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The Cobb-Eickelberg Seamount Chain: 
Hotspot Volcanism with Mid-Ocean Ridge Basalt Affinity 

DANA L. DESONto AND ROBERT A. DUNCAN 

College of Oceanography, Oregon State University, Corvallis 

Cobb hotspot, currently located beneath Axial seamount on the Juan de Fuca ridge, has the temporal 
but not the isotopic characteristics usually attributed to a mantle plume. The earlier volcanic products of 
the hotspot, from eight volcanoes in the Cobb-Eickelberg seamount (CES) chain, show a westward age 
progression away from the hotspot and a westward increase in the age difference between the seamounts 
and the crust on which they formed. These results are consistent with movement of the Pacific plate over 
a fixed Cobb hotspot and eventual encroachment by the westwardly migrating Juan de Fuca ridge. CES 
lavas are slightly enriched in alkalies and incompatible elements relative to those of the Juan de Fuca 
ridge but they have St, Nd, and Pb isotopic compositions virtually identical to those found along the 
ridge. Therefore, Cobb hotspot is a stationary, upper mantle melting anomaly whose volcanic products 
show strong mid-ocean ridge basalt (MORB) affinity. These observations can be explained by low 
degrees of partial melting of entrained heterogeneous upper mantle MORB source material within a 
thermally driven lower mantle diapir or by an intrinsic MORB-like composition of the deeper mantle 
source region from which northeast Pacific plumes rise. 

INTRODUCTION 

Since hotspots were first described by Wilson [1963] and 
linked to convective mantle plumes by Morgan [1972], both 
temporal and chemical characteristics of these features have 
been recognized. The linear array of volcanoes and the age- 
progressive distribution of hotspot tracks [Morgan, 1972] are 
two of the more distinguishing features of volcanism resulting 
from a fixed mantle plume. Some hotspots have been 
persistent over long periods, a feature clearly seen in the 
volumes of lava produced by the Hawaiian hotspot, while other 
Pacific plate hotspots have produced shorter or more 
intermittent seamount or island chains. Thus far, volcanic 

rocks formed at hotspots have been characterized by 
distinctive compositions, usually more radiogenic Sr, Nd, and 
Pb and higher concentrations of incompatible elements, 
relative to basalts erupted at spreading ridges. The isotopic 
composition of lavas erupting over a given hotspot may not 
be constant with time, nor are all hotspots alike isotopically, 
but as a group these rocks have been termed ocean island 
basalts (OIB) as distinguished from basalts that form at mid- 
ocean ridges (MORB). The Cobb-Eickelberg seamount chain, 
and other hotspot-associated volcanic lineaments in the 
northeastern Pacific, are unusual in that they exhibit the 
temporal characteristics produced by other mantle plumes, but 
not the OIB isotopic signatures. 

Based on different morphologic and tectonic characteristics, 
the Juan de Fuca ridge (]DFR) was divided into four spreading 
segments by Delaney et al. [1981]. Along-segment and 
between-segment variations in basalt chemistry give evidence 
of separate magmatic systems beneath the ridge [Liias, 1986]. 
The Endeavour segment, northernmost of the four, which lies 
north of the Cobb offset (Figure 1) [Delaney et al., 1981] is 
chemically the most primitive (highest Mg-numbers) yet has 
the most incompatible element enriched lavas found along the 
ridge [Liias, 1986; Karsten, 1988]. The unusual chemistry of 
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the Endeavour segment has been attributed to the contribution 
of the Heckle melting anomaly to the overriding Juan de Fuca 
spreading ridge melts [Karsten, 1988]. 

Axial seamount, which straddles the JDFR axis at -46øN 

(segment 2) [Delaney et al., 1981] is the youngest expression 
of volcanism over an upper mantle melting anomaly termed 
the Cobb hotspot (Figure 1). Older volcanic products of the 
hotspot, the Cobb-Eickelberg seamount (CES) chain, include a 
line of edifices on the Pacific plate, from Brown Bear 
northwest through Corn, Cobb, and Pipe seamounts, a group 
of small volcanoes known as the Seven Deadly Sins 
seamounts, and finally the larger Warwick, Eickelberg, and 
Forster seamounts (Figure 1). Two seamounts to the east of 
Axial seamount on the Juan de Fuca plate (Thompson and Son 
of Brown Bear) are inferred to be related to this linear volcanic 
province. Beyond Forster seamount, the westernmost edifice 
in the Eickelberg group, is a gap of 800 km before a line of 
seamounts which includes Miller, Murray, and Patton 
seamounts. These older volcanoes have been interpreted to be 
earlier products of volcanic activity at Cobb hotspot [Duncan 
and Clague, 1985; Smoot, 1985], but this suggestion has been 
questioned by Dalrymple et al. [1987] because seamount ages 
do not completely agree with rigid Pacific plate motion over a 
fixed hotspot. 

The Pacific mantle rotations proposed by Duncan and Clague 
[1985] and Pollitz [1988] place Miller seamount (26 Ma 
[Dalrymple et al., 1987]) directly over Cobb hotspot at the 
time of its formation. Basaltic rocks fxom this seamount have 

relatively low alkali contents and flat rare-earth element (REE) 
patterns [Dalrymple et al., 1987] similar to volcanic products 
of the CES lineament. Backtracking of Murray and Patton 
seamounts, however, places their positions at origin some 
150-250 km west of Cobb hotspot. The higher alkali contents 
and light-REE enriched nature of the Murray and Patton 
seamount basalts would be consistent with their formation as a 

product of late-stage rejuvescent volcanism downstream from 
the Cobb hotspot, or with formation at another, now extinct, 
hotspot. Whether or not the three older seamounts formed at 
Cobb hotspot, there has been a lack of consistency of 
volcanism over the melting anomaly; it either became active 
or it teacrived after a long period of quiescence more than nine 
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Fig. 1. Bathymetric map showing seamounts, spreading ridges (double lines) and fracture zones (single lines) of the 
northeast Pacific, after Chase et al. [1970]. Inset shows seamounts of the Cobb-Eickclberg lineament and Explorer and 
Union volcanoes. 
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million years ago with the formation of Forster and Eickelberg 
seamounts. Since the hotspot began this latest pulse of 
activity, volcanic output has been continuous but has varied up 
to 20% [Karsten and Delaney, 1989] which is within the 
known variability of other hotspots [Bargar and .lackson, 
1974; Lonsdale, 1988]. 

