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[1] Lavas of the Rano Rahi seamount field define a Nd-Pb-Sr isotopic array that connects, and substantially
overlaps, the arrays of the nearby East Pacific Rise axis and 5.6—28 Ma lavas of the Pukapuka ridge
sgstem, situated between the seamount field and French Polynesia. Dating of Rano Rahi samples by
“OAr-*?Ar incremental heating methods yields ages between 0.23 and 4.67 Ma. Most of the dated lavas
were erupted within 60 km of the axis, and no systematic isotopic variation with age is observed. The
isotopic and incompatible element data indicate a persistent two-component mantle source comprising
variable proportions of normal Pacific ocean-ridge-type mantle and a “C”-like Pukapuka end-member
with lower eng, higher ¥’Sr/*°Sr and 2°°Pb/***Pb, and relative enrichment in the highly incompatible
elements. The Rano Rahi data reveal peaks of low eng, high *’Sr/*®Sr, and high 2°°Pb/***Pb at about 16°—
17°S and 18.5°-19°S that appear to correspond to two concentrations of C-rich mantle, probably
streaming eastward from French Polynesia. The northern stream may have reached the axis more recently
and/or be less continuous than the southern stream.
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1. Introduction the rise axis exhibits a 500-km-wide, relatively

smooth peak in Nd, Pb, Sr, Ne, and He isotope

[2] Dispersal of hot-spot-type mantle within the
asthenosphere is poorly understood in areas far
from hot spots. The East Pacific Rise between
the Garrett Fracture Zone (13.4°S) and the northern
boundary of the Easter Microplate (23°S; Figure
la) provides an important case for study, because
the region is distant from any active hot spots yet

Copyright 2006 by the American Geophysical Union

ratios between 16°S and 20.7°S, culminating at
about 17-17.5°S [Bach et al., 1994, Mahoney et
al., 1994; Kurz et al., 2005]. Mahoney et al. [1994]
concluded the isotopic peak is the result of a
heterogeneity embedded in the ambient astheno-
spheric mantle drawn into the zone of melting
under the rise. They suggested that dilute hot-
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(a) Regional location map (data of Smith and Sandwell [1997]). (b) Map of the Rano Rahi seamount field

(after Scheirer et al. [1996a, 1996b], including data of Smith and Sandwell [1997]). Black line indicates the East
Pacific Rise axis. Triangles and dots mark successful dredge sites (numbered); dated samples are from sites shown
with dots. Sites yielding E-MORB or both E- and N-MORB are indicated, respectively, by E and N, E; other sites

yielded only N-MORB.

spot-type material was reaching the axis via long-
distance lateral flow of mantle derived from a
distant hot spot, such as the Marquesas to the west
or Easter to the southeast. Subsequently, Janney et
al. [2000] discovered that a very similar hot-spot-
type mantle component fed the 2600-km-long
Pukapuka ridge system. This system, which does
not represent a hot spot trail, runs discontinuously
from about 600 km west of the EPR axis to a point
between the Marquesas and Tuamotu islands; ages
decrease ecastward along it from 28 to 5.6 Ma
[Sandwell et al., 1995]. The signature of the hot-
spot-like isotopic component also decreases east-

ward, being smallest in the youngest Pukapuka
volcanoes nearest the EPR. Janney et al. [2000]
concluded the Pukapuka ridge system records a
long-term eastward flow and dilution of this com-
ponent, which they noted is similar to the proposed
“C” or “common” mantle end-member of Hanan
and Graham [1996].

[3] However, in contrast to the 500-km-wide iso-
topic peak at the axis, the Pukapuka ridge system at
its widest is only 70 km wide. Another distinctive
feature of the region, the Rano Rahi seamount
field, can provide insights into post-5.6 Ma off-
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Figure 2. Map as in Figure 1b, except that here dots show the positions of dated lavas relative to the axis at the time
of eruption; ages in Ma are indicated. Note that the dots do not represent the distribution of volcanic activity at any
single time. Names of seamount chains are from Scheirer et al. [1996a]. Rayleigh wave phase velocities in the low-
velocity “bull’s-eye” [Forsyth et al., 1998] are indicated by contours at 3.70 km/s (outer contour) and 3.69 km/s

(inner contour).

axis isotopic composition over a much broader
zone. This field, located east of the Pukapuka
Ridge system between 15°S and 19°S, is an
extensive area of unusually numerous seamounts
(Figure 1b), most of which lie west of the EPR axis
in WNW-trending chains [Scheirer et al., 1996a,
1996b]. In this paper, we present isotopic and trace
element data and *°Ar->’Ar age determinations for
lavas of the Rano Rahi seamount field, and use the
results to examine the temporal and spatial distri-
bution of the hot-spot-like mantle component.

2. Previous Work, 15°-19°S EPR and
Rano Rahi Seamount Field

[4] Apart from the seamount field and the axial
isotopic peak, the EPR between 15°S and 19°S is
unusual in several ways. The spreading rate is
super-fast and asymmetric, such that the axis
migrates westward [e.g., Scheirer et al., 1996a].
Seafloor west of the axis subsides with age at a
lower rate than average, making it shallower than
normal as far as 800 km from the axis [Cochran,
1986]. A broad axial cross-section, together with
evidence of a shallow magma chamber under about
60% of the axis between 15°S and 19°S, indicates
magma supply is abundant [e.g., Detrick et al.,

1993; Scheirer and Macdonald, 1993]. A seismic
low-velocity zone in the shallow mantle centered
about 50 km west of the axis (Figure 2) implies that
maximum melt production is skewed to the west of
the axis [e.g., Forsyth et al., 1998; Forsyth and
GLIMPSE Science Team, 2004; Dunn and Forsyth,
2003]. Recent modeling indicates this offset may be
a result of pressure-driven flow of mantle, and/or
addition of hotter mantle, from the west, combined
with westward migration of the axis [e.g., Hammond
and Toomey, 2003]. Consistent with isotopic results
for the axis and Pukapuka ridges, mantle tomo-
graphic data suggest that material from the south-
western Pacific may have been influencing the
shallow eastern South Pacific mantle in this region
for a long time [Phipps Morgan et al., 1995].

[s] Interpretation of side-scan sonar data suggests
the bulk of the seamounts in the Rano Rahi field may
have formed within about 50 km of the axis, but
reflective surfaces at greater distances imply that
some relatively recent volcanic activity has occurred
farther off axis [Shen et al., 1993; Scheirer et al.,
1996a]. Like axial basalts, near-axis seamounts are
the products of melting in the upwelling mantle
beneath ridges, but they draw melt from a smaller
volume of the melt zone; also, seamount magmas
tend not to be homogenized as effectively by mixing
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Table 1. Selected GL-08 Dredge Numbers and Positions®

Distance
Water From Ridge, Projected  Seafloor
Dredge Chain Feature Latitude, °S  Longitude, °W  Depth, m km Latitude = Age, Ma
Pacific Plate
66 Cloud smt 18.66 113.86 2178 44 18.75 0.6
68 Cloud flow 18.72 114.07 3119 69 18.86 1.0
70 Cloud smt & refl 18.61 114.38 2346 101 18.81 1.5
71 Cloud smt & refl 18.65 114.47 3024 111 18.87 1.6
72 Hurihuri smt & refl 18.37 114.49 1535 116 18.61 1.7
73 Hurihuri smt 18.23 114.73 3085 144 18.52 2.1
76 Cloud smt 18.65 114.83 3157 150 18.95 2.2
77 Hakateka smt & refl 18.77 115.22 3301 188 19.15 2.7
78 Cloud smt & refl 18.48 115.10 3107 180 18.85 2.6
79 Cloud smt & refl 18.46 115.22 3061 193 18.85 2.8
80 Cloud smt & refl 18.45 115.29 2860 203 18.86 2.9
81 Cloud smt 18.40 115.49 1621 222 18.85 32
82 Beraiti smt & refl 18.61 115.97 3333 272 19.16 3.9
85 Cloud smt 17.94 116.55 3185 344 18.64 5.0
86 Taipaka smt 17.81 117.31 3162 427 18.67 6.2
89 Pukapuka smt 17.56 117.44 3245 447 18.46 6.5
91 Ruru smt & refl 17.64 116.72 3004 364 18.38 5.3
94 Ruru smt 17.84 115.78 2531 260 18.37 3.8
95 Bibiariki smt 17.54 115.88 2622 280 18.11 4.1
97 Hikipuku smt 17.17 115.95 2345 294 17.77 43
98 Hikipuku smt 17.13 115.69 3266 266 17.67 3.9
99 Patia smt & refl 17.56 115.38 3243 226 18.02 33
100 (S. of Ruru) smt 17.93 116.02 2720 286 18.51 4.2
101 (S. of Ruru) smt & refl 18.09 115.25 2877 202 18.50 2.9
102 (seamount) smt 17.95 114.72 2485 148 18.25 2.1
103 Chapple smt 17.91 114.10 2702 82 18.08 1.2
104 (lava flow) flow 18.33 114.04 3076 70 18.47 1.0
105 Toroko smt & refl 17.90 113.51 2785 23 17.95 0.3
109 Anakena smt 17.64 113.50 2929 25 17.69 0.4
111 Anakena smt 17.54 113.98 1832 78 17.70 1.1
112 Patia smt 17.64 114.74 2634 155 17.95 2.2
113 Patia smt 17.53 114.80 3022 163 17.86 2.4
114 Anakena smt 17.44 114.71 3060 155 17.75 2.2
115 Rangi smt 17.17 113.99 2201 89 17.35 1.3
116 (seamount) smt & refl 17.19 113.31 2863 17 17.22 0.2
122 Carberry smt 16.90 113.27 2896 17 16.93 0.2
123 Providence smt 16.76 113.18 3000 12 16.78 0.2
124 Providence smt & refl 16.70 113.31 2822 26 16.75 0.4
125 Providence smt & refl 16.65 113.36 2925 31 16.71 0.4
126 Providence smt & refl 16.68 113.47 2823 43 16.77 0.6
127 Carberry smt & refl 16.83 113.73 3041 67 16.97 1.0
128 Carberry smt & refl 16.81 113.84 2957 83 16.98 1.2
129 (near ridge) smt 16.33 113.12 3121 10 16.35 0.2
130 (near ridge) smt 15.96 113.07 3010 12 15.98 0.2
131 (seamount) smt & refl 16.19 113.36 3007 37 16.27 0.5
133 Santa Barbara  smt 16.07 114.87 1622 199 16.47 2.9
134 (seamount) smt & refl 15.40 115.26 3035 248 15.90 3.6
136 Poki smt & refl 15.80 115.99 3147 322 16.45 4.7
137 (seamount) smt 15.42 115.98 2350 331 16.09 4.8
138 Hotu Matua smt & refl 15.50 116.63 3324 396 16.30 5.7
Nazca Plate
106 (seamount) smt & refl 18.11 113.17 3003 19 18.07 0.2
107 (lava flow) smt 17.82 112.48 3030 85 17.65 1.1
108 (seamount) smt & refl 17.79 112.89 2926 41 17.71 0.5
117 (seamount) smt 17.48 113.09 2942 14 17.45 0.2
119 Umu smt & refl 17.31 112.92 2971 29 17.25 0.4
120 (near ridge) smt 17.18 113.01 2900 14 17.15 0.2
121 (seamount) smt & refl 16.85 112.86 3003 25 16.80 0.3
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as axial magmas [e.g., Batiza and Vanko, 1984;
Zindler et al., 1984; Graham et al., 1988; Niu et
al., 1996, 2002]. The only previous geochemical
study of any Rano Rahi seamounts found that
several near the axis at 18.2—18.9°S display a
greater range of isotopic and incompatible element
ratios than seen in nearby axial basalts [Niu et al.,
1996]. Local decoupling between isotopic ratios and
incompatible element ratios was documented, and
argued to be a result of previous, relatively recent 1—
3% partial melting of the upper mantle followed by
melt migration that led to local incompatible ele-
ment depletions and enrichments in the mantle. Less
pronounced decoupling was observed on a regional
scale along axis between 13°S and 23°S, and like-
wise attributed to small amounts of previous mantle
melting [Mahoney et al., 1994]. Decoupling at both
scales is consistent with melting because the more
incompatible elements, such as Rb, K and Nb, are
more affected than mildly incompatible elements
like Ti, Y and Yb.

