shear wave attenuation, and it has been
inferred that a crustal magma chamber is
present beneath this area (22), but this has
not yet been confirmed. Qur radar inter-
ferometry observations of deformation in
southwest lceland show that the tech-
nique can be used to monitor long-term
strain buildup at plate boundaries and vol-
canoes and therefore may help to increase
understanding of the preparatory processes
of earthquakes and eruptions.
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Recalibrated Mariner 10 Color Mosaics:
Implications for Mercurian Volcanism

Mark S. Robinson* and Paul G. Lucey

Recalibration of Mariner 10 color image data allows the identification of distinct color
units on the mercurian surface. We analyze these data in terms of opaque mineral
abundance, iron content, and soil maturity and find color units consistent with the
presence of volcanic deposits on Mercury’s surface. Additionally, materials associated
with some impact craters have been excavated from a layer interpreted to be deficient
in opaque minerals within the crust, possibly analogous to the lunar anorthosite crust.
These observations suggest that Mercury has undergone complex differentiation like the
other terrestrial planets and the Earth’'s moon.

One unresolved question from the Mariner
10 exploration of Mercury is whether wide-
spread plains deposits formed due to volca-
nism or basin formation—related impact
ejecta (1-3). We recalibrated and analyzed
the Mariner 10 first encounter approach
color data to address this fundamental issue.
Previous analyses of Mariner 10 images de-
fined color units on Mercury which indicat-
ed that color boundaries often did not cor-
respond to photogeologic units, and no low
albedo relatively blue mercurian materials
were found that correspond to lunar mare
deposits (4, 5). The calibration employed in
these earlier studies did not completely re-
move vidicon blemishes and radiometric
residuals. These artifacts were sufficiently
severe that the authors presented an inter-
pretive color unit map overlaid on mono-
chromatic mosaics while publishing only a
subset of the color ratio coverage of Mercu-
ry (4-7). We derived a refined calibration
that increased the signal-to-noise ratio of
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these mercurian image dara. These recali-
brated image mosaics show the complete
ultraviolet (UV) orange color data for this
portion of Mercury. We interpret these
recalibrated data in terms of the current
paradigm of visible color reflectance for
iron-bearing silicate regoliths (5, 6, 8).
The Mariner 10 vidicon imaging system
was spatially nonuniform in bias and dark
current, as well as being nonlinear at the
extremes of the light transfer curve (9). Pre-
launch flat field images acquired at varying
exposure times allowed for the derivation of a
nonlinearity and sensitivity nonuniformity
correction, while an average of inflight images
of deep space corrected for system offset (10).
We utilized low-contrast Mariner 10 images of
the venusian atmosphere to identify vidicon
blemishes and create a. stencil from which
affected areas were simply deleted from all the
mercurian images. Two spatially redundant
mercurian mosaic sequences were processed
for each filter and thus little areal coverage
was lost due to the blemish deletion proce-
dure. Instead of overlaying each image during
the mosaicking, the images were averaged so
that each pixel was formed from one to seven
frames. The data were resampled to 3 km per
pixel (original data were 2 to 3 km per pixel)
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centered at the subspacecraft point to en-
hance the signal-to-noise ratio of the mosaics.
The averaging technique, conservative resam-
pling, and blemish deletion reduced the ef-
fects of system noise, bit errors, and calibra-
tion residuals such that subtle color units can
be identified. Absolute calibration was de-
rived by photometrically normalizing the im-
ages to 0° phase, using the equations of Hapke
(11), and deriving a coefficient such that the
disc-integrated average of the orange mosaic
(575 nm) matches the Earth-based telescopic,
disc-integrated 554-nm geometric albedo of
0.14 (12). The disc-integrated value from the