Within the northeast Pacific basin are several other linear 

volcanic chains, all of which are generally subparallel with 
more prominent Pacific chains to the southwest. These 
lineaments differ in length and volume and may have 

originated by different mechanisms. The longest and best 
known of these is the Pratt-Welker seamount chain (Figure 1). 
Dalrymple et al. [1987] suggested a complex history 
involving at least two hotspots; some of the seamounts 
formed in a midplate setting while volcanism at or near a 
spreading ridge formed others [Turner et al., 1980]. The Pratt- 
Welker hotspot(s) may be located near the Tuzo Wilson 
seamounts [Chase, 1977; Cousens et al., 1985], Bowie 
seamount [Turner et al., 1980], or the Dellwood knolls [Silver 
et al., 1974]. All three of these young volcanic sites (Figure 
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1) are proposed to reflect hotspot activity, although the Tuzo lavas. We discuss these data in terms of possible dynamic 
Wilson seamounts and Dellwood knolls may have originated models of mantle plume and asthenosphere mixing, and 
by partial melting in a pull-apart basin [Allan et al., 1988]. A conclude that the deep mantle under the northeast Pacific 
more southerly line of seamounts in the northwestern Gulf of region is intrinsically more MORB-like than the central and 
Alaska, the Horton-Pathfinder-Parker group, cannot be south Pacific [Hart, 1984, 1988]. 
attributed to a currently active hotspot. 

Several shorter seamount chains lie close to and intersect SAMPLE DESCRIFrION$ 
the JDFR from the west. These appear to reflect a much Basalt samples from the Cobb-Eickelberg and Explorer- 
shorter-lived and shallower-origin melting phenomenon. The Union seamounts were obtained from J. Delaney and P. 
Heck and Heckle seamount chains, for example, may be the Johnson of the University of Washington and were originally 
result of passive upwelling and partial melting of dredged duringR/VThomasThompson cmises Tr063, Tr080, 
heterogeneous upper mantle in advance of the northwestwardly and TI'175. The Cobb seamount sample was obtained by a 
migrating Juan de Fuca spreading ridge [Davis and Karsten, diver from the pinnacle of the volcano. Dredge locations are 
1986] similar to the setting of the Lamont seamounts near the given in Table 1. 
East Pacific Rise [Fornari et al., 1988a]. Other seamounts and Samples used in this study for age determinations and 
small seamount chains, including Explorer and Union compositional analyses were the freshest available, with little 
seamounts which lie to the north of the CES (Figure 1), are of to no interstitial glass and only slight to moderate alteration. 
unknown origin. All aforementioned seamount chains are CES basalt samples are generally microcrystalline and 
found on the Pacific plate; only two edifices, Thompson and aphyric. In some samples, phenocrysts of plagioclase, 
Son of Brown Bear, which are interpreted to be related to clinopyroxene, and Fe-Ti oxides are found in an intergranular 
volcanism at Cobb hotspot [Desonie and Duncan, 1986; or intersertal matrix. Plagioclase phenocrysts are generally 
Karsten and Delaney, 1989] were formed on the Juan de Fuca fresh but may be slightly resorbed or zoned. Both samples 
plate. from Eickelberg seamount used in this study contain 

In this paper we report new nøAr-39Al' and K-Ar age plagioclase glomerocrysts. Several basalt samples are highly 
determinations from eight volcanoes of the CES which vesicular, indicating that the magmas degassed as they cooled 
document a clear age progression along the lineament, in and were probably erupted at a relatively shallow depth or had 
concert with plate motion over a stationary hotspot. Major high ascent rates [Dixon et al., 1988]. Secondary 
and trace element contents are slightly enriched over those for mineralization is slight; the matrix of some samples is 
heterogeneous MORB erupted along the Juan de Fuca spreading partially altered to reddish-brown clays. One Warwick 
ridge. In St, Nd, and Pb isotopic compositions, the CES seamount sample (TI'080 DH04-4) has zeolites lining some 
basalts are indistinguishable from nearby spreading ridge vesicles. 

TABLE 1. Dredge Sample Locations and Whole Rock Descriptions for Seamounts of the Cobb- 
Eickelberg Seamount Chain and Explorer and Union Seamounts Utilized in This Study. 

Sample Seamount Name LatitudeøN LongitudeøW Nature of sample 

TI'080 DH 01-1 Eickelberg (E) 48.29 133.09 v, d 
TI'080 DH 02A Eickelberg (E) 48.32 133.10 m, pp 
TI'080 DH 02-8 Eickelberg (E) 48.5 3 133.10 v, pp 
TI'080 DH 04-4 Warwick (W) 48.02 132.46 m, pm 
TT080 DH 05-14 Warwick (W) 48.01 132.53 v, d 
TI'080 DH 08-8 Waxwick (W) 48.03 132.45 m, pp 
TI'080 DH 09-1 Waxwick (W) 48.02 132.47 pm 
TI'080 DH 10A unnamed (X) 48.28 133.22 fo 
TI'080 DH 10-7 unnamed(X) 48.28 133.22 v, fo 
TI'175 DH 70-2 Sloth (S) 47.62 131.70 v, mx 
TI'175 DH 71-4 Lust(L) 47.50 131.51 v, mx 
TI'175 DH 74-17 Gluttony (G) 47.14 131.46 v, pp 
CB-1 Cobb (C) 46.77 130.83 v, mx 
TT080 DH 14A Thompson (T) 46.03 128.63 v, mx 
TI'080 DH 14-5 Thompson (T) 46.03 128.63 m, mx 
TI'063 DH 34 Explorer (Ex) 48.96 131.03 op, pp 
TI'063 DH 35 Explorer (Ex) 48.98 130.98 v, op, pp 
TI'063 DH36A Union (U) 49.55 132.73 v, pp 

A symbol for each seamount is included in parentheses behind seamount name and will be 
used throughout this study. 