3. Sampling and Summary of Major

Element Characteristics

[6] During Leg 8 of the Gloria expedition ofthe R/V
Melville, we dredged samples from 70 sites within
the Rano Rahi seamount field (Figure 1b; Table 1).
Most dredge hauls were on the tops, flanks, or bases
of seamounts, many of which were in locations
showing high reflectivity on side-scan sonar records
over a broad geographic area. We also recovered
samples from five flat-lying reflective areas (inter-
preted as lava flow fields) away from any nearby
seamount. In general, the mass of rock recovered
and sample freshness were greater closer to the axis,
but samples suitable for petrogenetic study were
recovered as far as 447 km west of the axis (mea-
sured parallel to the spreading direction; Table 1).
Samples selected for isotopic, trace element, and
“OAr-*Ar age determinations were chosen for geo-
graphic coverage and to be representative of the
range of major element compositions.

[7] Major element data (Tables A1 and A2) will be
presented and discussed fully in another paper (L.
S. Hall et al., Melting beneath the Rano Rahi

Notes to Table 1:

(CaO/ALO,)q

)
- ¥
Pacific | @ N-MORB . Dﬁé
plate © E-MORB
0.60— Cloud cluster N
N-MORB
B Nalﬂtia {- N-MORB
L plate 7 o E-MORB |
A Pukapuka b
ridges

47 | | | | |

1.0 1.5 2.0 25 3.0 3.5 4.0

Figure 3. (Na,O)g versus (a) (CaO/Al,03)z and (b)
(S10,)5. Solid line encloses data for axial glasses from
R/V Moana Wave cruise MW8712 [Sinton et al., 1991].
Pukapuka ridge data are for samples with MgO >5.8
wt% [Janney et al., 2000].

seamount field, East Pacific Rise, 15—19°S, man-
uscript in preparation, 2006). Most of our samples
are tholeiitic basalt, similar to axial MORB (mid-
ocean ridge basalt) in this area [see Sinton et al.,
1991]. The most notable differences are that the
Rano Rahi samples have higher average MgO than
axial basalts (8.2 wt% versus 7.1 wt%), and extend
to higher (Na,O)g and lower (CaO/Al,O3)s and
(Si0,)g values (Figure 3; the subscript-8 indicates
adjustment to 8 wt% MgO by regression through
the combined Rano Rahi and axial data, similar to

“Dredge numbers are for Leg 8 of the GLORIA cruise of R/V Melville, and include those with samples studied for isotopes and trace elements.
See Figure 2 for locations of named seamount chains. Features dredged: “smt,” the slope or top of a seamount; “smt&refl,” a seamount with a
patch of side-scan-reflective seafloor at its base on the map of Scheirer et al. [1996a]; “flow,” a flat-lying patch of reflective seafloor. Latitude,
longitude, and depth are where the dredge touched bottom; dredges were usually dragged less than 1 km. Distance from the axis was measured
parallel to spreading direction (azimuth 283° on the Pacific plate, 103° on the Nazca plate [Cormier et al., 1996]). Projected latitude is the latitude at
which a line from the dredge site and parallel to the spreading direction intersects the axis. Seafloor age (sa) was calculated from sa = d/r, where d is
distance from the axis and r is average accretion rate (69 km/Myr for the Pacific and 78 km/Myr for the Nazca plate [Scheirer et al., 1996a)).
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the method of Niu et al. [1996]). Most of the
Rano Rahi samples are compositionally normal
MORB (N-MORB), although fifteen of those
discussed in this paper (plus five of Niu et
al.’s [1996]) are enriched in highly incompatible
elements relative to moderately incompatible
ones. These samples, with K,O/TiO, > 0.10
when measured on glass, are referred to as E-
MORB below. (This E-MORB definition is
roughly equivalent to the definitions of T-MORB
by Sinton et al. [1991] and Mahoney et al.
[1994].) Individual dredge hauls contained either
N-MORB or E-MORB, with two exceptions
(Figure 1b). Dredges 119 and 137 yielded both
types, but the E-MORB samples are not greatly
different from the associated N-MORB. For ex-
ample, K,O/TiO, in E-MORB 119-6 and 137-1
are just 0.12 and 0.10, respectively.

4. Methods

[s] The “°Ar-*°Ar age determinations were per-
formed at Oregon State University following
Duncan and Hogan [1994] and Duncan [2002].
We measured the isotopic composition of Ar
in each of 4—6 temperature steps extracted by
resistance-furnace heating (400°C to fusion) of
~200 mg disks cut from the freshest, most holo-
crystalline, aphyric interior portions of bulk rocks.
Mass/charge was measured at 35, 36, 37, 38, 39
and 40 with a MAP 215/50 mass spectrometer and
the data reduced with the ArArCALC software
[Koppers, 2002]. Details are available online at
http://www.earthref.org (on the EarthRef Digital
Archive page, use keyword Rano Rahi).

[o] Isotopic and elemental analyses were per-
formed at the University of Hawaii according
to the procedures used by Mahoney et al. [1994]
and Neal [2001]. For Nd, Sr, and Pb isotope
measurements, acid-cleaned glass was used, ex-
cept for six samples without fresh glass (see
Table 2); for these, we used small chips of
acid-cleaned rock. Concentrations of Nd, Sm,
Sr, Rb, and Pb were determined by isotope
dilution for most of the samples analyzed for
isotopes. A subset of samples (mostly glasses)
was analyzed for a larger suite of incompatible
trace elements by inductively coupled plasma-—
mass spectrometry (ICP-MS). Additionally, Sr, Y,
Zr, and Nb were measured for a group of bulk-
rock samples by X-ray fluorescence (XRF) spec-
trometry. For several dredge hauls, we measured
more than one sample by XRF spectrometry. We
measured isotope ratios for three samples from

dredge 119. Two samples from dredge 128 were
dated by *°Ar-**Ar methods.

[10] Concentrations of Sr, Nd, and Sm measured
on material from the same sample by both isotope
dilution (Table 2) and ICP-MS (Table 3) agree
within measurement error in all but a few cases.
The elements Sr, Zr, Y, and Nb measured on glass
by ICP-MS and whole rock by XRF (Table 4) from
the same sample agree substantially. Small differ-
ences for a few samples are likely to reflect the
presence of phenocrysts in the whole rock. For Nb
concentrations <4.5 ppm, the XRF values are
systematically greater by an average of 0.5 ppm.
Below, we rely on measurements made on glass
and use ratios of elements measured by the same
method where possible.

5. Results

5.1. Ranges and Covariation of Isotope
Ratios and Incompatible Elements

5.1.1. Isotope Ratios

[11] The Rano Rahi lavas display a wider isotopic
range than found anywhere along axis between the
Garrett Fracture Zone and the Easter Microplate.
The data both extend and overlap the axial data
array (Figures 4 and 5); for example, eng = +10.8
to +6.3 for the Rano Rahi lavas versus +11.1 to
+8.8 along axis, ¥’Sr/*°Sr = 0.70244-0.70313
versus 0.70237-0.70271, and *°°Pb/***Pb =
18.078—19.280 versus 18.057—18.645. Correla-
tions among the Rano Rahi data are slightly weaker
than for the axial basalts, particularly in plots
involving *’Sr/**Sr (mostly because of several
bulk-rock samples; see below). Rano Rahi isotope
ratios also overlap considerably with data for the
Pukapuka ridges, and the combined data for axis,
seamount field, and Pukapuka ridges define a
single, essentially linear array in Nd-Pb-Sr isotope
space.

[12] In addition to seamount lavas, we measured
isotope ratios (and trace elements) in two basalts
from lava fields in flat-lying areas far from a
seamount (samples 68-4 and 104-3). These lavas
show no systematic isotopic differences from the
seamount samples.

[13] Isotope ratios for the Rano Rahi E-MORB
tend to lie toward the high-®7Sr/®®Sr,
high-2°Pb/2**Pb, low-eng end of the Rano Rahi
range, although ratios for the N-MORB overlap all
but one E-MORB value. Relative to the mean data
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Table 2. TIsotope Ratios and Trace Element Concentrations by Isotope Dilution®

Sample  2°°Pb/”%Pb  2“Pb/%Pb  2%PbA™Pb  FSr%Sr Nd/'**Nd  eng RD Sr Nd Sm Pb

66-3 18.555 15.484 38.027 0.70263 0.513109 9.1 157.4  9.550 0.383
68-4 18.488 15.498 38.007 0.70256 0.513133 9.6 0.443
70-1 0.70277 0.513042 7.8 0310 161.5 6.581

71-1 18.953 15.533 38.525 0.70290 0.513005 7.1 0364 1489 8.330 3.001 0.354
73-4 18.865 15.545 38.465 0.70281 0.513041 7.8 0.041 1927 8.443 2871 0.403
76-1 18.632 15.510 38.160 0.70270 0.513071 8.4 1773 1717 5.668 0.692
77-1 18.808 15.533 38.386 0.70266 0.513076 85 742 2369 18.14 4924 0.892
78-1 18.608 15.518 38.158 0.70281 0.513055 81 0.131 1575 7.081 2.454 0.279
79-1 18.763 15.540 38.351 0.70294 0.513053 8.1 0.227
80-1 18.681 15.527 38.196 0.70282 0.513066 8.3 1.17 233.0 9.575 3.105 0.419
81-24 18.837 15.553 38.457 0.70297 0.513024 7.5 205 1493 6.010 2.117 0.234
82-2 0.70281 0.513040 7.8 0269 1612 7.976 2.726
82-2dup 18.746 15.530 38.327 0.70284 0.513034 7.7 0.309
85-1 18.550 15.511 38.057 0.70282 0.513112 92 0961 188.6 10.38 3.498 0.419
86-1 18.697 15.540 38.251 0.70264 0.513081 8.6 0.651 227.7 10.08 0.513
89-1 18.585 15.518 38.132 0.70257 0.513114 92 0.883 1757 13.14 4233 0.543
91-1 18.632 15.511 38.143 0.70258 0.513110 9.2 0248 1148 7.767 2910 0.270
94-2 18.778 15.518 38.257 0.70262 0.513090 88 0.197 103.2 6.497 2.433 0.206
98-1 18.727 15.509 38.226 0.70284 0.513098 89 0.635 1134 8.622 3.197 0.270
99-3 18.355 15.489 37.842 0.70246 0.513148 99 0.825 2175 1136 3.556

