
shear wal-e attenuation, and it has heen 
inferred that a crustal magnla chamber is 
present heneath this area ( 2 2 ) ,  but this has 
not yet been confirmed. Our radar inter- 
ferometry ohser\,ations of deformation in 
southn,est Iceland sholv that the tech- 
nique can he used to monitor long-term 
strain buildup at plate boundaries and vol- 
canoes and therefore nlay help to increase 
understanding of the preparatory processes 
of earthquakes and eruptions. 

REFERENCES AND NOTES 

I. In 1938 tile f~rst crustal deformation geodet~c net- 
work was nstaled In Iceland, des8gned to detect 
extens~on across the North ceand  r~ft zone [O. 
Niemczyk, Spalten auf lsknd (\n!ittwer, Stuttgart 
Germany. 1943)l. 

2. E, Tryggvason, Cont. Oceanic RiRs Geodyn. Ser, 8 
17 (1 982). 

3. See, for example, G. R. Fouger et a / . ,  Nature 358, 
488 (1992) F. S~gmundsson P. E~narsson, R. Bil- 
ham, E. Sturke J. Geophys, Res. 100, 6235 (1995). 

4, According to the NUVEL-IA global plate motion 
model by C. DeMets, R. G. Gordon. D. F. Argus, and 
S. Stein [Geophys, Res Lett. 21, 21 91 (1 994)l. 

6. K. Saemundsson and S. E~narsson, Geological Map 
of Iceland. Sneet 3. SIV/-Iceland, 2nd ed. (Iceandc 
Museum of Natural Hstory and Icelandic Geodetic 
Suriey, Reykja?iik. Iceland. 1980); P. Einarsson and 
K. Saemundsson, accompanying map in I Hhtarins 
Ed11 I. Sigfusson, Ed. (Menningarsjodur, Reykjatvik, 
Iceland, 1987). 

6. P. E~narsson, Tectonophysfcs 189, 261 (1 991); F. W. 
Kle~n, P. Einarsson. M. Wyss, J. Geophys. Res, 78, 
5084 (1 973); ibid. 82. 865 (1 977): P. Heldorsson, R. 
Stefansson, P. Einarsson, S. Bjornsson, Estimate of 
Earthquake R!sk (Mn~stry of Industry, Reykjatvik, ce -  
and, 1984). 

7. R. G. Gordon and S. Sten, Science 256,333 (1992). 
8. M. Lisowski, J. C. Savage, W. H. Prescott, J. Geo- 

phys. Res 96. 8369 (1991). 
9. E. Sturkel, F. S~gmutidsson, P. Einarsson, R. Bil+am, 

Geophys. Res. Lett. 21, 125 (1 994). 
10. H. Eystensson, Leveli!ig and Gravity fdeasurements 

in the Outer Part of the Reykjanes Peninsula 1992 
(Report OS-93029. National Energy Authorty, Reyk- 
javik, Iceland, 1993), 

11. E. Tryggvason, in Geodynamics of lceland and the 
A1orf/~AtlanticArea, L. Krstjansson, Ed. (Rede, Dor- 
dreciit, Netherlands, 1974), pp. 241-262; E. Trygg- 
vason, ~Jerfical Component of Ground Deformation 111 
Soiithwest and Nod17 lceland (Report 8102, Nordc 
Volcanolog~ca Institute, Reykjavik, Iceland, 1981). 

12. D. Massonnet etal., Nature 364, 138 (1 993); D. Mas- 
sonnet, K. Feig, M. Rossi, F. Adragna. ib!d. 369, 227 
(1994): D. Massonnet, W. Thatcher, H. Vadon, ibld. 
382, 612 (1996); D. Massonnet. P. Brioe, A. Arnaud, 
ibid. 375, 567 (1995): R. M. Goldsten. H. Engeihardt, 
B. Kamb, R. M. Froich. Science 262. 1525 (1993). 

13. The ERS-I and ERS-2 satellites iiave sun-synchro- 
nous near polar orbits, witii a mean altitude of 785 
km and an n c n a t o n  of 98.5". The orb ta  cycle IS 35 
days in normal operat~onal p+ase. Onboard SAR in- 
struments operate n tile C band, w~ t i i  a watveength 
of 5.656 cm. 

14. D. Massonnet and K. F e g ,  Geophys, Res. Lett. 22, 
1537 (1 995). 

15. D. Massonnet, H. Vadon M. Rossi, IEEE Trans. 
Geosci. Remote Sens. 34, 489 ( I  996). 

16 The coherence of an nterferogra~n measures the 
s imar ty  of a p x e  phase to the phase of t s  negh- 
bors \n!iien frnges In an nterferogram can be v~su- 
ally discrm'nated. t s  coherence IS good. Change In 
surface character~st~cs reduces coherence. Wiien 
the same radar 'mage exliibts o w  coherence what- 
ever the image t IS pared with, it generally means 
"cmatic damage" to the radar image (sucii as that 
caused by snow cover). 

