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Geologic mapping, thermal inertia measurements, and an analy- 
sis of the color (visual wavelengths) of the martian volcano Apolli- 
naris Patera indicate the existence of two different surface materi- 
als, comprising an early, easily eroded 'edifice, and a more recent, 
competent fan on the southern flank. A chronology of six major 
events that is consistent with the present morphology of the volcano 
has been identified. We propose that large scale explosive activity 
occurred during the formation of the main edifice and that the 
distillctive fan on the southern flank appears to have been formed 
by lavas of low eruptive rate similar to those that form compound 
pahoehoe flow field$ on Earth. A basal escarpment typically 500 m 
in relief and morphologically similar to the one surrounding Olym- 
pus Mons was produced between the formation of the main edifice 
and the fan, indicating multistage eruptions over a protracted 
period of time. Contact relations between the volcanic units and 
the adjacent chaotic material indicate that formation of the chaotic 
material occurred over an extended period of time and may be 
related to the volcanic activity that formed Apollinaris Patera. 
Stereophotogrammetric measurements permit the volume of the 
volcano to be estimated at lo5 lnn3. From this volume measurement 
and an inferred eruption rate (1.5 x km3 yr-l) we estimate 
the total eruption duration for the main edifice to be -lo7 yrs. 
Plausible estimates of the exsolved volatile content of the parent 
magma imply that greater than 1015 kg of water vapor was released 
into the atmosphere as a consequence of this activity. This large 
amount of water vapor as well as other exsolved gases must have 
had a significant impact on local, and possibly global, climatic 
conditions. o 1993 Academic RCSS, IW. 

INTRODUCTION 

Rates of eruption and the duration of activity at martian 
volcanoes are poorly constrained. These issues are rele- 

vant to understanding the source regions that feed volca- 
noes and the effects that eruptions had on the martian 
atmosphere (Postawko et al. 1988, Greeley 1987, Wilson 
and Mouginis-Mark 1987). Geologic studies of the major 
martian volcanic constructs show that there are essen- 
tially two types: those with extensive lava flows such as 
Olympus Mons and the Tharsis Montes (Moore et al. 
1978, Greeley and Spudis 198 1, Mouginis-Mark 198 1, 
Zimbelman 1984) and those mostly comprised of pyroclas- 
tic deposits such as Hecates Tholus, Tyrrhena Patera, 
and Hadriaca Patera (Reimers and Komar 1979; Mouginis- 
Mark et al. 1982, Greeley and Crown 1990, Crown and 
Greeley 1993). However, these previous studies provide 
few morphologic data for constraining eruption durations. 
To address the temporal issues of volcanism on Mars, 
we have identified several morphologic relationships that 
define the chronology of events that resulted in the present 
morphology of the volcano. We have then utilized topo- 
graphic measurements to calculate volumes of erupted 
material at Apollinaris Patera to constrain rate of eruption 
and volcano lifespan. 

Apollinaris Patera (Fig. 1) is located at the boundary 
between the northern plains and southern highlands of 
Mars (9"S, 186"). Unlike the other large martian shield 
volcanoes, it does not occur in either the Elysium or 
Tharsis volcanic provinces but is situated in a local basin, 
bound to the west by a large area of chaotic terrain (Fig. 
2). Relative to other martian volcanoes, it is middle aged, 
possibly forming between major eruptive episodes at the 
Elysium (older) and Tharsis (younger) provinces. Neu- 
kum and Hiller (1981) derived a cumulative crater count 
for the volcano of 3500-8800 craters > 1 km diameter per 
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FIG. 1. Generalized geologic map emphasizing Apollinaris Patera 
and neighboring volcanic features, simplified from Greeley and Guest 
(1987) and Plescia (1990). Unit designations: Acp, Cerbems plains; 
AHNp, plains materials; Av, AHv, Hv, volcanic materials; Avp, volca- 
nic plains materials; HNpl, plateau materials; OP, Orcus Patera impact 
crater materials. Capital letters in unit symbols refer to martian time- 
stratigraphic periods: A, Amazonian; H, Hesperian; and N, Noachian. 
The Elysium region is the second largest volcanic province on Mars 
and contains the three large volcanoes Hecates Tholus, Elysium Mons, 
and Albor Tholus; it is surrounded by extensive volcanic plains (Avp). 
Recent mapping by Plescia (1990) and Harmon et al. (1992) has identified 
an extensive area of inferred lava flows north of Apollinaris Patera 
(Acp). This unit is among the youngest areas on Mars and thus could 
indicate relatively recent volcanic activity. Apollinaris Patera (heavy 
box) is located at the major terrain boundary that separates the ancient 
highlands plateau (HNpI) from the younger lowland plains (AHNp) and 
is not included in either the Elysium or Tharsis volcanic provinces. 

lo6 km2 (from 635A57; 250 &pixel), whereas Plescia and 
Saunders (1979), using different Viking images 
(088A49,50; 190 &pixel), derived a cumulative crater 
count of 990 2 150 craters > 1 km diameter per lo6 km2. 
These values would, respectively, indicate that Apolli- 
naris Patera is Lower Hesperian to Lower Amazonian in 

age (Tanaka 1986). Attempts to identify an absolute age 
for the volcano are highly model dependent and give a 
broad range of absolute ages from 925 + 140 myr (Soder- 
blom et al. 1974) to 3500 + 15 myr (Neukum and Wise 
1976). 

Three morphologic features give Apollinaris Patera a 
distinct appearance (Fig. 2): (1) an unusually large, flat 
topped summit area (80 km diameter) compared to the 
E-W diameter (160 km) of the volcano; (2) a large fan of 
material covering the southern flanks that emanates from 
a breach in the caldera; and (3) a circumferential basal 
scarp (West 1974, Scott et al. 1978, Plescia and Saunders 
1979, Carr and Greeley 1980, Carr 1981, p. 107, Greeley 
and Spudis 198 1, Neukum and Hiller 198 1, Basaltic Volca- 
nism Study Project 1981, p. 781, Baker 1982, p. 24, Scott 
and Dohm in press). Together with a series of flank depos- 
its that suggest early explosive volcanism (discussed be- 
low), these attributes illustrate a complex evolution for 
Apollinaris Patera. 

We used radiometrically calibrated and geometrically 
rectified digital Viking and Mariner 9 images (U.S. Geo- 
logical Survey 1990), high resolution Viking Infrared 
Thermal Mapper (IRTM) data, and topographic informa- 
tion derived from stereophotogrammetric analysis of Vik- 
ing Orbiter images to map and interpret the geology of 
Apollinaris Patera. The volume of the volcano and the 
fan material can be determined from the topographic data 
set, thereby allowing constraints to be placed on the dura- 
tion of the eruptions and the amount of volatiles that 
may have been released. In this paper, we present first a 
morphologic analysis of this intriguing volcano and then 
speculate on the duration of its eruptions and possible 
water vapor input to the martian atmosphere. 

