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[1] The Hawaiian Ridge and Emperor Seamount Chain define a hot spot track that provides an 80 Myr
record of Hawaiian magmatism. Detroit Seamount (�76 to 81 Ma) is one of the oldest Emperor
Seamounts. Volcanic rocks forming this seamount have been cored by the Ocean Drilling Program at six
locations. Only tholeiitic basalt occurs at Site 884 on the eastern flank and only alkalic basalt, probably
postshield lavas, occurs at Sites 883 and 1204 on the summit plateau. However, at Site 1203 the basement
core (453 m penetration) includes four thick flows of pahoehoe alkalic basalt underlying �300 m of
volcaniclastic rocks interbedded with submarine erupted tholeiitic basalt. The geochemical characteristics
of these alkalic lavas indicate that phlogopite was important in their petrogenesis; they may represent
preshield stage volcanism. The surprising upward transition from subaerial to submarine eruptives implies
rapid subsidence of the volcano, which can be explained by the inferred near-ridge axis setting of the
seamount at �80 Ma. A near-ridge axis setting with thin lithosphere is also consistent with a shallow depth
of melt segregation for Detroit Seamount magmas relative to Hawaiian magmas, and the significant role
for plagioclase fractionation as the Detroit Seamount magmas evolved in the crust. An important long-term
trend along the hot spot track is that 87Sr/86Sr decreases in lavas erupted from �40 to 80 Ma. Tholeiitic
basalt at Site 884 on Detroit Seamount is the extreme and overlaps with the 87Sr/86Sr-143Nd/144Nd field of
Pacific mid-ocean ridge basalts (MORB). Complementary evidence for a depleted component in Detroit
Seamount lavas is that relative to Hawaiian basalt, Detroit Seamount lavas have lower abundances of
incompatible elements at a given MgO content. These lavas, especially from Sites 883 and 884, trend to
extremely unradiogenic Pb isotopic ratios which are unlike MORB erupted at the East Pacific Rise. A
component with relatively low 87Sr/86Sr and 206Pb/204Pb is required. Lavas erupted from a spreading center
in the Garrett transform fault, 13�280S on the East Pacific Rise, have this characteristic. A plausible
hypothesis is mixing of a plume-related component with a component similar to that expressed in lavas
from the Garrett transform fault. However, basaltic glasses from Detroit Seamount also have relatively high
Ba/Th, a distinctive characteristic of Hawaiian lavas. We argue that all Detroit Seamount lavas, including
those from Site 884, are related to the Hawaiian hot spot. Rejuvenated stage Hawaiian lavas also have high
Ba/Th and define a trend to low 87Sr/86Sr and 206Pb/204Pb. We speculate that rejuvenated stage lavas and
Detroit Seamount lavas sample a depleted mantle component, intrinsic to the plume, over the past 80 Myr.
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1. Introduction

[2] The linear intraplate Hawaiian Ridge and Em-
peror Seamount Chain define an approximately
6000 km long, age-progressive hot spot track
[Wilson, 1963], ranging from active volcanoes at
the southeastern end of the Hawaiian Ridge to
>80 Myr old extinct volcanoes at the northern
end of the Emperor Seamount Chain (Figure 1a).
Hawaiian volcanoes are predominantly constructed
by eruptions of basaltic magma with major and
trace element compositions and radiogenic isotopic
ratios that distinguish them from mid-ocean ridge
basalt (MORB) [e.g., Basaltic Volcanism Study
Project, 1981]. An understanding of the origin
and evolution of Hawaiian magmatism requires
documentation and understanding of geochemical
variations in hot spot-derived lavas on both short-
term (<1 Myr) and long-term (>10 Myr) time
scales. On a time scale of �1 Myr, volcanoes
forming the Hawaiian islands evolve through a
sequence of growth stages, characterized by the
transition from alkalic to tholeiitic and back to
alkalic magmatism [e.g., Clague and Dalrymple,
1987]. These transitions are consistent with pas-
sage of the Pacific plate over the hot spot [e.g.,
Chen and Frey, 1985]. Although there have been
numerous studies of young volcanoes exposed on
the Hawaiian Islands [e.g., Rhodes and Lockwood,
1995] (see Hawaii Scientific Drilling Project theme
at http://www.agu.org/journals/gc/), much less is
known about the geochemistry of lavas forming the
older volcanoes of the submarine Emperor Sea-
mount Chain. Are lavas forming the Emperor
Seamounts geochemically similar to lavas forming
Hawaiian volcanoes, and did these old volcanoes

evolve through a similar sequence of growth
stages?

[3] Detailed study of lavas forming the Emperor
Seamounts requires drilling to penetrate the thick
sedimentary cover and to obtain samples whose
relative ages are known. The first detailed sam-
pling of the Emperor Seamounts was during Deep
Sea Drilling Project Leg 55, which penetrated
387 m of basalt at Suiko Seamount (Figure 1a).
Dalrymple et al. [1980] and Sharp and Clague
[2002] reported ages of 64.7 ± 1.1 Ma and 61.3 ±
0.5 Ma, respectively, for Suiko Seamount lavas.
Important results are that: (1) like Hawaiian
volcanoes, Suiko Seamount has shield stage lavas
of tholeiitic basalt overlain by alkalic basalt
[Kirkpatrick et al., 1980]; (2) Initial 87Sr/86Sr
ratios of tholeiitic basalt decrease from Daikakuji
Seamount at the Hawaiian-Emperor bend to Suiko
Seamount, which represent over 20 Myr of hot
spot activity (�42–61 Ma, Figure 1a) [Lanphere
et al., 1980].

[4] More recently, the Ocean Drilling Program
(ODP) Leg 145 drilled and cored the older
Detroit Seamount (�76–81 Ma, Table 1,
Figures 1a and 1b) [Keller et al., 1995; Duncan
and Keller, 2004]. The basaltic core from Site
883 and especially Site 884 of ODP Leg 145
yielded surprising results. Relative to primitive
mantle and tholeiitic basalt from younger volca-
noes on the Hawaiian Ridge-Emperor Seamount
Chain, the �81 Ma basalt from Site 884 has
lower ratios of highly to moderately incompatible
elements, lower initial 87Sr/86Sr and higher initial
143Nd/144Nd ratios; in fact, Site 884 lavas are
similar to MORB [Keller et al., 2000; Regelous
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et al., 2003]. These results have led to two
contrasting interpretations for the origin and
evolution of magma forming Detroit Seamount.
Keller et al. [2000] noted that at �80 Ma, the
Hawaiian hot spot was located near an active
mid-ocean ridge [see Cottrell and Tarduno, 2003,
Figure 5c]. They suggest that the MORB-like
isotopic signature of Detroit Seamount lavas
from Site 884 resulted from entrainment of
MORB-related upper mantle (i.e., hot low vis-
cosity asthenosphere and hot thin lithosphere) by
the rising mantle plume. In contrast, Regelous et
al. [2003] propose that the depleted character-
istics of Site 884 lavas reflect sampling of a
depleted and refractory plume component by
unusually high extents of mantle melting beneath
young and thin oceanic lithosphere.

[5] During ODP Leg 197 three additional cores
with basement penetrations of 61 to 453 m were
recovered from Detroit Seamount (Table 1)

[Tarduno et al., 2002]. Lavas from Site 1203 yield
40Ar-39Ar ages of 76 ± 1 Ma [Duncan and Keller,
2004]. In this paper, we report major and trace
element abundances for basaltic whole rocks re-
covered during ODP Leg 197 and basaltic glasses
recovered during ODP Legs 197 and 145. In
addition, Sr, Nd and Pb isotopic ratios are reported
for whole-rock samples from Leg 197. We use
these geochemical data, along with the petrographic
and volcanological information to constrain the
magmatic evolution at Detroit Seamount and to
evaluate the two alternative hypotheses for the
origin of its magmas.

[6] Important results are that (1) alkalic basalt at
Sites 883 and 1204 may reflect postshield stage
lavas, but the upward transition from intercalated
alkalic and tholeiitic basalt to solely tholeiitic
basalt at Hole 1203A may reflect the preshield
to shield stage transition; (2) compared with
Hawaiian shield stage lavas, tholeiitic basalt mag-

Figure 1a. The Hawaii-Emperor Seamount Chain and the location of Detroit Seamount. Modified from Tarduno et
al. [2002] by adding new 40Ar-39Ar ages for Detroit Seamount, Nintoku Seamount, and Koko Seamount from
Duncan and Keller [2004] and for Suiko Seamount from Sharp and Clague [2002]. Magnetic anomaly identifications
are following Mueller et al. [1997].
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mas erupted at Detroit Seamount segregated at a
lower mean pressure; (3) Detroit Seamount lavas
sampled a depleted component (i.e., low 87Sr/86Sr,
Pb isotopic ratios and high 143Nd/144Nd) that is

not present in Hawaiian shield stage lavas or East
Pacific Rise (EPR) MORB. It is also present in
Hawaiian rejuvenated stage and North Arch lavas
[Frey et al., 2005]. We speculate that this depleted

Figure 1b. Bathymetry of Detroit Seamount and drill site locations. Detroit Seamount refers to the region north of
the red dashed line. Also shown is the outline of the Big Island of Hawaii (thick green line).
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component has been associated with the Hawaiian
hot spot for �80 Myr.

2. Detroit Seamount

2.1. Bathymetry

[7] A region of shallow seafloor, depths of 2400 to
3000 m, centered at 51�N in the northern part of
the Emperor Seamount Chain has been referred to
as Detroit Tablemount or Detroit Plateau [Lonsdale
et al., 1993]. We refer to this region as Detroit
Seamount (Figures 1a and 1b). The area,
10,000 km2, of the Detroit Seamount is similar to
the subaerial part of the Big Island of Hawaii

Table 1. Sampling of Detroit Seamount

Hole
Penetration Into
Basement, m

Basement
Recovery, %

883E 37.8 63
883F 26.7 41
884E 87 76
1203A 452.6 56.5
1204A 60.8 a  52
1204B 140.5 37.9

a
The penetration of basement was 60.8 m at Hole 1204A. However,

there was no recovery in the lower 22.4 m due to a clogged bit. The
basement recovery rate is based on the upper 38.4 m. See Shipboard
Scientific Party [2002b] for details.

Figure 2. Stratigraphy of basement core at Holes 1203A, 1204A, and 1204B. Unit boundaries, rock types, presence
of glass, and phenocryst abundance are indicated. Modified from Tarduno et al. [2002].
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(Figure 1b). Like the Big Island, Detroit Seamount
probably represents several coalesced volcanic
shields [Duncan and Keller, 2004]. Three peaks,
Detroit, Windsor and Wayne, reach shallower
depths, up to 1388m (Figure 1b). Dredging of the
northerly peak recovered lapilli hyalotuffs that
included nepheline and perovskite-bearing lava
fragments that were interpreted as rejuvenated
stage volcanism, analogous to the highly alkalic
rejuvenated stage of some Hawaiian volcanoes
[Lonsdale et al., 1993]. These unsedimented peaks
were avoided during ODP drilling whose objective
was to sample lavas erupted during the shield
construction stage; such lavas are buried beneath
460 to 850 m of sediment.

2.2. Stratigraphy and Petrography

2.2.1. Hole 1203A

[8] Hole 1203A, located in a valley on the eastern
flank of Detroit Seamount, penetrated 452.6 m into

basement, and recovered parts of 18 lava flow units
(Figures 1b and 2). Five samples from four tholei-
itic units (Units 11, 14, 16 and 24) have been dated
using the 40Ar-39Ar technique, and yield an age of
76 ± 1 Ma [Duncan and Keller, 2004]. From top to
bottom, these lava flow units range from dominantly
non-vesicular pillow lavas to dominantly vesicular
compound pahoehoe lavas. Glassy lobe margins are
present in all lava units except for Units 6 and 24
whose lobe margins were not recovered. Unaltered
glass occurs in the lobe margins throughout the
upper pillow lava units; but only altered glass
occurs in the lower pahoehoe lava units. Vesicles
are variably filled with secondary minerals, such
as carbonate, zeolites and sulfides. The vesicular
compound pahoehoe lavas are inferred to have
been erupted subaerially, whereas the upper non-
vesicular pillow lavas and some of the associated
volcaniclastic rocks (Figure 2) are inferred to be
submarine eruptives [Shipboard Scientific Party,
2002a] (Figure 3). Volatile analyses of glasses from
lobe margins of these pillow lavas indicate that they

Figure 3. Inferred volcanic environment of four drill sites at Detroit Seamount. Modified from T. Thordarson et al.
(manuscript in preparation, 2004). See text for details.
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were erupted at variable water depths. In detail,
uppermost pillow lavas, Units 3 and 8, are
undegassed; hence they were erupted in water
depths greater than 500 m. In contrast, the deeper
pillow lavas, Units 14 and 18, are partially
degassed, and inferred eruption water depths are
less than 500 m (T. Thordarson et al., manuscript in
preparation, 2004).

