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Abstract The Cobb Seamount Chain in the northeast Pacific basin records the composition of the Cobb
hot spot for the past 33 Myr, as the migrating Juan de Fuca Ridge approached and ultimately overran it ca.
0.5 Myr ago. In this first comprehensive geochemical study of the Cobb chain, major and trace element
compositions and Sr, Nd, Pb, and Hf isotopic ratios were measured for whole-rock samples from throughout
the chain, and He isotopes were acquired for olivine phenocrysts from one seamount. Trace element model-
ing indicates increased melting along the chain over time, with progressively more depleted lavas as the
ridge approached the hot spot. The isotopic data reveal the first evidence of the high m (m5 238U/204Pb)
(HIMU) mantle component in the north Pacific basin and are consistent with a progressively decreasing mix-
ing proportion of HIMU melts relative to those from depleted mid-ocean ridge basalt mantle (DMM) in the
chain over time. Decreasing lithospheric thickness over the Cobb hot spot due to the approach of the
migrating Juan de Fuca ridge allowed adiabatic melting to continue to shallower depths, leading to
increased melt fractions of the refractory DMM component in the hot spot and more depleted and MORB-
like lavas in the younger Cobb seamounts.

1. Introduction

As young oceanic lithosphere recedes from a spreading ridge, it cools and thickens in proportion to the
square root of its age, until about 70 Myr when it reaches a maximum thickness of about 125 km [Ellam,
1992; Turcotte and Schubert, 2002; Stein and Stein, 1992; Parsons and Sclater, 1977]. Oceanic lithosphere can
act as a ‘‘lid’’ over rising mantle at hot spots as it undergoes depressurization melting, and the thickness of
the lid may control the extent of melting in the production of Ocean Island Basalt (OIB) lavas. Thinner litho-
sphere allows melting to proceed to shallower depths and to generate higher melt fractions than when rising
under thick lithosphere [Dupuy et al., 1993; Ellam, 1992; Haase, 1996; Humphreys and Niu, 2009]. The thickness
of the lithosphere may also influence the proportions of fertile and refractory mantle mixing components in
OIB [Cheng et al., 1999; Frey and Weis, 1995; Gautier et al., 1990; Keller et al., 2000; Regelous et al., 2003].

Systematic relationships between OIB compositions and the age of the overlying lithosphere at the time of
eruption have been reported for hot spot-related seamounts where the seamount-lithosphere age differ-
ence is less than about 70 Myr. Lavas from the Hawaiian-Emperor [Keller et al., 2000], Reunion [Fisk et al.,
1989; Ellam, 1992], Easter [Cheng et al., 1999], and Kerguelen [Frey et al., 2000; Frey and Weis, 1995; Gautier
et al., 1990] island/seamount chains exhibit systematic geochemical trends that are attributed to litho-
spheric age and thickness at the time of eruption. Other hot spot chains, such as Louisville [Cheng et al.,
1987], show no evidence of such temporal geochemical trends. Although lithospheric thickness in the Gala-
pagos archipelago does not directly correspond to distance from the Galapagos Spreading Center due to
ridge jumps, Gibson and Geist [2010] attributed much of the geochemical variation in the Galapagos Islands
to lithospheric thickness.

The interaction between the Cobb hot spot and Juan de Fuca Ridge (JdFR) spreading center in the north-
east Pacific basin is one of the few locations on Earth where an active spreading ridge lies directly astride an
active hot spot. This ridge-hot spot interaction began when a segment of the ridge, which had been migrat-
ing toward the hot spot from the SE, merged with it about 0.5 Myr ago [Karsten and Delaney, 1989; Tivey
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and Johnson, 1990]. As the JdFR approached, the lithosphere over the hot spot became younger with time,
and Cobb lavas were erupted through progressively thinner lithosphere. The oldest seamounts in the chain
formed when the ridge and hot spot were separated by about 550 km [Desonie and Duncan, 1990], on litho-
sphere that was about 12 Myr old [Dalrymple et al., 1987] and about 45 km thick at the time of eruption
(using a calculation for oceanic lithosphere thickness 5 2.32 (r t)1/2 where t is the age and r is thermal diffu-
sivity) [Turcotte and Schubert, 2002]. The younger seamounts were erupted on progressively thinner litho-
sphere near and directly astride the JdFR. The Cobb Seamount Chain records the composition of the hot
spot lavas over time and provides a rare opportunity to study the effects of the progressive convergence of
an active mid-ocean ridge system on the geochemical characteristics of a hot spot.

This paper is the first comprehensive geochemical study of lavas from throughout the Cobb chain and
includes new major and trace element compositions for 21 rock samples and Sr, Nd, Pb, and Hf isotopic
ratios for 16 of these samples from 10 seamounts, and He isotopic ratios for olivine phenocrysts from 1 sam-
ple. The geochemical data are used here to characterize compositional variability of Cobb lavas over time to
evaluate the effects of the progressively thinner overlying lithosphere. The new isotopic data are also used
to identify an OIB mantle source component for the Cobb hot spot, which was previously described as
derived from an intrinsically MORB-like mantle source based on a study of some of the younger seamounts
in the chain [Desonie and Duncan, 1990].

2. Geologic Setting

The northeastern Pacific Ocean is notable for abundant seamounts, many occurring in two NW-SE trending
chains that align with Pacific plate motion [Dalrymple et al., 1987]. The southern of these is the Cobb chain,
which extends about 1850 km from the JdFR to the Aleutian Trench (Figure 1). The 10 seamounts in the
Cobb chain that have been dated are age-progressive from SE to NW, consistent with their formation by
the passage of the Pacific plate over a long-lived (>33 Myr) melt source, the Cobb hot spot [Desonie and
Duncan, 1990; Keller et al., 1997].

Axial Seamount is the youngest in the Cobb chain and the current locus of Cobb hot spot volcanism (Figure
1), located about 300 km from the west coast of North America. Axial Seamount lies astride the JdFR

Figure 1. Bathymetry of the northeastern Pacific Ocean (NOAA National Geophysical Data Center). The Cobb Seamount Chain extends from the Juan de Fuca spreading ridge in the SE
to near the Aleutian Trench in the NW. The Juan de Fuca ridge has migrated to the Cobb hot spot from the SE, and hot spot volcanism is currently occurring at Axial Seamount. Symbols
(1) denote sample locations for rocks analyzed in this study (see Table 1).
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forming a rare ridge-hot spot association. Its last eruptions were in 2011 and 1998 [Chadwick et al., 1999;
Embley et al., 1999; Dziak et al., 2012]. Axial Seamount lavas have incompatible element enrichments relative
to N-MORB but N-MORB-like Sr, Nd, Pb, and He isotopic compositions [Eaby et al., 1984; Rhodes et al., 1990;
Lupton et al., 1993; Chadwick et al., 2005].

The Cobb chain extends to the NW from Axial Seamount on the Pacific plate. The seamounts in this study
that formed nearest to the JdFR include Brown Bear, Cobb, Pipe, Gluttony, Lust, Sloth, Warwick, and Eickel-
berg (Figure 1). Previous geochemical studies of these seamounts have been geographically limited, and
few isotopic analyses have been reported. Morgan [1985] analyzed major and trace elements for samples
from Cobb and Brown Bear Seamounts and reported tholeiitic basalts. Desonie and Duncan [1990] measured
major and trace elements and Sr, Nd, and Pb isotopic ratios for rocks from four of the younger seamounts
(Eickelberg, Warwick, Cobb, and an unnamed seamount near Cobb) and reported trace element enrich-
ments relative to MORB but MORB-like isotopic ratios similar to those at Axial Seamount.

