
confirin that reoxidation of a similarly re- 
duced catalyst yielded a,-\'OPO,. 

LVe validated the self-modeling analysis 
with two methods: ii) Coin~arison of the . , 

positions of the pre-edge feature and the 
main absorption edge in each of the spectra 
generated frorn the self-modeling analysis 
with the values of those features measured 
for a series of vanadium oxide reference 
materials 123); and iii) C o ~ n ~ a r i s o n  of the 
self-mode1;n; composition prLfiles to those 
generated by modeling the data as a set of 
Lorentzians. As evident in Fig. 3 ,  A and B, 
the position of the pre-edge and edge fea- 
tures correlated well with those collected 
from the reference materials. In Fie. 2A, we - 
present the composition profiles deter- 
mined for reaction at 320°C bv modelinp 
the data as a set of Lorentzians. The ~ o r e n t y  
zian analvsis and the factor analvsis agree 
quite well. However, unlike the more tradi- 
tional curve fitting, self-modeling analysls 
does not require reference compounds (that 
is, they are extracted froin the data self- 
consistently), and the large amount of data 
collected 111 a transient dispersive XAS ex- 
oerinlent can be handled easilv. 

To  confirm that the above results relate 
to the (VO),P,07 phase, we conducted 
similar experiments on  the (VO),P20,/ 
S i 0 2  catalyst. The  results obtained for re- 
duction at 380°C in 10% C4H,,/Ar are 
shown in Fig. 4. The profile for the decay of 
the V5+ concentration matches well that 
for ~roduct ion of maleic anhvdride, with 
the ieaction to more conlpletkly oxidized 
products easily accounting for the mismatch 
observed at longer t11nes. 
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Crustal Deformation from 1992 to 1995 at the 
Mid-Atlan tic Ridge, Southwest Iceland, 

Mapped by Satellite Radar Interferometry 
Helene Vadon and Freysteinn Sigmundsson 

Satellite radar interferometry observations of the Reykjanes Peninsula oblique rift in 
southwest Iceland show that the Reykjanes central volcano subsided at an average rate 
of up to 13 millimeters per year from 1992 to 1995 in response to use of its geothermal 
field. Interferograms spanning up to 3.1 2 years also include signatures of plate spreading 
and indicate that the plate boundary is locked at a depth of about 5 kilometers. Below 
that depth, the plate movements are accommodated by continuous ductile deformation, 
which is not fully balanced by inflow of magma from depth, causing subsidence of the 
plate boundary of about 6.5 millimeters per year. 

T h e  mid-ocean rift system is subaerial in 
Iceland, and divergent plate motion across 
the North American-Eurasian plate bound- 
ary (Fig. 1, inset) can be observed there by 
geodetic measurements, which were first 
attempted in 1938 ( 1  ). Extensive projects of 
distance measurements and precise leveling 
were initiated in Iceland in the late 1960s 
(21, and in recent years Global Positioning 
System (GPS) geodesy has revolutionized 

H Vadon Centre Natonal d ~ t u d e s  Spatales, 18 Ave- 
nue Edouard Beln, 31055, Toulouse France 
F. Sgmundsson, Nordc Volcanologcal Insttute U n -  
versty of Iceland, Grensasvegur 50 5 -108  Reyk,avk, 
Iceland. 

crustal deformation monitoring in Iceland 
(3). A n  area of special interest is the 5Q by 
25 kin Reykjanes Peninsula in southwest 
Iceland, as it is the direct onland structural 
continuation of the Mid-Atlantic Ridge. 
The  Reykjanes Peninsula plate boundary is 
oriented at an oblique angle to the spread- 
ing direction, not at a right angle as are 
typical divergent plate boundaries, The full 
spreading vector there is 1.86 cm/year at 
N103"E (41, whereas the average direction 
of the plate boundary is -N76OE. Predicted 
strike-slip and opening components across 
the boundary are accordingly 1.7 cm/year 
and Q.8 cm/year. Volcanic systems along 
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the plate boundary consist of a central vol- 
cano, where volcanic production is highest 
and high-temperature geothermal areas are 
located, and a transecting fissure swarm 
(Fig. 1) .(5). Earthquakes occur mainly at 
depths of 1 to 5 km, in a zone 2 to 5 km 
wide that marks the central axis of the plate 
boundary (6). One magnitude 6 (M 6) 
earthquake and several M 4 to 5 earthquake 
swarms occurred on the peninsula from 

1967 to 1975, but since then seismic activ- 
ity has been low. 

