ARTICLES
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Variations in sea-floor depth and heat flow with age provide the main constraints on the thermal
structure and evolution of the oceanic lithosphere. Joint fitting of heat flow and bathymetry yields a
model with a hotter, thinner lithosphere than in previous models. The new model provides a significantly
better fit to the data, including those from older lithosphere previously treated as anomalous. This
will facilitate the analysis of lithospheric processes, including the effects of mid-plate volcanism
and swells, regional subsidence, and hydrothermal circulation near spreading centres.

THE plate tectonic cycle, in which oceanic lithosphere cools as
it spreads away from mid-ocean ridges and is reheated on
returning to the mantle at subduction zones, is a surface manifes-
tation of terrestrial convection'™® and the primary mode of heat
transfer from the Earth’s interior*®. The resulting thermal evol-
ution of the oceanic lithosphere governs its properties as a
function of age and hence the style of plate tectonics.

Following the realization that sea-floor heat flow is highest
at mid-ocean ridges and decreases with distance’™®, the system-
atic variation of ocean depth and heat flow with age (Fig. 1)
became the primary constraint on models of the thermal evol-
ution of the lithosphere. The two sets of data jointly reflect the
evolution with age of the geotherm in the lithosphere, because
the bathymetry depends on the temperature integrated over
depth and the heat flow depends on the temperature gradient
at the sea floor'™'". The key features of the data, the decrease
in heat flow and increase in sea-floor depth with age, prompted
two classes of models describing how lithosphere cools as it
spreads away from ridges. Each model predicts the variation in
depth and heat flow with age. In one model'°, the lithosphere
behaves as the cold upper boundary layer of a cooling halfspace,
such that the depth and heat flow vary as age'/? and age /2,
respectively. In the other model, the lithosphere is treated as a
cooling plate with an isothermal lower boundary®'' and so
behaves as a cooling boundary layer until it reaches ages at
which the effects of the lower boundary cause the depth and
heat flow curves to flatten and vary more slowly with age. The
plate thickness in the model is the asymptotic thermal thickness
approached by old lithosphere, which presumably reflects the
combined effects of temperature and rheology'. Parsons and
Sclater'? found that such a model, for a 125-km-thick plate with
a basal temperature of 1,350 °C, provided good fits to the data
then available. It describes the general shape of the depth curve,
including the flattening for ages >70 Myr and the heat flow for
ages >50 Myr. Its main limitation, the overprediction of heat
flow for ages <50 Myr, is thought to result from the transport
of significant amounts of heat by water circulation'?, rather than
by the conductive cooling assumed in such models.

The simplicity and ease of computation of the plate model
makes it a useful representation for the global average of depth
and heat flow with age, and for the thermal evolution of the
lithosphere. The model’s key feature, the isothermal base of the
lithosphere, is a simple way of describing the additional heat
assumed to prevent the halfspace cooling from continuing for
older ages. Various mechanisms including radiogenic heat'?,
shear heating'®, small-scale convection"'® and mantle
plumes'’"'® have been proposed as sources of the additional
heat. In most of these formulations, the asymptotic thickness to
which the lithosphere evolves corresponds to the depth at which
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the additional heat is supplied, and above which the temperature
changes cause bathymetric variations. Because the thermal struc-
ture within the lithosphere does not depend critically on how
this heat is supplied'®, the plate model is a standard for compar-
ing the predicted temperatures within the lithosphere to data
including seismic wave velocities?®, flexure due to applied
and the depths of intraplate earthquakes®.
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FIG. 1 Data and modeis for {a) heat flow and (b) ocean depth as a function
of age. Depths are an average of North Pacific®* (north of the Equator) and
Northwest Atlantic®® (15° N-45° N, 40° W-80° W) values: heat flow are from
sites (Fig. 2) in these regions. The data are averaged in 2-Myr bins, and one
standard deviation about the mean value for each is shown by the envelope.
Shown are the plate model of Parsons and Sclater'? (PSM), a cooling
halfspace model with the same thermal parameters (HS) and the GDH1 plate
model derived here. In a, the HS and PSM curves overlap for ages younger
than ~120 Myr.
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Much attention has been directed to depth’*?* and heat
flow?®?” anomalies relative to the Parsons and Sclater model (a
term used for a plate model with the parameters they estimated
from the data), to identify processes not adequately described
by the model. These studies have been impeded because this
model, which we refer to as PSM, predicts deeper depths and
lower heat flow than generally observed for lithosphere older
than 70-100 Myr (Fig. 1). In particular, these biases pose difficul-
ties for identifying possible mid-plate thermal perturbations due
to mantle plumes®*?°,