Sample descriptions: v = vesicular, m = massive, mx=microcrystalline, d = devitrified glass, 
pp = plagioclase phenocrysts, pm = plagioclase microlites, op = olivine phenocrysts, fo = 
Fe-Ti oxides. 
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COBB-EICKEI•ERG SEAMOUNT COMPOSITIONS 

Analytical Procedures 

Major and some trace element analyses for dredged basalts 
were determined from pressed powder pellets by X-ray 
fluoresence spectroscopy [Hooper, 1981]. Rare-earth element 
(REE) and Sc concentrations were determined from 
instrumental neutron activation analysis (INAA) [Laul, 1979]. 
Isotope dilution techniques were employed to measure St, Rb, 
Cs, K, Sm, and Nd concentrations [White et al., in press]. 
Where any of those elements is available by another analytical 
technique, the isotope dilution values are preferred. 

Sr, Nd, and Pb isotopic ratios were measured on a VG Sector 
thermal ionization mass spectrometer at Cornell University, 
following the procedure of White et al. [in press]. All samples 
were leached in 6 N HC1 to eliminate effects of seawater 

alteration. In order to compare the CES results with those from 
previously published studies of other northeast Pacific basalts, 
only samples that were similarly leached before isotopic 
analysis were considered. 

Major and Trace Elements 

The older Pacific plate CES lavas (Cobb through Eickelberg 
seamounts) show a narrow range of variation with respect to 
many chemical parameters, often smaller than previously 
analyzed samples from the JDFR (Table 2) [Liias, 1986; 
Karsten, 1988]. However, a larger variation in chemical 
parameters exists in seamounts of the CES chain that lie close 
to the spreading ridge (Figure 2) [Morgan, 1985]. Variations 
in Brown Bear seamount are reported by Rhodes et al. [this 
issue]. 

The basalts from Thompson seamount, considered part of 
the CES chain [Delaney et al., 1981] although moving 
eastward with the Juan de Fuca plate, are more primitive and 
depleted in incompatible elements than other CES lavas 
(Figure 3) and, in some chemical parameters, JDFR lavas. 
Chemical analyses of the Seven Deadly Sins cluster are 
reported by Rhodes et al. [this issue]. For almost all chemical 
criteria, the two samples from Explorer and Union seamounts 
(TI'063 DH 34 and 36A, respectively) have a far greater 
compositional range than do the Pacific plate CES; e.g., the 
most extreme Mg-numbers and (La/Sm)N analyzed are from 
those two volcanoes (Table 2), and they encompass a greater 
range than the older CES on a plot of incompatible elements 
(Figure 3). 

Although many northeast Pacific seamount basalts are 
strongly enriched in alkali and incompatible elements and 
ratios relative to JDFR lavas [Cousens et al., 1985; Dalrymple 
et al., 1987; Cousens, 1988], the Cobb-Eickelberg, Explorer, 
and Union seamount samples straddle the line dividing alkalic 
from tholeiitic basalts on a plot of alkalies versus silica 
(Figure 4) and are transitional in their incompatible elements 
and ratios as well (Table 2). In some chemical parameters (i.e., 
Zr/Nb, Zr/Y, P20 s, and K20 ) CES lavas resemble the Endeavour 
segment basalts, which are enriched relative to segments 1-3 
of the JDFR (Table 3) [Liias, 1986; Karsten, 1988]. However, 
on the average CES basalts are enriched in St, Zr, and P205 but 
are depleted in Nb and have higher Zr/Nb and (La/Sm)N relative 
to Endcavour segment lavas (Table 3). CES lavas derive from a 
source (or sources) enriched over the JDFR source that 
resembles but is distinguishable from the Endcavour segment 
source. 

On a chondrite-normalized REE plot (Figure 5), the CES 

exhibit greater variability than the JDFR basalts (stippled 
field), although the older Pacific plate CES have rather uniform 
REE concentrations. Cobb through Eickelberg seamount 
basalts show slight enrichment in light-REEs relative to the 
JDFR field (including the Endcavour segment which lies 
virtually within the field for segments 1-3) and a steeper light- 
to heavy-REE pattern (and thus greater (La/Sm)N) than the 
spreading ridge samples. Crossing REE patterns within the 
Pacific plate CES (Figure 5, inset) may indicate that the basalts 
originated from variable partial melting of a mildly 
heterogeneous source or dynamic partial melting of a 
homogeneous source [Langmuir et al., 1977]. 

The moderate MgO content and Mg-number 
[=100Mg/(Mg+Fe2)] of many CES and Explorer and Union 
samples indicate that the basalts have undergone low pressure 
fractionation away from primary melt compositions. Olivine 
phenocrysts are present only in the sample from Explorer 
seamount. However, low Ni contents and a constant 

CaO/A1203 with decreasing Mg-number indicate significant 
olivine removal from the mantle-derived melts (Figure 6). The 
absence of a Eu anomaly in the REE patterns of CES samples 
(Figure 5) and roughly constant Sr/Zr ratios (Table 2) provide 
evidence that although plagioclase was on the liquidus, a large 
amount of it was not removed from the melt during 
crystallization. From the lack of correlation between Sc and 
CaO/A1203 with Mg-number (Table 2 and Figure 6) it appears 
that clinopyroxene was not an important fractionating phase. 
REE patterns (Figure 5) and heavy-REE ratios show no 
evidence for garnet in the CES source. Probably, as with 
basalts of the JDFR [Liias, 1986], the depth of melt 
segregation for CES lavas was within the spinel stability field. 

Determining the petrogenesis of this basaltic suite is 
limited by the small number of analyses from several volcanic 
edifices erupted in a changing tectonic setting over 9 m.y. 
However, the compositional similarity of the older Pacific 
plate CES allow a common history for these seamounts, which 
could range from multiple stages of melting of a single 
homogeneous source (dynamic partial melting) to similar melt 
conditions acting on a heterogeneous source. In their studies 
of the JDFR and near-ridge seamounts (including Brown Bear 
and Son of Brown Bear), Morgan [1985], Liias [1986], and 
Karsten [1988] concluded that the mantle beneath the Juan de 
Fuca region must be heterogeneous on a small scale (hundreds 
of meters to a few kilometers). The variability of lavas within 
Brown Bear seamount [Morgan, 1985] is one line of evidence 
for heterogeneity of the upper mantle beneath the Cobb- 
Eickelberg region. Overlapping REE patterns (Figure 5) in 
CES basalts with similar chemical characteristics and a range 
in TiO 2 and other chemical parameters at constant M gO for 
basalts of the Juan de Fuca region (Figure 7) allow us to 
conclude that the entire CES lineament was produced by 
preferential melting of compositionally similar, 
incompatible-element rich pods within a heterogeneous 
mantle source. 