[9] The subsidence indicated by the upward tran-
sition from subaerial to submarine eruptives differs
from that of a typical Hawaiian volcano. For
example, submarine lavas underlie subaerial lavas
in the drill core for Mauna Kea volcano recovered
by the Hawaii Scientific Drilling Project (HSDP)
[DePaolo et al., 1999]. That is, the accumulation
rate, 9 to 18 mm/yr (W. D. Sharp and P. Renne,
40Ar/39Ar dating of core recovered by the Hawaii
Scientific Drilling Project (phase 2) Hilo, Hawaii,
submitted to Geochemistry, Geophysics,
Geosystems, 2004), for the HSDP drill core from
Mauna Kea was greater than subsidence rate of the
Big Island, �2.4 mm/yr [Moore, 1987]. The
dominance of subsidence rate over accumulation
rate at Detroit Seamount can be explained by a lower
accumulation rate and the proximity of the seamount

to an active spreading center at �80 Ma [Rea and
Dixon, 1983; Mammerickx and Sharman, 1988;
Cottrell and Tarduno, 2003]. The relatively thin and
weak oceanic lithosphere close to a spreading center
subsides rapidly [e.g., Parsons and Sclater, 1977;
Stein and Stein, 1992], so it is possible that during
the growth of Detroit Seamount the subsidence rate
was greater than the volcano accumulation rate.

[10] Lava flows from Hole 1203A are aphyric to
olivine-and/or-plagioclase-phyric basalt (Table 2a).
Plagioclase and olivine phenocrysts commonly
occur as glomerocrysts. Large plagioclase pheno-
crysts/glomerocrysts, up to 1.3 cm in length, occur
in Units 14 and 31. Trace amounts (<5%) of
clinopyroxene phenocrysts occur in several units
(Table 2a). Some plagioclase phenocrysts have
rounded or embayed margins, which suggests that
they are not in equilibrium with surrounding
groundmass. Olivine rich zones, containing >10%
olivine by volume, occur in Units 11 and 16. Some
olivine phenocrysts are unaltered, but many are
altered to clay, iddingsite, Fe-oxyhydroxide and
carbonate, and they are recognized by their equant
form and characteristic fracture patterns. The
groundmass of these lavas consists of plagioclase,

Table 2b. Glass Sample Information

Sample Name Unita Depth, mbsf

1203A 18R-2 17-21 1f: base of Unit 1 overlying sediment 465.47
1203A 18R-2 21-27 1f: glass at the top of Unit 2 sediment 465.51
1203A 19R-2 38-42 3k: glass in middle of lobe 3k 475.28
1203A 20R-1 106-107 3x: base of lobe, overlying 3y 484.06
1203A 20R-2 58-61 3ab top of lobe 485.08
1203A 31R-1 105-108 8k: glass in middle of lobe 580.45
1203A 31R-2 1-6 8m top of lobe 580.91
1203A 39R-6 57-63 18f top of lobe 653.97
1203A 40R-1 0-3 18h top of lobe 656.2
1203A 40R-1 65-70 18h bottom of lobe 656.85
1203A 40R-2 102-105 18i base of lobe 657.92
1203A 40R-2 142-146 18j base of lobe 658.32
1203A 40R-4 57-65 18n top of lobe 660.29
1203A 40R-4 80-90 18o top/side of lobe 660.52
1203A 45R-2 32-35 20s top of lobe 704.92
1203A 46R-4 0-4 20aj top of lobe 716.98
1204B 1R-3 69-81 Unit 1 glass fragments 814.39
1204B 3R-2 97-100 Unit 1 lobe boundary 832.2
1204B 3R-2 100-106 Unit 1 lobe boundary 832.35
1204B 3R-2 106-110 Unit 1 lobe boundary 832.41
1204B 15R-1 112-116 Unit 2c lobe margin 926.72
883E 20R-5 46-50 Unit 8 top
883E 22R-2 105-110 Unit 17 lobe margin
883E 22R-4 112-120 Unit 19-20 boundary
884E 10R-5 59-62 Unit 11 top
884E 10R-6 38-40 Unit 11 base
884E 10R-6 118-121 Unit 13 top

a
Most units are multilobed, and are divided into subunits. Letters after numbers refer to subunits. See Tarduno et al. [2002] for a detailed

documentation of subunits.
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clinopyroxene, opaque minerals (mostly titano-
magnetite) and glass (usually devitrified).

2.2.2. Holes 883E, 883F, 1204A, and 1204B

[11] Site 1204 is �27 km north of Site 1203, and
within �0.5 km of Site 883. Both sites are located
on the edge of a summit plateau (Figure 1b).
Holes 1204A and 1204B were drilled within
�100 m of each other. Five samples from Site
1204 and two from Site 883 yield no reliable
40Ar-39Ar ages [Keller et al., 1995; Duncan and
Keller, 2004]. However, nannofossils in the sed-
iment overlying and intercalated within the basalt
from Site 1204 imply a minimal age of 71–76 Ma
(cc22-23 [Shipboard Scientific Party, 2002b]). At
Hole 1204A the basement penetration was 60.8 m,
but a clogged bit limited recovery to 38.4 m of
one vesicular pillow lava flow unit (Table 1;
Figure 2). Hole 1204B penetrated 140.5 m into
basement, and recovered 3 lava flow units; Unit 2
is �77 m thick (Figure 2). These lava flow units,
except for subunit 2B, are multilobed vesicular
pillow lavas, and unaltered glass was recovered
from several glassy margins. Subunit 2B is com-
posed of coarse grained (up to 6 mm) diabase:
From the upper and lower margins toward the
center of this subunit, grain size ranges from
highly vesicular aphanitic to fine-grained to
sparsely vesicular medium-grained with ophitic
to subophitic texture. This subunit may be a
submarine sheet lobe or it may represent an
internal transport system that fed an active flow
front (Figure 3; T. Thordarson et al., manuscript
in preparation, 2004). On the basis of their high
vesicularity, Site 1204 lavas, and nearby Site 883
lavas, were classified as subaerially erupted
pahoehoe flows by Shipboard Scientific Party
[2002b]. However, volatile analyses of glasses
associated with these lavas indicate that these
lavas were only partially degassed upon eruption.
They probably erupted at relatively shallow water
depths (<500–1000 m) (Figure 3; T. Thordarson
et al., manuscript in preparation, 2004).

[12] The four lava flow units from Site 1204 are
nearly aphyric, with some units containing trace
amounts (<5%) of plagioclase phenocrysts and
olivine and plagioclase microphenocrysts. These
lava flows range from highly vesicular (up to 30%
close to lobe margins) to non-vesicular (in dia-
base). Vesicles are variably filled with secondary
minerals, such as carbonate, zeolites, sulfides and
green clay. Olivine, in groundmass or as micro-
phenocrysts, is altered to Fe-oxyhydroxide, idding-

site and carbonate. Glass in groundmass is altered
to green and brown clays and Fe-oxyhydroxide.

2.2.3. Hole 884E

[13] In contrast to the relatively shallow water
depth of Sites 1203, 1204 and 883 (2370–
2593 m), Site 884 is located in deeper water
(3284 m) on the northeastern flank of Detroit
Seamount (Figure 1b). Only one of three samples
from this drill site yields a meaningful 40Ar-39Ar
plateau age: 81 ± 1 Ma [Keller et al., 1995]. Hole
884E was drilled 87 m into basement and recov-
ered 13 cooling units [Shipboard Scientific Party,
1993]. From top to bottom, these lava flow units
range from variably vesicular (0–30%) pahoehoe
lavas to non-vesicular pillow lavas. Unaltered glass
only occurs in the lobe margins of lower pillow
lavas, and their volatile contents require eruption at
deep water depth (>500 m) (Figure 3; T. Thordar-
son et al., manuscript in preparation, 2004). No
volcaniclastic rock was recovered from Hole 884E.

[14] At Site 884 the upper pahoehoe lavas range
from aphyric to highly plagioclase-phyric to mega-
phyric basalt. Lower pillow lavas range from
highly plagioclase-phyric to megaphyric to highly
plagioclase-olivine basalt [Shipboard Scientific
Party, 1993]. The compositional zonation of cm-
size plagioclase reflects magma mixing [Kinman
and Neal, 2002].

3. Samples and Sample Preparation

[15] All lava flow units recovered from Detroit
Seamount during ODP Leg 197 were sampled
and multiple samples were collected from thick
units. Table 2a shows the unit number, name and
thickness, basalt type, lava flow type and pheno-
cryst proportions for each sample. Unaltered glass
was obtained from 12 units at Sites 883, 884, 1203
and 1204 (Table 2b).

[16] Highly altered regions, such as amygdules and
veins, were removed from all samples selected for
whole-rock analysis. The trimmed whole-rock
samples were wrapped in plastic and crushed with
a hammer into small pieces (<0.5 cm). Again,
pieces containing filled vesicles and/or veins were
removed. The remaining chips were rinsed with
deionized water several times before pulverizing in
an agate shatter box. Fragments of unaltered glass
were hand-picked using a binocular microscope.
To remove alteration phases, these fragments were
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leached in a 1:1 mixture of 2N HCl and H2O2 for
10 min.

4. Analytical Procedures

4.1. Major and Trace Element Analyses

4.1.1. Whole-Rock Samples

[17] Abundance of major and some trace elements
(Table 3a) were analyzed by X-ray fluorescence at
the University of Massachusetts at Amherst fol-
lowing the procedure described by Rhodes [1996].
Other trace elements (Table 3a) were analyzed by
inductively coupled plasma mass spectrometry
(ICP-MS) at Massachusetts Institute of Technology
using the procedure described by Huang and Frey
[2003]. Whole rocks from Sites 883 and 884 have
been studied by Regelous et al. [2003]. For com-
parison of their data with our data on Sites 1203
and 1204 lavas, their data have been normalized
using BHVO standard values reported by Regelous
et al. [2003] and Huang and Frey [2003].

4.1.2. Glass Samples

[18] Major element compositions of glasses were
obtained at the University of Bristol (UB) using a
JEOL 8600 electron microprobe with 15keV ac-
celerating voltage, a 10nA beam current and 5–
10 mm spot size. The results reported in Table 3b
are averages of 4 to 10 analyses for each glass.

[19] In situ laser ablation ICP-MS trace element
analyses were obtained at UB using a VG Elemen-
tal PlasmaQuad 3+ S-option instrument equipped
with a 266 nm Nd-YAG laser (VG Microprobe II).
The laser beam diameter at the sample surface was
�50 mm, and the laser repetition rate was set to
10Hz. This choice of laser beam conditions
reflected the need to obtain good sensitivity in
order to achieve low detection limits. Helium gas
and then an argon/helium mixture carried the
ablated material from the sample cell to the plasma
torch. All measurements were made using Thermo
Elemental PlasmaLab ‘‘time-resolved analysis’’
data acquisition software with a total acquisition
time of 100 s per analysis (50 s for a gas blank and
50 s for laser ablation). The data reduction algo-
rithm is that of Longerich et al. [1996]. NIST 610
glass was used for calibration and NIST 612 glass
was used to check on instrument linearity. Analy-
ses of the NIST glass standards bracketed the
analysis of unknowns in order to correct for
instrument drift. The glass standards BCR-2g,

BHVO-2g, BIR-1g were analyzed as unknowns
as a check of accuracy. Ca was used as internal
standard to correct for variations in ablation yield
between and during individual analyses of both
standards and samples. Data in Table 3b represent
averages of a minimum of 6 analyses of each glass
fragment, and for comparison with whole-rock
data, the glass data have been normalized to the
values of BHVO-2 obtained from solution ICP-MS
by Huang and Frey [2003].

