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Qceanic midpiste swells are identified by shallow seafloor depths. In tum, models of the processes giv-
ing rise to these vegions rely on assessments of how their depths, surface heat flow, and flexural properties
differ from these for lithosphere which is presumed not to have been affected by these processes. Such
comparisons have been inhibited because reference thermal models, which are assumed to describe unper-
turbed lithosphere, predict deeper depths and lower heat flow than typically obscrved for lithosphere older
than 70 Ma. As a result, both depth and heat flow snomalics can be overestimated. To address this
difficulty, we have derved model GDH1 (CGlobal Depth and Heat flow) by joimt fiting of heat flow and
bathymetry. GDH1, which has a hotter and thinner lithosphere than previous models, fits the depth and heat
flow data significantly better, including the data from older lithosphere previously treated as anomalous. It
also provides an improved fit 1o depth-to-basement date for ocean drilling sites, and to geoid offsets across
fraciure zones. The improved fit occurs for depth-age data from both the DBDB-3 digital bathymetry, and
from regional medians from ship wacks, which yield comparable depth-age curves. We use GDHI to study
three classes of midplate swells: the Hawaifan and other hot spot swells, the Darwin Rise area of
widespread Cretaceous volcanism, and the Superswell, coasidered a present analogue 1o the Darwin Risc
Heae flow on the Hawaifan swell, though anomalously high with respect to previous reference models, is at
most slightly high relative to GDHI. The situation is similar for the Bermuda, Cape Verde, and Crozet hot
spots. The absence of g significant heat flow anomaly favors a primarily dynamic, rather than thermal, ori-
gin for these swells. Similarly, the present depths and heat flow for the Darwin Rise are consistent with
GDHI, although they were anomalous with respect to previous reference models. The depth and heat flow
data thus provide no cvidence for the Darwin Rise being thermally different at present from lithosphere of
the same age clsewhere. The situation for the Superswell is similar to that for Hawaii, in that the heat flow
data arc consistent with those for unperturbed lithosphere, despite the shallow bathymetry, Flexural data
for the Superswell indicate that the lithosphere was anomalously weak at the time of searnount loading.
This also appears to have been the case for the Darwin Rise, but not for the Hawailan or other swells,
Although the weakness has been interpreted as due to clevaled temperatures in the lithosphere, the required
high temperstures should give rise to heat flow much higher than observed. Hence the Rexural sirength
anomaly with respect to Hawaii and other swells suggests that the lithosphere for the Superswell and
Darwin Risc has been mechanically weskened by the cumulative action of multiple hot spots

Attention is once again focusing on the timing and

mechanisms of midplate volcanism as a major factor

in the vertical tectonic history of the Central Pacific.
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INTRODUCTION

Understanding the nature and origin of significant vertical
crustal motion in the Pacific Basin has been a challenge since its
identification by Darwin [1845]. Menard [1964] proposed that &
large region of shallow bathymetry in the Western Pacific,
which he termed the Darwin Rise, had undergone major volcan-
ism and uplift during the Cretaceous (Figure 1). This region
(Figure 2) includes the Mid-Pacific Mountains, the Marshall
Islands, the Magellan Seamounts, and the Wake Guyots, With
the advent of plate tectonics, it became clear that the formation
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Fig. 1. Menard's [1964] medel for the evolution of the Darwin Rise by elevation of a broad region (A),
widespread Late Mesozoic volcanism (B), and Cenozoic subsidence (C).

of the Darwin Rise was a striking example of midplate volcan-
ism. Subsequently, considerable effort has been devoted to
investigating the processes responsible for the Darwin Rise and
other midplate volcanism and uplifts.

At present, the origin of the Darwin Rise is generally thought
to be related to the effects of mantle plames [Morgan, 1972)
Crough [1979] noted thot the present Easter and Macdonald hot
spots would have been under the Darwin Rise during the period

of uplift and volcanism, and proposed that the region
represented a series of seamounts formed along these tracks,
rather a broad area simultaneously uplified. By analogy to the
present Hawaiian hot spot, Crough proposed that the hot spols
were also associated with broad swells [Crough, 1978; Detrick
and Crough, 1978] which gave rise 1o regional uplifis, Deep
sea drilling, however, provided evidence for widespread volcan-
ism in the area in addition to the seamounts, leading to the
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Fig. 2. Bathymetry of the Pacific, showing the regions we used for Darwin Rise and Superwell depth and
heat flow analyses. Because the extent of the Superwell and Darwin Rise are ill-defined, the boundaries of the

repions we used are somewhat arbitrary,

suggestion that the areal extent and magnitude of the volcanism
and uplift exceeded that which might be expected from multiple
hot spot wacks {Winterer, 1973; 1976; Jackson and Schlanger,
1976; Schlanger and Premoli-Silva, 1981; Larson and Schlanger,
1981; Schlanger et al,, 1981]. Menerd [1984] therefore proposed
that the hol spot model could be reconciled with the regional
uplift and volcanism by assuming that the Cretaceous Darwin
Rise was similar to the present area extending from the East
Pacific Rise to the Society Islands. He considered this area,
iermed the Polynesian Plume Province (PPP) [Vogt, 1981], w0
contain both a broad regional uplift and a number of hot spot
swells, including the Cook-Austral, Marquesas, Pitcairn, and
Society seamount chains. These hot spot tracks have formed
voleanic edifices in the past 18 Ma [Duncan and Clague, 1985],
giving rise to a complex pattern of volcanic ages and types.
Holocene volcanism occurs at several sites on the chains, and
the NW-SE trend of the plateaus and island chains is similar to
that of the Hawaiian hot spot rack. Because meny of these hot

spot tracks can be traced back to the Darwin Rise, a similar
sitnation might have formed the Darwin Rise.

McNutt and Fisher [1987] proposed the term ‘‘Superswell’
for the PPP, and further developed the concept of this area as a
present-day analog to the Darwin Rise. They noted that the
Superswell area, from west of the East Pacific Rise to approxi-
mately 160°W, 9-30°5 is substantially shallower than expected
for its age, which ranges from 20 to 90 Ma In addition, the
effective elastic thicknesses of the lithosphere caleulated from
the loading of volcanoes and seamounts are substantially less
than expected for the age of loading [McNutt and Menard,
1978; Calmant and Cazenave, 1987; Calmant ot al, 1990].
McNuit and Fisher suggested thar the shalow bathymetry
resulied from the lithosphere in the area having the temperature
stucture of an spomalously thin 75-km thick thermal plate.
McNutt and Judge [1990] further sugpgested that the weak
fiexural swrengths, low surface wave velocities [Nishimura and
Forsyth, 1985], and geochemical anomalies [Hart, 1984, 1988;
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Castillo, 1988] were consequences of the combined effects of a
thin thermal plate and a deeper low-density plume. In this
model, the lithosphere is thinned by enhanced heat flux {rom the
mantle and Iow viscosity beneath the plate, such that the weak
plate is easily penctrated by hot spat velcanism. The net volume
flux of the Superswell plume has been estimated as approxi-
mately 30% of the total global plume flux, a flux exceeding that
of the Hawaiian plume, thought to be the single Jurgest {Sleep,
195904,

Extending this analysis, McNut and Fisher [1987] interpreted
the Darwin Risc as also snomalously shallow for its age. They
noted other similarities to the Superswell, including similar
petrologic anomalies [Hart, 1984; Natland and Wright, 1984]. In
addition, the effective elastic thicknesses are lower than
expected for the sge of loading {Calmant, 1987; Calmant and
Cazenave, 1987; Smith et al, 1989; Wolfe and McNut, 1991].
MeNust et al. [1990] suggested a schematic history in which the
Darwin Rise was dynamically uplified during the Cretaceous,
and was then similar to the present Superswell unmtl about
70-80 Ma. The present depth was thus interpreted as
anomalously shallow, indicating a residual cffect of the transient
Cretaceous reheating. Larson [1991] termed the Cretaceous
event a *‘Superplume,'’ which produced both the Darwin Rise
and very large amounis of lithospherc at midocean ridges. In
this model, the present Superswell reflects the Superplume's
waning phase. Davies and Pribac [this volume] propose that the
Darwin Rise and Superswell reflect the effect of both plume
material and anomalously warm decp mantle material.

Models for the Darwin Rise and Superswell thus combine
aspects of the two basic models that have been proposed for the
origin of hot spot swells. In ene medel, the swell is a thermal
effect due 10 the hot spot thinning and heating the lithosphere at
depth {Detrick and Crough, 1978; Von Herzen et al,, 1982]. In
the second model, the uplift is primarily due to the dynamic
effects of the upwelling plume [Parsons and Daly, 1983; Court-
ney snd White, 1986; Robinson and Parsons, 1988; Sleep,
1992], which may largely reflect thermal buoyancy forces within
the upwelling mantle [Liu and Chase, 1989; 1991]. Thus the
Darwin Rise and Superswell may reflect, at least in part, pertur-
bations 10 the thermal struciure of the lithosphere, as evidenced
by depth and flexural strength anomalies relative o unperturbed
lithosphere of the same age. Similarly, the possible thermal per-
turbations  associated with smaller “‘ordinary’ swells are
modeled using as constraints depth, heat flow, and flexural
strength anomalies. As a result, lectonic interprelations can
depend significently on the reference model which is assumed 1o
charseterize the themmal evolution of unperturbed (M'normal’)
lithosphere, and its corresponding predictions for the varialion in
depth and heat flow as functions of age. In this paper, we dis-
cuss the selection of g reference model, and explore its implica-
tions for tectonic interpretations of hot spot swell regions.