Plate movements cause continuous 
crustal deformation within plate boundary 
zones (7). Within these zones, there is a 
spatially varying crustal velocity field (8), 
whereas plate interiors move more like rigid 
units. The data we present put constraints 
on the crustal velocity field at the Reyk- 
janes Peninsula, as well as on deformation 

Fig. 1. Radar amplitude 
image of the Reyk~anes 
Peninsula n southwest 
Iceland. Added to the im- IC: age are faults and eruptive , w 

Eur. 
fissures and the outlines of '1 
central volcanoes (circled 
areas). The thick line indi- 
ates the approximate b- 
cation of the central axis of 
the plate boundary as in- 
ferred from seismicity. The 
Reykjanes central volcano 
is farthest to the west; 
there we find a center of 
subsidence (circle) close to 
the Svartsengi (S) and Eld- 
vorp (E) geothermal fields. 
Arrows indicate the direc- 
tion of plate motion. The 22 40' 22 20' 22 00' 21 40' 21 20'W 
small inset (with land in 
white and sea in black) shows the location of Iceland in the North Atlantic. Gr., Greenland; Can., Canada; 
Eur., Europe. The white line represents the Mid-Atlantic Ridge, which is submarine except in Iceland. 

Fig. 2 lnterferograms cov- 
ering 0.83 years (A), 2.29 
years (B), and 3.12 years 
(Cl, and model interfero- 

of the Reykjanes central volcano. Previous 
geodetic work in the area includes GPS 
measurements at seven sites from 1986 to 
1992 (9), confirming left-lateral shear ac- 
cumulation across the peninsula and sug- 
gesting a plate boundary locking depth be- 
tween 5 and 11 km. Subsidence at the 
Reykjanes central volcano where geother- 
mal exploitation takes place has been doc- 
umented by extensive geodetic leveling in 
the period from 1975 to 1992 (lo), and 
more limited leveling data at other parts of 
the peninsula suggest continuous long-term 
subsidence along the whole plate boundary 
(11). Our observations provide unprece- 
dented spatial resolution and coverage of 
the combined deformation indicated by the 
above-mentioned data. 

Satellite-based synthetic aperture radar 
(SAR) interferometry has proved its ability 
to build images of ground surface deforma- 
tion, an ability that is usable in a wide range 
of applications (1 2). We used the technique 
to form interferograms covering our study 
area, using radar images from the European 
Space Agency Remote Sensing Satellite 
(ERS-1) (13). After correction for known 
topographic and orbital effects, the inter- 
ferograms include information about the 
ground-to-satellite component of crustal 
motion but may also contain noise caused 
by the atmosphere, by changes in surface 
backscattering characteristics, and by in- 

$& showing best-fit sim- 
ulated 2.29-year deforma- 
tion (D). Timeprogressive 
fringes appearing consis- 
tently in the interferograms 
are indicative of crustal de- 
formation. Phases coded 
into bytes (8 bits) are repre- 
sented here with a false 
color table. A complete col- 
or cycle, for example from 
blue to blue, represents 
one complete fringe; a 28- 
mm change in range in the 
case of ERS. Concentric 
fringes at the Reykjamx 
central volcano (Fg. 1) man- 
ifest a time-progressive in- 
crease in range to the satel- 
lite. The change in range is 
largest in the 3.12-year in- 
terferogram (C), where it is 
-1.5 fringes (Fg. 3). An in- 
crease in range along the 
whole plate boundary, in- I 
dicatii of spreading, is visible as a central fringe in the 2.29-year (B) and 3.1 2- the directL~n becomes more akgned in the direction of plate movements (not 
year (C) interferograms. The signal decreases in the eastern part of both inter- accounted for in our modeling). Opening across the plate boundary is then less, 
ferograms [the end of the yellow color in (B) and the closed fringe in (C)]. This is and less subsidence is expected. Increasing the complexity of our model could 
probably a result of change in the plate boundary direction in this area, in which result in a better fit but is not justified by the present data. 
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Table 1. Characteristics of interferograms. complete topographic and orbital correc- 
tions (14). 