GEOLOGIC SETTING 

Greeley and Guest (1987) mapped the entire volcano 
as a single unit, AHa (the Apollinaris Patera Formation) 
at 1 : 15M scale, whereas Scott and Dohm (in press) have 
recently compiled a 1 : 500K scale map of the region that 
divides the volcano into four lava flow units. On the basis 
of surface morphology, thermal inertia values, and color, 
we divide the flanks into two units that represent different 
styles of eruption; the main edifice (unit m) and a large 
fan (unit f) covering the southern flank (Figs. 2 and 4). 
The fan material is distinct from the rest of the volcano, 
and indicates a protracted period of activity on Apollinaris 
Patera (see Fan Materials, below). The nested calderas 
show that the vent region underwent a complicated se- 
quence of collapse and infilling events. Additionally, for- 
mation of the chaotic terrain (unit cht) to the west of the 
volcano may be related to the formation of the volcano. 
Finally, we find no convincing evidence that the plains 
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(unit p) surrounding the volcano is deposits of volca- 
nic materials emanating from Apollinaris Patera and thus 
agree with the mapping of Greeley and Guest (1987) and 
Scott and Dohm (in press). This plains unit surrounding 
Apollinaris Patera is not relevant to our study and will 
not be discussed further here. 

Main Edijice (m) 

The primary geomorphologic unit of Apollinaris Patera 
is defined here as the main edifice (unit m). This unit 
is heavily modified by valleys, slumps, and superposed 
impact craters (Figs. 2 and 3). To the east and northeast, 
the unit extends from the rim of the summit caldera to 
a basal scarp that generally forms the perimeter of the 
volcano. The western edge of unit m extends -15 km 
beyond the basal scarp. Here the scarp has a subdued 
appearance due to a relatively thin mantle of younger 
materials most likely originating as slide deposits from 
the upper flanks. On the western flank there are scalloped- 
headed depressions -5 km across that terminate in hum- 
mocky lobes that we interpret to be slumps (Figs. 2 and 
4A). 

As identified by Gulick and Baker (1990), there are two 
types of valleys on the flanks of Apollinaris Patera: (1) 
narrow, incised valleys that generally emanate from the 
outer caldera and lack tributaries and (2) a valley network 
on the northeast flank that has short and stubby tributaries 
(Fig. 2). A few valleys reach the summit on the western 
flank and appear to have been truncated by caldera col- 
lapse as evidenced by their abrupt termination in the cal- 
dera scarp and lack of erosion within the caldera itself 
(Fig. 2). It has been hypothesized that incised valleys on 
martian volcanoes were formed either through volcanic 
density current erosion (Reimers and Komar 1979) or by 
a combination of surface runoff and sapping (Mouginis- 
Mark et al. 1982, 1988, Gulick and Baker 1990). The main 
criteria used to differentiate between the two processes 
are that density currents are expected to begin eroding 
near the summit and are relatively insensitive to local 
topographic variations (Reimers and Komar 1979), while 
runoff valleys are expected to exhibit coalescing branches 
downstream and to be diverted around local topographic 
obstacles (Fisher 1977, Reimers and Komar 1979, Mou- 
ginis-Mark et al. 1982). On the basis of these criteria, it 
seems more likely that the incised valleys on Apollinaris 
Patera were cut by volcanic density currents. However, 
we caution that due to the small valley widths (400-1000 
m) and moderate resolution of the Viking image data 
(- 190 mlpixel) this interpretation is only tentative. Addi- 
tionally, it is possible that valleys originally formed by 
volcanic density currents may be subsequently modified 
by either runoff or sapping processes (Reimers and Komar 
1979, Gulick and Baker 1990). 

In addition to the incised channels, the large slumps on 
the western flank, mentioned above, indicate that flank 
material (m) is easily eroded and degraded, analogous to 
materials that compose many slumps on the Earth (Bloom 
1978, p. 178). This friable nature is consistent with an 
interpretation that the main flanks (m) are composed of 
a significant amount of poorly consolidated pyroclastic 
material (see Discussion). 

Outer Caldera (cfl)  

The outer caldera floor is relatively rough, with portions 
sloping into the smoother, flat-floored inner caldera (cf2). 
To the west the bounding scarp of this unit (cfl) appears 
to truncate flank (m) valleys, and no valleys occur within 
the caldera, indicating that valley formation occurred 
prior to formation of the outer caldera (cfl). The raised 
rim that defines the outer margin of this unit is interpreted 
to be a scarp related to an earlier caldera, which was 
partially infilled by later activity, resulting in the general 
flat-topped nature of the volcano. The inward slope of the 
floor in the southeast portion (1-3"-see Volcano Topog- 
raphy, below) indicates that substantial subsidence oc- 
curred subsequent to the caldera infilling eruptions that 
formed the inner caldera floor (cf2); the sloping floor is 
easily seen in Fig. 4A. We note that no flow lobes or 
wrinkle ridges are visible within the floor materials (cfl) 
with the currently available images that would further 
support an origin through effusive lava. 

Chaotic Material (cht) 

Unit cht is characterized by distinct elevated knobs 
west of the volcano, typically 1 to 10 km across, that 
occur in groups and as isolated mesas (Figs. 2 and 3). The 
margin of this unit and the surrounding plains unit (p) 
is not distinct but rather transitional, and no conclusive 
embayment relations are evident. This unit roughly corre- 
sponds to the Hcht (chaotic material unit) of Greeley and 
Guest (1987) and Scott and Dohm (in press), which are 
interpreted to be erosional remnants of a heavily modified 
preexisting terrain. Chaotic material, or terrain, is gener- 
ally accepted to be the result of removal of large volumes 
of ground ice from within the interstices of the original 
frozen ground (Sharp 1973; Carr and Schaber 1977). The 
contact between the chaotic material (cht) and the western 
flanks (m) of Apollinaris Patera indicate that this process 
continued after the main edifice building eruptions as the 
lower western flank is chaotically disrupted (Figs. 3 and 
4B). This observation is important because it establishes 
that significant amounts of groundwaterlice existed 
around Apollinaris Patera during the main eruptive 
phases. Additionally, materials that we interpret to be 
associated with the formation of the fan (f) overlie the 
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FIG. 2. (A) Image map of Apollinaris Patera, showing the flat-topped summit area, the fan material, the basal scarp, and slump blocks (see 
B for locations of features). Digital mosaic in sinusoidal equal-area projection with a resolution of -190 mlpixel; from Viking orbit 088A, width 
of image is -235 km, north is to the top. (B) Sketch map of the main physiographic units under study. Unit m is the main edifice, unit cfl is the 
outer caldera, unit f is the fan material, and cf2 is the inner caldera all of which compose the volcanic products of Apollinaris Patera. Unit cht 
is a broad area of chaotic terrain that is generally believed to be the result of the removal of large amounts of ground waterlice (Sharp 1973, Carr 
and Schaber 1977, Greeley and Guest 1987). Note that the chaotic terrain (cht) includes disrupted material of Apollinaris Patera which is not 
mapped separately for the purposes of this work. The undivided plains unit p is simplified from Guest and Greeley (1987) and is not directly 
related to any identifiable volcanic activity from the Apollinaris Patera. The distinct basal scarp is indicated by the triangles. 