100-1 18.399 15.477 37.853 0.70246 0.513140 9.8 0.395
101-7 18.789 15.531 38.356 0.70266 0.513093 88 7.01 2734 20.65 5.831 1.175
103-3 0.70268 0.513128 95 0341 1047 7.869

104-3 0.70297 0.513052 80 0.096 1004 4.894 1.927

106-1 18.919 15.524 38.395 0.70271 0.513075 85 0.128 107.8 6.588 0.216
107-1 18.911 15.530 38.443 0.70270 0.513058 82 0482 146.1 6.459 2413 0.243
108-4 18.850 15.539 38.377 0.70267 0.513060 82 0.121 1244 6320 2376 0.255
109-1 18.278 15.457 37.767 0.70256 0.513189 10.7 0.124
111-6 18.501 15.484 37.955 0.70271 0.513134 9.6 0.718 1209 7.495 0.263
113-1 18.078 15.410 37.545 0.70244 0.513163 102 0.179 200.6 7.479 2493 0.303
113-1dup 18.078 15.411 37.550

114-1 0.70268 0.513096 89 0.153 111.6 7.000

116-1 18.599 15.512 38.135 0.70267 0.513131 9.6 81.6 6.454 2.632 0.226
119-1 18.710 15.503 38.185 0.70265 0.513104 9.1 0.299
119-3 18.494 15.489 37.986 0.70264 0.513111 9.2 0.393
119-6 18.575 15.492 38.065 0.70261 0.513110 92 1.00 189.9 9.583 2767 0.344
121-2 18.601 15.502 38.104 0.70267 0.513107 9.1 0963 140.6 7.790 2.706 0.305
125-2 0.70259 0.513141 9.8 290 181.6 1323 3.984
125-2dup 18.596 15.505 38.148 0.70262 0.513144 9.8 286 1822 1321 4.052 0.681
126-2 18.809 15.520 38.384 0.70298 0.513025 7.5 0.166
127-1 18.636 15.506 38.196 0.70271 0.513124 94 381 138.1 16.03 5270 0.691
128-1 18.495 15.491 37.980 0.70263 0.513130 9.6 0431 1457 10.79 3.664 0.370
130-3 18.130 15.424 37.581 0.70247 0.513192 10.8 0.630
131-3 18.730 15.528 38.289 0.70257 0.513145 9.9 0.826
133-3 18.340 15.480 37.842 0.70253 0.513167 103 0.237 106.7 6.196 2361 0.228
134-5 18.788 15.545 38.391 0.70272 0.513066 83 554 2249 18.73 5431

136-1 18.850 15.551 38.454 0.70283 0.513077 8.5 1.361
137-1 18.343 15.482 37.804 0.70285 0.513159 10.1 286 181.0 11.84 3.827 0.455
138-2 19.280 15.609 38.970 0.70313 0.512965 6.3 183 367.1 37.97 1.947

4 Sample numbers have the form dredge # - rock #; boldface indicates E-MORB, italics indicate the Cloud cluster (see text), and underlines
indicate those samples for which bulk rock rather than glass was analyzed. Measurements on du}i)licate dissolutions and hand-picks of sample are
labeled “dup.” Fractionation corrections are 0.1194 for *°Sr/%8Sr and 0.242436 for *8NdO/"**NdO. Isotope ratios are reported relative to the
measured value of ®7Sr/*Sr = 0.71024 for NBS 987 Sr, to '**Nd/"**Nd = 0.511850 for La Jolla Nd (0.511845, measured), and the Pb isotope values
of Todt et al. [1996] for NBS 981 Pb. The total range measured for NBS 987 Sr over a 2-year period was £0.00002; for La Jolla Nd it was
+0.000011 (+0.2 Exg units); for NBS 981 Pb it was+0.011 for 2°°Pb/2**Pb and 2°’Pb/***Pb, and +0.031 for 2°*Pb/?**Pb. Within-run 2o errors for the
data reported are less than the external uncertainties on these standards. Measurements were made on a VG Sector multicollector instrument in static
mode for Pb and dynamic mode for Sr and Nd. €yq = 0 corresponds to "**Nd/'**Nd = 0.51264. Total procedural blanks were 4—32 pg for Pb, <60
pg for Sr, and <10 pg for Nd. Element concentrations are in ppm. Relative uncertainties (20) for Rb, Sr, Nd, Sm, and Pb abundances are ~1%,
<0.5%, <0.2%, <0.2%, and <1%, respectively.
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Table 4. Whole Rock Trace Element Concentrations
by XRF®

Sample Sr Y Zr Nb
66-3 159 29 103 3.8
68-3 108 30 68 1.0
70-2 177 24 83 1.6
71-1 145 30 89 1.7
72-2 147 25 77 1.1
72-7 110 27 63 0.9
73-4 181 28 97 0.7
76-1 180 47 185 4.1
77-1 37 188 15.2
78-2 175 26 84 1.1
79-2 131 24 65 1.3
80-1 223 26 108 1.0
81-24 139 21 66 1.1
82-2 152 24 80 1.2
85-1 212 32 128 2.8
94-4 83 21 51 1.3
95-1 176 19 59 0.8
97-2 111 31 72 1.0
98-1 109 33 92 1.8
99-1 227 29 119 1.4
100-1 263 26 102 1.7
101-1 251 35 186 144
101-7 276 41 223 12.9
102-3 160 26 93 0.9
104-1 99 30 53 0.6
105-1 133 24 71
106-1 117 21 55 1.0
107-1 122 25 67 1.9
108-4 125 22 63 0.7
109-1 63 22 41 0.6
111-6 120 29 77 1.3
112-4 67 24 44 0.8
113-1 196 23 84 1.5
114-1 114 28 73 1.4
115-1 112 21 52 1.0
116-1 82 29 64 1.3
117-6 108 21 52 1.2
119-1 153 25 71 1.6
119-3 178 24 87 2.5
119-6 167 24 84 4.0
120-1 79 24 49 0.8
121-2 138 23 77 32
122-2 116 49 154 4.7
123-1 128 41 126 5.8
123-2 160 43 167 8.2
124-8 100 20 49 0.9
125-2 177 32 137 5.4
126-2 86 26 51
127-1 133 50 164 7.7
128-1 143 34 113 2.2
129-1 99 40 108 24
130-3 116 57 182 4.5
130-4 131 30 89 3.1
133-3 120 28 67 1.2
134-5 228 40 186 13.3
137-1 176 33 125 4.2
137-6 127 29 82 2.0
137-8 124 28 79 1.7
138-1 360 48 354 40.9

Table 4. (continued)

Sample Sr Y Zr Nb
BCR-1

meas. 328 38 193 12.3
rec. 330 38 190 14

#Sample numbers in boldface or italics as in Table 2. Concen-
trations are in ppm. An estimate of accuracy is provided by comparison
of measured (n = 11) and recommended [Govindaraju, 1994] values
for standard BCR-1. Typical reproducibility (20) for Sr, Y, Zr, and Nb
is£2, 1, 5, and 0.6 ppm, respectively. Measurements were made with a
Siemens 303-AS instrument.

trend, a subset of N-MORB have sli_ght%y lower
206pp/2%ph (by ~0.1-0.2) for their *’Sr/**Sr and
eng (Figure 5, diamonds). These N-MORB also
have higher ®’Sr/*®Sr and lower exq than found for
most of the Rano Rahi and axial N-MORB. This
distinctive group (denoted by italics in Tables 2—5)
comes from a cluster of sites in the Cloud, Beraiti,
and Hurihuri chains in the southern part of the
seamount field; we refer to these lavas as the Cloud
cluster. Only one of our samples (126-2) from
outside the Cloud cluster has similar characteristics.

5.1.2. Alteration Effects

[14] Three whole rock samples (137-1, 85-1, and
98-1) have notably high ®’Sr/**Sr relative to their
eng Vvalues, and a fourth (111-6) has slightly ele-
vated ¥’Sr/*°Sr (Figures 4a and 5a). These samples
are visibly altered, and their *’Sr/**Sr values have
probably been increased by seawater alteration.
The *’St/*®Sr values of two other whole rock
samples (80-1 and 81-2A) do not appear to be
elevated appreciably.

[15] Seawater alteration also appears to have in-
creased the concentrations of Rb, Ba, and U in all
six whole rock samples. Ratios of these elements to
alteration-resistant elements (e.g., Rb/La, U/ND),
when plotted relative to a ratio of two alteration-
resistant elements such as Nb/Zr, are higher in the
whole rock samples than in the glasses (Figure 6a).
Concentrations of Rb have been affected the most.
In the discussion that follows, we do not depend on
87Sr/%°Sr, Rb, Ba, or U for the whole rock samples,
and in figures following Figure 6 have excluded
data for these elements for these samples.

5.1.3. Incompatible Element
Characteristics

[16] Concentrations of highly incompatible ele-
ments range widely (e.g., Nb, 0.3—41 ppm). Mod-
erately incompatible elements have smaller but still
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Figure 4. (a) *’St/*Sr versus eng, (b) 2°’Pb/2**Pb versus 2°°Pb/2**Pb, and (c) 2**Pb/***Pb versus 2°°Pb/***Pb.
Pukapuka ridge data are Janney et al.’s [2000]. Principal data sources for the 13.4—23°S EPR axis (outlined field) are
Mahoney et al. [1994], Bach et al. [1994], and Niu et al. [1996]. Labeled data points in Figure 4a indicate bulk-rock
samples with Sr isotope ratios that appear to have been elevated by seawater alteration. Note that data for sample 126-
2 are shown with the diamond symbol for the Cloud cluster N-MORB in this and subsequent figures (see text). Error

bars are for data of Table 2.

substantial ranges (e.g., Zr, 40—360 ppm). Primi-
tive-mantle-normalized patterns for the Rano Rahi
N-MORB are similar to those of axial N-MORB,
with relative depletions in the highly incompatible
elements (Figure 7). The E-MORB display flatter
patterns, and four E-MORB show relative enrich-
ment in the highly incompatible elements, similar to
several Pukapuka ridge lavas. Ratios of elements
with significantly different bulk solid-liquid distri-
bution coefficients (D) range from slightly lower to
much higher than axial values when the more
incompatible element is in the numerator (e.g., see
Nb/Zr in Figure 6). Variation in ratios of highly
incompatible elements with similar D, such as Rb/
La and La/Ce, is also greater than seen along axis.
Overall, correlations among incompatible element
ratios are strong and, as with isotopic ratios, define a

single trend that includes axial, Rano Rahi, and
Pukapuka ridge data.

