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Geoid data and thermal structure of the oceanic lithosphere
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Abstract. A long-standing question is whether old oceanic
lithosphere continues cooling as the boundary layer of a
halfspace or approaches thermal equilibrium, as modeled by o
finite thickness plate. Although the latter is the most direct
inference from seafloor depths and beat flow, other explanations
have been proposad We investigate this issue using published
results for the dervative of the oceande peoid with age
estimated from geoid offsets across fracture zones Such data
bave not been wsed extensively in analyses of the thermal evo-
lution of the lithosphere, primarily because they arc inconsistent
with two commonly used thermal models: a halfspace or a
125-km-thick plate. Recent studies, however. find that depth
and heal flow data are better A1 by a thinner {95 km) plate
model  We thus compile published geoid slope results, and
find that these data, though scatteved. can discriminate between
the models Geoid slope changes with age. rather than being
constant as predicted for a conling halfspace This variation i
greater than predicted for & thick piate and is better fit by a thin
plate. Geoid data should thus be useful for improving thermal
models of the lithosphere

Introduction

Much cifort has been directed toward describing the thermal
evolution of ocesnjc lithosphere. Because temperatures at
depth are not dircetly measurable, simple models have been
proposed as general descriptions of average thermal structure as
a function of age. Young lithosphere can be modeled as the
upper boundary layer of a cooling halfspace. because seafloor
depth ard heat flow vary approximately with the square root of
lithospheric age. However, for ages >~70 Myr depth and heat
flow “flatten”, varying more slowly with age than for a
halfspace It is thus often assumed that halfspace cooling stops
for older ages becawse beat added from below balances heal
lost at the seafloor. The plate model, a simple common descrip-
tior for this perivrbation, uses an isothermal base of the litho-
sphere 1o model its thermal equilibration (Figure 1) {McKenzie,
1967]. The plate madel fits the data reasonably well, but does
not directly describe how heat is added [e.g. Parsons and
McKenzie, 1978 Fleitout and Doin, 1594]. Although plate and
halfspace models are the same for young ages. they differ for
ages old enough that the basal condition has an effect.

Other explanations for the flattening have been offered In
cne. flattening is analogous to that associated with mantle
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plumes [eg Heestand and Crough, 1981] and refiects the
dynamic pressure of the plumes, with some heating of the litho-
sphere. Another possibility is that volcanism masks subsidence
due to halfspace cooling. A third possibility is that depths arc
perturbed by asthenvspheric flow (Schubert et al, 1978}
Because depth and hest flow vary enough belween locations
thet multiple mechanisms may operate, the issue is which effect
is primary for old lithosphere. The need o address this gues-
tion is illusirated by the fact that both halfspace medels and a
commonly used 125-km-thick plate model, denoted PSM [Par-
sons and Sclater, 1977], systematically overpredict depths and
underpredict heat flow for old lithosphere, causing apparent
‘‘anomaiies.’”” Recent inversion of depth and heat flow data
[Stein and Stein, 1992], however, found that these “‘anomalies’’
are reduced significantly by a plate model termed GDHI with a
thickness of 93 km, thinner that previously assumed (Figure 2).
This result brings 10 mind analyses showing that the derivative
with age of the geoid, an equipotential of the gravity feld, was
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Figure 1. Isotherms for three thermal models. The lithosphere
continues cooling for all ages in a halfspace model, equilibrates
for ~125 Myr lithosphere in the PSM thick (123 km) plate
model, and equilibrates for ~76 Ma lithosphere in the GDHI
thin {93 k) plate model.
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Figure 2. Comparison of thermal medel predictions to data not
used in deriving models. Global depths exclude hotspot swells
{Kido and Senu, 1994} Glebal heat fow are from Stein and
Stzin [1992], who wsed only Norih Pacific and Northwest
Allantic values o derive model GDHI1. Heat flow data for ages
less than S0 Myr are not used as they sppear bissed by
hydrothermal circulation. Halfspace (HS} and PSM model pred-
ictions for heat flow are similar. Geoid slepes are from Figure
4b. The GDH! thin-plate model fts better all three data types
than either the halfspace or PSM thick-lithosphere medels.

better fit by a thin (~100 km) lithosphere [Detrick. 1981;
Cazenave, 1984]. These analyses drew little attention because
they were inconsistent with the prevailing models, a halfspace
or a thick plate. Given the recent depth and heat flow results, it
seems halural to reexamine whether geoid data can help
discriminate between the different thermal models.

Surface Observables and Thermal Models

The primary constraints on the temperature T as a function
of age ¢ and depth z in the lithosphere come from three surface
observables: ocean depth, heat flow, and geoid slope. Thermal
models are developed using depth and heat fiow data, and then
compared to both geoid data and other data (earthquake deptks,
seismic velocity and attenuation, flexural response} that refiect
the geotherm more indirecly, via assumptions about rheology
and other physicel properties. The surface observables con-
straip combinations of the primary tkermal model parameters:
plate thickness a, basal temperature T, and coefficient of ther-
mal expansion o (Table ). Halfspace models can be treated as
infinitely thick plates. Although at young ages depth and geoid
slope do not depend on plate thickness end cannot distinguish
beiween plate and halfspace medels, data at older ages are sen-
sitive to differences between models (Figures 1, 2).