To address these difficulties, we combine the depth and heat
flow data to estimate suitable parameters for plate models.
Largely by using improved heat-flow data, we find that a plate
model with a hotter and thinner lithosphere (1,450 °C at the
base of a 95-km-thick plate) satisfies many of the data that are
anomalous with respect to PSM.

Data analysis

We used a heat-flow data set considerably larger than that
available to Parsons and Sclater. Of the 5,539 data, 4,217 are
from a published compilation®®, and the remainder, some of
which have been reported elsewhere®®, are from one in prepar-
ation by D. Abbott and C.A.S. The data provide good coverage
of the main ocean plates (Fig. 2). We used only good-quality
experimental data, as defined in ref. 29, and excluded data from
marginal basins, whose thermal evolution may differ from that
of larger oceanic plates®’. The data are at sites younger than
166 Myr, the oldest at which magnetic anomalies provide ages.
Because the heat flow and depth for old lithosphere provide
joint constraints, we derived the model using only data (Fig. 1)
from the North Pacific and Northwest Atlantic, where the pub-
lished depth data extend to at least 166 Myr and have been
corrected for sediment thicknesses.

We initially compared the data to the heat flow and depth
predicted by PSM and a halfspace model. In plate models'"'?,
the temperature as a function of distance x from the ridge and
depth z below the sea floor is given by

T(x,z)= Tm[z/a+ § ¢, exp (—B,x/a) sin (mrz/a)]
n=1

where the asymptotic thermal plate thickness is a, its basal

Number

FiG. 2 Locations and lithospheric ages of the heat-flow data.
North Pacific and Northwest Atlantic data (Fig. 1) were used to
derive the GDH1 model; all the data are used in Fig. 4a and b.

temperature is T, and
¢, =2/(nm), B, =(R*+n*7?)/2—R, R=va/(2«)

As this expression is in terms of depth rather than height above
the plate base, it differs slightly from that in ref. 12. The Peclet
number R, relating the advective and conductive heat transfer,
incorporates the half spreading rate v and the thermal diffusivity
k =k/(pnC,), where k is thermal conductivity, p,, is mantle
density and C, is specific heat. The corresponding heat flow is

T <}
so=k(TT) =gfi+2§ e -pua]

where g, = kT_,/a is the asymptotic heat flow for old lithosphere,
in which the thermal gradient is linear. The ocean depth varies
with distance as

. 8 =
d(X)=dr+ds[1*7 DA em(*ﬂ,%/tt)]
T j=1
_apnTha
P 2(pm )

where j takes only odd values, d, is the depth of the ridge axis,
d, is the asymptotic subsidence for old lithosphere, a is the
volume coefficient of thermal expansion and p,, is the water
density. We refer ocean depths to the ridge axis, rather than to
the less easily identified asymptotic depth for old lithosphere.
For sufficiently young ages, a plate model is indistinguishable
from a cooling halfspace model'’, in which for age ¢ the tem-
perature is

T(t,z) = T, erf (z(4kt)™V/?)
the heat flow is
q(t) = kT, (mxt)™/?
and the depth is given by
d(t)=d+2(xt/7) 2 apn T/ (P — Pu)

The predictions shown (Fig. 1) are for the parameters used
in PSM, a 125-km-thick plate with a basal temperature of
1,350°C, coefficient of thermal expansion 3.28x10°K™,
specific heat 1.171 kJ kg7 ' K" (0.28 cal g' K™"), conductivity

Global heat-flow data
: e
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FIG. 3 a-e, Contour plots of Depths
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3138Wm K™ (7.5x1072 cal K em ™! s7'), mantle density
3,330 kg m™>, water density 1,000kgm > and ridge depth
2,500 m, and for a halfspace model with the same thermal
parameters and ridge depth. The predicted depths for PSM
flatten with respect to the halfspace model for ages >70 Myr,
whereas the predicted heat flow differs from that for the half-
space only slightly for large (>140 Myr) ages, because the
bottom boundary condition influences the integrated tem-
perature at an age younger than that at which its effect reaches
the surface.