4.2. Isotopic Analyses

[20] Sr-Nd-Pb isotopic ratios were determined in
seventeen whole-rock samples (Table 4a). Be-
cause isotopic ratios and parent/daughter ratios
were likely affected by postmagmatic alteration
processes [Regelous et al., 2003], Sr, Nd and Pb
isotopic ratios and their parent/daughter ratios
were determined on acid leached whole-rock
powders.

[21] Whole-rock powders were strongly acid-
leached before being digested in HF-HNO3 for
Sr-Nd-Pb isotopic analyses. Specifically, �0.3 to
0.4 g whole-rock powder was weighed into a
precleaned Teflon1 beaker, and �10 mL 6N HCl
was added. This beaker was placed in an ultra-
sonic bath and the HCl was changed every 30 min
until the acid was colorless or pale yellow. For
most samples, 6 to 9 leaching steps were required.
The residue was soaked in deionized H2O for
30 min, rinsed twice, and dried. The weight loss
after acid leaching was between 28 to 80%
(Table 4a). Electron microprobe analyses of several
residual assemblages showed that only plagioclase,
pyroxene and olivine were present.

[22] The leached sample powders were digested
in HF-HNO3. Three separate dissolutions were
prepared for: 1) Pb isotope analyses by Thermal
Ionization Mass Spectrometry (TIMS); 2) Sr-Nd
isotope analyses by TIMS; and 3) parent/
daughter abundance ratio determination by ICP-
MS. Pb was separated from the sample matrix
by anion exchange technique in HBr acid. Sr
and Nd were separated by cation exchange
technique in HNO3 and HCl, respectively. De-
tailed TIMS analytical procedures are described
by Schmitz and Bowring [2003]. Parent/daughter
abundance ratios in the leached powder
(Table 4a) were analyzed by ICP-MS using the
procedure described in Huang and Frey [2003].
Initial Sr-Nd-Pb isotopic ratios in Detroit Sea-
mount lavas are reported in Table 4b.
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Figure 4. Sr-Nd-Pb isotopic ratios and parent/daughter ratios in samples from different leaching steps. See section
4.3 text for details. The important result is that these isotopic and parent/daughter ratios are relatively constant after
three acid leaching steps. The isotope data reported in Tables 4a and 4b were obtained on rock powders that were
subjected to 6–9 leaching steps.
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4.3. Effects of Acid Leaching on Isotopic
Ratios

[23] In order to assess the effects of alteration on
isotopic ratios, we carried out a nine step-leaching
experiment on one sample, 1203A 32R4W 76-80
(Table 4a). We prepared a series of precleaned
centrifuge tubes labeled as LE-A through LE-I,
and �0.4 g sample 1203A 32R4W 76-80 was
weighed into each tube; 10 mL 6N HCl was added
to each tube, and the tubes were shaken. Then the
tubes were placed in an ultra-sonic bath. After
30 min, the acid was decanted from each tube.
For Tube LE-A, the leaching step was followed by
two steps of rinsing with 10 mL deionized H2O.
Tube LE-B was subjected to two leaching steps,
Tube LE-C to three leaching steps, etc. for Tubes
LE-D to LE-I with Tube LE-I experiencing nine
leaching steps. The color of HCl was colorless after
six leaching steps. Sr-Nd-Pb isotopic compositions
and Rb/Sr, Sm/Nd, Th/U and U/Pb ratios in this
series of unleached and leached powders are
reported in Table 4a. As indicated in Figure 4,
these isotopic ratios and parent/daughter ratios are
relatively constant after two (or three for Rb/Sr and
Th/Pb) acid leaching steps. The higher Sm/Nd but
lower Rb/Sr, Th/Pb and U/Pb ratios in the leached
powders reflect removal of fine-grained ground-
mass and alteration phases during acid leaching
(Figure 4). We assume that the parent/daughter
ratios of the leached powders are those of the
unaltered mineral assemblage and use them for
age correction. After age-correction to 76 Ma, the
unleached sample and sample LE I have similar
(within 2 s uncertainty) initial 143Nd/144Nd,
206Pb/204Pb and 207Pb/204Pb rat ios , but
significantly different 87Sr/86Sr and 208Pb/204Pb
ratios (Table 4b; Figure 4).

[24] The similar initial 143Nd/144Nd ratios in
leached and unleached powders is consistent with
the immobility of REE during postmagmatic
alteration. The different initial 87Sr/86Sr and
208Pb/204Pb ratios in leached and unleached pow-
ders clearly reflect the disturbance of the Rb-Sr and
Th-Pb systems during postmagmatic alteration
(Table 4b). Given the evidence for Pb mobility
[e.g., Bach et al., 2003; Regelous et al., 2003], the
difference in initial 208Pb/204Pb probably reflects
loss of Pb (and consequently high Th/Pb) during
postmagmatic alteration. However, it is surprising
that leached and unleached powders have similar
initial 206Pb/204Pb and 207Pb/204Pb ratios (Table 4b;
Figure 4c). Since the Th/Pb ratio in leached and
unleached powders changed by more than a factor

of 2, but U/Pb ratio changed by only a factor of
�1.5 (Figures 4c and 4d), it is possible that both Pb
and U were mobile during alteration, but that the
U/Pb ratio was not changed dramatically.

5. Results

5.1. Classification of Basalt Type

[25] The whole-rock samples are altered to variable
extent as indicated by their Loss on Ignition
(L.O.I.) (Table 3a), and the presence of secondary
minerals. Among the 69 analyzed whole-rock
samples, 54 samples have L.O.I. > 2% (hereafter
described as strongly altered samples), and 15 sam-
ples have 0.4% < L.O.I. < 2% (hereafter described
as moderately altered samples). In contrast, the
sums of major elements in the 36 glass samples
are greater than 97.9%, and 24 samples have sums
greater than 99% (Table 3b, T. Thordarson et al.,
manuscript in preparation, 2004). This confirms the
visual inspections that these glasses are unaltered.
Rock classification using the total alkalis–silica
criteria can be unreliable for altered rocks, because
of the mobility of Na and K during postemplace-
ment alteration (Figure 5a). However, the compo-
sition of unaltered glasses enables unambiguous
alkali-silica classification for 7 of the 22 flow units
recovered at Detroit Seamount during ODP Leg
197 and 5 cooling units recovered during ODP Leg
145 (Figure 3b). Out of 29 whole-rock samples
from Site 1204 and 6 from the nearby Site 883
(data from Regelous et al. [2003]), 30 samples are
within the alkalic field (Figure 5a). The remaining
5 samples are in the tholeiitic field close to the
Macdonald-Katsura line. They include 3 samples
from Hole 1204B (2 from Unit 2 and 1 from Unit 1)
and 2 from Unit 2 at Hole 1204A. However,
glasses from Units 1 and 2 at Hole 1204B are
within the alkalic field (Table 3b, Figure 5b).
Therefore we infer that the three whole-rock sam-
ples from Hole 1204B in the tholeiitic field lost
alkalis during post magmatic alteration. Although
no glass is available from Unit 2 at Hole 1204A, 7
of the 9 Unit 2 whole-rock samples are within the
alkalic field. Therefore we classify all lavas from
Sites 1204 and 883 as alkalic basalt.

[26] In contrast, glasses from Sites 884 and 1203,
whole rocks from Site 884 and moderately al-
tered (L.O.I. < 2%) whole rocks from Site 1203
are tholeiitic basalt. Highly altered (L.O.I. > 2%)
whole rocks from Site 1203 range from the
tholeiitic to the alkalic field. Three highly altered
whole-rock samples from Site 1203 Unit 20
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Figure 5. Na2O + K2O versus SiO2 (all in wt%). The dashed line shows the alkalic-tholeiitic boundary of
Macdonald and Katsura [1964], using the equation Total Alkalis = 0.37SiO2 � 14.43 [Carmichael et al., 1974]. The
Macdonald-Katsura line is based on data for total iron measured as FeO and Fe2O3; consequently, for our analyses,
total iron is assumed to be 10% Fe3+ and 90% Fe2+. (a) Whole-rock data. All the Detroit Seamount lavas with low
L.O.I. (<2%) are within the tholeiitic field, and those with high L.O.I. (>2%) range from tholeiitic to alkalic basalt.
See text for details. Shown for comparison is the field (shaded) for late shield to postshield stage lavas from Mauna
Kea [Frey et al., 1990, 1991]. Whole-rock fields for Sites 883 and 884 are from Regelous et al. [2003]. (b) Glass data.
Compositions of unaltered glasses (Table 3b) clearly show that all lavas from Sites 883 and 1204 are alkalic basalt,
whereas lavas from Site 884 are tholeiitic. Glasses are available in several units (Units 1, 3, 8, 18, and 20) at Site
1203, and they are also tholeiitic. Detroit Seamount glass data are from this study and T. Thordarson et al.
(manuscript in preparation, 2004). (c) Whole-rock–glass pairs from submarine lava flow units at Site 1203. Except
for the three samples from Unit 20, which are highly altered (L.O.I. ranges from 5–11%), the other whole-rock
samples (three highly altered and three moderately altered) are within the tholeiitic field. As discussed in the text, we
classify Unit 20 as a tholeiitic unit (see Figure 5b) and conclude that the high total alkali contents in Unit 20 whole
rocks are a result of alteration. (d) The subaerial lava flows Units 23, 26, 29, and 30 at Site 1203 are highly altered
(L.O.I. > 2%) and are within the alkalic field or straddle the alkalic-tholeiitic boundary line. No unaltered glass is
available from these units; however, on the basis of their high abundances of incompatible elements, they are
classified as alkalic basalt (see text).
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Figure 6. Th (ppm) versus (a) K2O (wt.%), (b) Rb (ppm), (c) P2O5 (wt.%) and (d) Ba (ppm) in glasses and whole
rocks.
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(L.O.I. ranges from 5–11%) are within alkalic
field (Figure 5c); however the two glass samples
from this unit are within the tholeiitic field
(Figure 5c). In addition, whole-rock and glass
samples from this unit have incompatible element
abundances similar to other tholeiitic basalts
(Tables 3a and 3b). We classify Unit 20 as
tholeiitic basalt.

[27] Whole-rock samples from the thick com-
pound pahoehoe Units 23, 26, 29 and 30 at Site
1203 (Figure 2) lie within the alkalic field or
are close to alkalic-tholeiitic boundary line
(Figure 5d). No unaltered glass is available from
these units, but whole-rock samples from these
units have high abundances of incompatible ele-
ments, such as Ti and Zr (Table 3a); hence we
conclude that they represent alkalic basalt under-
lying the main tholeiitic basalt succession in Hole
1203A (Figure 2).

5.2. Compositional Effects of Alteration

[28] Our objectives are to understand the mag-
matic evolution of lavas forming Detroit Sea-
mount. Because these lavas are �76–81 Myr
old, the igneous geochemical characteristics of
the whole rocks have been affected by postmag-
matic processes. For submarine erupted lavas,
these are submarine alteration processes. For
now submerged but subaerially erupted lavas,
both subaerial and submarine alteration processes
have occurred. In this section, we discuss
the effect of alteration on whole-rock chemical
compositions.

[29] A direct approach to evaluate compositional
changes of whole rocks caused by postmagmatic
alteration is comparison of unaltered glass and
whole-rock compositions. Our discussion begins
with elements that are known to be mobile, e.g., K
and Rb, but also Ba and P, and concludes with
assessment of changes in ratios of highly incom-
patible elements.

[30] K (as K2O) and Rb are incompatible ele-
ments, and their abundance in unaltered tholeiitic
and alkalic basalt glasses are positively correlated
with Th abundance (Figures 6a and 6b). How-
ever, whole-rock samples do not define linear
trends in Th-K2O and Th-Rb diagrams, which is
best explained as the result of K and Rb mobility
during alteration. Most Site 1204 whole-rock
samples are from oxidizing zones defined by
Shipboard Scientific Party [2002b], and they
have higher K2O and Rb content than the unal-

tered glass samples at a given Th abundance
(Figures 6a and 6b). In contrast, tholeiitic whole-
rock samples from Site 1203 range to higher and
lower K2O and Rb contents than unaltered glass
samples at a given Th abundance (Figures 6a and
6b). For example, three whole-rock samples from
Unit 20 at Site 1203 deviate from the trend
formed by unaltered glasses to higher K2O and
Rb content. Their L.O.I. varies from 5% to 11%.
Hence we conclude that K2O and Rb were added
during alteration. Two samples from Unit 19 at
Site 1203 exhibit contrasting alteration trends.
Sample 1203A 42R1W 88-92 deviates from the
glass trends to higher K2O and Rb content, and
sample 1203A 42R5W 40-44 trends to lower
K2O and Rb content (Figures 6a and 6b). Their
L.O.I. are 5% and 4%, respectively (Table 3a).
We infer that K2O and Rb were added to sample
1203A 42R1W 88-92, and lost from sample
1203A 42R5W 40-44 during alteration.