Ratio-ratio plots involving four different elements that are 
incompatible in fractionating phases (i.e., Zr/Y versus Ti/Nb) 
indicate mixing of two sources or magmas if sample 
compositions are linked by a curve [Langmuir et al., 1978]. In 
a companion plot, one in which the ratios shown have the 
same incompatible element in the denominator (i.e., Zr/Nb 
versus Ti/Nb), sample compositions will fall on a line if 
mixing has occurred. In both plots the sample compositions 
should lie in the same relative positions unless fractionation 
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Variation in alkali and light-REE enrichment with distance 
from Cobb hotspot (Axial seamount). Basalts dredged from seamounts 
farthest west of Cobb hotspot show greater enrichment and less 
variability than seamount basalts dredged near the ridge. Solid 
triangles represent analyses of Cobb, Brown Bear, Axial, and Son of 
Brown Bear seamounts by Morgan [ 1985]. 

has affected the less incompatible elements [Langmuir et al., 
1978]. On most ratio-ratio plots (i.e., Figures 8a and 8b), 
CES lavas and near-ridge CES [Morgan, 1985] plot close to a 
mixing curve or line. These data suggest mixing of a low 
alkalies and (La/Sm)N, high Zr/Nb end-member expressed most 
strongly near the spreading ridge, with a higher alkalies and 
(La/Sm)N, lower Zr/Nb end-member seen in the older CES 

basalts (Figures 8a and 8b). However, scatter within these 
plots precludes simple mixing of two discrete end-members. 
Rather, the patterns seen are more compatible with partial 
melting of incompatible-element enriched segregations within 
the heterogeneous northeastern Pacific upper mantle and 
variable mixing with a relatively depleted JDFR source. To a 
first order, mixing between enriched and depleted sources can 
also be seen along strike of the CES lineament, with more 
enriched values of incompatible elements (K20 + Na20) and 
ratios (La/Sm)N at the older end of the chain and more variable 
(Brown Bear seamount) or less enriched values (Cobb or Axial 
seamounts) at the younger end (Figures 2a and 2b). 

Sr, Nd, and Pb Isotopes 

Although CES lavas are slightly enriched in incompatible 
element concentrations relative to normal-MORB (n-MORB) 
from the JDFR (Table 3), Sr, Nd, and Pb isotopic ratios for the 
CES and Explorer and Union seamounts plot well within the 
range expected for n-MORB. Samples from the seamounts fall 
virtually within the JDFR field in their Sr and Nd isotopic 
ratios (Figure 9a) [Eaby et al., 1984; Morgan, 1985; Liias, 
1986], and there is little isotopic variation along the 
seamount lineament (Figure 9b). Only in Pb isotopic ratios is 
there a difference in composition between the seamount 
basalts analyzed and the Juan de Fuca ridge (Figures 10a and 
10b). All CES samples fall in or near the JDFR field [Church 
and Tatsumoto, 1975; Hegner and Tatsumoto, 1987] but range 
to somewhat elevated 206Pb/204pb but well within the larger 
field for northeast Pacific seamounts. The single sample from 
Union seamount is clearly distinct from the CES basalts in Pb 
isotopic composition. 

GEOC/mONOLOGY 

Eleven of the freshest basalt samples from the Cobb- 
Eickelberg, Explorer, and Union seamounts were chosen for 
age determinations by 4øAr/39Ar total fusion and conventional 
K-Ar radiometric dating methods [McDougall and Harrison, 
1988; Dalrymple and Lanphere, 1969]. Because of the young 
ages and low potassium concentrations in these lavas and 
sample size limitations for irradiation, not enough radiogenic 
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Fig. 4. Alkalies vs. silica diagram for the CES, Explorer, and Union 
seamounts. Northeast Pacific seamount field includes data from 
seamounts of the Pratt-Welker [Dairytopic eta!., 1987], Tuzo Wilson, 
Bowie, and Dellwood knoll seamount chains [Cousens et al., 1985; 
Cousens, 1988]. Near-ridge CES field includes data from Brown Bear, 
Son of Brown Bear, and Axial seamounts [Morgan, 1985]. The JDFR 
field is from Liias [1986] and Karsten [1988] and includes the 
Endcavour segment. Alkali basalt-tholeiite boundary from Macdonald 
and Katsura [ 1964]. 

SOAr was present for analysis by n0Ar_39Ar incremental heating 

in Table 4. The relatively large age uncertainties result from 
measuring small amounts of radiogenic ,,oAr within a total ',OAr 
signal of largely atmospheric origin. A replicate 40Ar-39Ar 
total fusion analysis was performed on one sample from 
Eickelberg seamount (Table 4). Ages coincide within their two 
sigma errors. Reactor irradiation is known to increase the 
atmospheric argon component [McDougall and Harrison, 
1988] so conventional K-At ages were determined for Explorer 
seamount where samples were expected to be the youngest 
analyzed (i.e., smallest radiogenic •øAr) and Explorer samples 
were absolutely fresh (no alteration). Crustal ages were based 
on magnetic anomaly interpretations by Wilson et al. [1984] 
and tectonic reconstructions by Karsten and Delaney [ 1989]. 

