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Evidence for a Basalt-Free Surface on Mercury 
and Implications for Internal Heat 

Raymond Jeanloz,* David L. Mitchell, Ann L. Sprague, 
lmke de Pater 

Microwave and mid-infrared observations reveal that Mercury's surface contains less FeO 
+ TiO, and at least as much feldspar as the lunar highlands. The results are compatible 
with the high albedo (brightness) of Mercury's surface at visible wavelengths in suggesting 
a rock and soil composition that is devoid of basalt, the primary differentiate of terrestrial 
mantles. The occurrence of a basalt-free, highly differentiated crust is in accord with 
recent models of the planet's thermal evolution and suggests that Mercury has retained 
a hot interior as a result of a combination of inefficient mantle convection and minimal 
volcanic heat loss. 

Twenty years after the first and only flybys 
imaging its surface, Mercury remains one of 
the most enigmatic planets in the solar 
system (1-3). The presence of a weak mag- 
netic field (surface intensity -0.7% of that 
of Earth) most likely implies that at least 
part of Mercury's large metallic core is mol- 
ten (4-6). Yet the small planetary radius 
suggests that Mercury's interior should have 
cooled relatively quickly by means of pro- 
cesses of mantle convection and volcanic 
eruption that are thought to control the 
thermal evolution of the terrestrial planets 
(5-7). Indeed, one can infer from recent 
model calculations that "heat piping," the 
loss of heat from the deep interior through 
volcanism, should have frozen out Mercu- 
ry's core long ago (7). 

Basaltic volcanism is particularly signif- 
icant in this context because basalt repre- 
sents the liquid formed upon the partial 
melting of a terrestrial planetary mantle (5, 
8 ,  9). Thus, extraction of basalt is the pri- 
mary means by which the rocky (silicate) 
fractions of planets undergo geochemical 
differentiation and concomitant volcanic 
heat loss from the interior (5). Dynamical 
considerations indicate that as much as 
50% of Mercury's crust-mantle system can 
be tapped by basaltic magmas (1 0). That is, 
a large fraction of the interior has been 
subiect to volcanic cooline: far more than 
the' geologically active ~ a r t h  and Venus 
(<lo%) and comparable in magnitude to 
the moon (-65%) and Mars (-25%), 
which have now evolved toward geological 
senescence. ~~~~ ~~ 

The amount, and even the presence, of 
volcanic rocks on Mercurv's surface is con- 
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troversial, according to photogeological 
studies (1-3, 5). Here we focus on the more 
specific question of whether basalts are 
present in abundance on the surface of Mer- 
cury. In accordance with current models of 
the planet's formation and earliest evolu- 
tion, our presumption is that Mercury's 
mantle is essentially chondritic or peridotic 
in bulk com~osition. with the unusuallv 
large core and high F;/s~ ratio of the plane; 
due to a late-stage giant impact (3, 1 1-1 4). 

We begin by modeling microwave imag- 
es of Mercury's thermal emissions at fre- 
quencies of 4.8 to 100 GHz (wavelengths 
6.2 to 0.3 cm) (1 5). The overall appearance 
of Mercury at these wavelengths (Fig. 1A) 
is influenced by the planet's unique diurnal 
heating pattern, resulting from a 3:2 spin- 
orbit resonance in combination with a large 
orbital eccentricity (e = 0.2) (15, 16). The 
effects of this diurnal heating pattern are 
wavelength-dependent and have been mod- 
eled to vroduce a residual imaee that is 

L. 

obtained by subtracting a best fit model 

Fig. 1. (A) Image of Mercu- 
ry's thermal emission at 23 
GHz (1.3-cm wavelength), 
with intensity expressed in 
units of brightness tempera- 
ture (crudely, an average of 
the physical temperature 
within the upper -35 cm of 
the regolith), color-coded 
from blue (cold) to red (hot). 
Contours are at 10% steps 
from the maximum of 393 K, 
except for the lowest con- 
tour which is at the 2% (8 K) 

from the thermal image (Fig. 1B). The mi- 
crowave opacity is adjusted in the model so 
as to reproduce diurnal brightness varia- 
tions across the disk (15). 