ReFERENCE MoDEL GDH1
Motivation
Studies of lithospheric processes, such as the origin of the
Darwin Rise and Superswell, make use of a reference model in
two complementary ways. First, the predicted variations in

depth and heat flow as functions of ape are used to identify and
characterize anomalous regions. Second, the thermal stucture
model is assumed o characierize unpenturbed lithosphere, and
thus provide a basis by which the inferred depth and heat flow
perturbations are used to estimate thermal perturbations and
corresponding perturbations in temperature-dependent physical
properties such as material strength or seismic velocity.
Reference models are developed using as constraints the
decrease in heat flow and increase in seafloor depth with age as
lithosphere formed at high temperature cools as it spreads away
from the ridge (Figure 3). These data jointly reflect the evolu-
don with age of the lithospheric geotherm, because the bathy-
metry depends on the temperature integrated over depth and the
heat flow depends on the temperature gradient at the sea floor.
The simplest reference model is one in which the lithosphere
behaves as the cold upper boundary layer of a cooling
halfspace, such that depth and heat flow vary as age™? and
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Fig. 3. Data and models for heat flow and ocean depth as s
function of sge. Data are averaged in two-m.y. bins, and one
standard deviation about the mean value for each is shown by
the envelope. Also shown are the predicied values for the plate
model of Parsons and Sclater [1977) (PSM), a cooling halfspace
model with the same thermal parameters (HS), and the GDH1
plate model. Heat flow for the HS and PSM curves overlap for
ages younger than --120 Ma. {Siein and Stein, 1992].



age 2, respectively [Davis and Lister, 1974]. This model, with
reasonable values for the physical parameters, describes the pri-
mary features of the depth and heat flow variptions, Subse-
quently, however, it was recognized that the depth and heat flow
data “‘flatten”’, varying more slowly with age for older litho-
sphere (Figure 3). Most recent studies thus use a reference
model in which the lithosphere is treated as a cooling plate with
an isothermal lower boundary [Langseth et al., 1966; McKenzie,
1967; Pusons and Sclater, 1977]. For young ages, the plate
behaves like a cooling halfspace, but for older ages, the effects
of the lower boundary cause the depth and heat flow curves 1o
flatten.

The lower isothermal boundary condition models the addi-
tional heat input from below, which is assumed 1o prevent the
halfspace from continuing to cool for older ages. Various
mechanisms including radiogenic heat [Crough, 1977], shear
heating {Schubert et al,, 1976}, small-scale convection [Parsons
and McKenzie, 1978; Parsons and Richier, 1981], and mantle
plumes [Heestand and Crough, 1981] have been proposed as
sources of this additional heat, In most of these formulations,
the asymptotic plate thickness to which the lithosphere evolves
corresponds to the depth at which the additional heat iz sup-
plied, and above which temperature changes cause bathymetric
variations. Because the thermal structure within the lithosphere
does not depend critically on how this heat is supplicd [Parsons
and McKenzie, 1978)], the plate model has become a standard
for comparing the predicted temperatures within the lithosphere
1o other data including seismic surface wave velocities [Forsyth,
1977; Sato et al., 1989], flexure due to applied loads [Bodine et
al, 1981] and the depths of intraplate earthquakes [Wiens and
Siein, 1983; Chen and Molnar, 1983].

Parsons and Sclater [1977] found that such a model, with a
125 km thick plate with 1350°C basal temperature, provided
good fits to the data then available It described the general
shape of the depth curve, including the flattening for ages > 70
Ma, and the heat flow for ages > 50 Ma. Hs major limitation,
the underprediction of heat flow for ages < 50 Ma, is thought 10
result from the transport of significant amounts of heat by water
circulation [Lister, 1972; Anderson and Hobar, 1976; Wolery
and Sleep, 1976]. The Parsons and Sclater model (a term ofien
applicd to a plate model with the parameters they estimated
from the available data), has become a standard medel for the
lithosphere.

For studies of processes that may have formed hot spot
swells, however, the Parsons and Sclater model (hereafter, PSM)
has serious limitations. [t predicts deeper depths and lower heat
flow than generally observed for lithosphere older than 70-100
Ma (Figure 3). As a result, depth data [Kaula snd Philips, 1981;
Sclater and Wixon, 1986; Renkin and Sclater, 1988; Marty and
Cazenave, 1989; Colin and Fleitout, 1990; Smith, 1990; Stiein
and Abbott, 1991] and heat flow data [Detrick et al, 1986;
Louden et al,, 1987; Von Herzen et al, 1989; Lister et al,
1990; Langseth et al, 1990; Stein and Abbott, 1991] for older
lithosphere typically eppear snomalous. Hence an area with
depth or heat flow anomalous with respect to PSM need not
differ from the average lithosphere of that age.
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Derivation

To alleviate this difficulty, we have developed a new refer-
ence model by a combined analysis of recent depth and heat
flow data [Stein and Stein, 1992]. We used a global heat flow
data set derived primarily from a published compilation
[Louden, 1989], with additional data some of which have been
reported elsewhere [Stein and Abbott, 1991]. Because the heat
flow and depth for old lithosphere are crucial joint constraints,
the model was derived with only dats from regions where the
published depth data extend to at least 166 Ma and have been
corrected for sediment thicknesses. The combined depth data for
these areas, the Northwestern Atlantce {[Sclater and Wixen,
1986] and North Pacific [Renkin and Sclater, 1988], snd the
corresponding heat flow data are shown in Figure 3, and listed
in Table 1.

We used the depth data for all ages and the heat flow data for
ages greater than 50 Ma to constrain the primary parameters of
a plate model: lithospheric thickness (@), basal temperature
(T}, and coefficient of thermal expansion (o). Fipure 4a-c
shows contours of the misfit to the data as a function of basal
temperature and thickness, for the best fitting coefficient of ther-
mal expansion, 3.1%107% °C™". These plots show a slice of the
three dimensional model space with the coelficient of thermal
expansion fixed. Figure 4d shows the misfit as a function of the
coefficient of thermal expension and basal temperasure, for the
best fitting thickness of 95 km, and Figure de shows the misfit
as a function of the coefficient of thermal expansion and thick-
ness, for the best fitting basal ternperature, 1450°C,

The misfit contowrs for the depth data show & diagonal pat-
tern, because the asymptotic depth for infinitely old age is pro-
portional to the product of plate thickness and basal tempera-
wre. The best fit is for & thinner plate and somewhat higher
basal ternperature then in PSM, consistent with the observed
depths (Figure 3) being shallower than predicted by PSM. The
heat flow data for lithosphere older than 50 Ma provide a
separate constraint. The misfit comtowrs are elongated in the
opposite sense as for the depths, because the asymptotic heat
flow for infinitely old age depends on the ratio of basal tempera-
wre to thickness. As for the depths, the best fit occurs for a
thinner plate and hence higher T,/a than for PSM, because the
observed heat flow exceeds that predicted by PSM. The
cocfficient of thermal expansion plots show the best fitting
value, and the partial tradeoffs due to the fact that the depths for
young and old ages depend on the products eT,, and oT,a,
respectively. Joint fitting of the combined depth and heat flow
data gives a best fit for a 95 km thick plats, with & basal 1em-
perature of 1450°C, and a coefficient of thermal expansion of
3.1x107% °C1. The model paramelers are listed in Table 2,

The depth and heat flow predictions for this model, which we
call GDHI (for Global Depth and Heat flow), are accurately
approximated using a halfspace model with the same parameters
for young lithosphere, and the first term of the series solution
for old lithosphere [Stein end Stein, 1992]. The depth (m) is
related to the age (Ma) by

d () = 2600 + 365 117
= 5651 ~ 2473 exp(~0 0278 t)

<20 Ma
t220 Ma
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TABLE 1: Data for GDH1 Model