It is useful to separate the data into four categories. The heat
flow data can be divided into ages younger or older than ~50-
75 Myr. The data for younger ages are not fitted by the conduc-
tive models, presumably because of hydrothermal circulation'?.
The heat flow for older ages changes slowly with age, such that
with our data the slope is not resolvably different from zero for
ages greater than 80-90 Myr, and the average values systemati-
cally exceed those predicted by PSM?°-22, Similarly, the depth
data behave differently for ages younger or older than 40-
70 Myr. Younger values are reasonably well fitted by either PSM,
other plate models, or halfspace models, whereas the older
depths are generally overpredicted by PSM, as previously
noted24'25’29’33_36.

We investigated how well the data were fitted by plate models
with different lithospheric thicknesses, basal temperatures and
coeflicients of thermal expansion. We considered the combined
misfit to the depth and heat-flow data

(d;—d)*/ o,

1

s’(a, Ty, @) =si+si=

Iz

L
N,

[ AN2, 2
+X4’j§1 (g;—4;) /UqJ

where d; and ci- are the observed and predicted depths in the
ith age interval, o, is the standard deviation of the depth for
this interval, and ¢;, §; and o,, are the corresponding heat flow
quantities. We used the PSM values for the other parameters,
except for a slightly deeper ridge depth of 2,600 m, in keeping
with recent data®*°. Our approach of treating the depth and
heat flow as joint constraints is conceptually similar to Parsons
and Sclater’s, differing primarily in that the data are sufficiently
densely sampled to permit numerical fitting.
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We calculated the misfit at increments of 5 km in plate thick-
ness, 25 K in basal temperature and 5x 1077 K™" in coefficient
of thermal expansion. Figure 3a-c shows contours of the misfit
as a function of basal temperature and thickness, for the best-
fitting coefficient of thermal expansion, 3.1x 107> K™'. These
plots show a slice of the three-dimensional model space with «
fixed. Figure 3d shows the misfit as a function of the coefficient
of thermal expansion and basal temperature, for the best-fitting
thickness of 95 km, and Fig. 3e shows the misfit as a function
of the coefficient of thermal expansion and thickness, for the
best-fitting basal temperature, 1,450 °C.

The misfit contours for the depths show a diagonal pattern
because the asymptotic depth is proportional to the product of
plate thickness and basal temperature. The best fit is for a thinner
plate and higher temperature than in PSM, consistent with the
observed depths (Fig. 1) being shallower than predicted by PSM.
The heat-flow data for lithosphere older than 50 Myr provide a
separate constraint. The misfit contours are elongated diagonally
in the opposite sense as for the depths, because the asymptotic
heat flow depends on the ratio of basal temperature to thickness.
As for the depths, the best fit occurs for a thinner plate and
higher T,/a than for PSM, because the observed heat flow
exceeds that predicted by PSM. The coefficient of thermal
expansion plots show the best fitting value, and the partial
tradeoffs because the depths for young and old ages depend on
the products aT,, and aT,a, respectively. Joint fitting of the
combined depth and heat flow data gives a best fit for a 95-km-
thick plate, with a basal temperature of 1,450 °C, coefficient of
thermal expansion, 3.1x107°K™', and all other parameters
except the ridge depth the same as for PSM.

This model, which we call GDHI1 (for global depth and heat
flow), fits the data considerably better than PSM, especially for
old lithosphere (Fig. 1). GDHI1 predicts an asymptotic depth
for old lithosphere of 5,651 m, considerably shallower than the
6,400 m for PSM. The asymptotic heat flow for GDHI is
48 mW m™>, roughly 40% higher than the value of 34 mW m >
for PSM. As a result, the depth and heat flow misfits for GDH1
are s =0.18 and sf, =0.16, whereas the corresponding misfits
for PSM are substantially higher, 1.01 and 0.70. An F-ratio test
indicates that the improved fit is significant above the 99.9%
level. Figure 3f shows that the improved fit of GDH] relative
to PSM is comparable to that for PSM relative to the halfspace
model. An F-ratio test shows that GDH1 also provides an
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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 ™2 is assumed to be generated by radioactivity'?,
giving the same depths as PSM but a better fit to the heat flow
(s2=0.34).