Fig. 1. The visible color of the lunar surface (and
Mercury by inference) can be described by two
perpendicular trends (opaque mineral concentra-
tion and iron plus maturity). The addition of ferrous
iron to a silicate material tends to redden the visi-
ble slope and lower the albedo (a translation down
the iron-maturity line). Paralleling the iron. trend,
immature soils are bluer and have higher albedo
(orange brightness) than mature soils; as soils ma-
ture their reflectance would also translate down
the iron-maturity line. The addition of spectrally
neutral opaque minerals, such as ilmenite, results
in a trend that is nearly perpendicular to the iron-
maturity line: opaques darken and increase the
relative color ratio (UV brightness/orange bright-
ness) of silicate soils. Materials that compose
much of the lunar surface and dominantly control
these trends (discussed in text) are plotted in their

photometrically normalized UV (355 nm)
mosaic was adjusted to match a value 0.6 that
of the orange value, which corresponds to the
mercurian spectral slope derived from Earth-
based measurements (13).

 Terrestrial-based remote sensing studies
(14-16) and photogeology (3) indicate that
Mercury has a silicate crust bearing minerals
such as feldspars, pyroxenes, and olivine (4—
6). Rava and Hapke (5) provided an interpre-
tive framework to understand the spectral
properties of Mercury, based on the assump-
tion of a lunar-like surface composition. In
general, the addition of ferrous iron to a sili-

limenite Feldspar

Immature

Relative visible color

Mature
Reduced Fe

low Albedo high

relative positions. These two trends can be used to map the distribution of opaques (opaque index) and
the iron-maturity parameter through a coordinate rotation (indicated by the green curve) such that their
perpendicular axes become parallel with the x and y axes of the color-albedo plot (78).

cate mineral or glass darkens the material and
reddens the visible spectral slope [decreases
the UV/orange color ratio (17, 18); see Fig.
1]. This correlation of albedo and color ratio
due to variations in ferrous iron is mimicked
by variation of maturity of lunar, and likely
mercurian, soils. In the course of the space-
weathering maturation process, vacuum re-
duction of ferrous iron to submicroscopic na-
tive iron causes relatively blue immature soils
to darken and spectrally redden (19). Thus,
since the Mariner 10 data examined here
consist of only two wavelengths, it is problem-
atic to decouple the spectral effects of ferrous
iron content and maturity due to space weath-
ering. However, increases in the abundance of
spectrally neutral opaque minerals, such as
ilmenite, tend to darken but decrease the
spectral redness of silicate soils (5, 20) (Fig.
1). Rotation of two key parameters (UV/or-
ange ratio versus orange albedo), so that the
two trends are perpendicular to the axes,
should result in decoupling the effects of fer-
rous iron plus maturity and opaque mineral
abundance variations. This coordinate rota-
tion results in images of two parameters (Fig.
2), one sensitive to ferrous iron plus maturity
and the other to opaque mineral content (18).
[t is apparent that spatially coherent struc-
tures in the parameter 1 image (iron plus
maturity, Fig. 2C) are mostly associated with
crater rays and ejecta, suggesting that this
parameter is dominated by maturity varia-
tions. The spatial patterns in the parameter 2
image (opaque content, Fig. 2D) are not re-

Fig. 2. Essential spectral parameters for the mercurian data examined here.
(A) Orange (575 nm) albedo (25); lettered boxes indicate areas enlarged in
Fig. 3; (B) relative color (UV/orange); brighter tones indicate increasing blue-
ness; (C) parameter 1, iron-maturity parameter; brighter tones indicate de-
creasing maturity and iron content; and (D) parameter 2, opaque index;
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brighter tones indicate increasing opaque mineral content. The relatively
bright feature in the center right of the albedo image is the Kuiper-Muraski
crater complex centered at latitude 12°S, longitude 31°E. A qualitative as-
sessment of the calibration residual is the lack of frame boundaries visible in