For the next 600 km to the northwest of Forster Seamount, there are three large and several smaller
unnamed edifices that fall along the trend of the Cobb chain that have not been sampled. On the NW end
of the chain near the Aleutian Trench, Miller, Murray, Patton, and several smaller seamounts comprise the
oldest members of the chain (Figure 1). Major and trace element data for Miller, Murray, and Patton Sea-
mounts by Dalrymple et al. [1987] revealed tholeiitic to transitional alkalic basalts for Miller and mostly
hawaiities (and a few mugearites and benmorites) for Murray and Patton. Ocean Drilling Program (ODP)
core 887 from the Patton-Murray seamount platform sampled tholeiitic and some higher alkali flows with
N-MORB-like Sr and Nd isotopes [Keller et al., 1995, 1997].

Duncan and Clague [1985] demonstrated that the seamounts in the chain could all be formed by the Cobb
hot spot based on rigid Pacific plate motion models. The ages of all dated seamounts increase with distance
from the Cobb hot spot along the chain as expected from a fixed hot spot [Desonie and Duncan, 1990; Dal-
rymple et al., 1987; Keller et al., 1997]. Two of the seamounts in this study (Marchand and an unnamed edi-
fice) have not been dated, but were sampled and analyzed (for major and trace elements only; no isotopic
data were analyzed for these and they are not included in any modeling) since they lie near Patton and
may also be associated with the Cobb hot spot. The relation of Murray and Patton to the hot spot was ques-
tioned by Dalrymple et al. [1987] based on ages of 27.6 and 29.7 Myr, respectively. Although these ages
were older than Miller and age-progressive as expected, they were considered too young based on the
plate motion models of Duncan and Clague [1985]. However, Keller et al. [1997] reported a 33 Myr age for a
flow in ODP core 887 adjacent to Murray Seamount, which exactly coincides with the expected age for
Cobb hot spot magmatism at that location. A stratigraphically higher alkalic flow in the same core yielded a
27 Myr age similar to that reported by Dalrymple et al. [1987], which Keller et al. [1997] interpreted as the
result of postshield activity. Such late-stage alkalic, postshield, and rejuvenated activity is common in hot
spot chains such as the Hawaiian-Emperor Chain and can occur millions of years after the volcanic edifice
has left the hot spot [e.g., Clague and Dalrymple, 1988; Shafer et al., 2005].

Although the progressive ages of the Cobb Seamounts are consistent with their formation by a mantle hot
spot, the MORB-like isotopic characteristics identified for the younger seamounts by Desonie and Duncan
[1990] led them to suggest they were derived from an inherently MORB-like mantle source, an apparent
contradiction to the OIB paradigm of comparatively deep mantle sources with distinct isotopic characteris-
tics. Depleted MORB mantle (DMM) is invoked as a mixing component in some OIB [e.g., Geist et al., 2005;
Harpp et al., 2005], but hot spots rarely produce lavas that are exclusively N-MORB-like.

3. Samples and Analytical Procedures

A total of 21 rock samples from 13 seamounts in the Cobb chain were analyzed in this study (Table 1). Eight
of the samples (one from Warwick, one from Murray, three from Patton, one from Marchand, and two from
an unnamed seamount near Patton) were collected with the Alvin submersible during R.V. Atlantis cruises
in 1999 and 2002. The other 13 samples were archived rocks collected for previous research and provided
to the authors for this study. Some of these were not analyzed at all during the earlier work, and some were
analyzed only for major elements and a limited suite of trace elements using older analytical methods [Dal-
rymple et al., 1987; Morgan, 1985] or only for age analysis [Dalrymple et al., 1987; Desonie and Duncan, 1990].
Archived samples from the younger seamounts were collected during three R.V. Thomas Thompson cruises:
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by dredge during TT080 in 1973 and TT175 in 1983 and by the Pisces submersible during cruise TT170 in
1981 [Morgan, 1985]. The archived samples from the older seamounts were dredged during a U.S. Geologi-
cal Survey R.V. Sea Sounder cruise in 1979 (Table 1).

Most of the samples from the older seamounts had very little or no glass, and all analyses in this study are
for whole rocks. Hand samples were crushed in a tungsten carbide jaw crusher creating small (<5 mm)
chips. Some samples had a subtle yellow discoloration on their outer surfaces indicating contamination or
alteration by seawater, particularly those from the older seamounts, but the interiors of these rocks
appeared relatively fresh. All chips were cleaned three times in equal parts trace metal grade 2M HCl and
30% hydrogen peroxide for a total of 45 min in a warm ultrasonic bath. The supernatant was decanted and
the chips were rinsed three times with distilled (18 MX) water. Any chips with visible discoloration following
the cleaning procedure and any with visible phenocrysts (plagioclase or olivine) were identified under a
microscope and removed.

Subsets of the cleaned chips were finely powdered in a tungsten carbide shatterbox, and the powders
(3.5 g) were mixed with dilithium tetraborate flux (7.0 g) and fused in graphite crucibles for 10 min in a muf-
fle furnace at 1000�C. The beads were reground and fused a second time, and then polished and cleaned
for major element analysis on the XRF spectrometer in the GeoAnalytical Laboratory at Washington State
University [Johnson et al., 1999; also see the WSU Analytical Laboratory website http://www.sees.wsu.edu/
Geolab/note/xrf.html for further analytical details].

Another 0.05 g of cleaned chips from each sample were digested using trace metal grade HF and HNO3,
dried, and re-dissolved in 5% HNO3 spiked with Re and Rh and diluted to 2000x. Trace element analyses
were performed at the University of Florida on an Element2 HR-ICP-MS in medium resolution with Re and
Rh used as internal standards. A procedural blank was prepared with the samples and subtracted from the
sample signal intensities. A detailed description of standard reference materials reproducibility data for the
equipment and protocol used are given in Goss et al. [2010]. Quantification of the results was done by exter-
nal calibration using USGS rock standards (AGV-1, BIR-1, and BCR-2) following methods described in Kame-
nov et al. [2008].

Additional subsets of chips from 16 of the above samples were selected for isotopic analyses and leached
in 6M HCl and 30% hydrogen peroxide for 30 min, rinsed, and dried. This more rigorous leaching has been
shown in previous studies to more thoroughly remove alteration products for isotopic analyses [Regelous
et al., 2003; Silva et al., 2009], but also potentially leads to concentration of plagioclase and stripping of
some more mobile elements, and was therefore not used for the major or trace element analyses. The

Table 1. Sample Information

Seamount Sample Lat. (�N) Lon. (�W) Sample Cruise Information Sample in Previous Publication Sample IGSN Numbera

