31 0.68 0.63 0.48 0.16
RC2086 29D-3g 1.36 4.56 0.74 4.83 1.06 3.03 0.51 3.59 0.46 0.54 0.22 0.09
RC2086 26D-1g 1.66 5.65 1.03 6.57 1.42 4.06 0.58 3.98 0.63 0.76 0.22 0.09
RC2086 24D-1g 1.40 4.58 0.84 5.65 1.19 3.40 0.49 3.41 0.55 0.65 0.37 0.16
RC2086 23D-1g 1.29 4.15 0.78 5.25 1.10 3.16 0.45 3.08 0.49 0.54 0.23 0.09
RC2086 22D-4g 1.37 4.92 0.95 6.18 1.33 3.81 0.54 3.66 0.58 0.51 0.19 0.07
RC2086 21D-1g 1.28 4.24 0.82 5.52 1.16 3.35 0.48 3.26 0.53 0.45 0.18 0.07
RC2086 18D-1g 1.34 4.21 0.77 4.66 1.03 2.84 0.40 2.71 0.43 0.93 1.04 0.34
RC2086 7D-1g 1.61 4.52 0.73 3.98 0.81 2.12 0.28 1.88 0.29 1.29 2.11 0.67
RC2086 16D-1g 0.87 2.98 0.64 4.41 1.02 2.93 0.43 3.01 0.49 0.18 0.10 0.03
RC2086 8D-1g 1.29 4.18 0.78 4.86 1.07 2.92 0.42 2.86 0.45 0.66 0.54 0.18
RC2086 9D-3g 1.52 5.16 0.99 6.50 1.39 3.91 0.55 3.69 0.60 0.61 0.47 0.17
RC2086 10D-6g 1.29 4.40 0.84 5.56 1.20 3.38 0.47 3.26 0.52 0.52 0.35 0.12
RC2086 14D-2g 1.50 5.19 0.99 6.43 1.41 3.96 0.56 3.90 0.61 0.68 0.46 0.15
RC2086 11D-1g 0.97 3.09 0.60 3.93 0.85 2.42 0.34 2.39 0.37 0.35 0.21 0.07
RC2086 13D-3g 1.26 4.23 0.81 5.31 1.15 3.24 0.46 3.09 0.48 0.48 0.29 0.10
RC2086 12D-1g 1.35 4.39 0.83 5.43 1.15 3.24 0.45 3.02 0.47 0.51 0.34 0.12
RC2086 5D-1g 1.41 4.84 0.94 6.16 1.32 3.76 0.53 3.44 0.53 0.48 0.40 0.13
RC2086 4D-3g 1.42 4.24 0.71 4.30 0.91 2.46 0.34 2.32 0.35 1.03 1.42 0.42
RC2086 3D-2g 1.32 4.31 0.83 5.32 1.16 3.25 0.46 3.10 0.49 0.54 0.56 0.17
RC2086 2D-1g 0.98 3.17 0.62 4.07 0.89 2.51 0.35 2.36 0.37 0.29 0.07 0.04
EN061 2D-1Ag 1.08 3.63 0.71 4.72 1.03 2.89 0.42 2.81 0.44 0.30 0.06 0.03
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Ž .Table 1 continued

Sample Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U

RC2086 1D-1g 0.86 2.98 0.61 4.14 0.90 2.53 0.36 2.42 0.38 0.24 0.04 0.02
EN061 4D-1g 1.15 4.03 0.80 5.37 1.17 3.35 0.48 3.23 0.51 0.36 0.10 0.04
EN061 5D-1Ag 1.10 4.07 0.83 5.63 1.26 3.64 0.52 3.49 0.56 0.38 0.19 0.07
BCR-1 1.92 6.82 1.05 6.37 1.34 3.71 0.54 3.39 0.49 13.56 5.98 1.72
NBS-287 0.78 5.51 0.95 6.21 1.36 4.03 0.64 4.33 0.70 16.7 12.6 4.64

NBS-287 values from Hollocher, 1993.

Ž .Schilling et al., 1994 . Some samples are plotted in
regions either bounded by these two reservoirs or
beyond, implying the presence of a third mantle
component and mixing between these reservoirs. The
largest variation in concentration occurs in the in-
compatible elements where Ba, Rb and Sr vary as
much as three orders of magnitude from primitive
mantle. The depleted N-type MORB patterns of the

Žglasses from the southern segments 08 to 58S, seg-
.ments 8–10 in Fig. 1 show an incompatible element

Ždepletion similar to other MORB patterns Sun, 1980;
Saunders and Tarney, 1984; Wilson, 1989; Dosso et

.al., 1993 . The incompatible element-enriched, E-
MORB patterns of samples from the northern seg-
ments resemble the smooth convex trace element

Žpatterns typical of ocean island basalts Sun, 1980;
Wilson, 1989; Watson, 1993; Watson and McKen-

.zie, 1991 , although some samples from segments 2,
3, 4, 8, and 9 show variations beyond the normal

Ž .E-MORB pattern Fig. 2 .
REE abundance patterns of Fig. 3 describe the

variation in REE abundances from North to South
along the 1500-km ridge section. Overall, the sam-
ples show very smooth REE patterns. The REE
concentrations in the glasses range from depleted
wŽ . x wŽ . xLarYb s0.5 to enriched LarYb s2 . NoneN N

of the samples show any discernable Eu anomaly. In
general, the REE patterns mimic the patterns of
depleted N-type MORB and E-MORB with several
samples falling in a region beneath these two com-

Ž .mon end-members Fig. 3 . The REE concentrations
of the glass samples falling close to these two end-
members may reflect either mixing of the two mantle
reservoirs prior to eruption or the sampling of a third
mantle component as indicated by the isotope data.
The REE data clearly support conclusions drawn

Ž .from isotopic studies Schilling et al., 1994 that

there is more than one geochemically distinct mantle
source beneath the equatorial MAR.

4.1. Trace element eÕidence for multiple end-member
compositions

Trace element data are useful in the identification
of mantle components such as depleted astheno-

Žsphere and P-type MORB e.g., Michael, 1995; Niu
.and Batiza, 1995 . Specifically, for petrogenetic

Žstudies, which utilize Pb-isotopes such as in the case
.of the equatorial MAR , the Th–U ratio of depleted

oceanic asthenosphere is extremely useful in the
identification of mantle reservoirs. The data pre-
sented here show a strong correlation between Th

Ž 2 .and U r s0.997; as0.05 . Based on this rela-
tionship, we estimate the average N-MORB reservoir
UrTh in the equatorial MAR value as 2.46 and the
average HIMU reservoir UrTh value as 3.13. Sm

Ž 2and Eu also show a strong correlationr s0.964;
.as0.05 in these data. The strong correlation be-

tween Sm and Eu indicates that little or no low
pressure fractional crystallization of plagioclase oc-
curred since Eu is more compatible than Sm in
plagioclase. Plagioclase fractional crystallization is
also discounted due to the absence of negative Eu
anomalies, or EurEu) values significantly less than
1. FeO–MgO relationships show no olivine or clino-

Ž .pyroxene control. Schilling et al. 1995 showed that,
in the case of the equatorial MAR, there is no
justification for the normalization of data to a con-
stant MgOs8.0. These authors also showed that the
glass major element data show variations quite dis-
similar to the global population described by Klein

Ž .and Langmuir 1987 . Although N-MORB and HIMU
are sampled in different thermal environments and
the UrTh ratios may reflect source and fusion condi-
tions, we do not normalize our trace element data to
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Fig. 2. Normalized trace element concentration patterns for 51 MORB glass samples analyzed in this study. The data are compared with the
Ž . Ž .E-MORB Sun and McDonough, 1989 and N-MORB McDonough, 1996 — http:rrwww.EarthRef.orgrGERMrreservoirsrmorb8.html

Ž . Ž .end-member. Normalization values from McDonough and Sun 1995 and McDonough 1998 .

a constant MgO value. In this study, we assume no
Ž .garnet control based on the Schilling et al. 1994

study, which indicated that the decompressional
melting of the mantle N-MORB source began within
the spinel stability field at 13 to 18 kbar.

