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The South Pacific superswell has been defined as a large region of anomalously shallow bathymetry, 
low Love wave velocities, and low effective elastic thicknesses relative to those predicted for its age. These 
phenomena have been interpreted as reflecting a combination of lithospheric reheating and thinning, and 
dynamic uplift due to man fie flow. We use heat flow data to better constrain the thermal structure of this 
region and examine the predictions of various possible models. The average heat flow for the superswell 
region does not differ significanfiy from that for lithosphere of similar ages elsewhere on the Pacific plate. 
Given their uncertainties, the heat flow data imply that thermal lithospheric thickness exceeds 60 km, but 
cannot discriminate between greater thicknesses. The lack of observed high heat flow appears not to be 
explained by biases due to water circulation in the thin sediment cover, since the superswell heat flow is 
not higher than for sites elsewhere with similar sedimentary environments. The Darwin Rise has been pro- 
posed as a fossil superswell in the Cretaceous, on the basis of the many similar characteristics to the South 
Pacific superswell. We find that the Darwin Rise heat flow values do not exceed those for similar ages 
elsewhere in the Pacific and Atlantic. This observation suggests that any thermal effects associated with 
the formation of the Darwin Rise are no longer present, and it is consistent with the idea of a fossil supers- 
well. The surface heat flow data thus provide no evidence that the temperatures in the uppermost portion of 
the lithosphere are significantly higher in the entire superswell region than in other areas of comparable 
age. This observation is intriguing given the suggestion that the thin effective elastic thicknesses inferred 
from seamount loading may reflect reheating of the lithosphere. Models in which the plate thicknesses 
and/or the basal temperatures are increased to yield temperatures high enough to explain the low effective 
elastic thicknesses predict surface heat flow much higher than observed. Reheating the lithosphere, as is 
proposed for hot spots, yields temperatures adequate to explain the effective elastic thicknesses only if 
reheating occurs at very shallow depths, and again implies a surface heat flow much greater than observed. 
Hence, unless shallow reheating is somehow localized beneath the seamounts, the thinner elastic 
thicknesses may reflect mechanical, rather than thermal, weakening of the lithosphere. 

INTRODUCTION 

Heat flow and bathymetrie data provide constraints for ther- 
mal models of the formation and cooling of oceanic lithosphere 
and hence on its thermal structure [e.g., Sclater and Fran- 
cheteau, 1970; Parsons and $clater, 1977]. The depth of most 
oceanic seafloor is well fit by such models. However, a large 
region of the Pacific Ocean (west of the East Pacific Rise to 
-160øW, -9 ø - -30øS) is substantially shallower than might be 
expected for its age, which ranges from 20 to 90 Me. This area 
(Figure 1), termed the South Pacific superswell by McNutt and 
Fisher [1987], contains the Cook-Austral, Marquesas, Pitcairn, 
and Society seamount chains (Figure 2), which have been inter- 
preted as hot spot tracks with volcanic edifices formed in the 
last 18 m.y. [Morgan, 1972; Duncan and Clague, 1985; Gor- 
don and Henderson, unpublished manuscript, 1985]. Holocene 
volcanism occurs at several sites on the chains, such as Mehefia 

and MacDonald seamount. The NW-SE trend of the plateaus 
and island chains is at a high angle to both the isochrons and 
fracture zones, and is similar to that of the Hawaiian hot spot 
track. 

The effective elastic thicknesses of the lithosphere calculated 
from the loading of these volcanoes and seamounts are substan- 
tially less than can be expected for the age of loading [McNutt 
and Menard, 1978; Calmant and Cazenave, 1987; Calmant et 
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al., 1990]. In addition, this area is associated with the Dupal 
geochemical anomaly [Hart, 1984, 1988], a geoid low [McNutt 
and Judge, 1990], a low-velocity zone for Love waves 
[Nishimura and Forsyth, 1985], and a correlation between the 
maximum Dupal anomaly location and low seismic velocities in 
the lower mantle [Castillo, 1988]. 

McNutt and Fisher [1987] inferred, from an analysis of 
bathymetric depth anomalies, that the superswell region was 
bounded by the Marquesas fracture zone to the north. The larg- 
est depth and negative geoid anomalies are between the Marque- 
sas and the Austral fracture zones, but the superswell probably 
continues south of the Austral fracture zone (M. McNutt, per- 
sonal communication, 1989). McNutt and Fisher proposed that 
the shallow bathymetry can be modeled if the lithosphere in the 
area has on average the temperature structure of a 75-km plate 
with a 1385øC basal temperature, in contrast to the standard 
oceanic thermal model of a 125 -km- thick plate with basal tem- 
perature of -1350øC. McNutt and Judge [1990] further suggest 
that the surface wave velocities and flexural strength data can be 
explained by a thermal plate 75 km thick and that the observed 
geoid low arises from a deeper low-density "superplume." In 
their model the thinned lithosphere is a consequence of 
enhanced heat flux from the convecting mantle and low viscos- 
ity beneath the plate, both of which prevent the growth of a 
stable lithospheric thermal boundary layer to thicknesses greater 
than 75 km. They suggest that small-scale convective instabili- 
ties in the low-viscosity zone may be an important mechanism 
responsible for maintaining a thinner plate. Such a mechanism 
was proposed for the origin of lineations, observed in altimetry 
data over a large region west of the East Pacific Rise including 
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the superswell, with a trend approximately parallel to the abso- 
lute plate motion [Haxby and Weissel, 1986]. McAdoo and 
Sandwell [1989] suggest that although the lineations may be 
produced by small-scale convection very near the East Pacific 
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Fig. 2. South Pacific superswell bathymetry and heat flow sites. Heat 
flow sites north of the Marquesas fracture zone are represented by 
solid upward-pointing triangles, south of the Austral fracture zone by 
solid downward-pointing triangles, and between the two fracture zones 
by solid circles. Open squares indicate the locations of effective elas- 
tic thickness measurements [Calmant and Cazenave, 1986; Calmant, 
1987]. Contour interval is 1000 m. 

Rise, they prefer an origin on older, anomalously weak 
lithosphere perhaps resulting primarily from shallow lithospheric 
loads, in the crust or near the Moho. One possible load might 
result from tension in the north-south direction [Dunbar and 
Sandwell, 1988]. 

McNutt and Fisher [1987] also suggested that the Darwin 
Rise [Menard, 1964, 1984], a large region of rough relief in the 
western Pacific (Figure 1) including the Mid-Pacific Mountains, 
the Marshall Islands, the Magellan Seamounts, and the Wake 
Guyots, has similar characteristics to the present superswell and 
is a fossil superswell from the Cretaceous. Many of the hot 
spot tracks within the present-day South Pacific superswell can 
be traced back to the Darwin Rise [Duncan and Clague, 1985; 
Gordon and Henderson, unpublished manuscript, 1985]. The 
depths for the Darwin Rise are shallower than can be expected 
for its age [Renkin and Sclater, 1988], and the petrologic 
anomalies are similar to those in the superswell [e.g., Hart, 
1984; Natland and Wright, 1984; Staudigel et al., 1991]. The 
effective elastic thicknesses for this region are lower than can be 
expected for the age of loading [Smith et al., 1989; Wolfe and 
McNutt, 1991]. McNutt et al. [1990] suggested that the Darwin 
Rise was dynamically uplifted about 113 + 8 Ma and "supers- 
well conditions" were present until about 70-80 Ma, implying 
that a superswell is a transient feature. The lack of velocity 
anomalies for Love waves beneath the Darwin Rise, unlike the 

present South Pacific superswell [Nishimura and Forsyth, 1985], 
also suggests that there is no present thermal anomaly in this 
region [McNutt et al., 1990]. 