A range of models gives fairly similar curves of depth and
heat flow against age. For example, if we assume the PSM value
for the coefficient of thermal expansion, we obtain a best-fitting
thickness of 95 km and a basal temperature of 1400 °C. Alterna-
tively, varying both thermal conductivity and « yields a best fit
for k of 3.25Wm 'K, « of 3.1x107° K™, a thickness of
95km and T, of 1,425°C. An F-ratio test shows that the
improved fit from estimating the conductivity from the data is
not significant even at the 90% level, because the resulting value
is similar to that previously assumed. It is, however, gratifying
that solving for the conductivity gives a value consistent with
that usually assumed. Different choices of data also yield similar
best-fitting parameters. For example, use of the heat-flow data
for ages older than 75 Myr, rather than 50 Myr, yields a best fit
for a thickness of 95 km, T, of 1,475 °C and « of 3.05 x 107> K.
This model is so similar to GDH1 that it predicts an asymptotic
heat flow within 1 mW m™2 and an asymptotic subsidence within
3 m of those for GDH1.

GDHI1 is thus representative of the plate models that fit the
data well. Quantification of the true uncertainties in model
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FIG. 4. Use of GDH1 as a reference model for depth and heat-flow analyses.
a, Observed heat flow against age for the entire global dataset as a fraction
of that predicted by GDH1. The discrepancy for ages younger than 50-75 Myr
presumabiy indicates the fraction of the heat transported by hydrothermal
flow. The data for ages <50 Myr (open circles) were not used in deriving
GDH1. b, Observed heat against age for the entire global dataset, and
predictions of PSM, a halfspace model with the same thermal parameters
(HS) and GDH1. The HS and PSM curves overlap for ages younger than
~120 Myr. Symbols are the same as in Fig. 1. ¢, Depth data (averaged in
5-Myr bins) for the South American (SA)*® and African (AF)*® plates, and
the North Pacific (NP)2* and Northwest Atlantic (NWA)?® compared to the
predictions of the three models. The differences between plates make any
global reference model only an approximation.
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parameters is difficult, given the limitations of the data and
model (discussed later). From examination of fits to the data,
we estimate the plate thickness as 95+ 15 km, basal temperature
as 1,450+ 250 °C and « as 3.1+ 0.8 x 107 ° K !, where the uncer-
tainties are one standard deviation, and do not include the
uncertainty in the model or other parameters (such as conduc-
tivity). Alternatively, if we regard « 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 to their estimate (1,350 +275 °C) and
a comparable to their estimate (3.2+1.1x10°K™").

Applications of the model

Thermal models of the lithosphere are used in several ways for
tectonic studies. First, they provide reference models to charac-
terize the average variation in depth and heat flow with age for
assumed ‘normal’ lithosphere. It is thus possible to identify
regions that are anomalous with respect to a reference model,
and to estimate how anomalous the depth and heat flow are.
Second, a model predicts a geotherm for ‘normal’ lithosphere,
and hence can be used to draw inferences about the processes
giving rise to the temperature structure of both ‘normal’ and
‘anomalous’ lithosphere. These two applications are decoupled,
in that it is useful to characterize ‘normal’ lithosphere and
identify anomalies, although the assumed thermal structure pre-
sumably approximates a more complex situation.

GDH1 is a more useful global reference model than PSM, as
it fits many of the data better for old lithosphere. It avoids the
difficulty that most old lithosphere seems anomalous relative to
PSM. The fact that many previously inferred heat flow and
depth anomalies are successfully described by a single model
bears out the importance of using both data types to constrain
models.