Ž .The five light-REE LREE depleted samples from
segments 9 and 10 represent the most depleted

Ž . Ž .MORB Fig. 3 . Their LarSm ratios range fromN

0.39 to 0.6, well below the LREE depletions ob-
served in MORB samples from other regions of the
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Fig. 3. Normalized REE patterns for the 51 samples arranged by segments. Each segment allows a relative comparison with the two
generally defined end-members, E-MORB and N-MORB. Note that the most depleted N-type MORB REE patterns occur in segment 10 and
that segment 8 shows strong signatures of both an enriched and depleted source. Normalization values for chondrites are from Anders and

Ž .Grevesse 1989 .

Atlantic, which generally range between 0.7 and 0.8
Ž .Schilling et al., 1994 . Samples from the region

Žclosest to the 1.78N Pb-isotopic anomaly segments
.1–6 show trace element concentrations similar to

Ž .P-type MORB with an average LarSm ratio ofN

1.8. The composition of P-type MORB basalts varies
with specific plume compositions as well as with the
amount of interaction between the plume and de-
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pleted lithosphererasthenosphere. As expected for
the equatorial MAR samples from the northern por-

Ž .tion of the MAR 58N to 08 , the glasses show
increased incompatible element concentrations.

4.2. Multiple mantle magma reserÕoirs beneath the
equatorial MAR

Overall, the trace element compositions of all 51
glass samples can be explained in terms of mixing
between the N-MORB and HIMU end-member
reservoirs. We use LarTh and LarBa relationships
to explore the reservoir mixing relationships beneath
the equatorial MAR. Th, a high-field strength ele-

Ž .ment HFSE , and Ba, a large ion lithophile element
Ž .LILE , are often used in petrologic modeling of
igneous systems. The high charge and relatively
smaller size of Th result in its incompatibility in
most major mineral phases. Although Ca-pyroxene
can fractionate the HFSE from one another, there is
no evidence to suggest that crystal fractionation of

Žpyroxene fractionates La from the Th Forsythe et
.al., 1994 . Using theAincompatibleB element ratios

LarTh and LarBa of the equatorial MAR glasses
Ž .Fig. 4 , useful insights are gained into the relative
causes of mantle geochemical heterogeneity beneath
the MAR. The differences in LarTh and LarBa
observed along the length of the MAR requires that
the mantle reservoirs beneath this region be hetero-
geneous in composition because neither partial melt-
ing nor fractional crystallization are expected to have
a significant effect on the LarTh and LarBa values.

The majority of samples from northern segments
1 and 2 are more depleted in highly incompatible

Želements than average depleted N-type MORB Fig.
. Ž .4 . Incompatible element-enriched MORB EM do

not show depletions in Th and have relatively con-
Žstant LarTh ratios Fig. 4a; average enriched MORB

.LarTh(9.1 . In contrast to the constant LarTh
ratio in EM, depleted N-type MORB always have
higher and more variable LarTh ratios. In general,
samples from the southern segments 7 through 10
show the depleted LarTh N-type MORB signature
Ž .Figs. 4a and 5 . As shown in Fig. 4, Th and Ba
display similar variability with respect to La. Note,
however, that samples from segment 7 and, to some

Ž .degree, those from segment 8 Fig. 4 do not fall
along the expected hyperbolic mixing trajectory be-
tween the N-MORB and E-MORB mantle reservoirs.
This observation hints at trace element heterogeneity
in the magma-source reservoirs beneath this region
and also at the presence of a third mantle component
in addition to the N-MORB and E-MORB compo-
nents.

If there is a third AorphanB mantle component
Žbeneath the equatorial MAR with low Ba compared

. Žto N-MORB concentrations as suggested above Fig.
.4b , is this component also anomalously depleted in

Th relative to N-MORB? If heterogeneity among the
sources is the cause of the LarTh and LarBa mix-
ing relationship of Fig. 4, and if we accept that the
bulk of the MAR samples are depleted in Ba com-

Ž .pared to E-MORB Fig. 4b , we must establish that
the sole cause of this variation is attributable to
source heterogeneity. To address this issue, we com-
pare the equatorial MAR basalts from individual
ridge segments on the basis of La and Th concentra-

Ž .tions. We plot the La vs. Th concentrations Fig. 5
and compare them to the E-MORB line defined as

ŽLas9.1 Th similar to the calculation and compari-
.son of LarTa by Bach et al., 1996 . Depleted N-type

MORB usually have higher and more variable LarTh
Ž .ratios as shown by the glasses Fig. 5b from the

Ž .southern segments segments 9 and 10 . The glasses
from the northern segments, described above and by

Ž .Schilling et al. 1994 as mixtures of the depleted
Ž .asthenosphere and HIMU Sierra Leone plume man-

Ž .tle reservoirs, have lower LarTh ratios Fig. 4a
consistent with the contribution of HIMU melt to the
erupting asthenospheric magma. Glasses from the
southernmost segments 9 and 10, described above as
dominantly depleted N-type MORB, show variable

Ž .but high LarTh ratios Fig. 4a . Of interest are the
glasses from segments 7 and 8, which follow a
general trend defined by the line Las19.8 Th in
Fig. 5b. These samples show La–Th relationships
similar to the La–Ta variations observed in basalts

Ž .from the North Chile Ridge Bach et al., 1996 .
Melt-peridotite reactions cannot account for the ob-
served Ba and Th depletions in segments 7 and 8
Ž .Figs. 4 and 5 since these elements do not generally

Žfractionate from each other during melting Forsythe
.et al., 1994 . There is also no evidence to support

Ba–Th fractionation due to magma-differentiation
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Fig. 4. La–Th and La–Ba relationships clearly show the relative influence of the N-MORB and E-MORB components. Northern segments
are enriched in Th with southern segments showing Th and La depletion. The La–Th relationships of segments 1 and 2 show significant Th
depletion related to a mantle component distinct from N-MORB and E-MORB. Suspect components are indicated as well as generalized
values of E-MORB and N-MORB from the literature.

Žprocesses such as fractional crystallization Johnson
.et al., 1995; Bach et al., 1996 . We contend that the

low Ba and Th concentrations are characteristic of
the mantle source beneath segments 7 and 8 in the
mid-Atlantic region. We assert that the source deple-
tion occurred during earlier melting episodes associ-
ated with the formation of oceanic crust along the
MAR as suggested in the case of the North Chile

Ž .Ridge Bach et al., 1996 . These incompatible ele-
ment depletions are a local characteristic of the
upper mantle beneath these segments of the equato-
rial MAR, perhaps related to the development of the

Ž .Romanche and Chain fracture zones Fig. 1 .
LarBa and LarTh variations between the seg-

Ž .ments as described above Figs. 4 and 5 are also
supported by the isotopic variations of Nd, Sr, and
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w x w xFig. 5. The relationships between La and Th on a segment-by-segment basis show the presence of three, possibly four, end-members in
Ž .the equatorial MAR. The enriched MORB regression line Las9.1 Th is shown for comparison. Most of the southern segments fall along

a line defined by mixing between two depleted end-members such as depleted asthenosphere and the third component. Samples fall below
and above the enriched MORB regression line suggesting the presence of mantle components distinct from depleted MORB and E-MORB.

Ž .Pb Schilling et al., 1994 . LarBa and LarTh vs.
Sr-, Nd- and Pb-isotopes generally fall along a mix-
ing trajectory between an enriched-mantle, HIMU

Ž .and N-MORB reservoirs Fig. 6 . There appears to
be a slightly different trend defined by glasses from
segments 7 and 8 where the isotopic signature is
constant over a range in LarBa and LarTh values.

There is no evidence, contrary to the suggestion of
Ž .Snow et al. 1993 , for secondary seawater alteration

in this probable third depleted MORB reservoir in
our study area as indicated by their generally lower
87Srr86Sr ratios. We contend that these trace ele-
ment–isotope relationships of Fig. 6 combined with
the relationships discussed above clearly indicate the
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Ž .Fig. 6. Sr-, Nd- and Pb-isotope data Schilling et al., 1994 of the analyzed samples compared to their LarBa and LarTh. The relationships
clearly indicate more than three components. In particular LarTh-isotope relationships define the presence of the third component located
near segments 7 and 8.

presence of a third component depleted in Ba and
Th. This incompatible element depleted source is
very likely a local but not unique phenomenon.
Similar depletions occur in basalts from the EPR

Žseamounts and the North Chile Ridge Niu and
.Batiza, 1995; Bach et al., 1996 .