17. M. A. Grant, I G. Donaldson, P. F. Bixley, Geother- 

mal Reserdolr Engineering (Academic Press, New 
York. 1982). 

18. The M o g  model wasfrst applied to acttve volcanoes 
by K. M o g  [Bull. Earfhquake Res. Inst. Univ. Toio/3 
36. 99 (1958)). It was or~gnaly derived for a point 
source of pressure In an elastic half-space, but D. F. 
McTigue [J. Geophys. Res. 92. 12931 (1 987)] 
showed that it performs w e  for spherical sources of 
finte size, as long as (a/d,,,,,)5 <<I, where a IS the 
source radius. Surface subsidence IS expressed as 
hrcs  dmog3 (drcy + r 2)-32 where r IS the horzon- 
t a  d~stance from the source. Horizontal radial d ~ s -  
placement IS h ,,,, d ,,, r (drogz + r 2)-3 2. 

19, If v IS parallel to the plate boundary, then Eq. 
1 reduces to a model frequently used for stran ac- 
cumulat~on acvoss s t r~ke-sp faults [see, +or example 
J. C. Savage and R. 0 .  Buford J. Geophys. Res. 78, 
832 (1973) and (811. 

20. We consder the source to represent the effect of 
material loss beneath dl,,, because ductile exten- 
son  tiiere is not balanced by h f o w  of matera from 
below. Surface subsidence caused by a line-source 

of pressure within an eastc  ihaf-space can be ob- 
tained by integrat~on of the M o g  model (18). The 
model was frst applied to Iceland rifts by E. Tryggva- 
son [ J. Geophys. Res. 73. 7039 (1968)l. 

21. G. Bjornsson and B. Ste~ngr~msson, Temperature 
and Pressure in the Svarfsengi Geothe~mal System 
(Report 91 01 6, National Energy Autiiorty, Reykjatvik, 
Iceland, 1991) 

22. B. Brandsdott~r, P. E~narsson K. Arnason. H. Kr~st- 
mannsdottr. Refraction Measurements and Seism~c 
Monitonng During an Inject~on Experiment at the 
Sta~tsengi Geothermal Field in 1993 (Report RH-03- 
94. Sclence nstltute. University of Iceland Reykja- 
vik, Iceland, 1994). 

23. We thank two anonymous retviewers for comments, 
D Massonnet fov d~scussion and an early review of 
the manuscrpt K. Feg for dscusson, and the Eu- 
ropean Comm~ssion for f~nanc~al support for F.S. 
(grant PL95027). The General Mappng Tool p u b c  
domain software was used to prepare figures. 

16 August 1996; accepted 13 November I 996  

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 recalihrated 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 Mercmy which indicat- 
ed that color boundaries often did not cor- 
respond to photogeologic units, and no low 
albedo relatively blue nlercurian 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 radiotnetric 
residuals. These artifacts were sufficiently 
severe that the authors presented an inter- 
pretive color unit map overlaid on  tnono- 
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 tllercurian image data. These recali- 
hrated image mosaics show the complete 
ultraviolet (UV) orange color data for this 
portion of Mercury. W e  interpret these 
recalihrated 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 identi62 vidicon 
blemishes and create a stencil from which 
affected areas were simply deleted from all the 
tnercurian 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 kin per pixel) 
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centered at the subspacecraft point to en- photometrically normalized UV (355 nm) cate mineral or glass darkens the material and 
hance the signal-to-noise ratio of the mosaics. mosaic was adjusted to match a value 0.6 that reddens the visible spectral slope [decreases 
The averaging technique, conservative resam- of the orange value, which corresponds to the the UVIorange color ratio (1 7, 18); see Fig. 
pling, and blemish deletion reduced the ef- mercurian spectral slope derived from Earth- 11. This correlation of albedo and color ratio 
fects of system noise, bit errors, and calibra- based measurements (13). due to variations in femus iron is mimicked 
tion residuals such that subtle color units can Terrestrial-based remote sensing studies by variation of maturity of lunar, and likely 
be identified. Absolute calibration was de- (14-16) and photogeology (3) indicate that mercurian, soils. In the course of the space- 
rived by photometrically normalizing the im- Mercury has a silicate crust bearing minerals weathering maturation process, vacuum re- 
ages to 0' phase, using the equations of Hapke such as feldspars, pyroxenes, and olivine (4- duction of ferrous iron to submicroscopic na- 
(1 I), and deriving a coefficient such that the 6). Rava and Hapke (5) provided an interpre- tive iron causes relatively blue immature soils 
disc-integrated average of the orange mosaic tive framework to understand the spectral to darken and spectrally redden (19). Thus, 
(575 nm) matches the Earth-based telescopic, properties of Mercury, based on the assump- since the Mariner 10 data examined here 
disc-integrated 554-nm geometric albedo of tion of a lunar-like surface composition. In consist of only two wavelengths, it is problem- 
0.14 (12). The disc-integrated value from the general, the addition of ferrous iron to a sili- atic to decouple the spectral effects of ferrous 

iron content and maturity due to space weath- 
ering. However, increases in the abundance of 