The depth and heat-flow predictions for GDH1 are con-
veniently and accurately approximated using a halfspace model
with the same parameters for young lithosphere, and the first
term of the series solution with R >» 7 for older lithosphere'?,
The depth (m) is related to the age (Myr) by

d(t)=2,600+365t
=d +dJ1-(8/7%) exp (—km’t/a*)]
=5,651—2,473 exp (—0.02781)
and the heat flow (mW m™?) is

t <20 Myr

} 1=20 Myr

q(1)=51017Y2 t<55Myr
=g[1+2exp (—km’t/a?)]
t>55Myr
=48+96 exp (—0.02781¢)

Hotspot swells. The GDHI1 predictions are useful for investiga-
tion of the depth and heat-flow anomalies at swells associated
with presumed hotspots. Two common end-member models for
the swells are a thermal origin, in which the lithosphere is
reheated at depth®”**, or a dynamic origin, in which upwelling
mantle causes uplift**=*'. The observation of heat flow along the
Hawaiian swell higher than predicted for PSM was initially
treated as consistent with reheating®®, because this model pre-
dicts large heat-flow anomalies. Subsequent studies showed that
swell heat flow differs at most slightly from that for lithosphere
of comparable ages®®, so that referring the data to PSM overesti-
mated the anomalies. GDHI1 fits the global heat-flow data (only
part of which was used in deriving the model) significantly better
than PSM (Fig. 4b) and is therefore a more appropriate refer-
ence. Thus although relative to PSM the anomaly is ~6-
10 mW m™? (depending on whether radioactivity is assumed),
the anomaly relative to GDH1 is ~4 mW m™2. The heat-flow
anomalies over the other swells are similarly reduced, thus
favouring dynamic rather than reheating models, in accord with
recent seismological results*?.
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Hydrothermal circulation. A reference model like GDH1 can
be used to study hydrothermal circulation in young
lithosphere'*****, Comparison of the observed conductive flux
to that predicted (Fig. 4a) suggests that the fraction of heat
transferred by fluid flow decreases steadily from less than ~50%
in very young lithosphere. GDH1 slightly underpredicts the heat
flow for old lithosphere, perhaps in part because it is also
constrained by the depths (Fig. 3).

Depth anomalies. Although a reference model is needed to iden-
tify and characterize depth anomalies, the differences in sub-
sidence rates between plates (Fig. 4c¢) and within plates are
substantial enough'®***>*¢ that no model can fit all the data.
Similarly, our fitting of mean depths, which are convenient for
statistical analysis, or the alternative of fitting modal depths,
which are less affected by processes that produce shallow
depths®*, affects the result. Any global reference model is there-
fore an approximation to an ideal. Nonetheless, comparison
with either mean or modal depths shows that GDH1 is a more
useful reference than PSM, which has the unsatisfying implica-
tion that most older lithosphere is anomalously shallow.
Moreover, the approach used to derive GDH1 may be applied
to differences between and within plates. Although such analyses
have often considered only depths and interpreted the differen-
ces in terms of temperature variations*®, it may sometimes be
practical to use both data types and also test different plate
thicknesses. Although the data for young lithosphere are insensi-
tive to plate thickness and hence describable by halfspace cool-
ing, the data for older lithosphere are sensitive to plate thickness.
It would also be desirable to derive a revised global model,
using sediment-corrected depth data for old lithosphere from
other areas (such as the Indian Ocean and Northeast Atlantic).

Because GDHI1 is derived by joint fitting of bathymetry and
heat-flow data, both the depths and heat flow are assumed to
reflect thermal structure. Regions anomalous with respect to the
model can thus be characterized in terms of two end-member
cases, thermally or topographically anomalous. The former situ-
ation (anomalously shallow bathymetry and high heat flow)
presumably reflects temperatures in the lithosphere higher than
in GDHI1. In contrast, the latter situation (regions shallow with
respect to GDHI, but with consistent heat flow) may reflect
dynamic uplift, excess volcanism or thick crust. The small heat-
flow anomaly associated with Hawaii and the other hotspot
swells indicates that they are closer to this second case.