In summary, the MAR glass trace element data
indicate the following concerning the probable man-
tle source reservoirs beneath the equatorial MAR.

The majority of samples follow the binary mixing
trend between an enriched, HIMU mantle component
and depleted suboceanic asthenosphere. Evidence for
the presence of a third geochemically distinct mantle
component occurs in glasses from segments 7 and,
most strongly in segment 8.

We suggest that the LarBa and LarTh ratios in
the 51 basaltic glass samples of our study are primar-
ily controlled by suboceanic asthenosphere composi-
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tion with a major contribution, overall, from the
HIMU mantle reservoir and variable contributions
from a minor, third mantle end-member. In general
the LarTh and LarBa relationships corroborate the
isotope results, which show that the strongest Sierra
Leone plume signature occurs in the northernmost

Ž .segments Schilling et al., 1994 . Depleted astheno-
sphere signatures occur along the southern segments.
Again, the presence of a third distinct component in

Žthis region is seen in the individual segments Figs.
.4–6 . Although isotope data suggests its presence,

the trace element relationships of the analyzed
basaltic glasses clearly show a third reservoir de-
pleted in Ba and Th located in the region between

Ž .the Romanche and Chain fracture zones Fig. 1 .
The above results support passive sampling of a

heterogeneous mantle region, which is volatile ele-
ment and radiogenic Pb-enriched. ThisAlumpyB

Ž .mantle region Schilling et al., 1994 preferentially
melts during mantle decompression. The depletions
in Ba and Th in the area south of the St. Peter–St.

Ž .Paul region Fig. 1 along the MAR indicate a
relatively long-lived third mantle component, geo-
chemically distinct from N-MORB and P-MORB
Ž .HIMU .

It is important to note that while the incompatible
element ratios of the glasses show compositional
variation indicative of multiple mantle reservoirs,
there is not a one-to-one mapping correlation be-
tween source and melt. Fractionation occurs even
among the highly incompatible element concentra-
tion ratios during partial melting. The effect of this
fractionation is variable as in the case of CerPb and
LarBa, which are fractionated differently depending
on the amount of sulfide and plagioclase precipita-

Žtion, both of which crystallize in MORB Sims and
.DePaolo, 1997 . We address, statistically, the pro-

cess related variation below.

5. Statistical methods

Using a modified Q-MODE factor analysis of the
Ž .trace element data Table 1 and the available geo-

Žchemical data on the major elements Schilling et al.,
.1995 of the same 51 samples, we attempt below a

statistical modeling of the mantle reservoir composi-

tions for the equatorial mid-Atlantic MORB. The
geochemical data sets for the equatorial MAR satisfy
the following criteria necessary for statistical model-
ing: sample size is large enough to accurately repre-
sent the entire population of MORB glasses erupting
along the equatorial MAR; field relationships for all
of the samples are well constrained; and complete
petrologic information for each sample is available.
For the purposes of this study, each glass sample is
described by the following geochemical variables:

Ž .6 Major elements Schilling et al., 1995 : Al O ,2 3

FeO , MgO, CaO, Na O, TiO ;T 2 2

14 REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu;

Ž .3 Low-field strength elements LFSE : Rb, Ba, Sr;
Ž .4 High-field strength elements HFSE : Y, Pb, Th,

U;
Ž . 206 2043 Isotopic ratios Schilling et al., 1994 : Pbr

Pb, 87Srr86Sr, 143Ndr144Nd;
4 Trace element ratios: CerPb, UrTh, LarBa,
LarTh;

Ž . Ž .3 Derived variables: LarSm , LarYb ,N N

EurEu).

5.1. Nonparametric statistical techniques

Geochemical analysis transforms the chemical
composition of equatorial MAR basaltic glasses into

Ž .a vector of numbers. Fontignie and Schilling 1991
Ž .and Schilling et al. 1994 examined similar glass

data in a variety of ways ranging from traditional
Ž .graphical techniques e.g., binary mixing diagrams

to elementary statistical techniques such as regres-
sion to parametric multivariate techniques such as

Ž .principal components analysis PCA .
The equatorial MAR data are an example of a

nonnormal population containing more than one sub-
population. Mixing of a variety of magma reservoirs
prior to eruption presumably produced the subpopu-

Žlations identified by isotope ratios Schilling et al.,
.1994 . Although the use of nonparametric statistics

pervades sedimentology, there are only a few exam-
Ž .ples Miesch, 1976; Leinen and Pisias, 1984 of the

use of nonparametric statistics in the study of ig-
neous petrogenesis.
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We begin our statistical exploration of the equato-
rial MAR data set with the nonparametric Spearman

Ž .rank correlation coefficient SRCC using the Statis-
Žtical Package for the Social Sciences SPSS; Norusis,ˇ

.1997; see Appendix A . Compositional variation in
most MORB basalts results from a combination of
physical and chemical processes including fractional
crystallization, assimilation, partial melting and
magma mixing. SRCCs detect each of these pro-
cesses as they have a characteristic effect on the final
composition of a sample and may generate unique
interelement correlations. For example, if fractional
crystallization occurred within a magma reservoir, in
isolation from other processes, all interelement SR-
CCs would beq1 or y1. This relationship holds
true unless changes in the mineral phases from the
melt cause reversals in the enrichment and depletion
trends, or where several samples have the same

Žcomposition for one or more variables tied observa-
.tions; Rock, 1988 . The combination of two or more

processes should generate the population estimator
< < < <r -1. For our purposes, we considered onlyr
values greater than 0.80, which remove confounding
process effects.

5.2. A RobustB parametric statistical techniques

Most geological data are nonnormally distributed.
Many statistical techniques, however, are available
that address the violation of the normality assump-
tion and still provide accurate statistical parameters
for a population of data. In this study, we applied
robust parametric statistical techniques to the equato-
rial MAR data to further elucidate relationships
within the data related to magma mixing and mantle
source heterogeneity. We applied only those para-
metric techniques known to be resistant to the viola-
tion of the normality assumption.

5.2.1. Cluster analysis
Cluster analysis includes an assortment of tech-

niques that perform classification by assigning obser-
vations to groups so that each group is more or less

Žhomogeneous and distinct from other groups Davis,
.1986; see Appendix A . This method provides de-

tailed insight into significant relationships between

samples, and for our purpose yields important infor-
mation about the end-member populations.

5.2.2. Discriminant analysis
Earth science widely employs discriminant func-

tions for the statistical analysis of geochemical data
because of their power as a statistical tool and their
ability to treat either univariate or multivariate data
Ž .Davis, 1986 . For this study, we used the multivari-

Žate form of the discriminant function see Appendix
.A . In N-dimensional space, this function maximizes

the separation between 2 or more groups of data.
This technique also maximizes the correspondence
between the a priori groups and the statistical groups.
Successful analysis reproduces the a priori groups
with close to 100% accuracy. Correct classification
of samples into groups also allows placement of
previously unclassified samples.

5.2.3. Factor analysis
In order to determine the trace element composi-

tions of the end-members identified using cluster and
discriminant analysis, we chose a modified factor
analysis approach. This robust technique allows vio-
lation of the normality assumption without a signifi-
cant increase in error. Sedimentologists have long
used end-member compositional modeling based on

Žmultivariate statistical analysis Leinen and Stakes,
.1979; McMurty et al., 1981 . This technique, when
Ž .applied in a simplified form PCA to basalt trace

element data, can yield significant information con-
Žcerning mantle heterogeneity Fontignie and

.Schilling, 1991 . To determine the number of end-
member components, the technique uses extended

Ž .Q-MODE factor analysis Miesch, 1976 to identify
the principal sources of variation within the data set.