boundary scarp between the main edifice and the chaotic possible to resolve whether chaotic material existed be- 
materials (see Figs. 3 and 4) in agreement with Scott and fore the activity that built the main edifice (m). On the 
Dohm (in press). From the existing relations it is not basis of these contact relations the formation of at least 
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+ '  FIG. 2-Continued 

some of the chaotic terrain must have occurred during an increased geothermal gradient from the volcano. This 
the lifetime of the volcano; before and after the emplace- contemporaneous activity with the volcano has important 
ment of the fan. This suggests that chaos formation took implications for the style of eruption and climatic condi- 
place over an extended period of time, possibly on the tions that may have prevailed during the eruptive phases 
order of millions of years, and may have been due to of Apollinaris Patera (see Discussion, below). 
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FIG. 3. This large incidence angle image of Apollinaris Patera shows the structure of the fan material and the breach in the caldera wall 
(unlabeled large arrow). Arrowhead labeled A indicates location where chaotic disruption of the main flank (m) material has occurred, while the 
arrowhead labeled B shows where fan materials (f) have covered chaotic material (cht). Note lack of incised valleys within the caldera; this is 
particularly significant on the eastern side of the caldera where interior slopes are comparable to exterior slopes that do have incised valleys (see 
text). The arrowed locations marked with Sx indicate shadow measurements: S1 = 4800 m, S2 = 4600 m, S3 = 800 m, S4 = 2100 m (all 
measurements ?I00 m). Viking Orbiter frame 635A57, INA = 80°, width of image is -235 km, north is to the top. 
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FIG. 4. (A) Perspective view of Apollinaris Patera as seen from the NW looking across to the SE, vertical exaggeration 2x. Of particular 
interest are the slump blocks on the western flank and the embayment relation between the inner caldera (cf2) and the outer caldera (cfl). Image 
was created from Viking digital mosaic of images from orbit O88A (see Fig. 2) and topographic data derived in this study. (B) Perspective view 
showing the distinct fan on the southern flanks of Apollinaris Patera as viewed from SW of the volcano, vertical exaggeration 2x .  The arrowhead 
labeled A indicates region where chaotic material was formed after emplacement of volcanic materials. The label B indicates region where fan 
materials overlie chaotic materials. Unlabeled arrow indicates breach in caldera from which fan materials appear to have emanated. Image was 
created from Viking digital mosaic of images from orbit 088A and topographic data derived in this study. 

Fan Materials Cf) 
A large fan extends down the southern flank of Apolli- 

naris Patera for more than 150 km from the rim of the 
caldera, giving the volcano its distinctive asymmetrical 
shape (Figs. 2, 3, and 4). The apex of the fan coincides 
with a channel that breached the south caldera rim (Fig. 
3), through which the fan material appears to have flowed, 
covering the basal scarp and spilling across the sur- 

rounding plains (Plescia and Saunders 1979, Carr 1981, 
p. 107, Neukum and Hiller 1981, Scott and Dohm in 
press). This channel cuts the outer caldera floor (cfl) and 
our topographic data show that the channel within the 
caldera slopes toward the caldera interior. If this channel 
was indeed formed by the materials that compose the fan, 
then substantial subsidence of the caldera occurred after 
fan formation and prior to emplacement of inner caldera 
materials (&-see Inner Caldera, below); thus the inner 
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FIG. 4-Continued 

caldera materials (cf2) are apparently younger than the 
emplacement of the fan deposits. 

The eastern margin of the fan is embayed by the sur- 
rounding plains and therefore predates the last episode 
of plains formation (Scott and Dohm in press). The west- 
e m  part of the fan drapes the bounding scarp between 
the adjacent chaotic material and the main edifice, and 
infills low areas between hummocks. This results in the 
relatively subdued morphology observed in the chaotic 
terrain in this area (Figs. 3 and 4B). The contact between 
the fan and the main edifice is sharp, with 'the fan draped 
over the basal scarp and the preexisting valleys. There- 

fore, the fan is younger than the main edifice. We estimate 
that the material that composes the fan is relatively thin 
(100-250 m) based on the observation that the preexisting 
topography of the underlying basal scarp is still evident 
both in the images and in our topographic data (see Vol- 
cano Topography, below). 

Several morphologic features suggest that the fan con- 
sists of material that is significantly different from the 
main edifice unit (Figs. 2, 3, and 4B). We note that the 
fan is not cut by the distinctive, sharply incised valleys 
that are common on the main edifice. Valleys on the fan 
are typically wider than those on the edifice; 2-4 km vs 



CHRONOLOGY OF THE MARTIAN VOLCANO APOLLINARIS PATERA 

200-1000 m, respectively. Examination of digital pixel 
values shows that the valley walls on the fan do not cast 
pixel sized shadows in images with the sun - 12" above the 
horizon (the valley walls on the main flanks cast shadows), 
and thus they have relatively shallow-sloping walls. It is 
not clear whether these valleys are erosional or just low 
areas between constructional features. We interpret that 
the fan is mostly composed of effusive materials and this 
will be discussed below (see Discussion, below). 

Inner Caldera (~$2) 

The relatively smooth floor of the inner caldera (cf2) 
embays the sloping margins of the outer caldera materials 
(cfl) and is thus the younger of the two caldera units. The 
distinct scarp that forms most of the boundary of this unit 
ranges in height from about 800 to 1500 m (see Volcano 
Topography, below). The boundary scarp to the north 
and northeast cuts across the outer margin of the previous 
summit-defining caldpra (cfl), resulting in an outer rim 
elevation that is relaiively low (4500 m vs 5000-6000 m). 
This relation is particularly important as it indicates that 
any effusive activity that we hypothesize to have formed 
the fan (see Discussion, below) could not have emanated 
from within the summit after the formation of the inner 
caldera (cf2); flowing material would have escaped the 
summit region to the north at this low point (see Volcano 
Topography, below). This geometry indicates a complex 
tectonic history which maybe similar to the evolution of 
other calderas on Mars, such as those at Olympus Mons 
(Mouginis-Mark and Robinson 1992) and Ascraeus Mons 
(Zimbelman and Edgett 1992). We note that none of these 
steep scarps are incised by valleys like those on the outer 
flanks (unit m) possibly indicating a more competent mate- 
rial. In agreement with Scott and Dohm (in press) we infer 
that the flat, smooth floor of the inner caldera was formed 
as a lava pond, thus implying that effusive activity domi- 
nated final eruptive activity at the summit. However, we 
note that no flow lobes or wrinkle ridges that would further 
support this interpretation are visible with the currently 
available images. 