Brown Bear 21-11 46.03 2130.35 R.V. Thompson TT 170 (Pisces) 1981 Major/some trace elements [Morgan, 1985] COB000001
Pipe DH 80-8 46.52 2131.00 R.V. Thompson TT175, 1983 COB000002
Cobb 1127-2 46.77 2130.83 R.V. Thompson TT 170 (Pisces) 1981 Majors/some trace elements [Morgan, 1985] COB000003
Gluttony DH 74-17 47.14 2131.46 R.V. Thompson TT175, 1983 Age [Desonie and Duncan, 1990] COB000004
Sloth DH 70-2 47.62 2131.70 R.V. Thompson TT175, 1983 Age [Desonie and Duncan, 1990] COB000005
Lust DH 71-4 47.50 2131.51 R.V. Thompson TT175, 1983 Age [Desonie and Duncan, 1990] COB000006
Warwick DH 5-3 48.00 2132.89 R.V. Thompson TT080, 1973 COB000007
Warwick DH 8A 48.03 2132.45 R.V. Thompson TT080, 1973 COB000008
Warwick 3808-1 48.06 2132.74 R.V. Atlantis A7-16 (Alvin) 2002 COB000009
Eickelberg DH 10A 48.29 2133.23 R.V. Thompson TT080, 1973 Majors/trace elements [Desonie and Duncan, 1990] COB000010
Eickelberg DH 02B 48.52 2133.44 R.V. Thompson TT080, 1973 COB000011
Miller S6-79-4-3 53.54 2144.37 USGS Sea Sounder S6-79, 1979 Majors/trace elements [Dalrymple et al., 1987] COB000012
Miller S6-79-4-12 53.54 2144.37 USGS Sea Sounder S6-79, 1979 Age, majors/trace elements [Dalrymple et al., 1987] COB000013
Murray S6-79-5-10 53.94 2148.53 USGS Sea Sounder S6-79, 1979 Majors/trace elements [Dalrymple et al., 1987] COB000014
Murray 3805-2 53.94 2148.53 R.V. Atlantis A3-36 (Alvin) 1999 COB000015
Patton 3437-1 54.55 2150.38 R.V. Atlantis A3-36 (Alvin) 1999 COB000016
Patton 3433-4 54.48 2150.59 R.V. Atlantis A3-36 (Alvin) 1999 COB000017
Patton 3434-5 54.45 2150.60 R.V. Atlantis A3-36 (Alvin) 1999 COB000018
Unnamed 3432-7 54.55 2150.47 R.V. Atlantis A3-36 (Alvin) 1999 COB000019
Unnamed 3438-6 54.38 2150.33 R.V. Atlantis A3-36 (Alvin) 1999 COB000020
Marchand 3804-2 54.95 2151.32 R.V. Atlantis A3-36 (Alvin) 1999 COB000021

aInternational Geo Sample Numbers (IGSN) logged in Integrated Earth Data Applications (IEDA) database (see http://www.iedadata.org/).
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samples were digested with HF and HNO3 and dried, and chromatographic methods [Goss et al., 2010] were
used to separate Sr, Nd, and Pb from the matrix. Sr isotopic compositions were determined at the University
of Florida on a ‘‘Nu-Plasma’’ MC-ICP-MS following a method described in Kamenov et al. [2008]. 87Sr/86Sr
ratio was corrected for mass-bias using exponential law and 86Sr/88Sr 5 0.1194. Repeated analyses of NBS
987 Sr isotope standard measured together with the samples yielded an average 87Sr/86Sr 5 0.710246
(60.000030, 2r). Nd isotopic compositions were also determined on a ‘‘Nu-Plasma’’ MC-ICP-MS following a
method described in Kamenov et al. [2008]. 143Nd/144Nd ratio was corrected for mass-bias using exponential
law and 146Nd/144Nd 5 0.7219. Repeated analyses of the JNdi-1 Nd standard produced mean values of
0.512103 (60.000018, 2r). The Pb isotope data were acquired with Tl-normalization following methods
described in Kamenov et al. [2004]. Repeated analyses of NBS 981 yielded the following values:
206Pb/204Pb 5 16.937 (60.004, 2r), 207Pb/204Pb 5 15.490 (60.003, 2r), and 208Pb/204Pb 5 36.695 (60.009,
2r). Multiple procedural Sr-Nd-Pb blanks prepared with and around the time of these sample analyses
show the following ranges: Sr from 0.04 ng to 0.08 ng, Nd from 0.005 ng to 0.05 ng, and Pb from 0.003 ng
to 0.03 ng. Isotopic ratios were age-corrected [Faure, 1986] for plotting in figures using trace element con-
centrations for each sample reported in Tables 2 and 3 seamount ages from the literature [Desonie and Dun-
can, 1990; Dalrymple, 1987; Keller, 1997].

Table 2. Geochemical Data for the Younger Cobb Seamounts

Sample
Seamount

21-11
Br. Bear

80-8
Pipe

1127-2
Cobb

74-17
Gluttony

71-4
Lust

70-2
Sloth

5-3
Warwick

8A
Warwick

3808-1
Warwick

10A
Eickelberg

2B
Eickelberg

SiO2 47.8 49.1 47.2 49.2 49.8 50.9 50.0 48.8 49.3 48.5 49.0
TiO2 1.05 1.24 1.73 1.51 1.46 1.71 2.04 1.73 1.89 2.42 2.28
Al2O3 17.5 19.2 15.7 16.7 16.6 15.8 15.0 15.6 15.2 15.6 14.9
FeO* 8.28 9.06 10.66 9.05 8.97 8.94 9.87 9.58 10.41 11.56 11.82
MgO 9.34 4.95 6.27 7.23 6.14 6.54 5.57 6.87 5.91 4.25 4.90
MnO 0.16 0.12 0.19 0.15 0.15 0.16 0.16 0.14 0.23 0.55 0.16
CaO 11.6 12.5 11.9 12.3 12.6 12.1 11.6 11.2 11.4 10.9 11.2
Na2O 2.75 2.89 3.13 2.69 2.78 3.15 3.13 2.83 3.16 3.32 3.22
K2O 0.07 0.23 0.33 0.25 0.38 0.45 0.33 0.44 0.56 0.38 0.61
P2O5 0.07 0.09 0.30 0.15 0.12 0.13 0.19 0.19 0.36 0.34 0.30

Sc 29.1 39.4 42.7 40.3 42.1 44.9 48.5 43.8 47.9 52.3 50.5
Cr 283 268 178 329 324 304 79.3 285 147 44.0 156
Ni 164 49.2 67.8 81.0 79.4 44.9 33.3 61.5 23.0 26.3 32.4
Cu 67.1 59.7 53.2 54.1 69.2 34.3 59.9 37.4 64.5 29.6 55.1
Zn 67.3 76.9 99.9 75.2 73.8 71.8 87.8 70.4 75.8 87.7 95.2
Ga 15.7 17.8 18.7 16.2 16.9 17.4 18.4 16.9 19.2 20.6 20.4
Rb 0.82 3.9 3.9 1.63 9.63 4.93 7.72 5.58 6.24 3.82 12.6
Sr 126 235 257 198 160 222 237 207 267 251 241
Y 22.3 20.3 28.9 24.3 24.2 24.7 30.4 28.3 25.3 30.7 31.5
Zr 45.9 83.5 110 93.1 80.8 109 137 125 125 131 161
Nb 1.62 3.59 7.68 5.56 4.97 7.17 8.43 9.13 9.93 10.38 8.96
Cs 0.02 0.17 0.11 0.03 0.38 0.35 0.68 0.32 0.51 0.13 0.49
Ba 12.4 18.3 45.7 34.6 25.8 49.2 40.8 47.6 68.0 88.9 50.3
Hf 1.59 2.20 2.99 2.44 2.16 2.83 3.41 3.06 3.34 3.63 3.96
Ta 0.20 0.24 0.70 0.36 0.32 0.47 0.56 0.58 0.72 0.67 0.55
Pb 0.46 0.37 0.96 0.47 0.46 0.50 0.68 0.64 0.53 0.84 0.70
Th 0.09 0.16 0.47 0.27 0.24 0.35 0.37 0.44 0.49 0.41 0.31
U 0.05 0.12 2.61 0.11 0.09 0.15 0.24 0.17 0.33 0.34 0.15