Standard Q-MODE factor analysis, however, fails
to provide a direct solution to the magma-mixing
problem common in igneous systems. This is be-
cause the vectors generated by standard factor analy-
sis are not composition vectors. These vectors thus
provide no information on the absolute composition
of end-members. Similarly, the factor scores only
give a relative measure of the importance of each
variable in each end-member. The extended Q-
MODE technique used here addresses these prob-
lems since the data areAclosedB by summing the

Žvariables for each sample to a constant value Miesch,
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.1976; Leinen and Pisias, 1984 . A closed data set
allows calculation of the absolute abundance of each
end-member factor in each sample. A common con-
sequence of the closing of the data is negative values
in the factor loading matrix.AVarimaxB rotation
eliminates this problem. This rotation ensures that
the absolute abundance of each end-member factor
in each sample is greater than or equal to zero.
Another positive outcome of varimax solutions is

Žthat the factors are orthogonal statistically uncorre-
.lated . The relationships among the observations are

not changed by rotation, although the position of the
individual objects within the space defined by the
factor axes is altered. After rotation, positive or zero
contributions of the end-member factors describe all
of the samples. Varimax rotation of a data set in
which the sum of the variables in each sample is
constant results in a factor analysis, which describes
each sample in terms of the absolute abundance of
end-member factors whose compositions are given in
the concentration units of the original data.

The goodness-of-fit measure for the extended fac-
tor model defines the degree to which the modeled
factors explain the variance of the data set. We use
the goodness-of-fit statistic known as the coefficient

Ž 2.of determination COD:r . This statistic should not
be confused with the sample SRCC defined above.
The COD is defined as:

22
))s x y dŽ . Ž .j j2r f ,j 2s xŽ . j

where d)) is the standard deviation of the factorj
Ž .2model residuals ands x is the variance of thejthj

Ž .column of the original data matrix Miesch, 1976 . If
the model explains all of the data perfectly, all
values of d)) and r 2 are unity.j j

Ž .Chayes 1960 suggested that if the row-sums of
the data matrix are constant across all rows, each
variable must show a negative correlation with at
least one of the others, even if the variables have no
genetic relationship. The key question, however, is
to what degree the constant row-sum constraint in-
fluences the configuration of the factor–variance

Ž .relationships. Chayes 1960 , Chayes and Kruskal
Ž . Ž .1966 and Miesch 1976 show that the effect of the
constant row-sum constraint is negligible.

Intensive variables, where the relative concentra-
tion of each element in a system such as the equato-
rial MAR is a proportion of the whole, are common
in geochemistry and petrology. When these variables
describe the geochemical composition of rocks, they

Žrepresent projections of the extensive quantities re-
.servoir source composition onto the unit hyperplane

in geochemical hyperspace. The projection of exten-
sive variables into intensive space leads to the inten-
sive properties of each variable summing to one and

Ž .therefore constitutes a closed array Stanley, 1990 .
Rock compositions, whether expressed in geochemi-
cal concentration or modal mineralogy terms, are
subject to a loss of a degree of freedom due to their
expression as proportions. In order to avoid this loss,
unbiased statistical analysis of rock compositions
requires the use of compositional variables that are
unaffected by array closure. Ratios of the component
proportions and angles defined by these proportions
have this property. By definition, factor analysis
yields factor vectors described by angular relation-
ships.

Our criteria for choosing the number of mantle
end-member components from our data to use in the

Ž .modeling of the glass data were the following. 1 At
least 95% of the variance in the data set must be
explained by the sum of squares of the statistically

Ž .identified end-members. 2 All modeled end-mem-
ber factors that explained less than 2% of the total

Ž .variance were rejected. 3 All statistically identified
end-members, which did not have a coherent distri-
bution when mapped or plotted, were rejected.

6. Statistical modeling of the MAR glass data

( )6.1. Spearman rank correlation coefficients SRCCs

Ž .We calculated the SRCCs see Appendix A for
the MAR data set both for all of the segments

Žcombined and for each segment individually exclud-
.ing segments 4 through 6 due to small sample size .

Ž < < .We chose to focus our interest on strongr )0.80
Ž .SRCCs significant at the 0.01 level one-tailed .

Table 2 contains the signs of the significant rank
correlations for the data set. These rank relationships
provide insight into the data set and afford the
inspection of the data in terms of analytical consis-
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Table 2
SRCCs for all segments taken together

143 144 206 204 87 86Ba Ce Eu La Lu Nd Ndr Nd Pb Pbr Pb Rb Sm Sr Srr Sr Th U Y Yb

Ba q q q q q q
Ce q q q q q q q q q
Eu q q
La q q q q q q q q q q
Lu q q
Nd q q q q q q q q
143 144Ndr Nd y
Pb q q q q q q q q
206 204Pbr Pb q y q q q
Rb q q q q q
Sm q q q q
Sr q q q q q
87 86Srr Sr q
Th q q q q q q q q
U q q q q q q q q q
Y q q q q q
Yb q q q

Deviations from these relationships among individual segments indicate the key elemental control in the end-members. The elements are in
alphabetical order.

tency and to qualitatively assess the variance of the
< <entire population. We only comparer greater than

0.80 at the 0.01 significance level due to the inherent
spurious correlations that arise during multiple com-
parison analyses. To obtain the true significance
level, we divide the measured probability value by

Ž .the number of comparisons 0.01r1600 giving the
true significance level of 6=10y6.

We compared the SRCCs on a segment-by-seg-
ment basis to identify the elemental controls related
to the mantle components beneath the equatorial
MAR. We do not discuss segments 4 through 6
because these segments do not have enough samples
for multiple comparison. As expected, the SRCCs
for the trace elements show positive correlations
between incompatible elements. We use the follow-
ing variables for segment-by-segment comparison
based on relationships identified by the 1600 multi-

Ž .ple comparisons each variable to each variable and
Ž .those described by Schilling et al. 1994 . We com-

pare Ba, Ce, Eu, La, Lu, Nd,143Ndr144Nd, Pb,
206Pbr204Pb, Rb, Sm, Sr,87Srr86Sr, Th, U, Y, and
Yb.

6.1.1. Northern segments
Glasses from segment 1 show significant positive

correlation between La and Ba, La and87Srr86Sr, Sr

and Th, Sm and Yb. Negative correlations in these
glasses include Ba and143Ndr144Nd and Ce and
143Ndr144Nd.

6.1.2. Southern segments
Of particular interest are the correlations identi-

fied in glasses from segment 7 where significant
correlations between incompatible elements are rare.

The SRCCs clearly define geochemical differ-
ences between the glasses from individual segments
in terms of elemental concentration and isotopic
composition. These differences support the con-
tention of mantle source heterogeneity and lay the
foundation upon which further statistical treatments
of the data are built. We use elements that show

Ž .significant correlations both negative and positive
to further isolate the causes of geochemical variance
within the sample population.

6.2. K-means cluster analysis of the MAR segments

Based on the SRCCs described above, we se-
lected the following variables of interest: Ce, Pb, La,
Ba, Th, Sm and their respective ratios CerPb,

Ž . 206 204LarBa, LarTh and LarSm and Pbr Pb.N

The variations in these ratios, as described above
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Fig. 7. Dendrogram showing the results of the K-means cluster
analysis. The dendrogram shows the relatedness of samples from
the different segments. For this analysis, we used the complete

Ž .linkage method Rock, 1988 . The sample numbers are followed
Ž .by their respective segment numbersX D– Xga .

define the prospective mantle end-member reservoirs
beneath the equatorial MAR. The clustering proce-

Ž .dure see Appendix A attempts to identify relatively
Ž .homogeneous groups of cases samples based on

Ž .selected characteristics elements and ratios using
Ž .an algorithm that starts with each case or sample in

a separate cluster and combines clusters until only
one is left. We compared cluster membership for
each sample using the above variables and the seg-
ment from which the sample came. We isolated four
statistically distinct clusters. Fig. 7 shows the results
of this cluster analysis. Generalization of the cluster
memberships suggests that the northern segments are
compositionally significantly different from samples
from the southern portion of the equatorial MAR.
Evidence for this lies in the absence of cluster 4 in
the southern segments 5 through 10. Similarly, the
dominance of cluster 1 in the south indicates hetero-
geneous mantle source composition. Cluster mem-
bership of segments showing evidence of mixing
between end-members are described above such as
in the case of samples from segment 1. These sam-
ples classify into different groups. Table 3 shows the
differences between the clusters for elements used as
classification variables.