[31] Among the four alkalic, incompatible ele-
ment-enriched units at the bottom of Hole
1203A, Units 29 and 30 have higher contents
of K2O and Rb than Units 23 and 26 (Figures 6a
and 6b). K2O/P2O5 is sensitive to alteration, and
unaltered Hawaiian lavas have K2O/P2O5 > 1
[e.g., Huang and Frey, 2003]. Therefore the low
and variable K2O/P2O5 in Units 23 and 26 (8 of
9 samples range from 0.24 to 0.92) compared to
that of Units 29 and 30 (2.3 to 2.9) indicate that
K2O and Rb were removed from Units 23 and
26 during postmagmatic alteration. This inference
is important in subsequent evaluation of the role
of phlogopite during the petrogenesis of these
alkalic lavas.

[32] P is an incompatible element, and its content
(as P2O5) in unaltered glasses is positively corre-
lated with Th abundance (Figure 6c). Most whole-
rock samples form a positive trend in Th versus
P2O5 diagram which overlaps with the trend
formed by the unaltered glasses. Six whole-rock
samples (labeled in Figure 6c) deviate from the
trend to higher P2O5 content. Their P2O5 contents,
0.5 to 0.7%, could be explained by secondary
apatite, up to 1 wt%.

[33] Mobility of Ba has been observed in altered
oceanic crust [e.g., Staudigel et al., 1995]. Most
whole rocks from Detroit Seamount form a
positive trend in a Th-Ba plot, overlapping with
the trend formed by unaltered glasses (Figure 6d).
However, several whole-rock samples deviate from
the trend to high Ba abundance (Figure 6d). The
high Ba abundance in Sample 1204B 14R1W 87-91
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has been confirmed by both ICP-MS and XRF
analyses (Table 3a). This sample is highly altered
and contains large irregular domains of clay after
glass.

[34] Ce/Pb and Ba/Th ratios are not readily
changed by most magmatic processes; conse-
quently, Ce/Pb and Ba/Th ratios are relatively
uniform in unaltered oceanic basalt [e.g., Hof-
mann and White, 1983; Hofmann, 1986]. Howev-
er, due to the mobility of Pb and Ba during

alteration processes, these ratios may vary signif-
icantly in altered whole rocks. Comparison of
unaltered glasses and whole rocks shows that
each of these ratios are quite variable in the
whole-rock samples, even among samples from
the same unit, but relatively uniform in the
unaltered glasses (Figure 7). For example, the
average value of Ce/Pb in unaltered glasses from
Detroit Seamount is 31 ± 6, which is close to
the average value of oceanic basalt (25 ± 5)
[Hofmann, 1986] and that of Mauna Kea lavas

Figure 7. Highly incompatible element ratios: Ce/Pb and Ba/Th. Blue diamond: whole-rock data. Pink square: glass
data. Site 883 and 884 data are normalized using the BHVO standard values reported by Regelous et al. [2003] and
Huang and Frey [2003]. The pink fields show the glass range. Data for primitive mantle [Hofmann, 1988; Sun
and McDonough, 1989], average oceanic basalt [Hofmann, 1986], Garrett transform fault lavas [Wendt et al., 1999],
and Mauna Kea shield lavas [Huang and Frey, 2003] are shown for comparison.
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(29 ± 8) [Huang and Frey, 2003]. The highly
variable Ce/Pb ratio (6–66) in the whole-rock
samples (Figure 7a) most likely results from the
mobility of Pb during alteration. The Ba/Th ratio in
unaltered glasses from Detroit Seamount is 98 ± 17,

but the Ba/Th ratio ranges widely (50–257) in the
whole-rock samples, reflecting Ba mobility during
alteration (Figure 7b). Primitive mantle values of 74
and 82 are reported by Hofmann [1988] and Sun
and McDonough [1989], respectively.

Figure 8. MgO content versus other oxide contents (all in wt.%). For each element, there are two panels:
whole-rock data and glass data. Only samples with L.O.I. less than 7% are plotted. Whole-rock data are plotted
after converting Fe2O3 to FeO. Data sources are as follows: Detroit Seamount whole rocks (Sites 1203 and 1203:
this study; Sites 883 and 884: Regelous et al. [2003]); Detroit Seamount glasses (this study and Thordarson et al.,
manuscript in preparation, 2004); EPR N-MORB whole rock (downloaded data from PET DB); EPR N-MORB
glass [Niu and Batiza, 1997; Niu et al., 1999; Regelous et al., 1999]; Loihi glass [Garcia et al., 1993, 1995,
1998]; Mauna Kea whole rock [Rhodes, 1996; Rhodes and Vollinger, 2004], and Mauna Kea glass [Stolper et
al., 2004]. In the SiO2 panels the Mauna Kea fields are divided into Low and High SiO2 groups; these groups
are combined in other panels.
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5.3. Major Elements: Comparison With
Hawaiian Lavas and MORB

[35] We use MgO variation plots to compare and
contrast the composition of the basalt from the
four ODP drill sites at Detroit Seamount as well
as to compare with mid-ocean basalt (MORB)
from the East Pacific Rise (EPR) and basalt from
Mauna Kea Volcano and Loihi Seamount, which
have well studied shield to postshield and pre-
shield to shield transitions, respectively. Our
principal objective is to use the well known
differences in major element composition between

MORB and Hawaiian magmas [e.g., Albarede,
1992] to determine the affinities of the magmas
erupted at Detroit Seamount.

5.3.1. SiO2

[36] For whole rocks and glasses with 5–10%
MgO, SiO2 contents increase from Mauna Kea
and Loihi alkalic basalt (postshield and preshield
stages, respectively) to Mauna Kea (low SiO2

group) and Loihi tholeiitic basalt (shield stages).
The highest SiO2 contents (>50%) are in EPR
MORB and the high SiO2 group lavas of Mauna

Figure 8. (continued)
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Kea Shield lavas (Figure 8a). In contrast to the
negative MgO-SiO2 trend defined by Hawaiian
tholeiitic shield lavas, a trend reflecting olivine
addition, subtraction and fractionation [e.g., Yang
et al., 1996; Rhodes and Vollinger, 2004], most
Detroit Seamount lavas define a broad positive
trend (Figure 8a). Only the olivine-rich samples
from Units 11 and 16 at Site 1203 fall on an
olivine-control trend. Alkalic basalt, whole rocks
and glasses, from Sites 883 and 1204 has relatively
low SiO2 content that overlaps the range of alkalic
postshield lavas from Mauna Kea and preshield
stage lavas from Loihi. Tholeiitic glasses from

Sites 884 and 1203 overlap with the low-SiO2

tholeiitic shield lavas from Mauna Kea volcano
(Figure 8a).

5.3.2. Total Iron as FeO*

[37] For whole rocks with 7–10% MgO, the trend
of increasing FeO* contents is opposite to that for
SiO2; i.e., EPR N-MORB have the lowest FeO*
abundances and Hawaiian tholeiitic basalt gener-
ally has lower FeO* abundance than Hawaiian
alkalic basalt. For Detroit Seamount lavas, the
whole-rock data for FeO* are scattered widely.

Figure 8. (continued)
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The FeO* content of tholeiitic basalt from Sites
1203 and 884 varies from �7% to 13%, which is
similar to EPR N-MORB. The olivine-rich units 11
and 16 at Site 1203 overlap with Mauna Kea shield
stage tholeiitic basalt (Figure 8b). The alkalic lavas
from Sites 883, 1203 and 1204 overlap with the
Mauna Kea tholeiitic field but a few samples range
to high FeO* (>13%) and are within the field of
Mauna Kea alkalic basalt. A negative MgO-
FeO* trend is well defined by Detroit Seamount
glasses with the highest FeO* in alkalic basalt
from Sites 883 and 1204. This trend parallels

the trends for EPR N-MORB and Mauna Kea
glasses (Figure 8b).

5.3.3. Al2O3

[38] In the context of the MORB-related versus
Hawaiian plume-related alternatives proposed for
Detroit Seamount lavas [Keller et al., 2000;
Regelous et al., 2003], MgO versus Al2O3 is
especially important because the parental magmas
for N-MORB and Hawaiian shield lavas differ
significantly in Al2O3. For MgO >8%, the Al2O3

Figure 8. (continued)
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content of MORB exceeds that for Hawaiian
shield lavas (e.g., Figure 8c) [see also Albarede,
1992, Figure 2]. Unfortunately, this distinction
diminishes as MgO content decreases, because at
�7% MgO the positive Al2O3-MgO trend of
MORB caused by plagioclase fractionation inter-
sects the negative trend of Hawaiian shield lavas
caused by olivine fractionation (Figure 8c). The
�5.8 to 8.0% MgO glasses from Detroit Sea-
mount are in the region of overlap between the
Mauna Kea and EPR N-MORB fields. However,
the positive MgO-Al2O3 trend for Detroit Sea-
mount glasses is similar to the plagioclase frac-
tionation trend of N-MORB. In contrast, the
three high MgO (olivine-rich) samples from
Units 11 and 16 at Site 1203 define a negative
trend that is intermediate between the Mauna
Kea shield and EPR MORB fields.

[39] The five lavas with atypically high Al2O3 at
�5.7 to 7.2% MgO (Site 1203, Units 14 and 31
and samples 145-10 and 145-11 from Site 884,
Figure 8c) are rich (>7 vol.%) in plagioclase
phenocrysts (Table 2a) [Regelous et al., 2003;
Shipboard Scientific Party, 2002a].

5.3.4. TiO2

[40] It is well known that the primary magmas for
Hawaiian tholeiitic lavas contain higher abun-
dances of TiO2 (and incompatible trace elements)
than primary magmas for N-MORB [e.g., Frey and
Roden, 1987; Albarede, 1992]. For Detroit Sea-
mount lavas, there is a range in TiO2 at a given
MgO content: TiO2 content increases in the order
Site 884 < Site 1203 (tholeiitic) < Site 1204 � Site
883 < Site 1203 (alkalic) (Figure 8d). Tholeiitic
lavas from Sites 884 and 1203 overlap with the N-
MORB field. Note that the alkalic lavas from Site

1203 have lower TiO2 content than alkalic lavas
from Mauna Kea (Figure 8d).

5.3.5. Summary

[41] Alkalic basalt with relatively low SiO2 content
and high contents of FeO* and TiO2 at Detroit
Seamount is consistent with the tholeiitic to alkalic
basalt transition that is characteristic of the late
shield and postshield stages of Hawaiian volcanoes
[e.g., Frey et al., 1990, 1991]. On the other hand,
Site 884 lavas with low TiO2 and P2O5 contents are
similar to MORB. Although MORB and Hawaiian
shield stage lavas with >8% MgO content differ
significantly in Al2O3 [Albarede, 1992], evolved
MORB and Hawaiian lavas with �6–8% MgO
have similar Al2O3 content. Therefore we cannot
use Al2O3 content to establish a MORB or Hawai-
ian affinity for the glasses from Detroit Seamount
which have �6–8% MgO. However, as in MORB,
plagioclase fractionation was an important process
controlling the compositions of Detroit Seamount
lavas.