Age range Depth Heat flow | Age range Depth Heat flow
(Ma) (m) {mW m32) {Ma) {m) {mW m?)
0.2 2896 4+ 139 269 4 182 82 -84 5519 + 304 62 4+ 17
2-4 3176 £ 162 138+ 118 84 -86 5516+ 298 50423
4.6 3378 + 196 185 + 82 86- 88 5482380 934117
6.8 3568 + 208 101 * 66 88 -90 5477 £ 385 65+ 22
g-10 3700 £ 162 110 £ 61 90 .92 5514+ 338 5912
10-12 3832 & 187 87+35 92-94 5507 £ 363 34 %16
12- 14 3811 + 264 95 & 61 94 -986 55424321 69 & 27
14 - 16 3898 + 207 17 £ 51 96 -98 5415 £ 476 63 £ 23
16 - 18 4001 + 227 90 + 52 98 - 100 5417 £ 460 355%12
18 - 20 4065 + 198 67+41 | 100-102 5435 £ 357 42% 12
20 - 22 4142 + 189 19 +41 | 102-104 5416 £ 333 49+7
22 -24 4244 + 194 50437 | 104 -106 5377 + 389 577
24 .26 4303 £ 197 44 £ 26 | 106 - 108 5305 + 496 547
26 - 28 4388 + 188 56127 : 108-110 5319 £ 410 62+ 15
28 .30 4430+ 173 74426 1 110-112 5320 £ 479 68 % 42
30-32 4547 £ 183 15447 § 112114 5232 + 488 50+ 8
32-34 4605 + 203 65+36 | 114-116 5177 + 487 S4+8
34-36 4652 + 226 66+£32 | 116-118 5213 +£440 50%£9
36 -138 4715 & 217 51+£33 | 118 - 120 5249 + 466 5019
38-40 4769 + 224 47129 | 120-122 5372 :+294 53 & 12
40 - 42 4836 + 209 80475 | 122 - 124 5355 £330 55+ 7
42 - 44 4871 £ 193 67+ 18 § 124 .126 5402 £310 53£9
44 - 46 4915 £+ 175 534£22 ¢ 126-128 5446 £ 1331 42+ 14
46 - 48 4867 + 208 53141 1 128-130 5388 L 444 60 + 30
48 - 50 5015 + 198 54124 ¢ 130-132 5495 £ 436 49+ 11
50-52 5056 + 225 54+22 § 132134 5545+ 394 52 & 12
52 - 54 5151 + 187 63+£37 | 134 -136 5628 £ 252 44 + 16
54 - 56 5181 £ 212 S8 17 | 136- 138 5625+ 296 5011
56 - 58 5287 £ 224 74 438 ¢ 138 - 140 5639 £ 310 09
58 - 60 5306 £ 221 61 +£31 § 140-142 5628 £ 405 50&12
60 - 62 5303 + 217 55+30 ¢ 142-144 5558 + 427 54 & 14
62 - 64 5358 + 237 T7+52 { 144 - 146 5567 1 472 48+ 8
64 - 66 5367 + 233 57+£20 | 146 - 148 5470 £ 505 35+21
66 - 68 5374 £ 236 53429 | 148 - 150 5602 & 437 57+ 15
68 - 70 5400 + 210 49 £ 15 | 150 - 152 5355 + 455 50% 6
70-72 5436 + 204 64 £20 [ 152 - 154 5474 £ 541 60 % 16
72-74 5489 + 185 471723 | 154 - 156 5449 1 565 49 £ 15
74 .76 3466 + 236 53217 | 156-158 5476 £ 518 33+ 13
76 - 18 5484 1 252 8156 | I58-160 5456 + 450 46 + 16
78 - 80 5496 + 262 66+ 34 | 160-162 5299 + 533 50x8
80 - 82 5519 + 322 124526 | 162 - 164 5229 + 465 54+ 14
164 - 166 5270 * 489 49 + §
and the heat flow (mW m?)is and standard deviation of the depth and heat flow for lithosphere
= iz older than 140 Ma are 5464 + 484 m and 52 + 13 mW m™2
q() =310+ ¢35 Ma GDHI predicts an asympiotic depth for infinitely old lithosphere
= 48 + 96 exp(—0.0278 1) (>55 Ma . of 5651 m, considerably shallower than the 6400 m for PSM.

(The 1% term in the expression for young depths in Stein and

Stein [1992] is a typographical error.)

GDH1 fits the data significandy better than PSM, especially
for old lithosphere (Figure 3). For the dataset we use, the mean

The ssympiotic heat flow for GDHI is 48 mW m™, approxi-
mately 40% higher than the 34 mW m2 value for PSM. An F-
ratio test indicates that the improved fit 1o the depth and heat
flow data is significant above the 99.9% level. Figure 4f shows
that the improved Bt of GDHI relative to PSM is comparable to



HEAT FLOW & DEPTHS
L

£ 170 £ 1700 ;

g 1500 = 1500

W Lad

29 [N

= X

{ad S

# 1300 1300

) g

5 4 PSM

@ 1500 LB R+ ST T I T

b R I 5

G —- HEAT FLOW & DEPTHS

&£ 170 E

- 2 140

5 0

< 1500 120

% % 100

1300

"<" % 80

b T 6ok R

= 1100 P R S

30 IR A M .

T | 7op HEAT FLOW & DEPTHS | THERMAL EXPANSION (10-5ec™1)

L T T 1 ¥ E

" o © MISFIT 7O GOH1 DATA

: ]

< 1500 L R 4t 5 noot tlow

e GOH1 i =

i 1! o , dopth

3 ol £ 3 P 7]

oy} 1o H n

130G H o F 2

2 H sL o i

< {PsMi v

D100, g yE, o ==
B0 B0 700 150714 As PSH GO
PLATE THICKNESS (km) THERMAL MODEL

Fig. 4. (a-e): Contour plots of the misfit to subsets of the data
as & function of combinations of the three parameters. In each
panel, the best fit is denoted by a cross, and the contours show
values 1.25 and 2.5 times the minimum misfit. Parsons and
Sclater's values (PSM) and their estimated uncertsinties are also
indicated. The best fining soluwtion for the combined depth and
heat flow (c-e}, 8 95 km thick plale with a basal temperature of
1450°C and coefficient of thermal expansion, 3.1x10°%°C is
model GDH1. (f): Misfit to the data for GDHI, PSM, the
halfspace model, and a version of the PSM model including
radioactivity {arrow), which predicts the same depths but higher
heat flow than PSM. [Stein and Stein, 1992).

that for PSM relative to the halfspace model. An Foratio test
shows that GDH1 also provides an improved fit above the
99.9% level relative to a version of the PSM model in which in
addition to the heat flow due to plate cooling, 4 mW m™? is
assumed to be generated by radicsctivity [Parsons and Sclater,
1977], giving the same depths as PSM but 2 better fit to the
heat flow.

GDH1 was developed by joint fitting of heat flow and bathy-
metry. The heat Alow data alone [Stein and Stein, 1992) are
best fit by a model with an 80 km thick lithosphere end a
1300°C basal temperature, corresponding to a 6% higher (51
mW m2) asympiotic hest flow than for GDHI. Such a heat
fiow-only model is poorly constrained due to the leck of depth
data. It Hlustrates, however, that GDH1 slightly underpredicts
the heat flow data.
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TABLE 2: GDHI model parameters

a plate thickness 95 km

Ty  basel temperature 1450 °C

o thermal expansion coefficiemt  3.1x107% °C™!

k  thermal conductivity 3138 Wm 7t eC?
C,  specific heat 1171 kT kgt °C?
P  mantle density 3330 kg m

P water density 1000 kg m™?

d,  ridge depth 2600 m

GDH1 is represemative of the plate models that fit the data
well. Quantification of the true uncertainties in model parame-
ters is difficult, given the limitations of the datz and model
From examination of fits to the data, we estimaie the plate
thickrtess as 95 £ 15 km, basal temperature as 1450 + 250°C,
and o as 3.1+ 0.8 x107° °C™', where the uncertaintics are one
standard deviation, and do not include the uncertainty in the
model or other parameters (e.g. conductivity). Ahernatively, if
we regard 0. as known a priori, we estimate the thickness and
T, uncertainties as 10 km and 100°C, respectively. ‘Thus our
solutions have plate thicknesses generally less than Parsons and
Sclater's estimate (125 + 10 km), basal temperatures comparable
o their estimate (1350 £ 275°C), and o comparable to their
estimate (3.2 £ 1.1 x107% °C1).

PROPERTIES OF REFERENCE MODELS

Thermal models of the lithosphere are used in several ways
for tectonic studies. First, they provide reference models to
characterize the average variation in depth and heat flow with
age for assumed-‘‘normal’’ lithosphere. It is thus possible to
identify regions which are anomalous with respect to a reference
model, and to estimate how anomalous the depth and heat flow
are. Second, & model predicts a temperature structure for ‘“nor-
mal’’ lithosphere, and hence can be used to draw inferences
about the processes giving rise to the temperature structure of
both *‘nommal’’ and ‘‘anomalous’” lithosphere, These two appli-
cations are somewhat decoupled, in that it is useful to character-
ize "‘normal’’ lithosphere and identify anomalies, although the
assumed thermal structure presumably spproximates & more
complex situation.

The reference model is thus wsed to distinguish *‘normal”
lithosphere, that characterized by normal heat flow and depth,
from “‘anomalous’ lithosphere. Moreover, lithosphere can be
characterized as either thermally anomuafous, in that both its
depth and heat flow are anomalous, presumably due to elevated
temperatures in the lithosphere, or lopographically anomalous,
presumably due primarily to mantle flow. Table 3 summarizes
these end member cases. As discussed shortly, hot spot sweils
appear to be closer to topographic anomalies than thermal ones.

This classification relies on the fact that we, like Parsons and
Sclater [1977], find a consistent thermal model by fiting the
depth and heat flow jointdy. Although empirical curves could be
derived for either data type alone, they are generally less useful
in investigating thermal structure. First, there is no requirement
that the other data type be well fit. Second, an empirical depth-
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TABLE 3: End Member Lithospheric Types

Normal Toepographicaily Thermally

Lithosphere Anomalous Anomalous
Lithosphere Lithosphere

Heat flow and Deptlr significanily Depth significantly

depth fit shallow with respect  shallow and

reasonably well 10 GDH1: Heat flow  heat flow

by GDHI1 normal or significantly high
slightly elevated with respect 1o GDH1

Most 70 Ma Hotspot swells

lithosphere,; {Hawaii, Bermuda,

Darwin Rige (at

Cape Verds, Crozet)

present) and Superswell

Normal lithospheric
thermal siructure

Primarily
dynamic uplift

Anomalous lithospheric
thermal structure

age curve often achieves a better fit to dala because it treats the
young and old depths separately [Smith, 1990} and hence con-
tains a greater number of parameters than a plate model. The
improved fit is thus meaningful only if it exceeds that expected
purely by chance due to the additional free parameters. Third,
because constants in such models which correspond to combina-
tions of the thermal model paremeters are estimated indepen-
dently, they can yield inconsistent values of the thermal modei
parameters, and thus be of litde value in predicting the geoth-
erm. In contrast, joint fitting of depth and heat flow assumes
that both variations reflect the cooling of the lithosphere.