Plotting the incompatible element ratios of the
glasses using cluster membership rather than their

Ž .ridge segment Fig. 8 , when compared to Figs. 4
and 6, shows the chemical variations of the samples
grouped into geochemically contiguous clusters.
Cluster analysis further identified samples which
were predominantly N-MORB and HIMU types. In-

Table 3
Ž .A Cluster centers for the clusters identified based on trace

Ž .element ratios and Pb-isotopes. B Distance between final cluster
centers showing relative difference between each cluster

Cluster 1 2 3 4

( )A
CerPb 31.56 24.56 26.13 25.03
LarBa 0.11 0.68 0.17 0.31
Ž .LarSm 1.47 0.45 0.83 0.63N

LarTh 10.46 35.17 13.7 21.52
ThrU 3.12 2.09 2.93 2.52
206 204Pbr Pb 18.6 18.2 18.9 19.1

( )B
1 8.1 6.8 8.2
2 8.1 13.9 8.4
3 6.8 13.9 9.6
4 8.2 8.4 9.6
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Fig. 8. La–Th, La–Ba and87Srr86Sr relationships of the MORB glasses in cluster space. Notice that, when compared to Figs. 4 and 6, the
Ž .cluster membership clearly defines the presence of a third mantle component cluster 1 which is delineated both geochemically and

statistically.
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terestingly, although statistically different, clusters 3
and 4 are remarkably similar in terms of incompati-
ble element composition. We explore below the pos-
sibility that the statistically identified mantle reser-
voirs may, in fact, be an artifact of the statistical
method and not geochemically viable end-member
components.

6.3. Discriminant analysis of the MAR glass samples

ŽWe began the discriminant analysis see Ap-
.pendix A using the segment numbers as a priori

groups and the elements, identified by SRCCs, which
geochemically segregate the samples from different
segments. Using these grouping and classification
variables, we found that these a priori groupings are
little better at classifying the samples thanAchanceB
with only 69% of all samples correctly classified
Ž .Table 4 . ThisApoorB result indicates that the geo-
chemical variation of samples from within individual
segments is substantial and that samples from differ-
ent ridge segments have geochemical relationships
more like samples from other segments than from
within their own subpopulation. To test the results of
the cluster analysis, which identified four distinct
clusters of samples, we ran discriminant analysis
using the cluster membership to define a priori group
membership. This procedure increased the correctly

Ž .classified cases to 78% Table 5 .

Table 4
Classification results using the segments as a priori groups and
Ba, Ce, Eu, La, Lu, Nd,143Ndr144Nd, Pb,206Pbr204Pb, Rb, Sm,
Sr, 87Srr86Sr, Th, U, Y and Yb as discriminating variables

Segment Predicted group membership

1 2 3 4 5 6 7 8 9 10 Total

1 1 3 0 0 0 0 0 1 0 0 5
2 1 6 2 0 0 0 0 0 0 0 9
3 0 4 5 0 0 0 0 0 0 0 9
4 0 0 0 2 0 0 0 0 0 0 2
5 0 0 0 0 0 0 1 0 0 0 1
6 0 0 0 0 0 1 0 0 0 0 1
7 0 2 0 0 0 0 4 0 0 0 6
8 1 1 0 1 0 0 0 7 0 0 10
9 0 0 0 0 0 0 0 0 5 0 5

10 0 0 0 0 0 0 0 0 0 2 2

69.0% of original grouped cases correctly classified.

Table 5
Groups correctly classified using cluster membership as a priori
group

Cluster Predicted group membership

1 2 3 4 Total

1 16 2 1 0 19
2 7 3 0 0 10
3 1 0 8 1 10
4 1 0 0 10 11

% 1 84.2 11 5.3 0 100
% 2 70 30 0 0 100
% 3 10 0 80 10 100
% 4 9.1 0 0 90.9 100

78.0% of original grouped cases correctly classified.

We show, statistically, that the samples classify
into four subpopulations based on their trace element
and isotope concentrations. We identified via SR-
CCs, cluster and discriminant classification that a
select group of geochemical variables discriminate
between the sample subpopulations. To further illus-
trate this fact, we again classify the samples using
cluster membership with incompatible element ratios

Ž .and LarSm as discriminating variables. This pro-N

cedure yielded a correct classification percentage of
Ž .97.5% Table 6 . Clearly, incompatible element con-

centration and light-REE enrichment or depletion are
the key variables in this system with each subpopula-
tion and each sample representing the various contri-
butions of the heterogeneous mantle end-members.

Table 6
Predicted group membership using cluster membership as the a

Ž .priori group and incompatible trace element ratios and LarSm N

as discriminating variables

Cluster Predicted group membership

1 2 3 4 Total

1 18 0 1 0 19
2 1 10 0 0 11
3 0 0 10 0 10
4 0 0 0 11 11

% 1 94.7 0 5.3 0 100
% 2 9.1 90.9 0 0 100
% 3 0 0 100 0 100
% 4 0 0 0 100 100

97.50% of original grouped cases correctly classified.
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While these results, qualitatively, are not surprising,
the fact that they are statistically significant indicates
that they are quantifiable using extended factor anal-
ysis.

6.4. Extended Q-MODE factor analysis of the equa-
torial MAR glasses

Factor analysis attempts to identify the underlying
or controlling factors that explain the pattern of
correlations within a set of observed variables. Ide-
ally, the data should have a bivariate normal distribu-
tion where each pair of variables and observations is

Ž .independent Norusis, 1997 . Factor identification,ˇ
within the factor analysis model, depends on com-

Ž .mon factors those estimated by the model and
Žunique factors those which do not overlap with
.observed variables . We assume that unique factors

do not correlate with each other nor with the com-
mon factors. The observations in this study are inher-
ently independent as each sample is an individual
observation. We examine only those elements which
are not internal to other variables. Specifically, we
do not model the isotopic data since these values
correlate to the parent element concentrations. We
can, therefore, only characterize the mantle end-

members in terms of trace element concentration.
We address the normality assumption of the factor
analysis model by normalizing the concentration data

Ž .to a constant row-sum, as described in Eq. 12 of
Appendix A, thereby closing the data.

We used the principal component algorithm to
extract the factors and rotated them using varimax

Ž .rotation with Kaiser normalization Rock, 1988 . We
obtain the factor scores for each sample using regres-
sion along the factor vector. We performed the anal-
yses on both the open and closed data sets; however,
component composition determination uses only the
closed data set results. The initial factor scores re-
turned by the factor model for each sample are
dimensionless since we normalized the original data

Ž Ž ..set Appendix A, Eq. 12 . Similarly, due to the
closing of the data, the initial loadings do not sum to
unity across columns. We follow the method of

Ž .Miesch 1976 for deriving compositional informa-
tion from the factor results as described in Eqs.
Ž . Ž .12 – 19 of Appendix A. Unlike the initial factor
loadings, the compositional loadings and scores have
fixed signs determined by the choice of reference
axes and the nature of the compositional variation in
the rocks under examination. Varimax reference axes
are commonly negative but are still useful for refer-

Fig. 9. Factor scores for each sample in the MAR data set. These scores are derived from theAopenB data set. These results describe the
nature of the components in the system based on their enrichmentrdepletion signatures.
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ence purposes and the set of scores for each axis is
still indicative of the general compositional nature of

the theoretical end-members. Figs. 9 and 10 show
the initial factor scores for the open and closed MAR

Fig. 10. Factor scores for theAclosedB MAR trace element data set. The fields describe the nature of the mantle reservoirs. We show scores
for factors 1 through 3. Scores for factor 4 are available by request.
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Ždata sets, respectively. For initial and compositional
.scores and loadings, see Hannigan, 1997 . The com-

Table 7
Ž . Ž .Comparison of rotated factor results for A open and B closed

data

Component

1 2 3

( )A Rotated component
Ba 0.957 y0.158
Ce 0.992 0.0087
Dy y0.005 0.985
Er y0.16 0.974
Eu 0.626 0.736
Gd 0.1416 0.893
Ho y0.118 0.978
La 0.994 y0.001
Lu y0.223 0.958
Nd 0.928 0.353
Pb 0.962 0.178
Pr 0.973 0.212
Rb 0.975 y0.01
Sm 0.694 0.695
Sr 0.935 y0.127
Tb 0.145 0.976
Th 0.984 y0.008
Tm y0.22 0.962
U 0.985 y0.007
Y 0.0075 0.831
Yb y0.22 0.957
Extraction method: principal component analysis.
Rotation method: varimax with kaiser normalization.
Rotation converged in three iterations.