An important use of depth data is for analysis of the history
of old lithosphere*’. The observation that old lithosphere is
shallow with respect to a halfspace model gave rise to the plate
model, which fits most of the data reasonably well and is thus
the standard reference. The issue is generally not whether a
given region of old lithosphere is anomalous relative to a cooling
halfspace, because this is almost always the case, but whether
it is shallow relative to old lithosphere of comparable age else-
where?. Despite the variations in the depth for a given age,
such that ‘flattening’ is only an approximation, GDH1 describes
most old lithosphere better than PSM. Thus the regions for ages
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FIG. 5 Comparison of the asymptotic thermal structure for old lithosphere
in models PSM and GDH1. GDH1, developed to fit higher heat flow, has a
steeper geotherm and thus higher temperatures at depth. The sea-floor
subsidence is proportional to the area (shaded) between the geotherm and
T=T,,so GDH1 predicts less subsidence and hence shallower bathymetry
than PSM. Versions of these models incorporating the effect of radioactivity
are labelled GDH1’ and PSM'. Schematic adiabats are shown beneath the
plate.

>100 Myr (primarily in the Pacific) which are anomalously
shallow with respect to PSM (Figs 1, 4¢) are either consistent
with or considerably less shallow with respect to GDHI.

GDH1 or any reference model is thus helpful in investigating
the physical process causing the flattening with respect to the
square root of age curve. A reference model characterizes the
average heat flow and depth values as a function of age, which
models of the physical process must satisfy. Many recent studies
favour hotspot reheating, in part because of questions about
whether small-scale convection would cause flattening®'. If the
flattening is caused by hotspots, therefore, a plate model like
GDH1 describes their average effect, and regions shallow with
respect to GDHI1 (such as Hawaii) have been affected more
than ‘normal’ old lithosphere.

Thermal structure of the lithosphere

The difference between the predicted temperature structure of
the lithosphere for GDH1 and PSM can be visualized using the
asymptotic thermal structure for old lithosphere (Fig. 5), a linear
geotherm, T, z/a=gq,z/k The age at which the geotherm
becomes roughly linear corresponds to that at which the predic-
ted heat flow becomes roughly uniform with age: ~100 Myr for
GDH1 and ~150 Myr for PSM. The geotherm is easily inter-
preted graphically, because the physical properties are assumed
to be uniform with depth. The surface heat flow constrains the
slope of the geotherm. The geotherms for PSM and GDHI can
be compared directly because the models have the same conduc-
tivity. GDH1, with higher heat flow than PSM, has a steeper
gradient and higher temperature at any depth. The observed
subsidence constrains the area between the geotherm and T =
T.., which is proportional to Ta and thus to the heat lost as
the plate cools from its initial temperature. The area between
the geotherm and the depth axis is proportional to the heat
remaining in the lithosphere, the vertical integral of temperature.
For the linear gradient, the two areas are equal, so half of the
initial heat has been lost. GDH1, derived for shallower bathy-
metry and hence less subsidence than PSM, has a smaller area
between the geotherm and T = T,,. The model makes no predic-
tions about the temperatures below the plate, often assumed to
be a shallow adiabatic gradient, ~0.3 °C km™* (ref. 48). Given
the simplifying assumptions and uncertainties, the temperatures
at depth are in reasonable accord (£100 K) with those inferred
from mineral physics*.

Beyond the general properties that GDH1 is hotter at depth
and has a thinner asymptotic thermal plate than PSM, we do
not ascribe great significance to the details of the temperature
structure, especially the basal temperature and the thermal struc-
ture in the lower portions of the plate. Plate models are
phenomenological in that they are the simplest models (specified
by the minimum number of parameters) that describe the general
variation in depth and heat flow. These variations may reflect
potentially significant effects not included in the model. For
example, the basal temperature depends on whether the model
incorporates radiogenic heat production, as illustrated by the
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asymptotic geotherm T(z)= q,z/k— Hz*/(2k) where H is the
heat production per unit volume*®, Geotherm GDH1’ (Fig. 5)
shows that for a typically assumed heat production of
107 cal s cm™ (4.184x 1078 W m*)*?° the basal temperature
would be reduced to 1,393 °C. Conversely, because in deriving
PSM'? it was assumed that an additional ~4mWm ? of
asymptotic heat flow was due to radioactivity, addition of this
effect would give geotherm PSM’, with a basal temperature of
1,409 °C. Because the basal temperature depends on the poorly
known heat production, we have not complicated the GDH1
model by including this effect.