CHRONOLOGY SUMMARY 

Based on the' mapping and data analyses presented 
above we can set forth a chronology of six major events 
that have resulted in the present morphology of the vol- 
cano (Fig. 5): (1) emplacement of the main edifice (m) 
through mostly explosive activity, (2) formation of the 
basal scarp, (3) erosion of valleys on the main flanks (f), 
(4) formation of the outer caldera (cfl), (5) emplacement 
of the fan materials (0 through effusive activity, and finally 
(6) formation of the inner caldera (cf2), including effusive 

FIG. 5. Stratigraphic column showing the chronology of events that 
have resulted in the present morphology of Apollinaris Patera (see Fig. 
2 for location of units). Initially the main edifice (m) was emplaced, then 
basal scarp and valley formation (jagged line) occurred. Next, outer 
caldera formation (broken line) with subsequent infilling (cfl), fan (f) 
emplacement, possibly as a result of late stage overflow from cfl depos- 
its, and finally inner caldera formation (broken line) with infilling by 
ponded lava deposits (cf2). Formation of chaotic terrain (cht) adjacent 
to the volcano both preceded and followed emplacement of the fan 
materials. 

lava that ponded to form the present floor. These events 
are not necessarily temporally distinct, but are gradational 
in some cases. For instance, basal scarp formation may 
have commenced during the latter part of event 1, and 
eruption of the materials comprising the fan may be re- 
lated to late stage intracaldera activity of stage 4. Forma- 
tion of the adjacent chaotic material appears to have oc- 
curred throughout much of the lifetime of the volcano, 
thus indicating that this process is long lived. 

PHYSICAL PROPERTIES OF THE VOLCANO 

To aid in our interpretation of the morphologically de- 
fined volcanic units we examine Viking Infrared Thermal 
Mapper (IRTM) data and Viking color image data. These 
data. are examined to identify any gross physical proper- 
ties that may be used to show convincingly that the fan 
and main edifice are indeed separate geologic units. 
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FIG. 6.  Schematic diagram showing IRTM data passes near Apolli- 
naris Patera: (1) A569-7, (2) A648-2, (3) A492-8, (4) B551-11 (letter 
corresponds to Viking Orbiter, three digit number orbit designation, 
and one or two digit number is the sequence within particular orbit). 
Dashed lines within IRTM swaths indicate thermal inertia (fl boundaries 
that correspond with mappable geologic units. Of special interest to this 
study is the small (AI = 0.5) but distinct thermal inertia boundary be- 
tween the fan (f) and the main edifice (m) indicated by dashed line (small 
arrow) within data pass 2. Large arrow indicates viewpoint for Fig. 7 
that illustrates the sharpness of this boundary. The data tracks that do 
not cross the volcano were included to check the calibration where data 
overlapped; we observed no systematic calibration problems in these 
areas. Solid box shows area covered by Fig. 2. 

Thermal Inertia 

Two high resolution IRTM data passes cross Apolli- 
naris Patera (Fig. 6). Thermal inertia (I) is derived to 
estimate the effective grain size of materials on the mar- 
tian surface (Kieffer et al. 1977, Zimbelman and Leshin 
1987). The IRTM data were processed to &" bins following 
the procedure outlined by Zimbelman and Leshin (1987). 
Using the standard Viking model (Kieffer et al. 1977) 
thermal inertia (I) values are derived and are reported in 
units of cal cm-2 s-In K-I. The thermal inertial values 
are used to test our hypothesis that the flanks and fan 
materials on Apollinaris Patera are separate geologic 
units. 

A spatial uncertainty in the location of the highest reso- 
lution IRTM tracks on the surface occurs due to gravita- 
tional perturbations of the spacecraft orbit near periapsis 
(Zimbelman and Leshin 1987). To correct for this posi- 

tional offset, we manually shifted IRTM orbits by match- 
ing high frequency thermal inertia signatures with the 
locations of impact craters and discrete low albedo 
patches that are easily identified in both data sets. To 
compensate for any temperature shifts in the data caused 
by minor atmospheric effects from dust and clouds, we 
compared relatively bland regions in our high resolution 
IRTM data with known thermal inertia values from the 
Mars Consortium digital thermal inertia map (Kieffer et 
al. 1981) to derive an offset. The thermal inertia values 
in respective orbits agree at intersection points lending a 
high degree of confidence to the accuracy of the correction 
procedure (Fig. 6). We also applied an elevation correc- 
tion to compensate for atmospheric pressure effects on 
the surface thermal conductivity (Zimbelman and Greeley 
1983) using the Mars Consortium global topographic data 
(Kieffer et al. 1981). The errors associated with these 
elevation data are reported to be on the order of 1 to 2 
km. Elevation effects are sensitive on the order of a scale 
height (10 km) which leads to a change of about one 
thermal inertia unit or less, dependent on the magnitude of 
the thermal inertia value (Zimbelman and Greeley 1983); 
therefore, the generalized topography can be used to pro- 
duce a first-order correction. Comparison of temperatures 
derived from four IRTM wavelengths (7, 9, 11, 20 pm) 
confirms that the anomalies reported here are not artifacts 
of atmospheric contamination (Christensen and Zurek 
1984). 

Our derived thermal inertia values exhibit anomalies 
that can be directly correlated with geomorphic features 
other than albedo patterns. We find a one-to-one corre- 
spondence between the distinct morphologic and thermal 
property boundaries. Figure 6 shows a map with the loca- 
tion of IRTM data passes in relation to our mapped units; 
on this figure the correspondence of the thermal inertia 
boundaries and geologic boundaries is apparent. Such a 
strong correlation is unusual for Mars, based on previous 
work examining martian volcanoes (Kieffer et al. 1977, 
Zimbelman and Kieffer 1979, Zimbelman and Leshin 
1987). A thermal inertia transition exists that corresponds 
to the boundary between the main edifice (I = 3.8 to 4.5) 
and the surrounding plains (3.0-33, which agrees with 
previous work (Crown et al. 1988). Of greater importance 
to the interpretation of the volcano, we find an intravol- 
can0 thermal inertia anomaly (of intensity 0.5 thermal 
inertia units) between the fan (I = 4.4, number of 
samples = 9) and the main edifice (I = 3.9, number of 
samples = 9; see Figs. 6 and 7). This boundary cuts across 
topographic contours, and thus we dismiss the possibility 
that it is simply due to elevation effects. 

Previous work examining volcanic deposits on Mars 
using IRTM data indicates that it is difficult to assign a 
specific thermal inertia value to a geologic unit, mostly due 
to the complications arising from variable dust mantling 
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fan as an indicator of a specific geologic material. Neverthe- 
less, in the case of Apollinaris Patera, the underlying rock 
units have a detectable effect on the thermal signature. 
Specifically, this difference in thermal inertia between the 
fan and the main edifice is most likely due to an increased 
"effective" grain size of the materials composing the fan 
relative to the main edifice. This most likely is the result 
of a difference in the proportion of eolian component to 
rock abundance on the surface or an actual change in 
grain size of the eolian component (see Color, below), 
not the result of a change in mineralogy of the bedrock. 
In the case of the units identified on Apollinaris Patera 
the fan (f) may have a more blocky structure than the 
main edifice (m) resulting in a slightly higher rock abun- 
dance and a correspondingly higher I .  