In these models, a superswell incorporates several aspects 
previously proposed in discussions of the origin of intraplate hot 
spots and swells. Thus, a superwell may be considered as a 
larger version of hot spots and swells. Models for the origin of 
such features generally rely on two primary effects, reheating 
mechanisms which elevate temperatures in the lower part of the 
lithosphere to asthenospheric temperatures [Crough, 1978; 
Detrick and Crough, 1978] or dynamic support due to manfie 
flow [Parsons and Daly, 1983; Courthey and White, 1986; 
Robinson and Parsons, 1988; Liu and Chase, 1989]. Heat flow 
data have been used to try and distinguish between these two 
end-member models for the Cape Verde Rise [Courthey and 
White, 1986], the Bermuda Rise [Detrick et al., 1986], and the 
Hawaiian chain [Von Herzen et al., 1982, 1989]. The presence 
of large heat flow anomalies would argue for the existence of 
large-scale reheating. 

Determination of the relative contributions of lithospheric 
thinning and dynamic support to the superswell is complicated 
by two additional effects. First, the bathymetry reflects the 
emplacement of the seamounts [McNutt and Fisher, 1987; 
McNutt and Judge, 1990]. In addition, the bathymetry may 
reflect anomalous conditions at the time when the lithosphere 
formed, prior to passage over the mantle region that gives rise 
to superswell phenomena. This possibility is suggested by the 
observation that 0 to 12-Ma seafloor on the western flank of the 

East Pacific Rise is shallower and subsides more slowly than 
that on the eastern flank [Mammerickx et al., 1975; Cochran, 
1986]. Marty and Cazenave [1989] determined similar slow sub- 
sidence rates for this area (region 27 in their study) extending 
from young lithosphere to 100-Ma lithosphere. Hence Calmant 
et al. [1990] suggest that the regional depth anomalies may, in 
part, be remnants of the ridge processes, unrelated to midplate 
hot spot volcanism. Alternatively, the difference in subsidence 
rams between the two sides of the East Pacific Rise may reflect 
mantle processes and flow (M. McNutt, personal communica- 
tion, 1990). 
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In this paper we examine the heat flow data for the South 
Pacific superswell region to determine if there is any evidence 
for higher than expected lithospheric temperatures. We then 
investigate whether a thinned lithosphere or reheating model can 
both explain the observed heat flow data and produce 
sufficiently high upper lithospheric temperatures to account for 
the lower lithospheric strength implied by the flexural data. In 
addition, we examine the heat flow for the Darwin Rise to 
determine if there is any detectable present temperature anomaly 
associated either with the mid-Cretaceous volcanic events or 

indicating if superswell conditions might still be present. 

HEAT FLOW DATA SET 

We have compiled heat flow data for the Pacific plate using 
the data from Louden [1989] and published and unpublished 
data from Lamont-Doherty Geological Observatory (LDGO) 
(Figure 1). The youngest lithosphere included is 20 Ma, the age 
of the youngest available heat flow measurement site for the 
South Pacific superswell region. We excluded data within a few 
hundred kilometers of trenches, where bending of the litho- 
sphere may cause fracturing and hence reintroduce water circu- 
lation in the crust [Abbott and Fisk, 1986]. Our data set con- 
tains 853 measurements, of which 124 are for the Darwin Rise 
and 76 are for the South Pacific superswell region. Of these, 
the unpublished LDGO data account for 21 from the superswell 
and 32 for the Darwin Rise. The heat flow data for the supers- 
well and Darwin Rise are listed in Tables 1 and 2. In assem- 

bling the heat flow data, we considered a number of factors 
including the site sedimentary environment, thermal conduc- 
tivity, and instrument evaluation. 

Sedimentary Environment 

Heat flow measurements can be biased in conditions where a 

significant portion of the heat transfer occurs via water circula- 
tion, rather than conduction in the rock and sediment [Lister, 
1972; Williams et al., 1974]. As the sediment cover increases 
to a thickness of 100-200 m and insulates the convecting sys- 
tem, the average measured heat flow increases and approaches 
that theoretically expected by plate cooling models, which 
assume conductive heat transfer [Anderson and Hobart, 1976; 
Sclater et al., 1976; Davis and Lister, 1977]. Heat flow sites are 
thus characterized by the sedimentary cover to indicate whether 
water circulation may be affecting the heat flow. 

We examined seismic reflection records for the LDGo heat 
flow sims to determine the sedimentary environment, using 
categories proposed by Sclater et al. [1976]. A site classified 
"A" has fiat or rolling hills with more than 150-200 m of con- 
tinuous sediment cover within 18 km. A "B" site has flat or rol- 

ling hills with generally continuous sediment cover, with either 
an outcropping basement high or thin sedimentary cover. A "C" 
site is an area of rolling hills or rough topography with a thin or 
variable sediment cover, and "D" denotes a site with sediment 
in ponds next to outcropping basement highs. 

Conductivity 

The heat flow is the product of the measured thermal gradient 
and the thermal conductivity. Although ideally the conductivity 
should be measured either in situ or from a piston core taken at 
the measurement site, approximately 28% of the heat flow 
measurements for the superswell and Darwin Rise and 41% of 
those for the rest of the Pacific plate have estimated conductivi- 
ties. Often in earlier studies, the estimates were based on the 

nearest available conductivity measurement, at times 500 krn or 
more away, or global average values. 

Stein and Abbott [1991] examined methods to best estimate 
the thermal conductivity. They found that the variation between 
the closest adjacent sims with measured conductivity increases 
with increasing separation, such that sims within 200 km are on 
average significantly closer in conductivity than sites further 
apart. Two factors may contribute to this effect. Conductivity 
generally varies with lithology [e.g., Langseth and Von Herzen, 
1970], with mean conductivity highest for carbonate oozes, 
intermediate for deep-sea clays, and least for siliceous oozes. 
Also, there is a suggestion that conductivity decreases with 
increasing seafloor depth. Tests with the measured data suggest 
that of several methods, the best predictor of conductivity is the 
mean value measured within 200 km. Using the mean within a 
geographic region is a somewhat poorer estimate, and the 
ocean-wide mean and value at the nearest site are poorer still. 

Following Stein and Abbott [1991], we reassigned the heat 
flow values with estimated conductivity in the superswell and 
Darwin Rise. Fourteen of the superswell and eight of the 
Darwin Rise values had measured conductivity within 200 km. 
Nine of the superswell and 23 of the Darwin Rise values did not 
have measured conductivity within 200 km and new values were 
estimated from regional averages. The mean of the absolute 
difference between the old and new conductivity values was 
about 10% (0.073 W m -1 K-l), with 35 of the 54 new values 
higher than the original estimate. 

Instrument Evaluations 

The quality of heat flow measurements are evaluated from the 
number of temperature measurements, the errors of the measure- 
ments at each depth, the tilt of the instrument, and whether or 
not conductivity was measured or estimated. The evaluation 
scale for LDGO data is from 10 (excellen0 to 0 (poor) [Lang- 
seth and Taylor, 1967]. Louden [1989] uses a different scale, in 
which measurements are evaluated as A, B, C or E. For com- 

parison, LDGO evaluations 9 and 10 would be A, 6-8 would be 
B, and 5-1 would be C. An E evaluation means that no infor- 

mation is available on the quality. 
Heat flow measurements with evaluations less than or equal 

to 5 have generally been considered unreliable. To test this, we 
grouped the Pacific plate data set by the evaluations, and exam- 
ined its variation with age (Figure 3a). The lithospheric ages of 
the heat flow sims were determined by interpolating the iso- 
chrons of McNutt and Fisher [1987] for the superswell, Renkin 
and Sclater [ 1988] for the North Pacific, and S. Cande (personal 
communication, 1989) for the rest of the Pacific plate. The age 
bins used were those from the global compilation of Sclater et 
al. [1980]. The means, medians, and standard deviations for the 
data are plotted in Figure 3b. Except for the measurements with 
the p$orest evaluations, the standard deviations for the data 
from older (>100 Ma) lithosphere are significantly less than for 
the younger lithosphere. The standard deviations for the poorest 
group (_<5, or categories C and E) generally exceed those in 
either the 9-10 (category A) or 6-8 (category B) group. This 
generalization fails only for three age bins (65-80 Ma, 125-140 
Ma, and 160-200 Ma) with only a small number of measure- 
ments (5, 4, and 3 respectively) in the poorest group. Hence for 
our analysis of the supersweB and Darwin Rise regions, we used 
only stations with evaluations in categories A and B (10-6). 