Fig. 3. Enhanced color
* composite enlargements
showing geologic rela-
tionships discussed in
the text for areas labeled
by boxes in Fig. 2. Red is
formed as inverse of the
opague index (increasing
redness indicates de-
creasing opaque miner-
alogy; Fig. 2D); green
component is the iron-
maturity parameter (Fig.
2C); and blue shows the
relative color (UV/orange
ratio; Fig. 2B). (A) The

plains unit seen west and south, and filling the interior of the crater Rudaki
(labelled R, with a crater diameter of 120 km) exhibits embaying boundaries
(white arrows) indicative of a material emplaced as a flow and has a distinct
color signature relative to its surroundings. The blue material on the south-
west margin of the crater Homer (H, 320 km diameter) exhibits diffuse
boundaries, is insensitive to local topographic undulations (black arrows),
and is aligned along a linear segment of a Homer basin ring. (B) A portion
of the blue material seen northwest of crater Lermontov (L, 160 km diam-
eter) is somewhat concentric to a small impact crater (black arrow) and
may represent material excavated from below during the impact. However,

lated to ejecta or crater rays and so are most
likely compositional units formed by other
geologic processes.

Widespread plains deposits have been
identified on Mercury and it is controversial
whether these deposits are related to large
impact basin formation or volcanism (1- 3).
Impact-related origins have been proposed
for the mercurian plains because they do
not show high-contrast albedo boundaries
with the surroundings, analogous to impact-
related light plains on the moon, such as
the Cayley formation, which appear to be
largely remobilized local material (2, 3).
However, volcanic plains deposits do occur
on the moon, such as the Apennine Bench
formation (21, 22), with distinct composi-
tion and do not exhibit high-contrast albe-
do boundaries; thus, albedo is not a defini-
tive diagnostic indicator of composition or
compositional differences. Nevertheless,
compositional contrast (detectable by color
differences) with surrounding material re-
mains a key indicator of volcanic versus
basin-related origin for a plains deposit.

Qur recalibration has reduced the system-
atic noise in the Mariner 10 data set such that
correlations between morphologic and color
boundaries can be discemed. A plains unit
west of Rudaki crater is defined by embay-
ment relations of distinct color boundaries
(Fig. 3) that correspond to previously mapped
plains boundaries (23). The Rudaki plains
have an intermediate opaque index and over-
lies darker materials that have higher opaque
indices. These spectral relationships suggest
that the Rudaki-type plains are composition-
ally distinct from their surroundings and dem-
onstrate that at least some of the extensive
plains units on Mercury were emplaced as

maturity (Fig. 2C).

volcanic flows (Fig. 3).

The Rudaki plains (and similar plains seen
in Fig. 2) do not appear as anomalies in the
ferrous iron plus maturity image (Fig. 2C),
indicating that they have similar FeO con-
tents to the rest of the mercurian crust in this
image. The mercurian global crustal abun-
dance of FeO has been estimated to be less
than 6% by weight (13-15). Sprague et dl.
(15) tentatively identified a basalt-like mate-
rial in this hemisphere with Earth-based ther-
mal infrared measurements, while later micro-
wave measurements indicated a paucity of
areally significant basaltic materials on Mer-
cury (16). From the Mariner 10 data present-
ed here, we cannot make a definitive identi-
fication of a low iron basaltic material; how-
ever, the spectral parameters, stratigraphic re-
lations, and morphology are consistent with
such a material.

Volcanic materials can be ballistically em-
placed as pyroclastic deposits. Figure 3A
shows dark blue material exhibiting diffuse
boundaries consistent with ballistically em-
placed material. There is no impact crater
central to these deposits and they straddle a
linear segment of a ring of Homer basin that
could serve as a weakness in the crust, allow-
ing magma to reach the surface, morphology
consistent with a pyroclastic origin as explo-
sive fissure eruptions. A similar spectral unit
occurs northwest of the crater Lermontov
(Fig. 3B); both exhibit relatively blue color,
high opaque index, and low albedo, which is
consistent with a more mafic material. If these
units are pyroclastic in origin, they represent
not only a distinct composition, but an im-
portant clue to the volatile history of the
planet.