FIG. 7. Three-dimensional plot of IRTM thermal inertia values for 
the edifice (m; hatchured samples) and fan (f), showing the distinct 
thermal inertia boundary between these two units (see text). The x and 
y axes show relative position within IRTM track A648-2, each sample 
is approximately P (7.5 km). The z, or vertical axis, shows thermal 
inertia (I). This perspective is looking from the NW to SE (see arrow 
in Fig. 6 for viewpoint) at the contact between the fan and the main 
edifice shown as a dashed line (small arrow) within track 2 of Fig. 6. 

(Zimbelman 1984). For a given rock type, the thermal 
inertia value can range dramatically, depending on the 
amount of exposed bedrock, thickness of dust mantle, 
and grain size of the dust. For example, Mouginis-Mark 
et al. (1988) have identified possible pyroclastic deposits 
on Alba Patera that have thermal inertia values between 
1 and 4, whereas Crown et al. (1988) found that materials 
at Hadriaca Patera interpreted to be of pyroclastic origin 
have thermal inertia values ranging from 5 to 9. Therefore, 
it is not possible to interpret a thermal inertia value alone 

Color 

The relative color variations of the martian surface are 
grossly controlled by the particle size distribution of the 
pervasive eolian dust cover that mantles the planet (Arvid- 
son et al. 1989, Herkenhoff and Murray 1990, Soderblom 
1992). With a coarser eolian component the surface exhib- 
its a darker albedo and "bluer" visible color. Previous 
analyses comparing albedo (which is often directly related 
to color) and thermal inertia indicate that eolian compo- 
nent particle size strongly controls the thermal inertia of 
the surface (Kieffer et al. 1977, Zimbelman and Kieffer 
1979, KeitTer et al. 1981, Soderblom 1992). The distinct 
thermal inertia boundary within Apollinaris Patera identi- 
fied here has no diagnostic spectral signature within the 
visible bandpasses of the Viking Imaging system (orbits 
506A, 609A, 4688). This was checked by examining color 
ratios (redlviolet) of these three color orbits (Table I) to 

TABLE I 
Mariner 9 and Viking Orbiter Images of Apollinaris Patera, Mars, Including Pertinent Acquisition Parameters 

Orbit EMA INC PHA FIL Ls RES AZ 

mB 
C 

VGR 
R 

VCGR 
R 
R 
R 

VCGR 
R 
R 

VBGRCmB 

Note. For orbits with color data, only the red frame number is listed. EMA, emission angle; INC, incidence angle; PHA, phase angle; FIL, filter 
(V, violet; B, blue; G, green; R, red; C, clear; mB, minus blue); Ls, aerocentric longitude; RES, resolution in mlpixel; AZ, sun azimuth. 

a Mariner 9 image. 
exact viewing geometry not known, parameters estimated and subject to large error (+ 10"). 
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determine if color boundaries coincide with the morpho- 
logiclthermal inertia boundary. Since we found no correla- 
tion, we interpret that the eolian component that domi- 
nates the optical surface is relatively homogeneous. That 
is, there is no gross change in particle size of the fine 
component (that would show up as a color anomaly) while 
near surface thermal properties are heterogeneous, im- 
plying that the surface of the fan (f) is relatively blocky; 
the physical properties of the underlying materials have 
a small yet significant influence on the derived thermal 
inertia. Specifically, we interpret this to indicate an in- 
creased rock component due to a relatively rough lava 
surface of the fan (m). The main edifice (m) which we 
interpret to be composed of pyroclastic deposits has a 
relatively smoother surface with a greater percentage be- 
ing covered with dust (less rocky). 

VOLCANOTOPOGRAPHY 

Important to our study of Apollinaris Patera are new 
high resolution topographic data derived through shadow 
measurements and stereophotogrammetric mapping. 
These data allow us to establish accurately the volumes 
of erupted products at Apollinaris Patera as well as to 
define the overall third dimension of the volcano, and 
thus aid in constraining its evolution. We derived these 
new data because the existing published topographic data 
for Mars (1 : 15M) have an estimated accuracy of 1000 to 
1500 m at best (U.S. Geological Survey 1989); for the 
section of this map covering most of Apollinaris Patera 
no stereo measurements had previously been made. Our 
new measurements allow constraint of the topography to 
a high degree of precision and accuracy, as high as + 100 
m in local areas and -800 m overall. Additionally, these 
data have been used to update the U.S. Geological Survey 
1 : 2M topographic map of the Aeolis Quadrangle which 
covers Apollinaris Patera (U.S. Geological Survey 1991). 

Shadow measurements taken from calibrated digital im- 
age data can be very precise under the following condi- 
tions; (1) sun angle above the horizon is low, and (2) pixel 
size is much smaller than the feature being measured 
(Arthur 1978). These conditions are met by Viking frames 
635A57 and 646A41 (see Table I) for the area that contains 
Apollinaris Patera. Our shadow measurements (see Fig. 
3) were taken to provide local, highly accurate, spot mea- 
surements to aid in our interpretations, and as a check 
on the accuracy of our stereo measurements. We estimate 
the accuracy of the shadow measurements based on the 
assumption that the top and bottom of the shadow can 
each be determined to within 1 pixel (total error, E, of 2 
pixels) by: 

E = sin(90" - INA) (2 x (pixel width)), 

where INA is the local solar incidence angle and pixel 
width is the resolution of the image data. 

To give lower limits on the total relief of Apollinaris 
Patera several shadow measurements were taken on the 
western flanks from image 635A57 (250 &pixel; Fig. 3). 
These measurements indicate a minimum relief of 5100 
a 100 m, which is significantly greater than the total relief 
shown on the U.S. Geological Survey 1 : 15M map (U.S. 
Geological Survey 1989), 4000 rl: 1000 m. This shadow 
measurement is considered a minimum because any relief 
upslope from the top of the shadow and downslope from 
the bottom of the shadow is not included. From the same 
low sun angle frame we also measured the height of the 
east rim of the caldera to be 770 a 100 m. Where possible 
we checked these measurements with those from 646A41 
(800 &pixel) and found consistent results. In all cases 
the shadow measurements and stereophotogrammetric 
measurements matched within the limits of the methods 
(see Appendix). 

Viking Orbiter images can also be used to derive stereo- 
photogrammetric data if favorable viewing geometry ex- 
ists between overlapping images (Arthur 1977, Wu et al. 
1982). This method has been used extensively to compile 
a global topographic data set at moderate resolution (+ 
1-2 km; Wu et al. 1985, 1988) and to acquire local, high 
resolution topographic contours (Wu et al. 1984) and pro- 
files (Blasius and Cutts 1981, Robinson and Tanaka 1990). 
For this study we selected a pair of Viking images that 
has a very strong base-to-height ratio (BIH; see Wu et 
al. 1982) resulting in strong parallax and thus accurate 
topographic measurements (Viking images 603A42 and 
639A92-BIH = 1.04). An analytical stereoplotter was 
used to collect the stereo measurements. The topographic 
data were acquired in both profiling and contouring modes 
(see Appendix and Figs. 8-10). The profiling mode results 
in a more precise measurement than the contouring mode, 
but is limited in its areal coverage. Therefore we selected 
specific profiles to address directly pertinent scientific 
issues (Fig. 8). The contour data are used in a more general 
sense to provide synoptic coverage for the volcano and 
surrounding area and were used to update the MC 23NE 
1 : 2M topographic map (U.S. Geological Survey 1991). 