GDH]1, like most thermal models for the lithosphere, is
phenomenological in that it was derived to be the simplest
model that describes the observed variation in depth and heat
flow. These variations may in parl also reflect other possible
effects, some of potential significance, which are not inciuded in
the model [Stein and Stein, 1992]. OF special importance for our
discussion here is that the variation in depth with age is
assumed to result entirely from the temperature structure of the
lithosphere [Parsons and McKenzie, 1978], whereas depth
effects can also reflect sublithospheric processes [Hager and
O'Connell, 1980; Buck and Psrmentier, 1986; Davies, 1988;
Yarvis and Pelticr, 1989; Davies and Pribac, this volume]. In
addition, the plate model used here does not incorporate time
dependent effects beyond cooling, such as might be associated
with the proposed Cretaceous superplume [Larson, 1991}
Determination of the magnitude of these possible effects not
included in the plate model has long been challenging precisely
because the simple plate model fits the two primary surface
observables, depth and heat flow, reasonably well. Although the
depth-age and heat flow-age curves are derived assurning a ther-
mal model, their utility is not directly tied to the appropriateness
of the thermal model.

The choice of the data used to derive the medel is crucial.
Some data must be excluded becsuse of biases, but as more data
are excluded, the resulting medel is increasingly influenced by &
priori assumptions sbout the processes being described. For

example, we have chosen not to fit the heat flow data in young
lithosphere, because of the assumed bias from hydrothermal
flow. We have not attempied to remove the effect of hot spot
swells, because removing swells requires using an a prier refer-
cnce model to decide which lithosphere is anomalously shallow,
which in tumn influences the resulting view of what depths are
“*normal.”” Our approach differs from Parsons and Sclater’s
largely in the choice of which depths for old lithosphere to fit
Thelr approach, fitting a model to the deepest old lithosphere,
crused the remaining old lithosphere to appear shallow, We
tnsteed fit 8 model o all the depth data. By doing so, we
assumpe that whether the temperature structure causing flattening
of the depth curve reflects small scale convection, hot spot
reheating, or other processes, an appropriate global reference
model should reflect their average effects.

An alternative view is to adopt the cooling halfspace model
as the reference [Davies and Pribac, this volume]. With this
reference almost all old lithosphere is anomalous, and the
degree 1o which it is anomalous indicates the perturbation to the
cooling halfspace. Thus Ilithosphere which would be called
*‘normal”’ relative to GDHI1 would be perturbed by the *‘usual™
amount for its age relative to a halfsprce. A disadvantage with
the halfspace reference model is that it is harder to identify
regions of old lithosphere which are significantly more perturbed
than most old lithosphere.

Implicit in our approach, in which the model is fit to the
data, is that the model depends on the data used 1o derive it. In
particalar, given that old lithosphere is restricted 1o a few
regions, the choice of data has an important effect. Successive
reference models are improvements over previous models, in
that they better fit more of the data that the previous ones could
not. Nonetheless, the differences in subsidence rates between
plates and within plates are substantial enough [Davis and Lis-
wr, 1674; Cochran, 1986; Hayes, 1988; Marty and Cazenave,
1989] that no single model can perfectly represent the data.
Similarly, our fiting of mean depths, which are convenient for
statistical analysis, or the alternative of fitting modal depths,



which are less affected by processes which produce shallow
depths, affects the result somewhat, as discussed shortly. As a
result, any globel reference model is an approximation to an
unattainable ideal,

Tes1s OF THE GDH1 MobgL

Before applying the GDH1 model to study midplate swells,
we examined how well the model fit several other data sets.

Drill Site Data

First, we considered a global data set of the basement depths
{corrected for sediment) versus age compiled for all DSDP and
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Fig. 5. Top: Fits to a globa! data set of the basement depths
(corrected for sediment) versus age for DSDP and ODP drill
sites [Johnson and Carlson, 1992]. The curves are for GDHI,
the plate model of Parsons and Sclater [1977] (PSM), and &
cooling halfspace model with the same thermal parameters (HS).
These datz were not used to derive GDH1. Center: Fits to this
data set combined into 20 My bins. Bottom: Net misfit to the
binned data. GDHI offers a significantly better fit than PSM (a
56% misfit reduction),
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ODP drill sites which recovered normal tholetitic extusive
basalts [Johnson and Carlson, 1992]. This test has several
advantages, First, these data were not used in deriving GDH1.
Second, the basement depths and ages are well constrained for
the drill site data. Third, these data include sites in the Indian
QOcean, whereas no Indian Ocean data were used lo derive
GDH1. Figure 5 shows that GDHI offers a significantly better
fit than PSM (a 56% misfit reduction). An independent analysis
of these depth data [Johnson and Carlson, 1992] yielded a best-
fining plate model with a thicknesses of 105 £ 10 km and &
basal temperature of 1400 £ 140°C, values guite consistent with
GDH1,

Ocean-specific Data

Next, we tested the possibility that GDHI's good fits to the
old lithosphere in the Pacific, which are especially important in
this paper, might merely reflect the use of these depths in deriv-
ing it. To address this issue, we found best fiting plate model
perameters separately for the North Pacific and Northwest
Atlantic data, using the same procedure as for GDH1. The
resulting models, NPC1 and NWAI, both have 90 km thick
plates with a basal temperature of 1373°C. The coefficients of
thermal  expansion  differ, being 3.3%10°5°C!  and
3.5%10° °CY, respectively. Alternatively, if we require that the
coefficient of thermal expansion be that used in the GDH1
model, 3.1x107* °C™}, we find models NPC2, a 95 km thick
plate with a 1425°C basal lemperature, and NWAZ, a 95 km
thick plate with a 1400°C basal temperature. For convenience,
we tefer to these models by name, with those ending in *2"'
being those derived with a fixed coefficient of thermal expan-
sion. Chosing between the two members of the pairs of models
is largely a matter of taste; keeping the coefficient of thermal
expansion the same is attractive philosophically, but the
improved fits resulting from allowing the additional free param-
eter are statistically significant as measured by an Foratio test,
As discussed later, the apparent variation in the coefficient of
thermal expansion probably reflects limitations of the simple
plate model.

Comparisont of ocean-specific models NPC1 and NWAL to
the data (Figure 6) illustrawes both similarifes and differences.
The average heat flow as a function of age is similar for the two
plates, although as previously noted the Atlantic data have
larger scatter 1o older ages [Anderson and Skilbeck, 1981} The
predicted heat flow, which does not depend on the coefficient of
thermal expansion, is the same for these two models, The
depths, however, are different between the two oceans. For ages
less than about 70 Ma, the depths are similar. For older ages,
however, the Pacific is generally shallower. For the dataset we
use (Table 1), the mean depth and standard deviation for nges
older than 100 Ma is 5423 £ 432 m, an average of the Atlantic
snd Pacific values of 5649 * 308 and 5197 £ 807 m, respec-
lively. NWAL, with a larger coefficient of themmal expansion,
fits the deeper Atlantic depths for old lithosphere reasonably
well. NPCI, however, does not fit the shallower Pacific depths
for old lithosphere as well The misfit presumably reflects the
fact that much of the shallow topography in the Pacific, such as
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Fig. 6. Northwest Atlantic and North Pacific heat flow and
depths as a function of age. Data are averaged in five-m.y.
bins. Also shown are the predicted values for global models
GDH1 and PSM, and models NWA1 and NPC1, each derived
using data for a single ocean basin, NWA1 and NPC1 have the
same predicted heat flow. The predicted depths and heat flow
for the ocean-specific models closely resemble those for GDHI,
indicating that GDH] is a suitable average model for both ocean
basins,

hot spot swells, plateaus, or flood basalts, is produced by
processes not represented by the plate model.

The ocean-specific model parameters, and the predicted
depths and heat flow, are quite similar to each other and GDH1.
In particular, the predicted heat flow for GDHI is essentizily the
same as for either ocean-specific model. Thus GDHI is not
unduly biased by data from one plate with respect 1o the other,
Given the scatter in the data and the ranpe of model parameters
which give similar fits, we consider GDHI a good compromise
model for both ocean basins and data types. Hence although no
reference model can fully characierize oceanic lithosphere, due
to the ntrinsic differences between and among ocean basins
{Marty and Cazenave, 1989}, GDHL1 is a good approximation.

