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of the total global heat loss. Note that the intrusive component of igneousactivity may find expressionin the inferred
conductive gradient, depending on the depth of intrusion,
but the volcanic component of activity will not.
The volcanic flux has decreased sharply with time over
Martian history [Greeley, 1987; Tanaka et al., 1988], so it is
worth making a similar calculation both for the periods of
high volcanic output as well as for the Amazonian epoch
addition of volcanic and intrusive material. We assume that
correspondingto most of the estimatesof lithospherethickthe areas of excess thermal gradient in the central Tharsis, nessand thermal gradient given in Table 1 and Figure 7. For
centralElysium,andAlbaPateraregions
are3 x 106 km2, both the mid-Noachian and early Hesperian epochs, volca0.9 x 106km2 and0.8 x 106km2 respectively.
Theseareas nism resurfaced large areas in widespread regions over the
correspondto the regionsencompassedby the 7.5-km, 1-km, planet. With the areasof volcanicmaterial given by Tanaka
and 5-km elevation contours in the respective provinces et al. [1988] for these periods, the 1-km thicknessestimate of
[U.S. Geological Survey, 1989]. The 7.5-km contour in the Greeley [1987], and the time intervals given by Tanaka
Tharsis region enclosesthe area of the Tharsis Montes, but [1986], the heat delivered by volcanism was at rates of 2 x
not Olympus Mons, for which a lithospherethicknessand 10• and 3 x 10•ø W, respectively.For a 10:1 ratio of
thermal gradient nearer to the global average values are intrusive to erupted material the heat flux delivered by
indicated (Table 1). For excessthermal gradients of about 10 magmatism during the mid-Noachian may have been as
K km -• in central Tharsis and 5 K km -• in the other two much as one third of the global heat flux, with the precise
volcanic provinces (Table 1) and a crustal thermal conduc- ratio dependingon mantle heat production, global thermal
tivityof 2.5 W m-• K -• theheatdelivered
by theseexcess history, and the uncertain duration of the epoch. In contrast,
gradientsis at a rate of 1 x 10• W, with 80% of the the heat delivered by volcanismand plutonism estimatedby
contribution to this figure coming from the Tharsis region. this same procedure for the Amazonian contributed on
no morethan4 x 10•øW, a figureequalto about
This figure is 3-5% of the estimatedpresent global heat loss, average
2-4 x 10•2 W for the probablerangeof averageheatflux 40% of the excess conducted heat at major volcanic centers,
values given above. By way of comparisonthe fraction of estimated above, and only 1-2% of the global heat loss.
mantle heat flux delivered by plumes at present on Earth has
also been estimated to be about 5% [Davies, 1988; Sleep,
CONCLUSIONS
1990]. The heat delivered by plumes on Mars must be
Estimates of the thickness of the effective elastic lithosupplied by cooling of the Martian core. In the thermal
history models of Stevensonet al. [1983] the Martian core sphere of Mars appropriate to a variety of locations and
deliversheatto themantleat a rateof 2 x 10• W duringthe times have been converted to estimates of lithospheric
Amazonian, sufficient to supply the estimated heat trans- thermal gradient and surface heat flow by means of strength
envelope considerations.Local thermal gradients and heat
ported by plumes beneath major volcanic provinces.
We may comparethese figuresto the fractional heat flow flow valueswere 10-14 K km -• and 25-35 mW m -2 at the
delivered by volcanism and associatedigneous intrusions. time of formation of load-induced graben surrounding the
Estimates of the surface area of volcanic material at each
Tharsis Montes and Alba Patera, while gradients and heat
major stratigraphic stage, including corrections for later flow values of less than 5-6 K km -• and 17-24 mW m -2
burial, have been given by Greeley [ 1987] and Tanaka et al. characterizedthe lithospherebeneath the Isidis masconand
[1988].Bothfind2 x 108km2 of volcanicmaterial,though Olympus Mons at the time of emplacementof these loads.
the two analysesdiffer in detail, particularly in the relative On the basis of the thickness of the global elastic lithosphere
strength of a "peak" in the flux curve at early Hesperian required to support the Tharsis rise, inferred on thermal
times (correspondingto the formation of the Martian ridged groundsto characterizea late, rather than an early, stagein
plains) about 3-3.5 b.y. ago [Tanaka, 1986]. Greeley [1987] the evolutionof the Tharsis province [cf. Sleep and Phillips,
has suggestedthat the volume of volcanic material may be 1985], as well as heat production estimates obtained from
estimatedby multiplying the area by an averagethicknessof SNC meteorites, we suggestthat the present global heat flux
modest areas immediately surroundinglocalized lithospheric
loads. The areas within major volcanic provincesfor which
the enhanced thermal gradients of Table 1 and Figure 7 are
appropriate, unfortunately, are poorly constrained.Nonetheless, an approximate measure of the lateral extent of
enhanced lithospheric heating is the area of regionally elevated topography arising either from remaining excessheat
or, more likely, from a crust permanently thickened by the

3-5%
about1 km.A volumeV of 2 x 108km3 maybe converted onMarsisintherange15-25mWm-2. Approximately
to equivalent
heatQ by meansof therelationQ = p(CpAT+ of this heat flux during the Amazonian epoch has been
AH)V, wherep is the densityof volcanicmaterial,Cpis the contributedby excessconductedheat in the central regions
specific heat, AT is the difference between eruption and
ambienttemperatures,and AH is the heat of fusion.We take

p= 3 Mgm-3 Cp= 1.2kJkg
-• K-• andAH=0.4MJ

kg-•, andwe adoptAT = 1450K [Bertkaand Holloway,
1988].Averagedover 3.8 b.y., 2 x 108km3 of volcanic
materialdeliversonly 10•ø W, or less than 1%, of the
estimated
present
globalheatlossof 2-4 x 10•2W. Accom-

of major volcanic provinces, a figure at least a factor of 3
greater than the heat transported solely by volcanism and
shallowigneousintrusions.This excessheat flux is plausibly
attributed to the action of mantle plumes on the base of the
lithosphere beneath volcanic province centers. The fractional mantle heat transport contributed by plumes during
the last 2 b.y. on Mars is therefore comparable to the present

panying any volcanic eruption, of course, is usually a situation on Earth.
significant intrusion of magma that cools and solidifies at
depth. The ratio of intruded to extruded volumes is as great
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