5.4. Incompatible Elements

[42] In both whole rocks and glasses, abundances
of incompatible elements that are immobile dur-
ing alteration, such as Nb, Zr and TiO2,
are positively correlated with Th abundance
(Figures 9a–9c). Generally, the lowest abundance
of these incompatible elements are in Site 884
lavas and the three high MgO lavas from Site
1203 (from Units 11 and 16) (Tables 3a and 3b).
Alkalic lavas from Sites 1204 and 883 have
incompatible element abundance intermediate be-
tween tholeiitic lavas from Sites 1203 and 884
and alkalic lavas from Site 1203. The highest
abundances are in the 4 thick compound pahoe-
hoe units, Units 23, 26, 29 and 30, in the lower
part of the Site 1203 core (Figure 2). The
combination of high incompatible element abun-
dances and their location within the alkalic field
or straddling the alkalic-tholeiitic boundary line
in Figure 5d shows that these lavas are alkalic
basalt. These 4 alkalic basalt units define two
separate trends in the Zr and TiO2 versus Th
plots (e.g., Figures 9b and 9c). The Ti/Zr ratio in
most lavas from Detroit Seamount ranges from
86–109, which is close to the primitive mantle
value of 116 [Sun and McDonough, 1989];
however, alkalic Units 23 and 26 from Site
1203 have a lower Ti/Zr ratio (67–72). Also
Zr/Hf in Units 23 and 26 (44–45) differ from
those in Units 29 and 30 (40–41) (Table 5).

Table 5. Ti/Zr, Ba/Th, and Zr/Hf in Alkalic Lavas at
Site 1203

Unit Sample Ti/Zr Ba/Th Zr/Hf

23 1203A 52R 6W 23-27 68.7 51.5 44.4
23 1203A 53R6W 123-127 66.7 51.2 45.0
23 1203A 54R4W 74-78 67.2 52.2 45.4
23 1203A 55R1W 109-113 67.5 48.1 44.4
23 1203A 58R2W 94-98 70.9 55.2 43.5
26 1203A 62R1W 101-105 69.9 53.9 43.6
26 1203A 62R2W 88-92 72.0 54.9 43.7
26 1203A 63R4W 19-22 71.2 57.6 43.5
29 1203A 65R4W 9-13 105.3 63.5 40.2
30 1203A 66R2W 8-10 107.4 64.5 40.9
30 1203A 67R4W 10-14 103.4 67.5 40.5
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[43] Abundance of other moderately incompatible
elements, such as Na (as Na2O) and Lu, versus Th
abundance define more complex trends (Figures 9d
and 9e). Except for the three high MgO lavas (from
Site 1203 Units 11 and 16), which have the lowest
Th, Lu and Na2O abundance, tholeiitic lavas
(glasses and whole rocks) from Sites 1203 and
884 have similar Lu and Na2O abundance. This
result is surprising because Site 884 lavas have the
lowest abundance of highly incompatible elements.
Also, whole-rock data for Site 884 tholeiitic lavas
and Site 1203 alkalic lavas overlap in Na2O
content. However, alkalic glasses from Sites 883

and 1204 have higher Na2O content than tholeiitic
glasses from Sites 884 and 1203.

[44] Trends defined by Ba and Sr versus Th abun-
dance are also complex (Figures 6d and 9f). Site
1203 alkalic lavas have variable Th abundances but
relatively uniform Sr and Ba abundances. The Sr
data for glasses show that Sr abundances are
similar in alkalic glasses from Sites 883 and 1204
and tholeiitic glasses from Site 1203 (Figure 9f).
This is a surprising result given the relative enrich-
ment of other incompatible elements in these
alkalic glasses.

Figure 10. Primitive mantle normalized incompatible element abundances for lavas from Detroit Seamount:
(a) alkalic lavas and (b) tholeiitic lavas. In order to minimize the effect of crystal fractionation, only lavas with 6% <
MgO < 9% are plotted, except for Site 883 glass samples, whose MgO contents are �5.8%. Both glass and whole-
rock data are plotted. In each group, glass data overlap with whole-rock data. Mauna Kea data are from Huang and
Frey [2003]. Primitive mantle values are from Hofmann [1988]. Average N-MORB data are from Hofmann [1988]
and Sun and McDonough [1989].
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[45] In a primitive mantle normalized trace element
diagram, the relative enrichment in highly incom-
patible elements decreases in the order Mauna Kea
alkalic lavas > Site 1203 alkalic lavas > Sites 1204
and 883 alkalic lavas (Figure 10a). Also relative to
alkalic basalt from Mauna Kea, Detroit Seamount
alkalic basalt has more pronounced depletion in Sr
and flatter patterns. For tholeiitic lavas, incompat-
ible element abundance decrease in the order

Mauna Kea tholeiitic lavas > Site 1203 tholeiitic
lavas > Site 884 tholeiitic lavas (Figure 10b). As
pointed out by Regelous et al. [2003], the Site 884
tholeiitic lavas, both whole rocks and glasses, form
convex upward trends which are similar to average
MORB (Figure 10b). However, the relative deple-
tion in Sr that is characteristic of average MORB
does not occur in Mauna Kea or Detroit Seamount
lavas.

Figure 11. MgO content (in wt%) versus Ni and Sc abundances (in ppm). For each element, there are two panels:
whole-rock data and glass data. Only samples with L.O.I. less than 7% are plotted. Whole-rock fields are shown in
glass panels for comparison. As shown, three samples contain large proportion of olivine phenocryst (>15 vol.%),
and the positive trend in Figure 11a is a result of olivine addition. See the Figures 8a–8d caption for other data
sources. Koolau data are from Frey et al. [1994].
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5.5. First Series Transition Metals: Ni and
Sc

[46] Abundance of Ni is positively correlated with
MgO content in the glasses; tholeiitic glasses from
Sites 884 and 1203 typically have higher Ni
abundance than alkalic glasses from Sites 883
and 1204 (Figure 11a). The highest Ni abundances
are in the three olivine-rich whole-rock samples
from Units 11 and 16 at Site 1203.

[47] An inverse MgO-Sc trend reflecting olivine
control is typical of Hawaiian shield lavas [e.g.,
Frey et al., 1994; Huang and Frey, 2003]. The

three MgO-rich samples from Units 11 and 16 at
Site 1203 show this trend (Figure 11b). Most
importantly, at a given MgO content, the Sc
abundance in EPR N-MORB exceeds that of
Hawaiian lavas. The majority of Detroit Sea-
mount samples (whole rocks and glasses) have
>35 ppm Sc; hence they are within the MORB
field (Figure 11b).

5.6. Summary: Incompatible Elements and
First Series Transition Metals

[48] The abundance of highly incompatible, rela-
tively immobile elements, such as Nb, La, and Th

Figure 11. (continued)
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are highly correlated in Detroit Seamount lavas.
There is, however, a large range from Site 884
tholeiitic basalt which are MORB-like to moder-
ately incompatible element-rich alkalic basalt in the
lower part of the Hole 1203A core. For a given
lava type, tholeiitic or alkalic, lavas from Detroit
Seamount are less enriched in highly incompatible
elements than Mauna Kea lavas. In detail, the
alkalic lavas from Site 1203 have several character-
istics, relative depletion in Ba and Sr and two
groups of Ti/Zr and Zr/Hf ratios, which reflect a
distinctive petrogenesis. Finally, at a given MgO
content, Sc abundances distinguish MORB and
Hawaiian tholeiitic basalt. Lavas from Detroit
Seamount have relatively high Sc abundance
which overlaps with the MORB field.

5.7. Sr-Nd-Pb Isotopic Ratios

[49] Initial Sr-Nd-Pb isotopic ratios in Detroit Sea-
mount lavas are reported in Table 4b. Because of
low Rb/Sr ratios in the leached residues, which are
plagioclase, pyroxene and olivine, the age correc-
tion on 87Sr/86Sr in most samples is very small
(Tables 4a and 4b). Correction for 143Nd/144Nd are
significant but the variability is similar for
unleached and leached samples (Tables 4a and
4b). In contrast, the scatter of Pb isotopic ratios,
especially 206Pb/204Pb, decreases after age-correc-
tion (Tables 4a and 4b).

[50] In a Sr-Nd diagram, Sites 883, 884 and 1204
lavas plot close to the age-corrected EPR MORB
field (Figure 12a).  Among Detroit Seamount
lavas,  Site  884  lavas  have  the  highest
143Nd/144Nd and lowest 87Sr/86Sr ratios, and over-
lap with the 76 Ma MORB field. In contrast, Site
1203 tholeiitic and alkalic lavas are similar and
overlap with the age-corrected Hawaiian rejuve-
nated stage lava and North Arch lava field which is
intermediate between the EPR MORB and Mauna
Kea shield fields (Figure 12a).

[51] In Pb isotopic diagrams, Site 883, 1203 and
1204 lavas scatter around the Hawaiian shield field
defined by lavas from Mauna Kea and Mauna Loa
(Figure 12b). Compared with Site 1203 tholeiitic
lavas, Site 1203 alkalic lavas are offset to higher
208Pb/204Pb ratio at a given 206Pb/204Pb ratio. In
detail, Units 23 and 26 lie on an extension of the
preshield stage Loihi field, which has higher
208Pb/204Pb ratio at a given 206Pb/204Pb ratio than
the Mauna Kea field; Units 29 and 30 have even
higher 208Pb/204Pb ratio at a given 206Pb/204Pb ratio
(Figure 12b). It is important to point out that Sample

1203A 65R4W 9-13 from Unit 29 at Site 1203,
which has the highest age-corrected 208Pb/204Pb
ratio, has been carefully analyzed with two separate
analyses for the isotopic ratios and three sepa-
rate analyses for parent/daughter ratios. These mul-
tiple analyses yield similar Pb isotopic ratios and
parent/daughter ratios (Table 4a). Compared with
Site 1204 lavas, Site 883 lavas are offset to slightly
lower 207Pb/204Pb ratio at a given 206Pb/204Pb ratio.

[52] Site 884 lavas are offset from the Hawaiian
shield field to lower 207Pb/204Pb and 208Pb/204Pb
ratios at a given 206Pb/204Pb ratio (Figure 12b).
Relative to the EPR MORB field defined by data
obtained by the triple spike technique, Site 884
lavas clearly have lower 207Pb/204Pb and trend to
lower 206Pb/204Pb and 208Pb/204Pb. Consequently,
Regelous et al. [2003] concluded that Site 884 lavas
are not similar to EPR MORB or Hawaiian shield
stage lavas. However, as indicated in Figure 12b,
Detroit Seamount lavas form trends pointing to the
field defined by Garrett transform fault lavas, which
have low Pb isotopic ratios [Wendt et al., 1999]. The
positive trend of Detroit Seamount in a 206Pb/204Pb
versus 87Sr/86Sr diagram is unlike the negative trend
defined by Hawaiian shield stage lavas, and it
extrapolates toward the field defined by Garrett
transform fault lavas (Figure 12c).

[53] In summary, lavas recovered from 4 drill sites
are characterized by different age-corrected isoto-
pic ratios. Even in the same drill hole, Hole 1203A,
alkalic lavas and tholeiitic lavas have different age-
corrected 208Pb/204Pb ratios. Compared with mod-
ern Hawaiian shields, Detroit Seamount lavas have
lower 87Sr/86Sr and higher 143Nd/144Nd ratios, that
range from MORB-like to similar to that in Ha-
waiian rejuvenated stage lavas and North Arch
lavas. Trends of Detroit Seamount lavas in
206Pb/204Pb versus 208Pb/204Pb and, especially,
207Pb/204Pb extend to lower ratios than typical of
EPR MORB, but they extend toward the field
defined by Garrett transform fault lavas which have
206Pb/204Pb less than 18.