Other factors contribute to the uncertainty in the basal tem-
perature. A depth dependent coefficient of thermal expansion®
or conductivity®® could have considerable effects. Because we
use no heat-flow data in lithosphere younger than 50 Myr, we
accept a boundary condition at the ridge which gives a heat-flow
singularity that a more physical boundary condition can
alleviate®'%*'. Moreover, the temperatures at shallow depths in
very young lithosphere are presumably lowered by hydrothermal
circulation**. The model includes only the variation in the depth
due to the cooling lithosphere'S, whereas large- and small-scale
convection’>?, temperature variations within the mantle, and
phase changes® may also yield depth effects. The model does
not incorporate time-dependent effects apart from cooling, as
might be associated with processes like the proposed Cretaceous
superplume’*,

Determination of the magnitude of effects not included in the
plate model is challenging because the model fits the primary
surface observables, depth and heat flow, reasonably well. A
final point worth noting is that in the plate model, the ridge and
basal temperatures are treated as the same for simplicity. These
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FIG. 6 Comparison of the isotherms as a function of age for the PSM and
GDH1 models to three data sets?223%6 whose variation with age is con-
sistent with cooling of the lithosphere. Except for the oldest lithosphere,
the isotherms corresponding to the effective elastic thickness (a) and
deepest intraplate seismicity (b) are similar for the two models. The differ-
ence between the temperatures for the tow-velocity zone (c) is greater. The
vertical line for the velocity structure in each age range (for example 0-4 Myr)
corresponds to 4.5kms™%,
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temperatures are presumably different, in that the basal tem-
perature represents the heat addition to old lithosphere. If this
addition occurs through mantle plumes, the basal temperature
would be expected to be several hundred degrees higher than
the ridge temperature®®. This may be the reason why the basal
temperature exceeds that (~1,300°C) inferred for the ridge
temperature from the thickness of oceanic crust’"®,

In addition to the surface observables, the thermal evolution
of the lithosphere seems to give rise to variations with age
of properties at depth, as inferred from surface-wave
velocities’®*%%7  effective elastic thicknesses®**> and the
maximum depth of seismicity*>*®. It is hard to use these vari-
ations to discriminate between grossly similar thermal models
like PSM and GDHI1 (Fig. 6) because the predicted temperatures
are similar at shallow depths, especially for young lithosphere.
The inferred temperatures of ~400°C associated with the
effective elastic thickness®' (except for the South Pacific super-
swell®®) and of ~750 °C corresponding to the deepest intraplate
seismicity** occur at similar depths for PSM and GDH1, except
for old lithosphere. More detailed comparison of these data
with predicted temperature structures requires rheological
models and assumptions about the relevant strengths. The velo-
city structure inferred from surface-wave dispersion might be
more diagnostic because the low-velocity zone occurs at greater
depth, where predicted temperature differ more. Laboratory
experiments® indicate that the velocity should begin to decrease
at a depth where the temperature is ~95% of the solidus tem-
perature. Unfortunately, even with this assumption the velocity
structure is difficult to relate in detail to thermal models because
of the limited vertical and age resolution of the dispersion
data®®*>7_ For the velocity structure shown, however, the incep-
tion of the low-velocity zone occurs at shallower depths in older
lithosphere than would be expected for the present solidus
data®, either for PSM or the hotter GDH1.

The GDHI1 model provides a convenient reference for the
average variation in depth and heat flow with lithospheric age.
It can be used in studying these surface observables, regardiess
of how well the plate model actually represents the thermal
structure of the lithosphere. If a plate model adequately rep-
resents the geotherm, GDHI1 implies that the lithosphere is
hotter at depth and thinner than previously assumed. O
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Direct measurement of the
optical depth in a spiral galaxy

Raymond E. White Il & William C. Keel
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FROM a statistical analysis of nearly 9,400 spiral galaxies’,
Valentijn® has claimed that the disks of spirals are largely opaque.
His argument derives from a lack of inclination dependence in the
average surface brightness of the spirals, which if they were trans-
parent would be brighter when seen edge-on than face-on. This
statistically derived result is however vulnerable to several selection
effects’, and seems to contradict the fact that the survey was
successfully performed (as we live in a transparent spiral galaxy)
as well as anecdotal examples of galaxies visible through other
galaxies. We have tried to measure directly optical extinction in
a number of spiral disks, using pairs in which a foreground spiral
is backlit by another galaxy. In our best example substantial
extinction of starlight occurs, but the extinction is mostly associ-
ated with the spiral features in which much of the light arises in
the first place. This correlation of extinction with emission may
account for both the transparency and apparent opacity of spiral
galaxies.