The elevation data were collected for the 1 : 2M scale 
contour map with a contour interval of 1 km (Fig. 10). 
We estimate the horizontal accuracy to be 1000 m and 
the vertical accuracy to be 800 m relative to the Mars 
control network. The vertical accuracy of these measure- 
ments may be as high as 300 m within the stereo model 
(see Appendix). For our purposes we converted the con- 
tour map to a raster-based digital elevation model (DEM) 
by first digitizing the contours and then interpolating to 
a continuous surface (U.S. Geological Survey 1990). This 
process allowed the volume of the volcano to be calcu- 
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FIG. 8. Location of stereophotogrammetrically derived elevation profiles that cover the major features under study at Apollinaris Patera. 
Arrowhead denotes downslope direction of caldera floor containing the source channel for the fan materials (see Fig. 9). Numbers identify 
beginning and ending points for profiles. Profile 4-12 is approximately 400 km in length; Viking frame 603A42. 

lated and was also used as a base for creating point per- 
spective views of the volcano (Fig. 4). 

From these newly derived topographic data, we deter- 
mine the volume of Apollinaris Patera (both the main 
edifice and the fan) to be -100,000 km3. An ambiguity 
arises in this calculation due to uncertainty regarding the 
actual base of the volcano relative to the preexisting to- 
pography. We bracketed our estimate by using the 100 m 

and the 750 m elevations, which generally correspond to 
the lower and upper portions of the basal scarp, respec- 
tively. The resulting volumes are 103,000 km3 and 97,000 
km3; therefore we report the volume of Apollinaris Patera 
to be -100,000 km3. 

In order to assess the relative significance of the depos- 
its that compose the fan, we estimate its volume sepa- 
rately from that of the rest of the volcano. To do this we 



ROBINSON ET AL. 
7 1 r 

$ 1 .  

id,%; 
r '  > 

8 0 0 0 - " " " " ' ~ " ' ~ ' ~ ~ ~ ' ~ ~ " " " " 1 " ~ ~ ' ~ ~ ~ ' I ~ ~ ' ~ ~ " ~ '  
*I ! 

- Profile 1-8 
- 

1 00 200 300 400 
Distance (km) 

FIG. 9. (A) Stereophotogrammetrically derived topographic profile (Profile 1-8; see Fig. 8 for location) across the volcano from south to 
north. Horizontal triangle (labeled S) indicates the topographic expression of the basal scarp beneath the fan materials, while vertical triangle 
(labeled F )  locates inward sloping surface of the outer caldera floor (cfl) which contains the putative source channel for the fan materials (f). 
The dotted line indicates the zero elevation contour; all profiles have the same scale (see Fig. 9B and Fig. 11). (B) Stereophotogrammetrically 
derived topographic profile (Profile 5-11; see Fig. 8 for location) across the volcano from west to east. Triangle indicates basal scarp, note relative 
elevations of surrounding plains on both sides of the volcano. 
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assume that the thickness of the fan is on the order of detectable. If the deposits were significantly thicker than 
50-250 m, based on the observation that the fan drapes 250 m, it is unlikely that any expression of the underlying 
the basal scarp (which our shadow measurements and scarp would be detected in the image and topographic 
stereogrammetric data indicate is of the order of 500 m) data. We measured the fan area to be -19,100 km2, so 
and yet is thin enough that the scarp morphology is still that the fan volume estimate falls within the range 995 to 
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FIG. 10. Topographic map for Apollinaris Patera that was generated in this analysis from stereophotogrammetry. Area of map is matched to 
that of Fig. 2; contour interval is 1000 m (see also U.S. Geological Survey 1991); total width of map is -235 km. 

4 

4975 km3, respectively (average -3000 km3). We note that 
Scott and Dohm (in press) mapped the fan deposits as 
being more extensive to the west; however, including this 
additional area would not substantially change our volume 
calculation for the fan. Subtracting our estimate of the 
fan volume from that of the total volume of Apollinaris 
Patera results in an estimated volume for the main edifice 
of 97,000 km3; the fan deposit comprises only -3% of the 
total volume of the volcano. For comparison, the volumes 
of terrestrial and martian volcanic deposits are listed in 
Table 11. 

DISCUSSION 

From our morphologic observations, the inferred physi- 
cal properties of the surface units, and the topographic 
data, we find that the fan material (f) is significantly differ- 
ent from the main edifice (m). The exact composition of 
the erupted products that formed Apollinaris Patera is not 
known. However, a large body of evidence has limited 
the range of composition of martian volcanic materials to 
mafic lavas, most likely basalt (c.f. McSween 1985; 
Banin et al. 1992; Soderblom 1992). Thus the range of 
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TABLE I1 
Volumes of Materials Composing Certain Volcanic Features 

on the Earth and Mars 

Volume 
(loS km3) 

Olympus Mons, Marsa 26 
Hawaiian-Emperor Chainb 10 
Deccan Plateau, IndiaC 8 
Alba Patera, Marsd 6 
Elysium Flood Basalts, Marst 3 
Columbia River Basalts, Washington. 2 
Hadriaca Patera, ~ a r s f  1 
Apollinaris Patera, Marsg 1 
Mauna Loa, HawaiiC !i 
- - 

a Wu et al. 1984. 
Clague and Dalrymple 1987. 
Crisp 1984. 
Wilson and Mouginis-Mark 1987. 
' Plescia and Crisp 1991. 
f Crown and Greeley 1993. 
8 This study. 

materials that could form the flanks of any martian vol- 
cano is thought to be relatively limited and includes pyro- 
clastic airfall deposits, pyroclastic flows, and lava flows 
(Mouginis-Mark et al., 1992). Because of the relatively 
friable nature (slumps, sharply incised valleys), lack of 
distinct lava flow morphology, and apparent uniform cir- 
cumferential erosion to form the basal scarp, we infer 
that the main edifice is composed mostly of either air-fall 
deposits or pyroclastic flows, as has been proposed for 
Alba Patera (Wilson and Mouginis-Mark 1987, Mouginis- 
Mark et al. 1988), Tyrrhena Patera (Greeley and Crown 
1990) and Hadriaca Patera (Crown and Greeley 1993). 
These explosive eruptions may have been phreatomag- 
matic in nature. 

Due to the easily eroded nature of the flanks it seems 
likely that any pyroclastic materials that compose the 
main edifice (m) are mostly poorly to nonwelded. Base 
surges could result in the proposed valley formation; both 
base surges .and nonwelded deposits are consistent with 
an explosive origin having a phreatomagmatic compo- 
nent. This inference is supported by the interpretation 
that chaotic material formed contemporaneously with the 
volcano, thus indicating a possible source of water to 
interact with the ascending magma. Additionally, Apolli- 
naris Patera is situated at the debouchment of the large 
fretted channel Ma'adim Vallis and is in a local basin; 
thus it is plausible that a large supply of water, ground 
or ponded, could have been available. Later, after forma- 
tion of the basal scarp, this.source may have been desic- 
cated or isolated from the erupting magma and thus late 
stage eruptions that formed the fan were different in erup- 
tive style. 