La 1.62 3.10 6.68 4.69 4.05 4.16 6.72 7.46 6.10 5.98 5.56
Ce 4.73 8.81 17.10 12.21 10.71 12.81 17.61 17.13 15.39 12.35 15.23
Pr 0.93 1.52 2.56 2.03 1.75 1.94 2.76 2.79 2.26 2.17 2.54
Nd 5.55 8.01 12.39 10.29 8.81 10.11 13.45 13.25 10.92 11.06 13.02
Sm 2.29 2.62 3.86 3.22 2.96 3.28 4.04 3.83 3.40 3.42 4.03
Eu 0.93 1.09 1.41 1.20 1.13 1.31 1.54 1.40 1.32 1.44 1.59
Gd 3.16 3.37 4.72 3.95 3.72 3.98 5.06 4.58 4.09 4.44 5.12
Tb 0.59 0.59 0.82 0.68 0.68 0.69 0.85 0.79 0.72 0.75 0.88
Dy 3.77 3.58 5.11 4.22 4.22 4.36 5.31 4.98 4.44 4.80 5.40
Ho 0.78 0.75 1.02 0.87 0.90 0.91 1.12 1.01 0.91 1.02 1.13
Er 2.18 2.05 2.90 2.44 2.47 2.55 3.12 2.91 2.52 2.80 3.14
Tm 0.33 0.30 0.43 0.36 0.38 0.37 0.46 0.43 0.37 0.42 0.47
Yb 2.10 1.96 2.70 2.30 2.31 2.35 2.89 2.66 2.37 2.63 2.98
Lu 0.32 0.31 0.40 0.34 0.35 0.35 0.44 0.40 0.35 0.40 0.45
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Hafnium separation was done by the
method of M€unker et al. [2001] using
the EichromVR Ln-Spec resin. Hafnium
isotopes were measured on the
Thermo Scientific NEPTUNE Plus MC-
ICP-MS at the Center for Elemental
Mass spectrometry in the Depart-
ment of Earth and Ocean Sciences,
University of South Carolina. Instru-
mental mass fractionation was cor-
rected against a 179Hf/177Hf value of
0.7325. Isotopes 172Yb and 175Lu
were monitored and corrections
were made using the instrument
software. Measurements of the JMC-
475 Hf isotope standard, which were
made in-run with samples reported
here, produced an average
176Hf/177Hf value of
0.282142 6 0.000004 (2r, n 5 19).
The 176Hf/177Hf values are corrected
against a reference value of
0.282160 for the JMC-475 standard
[Chauvel and Blichert-Toft, 2001].

One rock from Gluttony Seamount
(DH 74-17) contained 178 mg of oli-
vine phenocrysts. These were
crushed in vacuo and analyzed for
He and Ne concentrations and
3He/4He isotopes after employing
purification methods that included
gettering with hot titanium and cryo-
genic sorption on charcoal. The
measurements were made on a
21 cm radius, dual-collector, sector-
type mass spectrometer at the
Helium Isotope Laboratory, NOAA
Pacific Marine Environmental Labo-
ratory, Newport, Oregon. The
measurements were standardized
using marine air and the Murder-
ing Mudpot (MM) gas from Yellow-
stone Park [Welhan, 1981], a
precisely known isotopic standard
(16.5 RA).

4. Results

The geochemical properties of rocks
from most of the Cobb chain are
largely related to their eruptive age
and distance from the JdFR (Figure 2).

Samples from the eight younger seamounts are generally the most depleted and have isotopic properties
that partly overlap with N-MORB values. Rocks from the five older seamounts, produced at a time when the

Figure 2. Total alkalis (Na2O 1 K2O), chondrite-normalized [Sun and McDonough,
1989] Sm/Yb, and 206Pb/204Pb versus distance along the Cobb Seamount
Chain. Each generally decreases with age and distance from the Juan de Fuca
Ridge, becoming more MORB-like as the ridge approached the hot spot. Larger
symbols indicate data from this study; smaller symbols are data from Desonie
and Duncan [1990] and Hegner and Tatsumato [1987] for younger seamounts,
and Dalrymple et al. [1987] for older seamounts. Axial Seamount data from
Chadwick et al. [2005] and Juan de Fuca Ridge data from Smith [1999] and
Hegner and Tatsumato [1987]. See data tables for analytical errors for the plot-
ted data. In all figures, analytical errors are smaller than the sizes of plotted
symbols.
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spreading ridge was further from the
hot spot, are generally the most
enriched and have isotopic properties
that are more distinct from N-MORB.

4.1. Younger Seamounts
Samples from the eight younger sea-
mounts (Brown Bear, Pipe, Cobb,
Gluttony, Sloth, Lust, Warwick, and
Eickelberg) are all basalts
(SiO2< 51%) with tholeiitic to transi-
tional alkalic compositions (e.g.,
K2O 1 Na2O: 2.8–4.0 wt %; Figure 3)
that range to more enriched values
than the JdFR (<3.0 wt %) [Smith,
1999] and Axial Seamount (<3.3 wt
%) [Chadwick et al., 2005]. Their MgO
and Mg# values (4.25–9.34 wt % and
22.2–46.7, respectively) exhibit more
limited variability and are more
evolved than most JdFR MORB.

Incompatible trace element concen-
trations and ratios for the younger
seamounts overlap with those of

Axial Seamount and JdFR N-MORB but also extend to more enriched compositions. Following the classifica-
tion scheme of Wood [1980], a ternary plot of Hf-Ta-Th concentrations categorizes JdFR and most Axial Sea-
mount lavas as MORB, but all but two of the younger Cobb lavas are classified as tholeiitic OIB (Figure 4a),
reflecting the influence of the Cobb hot spot. The younger seamounts have flat rare earth element (REE)
patterns to modest enrichments in light rare earth elements (LREE) (chondrite-normalized La/Yb average is
1.45; see Figures 5a and 5b) compared with the mostly flat patterns for Axial Seamount [Chadwick et al.,

Figure 3. Total Alkalis-Silica (TAS) diagram showing Cobb Seamount Chain rock
types. Samples from the younger seamounts are subalkaline to transitional alkalic
basalts, and the older seamounts have alkalic basalts trending to higher-alkali tra-
chybasalts (hawaiites), as well as more evolved mugearites and benmoreites. Miller
and Cobb are the exceptions to the overall chemical-temporal trends observed in
this study; the older Miller Seamount (M) has lower alkalis similar to the younger
seamounts, and the young Cobb Seamount (C) has higher alkalis than neighboring
young seamounts. Large symbols from this study and small symbols are literature
data (see Figure 2).

Figure 4. Trends in (a) trace element concentrations and (b) ratios along the Cobb chain. In Figure 4a, ternary Th-Hf-Ta diagram [Wood,
1980] classifies most of the younger seamounts as tholeiitic OIB (distinct from the N-MORB from the JdFR and reflecting the influence of
the Cobb hot spot), and the older seamounts as tholeiitic or alkalic OIB. In Figure 4b, samples from older seamounts are generally more
enriched in incompatible trace elements and younger seamounts trend toward more depleted compositions. Trends in basaltic samples
(basalts and trachybasalts only; two evolved samples from Marchand and the unnamed seamount (3438-6 and 3804-2) are not shown)
generally follow equilibrium batch melting curves (0.2%–20% melt fractions) for garnet peridotite (>75 km; 53% ol, 4% opx, 38% cpx, 5%
gt) and spinel peridotite (<75 km; 53% ol, 15% opx, 30% cpx, 2% spinel); distribution coefficients and mineral proportions from Salters
[1996], consistent with increased melt fractions over time as lithospheric thickness decreased with the approach of the Juan de Fuca
Ridge.
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2005] and depleted patterns for JdFR N-MORB [Smith, 1999], excluding E-MORB from the Endeavor Segment
[Karsten, 1988].