In plate models the geotherm evolves 0 a steady-state linear
gradient, so depth, heat flow, and geoid slope tend to asymp-
totic values. Depth {i.e. subsidence relative o the ridge) is pro-
portional to the net thermal density anomaly and thes the
integrated geotherm. Because this integral is proportional to
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heat fost as the plate cools, a thin-plate model predicts shal-
lower depths for old lithosphere than thick-plate or halfspace
models Heat flow is proportional to the seafloor geotherm, so
a thin-plate model predicts higher asymplotic heat flow than
thick-piate er halfspace models. The geoid depends on the
depth-weighted integral of the thermal density anomaly, and
thus the weighted integral of the geotherm [Cazenave, 1984]
The derivative of the peoid with age is constant for a halfspace
model. For a plate model, (e predicted slope is the same as
for o halfspace at young ages. but “rolls off”’ at older ages at a
rate depending inversely on plate thickness This deviation frem
halfspace behavior reflects the lithosphere approaching equili-
brium thickness at older ages, and is analogous o *'Rattening™
of depth and heat fow

As plate and halfspace moedels differ in bottom boundary
conditions, the predicted temperatures differ most at depih.
Hence geoid slope, which is weighted by depth, is in principle
the best of the observables for discriminating belween models
Ocean depth is second, whereas heat flow is poorest because it
reflects near-surface temperature Figure 2 illustrates this effect:
predicted geoid slopes for the medels differ significandy at
younger ages than do depths. whereas heat flow differs least,

The situation is complicated because the geoid is dominated
by long-wavelength features thought to reflect deep mass varia-
tions due to mantle convection. Thus geoid slope is easily
estimated near ridges but is harder to oblain consistent esti-
mates for at older ages As a result, peoid slope is generally
estimated from the change in the geoid across fracture zones,
which juxtapose lithosphere of two different ages

Geoid Slope Data

We compiled published results for geoid slope estimated
from the ratio of the peoid offset measured by satellite altimetry
across ¢ fracture zone to the rge difference, as a fonction of the
mean age of the two sides. Only studies reporting explicitly
both geoid offset {or slope) and age were used. These studies
use various processing technigues in an attempt to separate the
geoid effect of the age contrast from lonp wavelength com-
ponents, presumably reflecting soblithospheric mantle flow, and
shorter wavelength components, which may reflect flexure, ther-
mal stresses, lateral asthenospheric fow, and other processes
near the fracture zone [Sandwell, 1934; Parmentier and Haxby,
1986; Rabinson et al, 1988; Wessel and Haxby, 1990].

Due o processing differences, estimates for a given fracture
zone vary. as illustrated by Figure 3 for the Mendocino Frac-
ture Zone. The three studies ese data from the Seasat altimeter
and many of the same profiles, but different processing. Despite
the scatter, an overall trend appears, especially because the two
most discordant estimates at the oldest ages (107 My, 133

Table 1. Constraints on thermal models 7{z 1}

OBSERVABLE PROPORTIONAL TO  REFLECTS

Young Ocean Depth J Tiza)d: al,,
Old Ocean Depth J T(za)yd: ul . a
Old Ocean Heat Flow M! e Tola
. d | . . 3
Geoid Slope ,.é;, T(za)dz ol exp{-tia®}
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Figure 3. Geoid slope data across the Mendocino Fracture
Zone compared to predictions of thermal models. Data from:
Detrick [1981} (circles), Sandwell and  Schubert [1982]
(squares), and Muarty et al. [1988] (uiangles) Despite scalter,
the data are better fit by the *‘roli-off” for a plate model than
the constant slepe for a halfspace. The GDHI thin-plate mode!
fits better than the PSM thick-plate model

Myr) are questionable [Sandwell and Schubert, 1982; Marty
and Cazenave. 1088]. Figure da shows the results for other
fracture zones. Figure 4b shows these dma in 10-Myr bins,
excluding those with the wrong (positive} sign, following the
authors’ suggestion that these data were anomalous, and the
two gueslionable oldest points from the Mendocino.

We compared these data to three thermal models: a halfspace
(HS) with parameters from Carlson and Johnson [1994], the
PSM thick-plate model, and the GDHI thin-plate modal This
comparison (Figures 2 and 4b) shows three points, despite the
scatter in the data. First, geoid slope varies with age, rather
than being constant as predicted by a halfspace model. Second,
this variation i more ropid than predicled for the thick-plaie
PSM model. but is closer to that predicted for the GDHT model
with a thinner lithosphere. The ¥* misfits (Figure 2) iliustrate
these points; compared to the GDHI value (1.3), the halfspace
value (11.1} is about eight times worse, and the PSM value
{4.2) is aboul three Gmes worse  Third, all three models misfit
data. especially for ages younger than ~30 Myr.