6. Discussion

6.1. Role of Crystal Fractionation

[54] Although the isotopic heterogeneity (Figure 12)
and compositional changes caused by post-
magmatic alteration preclude definition of liquid
lines of descent, some geochemical trends provide
compelling evidence that olivine and plagioclase
fractionation and accumulation were significant
processes during the evolution of lavas forming
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Figure 12
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Detroit Seamount. For example, olivine fraction-
ation is shown by the MgO-Ni correlation
(Figure 11a) and plagioclase fractionation is indi-
cated by the positive MgO-Al2O3 correlation for
glasses (Figure 8c), the hyperbolic trend of Th-Sr
for whole rocks and glasses (Figure 9f) and the

positive Eu/Eu*-Sr/Nd correlation (Figure 13).
This is a significant result because the composi-
tions of Hawaiian shield lavas are dominantly
controlled by olivine fractionation with a relatively
minor role for plagioclase and clinopyroxene [e.g.,
Huang and Frey, 2003; Rhodes and Vollinger,

Figure 12. (continued)

Figure 12. (a) Sr-Nd isotopic ratios for Detroit Seamount lavas. (b) Pb-Pb isotopic ratios for Detroit Seamount
lavas. (c) Values of 206Pb/204Pb versus 87Sr/86Sr for Detroit Seamount lavas. For comparison, fields are shown for
EPR MORB, Garrett transform fault lavas, two extreme Hawaiian shields (Mauna Kea and Koolau), and Hawaiian
rejuvenated stage lavas. All data points and fields have been age-corrected to 76 Ma, except for Site 884 lavas, which
have been age-corrected to 81 Ma. A 2-sigma error bar is indicated unless the symbol is larger than the error bar. For
the relatively young Hawaiian shield stage lavas and EPR MORB, parent/daughter ratios for age corrections should
be those of the magma source. As a crude estimate of these ratios for tholeiitic basalt, we use average parent/daughter
ratios in unaltered lavas (see Table 6). For the Sr and Pb isotopic systems this approach leads to overestimates for the
age correction, and for the Nd isotopic system the age corrections are underestimates. Parent/daughter ratios in
Koolau and Mauna Kea lavas are average values of relatively unaltered samples (K2O/P2O5 > 1.3) from Frey et al.
[1994] and Huang and Frey [2003]. Parent/daughter ratios in Mauna Loa are average values of relatively unaltered
samples (K2O/P2O5 > 1.3) from Hofmann and Jochum [1996]. Parent/daughter ratios in EPR-MORB are average N-
MORB values from Sun and McDonough [1989]. Parent/daughter ratios in Garrett transform fault lavas are average
values of lavas with 206Pb/204Pb < 18 [Wendt et al., 1999]. Because rejuvenated stage and North Arch alkalic basalt
were formed by low extents of melting [e.g., Yang et al., 2003], which may lead to significant changes in parent/
daughter ratios, we used two sets of parent/daughter ratios for Hawaiian Rejuvenated Stage lavas: N-MORB values
for the orange solid line and Mauna Kea values for the black dashed line. Our selection of U/Pb and Th/Pb ratios in
EPR MORB results in 238U/204Pb and 232Th/204Pb values of 10 and 26, respectively, which are about 2 times the
values used by Regelous et al. [2003]. Data sources: Koolau: Roden et al. [1994], Lassiter and Hauri [1998]; Mauna
Kea: J. G. Bryce et al. (Sr, Nd, and Os isotopes in a 2.84 km section of Mauna Kea Volcano: Implications for the
geochemical structure of the Hawaiian plume, submitted to Geochemistry, Geophysics, Geosystems, 2004; hereinafter
referred to as Bryce et al., submitted manuscript, 2004), Lassiter et al. [1996], Abouchami et al. [2000], Eisele et al.
[2003]; Mauna Loa: Abouchami et al. [2000]; Loihi: Garcia et al. [1993, 1995, 1998], Norman and Garcia [1999];
EPR MORB: Niu et al. [1999], Regelous et al. [1999], Castillo et al. [2000]; Hawaiian rejuvenated stage and North
Arch lavas: Stille et al. [1983], Roden et al. [1984], Tatsumoto et al. [1987], Chen and Frey [1985], Lassiter et al.
[2000], Frey et al. [2000]; Garrett transform fault lavas: Wendt et al. [1999]; Site 883 and 884 lavas: Keller et al.
[2000], Regelous et al. [2003]. EPR MORB fields in Pb-Pb plots are taken from Regelous et al. [2003].
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2004]. In contrast, like Detroit Seamount lavas,
MORB compositions are typically controlled by
plagioclase and olivine [e.g., Langmuir et al., 1992].

6.2. Significance of Alkalic Basalt Deep in
the Hole 1203A Core

6.2.1. Preshield or Postshield Stage Alkalic
Lavas?

[55] In Hole 1203A, there is an upward change
from intercalated alkalic and tholeiitic basalt to
solely tholeiitic basalt (Figure 2). Specifically, four
thick, ranging from 8 to 63 m, subaerially erupted
compound pahoehoe alkalic flow units underlie a
�300 m thick sequence of submarine erupted

tholeiitic lava flows interbedded with volcaniclastic
rocks. Although this alkalic to tholeiitic transition
is expected in the preshield to shield transition at a
single volcano, it could also reflect interfingering
of lavas from two adjacent volcanoes at different
growth stages. For example, shield stage tholeiitic
lavas from Mauna Loa volcano overlie late-shield
to postshield stage alkalic lavas from Mauna Kea
volcano in the drill cores recovered by the Hawaii
Scientific Drilling Project (HSDP) [Rhodes, 1996;
Rhodes and Vollinger, 2004]. Did alkalic and
tholeiitic lavas at Site 1203 erupt from the same
volcano? Although there are erosional contacts
between some units, such as Units 5 and 6, Units
23 and 24, Units 27 and 28, we cannot confidently
use the contact relations in the non-continuous core

Table 6. Parent/Daughter Ratios Used to Calculate Initial Ratios for Fields in Figure 12

Koolau Mauna Kea Mauna Loa Loihi EPR-MORB GTFa

Rb/Sr 0.015 0.021 – – 0.0062 0.0040
Sm/Nd 0.26 0.27 – – 0.36 0.39
Th/Pb 0.52 0.97 0.55 0.80 0.40 0.22
U/Pb 0.15 0.31 0.17 0.27 0.16 0.15

a
GTF, Garrett transform fault lavas.

Figure 13. (Sr/Nd)PM versus Eu/Eu* for Detroit Seamount lavas (whole rocks). Eu/Eu* = 2*[Eu]PM/([Gd]PM +
[Sm]PM). Subscript PM indicates normalization to primitive mantle values from Sun and McDonough [1989]. These
ratios are sensitive to plagioclase fractionation, and the range from >1 to <1 indicates accumulation and loss of
plagioclase, respectively. Because Gd abundances for glasses are not reported, glasses are not included. The labeled
units with high (Sr/Nd)PM also have anomalously high Al2O3 (Figure 8c).
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containing numerous volcaniclastic units to deter-
mine if there is a regional uncomformity between
the alkalic and overlying tholeiitic lavas. Therefore
we evaluate isotopic differences between these
units. The tholeiitic lavas from Mauna Loa in the
HSDP core are clearly isotopically distinct from
the underlying alkalic to transitional Mauna Kea
lavas [e.g., Lassiter et al., 1996, Figure 6]. There-
fore the similar age-corrected 87Sr/86Sr and
143Nd/144Nd ratios of the Site 1203 alkalic and
tholeiitic lavas (Figure 12a) are evidence against
the hypothesis of interfingering between two adja-
cent volcanoes at different growth stages. We
cannot preclude the possibility that lavas from
two adjacent volcanoes were similar in Sr and Nd
isotopic ratios (e.g., Kilauea and Mauna Kea in
Figure 6 of Lassiter et al. [1996]), but the subtle
isotopic differences between alkalic and tholeiitic
lavas at Site 1203 (Figures 12a and 12b) are typical
of isotopic differences found in lavas from a single
volcano (e.g., Lassiter et al. [1996] and Blichert-
Toft et al. [2003] for Mauna Kea). Particularly
interesting, these alkalic lavas have high
208Pb/204Pb at a given 206Pb/204Pb (Figure 12b),
which is a distinct characteristic of preshield stage
Loihi lavas [e.g., Garcia et al., 1993, 1995].

[56] Could these alkalic lava flows represent pre-
shield stage lavas of Detroit Seamount? There are
two examples of preshield stage lavas among Ha-
waiian volcanoes: Loihi Seamount and the subma-
rine part of Kilauea volcano [Garcia et al., 1993,
1995; Lipman et al., 2002; Sisson et al., 2002]. In
contrast to these submarine eruptives, the four
alkalic flow units at Hole 1203A are subaerially
erupted compound pahoehoe lavas. However, mod-
ern Hawaiian volcanoes are built on Cretaceous
oceanic crust with a water depth of �4 km; in
contrast, the near-ridge setting of Detroit Seamount
at �80 Ma indicates that the seamount initiated in a
shallow water depth environment. This inference is

consistent with the inferred eruption environment of
Site 1203 lavas (Figure 3). Since the maximum
thickness of Loihi Seamount is �3.5 km, and the
alkalic to tholeiitic transition occurs within the top
several hundred meters [Garcia et al., 1995], it is
possible that the preshield stage includes 2–3 km of
alkalic basalt. The average water depth of zero age
oceanic crust is less than 3 km in both North Pacific
and North Atlantic oceans [e.g., Parsons and
Sclater, 1977; Stein and Stein, 1992]. Therefore,
if Detroit Seamount grew rapidly relative to subsi-
dence of the young oceanic lithosphere, it is possi-
ble that its preshield stage included a subaerial
growth stage. However, as discussed earlier, the
upward transition from subaerial to submarine
eruptives at Hole 1203A requires a subsequent
decrease in accumulation rate relative to subsidence
rate as the volcano aged.

6.2.2. Petrogenesis of Alkalic Lavas at Site
1203

[57] The four alkalic units form two compositional
groups whose differences provide keys to under-
standing their petrogenesis. Specifically, relative to
lavas from Units 29 and 30, lavas from Units 23
and 26 have lower K2O and Rb abundances
(Figures 6a and 6b), lower Ba/Th, Ti/Zr and higher
Zr/Hf ratio (Table 5). Common phenocryst phases,
such as plagioclase and olivine, do not affect these
ratios, but phlogopite, a mineral that fractionates
Ba/Th, Ti/Zr and Zr/Hf (Table 7), occurs in pre-
shield stage alkalic Kilauea lavas [Sisson et al.,
2002]. For these Site 1203 alkalic lavas, a difficulty
with inferring a petrogenetic role for phlogopite as
a residual or fractionating mineral is that phlogo-
pite is not a phenocryst phase, presumably because
of the low K2O contents (<1.8%) (Table 3a). Melts
saturated with phlogopite typically have more than
2% K2O (Table 7); however, Mengel and Green
[1986] infer that only 1.6% K2O is required to

Table 7. Partition Coefficients of Selected Elements Between Phlogopite and Melt

Reference Melt Type Ba Th Zr Hf Ti Sr La Ce Y

K2O, %

In
Melt

In
Phlogopite

Villemant et al. [1981] trachyte 10.0 2.5 1.8 0.7
Adam et al. [1993] basanite 2.9 0.13 0.22 <1 2.74 7.28
LaTourrette et al. [1995] basanite 3.68 0.0014 0.017 0.19 1.768 0.159 0.028 0.018 2.15 7.91
Foley et al. [1996] alkaline

lamprophyre
3.48 0.0145 0.023 0.183 0.0078 0.007 2.5 8.87

Schmidt et al. [1999] lamproite 1.03 0.00002 0.012 0.87 0.038 0.00002 8.7 9.9
lamproite 1.61 0.000005 0.017 0.92 0.058 0.00002 9 9.8
lamproite 0.56 0.0002 0.009 0.827 0.016 0.0002 8.6 9.7

Green et al. [2000] basanite 3.34 0.008 0.09 0.7 0.21 0.007 0.018 2.15 9.16
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saturate a SiO2-undersaturated nephelinite with
phlogopite. The K2O content in Units 29 and 30
ranges from �1.5 to 1.8%, but is less than 1% in
Units 23 and 26 (Figure 6a; Table 3a). As dis-
cussed in section 5.2, the low K2O content in Units
23 and 26 reflects K2O loss during alteration. If we
assume that K2O contents of Units 29 and 30
reflect magmatic ratios (K2O/P2O5 = 2.3–2.9, with
K2O = 1.5–1.8%), it is possible that phlogopite
was a residual phase during partial melting. Al-
though phlogopite may not be stable during the
high temperature melting typically inferred for a
plume environment [Class and Goldstein, 1997;
Sisson et al., 2002], the presence of fluorine
increases the thermal stability of phlogopite [e.g.,
Foley et al., 1986].

[58] A specific scenario was postulated by Sisson
et al. [2002] to explain the generation of sub-
marine nephelinite to basanite lavas at Kilauea
Volcano. They suggested that these alkalic lavas
formed by low degree melting of phlogopite-
bearing garnet pyroxenite cumulates formed dur-
ing high pressure solidification of plume-derived
magmas. If these melts bearing a residual phlog-
opite signature, i.e., relatively low Ti/Zr and
Ba/Th and high Zr/Hf, interact with peridotite
or mix with a peridotite-derived melt, their high
K2O content would be diminished. Hence they
would no longer be phlogopite-saturated, but
they could retain the trace element signature of
residual phlogopite. This hypothesis is consistent

with the geochemical data for the alkalic lavas
from Site 1203.