Figure 11 shows the variation in age of eight seamounts 
with distance along the seamount chain from Cobb hotspot, 
assuming its location is defined by the center of Axial volcano 
(zero age). Distances were measured along the lineament, in 
the direction of Pacific plate motion over the mantle [Duncan 
and Clague, 1985; Pollitz, 1988]. Also shown on this figure 
are the ages determined for Union and Explorer seamounts 
plotted against distance from Endcavour and Middle Valley 
spreading segments, respectively (Figure 1). Volcanic 
activity may continue for as long as 3 m.y. at a given 
seamount (e.g., Pratt-Welker seamounts [Turner et al., 1980]); 
a 2-m.y. span was recorded in the three samples analyzed from 

experiments. Basalt samples were crushed and sieved to obtain Eickelberg seamount. Therefore, we have used the oldest 
the 0.5 and 1.0 mm size fraction, then washed ultrasonically in sample from each seamount where more than one sample was 
distilled water. For '*0Ar-ZgAr total fusion experiments, analyzed as an estimate of the time when the volcano was 
samples were irradiated for 6-10 hours in the core of the located directly over the hotspot. Replicate analyses for 
Oregon State University TRIGA reactor, where they received a Eickelberg sample DH02A were averaged. Oldest seamount 
neutron flux of 0.6-1.0 x 1017 nvt. Isotopes of argon were ages were used in a least-squares linear regression to determine 
measured on an AEI MS-10S mass spectrometer, after sample an average rate of plate motion over the hotspot of 43 + 3 
fusion via radio frequency induction heating and gas km/Ma. A least-squares regression of all Pacific plate CES 
purification; potassium contents were determined by atomic including all three Eickelberg points gives a rate of plate 
absorption spectrophotometry. Analytical data and age motion over the hotspot of 47 + 3 km/Ma. Ages from Union 
calculations from the 'mAr-a9Ar and K-Ar experiments are given and Explorer seamounts were not included in the regression, 

TABLE 3. Average Compositions of Selected Chemical Elements and Ratios for Different 
Tectonic Settings in the Juan de Fuca Region 

Chemical JDFR Endcavour Near-Ridge Axial Near-Ridge Pacific Plate 
Parameter Segments 1-3 a Segment b Seamounts c Seamount a CES d CES e 

K20 (wt.%) 0.18 0.42 0.12 0.15 0.17 0.43 
P205 (wt.%) 0.17 0.23 0.07 0.13 0.13 0.28 
Sr ppm 113 211 158 136 159 271 
Zr ppm 104 134 54 92 93 145 
Nb ppm 5.3 13.9 2.0 4.3 4.2 10.4 
Zr• 22.1 9.7 28.1 23.3 28.1 14.0 
Zr/Y 3.10 4.58 2.17 3.26 3.66 3.84 

(La/Sm) N 0.86 a0.70 --- 0.76 0.74 1.24 

a From Liias [1986]. 
b From Karsten [1988]. 
c Includes Heck, Heckle and Springfield seamount chains, from Karsten [1988]. 
d Includes Cobb, Brown Bear, and Son of Brown Bear seamounts, data from Morgan [ 1985], 

averaged by Liias [1986]. 
e Includes Eickelberg, unnamed (except for P205 wt. %), Warwick, and Cobb seamounts, 

from this study. 
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Fig. 5. Chondrite-normalized [after Nakamura, 1974] REE patterns for seamounts of the CES, Explorer, and Union 
seamounts. JDFR (including Endeavour segment) field shown in stipple pauem [Wakeham, 1978; Liias, 1986]. Analyses 
from samples dredged near the Blanco fracture zone (dredges 6 and 7) from Wakeham [1978] were not included. Inset shows 
REE patterns for three basalts from Warwick seamount. 

being from separate provinces, but these data are generally This change in the crustal age at the time of seamount 
consistent with the Pacific plate motion inferred from the CES volcanism is due to the westward migration of the JDFR, 
age-distance relationship. toward Cobb hotspot, since at least 10 Ma [Riddihough, 1984; 

Two age patterns can be seen in Figure 11: Karsten and Delaney, 1989]. 
1. Ages increase to the northwest along the CES chain from The line of seamounts from Axial through Eickelberg, 

Axial seamount at zero age on the spreading ridge, to 3.3 Ma at although short, is subparallel with other more prominent 
Cobb seamount, some 105 km from the ridge, and on to 9.0 Pacific chains that are associated with stationary long-lived 
Ma at Eickelberg seamount, about 340 km from the ridge. mantle hotspots. The volcanic migration rate of 43+ 3 km/Ma 
Union seamount is one member of a short Pacific plate is consistent with a plate-mantle velocity of 44 km/Ma 
volcanic chain farther to the north. The zero age position of predicted from the latest Pacific plate rotation pole at 62øN, 
the associated melting anomaly is unknown; we have assumed 94øW and rotation rate of 0.95ø/Ma [Pollitz, 1988], which 
it to be the Endearour ridge segment (Table 4). applies for the period 0-9 Ma. New age data from the CES, as 

2. There is a northwesterly increase in the difference in the well as the Pratt-Welker seamounts [Dalrymple et al., 1987], 
age of the seamounts and the crust on which they formed. Samoa [McDougall, 1985], and the Louisville seamount chain 
Axial seamount is currently forming on the ridge on zero-age [Watts et al., 1988] support the idea of rigid Pacific plate 
crust but Eickelberg seamount formed on crust that was 2-3 Ma. motion over a fixed constellation of hotspots (Figure 12). 
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for Cobb-Eickelberg, Explorer, and Union seamount basalts. 
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squares) [Morgan, 1985], and the older CES (circles, this study). 
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Fig. 8. Incompatible element ratio-ratio mixing plots [after Langmuir 
et al., 1978]. Axial seamount samples are shown in solid squares 
[Morgan, 1985], near-ridge CES (including Brown Bear, Cobb, Axial, 
and Son of Brown Bear seamounts) are shown in open squares 
[Morgan, 1985], and older CES analyses are shown in open circles 
(this study). JDFR and Endcavour segment fields are labelled [Liias, 
1986; Karsten, 1988]. 

DISCUSSION 

Summary of Temporal and Chemical Characteristics of the CES 
The CES chain has the temporal and morphologic 

characteristics of volcanism generated over a hotspot fed by a 
mantle plume. The seamount chain is age progressive and the 
linear geometry and age distribution of volcanoes are 
compatible with the motion of the Pacific plate over other 
well-established hotspots. Age relationships along the CES 

40 39 
chain, determined by Ar- Ar and K-Ar analyses, in 
conjunction with the tectonic reconstruction of the Juan de 
Fuca region of Karsten and Delaney [1989] require a fixed 
source for the CES lineament and a westwardly migrating 
spreading ridge. Our data demonstrate that the melting 
anomaly currently beneath Axial seamount is a stationary, 
persistent focus of unusually high magma supply, even though 
volcanic activity along the lineament may have been 
intermittent, with the Eickelberg to Axial seamount section 
being the latest "pulse" of plume flow. 