Digital Bathymetry versus Regional Median Depths

The depth data we used are from studies using the mean
depths from DBDRB-5 (or ETOPO-5) digital bathymetric dataset,
which have some biases. To assess the effect of such biases,
we compared the Pacific data to a recent set of depth data for
the Pacific (Figure 7), which are computed as regional median
depths taken directly from ship wacks [Smith, 1990} These

data, which span the Pacific Plate, vary with age in essentially
the same way 28 the mean depths for the North Pacific Ocean
from the digital database [Renkin and Sclater, 1988}, which we
used in deriving GDHI. Given that the two data sets only par-
dally overlap in space, the agreement is gratifying. Some of the
differences, such as the North Pacific being slightly deeper for
young ages, may reflect the different aress sampled as much as
the different data types. For older ages, where the two data sets
largely sample the same area, the median depths smooth the
curve, by reducing the effects of seamounts, platesus, and other
structures which bias the mean to shallower depth. As the figure
illustrates, the two datasets are quite comparable, both before
and after we applied en approximate sediment correction (a
linear increase of sediment thickness with age rising to 300 m at
180 Ma) to Smith's daeta, The median absolute difference
between the two datasets is approximately 130 m. The apparent
difference in the uncertainties reflect Smiths' use of quartiles
rather than standard deviations. Thus although the regional
medians can offer better local detail and some smoothing, their
overall depth-age behavior is quite comparable to the digital
bathymetry, especially given the intrinsic scatter in the data,
Given that the differences between the regional medians and
digital database are small compared to the differences in the
thermal model predictions, we expect little difference between
the lithospheric thermal structure inferred from the two. This is
in fact the case. We inverted the corrected median depths by
assuming &  coefficient  of  thermal  expansion of
3.1 £ 0.8 x1075 °C7, because ¢ cannot be found independently
from the basal temperature with depth data alone. The resulting
model, SCD, is a 105 km thick plate with a basal temperature
of 1300°C. Inversion of these depths together with the Pacific
heat flow data yields model SCDHI, a 105 km thick plate with
2 basal temperature of 1550°C, and coefficient of thermal
expansion 2.6x1073 °C1 Alternatively, fixing the coefficient of
thermal expansion &t 3.1x10°9°C*! yields a poorer-fitting
model, SCDH2, a 90 km thick plate with a 1375°C basal tem-
perature, SCDHI is almost identical from the depth-only result
in its depth predictions, but also fits the heat flow, The depth-
age curves for SCDH1 are similar to those for NPC1 (Figure 7),
differing largely in their predictions for the young depths, and
are thus similar to those for GDHI. As discussed shortly, the
predicted temperatuge structures are alse quite similer. Thus for
the Pacific, the mean depths from digital bathymetry are essen-
tially as good for depth-age studies as regional median depths,

Geoid Data

Another test of GDHI is 1o examine how well it fits geoid
data, which reflect a depth-weighted integral of the density dis-
tribution, ard hence provide a different constraint on the geoth-
erm from those offered by bathymetry or heat flow [Turcotte,
1986]. Lithespheric thickness as a function of age can be
inferred [Crough, 197%; Sandwell and Schubert, 1982;
Cazenave, 1984] from the geoid offset resulting from the age
difference across fracture zones. This technique has the advan-
tage that it suppresses the long wavelength geoid variations, and
concentrates on the offset which should reflect lithospheric
thickness. Figure 8 shows the fit 10 geoid data across a set of
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Fig. 7. Top: Comparison of different depth-age data for the Pacific, The North Pecific dota [Renkin and Sclater,
1988} are mean depths, whereas the Pacific-wide data [Smith, 1990] are regional median depths from ship tracks.
The data sets are quite comparable, both before and after we applied an approximate sediment correction to the
median data. The apparent difference in uncertainties is because the mean depths are shown with the standard devi-
ation, end the median depth with the quartile range. Both data sets are fit better by GDDHI than PSM. The depth-
age curves for SCDHI, derived from the median depths, and NPC1, derived from the North Pecific data, are similar
to each other and GDHI. The mean depths from digital bathymetry and regional median depths from ship tracks are

thus essentially equivalent for our purposes.

Pacific fracture zones [Cazenave, 1984]. As noted in that paper,
the data are much better fit by lithosphere thinner than the 125
km thickness for PSM. GDH]1 provides a significantly better fit,
but still overpredicts the geoid step, especially for young (<30
Ma) lithosphere. This misfit at the young ages may reflect the
mechanics of fracture zones being more complex than a simple
thermal age offses [Parmentier and Haxby, 1986; Marty et al,
1988; Driscoll and Parsons, 1988; Robinson et al,, 1988; Wessel
and Haxby, 1990].

COMPARISON OF TEMPERATURE MODELS

The discussion of the thermal models resulting from inverting
different data sets brings out the question of how to compare the
medels. Each model is specified by four primary parameters; the
plate thickness a, basal temperature T,,, coefficient of thermal
expansion ¢, and thermal conductivity k. The other parameters,
densities, specific heat, and ridge depth are generally assumed,
although the latter can also be estimated direcily. For simpli-
city, we and others generally treat the conductivity as the same
for all models. For GDHI, the improved fit from estimating the
conductivity from the data is not meaningfully better than using
an a priori value [Siein and Stein, 1992],

We could compare the other three pearameters for different

models and see whether they agree to within their difficuli-to-
estimate confidence limits, We instead consider it more useful to
compare models in terms of those properties that are of greatest
interest. As discussed earlier, such meodels are used primarily
either to characterize depth-age and heat flow-age data, or to
predict temperatures in the lithosphere. Although we fit the
depth data for all ages, and the heat flow for all ages above a
certain value (50 Ma), it is useful to consider three limiting
feawres easily observable from the data. The predicied values of
these features correspond to combinations of the model parame-
ters. One such combination is the asymptotic heat flow for old
lithosphere, & T,/a, which is proportional to the asymptotic
linear geotherm. A second combination is the asympiotic depth,
which is proportional to aT,a, the heat lost as the plate cools.
A third combination is the slope of the depths in young litho-
sphere versus the square root of age, which is proportional to
k%0, Because these depths can be equally well fit assuming
a cooling halfspace, they are insensitive to plate thickness.
Thus we can think of the models as having two parameters
{plate thickness and basal temperaires) which reflect the ther-
mal structure, and two parameters (conductivity and coefficient
of thermal expansion) which reflect the average physical proper-
tes of the Hthosphere, The latter two act as scale factors which
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Fig. 8. Change in geoid height scross Pacific fracture zones
[Cazenave, 1984] and the predictions of models with different
lithospheric thicknesses, The data are better fit by GDHI than
by the 125 km thickness for PSM. The remaining misfit for
young (<30 Ma) lithosphere may reflect the mechanics of frac-
ture zones being more complex than a simple thermal ape
offset.

map the thermal parameters into the primary observable features
(young depths, old depths, and old heat flow} of the data.

Consideration of the three observable features shows why
GDH1 differs from PSM in the way it does. Because GDHI and
PSM have similar predictions for the depths of young litho-
sphere, the product of their o, values must be similar. The
two models have o and T,, values differing by less than 8%,
and a product differing by only 4%. Thus for old lithosphere,
GDH]1 predicts shallower depths and higher heat flow primarily
via a 24% thinner lithosphere, although the slightly higher (79)
basal temperature also contributes,

Asymptotic Depth and Heat Flow

We often compare models using the ssympiotic depth and
heat flow, two of the three observables used in deriving the
model from the data, because both reflect the plate thickness
and basal temperature. Although the asymptotic values are for
infinitely old lithosphere, they are good approximations for old
lithosphere. For example, the depth and heat flow predicted by
GDHI1 for 100 Ma lithosphere are only 154 m less and 6 mW
w2 higher, respectively, then their asymptotic values,

Figure 9 (top) compuares the asymptotic depth and heat flow
for models GDH1 and PSM w0 those for the occan-specific
medels NWAL, NPC1 and SCDHI. PSM clearly differs
significantly from these other models, which are all relatively
similar to GDH1. The asymptotic depths for NWAIL, NPC1 and
SCDH1 are within 150 m of the 5651 m value for GDHI,
whercas PSM has a noticeably deeper (6400 m) asymptotic

depth, The asymptotic heat flow for these ocean-specific models
is within 2 mW m'? of GDHI's 48 mW m™?, compared to the
34 mW m? for PSM. Some of this similarity is expected,
given that the ocean-specific models were found by fitting sub-
sets of the GDH1 heat flow data, The comparison illustrates the
advantage of comparing models in terms of the asymplotic
depth and heat flow. Models that are nominally different when
quoted in terms of plate thickness, basal temperature, and
coefficient of thermal expansion, can be quite similar in their
predictions for the two observables.
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Fig. 9, Comparison of various thermal models in terms of their
asymptotic depth and heat flow (top) and geotherms (bottom). In
the top panel, open symbols denote models derived using either
depth or heat flow data slone; closed symbols are models
derived using both, Ocean-specific medels derived using depth
and heat flow data (NWAIL, NPCl and SCDH1) and a model
derived for a 1350°C basal temperature (GDHT1) are similar to
GDHI. The two models (JCD, SCD) derived using only depth
data ond the model derived using only global heat flow (GH)
are closer to GDHI than PSM. All models predict higher tem-
peratures than PSM at depth within the lithosphere.



In particular, this comparison of models bears out that the
differing coecfficients of thermal expansion found in various
inversions are features of medels with similar ssympiotic depth
andfor heat flow. The cocfficient of thermal expansion is not
tightly constrained in these models, as indicated by the uncer-
tainties estimated for GDH1 (3.1 & 0.8 %1073 °C"}} and by Par-
sons end Sclater (3.2 & 1.1 x107° °C™1), As a result, we do not
place much credence on the apparent variation in the coefficient
of thermal expansion between the results of various inversions.
Comparison of models SCD and SCDHI resulting from invert-
ing the Smith [1990] depth data with and without heat flow data
illusirate that the basal temperature changed to fit the heat flow,
and o changed 1o compensate and keep the depth prediction the
same, Some of the apparent varistion in o probably reflects the
thermal structure of the lithosphere, and the resulting depth-sge
and heat flow-age variation, being more complicated then the
simple plate model. The difference in the apparent o values for
the Pacific models (NPC1 vs SCDH1) supponts this idea.