For the measurements with the best evaluations (category A; 
9-10) the median in each age bin is almost the same as the 
mean. In general, the difference between the mean and the 
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Cruise/No. Area a Latitude, Longitude, 
deg deg 

Table 1. Superswell Region 
Heat Flow, Evaluation b Environment c Depth, Reference d 
rnW rn -2 rn 

Unpublished Data 

Cl1-114 NF -6.13 -140.85 
Cl1-116 NF -10.83 -143.97 
Cl1-117 NF -12.87 -145.55 
Cl1-119 SS -14.82 -139.97 
C11-120 SS -12.32 -136.95 
C11-121 NF -10.63 -134.87 
C15-4 SF -26.78 -135.40 
C15-6 SF -27.08 -129.40 
C17-130 SF -25.22 -159.60 
C17-132 SS -22.88 -157.97 
C17-133 SS -23.12 -154.70 
V21-49 SS -14.88 -135.05 
ARIAD-2 SS -18.76 -129.77 
ARIAD-4A SS -18.81 -129.77 
ARIAD-4B SS -18.81 -129.77 
ARIAD-4C SS -18.81 -129.76 
ARIAD-4E SS -18.81 -129.76 
ARIAD-4F SS -18.81 -129.75 
ARIAD-4G SS -18.80 -129.74 
ARIAD-4H SS -18.80 -129.74 
ARIAD-4I SS -18.80 -129.74 

58.6 9 A 4343 1 
57.4 9 D 4749 1 
57.4 8 C 4662 1 
55.3 10 C 2950 1 
42.3 7 D 4103 1 
28.1 7 C 3860 1 
745. 3 D 4248 1 
14.2 6 C 3871 1 
23.2 10 D 523i 1 
64.6 10 D 4759 1 
67.5 10 D 4869 1 
38.7 4 C 4431 1 
63.7 7 B 4130 2 
127. 8 B 4150 2 
88.5 8 B 4130 2 
83.1 8 B 4130 2 
63.7 8 B 4150 2 
76.6 8 B 4170 2 
56.1 8 B 4170 2 
61.5 8 B 4170 2 
52.9 8 B 4170 2 

Notes' 

A,G 
A,G 
A,G 
A,G 
A,G 
A,G 
A,G 
A,G 
A,G 

Cruise/No. Area a Latitude, Longitude, 
de S deg 

CAP-31B SS -17.47 -158.67 
CAP-33B SS -12.80 -143.55 
D-2 SS -14.98 -136.02 
D-3 SS -21.67 - 147.68 
MSN-64 NF -10.57 -15i.08 
MSN-65 NF -8.28 - 151.60 
MSN-66 NF -5.92 -149.65 
MSN6-62 SF -27.32 -157.50 
RIS-120 SS -13.87 -125.33 
RIS-121 SS -14.03 -127.12 
RIS-122 SS -14.03 -128.42 
RIS-123 SS -14.03 -129.80 
RIS-124 SS -14.05 -130.30 
RIS-125 SS -14.05 -131.73 
RIS-127 SS -14.03 -133.75 
RIS-128 SS -14.03 -134.92 
RIS-129 SS -14.05 -136.57 
RIS-130 SS -14.15 -i38.10 
RIS-131 SS -14.05 -139.58 
RIS-132 SS -14.92 -141.57 
RIS-133 SS -15.25 -142.43 
RIS-134 SS -16.50 -145.12 
RIS-135 SS -16.87 -145.82 
RIS-136 SS -17.08 -147.22 
RIS-137 SS -16.77 -148.87 
RIS-138 SS -16.57 -148.50 
RIS-140 SS -14.72 -145.67 
RIS-14• SS -13.62 -145.05 
RIS-142 SS -13.05 -144.05 
RIS-143 SS -12.77 -143.57 
RIS-144 NF -11.97 -142.45 
RIS-145 NF -11.08 -140.95 
RIS-146 NF -10.50 -139.98 
RIS-147 NF -8.63 -138.30 
RIS-148 NF -7.45 -137.18 
RIS-149 NF -6.38 -136.18 
SCAN8-H1 NF -6.56 -136.01 
SCAN8-H2 SS -12.24 -134.31 
SCAN8-H4 SF -24.89 -143.49 
ST8HF48 SS -12.58 -125.99 

ST8HF49 SS -14.01 -134.06 
C15-2 SF -23.50 -141.15 
C15-3 SF -25.12 -138.43 
C15-5 SF -27.07 -129.20 
C15-7 SF -27.13 -128.30 
C15-8 SF -27.33 -127.85 
V18-100 NF -9.70 -136.47 
V18-101 NF -8.00 -133.83 

Heat Flow, Evaluation b Environment c Depth, Reference d 
mW rn -2 rn 

Published Data 
66.2 A U 4880 3 
15.1 A U 4300 3 
27.2 E U 4510 4 
40.6 A U 4760 4 
49.4 A U 5070 5 
60.3 A U 5190 5 
31.4 A U 5160 5 
44.4 A A 4960 6 
43.5 A U 3680 5 

7.5 B U 3930 5 
42.7 A U 3995 5 
119. B U 4120 5 
34.3 B U 4090 5 
20.1 A U 4010 5 
41.6 B U 4290 5 
49.0 A U 4220 5 
29.3 B U 4290 5 
71.2 A U 4040 5 
69.9 A U 3925 5 
78.9 B U 2610 5 
46.9 A U 3725 5 
71.2 E U 1440 5 
56.5 A U 2750 5 

8.8 A U 4190 5 
6.6 B U 4200 5 

47.3 A U 4250 5 
50.2 A U 2770 5 
12.1 B U 4390 5 
54.0 A U 4960 5 
49.1 B U 4480 5 
49.8 A U 4520 5 
17.0 B U 4270 5 
15.5 A U 4140 5 
69.9 A U 4080 5 
32.7 E U 4400 5 
54.9 A U 4350 5 
108. A U 4440 7 
86.7 A U 4225 7 
56.4 A U 4624 7 
23.0 E C 4015 8 
59.2 E B 4469 8 
107. 7 D 4546 8 
189. 4 D 4212 8 
18.0 6 C 3860 8 
62.0 8 C 3977 8 
84.6 6 D 3720 8 
69.3 10 B 4329 9 
80.9 10 B 4565 9 

Notes • 
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Cruise No. Area a 

TABLE 1. (continued) 

Latitude, Longitude, Heat Flow, Evalt•afion t' Environmenff Depth, References a 
deõ deg mW m -2 m 

Published Data (contfiaued) 

V18-102 NF -7.33 -133.05 63.0 10 B 4491 9 
V18-105 NF -5.32 -130.37 39.2 8 C 4640 9 

V21-46 SS -10.48 -129.13 14.2 7 B 4160 8 
V21-47 SS -11.17 -131.08 36.0 10 B 4268 8 

V21-48 SS -12.03 -133.25 11.7 7 C 3718 8 

V21-50 SS -17.65 -136.72 15.5 7 B 3391 8 
V21-54 SF -25.60 -142.38 55.7 7 C 4343 8 

B 

B 

B,C 

aAreas are as follows: NF, north of Marquesas fracture zone; SF, south of Austral fracture zone; SS, between Marquesas 
and Austral fracture zones. 

t'Measurement evaluation. Scales are 0-10 from Langseth and Taylor [1967] and A-E from Louden [1989]. 
cSedimentary environment from Sclater et al. [1976]. "U" denotes sites with undetermined environments. 
dR. eferences are as follows: 1, unpublished LDGO data; 2, M. A. Hobart et al., manuscript in preparation, 1991' 3, 

Maxwell [1958]; 4, Von Herzen [1959]' 5, Von Herzen and Uyeda [1963]; 6, Anderson and Von Herzen [1978]; 7, Sctater et 
al. [1972]; 8, Anderson et al. [1978]; 9, Langseth et. al. [1965]. 

eNotes are as follows: A, M. A. Hobart determined a thermal conductivity of 0.77 W rn -• K -1 for ARIAD data using the 
water content me•od. Following Stein and Abbott [1991], we reestimate the thermal conductivity at 0.831 W m 4 K 4. B, 
reevaluated environmere. C, typographical error in published heat flow value. G, conductivity reestimated using regional 
method. L, conductivity reestimated using local method. 