Initially, two images acquired during a 
descending satellite pass in the summer of 
1992 were available. We selected the best 
matching summer images for 1993 and 
1995. No suitable image was available for 
summer 1994, because the ERS-1 orbital 
cycle was different then. We determined 
the best images by evaluating the "altitude 
of ambiguity" of all available image pairs. 
The altitude of ambiguity is the ground 
altitude difference that generates one fringe 
in an interferogram (15). The higher the 
altitude of ambiguity, the fewer residual 
topographic fringes in the interferogram. 
We processed four images and from these 
we formed six interferograms (Table 1) cov- 
ering periods from 35 days to 3.22 years. 
Some of the interferograms contained re- 
maining orbital fringes that were due to 
inaccurate data on satellite position and 
were recognizable as a few parallel fringes 
regularly spaced over the whole interfero- 
gram. Those fringes were easily suppressed 
by subtraction of the corresponding phase 
gradient. Among the six interferograms pro- 
duced, we used the 0.83-, 2.29-, and 3.12- 
year ones for modeling (Fig. 2, A through 
C). We used a digital elevation model 
(DEM) from the Icelandic Geodetic Sur- 
vey, with a grid interval of 3" in latitude (92 
m) and 6" in longitude (81 m). Our inter- 
ferograms are in the DEM geometry-each 
interferogram pixel represents the combina- 
tion of all (-100) radar pixels within the 
respective DEM cell. The 35-day interfero- 
gram was not used for modeling because of 
its limited time span. However, it allowed 
us to verifv that the DEM did not exhibit 
significant local errors because no visible 
residual topographic fringes were visible in 
it, although its altitude of ambiguity was 

Master Date Slave 
orbit orbit 

Elapsed Altitude of 
Date time ambiguity 

(years) (m) 

lower than that of the interferomams we " 
used in modeling. The two long-term inter- 
feroerams based on orbit 5064 had low co- 
hereice (16) and we did not use them. 
Good coherence in some of our interfero- 
grams, despite snow cover during winter, 
shows that coherence is recovered after 
snow melt, at least on barren lava flows, 
which cover most of our study area. 

The most obvious deformation signal in 
our interferograms is the presence of con- 
centric fringes at the Reykjanes central vol- 
cano, which are indicative of subsidence 
(Figs. 2 and 3). The center of subsidence is 
located between the Svartsengi and Eldvorp 
geothermal fields (Fig. I), but the common 
geothermal reservoir of these fields has been 
used by a geothermal power plant at Svart- 
sengi. Geothermal power plants withdraw 
fluids and thereby lower pressure in subsur- 
face geothermal reservoirs. This, in addition 
to drops in reservoir temperature, can cause 
subsidence (17). To mimic the observed . , 

deflation at Svartsengi, we used vertical and 
horizontal motion predicted by a simple 
model invoking a spherical source of vary- 
ing pressure within an elastic half-space. 
This model is analogous to the "Mogi mod- 
el" that is frequently applied to pressure 
changes in active volcano magma chambers 

08/08/92 35 days -35.6 
24/07/93 0.93 -25.1 
25/09/95 3.22 -19.6 
24/07/93 0.83 -59.0 
25/09/95 3.1 2 -43.6 
25/09/95 2.29 - 166.0 

but is applied here to compaction of a geo- 
thermal reservoir. The model has four pa- 
rameters that can be expressed as the source 
latitude and longitude; its apparent centroid 
depth, and the maximum surface sub- 
sidence Lo%, which occurs directly above 
the source (1 8). 

Another signal in the interferograms is 
the presence of time-progressive fringes 
aligned in the NEE direction, which are 
best observed on the southeast part of the 
peninsula (Fig. 2). These are caused by 
crustal motion at the plate boundaq. A 
horizontal velocitv field consistent with the 
interferograms is 

where v ~ , , , ~ ~ ~ ,  is the full spreading vector, y 
is the distance from the central axis of the 
plate boundary, and dIKk is its locking depth 
(19). The fringes indicate motion too large 
to be explained by horizontal movements 
only, therefore the rift zone has subsided. 
We include in our modeling subsidence 
caused by a line-source of pressure decrease 
within an elastic half-space (20). We fix its 
location below the central axis of the plate 
boundary, at its locking depth. Then 

2 .  0.0 , 
-8 -4 0 4 8 12 

-8 -6 -4 -2 0 2 4 6 8 Distance along profile (km) 
Distance along profile (krn) location of the profile. Fig. 4 (right). Change-in-range profile from 1993 