The opacity of spiral disks bears on a variety of issues,
including the nature of dark matter (if spirals are intrinsically
more luminous than usually assumed, they would require less
dark matter to contribute to the dynamical mass); galaxy star-
formation rates (if more dust is available to absorb and reradiate
starlight, starburst systems may be less extreme than originally
thought); and the quasar redshift cutoff (due, perhaps, to the
accumulation of intervening galaxies).

In Valentijn’s study?, the opacity of spiral disks was indicated
by the lack of inclination dependence in their average surface
brightness; if spiral disks were instead transparent, they would
have higher surface brightness when seen edge-on than when
viewed fact-on. Burstein et al® recently discussed the observa-
tional selection effects inherent in such statistical studies; they
attributed Valentijn’s result to a selection effect associated with
the diameter-limited nature of his sample. But their own statis-
tical analysis, which was designed to avoid such selection effects,
also suggested that spirals are optically thick.

We have adopted a direct, rather than statistical, approach
to determine whether spiral disks are opaque. We have imaged
several overlapping pairs of galaxies so that we may reconstruct,
using symmetry, the amount of background light absorbed by
the foreground spiral galaxies in the pairs. The ideal pair for
this measurement consists of a symmetric face-on spiral in the
foreground half-projected against half of a similar-sized, sym-
metric background elliptical (see Fig. 1). Both galaxies need to
be highly symmetric so that their non-overlapping portions can
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be used to estimate the superposed portions accurately, through
either reflection or rotational symmetry.

Figure 1 illustrates the procedure for extracting optical depths
from an idealized foreground ‘spiral’ disk projected against a
background ‘elliptical’. The surface brightness of the unsuper-
posed part of the spiral is S and that of the unsuperposed part
of the elliptical is E, so the surface brightness in the superposed
region is S+ Ee™’, where 7 is the optical depth of the spiral.
We estimate e " by first subtracting the unprojected portion of
the spiral (S) from its counterpart in the overlap region, then
dividing the residuals by the unsuperposed portion of the ellip-
tical (E). This results in a map of e™" over the projected parts
of the foreground spiral. This technique is purely differential,
so we do not require absolute intensity calibrations, only a linear
detector.

Our cleanest case thus far is AM1316—241 (ref. 4), a fore-
ground Sbc spiral projected against an elliptical galaxy (see the
B (blue) image in Fig. 2a). The spiral and elliptical have galac-
tocentric velocities of 10,365 +30 and 9,703 25 km s™', respec-
tively (D. F. de Mello Rabaga, personal communication). The
velocity difference of 662+39 km s~ is rather large for this to
be a closely interacting bound pair. The catalogued surface
brightness of the foreground spiral { uf =21.36 or u? =23.07)
is ‘typical’, being within 0.2 magnitudes of the mean for all
late-type galaxies with similar axial ratio (see Fig. 1 of ref. 2).
The 4:1 ratio of the major and minor axes indicates the spiral
is inclined ~75° from the plane of the sky, so there is a long
optical path through the disk. Both galaxies have good sym-
metry, so the opacity can be accurately decomposed. We
obtained B and I (infrared) images using the 2.1-m telescope
of Kitt Peak National Observatory with a Tektronix 1,024 X
1,024-pixel CCD; exposure times were 30 minutes each.

The B/I colour ratio is shown in Fig. 2b, where it is obvious
that the foreground galaxy is not opaque. Its disk is redder in
the region backlit by the elliptical than in the corresponding
unlit region, requiring that some (redder) background light shine
through the disk (suffering additional reddening there). If the
foreground spiral were opaque, there would be no colour
gradient correlated with the surface brightness distribution of

FIG.1 Schematic of the ideal overlapping galaxy pair for the direct determina-
tion of the opacity of the foreground spiral.
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