The asymptotic depth and heat flow are useful in comparing
models derived from different datasels. Johnson and Carlson's
[1992] plate model was derived using only depth data, which
are independent of those used in deriving GDH1. Nonetheless,
as they noted, the depths predicted by their model (denoted by
“JCD'™) are much closer to GDHI than PSM. Similerly, invert-
ing the Smith [1990] depth data gives meodel SCD, whose
asymptotic depth is closer to GDHI than PSM. If heat flow data
is added to this inversion, the resulting model SCDH1 is quite
similar to GDH1 in its depth and heat flow predictions, The
effect of adding the heat flow data ean be visualized from the
position of the model (denoted by *'GH'") which was derived
from the heat flow data alone.

We can also use this approach 10 sce how much s model
would be changed by inverting the data under different assump-
tions. For exomple, although the differences between GDHI and
PSM primarily reflect GDH1's thinner lithosphere, GDH1 also
has a higher basal temperature. This 1430°C basal temperature
is slightly (795) higher than the value of approximately 1350°C
ofien inferred for the temperature of midocean ridges from the
thickness of oceanic crust {e.g. Sleep and Windley, 1982;
McKenzie and Bickle, 1988]. Given the uncertainties in the
GDH1 temperature (£ 250°C) and in the inferred ridge tempera-
wre, it is hard w0 say if the difference is meaningful. The
difference may be real, and reflect the basal temperature
representing the heat addition to old lithosphere via mantle
piumes, which are thought to be several hundred degrees hotter
than the ridge temperature [Sleep, 19921 The alternative is 0
ask what medel results from inverting the GDH1 data, with the
basal temperature fixed at 1350°C. This inversion yields model
GDHT1, a 90 km thick plate with coefficient of thermal expan-
sion 3.4x107% °C™, Also fixing o, to 3.1x10°3°C™, gives &
poorer-fitting model GDHT2, a 100 km thick plate, Thus, as
expected, the required shallower asymptotic depths and higher
asymptotic heat flow can be predicied by models with a basal
temperature the same s in PSM, so long as the plate is thinner.
GDHT1 and GDHT?2 are quite similar 10 GDH]1, in terms of
their asymptotic depth (5552 and 5291 m) and hest flow (47
mW m?). However, the improved fit of GDHI over these

STEIN AND STHIN 65

models, from also inverting for the basal temperature, is
significant as measured by Foratio test. Thus the higher basal
temperature still is a better fit, at least for the data set we used.
Qur sense is that the thinner lithesphere will be o robust result
for different data sets, but the higher basal temperature may be
less s0. As discussed next, we consider the hotter geotherm,
corresponding to the Tm/a ratio, to be the primary feature of
GDH1 and similar models.

Geotherms

Comparing models via their asymptotic depth and heat flow
is & way of comparing how they fit depth and heat flow data,
The asymptotic heat flow has the further advantage that it is
proportional to the geotherm for old lithosphere. Given that one
of our primary interests is the geotherm, we can compare the
geotherms between models. The comparison is especially casy
when the conductivity is assumed to be the same for different
models. Figure 9 (bottom) compares the geotherms for GDHI
and PSM 1o those for other models. Temperatures below the
plate base, which are not predicted by the models, are shown as
rising elong & shellow adizbatic gradient of 03°C km™
Although GDHI, NPC1l, NWAL, SCDHI, and GDHT1 have
different combinations of plate thickness and basal temperature,
the geotherms are essentially the same within the lithosphere,
because the models were found by fitting the heat flow data. In
contrast, because PSM was found assuming lower heat flow in
old lithosphere, it has a lower gradient and thus lower tempera-
tures at any depth. Both the models derived from depth and heat
flow data, and models derived from depth data alone {(JCD,
SCD), predict temperatures at depth higher than for PSM.

From these comparisons, we regard GDH1 as representative
of the models that fit the data well, Different sets of data, and
different modeling assumptions, yield different models. It would
be hard to argue that one can select a *‘'best” set of data or a
“best’’ model. Successful models have to predict shallower
asymptotic depths and higher asymptotic heat flow than PSM,
and thus require higher T,/a and lower ol a, both of which
can be achieved by assuming a thinner plate. We thus consider
the hotter geotherm and thinner plate more important than the
specific values of the basal temperature and plate thickness.
Both duc to the range of solutions and the simplicity of the
model, we do not ascribe great significance to the detnils of the
predicted temperature structures. This is especially the case for
the thermal structure in the lower portions of the plate, beyond
the general property that the models are hotter at depth than
PSM.

Hot SPOT SWELLS

The GDHI model has major advantages for investigation of
midplate volcanism and swells. Becanse PSM overpredicts the
depth and underpredicts the heat flow for most older lithosphere,
its use ns a reference model has the unsatisfying implication that
most of the data for older lithosphere are anomalous. This
creates a situation in which apparent perturbations can result
from comparing data 10 a model which does not appropriately
represent the unperturbed lithosphere.

To illustrate this effect, we first consider the Hawaiian swell,
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Fig. 10. Heat flow data for transects nlong (lower left) and across (lower right) the Hawailan Swell at the
locations shown (upper left). The heat flow, though anomalously high with respect to the Parsons and Sclater (PSM)
model, is at most slightly above that expected for GDH1, The predicted heat flow values are for 100 Ma {lower
right) and 95-110 Ma (lower left). Figure modified from Von Herzen et al. [1982; 1989].

the largest and best studied hot spot swell. Hawaii is the type
example for hot spot studies, because of its size and isolation
from other perturhing processes (including ridges and other hot
spots). The observation that heat flow on the Hawaiian swell
was higher than thet predicted for PSM (Figure 10) was inidally
treated as consistent with the elevated heat flow expected for a
reheating model [Von Herzen et al, 1982). A subsequent tran-
sect across the swell showed that the heat flow differs at most
slightly from that for lithosphere of comparable ages {Von Her-
zen et al, 1989] Thus much of the apparent anomaly resulted
from comparing the heat flow to PSM, which systematically
underpredicts the heat flow for old lithosphere. In contrast, the
swell heat flow is only slightly above that expected for GDHI1
and hence at most slightly higher than for older lithosphere else-
where. Even the heat flow anomaly relative to GDHI may be an
overestimate, because GDH1 slightly underpredicts the heat flow
data. The swell is, of course, identified by its being shallow
with respect to lithosphere of the same age elsewhere. Tt is thus
shallow with respect to GDHI or PSM.

The tectonic inferences that would be drawn from these data
{Table 3) depend on the reference model used. Anomalies rela-
tive to a reference model are assumed 1o represent processes, for
example plumes, not included in the reference model assump-
tions. Because both the depths and the heat flow are
significantly anomalous with respect to PSM, one would infer
that the hot spot gives rise to additionsl hest flow and shallow
topography. In contrast, using GDHI implies that the uplift has
little heat flow signature, suggesting that the topography results
primarily from dynamic effects. Henct the plume is providing
uplift beyond that observed for most lithosphere of this age.
These data can thus be used as modeling constraints {e.g. Von
Herzen et al, 1982; Liv and Chase, 1989]. The interpretation
that the Hawaiian swell heat flow data favor a dynamic model is
consistent with seismological data, which find no evidence for &
low velocity zone under the swell [Woods et al, 1991].

A similar situation applies for the Bermuda, Cape Verde and
Crozet hot spot swells (Figures 11, 12, and 13). ‘The heat flow
data [Detrick et al., 1986; Courtmey and White, 1986; Courtney
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Fig. 11. Heat flow dats and depth dats for the Bermuda Swell. The heat flow data [Detrick et al., 1986]
show a large anomaly with respect 10 PSM, but & much smaller one with respect to GDHI,

and Recq, 1986) show a large anomaly with respect to PSM,
but & much smaller one with respect to GDHI.

The fractions of thermal and dynamic uplift can be estimated
crudely [Sleep, 1990] by using the observed heat flow 1o deter-
mine the thermal age, the age at which & reference model
predicts the observed heat flow. We then find the thermal depth
anomaly, the difference between the predicted depth for the
thermal age and that observed, and compare it to the total depth
snomaly, the difference between the predicted depth for the
lithospheric age and that observed., Table 4 shows these esti-
mates, illustrating that GDHI predicts higher heat flow and
hence less thermal uplift than PSM.

We consider the estimates of the thermal uplifi fraction crude
for several reasons. The thermal uplift fraction is en lower
bound, in that some of the perturbed heat flow may not yet be
detectable at the surface, so the thermal age is an upper bound
assuming the data and reference model were known exactly, In
fact, both the data and model have uncertainties. Thus the ther-
mel uplift fraction estimates depend on the assumed values of
the swel depth (taken here from Detrick et al. [1989]) and heat
flow. In addition, the estimates depend on the assumed depth
and heat flow for “‘normal" lithesphere, which although
predicted better by GDHI than PSM, still have uncertainties,
Nonetheless, it appews that the dat favor a primarily dynamic

origin for the swells. The dynsmic component is 2-3 times
lerger than would be inferred using the PSM refercnce model,
We thus regard these estimates as illustrating how improved
reference models like GDHI can be useful in studies using more
sophisticated models of hot spots.