Table 2. Darwin Rise 

Cruise/No. Latitude, Longitude, Heat Flow, Evaluation a Environment t' Depth, Reference c Note a 
deõ deg mW m-2 m 

Unpublished Data 

C10-36 2.05 .-169.85 50.2 10 B 5365 1 
C10-37 4.90 -171.42 86.4 4 B 5411 1 
C10-38 7.52 -172.83 54.5 8 C 5865 1 
C10-41 -1.65 178.18 54.0 10 C 5440 1 
C10-42 -3.97 176.05 34.2 6 C 5,026 1 
C10-67 16.90 155.13 60.7 10 A 5775 1 
C10-68 19.45 156.42 32.5 4 B 5447 1 
C10-69 22.35 157.82 58.2 8 A 5402 1 
C10-70 24.78 159.13 48.2 4 B 5682 I 
C12-40 3.68 -165.05 59.3 10 A 5351 1 
C12-41 2.33 -165.20 59.8 10 B 5365 1 
C12-42 0.65 -164.87 49.4 10 B 5106 1 
C12-43 -0.18 -164.50 53.8 8 D 5336 1 
C12-44 -4.55 -163.28 48.4 9 C 4839 1 
C12-45 -7.73 -162.38 9.6 6 A 4266 1 
C12-66 12.48 157.00 51.5 8 B 5883 1 
C17-118 4.10 165.73 50.3 10 A 4574 1 
C17-119 6.80 165.40 55.0 10 A 5158 1 
C17-120 4.63 166.83 52.3 10 A 4729 1 
C17-121 3.50 168.83 58.0 10 A 4376 1 
C17-122 4.18 173.50 95.6 8 A 4900 1 
V21-63 26.43 169.03 53.6 10 B 5982 1 
V21-64 27.08 166.07 51.5 10 A 5954 1 
V21-65 27.90 162.52 50.2 10 B 5954 1 
V24-64 11.85 169.68 47.7 4 A 5137 1 
V28-110 15.68 -165.22 24.0 6 B 5320 1 
V28-112 10.65 -169.80 17.6 9 C 2439 1 
V28-113 7.67 -171.75 42.3 10 B 5404 1 
V3240 28.42 159.13 47.8 10 B 6030 1 
V32-41 25.93 156.17 52.2 10 A 5961 1 
V32-70 17.20 156.37 53.2 8 A 5809 1 
V32-71 2.30 167.10 49.9 10 A 4287 1 

Cruise/No. Latitude, Longitude, Heat Flow, Evaluation a Environment t' Depth, Reference c 
deg dell mW m-2 m 

Published Data 

V24-51 9.30 -155.52 43.5 7 A 5234 10 
V24-52 10.22 -155.02 138. 4 A 5302 10 
V24-53 11.77 -154.03 53.2 6 A 5209 10 

V24-54 13.13 -154.53 44.0 10 B 5451 10 
V24-55 14.95 -155.30 58.2 8 A 5539 10 
V24-57 17.52 -164.68 48.6 8 A 5473 10 
V24-58 16.48 -166.78 54.8 10 A 5234 10 
V24-59 13.30 -172.92 58.6 8 B 5680 10 
V24-60 12.02 -175.62 67.4 8 B 5280 10 
v24-62 9.28 178.95 72.4 10 C 5704 10 
v24-63 10.88 173.00 57.8 10 A 5374 10 

Note a 
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Cruise No. 
Table 2. (continued) 

Latitude, Longitude, Heat Flow, Evaluation a Environment t' Depth, References c 
deg deg mW m 4 rn 

Published Data (continued) 

Note a 

V24-65 
V24-67 

V24-69 
V24-76 

V24-77 
V24-79 
V24-80 

V24-81 

V24-82 
CAP-2B 

CIRCE-6H 
CIRCE-7H 

DSDP462A 
LSDH-60 

LSDH-61 
LSDH-62 

LSDH-63 
LSDH-64 

LSDH-66 

LSDH-67 
MAHI-47 
MAHI-49 
MAHI-50 
MAHI-51 
MP-32 

MP-35-2 

MP-36 
MP-38 

MSN-5 
MSN-6 

MSN-7 
MSN-8 
NOVA-A3 
NOVA-A4 

NOVA-A5 
NOVA-A6 

NOVA-A7 
NOVA-A8 

NOVA-A9 
NOVA-A10 

NOVA-A11 

NOVA-A12 

NOVA-A13 
NOVA-A15 
NOVA-A16 

NOVA-A17 
NOVA-A18 
PROA-40 
PROA-41 
PROA-44 

PROA-45 
PROA-46 

PROA-47 
PROA-54 
PROA-55 
PROA-56 
PROA-57 
PROA-58 
SCAN3-H1 
SCAN5-H3 
SCAN5-H4 
SOLIS-22 
SOLIS-28 
SOLIS-29 
SOLIS-31 
SOLIS-41 

SOLIS-43 
SOLIS-44 

SOLIS-45 
SOLIS-47 

SOLIS-48 

SOLIS-49 
SOLIS-50 

14.13 166.80 64.9 8 A 5587 10 
20.87 165.12 49.8 8 A 5544 10 
23.65 170.87 51.9 8 A 5936 10 
21.78 -178.78 65.1 8 B 5444 10 
16.13 179.73 55.3 10 A 5330 10 

8.32 176.42 52.2 4 C 5097 10 
6.57 173.50 73.4 8 B 4991 10 
4.85 170.92 47.4 10 A 4501 10 
2.82 168.18 61.3 8 A 4409 10 
0.67 169.28 78.7 A U 4310 3 

21.62 168.48 42.5 A U 5698 7 
18.45 159.82 46.2 A U 5668 7 
7.24 165.03 49.0 A A 5181 14 
6.28 168.18 41.0 A U 4840 11 

7.42 167.92 44.8 A U 4950 11 
10.92 174.02 58.2 A U 5535 11 

8.15 -177.13 50.7 A U 5310 11 
9.40 -171.40 31.7 B U 4210 11 

10.65 -169.75 27.4 B U 2500 11 

11.45 -168.83 47.7 A U 5290 11 
-9.20 -173.98 81.2 A U 5227 11 
-3.83 - 169.07 69.5 B U 5020 1 ! 
-0.57 -167.60 45.6 A U 5355 11 
- 1.57 - 167.72 52.3 A U 5683 11 
18.30 -173.38 30.2 A U 3900 3 
19.47 -174.58 54.0 A U 4900 3 
16.75 -176.40 49.8 A U 5040 3 
19.03 -177.32 45.6 A U 4750 3 
14.18 -161.13 46.5 A U 5685 11 
7.63 -168.12 54.0 A U 5000 11 
3.10 -173.97 51.5 A U 5250 11 
0.10 179.95 56.9 A U 5290 11 

18.72 -167.78 57.3 A U 5021 7 
18.15 -170.43 74.5 B U 5198 7 
17.25 -173.85 46.3 B U 5059 7 
16.58 -176.52 54.3 A U 5199 7 
16.00 -179.10 46.8 A U 5094 7 
14.03 -179.23 48.2 A U 5639 7 
11.82 -179.10 44.4 A U 5540 7 
9.90 -179.00 55.3 A U 6148 7 
8.12 -179.12 54.3 A U 5740 7 
6.00 -179.00 45.8 A U 5778 7 
3.93 -178.78 49.0 A U 5384 7 

-0.02 -179.13 56.5 A U 5404 7 
-1.98 -179.02 54.0 A U 5584 7 
-4.02 -178.75 62.2 A U 5989 7 
-7.67 -178.60 67.6 A U 6018 7 
-3.12 174.42 40.6 A U 4950 11 
-2.07 172.48 33.5 A U 4270 11 
3.67 -176.25 18.4 B U 4995 11 
1.95 -178.02 56.3 B U 5330 11 
0.25 -179.70 58.6 B U 5400 11 

-1.38 178.40 53.2 A U 5400 11 
-4.05 -165.42 22.6 A U 4020 11 
6.38 -172.53 49.8 B U 5840 11 
8.87 -169.53 54.4 A U 5300 11 
9.98 -167.08 47.3 A U 5250 11 