6.3. Melt Segregation Pressure of Detroit
Seamount Lavas

[59] On the basis of plate reconstruction,
Mammerickx and Sharman [1988] and Lonsdale
[1988] suggested that Detroit Seamount was built
on a relatively young and thin lithosphere
(Figure 1a). The paleolatitude [Tarduno et al.,
2003] and the oceanic paleodepth of Detroit Sea-
mount [Caplan-Auerbach et al., 2000] are consis-
tent with this inference. Therefore during formation
of Detroit Seamount decompression melting is
likely to have continued to a shallower depth and
the mean pressure of melt segregation was lower
than that during formation of modern Hawaiian
volcanoes which are constructed on thick (�100–
110 km [Li et al., 2004]) Cretaceous oceanic
lithosphere (Figure 14). Are the compositional data
for Detroit Seamount lavas consistent with this
interpretation? If the mean pressure of melt segre-
gation increases from MORB to Detroit Seamount
lavas to Mauna Kea lavas (Figure 14), these lava
groups should show systematic differences in com-
positional parameters sensitive to pressure.

6.3.1. SiO2 and Total Iron

[60] The SiO2 and FeO contents of partial
melts of peridotite are a function of melt segre-

Figure 14. Schematic diagram showing melting column length for EPR MORB, Detroit Seamount, and Mauna
Kea, i.e., the depth interval from onset of melting to the lithosphere. The mean pressure of melt segregation increases
from MORB to Detroit Seamount lavas to Mauna Kea lavas.
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gation pressure and extent of melting [e.g., Walter,
1998; Stolper et al., 2004, Figure 13]. Regelous
et al. [2003] noted that compared to young
Emperor Seamounts, whole-rock tholeiitic basalt
compositions from Detroit Seamount are offset to
lower total iron at a given MgO content; conse-
quently, they inferred that melt segregation at
Detroit Seamount occurred at relatively low pres-
sure beneath thin lithosphere. Consistent with
this inference, whole-rock FeO and SiO2 contents
for tholeiitic basalt from Detroit Seamount over-
lap with MORB field, but inexplicably, the
SiO2 content of the associated glasses do not
(Figures 8a and 8b).

[61] There is also evidence that the depth of melt
segregation changes during growth of a Hawaiian
volcano. Compared with tholeiitic shield stage
lavas from Mauna Kea, postshield stage alkalic
lavas from Mauna Kea have higher total iron
content but lower SiO2 content (Figures 8a and
8b). This result was used to infer that these
alkalic lavas were generated by lower extent of
partial melting at higher pressure [e.g., Yang et
al., 1996]. Similarly, at Detroit Seamount, the
alkalic lavas have higher FeO* and lower SiO2

contents than tholeiitic lavas (Figures 8a and 8b).
Hence we infer that compared with tholeiitic
lavas from Detroit Seamount, the alkalic lavas
were generated by a lower degree of melting at
higher pressure.

6.3.2. Sc

[62] Sc is compatible in garnet and clinopyroxene
[e.g., Irving and Frey, 1978; Hart and Dunn, 1993;
Blundy et al., 1995, 1998; van Westrenen et al.,
1999]. Hawaiian lavas have lower Sc abundance
than MORB at a given MgO content [Frey et al.,
1994] (Figure 11b). If the source of Hawaiian lavas
has a Sc abundance similar to the source of
MORB, the lower Sc abundances in Hawaiian
shield lavas can be explained as a result of more
residual garnet [Frey et al., 1994]. At a certain
MgO content, Detroit Seamount lavas have higher
Sc abundance than Mauna Kea and Koolau lavas
(Figure 11b), which implies less residual garnet for
Detroit Seamount lavas. This result is consistent
with the hypothesis that Detroit Seamount lavas
segregated at lower mean pressure than Hawaiian
shield stage lavas.

[63] The similar Sc abundance of alkalic and
tholeiitic basalt (Figure 11b) from Detroit Sea-
mount is inconsistent with the inferred higher

pressure of melt segregation for the alkalic basalt
based on SiO2 and total iron contents. However,
Sc is an incompatible element during melting of
peridotite; therefore the unexpectedly high Sc
abundance of the alkalic basalt may reflect the
combination of a lower extent of melting and
higher pressure of melt segregation. In fact, alkalic
and tholeiitic basalt from Mauna Kea Volcano also
have similar Sc abundances [see Huang and Frey,
2003, Figure 5e].

6.3.3. Na2O/TiO2 and Tb/Yb

[64] During mantle melting, the partition coefficient
of sodium (as Na2O) between clinopyroxene and
melt increases with increasing pressure [e.g.,
Kinzler, 1997; Putirka, 1999; Longhi, 2002]; that
is, the proportion of jadeite component in clinopyr-
oxene increases with increasing pressure. In con-
trast, the partition coefficient of titanium (as TiO2) is
not strongly dependent on pressure; it may decrease
slightly with increasing pressure [e.g., Longhi,
2002]. Therefore the Na2O/TiO2 ratio yields infor-
mation on the pressure of melt segregation with
relatively lower Na2O/TiO2 ratio indicating higher
mean pressure of melt segregation [e.g., Putirka,
1999, Figure 5]. The ratio of Tb/Yb in a melt can
also be used as an indicator for pressure of melt
segregation because (DTb/DYb)

garnet/melt �
(DTb/DYb)

clinopyroxene/melt [e.g., van Westrenen et
al., 1999]. Hence a higher proportion of residual
garnet results in higher Tb/Yb ratio due to the
compatibility of Yb in garnet.

[65] Compared with EPR N-MORB, Mauna Kea
lavas have lower Na2O/TiO2 but higher Tb/Yb
ratios at a certain MgO content (Figure 15).
These differences in Na2O/TiO2 and Tb/Yb ra-
tios show that relative to EPR N-MORB, Mauna
Kea lavas segregated at a higher pressure, al-
though source heterogeneity in these ratios may
also contribute to this difference. As indicated in
Figure 15, Na2O/TiO2 decreases and Tb/Yb
increases from Site 884 tholeiitic lavas to Site
1203 tholeiitic lavas and Site 883 and 1204
alkalic lavas to Site 1203 alkalic lavas. Site
884 lavas are distinct and overlap with the low
pressure end of the EPR N-MORB field. All
other Detroit Seamount lavas overlap with the
low Na2O/TiO2 and high Tb/Yb (relatively high
pressure) end of the MORB field. This observa-
tion is consistent with the hypothesis that the
mean pressure of melt segregation decreases
from Mauna Kea lavas to Detroit Seamount
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lavas to MORB. The lower Na2O/TiO2 and
higher Tb/Yb ratios in Site 1203 alkalic lavas
relative to Site 1203 tholeiitic lavas indicate that
the former segregated at higher pressure.

6.3.4. Summary

[66] In summary, compositional indicators of mean
pressure of melt segregation, such as Sc abundance
and ratios of Na2O/TiO2 and Tb/Yb, show that
tholeiitic lavas from Detroit Seamount are more
similar to MORB than young Hawaiian shield
lavas. This similarity to MORB is inferred to
reflect segregation of Detroit Seamount lavas at
low pressure beneath thin lithosphere. The
extremes are expressed in Site 884 lavas (lowest
pressure) and Site 1203 alkalic lavas (highest
pressure).

6.4. Did Detroit Seamount Lavas Sample a
Depleted MORB-Related Component or a
Depleted Plume Component?

6.4.1. Controversy About the Origin of
Detroit Seamount Lavas

[67] Studies of lavas recovered from Sites 883
and 884 during ODP Leg 145 have led to two
different interpretations for the depleted compo-
nent found in Detroit Seamount lavas. Keller et
al. [2000] used age-corrected Sr-Nd-Pb isotopic
ratios in Detroit Seamount lavas, especially Site
884 lavas, to conclude that lavas forming Detroit
Seamount are ‘‘indistinguishable from mid-ocean
ridge basalt’’. Hence they proposed that the
Hawaiian plume interacted with young and hot
lithosphere and ‘‘entrained enough of the isoto-
pically depleted upper mantle to overwhelm the
chemical characteristics of the plume itself’’. In
contrast, using a high precision triple spike
technique, Regelous et al. [2003] argued that
the Pb isotopic compositions of Site 884 lavas
are not similar to either EPR MORB or modern
Hawaiian shield stage lavas [Regelous et al.,
2003, Figure 6] (Figure 12b). They argued that
the Site 884 lavas were derived from a depleted
plume component that is not sampled by modern
Hawaiian volcanoes. On the basis of Nd-Hf
isotopic correlation, Kempton et al. [2002],
Thompson et al. [2002], and Frey et al. [2005]
also suggest that Detroit Seamount lavas sampled
a depleted plume component. With additional
data for lavas from Detroit Seamount, our objec-
tive is to evaluate these alternative hypotheses.

6.4.2. Constraints From Sr-Nd Isotopes

[68] Age-corrected Sr and Nd isotopic ratios of
basalt from 3 of the 4 drill sites on Detroit
Seamount (Sites 883, 884 and 1204) overlap with
the field calculated for 76 Ma EPR MORB
(Figure 12a). A new observation is that both
tholeiitic (Site 884) and alkalic basalt (Sites 883
and 1204) overlap with the MORB field, but
alkalic basalt has slightly higher 87Sr/86Sr and
lower 143Nd/144Nd than tholeiitic basalt. The sim-
plest interpretation is that a depleted MORB-like
component, perhaps slightly heterogeneous in
87Sr/86Sr and 143Nd/144Nd, was melted to various
extents to form Detroit Seamount lavas.

6.4.3. Constraints From Pb Isotopes

[69] In plots of Pb isotopic ratios, our new data for
Sites 1203 and 1204 basalt confirm the observation

Figure 15. (a) MgO versus Na2O/TiO2 and (b) Tb/Yb.
Both whole-rock and glass data from Detroit Seamount
are plotted. See the Figures 8a–8d and 10 captions for
data sources.
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by Regelous et al. [2003] that for a given
206Pb/204Pb ratio, most lavas from Detroit Sea-
mount have lower 207Pb/204Pb ratios than EPR
MORB data obtained using the triple-spike tech-
nique (Figure 12b). Regelous et al. [2003] noted
that measured 207Pb/204Pb in Site 884 lavas, ranging
from 15.43 to 15.46, are lower than data for most
EPR MORB. Consequently, the difference in
207Pb/204Pb between Site 884 lavas and EPRMORB
is not a result of an inaccurate age-correction. In
addition, as emphasized by Regelous et al. [2003]
the 206Pb/204Pb for lavas from Site 883 and 884
extend to considerably lower ratios (<18) than the

EPRMORB field defined by data obtained using the
triple-spike technique.

[70] Is the field defined by triple-spike data
representative of young Pacific MORB? In order
to answer this question, we used the Web data-
base Pet DB (http://www.petdb.org/index.jsp).
Three important results arise from assessing Pb
isotopic ratios for the 996 samples (Figure 16).
(1) The EPR MORB field defined by data
obtained by the triple-spike technique is repre-
sentative of the Pacific MORB database, but it
does not include the extremes. (2) Although the
database for old Pacific MORB (distant from
active spreading centers) is sparse, Pb isotopic
ratios of such lavas are similar to young Pacific
MORB (Figure 16). (3) Pacific MORB with
206Pb/204Pb < 18 are very unusual. The majority
of Pacific MORB with low 206Pb/204Pb (<18)
erupted at a spreading center in the Garrett trans-
form fault (Figure 16).Wendt et al. [1999] proposed
that Garrett transform fault lavas reflect two-stage
melting of a MORB source; i.e., initial melting at
the EPR axis followed by melting of the residue to
generate the incompatible element-depleted Garrett
transform fault lavas. Therefore, if the low
206Pb/204Pb (<18) component in Detroit Seamount
lavas is a MORB-related component, as suggested
by Keller et al. [2000], it is not typical Pacific
MORB. Sampling of this atypical component may
occur only at high extents of melting, such as
achieved in the two-stage melting scenario pro-
posed for lavas erupted in the Garrett transform
fault [Wendt et al., 1999], and when the Hawaiian
plume was near a ridge axis, such as Detroit
Seamount at �80 Ma [Keller et al., 2000].