( )B Rotated component matrix
Ba 0.922 y0.267 y0.005
Ce 0.988 y0.009 0.007
Dy y0.295 0.94 0.009
Er y0.423 0.887 0.0067
Eu 0.564 0.71 0.279
Gd 0.285 0.893 0.259
Ho y0.369 0.914 0.0053
La 0.978 y0.165 0.0032
Lu y0.549 0.777 0.0076
Nd 0.956 0.193 0.142
Pb 0.934 y0.003 0.236
Pr 0.987 y0.0025 0.119
Rb 0.93 y0.265 0.0037
Sm 0.657 0.68 0.213
Sr 0.814 y0.389 0.311
Tb y0.007 0.981 0.124
Th 0.955 y0.224 y0.0007
Tm y0.516 0.831 0.0048
U 0.954 y0.223 0.0025

Ž .Table 7 continued

Component

1 2 3

( )B Rotated component matrix
Y y0.243 0.457 0.775
Yb y0.54 0.799 0.0065
Extraction method: principal component analysis.
Rotation method: varimax with kaiser normalization.
Rotation converged in five iterations.

The two factors identified in the open data are further refined in
the closed data analysis.

positional nature of the samples falling into each
field defines the basis for end-member identification.
Factor 1 for both the open and closed data sets
shows the degree of LREE enrichment or depletion.
Refinement of factor 2 of the open data set occurs in
the closed data set analysis and relates to the degree
of incompatible element depletion or enrichment,
particularly Th, Ba, La, Sr and Pb. Factor 3 further
refines relationships defined by factor 2 of the open
data analysis and is related to enrichment in heavy-
REE, Y, and Rb. Table 7 compares the rotated factor
scores for the open and closed data sets. Figs. 11 and
12 show the initial loadings of the elements on each
factor. The loadings shown in Figs. 11 and 12 cor-
roborate relationships defined by the SRCCs, cluster
and discriminant classifications.

Fig. 11. Principal component plot in rotated factor space based on
the AopenB data set. The position of the variable in factor space
shows the relativeApush and pullB of each variable.
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Fig. 12. Principal component plot rotated space based on the
AclosedB data set. Notice the relative position of the elements in
factor space. A qualitative description of the population end-mem-
bers can be made using these loading relationships. Again, only
factors 1 through 3 are shown for clarity. Factor loadings on factor
4 are available upon request.

6.4.1. Statistically modeled end-member composi-
tions

Ž . Ž .Using Eqs. 13 – 16 of Appendix A, we obtain
compositional loadings and compositional scores for
the factors. Based on the statistical results from the
SRCCs, cluster analysis, discriminant analysis and
factor analysis discussed above, we find four statisti-

Ž .cally distinct factors Table 8, mantle components .
The first, HIMU P-type MORBAHPMB, is LREE-
enriched, compatible element depleted relative to the

Ž .other three identified components see Table 8 and
incompatible element-enriched. The second, depleted
N-type MORB ADNMB, is LREE and compatible
element depleted. The third, enriched P-type MORB
AEPMB, is slightly LREE, incompatible element and
LFSE-enriched. The fourth, transitional N-type
MORB ATNMB, has a flat REE pattern and is com-
patible element, and slightly, incompatible element
depleted. The dominant end-member is DNM, which

Ž .contributes the most to the variance 56.97% in
samples from all segments except segment 3. Seg-

Table 8
Modeled mantle reservoir compositions for selected trace ele-
ments and the REEs in ppm

Factor 1 Factor 2 Factor 3 Factor 4
Ž . Ž . Ž . Ž .HPM DNM EPM TNM

Rb 9.77 0.56 12.45 0.67
Sr 210.89 91.13 319.28 94.23
Y 30.16 28.13 28.12 29.45
Ba 268.30 2.33 44.08 14.28
La 24.42 2.09 7.49 4.67
Ce 44.15 6.78 17.62 12.28
Pr 4.65 1.20 2.28 1.75
Nd 18.01 8.03 10.69 9.01
Sm 3.98 2.74 3.07 2.83
Eu 1.31 1.01 1.09 1.00
Gd 4.22 3.44 3.68 3.52
Tb 0.81 0.72 0.77 0.69
Dy 4.87 4.97 4.78 4.73
Ho 1.02 1.10 1.04 1.01
Er 2.99 3.24 2.87 2.94
Tm 0.41 0.45 0.44 0.39
Yb 2.78 2.92 2.84 3.12
Lu 0.43 0.48 0.46 0.42

aPb 2.11 0.31 0.59 0.47
Th 2.83 0.04 0.67 0.14
U 1.74 0.03 2.02 0.24

aPb errors"10% because of the inclusion of Pb-isotopes in
the model and the inherent violation of the independence assump-
tion.
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ment 3 shows the signature of EPM, which accounts
for 2.7% of the variance of the entire data set.

ŽSegment 2 shows the influence of HPM 32.45% of
.total variance . Segments 7 and 8 show the strongest

Ž .influence of TNM 4.5% of total variance . The
average goodness-of-fit of our modeled end-member

Ž Ž ..compositions is 0.98 Appendix A, Eq. 11 at the
0.01 significance level. Based on the relationships

.shown in Figs. 4, 6 and 8 , we believe that the
statistical identification of the fourth end-member,
TNM, may, in fact, be geochemically flawed. It is
clear isotopically that the third end-member, EPM, is
both statistically and geochemically plausible; how-
ever, there is little if any geochemical data to support
the presence of the fourth statistical end-member.
We stress here the importance of agreement between
statistical models and the real world and hope to
clarify the value of statistical modeling in tandem

Ž .with traditional data analysis Fig. 13 .

6.4.2. Testing the plausibility of MAR model end-
members

We used the unscaled varimax scores to find the
vector representation of any given composition in the
varimax space. We also used these scores to deter-
mine whether or not the composition could be that of
an end-member in the compositional system. To
illustrate the testing procedure, we assume that the
varimax model derived from the closed data is unsat-
isfactory and that compositional scores for the vari-
max axes are not sufficiently close to those believed
to exist in the MAR system. We refer to this as our
AnullB hypothesis H . We then tested literature com-o

positions of observed, theoretical or hypothetical
magma-source reservoirs as possible end-members

Žsuch as E-MORB and depleted N-MORB Sun and
.McDonough, 1989; Schilling et al., 1994 . For sim-

plicity, we present the factor loading for the LREE
for two components only: E-MORB — La z1sj
10.89, Ce z2s25.53, Pr z3s3.17, Nd z4s14.68;j j j

N-MORB — La z1s2.2, Ce z2s7.74, Pr z3sj j j
Ž . Ž .1.30, Nd z4s7.57. Using Eqs. 13 – 16 in Ap-j

pendix A, we derive the compositional scores from
Ž .the factor loadings of the LREE Table 8 . These are

Ž .E-MORB EPM — La x1 s7.49, Cex2 s17.62,ˆ ˆj j
Ž .Pr x3 s2.28, Nd x4 s10.6;, N-MORB DNM —ˆ ˆj j

La x1 s2.09, Ce x2 s6.78, Pr x3 s1.2, Ndˆ ˆ ˆj j j

x4 s8.03. These compositional scores are identicalˆ j

Fig. 13. Normalized REE compositions of the modeled mantle
reservoirs for the 51 equatorial MAR basaltic glass samples.
Component 1-EPM; Component 2-DMM; Component 3-HPM;
Component 4-TNM. We plot the composition of all of the mod-
eled components, including TNM with the understanding that
geochemically this end-member is most likely a binary mixing
phenomenon and not one related to a separate geochemically
distinct reservoir.

to those of the modeled components EPM and DNM
in Table 8.