[17] In contrast, ratios of highly incompatible to
moderately incompatible elements form a branched
array when plotted against isotope ratios (Figure 8).
High- and low-Nb/Zr, Ce/Yb, etc. branches are
defined by the Rano Rahi E-MORB (and Pukapuka
ridge lavas) and N-MORB, respectively. The low-
eng, high-*Sr/*°Sr, high->°°Pb/2**Pb portion of the
N-MORB branch is defined largely by the Cloud
cluster lavas.

5.1.4. Variations With Latitude

[18] N-MORB are present throughout the Rano
Rahi field. E-MORB occur over most of the range
of latitudes sampled (Figure 1b), but we did not
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Figure 5. (a) 87Sr/%Sr and (b) eng versus 2°°Pb/2**Pb. Symbols and data sources are as in Figure 4. (¢ and d) The
data relative to fields for several South Pacific island groups (island data are from GEOROC database (http://
georoc.mpch-mainz.gwdg.de), plus J. S. Ray and J. J. Mahoney (unpublished data); a list of references is available
from the first author). Composition of proposed mantle end-member C is from Hanan and Graham [1996].

find any E-MORB on either the Pacific or Nazca
plates between projected latitudes (the latitude
where a line through a dredge site parallel to the
spreading direction intersects the axis; see Table 1
footnote) of 17.25° and 18.5°S.

[19] Isotope ratios for many Rano Rahi lavas are
within or close to the values observed on the
axis at their projected latitude. However, data for
the Pacific-plate samples form two distinct lati-
tudinal peaks, with maximum values in Sr and
Pb isotopes and minimum values in eng, at about
16.3°S and 18.8°S (Figures 9a—9d). These peaks,
which are defined mainly by E-MORB and
Cloud cluster N-MORB, do not coincide with
the culmination of the broad axial isotopic peak
at 17-17.5°S. Both Rano Rahi peaks straddle
magmatic and physical segment boundaries at the
axis (at 16°S and 18.6°S [Sinton et al., 1991])
and thus appear to be independent of recent
magmatic processes and physical segmentation
at the axis.

[20] Several Pacific-plate Rano Rahi N-MORB
with projected latitudes between about 17.6°S
and 18.8°S have lower 3’Sr/*°Sr and 2°°Pb/*°*Pb,
and higher eygq, than axial lavas in the same latitude
range, approaching the regional axial “baseline”
values defined by the two 250-km-long sections of
axis north and south of the broad isotopic peak;
that is, north of ~15.8°S and south of 20.7°S
(Figures 9a—9d). These two sections of the axis
closely resemble each other in eynyq, 87Sr/3°Sr, and
206pp294py. However, the section north of 15.8°S
is characterized by lower (by 0.02-0.04)
207pb/2%*Ph for a given *°°Pb/***Pb than that south
of 20.7°S, indicating that two distinct mantle
domains are present north and south of the axial
isotopic peak [Mahoney et al., 1994]. Three Rano
Rahi lavas with high eng, low *’Sr/*°Sr, and
2%pp/**Pb < 18.3 have low **’Pb/***Pb, like the
axial lavas north of 15.8°S (Figures 4b and 9d).

[21] Of the Nazca-plate samples, the four northern
ones (from dredges 119 at 17.25°S and 121 at
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Table 5. “*°Ar-*°Ar Incremental Heating Ages for Whole Rocks®
Total Plateau
Sample Chain or Location Fusion Age, Crustal Off-Axis Position
GLO08- Group °S, °W) %K  Age, Ma N Ma + lo Age, Ma Origin Now
77-1 Hakatea 18.77, 11522 0.49 0.3 5/5 023 +0.06 2.7 173 188
0.3 3/6  0.25+0.09 2.7 171 188
82-2 Beraiti 18.61, 11597  0.04 4.7 3/5  4.01 046 3.9 0 272
3.9 6/6  4.16 +0.37 3.9 0 272
70-1 Cloud 18.61, 11438 0.06 22 5/5  1.85+0.55 1.5 0 101
76-1 Cloud 18.65, 114.83  0.14 2.1 2/5  135+0.54 22 57 150
3.8 4/5 139 +0.06 22 54 150
78-2 Cloud 18.48, 115.10  0.05 51.8 excess *0Ar 2.6 180
85-2 Cloud 17.94, 116.55  0.12 7.5 3/5 407 +1.25 5.0 63 344
5.5 3/5  4.05+0.20 5.0 65 344
66-3 Cloud 18.66, 113.86  0.11 0.5 4/5  0.32+0.30 0.6 22 44
16.2 excess “Ar 0.6 44
81-24 Cloud 18.40, 11549  0.21 43.0 excess *Ar 3.2 222
86-1 Taipaka 17.81, 117.31  0.11 43 5/5 438 +447 6.2 124 427
15.2 excess "’ Ar 6.2 427
101-7 Ruru 18.09, 115.25  0.54 1.5 35 129+0.15 2.9 113 202
1.8 3/5 137 +0.05 2.9 108 202
94-4 Ruru 17.84, 115.78  0.05 3.2 5/5  2.68 +0.77 3.8 75 260
104-1 flow 18.33, 114.04  0.03 349.2 excess™Ar 1.0 70
103-3 Chapple 17.91, 11410  0.07 1.1 3/4  0.96 = 0.03 1.2 16 82
99-1 Patia 17.56, 11538 0.13 3.0 5/5 271 +0.23 3.3 39 226
113-2 Patia 17.53, 11480  0.11 2.9 56 2.69 +0.27 2.4 0 163
105-1 seamount 17.90, 113.51  0.03 9.3 excess™ Ar 0.3 23
109-1 Toroko 17.64, 113.50  0.02 375.0 excess*Ar 0.4 25
111-6 Anakena 17.54, 113.98 0.05 6.8 excess™Ar 1.1 78
114-1 Anakena 17.44, 11471  0.06 6.2 3/5 1.83 048 22 29 155
119-6 Nazca 17.31, 112.92 2.5 excess "’ Ar 0.4 29
128-1 Carberry 16.81, 113.84  0.18 0.9 4/5  0.51 +0.65 1.2 48 83
128-3 Carberry 16.81, 113.84  0.18 0.6 3/5 030 +0.13 1.2 63 83
1.7 2/5  0.47 +0.09 1.2 51 83
123-2 Sta. Barbara  16.76, 113.18  0.26 2.0 5/5 034+ 1.96* 0.2 0 12
133-3 Sta. Barbara  16.07, 114.87  0.14 19.3 5/5 321+ 1.79*% 2.9 0 199
134-5 H. Matua 15.40, 11526  0.41 0.6 5/6  0.52 +0.04 3.6 212 248
0.5 4/5  0.50 + 0.09 3.6 213 248
137-2 H. Matua 15.42, 11598  0.17 8.3 3/5  4.67+0.32 4.8 8 331

#Sample numbers in boldface or italics as in Table 2. Individual step compositions and other details are at http:/www.earthref.org (on the
EarthRef Digital Archive page, use keyword Rano Rahi). Ages are reported relative to biotite monitor FCT-3 (28.04 £ 0.12 Ma), which is calibrated
against hornblende Mmhb-1 (523.5 Ma [Renne et al., 1994]). Plateau ages are the mean of concordant step ages (N = steps used/number of steps),
weighted by the inverse of their variances. In two cases (*) the isochron age is preferred because of evidence for small amounts of mantle-derived
initial Ar. Calculations use the following decay and reactor interference constants: Ao = 0.581 x 10710 yrfl, X3 =4.963 x 10710 yrfl; COArP7Ar) e,
=0.000264, *°Ar 7 Ar)c, = 0.000673, (**Ar/°Ar)c, = 0.01. T is the neutron fluence factor, determined from measured monitor “*Ar/*°Ar. Distance
at eruption = (sa—a) x r, where sa is seafloor age, a is the sample’s “’Ar-**Ar plateau age, and r is the average seafloor accretion rate (69 km/Myr).

16.80°S) have isotope ratios in or close to the axial
range. Those from dredges 106—108 at 17.65—
18.07°S have *’Sr/*®Sr in or slightly above the
axial range at their projected latitudes, but lower
eng and higher 2°°Pb/?**Pb than found anywhere
on axis.

[22] Ratios of highly over moderately incompatible
elements, such as Rb/Nd and Nb/Zr, rise to peaks
at latitudes of about 15.9—17.0°S and 18.5-19.2°S
(Figures 9¢ and 9f), corresponding to the two
isotopic peaks in our Pacific-plate samples. High
values of such ratios also occur in places along the

axis, but the Rano Rahi lavas reach significantly
greater values. For axial basalts in the 13-23°S
region, ratios of moderately incompatible elements
with broadly similar D, such as Pb/Nd, change
little. In contrast, Pb/Nd in the Rano Rahi basalts
rises to two peaks at the same latitudes as those for
Rb/Nd and Nb/Zr (Figure 9g). Note that whereas
the Cloud Cluster samples are important in defin-
ing the southern peak in isotope ratios, the southern
peak in incompatible element ratios is largely
defined by E-MORB in Figures 9e and 9f and, to
a lesser extent, Figure 9g. (Note also that isotope
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Symbols are as in Figure 4. Labels in Figure 6a indicate
bulk-rock samples.

data are available for several samples for which
trace element data are incomplete or lacking.)

[23] Minimum values of ratios of highly incompat-
ible elements over moderately incompatible ele-
ments, such as Rb/Nd and Nb/Zr, show modest
northward increases within the seamount field, as
do axial minimum values (Figures 9¢ and 9f).
However, the minimum values for these ratios are
lower, overall, than found along axis. The lowest
values are near 18.5°S, near the northern boundary
of the Cloud cluster.

5.2. Ages of Rano Rahi Lavas

[24] Nineteen samples of twenty-six analyzed
yielded acceptable *°Ar->’Ar plateau or isochron
ages (Table 5). These samples were dredged west

of the axis at distances between 12 and 427 km
(Figure 1b). The ages vary from 0.23 to 4.67 Ma.

[25] The main impediment to obtaining reliable
crystallization ages in these petrographically fresh
samples is variable retention of mantle-derived
“OAr, often called “excess Ar.” Seven samples
contained excess “°Ar, from which no reliable
crystallization age could be determined. In samples
where excess Ar was not significant, step ages
formed a concordant series, comprising a majority
of the gas released, from which we calculated a
plateau age (mean weighted by the inverse of the
variance); e.g., sample 99-1 (Figure 10a). In some
cases, the highest temperature step produced an age
greater than the plateau, which we interpret as a
memory (line blank) effect; e.g., sample 103-3
(Figure 10b). Excess Ar is apparent in samples
with variable step ages that exceed the crustal age
(Figure 10c). In two instances (samples 123-2 and
133-3) excess Ar was minimal and of uniform
isotopic composition, such that isochrons devel-
oped; from them we calculated crystallization ages
and non-atmospheric initial Ar compositions of
299-300; e.g., sample 133-3 (Figure 10d). Seven
of nine dated samples that were analyzed twice
produced identical results, within analytical error,
whereas excess “’Ar was identified in one of the
pair of the remaining two samples.