6.4.4. Constraints From Incompatible
Element Abundance Ratios

[71] In both MORB and Hawaiian tholeiitic ba-
salt many incompatible trace element ratios are
correlated with radiogenic isotopic ratios [e.g.,
Niu et al., 2002; Huang and Frey, 2003]. Among
Hawaiian shield lavas, La/Nb is positively corre-
lated with 87Sr/86Sr and negatively correlated
with 143Nd/144Nd; Detroit Seamount tholeiites,
like EPR MORB, define opposite correlations
(Figures 17a and 17b). Obviously, Detroit Sea-
mount lavas sampled a depleted, low 87Sr/86Sr,
206Pb/204Pb and high 143Nd/144Nd, La/Nb com-
ponent that was not sampled by Hawaiian shield
stage lavas. Is this depleted component similar to
that sampled by Garrett transform fault lavas
(Figure 17), as argued on the basis of isotope
compositions?

Figure 16. Pb isotopic plots for Pacific MORB. Data
are downloaded from PeT DB. The red field with dots is
the EPR MORB field defined by data obtained using the
triple-spike technique [Galer et al., 1999]. The low
206Pb/204Pb (<18) end of the Pacific MORB field is
defined by Garrett transform fault lavas [Wendt et al.,
1999]. Pacific MORB with 206Pb/204Pb< 18 are also
reported by Barrett [1983], White et al. [1987], Fornari
et al. [1988], Hanan and Schilling [1989], Castillo et al.
[1998], Sturm et al. [1999], and Haase [2002]. Old
Pacific MORB are shown for comparison, and they do
not differ from young Pacific MORB. Data sources:
Bass et al. [1973], Hickey-Vargas [1991], Castillo et al.
[1991, 1992, 1994], and Janney and Castillo [1997].
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[72] As discussed earlier, tholeiitic basalt from Site
884 has MORB-like incompatible element patterns
(Figure 10). There is, however, an important dif-
ference between Site 884 lavas and MORB. Rela-
tive to MORB, Hawaiian lavas have high Ba/Th
(>100) [Hofmann and Jochum, 1996; Huang and
Frey, 2003; Yang et al., 2003]; such ratios are
interpreted as characteristic of recycled oceanic
lithosphere in the Hawaiian plume [Hofmann and
Jochum, 1996; Huang et al., 2000; Sobolev et al.,
2000]. High Ba/Th ratios are also characteristic of
Detroit Seamount glasses, and Site 884 glasses are
at the high end of the Ba/Th range in Detroit
Seamount lavas (85-113) (Figure 17c). In contrast,
Garrett transform fault lavas have low Ba/Th (35-
57) which overlap with those of N-MORB [Wendt

et al., 1999] (Figure 17c). We therefore speculate
that the depleted component sampled by Site 884
lavas has high Ba/Th (>100), and is unrelated to
the low 87Sr/86Sr and 206Pb/204Pb source of Garrett
transform fault lavas. Rather, it is an intrinsic
component of the plume.

[73] Young Hawaiian rejuvenated stage lavas
also contain a component with low 87Sr/86Sr,
206Pb/204Pb and high 143Nd/144Nd and Ba/Th. Such
lavas have relatively high incompatible trace ele-
ment concentrations, and are thought to represent
small degrees of melting of plume mantle mixed
with melts of a depleted source [e.g., Yang et al.,
2003]. Frey et al. [2005] argue that the low
87Sr/86Sr component in these lavas is the same as
that present in Detroit lavas, i.e. it is intrinsic to the
plume, and is sampled during a later stage of
melting of the Hawaiian plume that previously
melted to produce the tholeiitic shields. If this
interpretation is correct, it implies that the depleted
component has been an integral part of the Hawai-
ian plume for at least 80 Ma.

6.4.5. Summary

[74] 1. We agree with Regelous et al. [2003] that
the Pb isotopic data, especially 206Pb/204Pb (<18),
for Detroit Seamount lavas reflect a depleted com-
ponent that is not commonly present in either
ancient or recent Pacific MORB. Such a compo-
nent is present in lavas erupted from a spreading
center in the Garrett transform fault. Therefore if

Figure 17. (a and b) La/Nb versus 87Sr/86Sr and
143Nd/144Nd for Detroit Seamount lavas (whole rocks).
Unit 31, a plagioclase-rich unit (Table 2a), at Site 1203
has a high La/Nb ratio, which has been confirmed by
three ICP-MS analyses (1.06, 1.07, and 1.10). Note that
Hawaiian shield lavas and Detroit Seamount lavas define
opposing slopes in the Sr and Nd panels. (c) La/Nb
versus Ba/Th for Detroit Seamount glasses. Only Detroit
Seamount glass data are plotted to avoid the alteration
effect on whole-rock Ba data. The important point is that
in this panel, Site 884 data do not overlap with the EPR
MORB field. Data sources: Koolau: Frey et al. [1994],
Roden et al. [1994], Lassiter and Hauri [1998], S.
Huang and F. A. Frey (Temporal geochemical variation
within the Koolau shield: A trace element perspective,
submitted to Contributions to Mineralogy and Petrol-
ogy, 2004); Mauna Kea: Bryce et al. (submitted
manuscript, 2004), Eisele et al. [2003], Huang and
Frey [2003]; Garrett transform fault: Wendt et al.
[1999]; EPR N-MORB: Niu et al. [1999], Regelous et
al. [1999]. The fields for Hawaiian shields are from
Huang and Frey [2003].
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the depleted component arises from a MORB
source, it is only sampled under unusual conditions
such as the two-stage melting proposed for Garrett
transform fault lavas [Wendt et al., 1999] or the
proximity of the Hawaiian plume to a ridge axis
(Detroit Seamount).

[75] 2. The occurrence at Sites 883 and 1204 of
alkalic lavas that have depleted isotopic character-
istics shows that the depleted component is not
restricted to tholeiitic basalt. In the context of the
Regelous et al. [2003] hypothesis the depleted
plume component with a high solidus temperature
was melted to varying extents.

[76] 3. High Ba/Th is a characteristic feature of
Hawaiian lavas and the most depleted lavas from
Detroit Seamount have Ba/Th ratios exceeding
those of MORB (Figure 17c). Their high Ba/Th
implies that their source is also characterized by
high Ba/Th. Consequently, this source is unlike
the source of Garrett transform fault lavas in
terms of Ba/Th.

[77] 4. Support for the hypothesis of Regelous et
al. [2003] that the depleted component is plume
related arises from rejuvenated stage Hawaiian
lavas. Their Pb isotopic ratios also extend to low
206Pb/204Pb ratios [Fekiacova and Abouchami,

Figure 18. Plume-ridge interactions (adapted from Sleep [2002]). Figure 18a shows that when a plume is near a
ridge axis, the plume material flows toward the ridge axis, where it melts upon ascent. This scenario may be
appropriate for 81 Ma lavas at Site 884. Figure 18b shows the situation where the plume and the lithospheric plate are
moving in the same direction, but the plate is migrating faster than the plume. In this case, Figure 18c shows that
eventually plume-related magmas and lithosphere created at the ridge axis (Figure 18a) may override the plume and
young (76 Ma lavas at Site 1203) lavas may erupt in proximity to old (81 Ma) lavas.
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2003; Frey et al., 2005], and they have high Ba/Th
[Yang et al., 2003]. Therefore a depleted plume
component may be sampled by rejuvenated stage
lavas during a second stage of plume melting [Ribe
and Christensen, 1999] and during ascent of the
plume beneath young and thin oceanic lithosphere,
i.e., at Detroit Seamount.

6.5. A Hypothesis for the Geochemical and
Age Differences Between Lavas From Site
884 and Site 1203

[78] The age of Site 884 lavas is �81 ± 1 Ma on
the basis of 40Ar-39Ar data for a reverse polarity,
tholeiitic basalt [Keller et al., 1995]. At Site 1203,
Duncan and Keller [2004] obtained an average age
of �76 ± 1 Ma for five normal polarity, tholeiitic
lavas. On the basis of its large area (Figure 1b), it is
likely that Detroit Seamount consists of several
coalesced shields, much like the Big Island of
Hawaii. However, an age difference of 5 Myr
between Site 1203 and Site 884 is much larger
than that for the five shields on the Big Island of
Hawaii which all formed over the past 1 Myr. What
is the explanation for an age difference of 5 Myr
for tholeiitic lavas erupted at sites separated by
only 48 km?

[79] It is well-established that near-axis plumes
interact with the spreading ridge axis. Using the
Galapagos Platform as an analogy, plume-related
volcanism in a near-ridge environment is more
dispersed and long-lived [e.g., Sinton et al.,
1996] than at an intraplate location, such as
Hawaii. We propose a scenario that can explain
both the old age of Site 884 lavas and their
relatively shallow, MORB-like, melt segregation
depths (Figure 15). Sleep [2002] noted that ‘‘off-
axis hot spots appear to shut off at the time that an
on-axis hot spot becomes active along an axis-
approaching track’’; i.e., there is a time when
volcanism ceases above the hot spot and partial
melting of plume material does not occur until
ascent at the spreading center (Figure 18a). If the
plate moved faster than the plume motion, at some
later time the plume was overlain by plume-related
lithosphere created at the spreading center
(Figure 18b). Perhaps at �76 Ma, the Hawaiian
plume was distant from the spreading center, and
intraplate volcanism represented by lavas from Site
883, 1203 and 1204 erupted in close proximity to
older Site 884 lavas which erupted at the spreading
center (Figure 18c). Melting to a shallow depth at a
spreading center for Site 884 lavas implies a large
melting extent, and consequently Site 884 magmas

sampled a depleted and refractory component with
low 206Pb/204Pb.

7. Conclusions

[80] On the basis of studies of drill cores from four
drill sites at Detroit Seamount and the comparisons
with EPR N-MORB and Mauna Kea lavas, our
major conclusions are as follows:

[81] 1. The rapid subsidence rates inferred for
Detroit Seamount support the view that this sea-
mount formed on young and thin oceanic litho-
sphere close to a spreading ridge axis. Also
consistent with this inference, major and trace
element compositions of Detroit Seamount lavas
show that their parental magmas were segregated at
a lower pressure than Hawaiian lavas which
formed under old and thick oceanic lithosphere.

[82] 2. The upward transition from intercalated
alkalic and tholeiitic basalt to solely tholeiitic
basalt at Site 1203 may reflect the preshield to
shield stage transition, whereas alkalic basalts from
Sites 883 and 1204 probably represent postshield
stage lavas. Like preshield stage alkalic Kilauea
lavas, phlogopite appears to have played an impor-
tant role in generating the preshield stage alkalic
lavas at Site 1203. Also, similar to preshield stage
Loihi lavas, Site 1203 alkalic lavas are character-
ized by high 208Pb/204Pb at a given 206Pb/204Pb.

[83] 3. Both tholeiitic and alkalic Detroit Seamount
lavas have lower concentrations of highly incom-
patible elements, lower 87Sr/86Sr and higher
143Nd/144Nd than the corresponding lava types
from young Hawaiian volcanoes. Also Detroit
Seamount lavas contain a component with unra-
diogenic Pb that is not present in Hawaiian shield
stage lavas or EPR MORB. Such a component is
present in lavas erupted from a spreading center
within the Garrett transform fault. However, Site
884 lavas with the most depleted isotopic charac-
teristics have high Ba/Th unlike those of MORB
and Garrett transform fault lavas. If the depleted
component has high Ba/Th, it is plume-related.
Hawaiian rejuvenated stage lavas also have high
Ba/Th and define a trend to low 87Sr/86Sr and
206Pb/204Pb, similar to the trend of Detroit lavas
(Figure 12c). Rejuvenated stage melts have been
proposed as second-stage melts of the Hawaiian
plume [Ribe and Christensen, 1999]. Therefore
this depleted component may be a refractory com-
ponent of the plume that is only sampled at high
degrees of melting, such as occurred at �81 Ma
when the plume was near a spreading center.
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[84] 4. The surprisingly large age difference (�81
and 76 Ma) between lavas at two drill sites on
Detroit Seamount may reflect the complexity of
plume-related volcanism in a near ridge axis
environment.
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