10.55 -165.53 47.3 A U 4340 11 
16.40 -164.41 54.0 A U 5582 7 
9.49 166.54 49.4 A U 4592 7 
9.34 179.90 38.9 A U 6152 7 

-4.78 -157.95 25.9 C U 1695 11 
-1.28 -160.17 57.4 B U 2532 11 
-1.62 -158.78 83.7 B U 2015 11 
-4.73 -155.13 33.2 E U 2538 11 
0.60 -172.22 46.5 A U 5658 11 
2.22 -166.45 50.7 B U 5548 1 ! 
8.75 -160.53 18.0 B U 4816 11 
7.68 - 164.80 46.9 A U 4960 11 
5.43 -173.10 47.7 A U 5797 11 
4.20 -178.07 46.8 E U 5209 11 
3.92 -179.55 44.0 A U 5684 11 
4.75 175.28 45.6 A U 5122 11 

G 

L 

G 

G 

L 

G 

L 

L 

L 

G 

G 

L 

G 

G 

G 

G 

G 

G 

G 

G 
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Table 2. (continued) 

Cruise No. Latitude, Longitude, Heat Flow, Evaluation a Environment b Depth, References e Note a 
dell dell mW m -2 m 

Published Data (conth•ued) 

SOLIS-51 6.17 173.00 9.6 C U 4912 11 
V6334 11.10 159.00 58.8 B U 5300 12 G 
V6333-22 12.99 160.55 71.3 B U 5140 12 G 
V6333-25 12.89 160.71 186. B U 4680 12 G 
V6333-27 12.78 160.91 147. B U 4640 12 G 
ZETES-71 25.25 164.13 50.7 A U 4943 13 
ZETES-72 24.89 163.35 47.3 A U 4970 13 
ZETES-73 24.53 162.61 45.0 B U 4930 13 L 

750 

300 

•00 

aMeasurement evaluation. Scales are O--10 from Langseth and Taylor [1967] and A-E from Louden [1989]. 
bSedimentary environment from Sclater et al. [1976]. "U" denotes sites with undetermined environments. 
CReferences are as follows: 1, unpublished LDGO data; 3, Maxwell [1958]; 7, Sclater et al. [1972]; 10, Langseth et al. 

[1971]; 11, Halunen and Von Herzen [1973]; 12, Kuzmin et al. [1972]; 13, Vacquier et al. [1966]; 14, Boyce [1981]. 
aNotes are as follows: G, conductivity reestimated using regional method. L. Conductivity reestimated using local method. 
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Fig. 3a. Heat flow data for the Pacific plate (Figure 1) as a function of age, sorted by instrument evaluations. LDGO data 
are evaluated from 10 (excellent) to 0. The measurements with the poorest evaluations (< 5; bottom left) have considerably 
more scatter than those with the better (6-8) and best (9-10) evaluations plotted on the right side. The thick solid lines show 
the heat flow predicted for a 125-km-thick plate with a 1350øC basal temperature. 

median decreases with increasing age and is most noticeable for 
the poorest evaluation category. Presumably, this variation 
reflects the trend of lower standard deviations with both increas- 

ing age and instrument evaluations. 
We compared the variation in heat flow with age to that 

predicted by a standard thermal model of a 125-km-thick plate 

with a basal temperature of 1350øC [Parsons and Sclater, 
1977]. Over the 20- to 180-Ma age range, neither the entire 
heat flow data nor those with only the best (9-10) evaluations 
show convincing evidence for a decrease in heat flow with age. 
For ages younger than about 50 Ma the measured heat flow is 
less than predicted, presumably because much of the heat 
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Fig. 3b. Means (solid triangle), medians (open triangle), and standard deviations (vertical line) for the heat flow data in Fig- 
ure 3a. When the median and mean values are comparable, the median symbols are sometimes not visible. The thick solid 
lines show the heat flow expected for a 125-km-thick plate and a 1350øC basal temperature. The standard deviations for the 
poorest category (lower left) generally exceed those for the others. 

2OOO 

3000 
T 

PACIFIC PLATE HEAT FLOW SITES 

I I I 
125 kin; 1350øC 

75 km; 1385øC ß 
60 km; 1385øC ß © [] 

4000 •0--.- % '-•-' --' 
• r•11 •--'• 

J 5000 

6000 F SOUTH OF AUSTRAL F Z 
I• •wE• •c•u•E I zo•s I I / 

20 40 60 80 

Fig. 4. Seafloor d• and li•o•hefie age for •e Pac•e plate heat flow sites. •e depths of •e heat flow sites • su•rs- 
well region a• •tter fit by a model with a 75-km-•ick plate, whereas •e wpieaHy assumed 125-•-t•ck plate better fits 
ß e depths of •e o•er Pac•c plate sites. 



STE• • ABBOTt: HEAT FLow AND THE SOUTH PACIFIC SUI•RSWFJ.,L 16,091 

3OO 

200 - 

PACIFIC PLATE HEAT FLOW DATA 

[] OTHER PACIfiC DATA 
SUPERSWELL REGION: 

• NORTH OF MARQUESAS FZ SOUTH OF AUSTRAL FZ 
BETWEEN FRACTURE ZONES 

-- 125 krn' 1350øC 

-- 75 krn; 1385øC = 60 krn;1385øC 

[] 

100 If,,•.- [],• ' ' 

20 40 

.[]."..% =,,- ...,.."..,. •...] 

60 80 

AGE (Mo) 

PACIFIC PLATE HEAT FLOW STATISTICS 
120 

'-% 
80- 

4O 

20 

0 
2O 

-- 125 km; 1350øC 
II 75 km; 1385øC 

60 km; 1385øC 

MEAN MEDIAN 

SUPERSWELL: 

e 0 BETWEEN FZs _ 
e 0 ALL OF REGION 
ß I-IOTHER PACIFIC 

ß 

20-35 35-50 50-65 65-87 Mo 

I I I 

40 60 80 

AGE 
Fig. 5. (top) Heat flow and lithospheric age for sites in the supers- 
well region and elsewhere on the Pacific plate. The heat flow values 
for the superswell are not generally greater than other Pacific plate 
values. The heat flow values between the Marquesas and Austral 
fracture zones, the area of greatest depth anomalies, are not on aver- 
age greater than those for the whole superswell region. (bottom) 
Means, medians, and standard deviations of heat flow values in the 
superswell region, the area between the Marquesas and Austral frae- 
ture zones, and elsewhere on the Pacific plate. Given the large stan- 
dard deviations, the superswell heat flow data suggest that lithospheric 
thicknesses exceeds 60 km, but cannot discriminate between greater 
thicknesses. 

transfer occurs by water circulation. For ages greater than about 
100 Ma the observed heat flow exceeds that predicted. We dis- 
cuss this further in the section on the Darwin Rise. 

SUPERSWELL REGION 

The heat flow sites provide good regional coverage of the 
superswell and, for comparison, the region surrounding it (Fig- 
ure 2). Of the 76 heat flow data, 68 have good (6-10) evalua- 
tions and are used in the analysis. The data are divided into 
three groups: 17 from north of the Marquesas fracture zone, 9 
from south of the Austral fracture zone, and 42 between these 
fracture zones, the region presumably most affected by the for- 
mation of the superswell. 

The heat flow sites sample the region of shallower bathy- 
metry described by McNutt and Fisher [1987]. Figure 4 shows 
that the superswell heat flow sites are consistently shallower 
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Fig. 6. Seafloor depths and heat flow for the heat flow sites. There 
does not appear to be any obvious relationship between depth and 
heat flow for sites either on the superswell or elsewhere on the Pacific 
plate. The solid and dashed lines, none of which fit the data well, 
represent the expected relationship between heat flow and depth for 
models with different plate thicknesses and basal temperatures for 
lithospheric ages between 20 and 90 Ma. Five Pacific values are 
excluded, one at a depth less than 1000 m and four with heat flow 
values greater than 150 mW m -2. 

than the sites with the same age elsewhere on the Pacific plate. 
As can be expected, the depths for the superswell sites are 
better fit by a model with a 75 km plate, whereas a 125-km 
plate better fits the depth of the other Pacific plate heat flow 
sites. 