Incompatible trace element enrichments in the younger group are generally correlated with seamount age.
Warwick and Eickelberg, the two oldest, have modestly enriched REE patterns and higher average incom-
patible element concentrations and ratios compared to the younger Sloth, Lust, Gluttony, Pipe, Brown Bear,
and Axial Seamounts (chondrite-normalized La/Yb averages 1.7 versus 1.2). However, Cobb Seamount, one
of the youngest in the chain, has a more enriched composition similar to rocks from Warwick and Eickelberg
(Figures 4 and 5a).

The isotopic data for the younger seamounts (Figure 6) show Sr and Nd ratios that largely overlap with pub-
lished Pacific and JdFR N-MORB and Axial Seamount values, but several samples extend to slightly higher
87Sr/86Sr values due to possible seawater Sr contamination. The younger group has some samples with
higher Pb and lower Hf isotopes that extend beyond N-MORB ranges (Figure 6). Reflecting the incompatible
element compositions in the young seamount group, Pb and Hf isotopic ratios are most distinct from MORB
for Warwick, Eickelberg, and Cobb Seamounts.

Olivine phenocrysts separated from Gluttony Seamount yielded 3.29 3 10215 mmol/g of 3He, 3.00 3 10210

mmol/g of 4He, and 4.86 e211 mmol/g of 20Ne. The average blanks for a crusher analysis contained about
10% of the He and 20% of the Ne released by the samples analysis, thus a significant blank correction was
required. Furthermore, the He/Ne/(He/Ne)air was �22, indicating the presence of a significant atmospheric
component. After applying a blank correction and an additional correction for He addition from air satu-
rated seawater based on the He/Ne ratio, the 3He/4He ratio was R/RA 5 7.88 6 0.5 (where RA is the atmos-
pheric helium ratio), which is within the range for JdFR MORB and Axial Seamount [Lupton et al., 1993].

4.2. Older Seamounts
The new major element data for the five older seamounts in this study reveal distinct differences from the
younger group (also see major element data for these seamounts in Dalrymple et al. [1987]). They are more
heterogeneous as a group, most are more alkali-rich, and some are more evolved (Figure 3). Murray and
Patton samples include alkali-rich basalts and hawaiities (high-Na variety of trachybasalt), and the three

Figure 5. REE concentrations shown relative to fields for Juan de Fuca Ridge N-MORB and Axial Seamount (colored fields; see Figure 2). (a,
b) The youngest seamounts in the Cobb chain have depleted, flat, or modestly enriched trace element concentrations and REE patterns
similar to N-MORB or Axial Seamount. (c, d) Basaltic rocks from older seamounts have generally more enriched compositions with increas-
ing age. Exceptions include (a) Cobb and (c) Miller Seamounts, which have flat patterns comparable to the intermediate-aged (b) Warwick
and Eickelberg.
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samples from Marchand and the unnamed seamount near Patton include a hawaiite, a mugearite, and a
benmoreite (high-Na varieties of basaltic trachyandesite and trachyandesite) with SiO2 up to 58.3% and
total alkalis up to 9.2% (Figure 3). The MgO and Mg# values (0.57–5.17 wt % and 4.4–27.4, respectively) are
lower than the younger seamounts and lowest for the mugearite and benmorite, consistent with more
extensive fractionation to produce the higher-silica lavas. Miller Seamount, the youngest member of the
older group, is less evolved and enriched than the others, with higher MgO and Mg# and lower alkali
enrichments (Na2O 1 K2O< 3.4%) similar to the more depleted and primitive lavas typical of the younger
part of the chain (Figure 3).

Most of the older seamounts are enriched in incompatible trace elements and have the highest concentra-
tions and ratios in the chain (Figures 2 and 4b). The basaltic samples are classified as tholeiitic OIB and
alkalic OIB based on their Hf-Th-Ta concentrations (Figure 4a) and have REE patterns that are distinctly
more enriched than those in the younger group (chondrite-normalized La/Yb average is 5.02; see Figures 5c
and 5d). Miller Seamount, however, is again the exception, with incompatible trace element enrichments

Figure 6. Age-corrected (initial) Sr-Nd-Pb-Hf isotopic ratios for Cobb Seamount lavas reaffirm age-related trends observed in major and
trace element data and indicate the presence of the HIMU isotopic component. Binary mixing lines between N-MORB and HIMU conform
well to Cobb data trends (dotted in Figures 6a and 6b); mixing end-members are depleted Pacific MORB sample SO1291 D2 [Chauvel et al.,
2001] (79.9 ppm Sr, 5.81 ppm Nd, 0.117 ppm Pb, 87Sr/86Sr 5 0.70215, 143Nd/144Nd 5 0.513269, 206Pb/204Pb 5 17.721, 208Pb/204Pb 5 37.88)
and ‘‘extreme’’ HIMU sample M12 [Woodhead, 1996] (404 ppm Sr, 27.8 ppm Nd, 1.79 ppm Pb, 87Sr/86Sr 5 0.702882, 143Nd/144Nd 5 0.51286,
206Pb/204Pb 5 21.708, 208Pb/204Pb 5 40.561). Pacific N-MORB fields data from Hegner and Tatsumato [1987], Smith [1999], Chauvel and Bli-
chert-Toft [2001], Nowell et al. [1998], and Salters and White [1998]. HIMU fields data from Woodhead [1996], Nebel et al. [2013], and Chauvel
et al. [1992]. Mixing of depleted Pacific N-MORB mantle with <15% of the HIMU end-member is consistent with the isotopic characteristics
of the Cobb lavas. Trend in 176Hf/177Hf versus 208Pb*/206Pb* (208Pb/204Pbmeasured 2 29.476)/(206Pb/204Pbmeasured 2 9.307) [Galer and O’Nions,
1985] and EHf versus ENd (CHUR values from Bouvier et al. [2008]) show (c, d) distinctive low-Hf trends relative to MORB and other OIB
indicative of the HIMU mixing component [Stracke et al., 2005].
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that are similar to Warwick and Eickelberg in the younger part of the chain. Chondrite-normalized La/Yb
ratios for alkali basalts (SiO2< 51%) range from 1.5 to 2.2 for Miller and from 4.7 to 6.6 for the rest of the
older group.

A few of the older samples (3805-2, 3437-1, and 3438-6) have minor U, P, K, Rb, Sr, and/or Ba enrichments
or Ce depletions that indicate they may have retained traces of residual seawater alteration products or sec-
ondary phases [e.g., Dalrymple et al., 1987; Dubinin, 2004; Martin et al., 2010] that were not completely
removed by the cleaning process.

Age-corrected Sr isotopic ratios for the older group overlap with Pacific N-MORB ranges, but Nd and Pb val-
ues are distinct from MORB (Figures 6a and 6b). Hf isotopic ratios overlap with MORB ranges, but define a
trend that is distinctly lower than MORB for a given Pb, Sr, or Nd isotopic value (Figures 6c and 6d). Miller
Seamount also has higher Pb and lower Hf isotope ratios than MORB, but they overlap with the values for
the younger seamounts.