In most respects, CES lavas are transitional between basalts 
characteristic of hotspots and those of segments 1-3 of the 
JDFR; they are similar to those of the Endeavour segment. 
Compositional variability among CES basalts probably 

usually distinguish hotspot from spreading ridge lavas, the 
CES basalts cannot be separated from MORB compositions. 
The lack of distinguishing St, Nd, Pb, and He isotopic ratios is 
a feature of other northeast Pacific seamount and spreading 
ridge lavas [Church and Tatsumoto, 1975; Lupton, 1982; Eaby 
et al., 1984; Morgan, 1985; Liias, 1986]. No significant 
isotopic variation has yet been found in basalts from the Pratt- 
Welker [Church and Tatsumoto, 1975; Hegner and Tatsumoto, 
1989], Heckle [Hegner and Tatsumoto, 1989], Tuzo Wilson 
[Cousens et al., 1985], Bowie [Cousens et al., 1985; Cousens, 
1988], Dellwood knolls [Cousens et al., 1984], or President 
Jackson (W. M. White, personal communication, 1988) 
seamount groups. 

Models 

Several models may explain the age distribution and 
chemical compositions of the CES basalts. 

Passively upwelling heterogeneous mantle and a migrating 
spreading ridge. The CES may be the result of the same 
processes that form near-ridge seamounts along the East 
Pacific Rise [Batiza and Vanko, 1983, 1984; Zindler et al., 
1984; Fornail et al., 1988a, b] and Juan de Fuca and Gorda 
ridges [Davis and Karsten, 1986; Karsten and Delaney, 1989]. 
Most of these small near-ridge seamount clusters are thought 
to be the result of volcanism above a short-lived melting 
anomaly embedded in the upper manfie lateral flow, rather than 
a deep mantle plume. Following the Batiza and Vanko [1983, 
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indicates that progressively greater proportions of the source is equal to n-MORB field. (b) 87Sr/a6Sr versus distance from Cobb hotspot for samples from the 
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terms of the St, Nd, and Pb isotopic compositions, which Axial seamounts by Eaby et al., [1984]. 
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Pb for CES, Explorer, and Union samples compared with Juan 

de Fuca ridge [Church and Tatsumoto, 1975; Hegner and Tatsumoto, 
1987] and NE Pacific seamounts [Church and Tatsumoto, 1975; Hegner 
and Tatsumoto, 1989; Cousens, 1988] fields. The sample from Union 
seamount (DH36A) is distinct. Range in isotopic ratios shown is 
slightly larger than values seen in n-MORB basalts. 

1984] and Zindler et al. [1984] model for small seamounts near 
the East Pacific Rise, a somewhat smaller degree of partial 
melting of the same heterogeneous upper mantle source that is 
producing the JDFR lavas would result in melts somewhat 
enriched in incompatible elements and alkalies but with 
essentially MORB-like isotopic composition. This 
mechanism could easily explain the modest enrichment in 
alkalies of the CES lavas and might. with an even smaller 
degree of partial melting, explain the alkali basalts and 
hawaiites of other northeastern Pacific seamounts. 

The scale of volcanic activity at such near-ridge seamounts 

is, however, much smaller than in the CES province. A •q•ical 
near-ridge seamount •s 100 km, compared with 1000 km for a 
Cobb-Eickelberg cone. The duration of volcanism for an 
entire near-ridge seamount chain can be brief: the Heckle 
chain near the Juan de Fuca ridge began activity at ~2 Ma and 
ceased at 0.5 Ma [Karsten and Delaney, 1989]. Volcanism 
along the CES chain has persisted for at least 9 m.y. 

Although it is possible that a large passive upper mantle 
melting anomaly could account for the increased volume and 
duration of volcanism at Cobb hotspot, we believe that a 
melting anomaly that has been fixed with respect to the 
hotspot reference frame for at least 9 m.y. must be rooted 
below the asthenosphere. A melting anomaly, of the type 
responsible for volcanism at small near-ridge seamount 
chains, would be swept along with upper mantle flow over the 
time scale required. Therefore, we believe that Cobb hotspot 
has been maintained by a mantle plume during the CES 
formation. Also, near-ridge seamount basalts in the Juan de 
Fuca region, i.e. Heck, Heckle and Springfield [Karsten, 
1988], are more depleted in alkali and incompatible elements 
at a given MgO content than the spreading ridge basalts, in 
contrast with the CES lavas. 

TABLE 4. 40Ar-39Ax and K-At Total Fusion Ages and Analytical Data for Whole Rock Basalt Samples From the Cobb- 
Eickelberg and Explorer and Union Seamounts 

Sample J-Factor 40Ar/39Ar 36Ar/39Ar 37ArC/39Ar %K *40Ar mol/g %40At Age (:L 1 sigma)Ma 
(xlO -9) 

•r080 DHOl-1 0.001957 21.269 0.06435 22.052 11.91 9.03 (0.41) 
•r080 DH02A 0.002446 15.865 0.05083 15.574 12.69 8.98 (0.75) 

replicate 0.002446 40.990 0.13615 12.812 4.16 7.52 (0.46) 
•r080 DH02-8 0.002446 21.768 0.07212 14.542 7.35 7.05 (0.15) 
•r080 DH08-8 0.001957 28.394 0.09047 16.109 6.85 6.91 (0.30) 
•r080 DH 10-7 0.001292 23.862 0.77980 22.765 12.61 7.73 (0.33) 
•r175 DH 70-2 0.003050 35.811 0.12171 14.064 2.64 5.20 (0.32) 
•r175 DH 71-4 0.003050 29.516 0.10218 18.908 2.72 4.40 (1.07) 
•r175 DH 74-17 0.003050 55.674 0.19423 25.713 0.51 1.55 (1.40) 
CB-1 0.003050 11.161 0.04158 22.013 3.27 (0.30) 
•r080 DH 14-5 0.002446 163.580 0.56704 60.010 0.44 3.19 (1.30) 
•r063 DH 34 0.003050 30.274 0.11003 29.057 0.07 0.12 (0.57) 

0.666 4.375 0.17 (0.03) 
•r063 DH 35 0.003050 35.303 0.13252 50.211 0.16 0.31 (0.37) 

0.489 6.510 0.35 (0.04) 
Tr063 DH 36A 0.003050 8.875 0.29922 8.696 1.14 5.78 (0.65) 

Ages calculated using the following decay and abundance constants: •œ=0.581x10 -10 yr'l; )•[1=4.963x10-10 yr-1; 
40K/K=l.167x10-4 mol/mol. Neutron flux monitored with hornblende standard MMhb-1. 