Figure 5 shows the heat flow data versus age for the supers- 
well region and elsewhere on the Pacific plate. The means, 
medians and standard deviations are shown in Figure 5 (bot- 
tom). In this plot, the data are divided into four age bins, each 
containing an approximately equal number of data for the 
superswell. Several important points emerge: 

1. The heat flow values for the superswell are not 
significantly higher than for the corresponding ages elsewhere 
on the Pacific plate. 

2. The data show no significant difference between the heat 
flow for the area of greatest depth anomalies (between the 
Marquesas and Austral fracture zones) compared with the entire 
superswell region. 

3. The heat flow data neither require nor exclude the possibil- 
ity of a thinner thermal lithosphere: 125- and 75-km-thick plates 
are admissible for both the superswell and the remainder of the 
Pacific. 

4. The superswell heat flow data exclude the possibility of a 
plate thinner than 60 km, which would also produce depth 
anomalies greater than those observed (Figure 4). 

Since the superswell was defined by shallow seafloor, we 
tested whether the heat flow values correlate with depth for the 
superswell region and the other Pacific sites with similar lithos- 
pheric age. No obvious relationship between depth and heat 
flow appears for either data set (Figure 6). We did not correct 
for sediment loading, but given the large scatter in the data, 
such a small correction (probably less than 100 m for the 
superswell and generally less than 300 m for the other Pacific 
values) would have little effect. Comparison with the trends 
predicted by plate models for 20- to 90-Ma lithosphere shows 
that the sites with shallower depths do not exhibit the higher 
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Fig. 7. Depth anomalies with respect to a 125-km-thick plate with 
1350øC basal temperature versus heat flow for the heat flow sites in 
the superswell region and elsewhere in the Pacific (Figure 6). 
Although the superswell is defined by shallow bathymetry, there is no 
obvious correlation between the depth anomaly and the heat flow 
values. 
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heat flow expected if the elevation were controlled by lithos- 
pheric temperatures. Comparison of the heat flow values to the 
depth anomalies relative to those for a 125-km plate (Figure 7) 
also shows no obvious correlation for either the superswell or 
the rest of the Pacific. Moreover, the depth anomalies show no 
correlation with the heat flow anomalies relative to a 125-km- 

thick plate (not plotted). 

POSSIBLE BIASES DUE TO WATER CIRCULATION 

One possible explanation for the absence of measured high 
heat flow is the removal of heat due to water circulation in the 

poorly sedimented superswell region. Throughout most of the 
superswell region there is a very thin sedimentary cover, less 
than 100 m (0.1 s two-way travel time) [Ludwig and Houtz, 
1979]. The sedimentary environment category for 38 of the 76 
heat flow measurements are known. Two are in category A, 16 
are in B, 12 are in C, and 8 are in D. Nine of the sixteen B 

sites are from the detailed survey at 18øS, 130øW. Hence most 
of the superswell heat flow measurements are at sites with C 
and D environments. 

To test if the observed superswell heat flux is abnormal, we 
compared the data from superswell sites with C and D environ- 
ments, and those for which we had insufficient data to deter- 
mine the environment, with 39 measurements at C and D sites 
elsewhere in the Pacific and 45 from such sites in the Atlantic 

[Herman, 1987] (Figure 8). Again, we find no signifieant 
differences between the average values for the superswell and 
the other oceans, nor between the Marquesas and Austral frac- 
ture zones and the areas directly to the north and south. In 
some cases, the superswell data are somewhat lower than the 
other regions. 

We have other reasons for doubting that water circulation 
seriously biases our results. At sites where heat flow was deter- 
mined from three or more temperature measurements with 
depth, the possible effect of water flow and the flow velocity 
can often be measured. Vertical water flow results in tempera- 
ture gradients that are nonlinear [Bredehoefi and Papadopulos, 
1965]. Of the 24 sites at which three or more temperatures 
were measured, only one (Cl1-116) shows a nonlinear gradient. 
Given this observation and the comparison with the C and D 

sites elsewhere, we consider it unlikely that the absence of a 
large observed heat flow anomaly for the superswell region 
results from a bias due to water circulation near the sea floor. 

DARWIN RISE 

We also examined heat flow data for the Darwin Rise, the 
region of rough relief in the western Pacific that McNutt and 
Fisher [1987] suggested was a fossil superswell in the Creta- 
ceous on the basis of the many characteristics similar to those of 
the South Pacific superswell. Halunen and Von Herzen [1973] 
noted that the heat flow across some of this region was rela- 
tively constant and proposed that any additional heat flow asso- 
ciated with the Darwin Rise had been dissipated. We analyzed 
additional heat flow data gathered since that study and used sub- 
sequent studies that determined lithospheric ages for the region. 

The precise boundaries of the Darwin Rise region are difficult 
to define, since a large area of the present western Pacific plate 
was affected by a diffuse pattem of volcanic activity during the 
Cretaceous [Schlanger et el., 1981]. We chose the study area to 
include a region surrounding the continuation of hot spot tracks 
from the present-day superswell, an area roughly south and east 
of Hawaii and north of the Samoan hot spot track. Heat flow 
data are available at 124 sites in the region (Figure 9) of which 
114 have evaluations between 6 and 10 (categories A and B). 
The depths for the Pacific plate heat flow sites (Figure 10) are 
about 700 m deeper than might expected for a 75-km-thick 
plate. They are, however, shallower than might be expected for 
a 125-km- thick plate. McNutt et al. [1990] suggest that the 
depth anomaly is consistent with their proposed tectonic history 
of the region, including the termination of superswell conditions 
about 70-80 Ma. 

The heat flow values for the Darwin Rise, with lithospheric 
ages of about 95-173 Ma, are similar to the rest of the Pacific 
plate (Figure 11, top). In each of the four age bins (Figure 11, 
bottom) the difference of the means between the Darwin Rise 
data and that elsewhere in the Pacific is less than 10 mW m -2 
and the maximum difference in median value is 7 mW m -2. 

A potential difficulty with comparison of the Darwin Rise 
data with data of comparable age elsewhere in the Pacific is that 
a large region of the Pacific plate outside of the Darwin Rise 
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was also affected by Mesozoic volcanism. We thus also com- 
pared the Darwin Rise heat flow data with data for similar age 
lithosphere in the Atlantic. For this comparison, we used only 
the best data, stations with known A sedimentary environments. 

I 

Again, the Darwin Rise values are no higher than for the other F 
areas (Figure 12). 

We regard the observation that the Darwin Rise heat flow I 
does not exceed that for lithosphere of comparable age else- 
where in the Pacific and Atlantic as significant and as illustrat- 

: O 
ing that whatever thermal changes may have been associated 
with the formation of the Darwin Rise are no longer present. 
This would be consistent with the idea of a fossil superswell. 
We do not, however, ascribe great significance to the fact that T 
the Darwin Rise data heat flow values exceed those predicted 
for a 125-km-thick plate. This discrepancy occurs elsewhere for 
ages exceeding about 100 Ma, an effect previously noted whose 
cause remains obscure [Sclater et al., 1980; Davis et al., 1984; 
Detrick et al., 1986; Courtney and White, 1986; Louden et al., 
1987; Davis, 1989; Lister et al., 1990]. An additional 
complexity for the Darwin Rise, and quite possibly elsewhere, is 
that volcanic edifices formed far from the ridge crests contribute eq 
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Fig. 9. Dam• Rise •ymet• (1500-m contours) and h•t flow 
l•ations (solid diamonds). 
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Fig. 11. (top) Heat flow versus age for sites on the Darwin Rise and 
Pacific plate. On average the values from the Darwin Rise are similar 
to those for the rest of the Pacific plate. The average heat flow 
exceeds that expected for a 125-km-thick plate model but is typical of 
data for similar ages on other plates. (bottom) Means, medians, and 
standard deviations for the Darwin Rise and other Pacific plate heat 
flow measurements. The relatively large difference between the 
median and mean values for the 155-173 Ma age bin results from the 
high heat flow of stations V6333-25 and V6333-27 (Table 2). 
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significantly to the topography, further obscuring the relation 
between heat flow and depth. 