The result is that Mercury's regolith is 
found to be remarkably transparent to mi- 
crowaves: at least two times as transparent 
as the lunar maria and at least 1.4 times as 
transparent as the lunar highlands through- 
out the frequency range examined (15). 
The dielectric loss tangents of Mercury's 
surface are lower, at comparable frequen- 
cies, than those of samples from either 
Earth or the moon (Fig. 2). Also, extrapo- 
lation of temperature- and frequency-de- 
pendent laboratory measurements shows 
that no more than -1 to 10% CaTiO, 
perovskite can be present on the surface of 
Mercury (17). As CaTiO, perovskite is a 
significant mineral among high-tempera- 
ture condensates of the solar nebula (3, 18), 
our finding that it cannot be very abundant 
on the surface and the observation that an 
alkali-rich atmosphere is present around the 
planet (1 9) both argue against a particularly 
refractory composition for Mercury's crust 
(13). 

To  intemret the dielectric loss taneent ., 
in terms of whole-rock composition, all val- 
ues are referred to a common frequency of 
450 MHz, for which numerous laboratory 
measurements exist. This involves extrapo- 
lating the Mercury data to lower frequen- 
cies than observed, which we do by averag- 
ing the frequency dependencies of the mi- 
crowave observations and of the laboratory 
data as indicated in Fig. 2. A total FeO + 
TiO, content of 1.2% (by weight) is thus 
inferred for Mercury's surface on the basis of 
the empirical correlation of Heiken et al. 
(20) between composition and dielectric 
loss tangent (Fig. 3). All uncertainties com- 
bined are estimated to bound the surface 

level. The resolution (inset) is 
520 km on Mercury's surface, and the image was obtained in August 1990, when the planet was at the 
greatest eastern elongation (15). (B) Residual image showing deviations from the best fit model to the 
thermal image; see (15) for further details. Blue regions are cooler than the model and red regions are 
warmer. The 5-K contour interval (dashed = negative) is roughly three times the root mean square noise. 
The planet's orientation is indicated by lines of constant longitude and latitude at 30' intervals; the bold 
line is the morning terminator, and the sunlit hemisphere is on the right. The bold circle outlines the main 
rim of the Caloris Basin. Negative residuals (thermal depressions) along the sunlit side of the terminator 
result from shadows cast by hills and crater walls that were not included in the model. 
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composition of Mercury at FeO + TiO, < 
6.0% (by weight), corresponding to a lunar 
rock composition between anorthosite and 
norite. 

The significance of the low iron content 
of the surface rocks is that partial melting of 
a chondritic mantle yields liquids enriched 
in FeO-MgO components (2 1 ). Current 
models of Mercury's origin do not justify a 
mantle composition having an  FeO + TiO, 
content as low as -1 to 2% (by weight) (3,  
13). Thus, we conclude that, within the 
s~a t i a l  resolution of the observations, there 
is no  evi&nce for significant quantities of 
licluid extracted directlv from the mantle 
having been erupted onto the surface of 
Mercury after crust formation (22). That is, 
our observations support the theoretically 
based conclusion that volcanic heat piping 
has not played a major role in Mercury's 
thermal evolution. 

Laboratorv studies of returned lunar 
samples reveal that the microwave opacities 
of mare basalts are about two to five times 
those of highland anorthosites (Fig. 3). In 
contrast, the la& of residual values in the 
Caloris Basin (Fig. 1B) indicates that the 
average microwave opacity in that region 
must be within 15% of the global average. 
Overall, currently resolved spatial varia- 
tions in the FeO + T i 0 2  abundance are 
apparently much smaller on Mercury 
1<5%) than on the moon 1>15%). 