Corrected for decay since irradiation. 
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Fig. 11. Seamount age versus distance from spreading ridge for CES and Explorer and Union seamounts. K-Ar age of Cobb 
seamount by Dymond et al. [1968] shown as triangle. Measured distance for CES is from Cobb hotspot, defined as the 
center of Axial volcano (46øN, 130øW), along the direction of Pacific plate motion [Pollitz, 1988]. Crustal ages [after 
Wilson et al., 1984] are shown by the dashed line; a break indicates location of a pseudofault. Average rate of motion of 
the Pacific plate over the hotspot was calculated to be 43 +_. 3 km/Ma. Replicate analyses of sample DH02A from 
Eickelberg seamount were averaged. 
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Fig. 12. Volcanic migration rate as a function of rotation pole located 
at 62 ø N, 94 ø W [Pollitz, 1988]. The dotted curve is a least-squares 
best fit with an angular rotation rate of 0.95 + 0.02ø/Ma. 

Compositionally buoyant mantle plume and a migrating 
spreading ridge. Compositional buoyancy occurs when plume 
flow is driven by intrinsic density differences between the 
diapir and its surroundings [Griffiths, 1986a]. Chemical 
diffusion proceeds extremely slowly so that compositional 
diapirs maintain their chemical identity relative to the upper 
mantle material through which they rise [Griffiths, 1986a]. 

A compositional plume that has moderately enriched trace 
element contents but a nonradiogenic isotopic character could 
originate in several ways. For example, the MORB-like 
isotopic composition of all seamounts of the northeastern 
Pacific may reflect a broad regional difference in mantle 
composition from the equatorial oceanic regions where Dupal 
hotspots are found [Hart, 1984]. Hart [1988], who noticed a 
poleward trend toward less radiogenic isotopic compositions 
in hotspot-associated basalts, termed the regional isotopic 
homogeneity of the northeastern Pacific the anti-Dupal 
anomaly. He proposed that the lower mantle which feeds 
plumes may be compositionally variable on a very long 
lengthscale (10 '• kin) and some regions may be isotopically 
MORB-like if large amounts of melts have been previously 
extracted from them. 

A metasomatic event that enriched the mantle in tb.e region 
in Rb, Sm, and U, along with other incompatible elements 
[Menzies and Murthy, 1980], but so recently that their 
elevated concentrations have not yet significantly shifted the 
Sr and Nd isotope ratios from the MORB field was suggested by 
Cousens et al. [1985] to explain the alkalic but isotopically 
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MORB-like compositions of the Tuzo Wilson seamounts. 
This explanation could also apply to the transitional lavas of 
the CES chain. 

The proximity of Cobb hotspot to the Juan de Fuca ridge 
may provide another explanation for the unusual chemistry of 
the CES basalts. A weak supply of relatively enriched plume 
material to a hotspot in a spreading ridge setting may be 
diluted by mixing with the MORB partial melt zone. That is, 
the zone of partial melting below the ridge may extend at least 
130 km away from the spreading axis. This model of hotspot 
and spreading ridge interaction is easily testable. Older Gulf of 
Alaska seamounts (e.g., Miller, Patton, and Murray) proposed 
to have formed at hotspots far removed from a spreading ridge 
at the time of seamount formation should exhibit a more 

typical OIB signature if they formed from a plume with OIB 
composition. If basalts from such seamounts are found to have 
MORB compositions they would almost certainly have 
resulted from a plume with MORB chemical characteristics 
since melts from those hotspots could not easily have mixed 
with spreading ridge melts. The alkalic lavas from Murray and 
Patton seamounts, which erupted through 11-12 Ma oceanic 
crust [Dalrymple et al., 1987], would have been 550 km west 
of the spreading ridge system and isotopic data could be 
expected to detect an OIB isotopic plume signature, if one 
existed. 

Interaction of a plume of enriched mantle composition with 
oceanic lithosphere cannot explain CES chemistry. For the 
Hawaiian Islands, a model of mixing between the enriched 
mantle (EM) plume and a small degree of melting of oceanic 
lithosphere through which the plume rises, can explain the 
distinct incompatible element and isotopic compositions of 
tholeiitic and alkalic lavas [Chen and Frey, 1983]. A similar 
mixing model can also be applied to the CES lavas and other 
seamount lavas of the northeast Pacific [Cousens et al., 1985]. 
A plot of La/Ce vs 87Sr/86Sr [Chen and Frey, 1983, Figure 3] 
shows that CES lavas could result from 0.25% to more than 

3.0% partial melt of lithospheric (MORB) material mixed with 
EM, in proportions of about 1:4, a larger MORB component 
than is seen in Hawaii. Samples such as the basalt from Cobb 
seamount could be generated only if the La/Ce of the upper 
mantle beneath the northeast Pacific is lower than the one 

postulated in the Chen and Frey [1983] model for Hawaii. 
However, the required variation in degree of melting of the 
lithosphere, followed by mixing of nearly constant 
proportions of MORB and EM components would result in 
87Sr/86Sr enrichment with increasing degree of melting of the 
lithosphere, a trend not seen in the CES lineament. The 
observed compositions seem to point strongly to the absence 
of a long-term enriched mantle component in lavas of the CES 
and other northeast Pacific lineaments. 

Thermally buoyant plume and a migrating spreading ridge. 
Formation of a plume that has MORB isotopic characteristics 
might result from thermal entrainment of MORB upper mantle 
by a plume of lower mantle composition. Thermally buoyant 
plumes are driven entirely by viscosity and density differences 
created by a temperature gradient across a thermal boundary 
layer [Griffiths, 1986a]. Diffusion of heat from such thermal 
diapirs warms the surrounding mantle and lowers its density 
sufficiently for the plume to entrain its initially cooler 
surroundings but conserve its total heat content, buoyancy, 
and driving force. The thermal plume will be a mixture of the 
diapiric material and surrounding material entrained toward its 
center [Griffiths, 1986a]. Recently, Geist et al. [1988] have 

argued that the unusual isotopic structure of the Galapagos 
archipelago, in which Sr isotopic ratios decrease toward the 
center of the hotspot, may result from the thermal entraimment 
process proposed by Griffiths [ 1986a, b]. 