5. Discussion

A large body of research has been directed toward understanding the implications of the compositional
variety of OIB lavas. A group of distinct isotopic mantle source compositions for hot spot magmas have
been identified (e.g., EMI, EMII, HIMU, and FOZO) [e.g., Zindler and Hart, 1986; Stracke et al., 2005], and stud-
ies of the various processes that modify their chemical characteristics prior to eruption have led to an
improved understanding of the composition and dynamics of the Earth’s mantle. The thickness of the over-
lying oceanic lithosphere has been revealed to be an important factor controlling hot spot compositional
variety [Ellam, 1992; Haase, 1996; Niu and O’Hara, 2007].

A primary consequence of the migration of the JdFR toward the Cobb hot spot over the 33 Myr eruptive his-
tory of the Cobb chain was a progressively thinner lithosphere at the hot spot. The oldest seamounts were
erupted on 12 Myr old oceanic lithosphere [Dalrymple et al., 1987] that was about 550 km from the Juan de
Fuca Ridge [Desonie and Duncan, 1990] and 45 km thick at the time of eruption. The younger seamounts
formed closer to the encroaching JdFR on lithosphere that was <3 Myr older than the seamounts and
<20 km thick. Oceanic lithosphere is postulated to act as a ‘‘lid’’ or barrier to plumes as they rise and
undergo adiabatic decompression melting. (Previous workers have described the Cobb hot spot as the
result of a mantle plume [e.g., Desonie and Duncan, 1990]. In the discussion that follows, the term ‘‘plume’’ is
used to describe a relatively fixed location of upwelling mantle and melting. This term is used with no impli-
cation regarding the source depth of the upwelling.) The thickness of the lithosphere may control the depth
to which an upwelling parcel can ascend and thus limit the mean extent and pressure of melting in a plume
[Ellam, 1992; Haase, 1996; Niu and O’Hara, 2007]. The extent of melting exerts substantial control on incom-
patible element enrichment of magmas; thinner lithosphere allows plume melting to occur over a longer
column length and continue to shallower depths, resulting in higher extents of melting at lower pressures
and less enriched magmas. Humphreys and Niu [2009] demonstrated a correlation between lithospheric
thickness at the time of eruption and major and trace element compositions of OIB in a study of island-
averaged geochemical data for basalts (<53% SiO2) from 49 oceanic hot spots (not including the Cobb
chain). They noted systematic variations in major and trace element compositions that varied with litho-
spheric thickness, with thicker lithosphere resulting in more enriched lavas.

The curves in Figure 4b show predicted compositional trends for progressively increasing melt fractions
from spinel (shallow <75 km) and garnet (deep >75 km) peridotite compared with Lu/Hf and Sm/Yb ratios
for the basaltic (basalts and trachybasalts) Cobb seamount samples. The Cobb data show a curved pattern
that is consistent with the general trends in the melt models, indicating progressively higher fractions of
melting with decreasing age and lithospheric thickness. Pacific MORB and Axial Seamount reside at the
most depleted, highest-melting terminus of the trends in the Cobb Seamount data.

Trends in the isotopic data (Figure 6) demonstrate that Cobb lavas are derived from more than one mantle
component. The trends indicate binary mixing between Pacific DMM and a component with modestly lower
Nd ratios and somewhat more radiogenic Sr compared to MORB, and distinctly higher Pb and distinctly
lower Hf isotope ratios. The younger seamounts have isotopic characteristics that largely overlap with
MORB values, and the lavas are increasingly distinct from MORB with increasing age, extending beyond
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MORB ranges. The trace element data support this, with the youngest Cobb lavas classified as MORB-like
and progressively older seamounts having increasingly distinct OIB characteristics (Figure 4a). Taken
together, these observations are consistent with control of both melt fractions and mixing proportions by
lithospheric thickness, with higher melt fractions, less enrichment, and a higher proportion of the refractory
DMM component as the Juan de Fuca Ridge drew closer.

The Cobb Seamount isotopic data trend directly toward the distinct characteristics of the HIMU (‘‘High m’’;
mantle with high time-integrated U/Pb ratios) mantle reservoir, which is considered to be derived from
recycled and altered oceanic crust [Weaver, 1991; Hofmann, 1997; Stracke et al., 2003]. The HIMU component
is found at Ocean Islands in both the Pacific and Atlantic, including St. Helena and some of the Cook-Austral
Islands [Zindler and Hart, 1986; Stracke et al., 2005] and has highly radiogenic Pb ratios (206Pb/204Pb> 20.5),
87Sr/86Sr ratios that extend to modestly higher values than MORB (<0.703) [Hart, 1988; Zindler and Hart,
1986], and a Hf-Nd isotopic array that diverges from other OIB (deviates from the terrestrial array) [Vervoort
et al., 2011], with lower 176Hf/177Hf for a given 143Nd/144Nd than MORB and other OIB [Chauvel et al., 1992;
Ballentine et al., 1997; Nebel et al., 2013]. The factor DEHf, a measure of the offset from the Hf-Nd terrestrial
array (EHf 5 1.55 3 ENd 1 1.21) [Vervoort et al., 2011] (Figure 6d) and a diagnostic indicator of HIMU

Table 3. Geochemical Data for the Older Cobb Seamounts

Sample
Seamount

79-4-3
Miller

79-4-12
Miller

79-5-10
Murray

3805-2
Murray

3433-4
Patton

3437-1
Patton

3434-5
Patton

3432-7
Unnamed

3438-6
Unnamed

3804-2
Marchand Analytical Error (%)a

SiO2 48.7 49.4 47.7 49.6 46.5 50.5 48.6 49.7 54.2 58.3
TiO2 1.81 1.95 2.88 2.09 4.25 2.23 2.40 2.68 1.14 0.60
Al2O3 14.6 15.6 14.1 15.4 15.3 15.8 15.6 17.8 17.8 16.9
FeO* 11.8 10.6 12.9 12.4 12.9 9.94 10.3 9.83 9.52 7.08
MgO 5.16 5.17 2.70 2.86 3.27 2.34 4.03 2.41 0.57 0.68
MnO 0.23 0.16 0.14 0.23 0.17 0.16 0.18 0.16 0.20 0.18
CaO 10.8 11.8 6.42 6.65 8.33 7.14 10.8 9.34 3.50 3.17
Na2O 2.64 2.78 2.99 4.04 3.52 4.46 3.08 3.98 6.07 5.17
K2O 0.60 0.35 1.49 1.91 1.17 1.70 0.81 1.39 2.65 4.05
P2O5 0.13 0.27 1.03 0.91 0.70 0.75 0.42 0.68 0.58 0.14

Sc 43.5 46.6 16.6 16.1 30.7 21.3 40.2 22.6 4.59 8.88 2.9
Cr 93.5 103 4.04 17.4 14.3 34.7 268 139 12.6 1.60 5.4
Ni 45.6 39.9 6.26 11.6 28.1 17.7 46.9 72.3 7.98 3.75 5.7
Cu 56.5 64.3 14.1 19.0 45.5 31.8 73.5 47.6 17.5 14.7 3.0
Zn 100 92.1 188 162 176 157 116 110 122 172 2.4
Ga 18.6 19.3 22.6 32.2 28.9 30.4 21.7 23.9 27.5 37.9 3.0
Rb 9.95 4.99 84.1 56.3 17.7 21.3 11.5 35.8 55.2 68.5 1.4
Sr 216 224 308 329 316 370 356 542 443 237 1.2
Y 26.9 24.1 63.6 53.2 37.8 37.2 32.6 23.6 30.6 77.3 4.3
Zr 97.1 111 312 522 288 446 167 277 590 964 1.9
Nb 7.99 8.57 42.5 56.9 43.0 50.3 21.7 46.3 80.9 97.4 2.3
Cs 0.51 0.19 8.64 3.87 12.0 0.78 0.64 1.29 0.39 0.69 3.5
Ba 37.5 30.2 142 452 195 533 129 344 632 1228 2.6
Hf 2.66 2.93 7.49 12.64 6.79 10.13 4.15 6.44 13.8 21.9 3.2
Ta 0.55 0.56 2.63 3.63 2.62 3.12 1.37 2.72 4.87 5.61 4.2
Pb 0.81 0.45 2.51 2.59 1.75 2.04 1.35 1.37 3.39 5.35 3.5
Th 0.22 0.24 2.51 4.42 1.97 2.59 1.00 2.44 6.08 8.35 2.3
U 0.26 0.24 1.45 1.10 0.56 1.19 0.27 1.39 1.09 2.47 2.6