[26] Because the measured range of ages is sub-
stantial, spatial geochemical variations within the
Rano Rahi field do not represent a snapshot of, for
example, the two-dimensional mantle or magma
source variation at any single time. Distance from
the axis at the time of eruption (Table 5; Figure 2)
has been calculated for the dated samples using an
average crustal accretion rate of 69 km/Ma for the
Pacific plate in this region for the last 5 Myr
[Scheirer et al., 1996a]. Five samples yielded ages
greater than, but within one standard deviation in
analytical error of, the adjacent seafloor ages
(samples 70-1, 82-2, 113-2, 123-2, and 133-3).
We assign these samples a distance at eruption of
0 km. Although the seamount field extends more
than 450 km from the axis, the dated basalts all
erupted within 213 km of the axis. The two dated
samples dredged farthest from the axis both yielded
ages of less than 1 Ma; both are E-MORB: sample
77-1, with an estimated eruption distance of
172 km, and sample 134-5 at 213 km. Among
dated lavas older than 1 Ma, all erupted within
125 km of the axis. Regardless of age, most of the
dated lavas were erupted within 60 km of the axis,
confirming suggestions from side-scan sonar
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Figure 7.

Incompatible element patterns of selected Rano Rahi (top) N-MORB and (bottom) E-MORB relative to

the range for 13.4—23°S axial N- and E-MORB (gray fields, from data of Bach et al. [1994], Niu et al. [1996], and J.
Sinton (unpublished data)). Pukapuka ridge data are from Janney et al. [2000]. Concentrations are normalized to
estimated primitive-mantle values of Sun and McDonough [1989].

reflectivity [Scheirer et al., 1996a]. The average
eruption distance of the dated N-MORB is 36 km
(#36 km, 10).

[27] No significant correlation exists between erup-
tion age and isotope or incompatible element ratios
for the dated Rano Rahi basalts (Figures 11a—11c).
Likewise, no overall isotopic correlation is discern-
ible with original distance from the axis
(Figures 11d and 1le). Lavas formed within
60 km of the axis encompass nearly the entire
isotopic range among the dated samples. The five
erupted at distances >75 km show much less
isotopic variation, but given their small number,
it is not clear this result is meaningful. Lavas
erupted at distances >100 km have a narrow range
of relatively high Nb/Zr, whereas lavas formed

closer to the axis, both E-MORB and N-MORB,
have lower values (Figure 11f).

6. Discussion and Conclusions

6.1. Similarity of Rano Rahi Lavas to
Pukapuka Ridge Lavas

[28] The collinear isotopic array defined by the
axial, Rano Rahi, and Pukapuka ridge data
indicates the mantle in this region consists of
two principal end-members, ambient “baseline”
N-MORB-source mantle and Pukapuka-type
mantle. The former is best represented by the
low-2""Pb/?*Pb section of axis north of 15.8°S,
judging from the three Rano Rahi samples with
similarly low °"Pb/***Pb (Figures 4b and 9d).
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These lavas have projected latitudes between
15.98°S and 17.86°S. The northern mantle domain
thus appears to extend southward well into the
region of the axial isotopic peak, although its
presence along axis is obscured by the abundance
of basalt with higher ®’Sr/**Sr, higher 2°°Pb/***Pb,
and lower eng. The Pukapuka end-member appears
to lie rather close to the postulated C or “common”
mantle component [Janney et al., 2000] (Figures 5c
and 5d). Isotope arrays for several South Pacific
island groups also converge broadly toward this
composition, including those of the Marquesas and
Tuamotus, which respectively lie north and south
of the western end of the Pukapuka ridge system.
Hanan and Graham [1996] suggested C-type
compositions represent anciently subducted,
recycled oceanic lithosphere delivered to the upper

mantle by multiple plumes. Janney et al. [2000]
proposed that a larger than usual amount of C-type
mantle is present within the shallow asthenosphere
in the region of the French Polynesian hot spots
and is diluted with increasing distance from these
hot spots, at least in the corridor covered by the
Pukapuka ridges. Our results are entirely consistent
with this interpretation in that they confirm the
presence of significant amounts of C-type material
within the MORB-source mantle east of the Puka-
puka ridge system in the post-5.6 Ma period. Thus
a relatively simple pattern of prolonged eastward
flow of asthenosphere can explain most of the
observed isotopic variation. A recent interpretation
of near-axis seismic data [e.g., Hammond and
Toomey, 2003] offers additional support for east-
ward asthenospheric flow in this region.

[20] The Rano Rahi lavas differ isotopically from
the Pukapuka ridge samples as a group in having
less C-like signatures. However, the three youn-
gest, easternmost Pukapuka ridge samples are very
like some of the Rano Rahi lavas in isotopic (and
incompatible element) ratios. They were erupted
between 7.4 and 5.6 Ma at 21-145 km from the
axis (see Figure 11), whereas more C-like Puka-
puka ridge magmas were formed at greater dis-
tances, beneath thicker lithosphere [Janney et al.,
2000]. Rano Rahi lavas with isotope ratios over-
lapping those of the eastern Pukapuka ridge sam-
ples represent an age range of more than 4 Myr and
are found over a N-S distance of ~300 km. Thus,
although not distributed uniformly, C-rich astheno-
sphere similar to that which fed the Pukapuka
ridges has been present for a significant time over
a much wider zone than the 70-km-width of the
Pukapuka ridge system alone. Within our study
area, an upper limit on the current width of this
zone is provided by the ~500 km width of the
broad axial isotopic peak. Farther afield, recent
data indicate C-rich mantle in the sources of the
Hotu Matua seamounts (Figure 2) and, farther
north, the Sojourn and Brown ridges [Donnelly et
al., 2003].

6.2. Effects of Degree and Depth of
Melting

[30] Expression of the C-type end-member is greater,
overall, beneath the seamount field than along
axis. The lack of curvature in the combined axial,
Rano Rahi, and Pukapuka ridge isotopic array
(Figures 4 and 5) implies that concentration ratios
of St/Nd, Sr/Pb, and Nd/Pb in this end-member and
the ambient N-MORB-source end-member are
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Macdougall and Lugmair [1986] and White et al. [1987]. Rano Rahi data are at projected latitudes (see text). Note

that the eng scale is reversed.

rather similar (either in the solid state or in melts,
so long as D values for Sr, Nd, and Pb are rather
similar during melting). Precise estimation of the
proportion of C-type material in the basalts is
difficult, however, because the concentrations of
these elements in the C-type mantle are poorly
known, isotope ratios of this end-member are only
approximately known and, in particular, a combi-
nation of mixing and differential melting of end-
members appears likely (see below). Nevertheless,

consideration of simple mixing models provides
useful insights. Curve A in Figure 12a schemati-
cally illustrates variable mixing of two internally
homogeneous sources, assuming the C-type end-
member has slightly lower eng (+4.7) and slightly
higher 2°°Pb/””*Pb (19.9) than the lowest-eng
Pukapuka ridge lavas. These values are consistent
with rough lower and upper limits of about +4.5
and 20, respectively, suggested for this end-mem-
ber by companion plots of isotope ratio versus
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Figure 10. Representative age determinations from *°Ar->*Ar incremental heating experiments. (a—c) Heating step
ages are plotted against cumulative gas released (temperature) in age spectra. (d) Ar-isotopic compositions from
heating steps are plotted to determine an isochron age. In Figure 10a all step ages are concordant, and their weighted
mean age produces a “plateau age.” In Figure 10b the highest temperature step age is discordant from the ages
derived from the majority of gas released. In Figure 10c, step ages are discordant and much older than the inferred age
of underlying crust because of the presence of excess (inherited) *°Ar. The isochron diagram for the same experiment
(Figure 10d) reveals a common initial *’Ar/*°Ar exceeding the atmospheric value (295.5) and yields a crystallization
age from the slope of the linear fit to the step compositions.

concentration ratios with Nd or Pb in the denom-
inator (not shown). Curve B is also for mixing of
sources, except in this case the C-type end-member
is a model residue from which a 2% partial melt
was previously extracted. Curve C is for mixing of
a 5% partial melt of the high-eng source and a 1%
melt of the C-type source of curve A. It can be seen
that most of the Rano Rahi data lie within these
curves.

[31] Figure 12b shows Nd isotope ratio versus Pb/
Nd. The Pb/Nd ratio in basaltic systems is insen-
sitive to crystal fractionation (unlike ratios involv-
ing Sr), and in this diagram simple mixing of
homogeneous end-members should produce essen-
tially linear arrays. The combined axial, Rano
Rahi, and Pukapuka ridge data do define a rough
overall correlation, but significant variation is
evident in Pb/Nd at a given eyq value. Together
with variable mixing of sources and intrinsic
heterogeneity in the end-members, variation in
amount of partial melting is indicated. Most of
the E-MORB and Pukapuka ridge lavas appear to

represent lower-degree melts of their sources than
most of the non-Cloud-cluster N-MORB; the Pb/
Nd values of the two lowest-eng Pukapuka ridge
samples (which are markedly alkalic [Janney et al.,
2000]) suggest very small fractions of partial
melting, on the order of only 1% if taken at face
value. The positions of most of the Cloud cluster
lavas in Figures 12a and 12b may be explained if
they are relatively low-degree melts of mixed
sources in which the C-type end-member previ-
ously lost a small amount of melt. With the
assumptions used in constructing Figure 12 and
allowing for end-member source heterogeneity, the
proportion of C-type material involved could range
from roughly 30—50% for the Cloud cluster, from
less than 2% to more than 20% among the other N-
MORB, from roughly 60% to less than 5% among
the E-MORB, and from more than 80% to less than
20% for the Pukapuka ridge lavas.

[32] Both the Pacific-plate Rano Rahi E-MORB
and Cloud cluster N-MORB have low (CaO/
Al,O3)g and high (Na,O)g relative to the axial
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easternmost Pukapuka ridge samples. Symbols are as in Figure 4.

basalts, approaching values for the Pukapuka
ridges (Figures 3 and 13). They also have low
(Si0,)g. Other Rano Rahi N-MORB span nearly
the entire range of (CaO/Al,O3)s and (SiO,)g for
seamount field and axis combined, and some have
higher (CaO/Al,05)g than found along axis. The
most straightforward interpretation is that most of
the E-MORB and Cloud cluster N-MORB (as well
as some of the other N-MORB) were produced by
lesser amounts of partial melting at somewhat
greater mean depths than most axial lavas. The
most C-like isotopic compositions are, with one
exception (126-2), found in the low-(CaO/Al,O3)g
E-MORB, Cloud cluster, and Pukapuka ridge
samples (Figures 13a and 13b). Taken together,
these results are consistent with a source in which
the C-type component is unevenly distributed and

slightly more fusible, perhaps beginning to melt at
greater depths [cf. Niu et al., 1996].