Fig. 3 (left). Change-in-range profile from 1992 to 1995 along the Reykjanes to 1995 across the Reykjanes Peninsula, which is sufficiently far from the 
central volcano. Observed and modeled profiles are shown. The profile is volcano pressure source that its effects are negligible. Changes are caused 
almost parallel to the direction of the plate boundary. Changes are mostly due by plate movements. Observed and modeled profiles are shown. The inset 
to the volcano pressure source. The inset shows part of Fig. 2C with the shows part of Fig. 28 with the location of the profile. 
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where hllft is the rate of subsidence along 
the central axis of the boundary. The line- 
source causes small horizontal contraction 
to~vard the plate boundary, resultillg in a 
change in range of less than 1 inin/year that 
can be ignored. 

When modeling the interferograms, n7e 
( i )  calculated the expected three-dimen- 
sional deformation field, given initial values 

u 

for the simulation parameters for a coin- 
bined model of the volcano deflation and 
the rift deformation; (ii) projected the de- 
formation vector onto the direction toward 
the satellite to derive the change ill range; 
and (iii) generated a simulated fringe pat- 
tern from the predicted change in range. 
The unit vector in the direction from 
ground to satellite mas (0.34, -0.095,0.935) 
in the east, north, and vertical. The doini- 
nant contributor to the change in range is 
vertical deformation, because of the 23" 
ERS incidence angle. F ie  tuned the model 
parameters to produce a simulated inter- 
ferogram that best matched the observed 
one (Fig. 2D) by rnaximizi~~g the global 
coherence of the residual interferoerains 

'7 

(the difference between modeled and ob- 
served interferograins). To calculate global 
coherence, x e  considered phases as com- 
olex unitarv numbers and summed all of 
them over the whole residual interferogram. 
The norm of this summed vector is a mea- 
sure of how "flat" the interferogram is. The 
best global coherence gives the fewest re- 

u - 
inaining fringes and the most adequate 
inodel parameters. Quantifying the uncer- 
tainties is, however, complex, and we relied 
011 visual insoectioi~. LVe varied everv oa- , A 

raineter around its best-fit value and esti- 
mated visually nrhen the residual interfero- 
gram degraded, indicating a lower fit. 

'4 total of 11 scalar parameters are re- 
quired in our simulation. The Mogi model 
has four parameters. Our inodel of plate 
bou~~dary  deformation based on Eqs. 1 and 2 
requires three parameters that determine 
the location of the boundarv central axis 
(latitude and longitude of a point on the 
axis and the axis direction) and the hori- 
zontal vector v 5  in addition to the 

dloCk and h,,,, parameters. LVe did llot esti- 
mate all of these paraineters at the same 
time: me fixed the central axis of the olate 
boundary to its location inferred from seis- 
micity (6) and usl,rraii,,,a to its predicted 
value (4) .  LVe initially estimated the lati- 
tude and longitude of the Mogi source, this 

u - 
location being at the center of the concen- 
tric fringes in the interferograms. Four ua- - - 
rameters remained for each interferogram- 
d ,,,, e,, h ,,,, , dlocl,, and hrIir-and we solved 
for these iteratively. The h,,,,,i parameter 
n7as the only one allowed to be time-depen- 
dent. We estimated the h,,,,, parameter for 
the 3.12-year interferogram from a change- 
in-range profile across the subsidence area 
(Fig. 3 1. Other uaraineters were estimated 

u 

with the use of the global coherence crite- 
ria. The overall increase in range at the 
plate boundary is best expressed in the 2.29- 
year interferogram (Fig. 2B), and we relied 
mainly 011 it when estimating the plate 
boundary parameters. The derived values 
are also adequate for the 3.12-year inter- 
ferogram (Table 2). 

The inodel interferoerains reolicate the 
'7 

features on the observed interferograins: 
both the concentric frinees at the Revk- 
lanes central volcano a h  the regloAa1 
NEE-d~rected fr~noes. Anv model of a olate " 
boundary with deformation varying with 
distance from its central axis will oredict 
interferograin fringes that are aligned in the 
direction of the boundarv. The oredicted 
change in range, according to our plate 
boundarv deformatio~l model, is asvmmetri- 
cal with' respect to the central axis of the 
plate boundary (Fig. 4) .  Model interfero- 
gram fringes occur mainly at, and to the 
south of, the central axis (Fig. 2D) because 

u 

of different contributio~ls of horizontal and 
vertical deformation to the ground-to-satel- 
lite range change. The NEE-directed fringes 
we observe in the interferograms satisfy sev- 
eral criteria that justify our modeling of 
these as signatures of plate boundary defor- 
mation. Their direction is in good agree- 
ment with the average direction of the plate 
boundary as inferred from the seismicity 
and geodetic data (6, 9). They are better 