Thermal entrainment can also occur in a continuous plume 
which is deflected by mantle shear flow beneath a spreading 
ridge [Richards, 1988]. In this case, as well as for discrete 
diapirs, the most MORB-like magmas are to be expected from 
the center of the plume. Therefore, the isotopic composition 
of erupted magmas may be an important distinction between 
chemical and thermal plumes, regardless of possible small- 
scale heterogeneity and variable source. A large volume of 
entrained material implies a sharply reduced temperature 
contrast between plume and normal manfie. 

In reality plumes may occur from a combination of thermal 
and compositional instabilities, but one effect may dominate. 
The hotspot that produced the Louisville seamount chain (LSC) 
may have been supplied by a largely compositional plume. 
Like many hotspot tracks, the LSC has an associated 
topographic swell, in this case several hundreds of meters 
high, and a volcanic eruption rate of 3-4000 km3/Ma from 70 
Ma until 20 Ma, when it waned sharply [Lonsdale, 1988]. The 
LSC shows a very narrow range of St, Nd, and Pb isotopic 
values over the 65-m.y. range of available samples. These 
basalts show radiogenic Sr, Nd, and Pb isotopic compositions, 
typical of OIB lavas [Cheng et al., 1987]. Based on the 
consistently enriched compositions of Louisville samples, 
Cheng et al. [1987] suggested that the LSC was formed by a 
compositional plume that originated from a long-lived, 
stationary and homogeneous mantle source. This plume was 
not noticeably contaminated by overlying asthenosphere or 
lithosphere as were plumes that form other hotspot chains 
[Cheng et al., 1987, and references therein]. 

In contrast, the more intermittent and consistently MORB- 
like melts from Cobb hotspot perhaps manifest a thermal 
plume. Such a plume may rise through and entrain the MORB- 
like upper mantle, supplying the melting anomaly at the base 
of the lithosphere. To produce the observed isotopic 
compositions, we would expect the proportion of MORB- 
component to be large. If a large amount of the final plume 
volume is entrained material, the plume might be broad but 
would be thermally dilute (cooled); thus, resulting volcanism 
might be volumetrically small compared with that of other 
hotspots. Furthermore, thermal entrainment increases 
strongly with decreasing thermal plume Rayleigh number 
[Griffiths, 1986b]. Plumes that start off weaker (smaller 
diameter and lower temperature contrast) suffer stronger 
entrainment. This is consistent with a relatively "weak" 
(thermal) plume source for the CES. 

Summary Model 
The major and trace element chemical characteristics of the 

CES are best explained by mixing of enriched and depleted 
lavas resulting from partial melting of a heterogeneous upper 
mantle in both a hotspot and spreading ridge melting regime. 
Like JDFR melts, CES liquids probably segregate in the spinel 
lherzolite stability field. CES lavas are also similar to all 
northeastern Pacific seamount and spreading ridge basalts 
analyzed thus far in that they show no enrichment in 
radiogenic isotopes over normal-MORB. Thus, there is no 
evidence to suggest that Cobb hotspot is a compositionally 
buoyant mantle plume. Although, the chemical characteristics 
of the lavas can be explained by a large passive upper mantle 
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melting anomaly, we believe that, to have remained 1984]. At 8 Ma the JDFR lay about 130 km east of Cobb 
stationary, the source of the CES lineament must be rooted hotspot (Figure 13). Eickelberg seamount was then forming 
beneath upper mantle lateral flow. The most likely above the hotspot on seafloor aged 2-3 m.y. Proximity of the 
explanation for the unusual geochemical characteristics of Cobb hotspot to the JDFR may have resulted in dilution of 
Cobb hotspot is a deeply rooted, thermally buoyant diapir plume material by mixing with the MORB partial melt. The 
which has entrained nonradiogenic upper mantle MORB source next seamount to the east (unnamed) had begun forming while 
material. The large, thermally dilute plume supplies the Eickelberg seamount was still active,-7.8 Ma. By 6 Ma, 
hotspot with volumes of warm mantle in excess of that Eickelberg seamount had moved 88 km west of the hotspot, 
upwelling along the spreading ridge, resulting in the buildup the Juan de Fuca ridge had moved 35 km closer to the hotspot 
of the volcanic cones of the CES chain. Progressively greater and Warwick seamount was forming on-2 Ma crust. At -4 Ma, 
mixing of plume and spreading ridge mantle sources has Sloth seamount had formed on 1.6-m.y. crust and had moved 
occurred as the IDFR approached the hotspot. more than 50 km to the west; Lust seamount had formed on 

Age relationships along the CES lineament since 9 Ma 1.8-m.y. crust while the ridge was only 65 km from the 
permit greater resolution of the Karsten and Delaney [1989] hotspot. Although a large uncertainty is associated with the 
model for hotspot-spreading ridge interaction. In this model a age of Thompson seamount it is consistent with an origin at 
westward migration of the IDFR toward a fixed Cobb hotspot the ridge at ~3.2 Ma, followed by transport east at a rate of -34 
was determined from analysis of the propogating rift and km/Ma with the Juan de Fuca plate [Desonie and Duncan, 1986; 
spreading history of the ridge [Wilson, 1984; Riddihough, Karsten and Delaney, 1989]. Cobb seamount formed at 
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Fig. 13. Locations of Cobb hotspot and Juan de Fuca ridge, in 2-m.y. 
time increments from 8 Ma to present [after Karsten and Delaney, 
1989] with improved resolution by 39Ar-39Ar total fusion age 
determinations on basalts of the CES chain. Large arrows indicate 
motion of the Pacific and Juan de Fuca plates. Age of crust at the time 
of eruption of each seamount is given. Symbols for seamount names 
as in Table 1. 

approximately the same time as Thompson seamount on crust 
of age 0.4 Ma. Interaction of spreading ridge and hotspot 
partial melt zones resulted in less enriched (Cobb seamount) or 
more variable (Brown Bear seamount) chemical characteristics 
in the seamounts near the Juan de Fuca spreading ridge. Axial 
seamount is currently forming over the ridge-centered hotspot. 
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