DarRwIN RISE DEPTH AND HEAT FLOW

To determine whether the Darwin Rise retains a thermal ano-
maly at present from the process which caused the widespread
Cretaceous volcsnism and uplift, we examined the depth and
heat flow data [Stein and Abbott, 1991]. For this purpose, the
Darwin Rise was assumed to be the region (Figure 2) surround-
ing the continuation of hot spot tracks from the present-day
Superswell, an arca roughly south and west of Hawaii and north
of the Samoan hot spot track, The heat flow data for the sites,
averaged in 20 m.y. bins, arc shown in Figure 14. The Darwin
Rise heat flow values are anomalously high with respect to
PSM, but consistent with GDH1,

In additon, the Darwin Rise data can be compared dircctly
with data from the rest of the Pacific plate. In each of the age
bins the difference of the means beiween the Darwin Rise data
and that elsewhere in the Pacific is less than 10 mW m™2 and
the maximum difference in median valve is 7 mW m™. The
Darwin Rise data thus show no evidence for a heat flow ano-
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Fig. 12. Heat flow data and depth data for the Cape Verde Swell. The heat flow dats [Couwrmey and White,
1086] show a large anomaly with respect to PSM, but a much smaller one with respect to GDHI.

maly either relative to lithosphere of these ages elsewhere in the
Pacific, or the global dataset. Morcover, the lack of an anomaly
is not a result of some condition specific to the Pacific Plate,
because the predicled heat flow for the model derived from the
Atlantic data alone (Fipure 6) is essentially the same as for
GIH1, Direct comparison with the Atlantic data also shows no
anomaly [Stein and Abbott, 1991].

The Darwin Rise has been considered anomaiously shallow,
based on comparisons with the PSM model {Schlanger and
Premoli-Silva, 1981; McNutt et al, 1990], This interpretation
implies that the aren is characterized not only by many
seamounts, but by a regional bathymetric anomaly. To test this
idea, we compared the depths of the Darwin Rise heat flow sites
to those elsewhere in Pacific, and to the two reference models.
The depths in Figure 14 differ from those shown by Stein and
Abbott {1991] because we comected for sediment thickness,
using seismic reflection records for 128 sites snd isopachs
[Ludwig and Houtz, 1979] for the remaining 1335.

The depths are anomalously shallow with respect to PSM, but
are consistent with GDH1, Similarly, the depths are comparable
to those of lithosphere for these ages elsewhere in the Pacific,
{The shallow average depth for the 135-155 Ma data elsewhere
in the Pacific is due 10 sites on the Hess and Shatsky Rises and
the Omong-Java Plateau). We thus find no evidence for the

Darwin Rise being anomalously shallow, either with respect o
the rest of the Pacifie or GDHI.

The lack of depth and heat flow anomalies has interesting
implications for the history of the Darwin Rise. McNutt et al
[1990] (Figure 15) inferred that the Darwin Rise was similar 1o
the present Superswell, which they assume to be characterized
by an snomalously thin plate, and thus subsided at a slow rate
from its formation (113 + 8 Ma) until about 70-80 Ma, after
which it subsided at the rate of normal seafloor. The present
depth, which was interpreted as snomelously shellow with
respect to PSM, would thus indicate thet the thermal structure
differs from that of comparable age lithosphere elsewhere. In
conirast, we find no depth anomaly with respect to GDHI, and
thus no evidence for the Rise lithosphere presently retaining a
significant thermal signature of the Cretaceous events,

SUPERSWELL DEPTI! AND HEAT FLoW

We conducted a similar depth and heat flow analysis for the
Superswell. The heat flow sites in the area [Stein and Abbott,
1991] provide good regional coverage of the Superswell and, for
comparison, the region surrounding it. The sites sample the
region of shaliower bathymetry described by McNutt and Fisher
[1987].
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Fig. 13. Heat flow dats and depth data for the Crozet Swell. The heat flow data [Courtmey and Recqg, 1986]
show a smaller anomaly with respect to GDHI than PSM. The magnitude of the anomaly estimated in Table 4
depends on whether the swell heat flow is assumed to be that for site M3 or M4: the M3 value is from one meas-
urcment and was thus not considered very relisble by Courtney and Recq,

Figure 16 shows the heat flow duta versus age for the Supers-
well region and elsewhere on the Pacific plate. The data are
divided into four age bins, each containing an approximately
equal number of data for the Superswell. Comparison with
GDH1 shows the characieristically lower than predicled heat
flow for young (<50 Ma) lithosphere, that is observed elsewhere
{Figure 3) and presumably reflects hydrothermal circulation.
For the older nges, the data show no anomaly with respect to
GDHI. Similarly, the heat flow values for the Superswell are
no higher than for the corresponding ages elsewhere on the
Pacific plate. The heat flow data thus neither require nor
exclude the possibility of a thinner thermal lithosphere, as
shown by predictions for the 75 km.thick plate with a 1385°C
basal temperature suggested by McNutt and Fisher [1987], The
poor fit of the heat flow for ages > 60 Ma predicted by a 60
km-thick plate argues against further thinning.

The depth data provide another constraint. As shown, the

depths are shallower than expected for GDHI. The depths in
Figure 16 differ from those shown by Stein and Abbott [1991)
because we comrected for sediment thickness, using seismic
reflection records for 112 sites and isopachs [Ludwig and Houtz,
1979} for the remaining 245, The Superswell heat flow sites are
shallower than sites of the same age elsewhere on the Pacific
plate. The depths shown here for 2 model with a 75 km plate
are somewhat deeper than shown by McNutt and Fisher [1987]
and 3Stein and Abbott {1991] because we use a formulation in
which the ridge depth is fixed to the observed value {Stein and
Stein, 1992]. In the other formulation, the ridge depth varies
depending on the temperature structure, and is thus shallower
for hotter plates [McNuuw and Fisher, 1987]. The subsidence
with respect to the ridge, which reflects the cooling, is the same
in both formulations. GDHI, which comesponds to a thicker
plate, better fits the depth of the other Pacific sites.

The depth and heat flow situation for the Superswell is thus
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TABLE 4: Hotspot Thermal Anomaly Estimates

Thermal age  Thermal Thermal fraction
depth of total
anomaly depth anomaly
Hawaii (lithospheric sge 100 Ma; heat flow 58 mW m™3)
PSM 67 Ma 449 m 37 %
GDH1 81 Ma 106 m 12 %

Bermuda (lithospheric age 116 Ma; heat flow 58 mW m™
PSM 67 Ma 595 m 69 %
GDH1 81 Ma 161 m 36 %

Cape Verde {lithospheric age 125 Ma; heat flow 62 mW m™3)
PSM 59 Ma 819 m 43 %
GDHI1 69 Ma 285 m 19 %

Crozet (lithospheric age 67 Ma; heat llow 75-96 mW m™2*)
PSM 40-24 Ma 593-1081 m 21-39 %
GRHI 46-28 Ma 299-745 m 11.28 %

*Vslues given assuming that the swell heat flow is that for
either site M3 or M4; the higher (M3) value was considered
less reliable.

similar in general to that for Hawaii (Figure 10), in that the
shallow depth snomaly has no comesponding high heat flow
anomaly. The Superswell has drawn such interest, however,
because of the large area over which the depth anomaly extends.
Much of this depth anomaly might be expected simply from the
fact thet the Superswell region contains a number of hot spot
swells. McNutt and Fisher [1987] and McNuut and Judge
[1990], however, find that a depth snomaly remains cven after
removal of the estimated effects of the swells, and interpret the
residual anomaly as evidence for dynamic uplift by a large scale
plume.

The depth and heat fiow anomaly data for the Hawaiian
swell, the Superswell, and the Darwin Rise thus are generally
consistent. The present swells, Hawaii and the Superswell, show
significant depth but at most minimal heat flow anomalies,
implying that the uplift is primarily dynamic. The Darwin Rise
shows neither a heat flow anomaly nor a depth anomaly, sug-
gesting that the cffects of the Cretaceous volcanism have dissi-
pated.

FLEXURAL DATA

The flexural data for these three regions, however, ere incon-
sistent and more challenging o interpret. The strength of the
lithosphere can be inferred from the shape of the deflection
induced by the loads of scamounts and islands. The effective
elastic thickness, a representation of the vertically inteprated
strength when the load was applied, generally increases approxi-
mately as the square root of the loading age [Watls et al., 1980],
and comresponds to depths where the predicted lemperatures are
approximately 300-600°C (Figure 17) [Bodine et al, 1981].

These observations are consistent with ductile flow laws in
which strength decreases exponentially with temperature {Kirby,
1977, 1980; Geetze and Evans, 1979], because cooling of the
lithosphere would give incressed strength at depth.

The effective elastic thicknesses beneath islands and
searounts in the Superswell and Darwin Rise are anomalously
low for their age of loading (Figure 17) compared with sites
along the Hawaiian swell, elsewhere in the Pacific, or in the
Atlantic and Indian QOccans. Tt has been suggested that the low
effective elastic thicknesses for the Superswell and Darwin Rise
reflect weakening due 1o elevated temperatures in the lithosphere
[Menard and McNuit, 1982; Celmant and Cazenave, 1987,
McNuu and Fisher, 1987, Smith et al, 1989; McNutt and
Judge, 1990]. This iden can be tested via the simple assumption
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Fig. 14. Depth (top). and heat {low (bottom) as & function of
age for sites on the Darwin Rise and on lithosphere of the same
age elsewhere in the Pacific. Data are averaged in 20-m.y. bins.
The depths and heat flow, though anomalously shallow and
high, respectively, relative 10 PSM, are consistent with GDHL.
Because the Darwin Rise data also do not differ significantly
from those for the remainder of the Pacific, the Rise appears not
to be anomalously shallow or hot at present.
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Fig. 15, Schematic history for the Darwin Rise [McNutt et al.,
1990}, for the case of a 140-Ma voleano on 155-Ma lithosphere.
The Darwin Rise is presently anomalousty shallow with respect
to PSM, but not with respect to GDHI, suggesting that the Rise
presently does not retain a sipgnificant thermal signature of the
Cretaceous events,

that if the thinner effective elastic thicknesses result from ther-
mal perturbations, the perturbed 300° and 600°C isotherms
should rise to corresponding depths.