Fig. 1. The visible color of the lunar surface (and spectrally neutral opaque minerals, such as 
Mercury by inference) can be described by two F i l m e n i t e ,  tend to darken but decrease the 
perpendicular trends (opaque mineral concentra- , . 

spectral redness of silicate soils (5, 20) (Fig. 
tion and Iron plus matunty). The add~tion of ferrous 1). Rotation of two key parameters (UVIor- 
iron to a silicate matenal tends to redden the visi- 
ble slope and lower the albedo (a translation down = g: ange ratio versus orange albedo), so that the 

the iron-maturity line). Paralleling the iron trend, two trends are perpendicular to the axes, 

immature soils are bluer and have higher albedo 3 should result in decouplii the effects offer- 
(orange brightness) than mature soils; as soils ma- 5 rous iron plus maturity and opaque mineral 
ture their reflectance would also translate down g abundance variations. This coordinate rota- 
the iron-maturity line. The addition of spectrally 

I % - I  
tion results in images of two parameters (Fig. 

neutral opaque minerals, such as ilmenite, results $ - 2), one sensitive to ferrous iron plus maturity 
in a trend that is nearly perpendicular to the iron- : .. , and the other to opaque mineral content (18). 
maturity line: opaques darken and increase the It is apparent that spatially coherent struc- 
relative color ratio (UV brightnesdorange bright- 

;educed Fe tures in the parameter 1 image (iron plus 
ness) of silicate soils. Materials that compose 
much of the lunar surface and dominantly control maturity, Fig. 2C) are mostly associated with 

these trends (discussed in text) are plotted in their low Albedo wih  crater rays and ejecta, suggesting that this 
relative positions. These two trends can be used to map the distribution of opaques (opaque index) and Parameter is dominated maturity 
the iron-maturity parameter through a coordinate rotation (indicated by the green curve) such that their tions. The spatial patterns in the parameter 2 
perpendicular axes become parallel with the x and y axes of the color-albedo plot (18). image (opaque content, Fig. 2D) are not re- 



Rg. 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 
opaque 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 (W/orange I 
ratio; Fig. 28). (A) The 
plains unit seen west and south, and filling the interior of the crater Rudaki 
(labelled R, with acrater diameter of 120 km) exhibits embaying boundaries 
(white arrows) indicative of a material emplaced as aflow 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   la ins because thev 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, 
com~ositional contrast (detectable bv color 
differences) with surrounding material re- 
mains a kev indicator of volcanic versus 
basin-related origin for a plains deposit. 

Our recalibration has reduced the system- 
atic noise in the Mariner 10 data set such that 
correlations between morphologic and color 
boundaries can be discerned. 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 

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 
maturity (Fig. 2C). 

volcanic flows (Fig. 3). 
The Rudaki  lai ins (and similar  lai ins 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 al. 
(1 5) tentatively identified a basalt-like mate- 
rial in this hemis~here with Earth-based ther- 
mal infrared meakrements, while later micro- 
wave measurements indicated a ~aucitv 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 ballisticallv 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, 

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 anorthoiite on Mercury (1 5). 

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 ( 1 6, 24). 
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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-RI)-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. 

1 umor necrosis factor is a pleiotropic cyto
kine that has growth modulatory, cytotoxic, 
and inflammatory activities (J). The effects 
of TNF are mediated by two distinct cell 
surface receptors of about 55 kD (TNF-R1) 
and 15 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 N F K B 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 TNF-R superfamily and 
interleukin-1 receptor I (8). The TRAF 
family is characterized by a conserved 
COOH-terminal TRAF domain and, with 
the exception of TRAF1, an NH2-terminal 
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RING finger, which is relevant for signal 
transduction (8, 9). An additional molecule 
required for TNF-R 1 signal transduction is 
RIP, a death domain-containing protein 
kinase that participates in both activation 
of N F K B and promotion of apoptosis (JO). 
Whereas FADD is required for TNF-R1-
induced apoptosis, the interaction of 
TRADD with TRAF2 is required for acti
vation of N F K B and is dispensable for cyto
toxicity (5, 9). 

In addition to inducing apoptosis and 
activation of NFKB, cross-linking of TNF-R 1 
activates SAPK, also known as c-Jun Non
terminal kinase (JNK). SAPK binds to and 
phosphorylates the transcription factor c-Jun 
within its NH2-terminal domain in cells ex
posed to environmental stresses [including 
TNF, ultraviolet (UV) light, protein synthe
sis inhibitors, and thermal stress] (J J). 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-R 1 is constitutively expressed. There
fore, in these cells soluble TNF induces only 
TNF-R1 signaling (5, 9). Treatment of 293 
cells with human recombinant TNF-a 
(hrTNF-a) induces a rapid and transient in-
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