[33] Although isotope ratios more C-like than axial
values at the same projected latitude (Figure 9) are
explainable in this context, several young Rano
Rahi basalts have significantly higher eng and
lower Pb and Sr isotope ratios than the nearby
axis. These characteristics suggest that the local
volumes of mantle that melted to form these lavas
simply happen to have been small enough to avoid
including much of the C-type component, regard-
less of its physical disposition in the source (e.g.,
as veins, streaks, blobs).

[34] For the combined Rano Rahi E-MORB and
non-Cloud-cluster N-MORB, ratios of highly in-
compatible to moderately incompatible elements
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(0.076 (})pm). End-member isotopic values used are eng = +4.7 and 206pp294pp = 19.90, and eng = +11.1 and

206p204py, = 18.03.

such as Ce/YDb (Figure 13c¢) show a rough overall
increase with decreasing (CaO/Al,03)g, as
expected for control by partial melting, whereas
such ratios remain low over the range of (CaO/
Al,O3)g in the Cloud cluster samples. However,
ratios of moderately incompatible elements with
broadly similar D, such as Pb/Nd, in the Cloud
cluster are more similar to those of other low-
(CaO/Al,03)g lavas (Figure 13d). The Cloud
cluster also exhibits decoupling between highly in-
compatible elements and isotope ratios (Figure 8).
Similar features were documented for a dredge
haul (MW52) from a near-axis seamount at
18.9°S by Niu et al. [1996], who concluded that
an earlier episode of low-degree partial melting had
partially stripped the source of the more incompat-
ible elements before the melting episode that
produced the lavas. Overall, the characteristics of
the Cloud cluster are consistent with such an
origin.

[35] Ratios of heavy rare earth elements provide
some insight into depth of melting, because they
are sensitive indicators of garnet in the source.

Melting of spinel peridotite, stable at pressures less
than about 2.7 GPa (~90 km depth) [e.g., Herzberg
et al., 2000], produces a markedly different trajec-
tory in Figure 14 than melting of garnet peridotite
(or garnet pyroxenite, which, however, provides
little depth resolution as it may exist at the same
mantle depths as spinel peridotite). The combined
axial, Rano Rahi, and Pukapuka ridge data form an
array that lies much closer to a melt path for pure
spinel peridotite than to one for pure garnet peri-
dotite. Most of the data are encompassed by the
model curves for 1-15% of partial melting, and
nearly all are consistent with less than a 40%
contribution from melting in the presence of gar-
net. A contribution of ~60—-70% is suggested for
three Pukapuka ridge lavas [cf. Janney et al., 2000]
and one Rano Rahi E-MORB (138-2). However,
this is likely to be an upper limit for these four
samples because they are also the ones with the
most C-like isotope ratios (the curves shown are for
a model source containing 25% of C-type mantle;
assumption of a greater proportion of this end-
member in the sources of these samples lowers the
estimated amount of melt derived from garnet
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peridotite). The positions of the curves in Figure 14
also can vary with a different choice of melting
model, distribution coefficients, end-member com-
positions, and/or mineral proportions. However,
the conclusion that melting occurred predominantly
in spinel facies mantle is difficult to avoid. In
contrast, we caution that because no single mixture
of end-members applies to all the lavas, the figure
provides only a rough idea of the amount of partial
melting. For example, from the curves shown, 10—
15% of partial melting would be estimated for most
of'the Cloud cluster lavas; however, values of4—9%
are suggested if a 2% fractional melt is assumed to
have been removed previously from the C-type end-
member in the garnet stability field.

[36] Several of the Cloud cluster data points lie
slightly below curve B in Figure 12a. This could be

a result of end-member heterogeneity or because
actual distribution coefficients, amount of previous
melt depletion, and/or end-member starting com-
positions were somewhat different from those
assumed for the figure. In addition, we speculate
that the low relative 2°°Pb/***Pb (by ~0.1-0.2 for
a given eng and ¥’St/*°Sr) of these lavas compared
to the mean data trend might be a consequence of
retarded radiogenic Pb growth following the melt-
depletion episode(s). Values of 2*U/***Pb calcu-
lated from our U and Pb concentration data for the
Cloud cluster are lower by about 16, on average,
than values for the E-MORB; if this difference is at
least crudely representative of that in the mantle
sources, then the “age” of the depletion affecting
the sources of the Cloud cluster lavas could be on
the order of 40—80 Ma. If so, the Cloud cluster
data as a group should tend to lie slightly to the
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range of model melt compositions produced by 1%, 5%, 10%, and 15% of aggregated fractional melting of peridotite
in which the amount of melting that occurs in the presence of garnet varies from 0—100%. The proportion of melt
formed in the presence of garnet (Gar) is indicated by light lines; curves of constant melt fraction are shown with
heavy lines. The curves are for a source consisting of 75% of estimated average depleted mantle [ Workman and Hart,
2005] and 25% of model enriched mantle peridotite [/to and Mahoney, 2005]. Partition coefficients are taken or
interpolated from Salters and Stracke [2004]. The unmelted peridotite is assumed to be 53% olivine, 30%
orthopyroxene, 10% clinopyroxene, and 7% garnet or spinel, and melting of these minerals is assumed to occur in
proportions of 10%, 10%, 40%, and 40%, respectively, after Janney et al. [2000]. Normalizing values are from Sun

and McDonough [1989].

high-**’Pb/***Pb side of the overall data trend in
Figure 4b, because “°’Pb/***Pb changes very little
on such timescales. For a 0.1-0.2 change in
206pp/204ph, 297pb/2%Ph would change by only
0.005-0.010; unfortunately, this is less than the
analytical errors on our 2°’Pb/***Pb measurements.
Even so, six of the nine Cloud cluster samples do
exhibit slightly high 2°’Pb/***Pb relative to their
206pp/294Ph values.

6.3. Relationship of Seamounts to Axial
Magma Supply and Isotopic Peak

[37] Axial cross section and morphology indicate
the entire axis between 16°S and 20°S has
an abundant magma supply [e.g., Scheirer and
Macdonald, 1993]. The combined data for the
seamount field and axial basalts suggest that one
reason might be the presence of relatively C-rich
mantle, slightly more fusible than ambient mantle
to the north and south. However, the distribution of
seamounts is poorly related to indicators of axial
magma supply. The projected latitudes of most
Rano Rahi seamounts are south of 17.5°S, whereas

the most robust axial magma supply is between
16.75°S and 18°S [e.g., Sinton et al., 1991, 2002;
Scheirer and Macdonald, 1993; Auzende et al.,
1996].

[33] The most strongly C-like isotopic composi-
tions in the entire Rano Rahi field are reached by
lavas with projected latitudes of 16—17°S (Figures
9a—9c). Yet at the axis, the highest Pb and Sr and
lowest Nd isotope ratios occur at 17—17.5°S. To
the east of the axis, our limited sampling on the
Nazca plate suggests they may occur even farther
south (~17.6—18.1°S). This offset may simply
reflect the particular shape of an eastward-flowing
C-rich stream or concentration of mantle where it
encounters the region of melting. Additionally,
although asthenospheric flow beneath the Pacific
plate in this region appears likely to be eastward
overall, the near-axis asthenosphere may also have
a component of southward motion relative to the
axis [Mahoney et al., 1994; Kurz et al., 2005].

[39] It seems likely that the northern latitudinal
peak in the Pacific-plate Rano Rahi data (Figures
9a—9d) marks a more or less separate stream or
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concentration of C-rich mantle from that repre-
sented by the southern peak, which corresponds
to the region where seamounts are most numerous,
form the longest chains, and merge with the
Pukapuka ridge system. However, the bimodal
latitudinal distribution of isotopic values defined
by the Pacific-plate Rano Rahi samples contrasts
with the single broad isotopic peak along axis.
Differences in volume of mantle melted, amount of
magma mixing, and average degree of partial
melting between Rano Rahi and axial magmas
probably account for most of this difference in
isotopic patterns. For example, the two latitudinal
peaks in the Rano Rahi data are far less apparent
when samples with (CaO/Al,05)g < 0.73 (i.e.,
those with values less than on the axis between
16°S and 20.7°S) are excluded from Figure 9.

6.4. Origin of the Seamount Field

[40] One idea to explain near-axis, non-hot spot
seamount chains invokes early melting of fertile
heterogeneities in the mantle beneath a spreading
center [e.g., Davis and Karsten, 1986]. Melting
farther off axis has been attributed to small-scale
mantle convection, lithospheric extension at a high
angle to spreading direction, and self-propagating
hydrofracture of the lithosphere [e.g., Winterer and
Sandwell, 1987; Shen et al., 1993; Sandwell et al.,
1995; Scheirer et al., 1996a; Binard et al., 1996;
Hieronymus and Bercovici, 2000]. Recently, frac-
tures resulting from vertical variations in lithospheric
cooling rate have been proposed to cause seamount
volcanism [Gans et al., 2003; Sandwell and Fialko,
2004]. No evidence has been found of fractures along
or adjacent to the Rano Rahi chains [Shen et al.,
1993], but fractures might be “healed” rather quickly
by injections of magma even where seamounts are
not generated.

[41] Two features of the Rano Rahi field appear
particularly significant: the great majority of sea-
mounts are on the Pacific plate, and a major change
appears to have occurred beginning between the
time of the last dated Pukapuka ridge volcanism
(5.6 Ma) and the oldest dated southern Rano Rahi
seamounts (4.4 Ma), which appear to be an out-
growth of the Pukapuka ridge system. In our study
area, most of the seamounts are in a wedge-shaped
area with projected latitudes south of 17.5°S. This
area is more than 200 km wide east of ~115.8°W
(Figure 1b) but narrows westward toward the
Pukapuka ridge system, characterized by a maxi-
mum width of only 70 km. What might be the
reason for this change?

[42] Wessel and Kroenke [2000] argued that be-
tween 5 and 6 Ma, a change in plate motion
caused significantly greater N-S tensional stress
in Pacific-plate seafloor between 13°S and 23°S,
and noted that the Rano Rahi field lies within
this region. However, seamount production has
been distributed very unevenly. We suggest the
concentration of seamounts in the wedge-shaped
area east of the Pukapuka ridge system may be
the combined result of (a) a persistent stream or
concentration of slightly more fusible, C-rich
asthenosphere flowing from the west, and (b)
persistent vulnerability of the lithosphere in this
area to N-S tensional stress. By 7.6 Ma, the
Pukapuka ridge system had intersected the EPR;
subsequent, relatively voluminous Pukapuka
ridge volcanism continued near the axis for
another ~2 Myr [Sandwell et al., 1995; Janney
et al, 2000]. A zone of relatively hot and thin
lithosphere may have been formed in the vicinity
of the eastern Pukapuka ridge system, extending
to the EPR axis. With increasing regional N-S
extension, this lithosphere would have been
prone to propagation of cracks. Once the process
had begun, crack-related seamount volcanism
may have tended to maintain itself [Hieronymus
and Bercovici, 2000]. The lack of a comparable
axis-ward widening of the northern seamount
chains and the relative paucity in our study area
of seamounts with projected latitudes north of
17.5°S suggest to us that C-rich mantle streaming
from the west reached the axis later at these
latitudes and that, overall, the supply of such
mantle there has been more fitful than farther
south.