a he preferred compositidn for Mercury's 
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Fig. 2. Dielectric loss tangents determined from 
microwave images of Mercury's surface at 4.8 to 
15 GHz (filled circles) are compared with labora- 
tory measurements for samples from the moon 
(filled squares at 0.45 and 9.4 GHz: upper square, 
soil 141 63; lower square, melt rock 1431 0) and 
from Earth (open symbols at 0.45 and 35 GHz: 
basalts and granites) (15, 20,30). We obtained the 
Mercury data by assuming (i) no scattering losses 
and (ii) an effective regolith density of 1.5 g/cm3 in 
converting from specific loss tangent to the abso- 
lute value of loss tangent shown here (31). These 
data are extrapolated to a reference frequency of 
0.45 GHz (shaded circle, with error bar reflecting 
uncertainties both in the observations and in the 
extrapolation to 450 MHz). Measurements for 
CaTiO, perovskite at 20°C (curve) and at 83°C 
(stars) are from ( I  7). 

surface on the basis of microwave data is 
that of a very Fe- and Ti-depleted rock, 
possibly anorthosite (by analogy with the 
lunar crust). This conclusion is in good 
agreement with observations at visible, 
near-infrared, and mid-infrared wave- 
lengths (23, 25). In particular, a plagio- 
clase-rich crust has been directly inferred 
from mid-infrared emission sDectra of Mer- 
cury's surface (25). All spectroscopic data 
thus point to a highly differentiated, lunar 
highlands-like crust, compatible with the 
idea that global melting was induced by a 
late-stage (accretional) giant impact (1 1 ,  
12, 25). 

As with the moon, freezing out of a 
magma ocean has apparently resulted in 
Mercury becoming a one-plate planet (3,  5, 
26). Only sluggish convection, and corre- 
spondingly ineffective heat transfer, has 
been possible in the thin mantle remaining 
after the giant-impact disruption of Mercu- 
ry (27). Thus, with volcanic heat piping 
having been shut down by cooling and con- 
traction after the impact, as documented by 
the evidence for com~ressive tectonics (26) . , 

as well as by the lack of basaltic volcanism 
discussed here, the loss of deeu internal heat 
has been limited throughout Mercury's geo- 
logical evolution. This scenario offers a nat- 
ural explanation for the apparently contra- 
dictory observations of a thin mantle (rapid 
global cooling) and a planetary magnetic 
field (molten core). 

Our results by no  means preclude the 
occurrence of extensive volcanic units on 
the surface of Mercury [but see (1-3)]. The 
effect of global contraction, as occurred ear- 
ly in Mercury's geological evolution, is to 
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Fig. 3. Variation of the 450-MHz dielectric loss 
tangents of rocks shown as a function of the total 
FeO + TiO, content [see (20)). Results for silicic 
(granites) and mafic or ultramafic (basalts and 
peridotites) rocks from Earth are summarized (ver- 
t~cal bars) (30), along with the f~eld containing all 
measured values from lunar samples (outlined by 
shaded curves) (20). The solid point indicates the 
value for Mercury's surface extrapolated to 450 
MHz (Fig. 2) and is plotted at the composition 
derived from the correlation of Heiken et a/. (20) 
between dielectric loss and bulk com~osition. 

limit the ability of deep-seated magmas to 
erupt directly to the surface (26). Conse- 
quently, one would expect that the upward 
migration of basaltic liquids generated in 
the mantle may have been arrested beneath 
or within the lithosphere, where extensive 
differentiation can take place (7). Second- 
ary eruption of highly differentiated basaltic 
magma can yield alkaline lavas (5,  28); 
indeed, the presence of alkaline volcanic 
rocks, including silica-poor (feldspathoid- 
bearing) eruptives, is in good accord with 
the mid-infrared spectra of the surface and 
may offer a natural explanation for the high 
alkali content of Mercury's atmosphere (19, 
25). Furthermore, large volumes of impact 
melt could account for some of Mercury's 
plains units; recent Clementine spacecraft 
observations of the moon's south polar re- 
gion revealed extensive units of shock- 
melted rock (29). 