Our preferred model for fan (f) formation is that it is 
predominately the result of effusive activity (in contrast 
to the main edifice), and these lavas were erupted at a 
low rate. This model is based on three key observations. 
First, the distinct narrow valleys incised in the main flanks 
are not apparent on the fan, evidence that the fan is com- 
posed of a material exhibiting physical properties that are 
different from the main edifice (this is supported by the 
IRTM and color image data), specifically, a more compe- 
tent material than the main edifice. Second, high relief 
flow lobes indicative of a'a flows are not identifiable on 
the fan. Terrestrial a'a flow units typically exhibit relief 
on the order of 5-15 m, whereas pahoehoe flow units are 
typically less than 1 m (MacDonald 1972, p. 69-91). Flows 
seen at other locations on Mars have reported thicknesses 
of -20-60 m (Moore et al. 1978); if flows of this thickness 
occurred on the fan they should be identifiable with the 
existing image data. Third, the fan spreads out from the 
breach in the caldera into a large fan; terrestrial pahoehoe 
flows typically spread out if there are no topographic 
obstacles whereas a'a flows are typically confined by lev- 
ees and thus often exhibit relatively long narrow flows. 

If such eruptions that formed the fan were comparable 
to the emplacement of terrestrial pahoehoe flow fields, 
then an effusion rate of less than 5 m3 sec-I (1.2 x lo-' 
km3 year-') is implied (Rowland and Walker 1990), so 
that in total the fan would have taken -6400 to 32000 
terrestrial years to have formed by continuous activity 
(any periods of repose are not included in this estimate). 

Observing that a time interval occurred between the 
formation of the main edifice and the eruption of the fan 
is interesting in that it indicates a two-stage (at least) 
eruptive history for Apollinaris Patera. The fan overlies 
the scarp; therefore, any period of quiescence was suffi- 
ciently long for the scarp to form before eruption of the 
bulk of the fan materials. The measured relief of this basal 
scarp, which extends around the entire perimeter of the 
volcano (except where it is mantled by the fan), is gener- 
ally 500 m and locally up to 1500 m. It seems likely that 
formation of this scarp required an extended period of 
time, whether it was the result of tectonic activity or the 
removal of material through erosive processes. 

Understanding the origin and nature of this circumfer- 
ential basal scarp is important not only for unraveling the 
geologic history of Apollinaris Patera but is also poten- 
tially useful in giving insight to the climatic conditions 
during the lifetime of the volcano. Our interpretation that 
the main edifice is composed of poorly to nonwelded pyro- 
clastic material is consistent with an erosional model (of 
unknown mechanism) for the scarp's origin; fragmental 
(poorly to nonwelded) pyroclastic deposits would be more 
easily eroded and removed than welded or effusive depos- 
its (Fisher and Schmincke 1976, p. 1%). These inferences 
have implications not only for the formation of the Apolli- 
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naris Patera basal escarpment, but possibly for the similar 
feature that surrounds Olympus Mons, particularly in sup- 
port of an origin by erosion (King and Riehle 1974, Head 
et al. 1976, Lopes et al. 1980). A similar period of dor- 
mancy that included formation of a basal scarp has been 
proposed for Olympus Mons based on relative cratering 
ages of units that compose and surround it (Hiller et al. 
1982). Olympus Mons' basal scarp is also circumferential 
though it exhibits much greater relief, >5 km. Parker et 
al. (1989) and Baker et al. (1991) have recently proposed 
that transient shallow seas may have existed on Mars, 
perhaps in Lower Amazonian times (Baker et al. 1991). 
This time period is compatible with the age of Apollinaris 
Patera that was determined by crater counts (Plescia and 
Saunders 1979) and possibly also with the formation of 
the basal scarp at Olympus Mons (Hiller et al. 1982). 
Previous models for formation of the Olympus Mons basal 
escarpment have included the erosion of an unconsoli- 
dated basal layer of ash or fragmental materials (King and 
Riehle 1974, Head et al. 1976), but each model has been 
criticized on the basis of its inability to explain the removal 
of significant vo luds  of material without the same pro- 
cess affecting the adjacent landscape (Hodges and Moore 
1979). If shallow seas were responsible for the erosion of 
these basal escarpments, then the removal of material 
from low elevations might be easier to explain. One other 
martian volcano located on or near a proposed martian 
sea (see below), Hecates Tholus, has a basal elevation 
(-1 km) comparable to that of either Olympus Mons or 
Apollinaris Patera and this third volcano lacks a basal 
scarp; however, late stage activity at Hecates Tholus (and 
possibly other martian volcanoes) could have buried any 
preexisting basal scarps. This "wave erosion model" for 
the formation of the escarpments around the base of Apol- 
linaris Patera and Olympus Mons remains highly specula- 
tive at this point; however, we consider it to be a viable 
hypothesis assuming the recent evidence presented for 
the existence of standing bodies of water in the martian 
lowlands can be substantiated (Baker et al. 1991). 

The volume of the main edifice is estimated to be - 10' 
km3 from our topographic data. Typical effusion rates of 
terrestrial basaltic eruptions are generally in the range 

to lo-' km3 year-' (Crisp 1984), so a plausible dura- 
tion of activity, excluding periods of repose, is lo6 to lo7 
years. To constrain further this estimate it is assumed 
that, to a first order, the rate of eruption at Apollinaris 
Patera is similar to that of the Hawaiian Hot Spot. The 
oldest seamount in the Hawaiian-Emperor chain has an 
age of 65 x lo6 years and the total volume of the chain 
is estimated to be lo6 km3 (Clague and Dalrymple 1987). 
Therefore, the average rate of eruption for the Hawai- 
ian-Emperor Chain is 1.5 x lo-, km3 year-' (including 
periods of repose). This Hawaiian-Emperor rate must be 
considered a lower limit due to removal of an unknown 
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amount of material by erosion. If indeed the rate of erup- 
tion at Apollinaris Patera is analogous to the Hawaiian 
Hot Spot, then an estimate of lo7 years is reasonable for 
the active lifetime of Apollinaris Patera. 