One of the most striking features shown in

SCIENCE e+ VOL.275 o IOIJANUARY 1997

REPORTS

examination of the iron-maturity parameter and opaque index images (Fig.
2) suggest that the darkest and bluest material (white arrows) in this
deposit is not associated with an impact ejecta pattern; rather, the anom-
alous lighter blue ejecta is composed of the darker material, though less
mature and possibly with an admixture of basement material, overlying the
darker blue portions of the deposit. (C). The Kuiper-Muraski crater com-
plex (K and M, respectively) materials have a very low opaque content (Fig.
2D), while Kuiper (60 km diameter) is brighter and bluer than Muraski (125
km diameter; Fig. 2, A and B), however, this difference is most likely

Figs. 2 and 3 is the Kuiper-Muraski crater
complex. Kuiper, superposed on the crater
Muraski (Fig. 3B), is one of the youngest large
impact craters on Mercury (3). Kuiper has an
opaque index equivalent to Muraski, but the
iron-maturity parameter indicates that Kuiper
is relatively immature, consistent with its
fresher morphology, thus explaining the color
difference (relatively blue). The opaque index
for both materials is very low, possibly similar
to a lunar soil formed from an anorthositic
crust. For the portions of Mercury shown in
Fig. 2, the regions with the lowest opaque
index are associated with craters, consistent
with excavation of a layer at depth that is
deficient in opaque minerals (Fig. 2D) resur-
faced by later processes. This layer may be
analogous to an ancient lunar anorthosite
crust. Consistent with this hypothesis, Earth-
based remote sensing has tentatively identi-
fied anorthosite on Mercury (15).

The distinct color units identified here
suggest that the mercurian crust is compo-
sitionally heterogeneous and poorly mixed
on the scale of the Mariner 10 data (3 km).
Additionally, the suggestion of areally sig-
nificant volcanic materials on Mercury im-
plies that volcanism may have played a
significant role in global cooling and thus,
thermal models of the planet might be re-
examined (16, 24).

REFERENCES AND NOTES

1. B. C. Mumay, J. Geophys. Res. 80, 2342 (1975); B.
C. Murray et al., Science 185, 169 (1974); R. G.
Strom, Phys. Earth Planet. Inter. 15, 156 (1977); D.
Dzurisin, J. Geophys. Res. 83, 4883 (1978); W. S.
Keiffer and B. C. Murray, lcarus 72, 477 (1987).

2. D. E. Wilhelms, icarus 28, 551 (1976).

3. P. D. Spudis and J. E. Guest, in Mercury, F. Vilas,
C. R. Chapman, M. S. Matthews, Eds. (Univ. of

199



20.

21

22.
23.

24,
25.

200

Arizona Press, Tucson, AZ, 1988), pp. 118-164.

. B. Hapke, C. Christman, B. Rava, J. Mosher, Proc.

Lunar Planet. Sci. Conf. 11, 817 (1980).

. B. Rava and B. Hapke, /carus 71, 397 (1987).
. B. Hapke, G. E. Danielson, K. Klaasen, L. Wilson, J.

Geophys. Res. 80, 2431 (1975).

. B. Hapke, J. Atmos. Sci. 33, 1803 (1976).
. M. J. Cintala, J. Geophys. Res. 97, 947 (1992).
. M. Benesh and M. Morrill, Jet Propul. Lab. Doc.

615-148 (1973); G. E. Danielson, K. P. Klaasen, J. L.
Anderson, J. Geophys. Res. 80, 2357 (1975); J. M.
Soha et al., ibid., p. 2394.

. M. 8. Robinson, B. R. Hawke, P. G. Lucey, J. Geo-

phys. Res. 97, 18265 (1992). The offset (signal inher-
ent in the imaging system when no photons are
impinging on the detector) was derived by averaging
images acquired during the color sequence where
Mercury did not appear in the frame—the camera
was imaging nothing but deep space. As a test of the
stability of the offset during the imaging sequence,
the average offset image was subtracted from each
frame of space acquired during the color sequence
and no significant drift was measurable (camera A
average residual was 0.3 DN; camera B average
residual was 0.1 DN; possible range of DN 0-255).
Examination of overlap between calibrated frames
(dark corrected and linearized) revealed a maximum
mismatch of 5%, with the average being 2%. Aver-
aging areas of overlap between multiple frames re-
duced this residual in the final mosaics.