THERMAL MODELS 

We next consider the implications of the heat flow data and 
other observations for the thermal structure and evolution of the 

superswell region. For this purpose, we investigated which ther~ 
mal structures might reconcile two basic constraints. First, the 
heat flux for the superswell and the Darwin Rise is no higher 
than for lithosphere of comparable age elsewhere in the Pacific. 

Second, the effective elastic thickness of thee lithosphere in the 
superswell region is significantly less than t•at for li•osphere of 
comparable age elsewhere. 

Effective Elastic Thickness 

The effective elastic thickness T e of the lithosphere, as 
inferred from the deflections due to loads such as seamounts, 
generally increases with the square root of the age of the litho~ 
sphere at the time of loading [Watts et al., 1980]. This effect is 
thought to reflect the decrease in lithospheric strength with 
dep• due to increasing temperature, such that the effective elas- 
tic thickness as a function of age can be approximated as con- 
trolled by the depth to an isotherm [Bodine et al., 1981]. A glo- 
bal compilation derived using the Seasat gravity and S YN'BAPS 
bathymetric data bases shows that the effective elastic 
thicknesses beneath 18 islands and seamounts in the superswell 
region are anomalously low for their age of loading (Figure 13) 
compared with 20 other Pacific sites [Ca/mant 1987; Calmant 
and Cazenave, 1987], 11 Atlantic, and 6 Indian Ocean sites 
[Calmant et al., 1990]. The calculation of effective elastic thick- 
ness from an observed deflection depends, of course, on a 
variety of model parameters. McNutt and Judge [1990] also 
note, using somewhat different values, that the effective elastic 
thicknesses in the superswell are significantly lower than for hot 
spots elsewhere. For our modeling, we use the larger Calmant 
et al. [1990] data set. 

The low effective elastic thicknesses have been used to sup~ 
port the suggestion of higher than normal temperatures associ- 
ated with either multiple rejuvenation due to hot spots or the 
more recently proposed superswell model for the South Pacific 
and the Darwin Rise. Menard and McNutt [1982] suggested 
that multiple rejuvenation events due to the passage of the 
young lithosphere over numerous hot spots might explain the 
shallow depths, high density of volcanoes, and low effective 
elastic thicknesses. Calmant and Cazenave [1987] suggested 
that multiple rejuvenation events might explain their data. 
McNutt and Fisher [1987], however, proposed that multiple 
rejuvenation had to affect a very large region and would 
presumably not give rise to a systematic variation in the depth 
anomalies with age. They thus hypothesized that the superswell 
manfie anomaly is a transient feature, whereas the hot spots are 
longer duration phenomena which give rise to surface volcanism 
more easily when the lithosphere is thinned under superswell 
conditions. 

We explored a range of steady state and time dependent 
(reheating) thermal models to see whether the thin effective 
elastic thicknesses can be reconciled with the absence of a heat 

flow anomaly. Our starting point was the constraint that the 
effective elastic thicknesses inferred for sites outside the supers- 
well correspond to depths between the 300 ø and 600øC isoth- 
erms predicted for a 125~km-thick plate thermal model. We 
used the simple assumption that if the low effective elastic 
thicknesses for the superswell reflect thermal structure, these 
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thicknesses should be between the elevated 300 ø and 600øC 

isotherms. We examined models that achieve this weakening to 
see whether the predicted heat flow exceeded that observed. 

Steady State Models 

The simplest model that can give rise to different elevations 
and surface heat flow is one in which the plate evolves with 
different thickness and/or basal temperatures than those nor- 
mally assumed (125 km;--1350øC). For example, thinner plate 
thicknesses and higher basal temperatures will result in higher 
surface heat flow and shallower bathymetry. Such a mechanism 
for the observed heat flow anomalies in the central Indian Ocean 

was considered and then rejected given the lack of regional 
depth anomalies [Stein and Weissel, 1990]. 

We compared the predicted depths of the isotherms (Figure 
13, top) for a 125-km-thick plate and the 75-km-thick plate pro- 
posed by McNutt and Fisher [1987]. The depths to the isoth- 
erms in the upper lithosphere for a 75-km-thick plate are only 
slightly shallower than for "normal" lithosphere with the age 
range at the time of loading for the South Pacific superswell. 
This result is not unexpected, as conductive heat transfer 
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requires a finite time for the location of the bottom boundary to 
significantly affect the cooling process. Hence a 75-km-thick 
plate alone is insufficient to explain the low effective elastic 
thickness data. A 40-km-thick plate with a 1350øC basal tem- 
perature or a 75-km-thick plate with a 2000øC basal temperature 
can raise the isotherms sufficiently to fit the effective elastic 
thickness data (Figure 14, top). Such models, however, predict 
heat flow substantially greater than observed (Figure 14, middle) 
and seafloor depths much shallower than observed (Figure 14, 
bottom). In addition, such lithospheric thicknesses or basal tem- 
peratures seem geologically unreasonable. 

3o 

4O 

400øC ISOTHERMS FOR DIFFERENT MODELS 
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lOO 

5o 

SUPERSWELL REGION HEAT FLOW 

MEAN: • BET'W•EN FZ. 
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Fig. 14. (top) Measured effective elastic thicknesses and depths to 
the 400øC isotherm for three different models of basal temperature 
and plate thicknesses. (middle) Heat flow expected for the different 
models. (bottom) Depths and ages of the heat flow measurement sites 
in the superswell and those expected for the different models. Models 
having sufficiently high upper lithospheric temperatures to fit the T, 
data have too high heat flow and elevations compared with the data. 

Time Dependent Models 
An alternative class of models are those in which the thermal 

structure of the lithosphere is perturbed at some time and then 
evolves. The effect on surface heat flow from changes in the 
temperature with depth depends on the depth of the perturbation 
and the time since its initiation [Carslaw and Jaeger, 1959]. 

Unfortunately, it is difficult to date the formation of the 
superswell. We can estimate a minimum age provided that the 
thin effective elastic thicknesses beneath seamounts in the 

superswell area imply that these loads were emplaced by hot 
spots subsequent to the formation of the superswell. Since the 
oldest seamount in the superswell with thin Te, Mangaia, in the 
Cook-Austral Islands, is dated at 17.7 Ma [Calmant, 1987], 
anomalous conditions must predate its formation. Even under 
this assumption, of course, the superswell might be significantly 
older. 

For a hot spot reheating model, in which the bottom portion 
of the lithosphere is reset to asthenospheric temperatures 
[Crough, 1978; Detrick and Crough, 1978], the depth to reheat- 
ing determines the anomalous bathymetry and heat flow with 
time. The shallower the reheating depth, the greater the depth 
anomaly, the sooner the maximum surface heat flow anomaly 
occurs, and the greater its magnitude. The depth for reheating is 
estimated largely from bathymetry. Crough [1978] proposed that 
hot spots rese[ the temperature structure to that of a 25-Ma 
lithosphere, and McNutt [ 1987] proposed that reheating occurred 
up to the initial location of the 900øC isotherm. 

To approximate the conditions for the superswe!l, we calcu- 
lated the temperature structure and heat flow predicted by the 
half-space reheating model of Von Herzen et al. [1982]. 
Reheating to the depth of the 900øC isotherm for lithosphere in 
the range of ages for the superswell results in very little shal- 
lowing of the 400øC isotherm. For example, Figure 15 shows 
unperturbed (solid line) and perturbed (dashed line) isotherms 
and surface heat flow with time expected for the reheating of 
45-Ma lithosphere to the depth of the 900øC isotherm, 45 km. 
Although the heat flow anomaly predicted is small enough to 
not violate our heat flow data constraint, the increase in tem- 
perature in the upper lithosphere is insufficient to explain the 
effective elastic thickness data. Much shallower reheating depths 
are required to elevate the temperatures sufficiently to fit the re 
data. For example, 45-Ma lithosphere must be thinned to 15 
km depth (Figure 16) to place the largest effective elastic 
thicknesses in the expected temperature range. Such thinning 
would give rise to predicted heat flow much larger than 
observed. Moreover, such a shallow reheating depth would be 
substantially shallower than that previously proposed for other 
hot spots. The same difficulties occur for reheating at the other 
lithospheric ages in the superswell. 