Figure 17 shows the predicted depths of the isotherms for
GDH1 and the 75-km-thick plate proposed by McNutt and
Fisher [1987]. The depths to the isotherms in the upper lithe-
sphere for the 75-km-thick plate are only slightly shallower,
because of the relatively young ages at the time of loading for
the Superswell. This elevation of the isotherms should produce
little change in effective elastic thickness.

Alternatively, much more dramatic heating could reduce the
effective elastic thickness to that observed. The required high
temperatures, however, appear to be excluded by the heat flow
and depth data. Figure 18 (lop) shows that a 40-km-thick plate
with a 1350°C basal temperature or a 73-km-thick plate with a
2000°C basal temnperature would have 400°C isotherms shallow
enough to be consistent with the Superswell and Darwin Rise
effective elastic thicknesses, Such models, however, predict heat
flow substantially greater than observed (Figure 18, bottom) and
scafloor depths much shallower than observed [Stein and
Abbott, 1991}

These calculations are for steady state models, in which the
boundary conditions do not change, An alternative approach is
to consider models in which the thermal structure of the litho-
sphere is perturbed and then evolves. Figure 19 shows the tem-
perature structure and heat flow predicted by a halfspace reheat-
ing model in which the base of the lithosphere is reset to
asthenospheric temperatures and then cools [Von Herzen et al.,
1982] The reheating depth determines the anomalous bathymetry
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the same age elsewhere in the Pacific. Data are averaged in 20-
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ans, respectively, For ages >50 Ma the Superswell heat flow
data do not differ significently from those for the remainder of
the Pacific or from those expected for GDHI. The Superswell
depths are shallower than for the remainder of the Pacific, or
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Fig. 17. Effective elasic thicknesses for locations on the
Superswell and Darwin Rise compared to sites elsewhere, Data
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Wolfe and McNutt {1991] (shaded area). The thicknesses for the
Darwin Rise and Superswell are less than for the other regions,
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Fig. 18. Comparison of observed effective elastic thicknesses
and predicted isotherms for various models. Effective elastic
thicknesses for arees other then the Superswell and Darwin Rise
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Models which raise the temperatures enough to make the
Superswell thicknesses correspond 1o the 400°C isotherm {top)
would yield heat flow much higher than observed for the
Superswell (bottom).

ond 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 ils magnitude. Reheating
45.-Ma lithosphere to the depth of the 900°C isotherm, as pro-
posed by McNutt [1987], results in 100 little shallowing of the
400°C isotherm to explain the flexural data. Much shallower
reheating is required to elevate the temperatures sufficiently to
fit the effective elastic thicknesses daw. In this example, thin-
ning to 15 km depth would be required to place the effective
elastic thicknesses in the expecied temperature range, Such
thinning would cause much higher heat flow than observed.
These results are interesting for the comparison with the
Hawaiian swell. For Hawaii, the lack of a heat flow snomaly
precludes major reheating of the lithosphere, an inference which
is also consistent with the normal effective elastic thickness
values. For the Superswell, although the effective elastic
thicknesses indicate enomalously weak lithosphere, the heat flow
excludes significant reheating. Thus the difference between the
small effective elastic thicknesses for the Superswell and

Darwin Rise and the larger values for Hawaii and the other
repions appears not to result from general thermal weakening of
the entire lithosphere.

There are several obvious other possibilities for the mechan-
ism causing the Superswell and Darwin Rise lithosphere 1o have
thinner effective clastic thicknesses than the other swells [Stein
and Abbott, 1991]. First, shallow reheating might be localized
under the scamounts, and thus nol reflected in the heat flow
data. This seems unlikely, given that the Superswell appears to
be & widespread phenomenon. Second, the weakness might be
only apparent, due to the action of intraplate swesses. Third, the
lithosphere might be weakened mechanically.

In the second case, the low effective elastic thicknesses could
reflect intraplate stresses. The flexural response of the litho-
sphere to an applied load depends on both the mechanical pro-
perties and the intreplate stress. Figure 20 (top) shows this
effect schematically for a line seamount load on a 20 km thick
elastic plate, computed using the formulation of Hetenyi [1974].
500 MPa (5§ Kb) of compressionsal stress reduces the effective
elastic thickness 10 16 km, and a 1 GPa (10 Kb) stress reduces
it to 14 km. The high stresses in this elastic example would be
less for a realistic depth dependent rheclogy [McAdoo and
Sandwell, 1985]. McNutt et al {1991], for example, propose that
approximately 50 MPa of in-plane tension could explain the
Superswell effective elastic thicknesses.

This hypothesis is difficult to test, in that the relevant intra-
plate stress is that at the time of loading, Thete is, however, no
apparent reason to expect the effeet of regional intraplate
stresses to have been dramatically greater for the Superswell
than for other swells. The present intraplate seismicity is not
puarticularly intense [Wysession et al,, 1991], especially in terms
of large events, and the present intraplate siresses predicted
from driving force models are not unusually high [Wortel et al.,,
1991]. This situation is quite different from the Indian Ocean,
where large earthguekes occur {Stein and Okal, 1978; Bergman
and Solomon, 1985) and the predicted high swresses [Cloetingh
and Wortel, 1985, 1986; Stein et al, 1987] are consisient with
the observed large scale deformation [Stein et al, 1989]. In
principle, 1the Superswell-forming process might instead
somehow have provided the necessary siresses. It is unclesr,
however, how this might occur. Although hot spots might give
rise to significant thermal stresses [Zhu and Wiens, 1991], these
stresses should occur for all hot spots, not just those in the
Superswell. We thus have difficulty envisioning how the
apparent differences in lithospheric strength between the Supers-
well and other swells could be a consequence of intraplate
SHess,

An alternative possibility is that the lithosphere beneath the
Superswell and Darwin Rise have been weakened mechanically,
giving risc to a lower effective elastic thickness. Figure 20
{bottom) iHustrates this schematically for the limiting case of a
fractured lithosphere: a broken 20 km thick plate locks quite
similar to an unbroken 11 km thick plate with the same physical
properties. Hence an analysis which assumed that the litho-
sphere was not broken would yield an 11 km effective elastic
thickness. In such a scenario, the weakening might occur in
several ways [Stein end Abboty, 1991]. The Superswell-forming
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Fig. 19. Application of rcheating models to the Superswell heat flow and effective elastic thickness data.
Superswell seamount chains are indicated by closed symbols; other chains are shown as open symbols. Right:
Model for reheating 45-Me lithosphere to a depth of 45 km. Although the calculated heat flow anomaly (top) is
plausible given the observed heat flow, such a model does not give sufficient reheating of the upper lithosphere
(bottom) to account for the low effective elastic thicknesses, Left: Model for rcheating 45-Ma lithosphere to a
depth of 15 km. Although this model produces sufficient reheating in the upper lithosphere to account for the
effective elastic thicknesses of the superswell sites, it predicts a heat flow anomaly significantly larger than that

observed. [Stein and Abbott, 1991].

process might introduce significant amounts of volatiles such as
water, giving rise to the weaker theelogy expected from labora-
tory experiments [Kirby, 1983], Alternatively, weakening might
be due to successive intrusion events cracking and flexing the
lithosphere [Diament and Baudry, 1987].

This hypothesis bas the advantage that the unusual weakness
in the Superswell area is related to the area's history. Given the
Superswell’s complex history of volcanism due at least in part
o multiple hot spots, it is conceivable that the hot spots and
possible Superplume have affected the lithosphere in the way
required., The difficulty with this idea, however, is that it is hard
to test. We can exclude general thermal weakening from the
absence of its observable consequences for heat flow and depth
and the absence of evidence from mantle xenoliths for high
lithospheric temperatures [Tracy, 1980). In contrast, a mechani-
cally weakened lithosphere would be difficult to observe except
in the flexural data that lead to the sugpestion of this property.
Although in principle earthquake depths might constrain the

weakening [Wiens and Stein, 1983; Liu and Chase, 1989], the
low level of seismicity makes such analysis difficult,

CONCLUSIONS

Because much of the data on the processes giving rise to
midplate swells and volcanism are derived from depth and heat
flow gnomalies, the choice of the reference model with respect
to which these anomalies are computed is significant. GDHI, a
reference model which describes the depth and heat flow in
older lithosphere ressonably well, thus is helpful in assessing
anomalies. In particular, it indicates that heat flow in swell
regions, which previously appeared anomalously high, is at best
slightly higher than for lithosphere of the same age elsewhere.
This observation tends to favor largely dynamic, rather than
thermal, models for swell uplifts, It similarly excludes the possi-
bility that the weak lithosphere inferred for the Superswell
results from clevated temperatures.

More generally, these results bear out the desirability of
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Fig. 20. Schematic illustration of two possible models for
apparent weakening of the lithosphere, as inferred from flexural
data. Top: Deflection of a 20 km thick lithosphere assuming
different values of intraplate compression. Larger stresses reduce
the effective elastic thickness, T.. Bottom: Deflection of 20 km
thick lithosphere, for unbroken and broken cases. The effective
clastic thickness inferred from the flexural shape for the broken
lithosphere would be 11 km.

developing improved reference models, both for comparison
with observable data and for interpretation of the corresponding
anomalies in lemperature and physical properties in the litho-
sphere. It is worth noting that this situation is a common one in
the earth sciences. For example, corresponding reference model
artifacts occur in seismology, where an inappropriate velocity
reference model can produce apparent anomalies [van der Hilst
and Spakman, 1989].
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