In testing the plausibility of our statistical end-
members, we continue to utilize the information
concerning all four identified end-members and pre-
sent a statistical model based on these mathematical

Ž .results. Schilling et al. 1994 suggested that mantle
end-members in the equatorial MAR include HIMU,
N-type MORB and a thirdAorphanB component. We
compared the literature compositional data for the
hypothetical mantle reservoirs of HIMU P-MORB
Ž . Žfactor 1 — HPM depleted N-MORB factor 2-

. Ž .DNM , enriched P-type MORB factor 3 — EPM
Žand T-MORB factor 4 — TNM; Langmuir et al.,

.1977 . The equatorial MAR basaltic glass composi-
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Table 9
Relative percent of factor contribution to sample composition

Sample Segment % HPM % DNM % EPM % TNM

RC2806 55D-2g 1 21 78 0 1
RC2086 56D-3g 1 15 84 0 1
RC2086 57D-1g 1 13 85 0 2
RC2086 58D-1g 1 15 83 0 2
RC2806 59D-1g 1 24 76 0 0
RC2086 53D-4g 2 29 69 0 2
RC2086 54D-1g 2 13 87 0 0
RC2806 50D-1g 2 9 89 0 2
RC2086 49D-1g 2 9 89 0 2
RC2086 48D-9g 2 24 76 0 0
RC2086 47D-1g 2 7 92 0 1
RC2086 45D-1g 2 5 95 0 0
RC2086 44D-1g 2 8 89 0 3
RC2086 46D-1g 2 4 96 0 0
RC2086 42D-7g 3 21 79 0 0
RC2086 41D-1g 3 19 81 0 0
RC2086 40D-9g 3 17 82 0 1
RC2086 39D-1g 3 28 69 0 3
RC2086 38D-1g 3 31 67 0 2
RC2086 37D-1g 3 29 71 0 0
RC2086 36D-1g 3 38 58 0 4
RC2086 35D-1g 3 36 64 0 0
RC2086 35D-2g 3 86 14 0 0
RC2086 34D-1g 4 0 18 82 0
RC2086 33D-1g 4 0 85 15 0
RC2086 32D-1g 5 12 88 0 0
RC2086 31D-1g 6 16 84 0 0
RC2086 29D-3g 7 0 86 14 0
RC2086 26D-1g 7 0 29 0 71
RC2086 24D-1g 7 0 67 2 31
RC2086 23D-1g 7 0 73 5 22
RC2086 22D-4g 7 0 74 6 20
RC2086 21D-1g 7 0 76 0 24
RC2086 18D-1g 8 74 3 23 0
RC2086 7D-1g 8 0 18 81 1
RC2086 16D-1g 8 0 93 2 5
RC2086 8D-1g 8 0 72 22 6
RC2086 9D-3g 8 0 67 12 21
RC2086 10D-6g 8 0 78 9 13
RC2086 14D-2g 8 0 75 6 19
RC2086 11D-1g 8 0 69 5 26
RC2086 13D-3g 8 0 80 6 14

Sample Segment % Factor 1 % Factor 2 % Factor 3 % Factor 4

RC2086 12D-1g 8 0 75 25 0
RC2086 5D-1g 9 0 64 36 0
RC2086 4D-3g 9 0 93 7 0
RC2086 3D-2g 9 0 89 11 0
RC2086 2D-1g 9 0 45 55 0
EN061 2D-1Ag 9 0 47 53 0
RC2086 1D-1g 10 0 89 11 0
EN061 4D-1g 10 0 92 8 0
EN061 5D-1Ag 10 0 94 6 0



( )R.E. Hannigan et al.rChemical Geology 175 2001 397–428 423

tions depend on the relative contribution of the end-
members to the source magma. Q-MODE factor
analysis allows the relative contributions of each
end-member to be calculated. In general, the contri-
butions of modeled end-members are as expected
with segments 1 and 2, which show the HPM end-
member with most samples being a mixture of EPM,
HPM and DNM. Segment 3 samples are influenced
by HPM with a small fraction of the EPM end-mem-
ber. Although not modeled, samples from segment 4
are qualitatively EPM and DNM mixtures. Segments
5, 6 and 7 appear to be DNM exclusively. Segments
8 and 9 show similarities to the modeled the influ-
ence of the TNM end-member mixing with DNM
and EPM. The variance accounted for by this end-
member, however, can also be explained by binary
mixing between EPM and DNM. Segment 10 is
entirely DNM.

The result of the above modeling provide the
trace element compositions of the mantle end-mem-

Ž .bers of the equatorial MAR. Using the Eqs. 14 –
Ž .17 , we calculated the trace element concentrations
Ž . Ž .ppm of these four modeled end-members Table 8 .
The compositions of the end-members are shown in
Fig. 12. The modeled end-member compositions
clearly reflect the presence of four statistically dis-
tinct magma reservoirs with substantial heterogeneity

Žin their trace element concentrations, and ratios e.g.,
.LarBa, LarTh, and CerPb . The majority of glass

samples show trace element signatures similar to the
modeled DNM end-member. The relative proportion
of each end-member in each sample is shown in
Table 9. Clearly, the extended Q-MODE factor anal-
ysis technique provides significant information about
the mantle end-member population beneath the equa-
torial MAR. Unlike inversion techniques, which also
provides concentration information for the end-mem-
ber population, this statistical technique provides a
goodness-of-fit measure. It is this difference between
standard techniques and statistical methods, which is
of utmost importance in mantle end-member reser-
voir modeling studies.

7. Conclusions

The major contribution of factor analysis of this
study is that it provides insight into the association
of variance within the equatorial MAR data. The

technique we employed in this study provides some
objective estimates of the absolute compositions of
the mantle end-member reservoirs. Although qualita-
tive analysis of the MAR data yields information
concerning possible source reservoirs and mixing
components, this statistical technique provides a more
objective end-member compositional data unavail-
able using any other technique. While this technique
is not a replacement for other forms of mineralogical

Ž .or geochemical e.g., Schilling et al., 1983 data
analyses, we contend that the multivariate techniques
presented here provide significant information about
the equatorial MAR system, which remainAinvisi-
bleB to standard techniques.

Based on the trace element concentration data of
equatorial MAR basaltic glasses of this study, we
draw the following conclusions.

Ž .i The majority of samples follow the binary
mixing trend between a HIMU mantle component
and depleted asthenosphere. The presence of a third,
geochemically distinct mantle component is seen in
segments 7 and 8. The presence of this third compo-
nent is best shown in the LarTh vs. La diagram
Ž .Figs. 4 and 5 , which show that this third compo-
nent is incompatible element depleted.

Ž .ii La–Th and La–Ba relationships show the
relative influence of the N-MORB and HIMU end-
member mantle reservoirs. These relationships cor-
roborate the isotope results, which indicate that the
Sierra Leone plume signature dominates the north-
ernmost segments. The depleted asthenosphere reser-
voir dominates the southern segments. Again, the
presence of a third component is suggested by the
individual segment LarTh and LarBa relationships
of Figs. 4 and 5.

Ž .iii We have shown from our theoretical analysis
of the geochemical data that the third component is,
indeed, statistically distinct from N-MORB and
HIMU. Although isotope data indicated its presence,
the trace element relationships clearly define this
third incompatible element-depleted reservoir located
in the region between the Romanche and Chain
fracture zones.

Based on our statistical analyses, we show the
presence of four statistically distinct mantle reser-

Ž .voirs Table 8 beneath the equatorial MAR system.
Ž .iv We identify an enriched P-type MORB end-

member, showing LREE and incompatible element
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enrichment. The trace element composition of this
end-member is provided by our statistical model.

Ž .v We identify and quantify, in terms of trace
element contents, the HIMU end-member, which
shows significant LREE and other incompatible ele-
ment enrichment.

Ž .vi Another statistically identified end-member is
N-type MORB, showing LREE and incompatible
element depletion and enriched compatible element
concentrations. Our results also provide concentra-
tion data for trace elements for this reservoir.

Ž .vii The fourth component shows a flat REE
pattern and overall incompatible element depletion.
This component is also geochemically characterized
by our statistical modeling of the MAR glass trace
element data. The variance accounted for by this
end-member can also be accounted for by simple
binary mixing between DNM and EPM.

Ž .viii From the statistical analyses, we report in
Table 9, the relative percent of each of the three

Ž .main factor reservoir contributions to each of the
51 mid-Atlantic MORB samples. Although a fourth
component is detected, its contribution to the final
make up of the basalts is small. This end-member is
probably a process related artifact rather than a true
geochemically unique reservoir.