Estimates of volcanic modification of the martian atmo- 
sphere can also be made from the topographic data and 
the inferred eruption rate. Assuming a density of 2000 kg 
m-3, which is reasonable for analogous terrestrial deposits 
(basaltic materials), the total mass of erupted material is 
2 x 10" kg. Thus a total mass of 2 x lot5 kg is predicted 
for the water vapor released into the atmosphere if we 
assume a value of 1 wt% (Greeley 1987, McSween and 
Harvey 1993) for the released water content of the parent 
magma. This estimate may be substantially low due to the 
input of nonjuvenile water resulting from the interaction of 
groundwaterlice during phreatomagmatic eruptions. In 
addition, the fan material would have released -loL4 kg 
of water vapor into the martian atmosphere assuming 1 
wt% as the water content of its primary melt. Taking our 
eruption duration estimates and our calculated volume 
we propose that approximately lo8 kg year-' (assuming 
1 wt%) water vapor was added to the martian atmosphere; 
for comparison the current total martian atmospheric wa- 
ter budget is estimated to be about 1012 kg (Jakosky and 
Farmer 1982). Released water may have spent a certain 
period at the surface as liquid depending on existing pres- 
sure-temperature conditions. In addition to water, other 
gases such as CO,, and SO,, and aerosols would also be 
added to the atmosphere. These additional volatiles may 
have had an even greater modifying effect on the atmo- 
sphere than water vapor (Postawko et al. 1988). A detailed 
investigation of these effects is beyond the scope of this 
paper; however, recent work has indicated that such vol- 
canic outgassing could have had a dramatic effect on both 
the short and long term climatic evolution of Mars (Wilson 
and Mouginis-Mark 1987, Postawko et al. 1988, Plescia 
and Crisp 1991). 

This study has raised many questions concerning mar- 
tian volcanism that we hope to test with the rich data 
that soon will be returned by the Mars Observer (MO) 
spacecraft. Specifically, the high resolution images re- 
turned by the Mars Observer Camera (Malin et al. 1992) 
will allow for the identification of volcanic features down 
to a resolution of >2 mlpixel. Such data will be particu- 
larly useful for identifying lava flow types, such as a'a 
and pahoehoe and for evaluation of the origin of proposed 
pyroclastic deposits and the flank valleys. It would be 
advantageous to inspect the contacts between the volca- 
nic materials, both the fan (f) and the main edifice (m), 
with the chaotic material (cht) to confirm our interpreta- 
tions. Other instruments on the MO will have capabilities 
of deriving compositional data (Christensen et a1 1992; 
Boynton et al. 1992) which may be able to distinguish the 
chemical evolution of erupted materials from a martian 
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volcano. It is conceivable that considerable magmatic 
variation could occur at a single volcanic edifice such as 
Apollinaris Patera based on our estimate of an active 
lifetime >lo7 years. We consider Apollinaris Patera to 
be a prime target for data acquisition during the Mars 
Observer Mission. 

CONCLUSIONS 

Our analyses of the geology, physical properties, and 
topography of Apollinaris Patera lead us to the following 
conclusions about the volcano. 

(1) On the basis of new topographic data and an esti- 
mated rate of eruption of 1.5 x km3 year-', including 
periods of repose, we conclude that the volcano was ac- 
tive over an extended period of martian geologic time. 
Initially, the main edifice (m) was formed over a period 
of - lo7 years, and then the volcano experienced a period 
of quiescence during which the basal scarp formed and 
the valleys were incised in the main flanks (duration un- 
constrained). Next, activity at the summit formed the 
present large outer caldera and floor materials (cfl). After, 
or during late stages of outer caldera (cfl) activity, the 
materials that formed the fan were erupted over -lo4 
years. Finally, after emplacement of the fan materials (f) 
the smaller, inner caldera and associated floor materials 
(cfL) formed over an unconstrained time period. 

(2) Morphologic analysis suggests that a significant por- 
tion of the main edifice (m) is composed of poorly to 
nonwelded pyroclastic deposits (as opposed to effusive 
materials), possibly including a phreatomagmatic com- 
ponent. 

(3) It seems likely that the fan material on the southern 
flank of Apollinaris Patera was formed by low effusion 
rate eruptions comparable to the formation of a terrestrial 
compound pahoehoe lava flow field. If correct, this is 
the first time that such activity has been identified as an 
integral part of the evolution of a martian shield volcano 
and thus constrains the eruption rate of the fan materials 
to -lo-' km3 year-'. 

(4) Chaotic material (cht) was formed during the active 
lifetime of the volcano and may be the result of a volcani- 
cally modified geothermal gradient. 

(5) The well-constrained topography of the volcano 
permits an accurate estimate to be made for its volume: 
-10' km3. Combining these new topographic data and 
assuming reasonable values for the bulk density of the 
main edifice (-2.0-2.5 x lo3 kg mW3) and the released 
water from the magma (1 wt%), then at least 2 x lOI5 
kg of water was added to the martian atmosphere as a 
consequence of these eruptions. This is a lower estimate 
as it does not include any water vapor that may have been 
generated by phreatomagmatic activity. 

APPENDIX: STEREOPHOTOGRAMMETRIC PROFILES 

This appendix presents the remainder of new topographic data for 
Apollinaris Patera (see Fig. 11) as well as a summary of our analysis of 
the precision of these data. We refer the reader to Fig. 8 for locations 
of the profiles presented in Fig. 11. As a check on the precision of 
the derived stereophotogrammetric data, we selected our profiles to 
maximize the number of intersections in order to examine the repeatabil- 
ity of the measurements. The average repeatability was 305 m with a 
standard deviation of 234 m for 20 intersections (Table 111). Thus we 
report the precision of these data to be -300 m. Some profile locations 
coincide with shadow measurements from the higher resolution, low 
sun images (accuracy -100 m; see Fig. 3). In all cases the two data sets 
are consistent within the precision of the stereophotogrammetry (300 m). 
This good agreement with the shadow measurements indicates that the 
profile data may have an accuracy as high as 300 m: this accuracy is 
internal to the stereo model, accuracy relative to the Mars datum is not 
quantifiable by this method. 

TABLE 111 
Listing of Intersections of Stereophotogrammetric Profiles 

Int Profile Avg Profile Avg Diff 
1 pl-8 1703 p2-13 1990 287 
2 01-8 4900 ~3-10 448 413 

Note. Column 1 (Int) is the number assigned to a particular 
intersection, columns 2 and 4 list intersecting profiles (see Fig. 
8 for locations) while columns 3 and 5 show their respective 
elevations (average of three samples closest to intersection). 
The last column represents the absolute value of the difference 
between the two column's. The actual collection of data along 
the profile from the stereoplotter is a function of time. The data 
collection does not occur at a consistent speed, thus distances 
between samples are not consistent nor are the data collected 
continuously; gaps exist between actual data points. In most 
cases no common points exist between intersecting profiles. 
Therefore, we took an average of the three points nearest the 
intersection and used this in our comparison. High frequency 
topography could cause an apparent "glitch" in a calculated 
intersection difference. For example, intersection 11 has the 
largest difference; we note that the intersection occurs over a 
ridge on the summit plateau that runs subparallel to one of the 
profiles. Thus, some of the offset between profiles could reflect 
actual topographic undulations on the surface (see Figs. 9 and 
11 for plots of these topographic data). 
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FIG. 11. (A-F) Stereophotogrammetrically derived topographic profiles across Apollinaris Patera (see Fig. 8 for locations). The dotted line 
indicates the zero elevation for reference, all profiles have the same scale (see also Fig. 9). 
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