La 6.72 4.44 39.9 32.5 22.0 23.2 16.2 18.9 32.3 66.7 4.4
Ce 9.74 12.2 72.4 72.2 49.4 54.9 26.2 42.6 59.8 140 4.1
Pr 2.13 1.93 10.6 9.23 6.55 7.40 4.44 5.27 7.40 17.3 4.2
Nd 10.8 9.95 46.6 38.6 28.4 32.9 20.3 21.7 28.1 68.7 5.1
Sm 3.26 3.27 10.7 9.99 6.98 8.26 5.30 5.14 6.09 16.5 5.0
Eu 1.32 1.34 3.45 3.35 2.34 3.27 1.84 1.90 2.69 5.12 2.0
Gd 4.15 4.03 11.5 10.2 7.23 8.26 5.89 5.06 5.88 15.7 4.5
Tb 0.68 0.67 1.81 1.68 1.19 1.29 0.93 0.78 0.93 2.55 5.6
Dy 4.15 4.30 10.3 9.91 6.92 7.39 5.52 4.40 5.30 14.7 2.7
Ho 0.87 0.88 2.01 1.91 1.35 1.38 1.10 0.84 1.03 2.75 3.3
Er 2.39 2.42 5.74 5.46 3.76 3.73 3.05 2.24 2.97 7.94 5.9
Tm 0.35 0.34 0.81 0.78 0.56 0.52 0.43 0.32 0.44 1.13 10.6
Yb 2.21 2.18 4.76 4.83 3.39 3.20 2.54 2.06 2.91 7.15 2.2
Lu 0.33 0.33 0.71 0.71 0.50 0.48 0.39 0.31 0.43 1.04 4.8

aLong-term analytical error for trace elements on HR-ICP-MS at University of Florida.
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[Carpentier et al., 2009; Nebel et al., 2013], is variable up to 27.8 for the older Cobb Seamounts (Table 4).
These values are similar to those from Mangaia in the Cook Islands, which is considered the most extreme
HIMU composition yet found [Woodhead, 1996].

Using a large MORB and OIB isotopic database, Stracke et al. [2005] calculated mixing lines between HIMU
and depleted MORB end-members in Pb-Pb isotopic space and asserted that mixing between MORB and
HIMU must be rare. However, the isotopic data in this study align with binary mixing lines trending directly
between Pacific MORB and HIMU compositions, with consistent end-member mixing proportions for all
four isotopic systems, indicating that the Cobb hot spot is an example of HIMU-DMM mixing (Figure 6).

Mixing modeling between HIMU and DMM end-members (Figure 6) shows the highest proportion of HIMU
to be between about 10 and 15% for samples from Patton and Murray Seamounts in the oldest part of the
chain, decreasing to less than 5% for the younger seamounts. The results are consistent with a HIMU com-
position for the Cobb plume that is mixed extensively with DMM. It should be noted that the ‘‘end-
member’’ HIMU samples from the Cook-Austral Islands that were used in the mixing modeling are the most
extreme examples of the HIMU composition yet found [Woodhead, 1996; Nebel et al., 2013], but they may
nevertheless be the product of extensive mixing with DMM [Nebel et al., 2013], and the proportions of HIMU
in the Cobb seamounts may be significantly lower than calculated here.

Cobb lavas became progressively more MORB-like in their isotopic characteristics as the Juan de Fuca Ridge
approached and the lithosphere became thinner, allowing the plume to rise to shallower depths and pass
through thicker asthenosphere, possibly entraining increasing amounts of DMM (Figure 7). Keller et al.
[2000] noted that the Hawaiian hot spot erupted lavas with MORB-like isotopic characteristics 81 Myr ago
when it was located near a mid-ocean ridge system and attributed this to entrainment of asthenosphere by
the Hawaiian plume. Alternatively, DMM entrainment by plumes may occur where they form at the mantle

Table 4. Isotopic Dataa

Sample Seamount 87Sr/86Sr 2r Error 143Nd/144Nd 2r Error e Nd 176Hf/177Hf 2r Error e Hf De Hf

DH 80-8 Pipe 0.702610 0.000006 0.513126 0.000007 9.68 0.283093 0.000007 10.89 25.3
1127-2 Cobb 0.702480 0.000006 0.513127 0.000005 9.70 0.28314 0.000008 12.55 23.7
DH 74-17 Gluttony 0.702641 0.000008 0.513143 0.000005 10.01 0.283129 0.000006 12.16 24.6
DH 71-4 Lust 0.702683 0.000009 0.513132 0.000007 9.79 0.283136 0.000006 12.41 24.0
DH 70-2 Sloth 0.702728 0.000006 0.513114 0.000004 9.44 0.283106 0.000006 11.35 24.5
DH 5-3 Warwick 0.702472 0.000007 0.513129 0.000006 9.73 0.283111 0.000005 11.53 24.8
DH 8A Warwick 0.702502 0.000006 0.513124 0.000005 9.64 0.283114 0.000004 11.63 24.5
DH 10A Eickelberg 0.702573 0.000006 0.513124 0.000006 9.64 0.283091 0.000006 10.82 25.3
DH 2B Eickelberg 0.702487 0.000006 0.513142 0.000004 9.99 0.283117 0.000005 11.74 25.0
79-4-3 Miller 0.702438 0.000006 0.513154 0.000006 10.22 0.283118 0.000006 11.78 25.3
79-4-12 Miller 0.702436 0.000007 0.513135 0.000006 9.85 0.283104 0.000006 11.28 25.2
79-5-10 Murray 0.702839 0.000006 0.513014 0.000005 7.49 0.282974 0.000005 6.68 26.1
3805-2 Murray 0.702829 0.000006 0.513011 0.000005 7.43 0.282973 0.000004 6.65 26.1
3433-4 Patton 0.702712 0.000007 0.513051 0.000006 8.21 0.282977 0.000007 6.79 27.1
3437-1 Patton 0.702561 0.000006 0.513067 0.000007 8.52 0.282973 0.000004 6.65 27.8
3434-5 Patton 0.702695 0.000006 0.513069 0.000007 8.56 0.282993 0.000004 7.36 27.1

Sample Seamount 206Pb/204Pb 2r Error 207Pb/204Pb 2r Error 208Pb/204Pb 2r Error 3He/4He