Discussion

These results arpue for vsing geoid data to investigate ther-
mal evolution of oceanic lithosphere. Even this non-ideal data
sel, a composite of differenl studies, gives 2 picture consistent
with that from depth and heat flow data Most significantly.
although ne model fits peoid data very weil. the GDHI plate
model does much better than a haifspace. This resull is robust
to the choice of balfspace model paramelers, because slope at
young ages is constrained at ~-0 15 m/Myr both by near-ridge
{as opposed to [racture Zone) observations and the requirement
that model parameters match depth data for young ages As a
result, reasonable halfspace models make similar predictions
and do not fit the data as well s a plate model

Because depth, geoid, and heat flow are better fit by a plate
model than a halfspace, they collectively favor old lithosphere
approzching thermal equilibrium. Different data yield similar
results, although the specific misfit values vary. For example,
GDH1 does better than 2 halfspace for various depth data not
used to derive the model {Johnson and Carlson. 1992; Stein and
Stein, 1993; Shoberg et s, 1993; Kido and Seno, 1994]. some
of which attempt to exclude depths shallowed by hotspot tracks.
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Figure 4. Top: Geoid slope data acvoss various fracture zonas
and model predictions Data from: Detrick [1981] (closed cir-
cles), Cazenave et al [1982] (open circles) Sandwell and Schu-
bert {1982] (squares), Cazenave et al. [1983] (stars), Cazenave
{1984] (diamonds). Driscoll and Parsons [1988] {open trian-
gles), Marty et al. [1988] {closed triangles), Freedman and Par-
sons {1990] (crosses)  Bowom® Data in 10-Myr bins, excluding
those with wrong (positive} sign znd questionable two oldest
paints from the Mendocino, ¢* mishits (Figure 2) show that
GDHI thin-plate model fits -8 times better than the halfspace
model, and -3 times better than the thick-plate PSM model.
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Hence in our view eld lithosphere approaches thermal equili-
brium, of which a plate model like GDHI is 2 reasonable
(though simplified and non-unigue) description

It is, of course. possible 1o arpue thal a halfspace model is
commect, but depth, heat flow, and geoid data are all non-
thermally perturbed. Because the simple plate model does better
for all three data types, this alternative seems contrived and
contrary o Cccam's principle’. Moreover, to dale no such
alternative model has been explicidy formulated or tested with
ol three data types. The ene non-themmal perturbation madel
that has been explicitly tested with depth and heat flow data
[Fhipps Morgan and Smith. 1992, 1994} does worse than plate
models [Stein and Stein, 19594}

Similarly, the fact that the thin-plate GDHI model fits about
three times better than the thick-plate PSM model is striking,
because no geoid dala were inverted to derive GDHI. Hence
we regard it as a pood average description of the thermal evalu-
tion of the oceanic lithosphere, although no such simple model
can describe the full complexity of the process

The fact that a thin-plate model developed by inverting depta
and heat flow fits geoid data reasonably well also gives insight
into the geoid data Because geoid slopes were not 6t well
either by a halfspace or thick-plate model it was nawral to
assume that these data were bizsed and of little value How.
ever, in view of our result that data at older ages are reasonably
consistent with depth and heat flow data, perturbing processes

'** Assumptions should not be multiplied unnecessarily”’,
William of Occam, ¢. 1320 AD
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need be postulated primarily for the younger offsets and the
geoid data can be used to investigate them. This sitation is
analogous 1o that for beat flow dala, which are consistent with
depth data at older ages. so the misfit at young ages can be
plausibly attributed to hydrothermal flow and used to study it

The other reason for not vsing geoid to constrain Hthospheric
thermal models, scatler in the data, seems overemphasized. As
for depth and heat flow, the mean values vary smoothly enough
with age to be useful constraints on thermal moedels. The scatter
has two causes: processing differences between studies and
inlrinsic geclogical variability. Although the intrinsic portion of
the scatter cannot be climinated by more consistent data, it does
nol preclude making useful thermal models from the mean
values. while recognizing that the scatter reflects effects other
than age-dependent thermal structure. To emphasize this. we
use standard deviations of the data in each age range, rather
than standard deviations of the mean For example, because
long fracture zones are few. all data older than 80 Myr are
from the Mendocino and it is not clear that the unmodeled
change in data trend is a global phenomenon  Nonetheless.,
even for this composite data set, the standard deviation divided
by the mean of geoid data is no worse than for heat fiow,
though greater than for depths.

In summary, existing geoid data suggest the value of com.
bining consistently-processed geoid data sets with depth and
heat flow in studying thermal evolution of the lithosphere. For-
tunately, new data is becoming available. and improved
analysis technigues are being developed {e.p. Gibert and Cour-
tillot, 1990]. In particular, Doin et al [1992] find that ocean-
wide geoid data indicate the lithosphere devialing from
halfspace cooling. in accord with fracture zone results. Hence
geoid data, together with depth and heat flow, favor oid liho-
sphere appreaching thermal equilibrium. as described approxi-
mately by the plate model. lmproved geoid data and analysis
can thus help improve our understanding of how heat is added
from below, and the causes of variations aboul the mean ther-
mal state.
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