Overall, the observations at microwave, 
infrared, and visible wavelengths (1 5, 23, 
25) provide empirical support for the con- 
clusions of thermal-evolution calculations, 
which suggest that global magmatic differ- 
entiation on Mercury has been limited to 
crustal and subcrustal intrusion, with mini- 
mal extrusive volcanism after formation of 
the crust (7). The lack of volcanic heat 
piping and the inefficiency of mantle con- 
vection have combined to keep the interior 
of Mercury hot throughout its geological 
evolution. Our conclusion that extensive 
basaltic volcanism has not taken dace  on 
Mercury's surface is a prediction that can be 
readily tested by compositional mapping 
with a space-borne telescope or by future 
space missions to the innermost planet of 
the solar system. 
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Single Molecule Electron Paramagnetic 
~esonance Spectroscopy: Hyperf ine-Spli t ting 

Owing to a Single Nucleus 
J. Kohler, A. C. J. Brouwer, E. J. J. Groenen, J. Schmidt* 

Individual pentacene-d,, molecules doped into ap-terphenyl-d,, host crystal have been 
studied by optically detected electron paramagnetic resonance spectroscopy. The mag- 
netic resonance transitions between the triplet sublevels of the pentacene molecule and 
the splitting of the resonance lines for a molecule that contains a carbon-1 3 nucleus have 
been observed in an external magnetic field. This splitting is caused by the hyperfine 
interaction of the triplet electron spin with the single carbon-13 nuclear spin. 

I n  recent years, the feasibility of using spec- 
troscopy in the condensed phase on the 
level of a single molecule has been demon- 
strated (1 ,  2). As a result, studies free from 
the averaging over molecular ensembles 
that is inherent to conventional swectros- 
copy became possible, and phenomena such 
as spectral diffusion (3-5), photon bunch- 
ing (2, 6), and antibunching (7) have been 
made visible. Meanwhile. a wealth of ex- 
perimental techniques have been applied to 
single molecules in various environments 
(8). In addition, the optical detection of 
single molecules has been combined with 
magnetic resonance techniques to make 
oossible the detection of the triwlet sublevel 
transitions of a single pentacene molecule 
in a p-terphenyl host (9, 10). The broaden- 
ing of the triplet transitions owing to the 
interaction of the single t r i~ le t  electron 
spin with a single 13(5 nucleus has been 
observed through the selective excitation of 
a pentacene molecule containing a 13C nu- 
cleus at a particular position (1 1) .  With this 
contribution we really enter the domain of 
magnetic resonance spectroscopy, and we 
report here the observation of a single trip- 
let electron spin in a external magnetic 
field. 

Thin, sublimation-grown crystals of p- 
terphenyl-d14 containing about lo-' mol of 
pentacene-d14 per mole of p-terphenyl-d14 

were cooled to 1.2 K. As described in detail 
in (1 1 ), the crystals were mounted between 
a LiF substrate and a quartz cover in the 
joint focus of a lens and a parabolic mirror. 
Even for these high-quality crystals, the S1 
+ So transition of pentacene is inhomoge- 
neously broadened owing to the slight dif- 
ferences in the local environments of the 
guest molecules. Exciting the system by a 
single-mode laser tuned into the wing of 
this transition, where the density of absorb- 
ers per unit frequency is low, allows the 
detection of single molecules. The fluores- 
cence emitted to the red of the absorution is 
collected by the parabolic mirror and re- 
corded by a photomultiplier and photon 
counting. When the molecule is excited 
into the S, singlet state, it can escape from 
the So - Sl excitation-emission cycle to 
the lowest triplet state TI with a probability 
of 0.5%. Consequently, the fluorescence 
photons are emitted in bunches with an 
average dark period that corresponds to the 
mean residence time of the molecule in the 
triplet state. The three sublevels of T I ,  la- 
beled T,, T,, and Tz, are selectively popu- 
lated and depopulated by intersystem cross- 
ing. Because levels T, and T, have a short 
lifetime and a high population probability 
compared to level Tz (12), the mean res- 
idence time of a molecule in the triwlet 
state is prolonged under the influence of a 
microwave field in resonance with the 
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