[43] Finally, why are seamounts so much less
abundant on the Nazca plate? Wessel and
Kroenke [2000] suggested it is because regional
stress conditions are different on this side of the
EPR. We suggest that it additionally is a conse-
quence of regional eastward asthenospheric flow
[cf. Davis and Karsten, 1986]; that is, that the
more-fusible C-rich material in the mantle flow-
ing from the west is largely (though clearly not
completely, as the Nazca-plate seamounts be-
tween 17.6°S and 18.1°S show) tapped out by
seamount volcanism west of the axis and by
axial volcanism, leaving less available for off-
axis volcanism east of the axis.

Appendix A

[44] Representative Rano Rahi seamount samples
were analyzed for major element composition both
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Table Al. Glass Major Element Compositions of Samples Analyzed for Isotopes and Trace Elements®
(CaO/  K,0/

Sample SIOZ TIOZ A1203 FeO* MnO MgO CaO Na20 Kzo P205 S Sum A1203)g T102 Mg#
66-3 49.65 138 1647 888 0.15 790 11.67 3.02 0.12 0.15 0.11  99.50 0.71 0.08 61
68-3 4785 1.15 1725 11.15 0.19 813 1143 281 0.02 0.07 0.12 100.17 0.66 0.02 57
68-4 4786 120 1733 1091 020 826 11.29 273 0.01 0.08 0.12 99.99 0.65 0.01 57
70-1 4794 121 1791 1022 0.18 826 11.17 291 0.06 0.11 0.11 100.08 0.62 0.05 59
70-2 48.02 1.16 18.02 993 0.18 853 11.19 286 0.07 0.10 0.11 100.15 0.62 0.06 60
71-1 4792 140 1733 10.17 0.18 893 10.84 293 0.05 0.10 0.12 9997 0.62 0.04 61
72-2 47.84 1.15 1786 994 0.15 882 11.21 291 0.04 0.09 0.12 100.12 0.63 0.03 61
72-7 47.47 1.08 1738 11.02 0.15 9.51 10.83 263 0.02 0.06 0.11 100.27 0.63 0.02 61
73-4 4728 129 1791 1023 0.14 841 11.14 321 0.02 0.09 0.12 99.84 0.62 0.02 59
76-1 4840 2.10 16.02 1024 0.19 749 1058 352 0.14 025 0.13 99.06 0.67 0.07 57
77-1 49.15 2.07 1687 895 0.19 7.18 1039 360 046 032 0.11 99.26 0.63 0.22 59
78-1 4753 119 1758 1045 0.19 878 11.19 287 0.05 0.10 0.11 100.04 0.63 0.04 60
78-2 4724 1.16 1739 10.13 0.18 920 11.20 292 0.03 0.08 0.11 99.65 0.65 0.03 62
79-2 47.48 1.10 1737 1080 0.18 857 11.14 286 0.03 0.07 0.12 99.72 0.64 0.03 59
80-1 4790 135 17.85 891 0.18 852 1140 326 0.03 0.14 0.11 99.64 0.64 0.02 63
81-2a 48.12  1.09 17.68 9.84 0.15 832 11.20 298 0.04 0.11 0.12 99.64 0.63 0.04 60
82-2 4785 1.18 17.60 928 0.17 9.19 1131 3.03 0.04 0.10 0.11 99.87 0.65 0.03 64
85-1 48.69 1.52 17.11 9.16 0.16 824 11.21 3.09 0.12 0.17 0.11 99.56 0.65 0.08 62
86-1 4830 142 1769 921 0.15 804 11.07 321 0.11 0.15 0.11 99.46 0.62 0.08 61
89-1 48.82 1.76 16.73 889 0.15 799 11.17 322 0.14 0.21 0.11 99.19 0.67 0.08 62
91-1 49.73 126 16.08 9.05 0.16 809 12.09 278 0.05 0.10 0.12 99.50 0.75 0.04 61
94-2 48.70 1.09 1626 896 0.17 8.64 1235 247 0.06 0.09 0.12 98.90 0.79 0.05 63
94-4 4925 094 1694 868 0.16 9.03 1286 2.14 0.04 0.07 0.11 100.21 0.82 0.04 65
95-1 48.88 1.14 17.96 820 0.14 883 11.95 286 0.04 0.09 0.11 100.20 0.70 0.03 66
97-2 49.70 127 1569 995 0.18 824 1235 252 0.05 0.09 0.13 100.17 0.80 0.04 60
98-1 50.19 1.52 1446 1094 020 731 1220 271 0.05 0.11 0.15 99.84 0.83 0.03 54
99-1 49.18 143 1759 862 0.16 807 1135 356 0.06 0.18 0.12 100.33 0.64 0.04 63
99-3 49.14 142 17.69 8.64 0.14 816 11.31 355 0.05 0.17 0.11 100.39 0.64 0.04 63
100-1 49.05 130 1767 9.10 0.17 798 1143 322 0.07 0.14 0.11 100.24 0.65 0.05 61
101-1 48.90 198 17.65 8.67 0.17 728 10.16 3.78 0.56 0.32 0.11 99.57 0.59 0.28 60
101-7 4898 242 1692 938 0.18 6.38 10.19 394 050 0.38 0.13 99.40 0.65 0.21 55
102-3 48.75 137 17.10 9.03 0.18 840 12.16 294 0.05 0.10 0.12 100.21 0.72 0.04 62
103-3 4981 140 15.10 10.19 0.18 7.50 1236 290 0.07 0.11 0.13 99.75 0.81 0.05 57
104-1 47.15 092 1808 1091 0.20 870 11.62 240 0.03 0.06 0.10 100.17 0.64 0.03 59
104-3  47.14 093 17.86 1092 0.19 9.08 11.47 240 0.02 0.08 0.09 100.17 0.64 0.02 60
106-1 4944 1.19 16.23 9.11 0.17 849 1270 252 0.04 0.09 0.13 100.10 0.80 0.03 62
107-1 4840 123 1692 1031 0.18 9.07 1143 269 0.08 0.08 0.11 100.49 0.68 0.06 61
108-4 48.09 1.06 18.16 837 0.13 954 12.06 2.71 0.02 0.06 0.10 100.30 0.77 0.02 67
109-1 49.54 0.87 1669 834 0.14 945 1286 203 0.02 0.05 0.11 100.10 0.89 0.03 67
111-6 4999 131 1598 965 0.19 813 12.15 278 0.06 0.10 0.12 100.47 0.76 0.05 60
112-4 49.58 097 16.00 9.53 0.18 874 13.02 2.10 0.02 0.06 0.12 100.32 0.85 0.02 62
113-1 47.75 1.11 18.02 926 0.16 949 1132 286 0.06 0.11 0.11 100.26 0.64 0.06 65
113-2 4781 1.13 1819 937 0.16 9.18 1149 288 0.06 0.10 0.11 10047 0.63 0.06 64
114-1 49.67 133 1559 10.14 0.18 7.84 1240 276 0.06 0.08 0.13 100.17 0.79 0.04 58
115-1 49.12 096 1730 9.03 0.15 9.12 1248 235 0.05 0.07 0.11 100.74 0.79 0.05 64
116-1 5092 128 1449 10.70 0.19 7.61 12.66 245 0.05 0.09 0.15 100.59 0.86 0.04 56
117-6 4872 095 1744 881 0.16 941 1249 224 0.04 0.07 0.11 10042 0.82 0.04 66
119-1 47.84 1.14 18.26 893 0.16 940 1196 253 0.06 0.07 0.11 100.46 0.74 0.05 65
119-3 4830 1.28 17.51 899 0.17 953 11.63 2.65 0.09 0.11 0.11 100.37 0.68 0.07 65
119-6 49.87 134 1628 9.00 0.16 843 1234 251 0.16 0.13 0.11 100.33 0.77 0.12 63
120-1 50.26 097 15.61 9.07 0.17 861 13.09 2.19 0.02 0.07 0.12 100.19 0.87 0.02 63
121-2 5039 123 1579 847 0.15 828 1229 240 0.13 0.13 0.10 9938 0.79 0.11 64
122-2 50.04 2.18 1421 12.05 020 740 1062 283 0.13 022 0.15 100.03 0.74 0.06 52
123-1 50.08 1.83 15.02 10.81 020 7.79 11.10 2.68 0.21 0.17 0.14 100.04 0.74 0.12 56
123-2 4993 2.02 1556 1028 0.16 7.30 1097 295 030 025 0.13 99.86 0.70 0.15 56
124-8 4870 1.00 17.77 886 0.17 9.04 1195 2.62 0.03 0.06 0.10 100.31 0.72 0.03 65
125-2 4987 1.71 16.67 891 0.17 7.69 11.52 3.18 024 0.20 0.11 100.27 0.70 0.14 61
1262 4863 096 1736 889 0.18 943 1239 222 0.03 0.05 0.11 100.24 0.82 0.03 65
127-1 50.05 233 1440 11.76 020 6.72 1044 3.04 028 0.25 0.16 99.61 0.74 0.12 50
128-1 49.08 1.61 1660 941 0.19 804 1143 3.10 0.09 0.14 0.11 99.81 0.69 0.06 60
128-3 49.07 2.08 16.00 10.02 020 7.09 1091 344 0.19 025 0.13 99.37 0.69 0.09 56
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Table Al. (continued)
(CaO/  K,O/

Sample SIOZ TlOz A1203 FeO* MnO MgO CaO Na20 KzO P205 S Sum A1203)g T102 Mg#
129-1 5041 1.73 1481 10.65 0.19 734 11.74 270 0.10 0.16 0.14 99.97 0.79 0.06 55
130-3 4934 250 14.16 1199 022 744 1045 292 0.15 025 0.15 9957 0.73 0.06 53
130-4  51.07 141 1503 924 0.17 736 1236 286 0.13 0.12 0.12 9987 0.81 0.09 59
131-3  48.68 185 17.06 895 0.19 730 11.05 342 031 025 0.11 99.17 0.66 0.17 59
133-3 4956 1.05 17.07 812 0.14 884 1222 2.60 0.04 0.07 0.10 99.82 0.76 0.04 66
134-5 4925 237 1584 10.09 020 6.63 1055 325 040 036 0.14 99.08  0.68 0.17 54
136-1 50.31 198 1650 928 0.15 6.42 954 347 094 041 0.11 99.12 0.62 0.48 55
137-1 4989 1.77 1631 898 0.19 741 1137 322 017 0.18 0.11 9959  0.69 0.10 60
137-2 50.70 1.51 1522 954 0.17 7.42 1215 295 0.09 0.13 0.13 100.01 0.79 0.06 58
137-6B  50.62 147 1518 943 0.17 7.41 1199 293 0.08 0.12 0.12 9954  0.78 0.05 58
137-8 5022 132 1586 885 0.18 7.89 1218 281 0.08 0.13 0.12 99.65 0.77 0.06 61
138-1  48.61 351 1598 1122 0.18 5.04 865 3.86 1.19 0.71 0.14 99.10  0.65 034 44
138-2  48.54 346 1588 11.03 0.18 5.11 8.57 386 1.18 0.72 0.13 98.66 0.65 0.34 45
VG-2
meas.  50.66 186 14.04 1186 021 6.71 11.15 2.66 0.19 022 0.15 99.71
rec. 50.81 1.85 14.06 11.84 022 6.71 11.12 2.62 0.19 020 0.13 99.86