. Applying Hapke modeling [B. W. Hapke, lcarus 67,

264 (1986)] with parameters derived for the moon [P.
Helfensteinand J. Veverka, ibid. 72, 343 (1987); (12)]
and those derived for Mercury resulted in overcor-
rection at the mercurian poles. Previous work with
Galileo solid-state imager data has shown that @
(theta bar) can be adjusted to compensate for such
an overcorrection [A. S. McEwen and T. L. Becker,
Lunar Planet. Sci. XXIV, 955 (1993)]. Iterative adjust-
ment and visual inspection of the photometric flat-
ness of the mercurian mosaic led us to use the fol-
lowing values for the Hapke parameters: w = 0.21,h
=0.07,B,=2.0,b=0.29 ¢ = 0.39, and O (theta
bar) = 15. It is known that the lunar photometric
function varies subtly as a function of wavelength
and composition (see McEwen and Becker, above),
and the same is most likely true for Mercury. How-
ever, such minor effects will not hinder our identifica-
tion of relative local color boundaries, which are key
to the science presented here.

. B. Hapke, Phys. Earth Planet. Inter. 15, 264 (1977); J.

Veverka, P. Helfenstein, B. Hapke, J. D. Goguen, in
Mercury, F. Vilas, C. Chapman, M. S. Mathews, Eds.
(Univ. of Arizona Press, Tucson, 1988) pp. 37-58.

. F. Vilas, in Mercury, F. Vilas, C. Chapman, M. S.

Mathews Eds. (Univ. of Arizona Press, Tucson,
1988) pp. 59-76.

. T. B. McCord and J. B. Adams, /carus 17, 585

(1972); F. Vilas and T. B. McCord, ibid. 28, 593
(1976); F. Vilas, M. A. Leake, W. W. Mendell, ibid. 59,
60 (1984); F. Vilas, ibid. 64, 133 (1985).

. A L Sprague, R. W. H. Kozlowski, F. C. Witteborn,

D. P. Cruikshank, D. H. Wooden, jbid. 109, 156
(1994).

. R.Jeanloz, D. L. Mitchell, A. L. Sprague, |. de Pater,

Science 268, 1455 (1995).

. J. B. Adams, J. Geophys. Res. 79, 4829 (1974).
. P. G. Lucey, D. T. Blewett, J. L. Johnson, G. J.

Taylor, B. R. Hawke, Lunar Planet. Sci. XXVII, 781
(1996).

. B. Hapke, W. Cassidy, E. Wells, Moon 13, 339

(1975); B. Hapke, in (72); R. V. Morris, Proc. Lunar
Planet. Sci. Conf. 11, 1697 (1980).

M. P. Charette, T. B. McCord, C. Pieters, J. B. Ad-
ams, J. Geophys. Res. 79, 1605 (1974); E. Wells and
B. Hapke, Science 195, 977 (1977).

P. D. Spudis, Proc. Lunar Planet. Sci. Conf. 9, 3379
(1978).

B. R. Hawke and J. W. Head, ibid., p. 3285.

R. A. DeHon, D. H. Scott, J. R. Underwood, U.S.
Geol. Surv. Misc. Invest. Series Map I-1233 (1981).
T. Spohn, fcarus 90, 222 (1991).

We find that the highest albedo materials in the
mosaic (that is, crater Kuiper) are only about two

SCIENCE

PR TR

times the global average (0.29 versus 0.14, respec-
tively), whereas Hapke et al. (6) report the floor of
Kuiper to be about three times the global average
(0.45 versus 0.14). We are unable to explain the
discrepancy satisfactorily and assume that it is due

to improvements in our calibration.
26. We thank B. Hapke, G. J. Taylor, and B. R. Hawke
for helpful reviews.