DISCUSSION 

The heat flow data and our modeling demonstrate the 
difficulties in interpreting the low effective elastic thicknesses 
for the South Pacific and the fossil Darwin Rise superswells in 
terms of thermal weakening due to high upper lithospheric tem- 
peratures. Since the T e values are about half those for litho- 
sphere outside the superswells, the isotherms should be at about 
half the normal depths, and the surface heat flow should be 
about twice that expected. Since such high heat flow is not 
observed, we feel that regional reheating sufficient to explain 
the effective elastic thickness data is unlikely. 

In addition, a regional reheating model has other difficulties. 
The sites in the region of maximum depth anomalies (between 
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the Marquesas and Austral fracture zones), which should be the 
most affected by the superswell, do not have the lowest 
effective elastic thicknesses. The Society Islands (near the 
center of the superswell) and the Marquesas have about the 
same T e (Figure 13), although the latter is not in the superswell 
since the only depth anomalies north of the Marquesas fracture 
zone are those associated with this volcanic chain [McNutt and 
Fisher, 1987]. Of the three measurements in the Society 
Islands, Tahiti has the highest Te for all the 18 superswell 
region sites, but this large value may result from the site not 
being in equilibrium thickness yet [Calmant and Cazenave, 
1986]. However, this does not explain the relatively high 
values for Bora-Bora and Maupiti. Conversely, the five sites 
with the thinest effective elastic thicknesses (Pitcairn, Gambier, 

Mururoa, MacDonald, and Rapa) are south of the Austral frac- 
ture zone and hence outside the region of maximum depth 
anomalies. Finally, if regional reheating occurred then sites 
with the larger depth anomalies should be associated with higher 
heat flow, but this is not observed (Figure 7). 

Our observation of a lack of a heat flow anomaly for the 
superswell and inference that significant shallow regional reheat- 
ing has not occurred is consistent with new results for the 
Hawaiian hot spot chain. Von Herzen et al. [1989] suggest, 
from detailed heat flow data and comparison with other old 
lithosphere, that little reheating has occurred. They suggest that 
their data are compatible with at most about 100ø-200øC 
increase at the base of the plate and hence that a model assum- 
ing a significant dynamic component to explain the elevation of 
hot spots is required. In addition, recent results show that sur- 
face wave velocities along the Hawaiian-Emperor chain from 
Midway to Oahu are similar to those expected for unperturbed 
100-Ma lithosphere, and significantly faster than those expected 
if the Hawaiian swell originates primarily by large-scale reheat- 
ing [Woods et al., 1991 ]. 

What alternatives are there to a regional reheating model? We 
can see three possibilities that might reconcile the lack of high 
heat flow and the thin effective elastic thicknesses. 

First, the heat flow and T, observations could be consistent if 
the high temperatures occur only below the seamounts rather 
than throughout the region. Unfortunately, since the heat flow 
measurements were not taken to address this issue, only a few 
are within 200 km of the seamounts beneath which T• has been 
determined (Figure 2). The few measurements close to these 
seamounts do not show dramatically high heat flow. The heat 
flow values for the Marquesas (RIS 145, 146, and 147) and for 
the Society (RIS 136, 137, and 138) sims are not anomalous 
relative to the means and standard deviations for the age group. 
For the Austral-Cook chain, C13-132 and 133 and CAP-31B are 

a few mW m -2 greater than the mean plus 1 standard devia- 
tion, but less than would be expected if the plate were thermally 
weakened. Nonetheless, given the limited data and their loca- 
tion, we cannot exclude local reheating to very shallow depths. 

A natural question posed by the possibility of local reheating 
is why such a phenomenon would occur for the superswell hot 
spots but not others, since the effective elastic thicknesses 
observed near other hot spots (Figure 13) are significantly 
greater. The hotspots of the superswell region are not thought to 
be exceptional ones; each of the four hot spots (Pitcairn, 
Marquesas, MacDonald, and Tahiti) has about 3/8 the buoyancy 
flux of Hawaii [Sleep, 1990]. Similarly, McNutt and Judge 
[1990] proposed that the concentration of hot spots in the 
superswell occurs because the thinned lithosphere is easily 
penetrated by numerous, but relatively weak, thermal plumes 
that might be incapable of producing midplate volcanoes on nor- 
mal lithosphere. Hence these hot spots often produce volcanoes 
only intermittenfiy as a result of preexisting weaknesses in a 
plate and/or the thinner plate associated with the formation of 
the superswell [McNutt and Fisher, 1987; McNutt et al., 1989]. 
Inferred geotherms from analyses of mantle xenoliths would be 
useful, but few data are available for the superswell region. A 
study of ultramafic xenoliths, consisting of mainly spinel lherzo- 
lites, near Papeete (Tahiti), suggests temperatures of-1100øC at 
pressures less than about 15-20 kbar [Tracy, 1980] (about 
45-60 km) and thus suggests that very shallow reheating is not 
occurring. 

Second, the low effective elastic thicknesses might resuk 
from mechanical rather than thermal weakening of the litho- 
sphere. The presence of a significant amount of volatiles, such 
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as water, might result in a weaker rheology. Alternatively, 
weakening might be due to successive intrusion events resulting 
in cracking, flexing and reheating the lithosphere. This 
hypothesis has the same difficulty as that of local reheating 
under the seamounts, in that it is unclear why the superswell hot 
spots should show this effect whereas others do not. Perhaps the 
explanation lies in the complex tectonic history of the region. 
The Cook-Austral island chain has many anomalous features 
and is less linear and more segmented than the Hawaiian chain 
[Okal and Batiza, 1987]. Turner and Jarrard [1982] proposed 
that the Cook-Austral chain violated the age-distance relation- 
ship predicted for a single hot spot and suggested that a hot spot 
model for the chain would require three hot spots. Also, an 
area through part of the chain may have been affected by hot 
spot activity sometimes between the Late Cretaceous and 
Eocene [Diament and Baudry, 1987]. The Pitcaim chain was 
emplaced on lithosphere previously affected by the Easter hot 
spot (Gordon and Henderson, unpublished manuscript, 1985) 
and may have a complicated pattern of volcanism due to the 
complex interaction of the hot spot with fracture zones [Okal 
and Cazenave, 1985]. Although such effects might explain the 
unusual low Te for the Cook-Austral and Pitcairn chain, it is 
more difficult to explain the low values for the Society and 
Marquesas. 

Third, the low effective elastic thicknesses could reflect 
regional intraplate stresses resulting from plate boundary forces, 
such as suggested for the Indian Ocean [Cloetingh and Wortel, 
1985, 1986; Stein et al., 1989], or from the mantle upwelling 
associated with the superswell. The flexural response of the 
lithosphere to an applied load depends on both the mechanical 
properties and the regional stress [Turcotte and Schubert, 1982]. 
This possibility is suggested by the presence in the superswell 
area of widespread seismicity, some of whose epicenters seem 
unrelated to volcanic events, in contrast to Hawaii where most 

of the epicenters appear related to active volcanoes [Wysession 
et al., 1991]. However, a simple line load model assuming 
elastic behavior [Hetenyi, 1974] suggests that to reduce the 
effective elastic thicknesses by even 20%, -400 MPa (4 kbar) of 
compressional stress would be required. It seems unlikely that 
intraplate stresses would be so large given that the level of 
Pacific intraplate seismicity is not as high as that in the Indian 
Ocean. 

CONCLUSIONS 

The absence of a regional heat flow anomaly for the supers- 
well argues against a regional reheating of the upper lithosphere 
sufficient to explain the thin effective elastic thicknesses as a 
consequence of thermal weakening. The heat flow and effective 
elastic thickness data might perhaps be reconciled if beneath 
seamounts in the superswell area either major shallow reheating 
or mechanical weakening occurs. Additional data on the 
effective elastic thicknesses of superswell seamounts and their 
ages, and additional heat flow data near these seamounts, would 
be useful for better understanding the dynamics and evolution of 
the South Pacific superswell and the Darwin Rise. 
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