Ž .ix Finally, although these four statistical mantle
end-members describe the spread in our data, the
true end-member components may lay further away
from the spread of the data.
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Appendix A

A.1. SRCCs

To calculate SRCCs for a group of N samples
containing several variables, each variable is first
ranked from the highest to the lowest values using
sequential integers, thus eliminating any effects of
data distribution. Calculation of the measure of the

Ž .correlation within the sample data setr betweens

two variables involves the comparison of rankings
from one variable to another using the following
equation:

isN
26 DÝ i

is1r s1y , 1Ž .s 2N N y1Ž .
w xwhere D s rank of X y rank Y . The followingi i i

conversion defines the significance of ther statistics

using t-test tables:

Ny2Ž .
t sr . 2Ž .Ny2 s 2( 1yrŽ .s

Ž .Perfect positive correlationr sq1 occurs whens

there is a linear relationships betweenX and Y such
Žthat Y saqbX . Perfect negative correlationr so i s

.y1 occurs whenX sY , X sY , . . . , X s1 N 2 Ny1 N

Y .1
Ž .Rogers et al. 1984 provides a table detailing the

measures of significance for SRCCs from various
< <sized data sets. For a data set withN)30, r

greater than 0.43 is significant at as0.01 or is out
of the 99% confidence interval.

A.2. Cluster analysis

We chose hierarchical clustering to identify man-
tle sourceAgroupsB within our data. This technique
joins the most similar observations, then successively
connects the next most similar observations to these.
The steps in this analysis involve the construction of
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an n by n matrix of similarities between all pairs of
observations and the rebuilding of the matrix by
merging the samples with the highest similarities.
Iteration continues by reducing the similarity matrix
Ž .n by n to a 2 by 2 matrix. The distance coefficient
Ž .measure of similarity between samples is defined
as

m
2

X yXŽ .Ý i k jk
ks1)d s , 3Ž .i j m

where X denotes thek th variable measured oni k

object i, X is the k th object measured on objectjjk

and m is the number of variables measured on each
object. A criterion for clustering is that in order to
link two objects to form a cluster both objects must
mutually have their highest correlation with each
other.

A.3. Discriminant analysis

The number of functions used to classify groups
are the number of a priori groups minus one. In this
study, we use the ridge segments 1 through 10 as a
priori groups thereby requiring nine discriminant
functions per analysis. The mean differences per
variable define the construction of a discriminant
function based on the group membership matrix.

Ž .This matrix D is defined as:j

n na b

A AÝ Ýi j i j
is1 is1D sA yB s y . 4Ž .j j j n na b

ŽThe differences in the pooled meansA yB , Eq.j j
Ž ..4 forms a vector. The next step in discriminant
analysis involves the creation of a matrix of sums of
squares and cross-products of all variables in group
A and group B yielding a matrix of variances. Using

Ž .the pooled multivariate mean vectors from Eq. 4
Žw 2 xy1.and the matrices of pooled variancess , thep

discriminant function becomes:
y12 w x w xs P D s l . 5Ž .p

Ž .The set of l coefficients in Eq. 5 enter into the
discriminant function in the form:

Rsl c ql c q . . . l c , 6Ž .1 1 2 2 m m

where R is the discriminant score andc is them
Ž .variable element of interest. In our analyses, we

built the distance matrix using theAMahalanobis’
distanceB measure. We report the significance of this
distance measure in terms of Hotelling’s T2 test.

A.4. Factor analysis

Factor analysis is a multivariate technique that
expresses the total variation within a data set in
terms of a number of factors. Q-MODE factor analy-
sis identifies end-members from series of individual

Ž .observations samples . The objectives of Q-MODE
Ž .factor analysis are 1 to determine the minimum

Ž .number of end-members factors required to explain
Ž .a set of data; 2 to determine the composition of

these end-members A, B . . . in terms of the original
Ž . Ž .variables elements ; 3 to describe the original

Ž .objects as proportions of A, B . . .aAqbBq . . . ,
a, b being factor loadings. The Extended Q-MODE
factor analysis technique scales the scores and load-
ings such that they sum to unity and represent end-
member compositions in the units of the original

Ž .data Rock, 1988 . This method is applicable to both
Ž . Ž .open data ppm and closed data percentage data .

This method is a logical alternative to mixing models
where the number of end-members is uncertain or
where the end-members themselves are unknown
because this statistical method tests for both cases
rather than assuming the end-member compositions
such as in the case of traditional binary mixing
models.

Q-MODE factor analysis begins with the creation
of an n by n matrix of similarities between samples.
We used the cosine q coefficient of proportional
similarity to build n by n matrices from the MAR
data set using the equation:

m

x xÝ i k jk
ks1cosu s . 7Ž .i j m m

2 2x xÝ Ýi k jk(
ks1 ks1

The cosu value is the cosine of the angle between
the two vectors defined by objecti and object j in
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Žm-dimensional space. Cosu ranges from 1.0 for two
Ž .objects samples whose vector representations coin-

. Ž .cide to 0.0 for objects whose vectors are at 908 .
The similarity matrix, which is the basis of Q-MODE
factor analysis, is built by the following series of
matrix algebra steps:

First, every element in every row of the data
matrix is divided by the square root of the sum of
squares of the elements in that row:

xi k
w s . 8Ž .i k m

w wÝ i k jk(
ks1

This step standardizes the objects so that the squares
of the variables measured on each object sum to one.
Then, cosu becomes:

m

cosu s w w . 9Ž .Ýi j i k jk
ks1

Ž .B In matrix algebra, the above step defines ann
w xby n diagonal matrix D , which contains the sums

of squares of each row along the diagonal and zeros
elsewhere. The standardization step in matrix be-
comes

1
y

2w x w x w xW s D X 10Ž .
w xThe similarity matrix cosu in matrix form is:

X Xy1 y1w x w x w x w x w x w xcosus W W s D X X D . 11Ž .
Extended Q-MODE factor analysis proceeds be-

yond standard factor analysis by using the steps
Ž .outlined by Miesch 1976 as follows. First, we

Ž Y .transform the factor scores unscaled scores,f tok j

the units of the original data. We closed the MAR
data set using:

xX s x yxmin r xmax yxmin , 12Ž .Ž . Ž .i j i j j j j

where xmax and xmin are the maximum andj j

minimum values of thejth column of the original
Ž X .data matrix. WeAopenedB the factor scoresf by:k j

f s f X x max yx min qx min . 13Ž .Ž .k j k j j j j

Ž .Although Eq. 13 defines the relationship between
f and f X , the absolute values must be establishedk j k j

by:

f X ss f Y , 14Ž .k j k k j

where s is the scale factor:k

Ky xminÝ j
j

s s ,Yk f xmax yx minŽ .Ý k j j j
j

Ks x s f , 15Ž .Ý Ýi j k j
j j

and f Y is an unscaled score as defined above. In thek j
Ž .case of factor loadings for variables elements , the

Ž Y .initial loadings a are transformed using Eqs.i k
Ž . Ž . Y X Y13 – 15 substituting fora and a for f andi k i k k j

f X , respectively. The composition matrix is definedk j

as:
aX

i k
a s . 16Ž .Xi k Ýai k

Quantity a becomes the compositional loading.i k

Since we closed the data prior to derivation of the
a and f X matrices, the scaled scores are convertedi k k j

to compositional scores in order to approximate the
original data using the equation:

xX s xmax yxmin qxminˆ Ž .i j j j j

s a f X xmax yxmin qx min . 17Ž .Ž .Ž .Ý i k k j j j j
k

Ž .Based on the relationship defined in Eq. 16 , it
follows thatÝaX s1 so that:i k

xX s xmax yxmin qxminˆ Ž .i j j j j

s a f X x max yx min qx min . 18Ž .Ž .Ž .Ý i k k j j j j
k

The extended Q-MODE factor model then becomes:

x s a f , 19Ž .ˆ Ýi j i k k j
k

where xX refers to the reproduced original dataˆ i j

matrix, a ’s are the compositional loadings andi k

f ’s are the compositional scores.k j
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