DH 80-8 Pipe 18.472 0.003 15.547 0.0028 38.066 0.0069
1127-2 Cobb 18.733 0.003 15.479 0.0025 38.121 0.0061
DH 74-17 Gluttony 18.454 0.004 15.467 0.003 37.818 0.0078 7.88 (R/RA)
DH 71-4 Lust 18.311 0.0016 15.550 0.0013 37.892 0.0034
DH 70-2 Sloth 18.430 0.0021 15.517 0.0022 37.890 0.0059
DH 5-3 Warwick 18.6373 0.00083 15.4846 0.00071 37.9651 0.0019
DH 8A Warwick 18.5805 0.0011 15.4844 0.00094 37.9501 0.0025
DH 10A Eickelberg 18.6801 0.00056 15.4882 0.00053 38.031 0.0016
DH 2B Eickelberg 18.425 0.001 15.5289 0.0011 37.9654 0.0023
79-4-3 Miller 18.8853 0.0013 15.5672 0.001 38.2388 0.0027
79-4-12 Miller 18.8457 0.0011 15.5507 0.00095 38.247 0.0024
79-5-10 Murray 19.5423 0.0013 15.5763 0.0011 38.9219 0.0026
3805-2 Murray 19.4948 0.000971 5.5845 0.00077 38.8913 0.002
3433-4 Patton 19.2117 0.0012 15.5521 0.00098 38.5988 0.0027
3437-1 Patton 19.5497 0.00081 15.5537 0.0008 38.7736 0.0023
3434-5 Patton 19.1268 0.0011 15.5375 0.00089 38.5201 0.0024

aNo isotopic data for samples 3432-7, 3438-6, and 3804-2 (Marchand and the unnamed seamount).
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transition zone [Nebel et al., 2013]. In either case, the longer and shallower melt column under thinner litho-
sphere would lead to higher melt fractions and higher proportions of melting of refractory DMM in the
plume relative to the more fertile HIMU component, leading to magmas with an increasingly MORB-like
composition. The control of mixing proportions by lithospheric thickness in this manner has been proposed
for the variable OIB compositions in several other hot spot-related chains, including the Easter, Kerguelen,
and Hawaiian-Emperor chains [Cheng et al., 1999; Frey and Weis, 1995; Gautier et al., 1990; Regelous et al.,
2003]. The proximity of the younger seamounts to the partial melt zone associated with the JdFR, which
may extend at least 130 km from the spreading axis [Desonie and Duncan, 1990], may also have had a role
in enhancing DMM melting and diluting the HIMU signature.

The 3He/4He ratio for the olivine separates from Gluttony Seamount (R/Ra 5 7.88 6 0.5) is within the range
of compositions for Pacific MORB and is similar to the lowest values measured for JdFR (7.8–8.8 RA) and
Axial Seamount basalts (7.9–8.4 RA) [Lupton et al., 1993]. This low ratio supports a model of mixing between
DMM and HIMU, as HIMU lavas from the Cook-Austral Archipelago and St. Helena have uniform and rela-
tively low 3He/4He ratios (6.8 6 0.9 RA), slightly lower than Pacific MORB [Hanyu and Kaneoka, 1997]. A small
contribution of the HIMU mixing component at Gluttony (<5%; Figure 6) would lead to a subtle decrease
below average N-MORB ranges observed at the JdFR. Additional He isotopic analyses from the Cobb chain,
particularly for the older seamounts, are required to confirm the He characteristics of the Cobb plume.

The major element compositional variability and high-alkali characteristics observed in some of the older
seamounts (Figure 3) may be a consequence of off-axis volcanism. These late-stage lavas, notably observed
in the Hawaiian-Emperor chain, are added as a carapace to largely tholeiitic volcanoes after an edifice has
moved beyond the hot spot, and are enriched in alkalis due to lower extents of melting [Clague and Dalrym-
ple, 1988; Shafer et al., 2005]. Small chains of near-ridge seamounts near the East Pacific Rise with similar
late-stage alkalic lavas erupted on top of primarily tholeiitic volcanoes are also attributed to smaller degrees
of melting beneath thick lithosphere away from the ridge axis [Graham et al., 1988].

Cobb and Miller Seamounts conspicuously differ from the temporal trends observed for the other 11 sea-
mounts in this study. Based on its relatively young age, Cobb Seamount would be expected to have erupted
on relatively thin lithosphere and to have a more depleted composition, and the older Miller Seamount

Figure 7. Conceptual diagram showing effects of progressively decreasing oceanic lithosphere thickness on the chemical characteristics
of the Cobb hot spot. The Juan de Fuca Ridge migrated toward the Cobb hot spot over time, leading to progressively thinner lithosphere
over the hot spot. The oldest seamounts in the chain were erupted on older and thicker oceanic lithosphere, where the rising Cobb plume
shown in Figure 7a melted only at higher pressures, leading to lower melt fractions and higher melting proportions of more fertile HIMU
mantle, leading to relatively enriched lavas (and more radiogenic Pb and unradiogenic Nd and Hf). (b, c) As the Juan de Fuca Ridge con-
verged on the hot spot, the lithosphere became thinner and melting in the plume continued to shallower depths and lower pressures,
leading to higher melt fractions and increased melting of the more refractory DMM component and increasingly MORB-like compositions
(depleted incompatible elements, unradiogenic Pb, and radiogenic Nd and Hf) for the younger Cobb seamounts.
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would be expected to be more enriched. Instead, they both have compositions that are similar to the
intermediate-aged Eickelberg and Warwick Seamounts. Kitagawa et al. [2008] suggested that similar temporal
variations in the chemistry of Tertiary Iceland hot spot lavas are associated with changes in magma productiv-
ity caused by varying proportions of fertile enriched and refractory depleted mantle components in the
source region. More enriched lavas are erupted during periods of higher melt production due to an increase
in the availability of an enriched component. A similar process may have occurred along the Cobb chain, and
we cannot rule out a role for heterogeneities in the upwelling hot spot source mantle to explain the composi-
tional incongruities of these two seamounts. Gaps and the lack of islands in the chain indicate that the Cobb
hot spot is associated with an irregular and relatively weak plume [Yamamoto et al., 2007], and it has been
inconsistent and intermittently ceased and resumed its production over the past 33 Myr (Figure 1). Miller Sea-
mount lies adjacent to a gap in the chain (Figure 1) and formed just prior to a hiatus in magma production
from the Cobb plume. We speculate that when Miller was formed, a decrease in the availability of HIMU man-
tle may have led to decreased melting and more depleted lavas that resemble those from the intermediate-
aged Eickelberg and Warwick. Cobb Seamount, which is more enriched than its young neighbors, may repre-
sent a temporary surge in plume production due to an increase in the fertile HIMU component in the rising
mantle beneath the hot spot. Indeed, Cobb Seamount is the largest of the younger edifices and currently
rises to a depth of only 34 m below sea level and was likely once an island [Budinger and Enbysk, 1960].

6. Conclusions

The Cobb Seamount Chain in the northeast Pacific records the composition of the Cobb hot spot over the
past 33 Myr as the migrating Juan de Fuca spreading ridge converged on the hot spot. Major and trace ele-
ment and Sr-Nd-Pb-Hf isotopic compositions from Cobb seamounts show that lavas became generally
more depleted and MORB-like over time as the spreading center approached and the overlying oceanic
lithosphere became thinner. High Pb isotopes and distinct Hf-Nd isotopic trends identify the HIMU OIB com-
ponent in the Cobb lavas. The chemical data are consistent with variable melting of and mixing between
DMM and HIMU in the plume, with a progressively increasing contribution of the DMM component over
time. The lithospheric thickness likely controlled both melting and mixing proportions, with progressively
thinner lithosphere over time leading to longer melt columns rising to shallower levels and increased melt
fractions of the refractory DMM component in the plume.
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