4 Boldface sample numbers indicate E-MORB, defined as having glass K,0/TiO, > 0.10. Sample numbers in italics indicate the Cloud cluster
(see text). Underlined sample numbers indicate samples for which trace element and isotopic analyses were done on rock chips rather than glass.
Concentrations are in wt%. FeO* is total iron as FeO. Measurements were made with a Cameca SX-50 electron microprobe on glass chips; each
value is an average of 4—5 measurements from two or more chips (see Sinton et al. [1991] for analytical details). Precision (20, wt%): SiO, 0.65,
TiO, 0.09, Al,O53 0.20, FeO* 0.34, MnO 0.07, MgO 0.14, CaO 0.19, Na,O 0.09, K,0 0.03, P,O5 0.04, S 0.01. (CaO/Al,05)g is calculated from
regressions of CaO and Al,O; versus MgO using Rano Rahi glass-group data combined with glass-group data for the nearby axis (L. S. Hall et al.,
manuscript in preparation, 2006). Mg# = 100[Mg/(Mg + Fe*")] (atomic), assuming all Fe is in the 2+ oxidation state. Average measured (meas.)
values for standard VG-2 (n = 186) analyzed as an unknown during each microprobe session are compared with recommended (rec.) values
[Jarosewich et al., 1980].

Table A2. Bulk-Rock Major Element Compositions of Samples Analyzed for Isotopes and Trace Elements®

Sample  SiO, TiO, ALO; Fe,O3* MnO MgO CaO Na,0O K,O P,0s Sum K,0/ TiO,  Mg#
66-3 49.66 148 16.58 9.839 0.16 785 11.75 230 023 0.14 100.06 0.16 61
68-3 47.14 1.01 16.85 1224  0.19 9.15 10.60 2.19 0.21 0.10 99.34 0.20 60
70-2 4752  1.19 17.82 11.14  0.17 880 10.89 223 0.10 0.11 100.22 0.08 61
71-1 4726 1.19 16.75 11.38  0.17 935 1048 232 024 0.10 99.65 0.20 62
72-2 47.03 1.01 1690 11.26 0.17 1084 1047 224 0.04 0.09 99.66 0.04 66
72-7 46.81 096 16.43 12.16 0.18 11.71 10.16 2.09 0.01 0.02 99.65 0.01 66
73-4 46.99 135 17.03 11.40 0.18 1021 1039 232 0.08 0.10 99.90 0.06 64
76-1 4792 198 1599 11.54  0.18 722 1052 283 021 025 99.63 0.11 55
77-1 49.67 220 1690 10.08 0.17 8.0l 1024 273 056 032 101.00 0.26 61
78-2 46.46 126 17.07 11.38 0.18 9.33 1081 221 0.05 0.10 99.70 0.04 62
79-2 4748 1.02 1740 12.16  0.19 899 10.80 231 0.04 0.09 99.66 0.04 59
80-1 4747 1.30 17.81 10.00  0.16 8.36 11.16 2.40 0.12  0.12 99.25 0.09 62
81-24 46.85 096 1540 11.36  0.17 13.64 944 193 0.17 0.07 99.89 0.17 70
82-2 46.73 1.16 16.62 10.72 0.17 1089 1051 218 0.09 0.11 99.69 0.07 67
85-1 47.03 1.67 17.93 10.55 0.16 574 1144 2.50 0.11 0.22 99.65 0.07 52
94-4 4830 091 1697 9.71  0.15 940 12.61 1.65 0.05 0.02 100.07 0.05 66
95-1 4740 091 22.00 7.86  0.13 513 12,60 233 0.05 0.07 100.19 0.05 56
97-2 48.52  1.28 16.11 11.48 0.18 570 1272 222 020 0.07 100.28 0.16 50
98-1 4996 1.46 14.83 12.24  0.20 7.37 12.04 2.28 0.07 0.08 100.28 0.04 54
99-1 4886 136 17.76 9.55 0.16 786 1120 3.11  0.10 0.12 100.19 0.08 62
100-1 4780 1.26 19.83 10.33 0.14 349 12.08 3.10 0.11 0.14 100.22 0.09 40
101-1 48.14 190 1737 9.83 0.16 8.65 981 360 0.53 032 10034 0.28 64
101-7 4789 2.15 16.80 10.36 0.18 7.34 980 327 0.53 0.35 99.84 0.25 58
102-3 4785 123 1824 9.59 0.16 7.79 11,55 298 0.08 0.12 100.53 0.06 62
104-1 46.57 0.87 17.17 12.35 0.20 11.04 10.87 2.25 0.04 0.05 100.94 0.05 64
105-1 4878 1.09 17.12 990 0.18 9.08 12.17 250 0.06 0.07 100.71 0.05 64
106-1 4871 096 19.11 856 0.14 784 1323 219 0.03 0.05 100.45 0.03 64
107-1 47.15  1.12 1573 11.62 0.18 11.94 1049 241 0.06 0.07 100.00 0.05 67
108-4 4731 1.05 17.65 9.33 0.15 10.75 11.69 2.55 0.02 0.03 100.22 0.02 70
109-1 49.25 0.85 1690 924 0.15 9.71 1286 190 0.01 0.04 100.46 0.01 68
111-6 49.11 1.27 15.88 10.43 0.18 8.24 12.20 2.64 0.12  0.08 100.20 0.09 61
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Table A2. (continued)

Sample SIOZ TIO2 A1203 Fe203* MnO MgO CaO NaZO K20 P205 Sum KzO/ T102 Mg#
112-4 48.99 093 1590 1024 0.17 890 1293 186 0.03 0.03 99.84 0.03 63
113-1 4726 1.08 17.83 10.11  0.16 1020 11.19 2.73  0.05 0.07 100.02 0.05 67
114-1 4930 1.19 1631 10.71  0.18 819 1220 171  0.03 0.06 100.09 0.03 60
115-1 48.07 0.87 17.69 9.55 0.15 9.55 1216 131 0.03 0.04 100.25 0.04 66
116-1 50.81 1.17  14.63 11.36  0.19 795 12,60 150 0.03 0.07 100.30 0.03 58
117-6 4834 0.83 18.62 9.01 0.15 9.07 12.63 1.18 0.00 0.04 99.85 67
119-1 4739 1.02 18.06 954 0.16 11.03 1141 1.44 0.01 0.06 100.10 0.01 70
119-3 48.01 123 17.39 9.86 0.16 10.10 11.35 1.69 0.05 0.09 99.91 0.04 67
119-6 49.56 122 16.56 9.66 0.16 899 12.08 151 0.12 0.11 99.95 0.10 65
120-1 50.08 090 15.77 9.90 0.17 9.16 1282 123 0.00 0.05 100.06 65
121-2 50.50 1.14  15.99 936 0.16 879 1212 146 0.07 0.10 99.68 0.06 65
122-2 4982 209 14.10 1336  0.21 7.58 1045 188 0.11 0.20 99.77 0.05 53
123-1 49.62 176  14.87 12.01  0.19 8.00 1096 178 0.17 0.17 99.52 0.10 57
123-2 49.72 192 1531 11.59  0.19 7.69 1074 199 030 0.25 99.69 0.16 57
124-8 4783 086 16.57 1025 0.16 12.17 1075 1.47  0.00 0.04 100.08 70
125-2 4936 150 16.58 9.72  0.16 8.60 1124 255 032 020 10021 0.21 64
126-2 4833 089 17.17 10.15 0.16 10.16 12.09 1.62 0.02 0.05 100.62 0.02 66
127-1 4955 221 14.16 1342 0.21 747 1020 230 025 024 99.99 0.11 52
128-1 48.53  1.48  15.95 10.69  0.17 947 1089 237 0.19 0.14 99.87 0.13 64
129-1 5020 1.64 14.73 11.66  0.19 7.54 11.69 214 0.13 0.14 100.03 0.08 56
130-3 4938  2.40  21.07 13.65 0.20 7.89 1042 234 0.17 025 107.75 0.07 53
130-4 50.85 1.28 15.16 10.18  0.17 8.06 1212 228 0.11 0.11  100.30 0.09 61
133-3 49.63 1.02  16.85 928 0.14 9.14 1212 215 0.02 0.07 100.39 0.02 66
134-5 4886 226 16.06 11.16  0.18 6.85 1048 290 056 031 99.88 0.25 55
137-1 49.57 1.62 17.18 994 0.15 7.00 11.76 271 025 0.20 100.35 0.15 58
137-6 4993 126 17.01 9.82 0.16 734 1237 230 0.09 0.11 100.36 0.07 60
137-8 4945 1.15 18.33 936 0.15 7.88 12.13 235 0.07 0.10 100.97 0.06 63
138-1 48.19 326 16.11 12.67 0.19 6.17 844 340 124 0.69 10035 0.38 49
BCR-1

meas. 5443 223  13.56 13.63  0.18 3.49 7.00 328 171 0.37 99.85

rec. 5411 224 13.64 1341  0.18 3.48 695 327 1.69 036 99.33

BHVO-1

meas. 4947 2778  13.65 12.39  0.16 7.17 1139 220 052 0.28 100.00

rec. 4994 271 13.80 1223 0.17 723 1140 226 052 027 100.53

@ Sample numbers in boldface, italics, or underlined as in Table Al. Concentrations are in wt%. Fe,O5* is total iron as Fe,O5;. Measurements
were made using a Siemens 303-AS XRF spectrometer. Typical absolute uncertainties (20, wt%) are SiO, 0.2, TiO, 0.1, Al,05 0.2, Fe,05 0.05,
MnO 0.01, MgO 0.05, CaO 0.1, Na,O 0.1, K,O 0.01, P,Os 0.01. An estimate of accuracy is provided by comparison of measured and
recommended [Govindaraju, 1994] values for standards BCR-1 (n = 2) and BHVO-1 (n = 2).

by electron microprobe on glass chips and by XRF
on powdered whole rocks. A subset of these
analyzed samples was selected for isotopic and/or
trace element analysis. Major element composi-
tions for this subset measured by electron micro-
probe are presented in Table Al, and those
measured by XRF are presented in Table A2.
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