13 September 1996; accepted 6 December 1996

Activation of SAPK/JNK by
TNF Receptor 1 Through a Noncytotoxic
TRAF2-Dependent Pathway

Gioacchino Natoli,” Antonio Costanzo, Angelo lanni,
Dennis J. Templeton, James R. Woodgett, Clara Balsano,
Massimo Levrero

Interaction of the p55 tumor necrosis factor receptor 1 (TNF-R1)-associated signal
transducer TRADD with FADD signals apoptosis, whereas the TNF receptor-associated
factor 2 protein (TRAF2) is required for activation of the nuclear transcription factor
nuclear factor kappa B. TNF-induced activation of the stress-activated protein kinase
(SAPK) was shown to occur through a noncytotoxic TRAF2-dependent pathway. TRAF2
was both sufficient and necessary for activation of SAPK by TNF-R1; conversely, ex-
pression of a dominant-negative FADD mutant, which blocks apoptosis, did not interfere
with SAPK activation. Therefore, SAPK activation occurs through a pathway that is not

required for TNF-R1-induced apoptosis.

Tumor necrosis factor is a pleiotropic cyto-
kine that has growth modulatory, cytotoxic,
and inflammatory activities (1). The effects
of TNF are mediated by two distinct cell
surface receptors of about 55 kD (TNF-R1)
and 75 kD (TNF-R2), which are expressed
on almost all nucleated cells (2). Proteins
that are recruited to TNF-Rs after activation
have been molecularly cloned, and their
function has been partially characterized (3).
The TNF-Rl-associated death domain
(TRADD) protein interacts with TNF-R1
upon TNF-induced trimerization, and its
overexpression is sufficient to cause both
activation of NFkB and apoptosis (4, 5).
Other proteins associated with TNF-R1 by
way of TRADD include the death domain
protein FADD (5, 6) (which also partici-
pates in the transduction of Fas-induced
apoptotic signals) and TRAF2 (5, 7).
TRAF2 belongs to a family of signal trans-
ducers for both the TNE-R superfamily and
interleukin-1 receptor 1 (8). The TRAF
family is characterized by a conserved
COOH-terminal TRAF domain and, with
the exception of TRAFI, an NH,-terminal
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RING finger, which is relevant for signal
transduction (8, 9). An additional molecule
required for TNF-R1 signal transduction is
RIP, a death domain—containing protein
kinase that participates in both activation
of NFkB and promotion of apoptosis (10).
Whereas FADD is required for TNF-R1-
induced apoptosis, the interaction of
TRADD with TRAF2 is required for acti-
vation of NFkB and is dispensable for cyto-
toxicity (5, 9).

In addition to inducing apoptosis and
activation of NFkB, cross-linking of TNF-R1
activates SAPK, also known as c-Jun NH,-
terminal kinase (JNK). SAPK binds to and
phosphorylates the transcription factor c-Jun
within its NH,-terminal domain in cells ex-
posed to environmental stresses [including
TNF, ultraviolet (UV) light, protein synthe-
sis inhibitors, and thermal stress] (11). The
physiological consequences of SAPK activa-
tion have not been thoroughly defined.
However, it has been shown that SAPK
activity is required for apoptosis in nerve
growth factor—deprived sympathetic neurons
(12), as well as for stress-induced apoptosis
in both leukemia cells and fibroblasts (13).

We therefore .investigated the molecular
mechanisms and the significance of TNF-
induced activation of SAPK. Human embry-
onic kidney 293 cells contain very small
amounts of endogenous TNF-R2, whereas
TNF-R1 is constitutively expressed. There-
fore, in these cells soluble TNF induces only
TNE-R1 signaling (5, 9). Treatment of 293
cells with human recombinant TNF-a
(hrTNF-a) induces a rapid and transient in-