Table 2. Modeling results. See text for discusson. Lat., latitude; Long.. longitude 

Pressure source parameters R I T ~  parameters 
nterferometr~c 

palr hrnogl drroal Lat * Long * h~ d ~ ~ : k  

(mm) (km) (Nc) W) (mm/year) (km) 

0.83 year, 21 i 3  
1992-1 993 

2.29 year, 21 ? 3 4.6 0.5 63.869 22.46 6.5 i- 1 5 =  1.5 
1993-1 995 

3.1 2 year, 42 i 6 
1992-1 995 

"Estmated by v~sual nspectlon; 0.3 km uncertanty 

expressed in the SE part of the interfero- 
grain than elsewhere, and the global coher- 
ence of the residual interferograins is better 
if plate boundary deformation is considered 
than if it is ignored. 

Seismicity (6)  and horizontal displace- 
ments at seven sites in the area estimated 
from GPS measurements (9)  indicated a 
plate boundary locking depth of 5 to 11 km, 
which is consistent with our determination 
of a locking depth of about 5 kin. Our model 
predicts that 80% of the plate motion is 
accommodated within a zone only 30 kin 
wide. The zone of active faulting and fissur- 
ing 011 the Reykjanes Peninsula has about 
this width, which is consistent with the nar- 
row strain field indicated by our analysis. 
Our interpretation is that at a depth of about 
5 km the deformation becomes mostly duc- 
tile and aseismic. A long-term subsidence 
along the whole plate boundary at a rate of 
about 6.5 mm/year, as we find, is also in 
agreement with repeated leveling on two 
profiles from 1966 to 1980 ( 1  1 ). These data 
suggest that the surface has tilted 0.5 to 1.0 
prad per year toward the central axis of the 
plate boundary. Our model is consistent with 
these values. A likely cause of subsidence 
along the plate boundary is loss of material 
below the locking depth. Extension within 
the ductile layer may be more local than in 
the elastic crust above, and flow of material 
from below is required to replace laterally 
displaced material. If this does not happen, 
the plate boundary subsides. 

The  subsidence of the Reykjanes cen- 
tral volcano from 1992 to 1995 is similar 
to subsidence observed there by leveling 
from 1975 to 1992 (10). Our inferred sub- 
sidence center lies between the Svartsengi 
and Eldvorp geothermal fields (Fig. 1 ) .  
Several lines of evidence, such as good 
pressure connection between these areas, 
suggest that a common geothermal reser- 
voir fuels both fields (21 ). Compaction of 
this reservoir caused by its use by the 
Svartsengi geothermal power plant can ex- 
plain our observations to a large degree. 
The average rate of subsidence was up to 
14 min/year from 1975 to 1982 but de- 
creased to 7 min/year from 1985 to 1992. 
Then  pressure in the reservoir apparently 
stabilized. Our data suggest that subsi- 
dence varied from 25 mm/year from 1992 
to 1993, to 9 mm/year from 1993 to 1995. 
Altogether the data may imply that reser- 
voir coinpactjoi~ varied ~ ~ o ~ ~ l i n e a r l y  with 
pressure, as observed, for example, at the 
Wairakei geothermal field in New Zealand 
( 1 7).  Pressure decrease in a solidifying 
magma chamber at the Reykjanes central 
volcano cannot be excluded as an alter- 
nate source of subsidence. Seismic waves 
passing beneath our inferred subsidence 
center at depths of 3 to 5 km show intense 
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shear wave attenuation, and it has been 
inferred that a crustal magma chamber is 
present beneath this area ( 2 2 ) ,  but this has 
not yet been confirmed. Our radar inter- 
ferometry obser\,ations of deformation in 
southn,est Iceland sholv 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 Mercmy which indicat- 
ed that color boundaries often did not cor- 
respond to photogeologic units, and no low 
albedo relatively blue tnercurian 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  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 tnercurian image data. These recali- 
brated image mosaics show the complete 
ultraviolet (UV) orange color data for this 
portion of Mercury. W e  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 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 kt11 per pixel) 
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